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Abstract

The problem of computing the similarity of two run-length encoded strings has been studied for various scoring metrics. Many
algorithms have been developed for the longest common subsequence metric and some algorithms for the Levenshtein distance
metric and the weighted edit distance metric. In this paper we consider similarity based on the affine gap penalty metric which
is a more general and rather complicated scoring metric than the weighted edit distance. To compute the similarity in this model
efficiently, we convert the problem into a path problem on a directed acyclic graph and use some properties of maximum paths
in this graph. We present an O (nm’ + n’m) time algorithm for computing the similarity of two run-length encoded strings in the
affine gap penalty model, where n and m are the lengths of given two strings whose run-length encoded lengths are n’ and m’,
respectively.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

A string S is run-length encoded if it is described as an ordered sequence of pairs (o, i), often denoted “o”, each
consisting of an alphabet symbol o and an integer i [2]. Each pair corresponds to a run in S, consisting of i consecutive
occurrences of o. Let A and B be two strings with lengths n and m, respectively. Let A’ and B’ be two run-length
encoded strings of A and B, and n’ and m’ be the lengths of A" and B’, respectively.

The problem of computing the similarity of two run-length encoded strings, A’ and B’, has been studied for various
scoring metrics. For the longest common subsequence metric, Bunke and Csirik [3] presented an O (nm’ + n'm) time
algorithm, while Apostolico, Landau, and Skiena [1] gave an O (n'm’log(n’m’)) time algorithm and Mitchell [13]
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Table 1
Various scoring metrics
Metric Match ~ Mismatch Indel Indel of k characters
Longest common subsequence 1 0 0 0
Levenshtein distance 0 1 1 k
Weighted edit distance 0 1) " ki
Affine gap penalty 1 -3 -y —u y —ku

obtained an O((d + n’ + m’)log(d + n’ + m')) time algorithm, where d is the number of matches of compressed
characters. Mikinen, Navarro, and Ukkonen [12] conjectured an O (n’m’) time algorithm on average without proof.

For the Levenshtein distance metric, Arbell, Landau, and Mitchell [2] and Mikinen, Navarro, and Ukkonen [11]
presented O (nm’ 4+ n’m) time algorithms, independently. Mikinen, Navarro, and Ukkonen [11] posed as an open
problem the challenge of extending these results to more general scoring metrics. Crochemore, Landau, and Ziv-
Ukelson [5,4] and Mikinen, Navarro, and Ukkonen [12] gave O (nm’ + n’m) time algorithms for the weighted edit
distance metric using techniques completely different from each other.

In this paper we consider similarity based on the affine gap penalty metric. Table 1 shows the differences between
four metrics. The affine gap penalty metric is the most general of the four and it is a rather complicated scoring metric
than the weighted edit distance. To compute the similarity in this model efficiently, we convert the problem into a path
problem on a directed acyclic graph and we use some properties of paths in this graph to select only essential paths,
i.e., the paths that must be considered to compute entries correctly. It is not necessary to build the graph explicitly
since we come up with new recurrences from the essential paths.

We present an O (nm’ + n’m) time algorithm for computing similarity of two run-length encoded strings in the
affine gap penalty model, where n and m are the lengths of given two strings whose run-length encoded lengths are n’
and m’, respectively. This result shows that we successfully extended comparison of run-length encoded strings to a
more general scoring metric.

The remainder of the paper is organized as follows. In Section 2, we describe the global alignment algorithm due
to Gotoh, convert the alignment problem into a path problem on a directed acyclic graph, and give some properties of
maximum paths in this graph. In Section 3, we present new recurrences for a white block and a black block using the
properties of the graph and give an efficient algorithm for computing similarity of two run-length encoded strings in
the affine gap penalty model based on the new recurrences. We conclude in Section 4.

2. Preliminaries

We first give some definitions and notations that will be used in this paper. A string is concatenations of zero or more
characters from an alphabet X. A space is denoted by A ¢ X'; we regard A as a character for convenience. The length
of a string A is denoted by |A|. Let a; denote the ith character of a string A and A[i.. j] denote substring a;a; 1 ... a;
of A. When a string « is a substring of string A, we denote it by « < A. Given two strings A = aja; ...a, and
B = b1by...by, an alignment of A and B is A* = afaj...af and B* = b{b3 ... b/ constructed by inserting zero
or more As into A and B so that each a; maps to b} for 1 < i < [. There are three kinds of mappings in a* and b*
according to the characters of @ and b}

e match : af = b} # A,
e mismatch : (a] # b)) and (a], b} # A),
e insertion or deletion (indel for short) : either a or b} is A.

Note that we do not allow the case of a] = b = A.
2.1. Global alignments

Given two strings A and B, let SG(A, B) denote the similarity of A and B, which we define formally below.
Informally, it is the similarity score of an optimal global alignment between A and B.
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A well-known algorithm to find an optimal global alignment was given by Waterman et al. [14] and Gotoh [7].
Given two strings A and B where |A| = n and |B| = m, the algorithm computes SG(A, B) using a dynamic
programming table (called the H table) of size (n + 1)(m + 1). Let H;j for 0 < i < nand 0 < j < m denote
SG(A[l..i], B[1..j]). Then, H;; can be computed by the following recurrence:

Hio=—-g for0<i<n
Hyj=-g; for0<j<m (D
Hij =max {H;_1 j—1 +5(a;,bj),Cij, Rij} for 1<i<n 1<j<m
where g, s(a;, bj), Cij, and R;; are defined as follows.

e g; is the gap penalty for an indel of k > 1 bases such that gy = y + ku where y and p are non-negative constants.
e s(a;, bj) is the similarity score between elements a; and b; such that

) N 1 if Cli=bj
S(““bf)—{—a it a; # b

where § is a non-negative constant.
o C;j (resp. R;j) is the highest similarity among global alignments of A[1..i] and B[1..j] such that the last mapping
is insertion (resp. deletion). C;; and R;; are computed by the following recurrence:

CO,jZRi,OZ_OO fOI‘OSlSn,OSme
Cij=max{H;1;—g1.Cim1j—p} for I<i<n 1<j<m 2)
R,‘j :max{H,‘,j_l _gl,Ri,j—l —M} for 1 <i<n,1<j<m.

Then the value H,,, is SG(A, B) and it is computed in O (nm) time.
2.2. Gap penalty models [8]

We defined the gap penalty gx as gk = ¥ + ku where y and p are non-negative constants. This is called the affine
gap penalty model, where y is the gap initiation penalty and u is the gap extension penalty. We define gg = 0. When
there is no gap initiation penalty, i.e., gx = k., it is called the linear gap penalty model.

The problem we consider in this paper is as follows.

Problem 1. Let A and B be two strings, and let A" and B’ be run-length encoded strings of A and B, respectively.
Given A" and B’, compute SG(A, B) with affine gap penalty.

2.3. Black and white blocks [2]

We divide the H table into submatrices, which called “blocks”. A block is a submatrix H;, ;,. j,..j, made up of two
runs — one of A and one of B. Thus, by definition, the H table is divided into exactly n’m’ blocks where n’ and m’
are the run-length encoded lengths of A and B, respectively. The blocks are of two types: black block, corresponding
to a pair of identical letters a;, = bj,, and white block, corresponding to a pair of distinct letters a;, # bj;,.

Within one block, there exists only one kind of similarity score s(a;, b;). In a black block, every a; is equal to every
b; and thus s(a;, b;) is always 1. In a white block, every q; is different from every b; and thus s(a;, b;) is always —é.

2.4. Dependency of elements

The computation of similarity can be viewed as a path problem on a directed acyclic graph called an alignment
graph [9]. See Fig. 1. At each position (i, j) for 0 < i < nand 0 < j < m, there are three kinds of vertices: an
H-vertex, a C-vertex and an R-vertex. An alignment graph has the following edges:

€))] }11 : a horizontal edge from an H-vertex at (i, j) to an R-vertex at (i, j + 1). "l:he edge weight |h1]is —y — w.
(2) h; : ahorizontal edge from an R-vertex at (i, j) to an R-vertex at (i, j + 1). |h1| = —u.
(3) vy : a vertical edge from an H-vertex at (i, j) toa C-vertex at (i + 1, j). |vi| = —y — u.
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j j+l j+2

Fig. 1. An alignment graph fora; | = g and b; b1 = gt.

(4) vy : a vertical edge from a C-vertex at (i, j) to a C-vertex at (i + 1, j). |01] = —pu.
(5) d; : a diagonal edge from an H-vertex at (i, j) to an H-vertex at (i 4+ 1, j + 1). There are two kinds of diagonal
edges: d” whena; | = b1 and d” whena; 11 # bj41. |d?| = L and |[d}| = —8.

(6) Edges at (i, j) from an R-vertex to an H-vertex and from a C-vertex to an H-vertex. The edge weights are 0.

The edges from 1 to 4 are defined from recurrence (2) and the edges from 5 to 6 are defined from recurrence (1). Since
R;;j is the maximum of H; j_1 — g1 and R; j_1 — p in recurrence (2), we define an edge /1 from an H-vertex to an
R-vertex with edge weight —y — 1 and define an edge h1 from an R-vertex to an R-vertex with —u. The other edges
are defined similarly.

We can define a path (-) from a vertex to a vertex. A horizontal path (fzi) for i > 1 is defined as i consecutive
le edges, i.e., (le .. .le) and a horizontal path (h;) is defined as (hlfzi_l). Vertical paths (0;) and (v;) are defined
similarly. A diagonal path (d;) is defined as i consecutive d; edges. A path P from (k,[) to (i, j) is a sequence of
edges from a vertex at (k,[) to a vertex at (i, j). For example, (hydjv;) is a path from an H-vertex at (i, j) to a
C-vertex (or an H-vertex) at (i + 2, j + 3). Let |(-)| denote a path weight of (-) which is the sum of all edge weights
in the path. For example, the path weight of (h2d|"v1) is [(h2d"v1)| = —y —2u — 8 —y — u.

We now describe various properties of paths which will be used in Section 3. Let <> denote an equivalence relation
between two paths which means that the numbers of each kind of edges are the same on both sides. This implies that
the path weights of the two paths are the same. Note that <> is symmetric.

We can merge two paths into one or divide a path into two. For example, if (da/1) (h vq) is a sequence of paths from
(k, D) to (i, j), then (dahbh vd) is also apath from (k, [) to (i, j) ie. (dahb)(h vg) < (dahbh vg). Also (dahbh vq)
can be divided into {d, hh)(h vg), i.e., {d, h;,h vg) < {dyhp) (h vg).

Fact 1. («)(B) <> (aB) where o and B are sequences of edges.
By definition of a path, (dahbfzcvd) < (dyhpycvg). However, for the following cases, the path weights are changed:
Fact 2. [(hahp)| < [(ha+b)| and [(vavp)| < [(va+s)-

We can exchange the order of two adjacent edges in a path. If (h,vpd.) is a path from (k, [) to (i, j), then (vph,d.)
is also a path from (k, ) to (i, j) and the path weights are the same.

Fact 3. (h,vp) < (vphy).

However, an exchange of edge d can cause the change of a path weight because d depends on the match/mismatch
of the position. Since |d}"| < |d{’ |, we get the following fact.

Fact 4. [(v,d?)| < |{dpva)| and |(vad?)| > [{dpva)l.

For a maximum path in one block, of course, the order exchange of d does not change the path weight because
there is only one kind of edge d in one block.

Fact 5. [{ad})| = |{d}) )| and |(ad{7’)| = |(dll,’oc)| within one block.
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Fig. 2. Three cases for edge selection. \(di“)l is compared with (a) [{(vihg)|, (b) [{(Drhg)], (c) |(vkﬁk)|.

We also define a maximum path from (k, [) to (i, j) which is a path that has the maximum path weight among all
paths from (k, /) to (i, j). A maximum path from an H-vertex to another H-vertex will be called an HH-mp. Similarly,
we will use a CC-mp, an RR-mp, an HC-mp, etc. Each maximum path has some restrictions: An Hx-mp cannot start
with © or & (x is a do-not-care symbol). A Cx-mp and an Rx-mp must start with 0 and h, respectively. An xC-mp
must end with v or 0 and an x R-mp must end with /4 or h.

From recurrence (1), we can get a relation between H;; and its previously defined entries.

Lemma 6. Let P be an HH-mp from (k, 1) to (i, j). Then H;j > Hy + |P|.

Note that the symmetric versions of Lemma 6 hold for a CC-mp, an RR-mp, an HC-mp, etc.
Now we consider a maximum path in one block. By Facts 2, 3 and 5, we get the following fact.

Fact 7. Every maximum path in one block is represented as a permutation of at most one d;, at most one hj and at
most one vy (except CC-mp and RR-mp which may have additionally one v, and one hy, respectively).

The number of diagonal edges in a maximum path depends on the weight of d and those of v and h. For a black
block, |(db)| =k > 0and |(hg)| = |{vk)]| < 0O (also |(hk)| = |{Ux)| < 0). Thus we get the following fact.

Fact 8. In a black block, the number of diagonal edges in a maximum path must be maximized.

For a white block, Fact 8 does not hold because the similarity score for mismatch, —§, is also less than or equal
to 0. Instead, we show that for an HH-mp from (i, j) to (i + k, j + k), the number of diagonal edges in a maximum
path is either k or 0. By Fact 7, a maximum path from (i, j) to (i +k, j + k) for0 <t < kis (vk—,d;"hx—;). Then the
path weight is [(vk—d;"hi—;)| = —28k— — 18 = =2y [(k —t)/k] — 2k + 2u — 8)t since gx—s = —y — (k —t)p
if t < k;itis Oif ¢+ = k. The term —2y [(k — t)/k] has a maximum value when ¢ = k and the term (2u — 8)¢ has a
maximum value when t = k for 2u — § > 0 and when t = O for 2u — § < 0. By these, the path has the maximum
weight only when ¢ = k or t = 0, i.e., maximum path (vi_;d" hx—;) is either (d,'c”) when t = k or (vihy) whent = 0.
Thus we get the following fact.

Fact 9. In a white block, an HH-mp from (i, j) to (i +k, j +k) is either (d;") or (vihy). In addition, an HH-mp from
(i, j)to (i+k+s, j+k)fors > 0is either (vsd}') or (Vsirhi). An HH-mp from (i, j) to (i +k, j +k +s) is either
(di hg) or (vkhyyy). (See Fig. 2.)

Note that the symmetric versions of Fact 9 hold for a CH-mp, an RH-mp, a CC-mp, etc.
3. Algorithm

In this section we present an algorithm that computes the similarity between two run-length encoded strings with
affine gap penalty.

The outline of the algorithm is the same as that for the LCS [3], the Levenshtein distance [2,11] and the weighted
edit distance [5,12]. Given two run-length encoded strings A’ and B’, we compute blocks from left to right and from
top to bottom. For each block, we compute the bottom row from left to right and the rightmost column from top to
bottom. See Fig. 3.

Given a block Hji1.itp,j+1.j+¢» Our goal is to compute the value of Ciyp j4i, Riyp j+1 and Hiyp j4 for
1 <[ < g (bottom row) and Cj ik, j1¢> Ritk, j+g and Hi i jiq4 for 1 < k < p (rightmost column) in O(p + ¢)
time using Ci1x j, Ritk,j and H; 4 j for 0 < k < p (leftmost column) and C; j4;, R; j4; and H; j4; for0 <[ < g
(top row).

We present two algorithms, one for a white block and another for a black block. For each block, we first present
how to compute the values of C and R, and then show how to compute the values of H.
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Fig. 3. H table for a” cPb' and a*b9c" is divided into 9 blocks which consist of 3 black blocks and 6 white blocks. For one of the white blocks,
Hi{1.it+p,j+1..j+q> we only need to compute H p, j i1 jqg and Hiyy jyp jyq from Hy jip jand Hy j jiq.

3.1. White blocks

We give an algorithm for a white block. We only show how to compute the values of the elements on the bottom
row of the block. Computing the elements on the rightmost column is done similarly.

3.1.1. Computing Ciyp jii

To compute the value of C;yp j4 for 1 <[ < g, weneed R jforl <k < p,C;jqsforl <s <[, Hiyi
for1 <k < p,and H; j4, for 0 < s < [. Since there are various ways from each element to C; p j1;, we give some
lemmas to select essential paths, i.e., the paths that must be considered to compute C;1p, j1;.

Lemma 10. Let H; 1 jy; for 1 < k < p be an element within a white block and Py be a CH-mp from (i, j +1 —s) to
(i+k, j+1 for0 < s < L. Then, there exists an element C; j; such that C; jj—s+|P1| < C; jy+|P2| where Py is a
CH-mp from (i, j+1) to (i +k, j+1) or there exists H; j;— for0 <t < s suchthat C; j1j_s+|P1| < H; jyi—+]| P3|
where Pz is an HH-mp from (i, j +1 —t) to (i +k, j + ).

Proof. In a white block, the CH-mp Py is (Ujhy), (0;—sd}"), or (01d}" hs—41) by Fact 9. We prove the lemma in
three cases.

(i) P; = (U1hy) : See Fig. 4(a). By recurrence (2), there exists H;_, j+/—s such that C; j1j—s = Hi_y j+1—s — &u>
ie., Cij+i1—s = Hi—y j+1—s + [{vy)|. By Facts 1 and 3, (Vi) (Uhs) < (VuUkhs) < (hsv, k) < (hsv,)(Uk). Now we
consider the element C; j ;. Then C; jy; > H;_y jyi—s + [{hsv,)| by Lemma 6 and the CH-mp P from (i, j + 1) to
(i +k, j+1)is (U). Thus,

Ciji—s +|1P1l = Hi—y jyi—s + [(vu)| + [(Dxhy)]
= Hi_y jyi—s + |{hsvi)] + [{Dc)]
Ci,jr + {U)| = Ci jy1 + | P2l

IA

and the lemma holds.

(ii) Pt = (Ok—sdy’) : Asin (), Ci j1i—5 = Hi—u j+i—s + [{vi)|. By Facts 1 and 4, (v,){0x—sd{’) < (vyyr—sdy")
and [(vy4k—sdy")| < |{dsVutik—s)|. Suppose that u > s. See Fig. 4(b). We consider the element C; ;1;. Then
Cij+1 = Hi—y j4i—s + |{dsvu—s)| by Lemma 6 and the CH-mp P, from (i, j + 1) to (i + k, j + 1) is (). Thus,

Ciji—s + |P1| = Hi—y jyi—s + {vi)| + [{(Ox—sdy")]
< Hi—u,j-l—l—s + [{dsvy—s)| + |(vAk>|
Cij+1 + ()| = Ci j1 + | P2

IA

Suppose that u < s. See Fig. 4(c). We consider the element H; j;;_, where t = s — u. Then H; j4;, >
H;i_y jyi—s + |{dy)| by Lemma 6 and the HH-mp P3 from (i, j + [ — 1) to (i + k, j + ) is (d;vk—;). Thus,
Cijti—s + | Pil = Hi—u, j41—s + [{du)| + [{divi—)| < Hj, j+1— + | P3| and the lemma holds.

(iii) Py = (01d}"_|hs—k+1) : See Fig. 4(d). As in (i), Ci jyy—s = Hij—y j+1—s + [{v4)|. By Facts 1 and 5,
() (01d}_ hyg—ig1) < (Vu01d)  hs k1) < (hs—g1v,01d}” ). A CH-mp from (i, j +1 —k + 1) to (i +k, j +1)
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Fig. 4. Proof of Lemma 10.
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jH=s j+Hl-s  j+l
Fig. 5. Proof of Lemma 11.
is (ﬁldk—l)- Thus,
Cijti—s +|P1l = Hi—y jyi—s + [{hs—xr1va)| + {01 1)1
= Ci jpi—k+1 + [(D1d} )]
and then it becomes case (ii). Hence the lemma holds. [

Lemma 11. Let Py be a CC-mp from (i, j+1—s) to (i +p, j+1) for 0 < s < I. Then, there exists an element C; 1,
such that Ci jyj—s + |P1| < Ci j41 + |P2| where Py is a CC-mp from (i, j +1) to (i + p, j + 1) or there exists an
element H; j1— for0 <t < s suchthat C; jyj—s +|P1| < H; jy;— + | P3| where P3 is an HC-mp from (i, j +1 —1)
to(i+p,j+10).

Proof. See Fig. 5. Because Py is a CC-mp from (i, j+I—s) to (i+p, j+1), Py = P{+(v,) for1 <r < k where P|isa
CH-mp from (i, j+I—s)to (i+p—r, j+I) ,ie., Ci,j+1_s+|Pl’| =Hiypyjrrand Hiypp jr1+1{vr)| = Ciyp j+1. By



J.W. Kim et al. / Theoretical Computer Science 395 (2008) 268-282 275

i+k

i+k

i+p

Ju J#l
Fig. 6. Proof of Lemma 12.

Lemma 10, there exists an element C; j; such that C; ;1 s+ |P1’| <Cijt+ |P2/| or there exists an element H; jy;—;
such that C; j s+ |P{| < H; jy1—¢ +|P;|. Thus, C; jyi—s +|P1| = Ci jy1—s + | P{| +(vr) < Ci jyi+ | Pyl 4 (vy) <
Cijri+ P2l or Cijyi—s + |P1l < Hi jyi—¢ + | P3|+ (v;) < Hi joy— + | P3]. O

Lemma 12. Let P; be an RC-mp from (i +k, j)to (i + p,j+ 1) forl <k < p—1.If =6 > —2u, there exists an
element Ri p_1,j such that Ri 1 j+|P1| < Riyp—1,j+I|P2| where P is an RC-mp from (i+p—1, j)to (i+p, j+1)
or there exists Hiy; j fork <t < p—1suchthat Ry j+|P1| < Hiy j+|P3| where P3 is an HC-mp from (i +1, j)
to(i+p,j+10).

Proof. Since —§ > —2u, the RC-mp P, = (le,ad;”vp,k,a) where a = min{/ — 1, p — k — 1}. By recurrence
(2), there exists H;iy, j—y for u > 0 such that Rj 1y ; = Hiyk j—u + [{hu)]. Then, Riyg j + |P1| = Hijk j—u +
|(huhi—ad®vp—i—a)|. By Fact 4, [(huhi—ad?vp—1—a)| < [(dahusi—aVp—k—a)|. Since —8 > —2pu, we can maximize
the number of diagonal edges without considering the type of a block. Let b = min{u +1 — a, p —k — a — 1}. Then,
H{dahu+i—aVp—k—a)l < {da+bhu+i—a—bVp—k—a—b)l-

Suppose a + b < u. See Fig. 6(a). Now we consider the element R;y,_1 ;. Then Riyp_1; > Hitp j—u +
[{dg+phy—q—b)| by Lemma 6 and the RC-mp P, from (i + p —1,j)to (i + p,j + 1) is (ﬁ;vl). Thus, Hi 1y j—u +
{da+bhuti—a—bVp—tk—a—b)| < Rivp—1,j + [{hivp—k—a—p)|. Sincei +k+a+b=i+p—1,p—k—a—b=1and
thus Riyx j + |P1| < Riyp—1,j + | P2| from above all.

Suppose a + b > u. See Fig. 6(b) and Fig. 6(c). We note that k +a + b < p — 1. We consider H;;,,; where
t=k+u<p-1.ByLemma6, Hi,; > Hiix j—u + |{dy)| and thus H; i j_, + {dasphuti—a—pVp—k—a—b)| <
Hiye j+ Hdatb—uhut+1—a—bVp—k—a—b)|- Since {da+b—uhy+i1—a—bVp—k—a—b) 1s a path from (i +1, j) to (i + p, j +1),
the weight of this path is not greater than that of the HC-mp P;. Hence R; x j + |P1| < H;1tu,j + | P3| from above
all. O

If =6 < —2u,the RC-mp from (i +k, j)to(i+p,j+Dforl <k <p-—1is (ﬁlvp_k) and it is an essential path
forevery l <k <p—1.

Lemma 13. Let Py be an HC-mp from (i, j +1 — s) to (i + p, j + 1) for 0 < s < l. Then, there exists an element
H; jyi— for0 <t <min{l, p—1} such that H; j1;—s+|P1| < H; j+i—1+|P2| where P is an HC-mp from (i, j+1—1)
to(i+p,j+10).

Proof. If s < p, then let ¢ be s and it is done. Now, we consider that s > p. In a white block, the HC-mp P; is
(vp—1hsv1) or {dp—1hs—pi1v1) by Fact 9. We prove the lemma in two cases.

(1) P; = (vp—1hsv1) : See Fig. 7(a). By Facts 3 and 2, (v,_1hsv1) <> (hsvp_qv1) and [(hsvp_1v1)| < [{hsvp)l.
Now we consider the element H; j;. Then H; j; > H; j1;—s+ |(hs)| by Lemma 6 and the HC-mp P, from (i, j +1)
o i+ p.j + 1) is (vp). Thus, Hi jo1—s + |Pi| < Hi jpi— + [{hsvp)| < Hijyr + |(0p)] = Hi j1 + | Po| and the
lemma holds.

(i) Py = {dp—1hs—p+1v1) : See Fig. 7(b). By Fact 5, [{dp—1hs—p+1v1)| = [{hs—p+1dp—1v1)|. Now we consider the
element H; j1;—py1. Then H; jy; pyr1 > H; jyi—s+|{hs—ps1)| by Lemma 6 and the HC-mp P, from (i, j+[—p+1)
to @+ p,j+Dis(dp_1v1). Thus, H; jy;j s + |P1l = Hj jyi—s + [{hs—pr1dp_1v1)| < Hi jyi—pr1 + Hdp—1v1)| =
H; jyi—p+1 + | P2| and the lemma holds. [J
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Fig. 7. Proof of Lemma 13.
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Fig. 8. Computing C; p, j+; in a white block. (a) formulas (i) and (ii), (b) formula (iii), (c) formulas (iv) and (v), (d) formula (vi).

By the lemmas above, we can select essential paths from the top row of C, the leftmost column of R, and the top
row of H of the block to C; 4, j4+;. The maximum paths from the leftmost column of H to C;4p, j41, i.e., the HC-mps
from (i +k, j)to (i + p,j+ 1) forl <k < p — 1, are all essential paths. From these, we derive that the value of
Ciyp, j+1 is the maximum of the following. See Fig. 8:

(i) maxj<s<p—1{Rits,j — gp-s} — 1
(i) Cijy1 — pu
(iil) maxj<s<p—1{Hi+s,j — 8p—s} — &
(iv) maxo<s<min{t, p— 1} {Hi, j+i—s — 56 — gp—s}
) maxlgsgp—l—l{Hi-i-s,j - gp—s—l} — I whenl < p—1
(vi) maxi<s<min{i—1,p—2{Hi+p—1-s,j — 8I—s — 56} — g1 when [ > 2.

The value of each formula can be computed in O(p) time (of course, (ii) in constant time) and the maximum of them
is computed in constant time. Thus we need O(p) time to compute the value of C;y j1;.

Computing all the values of C of the bottom row needs O(pgq) time using the above result. However, since we
compute the bottom row from left to right, i.e., [ is increased from 1 to g, we can reduce the time complexity to
O (p + q) using such properties of the recurrences that two adjacent entries are very similar.

First, consider (i) maxj<s<p—1{Rits,j — &p—s} — 10 and (iil) max;<s<p_1{Hiys,j — &p—s} — &- The index s of the
maximum value in (i) and that in (iii) do not depend on /. Hence we compute (i) and (iii) for / = 1 in O(p) time and
then get the maximum value for [ > 2 in constant time by adding —(I — 1)u.

Second, consider (iv) maxo<s<min{/, p—1) {H;, j4+i—s — $6 — gp—s}. The range of the column index for H in (iv) is j
toj+lforl <l <pandj+I—p+1toj—+Iforl > p.Asl increases, the range is increased by one till/ < p and
then the position of the range is shifted to the right by one. See Fig. 9(a) and Fig. 9(c). Each time / increases, value
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Fig. 9. The changes from C;y p j+; t0 Citp j41+1 When(a) (b)) < p—Tland(c)/ > p—1.

—& + w is added to all the rest of the elements. It is almost the same as the recurrence for C in Case 2 of [10]. Thus,
using MQUEUE [10], we can get the maximum value in amortized constant time. We can use a deque with heap order
[6] to get worst-case constant time.

Third, consider (v) maxi<g<p—1—i{Hts,j — §p—s—i1} — (6 when [ < p — 1. The range of the row index for H in
(v)isi+1toi+p—1—1Iforl <[ < p— 1. That is, the range is decreased by one till/ < p — 1. See Fig. 9(a).
Hence we make a stack with heap order for / = 1 in O(p) time and then get the maximum value for / > 2 one-by-one
in constant time by popping one element, getting the maximum value of the stack and adding (! — 1)(—4 + u) to it.

Last, consider (vi) maxi<s<min(i—1,p—2){ Hi+ p—1—s,j — 8&i—s —$8} — g1 when [ > 2. The range of the row index for
Hin(vi)isi+p—Iltoi+p—2for2 <l <p-—1landi+1toi+ p—2forl > p— 1. Asl increases, the range is
increased by one till / < p — 1 and then the index s of the maximum value does not depend on / for/ > p — 1. See
Fig. 9(b) and Fig. 9(c). Thus, we can get the maximum value for / = 2 in constant time and then get the maximum
value till /| < p — 1 one-by-one in constant time by adding —pu to the previous maximum value and comparing it
with a new element. We also get the maximum value for / > p — 1 in constant time by adding —(! — p + 2)u to the
maximum value for/ = p — 2.

From above all, we compute (i) and (iii) in O (p + ¢) time, (ii), (iv) and (vi) in O(g) time, and (v) in O(p) time.
Therefore, we compute Cj p j4; for1 <1 < g in O(p + q) time.

3.1.2. Computing Ri1p, j+i

To compute the value of R;y, j4; for1 <! < g, weneed R;1p j+;—1 and H;1p j4+;—1 by recurrence (2). Since we
know the values of R; 1, ;j and H; , ; and we compute the bottom row of R from left to right, we have no problem to
compute R; 4, j4+; and it takes O(1) time. Therefore, we compute all the values of R of the bottom row in O(g) time.

3.1.3. Computing H;yp j+i
To compute the value of H;yp j4; for1 <1 < g, weneed Ciyp j1i, Ritp j+1 and Hiyp_1 j4i—1. Since we know
the values of C; 1 ;17 and R; p, j i, we only need to compute the diagonal incoming value.

Lemma 14. Let Py be an RH-mp from (i + k,j) to i + p —1,j+1 —1) for 1 < k < p — 1. Then,
Rivkj + 1Pl + )] < Ritp j+i-

Proof. We denote the RH-mp P; by (hya) for r > 1 where a is a sequence of edges which starts with d%
or v. {d’) is a diagonal path from (i + p — 1,j +1 — 1) to (i + p,j + [). By recurrence (2), there exists
Hi i, j—u such that Riyx j = Hiyr j—u + |(hy)]. See Fig. 10. By Facts 1 and 4, (hu)(fz,a)(di”) < {hyqrad))
and [{(hy4rad’)| < [{adihy4r)|. Let P, be an HR-mp from (i + k, j — u) to (i + p, j + ). Since {adihy+,) is
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Fig. 11. Proof of Lemma 16.
a path from (i + k, j —u) to (i + p, j + 1), the weight of this path is not greater than that of P,. By Lemma 6,
Ritp j+1 = Hitk, j—u + | P2|. Thus,
Rivk,j + 1Pl + Hd") = Hitk,j—u + Khutrad)’)|
Hitk, j—u + {adihytr)]
Hitp,j—u + P2l

Riyp j+i

IAIATA

and the lemma holds. [

Lemma 15. Let Py be a CH-mp from (i, j+s) to (i+p—1, j+I—1) for1 <s <I—1.Then, C; j;s+|P1|+{d}’)| <
Civp,j+i-

Proof. Similar to the proof of Lemma 14. [

Lemma 16. Let Py be an HH-mp from (i + k,j) to i +p — 1,j +1 — 1) for 1
Hiyrj + P14+ {d")] < Ritp,jvi or Hipxj + [Pl + {d]")] < Hiyp—1,j +1(d}”)| when |

k < p — 1. Then,
p.

IAIA

Proof. We prove the lemma in three cases.

()i+k >i+p—1:SeeFig 11(a). Since 0 < p—-1—-k < [ —1, the HH-mp Py is (hj_jvp_1_x) or
(hi—1-p+1+kdp—1—k). Without loss of generality, we denote Py by (h,a) for r > 1 where « is a sequence of edges.
(d}") is a diagonal path from (i + p — 1, j +1— 1) to (i + p, j +1). By Facts 1 and 5, (h,a){d}") <> (h,ad}’) and
[(hrad")| = [{ad]’h,)|. Let P, be an HR-mp from (i +k, j) to (i + p, j +1). Since («d|"h,) is a path from (i +k, j)
to (i + p, j +1), the weight of this path is not greater than that of P>. By Lemma 6, R;yp j+; > Hiyk j + | P2|. Thus,
Hivgj+ Pl + [d")| = Hiqk,j + Kad’hy)| < Hiyg,j + | P2| < Riyp, j+1 and the lemma holds.

(i)i+k <i+p—1:Since p—1—k >1—1,the HH-mp Py is (hj—1vp—1-k) or (d}” ;vp—1—k—i+1). If
Py = (hj—1vp_1—x), it becomes case (i). Now we consider P; = (dluilvp—l—k—l+1)~ See Fig. 11(b). By Facts 1
and 5, <dluilvp—k—l><d;ﬂ) < (dluilvp—k—ld;v) and |(d[uilvp—k—ld;”)| = |<Up—k—ld1w>|- By Lemma 6, Hyp—y; >
Histj + 10pi—t)]. Thus, Hisij + | Pt + [{di')] = Hiskj + [{0pk—td”)| < Hisp1  + |(d}")] and the lemma
holds.
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Fig. 12. Computing H;y  j4; in a white block.

(ii)i +k =i+ p —1:The HH-mp Py is (hj—jvi—1) or {(d}" |). If P; = (h;—jv;—1), it becomes case (i). Now we
consider P; = (d;” ). By definition of a path, [(d” ,d{")| = |(d;")| and the lemma holds. [J

Lemma 17. Let Py be an HH-mp from (i,j + s) to (i + p — 1,j +1 — 1) for 0 < s < [ — 1. Then,
Hj jvs + |Pil + [{d")| < Cip,j+i or Hi jis + |P1l + {d")| < Hi j41—p + [{d]")| when | > p.

Proof. Similar to the proof of Lemma 16. [

By the lemmas above, we derive that the value of H;, j4; is the maximum of the following. See Fig. 12:

(i) Ritp,j+i

(i) Citp,j+i
(iii) Hiyp—s,; —16 whenl < p
(iv) H; jy1—p — pd whenl > p.

Since each value of (i), (ii), (iii) and (iv) is computed in constant time, we can compute all the values of H of the
bottom row in O(g) time.

3.1.4. Analysis

Given a white block with p rows and g columns, the bottom row of the block is computed in O(p + ¢) time. The
values of C of the bottom row are computed in O(p + ¢) time and the values of R and H of the bottom row are
computed in O (g) time.

The rightmost column of the block is also computed in O(p + ¢q) time and thus the similarity of the white block
can be computed in O (p + q) time.

3.2. Black blocks

We give an algorithm for a black block. As in white blocks, we only show how to compute the values of the
elements on the bottom row of the block.

3.2.1. Computing Ciyp, j+i

To compute the value of C;y j4jfor1 </ <q,weneed R;yy jforl <k < p,C; jysforl <s <1, Hiy, ; for
1 <k < p,and H; j;for0 < s < [. We give two lemmas for a black block to select essential paths. Since the proofs
of Lemmas 18 and 19 are similar to those of Lemmas 11 and 13, we omit them.

Lemma 18. Let Py be a CC-mp from (i, j +1 —s) to (i + p,j + 1) for 1 < s < l. Then, there exists an element
H; jy1—s suchthat C; jy—s + |P1| < H; j1i—s + |P2| where Py is an HC-mp from (i, j +1 —s)to i + p, j +1)

Lemma 19. Let P| be an HC-mp from (i, j +1 —s) to (i + p, j + 1) for 0 < s < . Then, there exists an element
H; jyi— for0 <t <min{l, p—1} such that H; j1;_s+|P1| < H; j1i1—1+|P2| where P, is an HC-mp from (i, j+1—1)
to(i+p,j+D.

By Lemmas 18 and 19 and Fact 8, we can select essential paths from the top row of C and the top row of H of the
block to C;y p, j+;. The maximum paths from the leftmost column of R and the leftmost column of H to C; ;4 are
all essential paths. From these, we derive that the value of C; ;4 is the maximum of the following. See Fig. 13:
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Fig. 13. Computing C;y  j4; in a black block. (a) formula (i), (b) formulas (ii) and (iii), (¢) formulas (iv) and (v), (d) formula (vi).

(1) maxi<s<p—i{Rits,j — gp—s—i+1}—pu+ (U -1 forl <p—1
(i) maxo<s<min{i—2,p—2}{Ri+p—1-s5,j — ({ —s)u + s} — gy whenl > 2
(iii) Ci j+1 — pur
(iv) maxo<s<minfl, p— 1)1 i, j4i—s +5 — &p—s}
(v) maxi<s<p—1-{Hits,j — 8p—s—1} +1whenl < p —1
(vi) max|<s<min{i—1,p—2){Hi+p—1-s,j — &l—s + 5} — g1 when[ > 2.

We need O (p) time to compute the value of Ci4p j11.

We can compute all the values of C of the bottom row in O(p + ¢) time. Recurrences (iii), (iv), (v) and (vi) are
essentially the same as recurrences (ii), (iv), (v) and (vi) of a white block, and (i) and (ii) are similar to (v) and (vi),
respectively.

3.2.2. Computing R;yp jvi
Computing R;yp, j+; for 1 <1 < g in a black block is the same as in a white block. We can compute R;  j+; by
recurrence (2) and it takes O (1) time. Therefore, we compute all the values of R of the bottom row in O (g) time.

3.2.3. Computing H;yp jvi

To compute the value of H; ) j; for1 <1 < g, weneed Ciyp j1i, Ritp j+1 and Hiyp_1 j+;—1. Since we know
the values of C; 1 p, j+; and R;yp, j 11, we only need to compute the diagonal incoming value.

To compute H;p j4+;, we need more terms than that in a white block. Since Lemmas 14 and 15 do not hold for a
black block, we need to compute paths from R; 1 jforl <k < p—1landfromC; j;sforl <s <[ —1.

Lemma 20. Let Py be an RH-mp from (i + k,j)to i +p —1,j+1—1) for1 < k < p — 1. Then,
Rijij + |Pil+ 1)) < Hiyprj + [(d))| when p > 1 and Riyyj + |Pi| + [(dV)| < Hijri-p + [(d5)] when
> p.

Proof. We will only prove the lemma for the case that/ > p. For p > [, we can similarly prove the lemma.

We know that there exists an HR-mp P, from (0, 0) to (i + &, j) such that Hy o + | P2| = R;4«,; and that this path
passes the ith row. Let (i, j — u) for u > 0 be the last position of the ith row which P, passes. The next position of
(i,j—u)yby Pbis(i+1,j —u)or (i +1,j —u + 1). In other words, there exists an HR-mp P3 from (i, j — u)
to (i + k, j) such that H; j_, + |P3]| = R4, ; or there exists a CR-mp P4 from (i, j — u) to (i + k, j) such that
Cij—u~+|Ps]l = Riti,j-

Suppose that there exists an HR-mp P3 from (i, j — u) to (i + k, j). See Fig. 14(a). By Fact 8, the RH-
mp Py from ( +k, j)to (i +p—1,j+1—1)is <h1—p+kd,l§_k_1> and Riyrj + [P1l < Hiyp—1,j+1-1
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Fig. 15. Computing H; 4 j+; in a black block.

by Lemma 6. Thus, H; j, + |P3| + |P1| < Hjyp—1,j+1—1. We consider the element H; ji; ,. By Lemma 6,
Hijti—p > Hij—u + [{hi—pyu)l and Hiyp1 j11-1 = Hi jyi—p + |<d _1)|. By Fact 8, an HH-mp from (i, j —u) to

(i+p—-1j+I-Dis <hl—p+udp_ ). Therefore,

Rivkj + 1P+ 1A = Hijow + P3|+ i prady ) + 1))
Hi jou+ (b1 prudly )| + 1(d})]
H; jii-p + [(db)].

Suppose that there exists a CR-mp P4 from (i, j — u) to (i + k, j). See Fig. 14(b). Let (i + w, j — u) for
w > 0 be the last position of the (j — u)th column which P, passes. Then, the path P; must pass an H-vertex
at (i + w, j — u). We denote Py by (0,,a) where o is a sequence of edges. By Fact 8, an HH-mp from (i + w, j — u)
toi+p—1,j+1—-1)is (hg_p+w+udh . Since H; j—, > Cj j—y by recurrence (2) and |(df;)| > |(}Azwf)w)| by

p—w—l>
Fact 8, Hj j—u+(hi—p+ud) ) = Cijmu+|Ouwhi—prwtud)_, )|. By Lemma 6, H j1—p > Hi j—u+|(hi—pra)l-

p—w—l)
Thus,
Rivij + P+ 1d])] = Cijmu + [{Dwe)| + | P1| + 1(d7)]
Cijmu + whi—pruwtudy_,, )+ 1(d])]
Hi jou+ (b1 prudhy_ )| + 1(d})]
< Hiju-p+ [(dh).

IA

IA

| /\

I/\

and the lemma holds for/ > p. [

Lemma 21. Let P| be a CH-mp from (i, j+s)to i+p—1, j+I—1)for1 <s <I[—1. Then, C,',j+s—|—|P1|+|(d1b)| <
Hiyp1.j+ [(d))| when p = 1 and C; jis + |Pi| + 1(d])] < Hi jyi—p + [(d5)] whenl > p.

Proof. Similar to the proof of Lemma 20. [J

By Lemmas 20, 21, 16, 17 and Fact 8, we derive that the value of H; 4, j; is the maximum one of the followings.
See Fig. 15:

(i) Ritp,j+i
(i) Ciyp,jt+i
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(iii) Hjqp—s,j + 1 when p > 1
(iv) H j4yi—p + p when!l > p.

Since each value of (i), (ii), (iii) and (iv) is computed in constant time, we can compute all the values of H of the
bottom row in O(g) time.

3.2.4. Analysis

Given a black block with p rows and g columns, the bottom row of the block is computed in O(p + ¢) time. The
rightmost column of the block is also computed in O(p + ¢) time and thus the similarity of the black block can be
computed in O (p + g) time.

Theorem 22. The similarity of two run-length encoded strings in the affine gap penalty model can be computed in
O (nm' + n'm) time.

4. Conclusion

We have presented an efficient algorithm that computes the similarity of two run-length encoded strings with affine
gap penalty. To compute the similarity efficiently, we first converted the alignment problem into a path problem on a
directed acyclic graph and then made new recurrences using some properties of maximum paths in this graph. Based
on these recurrences and some data structures, we gave an O (nm’ + n'm) time algorithm for computing the similarity
of two run-length encoded strings in the affine gap penalty model.

We successfully extended comparison of run-length encoded strings to a more general scoring metric. Our
technique of skipping some regions using essential paths can be applicable to other problems where dynamic
programming tables are divided into blocks.
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