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Abstract

Many intractable problems on graphs are polynomial time solvable when the graphs have bounded
treewidth. An important class of the graphs with bounded treewidth is called k-trees, which are
formed by starting with a k-clique and then repeatedly adding vertices in such a way that each added
vertex has exactly k neighbors that form a new clique. Finding spanning k-trees has applications in
networks where it was first studied in networks, and was later shown to be NP-Complete even for

k=2.

Biomolecule (protein, RNA) structure prediction is a grand challenge which leads to many com-
putation methods in bioinformatics. We model the biomolecular structure prediction problem as
finding the maximum spanning k-tree on the backbone graphs, where the backbone graphs are char-
acterized by a linear sequence of the vertices. However, most of the traditional methods are not
powerful to search through the huge conformation space. This implies a strong demand for more
efficient models.

We prove that the problem is W([1]-hard for the objective function defined on the cliques of
the input graph. For solving the problem, we show that the problem can be solved in time
O(k.(n)**1(k 4+ 1)k*+2) for every given k and we give evidence that our algorithm is very likely
to be optimal. Our algorithm also works for different objective function defined over the cliques of

the k-tree, which enables pertinent characterizations of real world problems.
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Chapter 1

Introduction

It has been observed that many important intractable problems on graphs are polynomial
time solvable when the graphs are constrained to having small treewidth [40]. The notion
of treewidth, introduced by Robertson and Seymour [34], has many important implications
in algorithm design and computational complexity, resulting efficient algorithms that can
recognize graphs of bounded treewidth, determine bounds of treewidth for various classes of
graphs, and construct graph tree decompositions [32, 33]. An important class of constrained
graphs is the class of k-trees, where integer £ > 1, which can be defined recursively as follows:
(1) A k-clique is a k-tree of k-vertices; and (2) connecting a new vertex to any k-clique in
an existing k-tree of n vertices forms a k-tree of n + 1 vertices. When k = 1, a k-tree is a
tree in the general sense. Since the treewidth of a k-tree is bounded by &, many NP-hard
problems are solvable on k-trees in time O(f(k)P(n)), where P(n) is a polynomial the input

size n and f(k) is some function, often exponential such as 2°%) [39, 37, 38, 36, 35].

An early application for k-tree was the design of reliable networks, for instance minimal
IFI networks are exactly 2-trees [47, 48]. It was shown [12] that deciding whether a graph
contains a spanning k-tree is NP-complete, for each fixed £ > 2. The problem remains NP-
complete for restricted classes of graphs such as split graphs, graphs with maximum degree

3k + 2, or planar graphs with maximum degree 6 [13].



1.1 Motivation

Biological macromolecules such as protein or RNA are building blocks of an organism. Know-
ing the structure of such a molecules is important for understanding it’s function [15] which
may allow us to comprehend roles of different biomolecules and thus overall biological pro-
cess. Such knowledge is important, for example in drug discovery, to design new molecules

with desirable functions [1, 2].

Experimentally determining the structure of a protein or RNA using NMR and X-ray
crystallography is a complicated and laborious task which is time-consuming and may not
yield the structures with high throughput processes [3]. Computational determination of
biomolecule structure based on the sequence of residues, and possibly other easily obtain-
able information, is becoming useful and successful in a number of biomecule research
[4].  However, often such structure prediction problems are computationally intractable

6, 7,8, 5, 11].

A single stranded biomolecule is a linear sequence X = x1xs...7, of length n consist of n
residues x; € X; the sequence is also called primary structure of the molecule. For RNA the
alphabet is ¥ = {A, C, G, U}, and for proteins the alphabet is the set of 20 amino acids.
The interactions due to chemical bonds among the residues cause the molecule sequence
to fold back onto itself [9, 10]. Folding causes two higher level structures, the secondary
structure that is due to local interactions and tertiary structure because of the additional
global interactions. This dissertation was first motived by the task to predict the structure
of RNA given the primary structure as input. However, the work applies to prediction of

proteins structure as well.

In the RNA secondary structure, canonical base pairs between residues, such as the
Watson-Crick base pairs (AU and GC) and wobble pair GU, almost always occur in the
nested fashion [46]. Non-nested base pairs give rise to pseudoknots. Residue interactions

consume energy; a secondary structure with the minimum free energy is the most stable



structure for a given sequence. For an RNA sequence of 200 base long, there are over 10°°
possible base paired structures [50]. Since not all of these structures are biologically relevant,
the biologically correct structures need to be distinguished from incorrect ones. Computa-
tionally, this is done by introducing an objective a function which assigns higher scores
to biologically more relevant structures. Desirable algorithms are sought to evaluate and

identify the maximum score corresponding to the most plausible structure.

There have been a number of algorithms developed for RNA secondary structure predic-
tion. For example, Nussinov’s folding algorithm uses recursion to calculate the best structure
for every smaller sub-sequences, and works towards larger sub-sequences [16]. To achieve the
fold stability, Nussinov’s algorithm computes to maximize the total number of base-pairs.
Zuker et al. [17] proposed an extended approach in which the free energy of secondary struc-
ture is calculated from the approximation of sums of contributions of the structural units

such as stems and loops which are present in the structures. Current programs such as

M fold [19] and RN Afold [18] all use this strategy.

Programs such as PFold [26, 21] and CONTRAfold [24] have been developed from the
probabilistic models for RNA structure [27, 23]. Stochastic context free grammars (SCFGs)
have been used to model the secondary structure of RNA. An SCFG is formed from a CFG
by associating a probability distribution with the productions of each nonterminal. Com-
pounding the probabilities of rules used in a specific generation process for a string gives rise
to the probability for the specific syntactic structure admitted by the string. Computing the
secondary structure with the maximum probability can be accomplished by well-known CYK

algorithm [25, 22]. However, these mentioned algorithms do not consider the psuedoknots.

1.2 Contribution of the Dissertation

This dissertation proposes a new algorithm for finding optimal spanning k-trees on given



constrained graph which can also be used for de novo structure prediction for biomolecules
(i.e., RNA and protein). The research was motivated by the investigation of the interaction
topology graph model for biomolecules [14]. In this model, the vertices in the graph represent
nucleotides and edges represent potential interactions among nucleotides. The problem of
RNA structure prediction for a given RNA molecule sequence is thus formulated as finding
an optimal spanning k-tree from the corresponding interaction topology graph. This is based

on the observation that most of the RNA structures have small treewidth [49].

In the second chapter we will define some graph theory concepts which will be used in
the remaining chapters. We will formally define backbone graphs to be graphs containing
the primary structure. We will pose the optimization problem as that of finding a spanning

k-tree containing the backbone while maximizing an objective function of a general form.

In Chapter 3 we discuss the properties of spanning k-trees which contains the backbone
edges. We will specialize the discussion to the 2-trees (k = 2). A O(n?®) time algorithm will

be presented for finding an optimal spanning 2-tree for a given graph.

In chapter 4 the algorithm for 2-tree is generalized and extended for k-trees. Complete
details are given for 3-trees, and a framework is presented for £ > 3. An algorithm for
finding a optimal spanning k-tree is given for given graph G = (V, F) and an integer k, with
running time O(nf+1(k + 1)k+2k).

In chapter 5 we will discuss the hardness results for spanning k-tree problem. W][I]

hardness result of the problem is also discussed.

In chapter 6 a new stochastic model is introduced for processing a mildly context sensitive
language. The modeled structures are k-trees, which can be defined with recursive rules. We
are going to associate a probability distribution with syntactic rules and use the algorithm

developed in the chapter 4 for statistical analysis with k-tree structure.



Chapter 2

Preliminaries

2.1 Graph Theory

In this section, some of the basic notation of graph theory is discussed. Graphs are math-
ematical structures which are used to model pairwise relations between objects. They have
proven to be an effective modeling tool in many disciplines, where vertices in the graph
model are objects in the problem domain, and the edges between the vertices are used to

model the corresponding interactions among the objects.

Definition 2.1.1. A graph G is defined as tuple (V, E), where V is the set of vertices and
E is the set of edges. An edge e = {u, v} is an unordered pair of distinct vertices; thus the

graph we consider are always simple (no loops or multiple edges) and undirected.

Given an edge e = {u, v} we say that u and v are the endpoints of e. A vertex is incident
to an edge if it is one of the endpoints of that edge, so for any given two distinct vertices
in a graph, we say that they are adjacent if they are both incident to a common edge. If
there is an undirected edge {u, v} in G, we say that u and v are adjacent. Often {u, v} is
abbreviated as uv. The vertices adjacent to a vertex u are called its neighbors. A path in
G is a non-empty graph P = (V' E'), V! C V and E' C E, where V' = {vy, vo,...,ux},
E' = {vjvg, 0903, ..., 0510} and the v; are all distinct. A cycle C' = (V' E') is defined
similarly with the exception that v; = vx. Graph G is called connected if there is path
between every pair of vertices in GG. A graph is said to be disconnected if it is not connected.
A tree T is a connected graph with no cycles. In a rooted tree one of the vertices is

distinguished as the root. In a rooted tree, for any two neighboring vertices the one closer



to the root is called the parent and the other is called the child.

Given a graph G, a vertex v € V, and an edge e € E, then G — v denotes the graph
(V\{v}, E\{e € E: eis incident tov}) and G — e denotes the graph (V, E \ {e}). These
two operations are called deleting a vertex and deleting an edge, respectively. Any graph
that can be obtained via these two operations is a subgraph of G. If all the vertices of the
graph G = (V, E) are pairwise adjacent, then G is called complete and is denoted by K™
where n is the number of vertices. E.g., K? is an edge and K2 is a triangle. A clique is a
complete subgraph. A subgraph G’ = (V' E') of G = (V, E) is called induced if E’ contains
all of the edges in E which have both endpoints in V’. A set S C V is a separator of of the
graph G = (V, E) if the subgraph of G induced by V' — S is disconnected. The set S is a
uv-separator if u and v are in different connected components of subgraph of G induced by
V —S. A uv separator S is minimal if no subset of S separates u and v. The book by Diestel

[51] is a good source of further terminology and information about the graph theory.

It is often the case that a problem which is intractable for general graphs becomes easy
to solve when restricted to graphs with simple structures, such as trees. The reason can
be intuited in the following way: Let T' be rooted tree and T, denote the subtree induced
by u and its descendants. Then if vy, vo,..., vy are the children of u, the solution of T,
is obtained from solutions on 7,,, T,,, ..., T;, considering how they interact at u. Many
NP-hard graph problems can be solved efficiently when the underlying graph is restricted to
be a tree or tree-like structure. The notion of Tree-decomposition was introduced to view

sparse graphs as tree like structures.

Definition 2.1.2. A tree-decomposition of a graph G = (V, E) is a pair

{Xili e I}, T = (I, F))

where {X;|i € I} is a family of subsets of V', one for each node of T', and T is a tree such

that



1. UiGI XZ = V,
2. For each edges {u, w} € E, there is an i € I with v € X; and w € X;;

3. For all 4, j, k € I: if j is on the path from ¢ to k in T', then X; N X}, C X;.

The treewidth of a tree-decomposition ({X;|i € I}, T = (I, F)) is maz;cr|X;| — 1. The
treewidth of graph G is the minimum treewidth over all possible tree-decompositions of G
[52]. Computing the treewidth and finding a corresponding tree-decomposition of a graph is

an NP-hard problem [55].

Research in algorithmic graph theory has revealed that many hard problems are easy when
restricted to graphs of small treewidth. This applies to classes of graphs with the property
that there is an upper bound on the tree width of the graphs in that class. Examples of such
classes are trees (treewidth<1), series parallel networks (treewidth<2) and k-trees (treewidth

k) [54]. We will restrict our discussion from now on to k-trees.

2.2 Properties of k-trees

Definition 2.2.1. A k-tree is a graph that can be generated via the following rules [53].

1. A k-clique is a k-tree of k vertices.

2. A k-tree G on n + 1 vertices (n > k) can be obtained from a k-tree H with n vertices

by adding a new vertex and k edges which join it to some k-clique in H.

Definition 2.2.2. A partial k-tree is a subgraph of a k-tree.



Theorem 2.2.3. [55] A G is a partial k-tree if and only if G has tree width at most k.

Theorem 2.2.4. [13] Let k be a positive integer, T be a k-tree with n vertices, and v be a

vertex of T. Then the following are true;

o T contains no chordless cycle of length at least 4,
« T contains no clique of size (k + 2),

o T has exactly kn — (kgl) edges,

o T has exactly n — k cliques of size (k + 1),

either 7' is a k-clique or every maximal clique of T is of size (k 4 1), and

o the neighborhood of any vertex of 7" is (k — 1)-tree.

An early work on k-trees [53] characterized k-trees in terms of disconnection properties and

forbidden subgraphs.

Theorem 2.2.5. A graph G = (V, F) is a k-tree if and only if every minimal zy-separator
of G is k-clique.

Assume G = (V, F) is connected graph. Let S be a separator of G such that the induced
graph G(V — S) has two or more connected components, say C; = (V;, E;). Then subgraphs
G(V; U S) are the leaves of G with respect to S [53].

Note: We will use the term branches as compared to leaves. Because leave is standard term

in graph theory used for the vertices with degree 1.

Theorem 2.2.6. [53] Let G = (V, E) be a k-tree with S a separation clique. Then each



branch of G with respect to S is a k-tree.

2.3 Maximum Spanning k-trees

From now any graph G' = (V, E) on n vertices is assumed to have vertex set V' = {xy, xq,...,2,}

or simply {1, 2,---, n} for convenience.

Definition 2.3.1. Let G = (V, E) be a graph. A spanning k-tree of G is a k-tree T,
T = (V, E'), with vertex set V and edge set E' C E.

There may be many spanning k-trees for a given graph. We can define various objective
functions over a spanning k-tree. The most straightforward objective function is the weight
sum of its edges. The problem to maximize this objective function can be expressed as

follows.

Problem: maximum spanning k-tree (MskT)

Input: Graph G = (V, E) with weight function w : E — R>¢, and integer k > 1.
Output: A spanning k-tree which maximizes the sum of its edge weights.

The minimization version of this problem was suggested by Farley [47], and it was shown
by Bern [12] that the decision version of determining existence of a spanning k-tree is NP-
complete for each fixed k > 2, for general graphs. We consider the maximum spanning k-tree
problem restricted to graphs and spanning k-trees which contain a specified Hamiltonian

path, called a backbone.

Definition 2.3.2. In an any graph G = (V, E) with V' = {xy, xo, ..., z,,}, the backbone is
the edge set B = {x1x9, xoxs, ..., Ty_1x,} or else the graph, (V, B). If B C E then G is

said to be a backbone graph or graph with backbone.



For our maximization problem the most general objective function considered is deter-
mined by a user defined non-negative weighting of the cliques. The weight for a graph is the

sum of the weights of the cliques.

Definition 2.3.3. Let clique(G) denote the set of non-trivial cliques in G and w a weight-
ing

w: clique(G) — R

then w is extended to an arbitrary subgraph H of G by setting

keclique(H)
General maximum spanning k-trees with backbone (MskT-G)

Input: A complete backbone graph G = (V, E) with weight function w, integer k£ > 1 and

objective function, where w : clique(G) — R>o.

Output: A backbone spanning k-tree, T' such that @ (7) is maximized w.r.t objective func-

tion.

For convenience we will still call a problem MskT even it when it is restricted to backbone

graphs, as follows.
Maximum spanning k-trees edge-weighted with backbone (MskT)

Input: A complete backbone graph G = (V, E) with weight function w and integer k£ > 1,

where w: F — R>q.

Output: A backbone spanning k-tree, T' = (V, F'), F' C E, such that 3, jcpw(z,y) is

maximized.

10



In many applications, the weights defined on the cliques will be more interesting as the
weight function on the (k + 1)-clique may not simply be replaced with the sum of edge
weights in the clique. This is particularly true in the bio-molecule structure modeling for
which interaction energy function tend to be multi-bodies instead of binary. If clique(G)
denote only the set of (k + 1)-clique in G, we get another restricted version of the problem

expressed as follows
Maximum spanning backbone k-trees on weighted (k+1)-cliques (MskT-C)

Input: A complete backbone graph G = (V, E) with weight function w and integer k£ > 1,

where w : clique(G)-clique— R>.

Output: A backbone spanning k-tree, T' = (V, F'), FF C E, such that ¥ .y w(7) is maximized,

where 7 is (k + 1)-clique.

Since every spanning k-tree needs to include all the backbone edges, the total weight of
the backbone edges is invariant for the given graph when the objective is to maximize the

edge weight sum.

Proposition 2.3.4. In the computation of MskT, we can ignore the weights of B.

11



Chapter 3

Properties of k-trees

In this chapter we will discuss some of the properties of spanning k-trees, especially on
backbone graphs, which will facilitate discussion of algorithms for the problems MskT and
MskT-C.

We first introduce a representation for k-trees. From [53] we know that a k-tree T' = (V, E)
cannot contain a (k + 2)-clique. An addition sequence for a k-tree T with n > k vertices is

a sequence of a (k + 1)-cliques

S =< Ko, K1y vy b > (m=n—k—1)

where £ is the called base clique of the sequence and for each j > 0, x; is created through
replacing some vertex in some earlier (k + 1)-clique by the new vertex [12]. That is, for each

Jj=1,2,..., m, the clique &, is defined as

Ry = ri \ {2} U {y}

for some i < j such that x € k; and y ¢ k;, VI < j. This relationship will be dented by

Hj = /ﬁl|;

Proposition 3.0 We define a rooted tree topology R(S) for a k-tree T' from an addition
sequence S for T' by taking, for each j > 0, the parent of x; to be «; for the largest 7, i < j,

such that x; = /-@Z|§ for some z and y. call k; a child of k; and k; the parent of x;.

We also define a descendent of k; to be a child of k; or, recursively, a child of a descendent

12



of k;. Let U,, = {v € k: £ is a descendent of k;}Uk;, i.e., the set of all vertices contained
in k; and its descendants. For the root clique ko, Ukg = {1, 2,..,n}. A special case of this

: . . o
clique sequence is a k-path where ¢ = j — 1 whenever k; = Iii|y.

Proposition 3.1. For x;, k; € addition sequence for a k-tree, k; = /ﬁi‘z, where 7 < j then

the following properties hold

L. Uy, CUsg;
2.y € Uy, and x & Uy;

3. for every child clique x; of k;, if [ # j, then y ¢ U,,.

Definition 3.2 Children cliques of the same parent are called duplicate sibings if they have

a k-clique in common.

Note that due to Proposition 3.1 there will be no duplicate siblings in R(S) when S is an

addition sequence for a k-tree.

Proposition 3.3. Let S =< kg, k1, ..., K, > be an addition sequence for a k-tree G =

(V, E). Then

1. Yv € V, v € k for some clique k in S.
2. Y(u,v) € E,(u,v) € k some clique £ in S.

3. For any pair of cliques ; and x; in the S, k; N k; C K for every clique x on the path

between x; and k; in the tree induced by S.

13



Proof: (1) and (2) are obvious from the definition of a k-tree. For (3) by proposition 3.2 we
know that S defines a tree topology T'. In T there exists unique undirected path P between
ki to r; and this path contains x. For the contradiction we assume that there exists a vertex
T € K, k; but © ¢ k. Since k lies on this P, U, will contain at least one of x;, x; assume
k; C U,; so then there exists k,, C U, where x was first introduced but z is introduced in

some k, where K, # K, because = € k;, violating the generation of k-tree.
Now we will derive some of the properties of k-trees on backbone graphs.

Definition 3.4. Let s be a clique in a spanning k-tree with backbone on n vertices and
v ¢ k. Then the stretch of v in k is the maximal set of consecutive vertices on the backbone
which contains v but none of the vertices in k. We denote this set by stretch(x, v) and call

it a k-stretch.

For example, if k = {x1, z9, ..., Tpr1} With 27 < 29 < ... < Tpy1, v € K and x; < v < x4
then for some i, stretch(k, v) = {x; +1,...,v — 1, v, 0+ 1,... 2,41 — 1}. We consider

xo = 0 and 5412 = n + 1 by convention in this context.

Proposition 3.5. For any (k + 1)-clique k in a k-tree with backbone there are at most

(k 4 2) non-empty k-stretches.

Theorem 3.6. Let s in an addition sequence S for a backbone k-tree T' = (V, E) and
v €V and v ¢ k. Then stretch(k, v) C Uy or stretch(k, v) N U, = 0.

Proof: Suppose stretch(x, v) N U, # 0. We will show that stretch(x, v) C U,. For some
vertex w we have w € stretch(k, v)NU,. We claim that any vertex w’ ¢ x which is consecutive
with w is also in Uy. Then {w, w'} in T, since it is a backbone edge, so there must be a
clique x’ such that {w, w'} € «/. If k" is a descendant of x then w’ € U,. So assume that
k' is not a descendant of k. Since w € stretch(k, v) N U, we have that w is in some clique
k" which is a descendant of k. Then by Proposition 3.2, w must appear in every clique on

the path from ' to x”. But x must lie on this path, contradicting with the fact w ¢ &, so

14



in fact w’ € U, as claimed. Applying the claim inductively we find that stretch(k, v) C U,

since stretch(k, v) forms a path of consecutive vertices along the backbone.

Corollary 3.7. Let k, ¥’ be in an addition sequence for a backbone k-tree such that x =

{1, 2y ooy Tp1 } With 21 < 29 < ... < gy, If K =K

i, forsomeiandy ¢ k, 1 <i <k+1

and 1 <y <n, then

1. stretch(k, y) C Uy;

2. stretch(x’, x;) N Uy = 0.

Definition 3.8. Let s belong to an addition sequence for a k-tree. The importable set Iy,
of k is the set of vertices contained in the descendent cliques of k, excluding those vertices
that are already in &, i.e., I, = U \k.

Proposition 3.9. Let «’ and k" are children of k in the topology associated with a given

addition sequence for a backbone k-tree. Then

L If & = &[] then Iy = I \ stretch(x, z) \ {y};

2. If &' = K[j} and K" = k[}2, for y; # yo, then L, C I, \ stretch(x’, y2);

x
Y2

3. If ¥ = klj} and K" = k|32, for y1 # ya, then Ly N [ = ¢.

T2
Y27

Lemma 3.10. Let s be in an addition sequence S for a backbone k-tree. Then [ consists
of at most k£ + 2 non-empty stretches, and at most k + 1 if x is not the base clique of S.

Proof: For the base (k + 1)-clique kg = {1, 2,..., Tps1}, 71 < T2 < oo < Tpp1, Lk =
Uk, \ Ko, it is clear that there are at most (k+2) disjoint non-empty sets of consecutive vertices

due to Proposition 3.5 (1). Let x; = ko

o be the children cliques of rg. By proposition 3.9,
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I, = I, \ stretch(kg, x;) \ {y;}. The removal of stretch(kg, z;) reduces the number of disjoint
sets to k. Now we consider the effect of including y; to I, y; must fall in between x;_; and
x; for some j # i. y; may split the set of consecutive vertices stretch(xo, ¥;) in I, into two,
resulting in at most (k + 1) disjoints set in I,. So in every child x; the non-empty stretches
are at most (k + 1). Assume k,, € Uy, for some i, k; # K, has at most (k + 1) disjoint
set in I,,,. Now consider any child clique k; of K, k; = Kuly) , for some j. Similarly the
removal of stretch(k,,, z;) reduces the disjoint set to at most & and the inclusion of y; in I,

increases the disjoint set to at most (k + 1).

Theorem 3.11 Let «’ and k" be children of x in the some k-tree topology for a backbone

k-tree, suppose that &’ = kj? and k" = K|y’ ,where y; and y; are in the same k-stretch. Then

Proof: We have y; € U,y and y; € U.r directly. Since y; and y; are in the same k-stretch,
then also y; € Uy by Corallary 3.7.1. Thus y; must belong to every (k+1)-clique on the path
from ' to k” in the given tree topology. If k' # £” this path must include x by Proposition

3.3.3. Since y; ¢ x we must have £’ = k.

Theorem 3.12. Let S be in an addition sequence for a backbone k-tree. In the rooted tree
structure of S the base clique has at most (k + 2) children and all other cliques in S have at
most (k + 1) children.

Proof: By Theorem 3.11, x has at most one child per stretch, so the bounds follow from

Lemma 3.10.
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Chapter 4

Algorithms for MskT and MskT-C

Definition 4.0.1. Given any k-clique K = {z1, =, ..., 2%} in a spanning k-tree on n ver-
tices with backbone B, the backbone B can be decomposed at most into By, ..., Bii, smaller
backbones, where B; is backbone among the consecutive vertices between z; _; and x; includ-

ing z;_1 and z;. For convention xy = 1 and 2,1 = n. Define L; to be V(B;)\{x;_1, z;}.

Lemma 4.0.2. Let K = {xy, z9,...,2x}; then by proposition 3.4 if v € L; then

L; = stretch(K, u).

By Lemma 3.10 for a k-clique K= {z1, z9, ..., 2%}, with 1 < 29 < -+ < z, the
importable sets I consist of at most k£ 4+ 1 disjoint non-empty sets delimited by the &
vertices. We represent importable sets with vectors {0, 1}**1. For K the corresponding
importable set {l1, l1, ... ,lx41}, l; = 0 and [; = 1 respectively represents the exclusion and

inclusion of the vertices in L;.

The generation of (k + 1)-clique {x1, za, ..., x4, ,} from k-clique {x1, z2, ..., } does
not depend only on the importable set, because we need an indicator r which will help us

identify the the first i where a new vertex z, € L; will be introduced among all intervals

Definition 4.0.3.  For given k-clique K = {z1, 29, ..., 25} and importable set
I{ly, by, oo g s we let Mig, iy, 0, 34%1, @2, ..., 23} denote the set of all k-trees on the

vertex set V(K)U UV (B;) : [; = 1) with edge set containing F(K)UU(E(B;) : [; = 1) and
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for which K is not a seperating set. This means each of these k-trees is a single branch at

K. To avoid overlapping notation the set of trees is defined to be the empty set if [; = 0

and L; = 0 for some i. Then for each i let My, 1y, 10, r=} {1, T2, ..., 1} be the set
of k-tree topologies for trees in Mg, 1, .y{x1, 2, ..., 2} which have root clique equal to
{z1, ©oy ..., w1, Tp, Ty, ..., wx} for some z, € L;. If [; = 0 there is no such z,, so the

specified set of topologies are empty.

Definition 4.0.4.

Mgyttt {@ns 2o, o 2kt Zaer U Mgy o tp =iy {1, T2, .., Ti}
1<i<hk+1

Definition 4.0.5.

Mgy b s i 1215 25 oy @} Zaep max({w(T) : T € My, gy, =iy @1, T2, -, T} }).

Here w(T) is the weight of T" for which we are maximizing.

4.1 2-trees

Lemma 4.1.1: A spanning 2-tree T = (V, E) with backbone can not have K* as a minor.

Lemma 4.1.2. Let T be a spanning 2-tree with backbone B. If T contains the 3-cliques

{z;, z;, xp} and {z;, x;, x,} then x, and z, must lie in different components of B—{x;, z;}.

Proof: We begin with 5 edges in {;, z;, z,} and {x;, z;, x4}. Assume for the contradiction
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that x, and z, lie in the same component of B\{z;, x;}. Then there exists a path from z,
to x, on that component which is vertex disjoint from {z;, x;}, giving the sixth edge (after

contraction) for the K* minor. This is contrary to the Lemma 4.1.1.

Note For a 2-tree, choice of a root clique determines a unique tree topology on its 3-cliques.
Therefore, in this section of the dissertation the topology is assumed when discussing a 2-tree
with a designated root clique. Also in this section a 2-clique is usually referred to as an edge

and a 3-clique as a triangle.

Definition 4.1.3 We find it convenient to introduce special notation to describe spanning

2-trees with backbone which are branches at a given root edge {z;, x;}.

1. Let P(x;, ;) = Mg 003{2:, v;} and let P{x;, x, x;} denote the members with root

clique {z, ;, x;} for some k < i.

2. Let S(x;, x;) = Mrgopa3{2:, «;} and let S{z;, x, ;} denote the members with root

clique {z;, x;, z;} for some j < k.

3. Let I(x;, xj) = Mpoq1,0y{%i, x;} and let I{x;, x4, x;} denote the members with root

clique {z;, xy, x;} for some i < k < j.

4. Let L(x;, xj) = M 100{®s, ;1 and let L{z;, z}, x;} denote the members with root

clique {z;, @y, x;} for some i < k < j.

5. Let R(x;, ;) = Mypoa13{%s, x;} and let R{z;, x}, x;} denote the members with root

clique {z;, xy, x;} for some i < k < j.

6. Let U(wx;, xj) = Mg on{®i, x;} and let U{wx;, ), x;} denote the members with root

clique {z;, @y, x;} for some k < i or k > j.

7. Let A(z;, x;) = Mypan{ws, v;} and let A{x;, 21, x;} denote the members with root

clique {z;, xy, x;} for some i < k < j.
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Note that M0 {®i, x;} is just the edge {z;, z;} itself.

Lemma 4.1.4. The four following classes are always empty: Mg 11,=13{%s, %5},

MI{I,l,l,T=3}{$i7 l’j}, M1{1,1,0,r:1}{$i7 %‘}7 and MI{O,l,l,r:3}{$i> xj}-

Proof. Suppose for example that Z is a branch in the class M1 0,-13{%i; z;}. By
definition the vertices of Z consist of the disjoint sets Ly, {z;}, Lo and {x;} where L; and
Ly are non-empty backbone segments. Since Z is is a single branch {z;, z;} there must be
some edge joining Ly directly to Lo; Let {x,,, z,} be such an edge, where z,, € L; and
x, € Lo. Thus by contracting L; we obtain a K* minor in Z as shown in the figure 4.1. This

is contradictory so no such Z exists. Similar arguements hold for the other three classes.

Figure 4.1: 2-tree

Lemma 4.1.5. Let a branch at edge e an e-branch. Then the classes P(e), S(e), I(e),
L(e), R(e), U(e) and A(e) partition the set of all e-branches of 2-trees with backbone when

n >=3.

Proof It’s obvious from Definition 4.1.3, Lemma 4.1.4 that the classes correspond to dif-
ferent importable set sequences (so the classes are disjoint), and they represent all possible

importable set sequences except for {0, 0,0}, which is empty for n >= 3.

Note that if 2-clique {x;, z;} does not give rise to 3-component then the triangle types will

be less than mentioned in Lemma 4.1.5.

Lemma 4.1.6. Let T be a spanning 2-tree with backbone having two or more e-branches.

Then the branches must fall in to one of the following cases:
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1. I(e), P(e) and S(e);
2. L(e) and S(e);

3. R(e) and P(e);

o

. U(e) and I(e).

Proof: These are the only patterns of classes which satisfy the restrictions that distinct

e-branches can’t share any non-empty stretch (Proposition 3.9.3).

Note that a 2-tree consisting of a single e-branch must belong to one of the seven classes of

Definition 4.1.3 when n > 3.

We now consider how each e-branch of the seven types can be decomposed at its base

triangle, that is, at the unique 3-clique containing e.
Decomposition of e-branches

For a branch Z of a backbone 2-tree rooted at edge e = {x;, x;} with base triangle
{x;, xx, x;} we have seven cases. In stating the results we use the convention that I'(x;, z) =

I(z;, x) U{{z;, xx}}, and so on for the other six classes of branches.

1. Claim: If Ze I{z;, x), x;} then Z = Z' U Z" U {{x;, x;}} where Z’ € I'(x;, x}) and

Z" e I'(zg, xj).

Proof: Let Z’' be the branch of Z at {z;, )} which does not contain z;, if any, and
let Z' be the edge {x;, x4} if there is no such branch. Likewise Z” will be {zy, z;}
if Z is a single branch at {zy, z;}, and otherwise is the branch of Z at {xj, x;} not
containing x;. Note that the backbone [z;, ;] of Z becomes [z;, x| U [z, z;] where x}
is introduced. Thus if Y is a branch of Z at {z;, x} it must contain of all (z;, =) or
all of (xy, x;], but not both if (z;, x) # 0. If (z;, x) = 0 then Z’ = [z;, xx]. Otherwise

Z" € I(x;, xy) since its vertex set is [x;, xx]. Similarly Z” = [z, x;] or else has vertex

21



set in [z, z;] and belongs to the class I(zy, z;). Now it is easily seen that E(Z) is the

disjoint union of {{z;, z;}}, E(Z'), and E(Z").

Each of the remaining six cases can be proved by similar arguements concerning the

posibilities for branches of Z at {z;, 3} and {xy, xz;}. Below we simply state the

results.
2. Claim: If ZeP{z;, x), z;} then (Figure 4.2)
a) Z=2"U{{x;, x;},{z;, zi}} for Z' € L' (xy, x;),
b) Z=2'"0Z"U{{xi, x;}, {x;, x}} for Z' € I'(xy, x;) and Z" € P'(xy, x;), or

¢) Z=2'072"U{{x;, x;}} for Z' € I'(z, ;) and Z" € P'(xy, x;).

Xy i :?CJT
Plxy, xp) / : : \
. ..................... I, %)
X X x}'
i 1% xj
L ;)

Figure 4.2: P{x;, o5, 71}
3. Claim: If ZeS{z;, xy, x;} then
a) Z =2"U{{xi, z;},{x;, x}} for Z' € R'(zj, xy),
b) Z=2"02"J{{x;, x;}, {xi, xp}} for Z' € I'(z;, xx) and Z" € §'(xj, xy), or

¢) Z=2UZ"U{{x;, x;}} for Z' € I'(z;, x) and Z" € S'(z;, xy).
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4. Claim: If ZeL{z;, x), x;} then (Figure 4.3)
a) Z=2'0Z2"for Z' € I(x;, xy, x;) and Z"” € P'(x;, x;), or

b) Z=2'"UZ"U{{z;, x;}} for Z' € I'(x, x;) and Z" € L'(x;, xy).

i i Xj
, ..................... ‘ ; Rt %
x; S
Lxg, x)

Figure 4.3: L{x;, xp, =1}
5. Claim: If Ze R{x;, zx, x;} then
a) Z=2'UZ"for Z' € I(x;, i, x;) and Z" € S'(x;, x;), or
b) Z=2"02"J{{x;, x;}} for Z' € I'(x;, x;) and Z" € R'(zy, x;).
6. Claim: If ZeU{x;, xy, x;} then (Figure 4.4)
a) Z=2'U2"U{{x;, z;}} for Z' € I'(x;, x) and 2" € U'(z;, x), or
b) Z=2'"UZ"U{{x;, x;}} for Z' € I'(xy, x;) and Z" € U'(zy, x;).

7. Claim: If ZeA{x;, vy, z;} then Z = Z' U Z" U {{x;, z;}} for Z' € L'(z;, 1) and
Z" € R (xy, ;) .

The cliques which may be wighted in a 2-tree T" will either be edges or triangles. Then the

objective function for 7" may be
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1 (X, %1) i
X, i x

Figure 4.4: U{x;, x), z1}

w(T) = Z w(e), or

a€A(T)
where A(T) is the set of triangles (3-cliques) in 7.

Let I(x;, z;) = maz{w(T) : T € I(x;, z;)}, and so on for the other six classes of branches
at {x;, z;}. For a weight function of type 1 we obtain recursive equations for I(z;, z;), etc.,
from the decomposition claims in the obvious way, making use of the independence of choices

for the sub branches 7’ and Z” in each case.

I(z, xj) = mazicp<;

w{xs, x;y + (g, xp) + (g, ;) otherwise.
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0
P(a;, Tj) = MATks;
w{xia xj} + max
0
S(xs, ;) = maz;
’LU{ZCZ', xj} + max
I(z;, z;)
f,(xi,.rj) = nen ;) + P(x;, z;),
ma
f(&?i, Qlj)
R<wi7$j) = f(l'z, mj) + S(mla xj)a

max

~>

f(:ck, JI@) + p(l’k,

$i),

(:Ckv xl) + p('xka xj)a

f/(.’ﬂk, iL'Z)

I(xj, xy) + S(x4, ),

R

($j7 xk)7

I(z;, x) + S(xj, x3).

MATi<k<;j {w{xz, x;}+ [(xk, z;) + L(xz, xy)}.

mazicp<j{w{z;, x;} + I(z;, x1) + R(xy, )}
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P(x-, Tp) +f(x~7 n)
T J J if k=mn, orelse
Maxgs>; P(J?Z, 13]‘) +IA<IJ'7 n)
) f(:cj, wg) + Uz, ).
Uz, z;) = wi{x;, z;} +
g(l'l, $)+ f(la xl)
T J of k=1, orelse
MaT )i P(x;, x;)+ (1, ;)
]A(:Ek, ZEi)‘f'U(xk: xj)' else

Ay, 2;) = maz{w{z;, x;} + Lz, 1) + R(xy, ;) - i < k < j}.

Similarly for a weight function of type 2 we obtain recursive equations for I (i, x;), ete.

0

A

(x5, 15) = mav;cpe;

P, 25) = mazge
w{xy, x;, x;} + max

w{x;, g, z;}+ f(xz, xy) + f(mk, ;)

if i+1=j,
otherwise
if i=1, orelse

A

_f(xk, xj) + Pz, x;),

A

f(xk, x;) + P(zg, xj),

~>

(g, ;).
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if j=mn, orelse

f(xj, xy) + S’(xz, L),

S(x;,x5) = mazj<y
w{zi, xj, ae} + max { R(z;, ),

A

I(z;, x3) + S(x;, ).

if 1=1, orelse

f(.%i, l’j)
ﬁ(:ci,a:j) = [(xz, ;) + P (i, x;),
ma
MaTick<; {w{xz, T, 25} 4 (g, x5) + L, 2x)}-

if j=mn, orelse

f(,fi, LL’j)
]%(flii,ifj) = f(xi, z;) + 5’(3:’1, z;),
max else
m@$i<k<j{w{wi> T, xj} + I(wiu mk) + R(zku 33])}

P(xj, x,) +I(z;, n)
max ’ ’ if k=mn, orelse

MaTk>; P(x;, ;) +(xj, n)

A

(xj, x) + Ulx;, o).

~>

U(xi,xj) = w{x;, z;, T} +
S($1, ZL'])+ I(l, [EI)
max k=1

~

Maty<; (i, )+ I(1, z;)

A

(g, 23) + U, 25).
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Ay, ;) = maz{w{z;, zp, 2;} + L(ws, x1) + Ry, 2;) 0 1 <k < j}.

Theorem 4.1.7 The maximization problems Ms2T and Ms2T-C can be solved for a given

weighted complete graph on vertex set {1, 2,---, n} in time O(n®) and space O(n?).

Proof: The answer is S (1, 2), where the maximization is with respect to a weight function
of type 1 for Ms2T and type 2 for Ms2T-C. In either case the recurrences above enable
computation of the values (4, j), etc., for 1 < i < j < n. By storing these O(n?) values
progressively, each new value can be computed in O(n) time in terms of already stored values.
For I(i, j) the recursion is based on the difference d = j — i starting with d = 1. For S(i, §)

the recursion will be on d =n — 1, etc.

The computation of I (i, 7), etc., can be modified in the usual way by memoization to
allow for the recovery of a k-tree with maximum weight, again in time O(n?®) and space

O(n?).

4.2 Finding Optimal k-trees for k=3

In this section we will look through the example of finding optimal spanning k-tree, k = 3,

in detail.

Assume spanning 3-tree 7' is grown from a 3-clique {z;, z;, xp,}, i < j < m. The
introduction of a new vertex z, in any open region will give rise to a 4-clique. This 4-clique
has 4 3-cliques as shown in the figure 4.10 with 5 open regions. We can express this 4-clique
as a combination of 4 3-cliques such that the 5 open regions will be distributed into these
4 3-cliques. Each clique can be visualized as a child of the (k + 1)-clique and at most there
will be (k + 1) children. Recursively each 3-clique represent a spanning 3-tree rooted at this

clique with open regions.
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If the spanning 3-tree rooted at {z, ;, x;, x,,} has two, three or four children then the 5
open regions will be distributed among two, three or four 3-cliques correspondingly as shown

in figure 4.5, 4.6, 4.7.

Myraa s ae=0 (%0 %0 X))

Xy Xi Xj Am

Mi1,1.0,0r=1.2) (X Xis X ) Myco1117r=23.4) (%0 %, X))

Mi11.0,00=1.2) (X X X} Miroa11r=22.4) (X0 Xj) )

Figure 4.5: 2-children
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Mypaa s 1e=10) (%0 %0 X))

Mrgsnmnr=.2) (K X, Xin) Mygo,00=10 (X8 X5 Xm) M ro,,00 22,0 (X0 X, X )
X Xi  m X X;  Xm X Xj  Am

M, =g (X, X, X
D 101,007=12) (i o in) Mii00,1.00=1) (Ficr Xjs Xn) Mito.0,10=2.2 (%0 %7, %)

Figure 4.6: 3-children

Moo= (X X5 X))

Mycnmnr=1) (Xe, X %) My ro,n,00=2) (X0, X5, Xm) Moo= (%0 X, Xm) My ro,00,0=2,0 (X0 X, X )
Xji X X X X;  Xm Xp Xj  Xm X X Xm

Myinonr=13 (X X %)

M o000 0= 0 (X0 X5, X )

My io,0,0,=2) (X0 X5, Xm)

Mio01.0r=2 %0 X, X))

Figure 4.7: 4-branches

30



Recursive equations for the fixed 3-clique {z;, z;, z,,}

The number of recursive equations which we need to consider for the fixed clique 3-clique
{zi, j, T} is (zll) + (3) X 2+ (g) x 3+ 4 = 32. We will only document the representative
recursive equations for this fixed 3-clique. We will sometime use the encoding {z;, x;, z,,} =

{i, j, m} and I{1,1,1,0,7 = 1,2,3} = {1110, 123} whenever necessary.

M}{l.l.l,l.‘!=l) (xhxj: Xn)

Figure 4.8: M(l 11 Lr:l)(ﬂvi, Zj, Tm)

yyy
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Recursive equation for M/, o ,_4,{i.j.m} (see Figure 4.8).

M}{17171717T:l} = Maxk<z {f(k7 i?j? m)+

M}{1,1,1,0,r:1,2,3}{k> i, j}+ M}{070,1,177’:3,4}{k’ J, m}
M}{071,170w=273}{k’ i J}+ M}{l,O,l,l,r:1,3,4}{k7 J, m}
My 100,=121F: 45 3} + Mpgo 111 022,34y 80 4, m}
My 05=12331F: & 3} + Mpgo11,—3.43 {8 5, m}

M}{171,070»T=172}{k’ i, m}+ M}{U,l,l,l,r:2,3,4}{i7 j. m}

M}{1,1,0,1,r:1,274}{k> i, m} + M}{O,l,l,l,r:2,374}{i7 j, m}

Miaa0,=1231F: & 3} + Migo001,—ay 8k i mp+ Mig o1 0,25y {ks 5, m}
M}{071,170,r:273}{k’ 6 J}+ M;{l,O,O,l,r:lA}{k’ i, m} + M}{O,O,l,O,r:?)}{k’ g, m}
M o105=1,38F & 3} + Migo 101024y {F: & my + My o1 0,y K, 5, m}
M}{0010,3}{kv i Jt+ M}{1101,1,2,4}{k7 i, m}+ M}{oom,g}{k’, J, m}
Mii010.1,33 1k 5 3} + Miggi00.0 1%, @ m} + Mygoo1y 5 3 (ks 5, m}
Mion0,2,3 1k, @5 3} + Mig0013 (ks & m} + Mooy 343 {F: 5, m}
M}{001073}{k= i Jh+ M}{110071,2}{k7 i, m}+ M}{00117374}{k7 J, m}
Mion0,2,3 8k @5 3} + Migooo1,13{ks & m} + Mpgg101 53 {F, 4, m}

M08y {Fs & 5} + Mpgoi00,31F5 & mb + Mpgo11 4 3,43 {5 3s m}

M}{1110,1,2,3}{kv i 3+ M}{ooom}{kv i, m}+ M}{0010,3}{i7 J, m}
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;{0110,273}{1457 i j}+ M}{1001,1,4}{k> i, m}+ M}{0010,3}{ia J, m}

Mf{1010,1,3}{k7 i, j}+ M}{0101,2,4}{k7 i, m} + M}{oo10,3}{ia J, m}

Mf{oow,:’,}{ka i, j} + M}{1101,1,2,4}{k7 i, m} + M}{oow,z))}{ia J, m}

Mf{o110,2,3}{k7 i} + M}{looo,l}{k’ i, my+ M}{0011,3,4}{i’ J, m}

Mi0101338k: @5 7} + Migoi0091Ks 4 m} + Migoo11 3.4y 105 J, m}

f{oom,s}{k? i, J}+ Mfr{uoo;,z}{ka i, mp+ Mf{oo11,3,4}{ia Jj, m}

M}{1000,1}{k7 i jh+ M}{0101,2,4}{ka i, m}+ M;{0110,2,3}{ia 3, m}

Mf{mooa}{k’ i jt+ M}{1001,1,4}{k= i, my+ M}{0110,2,3}{i7 J, m}

Mf{11oo,1,2}{k’7 i, j}+ M}{1101,1,2,4}{k7 i, m} + M}{0110,2,3}{i7

Mi000 134K, @5 7} + Migoio0y ks 4 m} + Migo111 0340105 J, m}

M}{0100,2}{k> i, J}+ M}{1000,1}{k> i, m}+ M}{0111,2,3,4}{i’ j, m}

M}{1101,1,2,4}{k7 i, m}+ M}{0010,3}{k7 J, m}+ M}{0100,2}{i> Js
M;{1100,1,2}{k: i, mp+ M}{0011,374}{k7 j, m} + M}{0100,2}{i7 Js

;{0101,2,4}{147: i, m}+ M}{1010,2,4}{k7 J, m}+ Mz"{omo,z}{ia Js
M}{0100,2}{k7 i, m} + M}{1011,1,3,4}{k77 J, m}+ M}{owo,z}{i, Js
M}{1100,1,2}{k7 i, mp+ M}{0010,3}{k7 j, m} + M}{0101,2,4}{i7 Js
M}{moo,z}{k? i, mp+ M}{1010,1,3}{ka g, m}+ M}{0101,2,4}{i> Js

}{0101,2,4}{]‘77 i, mp+ M}{looo,l}{k'v Js mp+ M}{0110,2,3}{i> Js
M;{1100,1,2}{kv i, my+ M}{0001,4}{kv j, m}y + M;{0110,2,3}{i> Js
M}{0100,2}{k’ i, m}+ M}{1001,1,4}{ka j, m} + M;{0110,2,3}{i7 Js

M0k, 1 m} + Mig00,131k: 35 m} + Mpg111.2,3.318 Js

33



lul =9 lu m jm ‘ m lu/ {Z7 j? ]L}
I 7 {k i j} }{1000 1}{k7 i? } }{0010,3}{1{;7 Js } 1{000174}
0].].07 = 73} LR ) . '
L, J 7 {k L, m} 1{0010,3} 7 g 1
‘[u . J l 4/ {k j L L} ‘Z 4,1{000174}{% J m}
5 J I {k;’ (8 m} 1{0010,3} 7S
}{1010 1 3}{k’ L, ]} 1 4[{0100,2} B
| ‘ 7 {k j? m} /{0001,4}{Z7 .]7 m}
;{0010 3}{k7 Z .7} I{1100,1,2} 1 { | }
M | + M + ZH ] -+ M/ 1, 7, m
}{0010 3} {k7 Z j} ]{0100,2} ’ , { B }
| ‘Z 4 ' i 4 Z? J? v
lm L, ] lul {k7 7’-7 “L} }{0010,3}{k7 J5 1 L} 1{0001,4}
}{1010 1 3}{k7 L, j} 1{1000,1} / { | }
M . + M + 1“ ] + IM 1, 7, M
;{1100 1 2}{k7 L, ]} [{0001,4} B
lm | l 4 ) l 4/ {k j? I‘} ‘Z 4}{010072}{7/7 Js m}
5 J I {k;’ (g m} 1{0010,3} ’
}{1000 1}{k’ 2 j} 1{0101,2,4} { | }
| l 4 . j j/ Z? j? !
lu , J lu/ {k7 iv ”L} }{0010,3}{]{’ J5 m} 1{0100,2}
M | + M + JM ] + JM/ 1, 7, m
}{0100 2}{k7 Z j} 1{000174} ’ -
‘[u | ‘[ 4 ) l 4/ {k j? L L} l 4,1{[)017073}{7’7 J5 1 L}
J . ’ {k’ /L’ m} 1{000174} ’
}{0010 3}{k7 Z .]} 1{1100,1,2} { | }
M | + ZH + M ] + M/ 1, 7, M
;{1010 1 3}{k’ L, .]} 1{0100,2} , { | }
M ) + M + IH ] + M 1, 7, M
}{0110 2 3}{]{;’ L, ]} 1{1000,1} -
| J I {k j } ;{0010,3}{27 j7 }
(H L, ] + M/ {k, 17 '”L} - lw [{100071} v Jo
}{0110 2 3}{k7 L, j} 1{0001,4} B
1“ | + 1“ ) + 1\4/ {k j, m} + lwl{001073}{2, ], m}
L, J 7 {k7 Z, m} I{1000,1} 1> 1
}{0010 3}{k7 b ‘7} 1{010172>4} N
M | + M’ k,i m} + M, 01.1 4}{k7 jv ”L} M,[{001073}{Z) J m}
}{0010 3}{k’ i’ ]} 1{0100,2}{ > 1{10 s 1y { n }
| ] + IMI 1, 7, M
(\/1 ] =+ {\/f ) + M/ {k, 75 m} [{01017374}
;{1000 1}{k7 Z.‘) .7} }{0100,2}{k7 (£ m} 1{001073} B
7\4 | —+ Z\/jl k 7 m} + /\/1, 1 3}{]{3, j, m} + 1\4/{ 101,2, }{Z, 71 m}
}{0100 2}{k’ i’ j} 1{1000,1}{ ’ 1{00 0, 1{0101,2,4 { | }
7 . /I ) Z? J?
/\1 ] + (w ) m + 1H/ {k, ], m} + M {0110, 73} m
M | + 1“ + IH ] + 1\4/ 1, 7, M
' . : {k) I m} 1{0110,2,3}
;{0100 2}{k7 Z.7 j} ;{1000,1}{k’ 4 m} 1{000174} { | }
1w | + l“ + M ), m + 1\4/ 1, 7, M
2] I {k’ i’ m} }{1000,1}{]{:7 Js } 1{0110,2,3}
}{1000 1}{k’ ?, .]} 1{000174} / { | }
I“ b, ] + ! k, Z, m} + } 100071}{]{:7 j, m} + I{ )3,
}{010072}{]{7 Z .7} 1{100071}{ {

I ) ,[ ]{7, ., m + lul 11’37 }{Z, j, m}
1{100 5 » )
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Myc1,000 i X0 xm) Xm

M (1,000 (xre, X Xm)

X
™ Mica,0,0) (X X Xp)
........... - %
Xy Aj Xy X X
(© (d)

Figure 4.9: M(1,0,0,0,r=1) (%3, Tj, Tm)

Recursive equation for M’I{1707070’r:1}){xi,xj,mm} (see Figure 4.9).

M141,0,0,0r=1)1%i, Tjy Tm} = mazg<i{ f (T, Ti, 5, Tm)+

, . / .
MI{O,l,O,O,r:2}{$k’ Tiy Tm} +M[{1,0,0,0,T‘:1}{$k’ Tj, Tm}
/ , / o
MI{l,O,Oﬁ,r:l}{xk’ Ti, Ty} +MI{O,1,O,O,7":2}{$’€’ Ti, T}
/ , / o
MI{O,I,O,O,T:I}{xk” Tiy Ty} +MI{1,0,0,0,T:2}{$’€’ i, Tj}

, .
*Ml{o,l,o,o,rzl}{95/’€7 Ti, Tm}
max
/ .
1{0,1,0,0,r:2}{$k7 i, Tm}

, . . / .
MI{O,I,O,O,T:l}{xk’ i, Tj} +MI{1,O,O,O,T:2}{xk’ Tj, Tm}

/ o
1{1,1,0,0,r:1}{5’5k7 Tis Ty}

/ . .
MI{l,l,O,O,r:2}{xk> Ti, Tj}
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Mjo,1,0,00 (X0 X}, Xm)

X; X xj

()

xm

Figure 4.10: M(g 1,0,0,r=2)(Zi, T, Tm)

Recursive equation for My, ¢ ¢ o ,—1}{%i, @j, 2} (see Figure 4.10).

Mi10,1,0,0,=201Tis Tj, Tm} = mazicp<j{ f(Ti, Tpy 5, Tm)+

MI{O,l,O,O,r:Q}{x“ Tk, Tj} +M1{o,1,0,0,r:2}{$ka Tj, Tm}
/ . . / .
140,0.1,05=3} 10> Tk, T3} +Mpgo 00,0y {%i Thy Tm}

max ! . .

MI{O,I,l,O,r=2}{$“ Tk, L5}

/ . .
M1{0,1,1,0,r:3}{951> Ty, T}

/ , / :
Mi0.1.0,0r=2y1%is Ths Tm}  +Mpgg1 0.0 pm0) 1%k Tjs Tm}
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M co,0,1,00C¢t Xjs Xim)

Xi Xj Xm
(b)

Myco,1,1,0y(X) X1, xm?_. Xk

M;(n,o,l,o) (xiaxja Xg)

X; Xm X Xj Xy

(c) (@)

Figure 4.11: Mg 0,1,0,r=3)(Zi, T, Tm)

Recursive equation for My, g4 ,-1}{%i,2j, 2} (see Figured.11).

M7140,0,1,0,r=3}1Tis Tj5 Tm} = mazjckem{f(@i, Tj, Tp, Tm)+

/ . I . .

1{0,0,1,0,r:3}{95]v Tk, Tm} +MI{0,0,1,0,T:3}{$Z’ Tj, Tp}
Mio1.0,00=23 1255 Ths Tm}  +Mpg 010,31 1%is Ths T}
max

/ A
1{0,1,1,0,7:2}{%7 Tk, T}

/ .
MI{0,1,1,o,r:3}{$J> Tk, T )

, . / . .
MI{O,O,l,O,r:S}{%’ Lk, xm} +M[{0,071,0,r:2}{xza Ly, xk;}
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Mco,0,0,0) X0 x50 xm)

M;0,00,1) (X0, X, Xi)

Mp0,01,1) (X X, Xic)

Figure 4.12

Mi10,0,0,1,r=a3{Tis 75,

/ .
1{0,0,0,1,r=4} {i,
, .
MI{O,O,LO,TzS}{‘T“
/ A
MI{0,0,1,1,r=4}{%
/ .
M1{0,0,1,1,r:3}{x17
max
, .
I{0,0,l,O,r=3}{x3’
M!

I{0,0,0,l,r:4}{xj’

! .
1{0,0,1,1,7«:3}{%’

/ A
1{0,0,1,1,r=4}{5537

xj
X Xon
(@)
xj
X; Xm X
(b)

M; 0,011 (%) Xm, X))

Xi Xm X Xm Xk

CY) (e)

: M(0,0,0,1,r=4)(Ti; Tj, Tm)

Recursive equation for My g 1 ,—}{%i, @), 2} (see Figure 4.12).

T} = marpapd f(Ti, Tj, T, Tp)+

Tim,y T} +M}{O,O,1,O,r:3}{mj’ T, T}
Ty Th} +M}{0,0,0,1,r:4}{mj’ T, L1}
.

T, Tk}

Tmy Tk} Mo 0.010—ay {0 T Tk}
Tms Tk} + Mg 0103y %0 ©j5 Tk}
T,y Th}

T,y (Ek}
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Myes1000=1) (%0, Xy X

Figure 4.13: M(1,1,0,0,r=1){%i> Tj, Tm }

Recursive equation for My, ; o ,—1}{%i, @), 2w} (see Figure 4.13).

M1{1,1,0,0,r:1}{9€z’, Zj, LUm} = ma$m<k{f(l‘k, Zi, Ty, LUm)‘i'

}{0,0,1,0,r:3}{5”kv Ti, Ty} +M}{171,0,0,r:1,2}{xk’ Tiy Tm}
M}{l,O,l,O,rzl,?;}{xk’ Ti; Tj} +M}{O,1,0,0,r:2}{$k’ Tiy T}
M}{o,1,1,0,r:2,3}{xk7 i, 5} +Mf{17o,0,0,r:1}{37k7 Tj, T}
M}{1,1,o,0,r:1,2}{xk7 i, Tj} +M}{0,1,0,0,r:2}{xi’ Tj, Tm}

! . ! . .
1{1,1,0,0,r=1,2}{5’3k’ Tiy T } +MI{0,1,0,0,T‘=2}{$“ Tj, Tm}

mat M}{1,1,1,0,r:1,2,3}{1’i7 T,y Th}
141,0,00,=1}{Tk> Ti; T5} +Mi01,00r=23 %k Tis Tm} + Migo 01 0y {Ti, 35, Tm}
Mio1.0,0,=2y{Tk: i 5} +M7 000m=13 %k Tis Tm} + Mg 00 oy @i Tj5 Tm}
;{0,1,0,0,7”:2}{1'167 xi, T;} +M}{1,o,0,0,r:1}{xk7 Tj, Tm} + M}{O’LO’O,T:%{:@, zj, 11}
}{0,0,0,1,7":4}{3%’ L, xj} +M}{0,170,07r:2}{$k, L, xm} + M}{l,O,O,O,rzl}{$k7 Zj, xm}
;{071709#:2}{:6’“’ iy T} +M}{17070,0,r:1}{xk’ Tj, Tm} + M;{o71707077n:2}{$i, Tj, T}
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lez.z.o.o.\:z) {x;, Xiv X

Figure 4.14: M(1’170707r:2) {z;, Zj, T }

Recursive equation for My, ; o ,—2{%i, ), 2} (see Figure 4.14).

M}{l,l,o,o,rzz}{% Tj, m} = mazick<{f (@i, Ty, 25, Tm)+

;{1,0,1,0,r:1,3}{$i7 Ty, Tj} +M;{O,1,O,O,r:2}{xi? Tk, T}
M}{O,l,l,o,r:2,3}{xi’ Tk, T} +M}{1,o,o,o,r:1}{$i, Tk, Tm}
M}{O,O,l,o,r:i%}{xi’ Tk, L5} +M}{1,1,0,0,r:172}{$i7 Thy Tm}
M;{O,I,I,O,r:2,3}{$i7 Tk, Tj} +M;{1,0,0,0,r:1}{$i’ Tj, Tm}

}{1,1,0,0,r:1,2}{xi’ Th, T} +M}{0,1,0,0,r=2}{$k7 Tj, Tm}
mazx M;{l,l,O,OW:I,Q}{xi’ Ty T } +M;{07170,07r:2}{$k7 Tj, T}

1{0.0,1,00=31%i> Ty T} A Moy 00 {55 Ty Tm} + Mg 0.0, =13 {%i5 Tj5 Tm}
M}{l,o,o,o,rzl}{x% Tk, Tj} “‘M}{o,l,o,o,r:z}{xiv Thy Tm} + M}{O,l,O,O,r:Q}{wk’ Tj, Tm}

;{0,1,0,0,r:2}{xi7 Tk, Tj} +M;{1,0,0,0,r:1}{$i’ Tk, Tm} + M}{O,I,O,O,r:2}{xk7 Tj, Tm}

1{0,1,0,0,r=2}{1‘w Thy Tj} +*7\41{1,0,0,0,7:1}{Iw Tj, Tm} + MI{0,1,0,0,r=2}{93k= Tj, Tm}

/ . / . . / .
10,1,0.0,0=2 %05 Thoy Tm}  +Mpgy 00, 1% Tjs m} + Mg 1000y {Ths Tjs Tm}
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M; [0,1,1.00=2) (x5, X Torr)

(N
Figure 4.15: M(g 11,0, r=2){%i; Tj, Tm }

Recursive equation for My, g1 o ,—1}{%i, ), 2} (see Figure 4.15).

M}{o,l,l,o,rzz}{% Tj, m} = mazick<{f (@i, Ty, 25, Tm)+

I{O,l,l,O,’/‘:2,3}{x“ Tp, T} +MI{O,0,1,0,7‘:3}{$Z’ Tj, Tm}
MI{0,1,0,0,1~:2}{5'32’ Tg, T} +MI{0,1,1,0,1~:2,3}{$1€7 Tj, Tm}
MI{O,l,l,O,r:Q,S}{x’L’ Tk, T} +MI{O,O,1,O,T:3}{xk’ Tj, Tm}

/ . / )
MI{o,l,o,o,r:2}{51727 Tk, Tm} +MI{0,1,1,0,7«:2,3}{$1€7 Tj, T}
max

/ A / o / .

I{o,l,o,o,r:2}{x2v Thy T } +]\41{0,0,1,0,r:3}{372v Tj, Tm} + MI{O,I,O,O,T:Z}{xk7 Tj, T }
M!

1{0,0,1,0,r:3}{3327 Thy 5} +MI{O,1,0,O,7‘:2}{$Z’ Thy T} + M1{0,0,1,0,r:3}{xw Tj, Tm}

/ . . / . ! .
140,0,1,0,=3} %6 Thy T} FMpgoq 0,001 Tk, Tm} + Mg o1 0 pegy{Ths T, Tm}

/ : : / o / A
Miio1.0,0,0=2%i Ty 23} +Mig01.0,,23{%i Tjs Tm} + Mo 0.0, 0o %k 5 T}
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Miri01.00=1 [x:, X T

Figure 4.16: M(1,0,1,0 r=1){%i> Tj, Tm }

Recursive equation for My, g1 o ,—1}{%i,2j, 2w} (see Figure 4.16).

M}{1,0,1,0,r:1}{$ia Zj, Ty} = mazp<i{ f(xk, 4, Zj, Tm)+

/ . / o
1{1,1,0,0,r:1,2}{$k’ i, Tj} +MI{O,0,1,O,7’:3}{$“ Tj, Tm}

MI{LI,O,O,TZLQ}{J:]C’ i, L5} +M1{070,1,0,T:3}{$k7 Tjy T}
/ , / .

MI{l,l,O,O,r:l,Q}{mk’ Tiy T } +MI{0,0,1,0,7~:3}{9527 Tj, T}

/ X / .
M1{1,1,0,0,r:1,2}{$ka Tiy T} +MI{O,O,1,O,T:3}{$]€’ Tj, Tm}

max
! . . / . / .

1{0,1,0,0,r=2}{$k7 Ti, T} +MI{1,0,0,0,7~=1}{$1€7 Ti, Tm} + MI{O,O,l,O,r:B}{xk’ Tj, Tm}

M1{1,0,0,0,r:1}{“'k7 Ti, Ty} +MI{O,1,O,0,r:2}{$k’ Ti, Tm} + Ml{o,o,l,o,r:3}{$k’ Tj, Tm}

I{O,l,0,0,r:Q}{xk’ Ti, Ty} JrMI{l,O,O,O,r:l}{‘Tk’ Tj, Tm} + MI{0,0,1,0,T:3}{5E“ Tj, Tm}

/ o / . / o
M 000r=11{%k: @iy 25} +Migo 00 o {Tks Tjs Tm} + Mg 010 03 {%i5 Tj5 Tm}
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Mirio010=1) %0 &j) Xy

Xi xJ. X
(a)
.......... .@
Xk ) f
(x; ..... ;{I > - Qm .....’x.; ..... Axi ... éﬁm
© @ © "

Figure 4.17: M(1’07071,r:1) {z, Tj, Tm }

Recursive equation for M{, ;o ,q)(%i,2j,zm) (see Figure 4.17).

MI(1,0,0,1,T:1)(5E1, Zj, Tm) = maxp<i{ f(xk, 4, zj, Tm)+
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/ .
1{171,07077’:172} {xlﬁ Ti, mm}

/ .
1{0,1,0,1,r=2,4} {:Ek) Ly :Em}

, .
Ml{l,l,o,o,r:m}{l“k, Tiy Tn}

/ .
1{0,1,071,7”:274} {.’Bk, Ty, xm}

/ .
M1{1,0,o,1,r:1,4} {2k, ©i, T}

/ .
1{1,1,070,r:1,2}{xk7 Zi,

!/
Mi0,1,0,0,r=2y 12

8

it

Ti, Tj}

, . .
1{1,1,0,0,7":1,2}{xk’ Ti, Tj}

M/
}{170,070,7":1}{17]97
M}{O,l,O,O,r:2}{xka
}{1,0,0,0,r:1}{1‘k,
}{0,0,1,0,7":3}{33167
}{1,0,0,0,7":1} {zk,
}{170,0,0,r:1}{$k7

!
M7(0,1,00.r=2) 1%k:

1{171,0,1,r:1,2,4}{xkv iy Tm }

Ti, T}
i, Tj}
Ti, T}
Ti, T}
i, Tj}
Tjy Ty}

Tjy Ty}

+M}{0,0,0,1,r:4} {zi, 2j, Tm}
+M1/'{1,0,0,0,'r:1}{xk7 Tj, Tm}
+M}{0,0,0,1,r:4}{xk’ Tj, Ty}
+M}{1,0,o,0,r:1}{$k7 T, x5}
+M}{O,1,0,0,r:2}{xk’ i, Tj}
+M}{0,070,1,r:4}{xk7 Tj, Tm}
+M1/'{1,0,0,1,r:1,4}{33kv Tj, Tm}

/ . .
+]\/-[1{0,0,0,1,7:4} {5% Zyj, l“m}

}{0,0,0,1,7:4}{5”1% Tj, Tm} + M}{o,Lo,oJ«:z}{?% Tiy T}
M}{I,O,O,l,rzl}{‘rk’ Tj, Tm} + Mf{o,o,o,l,r:z;}{%m Ti, Ty}
140,001 r=a3 1Tk Tjs Tm} + My 0.0 o1y {Tks i Tm}
}{1,0,0,0,1":1}{33’9’ i, T} + M}{O,O,O,l,r:4}{xi’ Tj, T}
}{0,1,0,0,r:2}{xkv Tiy Tm} + Mf{0,0,0,1,r:4}{37ia Tj, Tm}
}{0,1,0,0,7«:2}{5”16’ Tiy T} + M}{O,O,O,l,r:4}{xi’ Tj, Tm}

/ , / o
MI{l,O,O,O,r:l}{xk’ Tiy T} + MI{O,O,O,l,r:AL}{x“ Tj, Tm}
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Mipi1100=1 [x:, X T

Figure 4.18: M(1,1,1,0,r=1){%i> Tj, Tm }

Recursive equation for My (@i, xj,7m) (see Figure 4.18).

1,1,1,0r=1

M}{l’ljl’o’rzl}{l'ia Lj, T} = maxk<i{ f(Tg, T4, Lj, T )+

;{1,1,1,0,r:1,2,3}{xk7 Ti, Tj} +M}{0,0,1,0,r:3}{$k’ Tj, Tm}
M}{071’1,0,r=273}{x’€’ i, i} +M}{1,0,1,0,r:1,3}{$k7 Tjy T}
M}{171,1,07r2172,3}{xk7 Ti, Tj} +M}{O,O,1,O,r:3}{xi’ Tj, Tm}
M}{1,1,0,0,r:1,2}{$ka i, Tj} +M}{0,1,1,0,r:2,3}{$i7 Tj, Tm}

/ A / o
I{l,l,O,O,T:l,Q}{xk7 Tis T } +]\41{0,1,1,0,r:2,3}{Iu Tj, T}
max

! . . / . / .
M1{1,0,1,0,r:1,3}{33k7 i, T} +MI{O,1,0,O,7‘:2}{$7€’ Tiy Tm} + M1{0,0,1,0,r:3}{xkv Tj, T}
/ e / . 4 .
1{0,0,1,0,r=3}{xk’ Ti, T} +MI{1,1,0,0,7«:1,2}{951€7 Ti, Tm} + M1{0,0,1,0,r:3}{xk’ Tj, Tm}

" . . / . ! .
1{0,171,O,r:2,3}{xk7 i, T} +M1{1,0,0,0,r:1}{wk7 Tiy T} + MI{0,0,1,07T:3}{:C]€7 Tj, Tm}

I{1,0,0,0,r:1}{33k7 Ti, Ty} +MI{1,0,0,0,7~:1}{$’€’ Tiy Tm} + MI{0,1,1,0,T:2,3}{x%’ Tj, T}

1{0,1,0,0,7~=2}{$k7 Ti, T} +MI{1,0,0,0,r=1}{37k’ Tiy Tm} + MI{0,1,1,0,7«=2,3}{% Tj, T}
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M}{I,O,I,O,r:l,?)}{xk’ i, T} + M}{o,1,0,07r:2}{33k’ Tiy T} + M}{070,1,O,r:3}{xi’ Tj, Tm}
M}{0,1,1,0,r:2,3}{$k’ Ti, T} + M}{I,O,O,O,T:I}{mk’ Tis T} + M;{0,0,1,0,r:3}{xia Tj, Tm}
M}{O,l,O,O,r=2}{xk’ T, T} + M}{l,O,O,O,rzl}{$k7 Tj, Tm} + M}{O,l,l,O,T:Q,S}{xi’ Tj, Ty}
M}{o,l,o,o,r:2}{xk7 Ti, Tj} + M;{I,O,I,O,T:L?;}{wk’ Tj, Tm} + M}{o,Lo,o,r:Q}{wi? Tj, T}
M}{O,l,l,(),r:2,3}{xk’ i, 2j} + M}{I,O,O,O,T:I}{xk’ Tj, Tm} + M}{0,0,1,0,r=3}{$i’ Tj, Tm}
M}{1,170,D,r:1,2}{xk7 Ti, T} + M}{O,O,l,O,T:S}{xk’ Tj, Tm} + M;{0,1,0,0,7:2}{x’5’ Tj, Tm}
M}{O,I,O,O,r:2}{xk’7 Tiy Tm} + M;{l,O,l,O,r:L?)}{xk’ Tj, T} + M}{0,1,0,0,r:2}{xi7 Tj, T}
M}{O,l,O,O,r=2}{xk’ Tiy Tm} + M}{l,o,o,o,rzl}{$kv Tj, T} + M}{O,l,l,o,r:2,3}{xi’ Tj, Tm}
M}{1000,1}{k7 it + M}{0100,2}{k7 i,m}+ M;{()Ol(),r?)}{k’j’ mj + M}{moo,z}{ivja m}

M}{owog}{k, i, j}+ M}{woo,l}{k’» i,m}+ M}{oow,:s}{kvjv my+ M}{owo,z}{i’j’ m}

Mf{oom,s}{k’ iJ}+ M}{omo,z}{kv i;m}+ M}{moo,l}{kvjv m} + M}{0010,3}{i7j7 m}

These recursive equations slightly modified can also work edge weight, e.g.,

. . , .
Recursive equation for MI(0’0’1’07r:3){l’,$1,ZL‘m}

’
MI(O,O,l,O,r:3){xi7 Tj, T} = MATj<kam]

!/

/
Mi0,0,1,00=3) 13> Ths Tm}  +Mpgq0,—5) i@ 25 2k} + w{wi, Tm}

! /
s MI(0,1,0,0,7~:2){xj7 Thy Tm} +MI(0,0,1,0,T:3){332'> Tk, Tm} + w{z;, z;}

/

MI(0,1,1,0,T=2,3){951'» Tk, T} Fw{zi, T} + w{Tk, T} + w{zi, Tm}

! !
Mo 01,0023 1% Tk Tm}y +Myg 010,20 {0 255 2} + w{zg, 25}

46



4.3 Algorithm Analysis

In this section, we will introduce some new notations to introduce a dynamic programming
algorithm for the MskT-C and MskT problem on backbone graph, which runs in polynomial

time O(n**1) for every fixed k.
Algorithm.

Our algorithm comes from the following observation: every (k + 1)-clique in any an
addition sequence of a k-tree can be obtained by adding a new vertex to an existing k-clique.
By the properties in Section 3, the resulted (k + 1)-clique has at most k + 2 children and the
(k 4+ 1)-clique consists of k + 1 number of k-cliques, from which the children, each being a
(k + 1)-clique, can be formed independently and recursively. We present some details in the

following.

Let K = {1, x9, -+, x1} represent a k-clique and by Proposition 3.5(1) it has at most
k + 1 stretches. Let Ax denote the set of all non-empty stretches for K. For any subset
S C Ak, we denote U(S) = U,es S, i.e., the union of all stretches s in S. For any vertex
p € U(S), we use K U {p} to denote the (k + 1)-clique formed by K together with p.
This (k + 1)-clique K U {p} also results in at most (k + 2) stretches by splitting one of the
stretches in S into two with vertex p. Let us denote these new set of stretches by [S, p].

Also, we define K; = K

sifori=1,2,..., kand K1, = K and let [K, p| denote the set
{K,|1<r <k+1}. We then define

O(K, S, p)={¢ly:[S, p] = [K, pl}

The stretches in [9, p] can be seen as balls and k-cliques in [K, p] as bins. So, the problem
can also be modeled as how many ways exist of throwing |[S, p]| balls into |[X, p]| bins.
We observe that every stretch in [S, p] can only be mapped to one of (k — 1) k-cliques in

[K, p], except the first and the last stretches which can be mapped to one of k k-cliques.
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So the functions ¢ € ® are constrained. To be specific, let K U {p} = {z1, z2,- -+, 11},
with 21 < 29 < --+ < zg,1. Then any stretch (ball b;) with vertices in between z; and ;1
can only be mapped to some k-clique containing vertices z; and x; and the number of such

k-cliques is k — 1.

Let G = (V, E) be an input backbone graph with V' = {1, 2,..., n}. Then for any k-
clique K C V, subset of stretches S C Ak, and vertex p € U(S), we define M (K, S) to be
the maximum objective function value of a k-tree rooted at (k + 1)-clique K U {p}, for some

p € U(S). Then we introduce

M(K,S)=0 ifS=0 (4.1)

M(K, S) = P(K, S (KU 4.2
(50 5) = 205 el P 59 900 0 (KL D) +

P(K, S, p, ¢) = > M(K,, ¢~ 1(K,)) (4.3)
1<r<k+1
KTE[KV p]v ¢71(KT)7£®

Depending on the objective function above recurrences are formulated for MskT-C, MskT

problems such that if it is defined on the edge weight then

w: (KU{p}) = > edge weight(e)

e€(KU{p}).s.t. e contains p
else it will be defined on the (k + 1)-clique. For the optimality of the algorithm we want to

maximize the following function for for all k-cliques of vertices drawn from V:

max M (K, Ak) (4.4)

Keln)K
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where [n]* is the set of all k-cliques in V.

Since the algorithm computes the maximum weight of a spanning k-tree rooted at a (k+1)-
clique formed by some k-clique K. So, recurrence (4.4) will give us the initial step by covering
all k-cliques K € [n]* with all the possible stretches that K has. The algorithm examines
every vertex p from the given allowed stretches S and k-clique K. A new (k + 1) clique is
formed by adding p to K whose weight contribution is defined as w : (K U {p}). The new
set of stretches [S, p| after the addition of p is the same as S, except the stretch in S, from
which p was chosen, is split into two by p. This newly (k + 1)-clique created also has (k + 1)
number of k-cliques K,.. The function ¢ maps these new set of stretches to the newly created
k 4+ 1 number of k-cliques K., with each such clique using the stretches ¢ ~1(K,) assigned by
¢ to recursively and independently children (k + 1)-cliques for the sought spanning k-tree.
Recurrence (4.2) maximizes the weight of the spanning k-tree by considering all possible
vertices p and functions ¢. Recurrence (4.3) branches the computation by independently
computing based on every one of the k 4+ 1 k-clique K, and sum the total weights in all
branches. The algorithm is terminated when there are no stretches available any more, i.e.,

S = () shown by Equation (4.1).

In the following paragraphs, we formally prove that the recurrences (4.1)-(4) are correct

for MskT-C and MskT.
For convenience we restate Definition 3.2.

Definition 4.3.1. In a spanning k-tree with backbone, children cliques of the same parent

are called duplicate sibings if they have k-clique in common.

E.g., In the figure 4.19 k1, ko and k3, k4, k5 are duplicate siblings. Duplicate siblings will
cover different open regions, e.g, in x; region in before 4 is covered where as in ko a region

b/w 4 and 8 is covered.

Lemma 4.3.2 For any k-tree T there is a k-tree topology for T' in which there are no
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duplicate siblings.

Proof: Let S be an addition sequence for T'; then T'(S) has this property, by Proposition
3.
Koy

4 8 12 16
Kq 1 i SR 1 1 Ko
[ 2,4,8,12, 080120161181]

i Ky Ky
! [ 46 8 12 ] [ 8 12 14 16 ]
(a) T T T A 10

[ 8 10 12 16 ] |
u] 1 1 o 5]

K3

Ko
[ 4 8 12 16 ]
: | 1 % 1 a
Kq K3
[ 2 4.8 12 ] [ 8 10 12 16 ]
1 i o (5] (5] 1 1 I I

(b) k2 Ky
[ 468 12 ] [ 8 12 14 16 ]
' A - o o 5] o & 1 2 &
- .
[ 8 12 16 18 ]
(5] 5] 5] T 1

Figure 4.19: illustrates (a) duplicate siblings in a k-tree, and (b) transformation of the k-tree to
one without duplicate sibling

Theorem 4.3.3: The algorithm for MSkT examines all spanning k-trees without dupli-

cate siblings.

Proof: Let T be any spanning k-tree without duplicate siblings with addition sequence
Ko, K1, , Km. Assume base clique kg = {z1, Z2, -+, Zx11}. Then kg can be produced by
our algorithm. This is because in equation (4.4) traverses all possible k-clique, K € [n]*.
Thus there must exist one K = kg \ {x;} for some 1 < i < k + 1. then in equation (4.2),
the algorithm introduces a new vertex x; as vertex p to form the desired (k + 1)-clique

KU {l’z} = K.

Now inductively assume that (k + 1)-clique x; is produced by the algorithm, with im-

50



portable set I,,. So there must exist some K with set of stretches S and there is some vertex
p € U(S) such that k; = K U {p}. It is clear that I, = U([S, p]). Let the children of x; be
Kiys Kigy -+ Ki; (1 < j <k+1). Since T doesn’t have duplicate siblings, each k-clique from
{KiN ki, Ki N Ky, -+, K N K, } must be unique. By recurrence (4.2) and (4.3), the algorithm
maximizes over all possible ways to map the stretches of k; to the above k-cliques. In par-
ticular, for [ =1, 2,..., j, if (k+ 1)-clique k;, has importable set [;,, through recurrence the
algorithm can assign the set of stretches S;, to k-clique x; N k;, such that I;, = U([S;,, p;])
where p;, € k;, \ k; that can be picked by recurrence. And the algorithm produces (k + 1)-
clique (k; N Kk;y) Up;,, i.e., K, as a child of ;. Since T" doesn’t have duplicate siblings, the
k-clique from {k; N Ky, ki N Kiyy v+ 5 ki N /{ij} are different. Therefore, the mapping functions
in ¢ guarantee that I, NI, = 0 for 1 < [, ¢t < j and | # ¢, a necessary condition for

importable sets stated in Proposition 3.9.
Claim: Running time of the algorithm is O(n**1(k + 1)k+21.44%),

As Any k-clique can be the root clique so we traverse all the k-clique in [n]* needs O(n*) time
in equation (4.4). So for as fixed k-clique K with S By Lemma 3.5 it has at most (k + 1)
available stretches. In equation (4.2), the maximization over p in these U(S) takes O(n)
time. These give the O(n*™!) polynomial factor. Since k = K U {p} can be expressed as
combination of (k+ 1) k-cliques K, where each ¢~ !(K,) cover stretches. When the stretches
in |[S, p]| =(k +2) for K U{p} this would be like throwing (k + 2) different balls into [K, p]
different bins. As functions ¢ € ® are constrained because of the observation that every
stretch in [S, p] can only be mapped to one of (k — 1) k-cliques in [K, p], except the first
and the last stretches which can be mapped to one of k k-cliques. So the |[S, p]| =(k + 2),
@] = k*(k — 1)K

For the same k-clique K, KU{p}, |[S, p|| =(k+1), then (k+1) open regions can be chosen
k42
k41
question to ask: how the (k + 1) are distributed into are distributed into (k 4 1) k-cliques.

k+2
k*(k — 1)1,
LS

from (k+2) possible regions, the number of such cases will be ( > and we have the similar

By the above analysis, the total number such cases, i.e., |®| < (
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k+2
Similarly, for the same K if |[S, p]| =k; The number of cases overall is < ( ;: )k:2(k -
1)F2.

Following the same analysis, the total number of cases for any k-clique K is

k+2 k+2 k42
2(1. _ 1\k 2/1. _ 1\k—1 201 1\k—2 4 ...
k*(k —1) +<k+1>k(k: 1) +< f )k:(k )"+ +< 1 )k:

k42 k+2 k+2
k+2 k+1 k...
<k +(M>k +( ' )k i +( 1 )k

= (k+ 1)

The summation in recurrence (4.3) takes O(k) time. Therefore, the running time of the

algorithm is O(k(k+1)*2n**1). Also derived from the above analysis is the space complexity

O(2k‘+1nk> )
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Chapter 5

Hardness

We would like to know if there are polynomial algorithms for the problem MSKT and MskT-
C , with a polynomial degree independent of k or a polynomial degree d for some d < k + 1
(d may be a function of k). We prove problem MSKT-C remains NP-hard. In particular,
We construct a reduction from the k-CLIQUE problem to MSKT-C that essentially preserves

the parameter k.

For any (k + 1)-clique {x1, x9, -+, Tk, Tx41} in G = (V, E) with weight w : E— Rx¢, we

define function

>‘(5<I17 Zo,..., Tk, $k+1))

where E(x1, 29, ..., 2k, Tpr1) = (w(xy,x2), w(x1,23),. .., w(xK, T11)), i.€., the m-tuple of
weights of all edges in the (k + 1)-clique {21, z2, ..., T, Ty}, for m = Lk(k + 1), and X is

a mapping: A: Uy BTy — R>o .

Problem Decision MskT-C:

Input: integer k > 1, backbone graph G = (V, E), weight w : E— R>o and W > 0.
Question: Does G have a spanning k-tree H = (V, F') such that > .z AM(E(7)) > W?

where 7 € H is to represent the statement that (k + 1)-clique 7 belongs to k-tree H.

Theorem 5.1: The problem DEcisioN MskT-C is NP-complete.
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Proof: Given a spanning k-tree H, it is not difficult to see that it will take polynomial time
to determine if the defined objective function value is at least W. Therefore, the problem is

in NP.

The hardness is proved with a reduction from k-CLIQUE. Given a graph G = (V| E),
where V' = {1, xq, ..., x,} as an instance of k-CLIQUE, we construct an instance of complete

backbone graph G’ = (V' E’) as follows in polynomial time:

LV ={1,2,..., n};

2. FF={{i,j}:i<jandi,j=1,2,...,n}

3. backbone B={{i, i +1}:i=1,2,..., n—1};
4. kK =k-1,W=1;

5. weight function w(i,j) = 1 if (z;,z;) € E; w(i, j) = 0 otherwise.

Now consider a simple function A : U5y RY; — R such that for any m > 1 and

<61a627' ) em> € R?O)

A({eq,e9,...,6,)) =1ifand only if ¢; > 0, Vil <i < m.

For given k > 3, if the constructed G’ has a spanning k’-tree H with objective function
value at least 1, where k¥’ = k& — 1, the contribution of the value must have come from at
least one (k')-clique in the spanning tree. Let this clique be k = {iy, ia,..., ix} in H. Since
the function w’ on the clique has value 1 if and only if every e € E'(k) C F, Based on the
construction of G', these edges are among the vertex set {z;,, @i,,..., @; } in the original

graph G. Thus G has a clique of size k.
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On the other hand, if G has a clique of size k, then G’ has a spanning k’-tree H of objective
function value > W = 1. To see this, let the clique of size k in G be {x;, iy, -+, @i}
Let k-clique kg = {i1, @a,..., ir}. We show in the following that there is a spanning k-tree

rooted at kg for G'.

Without loss of generality, we assume i1 < i3 < --- < i in kg. By section 3, kg can
have s non-empty stretches, for s < k + 1. Then on backbone graph G’ a (k — 1)-tree
H rooted at k¢ with at most s branches can be constructed with each branch covering a
stretch. In particular, for every j =0, 1,..., k, the jth stretch is {i;+1, i;+2,..., 4,01 —1}.
Let m; = ¢j41 — t; — 1, the length of the jth stretch. If m; # 0, the jth stretch yields a

branch of k-cliques represented by the following k-clique sequence: ko, Kj,, Kj,, .- -, B
o ij . ij+1 - ij-‘rﬂ’bj-l . .
where kj, = Kol 11, Ky = Kjiliyar -5 Kj, = /fjmrlhﬁmj (note that i; +m; = i;41 — 1).

Details of boundary cases 7 = 0 and j = k are only slightly different from the general case
and thus are omitted. H covers all backbone edges of G’ and is a spanning k-tree for G’. In

addition, since w'(kg) = 1, the weight of this (k — 1)-tree is > w(kg) > W.

The proof of the above Theorem constructs a reduction that is actually also a parameter-

preserving polynomial time reduction between the two parametrized problems.

Because k-clique is W[1]-complete [56] and it cannot be solved in time f(k)n°®) for any

function f unless W[1]=FPT [57], we conclude
Corollary 5.1. DEcCisioN MskT-C is W[1]-hard.

Theorem 5.2. Unless the W-hierarchy collapses, the MSKT-C problem cannot be solved

in time f(k)n°® for any function f.
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Chapter 6

K-trees as Stochastic Context Sensitive Grammars

In formal language systems any generation process of a string is some sequence of syntactic
rules applied and thus yields a syntactic structure associated with (the objects on) the
string. In stochastic formal language there is more than one syntactic process to generate
the same string [57, 58]. A probability distribution is associated with rules. If we sum up the
probabilities of those rules which are used in that generation process of a string then we will
get the probability for the specific syntactic structure admitted by the string. Therefore, a
stochastic formal language system defines a probability space for all the strings in a defined
language. At the same time, it defines, for every given string, a probability space for all the

syntactic structures admitted by the string.

A biomolecule consists of a string of linearly arranged residues that can spatially interact
to fold the sequence into a three-dimension structure. Such a structure can be predicted
as a syntactic structure of the molecule string through statistical computation with the
stochastic context free grammar model. The recursive context-free rules enable dynamic
programming algorithms (of running time O(n?)) efficient for structure decoding (CYK),
probability computation (Inside) with SCFG models and SCFG model learning algorithms,
e.g., Inside-Outside [46, 59].

The capability of SCFG, however, is limited to modeling context-free structures, which
include “nested” and “parallel” relationships of objects on a linear string (Figure 6.1 (a)).
With SCFG, it is not possible to model objects arbitrarily “crossing each other” (Figure
6.1(b)), which also often arise from important applications. This is typically the case in RNA

pseudoknot prediction. Theoretically, such crossing relationships are characterizable with
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formal context-sensitive grammars, but general context-sensitive rules are less convenient to

use and incur computation intractability [57, 59].

d e d e d
1 2 32 4 5 6 7 8 9 10 11 12 13 14 15 16 17

()
8]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
(b)

Figure 6.1: (a) “Parallel” and “nested” relationships between letters on string abcacbacafadeaeda
of length 17, characterizable with SCFG; (b) “crossing” relationships as the result of
including additional (red color) relationships, which cannot be modeled with SCFG.

Backbone k-trees make it possible to introduce a new schochastic linguistic modelas as
a natural extension from SCFG that can characterize mildly context-sensitive structures.
k-trees have the ability to model constraint “crossing” relationships among the objects on
a string. Such constrained context-sensitive relationships can be found in a number of im-
portant applications. Typically our studies have revealed that residue relationship graphs
formed by resolved biomolecule 3D structures have treedecompositions with treewidth typi-
cally k = 3 or 4 (occasionally higher). Such applications have motivated our current work to

seek feasible probabilistic modeling of definable over linear chains of objects (i.e., strings).

6.1 Relationship of SCSGs with Backbone k-trees

Previous studies showed that learning and statistical analysis problems over general networks

are extremely difficult, for instance NP-hard even for k = 2, thus excluding the possibility to
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establish feasible implementation of such a framework [60]. However, with the linear chain
constraint on k-trees, we are able to show, for the first time, that these problems are feasible,
namely solvable in polynomial-time for every fixed value of k. Here we will be considering a
generalized rooted tree topology for a rooted k-tree where each non-base clique r; is assigned
a unique parent x; such that x; = /ﬂg for some = # y. Note that duplicate siblings are

allowed in a generalized rooted tree topology.

6.1.1 Faithful k-trees and backbone k-trees

Now we introduce k-trees for strings of a language. Let ¥ be finite alphabet for language
and s € X* a string. By |s|, we denote the length of s, i.e., the number of symbols in string
s. Assume |s| = n; we use [n] = {1, 2,..., n} for the set of indexes of all symbols in s and

s(i) for the ith symbol, i € [n].

Definition 6.1.1.1 Let s be a string of length n. A (labeled) graph G = (V, E) is faithful

to s if
1. V C[n]
2. Vi €V, vertex i is labeled with s(i); and
3. Vi,jeV, ifi<jand -3 € V such that i <! < j, then (i, j) € E.
A labled k-tree satisfying the above three conditions is called a k-tree faithful to s.

Proposition 6.1.1.2 Given any string s of length n, the set of all k-trees faithful to s are

inductively defined as follows:

1. A (k + 1)-clique of vertices in [n] faithful to s is a k-tree faithful to s;

2. Let G = (V, E) be a k-tree faithful to s and y € [n] — V. Then for any k-clique C' in

G containing the highest index (in G) below y (if it exists) and the lowest index (in G)
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above y (if it exists), the graph

G' = (V', E'), where V=V U{y}and E' = EU{(y, i)|i € C})

is a k-tree faithful to s.

We are interested in k-trees faithful to s which cover all vertices in [n] to characterize
structures imposed on the whole string s. For convenience, we call a k-tree faithful to
the string s a backbone k-tree for s if it includes exactly all vertices in [n]. Figure 6.2(a)
shows a 3-tree faithful to a string s of length 7, (b) a backbone 3-tree for s, and (c) a 3-tree

but not faithful to s.

Figure 6.2: (a) A 3-tree faithful to a string of length 7, (b) after vertex 4 is added to the k-tree in
(a), it becomes a backbone 3-tree for the string, and (c) a 3-tree but not faithful to the
string. Bold indicates backbone edge.

Proposition 6.1.1.3 Let G = (V, E) be a k-tree faithful to s of length n, where V' =
{v1, vo,..., vy} for some m < n such that v; < v;y forall ¢ = 1,2,...,m — 1. Let
v € [n] — V. Assume v; < v < vjiq for some v;, v;11 € V. Then creating a new k-tree

faithful to s by connecting v to G satisfies the following constraints:

1. 3U CV, a k-clique, such that v forms a (k + 1)-clique with U, and

2. Vi, Vj41 eU.
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6.2 CSGs for 2-trees

In this section we give an idea towards a formal formulation of CSG for 2-trees, which may
be extended to the CSGs of general k-trees. For any alphabet ¥ let G(X) be the grammar
with terminal set ¥, non-terminal set {Sy, I, P, S, I',I”, L, R}, start symbol Sy, and the set
of rules which are obtained from schemata 1-9 below by all possible substituions of symbols
in 3 for the variable z, y and z. We also allow any of the non-terminals in the body of the
rule to be omitted, as if each of them can be nullified. So for example schema 2 generates a

total of 4 - | 2|3 rules in G(Z).
1. So — PzlyS| LxI'yS| PxI"yR| LzI'z1"yR
2. xly — xlzly
3. Pxly — Pzlxly| Lzl'xly| P'zy
4. Plzy — PkIzy| Lklzy
5. xlyS — xlylzS|xIyl"zR
6. Lxl'y — Lxl'zly| Pxlzly
7. xl'yS — xl'ylzS|xl'yl"zR
8. Pxl"y — PzlxI"y| LxlzI"y

9. xI"yR — x1zI"yR|xlz1yS

We present an example of generating a string ACGU AC' with alphabets ¥ = {A, C, G, U}.

Figure 6.3 shows the syntatic structure admittied by this generation process.

1. Sg — PCI"AR rule 1.1
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2. = PAICI"AR rule 7.1

3. - AICI"AR P empty

4. — ACI"AR I empty

5 — ACIUI"AR rule 8.1

6. = ACIGIUI" AR rule 2

7. - ACGIUI" AR I empty

8. — ACGUI"AR I empty

9. - ACGUACS wvariant of rule 9.2

10. - ACGUAC S empty

Figure 6.3: One possible syntactic structure of 2-tree for string ACGU AC

6.3 SCS Language Models

6.3.0.1 Probability distributions of strings

We represent any k-tree G with a pair G = (Bg, Tg), in which Bg is the collection of all
(k+ 1)-cliques in G and 7g is a tree topology connecting these (k + 1)-cliques. Figure 6.4(a)
illustrates generation of a 3-tree; and (b) gives a tree topology representation in (a).

Given a string, there may be more than one associated backbone k-tree. Proposition
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Figure 6.4: (a) Ilustration for generation of a 3-tree with 7 vertices (b) Tree topology representation
of the 3-tree in (a).

6.1.1.2 provides a nondeterministic processes to generate faithful k-trees and backbone k-
trees. Different backbone k-trees for the same string correspond to different processes to
generate the string, thus cfunctionorresponding to different possible syntactic structures for

the string. We model such structures statistically.

Let k = {vy, va,..., vgg1} be a (k + 1)-clique in any k-tree faithful to some string s.
For convenience, we assume the vertices are always ordered increasingly as 1 < vy < vy <

.. U1 < n. We associate k with two pieces of information:

1. Cy = (s(v1), s(va),..., s(vks1));

2. Dn: <’U2—U17 Vg — V2,y..., Uk+1—’Uk>.

Two (k + 1)-cliques k1 and ko are called equivalent if both C,, = C,, and D,, = D,,
hold. We denote the class of equivalent (k + 1)-cliques to given k by &.. Thus the space
of (k + 1)-cliques is partitioned into exclusive classes of equivalent (k + 1)-cliques with a
probability distribution. Such a distribution can be estimated as follows from a sufficiently

large population of backbone k-trees for strings which is presumably available.

Note: Let t > 1 be a threshold, which we treat as a parameter to be determined by the
availability of the data. x; is equivalent to wy iff C\, = C\, and for each 7, 1 < i < k, the

tth member of D, and D,, are equal or both > t.

Let G be a k-tree faithful to some string and 75 be a representation of G as a rooted

k-tree topology. We will define the probability of 74 inductively.
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First, in the atomic case that G is a (k + 1)-clique, the probability p(G) of G is the ratio
of the number of occurrences of (k + 1)-cliques in g over the number of occurrences of all

(k + 1)-cliques.

Second, in the case of a more general k-tree topology T, we can compute the probability
of a T as follows based on the inductive generation of k-trees given in Proposition 6.1.1.2.
Assume k to be the base clique of Tg, with m children xq, ..., K, for some m > 1, in tree
To. Fori=1,2,..., m,let Tg, be the k-tree topology for child clique x; and its descendents
in 7g.

Then the probability p(7¢) is computed as

p(’]_é) :p(’%7 7&17 ’7&27"'7 %m) :p(K’E17 ’7&27"'7 7dGm)p(I7_G17 7627"'7 7_ém)

in which, due to the independence of k-tree topologies Tg,, Tays-- -5 Ta,, s

(T Tay, -5 Tay) = P(Ta)p(Ta,) - - - p(Ta,,)

and the independence of separated components in a k-tree,

p(/{n—G’n 7—027"" ,TGm) ZP(“W% Ry vy /{m)

where the relationships among « and k;, for all : =1, 2,..., m, satisfy the Parent-Children
relationship. We call this set of (k + 1)-cliques {k, k1, Ka,..., K} a k-tree m-claw. Then
the probability p(k|k1, Ko, ..., k) is evaluated from a sufficiently large database to be the

frequency of k-tree m-claws equivalent with the k-tree m-claw

{K, K1, K2y, Km}-

That is the ratio of the number of occurrences of such k-tree m-claws over the total number
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of occurrences of k-tree m-claws .

Now we are ready to define probability distributions for strings of languages. For the
convenience of discussion, we use the notation BbkT(7¢, s) for the predicate asserting that
To is a tree topology of a backbone k-tree G for string s. Let 6 be the probability dis-
tribution drawn from some data source for atomic k-trees and k-tree m-claws. Then the

aforementioned probability p(7¢) for k-tree topology 7¢ should be conditional p(7¢|6).

Distribution € defines a language Ly as follows.

s € Ly < AT BT (Tg, s) & p(Tg|0) > 0

Therefore, the membership of s can be determined by checking whether

functionProb(s|d) = Y Prob(s,T¢l0) = > p(Tcl0) > 0.

BYKT(Tg, s) BYKT(Tg, s)
Prob(s|0) is called the total probability of s being produced by the defined system 6, or of

belonging to the language Lyg.

Often, instead of computing the probability of all possible tree topologies of backbone k-
tree for s, we may need to find a tree topology for s which is the most likely. Such a topology
corresponds to the most “plausible” syntactic structure of the string s. In particular, the

following formulates the most probable topology of backbone k-tree for s:

p(G10)

G* = arg max
BbET(G,s)

In the next section, we will present efficient algorithms developed to compute both total and

maximum probabilities of any given string s.
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6.3.0.2 Algorithms

Technically, a k-tree topology faithful to string s covers some (possibly discontiguous) vertices
ordered from 1, 2 to n = |s|. Let G be such a k-tree topology. Then it can be specified
with two pieces of information (Rg, Ig), where Rg is a (k + 1)-clique, the base of the tree

topology corresponding to GG, and I is an importable vector:
I = (bo, bi,..., bk+1), b; € {0, 1},@20,1,,]€+1

where, assume Rg = {v1, va,..., Upr1} With 1 < v; < w9 < -+ < vp1 < n, the boolean
indicator b; indicates if all vertices between v; and v;;; are included in G, for 0 <7 < k+1

(vo = 1 and vy 2 = n by default).

We obtain important relationships of importable sets associated with k-tree topologies.
Let (k + 1)-clique Rg, be a child of Rg in the tree topology 7o and Rg, is the root of the
tree topology of some k-tree GGy contained in G. Let Ig = (bo, b1,..., bgr1). Then there

exists some ¢ and j, either j <i—1 or 7 > ¢+ 1, such that
1. bj =1, and
2. Rg1 = Rgl; for some y, v; <y < vji1.

In addition, if j > ¢+ 1, then

[Glz(bo,--.,bifl,O,bi+2,---,bj ! ”...,bk)

=15 Y55 Y4

if where b, = 1 unless v;_; = y — 1, and b} = 1 unless v; = y + 1. The case j < i —11is
similar. If in addition, Rg,, the root of tree topology for k-tree GGy, is another child of Rg

in the tree topology, with Rg, = Rg|¥, for some w € Rg, then

3. Ig, has 0 in its jth component.
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The above conditions (1)-(3) constrain R to have at most k + 2 children.

We now establish recurrences for probabilities of k-tree topologies faithful to s. Let G be
such a k-tree topology with base Rg and importable vector I. Let the total probability for
s to admit G (with the importable vector /) be t(Rg, Is). Then

k+2 m

t(Rg, Ig) = Z H t(RGi, ]Gz) X p(Rg|RG1, Ceey RGm) (61)

m=1 pC(RGv Ig, RG,L'ylGi)7 1=1

where predicate pe(Rgq, Ia, Rg,, Ig,) asserts that (k+1)-clique R is the parent of R, in the
tree topology for GG, given their importable sets. The above probability includes all possible
situations of R having m children, m < k + 2. The probability p(R¢|Rg,,- .., Ra,,) was

defined in the previous section.

The base case of t(Rg, I¢) is when Rg has no child with I = (), which is the case that G
is simply a (k + 1)-clique. Therefore ¢(Rq, 0) = p(R¢), which is also defined in the previous

section.

The recurrence (6.1), together with the base case, offers a dynamic programming algorithm
for computing the total probability ¢(Rq, Is). This is to establish a table with entries for
storing t(Rg, Ig) for all k-tree topologies G. The table has dimensions O(n*1) x 2k+2
since there are O(n*™!) different (k + 1)-cliques in total. Each entry needs time O(k*n)
to compute, with total time complexity O(n*+t228+2k2). For a fixed value of k the time
complexity is O(n**2). For small k the hidden constant should be small enough to allow for

practical implementations of the algorithm.

The total probability of s is then defined as

Prob(s|0) = > t(Rgq, I")
G

where importable vector I* = (1, 1,..., 1) is of all 1’s, meaning to include all vertices
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{1,2,..., n}.

Often, instead of computing the total probability of s, it is desirable to know the most
likely syntactic structure the string s may possess. This is to compute the maximum prob-
ability of a backbone k-tree topology faithful to s:

6" = arg s (CP)

For this purpose, we define z(B, I) to be the maximum probability of a k-tree topology
faithful to s with base B (and importable vector I). Then we have a recurrence resembling

(6.1) in which the summation is replaced by maximization:

2(B, I) = max I1 2(Bi, I,) x p(B|B,...., By). (6.2)

1 )
pe(B, 1, B I;),1=1

The base case for z(B, I) is when I = () and the corresponding k-tree is simply B, a
(k + 1)-clique, resulting in z(B, 0) = p(B).

The backbone k-tree G* for s corresponding to B such that z(B, I*) achieves the maxi-

mum value in the table. In this case, B = Rg+.

Finally, it is not difficult to see that, like computing p(B, I), computing z(B, I) can be
done in dynamic programming as well with same asymptotic computational time require-

ment.

If the effect of tree topologies with duplicate siblings can be neglected then the non trivial
algorithm presented in the Chapter 4 can be adapted to calculate p(B, I) and z(B, I). The
table for this algorithm has dimensions O(n*) x 21 since there are O(n¥) different k-cliques
in total. Each entry needs time O((k + 1)¥™n) to compute, with total time complexity
O(k(k + 1)k 2pk+1).
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Conclusion

We introduced a polynomial time algorithm for finding the maximum spanning k-trees on the
family of backbone graphs. There is a strong evidence that the algorithm has the optimal
order of growth in input size n for each k greater than 2. The reason is that, backbone
spanning k-trees characterize graph relationships among linearly connected vertices (on the
backbone), and they are also applicable to relationships between symbols on sentences of
formal languages. Then the algorithm introduced in section 4 implies that mildly context-
sensitive languages can be syntactically defined and their sentences can be parsed in time
O(n*t1) for every fixed k. The family of languages for k = 2 includes all context-free
languages as a special case. Parsing of general context-free languages can be accomplished
in O(n?) [61, 62]. A faster algorithm (i.e., of time O(n*™17¢), for any ¢ > 0) for Maximum
Spanning k-Tree would imply a sub-cubic algorithm to parse general context-free languages,

breaking the longstanding barrier of #(n?) for practical algorithms.

The recursive rules for backbone k-tree generation have allowed us to associate probability
distributions with k-trees in a natural way. This leads to efficient dynamic programming al-
gorithms for probability computation of backbone k-trees with a stochastic context sensitive
language model, suitable for statistical analysis of real-world structures that can be modeled
upon strings of a language. The probability computation algorithms we developed are in the
spirit of CYK and Inside algorithms (as with SCFG), we are optimistic that there will emerge

EM learning algorithms for the newly introduced model in the spirit of Inside-Outside (as

with SCFG).
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