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Abstract.
We study two pattern matching problems that are motivated by applications in computational
biology. In the CLOSEST SUBSTRING problem k strings si, ..., s are given, and the task is to find a

string s of length L such that each string s; has a consecutive substring of length L whose distance is
at most d from s. We present two algorithms that aim to be efficient for small fixed values of d and k:
for some functions f and g, the algorithms have running time f(d)-n©(g4d) and g(d, k) .nO(loglogk)
respectively. The second algorithm is based on connections with the extremal combinatorics of hy-
pergraphs. The CLOSEST SUBSTRING problem is also investigated from the parameterized complexity
point of view. Answering an open question from [13, 14, 20, 21], we show that the problem is W[1]-
hard even if both d and k are parameters. It follows as a consequence of this hardness result that our
algorithms are optimal in the sense that the exponent of n in the running time cannot be improved
to o(logd) or to o(loglog k) (modulo some complexity-theoretic assumptions).

CONSENSUS PATTERNS is the variant of the problem where, instead of the requirement that each
s; has a substring that is of distance at most d from s, we have to select the substrings in such a way
that the average of these k distances is at most §. By giving an f() - n” time algorithm, we show
that the problem is fixed-parameter tractable. This answers an open question from [14].

Key words. closest substring, consensus pattern, parameterized complexity, fixed-parameter
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1. Introduction. Computational biology applications provide a steady source
of interesting stringology problems. In this paper we investigate two pattern match-
ing problems that received considerable attention lately. Finding similar regions in
multiple DNA, RNA, or protein sequences plays an important role in many appli-
cations, for example, in locating binding sites [27] and in finding conserved regions
in unaligned sequences [24, 28, 34]. This task can be formalized the following way.
Given k strings si, ..., s over an alphabet ¥ and an integer L, the task is to find
a pattern that appears (possibly with some errors) in each string s;. More precisely,
we have to find a length L string s and a length L substring s, of each s; such that s
is “close” to every s;. We investigate two variants of the problem that differ in how
closeness is defined. In the CLOSEST SUBSTRING problem the goal is to find a string
s such that the Hamming-distance of s is at most d from every s;. An equally natural
optimization goal is to minimize the sum of the distances of s from the substrings s:
in the CONSENSUS PATTERNS problem we have to find a string s such that this sum
is at most D. An equivalent way of formulating this problem is to require that the
average distance is at most ¢ := D/k.

The CLOSEST SUBSTRING problem is NP-hard even in the special case when
% ={0,1} and every string s; has length L [18]. This means that most probably there
are only exponential-time algorithms for the problem. However, an exponential-time
algorithm can still be efficient if the exponential dependence is restricted to parame-
ters that are typically small in practice (for example, the size of the alphabet or the
maximum number of mismatches that we allow) and the running time depends poly-

*A preliminary version of the paper was presented at FOCS 2005. Research partially supported
by the Magyary Zoltan FelsGoktatdsi Kozalapitvany and the Hungarian National Research Fund
(Grant Number OTKA 67651).

TDepartment of Computer Science and Information Theory, Budapest University of Technology
and Economics, Budapest H-1521, Hungary. dmarx@cs.bme.hu

1



nomially on all the other parameters (such as the lengths of the strings, length of the
pattern). Parameterized complexity is the systematic study of problem parameters,
with the goal of restricting the exponential increase of the running time to as few
parameters of the instance as possible.

1.1. Parameterized complexity. In classical complexity theory, the running
time of an algorithm is usually expressed as a function of the input size. Parameterized
complexity provides a more refined, two-dimensional analysis of the running time: the
goal is to study how the different parameters of the input instance affect the running
time. We assume that every input instance has an integer number k associated to it,
which will be called the parameter. For example, in the case of (the decision version
of) MaximmumMm CLIQUE, we can associate to each instance the size of the clique that
has to be found. When evaluating an algorithm for a parameterized problem we take
into account both the input size n and the parameter k, and we try to express the
running time as a function of n and k. The goal is to develop algorithms that run in
uniformly polynomial time: the running time is f(k) - n¢, where c is a constant and
f is a (possibly exponential) function depending only on k. We call a parameterized
problem fized-parameter tractable if such an algorithm exists. This means that the
exponential increase of the running time can be restricted to the parameter k. It
turns out that several NP-hard problems are fixed-parameter tractable, for example
MiNniMUM VERTEX COVER, LONGEST PATH, and DiSJOINT TRIANGLES. Therefore,
for small values of k, the f(k) term is just a constant factor in the running time, and
the algorithms for these problems can be efficient even for large values of n. This has
to be contrasted with algorithms that have running time such as n*: in this case the
algorithm becomes practically useless for large values of n even if k is as small as 10.
Analogously to NP-completeness in classical complexity, the theory of W[1]-hardness
can be used to show that a problem is unlikely to be fixed-parameter tractable, which
means that for every algorithm the parameter has to appear in the exponent of n.
For example, for MAXIMUM CLIQUE and MINIMUM DOMINATING SET the running
time of the best known algorithms is n*(*), and the W[1]-hardness of these problems
tells us that it is unlikely that an algorithm with running time, say, O(2* - n) can be
found.

For a particular problem, there are many possible parameters that can be defined.
For example, in the case of the MAXIMUM CLIQUE problem, the maximum degree of
the graph, the genus of the graph, or the treewidth of the graph are also natural
choices for the parameter. Different applications might suggest different parameters:
whether a particular choice of parameter is relevant to an application depends on
whether it can be assumed that this parameter is typically “small” in practice. The
theory can be extended in a straightforward way to the case when there are more
than one parameters: if there are two parameters k; and ko, then the goal is to
develop algorithms with running time f(ki1,k2) - n°. For more details, see Section 2
and [12, 16].

1.2. Previous work on CLOSEST SUBSTRING. The NP-completeness of CLOS-
EST SUBSTRING was first shown by Frances and Litman [18] by considering an equiv-
alent problem in coding theory. Li et al. [30] presented a polynomial-time approxi-
mation scheme, but the running time of their approximation algorithm is prohibitive.
Heuristic approaches for the problem are discussed in [6, 31, 32, 26]; see also the
references therein.

Under the standard complexity-theoretic assumptions, the NP-completeness of
CLOSEST SUBSTRING means that any exact algorithm has to run in exponential time.
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However, there can be great qualitative differences between exponential-time algo-
rithms: for example, it can be a crucial difference whether the running time is ex-
ponential in the length of the strings or in the number of the strings. This question
was investigated in the framework of parameterized complexity by several papers.
Formally, the following problem is studied:

CLOSEST SUBSTRING

Input:

k strings si, ..., sy over an alphabet X, integers d and L.
Parameters:

k, |X|, d, L

Task:

Find a string s of length L such that for every 1 <1 < k, the string
s; has a length L consecutive substring s; with d(s, s;) < d.

The Hamming-distance of two strings w; and wsy (i.e., the number of positions
where they differ) is denoted by d(w,w2). The string s in the solution is called the
center string. Observe that for a given center string s, it is easy to check in polynomial
time whether the substrings s, exist: we have to try every length L consecutive
substring of the strings s;. Therefore, the real difficulty of the problem lies in finding
the best center string s. We will denote by n the size of the input, which is an upper
bound on the total length of the strings. In the following, “substring” will always
mean consecutive substring (and not an arbitrary subsequence of the symbols).

The problem can be solved in polynomial time if k, d, or L is fixed to a con-
stant. For every fixed value of L, the problem can be solved in polynomial time by
enumerating all the |S|¥ = O(nl) possible center strings. If d is a fixed constant,
then the problem can be solved in polynomial time by making a guess at s} (at most
n possibilities) and then trying every center string s that is of distance at most d
from s} (at most (|S|L)¢ = O(n??) possibilities). For fixed values of k, the problem
can be solved in polynomial time as follows. First we guess the k substrings s}, (at
most n* possibilities). Now we have to find a center string s that is of distance at
most d from each s,. This can be done by dynamic programming in O(n*) time or
by applying the linear-time algorithm of Gramm et al. [21] for CLOSEST STRING that
is based on integer linear programming. Therefore, for fixed values of L, d, or k, the
problem can be solved in polynomial time. However, the algorithms described above
are not uniformly polynomial: the exponent of n increases as we consider greater and
greater fixed values. The parameterized complexity analysis of the problem can reveal
whether it is possible to remove these parameters from the exponent of n, and obtain
algorithms with running time such as f(k) - n°.

In [14] and [13] it is shown that the problem is W[1]-hard even if all three of k,
d, and L are parameters. Therefore, if the size of the alphabet 3 is not bounded
in the input, then we cannot hope for an efficient exact algorithm for the problem.
Fortunately, in the computational biology applications the strings are typically DNA
or protein sequences, hence the number of different symbols is a small constant (4 or
20). Therefore, we will focus on the case when the size of ¥ is a parameter. Restricting
|Z] only does not make the problem tractable, since CLOSEST SUBSTRING is NP-hard
even if the alphabet is binary. On the other hand, if |X| and L are both parameters,
then the problem becomes fixed-parameter tractable: we can enumerate and check
all the |X|F possible center strings. However, if the strings are long (which is often
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TABLE 1.1
Complexity of CLOSEST SUBSTRING with different parameterizations. Asterisk denotes the new
results of the paper.

Parameters |X| is constant  |X| is parameter |¥| is unbounded

d W(1]-hard (*) W(1]-hard (*) W/[1]-hard
d,k W(1]-hard (*) W(1]-hard (*) W/[1]-hard
k Wi1]-hard Wil]-hard W{1]-hard
L FPT FPT WI[1]-hard
d.k, L FPT FPT W/[1]-hard

the case in practical applications), then it makes much more sense to assume that the
number of strings k or the distance constraint d are parameters. In [14] it is shown
that CLOSEST SUBSTRING is W[l]-hard with parameter k, even if the alphabet is
binary. However, the complexity of the problem with parameter d or with combined
parameters d, k remained an open question.

1.3. New results for CLOSEST SUBSTRING. We show that the problem is W{[1]-
hard with combined parameters k and d, even if the alphabet is binary. This resolves
an open question asked in [13, 14, 20, 21]. Therefore, even in the binary case, there
is no f(k,d) - n° algorithm for CLOSEST SUBSTRING (unless FPT = W[1]); the expo-
nential increase cannot be restricted to the parameters £ and d. This completes the
parameterized complexity analysis of CLOSEST SUBSTRING (see Table 1.1; the results
of this paper are marked with an asterisk.)

As a first step of the reduction, we introduce a technical problem called SET BAL-
ANCING, and prove W[l]-hardness for this problem. This part of the proof contains
most of the new combinatorial ideas. The SET BALANCING problem is reduced to
CLOSEST SUBSTRING by a reduction very similar to the one presented in [14].

We present two exact algorithms for the CLOSEST SUBSTRING problem. These
algorithms can be efficient if d, or both d and k are small (say, o(logn)). The first al-
gorithm runs in |E|d(log d+2),0(ogd) time. Notice that this algorithm is not uniformly
polynomial, but only the logarithm of the parameter appears in the exponent of n.
Therefore, the algorithm might be efficient for small values of d. The second algorithm
has running time |X|¢ . 2k . gO(dloglogk) . yO(loglogk) - Here the parameter k appears
in the exponent of n, but loglogk is a very slowly growing function. This algorithm
is based on defining certain hypergraphs and enumerating all the places where one
hypergraph appears in the other. Using some results from extremal combinatorics, we
develop techniques that can speed up the search for hypergraphs. It turns out that if
hypergraph H has bounded fractional edge cover number, then we can enumerate in
uniformly polynomial time all the places where H appears in some larger hypergraph
G. This result might be of independent interest.

Notice that the running times of our two algorithms are incomparable. Assume
that |X| = 2. If d = logn and k = \/n, then the running time of the first algorithm
is nOUoglogn) . yO(loglogn) — ,O(loglogn) ' while the second algorithm needs at least
okd — gvnlogn — v gteps which can be much larger. On the other hand, if
d = k = loglogn, then the first algorithm runs in something like n©Ucgloglogn) time,
while the running time of the second algorithm is dominated by the n@{(°g1ogk) factor,
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which is only n©@eglogloglogn)

Our W[1]-hardness proof combined with some recent results on subexponential
algorithms shows that the two exact algorithms are in some sense best possible.
The exponents are optimal: we show that if there is an fi(k,d,|Z|) - n°(°8® or
an fo(k,d, |S|) - n°loglogk) algorithm for CLOSEST SUBSTRING, then n-variable 3-
SAT can be solved in 2°(") time. It is widely believed that 3-SAT does not have
subexponential-time algorithms; this conjecture is called the Exponential Time Hy-
pothesis (cf. [25, 35]).

1.4. Relation to approximability. Li et al. [30] studied the optimization ver-
sion of CLOSEST SUBSTRING, where the task is to find the smallest d that makes the
problem feasible. They presented a polynomial-time approzimation scheme (PTAS)
for the problem: for every € > 0, there is an n?(/ ) time algorithm that produces a
solution that is at most (1 + €)-times worse than the optimum. This PTAS was im-
proved to n@Ues(1/e)/ <) time by Andoni et al. [2] using an idea from an earlier version
of this paper. However, such a PTAS becomes practically useless for large n, even if
we ask for an error bound of, say, 20%. As pointed out in [11], there are numerous
approximation schemes in the literature where the degree of the algorithm increases
very rapidly as we decrease €: having O(n19%0:000) or worse for 20% error is not un-
common. Clearly, such approximation schemes do not yield efficient approximation
algorithms. Nevertheless, these results show that there are no theoretical limitations
on the approximation ratio that can be achieved.

An efficient PTAS (EPTAS) is an approximation scheme that produces a (1 + ¢)-
approximation in f(e) - n® time for some constant c. If f(e) is e.g., 2!/¢, then such
an approximation scheme can be practical even for ¢ = 0.1 and large n. A standard
consequence of W/[1]-hardness is that there is no EPTAS for the optimization version
of the problem [7, 4]. Hence our hardness result shows that the approximation schemes
of [30] and [2] for CLOSEST SUBSTRING cannot be improved to an EPTAS.

1.5. Previous work on CONSENSUS PATTERNS. The CONSENSUS PATTERNS
problem is the same as CLOSEST SUBSTRING, but instead of minimizing the max-
imum distance between the center string and the substrings s;, now the goal is to
minimize the sum of the distances. Similarly to CLOSEST SUBSTRING, the problem
is NP-complete and it admits a polynomial-time approximation scheme [29]. Heuris-
tic algorithms for CONSENSUS PATTERNS and some generalizations are given in e.g.,
[31, 23, 17, 33, 5].

We will study the decision version of the problem:

CONSENSUS PATTERNS

Input:

k strings si, ..., sy over an alphabet X, integers D and L.
Parameters:

k, 12|, D, L

Task:

Find a string s of length L, and a length L consecutive substring s}
of s; for every 1 < ¢ < k such that Zle d(s, s;) < D holds.

The string s in the solution is called the median string. Similarly to CLOSEST
SUBSTRING, the problem is fixed-parameter tractable if both |X| and L are parameters:
we can enumerate and test every possible median string. Fellows et al. [14] showed

5



TABLE 1.2
Complexity of CONSENSUS PATTERS with different parameterizations. Asterisk denotes the new
results of the paper.

Parameters |X| is constant  |X| is parameter |¥| is unbounded

5 FPT (¥) FPT (¥) WI[1]-hard
D FPT (%) FPT (*) W/[1]-hard
k Wi1]-hard Wil]-hard W{1]-hard
L FPT FPT WI[1]-hard
kL FPT FPT W/[1]-hard
Dk, L FPT FPT W[1]-hard

that their hardness results for CLOSEST SUBSTRING can be adapted for CONSENSUS
PATTERNS. Thus the problem is W[1]-hard with combined parameters L, k, D in the
unbounded alphabet case, and W([1]-hard with parameter k in the binary alphabet
case. The complexity of the problem in the binary alphabet case with parameter D
or combined parameters k and D remained open.

Notice that if D < k, then the problem can be solved in polynomial time. To see
this, observe that Zle d(s,s;) < D < k is only possible if d(s, s;) = 0 for at least one
1. This means that the median string is a substring of some s;, thus a solution can
be found by trying every length L substring of the input strings. Therefore, we can
assume that D > k holds in the problem instance. It follows that the complexity of
CONSENSUS PATTERNS is the same with parameter D and with combined parameters
k, D.

1.6. New results for CONSENSUS PATTERNS. We define and investigate the
new parameter ¢ := D/k, which is the average error that is allowed between the
median string and the substrings s;. Parameterization by ¢ (and not by k) is relevant
for applications where we want to find a solution with small average error, but the
number of strings is allowed to be large.

By presenting an algorithm with running time 69 - |$]° - n% we show that
CONSENSUS PATTERNS is fixed-parameter tractable if both |¥| and § are parameters.
The algorithm uses similar hypergraph techniques as the f(k, d, |S|) - n©(°glog%) time
algorithm for CLOSEST SUBSTRING. However, a subtle difference in the combinatorics
of the two problems allows us to replace the O(loglog k) term in the exponent of n
with a constant.

Since parameter ¢ is not greater than parameter D, it follows trivially that the
problem is fixed-parameter tractable with combined parameters |X| and D. This
settles another open question from [14]. The results for CONSENSUS PATTERNS are
summarized in Table 1.2, with an asterisk marking the results of the current paper.

1.7. Organization. The paper is organized as follows. Section 2 briefly reviews
the most important notions of parameterized complexity. The first algorithm for
CLOSEST SUBSTRING is presented in Section 3. In Section 4 we discuss techniques
for finding one hypergraph in another. In Section 5 we present the second algorithm
for CLOSEST SUBSTRING. This section introduces a new hypergraph property called
half-covering, which plays an important role in the algorithm. The algorithm for
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CONSENSUS PATTERNS is presented in Section 6. We define the SET BALANCING
problem in Section 7 and prove that it is W[1]-hard. In Section 8 the SET BALANC-
ING problem is used to show that CLOSEST SUBSTRING is W[l]-hard with combined
parameters d and k. We conclude the paper with a summary in Section 9.

Algorithm 1 (Section 3) and Algorithm 2 (Sections 4 and 5) for the CLOSEST
SUBSTRING problem are independent from each other. The algorithm for CONSENSUS
PATTERNS (Section 6) is very similar to the algorithm in Section 5, but it is presented
in a self-contained way. The algorithm of Section 6 is also based on the hypergraph
techniques developed in Section 4.

The hardness results in Section 7 and 8 are independent from the algorithms; the
reductions can be understood without the preceding sections. However, the combi-
natorics of the reduction in Section 7 has subtle connections with the half-covering
property discussed in Section 5. In some sense, Section 5 explains why the reduction
in Section 7 has to be done that way.

2. Parameterized complexity. We follow [16] for the standard definitions of
parameterized complexity. Let ¥ be a finite alphabet. A decision problem is rep-
resented by a set Q C X* of strings over X. A parameterization of a problem is a
polynomial-time computable function k : ¥* — N. A parameterized decision problem
is a pair (Q, k), where @ C ¥* is an arbitrary decision problem and k is a parameter-
ization. Intuitively, we can imagine a parameterized problem as a decision problem
where each input instance x € ¥* has a positive integer x(x) associated with it. A pa-
rameterized problem (Q, ) is fized-parameter tractable (FPT) if there is an algorithm
that decides whether © € @ in time f(k(x))-|x|® for some constant ¢ and computable
function f. An algorithm with such running time is called an fpt-time algorithm or
simply fpt-algorithm.

Many NP-hard problems were investigated in the parameterized complexity lit-
erature, with the goal of identifying fixed-parameter tractable problems. There is a
powerful toolbox of techniques for designing fpt-algorithms: kernelization, bounded
search trees, color coding, well-quasi ordering—just to name some of the more impor-
tant ones. On the other hand, certain problems resisted every attempt at obtaining
fpt-algorithms. Analogously to NP-completeness in classical complexity, the theory of
W]1]-hardness can be used to give strong evidence that certain problems are unlikely
to be fixed-parameter tractable. We omit the somewhat technical definition of the
complexity class W[1], see [12, 16] for details. Here it will be sufficient to know that
there are several problems, including MAXIMUM CLIQUE, that were proved to be W[1]-
hard. Furthermore, we also expect that there is no n°*) (or even f(k)-n°®*)) algorithm
for MAXIMUM CLIQUE: recently it was shown that if there exists an f(k)-n°®*) algo-
rithm for n-vertex MAXiMUM CLIQUE, then n-variable 3-SAT can be solved in time
20(") (see [8] and [15]).

To prove that a parameterized problem (Q’, k') is W[1]-hard, we have to present
a parameterized reduction from a known W[1]-hard problem (Q, k) to (Q',x'). A
parameterized reduction from problem (Q, k) to problem (Q’,x’) is a function that
transforms a problem instance z of ) into a problem instance 2’ of )’ in such a way
that

1. 2’ € Q' if and only if z € Q,
2. k/(x) can be bounded by a function of k(z), and
3. the transformation can be computed in time f(k(k)) - |z|° for some constant
¢ and function f(k).
It is easy to see that if there is a parameterized reduction from (Q, k) to (Q’, k'),
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and (Q’, k') is fixed-parameter tractable, then it follows that (Q, k) is fixed-parameter
tractable as well. The most important difference between parameterized reductions
and classical polynomial-time many-to-one reductions is the second requirement: in
most NP-completeness proofs the new parameter is not a function of the old param-
eter. Therefore, finding parameterized reductions is usually more difficult, and the
constructions have somewhat different flavor than classical reductions.

There are many possible parameters that can be defined for a particular problem;
different parameters can be relevant in different applications. Usually, the parameter
is either some property of the solution we seek (number of vertices, quality of the so-
lution, etc.) or describes some aspect of the input structure (degree/genus/treewidth
of the input graph, number of variables/clauses in the input formula, etc.) The com-
plexity of the problem can be different with different parameters. Observe that if
parameter k; is never greater than parameter ko, then the problem cannot be easier
with parameter k; than with kq: an f(k1) -n® time algorithm implies the existence of
an f(kg) - n® time algorithm.

In some cases we want to investigate the complexity of the problem by considering
two or more parameters at the same time, i.e., we assume that both parameter k;
and parameter ko are typically small in applications. The problem is fixed-parameter
tractable with combined parameters k; and ks if there is an algorithm with running
time f(k1,ka) - nPM) | For a particular problem, we can investigate several different
combination of parameters. In general, if we increase the set of parameters, then
we cannot make the problem harder: for example, if the problem is fixed-parameter
tractable with parameter k1, then clearly it is fixed-parameter tractable with combined
parameters k1 and ko.

3. Finding generators. In this section we present an algorithm for CLOSEST
SUBSTRING that has running time proportional to roughly n'°¢?¢. The algorithm is
based on the following observation: if all the strings s/, ..., s} agree at some position
p in the solution, then we can safely assume that the same symbol appears at the p-th
position of the center string s. However, if we look at only a subset of the strings s,

.., 8}, then it is possible that they all agree at some position, but the center string
contains a different symbol at this position. We will be interested in sets of strings
that do not have this problem:

DEFINITION 3.1. Let G = {¢1,92,.-.,9¢} be a set of length L strings. We say
that G is a generator of the length L string s if whenever every g; has the same
character at some position p, then string s has this character at position p. The size
of the generator is £, the number of strings in G. The conflict size of the generator is
the number of those positions where not all of the strings g; have the same character.

As we have argued above, it can be assumed that the strings s7, ..., s}, of a
solution form a generator of the center string s. Furthermore, these strings have a
subset of size at most logd + 2 that is also a generator:

LEMMA 3.2. If an instance of CLOSEST SUBSTRING is solvable, then there is a
solution s that has a generator G having the following properties:

1. each string in G is a substring of some s;,
2. G has size at most logd + 2,
3. the conflict size of G is at most d(logd + 2).

Proof. Let s, s, ..., s}, be a solution such that Zle d(s, ;) is minimal. We prove
by induction that for every j we can select a subset G, of j strings from {s,...,s.}
such that there are less than (d + 1)/27~! bad positions where the strings in G, all
agree, but this common character is different from the character in s at this position.
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The lemma follows from j = [log(d + 1)] + 1 < logd + 2: the set G; has no bad
positions, hence it is a generator of s. Furthermore, each string in G; is at distance
at most d from s, thus the conflict size of G; can be at most d(logd + 2).

For the case j = 1 we can set G1 = {s}}, since s} differs from s at not more than
d positions. Now assume that the statement is true for some j. Let P be the set of
bad positions, where the j strings in G; agree, but they differ from s. We claim that
there is some string s} in the solution and a subset P’ C P with |P’| > |P|/2 such that
sy differs from all the strings in G; at every position of P’. If this is true, then we add
s} to the set G; to obtain G;j41. Only the positions in P\ P’ are bad for the set G;41:
for every position p in P’, the strings cannot all agree at p, since s} do not agree with
the other strings at this position. Thus there are at most |P\ P'| < |P|/2 < (d+1)/27
bad positions, completing the induction.

Assume that there is no such string s;. In this case we modify the center string
s the following way: for every position p € P, let the character at position p be the
same as in string sj. Denote by s* the new center string. We show that d(s*,s}) <
d(s,s}) < d for every 1 < i < k, hence s* is also a solution. By assumption, every
string s; in the solution agrees with s} on at least | P|/2 positions of P. Therefore, if we
replace s with s*, the distance of s} from the center string decreases on at least | P|/2
positions, and the distance can increase only on the remaining at most | P|/2 positions.
Therefore, d(s*,s;) < d(s, s;) follows. Furthermore, d(s*,s}) = d(s, s}) — |P| implies
Zle d(s*,s}) < Zle d(s, s}), which contradicts the minimality of s. O

We note that Lemma 3.2 (appearing in an earlier version of this paper) was used
by Andoni et al. [2] to improve the running time of the PTAS of Li et al. [30] to
nOWog(1/€)/€%) time.

Our algorithm first creates a set S containing all the length L substrings of s,

.., Sg. For every subset G C S of logd + 2 strings, we check whether G generates

a center string s that solves the problem. Since |S| < n, there are at most n!°s4+2
possibilities to try. By Lemma 3.2 we have to consider only those generators whose
conflict size is at most d(logd + 2), hence at most |3|4(1°8 4+2) possible center strings
have to be tested for each G.

THEOREM 3.3. CLOSEST SUBSTRING can be solved in time ||4(1°8 d+2)plog d+O(1)

Proof. The algorithm is presented in pseudocode in Figure 3.1. Let S be the set
of all length L substrings in s1, .. ., sg, clearly |S| < n (recall that n is the total length
of the input). If there is a solution s, then Lemma 3.2 ensures that there is a subset
G C S of size at most log d+2 that generates s. We test every size log d+2 subset of S
whether it can generate a solution. First, by Lemma 3.2 we can restrict our attention
to those G where the strings in G agree on all but at most d(logd + 2) positions. If
such a G generates a string s, then the characters of s are determined everywhere
except on the conflicting positions of G. Therefore, G can be the generator of at
most |Z)|d(log 4+2) different strings. We try all the possible combinations of assigning
characters on the conflicting positions of G, and we check for each resulting string
s whether it is true for every 1 < 4 < k that there is a substring s of s; such that
d(s, s;) < d. This method will eventually find a solution, if there exits one.

We try O(n'°89+2) different subsets G (Line 2), and each G can generate at
most |2|?(1°84+2) different center strings s (Line 4). It can be checked in polynomial
time whether a center string s is a solution (Line 5), hence the total running time is
|E|d(logd+2)nlogd+0(1). 0

We remark here that the algorithm can be made slightly more efficient: it is suffi-
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CLOSEST-SUBSTRING-1(k, L, d, (s1,...,Sk))
1. Construct S, the set of all length L substrings of the input strings.
2. for every G C S with |G| =logd + 2 do
3. if the strings in G agree on all but at most d(logd + 2) positions
4 for every string s that is generated by G do
5 if max?_; min{sg is a substring of s;} d(s,s;) < d then
6. s is a solution, STOP.
7. There is no solution, STOP.

FIGURE 3.1. Algorithm 1 for CLOSEST SUBSTRING

cient to check those generators where the logd + 2 strings come from different strings
s;- However, this observation does not improve the asymptotics of the running time,
and we did not want to complicate the notation to accommodate this improvement.

4. Finding hypergraphs. Let us recall some standard definitions concerning
hypergraphs. A hypergraph H(Vir, Efr) consists of a set of vertices Vi and a collection
of edges Ep, where each edge is a subset of V. Let H(Vy, Ey) and G(Vg, Eq) be
two hypergraphs. We say that H appears at V' C Vg as partial hypergraph if there
is a bijection m between the elements of Vi and V' such that for every edge E € Ey
we have that 7(E) is an edge of G (where the mapping 7 is extended to the edges
the obvious way). For example, if H has the edges {1, 2}, {2,3}, and G has the edges
{a,b}, {b,c}, {c,d}, then H appears as a partial hypergraph at {a, b, c} and at {b, ¢, d}.
We say that H appears at V' C Vg as subhypergraph if there is such a bijection
where for every E € Ep, there is an edge E' € Eg with 7(E) = E'NV’. For example,
let the edges of H be {1,2}, {2,3}, and let the edges of G be {a,c,d}, {b,c,d}. Now
H does not appear in G as partial hypergraph, but H appears as subhypergraph at
{a,b,c} and at {a,b,d}. If H appears at some V' C Vi as partial hypergraph, then
it appears there as subhypergraph as well.

A stable set in H(Vy, Eg) is a subset S C Vi such that every edge of H contains
at most one element from S. The stable number a(H) is the size of the largest
stable set in H. A fractional stable set is an assignment ¢: Vi — [0, 1] such that
Y wer @(v) < 1 for every edge E of H. The fractional stable number o*(H) is the
maximum of .. ¢(v) taken over all fractional stable sets ¢. The incidence vector
of a stable set is a fractional stable set, hence a*(H) > a(H).

An edge cover of H is a subset E/ C Ep such that each vertex of V is contained
in at least one edge of E’. The edge cover number p(H) is the size of the smallest edge
cover in H. (The hypergraphs considered in this paper do not have isolated vertices,
hence every hypergraph has an edge cover.) A fractional edge cover is an assignment
Y: Exg — [0,1] such that > 5. - p(E) > 1 for every vertex v. The fractional cover
number p*(H) is the minimum of » 1 (E) taken over all fractional edge covers
¥, clearly p*(H) < p(H). It follows from the duality theorem of linear programming
that o*(H) = p*(H) for every hypergraph H with no isolated vertices.

Friedgut and Kahn [19] determined the maximum number of times a hypergraph
H(Vy, Ey) can appear as partial hypergraph in a hypergraph G with m edges. That
is, we are interested in the maximum number of different subsets V' C Vg where H
can appear in G. A trivial upper bound is m!F#l: if we fix 7(E) € Eg for each edge
E € Ey, then this uniquely determines 7(Vy). This trivial bound can be improved
to mPUD: if edges Fy, Es, ..., E, iy cover every vertex of Vi, then by fixing 7(E1),
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7(E2), ..., T(Eyq)) the set m(Vy) is determined. The result of Friedgut and Kahn
says that p can be replaced with the (possibly smaller) p*:

THEOREM 4.1. [19] Let H be a hypergraph with fractional cover number p*(H),
and let G be a hypergraph with m edges. There are at most |Vi|IV#! -m? ) different
subsets V! C Vg such that H appears in G at V' as partial hypergraph. Furthermore,
for every H and sufficiently large m, there is a hypergraph with m edges where H
appears mP () times.

We remark here that Theorem 4.1 was proved for the special case of graphs in
the first published paper of Alon [1].

To appreciate the strength of Theorem 4.1, it is worth pointing out that p*(H)
can be much smaller than p(H), hence the upper bound can be much stronger than
mPUH) . For example, consider the hypergraph where the vertices correspond to the
k-element subsets of {1,2,...,n}, and edge E; (1 < ¢ < n) contains those vertices
that correspond to sets containing ¢. Now p = n—k+ 1: if we select less than
n — k + 1 edges, then there is a k-element set that is not covered by the less than
n—k+ 1 elements corresponding to the edges. On the other hand, we can construct a
fractional edge cover of total weight n/k by assigning weight 1/k to each edge. This
is a fractional edge cover, since each vertex is contained in exactly k edges. Therefore,
the ratio p/p* = (n — k + 1)/(n/k) can be arbitrarily large.

Theorem 4.1 does not remain valid if we replace “partial hypergraph” with “sub-
hypergraph.” For example, let H contain only one edge {1,2}, and let G have one
edge F of size /. Now H appears at each of the (g) two element subsets of E as
subhypergraph. However, if we bound the size of the edges in G, then we can state a
subhypergraph analog of Theorem 4.1:

COROLLARY 4.2. Let H be a hypergraph with fractional cover number p*(H), and
let G be a hypergraph with m edges, each of size at most £. Hypergraph H can appear
in G as subhypergraph at most |V |IVel . ¢IVale™ (H) ppe™(H) times,

Proof. Let G'(Vg, Egr) be a hypergraph over Vi where E' € Eg if and only
if |E'| < |Vy| and E’ is a subset of some edge E € Eg. An edge of G contributes
at most /1V#l edges to G’, hence G’ has at most ¢!V#| . m edges. If H appears as
subhypergraph at V' C Vi in G, then H appears as partial hypergraph at V' in G’.
By Theorem 4.1, hypergraph H can appear at most |VH|‘VH‘ WVl (H) op™ () times
in G’ as partial hypergraph, proving the lemma. O

Given hypergraphs H(Vy, Ey) and G(Vg, Eg), we would like to find all the
places V' C Viz in G where H appears as subhypergraph. If there are ¢ such places,
then obviously we cannot enumerate all of them in less than t steps. Therefore,
our aim is to find an algorithm with running time polynomial in the upper bound
|Vig |Vl glVale™ (H) Cpe™(H) on ¢ given by Corollary 4.2. The proof of Theorem 4.1
is not algorithmic (it is based on Shearer’s Lemma [10], which is proved by entropy
arguments), hence it does not directly imply an efficient way of enumerating all the
places where H appears. However, in Theorem 4.3, we show that there is a very
simple algorithm for enumerating all these places. Corollary 4.2 is used to bound the
running time of the algorithm. This result might be useful in other applications as
well.

THEOREM 4.3. Let H(Vy,Eg) be a hypergraph with fractional cover number
p*(H), and let G(Vy, Eg) be a hypergraph where each edge has size at most £. There
is an algorithm that enumerates in time |Vi|OVi) . ¢Vile™(H)+1 0 o |p" (4L |y |2
every subset V' C Vg where H appears in G as subhypergraph.

Proof. Let Vg = {1,2,...,r}. For each 1 < i < r, let H;(V;, E;) be the subhy-
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pergraph of H induced by V; = {1,2,...,4}; that is, if E is an edge of H, then ENV;
is an edge of H;. For each i = 1,2,...,r, we find all the places where H; appears in
G as subhypergraph. Since H = H, this method will solve the problem.

For ¢ = 1 the problem is trivial, since V; has only one vertex. Assume now that we
have a list L; of all the i-element subsets of Vg where H; appears as subhypergraph.
The important observation is that if H;;1 appears as subhypergraph at some (i + 1)-
element subset V’ C Vg, then V' has an i-element subset V" € L; where H; appears
as subhypergraph. Thus for each set X € L;, we try all the |V \ X| different ways
of extending X to an (i + 1)-element set X', and check whether H;;, appears at X’
as subhypergraph. This can be checked by trying all the (i 4+ 1)! possible bijections =
between V41 and X', and by checking for each edge E of H;+1 whether there is an
edge E' in G with n(E) = E'NnX".

The structure of the algorithm is presented in Figure 4.1. Let us make a rough
estimate of the running time. The loop in Step 2 consists of |V | —1 iterations. Notice
first that p*(H;) < p*(H), since a fractional edge cover of H can be used to obtain a
fractional edge cover of H;. Therefore, by Corollary 4.2, each list L; has size at most
|Vig |Vl plValo™ (H) | B | (H) | which bounds the maximum number of times the loop
in Step 3 is iterated. When we determine the list L;;1, we have to check for at most
|L;|- |V | different sets X' of size i +1 whether H; ;1 appears at X' as subhypergraph
(Step 4). Adding duplicate entries into the list L;y; should be avoided, otherwise we
would not have the bound on the size of L; claimed above. Therefore, in Step 6, we
check whether X’ is already in L;. If the list L; is implemented as a trie structure,
then the test in Step 6 can be performed in time O(|Vy| - |V|). The trie structure
can increase the time required to enumerate the list L; by a factor of |[Vg|. Checking
one X' requires us to test (i + 1)! different bijections 7w (Step 7). Testing a bijection
7w means that for each £ € E;11 (Step 8), it has to be checked whether there is a
corresponding E' € Eg (Step 9) such that E' N X' = E (Step 10). Hypergraph H
has at most 2/V#! edges, hence the loop of Step 8 is iterated at most 2/V#! times. If
the edges of G are represented as lists of vertices, then the check in Step 10 can be
implemented in O(¢) time. Adding a new element into the trie structure (Step 13)
can be done in O(|Vi| - [Vg|) time.

The dominating part of the running time comes from Steps 7-13, which are re-
peated |V |OWVa) . ¢Valp™(H) | Eq|p"(H) . |Vg| times. The loop in Steps 7-12 takes
O(|Vy|!-2Vul . |Eg| - €) = |Vi|9WVa) . |Eg| - £ time, while Step 13 takes O(|Vg| - [Vg|)
time. Therefore, the total running time can be bounded by |V |O(Vi) . glValp™ (H)+1 .
|Eg|P” D+ Vg2 O

We can use a similar technique to find all the places where H appears in G as
partial hypergraph. This result is not used in this paper, but might be useful in some
other applications.

COROLLARY 4.4. Let H(Vy,En) be a hypergraph with fractional cover number
p*(H), and let G(Vg, Eg) be an arbitrary hypergraph. There is an algorithm that
enumerates in time |Vig|OUVale”(F) | Bg P D+ Vo2 all the subsets V! C Vg
where H appears in G as partial hypergraph.

Proof. We can throw away from G every edge larger than |Vy| without chang-
ing the problem. Now Theorem 4.3 can be used to find in time |V |OUVale™(H)) .
|Eg|?" D)+ .|V |? the list L of all the subsets V' C Vi where H appears in G as
subhypergraph. If H appears at V' as partial hypergraph, then this is only possible
if H appears at V' as subhypergraph. Therefore, the algorithm returns a list that is
a superset of the expected result. Let us modify the algorithm of Theorem 4.3 such
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FIND-SUBHYPERGRAPH(H,G)
1. L; := all the places where H; appears in G
2. fori:=1tor—1do
3. forevery X € L; do
4. for every z € Vg \ X do
5. X' =XU{x}
6. if X/ ¢ Li+1 then
7. for every bijection w: V;11 — X’ do
8. for every F € F;;; do
9. for every E' € Eg do
10. if 7(F) = E'N X’ then
11. Go to Step 8, select next F
12. Go to Step 7, select next m
13. Add X' to Li+1
14. return L,

FIGURE 4.1. Algorithm for enumerating all the places where hypergraph H appears in G as
subhypergraph.

that in iteration ¢ = r — 1, Step 10 tests 7(E) = E’ instead of 7(E) = E' N X'. This
ensures that L, contains only those positions where H appears as partial hypergraph.
d

5. Half-covering and the CLOSEST SUBSTRING problem. The following hy-
pergraph property plays a crucial role in our second algorithm for the CLOSEST SUB-
STRING problem:

DEFINITION 5.1. We say that a hypergraph H(V, E) has the half-covering property
if for every non-empty subset Y C V there is an edge X € E with | X NY| > |Y|/2.

Theorem 4.3 says that finding a hypergraph H is easy if H has small fractional
cover number. In our algorithm for the CLOSEST SUBSTRING problem (described later
in this section), we have to find hypergraphs satisfying the half-covering property. The
following combinatorial lemma shows that such hypergraphs have small fractional
cover number, hence they are easy to find:

LEMMA 5.2. If H(V, E) is a hypergraph with m edges satisfying the half-covering
property, then the fractional cover number p* of H is O(loglogm).

Proof. The fractional cover number equals the fractional stable number, thus there
is a function ¢: V' — [0, 1] such that ) _ ¢#(v) <1 holds for every edge X € E, and
> wev @(v) = p*. The lemma is proved by a probabilistic argument: we show that if
a random subset Y C V is selected such that the probability of selecting a vertex v
is proportional to ¢(v), then with nonzero probability no edge covers more than half
of Y, unless the number of edges is double exponential in p*. The idea is to show
that for each edge X, the expected size of Y is p* times the expected size of Y N X,
hence the Chernoff Bound can be used to show that there is only a small probability
that X covers more than half of Y. However, the straightforward application of this
idea gives only an exponential lower bound on the number of edges. To improve the
bound to double exponential, we have to restrict our attention to a suitable subset T’
of vertices, and scale the probabilities appropriately.

Let v1, va, ..., vjy| be an ordering of the vertices by nonincreasing value of ¢(v;).
First we give a bound on the sum of the largest ¢(v;)’s:

PROPOSITION 5.3. Y75 ¢(vj) < —4logy ¢(v;) + 4 holds for every 1 <i < |V].
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Proof. The proof is by induction on . Since ¢(v1) < 1, the claim is trivial for
i = 1. For an arbitrary 7 > 1, let ¢’ < ¢ be the smallest value such that ¢(vi/) < 2¢(v;).
By assumption, there is an edge X of H that covers more than half of the set S =
{vir,...,v;}. Every weight in S is at least ¢(v;), hence X can cover at most 1/¢(v;)
elements of S. Thus [S| < 2/¢(v;), and >°_;, ¢(v;) < 4 follows from the fact that
é(vj) < 2¢(v;) for i" < j <. If i/ = 1, then we are done. Otherwise Z;:ll o(v;) <
—4logy p(vir—1) +4 < —4(logy ¢(vi) + 1) + 4 follows from the induction hypothesis
and from ¢(vir—1) > 2¢(v;). Therefore, 3%, ¢(v;) = Z;;ll O(vj) + X5y dvy) <
—4log,y ¢(v;) + 4, what we had to show. O

In the rest of the proof, we assume that p* is sufficiently large, say p* > 100.
Let 7 be the largest value such that ZLZL ¢(v;) > p*/2. By the definition of i,

Z'].‘Qm o(vj) < p*/2, hence 22:1 ¢(v;) > p*/2. Thus by Prop. 5.3, the weight of
v; (and every v; with j > i) is at most 27("/2=4/4 < 27¢7/10 (assuming that p*
is sufficiently large). Define T' := {v;,..., vy}, and let us select a random subset

Y C T independently each vertex v; € T is selected into Y with probability p(v;) :=
207/10 . ¢(v;) < 1. We show that if H does not have 927077 edges, then with nonzero
probability every edge of H covers at most half of Y, contradicting the assumption
that H satisfies the half-covering property.

The size of Y is the sum of |T'| independent 0-1 random variables. The expected
value of this sum is p = Z‘]‘;Lp(’uj) = 2°7/10. ZL‘;L p(v;) > 2°7/19. p* /2. We show
that with nonzero probability Y| > u/2, but | X NY| < u/4 for every edge X. To
bound the probability of the bad events, we use the following form of the Chernoff
Bound:

THEOREM 5.4. [3] Let X1, Xo, ..., X, be independent 0-1 random variables with
Pr(X; =1] = p;. Denote X =31 | X; and p = E[X]. Then

PriX < (1-p8)u] <exp(—p%u/2) for0<pB<1,
exp(—32u/3) for 0 < 8 <1,
PriX = (+0u < { exp(~ 3211/ (2 + B) for 5> 1.

Thus by setting § = %, the probability that Y is too small can be bounded as
Pr{|Y] < p/2] < exp(—p/8).

For each edge X, the random variable |X NY] is the sum of |X N T| independent
0-1 random variables. The expected value of this sum is ux = > cx pp(v) =
20105 o B(v) < 2°7/10 < i/ (p*/2), where the first inequality follows from the
fact that ¢ is a fractional stable set, hence the total weight X can cover is at most 1.
Notice that if p* is sufficiently large, than the expected size of X NY is much smaller
than the expected size of Y. We want to bound the probability that | X NY]| is at
least p/4. Setting 8 = (u/4)/ux —1 > p*/8 — 1, the Chernoff Bound gives

Pr[XNY|>p/4] =Pr[|XNY| > (1+ B)ux]| < exp(—Fux/(2+ B)) <
exp(—=32px /(20)) = exp(—p/8 + pux /2) < exp(—p/16).

Here we assumed that p* is sufficiently large that S > 2 (second inequality) and
tx/2 < pu/16 (third inequality) hold. If H has m edges, then the probability that
|Y] < 11/2 holds or an edge X covers at least p/4 vertices of Y is at most

(5.1)exp(—11/8) + m - exp(—/16) < (m + 1) exp(=20/10 - p*/32) < m - 272",
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If H satisfies the half-covering property, then for every Y there has to be at least
one edge that covers more than half of Y. Therefore, the upper bound (5.1) cannot

be smaller than 1. This is only possible if m is 22%)*), and it follows that p* =
O(loglogm), what we had to show. O

The following example shows that the bound O(loglogm) is tight in Lemma 5.2.
Fix an integer r, and consider the 2" —1 vertices V := {1,2,...,2" —1}. We construct
a hypergraph that has not more than 22" edges and its fractional cover number is at
least r/2. Given a finite nonempty set F' of positive integers, define up(F') to be the
largest [(|F'|+1)/2] elements of this set. For every nonempty subset X of V, add the
edge up(X) to the set system. This results in not more than 22"~ — 1 edges. (There
will be lots of parallel edges, but let us not worry about that.) Clearly, the set system
satisfies the half-covering property: for every set Y, the set up(Y’) covers more than
half of Y.

We claim that the fractional cover number of the hypergraph is at least /2. This
can be proved by presenting a fractional stable set of weight r/2. Let the weight of
v1 be 1/2, the weight of v and vs be 1/4, the weight of vy, vs, ve, vz be 1/8, and
so on. It is easy to see that the total weight assigned is exactly r/2. Furthermore,
observe that the weight of v; is at most 1/(¢ + 1) (there is equality if ¢ is of the form
2F — 1, otherwise v; is strictly smaller). To show that this weight assignment is indeed
a fractional stable set, suppose that the vertices covered by some edge have total
weight more than 1. Let this edge be up(X) for some subset X of V. Let ¢ be the
smallest element in up(X). Vertex v; has weight at most 1/(¢ + 1), and if ¢ is the
smallest element in up(X), then up(X) contains at most ¢ + 1 elements. Therefore,
the total weight of the vertices covered by this edge is at most (t+1)/(t+1) = 1. We
remark that the W[1]-hardness proof in Section 7 is essentially based on this example
(see the construction of the enforcer systems in the proof of Prop. 7.2).

Now we are ready to prove the main result of this section:

THEOREM 5.5. CLOSEST SUBSTRING can be solved in time |%|¢-2k.4O(dloglogk) .
nO(log log k) )

Proof. Let us fix the first substring ] € s; of the solution. We will repeat
the following algorithm for each possible choice of s|. Since there are at most n
possibilities for choosing s, the running time of the algorithm presented below has
to be multiplied by a factor of n, which is dominated by the n@{°g1o8 k) term.

The center string s can differ on at most d positions from s}. Therefore, if we
can find the set P of these positions, then the problem can be solved by trying all the
|2|IPI < || possible assignments on the positions in P. We show how to enumerate
efficiently all the possible sets P.

We construct a hypergraph G over the vertex set {1,...,L}. The edges of the
hypergraph describe the possible substrings in the solution. If w is a length L substring
of some string s; and the distance of w is at most 2d from s}, then we add an edge F to
G such that p € F if and only if the p-th character of w differs from the p-th character

of ;. Clearly, G has at most n edges, each of size at most 2d. If (s, s},...,s}) is a
solution, then let H be the partial hypergraph of G that contains only the k£ — 1 edges
corresponding to the k — 1 substrings s, ..., s;,. (Note that the distance of s} and

s} is at most 2d, hence G indeed contains the corresponding edges.) Denote by P the
set of at most d positions where s and s} differ. Let Hy be the subhypergraph of H
induced by P: the vertex set of Hy is P, and for each edge E of H there is an edge
EN P in Hy. Hypergraph Hy is subhypergraph of H and H is partial hypergraph of
G, thus Hy appears in G at P as subhypergraph.
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We say that a solution is minimal if Zle d(s, s}) is minimal. In Prop. 5.6, we show
that if the solution (s, s!, ..., s}) is minimal, then Hy has the half-covering property.
Therefore, we can enumerate all the possible P’s by considering every hypergraph Hy,
on at most d vertices that has the half-covering property (there are only a constant
number of them), and for each such Hy, we enumerate all the places in G where Hy
appears as subhypergraph. Lemma 5.2 ensures that every Hy considered has small
fractional cover number. By Lemma 4.3, this means that we can enumerate efficiently
all the places P where Hy appears in G as subhypergraph. As discussed above, for
each such P we can check whether there is a solution where the center string s differs
from s} only on P. By repeating this method for every hypergraph Hy having the
half-covering property, we eventually find a solution, if exists.

PROPOSITION 5.6. For every minimal solution (s,s',...,s}.), the corresponding
hypergraph Hy has the half-covering property.

Proof. To see that Hy has the half-covering property, assume that for some Y C P,
every edge of Hy covers at most half of Y. We show that in this case the solution is
not minimal. Modify s such that it is the same as s} on every position of Y, let s* be
the new center string. Clearly, d(s*,s]) = d(s, s}) — |Y|. Furthermore, we show that
this modification does not increase the distance for any 7, that is, d(s*, s;) < d(s, s})
for every ¢. It follows that s* is also a good center string, contradicting the minimality
of the solution.

Let E; be the edge of Hy corresponding to the substring s;. This means that
s7 and s differ on Y N E;, and they are the same on Y \ E;. Therefore, d(s*,s}) <
d(s,s;) + Y NE;| — |Y \ E;|. By assumption, E; can cover at most half of Y, hence
d(s*,s}) <d(s,s;), as required. O

The overall algorithm is presented in Figure 5.1. There are at most n different
possibilities for the string s} in Step 1. The construction of the hypergraph G in Step 2
takes polynomial time. There are not more than 2 different hypergraphs on at most
d vertices having at most k edges, since there are at most 2¢ possibilities for each
edge. Therefore, the loop in Step 3 is iterated at most 25¢ times. In Step 4 the half-
covering property can be tested by complete enumeration: we have to test for at most
2¢ different subsets whether there is an edge that covers more than half of it. If H,
satisfies the half-covering property, then by Lemma 5.2 its fractional cover number is
at most O(loglog k). Therefore, by Theorem 4.3, Step 5 takes d°(41081ogk) ., O(loglog k)
time. If Hy appears at P in GG as subhypergraph, then in Step 6 we have to try at most
|| possible center strings. Testing each center string can be done in polynomial time
(Step 7). Therefore, the total running time is n - 2k . @O(dloglog k) . nOlloglogk) . |y3d,
d

6. Algorithm for CONSENSUS PATTERNS. The aim of this section is to show
that CONSENSUS PATTERNS is fixed-parameter tractable in the bounded alphabet
case if the parameter is 6 := D/k, the average distance. The algorithm is very similar
to the algorithm of Theorem 5.5. The crucial difference is that here we can obtain a
constant bound on the fractional cover number of the small hypergraphs Hy, instead
of the weaker O(loglog k) bound coming from the half-covering property. This means
that the exponent of n in the running time of the FIND-SUBHYPERGRAPH algorithm
of Theorem 4.3 is a constant and we obtain a uniformly polynomial algorithm.

THEOREM 6.1. CONSENSUS PATTERNS can be solved in time 6°©) - |2]% . nf,

Proof. If {s,s},...,s}} is a solution for an instance of CONSENSUS PATTERNS,
then d(s,s;) < ¢ for at least one i. Therefore, if there is a solution for the instance,
then it can be found by considering every string sg that is a length L substring of
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CLOSEST-SUBSTRING-2(k, L, d, (81, ..., 8k))
1. for each substring s} of s; having length L do
2. Construct the hypergraph G on {1,...,L}
3. for every hypergraph Hy having < d vertices and < k edges do
4. if Hy has the half-covering property then
5. for every place P where H( appears in G as subhypergraph do
(Algorithm FIND-SUBHYPERGRAPH of Theorem 4.3)
6 for every string s that differs from s} only at P do
7. if max?_, min{sg is a substring of s;) d(s,s;) < d then
8. s is a solution, STOP.
9. There is no solution, STOP.

FIGURE 5.1. Algorithm 2 for CLOSEST SUBSTRING

some s;, and by checking for each such sy whether there is a solution with d(s, sg) < 4.
Below we describe how to perform this check for a particular sg. There are at most
n possibilities for sg, hence the total running time is at most n times greater than for
a single sg. We will assume that § > 2, otherwise it is easy to check every possible s
with d(s, sp) < 6.

We construct a hypergraph G over the vertex set {1,...,L}. If w is a length L
substring of some string s;, then we add an edge F to G such that p € E if and only
if the p-th character of w differs from the p-th character of so. (Note that, unlike
in the proof of Theorem 5.5, the hypergraph G can have edges larger than 2d.) If
(s,s%,...,8}) is a solution, then let H be the partial hypergraph of G that contains
only the k edges corresponding to the k substrings s/, ..., sj.

Let (s,$1,...,8¢) be a minimal solution, that is, Zle d(s,s}) is as small as
possible. Denote by P the set of positions where s and sg differ. Let Hy be the
subhypergraph of H induced by P: the vertex set of Hy is P, and for each edge F
of H there is an edge E N P in Hy. Hypergraph Hj is subhypergraph of H and H is
partial hypergraph of G, thus Hy appears in G at P as subhypergraph.

We follow the same path as in the proof of Theorem 5.5. It can be shown that
the fractional cover number of Hy is at most 2 (see the proof of Prop. 6.2 below).
Therefore, we can find all the possible places P by enumerating every suitable hyper-
graph Hyp, and by using Theorem 4.3 to enumerate all the places where Hy appears
in G as subhypergraph. The problem is that there can be large edges in G, and the
algorithm of Theorem 4.3 can be used only if the size of the edges is bounded by the
parameter. However, we argue that the same technique works even if the large edges
are thrown away from G.

Remove every edge of size greater than 206 from G (resp., H), let G* (resp., H*)
be the resulting hypergraph and let Hj be the subhypergraph of H* induced by P.
It is clear that Hj is a subhypergraph of G*. Furthermore, the fractional edge cover
number of Hj can be bounded by a constant:

PROPOSITION 6.2. For every minimal solution (s,sy,...,s}.), the corresponding
hypergraph H{ has fractional cover number at most 5/2.

Proof. We claim that every element of P is covered by at least k/2 edges of Hy.
Assume that only k' < k/2 edges of Hy cover some p € P. This means that only
k' of the strings s/, ..., s} differ from sy at position p. Let us change position p of
the median string s: let this character be the same as the character at position p of
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so. Now d(s, s}) decreases for k — k' > k/2 values of ¢, and it increases for at most
k' < k/2 values of i. Therefore, Zle d(s, s}) strictly decreases, contradicting the
minimality of s. This shows that every vertex of Hy is covered by at least k/2 of the
k edges, hence the fractional cover number of Hj is at most 2.

From d(s,s0) < ¢ and Zle d(s,s;) < D = ko, it follows that Zle d(so, s}) <
2kd. Therefore, the total size of the edges in H is at most 2kd, which means that
there are at most 2k/20 < k/10 edges in H that have size greater than 20§. Each
element of P is covered by at least k/2 edges of Hy, hence even if the edges greater
than 209 are thrown away, there remain at least k/2 — k/10 = 2k/5 edges in Hj to
cover each element. Therefore, if we set the weight of each edge to (5/2) - (1/k), then
we obtain a fractional edge cover with total weight 5/2. O

Prop. 6.2 shows that we can find all the possible places P by enumerating ev-
ery hypergraph H on ¢ vertices having fractional cover number at most 5/2, and
then enumerating every place in G* where H appears. To reduce the number of
hypergraphs H{ that has to be considered, we show that it is sufficient to restrict our
attention to hypergraphs having O(logd) edges:

PROPOSITION 6.3. Assume 6 > 2. If (s,s},...,s)) is a minimal solution and
H§ is the corresponding hypergraph, then it is possible to select 2001Ind edges of H§
in such a way that if we delete all the other edges, then the resulting hypergraph Hg*
has fractional cover number at most 5.

Proof. Let us select each edge of Hj independently with probability (1501n4)/k.
The expected number of selected edges is 150 1nd; from Theorem 5.4 (6 = 1/3) it fol-
lows that the probability of selecting more than 200 In ¢ edges is at most exp((—1501n4)/27) <
1/62. We have seen in Prop. 6.2 that each vertex of H{ is covered by at least 2k/5
edges, thus the expected number of edges that cover a given vertex of Hj* is at least
601n¢. Furthermore, by Theorem 5.4 (8 = 1/3) the probability that a given ver-
tex of H* is covered by less than 401nd edges is at most exp(—601Ind/18) < 1/63.
Therefore, with probability at least 1 — 1/6%2 — 6 -1/6% > 0, we select not more than
2001Iné edges and each vertex is covered by at least 40Ind edges. This means that
the fractional cover number of Hj* is at most 5: setting the weight of each edge to
1/(401nd) gives a fractional edge cover. O

The overall algorithm is presented in Figure 6.1. There are at most n different
possibilities for the string sg in Step 1. The rest of the algorithm checks whether
there is a solution where the median string differs from sy on at most § positions.
The construction of the hypergraph G* can be done in O(Ln) time in Step 2. Since
we try to find solutions with d(sp, s) < 4, it can be assumed that H}* has at most ¢
vertices. There are not more than 20009 — 50 Jifferent hypergraphs on at most
§ vertices having at most 2001Ind edges, since there are at most 2° possibilities for
each edge. Therefore, the loop in Step 3 is iterated at most 2°(°™9) times. The test
in Step 4 is trivial. Since the fractional cover number of Hj* is at most 5 and every
edge of G* has size at most 205, Step 5 takes 69 . n6L2 time. If H{* appears at P
in G* as subhypergraph, then in Step 6 we have to try at most |~|° possible median
strings. Testing each median string can be done in O(Ln) time (Step 7). Therefore,
the total running time is §°() . |£|% . n?.
d

7. Set Balancing. In this section we introduce a new problem called SET BAL-
ANCING. The problem is somewhat technical, it is not motivated by practical appli-
cations. However, as we will see it in Section 8, the problem is useful in proving the
W/[1]-hardness of CLOSEST SUBSTRING.
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CONSENSUS-PATTERNS(k, L, 0, (81, ..., Sk))
1. for each substring sg of s1,...,s; having length L do
2. Construct the hypergraph G* on {1,...,L}
for every hypergraph Hy* having < § vertices and < 2001nd edges do
if every vertex of HJ* is covered by at least 1/5 part of the edges then
for every place P where Hj* appears in G* as subhypergraph do
(Algorithm FIND-SUBHYPERGRAPH of Theorem 4.3)
for every string s that differs from sy only at P do

6.
e kT
7. if 0, MiN g/ i o substring of s;) d(s, s}) < 6k then
8
9

G

. s is solution, STOP
. There is no solution, STOP

FIGURE 6.1. Algorithm for CONSENSUS PATTERNS

SET BALANCING

Input:

A collection of m set systems .7; = {Si1,...,S;,9,} (1 <i < m)
over the same ground set A and a positive integer d. The size of each
set S;; is at most £, and there is an integer weight w; ; associated
to each set S; ;.

Parameters:
m, d, {
Task:

Find a set X C A of size at most d and select a set S; 4, € .%; for
every 1 <14 < m in such a way that

(7.1) X A Sia,

S wi,ai

holds for every 1 <i < m.

Here X A S; 4, denotes the symmetric difference (X \ Si ;) U (S;q; \ X). We have
to select a set X and a set from each set system in such a way that the balancing
requirement (7.1) is satisfied: every selected set is close to X. The weight w; ; of
each set ; ; prescribes the maximum distance of X from this set. The smaller the
weight, the more restrictive the requirement. The distance is measured by symmetric
difference; therefore, adding an element outside S; ; to X can be compensated by
adding an element from S; ; to X. If (7.1) holds for some set S; 4,, then we say that
Si.a; 15 balanced, or X balances S; q, .

It can be assumed that the weight of each set is at most ¢ + d, otherwise the
requirement would be automatically satisfied for every possible X. If a set appears in
multiple set systems, then it can have different weights in the different systems.

In this section we show that SET BALANCING is W[1]-hard even when all of m,
d, and ¢ are parameters. It is not very difficult to show that the problem is W[1]-
hard if we consider the variant of the problem where the size of X has to be ezactly
d. However, the proof becomes significantly more complicated if we only have the
requirement |X| < d. Intuitively, now the problem is that we have to ensure that the
reduction does not construct instances that can be solved by a “small” X, since such
an X could be found with an exhaustive search. An easy way to ensure that X is
large would be to have a set that can be balanced only by selecting d elements from
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this set. However, this would reduce the search space to the d-element subsets of this
set, and the problem would be easy, since there are at most (fl) such sets. The main
combinatorial challenge in the proof is to ensure that there are no small solutions, but
there are lots of possible sets that could form a solution. It should be the combined
effect of several set systems that prevent |X| from being small. Furthermore, each
set in a set system should be useful for many possible solutions, since the set systems
cannot be too large.

THEOREM 7.1. SET BALANCING is W([1]-hard with combined parameters m, d,
and £.

Proof. The proof is by reduction from the MAXIMUM CLIQUE problem. Assume
that a graph G(V,E) is given with n vertices and e edges, the task is to find a
clique of size t. It can be assumed that n = 22° for some integer C': we can ensure
that the number of vertices has this form by adding at most |V|? isolated vertices.
Furthermore, we can assume that C' > t (i.e., n > 22): if n < 22°, then MAXIMUM
CLIQUE can be solved directly in time O((22t )t -n) by enumerating every set of size t.

The ground set A of the constructed instance of SET BALANCING is partitioned
into ¢ groups Ao, ..., A;—1. The group A; is further partitioned into 2¢ blocks A4; 1,

..y A; 95 the total number of blocks is 2¢ — 1. The block A; ; contains n'/?" = 927"
elements. Set d := 2! — 1. Later we will argue that it is sufficient to restrict our
attention to solutions where X contains exactly one element from each block A; ;.
Let us call such a solution a standard solution. We construct the set systems in such a
way that there is one-to-one correspondence between the standard solutions and the
size t cliques of G. In a standard solution X contains exactly 2¢ elements from group
A;, and there are (n'/?")?" = n different possibilities for selecting these 2° elements
from the blocks of A;. Let X; 1, ..., X;, be these n different 2i-element sets. These
n possibilities will correspond to the choice of the i-th vertex of the clique.

The set systems are of two types: the verifier systems and the enforcer systems.
The role of the verifier systems is to ensure that every standard solution corresponds
to a clique of size ¢, while the enforcer systems ensure that there are only standard
solutions.

For each 0 < i; < ip <t —1 the verifier system .7}, ;, ensures that the i;-th and
the ig-th vertices of the clique are adjacent. The set system .7, ;, contains 2e sets
of size 2" + 2% each. If vertices u and v are adjacent in G, then XijuU X, isin
Si1.io- The weight of every set in .7, 4, is (20 — 1) — (2% + 2%2).

ProprosiTION 7.2. There is a standard solution if and only if G has a size t
clique.

Proof. Assume that v, ..., v;_1 is a clique in G. Let

t—1
X =] Xin.
i=0

The size of X is Zf;é 2t = 2t — 1. Select the set Xiy iy, U Xigw,, from the verifier
system .%;, ;,. This set is balanced by X: it is a size 2" + 22 subset of X having
weight (28 — 1) — (2% + 22).

To prove the other direction, assume now that there is a standard solution X. In
a standard solution, X N A; is a 2¢-element set Xy, for some v;. We claim that these
v;’s form a size t clique in G.

Suppose that for some i; < iy vertices v;; and v;, are not connected by an edge
(including the possibility v;;, = wv;,). Consider the set S € .7, ;, selected in the
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solution. The size of X is 2¢ — 1 in a standard solution, thus the set X contains at
least 28 — 1 — (20 + 2%) elements outside the set S. Therefore, S can be balanced
only if all the 2% 4 2% elements of S are in X. Assume that the set S selected from
Firiz 18 Xiy 0 UXiy . Now X, o, UX;, , € X, which means that « = v;, and v = v;,.
By construction, if Xj, , UXj, , is in .7, ;,, then u and v are adjacent, hence v;, and
v;, are indeed neighbors. O

The job of the enforcer systems is to ensure that every solution of weight at most
d =2' — 1 is standard. The 2° — 1 blocks A; ; are indexed by two indices i and j. In
the following, it will be more convenient to index the blocks by a single variable. Let
By, ..., Bst_1 be an ordering of the blocks such that Bj is the only block of group
Ap, the blocks Bs, B3 are the blocks of Aj, the next four blocks after that are the
blocks of As, etc.

A naive way of constructing the enforcer set systems would be to have for each
block B; a corresponding set system .%; that contains |B;| one-element sets: there is
one set of weight 2! — 2 for each element of B;. This ensures that if a solution contains
at least one element from every block other than B; (i.e., it contains at least 2! — 2
elements outside B;), then it has to contain an element of B; as well (otherwise the
symmetric difference is at least 2t — 1). The problem with this construction is that
every set of .7 is balanced by the solution X = (), hence such systems cannot ensure
that every solution is standard.

There are 22 ~1 — 1 enforcer set systems: there is a set system . corresponding
to each nonempty subset F of {1,2,...,2% —1}. The job of .#F is to rule out the
possibility that a solution X contains no elements from the blocks indexed by F, but
X contains at least one element from every other block. Clearly, these systems will
ensure that no block is empty in a solution, hence every solution of weight 2 — 1 is
standard. One possible way of constructing the system . is to have one set of size
|F| and weight 2 — 1 — |F| for each possible way of selecting one element from each
block indexed by F'. Clearly, this makes it impossible to have at least one element in
each of the 2! — 1 — |F| blocks outside F, but none in F. Now the problem is that
the size of . can be too large, in particular when F = {1,2,...,2" — 1}. We use a
somewhat more complicated construction to keep the size of the systems small.

Recall the definition of up(F') from Section 5: given a finite set F' of positive
integers, up(F) is defined to be the largest [(|F| + 1)/2] elements of this set. The
enforcer system corresponding to F' is defined as

(7.2) sr= 1] B»

pEUP(F)

That is, we consider the blocks indexed by the upper half of F'; and put into . all
the possible combinations of selecting one element from each block. Let the weight of
each set in .“F be 28 — 1 — |up(F')|. Notice that it is possible that up(F) = up(Fz)
for some Fy # F,, which means that for such F; and Fs the systems .r, and ZF,
are in fact the same. However, we do not care about that.

We have to verify that these set systems are not too large, i.e., they can be
constructed in uniformly polynomial time:

PROPOSITION 7.3. For every nonempty F C {1,2,...,2t—1}, the enforcer system
SF contains at most n? sets.

Proof. Let x be the smallest element of up(F), assume that 27 < z < 2P*! for
some integer p. There is one block of size n, there are 2 blocks of size n'/2, ... there
are 2¢ blocks of size n'/?", hence the size of Bor is n'/?". The size of the blocks are
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decreasing, thus all the sets in the product (7.2) are of size at most nt/2" If the
smallest element of up(F) is x, then it can contain at most z + 1 elements. This
means that we take the direct product of at most z+ 1 sets of size at most n'/2" each.
Therefore, the total number of sets in .%p is at most (n!/2")=+ < (n1/27)2"" = p2,
d

The following proposition completes the proof of the first direction: if the solu-
tion is standard, then we can select a set from each enforcer system. Together with
Prop. 7.2, it follows that if there is a clique of size ¢, then there is a (standard) solution
for the constructed instance of SET BALANCING.

PRrOPOSITION 7.4. If X is a standard solution, then each S contains a set that
is balanced by X .

Proof. For the enforcer system ., let us select the set

Sr=Xxn J B,
pEUP(F)

That is, Sp contains those elements of X that belong to the blocks indexed by up(F).
The set Sp is a size |up(F)| subset of X. Therefore, | X A Sp| = 2! — 1 — |up(F)],
which is exactly the weight of the selected set. Thus Sg is balanced. O

On the other hand, if there is a solution for the constructed instance of SET
BALANCING with |X| < d = 2! — 1, then this solution has to be standard, and by
Prop. 7.2 there is a clique of size ¢ in G. This completes the proof of the second
direction.

PROPOSITION 7.5. If | X| < 2! — 1, then X contains exactly one element from
each block.

Proof. Assume first that X does not contain elements from some of the blocks.
Let F' contain the indices of those blocks that are disjoint from X. This means that
X contains at least one element from each block not in F, hence |X| > 2 — 1 — |F|.
Assume that some set S is selected from .7 in the solution. This set contains
elements only from blocks indexed by up(F) C F, hence S is disjoint from X. Thus
| X A S| =|X|+]|S| > 2" —1—|F|+ |[up(F)| > 2 — 1 —|up(F)]|, which means that S is
not balanced (here we used |F| — |up(F)| < |up(F)|). Therefore, each block contains
at least one element of X. Since there are 2t — 1 blocks, this is only possible if each
block contains exactly one element of X. [

The distance d = 2! — 1 is a function of the original parameter t. The number m
of the constructed set systems is (;) 49221 1, which is also a function of t. Each
set in the constructed systems has size at most £ := 2° — 1. We have seen that the size
of each set system is polynomial in n, hence the reduction is a correct parameterized
reduction. 0

8. Hardness of CLOSEST SUBSTRING. In this section we show that CLOSEST
SUBSTRING is W[1]-hard with combined parameters k and d. The reduction is very
similar to the reduction presented in [14], where it is proved that problem is W[1]-hard
with parameter k£ only. As in that reduction, the main technical trick is that each
string s; is divided into blocks and we ensure that the string s, is one of these blocks
in every solution. However, here the reduction is from SET BALANCING, and not from
MAXxmMUM CLIQUE. This allows us to construct an instance of CLOSEST SUBSTRING
where the distance parameter d is bounded by a constant.

THEOREM 8.1. CLOSEST SUBSTRING is W[1]-hard with parameters d and k, even
if ¥ ={0,1}.
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Proof. The reduction is from the SET BALANCING problem, whose W[1]-hardness
was shown in Section 7. Assume that m set systems .%; = {S;1,...,5; %, } and an
integer d are given. Let 0 < w; ; < d+ ¢ be the weight of S; ; in .7}, and assume that
each set has size at most . We construct an instance of CLOSEST SUBSTRING with
distance parameter d’ := d + ¢ where d' + 1 strings s; 1, Si,2, - . ., Si,¢/+1 correspond to
each set system .¥;, and there is one additional string sg called the template string.
Thus there are k := (d’ + 1)m + 1 strings in total.

Set L :=6d" +3d'(3d' + 1) + |A| + d — d + 2d'm(d’ + 1), where A is the common
ground set of the set systems. The template string so has length L, hence s{; = sg
in every solution. The string s; ; is the concatenation of blocks B j1, ..., B;j |7
of the same length L, each block corresponds to a set in .%;. We will ensure that
in a solution the substring s; ; is one complete block from s; ;. Therefore, selecting
s; j from s; j in the constructed CLOSEST SUBSTRING instance plays the same role as
selecting a set S; from . in SET BALANCING.

Each block B; j i of the string .S; ; is the concatenation of four parts: the front tag,
the core, the complete tag, and the back tag. The front tag is the same in every block:
134 (1034)39'139" The core corresponds to the ground set A in the SET BALANCING
problem. The length of the core is |A|, and the p-th character of the core in block
B ;1 is 1 if and only if the set S; , € #; contains the p-th element of A. The complete
tag is 19~ in every block. The back tag is the concatenation of m(d + 1) segments
Ci; (1<i<m,1<j<d +1) (the order in which these segments are concatenated
will not be important). The length of each segment is 2d’. In block B; jx of string
si,; the back tag contains 1’s only in segment C; ;: there is 1 on the first d' —w; ; > 0
positions of C; ;, the rest of C; ; is 0. This completes the description of the strings
s;,5. Notice that the blocks B; j, r and B; j, 1 differ only in the back tag. The length
L template string sg is similar to the blocks defined above: it has the same front tag
as all the other blocks, but its core, complete tag, and back tag contain only 0’s.

The first direction of the proof is shown in the following proposition:

ProposITION 8.2. If the SET BALANCING instance has a solution, then the
constructed instance of CLOSEST SUBSTRING also has a solution.

Proof. Let X C A and S1,4, € 7, -+, Sm.am € Pm be a solution of SET BAL-
ANCING. Let the center string s be the concatenation of the front tag, the incidence
vector of X, the string 1dl*d, and the string 024'm(d"+1) " The distance of s and s is
|X|+d —d < d: the distance is | X| on the core and d' — d on the complete tag.
Furthermore, we claim that the block B; ., in string s; ; is at distance at most d’
from s. If we can show this, then it follows that CLOSEST SUBSTRING has a solution.

The front tag of B; j 4, is the same as the front tag of s. In the core the distance
is the symmetric difference of X and S;,,. The complete tag is the same in s and
B j.a;- The back tag of s is all 0, while the back tag of B; ;. contains d’ — w;
characters 1 (in the segment C; ;). Therefore,

d(S, Bi,j,a.;) = |X AN Si,a.;| + d/ — Wi,k § d/,

where the inequality follows from the fact that X balances the set S;,,, that is,
|X ASi,ai § Wi,k - d

To prove the reverse direction, first we show that each substring s; ; has to be a
complete block of the string s; ;. By the triangle inequality, d(so, s; ;) = d(sg, si ;) <

d(sg,s) +d(s, s; ;) < 2d' has to hold in every solution. We show that d(so, s; ;) < 2d’

implies that s;] is a complete block:

!
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PROPOSITION 8.3. If d(so,s; ;) < 2d’ for some substring s; ; of s, then s; ; is
the block B; ;4 for some b.

Proof. Assume that s; ; starts on the p-th character of some block B; ;. This
means that s;J contains the last L — p + 1 characters from B; ;; and the first p — 1
characters from the next block B; j 1. We show that if p # 1, then d(so, s} ;) > 2d'.
Denote by f = 6d’ + 3d'(3d’ 4+ 1) the length of the front tag. Assume first that
3d’ < p <L — f. In this case the first 3d’ characters of B; ;41 (all of them are 1’s)
are aligned with characters L+1—p, ..., L+ 3d —p of so (all of them are 0’s), hence
d(so,s; ;) > 2d’ follows. Assume now that L — f < p < L — 3d', a similar argument
shows that the last 3d’ characters in the front tag of B; j »+1 causes 3d’ mismatches. If
1 < p < 3d, then the 1’s in the (103%)3? part of the front tag are not aligned, which
increases the difference to more than 2d’. The same thing happens if L —3d’ < p < L
holds. This concludes the proof that p = 1, that is, the string 32’ ; 1s one complete
block Bi,j,b~ a

Since the template string and each block begins with the front tag, it cannot hurt
if the center string also begins with the front tag:

PRrROPOSITION 8.4. If there is a solution for the constructed instance of CLOSEST
SUBSTRING, then there is such a solution where the front tag of the center string s is
the same as the front tag of sg.

It can be assumed that the back tag of the center string s contains only 0’s:

PROPOSITION 8.5. If there is a solution for the constructed instance of CLOSEST
SUBSTRING, then there is such a solution where the back tag of the center string s
contains only 0’s.

Proof. Let s be the center string of a solution. Since the back tag of sg contains
only 0’s, in the back tag of s at most d’ characters can be 1. This means that with
the exception of at most d’ segments, the segments of the back tag contain only 0’s.
Thus for every 1 < i < m, thereis a 1 < x; < d’ + 1 such that segment C; ,, of the
back tag of s contains only 0’s. Let s* be the same as s but with the back tag set to
0’s. It is clear that d(s*, sg) < d(s, sp) < d’: the back tag of s¢ is empty, hence setting
the back tag to 0 cannot increase the distance.

We claim that a block can be selected from each string s; ; in such a way that the
distance of each selected block is at most d’ from s*. For the string s; ., we can select
the same s} .. as before: the back tag of s, contains 1’s only in segment C; ,, but s
does not contain any 1’s in C; ,,. This means that setting to 0 the back tag of s does
not increase the distance between s and s; .. Assume that s; . is block B; ., ; for
some ¢t. For every j # x;, select block B; ;: from the string s; ;. The only difference
between blocks B; ,, + and B; ;; is in the back tag: they have the same number of 1’s
in the back tag, but in different segments. However, s* has only 0’s in the back tag,
hence d(B; jt,s*) = d(Bi g, t,s*) < d'. Therefore, s* and the selected blocks form a
solution where the back tag of the center string s* contains only 0’s. O

We can assume that the complete tag is 194 ip g

PROPOSITION 8.6. If there is a solution for the constructed instance of CLOSEST
SUBSTRING, then there is such a solution where the complete tag of the center string
s contains only 1’s.

Proof. Let s be a solution where the number of 0’s in the complete tag of the center
string is minimal. Assume first that there is a 1 in the core of s. In this case replace
this 1 with a 0, and set one of the 0’s in the complete tag to 1. This modification
does not change the difference of s from sg. Furthermore, it does not increase the
distance of s from 52’ .. replacing the 0 with a 1 in the complete tag decreases the

J
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distance, while replacing the 1 with 0 in the core may or may not increase the distance.
Therefore, the new center string contradicts the minimality of s.

Assume now that the core of s contains only 0’s. We have already seen that the
front tag of s is the same as the front tag of sy (Prop. 8.4), and the back tag contains
only 0’s (Prop. 8.5). Therefore, s differs from sy only in the complete tag. This means
that in the complete tag of s we can replace every 0 with 1: the distance between
s and sg increases only to d’ — d, while the distance decreases between s and every
string s; ;. O

The proofs of Prop. 8.4-8.6 are independent in the sense that we can assume that
there is a solution where the center string s satisfies all three requirements at the
same time. Assuming that s is of this form, it is not difficult to prove the converse of
Prop. 8.2:

PROPOSITION 8.7. If there is a solution for the constructed instance of CLOSEST
SUBSTRING, then there is a solution for the SET BALANCING problem.

Proof. Consider a solution where the complete tag of s contains only 1’s, and the
back tag of s contains only 0’s. Define the set X C A based on the core of s: let an
element of A be in X if and only if the corresponding character is 1 in the core of s.
The string s differs from the template string so at |X| positions in the core and at
d' — d positions in the complete tag. Since d(s, sg) < d', it follows that | X| < d.

We claim that for every 1 < i < s, a set can be selected from .¥; that is balanced
by X. Assume that 5271 is the block B; ;1 of s;1 for some t. We show that S;; € .%;
is balanced by X. Let us determine the distance d(B; 1,4, s), which is by assumption
at most d’. In the core, the two strings differ on the symmetric difference of S; ; and
X. The strings do not differ on the complete tag, but they differ on every position of
the back tag where B; 1 is 1. There are exactly d’ — w;+ such positions, hence

d(s,s; ;) = |X & Sip|+d —wiy <d,
which means that | X A S; ;| < w;; and the set S;; is balanced. O

Prop. 8.2 and 8.7 together prove the correctness of the reduction. O

Putting together Theorem 7.1 and 8.1 gives a two-step reduction from MAXI-
MUM CLIQUE to CLOSEST SUBSTRING. Let us follow how the parameters depend
on each other during this reduction. If an instance of MAXIMUM CLIQUE is given
with parameter ¢, then Theorem 7 constructs an instance of SET BALANCING with
parameters

d:=2"—1

— <t> " 221,71 - 22O(t)
2

0= 21

Theorem 8.1 transforms this instance into an instance of CLOSEST SUBSTRING with
the following parameters:

ko= (d+ 0+ 1)m+1=22""
d :=d+ (=200,

Theorem 3.3 gives an |X|4(1ogd+2)plogd+O) time algorithm for CLOSEST SUB-
STRING and Theorem 5.5 gives an algorithm with running time 2k¢ . JO(dloglogh) .
pOUoglogk) . |¥]4. We argue that in some sense these algorithms are best possible:
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the exponent of n cannot be improved to o(logd) or to o(loglogk) (modulo some
complexity-theoretic assumptions).

Assume that there is an fi (k, d)-n°1°8%) time algorithm for CLOSEST SUBSTRING.
We can construct an algorithm for MAXiIMUM CLIQUE by reducing it to CLOSEST
SUBSTRING and using our assumed algorithm for the latter problem. The running
time of this algorithm for finding a size ¢ clique is fi(k,d) - n°(°8d) = f1(220(t> ,2)
neos2) — /() . n°® (it can be assumed that the running time of the reduction
to CLOSEST SUBSTRING is dominated by the time required to solve the CLOSEST
SUBSTRING instance.) By a result of [9], the existence of an f](t) - n°(*) algorithm for
MaxiMuM CLIQUE would imply that n-variable 3-SAT can be solved in 2°(™ time, i.e.,
the Exponential Time Hypothesis would be violated. Therefore, it is highly unlikely
that there is an algorithm for CLOSEST SUBSTRING with o(logd) in the exponent.

COROLLARY 8.8. There is no fi(k,d) - n°1°84) time algorithm for CLOSEST
SUBSTRING, unless n-variable 3-SAT can be solved in time 2°0).

Similarly, an fo(k, d) - n°(°819e¥) time algorithm for CLOSEST SUBSTRING would

imply that there is an fs (220(1) ,2t) - polloglog 2270 _ f4(t) -n°® algorithm for MAX-
IMUM CLIQUE.

COROLLARY 8.9. There is no fa(k,d) - n°(1°81°8%) time algorithm for CLOSEST
SUBSTRING, unless n-variable 3-SAT can be solved in time 2°().

In our reduction from MAXIMUM CLIQUE to CLOSEST SUBSTRING, the blow-up of
the parameters is unusually large: double exponential. It might seem that with some
more careful construction we could give a simpler reduction, where the parameters
of the constructed instance are smaller. However, the connection with subexponen-
tial algorithms show that the double exponential increase cannot be avoided, it is a
necessary part of any reduction from MAXIMUM CLIQUE to CLOSEST SUBSTRING.
Assume that there is an f(t) - n® time parameterized reduction where d = g;(t) and
k= g2(t) = 22°” " This reduction and the h(k,d) - n©Uoglog k) time algorithm of
Theorem 5.5 would give an algorithm for MAXIMUM CLIQUE with running time

F(B)n° + h(ga(2), g2(t)) - (f(yne)ostos et
= (1) - n©0os108 ") (g pott)

which is not possible, unless 3-SAT has subexponential algorithms.

Cesati and Trevisan [7] and Bazgan [4] have shown that if a problem is W[1]-
hard, then the corresponding optimization problem cannot have an EPTAS (i.e., a
PTAS with running time f(e) - n¢), unless FPT = W[1]. Let us recall the argument
here. Assume that there is an approximation scheme with running time f(e) - n¢ for
CLOSEST SUBSTRING. Running the algorithm with ¢ = 1/2k decides whether there
is a solution with d < k: if there is such a solution, then the approximation scheme
always produces a solution with d at most (14 €)k < k + 1. This would imply an
f(1/2k)-n® algorithm for CLOSEST SUBSTRING, and it would follow that the problem
is fixed-parameter tractable, which is not possible, unless FPT = WJ1].

We can push this argument a bit further: it can be shown that there is no PTAS
with running time f(e) - ne(og1/€)  The same reasoning as in the previous paragraph
shows that such a PTAS would imply an f(1/2k) - n°1°82%) algorithm for CLOSEST
SUBSTRING. In Corollary 8.8, we have seen that this is not possible, unless there are
subexponential algorithms for 3-SAT.

COROLLARY 8.10. There is no f(e) - n°1°81/€) time PTAS for CLOSEST SUB-
STRING, unless n-variable 3-SAT can be solved in time 2°0").
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The lower bound of Corollary 8.10 does not match the known approximation
schemes for the problem. Using a different approach, Andoni et al. [2] proved an
essentially tight lower bound. However, in a strict technical sense, their lower bound
is not directly comparable with Corollary 8.10.

9. Conclusions. We have presented algorithms and complexity results for two
string matching problems, CLOSEST SUBSTRING and CONSENSUS PATTERNS. We
have proved that CLOSEST SUBSTRING parameterized by the distance parameter d
and by the number of strings k is W[1]-hard, even if the alphabet is binary. This
improves the previous result of [14], where it is proved that the problem is W[1]-hard
with parameter k only (and binary alphabet). Our hardness result also improves [20],
where it is proved that DISTINGUISHING SUBSTRING SELECTION (a generalization
of CLOSEST SUBSTRING) is W[1]-hard with parameters k and d (again with binary
alphabet). In our reduction we used some of the techniques from these results, but
new ideas were also required. In particular, we had to ensure that in the constructed
instance of CLOSEST SUBSTRING there is no solution where the center string is very
close to some substring. This is easy to ensure if d is unbounded, or if we can use the
additional features of DISTINGUISHING SUBSTRING SELECTION. However, if d is a
parameter, then we have to develop new combinatorial machinery to make sure that
no solution can be close to some substring.

The W[1]-hardness of a problem is usually interpreted as evidence that the prob-
lem is unlikely to be fixed-parameter tractable, that is, the parameter has to appear
in the exponent of n. Furthermore, using recent connections with subexponential
algorithms, we can even give a lower bound on the exponent of n. Our reduction
for CLOSEST SUBSTRING is “weak” in the sense that the parameters are significantly
increased (exponentially and double exponentially). Therefore, we obtain only weak
lower bounds on the exponent of n: all we can show is that the exponent cannot
be o(logd) or o(loglogk). However, it turned out that these bounds are tight: we
presented two algorithms where the exponent of n is O(logd) and O(loglogk), re-
spectively. The second algorithm is based on some surprising connections with the
extremal combinatorics of hypergraphs. We have introduced and investigated the
half-covering property, which played an important role in the algorithm. Further-
more, we have shown that all the copies of hypergraph H in hypergraph G can be
efficiently found if H has small fractional cover number. This result might be useful
in some other applications as well. More generally, the fractional cover number and
Shearer’s Lemma (which is the main combinatorial idea behind Lemma 4.1 and hence
behind Theorem 4.3) can be useful algorithmic tools in other contexts, see [22].

The same hypergraph techniques can be used in the case of the CONSENSUS
PATTERNS problem. However, the combinatorial structure of this problem is slightly
different, and this slight difference allows us to obtain a uniformly polynomial time
algorithm with running time f(|%[,48) - n°. Therefore, in the constant alphabet case
the problem is fixed-parameter tractable with parameter § (and also with the larger
parameter D). This resolves another open question from [14].

The algorithms of Theorem 5.5 and Theorem 6.1 are based on the same idea: we
want to enumerate all the “small” places P in a large hypergraph G that are “well-
covered” in a certain sense. Our algorithms do this in a somewhat cumbersome way:
first every small well-covered hypergraph is enumerated, and then for each such H, the
algorithm enumerates all the places where H appears in G. It might be possible to do
this in a more direct and elegant way. What we need is an algorithm that enumerates
maximal subset of vertices having the property that they can be fractionally covered
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by weight %k, and the running time is something like n®®*). Developing such an

algorithm could improve the running time of our algorithms, and, more importantly,
would give us more insight into the nature of fractional edge covers.

Our results present an example where parameterized complexity and subexponen-
tial algorithms are closely connected. First, a weak parameterized reduction might
be the sign that some kind of subexponential algorithm is possible for the problem.
On the other hand, a parameterized reduction can be used to show the optimality of
a subexponential algorithm. It is possible that this interplay between parameterized
complexity and subexponential algorithms appears in the case of some other problems
as well.
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