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Abstract

RNA structures can be viewed as a kind of special strings
with some characters bonded with each other. The question
of aligning two RNA structures has been studied for a while,
and there are several successful algorithms that are based
upon different models. In this paper, by adopting the model
introduced in [18], we propose two algorithms to attack the
question of aligning multiple RNA structures. We reduce the
multiple RNA structure alignment problem to the problem of
aligning two RNA structure alignments.

1. Introduction

RNAs (shorthand for Ribonucleic Acids) are a kind of
relatively short biological sequences. Like DNA sequences,
the RNA sequences consist of four kinds of bases, adenine,
cytosine, guanine and uracil. Usually, we use four letters A,
C, G and U to represent those four bases respectively. Thus,
we can view an RNA sequence as a string over letter set
�A, C, G, U�. In this paper, we will use base and character
interchangeably.

RNAs are different from DNAs that they are usually in
their single-stranded state, but when they are performing
their functionalities, they tend to fold onto themselves form-
ing higher-order structure by base pairing. It is this folded
higher-order structure that determines how the RNAs play
the game. Various kinds of base pairings have been de-
tected, three of them occur more frequently than the oth-
ers, A-U (U-A), G-C (C-G), and U-G (G-U). The former
two kinds are called Watson-Crick base pair and the latter
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one is called Wobble base pair. Usually, we call those three
kinds of base pairing canonical base pair. The real folded
higher-order structure of an RNA sequence is called ter-
tiary structure which is very difficult to obtain and display,
therefore researchers proposed a simplified model called
secondary structure. The secondary structure is a kind of
planar structure, whereas the tertiary structure is a kind of
three-dimension structure. We will see the differences of
them in section 2 shortly.

Since 1970s, many research work have been conducted
on comparing biological sequences, such as DNA se-
quences and proteins. There are also many papers address-
ing the problem of comparing protein structures. In terms
of the number of papers, it is not overstated that compar-
ing RNA structures has not received much attention in the
Bioinformatics research field. To the best of our knowl-
edge, most of the RNA research work focused upon pre-
dicting RNA secondary structures and comparing two RNA
secondary structures. The answer of aligning multiple RNA
structures was considered as a by-product of the algorithms
of comparing two RNA secondary structures. For example,
in [1, 2, 5, 13] the authors claimed to solve the problem of
aligning multiple RNA structures, but the algorithmic de-
tails were not clear and the explanations concentrated on
the pairwise RNA structure alignment.

In this paper, we will propose two heuristic algorithms
to compare multiple RNA structures based on the compu-
tational model introduced in [18]. The major advantage of
that model is that it allows us to compare RNA structures by
following sequence alignment paradigm, resulting in simple
and fast algorithms. And furthermore, some of the multiple
sequence alignment algorithms can also be used to solve
multiple RNA structure alignment problem. We will solve
the multiple RNA structure alignment problem by solving
a new problem “aligning two RNA structure alignments”.
This new question is similar to the question of “aligning se-
quences alignments” (or “aligning alignments”) discussed
in [3, 8, 12].
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Why do we need to align multiple RNA structures?
There are several reasons, the most important one is to de-
termine the structure patterns in an RNA family. Here, we
made the assumption that during the long time of revolution,
the RNA sequences of an RNA family might have changed
greatly; however, the shape of their tertiary structures might
have been preserved, thus they have similar functionalities.
Another application is that we can determine the frequently
recurring substructures of an RNA sequence as discussed
in [13]. The scenario is as the following: given an RNA
sequence, we use existing folding program (e.g. mfold by
Zuker) to generate a set of possible RNA secondary struc-
tures, and then we can determine the frequently occurred
substructures of an RNA sequence by aligning those gener-
ated structures.

Traditionally, an RNA secondary structure was mod-
eled as a tree, therefore comparing two RNA secondary
structures becomes the question of comparing two trees
[1, 2, 5, 13]. Thus the most important part for this kind of
representation is how to compare two trees efficiently [20].
A major drawback of this representation is that it is hard
to model RNA tertiary structure which is a graph. Later,
in 1995, Bafna et al. proposed a set of algorithms to com-
pare two RNA structures by treating the RNA secondary
structures as a kind of special string (we call this string-
model) [16], but the time complexity of the proposed algo-
rithms is ����� which prohibits them from being applied in
real world. Since then, several algorithms based upon vari-
ants of string-model have been proposed [6, 11, 15, 18, 19],
all of which can solve the pairwise RNA structure align-
ment in reasonable time. At the same time, there are also
some other proposed methods to compute pairwise RNA
structure alignment, such as algorithm based upon Stochas-
tic Context-Free Grammar [10]. Our model is a variant of
string-model.

2. Preliminaries

In this section, we first give the definition of RNA sec-
ondary structure and then present the computational model
we are about to adopt.

2.1. RNA Structures

We use � to represent an RNA sequence, �� to represent
the �th base in �, and �� � �� to represent a base pair
occurred between bases �� and �� . We define an RNA
secondary structure from a mathematics point of view,
which is introduced in [14].

DEFINITION An RNA secondary structure is a set
of base pairs, say �, which should satisfy the following
conditions:

1. For any base pair �� � �� , it must be one of the three
canonical base pairs, A-U (U-A), G-C (C-G) or G-U
(U-G).

2. For any two base pairs ��� � ��� and ��� � ��� , either �� =
�� and �� = ��, or �� �� ��, �� and �� �� ��� ��.

3. If � 	 � 	 � 	 
, then S cannot contain both �� � ��
and �� � ��.

4. If S contains �� � �� , then �� � �� � 4.

An RNA secondary structure should not contain crossing
base pairs as required by 3, and a base can be paired with
one and only one other base pairs as required by 2. For an
RNA tertiary structure, conditions 1, 2 and 3 do not hold
any more. Some unusual base pairs can be included in an
RNA tertiary structure such as A-A, a base can pair with
more than one bases which results in “triple”, and two base
pairs can cross resulting in “pseudoknot”.

2.2. Sum-of-Pair Scoring Function

The multiple sequence alignment problem is not only
hard in terms of computation, but also in terms of choos-
ing scoring function. There is no accepted way to score the
alignment of multiple sequences [9]. But there are some
popular evaluation functions, sum-of-pair is one of the fre-
quently used functions to score the multiple sequence align-
ment, which is defined as:

�� �
������ �

��
���

��� �������� ���

where � is an alignment, �� and �� are the �th and �th se-
quence in the alignment, and function ind pair calculates
the score of the induced pairwise alignment of �� and �� .
The induced alignment of �� and �� is defined by taking ��

and �� from alignment �, and deleting those opposing ‘�’
columns (e.g. �

�
). The multiple sequence alignment prob-

lem with respect to sum-of-pair is NP-Complete [17], thus
we do not have polynomial time solutions to this problem
under our current knowledge. In this paper, we use sum-
of-pair to evaluate how well the alignment of multiple RNA
structures is.

2.3. Computational Model of RNA Structure Align-
ment

When determining how similar two sequences are, one
of the most popular measures is to use Levenshtein distance
or edit distance. Given two sequences � and �, we allow
three operations to be operated on those sequences, dele-
tion, insertion and substitution. A deletion allows us to
delete a character from �, an insertion allows us to insert
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a character of � into �, and a substitution allows us to substi-
tute a character of � with another one of �. The edit distance
problem is to ask for the minimum number of edit opera-
tions transforming � into �.

We would like to extend those edit operations on RNA
structures. In addition to single bases, we allow them to be
operated upon base pairs in an RNA structure. A deletion
of a base pair in an RNA structure results in deletion of
those two bases that consist of the base pair, an insertion of a
base pair results in inserting both of the two bases consisting
of the base pair, and a substitution of a base pair means to
replace both of the bases by another pair of bases. Figure 1
shows some of the possible operations that are operated on
the pairwise RNA structure alignment.

The edit distance is a good measure to evaluate how sim-
ilar two sequences are. However, biologists believe that a
mutation event occurred on a sequence usually involves 


(
 � �) characters, which is modeled by the notation of
gap. A gap in an alignment is the maximum run of spaces
(‘�’) in a sequence [9]. Affine gap penalty is one of the
effective ways to model the deletion or insertion of 
 char-
acters. Generally, we use a function like �� �� � to model
the affine gap penalty, where � is the initiation penalty of
the gap, � is the extension penalty of the gap, and � is the
length of the gap.

Let � be an alignment of multiple RNA structures,
we use ���� to represent the �th column of �, ���� �� to
represent the columns from ���� to ���� inclusively, �� to
represent the 
th structure of �, ����� to represent the �th
character of the 
th sequence of � and ��� to represent the
length of alignment �.

DEFINITION Given 
 RNA structures ��� ��� � � � � ��,
we define the alignment of the 
 RNA structures
(��

�
� ��

�
� � � � � ��

�) as following:

1. Each ��

� is �� with some ‘�’ inserted, and ���

�
� �

���

�
� � � � � � ���

�� � �. We juxtapose each struc-
ture ��

� in a row, so that each element of ��

� occupies a
different column, thus we have a 
 �� matrix.

2. At position �, for each structure ��

� (� 	 � 	 
), ei-
ther ��

���� is a base or a space ‘�’. We do not allow a
column consisting entirely of spaces to exist.

3. At positions � and �, if for some structure ��

� , (��

� ���,
��

� ���) is a base pair, then for any other structures ��

�

(� 	 � 	 
 and � �� �), either (��

����, �
�

����) is a base
pair too, or ��

����=�
�

����=‘�’.

Constraint 3 requires that a base pair should only be
aligned with a base pair or (‘�’, ‘�’). Our object is to
find an alignment of ��� ��� � � � � �� which minimizes the
sum of pair score among all the possible alignments of

��� ��� � � � � ��. There is no doubt that this question is NP-
Complete, since we can view an RNA sequence as an RNA
secondary structure without any base pairings.

For an alignment �, if all the characters contained in
���� are ‘�’, we call that column space column. If all
the characters contained in ���� are either single base or
‘�’, then we call ���� single column or simply s-column.
Two columns ���� and ���� are called pairing column or
p-column if for � 	 � 	 �, either (�����, �����) is a base
pair or (‘�’, ‘�’). Suppose that � 	 �, we call ���� 5’-end
column and ���� 3’-end column.

To decrease the difficulty of the problem, we would like
to reduce the multiple RNA structure alignment problem
to aligning two RNA structure alignments similar to the
question discussed in [3, 8, 12], we define the question of
aligning two RNA alignments as following.

DEFINITION Suppose that we are given two alignments
of RNA structures � and 
, the alignment of them is repre-
sented by ����
��, which should satisfy the following con-
straints:

1. �� is�with some space columns inserted,
� is 
 with
some space columns inserted, and ���� = �
��.

2. If ����� is a single column of ��, then 
���� of 
� is
either a single column or a space column; if 
���� is a
single column of 
�, then ����� of �� is either a single
column or a space column.

3. If ����� and ����� are pairing columns of ��, then
(
����, 
����) of 
� are either pairing columns or two
space columns; if 
���� and 
���� are pairing columns
of 
�, then (�����, �����) of �� are either pairing
columns or two space columns.

Suppose that there are � structures in � and � structures
in 
, the quality of ����
�� is defined as following:

������
��� �

��
���

��
���

��� �������

��

�

��

That is the quality is the sum of the pairwise alignment score
of all possible pairwise combinations between �� and 
�. It
is easy to see that if none of the RNA structures contains
any base pairs, then this question is reduced to the question
of aligning two sequence alignments which has been shown
to be NP-Complete [3]. Thus there are no polynomial time
solutions to this question at present time either.

The hardest part of this question is how to determine the
gap opening exactly. Traditionally, when we are calculating
the alignment, we only look at two columns, the current
column and the previous one in order to determine gap
openings [7]. This is enough for aligning two sequences,
however, when we are considering to align two alignments,
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A A A G A A U A A U � U U � A C G G G A C C C U A U � A A A
C G A G A � U A A C A U U A A C G G G � � � � � A U U A A A

�

base pair substitution

�

base substitution

�

base deletion

�

base insertion

�

base pair match

�

base pair deletion

�

base pair insertion

�

base match

Figure 1. Pairwise RNA structure alignment and the edit operations

this is not enough. As pointed in [8], by looking just two
columns, we will have ambiguous cases. Consider the
following two cases: --

-x and -x
-- , in either of these two

cases, we could not determine if we really have opened a
gap or not as shown in the following example:

X: x---- x----
Y: x---x xx--x

* *
(a) (b)

At the columns marked by *, in case (a) there is a gap
opening in the induced alignment of sequence � and � ,
however in case (b), there is no gap opening in the induced
alignment. To compromise this dilemma, there are various
assumptions for these two situations, in this paper, we have
adopted the concepts pessimistic and optimistic gap open-
ing. In the former assumption, for each occurrence of ---x
and -x

-- , we consider it as a gap opening, but in the latter
assumption, we do not consider it as a gap opening.

3 Aligning Two RNA Structure Alignments

In this section, we describe an algorithm to compute the
optimal alignment of two RNA structure alignments under
the definitions of pessimistic and optimistic gap opening.

We use � and 
 to represent the given alignments, and
� to represent an empty alignment. We use Æ��� �� to rep-
resent the cost of deleting column ����, Æ��� �� to represent
the cost of inserting column 
��� and Æ��� �� to represent
the cost of substituting column ���� with 
���. We use �

to represent the cost of introducing a gap (or gap opening
penalty). Since when determining gap openings, we only
need to know if ����� is a space or not, to accelerate the
speed of our algorithm, we adopted the method introduced
in [12]. We transform each alignment into a 0-1 matrix.
We use 1 to represent a non-space character, and 0 to repre-
sent a space character. We use function �	
���� to represent

the number of � in columns � � � and �, where � = 00,
01, 10, or 11, and !=1 or 2 which represents alignment �
and 
 respectively; and �	
��� to represent the number of �
in column �, where � � � or �. We use "���� �� ��� �� to
represent the alignment score between ����� �� and 
���� ��
ending with a deletion at ����, # ���� �� ��� �� to represent the
alignment score between ����� �� and 
���� �� ending with
an insertion at 
���, and $ ���� �� ��� �� to represent align-
ment score between ����� �� and 
���� �� ending with ����
substituted by 
���. We use �� to represent operation �

followed by operation � , where ��� � �#�"�$�. When
we describe our lemmas to compute the optimal alignment
between ����� ��� and 
���� ���, we assume that columns
������� and
������ match with each other. When �� � �
or/and �� � �, we assume that column ���� is aligned with
column 
���. We define a function ����� as following,

����� �

�
� ���� is a single column
� ���� and ���� are pairing column

Values of "��� ��, #��� �� and $��� �� represent align-
ment scores of two empty alignments, they are defined as:

"����� � #����� � $����� � �

In the following lemmas, in each equation, we use opt.
and pes. to represent that the equation is defined under
the notation of optimistic gap opening or pessimistic gap
opening respectively. Suppose that � has � structures
and 
 has � structures. We first describe how to com-
pute "���� �� ��� ��, #���� �� ��� �� and $���� �� ��� �� where
�� 	 � 	 �� and �� 	 � 	 ��, then we describe how to
initialize them.
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Lemma 1 For any �� 	 � 	 �� and �� 	 � 	 ��,

"���� �� ��� �� � Æ��� ���

	
�

����������������
���������������

"���� �� �� ��� ���

� �

�
� �����

�� ������� �����

#���� �� �� ��� ���

� �

�
������� ������ �����

�� ��
�
��� �����

$���� �� �� ��� ���

� �

��
�

������� ������ �����

��
�
���� ��

�
����

��
��
���� ��

�
��� �����

Proof: Before we prove the correctness of this equation, we
first prove that the gap opening function is correct. There
are three kinds of possible operations preceding the current
deletion.

1. Suppose that there is a deletion ending at (��� � �
�� ��� �), then we have both column ��� � �� and col-
umn ���� aligned with space columns. We thus have
situations shown in figure 2 (suppose that the top se-
quence is from �, the bottom sequence is from 
). It
is easy to see that we only need to deal with case c.
In pessimistic definition it is a gap opening, but in op-
timistic definition it is not. It is not difficult to verify
that the gap opening is correct given the meaning of
function ��

��
.

x x x - - x - -
- - - - - - - -
(a) (b) (c) (d)

Figure 2. A deletion precedes a deletion

2. Suppose that there is an insertion ending at (��� � �
�� ��� �), therefore we have column 
��� inserted and
column ���� deleted, we then have the cases described
in figure 3.

- x - - - x - -
- - x - x - - -

(a) (b) (c) (d)

Figure 3. An insertion precedes a deletion

Case c is definitely a gap opening, case a is different in
different definitions. It is not hard to verify that the gap
opening functions are correct. Note that gap opening
function for pessimistic is a combination of cases a and
c.

3. Suppose that there is a substitution ending at (��� � �
�� ��� �), then we have column � � � and � matched
up with each other. For any two structures, the ending
cases may look like one of the cases in figure 4.

- x - - - x - -
- - x - x - - -
(a) (b) (c) (d)
x x x - x x x -
- - x - x - - -
(e) (f) (g) (h)

Figure 4. A substitution precedes a deletion

It is clear that cases b, d, e, f, h do not open a gap,
cases c and g certainly open a gap, and case a is the
ambiguous case. Cases c and g can be generalized
as the number of non-space characters in i multiplies
the number of non-space characters in j. Therefore the
computation of gap opening is correct.

We now turn our attention to column ���� itself. If col-
umn���� is a single column, there is no problem of deleting
it. If column ���� is a �� end pairing column, then we claim
that its 
� end pairing column �������� has been deleted,
since when we consider ��������, ���� is outside interval
[��� �����], which means we have deleted that column. Sim-
ilarly, if ���� is 
� end pairing column, its corresponding ��

end column is outside [��� �], thus we need to delete it.
The minimum of the three possible operations preceding

the current deletion gives us the best alignment when the
deletion is the last operation at (�� �). �

Lemma 2 For �� 	 � 	 �� and �� 	 � 	 ��,

#���� �� ��� �� � Æ��� ���

	
�

����������������
���������������

"���� �� ��� � � ���

� �

�
������� ������ �����

� � ��
�
��� �����

#���� �� ��� � � ���

� �

�
� �����

� � ��
��
��� �����

$���� �� ��� � � ���

� �

��
�

������� ������ �����

��
�
���� ��

�
����

������� ������� �����

Proof: Similar to lemma 1. �

Lemma 3 For �� 	 � 	 �� and �� 	 � 	 ��, if both i and j
are s-columns,
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$���� �� ��� �� � Æ��� ���	
�

������������
�����������

"���� �� �� ��� � � ���
%��"$��� ��

#���� �� �� ��� � � ���
%��#$��� ��

$���� �� �� ��� � � ���
%��$$��� ��

if both � and � are �� end p-column and �� 	 ����� 	 � and
�� 	 ����� 	 �,

$���� �� ��� �� � Æ��� ���

	
�

��������
�������

"���� ������ �� ��� ����� � ���
%��"$������� ������

#���� ������ �� ��� ����� � ���
%��#$������� ������

$���� ������ �� ��� ������ ���
%��$$������� ������

�

	
�

��������
�������

"������ � �� �� �� ����� � �� � � ���
%��"$��� ��

#������ � �� �� �� ����� � �� � � ���
%��#$��� ��

$������ � �� �� �� ����� � �� � � ���
%��$$��� ��

otherwise, we set $���� �� ��� �� to a very large number.
We calculate %���$��� �� as following:

%��"$��� �� =�
��
��
���� ��

�
��� �����

������� ������ � �������� ������ �����

%��#$��� �� =�
������� ������� �����

��
�
���� ��

�
��� � ��

�
���� ��

��
��� �����

%��$$��� �� =��
�

������� ������� � �������� ������ �����

��
�
���� ��

��
��� � ��

��
���� ��

�
���

���
��
���� ��

��
��� � ��

��
���� ��

��
��� �����

Proof: For any two structures, one from � and the other
from 
, we need to consider all sixteen combinations end-
ing at (�� �) in order to calculate the gap openings. We omit
the correctness proof of gap opening.

We now consider the optimal alignment between ����� ��
and 
���� �� where the substitution is the last operation.
There are three cases that we need to consider: 1. both �

and � are s-columns; 2. both � and � are �� end p-columns
and �� 	 ����� 	 � and �� 	 ����� 	 �; 3. Other cases.

For case 1, it is easy to see, there is no problem of align-
ing ����� �� with 
���� ��. Other columns should not poten-
tially affect our calculation.

For case 2, we know that (������ �) and (������ �) are base
pairing columns in � and 
 respectively. The alignment of

����� �� and
���� �� is broken into three parts: (��, �������;
��, ������ �), (����� � �, �� �; ����� � �, � � �) and pair-
ing columns (�����, �) and (�����, �). We can easily verify
that other base pairing columns will not affect our calcu-
lation. Since we only need two columns to determine the
gap opening penalty, therefore the value of the alignment
between� [�������, ���] and 
 [�������, ���] is cor-
rect under the assumption of pessimistic or optimistic gap
opening strategy.

Case 3 contains all the other cases that we have not con-
sidered:

� Column i is a 
� end p-column, we do not allow it to
be aligned with any column of 
.

� Column j is a 
� end p-column, we do not allow it to
be aligned with any column of �.

� Column i is �� end p-column, but � is not; or � is ��

end p-column but �� & �����. In this case, we need to
align � with space column.

� Column j is �� end p-column, but � is not; or i is �� end
p-column but �� & �����. In this case, we need to align
� with space column.

All these cases are handled by the “otherwise” statement
in the lemma which prohibits them from occurring. We
now draw our conclusion that $���� ��� ��� ��� is correctly
calculated. �

Lemma 4 For �� 	 � 	 ��, we need to consider two cases
for "���� ����, � � �� and �� 	 � 	 ��,

"���� ���� � Æ��� �� �"���� �� �����������
�����

� �

��
�

������� ������ � �� �����

��
�
���� ��

�
��� � ���

�������� ������ � �� �����

��
� � � ��

� �

�
� �����

�� ��
��
��� �����

	
�� 	 � 	 ��

Proof: Since we have columns � [��-1] and 
 [��-1]
matched up with each other, and the gap opening method
for the case $" is different from the case "", thus we
need two definitions. It is easy to list all the possible cases
as we did in lemma 1 to verify the correctness of the equa-
tion. �

Lemma 5 For �� 	 � 	 ��, we need to consider two cases
for #��� ��� ��, � � �� and �� 	 � 	 ��,

#��� ��� �� � #��� ��� � � �� � Æ��� ���������
�����

� �

��
�

��
�
��� � ��� ��

�
��� �����

������ � ��� �������
��
�
��� � ��� ��

��
��� �����

��
� � � ��

� �

�
� �����

� � ������� �����

	
�� 	 � 	 ��
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Proof: Similar to lemma 4. �

There are no definitions of "��� ��� �� and $��� ��� ��
when �� 	 � 	 ��, and #���� ���� and $���� ���� when
�� 	 � 	 ��. We assign them as the following,

"��� ��� �� � #��� ��� �� �� � �� � � Æ���� �� (1)

$��� ��� �� � #��� ��� �� �� � �� � � Æ���� �� (2)

$���� ���� � "���� ���� �� � �� � � Æ��� ��� (3)

#���� ���� � "���� ���� �� � �� � � Æ��� ��� (4)

Let � and � be the lengths of structure alignments �
and 
 respectively, and ' and � be the number of pairs of
pairing columns of structure alignments � and 
 respec-
tively. We could use the following bottom-up algorithm to
compute the alignment of � and 
.

Algorithm for computing alignment of � and 
:
Sort the pairing columns of � and 
 by � � end in increasing
order respectively;
for each pair of pairing columns ���� ��� in �

for each pair of pairing columns �(�� (�� in 

Compute the alignment of ���� � �� �� � �� and

�(�� �� (� � �� by using lemmas 1 to 5 and
equations 1 to 4, and store the value in an array

Compute ���� �� and 
��� �� and output
	
��$��� �� �� ��� "��� �� �� ��� #��� �� �� ���

Trace back arrays $� # and " to find the alignment of
� and 


Theorem 1 We could compute the alignment of two RNA
secondary structure alignments � and 
 optimally under
the definitions of pessimistic and optimistic assumption in
time ������'��� and space��������������.

Proof: For two RNA secondary structure alignments, there
are no crossing p-columns in them, so the above algorithm
can compute the alignment of two RNA secondary struc-
ture alignments � and 
 optimally under the pessimistic
and optimistic gap opening definitions. Each of arrays ",
# and $ occupies space ��� � ��. We also need some
arrays to hold the values calculated by function h, we need
twelve arrays, six for each alignment. The space complexity
is ��� �� � � � � � � � ��. Thus the space complex-
ity is ��� � � � � �� � � � ��. The pre-computation
of function h needs time ��� � � � � � ��. The time
complexity for the computation of all combinations of pair-
ing columns is ��' � � � � � �� since the computation
of ���� � �� �� � �� and 
�(� � �� (� � �� needs at most
��� � ��. �

Note that if both of � and 
 contains crossing p-
columns, the algorithm could not compute the optimal an-
swer.

4. A More Accurate Algorithm

In this section, we are to discuss another algorithm which
can help us to determine the gap openings in the question of
aligning alignments more accurately. The technique used
in this section is similar to the one in [3]. However, some
new issues have arisen, in particular, the computational time
complexity could be much higher in some situations.

The main idea is that instead of looking back just two
consecutive columns as we did in the last section, we
look back the whole gap to determine a gap opening. To
achieve this, for each alignment � and 
, we introduce
three arrays to store the lengths of the gap opened until the
current column (but not including the current column). For
example, suppose that we have an alignment as following:

AGCG---GC-----GG
AGCGG-GGCUUUU--G

* #

At positions marked by * and #, we know that the first se-
quence has gaps of lengths 2 and 5 respectively, and the
second sequence has gaps of length 1 at each position, by
comparing these values and characters at * and #, we could
determine that there is no gap opening at column * and a
gap opening at column #. When solving the question of
aligning two sequence alignments, we used three auxiliary
arrays for each alignment. The reason is that we would like
to record the gap lengths of each alignment � and ) when
a deletion, insertion or substitution ends at (�� �).

This technique works well for sequence alignment,
but if we apply it to aligning two RNA structures, we
will encounter difficulties. Let’s consider the example in
figure 5, in which (a) and (b) are two alignments.

U--GC-----A U-GAA-----A --GC-----
UCGGCUUUUUA UCGAAGGUUUA -GAA-----
**3 9** **3 9** 3 9

(a) (b) (c)

Figure 5. An incorrect case

Suppose that the columns marked by * are base pairing
columns. When we want to calculate the alignment between
���� �� and 
��� ��, let’s consider the first sequence from �
and 
. Since we assume that the second column in each
alignment should be matched up with each other, we have a
situation like case c in the above figure. There is not enough
information for us to determine if there is a gap opening at
the third column. This is because we are using a bottom-up
algorithm to compute the alignment, when we are breaking
the structures into small pieces, the gaps might have been
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Table 1. Some experimental results of multiple RNA structure alignment

3 4 6 8
real 1342 2130 5172 9760
opt 1344 2147 5387 9975
pes 1357 2141 5231 9895

broken into parts too, therefore some structure information
is lost. To calculate the optimal solution, when the algo-
rithm comes across this situation, it needs to recompute the
alignment of those segments having such problem. One can
imagine how slow this would be in the worst case. How-
ever, if one of the RNA structure alignment contains only
one structure, this algorithm is guaranteed to find the opti-
mal solution.

One way to handle this problem is, for the first time,
if the recalculation of alignment ����� ��� and 
���� ��� is
needed, the algorithm recalculates the alignment, and at the
same time, it records gap length information before �����
and 
����. Next time when the recalculation occurs again,
the algorithm needs to check if gap opening information at
����� and 
���� is the same as before or not, if the infor-
mation recorded is the same, then we will not recompute
the alignment, otherwise the algorithm recomputes it and
updates the gap opening information. Another way to com-
promise the question is that when we find the ambiguous
situations, we still use the incorrect values, but we need to
adjust the alignment score. We record the last operation in
the sub-alignment���������� ���� and 
��������� ����
that achieves the optimal, we perform a traceback opera-
tion, and recalculate the gap opening value at �������� and

������� by using the correct gap length information. The
alignment of ������� � �� � � �� and 
������ � �� � � ��
might not be the best one, however, this can not only save
us some time but also output a reasonable alignment. In our
implementation, we used the latter method.

5. Conclusions

We have described two algorithms to compute the align-
ment of two RNA structures, we call the algorithms in sec-
tion 3 pessimistic and optimistic algorithm respectively de-
pending upon the gap opening strategy, and the one in sec-
tion 4 realistic algorithm. We have adopted a computa-
tion model following the sequence alignment paradigm to
compute the RNA structure alignments. We tested our al-
gorithms on datasets containing 3, 4, 6, and 8 RNA struc-
tures respectively, which we obtained from [4]. The results
are shown in table 1. For each deletion/insertion/mismatch
of a single base, we charged 1; and for each dele-
tion/insertion/mismatch of a base pair, we charged 2; and

we assigned 4 to the gap opening penalty. We used a MCST
(minimum cost spanning tree)-like algorithm to align those
structures. Given � sequences, we construct a complete
graph as following: we consider each sequence as a vertex,
and for each pair of sequences, we calculate the alignment
score and assign the pairwise alignment score to the corre-
sponding edge as weight. Then the algorithm simulates the
Kruskal’s Minimum Cost Spanning Tree algorithm, each
time it picks up the shortest edge (which means two closest
sequences or alignments), if the two vertices are in different
groups (namely two alignments), the algorithm combines
the two vertices or groups (namely align two alignments).
The algorithm stops when all the vertices are grouped to-
gether (namely all the sequences are in the same alignment).

It can be seen from the table that each time, the realistic
algorithm (abbreviated as real in the table) outputs the best
alignment, the optimistic (abbreviated as opt) algorithm out-
puts the worst alignment, and the pessimistic (abbreviated
as pes) algorithm outputs an alignment close to realistic’s
result. However, the realistic algorithm is complicated and
time-consuming if we want to find the optimal solution un-
der its definition. Thus we recommend use of pessimistic
algorithm. The reason why pessimistic algorithm is better
than optimistic algorithm is that the later algorithm favors
short gap openings resulting many gaps in the alignment.

It is interesting to notice that under our computational
model, the triangle inequality property holds. An informal
proof is as following: when there are no occurrences of base
pairs, the comparison of two RNA structures is exactly the
same as the comparison of two sequences; when there are
base pairs, the algorithm is actually finding a way to com-
bine the computed substructures into one structure, no spe-
cial values are added. Since all the data are positive and
addition keeps the triangle inequality property, thus induc-
tively, the triangle inequality holds for entire period of com-
puting the alignment of RNA structures. With this property,
many existing multiple sequence alignment algorithms can
be applied, such as center star alignment and the perfor-
mance of the algorithm is guaranteed.

We have noticed that if one of the given alignments
contains only one structure, we have the opportunity to
compute the optimal alignment between � and 
. This is
for our future work.
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