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Abstract. In this paper some of the most fundamental problems in
computational biology are proved intractable. The following problems
are shown NP-hard for all binary or larger alphabets under all fixed
metrics: MULTIPLE ALIGNMENT with SP-score, STAR ALIGNMENT, and
TREE ALIGNMENT (for a given phylogeny). Earlier these problems have
only been shown intractable for sporadic alphabets and distances, here
the intractability is settled. Moreover, the construction can be extended
to prove NP-hardness results for CONSENSUS PATTERNS and SUBSTRING
PARSIMONY.

1 Introduction

Multiple sequence alignment is at the very core of many computational problems
in molecular biology. Different variations of multiple sequence alignment occur
in areas such as protein structure prediction, phylogeny (inference of evolution-
ary history among species), and localization of functionally important units in
biological sequences. As the field of bioinformatics grows these problems, and
several of their variations, become increasingly important. Although the results
in this paper are not surprising, the significance of the problems make the results
both interesting and important.

The evolutionary process is driven by mutation and natural selection. DNA
sequence similarity is therefore a good indication of common evolutionary origin
and function. With pairwise alignment two sequences are aligned while allowing
errors such as substitutions, insertions and deletions of symbols. The idea is that
these errors model the mutations occurring in DNA sequence replication.

Multiple alignment is the natural extension of pairwise alignment, and also a
much more powerful tool. Typically, when sequence similarity is weak, multiple
alignment may find similarities which pairwise alignments would not. However,
pairwise alignment is solvable in polynomial time and multiple alignment is
“not” A

Many scoring schemes have been suggested to measure the cost of a multiple
alignment. In this paper the focus is on the sum-of-pairs score (SP-score), STAR
ALIGNMENT, and TREE ALIGNMENT. The three scoring schemes are in many
aspects different and are therefore considered as separate problems.

In [I] Wang and Jiang gave a short NP-hardness proof for the SP-score under
a non-metric distance measure over a 4 symbol alphabet. This result was then
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Settling the Intractability of Multiple Alignment 353

improved by Bonizzoni and Vedova [2], who showed that the problem is NP-hard
for the binary alphabet and a specific metric. The result was extended further by
Just [3] to cover many metrics, and also under some non-metrics the problem was
proved APX-complete. However, all metrics were not covered and in particular
not the unit metric. We build on some of the ideas developed by Bonizzoni and
Vedova to show that the problem is intractable for all binary or larger alphabets
under any metric.

In [1] STAR ALIGNMENT was proved to be APX-complete over a 7 symbol
alphabet, however the symbol distance did not have the property of identity nor
that of triangle inequality. In [4] Li et al. gave a PTAS and an NP-hardness result
under the unit metric for a version of STAR ALIGNMENT in which there was a
restriction on the number of gaps. Moreover, in [5] the problem was proved NP-
hard for a 6 symbol metric. Wang and Jiang also proved that TREE ALIGNMENT
is NP-hard for a specific metric over a 4 symbol alphabet. Later in two companion
papers [6l7] they gave a couple of nice PTASs working for all metrics. In this
paper both problems are proved intractable for all binary or larger alphabets
under any metric, thereby settling the complexityﬂ of TREE ALIGNMENT. We
emphasize that hardness results for non-metrics are easier to come by and that
these do not cover the problems considered in practice. Moreover, by considering
metrics in general, this paper covers most, if not all, variations occurring in
practice.

Rather than finding a consensus for the strings as a whole it is sometimes
of biological interest to focus on the consensus of well conserved regions, e.g.
in gene regulation. A well conserved region in biological sequences relates to
a functionally important unit. CONSENSUS PATTERNS and SUBSTRING PARSI-
MONY are natural formalizations of the problem of finding the most conserved
region. While our NP-hardness result for SUBSTRING PARSIMONY is new, CON-
SENSUS PATTERNS has earlier been proved NP-hard [89]10] and W[1]-hard in
[L1]. The constructions in both proofs are similar to that of STAR ALIGNMENT
and can be found in [12].

In the following section MULTIPLE ALIGNMENT with SP-score is proved to be
NP-hard for binary or larger alphabets under the unit metric, the result for all
metrics is achieved by a slight modification and is given in [I2]. Then in Sect. Bl
STAR ALIGNMENT and TREE ALIGNMENT are proved to be NP-hard for binary
or larger alphabets under any metric.

2 Multiple Alignment with SP-Score Is NP-Hard

In this paper a string is a sequence of symbols from an alphabet X, typi-
cally X = {0,1} . A pairwise alignment of two strings s; and sp is a 2 X [
matrix A, where row one and two contain strings s; and sy interleaved by
spaces, respectively. The spaces are represented by the symbol '—' ¢ 3. By
the cost of A we mean d4(s1,s2) = 22:1 w(r1]é], r2[i]), where r; and 7o are the

1 All problems considered in this paper have polynomially bounded optimal solutions
and therefore an FPTAS can not exist unless P=NP.
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rows in A and p a predefined metric for symbols from the extended alphabet
Y U{—}. We call the least such cost, denoted d(s1, s2), the evolutionary distance.
The most simple of metrics, the unit metric, is the met-

ric in which all non-zero distances are exactly 1. The cost Table 1.
of the minimum pairwise alignment under the unit metric

. o . . 01—
is also referred to as the edit distance for strings. The edit 0/0lalp
distance is simply the minimum number of edit operations 1lalo
(substitutions, insertions, and deletions) needed to transform 15 g
one of the strings into the other. In Table [[] the metric for v

the extended binary alphabet is depicted (the variables will
reappear later).

Definition 1 (Multiple Alignment with SP-score). A multiple alignment
of a set S of k strings, is a k X | matriz A where row i contains string s; inter-
leaved by spaces. The SP-score (sum-of-pairs) for a multiple alignment is the sum
of all pairwise distances between rows in the alignment; Ele Zf:z da(si,sj)-
MULTIPLE ALIGNMENT with SP-score is the problem of finding a minimum align-
ment under the SP-score.

The main theorem of this section is Theorem [l which states that MULTIPLE
ALIGNMENT with SP-score is NP-hard under all metrics. However, to convey the
proof, a restricted case of the problem is shown NP-hard, Corollary [l The full
proof requires only a slight modification and is given in [12]. Some of the ideas
in the constructior is by Bonizzoni and Vedova [2].

Theorem 1. The decision version of MULTIPLE ALIGNMENT with SP-score is
NP-complete for the binary alphabet under each metric. (Proof in [12])

Corollary 1. The decision version of MULTIPLE ALIGNMENT with SP-score is
NP-complete for the binary alphabet under the unit metric. (Proof below)

First the reduction is presented and on page its correctness is proved.
The reduction is from INDEPENDENT SET in 3-regular graphs: INDEPENDENT
R3 SETH. Let V = {v1,...,v,} be the vertices of the graph and E C {(v;,v;) :
1 < < j < n} the edges. From now on we reserve n for |V|, m for |E|, and ¢
for the decision limit of the INDEPENDENT R3 SET instance.

The decision version of the MULTIPLE ALIGNMENT instance has a set of
strings S =7 UP UC and a decision limit K. It will be shown that there is an
independent set of size ¢ if and only if there is an alignment of S of cost K.

Let b = 6nm?; a number chosen big enough to have a dominating effect in
the alignment. In S there are b template strings T, which force every optimum
alignment to have a canonical structure, illustrated in Table [2. All template

2 Bonizzoni and Vedova made a similar reduction from VERTEX COVER. Although
they conjectured that it could be improved to cover an wltra metric, they did not
consider the unit metric or, more importantly, metrics in general.

3 In [13/14] INDEPENDENT SET is shown to be NP-complete even for graphs with degree
bounded by 3. It is a simple matter to extend the result to 3-regular graphs.
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strings are identical to T = (10%)"~*1. Since they are identical, they are also
aligned identically in every optimum alignment. In the canonical alignment the
1’s in column (b+ 1)(¢ — 1) 4+ 1 play the role of vertex v; in the graph. For this
reason we refer to the column as the i’th vertex column.

In S there are also b = |P] identical pick strings P = 1°. For the same
reason as for the template strings, these are aligned identically. Moreover, in any
optimum alignment the 1’s in the pick strings are aligned in those columns with
the most 1’s, which are the vertex columns. Thus the pick strings pick ¢ of the
n vertices to be part of the independent set (in Table ] vertex vy is picked).

Table 2. A canonical alignment for the complete graph with four vertices. Since vs is
the only vertex column containing three 1’s from the constraint strings, the pick strings
are aligned to pick vs.

vy v v vy
[Tl =0b 100...0... | 1]o...0... |1]o...0... |1
110...0... 110...0... 11]0...0... 1
[Pl =0 1
1
Cig ofo...10 1fo...0... [ofo...0... [oo
Ci3 0... |1]o...o... |olo...10 olo...0... |0
Ciy 0o...10 olo...o... [ofo...0o... |1]o0
Cog 0... |ofo...o... | 1]o0...10 olo...0... |0
Coy 0... |ofo...o... [1]o...0... |oo...10...|0
C3y 0... lofo...o... |o]o...o... | 1]o...10...] 0
~—~ ~—~
an 0’s 4n 0’s

There are also m constraint strings C in S, one for each edge. The constraint
string for edge (v;,v;) € E is the string

Cij _ 04n(00b)1',—1 1Ob—4n<00b)j—i—1 10b(oob)n—j—1004n.

That is, C;; has two 1’s and is 4n longer than the template strings (|C;;| =
5n + b(n — 1)). The string C;; can be constructed from T by setting all but
the 7’th and j’th vertex positions to 0, adding 4n 0’s to the beginning and end
and removing 4n 0’s from in between the i’th and j’th vertex position. This
structure ensures that only one of the two 1’s can be aligned in its associated
vertex column. The 1 that is not aligned in its vertex column is not part of
the independent set. (In Table P] vertex vy is selected not to be part of the
independent set by both the alignment of rows Ci2 and C14.)
We now formally define the canononical alignment illustrated in Table [2.

Definition 2 (Canonical Alignment). A canonical alignment is an align-
ment in which; (1) the template strings are aligned identically, (2) the pick
strings are aligned identically and their 1’s are in vertex columns, (3) each con-
straint string is aligned with the template strings so that 4n of its first or last
0’s are matched with spaces and the rest with symbols of the template strings.



356 1. Elias

We use d(7,P) to denote the sum of pairwise distances between rows
(the alignment matrix is implicit) associated with strings in 7 and P, i.e.
Ad(T,P) = Yie7 2 pep d(t,p). With this notation the total cost of the align-
ment is £d(S,S).

Since § = T UP UC the cost of any alignment is

%d(S,S) - %d(T, T) 4+ d(T,P) +d(T,C) + %d(P, P) +d(P.C) + %d(C,C).

Below we consider each pairwise distance to get the value of the decision limit
K. That is, K is chosen so that there is an alignment of cost K if and only if
there is an independent set of size c.
Al. d(7,7) =0 in any optimum alignment and in any canonical alignment.
A2. d(T,P) = (n — c+ b(n — 1))b? in any optimum alignment and in any
canonical alignment. All 0’s and n — ¢ 1’s are matched with spaces for each pair
of template and pick strings.
A3. d(T,C) > (4n + n)bm is the sum of minimum pairwise costs and also the
cost in any canonical alignment. One of the two 1’s in each constraint string is
aligned in its associated vertex column. Thus 4n 0’s are matched with spaces
and n 1’s are matched with 0’s for each pair of template and constraint string.
A4. d(P,P) =0 in any optimum alignment and in any canonical alignment.
A5. d(P,C) > (bn + b(n — 1))bm — ¢3b gives a lower bound for all canonical
alignments. Remember, the graph is 3-regular and hence there can at most be
three 1’s from the constraint strings in the columns picked by the strings in
P. It is clear that if there is an independent set of size ¢ then there also is a
canonical alignment for which equality holds. Moreover, the minimum possible
cost of d(P,C) in any alignment is (5n 4 b(n — 1))bm — 2bm, which happens if
both 1’s of each constraint string are aligned with a 1 from the pick strings.
A6. 1d(C,C) < (8n+ 4)m(m — 1)/2 < 5nm? in any canonical alignment. In a
canonical alignment at most 8n 0’s are matched with spaces and at most 4 1’s
are matched with 0’s for each pair of constraint strings.

Summing all these we get the value for the decision limit;

K = (n—c+b(n—1)b*+ (4n +n)bm + (5n + b(n — 1))bm — c3b + 5nm?.

Note that the equalities in A1-A4 are achieved by every canonical alignment.
Equality in A5 is achieved by every canonical alignment describing an indepen-
dent set of size ¢. A6 provides an upper bound for the constraint strings in every
canonical alignment.

Proof (Corollary [1). Clearly MULTIPLE ALIGNMENT € NP. Moreover, K was
chosen in such a manner that if there is an independent set of size ¢ then there is
an alignment of cost K. Below the opposite is proved; if there is no independent
set of size ¢ then there is no alignment of cost K.

Assume that there is no independent set of size c¢. We first show that there
can not be a canonical alignment with cost K. Consider a canonical alignment,
since there is no independent set of size ¢, there has to be at least one column,
selected by the pick strings, which does not contain three 1’s from the constraint
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strings. Thus, the cost of d(P,C) > (5n+b(n—1))bm — c3b+b, i.e. compared to
the lower bound in A5 there is an additional cost of at least b. Thereby the cost
of the alignment is at least K — 5nm? + b > K. Notice that we have disregarded
the cost of $d(C,C) > 0 and only considered A1-A5. Therefore, the cost of any
canonical alignment is more than K.

The proof is completed by showing that there is no alignment of cost K.
Recall that the equalities in A1, A2, and A4 are achieved by any optimum
alignment and that the contribution of d(7,C) can be no less than in A3. Thus
for an optimum alignment to have cost < K the contribution of d(P,C) has to be
made smaller. There are two cases in which this is possible and in each case we
show that there exists a better canonical alignment, a contradiction. Essentially;
aligning the constraint strings in a non-canonical fashion to improve d(P,C) is
penalized by d(7,C).

(i) Assume that there are r constraint strings aligned such that one of their 1’s
is in an unassociated vertex column. That is, if C;; is such a string then one of its
1’s is in the k’th vertex column for k # 4, j. Then the cost of d(P,C) + 1d(C,C)
can be at most 2br + 5nm? less than in a canonical alignment. However, the
cost of d(7T,C) is at least 2(b — 4n — 1)br more than in a canonical alignment;
due to a gap of > b — 4n. Since 2(b — 4n — 1)br > 2br + 5nm? the alignment is
not optimum.

(ii) Assume that there are r constraint strings aligned such that both of their
1’s are in associated vertex columns. That is, if Cj; is such a string then the
first of its 1’s is in the i’th vertex column and the other in the j'th. As above
d(P,C) + 4d(C,C) is at most 2br + 5nm? less than in a canonical alignment.
However, the cost of d(7,C) becomes > (8n — 2)br more than in a canonical
alignment; due to a gap of 4n positions. Since (8n — 2)br > 2br + 5nm? the
alignment is not optimum. a

3 Star Alignment and Tree Alignment Are NP-Hard

In this section STAR ALIGNMENT and TREE ALIGNMENT are proved NP-hard
for all binary or larger alphabets under any metric. Both reductions are from
VERTEX COVER and have very similar constructions. The metric is depicted in
Table [ We assume w.l.o.g. that § < v and that 1 < min(«, 8). Due to space
limitations we have, in this version of the paper, omitted the proof of the special
case a = [+ . From now on we assume that @ < 3 4 . Moreover, we have
omitted the proofs of several technical lemmas, these can be found in [12].

Lemma 1 (Triangle inequality for strings). If the symbol distance, u, is a
metric then the distance for strings defined by the cost of pairwise alignments
w.r.t. u satisfies the triangle inequality.

3.1 Star Alignment Is NP-Hard

Below we formally define the problem. The reader should notice the relation to
Steiner trees and that the Steiner tree is restricted to be a star.
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Definition 3 (Star Alignment). Given a set of strings S, STAR. ALIGNMENT
is the problem of finding a string ¢ (called a Steiner string) minimizing the sum
of pairwise alignments between ¢ and the strings in S, i.e. Y. _sd(c,s).

The reduction is from VERTEX COVER and the construction, given in Table
Bland Fig. [ has three types of components; base components, selection compo-
nents, and one ground component. A general outline of the construction is given
below (see 1-3). Let G = (V, E) be the graph of the VERTEX COVER instance,
n=1|V|, and m = |E|.

(1) There are r base components, definition below, ensuring that the optimum
Steiner string is a string in which there are n vertex positions. A 1 in vertex
position ¢ corresponds to the i’th vertex being part of the vertex cover. That is,
the optimum Steiner string corresponds to a subset V’ of the vertices.

(2) There are m selection components, definition below, one for each edge. These
components ensure that there for each edge (v;,v;) is a 1 in either the ¢’th or the
7’th vertex position of the Steiner string. That is, the optimum Steiner string
corresponds to a vertex cover V.

(3) The ground component, definition below, minimizes the number of 1’s in
vertex positions. That is, the optimum Steiner string corresponds to a minimum
vertex cover V.

seS

Fig. 1. Construction for STAR

ALIGNMENT. See 1-3 above for m seleéti

an outline of the components. components components
The strings are from Table [3] . .

Base Components. The optimum Steiner string is base string and is of the
form DDCDD:; where C is a cover string and the D’s are delimiter strings, see
Table Bl A cover string consists of n consecutive blocks, each being By or Bj.
If the 7’th block is B; then this corresponds to the i’th vertex being part of the
cover. In By = POP and B; = P1P the 0 and 1, respectively, are in the so
called vertex position. For the construction to work for all metrics the size of the
paddings, denoted by P, depends on the metric. Let

max(oz,'y)“7 )

52 (n+1)- [min(a,ﬁ)

and let P = 0°1°0°. The delimiter strings consists of |C| 1’s: D = 1/¢I.
In the construction there are sufficiently many special pairs of base strings,
called base components, to ensure that the optimum Steiner string is a base
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Table 3. An overview of the strings in the construction (s is from Eq.[I). Each string
is formally introduced below. The general idea though is that there is a one-to-one
correspondance between the optimum vertex covers and the optimum Steiner strings
which are base strings.

Name Notation Form Length
Padding P 0°1°0° 3s
1-Block B P1P 2|P|+1
0-Block By POP  |2|P|+1
Vertex string Vi BflelBg*i |Bo|n
Delimiter string| D 11vil | Bo|n
Cover string c (B1|Bo)™ |D|
Selection string Sij V;DV; 3|D|
Enforcer string E DD BY DD| 5|D|
Ground string G DD By DD| 5|D|
Base string DDCDD 5|D|

string. The string pair in a base component consists of one enforcer string and
one ground string, defined by E = DDBYDD and G = DDBJ DD, respectively.
The important properties of the base components are given in the lemma below.

Lemma 2 (Base components). (1) The only optimum alignment of an en-
forcer string and a ground string is the direct match. That is, in the direct match
the i’th symbol of E is aligned with the i’th symbol of G, thus d(E,G) = na.

(2) Ifd(E,z) + d(G,z) < d(E,G) + min(a, 8,8+ v — ) and a < 5+ 7,
then x is a base string.

Selection Components. Each edge (v;,v;) in the vertex cover instance is
represented by a selection component. A selection component for the edge
(vi,v;) consists of two strings, one enforcer string E and one selection string
Sij = ViDVj, where V; = BélelBg‘fi. The important properties of the compo-
nent are given in the lemma below. According to the lemma d(E, z) + d(S;;, z)
is minimized if and only if = is a base string in which block ¢ or j is B;. Cor-
respondingly, for each edge (v;,v;) in the VERTEX COVER instance vertex v; or
v; have to be part of the cover.

Lemma 3 (Selection component). (1) The cost of an optimum alignment of
an enforcer string and a selection string is d(E, S;;) = 2|D|y + (4ns+2n — 2)a.

(2) If x is a base string and d(E, z) + d(S;;, ) = d(E, S;;), then the i’th or
j’th block of x is By. Moreover, if x is a base string in which both block i and j
are By then d(E,z) + d(S;;, ) = d(E, S;j) + 2c.

Ground Component. The ground component is simply one single ground
string. For each B; block in the Steiner string the ground component adds an
additional cost to the alignment. In other words, the fewer vertices that are
selected the smaller the cost.
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Lemma 4. If © is a base string and z the number of By blocks in x, then
d(G,z) = za.

The Completeness Proof.

Theorem 2. The decision version of STAR ALIGNMENT is NP-complete for the
binary alphabet under all metrics in which o < 4 7.

Proof. Clearly STAR ALIGNMENT € NP. As Fig. [[l indicates, the alignment in-
stance has 2m + 2r + 1 strings; one selection component per edge, r base com-
ponents, and one ground component. Let

r=n

{min(;l ;X(ﬂaﬁi - aﬂ (2)

and the decision limit

K:m~<2|D|’y+(4n5+2n72)a>+r~om+ozc,

where c is the decision limit of the VERTEX COVER instance.

We now show that an optimum Steiner string corresponds to a minimum
vertex cover, and vice versa. If the Steiner string is a base string corresponding
to the cover V' then the cost of the star alignment is

m-d(E,S;;) + r-d(E,G) +alV'|, (3)
—_——— N—_—— ——
selection comp., Lem. B base comp., Lem. ground

which is strictly decreasing in the size of the cover, |V'|. Clearly, by lemmas
Rl B, and [ if there exists a cover of size ¢ then there is alignment of cost
K. In particular, there is always an alignment of the same cost as above with
[V'|=n-1.

Let s* be an optimum Steiner string.

(i) Assume that s* is not a base string. By Lemma [2 the cost of the base com-
ponents is r(d(F, s*) + d(G, s*)) > ran + nmax(q, ). Moreover, the cost of the
selection components is at least m - d(E, S;;). Since this is more than the upper
limit of (@) this contradicts the optimality of s*.

(ii) Assume that s* does not correspond to a cover. Then there is a selection
string S;; such that both block i and j of s* is By. By Lemmas 2, [, and B we
could exchange block i or j for By and thereby improve the cost, contradicting
the optimality of s*.

Since (3)) is strictly decreasing in the size of the cover we have shown that
the optimum Steiner string corresponds to a minimum vertex cover. Clearly, the
reduction is polynomial. Hence STAR ALIGNMENT is NP-hard for the binary
alphabet under metrics in which oo < g+ 7. O
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3.2 Tree Alignment Is NP-Hard

A full labeling of a tree is a function assigning strings to all vertices of the tree.
Similarly a leaf labeling is a function assigning labels to the leafs. The length of
an edge (u,v) in a labeled tree is the cost of the minimum pairwise alignment of
the labels at u and v.

Definition 4 (Tree Alignment). For a leaf labeled tree of bounded degree a
tree alignment s a full labeling of the tree, such that the leafs are labeled according
to the leaf labeling. Given a leaf labeled tree, TREE ALIGNMENT is the problem
of finding a minimum cost full labeling, where the cost is the sum of all edge
lengths.

The construction for TREE ALIGNMENT (Fig. ) is very similar to that of STAR
ALIGNMENT. Only some additional arguments to handle the tree structure are
required.

7 base comp. inbetween

each branch

Fig.2. Construction for
TREE ALIGNMENT. There
are m branches (one for each
edge), each branch has r base
components and one selection
component. Moreover, in
between each branch there B c
are r base components. G

A)ranches

T base .
comp.

Theorem 3. The decision version of TREE ALIGNMENT is NP-complete for
the binary alphabet under all metrics in which o < 8+ 7.

Proof. Clearly TREE ALIGNMENT € NP. As Fig. @ indicates, the alignment in-
stance consists of a tree with 2m + 2r(2m — 1) + 1 leaves. Let r be as in (2)
in the previous proof. For each edge, in the vertex cover instance, there is a
branch with one selection component and r base components (see the figure for
details). Moreover, each such branch is separated by r base components. As in
the proof for STAR ALIGNMENT there is also one ground component. Moreover,
the alignment instance has a decision limit

K = m<2\DW + (4ns +2n — 2)04) +7r(2m — 1)an + ac,

where c is the decision limit of the VERTEX COVER instance.
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If z is a base string corresponding to a cover V', then the cost of the alignment
in which all internal vertices are labeled with x is

m - d(E, Si;) +r(2m —1) - d(E,G) +a|V|. (4)
——
selection comp. base comp. ground

If |V’| < ¢ then the alignment has cost < K (follows from lemmas PI3, and H).

internal vertices incident

A %o Bese tomp. B C

DDC' DD DDCDD

? DDC;; DD
N e
E 85

DDCDD ppc'pp

Fig.3. (A) Part of a branch in the construction. All vertices incident to base compo-
nents are labeled with the same base string. (B) The vertex connecting a branch is
labeled with a base string. (C) The vertex in a selection component is labeled with a
base string.

We now show that there is a vertex cover of size c if there is an alignment

of cost at most K. This is done by proving that there is an optimum alignment
in which each vertex is labeled with the same base string x, corresponding to a
cover. Since () is strictly decreasing in |V’|,  corresponds to a minimum cover.
The proof is in two steps: (i) in every optimum alignment all labels are base
strings, (ii) using (i) we show that there is an optimum labeling with a base
string corresponding to a cover.
(i) Consider an optimum alignment. We show that if not all internal vertices
are labeled with base strings then the alignment is not optimum. According to
Lem. 2] if a vertex incident (e.g. vertex c¢ in Fig. BIA) to a base component is
not labeled with a base string, then the cost of that base component is at least
d(E,G) + min(a, 8,8 + v — «). There are r base components on each branch.
Thus at least one of the vertices incident to the base components is labeled with
a base string. Otherwise, since the contribution of these components is

r(d(E,G) + min(e, 8,8+ v — «a)) > rd(E, G) + na,

the alignment is not optimum, i.e. na more than in ().

Let the vertices a,b,c, and ¥', in Fig.[BIA be labeled with the strings sq,sp,5c,
and s, respectively. We show that if s, is a base string then so is s, which
inductively implies the claim. Assume that s; is not a base string. Then by
exchanging the label at both b and o’ for s. we achieve a better alignment, a
contradiction. This is a direct consequence of the triangle inequality (Lem. [I])
and the properties of the base component (Lem. [2]).

It remains to show that the vertices connecting the branches and the vertices
connected with the leafs of a selection component are labeled with base strings,
i.e. the vertices in Fig[BB and BIC. A detailed proof of this fact is given in [I2].
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(ii) We show that there is an optimum alignment in which all internal vertices
are labeled with a base string x, corresponding to a cover. Consider an optimum
alignment in which all labels are base strings. Then x is created so that Vi € [1,n]
if the ¢’th block is By in any of the labels in the optimum alignment then the i’th
block in x is also By . The labeling with « is still optimum because: (1) base strings
are aligned symbol by symbol, (2) triangle inequality holds for symbols, and (3)
only the cost at the ground is effected by B; blocks. Thus with the labeling with
x all missmatches occuring in vertex positions have been transfered to the edge
incident to the ground. Moreover, for each selection string S;; the i’th or j’th
block of x is By, hence x corresponds to a cover.

Clearly, the reduction is polynomial. Consequently, TREE ALIGNMENT is NP-
hard for the binary alphabet under any metric in which oo < 8+ 7. O
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