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Abstract

Can we analyze data without decompressing it? As our data keeps growing, understanding
the time complexity of problems on compressed inputs, rather than in convenient uncompressed
forms, becomes more and more relevant. Suppose we are given a compression of size n of data
that originally has size N, and we want to solve a problem with time complexity T'(-). The naive
strategy of “decompress-and-solve” gives time T'(N), whereas “the gold standard” is time T'(n):
to analyze the compression as efficiently as if the original data was small.

We restrict our attention to data in the form of a string (text, files, genomes, etc.) and
study the most ubiquitous tasks. While the challenge might seem to depend heavily on the
specific compression scheme, most methods of practical relevance (Lempel-Ziv-family, dictionary
methods, and others) can be unified under the elegant notion of Grammar-Compressions. A
vast literature, across many disciplines, established this as an influential notion for Algorithm
design.

We introduce a framework for proving (conditional) lower bounds in this field, allowing us
to assess whether decompress-and-solve can be improved, and by how much. Our main results
are:

e The O(nN+/log N/n) bound for LCS and the O(min{N log N,nM}) bound for Pattern
Matching with Wildcards are optimal up to N°1) factors, under the Strong Exponential
Time Hypothesis. (Here, M denotes the uncompressed length of the compressed pattern.)

e Decompress-and-solve is essentially optimal for Context-Free Grammar Parsing and RNA
Folding, under the k-Clique conjecture.

e We give an algorithm showing that decompress-and-solve is not optimal for Disjointness.

*IBM Almaden Research Center, abboud@cs.stanford.edu. Work done while at Stanford University.
TMIT, backurs@mit.edu

#Max Planck Institute for Informatics, Saarland Informatics Campus, Germany, kbringma@mpi-inf .mpg.de
$Max Planck Institute for Informatics, Saarland Informatics Campus, Germany, marvin@mpi-inf .mpg.de



Contents

1

Introduction
1.1 Previous Work . . . . . . . e
1.2 Our Work . . . . . s
1.3 Technical Overview . . . . . . . . . . . . e
Preliminaries
2.1 Hardness Assumptions . . . . . . . . . . . .

Tight Bounds Assuming SETH

3.1 DFA Acceptance . . . . . . . . . ..
3.2 Approximate Pattern Matching and Substring Hamming Distance . . . . . ... ..
3.3 Longest Common Subsequence . . . . . . . .. . ...
3.3.1 Alignment Gadget Framework . . . . . . .. ... ... ... ... ...,
3.3.2 General Lower Bound . . . . .. .. .. ... .. ...
3.3.3 Extended Alignment Gadget for LCS. . . . . ... .. .. ... ... .....
Tight Bounds Assuming (Combinatorial) k-Clique
4.1 NFA Acceptance . . . . . . . . . . e
4.2 Context-Free Grammar Parsing . . . . . . . .. .. ..o 0oL
4.3 RNA Folding . . . . . . .
Disjointness, Hamming Distance, and Subsequence
5.1 Algorithms . . . . . . .
5.2 Lower Bounds . . . . . . . . . . e
Conclusion



1 Introduction

Computer Science is often called the science of processing digital data. A central goal of theoretical
CS is to understand the time complexity of the tasks we want to perform on data. Data compression
has been one of the most important notions in CS and Information Theory for decades, and it is
increasingly relevant in our current age of “Big Data” where it is hard to think of reasons why not to
compress our data: smaller data can be stored more efficiently, transmitting it takes less resources
such as energy and bandwidth, and perhaps it can even be processed faster. Since nowadays and
for years to come nearly all of our data comes in compressed form, a central question becomes:

What is the time complexity of analyzing compressed data?

Say we have a piece of data of size IV given in a compressed form of size n. For a problem with
time complexity T'(+), the naive strategy of “decompress and solve” takes ©(T'(N)) time, while the
“gold standard” is O(T'(n)) time: we want to solve the problem on the compression as efficiently
as if the original data was small. To provide meaningful statements we need to decide on three
things: What type of data is it? What problem do we want to solve? Which compression scheme
is being used?

For the first two questions, the focus of this paper will be on the most basic setting. We consider
data that comes as strings, i.e. sequences of symbols such as text, computer code, genomes, and
so on. And we study natural and basic questions one could ask about strings such as Pattern
Matching, Language Membership, Longest Common Subsequence, Parsing, and Disjointness.

For the third question, we restrict our attention to lossless compression and, even then, there are
multiple natural settings that we do not find to be the most relevant. We could consider Kolmogorov
complexity, giving us the best possible compression of our data: assume that a string T is given by
a short bitstring K (7') which is a pair of Turing machine M and input z such that running M on
x outputs T, i.e. K(T) = (M,z) such that M(z) = T. The issue with Kolmogorov-compressions
is that none of our data comes in this form, for two good reasons: First, it is computationally
intractable to compute K (T') given T', not even approximately. And second, analyzing arbitrary
Turing machines without just running them is an infamously hopeless task. Thus, while studying
the time complexity of analyzing Kolmogorov-compressed strings is natural, it might not be the
most relevant for computer science applications. Another option is to consider the mathematically
simplest forms of compression such as Run-Length Encoding (RLE): we compress z consecutive
letters o into o, so the compression has the form 0%11%20%3 - - . 17¢, and we only need n = O(¢-log N)
bits to describe the potentially exponentially longer string of length N. This compression is at the
other extreme of the spectrum: it is trivial to compute and easy to analyze, but it is far less
“compressing” than popular schemes like Lempel-Ziv-compressions.

Instead, we consider what has proven to be one of the most influential kinds of compression
for Algorithm design, namely Grammar-Compressions, a notion that has all the right properties.
First, it is mathematically elegant and quite fun to reason about for theoreticians (as evidenced
by the many pages of our paper). Second, it is equivalent [64] up to low order terms (moderate
constants and log factors) to popular schemes like the Lempel-Ziv-family (LZ77, LZ78, LZW, etc.)
[48] 8T, [75], Byte-Pair Encoding [68], dictionary methods, and others [57, [50]. These compressions
are used in ubiquitous applications such as the built-in Unix utility compress, zip, GIF, PNG,
and even in PDF. Third, it is generic and likely to capture compression schemes that will be
engineered in the future (after all, there is a whole industry on the topic and the quest might never



be over). Fourth, we can compute the optimal such compression (up to log factors) in linear time
[64, 23, [44]. And last but not least, ingenious algorithmic techniques have shown that it is possible
to computationally analyze grammar-compressed data, beating the “decompress and solve” bound
for many important problems.

A grammar compression of a string X is simply a context-free grammar, whose language is
exactly {X}, that is, the only string the grammar can produce is X. For the purposes of this
paper, it is enough to focus on a restricted form of grammars, known as Straight Line Programs
(SLP). An SLP is defined over some alphabet ¥, say {0,1}, and it is a set of replacement rules
(or productions) of a very simple form: a rule is either a symbol in ¥ or it is the concatenation
of two previous rules (under some fixed ordering of the rules). The last replacement rule is the
sequence defined by the SLP. For example, we can compress the sequence 01011 with the rules
S1—0; So—1; S3— 51852 S4— S53853; S; — S45 and Sy corresponds to the sequence
01011. For some strings this can give an exponential compression. A more formal definition and a
figure are given in Section

To learn more about the remarkable success of grammar-compressions, we refer the reader to
the surveys [77, [47), B4, [67, [36], 63, [65, 53], 66]. As a side remark, one of the exciting developments
in this context was the surprising observation that a “compress and solve” strategy could actually
lead to theoretically new algorithms for some problems, e.g. [60, [45].

Thus, we focus on what we find the most important interpretation of the central question above:

What is the time complexity of basic problems on grammar-compressed strings?

1.1 Previous Work

As a motivating example, consider the Longest Common Subsequence (LCS) problem. Given two
uncompressed strings of length N we can find the length of the longest common (not necessarily con-
tiguous) subsequence in O(N?) time using dynamic programming, and there are almost-matching
N2-°(1) conditional lower bounds [2, 17, B]. Throughout the paper we mostly ignore log factors,
and so we think of LCS as a problem with ©(N?) time complexity (on uncompressed data). Now,
assume our sequences are given in compressed form of size n. A natural setting to keep in mind is
where n &~ N/2. How much time do we need to solve LCS on these compressed strings? The naive
upper bound gives O(N?) and the gold standard is O(n?) ~ O(N), so which is it?

Besides being a very basic question, LCS and the closely related Edit Distance are a popular
theoretical modeling of sequence alignment problems that are of great importance in Bioinformat-
icsﬂ Thus, this is a relatively faithful modeling of the question whether “compress-and-solve” can
speed up genome analysis tasks, a question which has received extensive attention throughout the
years [39, 57, 50l 38, 36].

A long line of work [I8], 54| [7, 8, 27, [69] [70, 40] has shown that we can do much better than
O(N?). The current best algorithm has the curious runtime O(nN+/log N/n) [35] which is tan-
talizingly close to a conjectured bound of O(nN) from the seminal paper of Lifshits [49]. In our
candidate setting of n ~ N1/2 this is O(N1'5). This is major speedup over the Q(N?) decompress-
and-solve bound, but is still far away from the gold standard of O(n?) which in this case would
be O(N). Can we do better? For example, an O(n? - N%!) bound could lead to major real-world
improvements.

'The heuristic algorithm BLAST for a generalized version of the problem has received sixty-thousand citations.



While there is a huge literature on the topic, both from the Algorithms community and from
applied areas, in addition to the potential for real-world impact, studying these questions has not
become a mainstream topic in the top algorithms conferences. In one of the only STOC/FOCS
papers on the topic, Charikar et al. [23] write “In short, the smallest grammar problem has been
considered by many authors in many disciplines for many reasons over a span of decades. Given
this level of interest, it is remarkable that the problem has not attracted greater attention in the
general algorithms community.”

We believe that one key reason for this is the lack of a relevant complexity theory and tools
for proving lower bounds, leaving a confusing state of the art in which it is hard to distinguish
algorithms providing fundamental new insights from ad hoc solutions. Most importantly, previous
work has not given us the tools to know, when we encounter a data analysis problem in the real-
world, what kind of upper bound we should expect. Instead, researchers have been proving P
vs. NP-hard results, classifying problems into ones solvable in poly(n,log N) time and ones that
probably require time N®®)_ In fact, even LCS is NP-hard [49]. This means that even if we have
a compression of very small size n = O(log N) then we cannot solve LCS in poly(n) time, unless
P = NP. Dozens of such negative results have been proven (see [53]), and it has long been clear
that almost any task of interest is “NP-hard”, including the basic poly(N) time solvable problems
we discuss in this paper. However, this is hardly relevant to the questions we ask in this paper since
it does not address the possibility of highly desirable bounds such as n? - N%!. What we would
really like to know is whether the bound should be poly(n) - N¢, or poly(n) - N, or even higher:
could it be that decompress-and-solve is impossible to beat for some problems?

1.2 Our Work

In this work, we introduce a framework for showing lower bounds on the time complexity of problems
on grammar-compressed strings. Our lower bounds are based on popular conjectures from Hardness
in P and Fine-Grained Complexity. This is perhaps surprising since the problems we consider are
technically NP-hard. Our new complexity theoretic study of this field leads to three exciting
developments: First, we resolve the exact time complexity up to N°) factors of some of the most
classical problems such as LCS on compressed data. Second, we discover problems that cannot be
solved faster than the decompress-and-solve bound by any N€¢ factor. Third, we fail at proving
tight lower bounds for some classical problems, which hints to us that known algorithms might be
suboptimal. Indeed, in this paper we also find new algorithms for fundamental problems. We hope
that our work will inspire increased interest in this important topic.

Longest Common Subsequence Our first result is a resolution of the time complexity of LCS
on compressed data, up to N°(M) factors, under the Strong Exponential Time Hypothesi (SETH).
We complement the O(nN+/log N/n) upper bound of Gawrychowski [35] with an (nN)'=°(1) lower
bound. Thus, in the natural setting n &~ N/2 from above, we should indeed be content with the
O(N 1-5) upper bound since we will not be able to get much closer to the gold standard, unless
SETH fails. Assuming SETH, our result confirms the conjecture of Lifshits, up to N°() factors.
See Theorem [3.12] in Section [3.3] for the formal statement.

One way to view this result is as an Instance Optimality result for LCS. The exact complexity

2SETH is the pessimistic version of P # NP, stating that we cannot solve k-SAT in O((2 — ¢)™) time, for some
€ > 0 independent of and for all constant & [42] [19].



of LCS on two strings is precisely proportional to the product of the decompressed size N and the
instance-inherent measure n of how compressible they are.

RNA Folding and CFG Parsing Next, we turn our attention to two other fundamental prob-
lems: Context-Free Grammar Recognition (aka Parsing) and RNA Folding. Parsing is the core
computer science problem in which we want to decide whether a given string (e.g. computer code)
can be derived from a given grammar (e.g. the grammar of a programming language). Having the
ability to efficiently parse a compressed file is certainly desirable. In RNA Folding we are given a
string over some alphabet (e.g. {A,C,G,T}) with a fixed pairing between its symbols (e.g. A — T
match and C' — G match), and the goal is to compute the maximum number of non-crossing arcs
between matching letters that one can draw above the string (which corresponds to the minimum
energy folding in two dimensions). RNA Folding is one of the most central problems in bioinfor-
matics, and as we have discussed above, the ability to analyze compressed data is important in this
field. How fast can we solve these problems?

Given an uncompressed string of size NV, classical dynamic programming algorithms, such as
the CYK parser [25, 80, [46], solve RNA Folding in O(N?3) time and Parsing in O(N? - g) time if the
grammar has size g. Wikipedia lists twenty-four parsing algorithms designed throughout the years,
all of which take cubic time in the worst case. A theoretical breakthrough of Leslie Valiant [72] in
1975 showed that there are truly sub-cubic O(gN*) parsing algorithms, where w < 2.38 is the fast
matrix multiplication (FMM) exponent. However, Valiant’s algorithm has not been used in practice
due the inefficiency of FMM algorithms, and obtaining a combmatormiﬂ sub-cubic time algorithm
would be of major interest. Alas, it was recently proved [1] that any improvement over these bounds
implies breakthrough k-Clique algorithms: either finding such a combinatorial subcubic algorithm
or getting any O(N“~¢) time algorithm, for any € > 0, would refute the k-Clique Conjectureﬂ The
situation for RNA is even more interesting since Valiant’s sub-cubic algorithm does not generalize
to this case. Under the k-Clique conjecture, the same lower bounds still apply [Il, 22], implying that
any improvement will have to use FMM. Indeed, an O(N?82) algorithm using FMM was recently
achieved [15].

Cubic time is a real bottleneck when analyzing large genomic data. One would hope that if
we are able to compress the data down to size n we could solve problems like RNA Folding and
Parsing in time that is much faster than the N3 lower bounds (to simplify the discussion we focus on
combinatorial algorithms), such as n?- N °(1) or at least n'®* N'% in certain analogy the LCS case.
No such algorithms were found to date, and we provide an explanation: Decompress-and-solve
cannot be beaten for Parsing and (essentially) for RNA Folding, under the k-Clique Conjecture.
For both problems we prove a conditional lower bound of N*~°() for any kind of algorithm, and
N3=°() for combinatorial algorithms, even restricted to n = O(N¢) for any & > 0. See Theorem 4.4
in Section .2 for CFG Parsing and Theorem in Section [£.3] for RNA Folding.

Approximate Pattern Matching We continue our quest for quantifying the possible improve-
ments over decompress-and-solve for basic problems. Consider the following compressed versions

3For the purposes of this paper, “combinatorial” should be interpreted as any practically efficient algorithm that
does not suffer from the issues of FMM such as large constants and inefficient memory usage.

“Given a graph on n nodes, the k-Clique conjecture [I] is in fact two independent conjectures: The first one states
that we cannot solve k-clique in O(n(l_g)‘m/:i), for any € > 0. The second one states that we cannot solve k-Clique
combinatorially in O(n*~)*¥) time, for any & > 0.



of important primitives in text analysis known as Approximate Pattern Matching problems. In all
these problems we assume that we are given a compressed text T' of size n (and decompressed size
N), and a compressed pattern P of size m (and decompressed size M), both over some constant
size alphabet.

e Pattern Matching with Wildcards: In this problem, the strings contain wildcard symbols
that can be replaced by any letter, and our goal is to decide if P appears in 7.

e Substring Hamming Distance: Compute the smallest Hamming distance of any substring
of T to P.

And a problem that generalizes both is:

e Generalized Pattern Matching: Given some cost function on pairs of alphabet symbols,
find the length-M substring 77 of T' minimizing the total cost of all pairs (T”[i], P[i]).

The above problems have been extensively studied both in the uncompressed (see [24]) and in
the compressed [49, [13] 32] settings. All three problems can be solved in time O(min{ N log N,nM})
(see Section [3.2). Note that this bound beats the decompress-and-solve bound when the pattern
is small, but can we avoid decompressing the pattern? We show a completely tight SETH-based
lower bound of min{ N, nM }1*0(1) for all three problems, even for constant size alphabets and in all
settings where the parameters are polynomially related. See Theorems and in Section

Language Membership Consider the compressed version of the most basic language member-
ship problems. Assume we are given a compressed string 7' (again, from size N to n).

e DFA Acceptance: Given T and a DFA F with ¢ states, decide whether F' accepts T.
e NFA Acceptance: Given T and a NFA F with ¢ states, decide whether F' accepts T.

Classic algorithms solve the DFA Acceptance problem in time O(min{ng, N + ¢}) [61, 41],
and we prove a matching SETH-based lower bound of min{ng, N 4+ ¢}!=°(}). See Theorem in
Section B.11

For the NFA problem, the classic algorithms give O(min{ng*, N¢?}) [55, 61} 41]. For combina-
torial algorithms, we prove a matching lower bound of min{ng3, N q2}1*0(1), under the (combina-
torial) k-Clique conjecture. See Theorem in Section Our lower bounds hold for constant
size alphabets, and in all settings of n, N,q, even restricted to instances with N = ©(n®*V) and
g = 0©O(n%) for any ay > 1 and ay > 0.

Disjointness, Hamming Distance, and Subsequence Could it be that for other, even more
basic problems the decompress-and-solve bound cannot be beaten? One candidate might be Dis-
jointness, the canonical hard problem in Communication Complexity.

e Disjointness: Given two equal-length bit-strings, is there a coordinate in which both are 1?7

The following two natural problems are at least as hard as Disjointness (see Section .

¢ Hamming Distance: Compute the Hamming Distance of two strings.

e Subsequence: Decide if a pattern of length M is a subsequence of a text of length N.



Note that all these problems can be solved trivially in O(N) time if our strings are uncompressed.
Could it be that we cannot solve them without decompressing our data? We are not aware of any
known algorithms solving any of these problems in O(N!'~¢) time, for any ¢ > 0, even when our
strings are compressed into size n = O(N®) for some small constant & > 0. The only exceptions are
the known O(M ) time algorithms [28], 20} 69, [79, [71, [12] for the Subsequence problem, which beat
the decompress-and-solve bound when the pattern is significantly smaller than the text. However,
in the case M = ©(N) no improvements seem to be known.

In Section [5| we present our attempts at proving a matching lower bound. We prove the fol-
lowing: N'=°(1) for Subsequence in the setting N = ©(M) = O(n?) = O(m?) and |X| = O(N?)
(Theorem . N1/4=o() for Disjointness (and thus also for the other two problems) in the set-
ting N = M and n,m = O(N¥®) for any ¢ > 0, and constant alphabet size, assuming the k-SUM
conjecture (Theorem . Similarly: N/3=°(1) for Disjointness under Strong k-SUM conjecture
(Theorem [5.11)).

Motivated by our inability to prove tight lower bounds for these basic problems, despite seem-
ingly having the right framework, we have turned our attention to upper bounds. In Section
we obtain the first improvement over the decompress-and-solve bound for Disjointness, Hamming
Distance, and Subsequence. In particular, we obtain the first improvement over the decompress-
and-solve bound for Disjointness, Hamming Distance, and Subsequence. Our algorithms solve all
these problems in O(n!'419. N%-593) time. As a side result, we also design a very simple algorithm for
the Subsequence problem with O((n|| + M)log N) runtime (Theorem [5.4)), which is comparable
to the known but more involved algorithms [12].

One of the biggest benefits of having complexity theoretic results is that algorithm designers
know what to focus on. We believe that these upper bounds can be improved further and suggest
it as an interesting open question: What is the time complexity of computing Disjointness on two
grammar-compressed strings?

1.3 Technical Overview

From a technical perspective, our paper is most related to the conditional lower bounds for sequence
similarity measures on strings and curves that have been shown in recent years, specifically, the
SETH-based lower bounds for edit distance [10], longest common subsequence [2, [17], Fréchet
distance [14], and others [4] [TT], 16l 62].

These results all proceed as follows. Let ¢ be a given k-SAT instance on 7, variables and clauses
Cy,...,Cs. We can assume that m = O(n) by the Sparsification Lemma [43]. Split the i variables
into two halves X; and Xy of size /2. Enumerate all assignments a1, ..., agn/2 of the variables
in X;. For any assignment «; and any clause Cy, denote by sat(«a;, Cy) whether «; satisfies Cy, i.e.,
whether some variable in X; appears in Cy (negated or unnegated) and is set by a; so that Cy is
satisfied. Similarly, consider the assignments 31, ..., By4/2 of X3. By construction, we can solve the
k-SAT instance ¢ by testing whether there are «;, 8; such that sat(a;, C¢) V sat(8;, C¢) holds for
all £ € [m]. Making use of this fact, all previous conditional lower bounds for sequence similarity
measures essentially construct the following natural sequence:

W =sat(ag,Ch)...sat(aq, Cw) . . . sat(agase, C1) . . . sat(agasz, Cp,)
= O O Sat(aiacf)'

ie[27/2] Le[m)



One typical variation of this string is to replace the bits {0, 1}, indicating whether sat(«;, Cy) holds,
by two short strings { B(0), B(1)}. Other typical variations are to add appropriate padding strings
around the substrings Qgew sat(a;, Cy) or around the whole sequence W. These paddings typically
only depend on 7 and m. Constructing a second sequence W’ with «; replaced by f3;, one can then
try to emulate the search for the half-assignments «;, 3; by a similarity measure on W, W’. All
previous reductions follow this recipe, and thus construct a sequence like W.

Is W compressible? For our purposes we need to construct compressible strings. Considering
the entropy, the string W is very well compressible, since it only depends on the O(ﬁ) input bits of
the sparse k-SAT instance ¢. This entropy O(7) is extremely small compared to the length O(722%/2)
of W. However, considering grammar-compression, the sequence W is a bad representation, since
W is not generated by any SLP of size 0o(2™/%/7) in general! To see this, first observe that all
substrings Oyepm sat(a;, Cp) of W can potentially be different, meaning that W can have 27/2
different substrings of length m. This happens e.g. if for each variable x; € X there is a clause
C; consisting only of x; (which makes the k-SAT instance trivial, but shows that W may have
many different substrings in general). Second, observe that for any SLP 7 consisting of n non-
terminals Sy ... S, and for any length L > 1 the generated string eval(7) has at most n- L different
substrings of length L. Indeed, a rule S; — SpS, can only create a new substring, that is not
already contained in eval(Sy) or eval(S, ), if this substring overlaps the boundary between eval(Sy)
and eval(S,) in eval(S;). Hence, the rule S; — SyS, can contribute at most L new substrings of
length L, amounting to at most nL different substrings overall. Combining these two facts, with
L =1 = O(f), we see that W in general has no SLP of size o(2"/2 /7).

Hence, the standard approach to conditional lower bounds for sequence similarity measures fails
in the compressed setting, and it might seem like (SETH-based) conditional lower bounds are not
applicable here.

A compressible sequence T' On the contrary, we show that by simply inverting the ordering
we obtain a very well compressible string:

T = sat(ag,Cy) . ..sat(agm/2, Ch) .. .sat(ag, Cy) . . . sat(agn/2, C)
= 0O O sat(a;,Cp).

Le[m] je[27/2]

The difference between W and T might seem negligible, but it greatly changes the game of emulating
k-SAT by a sequence similarity measure: In W we are looking for a local structure (a small
substring) that “fits together” with a local structure in a different string W’. In T we have to
ensure the choice of a consistent offset A € [n] and “read” the symbols T[A], T[A+27/2],... , T[A+
(7h — 1)2/2], which seems much more complicated.

T is compressible to an SLP T of size O(72?), which is much smaller than the ©(2%/2/7) bound
for W. Indeed, consider a substring Oiepﬁ/z} sat(a;, Cp). We may assume that no variable appears
more than once in Cy. Consider the following SLP rules, for 1 <i < n/2,

AO — 1, Si—lAi—l if &; appears in Cg
A — A 1A, Si =< A;_1S;_1 if —x; appears in Cp
So — 0, S;—1S;—1 otherwise



We clearly have eval(A4;) = 12'. Moreover, if ~2; appears in Cy, then for 2; = 0, no matter what
we choose for x1,...,z;_1, we have sat(a;,C¢) = 1, and thus we may write A;_;. For z; = 1 we
note that the value sat(«;, Cy) only depends on the remaining variables z1,...,z;—1, and thus we
may write S; 1. Along these lines, one can check that eval(Sj /o) = Oie[ﬂ/?] sat(ay, Cp). Creating
such an SLP for each ¢ € [m] and constructing their concatenation, we obtain an SLP of size
O(mn) = O(R?) generating T.

Example Lower Bound: Pattern Matching with Wildcards In the remainder of this sec-
tion, we present an easy example for a conditional lower bound on compressed strings, namely for
the problem Pattern Matching with Wildcards. Here we consider an alphabet ¥ and we say that
symbols o,0’ € X U {*} match if 0 = % or ¢/ = * or ¢ = ¢/. We say that two equal-length strings
X, Y (over alphabet X U{*}) match if X[i] and Y'[i] match for all i. Given a text T of length N and
a pattern P of length M < N, the task is to decide whether P matches some length-M substring
of T.

Let ¢ be a k-SAT instance as above, but this time let aq, ..., asn be all the assignments of the
n variables in ¢. We define the text T" and pattern P by

T= 0O O sat(a;,Cy) P=1(*""11)m L,
Le[m] ie[27]

Note that P matches some substring of T if and only if there is an offset A € [27] such that
TIA] = T[A + 2% = ... = T[A + (o — 1)27%] = 1, which happens if and only if ax is a satisfying
assignment of ¢. Hence, we constructed an equivalent instance of Pattern Matching with Wildcards.

Analogously to above, one can show that T is generated by an SLP T of size n = O(7#?) that
can be computed in time O(72). Similarly, it is easy to see that P is generated by an SLP P of size
O(#1) that can be computed in time O(f). Hence, the reduction runs in time O(7?). We stress that
we define strings T', P of exponential length in 72, but in the reduction we never explicitly write down
any such string, but we simply construct compressed representations. Since the resulting strings
have length O(2"7), any O(N'~¢) time algorithm for Pattern Matching with Wildcards would
imply an algorithm for k-SAT in time O(2(!1=®)"poly(72)), contradicting the Strong Exponential
Time Hypothesis (SETH). Note that this conditional lower bound of N*~°() holds even for strings
compressible to size polylog(V).

In Section we analyze Pattern Matching with Wildcards in more detail and show that the
optimal running time, conditional on SETH, is min{N, nM }&0(1), and this holds for all settings of
the text length N, the compressed text size n, the pattern length M, and the compressed pattern
size m.

In Pattern Matching with Wildcards, we got a consistent choice of an offset A for free. It is
much more complicated to achieve this for other problems such as Longest Common Subsequence,
CFG Parsing, or RNA Folding. This overview summarized the main technical contributions of this
paper, but left out many problem-specific tricks that can be found in the subsequent proofs, and
that we think will find more applications for analyzing problems on compressed strings.

2 Preliminaries

Here we give general preliminaries on strings, straight-line programs, and hardness assumptions.
Problem definitions and additional problem specific preliminaries will be given in the corresponding
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Figure 1: (a) An SLP generating the sequence 010011. (b) The corresponding parse tree. (c) The
acyclic graph corresponding to the SLP.

sections. For a positive integer n we let [n] = {1,...,n}, while for a proposition A we let [A] be 1
if A is true and 0 otherwise.

Strings Let X be a finite alphabet. In most parts of this paper we assume that |X| = O(1), but
in exceptional cases we allow the alphabet to grow with the input size. For a string T" over alphabet
Y, we write |T'| for its length, T'[i] for its i-th symbol, and Ti..j] for the substring from position
i to position j. For two strings T,T" we write T oT”, or simply T T", for their concatenation. For
k>1welet TF:=QF | T.

Straight-Line Programs (SLPs) An SLP 7 is a set of non-terminals S, ..., .S,, each equipped
with a rule of the form (1) S; — o for some o € X or (2) S; — Sy, Spu) with £(i),r(i) < i.
The string T generated by SLP 7T is recursively defined as follows. For a rule S; — o we let
eval(S;) := o, and for a rule S; — Syp), Sy we let eval(S;) 1= eval(Syg;)) oeval(S,(;)). Then
T = eval(T) := eval(S,,) is the string generated by SLP 7. Note that an SLP is a context-free
grammar describing a unique string; so T is a grammar-compressed representation of T. We call
|T| = n the size of T. See Figure [1] for the depiction of an SLP; in particular note the difference
between the directed acyclic graph that is the compressed representation 7 and the parse tree that
we obtain by decompressing 7 to a tree whose leaves spell the decompressed text T

For an SLP 7 with non-terminals Si,...,S,, we recursively define the depth depth(S;) as
follows. For a rule S; — o we set depth(S;) := 0. For a rule S; — Sy, S,;) we set depth(S;) =
max{depth(Sy; ), depth(S,;)} + 1. The depth of T is defined as depth(S,). The SLP T is
called an AVL-grammar [64] if it is balanced: for any rule S; — Syg), Sp(;) in the SLP we have
|depth(Sp(;)) —depth(S, ;)| < 1. This implies that the depth of T is O(log N), where N = |eval(T)|.

Theorem 2.1 ([64]). Given a text T' of length N by an SLP T of size n, in O(nlog N) time we
can construct an AVL-grammar T' for T with size O(nlog N) and depth O(log N).

Observation 2.2. For any string T and k > 1, there is an SLP of size O(|T| 4 log k) generating
the string T*.



In all problems considered in this paper, the input contains a text 7T given by a grammar-
compressed representation 7, such that T' = eval(7). We always denote by N = |T'| the length
of the text and by n = |T| the size of its representation. Sometimes we are additionally given
a pattern P by a grammar-compressed representation P, and we denote the pattern length by
M = |P| and its representation size by m = |P|.

2.1 Hardness Assumptions

SETH and OV The Strong Exponential Time Hypothesis (SETH) was introduced by Impagli-
azzo, Paturi, and Zane [43] and asserts that the central NP-hard satisfiability problem has no
algorithms that are much faster than exhaustive search.

Conjecture 2.3 (SETH). There is no € > 0 such that for all k > 3, k-SAT on n variables can be
solved in time O(2(1=)").

Effectively all known SETH-based lower bounds for polynomial-time problems use reductions
via the Orthogonal Vectors problem (OV): Given sets A, B C {0,1}? of size |A| = A, |B| = B,
determine whether there exist vectors a € A, b € B with Z?:l ali] - b[i] = 0. Simple algorithms
solve OV in time O(2%(A + B)) and O(dAB). For A = B and d = ¢(A)log A the fastest known
algorithm runs in time A2~1/00og<(4) [5] which is only slightly subquadratic for d > log A. This
has led to the following conjecture, which follows from SETH [76].

Conjecture 2.4 (OV). For any € > 0 and 8 > 0, on instances with B = O(AP) OV has no
O(A™P=¢poly(d)) time algorithm.

It is known that if this conjecture holds for some § > 0 then it holds for all § > 0, see e.g. [17].

More generally, for k > 2 we say that a tuple (ay,...,a;) with a; € {0,1}¢ is orthogonal if for
all ¢ € [d] there exists an i € [k] such that a;[¢] = 0. In the k-OV problem we are given a set
A C {0,1}¢ of size A and want to determine whether there is an orthogonal tuple (ay,...,ay) with
a; € A. The fastest known algorithm for k-OV is to run an easy reduction to OV and then solve
OV. The following conjecture follows from SETH.

Conjecture 2.5 (k-OV). For any e > 0 and k > 2, k-OV is not in time O(A*~*poly(d)).

k-Clique The fundamental k-Clique problem asks whether a given (undirected, unweighted)
graph G = (V, E) contains k nodes that are pairwise adjacent. k-Clique is among the most well-
studied problems in theoretical computer science, and it is the canonical intractable (W[1]-complete)
problem in parameterized complexity. With slight abuse of notation, we will denote the number
of vertices and edges of G by V and E, respectively. The naive algorithm for k-Clique takes time
O(V*). If k is divisible by 3, the fastest known algorithm runs in time O(V«*/3), where w < 2.373
is the exponent of matrix multiplication [58]. See [31] for the case that k is not divisible by 3. To
improve this bound is a longstanding open problem [78, [56]. Since fast matrix multiplication is
considered impractical, researchers also studied combinatorial algorithms, that avoid fast matrix
multiplicatio The fastest combinatorial algorithm runs in time O(V*/1log" V) [73]. The following
conjectures assert that these bounds are close to optimal, and have been used e.g. in [T}, [16].

®Combinatorial algorithms are a notion without agreed upon definition; finding a formal definition is considered
an open problem.
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Conjecture 2.6 (k-Clique). For any e > 0 and k > 3, k-Clique has no O(V=9)k/3) glgorithm.

Conjecture 2.7 (Combinatorial k-Clique). For any e > 0 and k > 3, k-Clique has no combinato-
rial O(V1=2k) algorithm.

k-SUM In the k-SUM problem, we are given integers R,t > 0 and a set Z C {0,1,..., R} of
|Z| = r integers, and the task is to decide whether there are k (not necessarily distinct) integers
Z1,...,2k € Z that sum to ¢, i.e., 21 + ...+ 2z = t. This problem has well-known algorithms in
time O(r[*/21) and O(r + Rlog R), and it is conjectured that no much faster algorithms exist. The
following conjectures, which generalize the more popular 3-SUM conjecture [33 59] and Strong
3-SUM conjecture [6], remain believable despite recent algorithmic progress [9) 211 37, [74].

Conjecture 2.8 (k-SUM). For any k > 3 and R = r*, the k-SUM problem is not in time
O(r!*/21=2) for any e > 0.

Conjecture 2.9 (Strong k-SUM). For any k > 3 and R = rlk/21 the k-SUM problem is not in
time O(r[*¥/21=¢) for any € > 0.

3 Tight Bounds Assuming SETH

In this section we prove matching conditional lower bounds based on the Strong Exponential Time
Hypothesis (SETH, see Conjecture for the following problems:

e DFA Acceptance, i.e., deciding whether a given deterministic finite automaton accepts a given
string,

e Substring Hamming Distance, i.e., determining the minimum Hamming distance that can be
achieved by aligning a given pattern sequence with a substring of a given text sequence,

e Pattern Matching with Wildcards, i.e., deciding whether the given pattern sequence (contain-
ing wildcards that match any symbol) matches a substring of the given text,

e Longest Common Subsequence, i.e., computing the length of the longest common subsequence
of two given strings.

See the respective subsections for precise problem definitions. In all our proofs, instead of using
SETH directly, we use the more convenient OV conjecture (Conjecture or k-OV conjecture
(Conjecture [2.5]), which are implied by SETH.

For DFA Acceptance, the compression used in our reduction from the given OV instance is
extremely simple, in that we only rely on the fact that any repetition 7¢ can be generated by an
SLP of size O(|T| + log ¢) (Observation [2.2).

For Substring Hamming Distance, Pattern Matching with Wildcards and Longest Common
Subsequence, however, our construction are more subtle. We crucially use the following idea:
consider a k-OV instance A on A vectors in d dimensions. There is a length-O(dA*) text T
representing this instance so that (1) 7" is succinctly described by an SLP T of size O(dA) and
(2) testing whether the k-OV instance has a solution corresponds to determining whether there
is some i = 1,..., A¥ such that all bits T[i], T[i + A¥],...,T[i + (d — 1)A¥] are equal to zero.
Intuitively, i € {1,..., A*} denotes the i-th k-tuple of vectors in .A*, and T'[i] = 0 holds if and only
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if the k vectors in the i-th k-tuple are orthogonal in the 1st coordinate. In general, for 1 < ¢ < d,
T[i + (¢ — 1)A*] = 0 holds if and only if the k vectors are orthogonal in the f-th coordinate. More
formally, we set T to be

T:O O O [al[ﬁ]:...:ak[é]:l],
=1 al cAM) ag cAK)
where [.] is the Kronecker symbol, i.e., [true] = 1 and [false] = 0. For any ¢, the sequence
Oareat -+ Ogpeamlar[l] = ... = a[f] = 1] is generated by an SLP of size O(dA): if a;[{] = 0,
then for all as, ..., ar, the vectors will be orthogonal in this coordinate and we can write OAk_l,

which is well compressible by Observation Otherwise, if a1[¢] = 1, we recurse on ag, . . ., a, and
the following A*~! symbols do not depend on a;[¢] anymore.

A modification of the above construction of T' gives SETH hardness for Substring Hamming Dis-
tance and Pattern Matching with Wildcards. Showing hardness for Longest Common Subsequence
requires more ideas. In particular, to be able to show tight hardness we extend the framework
of [17].

We stress that if the sequence T" would enumerate all k-tuples one after another (instead of
iterating over the coordinates in the outer loop over ¢), then it would not be compressible using
SLPs, see Section[1.3] This makes our reductions quite different from all previously known hardness
results where the sequences are concatenations of vector gadgets one after another.

Known Lower Bounds from Classic Complexity Theory We observe that the Substring
Hamming Distance problem is a generalization of the Hamming Distance problem which asks
to output the Hamming distance between a compressed text and a compressed pattern of equal
length. The latter problem is known to be #P-complete and thus the Substring Hamming Distance
problem is #P-hard (see the discussion at the beginning of Section. Similarly, Longest Common
Subsequence is a generalization of the problem of deciding whether a given pattern is a subsequence
of a given text. The latter problem is known to be PP-hard (see the aforementioned discussion)
and this yields PP-hardness for Longest Common Subsequence.

The DFA Acceptance problem can be solved in polynomial time (see Section and no con-
ditional lower bounds were known for this problem. Finally, our reduction in Theorem below
shows that Pattern Matching with Wildcards is NP-hard.

3.1 DFA Acceptance

Recall that a finite-state automaton F' over an alphabet X consists of a set of states Z of size g,
a starting state zy € Z, a set of accepting states Z’ C Z, and a set of transitions z = 2’ with

z,72' € Z and o € 3. We lift this notation to strings 7' = T'[1..N] by writing z 1, o/ whenever there

- T(1] T2] TN]
are states zi,...,zp_1 and transitions z — z1,21 — 29,...,2p_1 — 2. Furthermore, for a set

S C ¥ we write z 5 2 whenever z % 2’ for all o € S. The automaton F is deterministic if for any
z € Z and 0 € ¥ there is at most one 2’ € Z with transition z % 2/, and F is non-determinisitic
otherwise. The automaton F' accepts a given string T if zg 25+ holds for some accepting state 2’.

Throughout this section, we assume the alphabet size to be constant. If F' is a deterministic
finite-state automaton (DFA), we may assume without loss of generality that for every state z and
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symbol o € %, there always exists a (uniquely defined) state 2z’ with z 2% 2/ ﬁ We fix the input
description of F' to a list of transitions of F' as well as a list of accepting states. Observe that any
DFA F on constant alphabet ¥ has an input size of O(q).

Consider the compressed variant of the acceptance problem of DFAs.

Problem 3.1 (DFA Acceptance). Given a text T' of length N by a grammar-compressed represen-
tation T of size n as well as a DFA F with q states, decide whether T is accepted by F'.

The naive solution decompresses 7 to obtain 7" and runs the obvious acceptance algorithm for
DFAs, which takes time O(|T'| +¢q) = O(N + ¢). Exploiting the compressed setting, one can obtain
an O(nq)-time algorithm [61]: Recall that 7 is a set of rules of the form S; — Sy(;y S, ;) or S; — o3,
with £(i),7(i) < ¢ and 0; € X, for 1 < i < n. We compute, for increasing i, the state transition

function f;: [q] — [¢] (we denote states using integers 1,...,q) that satisfies z eval(Si) fi(z). For
Si = Sp(i)Sr(s) we can compute f; as f,(;) © fyi), where o is function composition. For S; — o; we
simply have f;(z) = 2/ for the unique transition z % 2’. Hence, f; can be computed in time O(q)
for every i. The text T' is then accepted by F if and only if f,,(20) is an accepting state, where z
is the starting state of F. Hence, the best-known algorithm takes time O(min{ng, N + ¢}).

We prove that DFA Acceptance takes time min{ng, N +q}1_0(1) assuming SETH, thus providing
a conditional lower bound matching the known algorithmic results. It is straightforward to see that
any algorithm must read the complete input description of F' to always correctly decide the problem,

yielding a lower bound of ©2(g). In the remainder, we provide the remaining conditional lower bound
of min{ng, N}1=°),

Theorem 3.2. Assuming the OV conjecture, for no € > 0 there is an O(min{ng, N }1~¢)-time
algorithm for DFA Acceptance. This holds even restricted to instances with N = ©(n*N) and
q = 0O(n%) for any an > 1 and ag > 0.

Proof. Let A = {ai,...,a4},B = {b1,...,bp} be a given OV instance in d dimensions. We
construct a string 7" of length N = O(dAB) with a representation 7 of size n = O(dA) and a
DFA F with ¢ = O(dB). An O(min{ng, N}'~¢)-time algorithm for DFA Acceptance would then
imply an algorithm for OV in time O((d>AB)'~¢) = O((AB)'*poly(d)), contradicting the OV
conjecture. At the end of this proof we show that this also holds for all restrictions N = ©(n*V)
and ¢ = ©(n*) with ay > 1 and oy > 0.

Constructing the Text T We cast any vector a € {0,1}% to a string T'(a) := Of_, a[k] by
simply concatenating its coordinates. We define the text 7" over the alphabet ¥ = {0, 1, #,!} as

T .= (! oé #T(ai))B . 1)

Here, we think of ! and # as “new group” and “new vector within group” indicators, respectively.
Intuitively, the j-th repetition of T'(a;) is supposed to lead to an accepting state of F' if a; and b;
are an orthogonal pair.

5Note that we can always define an absorbing non-accepting state 2! with 2% = il and set, for any undefined

o . [og i . .
transition from z under o, z % 2™ which increases the number of states only by one.

fail
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{0,1,#,1}

o
1 0.1}
! )

DFA F; for vector by

DFA Fg for vector bp

Figure 2: Illustration of the DFA F'. Any transition not specified leads to a absorbing non-accepting
state zfil,

Constructing the DFA F  For an illustration of the DFA construction see Figure[2 We start by
defining “vector gadgets”: For any vector b; € B we construct a DFA Fj over alphabet {0,1} with
states z](o), zj(.l), .. ,z§d) and 2l

;. The initial state is zj(o). For any k € [d] we have the transitions
(k=1) O (k)
zj = z;

and

(k)
(k—1) 1 Z; if bj [k‘] = O,
J - { i

Zj Fail .
z jal otherwise.

0,1 2 {0,1 .
We let z](-d) be an accepting state with transition zj(»d) {—>} z](-d). Furthermore, we have zjf-aﬂ {—>} z]f-aﬂ.
(d)

It is easy to see that after reading a string a € {0,1}, Fj is in either z](-d) or z]f-aﬂ, and it is in z;
if and only if a and b; are orthogonal.

We combine these smaller DFAs to our final DFA F over the slightly larger alphabet ¥ =
{0,1,#,!} as follows. We define additional states go, g1, - .., gp and let gy be the initial state of F'.

We define the following additional transitions:

|
go — 0

g B 0 for 1 <j < B,
zjf‘iﬂl—!wj for 1 <j < B,
ijail # z](-o) for 1 <j < B,
213 for 1 <j<B.

(d)

In this way, each z; ' is an absorbing accepting state, and the symbols # and ! satisfy the
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semantics of jumping to the next vector in A and B, respectively. This finishes the definition of
the reduction.

Correctness We claim that the constructed DFA F' accepts T if and only if A, B contains an
orthogonal pair. By structure of F' and T, as well as the properties argued for Fj,j € [B], it is
straightforward to show that after reading any prefix 77 of T' ending on #, F is in the initial state
of F;, where j is the number of s in 7" — this holds until " has encountered an accepting state for
the first and final time. Thus, if T is accepted by F, then some prefix 7" of T' that ends on # a; for
some ¢ € [A] has led an accepting state of F'. This can only happen if a; is orthogonal to b;, where
j is the number of !I’s in 77, i.e., A, B contain an orthogonal pair. Conversely, if A, B contains an
orthogonal pair, let a;, b; the smallest such pair in terms of the lexicographic order on (j,7). Then

the prefix T” that ends on #a; and contains j !’s leads to the accepting state zj(.d

Size Bounds We count that |T'| = B((d+1)A+1) = O(dAB). Since T' consists of B repetitions
of a string of length (d+1)A+ 1, we can compute an SLP T of size |T| < O(log(B)+dA) = O(dA)
by Observation The number of states of F' is O(dB). This satisfies the claimed size bounds.
Note that the reduction can be implemented in linear time in the output size.

Strengthening the Statement In the remainder, we verify that our construction proves the
desired lower bound even restricted to instances with N = ©(n®V) and ¢ = ©(n%) for any ay > 1
and a4 > 0. Note that the number of states, the size of the SLP, and the text length can all three
be increased by easy padding. E.g., to increase the text length we introduce a garbage symbol “§”
that can be read at any state of the automaton, not changing the current state, and add a suitable
number of copies of “§” to the text.

We now set 3 := min{a,, ay — 1} and only consider OV instances with B = ©(A”). Note
that the OV conjecture asserts a lower bound of A*#=°() in this setting. Note that the above
construction yields n = O(dA) = O(d™*{11/8} A), and we can pad to equality. Moreover, we have
q¢ = O(dB) = O(@™>{%11B) = O(dam>{B1r A%) = O(nf) = O(n%), since B < a,, and we can
pad to equality to obtain ¢ = ©(n®). Similarly, we have N = O(dAB) = O(d'tmax{#1} A1+8) =
O(n't?) = O(n®V), since f < an — 1, and we can pad to equality to obtain N = ©(n®N).
Finally, an O(min{ng, N }'=¢)-time algorithm for DFA Acceptance restricted to N = O(n“) and
q = ©(n) would imply an algorithm for OV in time O(min{n!T®, nov}1=2) = O(n(1+A0-2)) =
O((amax{l1/8} o)1) (A=e)) — O(gmax{1+81+1/8} A(+8)(1=e)y — O(A™HF~2poly(d)), contradicting
the OV conjecture. This finishes the proof. O

3.2 Approximate Pattern Matching and Substring Hamming Distance

We study the following generalization of pattern matching.

Problem 3.3 (Generalized Pattern Matching). Given a text T' of length N by an SLP T of size n,
a pattern P of length M by an SLP P of size m, both over some alphabet 3, and given a cost
function cost: £ x ¥ — N, compute ming<;<n—_nr Z;‘il cost(P[j], T[i + j]), i.e., the minimum total
cost of any alignment.

In other words, we want to compute the length-M substring 7" of T' minimizing the total cost
of aligned symbols in P and 7’. This problem has two important special cases: (1) We obtain
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Substring Hamming Distance when cost(o,0’) = [0 # ¢'] for any 0,0’ € ¥. (2) We obtain Pattern
Matching with Wildcards when T is over alphabet ¥ and P is over alphabet ¥ U {x}, we have
cost(*,0) = 0 for any o € ¥ and cost(o,0’) = [0 # ¢'] for any 0,0’ € %, and the task is to decide
whether the minimum total cost of any alignment is 0.

Problem 3.4 (Substring Hamming Distance). Given a text T of length N by an SLP T of
size n and a pattern P of length M by an SLP P of size m, both over some alphabet 3, com-
pute ming<;<n—_nr Zj\il [P[j] # Tli+j]], i-e., the minimum Hamming distance of any alignment.

Problem 3.5 (Pattern Matching with Wildcards). For some alphabet ¥, we are given a text T' of
length N by an SLP T of size n over alphabet ¥ and a pattern P of length M by an SLP P of size
m over alphabet ¥ U {x}. We say that o' € X U {*} and o € ¥ match if ' = x or ¢/ = 0. Decide
whether for some offset 0 <i < N — M all pairs P[j],T[i + j|] match for 1 < j < M.

In this section, for all three problems we show an upper bound of O(min{|X|N log N,nM}) and
a SETH-based lower bound of min{N,nM}*=°()_ This yields a tight bound in case of constant
alphabet size, as the lower bound constructs constant-alphabet strings. We leave it as an open
problem to get tight bounds for larger alphabet size.

Note that it suffices to prove the upper bound for Generalized Pattern Matching and the lower
bound for the special cases Substring Hamming Distance and Pattern Matching with Wildcards.
We start with the following two upper bounds, which follow standard arguments.

Lemma 3.6. Generalized Pattern Matching can be solved in time O(|X|N log N).

Proof. Decompress both the text T and the pattern P. For each symbol o € ¥, build the vector
v? € RY with v7 := cost(c, T[i]) and the vector u? € {0,1} with uf = [P[j] = o]. Compute

M

their convolution w® € RN =M+ with wy = Z] pujvl ;. Using FFT, w” can be computed in time

O(Nlog N). Finally, compute the vector r € R¥N=M+1 with r; = " sex wf and return the minimal
entry of r. Note that

:Zw ZZ% v, = ZZ | - cost(o, T[i + j]) ZCOSt T[i + j),

o€eX ceX j=1 ceY j=1

which proves correctness. ]

Lemma 3.7. Generalized Pattern Matching can be solved in time O(nM).

Proof Sketch. Let Si,...,S, be the non-terminals of the SLP T that generates the text T'. In this
proof, for simplicity we write T; := eval(S;). We decompress the pattern P. For 1 < i < n we
define

Match(i) := ' t(P d

atch(i) ogdg\lql“ﬂfMZCOS Tilj +d)),

or oo, if |T;| < M. This solves the Generalized Pattern Matching problem restricted to the substring
T; of T. Clearly, we can solve the given Generalized Pattern Matching instance (7, P) by calling
Match(n). Moreover, for any offset d and any ¢ € [n] we define

FixMatch(i,d) := > cost(P[j], T.[j + dJ).

i<j<m
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In other words, FixMatch(i,d) is equal to the total cost between T; and a shifted pattern P (by d
symbols to the right, or —d symbols to the left), where we consider only the symbols that have an
aligned counterpart.

In the remainder we show how to compute these functions by simple recursive algorithms. We
precompute all lengths |T;| in time O(n). For FixMatch(.,.), observe that for a rule S; — 5,5, we
have

FixMatch(i, d) = FixMatch(¢, d) + FixMatch(r,d — |T}|),

since the offset with respect to the first symbol of T, differs to the offset with respect to the first
symbol of T; by |Ty|. Moreover, for a rule S; — 0 € ¥ we can compute FixMatch(7, d) in constant
time. Note that whenever the offset d is such that no symbols get aligned, we can immediately
return 0. This completes our algorithm for FixMatch(., .).

Now consider Match(i). For a rule S; — S¢S, the optimal alignment of the pattern in 7 is
either completely contained in 7T, or completely contained in 7. or it has a non-empty intersection
with both of them, in which case it has an offset —M < d < 0 with respect to the starting symbol
of T,, or equivalently an offset |Ty| + d with respect to the starting symbol of T;. Hence, we have

Match(i) = min {Match(é), Match(r), _Ar4n<i{il<0 FixMatch(r, d) + FixMatch(¢, |T;| + d)}
Again, for a rule S; — o € ¥ we can compute Match(i) in constant time. This completes the
algorithm for Match(.).

To obtain the claimed running time, we use memoization to ensure that each argument is called
at most once. Clearly, there are n possible arguments for Match(.), and each call takes time O(M),
resulting in time O(nM). Note that Match(.) only calls FixMatch(i, d) for offsets d such that the
pattern crosses the left or right boundary of T;. This property also holds as an invariant in the
recursive subproblems of FixMatch(i, d). Hence, there are less than 2M possible offsets d (i.e., less
than M offsets for the left and right boundary). As there are n possible values for i, and each call
to FixMatch(.,.) takes time O(1), we obtain the claimed total running time of O(nM). O

This completes the upper bound O(min{|X|N log N,nM}) for Generalized Pattern Matching.
It remains to prove the SETH-based lower bound of min{N,nM}'—°() for Substring Hamming
Distance and Pattern Matching with Wildcards.

We now make the intuition given at the beginning of Section [3| formal, by designing a text
T that enumerates all combinations of k£ vectors in a given k-OV instance, while still being well
compressible. We give a slightly more general construction that will also be useful later for our
SETH-based lower bounds for LCS, see Section As usual, we consider k as a constant.

Lemma 3.8. Consider a k-OV instance A = {a1,...,aa} C {0,1}%. Let b € {0,1}? be an
additional vector, and let S(0),S(1) be strings of length v (S(i) is a sequence that represents an
entry that is equal to i). We define the tuplified representation as follows:

V= tuplify(A, k,b, S(0), S(l))

=0 O S anl--a,l0).

l=114y,...,ix€[A]

where the second ) goes over all tuples (iy,. .., i) € [A]* in lezicographic order. This representa-
tion satisfies the following properties.
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1. We can compute, in linear time in the output size, an SLP 'V generating V' of size O(dA + )
or, when given SLPs §(0),S(1) generating S(0), S(1), of size O(dA + |S(0)| + |S(1)]).

2. Write V. = fff‘/; with V; € {S(0),S(1)}. Then there exist iy,...,ix € [A] such that
(b,aiy, - .- ,a;,) is orthogonal if and only if there is an offset 1 < A < A¥ such that

VA :VA+Ak _ ... = VA+(d71)Ak’ == S(O)

Proof. For the second property, note that by definition Va, Vay 4k, .-, Vay@a—1)4r are all equal to
S(0) for A € [A¥] if and only if the A-th tuple (iy,...,ix) € [A]* in the lexicographic ordering of
[A]¥ satisfies

ble] - ai, [0] -+ ai [(] =0 for all ¢ € [d].

This condition is equivalent to (b, a;,,...,a;, ) being an orthogonal pair, so the claim follows.

It remains to construct a short SLP V generating V. We construct non-terminals Pg(g), Ps(1)
with eval(Pg(;)) = S(i) by an SLP of size 75 = O(y) as in Observation or of size v =
O(|S(0)| + |S(1)]) by using given SLPs S(0),S(1). We can extend this, using Observation [2.2] to
a slightly larger SLP of size O(log A + ~g) that includes, for every 1 < j < k, a non-terminal Pé(o)
with eval(Pf ) = S(0)*.

The crucial observation is the following: for any tuple (iy,...,ix) € [A]*, let p(iq,..., i) =
ai, [0 -~ a;, [€]. Then for any ¢ € [d],j € [k] and (iy,...,i;) € [A}Y, we have that a;;[(] = 0 implies
pe(in, .o yigy 0,y dy) =0 for all (i, q,...,4) € [A]F=J. We now define the final SLP using the
starting non-terminal Sy and the following productions

So — Testq ... Testy

Pk if b[¢] = 0
Testy — 5(081) if bl ¢ e [d],
List, otherwise
: Pt if a;[¢] = 0
) S(0 i ) .
List;” — . e ld],je k],
¢ z-e([)A] {Listgj +1) otherwise ], € K

List!* ") — Py,
It is straight-forward to verify that eval(Sp) = V. Note that the size of this SLP, i.e., the total
number of non-terminals on the right hand side of the above rules, is bounded by O(ys + dA).
Moreover, the SLP can be constructed in linear time in its size. O

After this preparation, we can prove our conditional lower bounds.

Theorem 3.9. Assuming the k-OV conjecture, Pattern Matching with Wildcards over alphabet
{0,1} (plus wildcards ) takes time min{ N, nM}*=°() . This holds even restricted to instances with
n=0(N), M =0(N*) and m =O(N*") for any 0 < ap, <1 and 0 < apy, < apy < 1.

Before we prove Theorem let us sketch the main idea by providing a simple N1=°(1)_time
conditional lower bound in the setting n,m = O(N¢) and N = ©(M). Let A C {0,1}9 of size A be
an arbitrary k-OV instance with & > 1/¢, and assume for simplicity d < A°M) | Using Lemma
on A, k, S0)=0,S1)=1and b= (1,...,1) € {0,1}%, we compute an SLP T for

T = tuplify(A, k, b, 5(0), S(1)).
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We define the pattern P as
P = 0(*Ak710)d71.

Note that Pattern Matching with Wildcards on instance T, P checks whether for some offset A we

have T[A] = T[A +A*] = ... = T[A+(d — 1) A*] = 0. Hence, by Lemma pattern P matches T
if and only if there is an orthogonal tuple (a1,...,a;) € A¥, showing correctness of the reduction.

Note that we have N = (M) = O(dA*). By Lemma T has an SLP of size O(dA), and
by Observation P has an SLP of size O(dlog A). By d < A°") and k > 1/e, we are indeed
in the setting n,m = O(N¢) and N = ©(M). An O(N'7¢) algorithm for Pattern Matching with
Wildcards would now imply an O(A*=*)poly(d)) for k-OV, contradicting the k-OV conjecture.

We now give the slightly more involved general construction.

Proof of Theorem[3.9. For k > 2, let A = {a1,...,a4} be a k-OV instance in d dimensions, and
let ki,ko > 1 with k1 + ko = k. We will construct an equivalent instance of Pattern Matching
with Wildecards with N = O(dA¥), M = O(dA*), n = O(dA**1), and m = O(dlog A). Any
O(min{N,nM}'~¢) algorithm for Pattern Matching with Wildcards would then imply an algorithm
for k-OV in time O(A*+D0=)poly(d)) = O(A* /2 poly(d)) for k > 2/e, contradicting the k-OV
conjecture. Below we strengthen this statement to hold restricted to instances with n = @(N%"),
M =0O(N*) and m = ©O(N*) for any 0 < o, < 1 and 0 < o, < apr < 1.
To give such a reduction, we define the text as

T= O 145 o tuplify (A, k1, min(a;,, . . . ,ajk2), 0,1),
(J150sdkg ) E[A]R2

where min(by, ..., by) denotes the component-wise minimum of by, ..., by.
We define the pattern P as
P = 0(x*"10)dL,

Correctness Observe that P cannot overlap any 1Ak1—block, since never more than A% —1 wild-
cards are followed by a 0 in P. Thus, P matches T if and only if there is a tuple (j1, ..., ji,) € [A]*2
such that P matches T'((j1,. .., Jjk,)) := tuplify(A, k1, min(ayy, ..., a;,,),0,1). By the structure of
the pattern, P matches any string S if and only if there is an offset A such that S[A] = S[A+ AF1] =
oo = S[A+(d—1)A*] = 0. Thus, by Lemma P matches T'((j1,. - ., Jk,)) if and only if there are
vectors ay, ..., ax, € A for which (aq,...,ax,, min(a;,,... 7‘%2)) is an orthogonal tuple. The latter
condition is equivalent to (ai,...,ax,,a;,- .., aij) being an orthogonal tuple. Since ki + ko = k
and T contains T((j1,. .., jr,)) for all (ji,...,jr,) € [A]*?, this proves that P matches T if and
only if there is an orthogonal k-tuple in the instance A.

Size Bounds Note that N = |T| = O(dA*). By Lemma and Observation we can
compute an SLP 7T of size n = O(dA*2*!) generating T, in linear time. Similarly, note that
M = |P| = O(dA*). By Observation we can compute an SLP P of length m = O(dlog A)
generating P, in linear time. This proves the claimed bounds.

Strengthening the Statement We now prove the lower bound restricted to instances with

n=0ON), M = O(N*™) and m = O(N*) for any 0 < o, < 1 and 0 < «p, < apy < 1.
Let ¢ > 0 and set § := min{l,ap; + a,}. We choose ki,ka > 1 such that k1 + ka = k and
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k1 ~ min{ap, 1 — a, }k/B and ks =~ ank/B. Note that k1, ko are restricted to be integers, however,
for sufficiently large k depending only on €, aips, o, we can ensure k; < (14¢/4) min{aps, 1—an } /8
and ko + 1 < (1 + ¢/4)ayk/B. Note that for the dimension d we can assume d < A, since

otherwise an O(A*~*poly(d)) algorithm clearly exists. In particular, for sufficiently large k we have
d < Ale/Y)minfenr,am.om.1-antk/B Thig yields

O(dA*) = O(AU+e/2k/BY

(dAkzl) _ (A(1+a/2) min{aM,l—an}k/ﬁ) _ O(A(1+5/2)aMk/B>’

O(d Ak2+1) O(A(1+5/2)Oénk/6)’

m = O(dlog A) = O(A+e/Damk/8),

Standard paddin@ of these four parameters allows us to achieve equality, up to constant fac-
tors, in the above inequalities, which yields the desired n = ©O(N**), M = O(N*M) and m =
O(N®m). Any O(min{N,nM}'~¢) algorithm for Pattern Matching with Wildcards in this setting
would now imply an algorithm for k-OV in time O(min{AU+e/2k/8 A(+e/2)(enrtan)k/fr1-e) —
O(A(+e/2)(I—e)min{lan+an}tk/B) — O(A(1=¢/2)k) where we used the definition of £ and (14¢/2)(1—
e) < 1—¢/2. This contradicts the k-OV conjecture, finishing the proof. O]

We next prove a lower bound similar to Theorem for another special case of generalized
pattern matching, namely Substring Hamming Distance. Instead of a direct reduction from k-OV,
we present a linear-time reduction from Pattern Matching with Wildcards over alphabet {0, 1} to
Substring Hamming Distance.

Theorem 3.10. Assuming the k-OV conjecture, Substring Hamming Distance on constant-size
alphabet takes time min{N,nM}'=°() This holds even restricted to instances with n = O(N),
M =O(N*M) and m = O(N*") for any 0 < oy, <1 and 0 < vy, < apy < 1.

Proof. For short, we write dg(X,Y") for the Hamming distance of strings X, Y. We prove the result
by reducing any Pattern Matching with Wildcards instance Tpyp, Ppy over alphabet ¥ = {0,1} to
an instance Tygp, Pap of Substring Hamming Distance. We first define coordinate strings

ST(O) = 100, ST(I) = 010,

sp(0) := 101, sp(1) := 011, sp(*) := 000.
Observe that these strings are defined in such a way that dg(sp(x),sr(y)) = 1 for y € {0,1},

dH(SP(l'),ST(y)) =1forz = Yy e {07 1}7 and dH(SP(x)a ST(y)) =3ifx 7£ Y, T,y € {07 1}
We introduce the guarding G(s) := s0234 for length-3 strings s € {0,1}3. This allows us to
reduce Tpyni, Ppy to the following instance, using alphabet ¥ = {0, 1,2, 3,4},

Tup := G(s7(Tpml[l])) ... G(sr(Tpm[N])),
PHD = G(SP(PPM[l])) NN G(SP(PPM[M]))
Note that for any 0 <i< N — M,

M
dp(Tup[6i + 1..6i + 6M], Pan) = Y _ du(sp(Pem[f]), st(Temli + 1))
j=1
= M + 2 - mismatch(Tpm[i + 1..i + M|, Ppn),

"Add a prefix of wildcards to the pattern and a prefix of 1’s to the text, and partially decompress the SLPs.
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where mismatch(z, 2’) = #{i | 2'[i] # *, z[i] # Z[i]} is the number of mismatches of z and 2’.

We now observe that for all ¢ with ¢ mod 6 # 0, we have dg(Tup[i + 1..i + 6M], Pup) > 3M, as
no two symbols 2,3, 4 in Pyp are aligned, so that each G(sp(Pp[j])) contributes at least 3 to the
Hamming distance. Since dg (Typ[6i+1..6i+6M], Pup) < 3M for all i, the substring with smallest
Hamming distance has thus a Hamming distance of M + 2 - ming<;<y— s mismatch(Tpn[i + 1.0 +
M], Ppyp). This value is equal to M if and only if Ppyy matches Tpyg, proving correctness.

The corresponding reduction of the compressed problems is straightforward: We can aug-
ment the SLP 7py for Tpy by O(1)-sized productions to obtain an SLP Typ for Typ, by re-
placing each terminal o € {0,1,*} by a non-terminal evaluating to G(sr(0)). Analogously, we
can compute an SLP for Pyp of size |Pup| = |Ppm| + O(1) in linear time. Overall, since also
|Tup| = O(|TpMm|), |Pap| = O(|Ppum|), all parameters are preserved up to constant factors. By this
linear-time parameter-preserving reduction, the lower bound of Theorem [3.9] translates to Substring
Hamming Distance, yielding the claim. O

3.3 Longest Common Subsequence

In this section, we study the Longest Common Subsequence (LCS) problem. Recall that a string
S of length £ is a substring of a string X if there are 1 < iy < --- < iy < |X| with S[j] = X[i;] for
any j € [¢]. In the LCS problem, given two strings X, Y, the task is to determine the longest string
S that is a subsequence of both X and Y. We denote the length of the LCS by L(X,Y) = |S|, and
more precisely consider the problem of computing L(X,Y"). In the whole section, the alphabet 3
has constant size.

Problem 3.11 (LCS). Given strings X,Y of length at most N by grammar-compressed represen-
tations X,Y of size at most n, compute the length of the LCS of X and Y .

As discussed in the introduction, the O(nN/log N/n) time algorithm by Gawrychowski [35]
is the fastest known. Here we prove a matching lower bound of (Nn)'~°(1) assuming the k-OV
conjecture.

Theorem 3.12. Assuming the k-OV conjecture, there is no (nN)'=¢-time algorithm for LCS for
any € > 0. This even holds restricted to instances with n = ©(N®) for any 0 < o, < 1, and an
alphabet of constant size.

given in Section In particular, we again use the tuplified representation 7' = fff Ti] of

Lemma[3.8|for a k-OV instance A. Recall that this allows us to decide the k-OV instance by testing
whether there is a subsequence of d substrings T[A], T[A + AF],..., T[A 4 (d — 1)A*] all equal to
a certain 0-coordinate string. Finding a pattern to test this was quite simple for Pattern Matching
with Wildcards, yielding an N'=°() lower bound. For LCS, enforcing a coherent offset is much more
complicated, since the “pattern” is matched as a subsequence not as a substring. Furthermore, the
extension to a (nN)'=°() lower bound is more involved and relies on the quadratic-time nature
of LCS. Fortunately, we can overcome the technical obstacles for LCS using (an extension of)
alignment gadgets developed in [I7]. We first redevelop and extend the corresponding alignment
gadget tools in Section[3.3.1] then give the lower bound for compressed instances for general distance
measures in Section and then finish our LCS lower bound by designing an alignment gadget
for LCS in Section [3.3.3

The general aoach is very similar to the lower bound for Pattern Matching with Wildcards
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3.3.1 Alignment Gadget Framework

We start by reviewing and adapting the definitions of [I7]. In particular, we extend the alignment
gadget definition for our purposes.

More generally than LCS, we consider an arbitrary similarity measure § : Z x Z — N. For LCS,
the set of inputs Z is the set of all strings over some sufficiently large constant-sized alphabet X,
and §(X,Y) :=|X|+|Y| —2L(X,Y), where L(X,Y) is the length of the LCS of X and Y.

Any sequence X € 7 is assigned an (abstract) type type(X). For LCS, we use type(X) :=
(IX],%), where | X]| is the length of X and ¥ the alphabet over which X is defined. We define
Iy :=={X € T | type(X) =t} as the set of all inputs of type t.

Alignments Let n > m. An alignment is a set A = {(i1, 1), ..., (i, jx)} with 0 < k < m such
that 1 < i3 <...<ig <mand 1<j <...<jr <m. Wesay that (i,7) € A are aligned. Any
i € [n] or j € [m] that is not contained in any pair in A is called unaligned. We denote the set of
all alignments (with respect to n,m) by Ay, .

We call the alignment {(A+1,1),...,(A+m,m)}, with 0 < A < n—m, a structured alignment.
We denote the set of all structured alignments by S, 1,

Defining the cost of an alignment A € A, ,,,, we deviate from [I7]: for any X;,...,X,, € Z and
Yi,..., Yy € Z, we define the cost of A = {(i1,]1),---, (4ja), Jja)} as

cost(A) = costil i (A) = (X, ,Y: )+
(A) Vi ¥m (4) Z SRERY (lgp — i1 —m+ 1)y if |A| =m,

2 {(m ~ A, if [A] < m
k=1

where we set v := max; j 6(X;,Y;). In other words, (1) for any j € [m] which is aligned to some
i, we “pay” the distance 6(X;,Y;), (2) if A is unstructured because it contains an unaligned j, we
“pay” a penalty of v for each such unaligned j (note that there are m — |A| unaligned j € [m])
and (3) if A is unstructured because it aligns all j but leaves out some i between the first and last
aligned 4, then for any unaligned 7 that is between the first aligned ; and last aligned i), we also
“pay” a penalty of v (note that ZLﬂIl(ikH — i — 1) = d|p| — 41 — |A| + 1). This means that we
incur punishment for any deviation from a structured alignment.

In [I7], the cost of an alignment was defined to be the smaller quantity ZLA:‘l (X, Y;,) +
(m — |Al])y, i.e., unstructured alignments (that still align all j € [m]) were punished less. For
structured alignments both definitions coincide. Hence, the following extended alignment gadget
is more powerful than the alignment gadget defined in [17].

Definition 3.13 (Extended alignment gadget). The similarity measure 6 admits an extended
alignment gadget, if the following conditions hold: given instances Xi,..., X, € Iy, Y1,..., Yy €
Ty, with m < n and types tx = (Ix,2),ty = (ly,X), we can construct new instances X =

GA?’t"(Xh L Xn) and Y = GAQL’tX(YI, .., Yn) and C € Z such that

min cost(A) <§(X,Y)—C < min cost(A). (2)

ENn,m €On,m

Moreover, type(X), type(Y') and C only depend on n,m, tx,ty. Finally, | X|,|Y|=0((n+m)(lx+
4y)).
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Definition 3.14 (Compressible alignment gadget). We call an extended alignment gadget com-
pressible, if X andY are of the form X = X, (Of, pady(X;)) Xg andY =Yg, (O, pady(Y;)) Yz
for some strings Xr, Xr,Yr,Yr and functions pady : Zy, — Z and pad, : Z;, — T that satisfy the
following properties:

1. X1, XR,Yr, YR have SLPs of size O(logn + log(¢x + £y)), computable in linear time in the
output.

2. Given SLPs X;,Y; for X;,Y;, we can compute SLPs for pady(X;), pady(Y;) of size O(|X;| +
log(lx + £v)), O(|Y;| +log(lx + £y)) in linear time in the output.

In Section |3.3.3] we provide a compressible extended alignment gadget for LCS.
At the lowest level of our construction, we need the following notion.

Definition 3.15. The similarity measure 0 admits coordinate values, if there exist O, 0y, 1x, 1y €
T satisfying
5(1)(7 1Y) > 5(0)(7 1Y) - 5(0)(7 OY) = 5(1)(7 0Y)7

and, moreover, type(Ox) = type(1x) and type(0y) = type(1y).

3.3.2 General Lower Bound

The following theorem proves a conditional lower bound of (N n)l_o(l) for any similarity measure
admitting a compressible extended alignment gadget and coordinate values.

Theorem 3.16. Let § be a similarity measure admitting a compressible extended alignment gadget
and coordinate values. Then unless the k-OV conjecture fails, there is no (nN)l_O(l)—time algorithm
for computing the value §(X,Y"), given SLPs X, of size at most n generating strings X,Y of length
at most N. This even holds restricted to instances with n = O(N**) for any 0 < oy, < 1, and
constant alphabet size.

We prove this theorem in the remainder of this section.

Let A = {ai,...,a4} be a k-OV instance in d — 1 dimensions. We augment all vectors in .4
by another dimension where all vectors are 0 to obtain 4y, or where all vectors are 1 to obtain
A;. For any k' > 1 we let A®) := {min(ay,,... ,@i,,) | i1, ..y dp € [A]}, de., for each K'-tuple of
vectors in A the set A*) contains the pointwise minimum of this &’-tuple. Note that A*) is in
general a multiset, it has size |A(kl)| = A¥ and is naturally ordered by the lexicographic ordering
on k'-tuples (i1,...,ip) € [A]k'. Similarly, we define A(()k/) and Agk,) for the augmented vectors. We
split k = ky + 2ko for some ki, ks > 1 and set

A=A, B=A =A%

Observe that deciding the given k-OV instance is equivalent to testing whether there are orthogonal
vectors (a,b,c) witha € A, b € B and ¢ € C. In particular, the additional dimension is irrelevant
for orthogonality, since we choose at least one vector in A and any such vector has the last coordinate
equal to 0. For any £ € [A*1], we denote by a(f) the /-th vector in A.
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Tuple gadgets. Forany b € B, ¢ € C, we define vectors up € {0, 1144 and v, € {0, 1}(d-DA"+1,

up := (a(1)[1] - b[1],...,a(A*)[1] - b[1],...,a(1)[d] - bld],...,a(A*)[d] - bd])

ve = (€[], 0,...,0 ,¢[2], ..., 0,...,0 ,cld]).
— ~—
A*1—1 times A*1—1 times

In other words, for j € [d] and ¢ € [AF] we have (up)jare = a(0)[j + 1] - b[j + 1] as well as
(Ve)judre =c[j + 1] if £ =1 and (ve)j.q+¢ = 0 otherwise.

The key idea is as follows. Consider a structured alignment A = {(A+1,1),...,(A+m,m)} €
Sn,m for the above vectors, where n = dA* and m = (d — 1)A¥* + 1. This chooses some tuple
a(A +1) € A and aligns the pairs (a(A + 1)[¢] - b[/], c[¢]) for all ¢ € [d], additional to some trivial
pairs where the coordinate of v is 0. This allows us to determine whether (a(A + 1),b,¢) is
orthogonal.

To formalize this, create up by replacing each 0- and 1-entry in up by Ox and 1x (from Defini-
tion , and create ¥, by replacing each 0- and 1-entry in ve by Oy and 1y, respectively. Let ¢x
and ty be the types of Oy, 1x and 0y, 1y, respectively. Set dp := §(0x,0y) = §(0x,1y) = J(1x,0y)
and 01 := §(1x, 1y). We define the tuple gadgets

TGy (b) := GAU=DA+Lb ()
TGy(c) := GAM ™t (5,).

Let ti,t!, denote the types of TGx(b), TGy(e), and let C' be the number obtained from Defini-
tion when creating TGy (b), TGy(c). Note that ., ., and C do not depend on the choice of
beB.ceC.

Claim 3.17. Letb € B,c € C and setn := dA* andm := (d—1)AM 4-1. If there exists a € A such
that (a, b, ¢) are orthogonal, then §(TGx(b), TGy(c)) = C+m-dg. Otherwise 6(TGx(b), TGy(c)) >
C+ (m - 1)50 + d1.

Proof. If there is an a € A for which (a,b, ¢) are orthogonal, let A be such that a = a(A + 1),
where a({) is the ¢-th tuple in the lexicographic ordering of A. The structured alignment A =
{(A+1,1),...,(A+m,m)} satisfies

d
cost(A) = (Z 6a(A+1)[£]-b[€]-c[é]> + (AM = 1)(d = 1)dg = m - &.
=1

Furthermore, for any A € A, ;,,, we have cost(A) > m - dy, since cost(A) contains at least m sum-
mands of value at least min{~y, min; ; §(X;, Y;)} = min; ; 6(X;,Y;) > dp. Thus §(TGx(b), TGy(c)) =
C 4+ m - 69 by Definition [3.13]

Otherwise, if no such a exists, let A € Ay, ;,, be arbitrary. If A = {(A+1,1),...,(A+m,m)}
is a structured alignment, then

d
cost(A) = <Z 5a(A+1)[Z}-b[€}-c[£}) + (AM = 1)(d — 1)dg > (m — 1) - 6o + 61,
=

since there exists some ¢ € [d] with a(A + 1)[¢] = b[¢] = ¢[¢] = 1 which contributes a value of d;.
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If A={(i1,1),---,(4a},Jja)} is unstructured, then either |A| < m, in which case we have
cost(A) > [A[ - do + (m — [Af)y = (m —1)do + b1,
or |A| =m and iy, — 43 > m — 1, and thus
cost(A) > mdo + (i, — i1 — (m — 1))y > (m — 1)dp + 0.
Thus by Definition [3.13] 6(TGx(b), TGy(c)) > C + (m — 1)dg + 1. O
Normalization. As usual in these kinds of reductions, we need a normalization step. We define
a normalization sequence as

TGrom = GAUDA Ly L0, 1y, ..., 1y).

/)

(d—1)A*1 times  AF1 times
Claim 3.18. For any c € C, we have 6(TGporm, TGy(c)) = C + (m — 1)dp + 1.

Proof. Let n = dA¥ and m = (d — 1)A" + 1. Let A = {(A+1,1),..., (A +m,m)} € Sp.m be a
structured alignment. Then by construction of TGyerm and TGy (c), the only pair corresponding to
1y and possibly 1y entries is the pair (A +m,m), since only the last A* entries of TGporm are 1y,
and the only possible 1y-entry of TGy(c) that could be aligned with one of them is its final entry.
Now we use that we constructed the vectors C' as Ang), i.e., we augmented all vectors by a d-th
coordinate 1, which implies that the m-th entry of TGy (c) is indeed 1,. Hence, the pair (A+m,m)
contributes a distance of §; while all others contribute dy. This yields cost(A) = (m — 1)dg + d1.
Let A € Ay, 1, \Spm be an unstructured alignment. Then its cost is at least cost(A) > (m—1)do+
v > (m—1)dp+ 61, since it contains at least m — 1 summands of value min{~, min; ; 6(X;,Y;)} > do
and at least one punishment term ~ > 91 for a deviation from a structured assignment. Thus by

Definition we have §(TGporm, TGy(c)) = C + (m — 1)dy + 41. O
We now define for any b € B, ¢ € C the normalized tuple gadgets
NTGy(b) := GAM (TGx(b), TGpomm),
NTGy(c) := GA>(TGy(c)).

We let 7, ¢! denote the resulting types of NTGx(b), NTGy(c), and C" be the number obtained
from Definition when creating NT Gy (b), NTGy(c). Note that t7,¢!, and C’ do not depend on
the choice of b € B, c € C. This definitions satisfies the following properties.

Claim 3.19. Let b € B,c € C. If there exists a € A such that (a,b,c) are orthogonal, then
I(NTGx(b),NTGy(€)) = dortn, otherwise we have 6(NTGx(b), NTGy(¢)) = non, where

Sorth == C' + C + ((d — 1) A*F +1) - &,

Onon = C" + C + (d—1)A* - 55 + 6,
Proof. We check all possible alignments A € A 1: If A = {(1,1)}, then cost(A) = 6(TGx(b), TGy(c)).
If A = {(2,1)}, we have cost(A) = §(TGnorm, TGv(c)). For the only unstructured alignment A = {),
we have cost(A) = v > max{d(TGx(b), TGy(c)), (T Gnorm, TGy(c))}. Thus by Definition we

have 6(NTGx(b),NTGy(c)) = C" + min{§(TGx(b), TGy(¢)), d(TGx(b), TGporm)}. The claim now
follows from Claims B.17 and [3.18 O
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Final construction. To obtain our final instance, we enumerate all b(1),...,b(A*?) € B and
c(1),...,c(A*?) € C in an arbitrary fashion. We finally combine their corresponding normalized
tuple gadgets by defining

X = GAYH (NTGy(b(1)), ... NTGy (b(A*)), NTGy(b(1)), ... NTGy(b(A"))),
Y 1= GA"H (NTGy(e(1)), . .. NTGy(c(A™))).

Let C” be the number obtained from Definition when creating X, Y.

Claim 3.20. We have §(X,Y) < C" 4 (A*2 — 1)6pon + Sortn if and only if there are a € A,b €
B, c € C such that (a,b, c) is orthogonal.

Proof. Assume that there exists an orthogonal set of vectors and let @ € A, b(i) € B, ¢(j) €
C be the vectors representing them. Let n = 24 and m = A*2. If i > j, we consider the
structured alignment A = {(i—j+1,1),...,(i—j+m,m)}. Then A aligns NTG(b(7)), NTGy(c(5)),
yielding cost dopen by Claim Since §(NTGx(b),NTGy(¢)) < dpon for any b, c, we conclude
that cost(A) < (m — 1)dnon + dortn- Similarly, if ¢ < j, we define the structured alignment A =
{n+i—-—7+11),....,(n+i—75+m,m)}. Then, again, A aligns NTGx(b(i)), NTGy(c(5))).
As before, we obtain cost(A) < (m — 1)dnon + dorth- Thus, in both cases Definition yields
5(X7 Y) < C" + (m - 1)(Snon + Oorth-

To prove the claim, it remains to prove that 6(X,Y) > C” 4+ mdyen if all choices of vectors are
non-orthogonal. Note that for any A € A, ,,, cost(A) consists of m summands with a value of at
least min; j 6(NTGx(b(7)), NTGy(c(j))) > dnon. This concludes the claim by Definition O

It remains to prove bounds on the lengths and compressed sizes of the constructed strings.

Claim 3.21. The strings X,Y have length O(dAF*2). We can, in linear time in the output size,
compute SLPs X,Y for X,Y of size O(dA*F2*1).

Proof. We will frequently make use of the compressibility of the alignment gagdet (Definition |3.14]).
We start by constructing an SLP 7Gx (b) for TGy (b) for any b € [A]*2. Note that we can split
TGx(b) into TGx(b)r, of fffl pady (%;)) o TGx(b)r. We can apply Lemma by observing that

dAk1
) pady (@;) = tuplify (Ao, k1, b, pady (0x), pady (1x)), (3)

2

where S*(0) := pady(0x) and S*(1) := pad,(1x). Since Oy, 1x are of constant size, we can compute

SLPs §(0),S8(1) for S*(0),S*(1) of size O(1) by the compressibility assumption. Thus we can

compute an SLP for (3] of size O(dA). Since the left and right bounding string of TGx(b) have SLPs

of size O(log A), we obtain an SLP TGy (b) for TGx(b) of size O(dA), while |TGx(b)| = ©(dA*).
To compute an SLP TGy(c) for TGy(c) for any ¢ € C, we note that

(d—1)AF14+1
TGy(c) = TGy(e)r 0 ( O pady(f)i)> o TGy(c)r,
i=1
where
(d—1)AF141 - ky
O pad) = (08" (cl) o 5% (01" ) 05¥(cla),
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where S¥(0) := pad,(0y) and S¥(1) := pad,(1y). This immediately admits an SLP of size O(d +
log A) by Observation Again, using SLPs of size O(log A) for TGy (c)r, TGy(c)r, we obtain
an SLP TGy(c) for TGy(e) of size O(d + log A), while |TGy(c)| = O(dA*).

In the construction of NTG(b), NTGy(c) we use constant n, m. Together with the compress-
ibility of the alignment gadget, we obtain SLPs N'TGx(b), N'TGy(c) for NTGx(b), NTGy(c) of size
O(ITGx(b)]), O(ITGx(c)). Furthermore, [NTGx(b)| = ©(|TCy (b)), [NTCy (c)] = O TGy (c)).

Finally, to obtain SLPs X,) for X,Y, we use a final application of the compressibility of
the alignment gadget. This yields |X| = O(log A + Y pcg INTGx(b)|) = O(dA*2+1) and (Y| =
O(og A+ Y .cc NTGy(c)|) = O(A*(d + log A)). Note that [X|, |Y| = ©O(dAMTF2). Tt is easy to
verify that constructing X', ) takes time O(dA*1+52). O

We are now ready to prove the theorem.

Proof of Theorem[3.16f Let 0 < a, < 1 and set 3 := {f2-. Let & > 2 and let A be a k-OV
instance with A vectors in dimension d. We split &k = ki + 2k with k1,ks > 1 and ky = Bk and
k1 =~ (1—20)k. Note that ki, ks are restricted to be integers, however, for any £ > 0 and sufficiently
large k depending only on € and «,, we can ensure ka+1 < (1—¢/8)8k and k1 < (1+¢/4)(1—2p)k.
Since k = ky + 2ko, it follows that ki + ko > (1 — 3)k. Note that for the dimension d we can assume
d < A, since otherwise an O(A**poly(d)) algorithm clearly exists. In particular, for sufficiently
large k we have d < A(/8)min{B1-6}k By (Claim the constructed strings X,Y have length
N bounded from above by ©(dA¥1tk2) = O(dAI+e/DA=Ak) — O(A+e/2(1=Hk) and bounded
from below by ©(dAF+k2) = Q(AM=Ak) The constructed SLPs have size n = O(dAF2*1) =
O(dA=2/8)Bk) = O(APF). Since B/(1 — B) = an, it follows that n = O(N®"), and by partially
decompressing the SLPs we can ensure the desired n = ©(N®"), while keeping n = O(AU+e/2)8k),
By Claim computing 0(X,Y") allows us to decide feasibility of the given k-OV instance. Hence,
any O((nN)'~¢) time algorithm for 6(.,.) in the setting n = O(N*) would yield an algorithm for
E-OV in time O((A(0+e/2k)1=) — O(A(0~2/2)k)  contradicting the k-OV conjecture. O

3.3.3 Extended Alignment Gadget for LCS

In this section, we fix the distance measure to be the LCS distance 6(X,Y) = | X|+|Y|—-2-L(X,Y),
where L(X,Y) denotes the length of an LCS S of X and Y. Note that 6(X,Y’) counts the number of
symbols to be deleted in X to obtain S plus the number of symbols to be deleted in Y to obtain S.
We show that § admits coordinate values and a compressible extended alignment gadget. Together
with Theorem this will yields our conditional lower bound for LCS.

We make use of the same coordinate values as in [17].

Lemma 3.22 ([I7, Lemma V.2]). LCS admits coordinate values by setting
14 := 11100, O := 10011, 1y := 00111, Oy := 11001.
These strings have type (5,{0,1}).

It remains to implement a compressible extended alignment gadget. Let us first disregard
compressibility.
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Lemma 3.23. The following construction implements an extended alignment gadget: Let X4, ..., X,
of length lx and Y1,...,Y,, of length £y be strings over ¥. We introduce new symbols o, p,u & 3,
define k1 := 4(lx + ly) and Ky := 2K1 + lx, and set

G(S) == o™ Sp™,
The alignment gadget is now defined as

X = G(X1)ZG(Xy)...Z5 | G(X,),

cedin

Y =LYGW) 2 G(Ya) ...ZY,  G(Ym)RY,

where Z} = Z} = p™ fori € [n—1],j € [m — 1] and LY = RY = p"*2. This satisfies property
of Definition|5.15 with C := 2nks.

Proof. To analyze our alignment gadget construction (adapting the proof of the LCS gadget of the
full version of [I7]), we prepare some useful facts.

Claim 3.24 ([I7, Fact V.7]). Let X and Z1,...,Zy be strings. Set Z := Zyo0...0Zy. We have

k
5XJZ: min 5XZ’Z7
( ) X(Z1),...,X(Zk); ( ( ]) ])
where X(Z1),...,X(Zx) range over all ordered partitions of X into k substrings, i.e., X (Z1) =
xlig + 1.1, X (Z2) = @iy + 1.da), ..., X (Z) = 2lig—1 + 1..ix] for any 0 =i < iy < ... < = | X].

Claim 3.25. Let U,V be strings over ¥, a € ¥ and k € Ng. Then we have

(1) 5(U, V) = ([U] = V1],

(ii) 6(a*U, a*V) = (U, V),
(i4i) Let W be a string not containing . Then §(WaU, o*V) > min{k, d(aU, o*V)}.
We obtain symmetric statements by reversing all involved strings.

Proof. Suppose |U| > |V|, then at least |U| — |V| many symbols must be deleted in U. The
claim follows by symmetry.

It suffices to show the claim for & = 1, then the general statement follows by induction.
Consider a LCS S of (aU,aV). At least one « is matched in S, as otherwise we can extend S
by matching both a’s. If exactly one « is matched in S, then the other « is free, so we may
instead match the two a’s. Thus, without loss of generality a LCS of (aU,aV) matches the two
a’s. This yields L(aU,aW) = 1+ L(U,V). Hence, §(aU,aV) = |aU| + |aV| — 2L(aU,aV) =
U+ |V|—2L(U,V)=0(U,V).

Fix an LCS S of WaU and ofV. If S starts with a symbol other than «, then S cannot use
any symbol from the of-prefix of o*V, i.e., the a-prefix has to be deleted and thus §(WaU, afV) >
k. Otherwise, if S starts with an «, then S cannot us any symbol from W (which is a string over
Y\ {a}),ie., Sis an LCS of ol and o*W. Thus §(Wal,a*V) = [WaU| +|o*V|—2L(aU,a*V) =
|W| + 6(alU,a*V) and the claim follows. O
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Claim 3.26. Let £ > 0. For any prefit X' of X we have 6(X',u*) > €. Moreover, if X' is of
the form G(X1)ZF...G(X;)ZX for some 0 < i < n and £ > i - kg, then §(X', u) = €. Symmetric
statements hold for any suffix of X.

Proof. Note that for any i € [n] the string G(X;)Z} contains |Z}| = k2 many p’s and |G(X;)| =
2k1+{x = kg many non-p’s. Furthermore, any prefix of G(X;)Z} contains at least as many non-u’s
as p’s. Hence, the LCS of X’ and p’ has a length of at most | X’|/2. This yields (X', ) = | X'| +
|| = 2L(X', 1) > €. If X' is of the form G(X1)Z¥...G(X;)ZF and p’ has at least | X'|/2 = ixo
many p’s, we have equality. O

We now prove that our construction yields an extended alignment gadget. We start with the
upper bound of property , ie., 6(X,Y) < 2nkg + minpes, ,, cost(A).

Let A = {(A+1,1),...,(A+m,m)} be a structured alignment and consider an ordered partition
of X as in Claim [3.24] defined as follows:

X(Q(Y) = CXay)  forje fm],
X(Z}) = ZX., for j € [m —1],
X(LY) == G(X1)ZF ... G(XA)Z,
X(RY) = 23 G(Xatmsn) - 251 G(Xo).

Claim thus yields

m m—1
S(X,Y) < 8(X(LY), L) + 8(X(R), R) + Y _6(G(Xar)), G(Yj) + D 8(ZX45 Z))-
J=1 j=1

By Claim we obtain §(X (L), LY) = nke and symmetrically, (X (RY), RY) = nka. Triv-
ially, 5(Zz+j, ZJY) = 0. Finally, by matching the padding around X;,Y; in G(X;), G(Y;), we obtain
3(G(Xatj5), G(Y))) = 6(Xa4j, Y;) by Claim Summing up all contributions, we obtain

5(X’ Y) < 2”"62 + Z 5(X27)/3)7
(i,5)eA

which holds for an arbitrary A € Sy, ., thus concluding the upper bound.

It remains to prove the lower bound of property , ie., §(X,Y) > 2nko + minpea,, ,, cost(A).
Set MY = G(Y1)2Y ... 2%, _1G(Yy,). Using Claim we let X(LY), X(MY) and X(RY) be an
ordered partition of X such that

§(X,Y)=68(X(LY),LY)+6(X(MY),M¥)+ 6(X(RY),R").

Since LY = p™2 and X (LY) is a prefix of X, by Claim we have (X (LY),LY) > nkg, and
similarly we get §(X(RY), RY) > nky. It remains to construct an alignment A € A,, ,, satisfying

cost(A) < 6(X (M), MY), (4)

then together we have shown the desired inequality 6(X,Y’) > 2nky 4+ minpea,, ,, cost(A).
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As in Claim we let X(G(Y})) for j € [m] and X (Z]) for j € [m—1] be an ordered partition
of X(MY) such that

m m—1
S(X(MY), MY) =" 6(X(G(Y))), G(Y)) + Y 8(X(2)), Z)).
j=1 Jj=1

Let u(U) be the number of p’s in a string U and let dgc1—, (U, V') denote the LCS distance of U
and V after deleting all u’s in U and V. Clearly, since |p(U) — u(V)| ’s have to be deleted in any
LCS, we have

(X (MY),MY) > | D baet-u(X(G(Y})), G(Y))) | + |u(U) = u(V)]. ()
j=1

Let us construct an alignment A satisfying (). For any j € [m], if X(G(Y;)) contains more
than half of some X (which is part of G(X;/)), then let i be the leftmost such index and align ¢
and j. Note that the set A of all these aligned pairs (4, j) is a valid alignment in A,, ,,, since no X;
or Y can be aligned more than once.

We prove the following claims:

Claim 3.27. For any aligned pair (i,7) € A, we have dge1—u (X (G(Y})), G(Y})) > 0(X;,Yj).

Proof. Let U be X(G(Y;)) with all p’s deleted (note that G(Y;) contains no u’s). We will prove
(U, G(Y))) > 0(X;,Yj). Recall that X (G(Y;)) contains more than half of X;, thus so does U. If
|U] = |G(Y;)|| > £x + £y, then we have 6(U, G(Yj)) > Ix + £y > 6(X;,Y;) by Claim B.25(i)} Since
|G(Y;)| = 2K1 + £y, we may hence assume 21 — lx < |U| < 251 + Ux + 24y,

We distinguish three cases: Either U contains X; fully (C1), or at least its right half but not
fully (C2), or at least its left half but not fully (C3).

In case (C2), U is of the form X/p"™o?X],  p" where X! is a suffix of X;, a < k1, X[, is a
prefix of X;411 and b < 2¢y. In this case, by Claim with @ = 0 and W = X/p"!, we have
§(U,G(Y;)) > min{k1, (0 X/ 1 p°,0"Y;p")}. Note that since the second string contains k1 p’s
and the first string contains less than 24y p’s, we have (5(0“X{+1pb,a’“Yjp"1) > k1 — 20y. Thus
(U, G(Y))) > k1 — 20y > Ux + Uy > §(X;, Y)).

The case (C3) is symmetric to (C2).

Finally, in case (C1), U takes one of three forms: either (F1) o¢ ip’“abX{Hpc, where a > 0,
b < ki, Xj . is a (possibly empty) prefix of X;;; and ¢ < 2/y, or the symmetric version (F2)
X;flpba’“Xip“ with X/ ;| a suffix of X;_; and all other paremeters as before, or finally (F3)
%o X pfrob with a,b < 20y.

For form (F1), we compute

5(U, G(Y5)) = (0" Xip™ 0" X[ 1, 0™ Vjp"™ )
> min{ﬁl ) 6(0a ipﬁlvoﬁlyvjpﬁl)}v
where we used Claim in the first line and Claim with a = p and W = %X/ 41 in
the second line. Note that by Claim and by deleting all ¢’s only occuring in one string,

(o Xip™, o™Y;p) = (k1 —a) + 0(X;,Y;) > 0(X;,Y;). Since k1 — ¢ > Ux + Uy > 6(X;,Y;), the
claim follows for (F1). Symmetrically, we can do the same for (F2).
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For the final form (F3), we compute, using Claim [3.25(iii)| from the left with o = ¢ and W = p®
and from the right with o = p and W = o®, §(U,G(Y;)) > min{x1, (0" X;p"™, 0" Y;p")} =
0(X;,Y;), where the last equality follows from Claim and k1 > 6(X;,Y)). O

Claim 3.28. If j is unaligned in A, then dqe—n (X (G(Y})), G(Y))) > lx + Cy.

Proof. Let U be X(G(Y;)) with all u’s deleted (note that G(Y;) contains no p’s). We will prove
0(U,G(Y;)) > Ux + ¢y. Since X(G(Yj)) contains less than half of any G(X;), U is of the form
X/p®o® X/, | for some i, a suffix X/ of X;, some a,b < k1 and a prefix X/, of X;;1.

Furthermore using Claim with & = 0 and W = X/p“, we obtain that §(U, G(Y;)) >
min{x1, (o X[, ;, 0" Y;p"1)}. Since 0"1Y;p"* contains k1 p’s, while 0 X/, | contains none, we con-
clude 6(U, G(Yj)) > k1 > Ux + Uy. O

Let us prove . If |A] < m, that is, there is an unaligned j, combining the two previous claims
with results in

SX(MY), M) > | D7 68X, Yg) |+ (m— [A]) (b + ) + [p(X (MY)) = p(MY) |2 > cost(A),
(3,5)€eA

since lx + £y > max; ; 6(X;,Y;) and |p(X(MY)) — p(MY)| > 0.

Otherwise, if |A| = m, we have A = {(i1,1),..., (im,m)} with i; < iy < --- < ip,. Note that
X (MY) is a substring that contains at least half of all X;,,..., X; by definition of the alignment A.
Thus, p(X(MY)) > (im — i1)k2, since it contains all Z7%,..., Z* . Since p(M") = (m — 1)k2, we

— 7

obtain by and Claim

SX(MY), M) = | Y 6(X:,Y;) | + (im — i1 — m + 1)kg > cost(A),
(4,7)EA
where we used that ko > fx + fy > max; ; (X, Y)).

This concludes the proof of Lemma showing that our construction yields an extended
alignment gadget. O

It remains to argue that a slight adaption of this gadget is compressible.

Lemma 3.29. Consider the setting of Lemmal3.23. Adapt the definition of the extended alignment
gadget slightly by defining

X'=Z3X 75 =  ZXG(X1)Z5...Z5 | G(Xn) Z,
Y =ZYY ZX =LY ZY GW1) ZY ... 7Y, G(Ym) Z5 RY,

where we define the additional blocks Zj*, Z7 = p"* with i € {0,n},j € {0,m}. This construction
(X",Y") yields a compressible extended alignment gadget.

Proof. By Claim we see that 6(X',Y’) = §(X,Y), and thus X', Y satisfies the extended

alignment gadget condition (2)) of Definition by Lemma
We define pady(S) = pady(S) = p*/2G(S)p*/? and X, = Xg = p/? and Y, = Yi =
prretR2/2 - Then we have X' = Xp (O pady(X;)) Xg and Y/ = Y7 (OfL, pad(Y;)) Yr. By
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Observation we can construct SLPs Xp, Xg, YV, Vr for X1, X, Y, Yr of size O(lognks) =
O(logn+log(fx+4y)). Likewise, given SLPs X, Y; for X;,Y;, we can construct SLPs for pady (X;),
pady (Y;) of size O(|X;] + log(fx + £y)), O(|YV;] + log(¢x + £y)), respectively, as we can generate
the paddings p2/26"1 and p™ p"2/2 around X; and Y; using Observation This concludes the
proof. O

Our LCS lower bound now follows.

Proof of Theorem [3.13 Since § admits coordinate values and a compressible extended alignment
gadget by Lemmas and we obtain the claim by the general lower bound of Theorem [3.16
as computing the length of the LCS of X and Y is equivalent to computing 6(X,Y"). O

4 Tight Bounds Assuming (Combinatorial) k-Clique

In this section we prove matching conditional lower bounds based on the k-Clique conjecture or
combinatorial k-Clique conjecture for the following problems:

e NFA Acceptance, i.e., deciding whether a given non-deterministic finite automaton accepts a
given string,

e CFG Parsing, i.e., deciding whether a given context-free grammar generates a given string,

e RNA Folding, i.e., computing the maximum number of non-crossing matching pairs of indices
in a given string.

See the respective subsections for precise problem definitions.

For NFA Acceptance, the compression used in our proof is extremely simple, in that we only rely
on the fact that any repetition T* can be generated by an SLP of size O(|T'|+log £) (Observation|2.2)).
For CFG Parsing and RNA Folding, our construction is much more subtle. For both problems, we
use that the following string and some variants thereof are compressible:

S, 1= O  [v is adjacent to every u;]

That is, we enumerate all k-tuples (u1,...,u;) € V¥ and for each one check whether all u;’s are
adjacent to a fixed vertex v, writing 1 or 0 depending on this check. This string is generated by
an SLP of size O(V): Enumerate all uy € V. If uy is not adjacent to v, then for all ug, ..., uy the
check results in 0, so we can simply write kail, which is well compressible by Observation
Otherwise, if u; is adjacent to v, then we can recurse to usg, and the following V*~! symbols do

not depend on u; anymore. More formally, denote by Repeatéd) an SLP generating the string oV,

Then with the following SLP rules, for 1 < d < k, we have S, = eval(Adjq()k)).

Adjq()o) — 1,
Ad.1()d—l) Y E
Adjg}d) N O ] (dli) {'LL,’U} €
ucv | Repeaty 7, otherwise

Here we use the “syntactic sugar” of having more than two SLP symbols on the right hand side,
but clearly this can be converted to a proper SLP of size O(V).
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We stress that if in the string S, we would enumerate only the k-cliques instead of all k-tuples,
then S would no longer be easily compressible, since then even the length of a substring depends
on the “history” of choosing u1, ..., us_q, and thus the above recursive way of writing .S would fail.
This demonstrates how subtle our argument is.

Known Lower Bounds from Classic Complexity Theory Plandowski and Rytter [61]
showed that deciding whether a given compressed text can be generated by a given CFG is PSPACE-
complete. Later, Lohrey [5I] showed that this holds even if we restrict the CFG to be fixed (i.e.,
not part of the input) and deterministic. We observe that the RNA Folding problem is at least as
hard as Longest Common Subsequence (see, e.g. [1]). This implies that RNA Folding is PP-hard
(see the discussion at the beginning of Section [5.2). Finally, the NFA Acceptance problem can be
solved in polynomial O(ng”) time (see below) and previously no conditional lower bounds were
known.

4.1 NFA Acceptance

For general notation regarding finite automata, see Section Consider the compressed variant
of the acceptance problem of nondeterministic finite automata (NFAs).

Problem 4.1 (NFA Acceptance). We are given a text T of length N by a grammar-compressed
representation T of size n as well as a NFA F with q states, i.e., for any two states z,z’ and any
symbol o € ¥ we are given whether z % 2'. Decide whether T is accepted by F.

Note that the input size is O(n+¢?), since we again assume the alphabet size || to be constant.

The naive solution is to decompress 7 to obtain 7" and run the standard acceptance algorithm
for NFAs, which takes time O(|T'|¢?) = O(N¢?). Exploiting the compressed setting, one can obtain
an O(ng”)-time algorithm [61]: Recall that 7 is a set of rules of the form S; — Sy(;)S,;) or S; — o1,
with £(i),r(i) < i and 0; € X, for 1 < ¢ < n. We compute, for increasing i, the state transition
matrix A;, where (4;), . = 1 if we can start in state z, read the string eval(.S;), and end in state
2, and (4;), = 0 otherwise. For S; — Su(i)Sri) We can compute A; as Ay - Ay, where - is
Boolean matrix multiplication. For S; — o; we simply have (4;), ., = 1if 2 % 2, and 0 otherwise.
Hence, A; can be computed in time O(g*) for every i. The text T is then accepted by F' if there
is an accepting state z such that (A,).,. = 1, where 2y is the starting state of F.

Note that this best-known upper bound O(min{ng¢*, N¢*}) contains “mixed terms” with some
factors having exponent w but not all. Since no standard conjecture contains such mixed terms,
we cannot hope to prove a matching lower bound of min{ng“, N q2}1*0(1). However, restricting our
attention to combinatorial algorithms the best-known running time simplifies to O(min{ng®, N¢*}),
and we can hope to prove a matching lower bound under some assumption on combinatorial algo-
rithms, say for matrix multiplication or k-Clique. For matrix multiplication, the typical issue that
we would need to considerably compress the input graph [1] is a barrier for a reduction. Hence, we
can only hope to prove a matching lower bound for combinatorial algorithms assuming the k-Clique
conjecture. We prove such a result in the following.

Theorem 4.2. Assuming the combinatorial k-Clique conjecture, there is mo combinatorial algo-
rithm for NFA Acceptance in time O(min{ng®, N¢*}'=%) for any e > 0. This holds even restricted
to instances with n = ©(¢**) and N = ©(¢*N) for any an > a, > 0.

33



Proof. Let k > 3 and let G = (V, E) be a k-Clique instance. In the following, for any x,x" > 1 with
3k+k = k we will construct an equivalent NFA Acceptance instance with ¢ = O(V*Tllog V), N =
IT| = O(V*+5' log V), and n = |T| = O(V* log V). Note that a combinatorial O(min{ng?, Ng*}'~¢)
time algorithm for NFA Acceptance then yields a combinatorial algorithm for k-Clique in time
O(v(3n+n’+3)(1—s) 10g4 V) _ O(v(k+4)(1—e)), which for k > 8/6 is O(vk(1+s/2)(1—s)) — O(Vk(l_E/Q)),
contradicting the combinatorial k-Clique conjecture. This yields the desired conditional lower
bound. At the end of this proof we will strengthen this statement to even hold for all restrictions
n=0(g*) and N = O(¢*V).
Our construction uses the following gadgets.

Neighborhood Gadgets Let V = {vy,...,v,} and denote by NGr(v;) the binary encoding of
the number 7 using [log V'] bits. For any v € V, let NG (v) be the NFA that has start state s and
target state ¢, and |N(v)| disjoint directed paths from s to ¢ such that the path corresponding to
neighbor u € N(v) spells NGr(u). Clearly, we can walk from s to ¢ in NGp(v) parsing the string
NG7p(u) if and only if u is a neighbor of v.

Clique Gadgets For two neighborhood gadgets NGp(u), NGr(v) as above, we define their
concatenation NGp(u)o NG (v) as the NFA where we identify the target state ¢t of NG (u) with
the starting state s of NGr(v). The start state of the concatenation is the start state of NG (u),
and the target state is the target state of NGg(v). We combine neighborhood gadgets to clique
gadgets as follows. Let k,x" > 1. Let C' = {u1,...,us} be a r-clique and C' = {u},...,u.,} be a
k'-clique in G. We define the following concatenation of NFAs and strings, respectively:

CGr(C,ry k) i= O O NGr(us),
i=1j=1

CCr(Cm, i) = O O NGr(i).
i=1j=1

Observe that we can walk from start to target state of CGp(C, k, ') parsing CGr(C’, k, ') if and
only if CUC" forms a (k + k’)-clique, since the neighborhood gadgets check adjacency for each pair
of nodes u; € C and u; e

Complete Construction For k > 1, let C(k) be the set of k-cliques in G, and set m(k) := |C(k)].
Let x, k" > 1 such that 3x + k' = k. The final text is defined as

T:=%$0 O ((#OCGT(C',/ﬁ,/@'))m(ﬁ)+4o$>,

CreC(x)

using alphabet {0, 1, #, $}.

The NFA F counsists of four copies of the clique gadgets CGr(C,k, k') for any k-clique C,
denoted by CG" (i) for 1 <i <m(k) and 1 <r < 4. Additionally, we have states s, 51,52, ., Sy (x)
and ¢,t1,%2,...,ty k). These states are connected as follows. In the starting state s we can stay
as long as we want, reading any symbol in the alphabet {0,1,#,%}. When reading $ we can
alternatively go to state s;. In any state s; when reading 0 or 1 we stay in s;, while when reading
# we either go to to the starting state of CG1(i) or to s;41 (the latter is only possible if i < m(k)).
For any 1 < r < 4 and 4,7, from the ending state of CG" (i) when reading # we can go to the
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Figure 3: An illustration of the NFA constructed in the proof of Theorem s is the starting
state and ¢ is the only accepting state. The first column consists of states s, s1,52,...,Sm(x),
the last column consists of ¢1,%2,...,%y(.), . The second, third, fourth and fifth columns contain
the gadgets CG (i), CG?(i), CG3(i), CG*(i), respectively. We do not show all transitions between
gadgets CG" (i) and CG™T1(j) for r = 1,2,3. As shown in the picture and as we prove, an accepting
execution must visit CG' (i) and CG*(j) for i = j.

starting state of CG™1(4) if the corresponding cliques together form a 2k-clique. From the ending
state of CG*(i) when reading # we go to ;. In any state ¢; when reading 0 or 1 we stay in ¢;, while
when reading # we go to t;11, or to t if i = m(k). Finally, t is the only accepting state and we stay
in ¢ reading any symbol in the alphabet. This finishes the construction of the NFA Acceptance
instance. See Figure [3| for the illustration of the NFA.

Correctness Let us first show that if G contains a (3x + &’)-clique C then F accepts T. Write
C =C14+Cy+ C5+4C’, where C' is a £/-clique and Cy, Cy, C5 are k-cliques (with indices i1, 79,43 in
C(k)). We can stay in s until the beginning of the substring 7" := $ o (# 0 CGr(C’, k, /<;’))m('€)+4 o$.
With the first symbol $ in 7" we go to s;. We then walk to s;, reading (# o CGrp(C',k, /ﬁ’))zrl.
With # we then step to the starting state of CG'(i1), corresponding to clique C;. Since C; U C”
forms a (k + &')-clique, we can walk to the ending state of CG'(i1) reading CGr(C’, k, x'). Since

C1 U Oy forms a 2k-clique, we can next step to the starting state of CG?(i3) (corresponding to
Cs). Similarly, we can then walk through CG2(iz), CG>(i3) (corresponding to C3), and CG*(iy)
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(corresponding to (7 again). Next we step to t;, reading #, and then we simply walk to ¢,,(,)

reading (# 0 CGr(C', K, m’))m(m)_“. Note that the number of times we read a symbol # is i; — 1
(for walking to s;,) plus 5 (for walking from s;, to t;,) plus m(x) —iy (for walking from #;, to t,,(.)),
summing to m(x) + 4. Hence, indeed we parse all symbols # in T”. Thus, we can next step to ¢
reading the final symbol $ of T7’. We then stay in ¢ reading the remainder of T'. Since t is accepting,
we are done.

For the other direction, note that if F' accepts T then it also accepts some substring T’ :=
$o(#0CGr(C', K, K ))m(H)Jr4 o$. Moreover, when reading 7" we must walk through some clique
gadgets CG'(i1), CG?(iz), CG3(i3), and CG*(i4), corresponding to s-cliques Cy,Cy, C3, and Cy.
Note that the number of symbols # on such a walk is i; — 1 (for walking to s;,) plus 5 (for walking
from s;, to t;,) plus m(x) — iy (for walking from ;, to t,,(,)), summing to m(x) +4 +i; —i4. Since
T’ contains exactly m(k) + 4 symbols #, we obtain i; = iy and thus C7; = C4. By the restrictions
on the edges from CG" (i) to CG™1(j) we see that C; U Oy, Co UC3, and C3 U Cy = C3 U Cy form
2k-cliques. Moreover, since we walked through the clique gadgets we see that C'UCq, C'UCs, and
C'UC3 form (k+k')-cliques. In total, we obtain that C1 UC,UC3UC” forms a (3k+ ' = k)-clique,
finishing the correctness argument.

Size Bounds Note that clique gadgets CGp in the text have length O(log V'), while the clique
gadgets CGp in the automaton have O(V'logV') states. We can thus read off a text length
of N = O(m(k)m(k')logV) = O(V"t* logV). Since the repetition (#0CGr(C, , /@"))m(ﬁ)+4
can be easily compressed to size O(logV') by Observation we obtain a compressed size of
n = O(m(k)1logV) = O(V* logV). Finally, the number of states is ¢ = O(m(k)VlogV) =
O(V**llog V). Note also that the output of this reduction can be computed in time O(n + ¢?),
i.e., in linear time in the output description. We thus obtain the desired reduction which, as argued
in the beginning of this proof, rules out a combinatorial O(min{ng, N¢?>}'~¢) algorithm for NFA
Acceptance, assuming the combinatorial k-Clique conjecture.

Strengthening the Statement In the remainder, we verify that our construction proves the
desired lower bound even restricted to instances with n = O(¢*") and N = ©(¢*V) for any ay >
an > 0. Note that the number of states, the size of the SLP, and the text length can all three be
increased by easy padding. E.g., to increase the text length we introduce a garbage symbol “!”
that can be read at any state of the automaton, not changing the current state, and add a suitable
number of copies of “!” to the text. We now consider two cases.

Case 1: If ay > ap, + 1, then set x,x" > 1 such that 3x + £ = k and x = k/(a, + 3)
(recall that r, s’ are restricted to be integers). We can ensure that x < k/(a, + 3) + 2 and
K < apk/(an + 3) + 3. Note that for any ¢ > 0, for sufficiently large k = k(g, ;) we have
k+1< (14¢/2)k/(an+3) and k' < (1+¢/2)ank/(an +3). We can thus pad the number of states
from O(V"t'1og V) to ¢ = ©(V(1+e/2k/(ant3)) and the compressed size from O(V* logV) to n =
O(V (1+e/2)ank/(ant3)y = ©(¢*). Similarly, for the decompressed text length, using ay > o, +1, we
have N = O(anrn’ log V) = O(v(l+s/2)(an+1)k/(an+3)) — O(v(1+6/2)aNk/(an+3)) = O(¢*~), which
we can pad to equality. Then we indeed end up with an instance with N = ©(¢“¥) and n = ©(¢*»).
Hence, if NFA Acceptance can be solved in combinatorial time O(min{ng®, N¢?}'~¢) restricted to
such instances, then we obtain a combinatorial algorithm for k-Clique in time O((ng3)'~¢) =
O(V(ont3)-(1=e)(1+e/2)k/(ant3)y — O(V*(1-2/2))  contradicting the combinatorial k-Clique conjec-
ture.
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Case 2: If ay < a, + 1, then we have to slightly adapt the above construction. We introduce
a third parameter # < x and let the first and fourth column of clique gadgets CG'(i) and CG*(i)
range over K-cliques. At the same time, we change the number of repetitions of each part in the
text from m(k) + 4 to m(k) + 4. We are now detecting (2x + & + £’)-cliques in G. It can be
checked that this does not violate the correctness of the construction. The new size bounds are
N = O(VA* log V), n = O(V* log V), and ¢ = O(V*log V). Furthermore, we now allow to set
k' = 0, in which case the text is not responsible for choosing any part of the clique. Since in this
case we do not need any clique gadgets, we define CGr(C, k,0) to consist of a single state s = ¢t and
CG7(C',k,0) to be the empty string. In this case we set the final string to be T := $§#™(®)+4 g,
The same correctness proof goes through.

We now choose integers x,4# > 1 and v > 0 with 2x + & + ¥ = k and & < k such that
k= k/(ay+2), K = max{0, (any — 1)k/(an +2)}, and & =~ min{an, 1} - k/(an + 2). Similarly to
case 1, we can ensure for any ¢ > 0 and sufficiently large k = k(e, an) that k < (14+¢/2)k/(an+2),
k' <max{0,(14+¢/2)(an —1)k/(an+2)}, and & < (14+¢/2) min{an, 1} -k/(an +2). We can thus
pad the number of states to ¢ = @(V (1+e/2k/(en+2)) and since i++' < (1+¢/2)ank/(an+2) we can
pad the decompressed text length to N = @(V(I+e/2)ank/(an+2)y — @(¢*~). For the compressed
size, note that by the assumptions ay < a, + 1 and a,, > 0 we have & < max{0, (1 +¢/2)(any —
Dk/(an +2)} < (1 +¢/2)ank/(an +2), and thus n = O(V (1+e/2)ank/(an+2)) — O(¢on), which we
can pad to equality. Then we indeed end up with an instance with N = O(¢*V) and n = O(¢*").
Hence, if NFA Acceptance can be solved in combinatorial time O(min{ng®, N¢*}!=¢) restricted
to such instances, then we obtain a combinatorial algorithm for k-Clique in time O((N¢?)!¢) =
O(V(en+2)-(1=e)(Ite/2)k/(an+2)y = O(Vk(1-2/2)) contradicting the combinatorial k-Clique conjec-
ture. O

4.2 Context-Free Grammar Parsing

We again assume that the alphabet size |X| is constant throughout this section.

In this section we show a strong conditional lower bound for context-free grammar parsing.
Recall that a context-free grammar (CFG) I' consists of a set of terminals 3, a set of non-terminals
), a starting non-terminal S € 2, and a set of productions ®, each of the form A — «, where
A€ Qand a € (XUQ)*. The size |T'| is the total length of all o over all productions. Applying
a production A — « to a string 8 = 1 AfB € (X U Q)* means to generate the string S1af2. The
language L(I") is the set of strings in ¥* that can be generated by starting with S and repeatedly
applying productions. More generally, for any non-terminal A the language L(A) is the set of
strings in ¥* that can be generated by starting with A.

Problem 4.3 (CFG Recognition). Given a text T of length N by a grammar-compressed represen-
tation T of size n as well as a CFG T', decide whether T € L(T").

(CFG parsing is an augmentation of this decision problem where in case T' € L(I") we also need
to return a sequence of productions as a certificate.)

As discussed in the introduction, after decompressing the text 1" we can use classic parsers to
solve CFG recognition in time O(N3poly(|T|)) [25} 46}, [80, 29], while Valiant’s parser uses fast matrix
multiplication to obtain an improved running time of O(N“poly(|I'|)) [T 2H§| In the uncompressed
setting, matching lower bounds based on the k-Clique conjecture were shown by Abboud et al. [I].

8We ignore the specific polynomial dependence on |T'|, since we are more interested in the dependence on N.
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In the compressed setting no improved algorithms are known, even for, say, n = N%01. Below
we prove a matching lower bound for both running times O(N?3) and O(N*), even restricted to very
small grammars and quite compressible strings. Our proof differs considerably from the conditional
lower bound in the uncompressed setting by Abboud et al. [1], as their strings are not compressible
in a strong sense. On a high level, their construction implements adjacency tests locally, around
three chosen positions that encode three k-cliques. In our construction, we instead implement
adjacency tests on a more global level, by choosing three offsets and reading all text positions that
adhere to these offsets. This global view makes it possible to construct a compressible text.

Theorem 4.4. Assuming the k-Clique conjecture, there is no O(N“™¢) time algorithm for CFG
recognition for any € > 0. Assuming the combinatorial k-Clique conjecture, there is no combinato-
rial O(N3~¢) time algorithm for CFG recognition for any € > 0. Both results hold even restricted
to instances with |T'| = O(log N) and n = O(N¥).

Proof. Let k > 1 and let G = (V, E) be a k-Clique instance. We will construct a CFG I' of size
O(log V) and a text T of length N = O(V**+2) generated by an SLP T of size n = O(V?) such that
T € L(T) holds if and only if G contains a 3k-clique. Note that an O(N“~¢) = O(N«(1-¢/3)) algo-
rithm for CFG recognition would then imply an algorithm for 3k-Clique in time O(V (k+2)w(1-¢/3)),
which for k > 12/¢ is bounded by O(Vk(1+e/6)w(=¢/3)y — O(ywk(1=¢/3)) " contradicting the 3k-
Clique conjecture. The argument for combinatorial algorithms is analogous. Moreover, we have
IT| = O(log V) = O(log N) and n = O(V?3) = O(N3/(*+2)) = O(N?) for k > 3/ ]

In our construction we enumerate all k-tuples of vertices U = (uq,...,ug). Choosing three
such k-tuples Uy, Uy, Us we then need to check that (1) each k-tuple U; forms a k-clique and (2)
each pair U;,U; forms a biclique for ¢ # j. We remark that it is indeed necessary to enumerate
all k-tuples and not just, say, all k-cliques, as the k-tuples are much more structured, leading to
compressible strings. In the following we construct gadgets that perform these tests. We will use
alphabet ¥ = {0,1,#,$,z,y, z}.

Offsets Let U(i) be the i-th k-tuple (ug,...,u) € V¥ in lexicographic order. Choosing a k-tuple
thus correspond to choosing a number 1 < i < V¥, which we will interpret as an offset in the text T,
resulting in relevant positions of the form i + V* . N. In order to only read the relevant positions,
we need to implement jumping over V¥ — 1 symbols, so that after reading one relevant symbol we
can jump to the next one. To this end, we construct a non-terminal X of T’ with L(X) = £V" 1.
This can be build by constructing non-terminals X, with L(X4) = »2 by the productions

Xo—o for any o € X,
Xg— Xg1Xq1  for1<d<log(VF-1).

Then the production X — X;, ...X;,, where i1,...,7 are the 1-bits in the binary encoding of
Vk — 1, yields the desired non-terminal X. Note that this yields a grammar of size O(log V).

Clique Test We now design gadgets that allow to test for any offset i whether U (i) forms a
k-clique. Let £ = (‘2/) \ E be the non-edges of G. Let [.] be the Kronecker symbol, i.e., [true] =1

9Strictly speaking, we need to pad the text length to G)(VkJrz) first. This can easily be accomplished by adding
garbage to the text and garbage handling rules to the grammar.
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and [false] = 0. We use the following text:

To = $V* o ( O O [u and v appear in U(z)]) oV,
{uw}eE 1<i<Vk

For any offset 1 < i < V¥ if U(i) = (uy,...,u;) forms a k-clique then no non-edge appears
among {u1,...,u}, and thus Tg[i+j- V¥ =0 for all 1 < j < |E|. The opposite implication holds
as well. This leads us to testing for a k-clique via the following CFG rules:

C — $xXC, C — 0XC | §.

Lemma 4.5. We call Tc(i) := Tg[i.i + 1+ (|[E| +1) - V¥] for 1 <i < V* the valid substrings of
Tc. Any substring of Te that is parsable by C' is valid. Moreover, substring Tc(i) is parsable by C
if and only if the k-tuple U(i) forms a k-clique in G.

Proof. The first statement follows by C starting and ending with a $ symbol and advancing by
VE — 1 steps via X. The second statement follows from the argument above this lemma. O

Lemma 4.6. The string Tc has an SLP of size O(V?3).

Proof. For any 1 < d < k, 0 € ¥ = {0,1,8,#,z,y,z}, and S C V with |S| < 2 we define the
following SLP rules:

Repeatgo) — 0,

Repeat((,d) = 0O Repeat((,d_l),
veV

1, if S =
Inclfqo)—>{ 1 5=0,

0, otherwise

(d-1)

Incl(Sd) - O Incls\ wh

veV

C-Test — Repeaték) o ( O Inclgi)v}> oRepeaték).
{uv}eE ’

We claim that eval(C-Test) = T. Note that Repeat((,d) generates the string Jvd, and thus the
prefix and suffix $V"* is correct. Further, it can be checked that Inclgd) generates a string of length
V? where the i-th position, corresponding to a d-tuple (u1,...,uq) € V¢, is 1 if S C {uy,...,uq}
and 0 otherwise. Hence, writing the string Incl%i{v} for all {u,v} € E yields the middle part of the
string To. This proves the claim.

Note that the total size of the above SLP for T, i.e., the total number of symbols on the right

hand sides of the above rules, is indeed O(V3). O

Biclique Test We next design gadgets that allow us to test for two offsets ¢, j whether u ~ v
for all w € U(i),v € U(j), i.e., whether U(i),U(j) form a biclique. To this end, we let V™" be the
reverse ordering of the vertices in V' and define the texts

Tg:=#""o ( O O [uappearsin U(l)]) o#"",

u€V 1<i<Vk

Ty = #Vk o ( O O [u is adjacent to every vertex in U(z)]) o #Vk.
ueVTY 1<i<Vk
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Note that U(7),U(j) form a biclique if every vertex that appears in U(i) is adjacent to every
vertex in U(j). Thus, for every 1 < ¢ <V we want that if T[i +¢-V*] =1 then also T[j + (V +
1 —¢)- VK] = 1. This leads us to testing for a biclique via the following CFG rules:

By — #XBX#
B —- 1XBX1 | 0XBX1 | 0XBXO0 | #Bouw#

We view this part of the grammar as a subroutine that is started by invoking Bj, and that can be
followed by further operations by adding productions starting from B,,t. Note that each call of a
rule of By, or B reads V¥ symbols from the left and from the right, except for the last one, which
reads 1 symbol from the left and from the right. That is, the offsets are never changed throughout
the parsing process. The parsing rules check that a 1 at a certain position in T implies a 1 at
the corresponding position in 7. Hence, when starting with offsets ¢ in Tp and j in T}, this
process checks that U(i),U(j) form a biclique. It stops when we reach the #-blocks at the end of
Tp and at the beginning of T, where we exit to Boy. Then it depends on the (not yet defined)
productions involving By, whether the remainder of the string can be parsed. In summary, we
obtain the following.

Lemma 4.7. We call Tp(i) := Tgli.i+ 1+ (V +1)- V¥ and Tg(j) == Tglj.j+ 1+ (V +1)- V¥
for 1 <i,j < V* the valid substrings of T and Ty, respectively. Let R be any string. Then Bi,
can parse Tp(1) RTy(j) if and only if U(i),U(j) form a biclique and Boyy can parse R. Moreover,
if TB and Té are substrings of Tp and TJ’B, respectively, and Bi, can parse TB RTJ’B such that Boyt
parses R, then Ty and T}B are valid.

Lemma 4.8. The strings Tg and T have SLPs of size O(V?).

Proof. Note that Tp is the string generated by the following SLP, where we use notation as in
Lemma (4.6}

B-Test — Repeatg:) o ( O Inclgz)) o Repeat(k)

veV } #

This has size O(V?) as shown in the proof of Lemma
For T}; we use the following SLP rules for 1 <d <k and v € V:

AdjV — 1,
Ad.gdfl) if E
Aqu()d) N O 3| (d’fi) {u,v} €
uev | Repeaty; 7, otherwise

B’-Test — Repeat;f) ) ( O Adjq()k)) o Repeatgf)
vevrey
An easy inductive proof shows that Adjgd) generates a string of length V¢ where the i-th position,
corresponding to a d-tuple (ug,...,uq) € V%, is 1 if v is adjacent to every u;, and 0 otherwise.
Hence, writing Adjq(,k) for all v € V' (in reverse order) yields the middle part of T, and thus B’-Test
generates T Again, the total size of the right hand sides is O(V?), so the SLP has size O(V?). O
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Complete Construction The final string is
T=2V" TeTp T Thy" To T T ThTez"".

Here, the parts ka,yvk, and 2V" are used to choose three offsets 11,19, 13, corrsponding to three
k-tuples U (i1),U(i2),U(i3). The three copies of T¢ are used to check that each U(i;) forms a
k-clique. The left copy of TpT}; is used for checking that U(i1), U (i2) forms a biclique, similarly
for the right copy and U(iz2),U(i3). Finally, the leftmost Ts and rightmost T are used to check
that U(i1),U(i3) form a biclique. Note that T" uses alphabet ¥ = {0,1,#, 9%, z,y, z}.

We now describe the final grammar I'. We copy the non-terminals Bj,, B, Bout to Bin, B, Bout,
since we need this subroutine twice with different productions starting from Bg,. We let S be a
new starting symbol and define the following productions, additional to the ones defined above:

S - xS | Sz | XCXBpXCX
Bowt — XBinXyXCXBin X
Bout — #Bout | €,

where € denotes the empty string. This finishes the construction of the CFG recognition instance.

Correctness We show that T' € L(T") holds if and only if there is a 3k-clique in G. Assume that G
contains a 3k-clique and let 1 < i1,49,i3 < V¥ be such that U(iy) UU (i2) UU (i3) forms a 3k-clique.
Remove 4; symbols x from the left end of T and V* — i3+ 1 symbols z from the right, leaving offsets
i1 and i3, respectively. Then apply the rule S — X C' X B;j, X C' X. The outer calls to X keep the
offsets i1 and i3 by advancing to the next relevant positions w.r.t. offsets i; and i3, respectively. By
Lemma the calls of C' parse valid substrings of T starting and ending with offset ¢; and i3,
respectively. The lemma is applicable since U(i1) and U (i3) form k-cliques. The further calls to X
again advance to the next relevant positions w.r.t. offsets i1 and i3, now lying in the outer #-blocks
in the leftmost T and rightmost 17, respectively. Finally, by Lemma the call to By, reads
valid substrings of the leftmost Tz and rightmost T}; and ends with Boys. The lemma is applicable
since U (i1), U (i3) forms a biclique. The outer calls to X in the rule By, — X By, X yXCX B, X
then advances the left and right end to the first relevant position w.r.t. offset i; in the second copy
of Ts and the last relevant position w.r.t. offset ¢3 in the second-to-last copy of T' 1’3. We match
the y appearing in this rule to the io-th y in the yvk part of T. To the right of y, C parses a
valid substring of T, which works since U (iy) forms a k-clique. The remaining B, then has to
parse valid substrings of the right copy of TsTg, starting with offset i and ending with offset 3.
Similarly, to the left of y, By, has to parse valid substrings of the left copy of TpTy, starting with
offset i1 and ending with offset io. This works as U (i1), U(i2) and U (iz), U (i3) form bicliques. Note
that after reaching Bout we are left with some symbols of the last #-block of T and some symbols
of the first #-block of Tj;. Both can be parsed completely using the rules involving Bout. Thus, we
have T' € L(T").

For the other direction, we follow the same line of arguments, observing that there was no
choice except for the offsets i1, 42,43. The core of the argument is that U(i;) U U (i2) U U (i3) forms
a 3k-clique if and only if each U(i;) forms a k-clique and each pair U (i;), U (i;/) forms a biclique.

Size Bounds Since T consists of O(|V| + |E|) parts of length V¥, the text length is O(V¥+2).
By Lemmas [4.6{ and |4.8) and since 2¥* has an SLP of size O(log V), T has an SLP of size O(V?).
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Finally, the size of the grammar I" is O(log V'), the bottleneck being the non-terminal X that ensures
offset consistency. Hence, all claimed size bounds are met. Note also that the constructed instance
can be computed in time linear in the output size. This finishes the proof of Theorem ]

4.3 RNA Folding

We now give a variant of the construction for CFG recognition, proving a matching conditional
lower bound for RNA folding.

Again we consider a constant-size aphabet X, however, now each symbol o € ¥ has a unique
counterpart & € X such that 6 = 0. We say that o € ¥ and its counterpart & match.

Two pairs of indices (,7), (¢,7) with i« < j and ¢/ < j' are said to cross if at least one of
the following conditions holds: (1) i =i ori=j orj=4dorj=j,2) i< <j<j,or
(3) i/ < i < j' < j. In other words, (i,7),(i,7) with i < j and ¢ < j’ are non-crossing if they
are disjoint, i.e., i < j <4 < j ori < j < i < j, or they are nesting, i.e., i < < j/ < j or
i<i<j<j.

Problem 4.9 (RNA Folding). Given a textT of length N by a grammar-compressed representation
T of size n, compute the maximum number of pairs R C {(i,j) | 1 < i < j < N} such that for
every (i,7) € R the symbols T'[i] and T[j| match and there are no crossing pairs in R. We denote
this mazimum number by RNA(T).

We refer to the set R as a matching of T

In the uncompressed setting, RNA Folding has an easy dynamic programming solution in time
O(N3) [30]. Using fast matrix multiplication, this was recently improved to O(N%%%) [15]. For
combinatorial algorithms, a matching lower bound of N3—°(1) assuming the combinatorial k-Clique
conjecture was recently shown by Abboud et al. [1]. They also prove a conditional lower bound of
N@—°(1) agsuming the k-Clique conjecture, however, this leaves a gap to the current upper bound.

As for CFG parsing, no improved algorithms are known in the compressed setting, even for,
say, n = N%01. Here we prove lower bounds of N37°(1) for combinatorial algorithms and N«—°(1)
in general, assuming the (combinatorial) k-Clique conjecture.

Theorem 4.10. Assuming the k-Clique conjecture, there is no O(N“~¢) time algorithm for RNA
Folding for any € > 0. Assuming the combinatorial k-Clique conjecture, there is no combinatorial
O(N3~¢) time algorithm for RNA Folding for any € > 0. Both results hold even restricted to
instances with n = O(N¥).

Abboud et al. [I] showed that RNA Folding is equivalent to the following weighted variant.

Problem 4.11 (Weighted RNA Folding). We are given a text T of length N by a grammar-
compressed representation T of size n as well as a weight function w: ¥ — [M] with w(o) = w(a)
for all o € ¥. For any set R C {(i,j) | 1 < i < j < N} define its weight as Z(m)eRw(T[i]).
Compute the mazimum weight of any set R such that for every (i,j) € R the symbols T'[i] and T'[j]
match and there are no crossing pairs in R. We denote this mazimum weight by WRNA(T).

Lemma 4.12 (Lemma 2 in [1]). For an instance T' of Weighted RNA Folding, consider the string
T := T[l]w(T[l])...IZ[N]“’(T[”D, i.e., each symbol T[i] is repeated w(Ti]) times. Then we have
WRNA(T') = RNA(T).
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Proof of Theorem[{.10. Let k > 1 and let G = (V, E) be a k-Clique instance. We will construct
a Weighted RNA Folding instance 7' of length O(V**2) (and Q(V*)) generated by an SLP T of
size O(V3) and a number A such that WRNA(T) > X holds if and only if G' contains a 3k-clique.
The alphabet size will be |¥| = 48 and the weights are bounded by O(V?). By Lemma the
corresponding unweighted text 7" has RNA(T) = WRNA(T) and thus RNA(T) > X holds if and
only if G contains a 3k-clique. Moreover, since the weights in 7' are bounded by O(V?) we have
N = |T| = O(V?T|) = O(V***). Finally, by compressing O(V?) repetitions to O(logV) SLP
rules, T has an SLP T of size n = O(|T|log V) = O(V31log V).

Hence, an O(N*~¢) = O(N*(1-¢/3)) algorithm for RNA Folding would imply an algorithm for
3k-Clique in time O(V*+8«(=¢/3)) wwhich for k > 24/ is bounded by O(Vk(1+e/6)w(l=¢/3)y —
O(VWk(l*E/ 6)), contradicting the 3k-Clique conjecture. The argument for combinatorial algorithms
is analogous. Moreover, we have n = O(V3log V) = O(N3/*log V) = O(N¢) for k > 3/e.

To construct the desired instance T',7 of Weighted RNA Folding, we again enumerate all k-
tuples U (i) for 1 <i < V¥, as in the proof for CFG parsing. We again choose three such k-tuples
Ul(i1),U(i2),U(i3) and check that each U(ij) forms a k-clique and all pairs U(i;),U(ij) form a
biclique for j # j'.

Clique Test Consider alphabet {0,0,1,1} (with weights 1) and set for e € £ and 1 <i < vk

Teji =

)

{1, if some node in e does not appear in U (%)

0, otherwise

Since U (i) forms a k-clique iff for every non-edge at least one of the endpoints does not appear in
U (i), we obtain:

Lemma 4.13. Set r; := O,cfTei- We have WRNA(lEri) < E, with equality if and only if U (i)
forms a k-clique.

Biclique Test Consider alphabet {2,2,3,3,4,4} (with weights 1) and set for v € V and i € [V¥]

{2 4, if v appears in U(i) {2 4, if v is adjacent to every node in U (i)
Do = Qui = 3

234, otherwise 4, otherwise

Lemma 4.14. Set p; == Qyey Pv,i and ¢ = Oypey Qui- For any i, j, we have WRNA(p; ¢;) < 2V,
with equality if and only if U(i),U(j) form a biclique.

Proof. Note that the total weight of ¢; is 2V, which shows the upper bound WRNA (p; ¢;) < 2V.
To obtain equality, all symbols in ¢; must be matched. In particular, the 4 in g, ; must be matched
to the 4 in p, ;. If follows that the 2 or 3 in Quv,; can only be matched to a 2 or 3 in p, ;. Hence, we
have WRNA(p; g;) = 2V if and only if there is no v € V such that v appears in U (i) but v is not
adjacent to every node in U(j), which happens if and only if U (), U(j) form a biclique. O

Complete Construction For any symbol o used so far, we introduce two copies ¢’ and o”.

For the strings 7¢ i, pv,i, qv,i defined above, we write 7, ;, p{, ;, g, ; and 7 ;. p ;, ¢ ; to denote that we

replace all symbols by their primed copies. For iy, is,43 € [V¥] consider the string

.. N R /B qnE
T(217127Z3) =1 Til pil pil 1 Tig qig pig 1 Tig qi3 qu‘
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Note that the alphabet is partitioned such that the only possible matchings are among 17,
1'F Tiys 1"E v as well as pi, qis, P, 4iy» P, 4y~ Also note that these pairs are non-crossing. Hence,
by Lemmas and we have WRNA(T'(41,12,13)) < 6V + 3E, with equality if and only if
Ul(i;) forms a k-clique and U (i;),U(i;/) form a biclique for any j # j/, which happens if and only
if U(i1) UU (i2) UU (i3) forms a 3k-clique.

This is close to a complete reduction. It remains to force the choice of consistent offsets i1, 79, i3,
which we accomplish with the following lemma. Its proof is technical and defered to the end of this

section.

Lemma 4.15. Let A,B,W > 1. Let z,; for a € [A], b € [B] be strings over alphabet ¥, each with
total weight Y, w(zap[i]) < W. Assume that no two symbols in O,y Tap match. Let 5,5,6,6,7,7
be new symbols not appearing in 3, with weights w(5) = w(5) = w(7) = w(7) = 4AW and

w(6) = w(6) = 8AW. Set p:= (8A+ 12)ABW and

G({zap}) =55(65)% 0 ( O (O ) o6”)067(76)775.

a€lA] “be[B]

Then for any strings y1,y2 over alphabet ¥ we have

WRNA(y1 G{zap}) y2) = p + max WRNA <y1 ) ( O xai,) o yg).
be(B] a€[A]

We apply the above lemma as follows. Let B = V¥ and A = V + 2E, and for b € [B] set
Tap = Tap for a € [E], g,y = pap for a € [V], and zpyy 4, = py, for a € [V]. Note that
OuelA] Taiy = Tiy Piy Pi,, which is a substring of T'(iy, 49, 13). Construct G({z,}). Similarly define
Yap 50 that O,eia) Yain = 7, €, Pi,» and construct G'({yap}), where the new symbols are now
5,5',6',6',7,7. Similarly define Zab SO t}lat Oﬁae[A] Za iz = rgg q;; iz, and construct G”({zap}),
where the new symbols are now 5”,5"”,6",6",7",7".

The final text is

T =17 G({zas}) 1" C'({yas}) 1" & ({za0})-
Applying Lemma [£.15] three times, we see that

WRNA(T) =3p+ max WRNA(T(i1,2,13)).

i1,i2,i3€[VF]
Since WRNA (T (i1,42,13)) < 6V + 3E with equality if and only if U(i1) U U(i2) U U(i3) forms a

3k-clique, we obtain that WRNA(T) > 3p + 6V + 3E if and only if G contains a 3k-clique. This
finishes the construction and proves the correctness.

Size Bounds Note that for each symbol o € {0,1,...,7} we have a counterpart &, and both have
three primed variants. Thus, the alphabet size is |[S| = 8-2-3 = 48. Since A = O(V + E) = O(V?)
and B = V¥ the text length is N = O(V**+2). Note that each Tab, Yap, and 2,3 has total weight
W < 3. Hence, the weight of the symbols introduced by the guarding G(.) is 8AW = O(A) =
O(V?). The following lemma analyzes the compressibility of the constructed text. We thus obtain
all size bounds as claimed in the beginning of this proof.

Lemma 4.16. The text T has an SLP T of size O(V?).
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Proof. As in Lemmas and for any a € A there are SLPs for the strings Ope(p 6 Zqp,
Owes) 6 Yap, and Oypeip) 6 20 of size O(V). Indeed, any such string is equal to Qe 67e,i,
Oievr 6 py.i, OT Oievi] 6 gy, or their primed variants, for some v € V,e € E. By definition of

Te,i>Dv,i» Qu,i, these strings are generated by Inclgk), Inclq(]k) , and Adjq()k)7 respectively, except that the
terminals 0,1 are replaced by some constant-length strings over {0,0,...,4,4}. The final text T
consists of O(A) = O(V?) strings of the form Overn 6 Zqp, Owern 6 Yqp, OF Oweln 6 2q,p, plus some
very repetetive padding strings that can be compressed to length O(log V') by Observation The
bound follows. ]

It remains to prove Lemma to finish the proof of Theorem

Proof of Lemma[{.15 Let z := G({x43}) and fix b € [B]. In every block Oye(p) 6 2ap or 67 of x,
we match the first b 6’s to the directly preceeding 6’s, and match the last B — b 6’s to the directly
succeeding 6’s. At the beginning, this leaves B — b 5’s to be matched to the first 5’s, and at the
end this leaves b 7’s to be matched to the last 7’s. Since we match all (A + 1)B 6’s and B — b 5’s
and b 7’s, the total weight of this matching is (A+1)B-8AW + (b+ (B —b)) -4AW = p. Note that
this matching leaves all x4 for a € A unmatched and uncovered, i.e., for no two matched symbols
x[t], z[j] we have that z[i] is to the left of z,; and z[j] is to the right of x4, in . Hence, any
solution to WRNA (y1 o(Ogea) Tab) © y2) can be added to the pairs matched so far. This yields

WRNA (y1 zy2) > p + max WRNA (yl o ( O $a,b) o yg).
be(B] a€[A]

For the other direction, consider an optimal matching R of y; z y2, realizing WRNA (y;  y2).
Write w,, for the total weight of pairs in R with both indices in z, and let w; , be the total weight
of pairs in R with one end in x and the other in y; or y». Note that w, 4w, , > p, since otherwise,
as shown above, we could replace the pairs of R incident with z to obtain w, = p and w,, = 0,
yielding a higher total weight, which contradicts optimality of R.

Note that symbols in z,; can only be matched to symbols in y; or y2, and the only possible
matchings between x and y; or y» happen in the strings 4. Let Z C [A] x [B] be the set of all pairs
(a,b) such that z,; contains at least one position matched by R. Consider first the case Z = (), so
that w;, = 0. Denote by ms, mg, m7 the number of matched symbols 5,6,7 in x. Note that each
matched 5 and each matched 7 covers one 6. Hence, at most B — ms + B — my + AB 6’s can be
matched. Since the number of 6’s is (A+1) B, we have mg < min{B —ms+ B —m7;+ AB, (A+1)B}.
We thus obtain an upper bound on w, of

(ms 4 2mg + my) - 4AW < (ms + my) - 4AW + min{B —ms+ B —m7;+ AB, (A + 1)B} - 8AW
=min{2(A +2)B —ms — m7,2(A+ 1)B +ms + mz} - 4AW.

Optimizing over ms, m7 yields
wy < (2A+3)B = p.

Hence, in the current case Z = () we have w,, = 0 and w, = p, which yields

WRNA(y1 212) < p+ WRNA(y132) < p + max WRNA (y1 o( O Tap)o y2>.
be[B] a€[A]
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Now consider the remaining case |Z| > 1. Write Z = {2z, p,,-.-:%a,p,}, lexicographically
sorted by (a,b). Then we can bound w,, < €- W, since the total weight of each x,} is bounded
from above by W.

In the following we bound w,. Note that between x5, and x4, ,p,,, the only symbols con-
tributing to w, are 6 and 6. We count (a;+1 — a;)B 6’s and (a;+1 — a;)B + bi+1 — b; 6’s in this
substring. Hence, this contribution is bounded from above by

min{(ai_H — CLi)B, (ai+1 — ai)B + bz’+1 — bz} - 8AW = (2((]@_,_1 — ai)B + min{O, 2bi+1 — 261}) -4AW.
Using the identity min{0, 2z} = z — |z|, we can rewrite this bound as
(2(&@4.1 — ai)B +bir1 — b — ‘bi—i—l — bz’) -4AW.

We next analyze the contribution to w, before x4, p,. We count (a; —1)B + by 6’s and a1 B 6’s
as well as B 5’s and 5’s in this substring of . Denote by ms the number of matched 5’s, and note
that this covers my 6’s from matching with 6’s. Hence, we can match at most min{(a; — 1)B +
b1,a1B —ms} 6’s. Summing up the weights, we obtain an upper bound on the contribution to w;,
before x4, , of

ms-4AW +min{(a; —1)B+b1,a1 B —ms}-8AW = min{2(a; — 1) B+ 2by + ms, 2a1 B —ms} - 4AW.

Optimizing over ms, we obtain an upper bound of ((2a; — 1)B + by) - 4AW.

Lastly, we analyze the contribution to w, after x,,;,. We count (A —ay + 2)B — by 6’s and
(A—ag+2)B 6’s as well as B 7’s and 7’s. Similarly to the last paragraph, when matching my 7’s
we obtain an upper bound on the contribution of

mr - 4AW + min{(A —ay+ 2)B — bg, (A —ap + 2)B — m7} -8AW
= min{2(A —ay+2)B—2by+m7,2(A—ar+2)B — m7} -4AW.

Optimizing over my yields an upper bound of (2(A — a; +2)B — by) - 4AW.
Summing over all three cases, we obtain an upper bound on w, of

((2@1 — 1)B + b1 + 2(A —ap + 2 — by + Z az+1 B + biy1 — b — ’biJrl — bz|)> -4 AW.

Note that all a;’s and almost all b;’s cancel as they form telescoping sums. What remains is

-1
wxi( B+2A+2)B Z]bl+1—b|)-4AW:p—4AWZ\bi+1—bi|.
1=1

In combination with the inequalities w, , < /W and w, + w; 4, > p shown above, we obtain

/-1 ¢
Z |biy1 — b < A
i=1
Note that we have |b;+1 —b;| = 0 for at most A — 1 4’s, since b;11 = b; implies a;+1 > a;. This yields

/—1
D b —bil = l—1—(A-1)=(— A
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Together with the upper bound, we obtain £ — A < £/(4A) < ¢/2, which yields ¢ < 2A. Hence, we
have

l—1 )
Z\biﬂ —bifs g s1/2<L,
=1
which implies that b;11 = b; for all 7. Let b:= by = ... = by. Then R matches only the strings z
for a € A, among all strings in X. Since we showed w, < p, we indeed obtain
WRNA(T) < p + max WRNA (yl o( O Zap)o yg). 0
be[B] a€[A]
O

5 Disjointness, Hamming Distance, and Subsequence

In this section we consider the following three problems on compressed sequences. In all problems
we are given SLPs 7 and P of size n and m, representing a text 7' = eval(7) of length N and a
pattern P = eval(P) of length M.

Problem 5.1 (Disjointness). Given two compressed sequences T and P of equal decompressed
lengths N = M over alphabet {0,1}, decide whether there is a position such that both sequences
have symbol 1 at that position, i.e., whether T[i] = Pli] = 1 holds for some i.

Problem 5.2 (Hamming Distance). Given two compressed sequences T and P of equal decom-
pressed lengths N = M, output Hamming(P,T) = |{i|P[i] # T[i]}|. That is, output the number of
positions where the decompressed sequences differ.

Problem 5.3 (Subsequence). Given two compressed sequences T and P of decompressed length
N > M, decide whether the pattern sequence P is a subsequence of the text sequence T .

We note that in the uncompressed setting all three problems have linear time trivial algorithms.
This immediately implies that all three problems can be solved in time O(N) by decompressing the
sequences and running the trivial algorithms. Below we show that this running time is not optimal
and can be improved for all three problems for sufficiently compressible strings. Furthermore,
we show conditional lower bounds for the three problems assuming the Combinatorial k-Clique
conjecture, k-SUM conjecture, and Strong k-SUM conjecture (see Section for definitions). We
were, however, not able to establish matching upper and lower bounds and we leave it as an open
problem to close the gap.

Known Lower Bounds from Classic Complexity Theory In [49] it was shown that the
Hamming Distance problem is #P-complete and thus a polynomial time (nm)o(l) algorithm for it
is unlikely to exist. Lohrey [52] showed that the Subsequence problem is at least as hard as PP and
is contained in PSPACE. It is conjectured that the subsequence problem is PSPACE-complete [53].
Note that the class PP contains computationally very difficult problems. In particular, Toda’s
theorem states that the entire polynomial hierarchy PH is contained in PPP.

We can easily check that the Disjointness problem is in NP. A variant of our Theorem [5.10
below implies that the Subset Sum problem can be reduced to the Disjointness problem and thus
Disjointness is in fact NP-complete.
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5.1 Algorithms

We start this section by showing a simple algorithm for the Subsequence problem that runs in time
O((n|S] + M)log N) (see Theorem [5.4). An algorithm with very similar guarantees was obtained
in [12]. Note that in a natural setting, namely when |X| < O(1), n < M and N < MO0 the
algorithm runs in time O(M ). That is, we do not need to decompress the text sequence to be able
to solve the Subsequence problem.

In Theorems and below we show O (max(m,n)'? - N6) time algorithms for the Ham-
ming Distance and Subsequence problems, respectively. We observe that both running times that
we obtain for the Subsequence problem are incomparable. Finally, by Theorem [5.7] from Sec-
tion the Disjointness problem can be reduced to the Subsequence problem. This implies an
O(max(m,n) - N06) time algorithm for the Disjointness problem. To the best of our knowledge
these upper bounds are new.

Theorem 5.4. The Subsequence problem can be solved in time O((n|X| + M)log N).

Proof. We start by decompressing the pattern sequence P in O(M) time. To decide whether P
is a subsequence of the text sequence T', for i = 1,..., M (in this order) we will find the smallest
j €{1,..., N} such that P[1..i] (the prefix of the decompressed pattern of length ) is a subsequence
of T'[1..7]. In the rest of the proof we will describe how to do this efficiently.

We start by transforming the compressed text 7 into an AVL-grammar of size O(nlog N) and
depth O(log N) according to Theorem This takes O(nlog N) time. Additionally, for every
alphabet symbol o € ¥ and every non-terminal T; of the AVL-grammar, we decide whether the
sequence produced by the non-terminal 7T; contains the symbol . For every symbol, this can be
done in O(nlog N) time. Since the size of the alphabet is |X|, this takes O(n|X|log N) total time.

Given an index i = 1,..., M, suppose that we know the smallest index j € {1,..., N} such
that P[1..i] is a subsequence of T[1..5]. We will show how to find the smallest j* > j such that
PI1..i 4 1] is a subsequence of T'[1..5']. The required running time will follow since we will be able
to do this in O(log N) time for every index i. We find the smallest j' > j in two steps. In the first
step we traverse the parse tree bottom-up from the symbol T'[j] until the current node has T'[j] in
the left subtree and the right subtree contains symbol P[i + 1]. In the second step we go to the
right subtree and then keep going to the left-most child that contains the symbol P[i + 1]. Since
the height of the parse tree is O(log V), this takes O(log N') time. This finishes the description of
the algorithm. Note that we did not decompress the text sequence T in this process. ]

Theorem 5.5. The Hamming Distance problem can be solved in time

O (max(m’n)Q—l/logQ(Qcp) ) Nl/log2(24p)> -0 (max(m’ o N0.592...) ’

1+5
2

where @ = 1s the golden ratio.

Proof. Let Py, P, ..., Py be the SLP P corresponding to the decompressed pattern sequence P and
let 11,75, ...,T, be the SLP T corresponding to the decompressed text sequence 1. We assume
that the decompressed length of the sequences P and T is |P| = |T| = N.

By Theorem [2.1] we can assume that Py, Ps,..., Py, and T31,75,...,T, are AVL-grammars.
This increases the running time by a factor of at most polylog N, which is hidden in the O()
notation. Fix an i = 1,...,m and consider the sequence eval(P;) with the corresponding parse tree
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of height depth(F;). Then one can verify that the length of the sequence is bounded from above
by |eval(P;)| < 29ePth(P) and from below by

eval(P)| > Faepn(r > 2 (7)), (6)

where Fyepih(p,) 18 the depth(F;)-th Fibonacci number and ¢ is the golden ratio [26]. Analogous
properties hold for T for j =1,...,n.
For every P; and T; we precompute the length of eval(FP;) and eval(Tj), respectively. We define
the function
Ham(P;, T}, d) := Z [eval(P;), # eval(Tj)r+al,
. re{l,.. Jeval(P)l[},
" rtde{1,...,leval(T})|}
where d is a negative or a non-negative integer. In other words, Ham(P;, T}, d) is equal to the
Hamming distance between T and a shifted P; (by d symbols to the right if d > 0 and by |d| symbols
to the left otherwise), where we consider only the symbols that have aligned counterparts. Clearly,
we can solve the Hamming Distance problem by outputting Hamming(P,T') = Ham(P,,,T,,0).
A simple algorithm for computing the Hamming distance is the following recursive method.
Assume that the sequence eval(F;) is longer than the sequence eval(7}), and P; — Py, P,;). Then

Ha’m(ljiv 1—’]'7 d) = Ham(Pf(i)’ 11]') d) + Ha‘m(PT(i)7 irj? d+ |eval(Pf(z))D
Otherwise, if the sequence eval(7}) is longer and T; — Ty (;), T,+(j), then

Ham(PZ-, T‘j, d) = Ham(B, TZ’(j)v d) + Ham(B, Trl(j), d— |eV&l(Tg/(J))|)
Clearly, for any recursive subproblem where the argument d is such that no symbols get aligned,
we can immediately return 0. When P; or T} encode a single symbol, we compute their Hamming
distance in a constant time.
We use this recursive algorithm with memoization, i.e., if we call the same inputs twice, then

we return the stored answer.

Running Time We crucially use the fact that we split the longer text in each step, and property [0}
Both together imply that

\eval(Tj)\ >0 (|€Va](Pi)‘log2 @) =0 (]eval(R)|O'694"')

for each call Ham(P;,Tj,d). We bound the running time by counting for each P; how many
different calls there are of the form Ham(P;, T}, d) with |eval(T})| < |eval(F;)|. The running time
corresponding to the calls with |eval(T})| > |eval(F;)| can be analyzed analogously. Note that
leval(T;)| < |eval(F;)| implies |d| < O(|eval(F;)|), as larger shifts immediately give answer 0. Let
0 < a < 1 to be fixed later. If |eval(P;)] < N® we can thus bound the contribution of P; to the
running time by nN® (there are n T}’s and N* possible offsets d). Otherwise, if |eval(F;)| > N,
then |eval(7})| > N®°%2% and thus there are at most N1~%1°2¢ calls to such 7} in the parse
tree for T' = eval(7;,). Thus, there are at most this many calls Ham(P;, T}, d), so the contribution
of P; to the running time is at most N I=alogy ¢ - Qummed over all m different P;’s the total
running time is bounded by O (m(nN @ Nl-alog ‘p)). Minimizing over « gives the running time
O(m- nl=1/log2(2¢) . N1/ 1°g2(25”)). The running time corresponding to the calls with |eval(T})| >
|leval(P;)| can be similarly bounded by O (n - m!=1/1082(2¢) . N1/1082(2¢)) Tt remains to observe that
the total running time is bounded by O (max(m, n)%~1/log2(20) . N1/ log?@“’)) as required. O
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Theorem 5.6. The Subsequence problem can be solved in time
O (max(m’n)Q—l/logQ(ng) ) Nl/log2(2g0)) -0 (max(m7 n)1'409'“ ) N0.592...) ’
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2

where @ = 1s the golden ratio.

Proof. The algorithm follows a similar recursive method as in Theorem As above, we assume
that the SLPs P and T are AVL-grammars.

For non-terminals P; and T} and an integer d we define the function Subseq(P;, Tj,d). If d > 0,
then we assume that we already matched a prefix of eval(P;) of length d (the prefix is a subsequence
of an earlier part of the text) and our goal is to match the rest of eval(FP;) with eval(7}). On the other
hand, if d < 0, then we assume that we already matched a prefix of eval(7}) of length |d| (a previous
part of the pattern is a subsequence of the prefix) and our goal is to match eval(F;) to the rest of
eval(T}). The function returns an integer as follows. Let d’ be the length of the longest prefix of
eval(F;) that can be matched to eval(T}). (If d > 0, then we match only the remainder of eval(P;)
to eval(7};). If d < 0, then we match eval(P;) to the remainder of eval(7}).) If &' < |eval(P;)],
that is, we cannot match entire eval(F;) to eval(Tj), then the function Subseq(P;, T}, d) returns d'.
Otherwise, if d’ = |eval(P;)|, the function returns the length of the shortest prefix of (the remainder
of) eval(Tj) that can be matched to (the remainder of) eval(F;).

Given the description of the function, the recursive implementation of it is straightforward and
is described below. To evaluate Subseq(P;, T}, d), we consider three cases.

Case 1 P; or Tj represents a single symbol. The problem is trivial to solve in this case.

Case 2 |eval(F;)| > [eval(T})|. Let P; — Py, Py be the SLP rule corresponding to P;. If
d > |eval(Py))|, then the function returns Subseq(P,.;), T},d — |eval(Py;)|), which we compute
recursively. If, on the other hand, d < |eval(Py;))|, we recursively compute d’ := Subseq( Py, T}, d)
and return d' if d' > 0 or return Subseq(P,¢;), Tj,d') if d' < 0.

Case 3 [eval(F;)| < |eval(T})|. This case is similar to the previous one. Let T — Ty ;), Ty (j)
be the SLP rule corresponding to Tj. If —d > [eval(Ty(j))|, we return Subseq(F;, T, (), —d —
leval(Ty (;))]), which we compute recursively. Otherwise, we define d' := Subseq(P;, Ty(;),d) and
return d' if d’ < 0 or return Subseq(P;, T,(;),d') if d' > 0.

The correctness of the algorithm follows from the description and the definition of the function
Subseq(P;, T}, d). The running time analysis is similar to Theorem and we omit it. ]

5.2 Lower Bounds

In this section we show conditional lower bounds for the Disjointness, Hamming Distance and
Subsequence problems. First, we show that the Disjointness problem can be reduced to the Subse-
quence problem (Theorem and to the Hamming Distance problem (Theorem [5.8)). Thus, any
algorithmic improvement for the latter two problems implies a faster algorithm for the Disjointness
problem. Alternatively, we can think about the Disjointness problem as the core hard problem
explaining hardness for the two other problems. Second, we show a matching N 1-o(1) Jower bound
for combinatorial algorithms for the Subsequence problem in the setting where N ~ M ~ n? ~ m?.
We use the combinatorial k-Clique conjecture to establish this hardness. Finally, we use the k-SUM
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conjecture (Conjecture |2.8) for all three aforementioned problems. The lower bounds that we show
are not tight. We show that assuming a stronger version of the k-SUM conjecture (Conjecture
allows us to get higher lower bounds, but still not matching.

Theorem 5.7. The Disjointness problem can be reduced to the Subsequence problem. The reduction
loses at most constant factors in the length of compressed and decompressed sequences.

Proof. Let P and T be two binary sequences, forming an instance of the Disjointness problem. We
construct a sequence P’ from P by replacing every symbol 0 with symbol “0” and every symbol 1
with two symbols “10”. Similarly, we construct a sequence T” from T by replacing every symbol 0
with two symbols “10” and every symbol 1 with “0”.

The resulting sequences P’ and T’ are compressible similarly as P and 7. We can check that
P’ is a subsequence of T" if and only if we have P[i] = 0 or T'[i] = 0 for all . This completes the
reduction. O

Theorem 5.8. The Disjointness problem can be reduced to the Hamming Distance problem. The
reduction loses at most constant factors in the length of compressed and decompressed sequences.

Proof. Let P and T be two binary sequences, forming an instance of the Disjointness problem. We
construct a sequence P’ from P by replacing every symbol 0 with three symbols “011” and every
symbol 1 with three symbols “000”. Similarly, we construct a sequence 1" from T by replacing
every symbol 0 with “001” and every symbol 1 with “111”.

These four gadget sequences have Hamming distance 1 for all pairs except when both original
symbols are 1. In this case the Hamming distance between the two gadgets is 3. We conclude that
Hamming(P’,T") > N = |P| = |T| if and only if there exists ¢ with P[i] = T'[¢{] = 1. This concludes
the reduction. O

Theorem 5.9. The Subsequence problem has no combinatorial O(N'~=¢) time algorithm for any
e > 0 in the setting N = O(M) = ©(n?) = O(m?) and |Z| = O(N¢®), assuming the combinatorial
k-Clique conjecture.

Proof. The reduction will rule out combinatorial algorithms with running time N'~¢ by using the
Combinatorial k-Clique conjecture2.7with k = O(1/e). Let k > 4 be even, and let G = (V, E) be an
instance of k-Clique. In the following we will construct an equivalent instance of the Subsequence
problem, i.e., a text T = eval(7) and a pattern P = eval(P), satisfying N = |T| = O(V*+1),
n=|T| = O(V*2+) M = |P| = O(VF), and m = |P| = O(V¥/2). The alphabet size will
be [X| = O(V). By a simple paddin we can then ensure that N, M = O(V**2) and n,m =
O(VF/2+1) 5o that indeed N = ©(M) = O(n?) = O(m?), and we have |S| = O(N?) for any
k > 1/e. Finally, a combinatorial O(N!'~¢) algorithm for the Subsequence problem in this setting
would yield a combinatorial algorithm for k-Clique in time O(V(*+2)(1=¢)) — O(V*(1=¢/2)) for any
k > 4/e, contradicting the combinatorial k-Clique conjecture.

We first construct clique gadgets and then the pattern and the text. The alphabet will be
Y=V U{#,$}

0gpecifically, let § be a fresh symbol and add IqVkJr2 as a prefix to T and P. Compress this string hvkﬂ to length
VE/241 by writing it as (hvk/zﬂ)vk/yr1 and using Observation
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Construction of the clique gadgets CG  Given a (k/2)-clique C = {v1, ..., vy/2}, we construct
the clique gadget CG(C) as:
CG(C) = (v1v2...v52#) 2.

That is, we write down the labels of the vertices (in increasing order), put “#” at the end and
repeat the resulting sequence k/2 times.

Construction of the clique gadgets CG’ Given a (k/2)-clique C' = {uy, ..., up/2}, we con-
struct CG'(C") as:

CG'(C") = Neighbors(uy)#Neighbors(usg)# ... #Neighbors(uy, /) #

where Neighbors(u) lists all neighbors of vertex w in increasing order.

We can check that for any (k/2)-cliques C,C’", CG(C) is a subsequence of CG'(C") if and only
if C U’ forms a k-clique.

Construction of the sequence Z We construct Z as:
Z = (L#)*?,

where L is the sequence containing all V' vertices in the graph in increasing order. We can verify
the any clique gadget CG(C) is a subsequence of Z.

Construction of the Pattern The pattern consists of clique gadgets as follows. Enumerate all
(k/2)-cliques C,...,Cqg with Q < Vk/2 in G. The pattern sequence P is constructed as:

P := (CG(C1)$CG(C5)$..$CG(C)$)« .

That is, we concatenate the @ clique gadgets CG(C1),...,CG(Cgq) in one sequence and put “$”
after every gadget, and repeat the resulting sequence ) times. Note that the symbol “$” does not
appear in any clique gadget.

Construction of the Text The text is somewhat similar to the pattern, defined by:

T := (CG'(C1)$23$)9 (CG'(C2)$2$)? ...(CG' (Co-1)$Z%)? (CG'(Co)$2$)9 L CG' (Cp)S$.

Correctness The pattern consists of Q2 clique gadgets with the symbol $ in between any two of
them. The text consist of Q? cliques gadgets with the sequence $Z$ in between any two of them.
Since there are only @2 — 1 Z’s in the text, we cannot match all clique gadgets of the pattern to
Z’s in the text. Hence, if P is a subsequence of T', then at least one clique gadget CG(C;) is a
subsequence of CG’(C}) for some 4, j. This happens only if C; U C; form as k-clique in G.

For the other direction, we show that if G' contains a k-clique, so that there are 7, j with C; UC}
forming a k-clique, implying that CG(C;) is a subsequence of CG'(C}), then the pattern is a
subsequence of the text. Indeed, let ¢ = j - @Q +i. The g-th clique gadget in the pattern is CG(C;)
and the ¢-th clique gadget in the text is CG’ (C;) We match all clique gadgets before the g-th one
as well as after the ¢g-th one to Z’s, and we match CG(C;) to CG'(C}). This shows that P is a
subsequence of T'.
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Since |L| =V, Q < V¥/2 and k is a constant, the length bounds N = O(V*+1) and M = O(V*)
are immediate. Using Observation to compress strings of the form X to size O(|X| + log Q),
we also immediately obtain n = O(V*/2*1) and m = O(V*/?). This finishes the proof. O

Theorem 5.10. Let kK > 1 be an integer. Consider the Disjointness problem with N = M =

1 3
O(n*+1) = ©(m*+1). Solving the Disjointness problem in this setting requires N +1eera—o()
time assuming the (2k + 1)-SUM congjecture.

Theorem 5.11. Let k > 1 be an integer. Consider the Disjointness problem with N = M =
1 2

O(n*1) = ©(m3*1). Solving the Disjointness problem in this setting requires N3torm W fime

assuming the Strong (2k + 1)-SUM conjecture.

By Theorems and the same kind of hardness holds for the Subsequence and Hamming
Distance problems.

Proof of Theorems[5.10 and[5.11} Let k > 1 be an integer and let A C {0,1,...,R— 1, R} be an
instance of the (2k +1)-SUM problem with |A| = r and target sum ¢. Without loss of generality, R
is divisible by k41 and ¢ is divisible by k. We define the set B := {% +R—alac A} and the set

C = {kRT_kl +alac A}. We can verify that there exist by,...,by € B and cy,...,cpy1 € C with
b+ ...+ by =c1+...+ cry if and only if there exist ay,...,a041 € A with a1 + ...+ agi+1 =t
We note that B,C C {1,2,...,R'} for R’ :=2R.

In O(rlogr) time we will construct an instance to the Disjointness problem with the following
properties.

e Pattern P = eval(P) is constructed from the set B and has length M = R’-r?* and compressed
size m = O(rlogr),

e Text T = eval(T) is constructed from the set C' and has length N = R’ - r?¥ and compressed
size n = O(rlogr),

e There exists ¢ such that P[i] = T[:] = 1 if and only if there exist bj,...,b, € B and
Cly..yChy1 €Cwith by +...4+bpy=c1 4+ ...+ Cpy1-

Simply padding allows us to increase the text length and pattern length to R/r2* logk/ r for any k' >
0, and to achieve n,m = O(rlogr). Setting R = r?**1, we thus have N = M = 2p4+! log** 1 =
O(n*+1) = O(m*+1). Any O(N/4+3/(6k+d)—ey — (N(k+1-e)/(4k+1)) time algorithm for Dis-
jointness would now imply an algorithm for (2k+1)-SUM in time O((rlogr)**+1=¢) = O(rk+t1-5/2),
contradicting the (2k + 1)-SUM conjecture (Conjecture 2.8). This proves T heore Simi-
larly, setting R = r**! and using the Strong (2k + 1)-SUM conjecture (Conjecture [2.9) we obtain
Theorem [5.111

In the remainder of the proof we present the promised construction.

Without loss of generality, we have R’ > 10k - max(B U C).

Construction of the Pattern We define the pattern as

k

P = ( O Ob1++bk 1 OR/—(bl-i-...—‘rbk)—l)r
b1,...,bk€B
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where the O goes over all tuples (by,...,by) € B in lexicographic order. That is, P consists of
r* repetitions of a sequence Z of length R’ - 7*. The sequence Z consists of sequences Z, ..., Lok,
corresponding to k-tuples (by,...,b;) € B*. Each sequence Z; has length R, and the sequence Z;
corresponding to tuples (by,...,bx) has 0’s everywhere except at position by + ...+ by + 1.

Construction of the Text We define the text as

k

,
T:= O (Y(cl, e ,ck)> , (7)
C1,.-,CLEC
where Y (c1,...,c) is a string of length R’ with Y(c1,...,c)[j+1]=1ifje{c+e1+...+cx |
ceC},and Y(c,...,cx)[j + 1] = 0 otherwise.

Analysis Note that there is an index ¢ with P[i] = T[i] = 1 if and only if there exist by,...,b, € B
and c1,...,cp41 € C with by + ... 4+ by = c1 + ... + cx+1. Hence, correctness of the reduction can
be easily verified. The length N = M = R'r?* is immediate. It remains to show that the pattern
and the text are compressible.

Compressing the Pattern Since P = Zrk, by Observation it suffices to compress Z. We
construct the sequence Z inductively. We write B = {Bi,...,B,}. We define Sy — 1 to be a
non-terminal generating a sequence of length 1 containing a single symbol 1. For i € [k] we define
the non-terminal S; as follows:

Sz' N (OZU;llOBwSiiloR’rifl—Bw—\eval(Si—l)\) o OB,» . (8)
Finally, we set S — Sk o 0B =1kl Here the right hand side contains more than two SLP non-
terminals, but using Observationit is easy to convert this into a proper SLP of size O(rlogr) as

required. It remains to check that Z = eval(S), i.e., eval(S) = Oy, . p,ep 07T T0% 1 0t —(brtotbi) =1,
Indeed, a straightforward induction shows that we constructed S;, i € [k] such that

eVal(SZ‘) o ORri,‘eval(SZ'” — O Ob1+...+bi 1 OR’f(b1+...+bi)*1'
b1,...,b;€B

The induction step is performed by using the derivation rule (8)).

Compressing the Text Let W be a string of length R’ consisting only of 0’s except W[j+1] =1
for any j € C. We define an SLP non-terminal Y’ that generates the shortest prefix of W containing
all 1’s of W. We set

rk—1

Yb N (YloR,—‘GVal(Y/”) Y/.
Note that eval(Y’ )ORL\QV&I(Y/)| = W. Hence, Y) generates the string W™ where we removed the
longest suffix of 0’s. We write C' = {C1,...,C,}.

For i =1,...,k we define sequence Y; as follows:

)/‘i — <O:U—:1100w}/;:_10R’rk+i71_Cw—|eval(}/i,1)‘) o 007'}/'7:_1‘ (9)
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Finally, we set 7 — Yj o QR —leval(Yi)l - Tt ig easy to verify that the size of the above SLP
T is O(rlogr). It remains to show that eval(7) = T as in (7). That is, we want to show that

k

eval(T) = Og,....creC (Y(cl, . ,ck))r . This follows by a straightforward induction. We can check
that for ¢ =0,1,...,k we have

. ,r,k:
eval(Y;) o QR —lewl¥0l (Y(cl,...,ci)).

C1yeenyGEC

The induction step is performed by using the derivation rule @

6 Conclusion

With this paper we started the fine-grained complexity of analyzing compressed data, thus providing

lower bound tools for a practically highly relevant area. We focused on the most basic problems

on strings, leaving many other stringology problems for future work. Besides strings, there is a

large literature on grammar-compressed other forms of data, e.g. graphs. It would be interesting

to apply our framework and classify the important problems in these contexts as well.
Specifically, we leave the following open problems.

e Determine the optimal running time for the Disjointness, Hamming Distance, and Subse-
quence problems.

e Generalize our lower bound for LCS to Edit Distance.

e For NFA Acceptance we obtained tight bounds in case of a potentially dense automaton with
q states and up to O(g?) transitions. Prove tight bounds for the case of sparse automata with
O(q) transitions.

e For large (i.e. superconstant) alphabet size, some bounds given in this paper are not tight,
most prominently for Generalized Pattern Matching, Substring Hamming Distance, and Pat-
tern Matching with Wildcards. Determine the optimal running time in this case.

e For all lower bounds presented in this paper, check whether they can be improved to work
for binary strings.
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