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Abstract

In many streaming applications recent elements in the stream are considered
more important than older elements. In the sliding window model we are given
an unbounded stream of elements and the goal is to maintain a data structure
which allows performing a certain query (e.g. computing a numerical quantity
or verifying a property) on the set or sequence of the last n elements. The
number n is called the window size, which can be either a fixed number or
controlled online. The challenge is to devise streaming algorithms which avoid
maintaining the window explicitly using ©(n) space.

This thesis considers the language recognition problem in the sliding window
problem: Given a formal language (in other words, a property) and a stream
of symbols, maintain a small data structure which allows testing whether the
current window, i.e. the suffix of length n, belongs to the language (satisfies the
property). The main question that we aim to answer is: Which languages admit
sliding window algorithms using sublinear space?

The first main result is a space trichotomy (constant, logarithmic, linear) for
the space complexity of regular languages in the fixed- and the variable-size
sliding window model, together with language-theoretic descriptions of the
space classes. We also study the uniform setting where the regular language is
considered as part of the input. On this basis we extend these results in various
directions: (i) randomness, (ii) approximation, and (iii) subclasses of context-
free languages. We prove a quatrochotomy for the randomized space complexity
of regular languages. Concerning approximation, we present a constant-space
sliding window property tester for every regular language, which distinguishes
between words in the language and words that have large Hamming distance
from the language. Finally, we give partial results on context-free languages over
sliding windows and extend the space trichotomy for regular languages to the
class of visibly pushdown languages.
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Chapter 1

Introduction

1.1 The streaming model

With increasing amounts of data, it has become a challenge how to process these
data efficiently. In particular, the design and analysis of streaming algorithms has
attained a lot of interest in recent years, both in practice and theory. Streaming
algorithms receive their input as a sequence of elements or data items (in contrast
to algorithms with random-access) and have to process each incoming element
quickly, using only a small amount of memory. Such small space requirements
arise for instance when searching in large databases (e.g. genome databases
or web databases), analyzing internet traffic (e.g. click stream analysis), and
monitoring networks. For surveys on data streaming, we refer to [2, 92].

From the perspective of this thesis we can summarize the literature on the
streaming model roughly in three lines of research. Firstly, the vast majority
of papers deals with computing aggregates and statistics over data streams,
and related techniques. These include works on computing quantiles over data
streams by Munro and Paterson [91], the AMS-algorithm (Alon, Matias, Szegedy)
for computing frequency moments over data streams [5], the count-min sketch
for computing heavy hitters [35], and Indyk’s work on stable distributions and
approximating the L,-norm [68]. Concerning related techniques, let us also
mention the probabilistic counters by Flajolet and Martin [50], and Vitter’s
reservoir sampling algorithm [111].

Secondly, there has been a growing body of research on streaming algorithms
for formal languages. Hartmanis, Lewis and Stearns have studied the space
complexity of context-free and context-sensitive languages on online Turing
machines [84, 105]. More recently, Magniez, Mathieu and Nayak have presented
a randomized streaming algorithm for the Dyck languages D using O(y/nlogn)
space and polylogarithmic time per letter [86]. Furthermore, they prove almost
matching lower bounds. For the subclass DLIN of deterministic linear languages
a randomized streaming algorithm using O(log n) space was given in [14]. Krebs,
Limaye and Srinivasan considered streaming algorithms for the Dyck-2 language
where the input may contain errors [80]. Francois et al. [52] presented a

1



2 Chapter 1. Introduction

streaming property tester for visibly pushdown languages, which distinguishes
words in the language from words that are e-far from it, and works in space
(logn/e)CM),

Thirdly, we list the fundamental problem of pattern matching. Here we
are given a pattern of length n and a streaming text, and at each moment the
algorithm must decide if the current suffix of length n matches the pattern.
The classical algorithms by Knuth, Morris, Pratt [77], and Karp and Rabin [73]
solve this problem in linear time and O(n) space. Porat and Porat [98] showed
that pattern matching can be solved in O(logn) space (in words) and O(logn)
time per symbol of the text, and Breslauer and Galil [24] improved this result
to O(logn) space and O(1) time. Later the pattern matching problem was
generalized to the case of multiple patterns [30, 63] and streams [62]. Golan,
Kopelowitz and Porat [61] also considered the problem of pattern matching with
d wildcards. More formally, the algorithm receives as an input a pattern, i.e. a
string of length n that contains at most d wildcards (special symbols that match
any symbol of the alphabet), and must find all substrings of the text matching
the pattern. Their algorithm uses O(d + logn) time per symbol and O(dlogn)
space. Finally, the problem of pattern matching has been also studied in the
variant where we must compute the distance (Hamming or edit) between the
pattern and the current suffix [31, 32, 33, 62, 98, 104].

1.2 The sliding window model

In many applications data items in a stream are outdated after a certain time.
The typical application is the analysis of a time series as it may arise in medical
monitoring, web tracking or financial monitoring. In all these applications, newer
data items are more important than older ones. An easy and mathematically
clean way to model this is the sliding window model. The user specifies a property
¢ and the length n of the window in which the property should be verified.
For a given input stream the task of the algorithm is to decide at every time
instant whether the suffix of length n satisfies the property ¢ or not. More
generally ¢ may be an arbitrary function computed from the suffix of length n.
Let us quote from the overview paper by Babcock et al. [11]: “In fact, for many
such applications, sliding windows can be thought of not as an approximation
technique reluctantly imposed due to the infeasibility of computing over all
historical data, but rather as part of the desired query semantics explicitly
expressed as part of the user’s query.”

The pattern matching problem and its variants can be considered as a partic-
ular sliding window problem; however, we usually consider properties ¢ over
windows of arbitrary length.

The sliding window model was introduced in the seminal work by Datar
et al. [36] where the authors considered the basic counting problem: Given a
window length n and a stream of bits, maintain a count of the number of 1’s
in the window. One can easily observe that an exact solution would require
©(n) bits. Intuitively, the reason is that the algorithm cannot see the bit which is
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Figure 1.1: A stream of signals with a sliding window of length n = 5. Signals in
gray will arrive in the future.

about to expire (the n-th most recent bit) without storing it explicitly. However,
the authors show that using O(1 log?n) memory bits one can maintain an
approximate count up to a multiplicative factor of 1 + €. Furthermore, they
extend this result to arbitrary functions which satisfy certain additivity properties,
e.g. Ly-norms for p € [1, 2]. Braverman and Ostrovsky introduced the smooth
histogram framework [22], to compute so-called smooth functions over sliding
windows, which include all L,-norms and frequency moments. Further work on
computing aggregates, statistics and frequent elements in sliding window model
can be found in [10, 13, 16, 17, 21, 37, 45, 56, 60]. The problem of sampling
over sliding windows was first studied in [12] and later improved in [23]. As
an alternative to sliding windows, Cohen and Strauss consider the problem of
maintaining stream aggregates where the data items are weighted by a decay
function [34].

A natural problem that has been surprisingly neglected is the language
recognition problem over sliding windows. As a concrete motivating problem,
consider a fire monitoring system that uses input data from a smoke detector
and a heat detector. The data arrives in a streaming fashion and for simplicity
suppose the smoke detector emits signals S (smoke) and S (no smoke) and the
heat detector emits signals H (high temperature) and L (low temperature). The
signals from the two detectors are interleaved into one stream, and we define
the following patterns over the stream that indicate the existence of fire: (i) the
smoke detector emits two consecutive S signals, or (ii) the heat detector emits
three consecutive H signals, or (iii) both signals S and H appear in either order
(not necessarily consecutive). We want to trigger an alarm if any of the above
patterns is identified in the last 10 minutes, and this 10-minute long window
slides every time a new signal arrives. We assume that the signals arrive at
regular intervals and hence the window always contains a fixed number of n
signals.

In particular, this means that if the alarm is triggered because of an single
occurrence of two consecutive S, after 10 minutes this occurrence will fall off
from the window and the alarm will stop unless it is triggered again. This
problem can be viewed as a sliding window problem where the property is a
language over the alphabet £ = {8, §, H, L} of sensor values, namely the union of
three languages defined by the following regular expressions:

eg=2x*.-s-(H+L)*-s-L*
e =2"-H-(S+8)*-H-(S+8)"-H-Z*
GIIIZZ*(SZ*H+HZ*S)Z*
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A naive approach to solve this problem would be to maintain the entire window
of 10 minutes using ©(n) bits, where n is the window size, and update it on
every incoming signal. Then one could verify (offline) whether one of the three
expressions match the window. It is not hard to see that there is a more efficient
solution for this particular problem. For example, to verify the first property
(smoke detector emits two consecutive S signals) one can maintain two numbers
P1,P2 € {1,...,n, 00} where p; is the position of the i-th most recent S-signal
in the window, if it exists, or p; = oo otherwise. The window matches e; if and
only if p1,p2 < n, and one can clearly encode p; and p; using O(logn) bits.
This thesis mainly deals with the question which languages admit space efficient
streaming algorithms in the sliding window model.

1.3 Outline

In the following we briefly summarize the main results of this thesis and outline
its structure. The thesis can roughly be divided into three main parts.

Deterministic algorithms for regular languages After introducing basic no-
tions from formal languages and automata theory in Chapter 2, we formalize
the fixed-size and the variable-size sliding window model in Chapter 3, and prove
basic properties. In contrast to the fixed-size model (covered so far), variable-
size windows are controlled by a sequence of operations (insert new symbol
or remove the oldest symbol). Our first main result on regular languages is
presented in Chapter 4. We prove that the sliding window space complexity of
every regular language is either constant, logarithmic, or linear in the window
size (both for fixed-size and variable-size windows). Furthermore we give de-
scriptions of the O(logn) and the O(1) classes. Next, we consider the uniform
problem where the regular language is part of the input. We determine the
computational complexity of deciding the space complexity, and prove almost
tight bounds for the combined complexity, measured in the window size and the
size of the automaton. In Chapter 5 we turn from regular languages to rational
functions, which are functions computed by finite state transducers. We prove a
dichotomy theorem on so-called suffix expansions of rational functions. Using
this result we will extend the space trichotomy in the variable-size model to
rational functions and later in Chapter 10 to visibly pushdown languages.

Randomized algorithms for regular languages The next part (Chapters 6
to 8) deals with the question if and how randomness can improve the space
bounds of sliding window algorithms for languages. In Chapter 6 we present a
O(loglogn) space randomized sliding window algorithm for regular suffix-free
languages, and show that almost all other lower bounds from the deterministic
setting transfer to the randomized setting. In light of this marginal improvement,
we propose the framework of property testing over sliding windows in Chapter 7,
which can be viewed as an approximate membership problem. The main result
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is a constant-space randomized sliding window property tester with two-sided
error for all regular languages. Finally, in Chapter 8 we show that randomized
sliding window algorithms satisfying a strict correctness definition can always be
derandomized.

Context-free and visibly pushdown languages In Chapter 9 we investigate
whether the results on regular languages can be extended to subclasses of context-
free languages. We construct context-free languages with space complexity
©(n'/¢) for every number c, which indicates that context-free languages deviate
strongly from regular languages in this context. The reason for this is that the
sliding window space complexity is preserved under taking complements, and
co-context free languages can encode computations of Turing machines. We
prove that any sliding window algorithm for a context-free language which works
in o(logn) space can in fact be reduced to O(1) space. Finally, in Chapter 10
we prove a space trichotomy in the variable-size model for the class of visibly
pushdown languages.
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Chapter 2

Preliminaries

2.1 Basic notation

The set of natural numbers, including 0, is denoted by N and the set of integers
is denoted by Z. The logarithm of n to the base 2 is denoted by logn, and
we define log0 = 0. The symmetric difference of two sets A, B is defined as
AAB=(AUB)\ (ANB).Iff: X — Yis a function and A C X is a subset, then
f(A) ={f(x) | x € A} denotes the image of A under f. If B C Y is a subset, then
f~1(B) = {x € X | f(x) € B} denotes the pre-image of B under f. For a partial
function f: X — Y we denote by dom(f) = {x € X | f(x) defined} the domain and
by im(f) = {f(x) | x € dom(f)} the image of f. We identify a partial function
f: X = Y with its graph {(x, f(x)) | x € dom(f)} C X x Y.

Given functions f, g: N* — R+, we use the following common asymptotic
notation:

!

* g(M) = O(f(M)) Jc>03Ing e NVR = (1n4,...,nx) € N¥

withny, ..., > ng: g(n) <c- (M)

¢ g(M) =o(f(N)) <+= Vc>0InpeNVR=(ng,...,n) €Nk
with ng,...,ng = ne: g(n) < ¢ - f(N)

=
¢ g =w(f(M) <= f(n)=o(g(n)
=

These notations should be viewed as one-way equalities. Often we will show lower
bounds of the form g(n) > c - f(n) for some ¢ > 0 and infinitely many n € N. In
this case we write “g(n) = Q(f(n)) for infinitely many n” or “g(n) = Q(f(n))
infinitely often”, see [76] for a discussion. A function g(n) is polynomial or
polynomially bounded if g(n) = O(n%) for some d > 1. We say that g(n) is
exponential if g(n) > ¢™ for some ¢ > 1 and infinitely many n € N.

7



8 Chapter 2. Preliminaries

2.2 Words, languages, monoids

Words and languages An alphabet ¥ is a nonempty set of letters or symbols,
which is usually finite. A word or string over an alphabet ¥ is a finite sequence
W = aiap---ay of letters as, ..., ay € X. The length of w is the number |w| = n.
The empty word is denoted by ¢ whereas small positive numbers are denoted
by the lunate epsilon €. The set of all words over X is denoted by Z*. A subset
L C ¥* is called a language over L.

Letw=a;---a, € £* be a word. Any word of the form a; - - - a; is a prefix
of w, a word of the form a;---a, is a suffix of w, and a word of the form
ai - - - a; is a factor of w. The set of all prefixes of a word w is denoted by Pref(w).
For a language L we define Pref(L) = [ J,,; Pref(w) to be the set of prefixes
of words in L. Similarly, Suf(w) and Suf(L) are the sets of suffixes of w and
of words in L, respectively. The reversal of a word w = aja; - - - a,, is defined
as wR = a,, ---aza; and the reversal of a language L is LR = {wR | w € L}. A
factorization of w € X* is formally a sequence (w1, ..., wy) of words w; € X*
such that w = wy ---wy. We specify the factorization informally by simply
writing w = wq - - - Wy.

Monoids A monoid (M, -, 15 ) consists of a set M, a binary operation -: M x
M — M and a distinguished element 1 = 15, € M such that

+ -is associative,i.e. (x-y)-z=x-(y-z) forallx,y,z e M,
¢ 1lisanidentity,i.e. 1-x =x-1=xforall x € M.

Usually we only specify the set M instead of (M, -, 1y ) and write st instead of
s - t. A submonoid of M is a subset N € M which is closed under products and
contains the identity, i.e. s,t € N implies st € N and 1y € N. A homomorphism
from a monoid M to a monoid N is a function ¢ : M — N such that ¢ (1p) = 1N
and @(xy) = @(x)@(y) for all x,y € M.

Example 2.1. Let us give some examples for monoids.

+ Clearly, every group is a monoid.

«+ If Q is a nonempty set then the set Q@ of all functions T: Q — Q forms the
full transformation monoid with function composition (o - t)(q) = t(0o(q))
as multiplication and the identity function on Q as the monoid identity.

+ The free monoid over a set X is the set X* with concatenation as the
operation and the empty word as its identity. It has the universal property
that for every monoid M and for every function ¢: £ — M there exists a
unique extension to a homomorphism ¢: Z* — M.

+ Given two monoids M and N the Cartesian product M x N = {(x,y) | x €
M, y € N} forms a monoid, called the direct product of M and N, where
(x1,Y1)(x2,Y2) = (x1x2,Y1Y2) and (1pm, 1n) is the identity.
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A right action of a monoid M on a set Q is a function -: Q x M — Q such
that

¢ (g-x)ry=q-(xy)forallqe Qandx,y € M,
¢ q-1=qforallqeQ.

Dually, a left action of a monoid M on a set Q is a function -: M x Q — Q such
that

ex-(y-q)=(xy)-qforallx,ye Mandqe€Q,
e 1l.-gq=qforallq€Q.

Any function &: Q x X — Q can be extended to a right action -: Q x X* — Q of
the free monoid X* on Q: It is defined by q - ¢ = q and q - (wa) = d(q - w, a) for
allqe Q,we Z* and a € X. Dually a function : £ x Q — Q can be extended
to a left action -: X* x Q - Q by e-q = q and (aw) - ¢ = d(a,w - q) for all
geQ,wer*andac .

The product of two sets X, Y C M is X- Y =XY ={xy | x € X, y € Y}. The
power X" is defined inductively by X° = {1p1} and X™*! = X"X for all n € N.
The submonoid generated by a subset X C M is the inclusion-wise smallest
submonoid containing X, or equivalently, the set X* = [, .y X™ of all products
over X. It is also called the Kleene-star of X. The set of products of length at most
n is denoted by XS™ = {Jo<y.<, X*. Similarly, we define the sets X>™, X=™ and
X=n.

2.3 Automata and regular languages

For a good introduction into the theory of formal languages and automata we
refer to [18, 66, 78].

Automata An automaton over a monoid M is a tuple A = (Q, M, Q_,A, Q)
where Q is the set of states, Q_, Q. C Q are designated sets of states, and
A C QxMxQ is the set of transitions. Arun of A on an element m € M is a finite
sequence T = (oa1q10292 - - qn-1anqdn € Q(MQ)* such that m = a;---an
and (qi—1,ai,qi) € Aforall 1 < i < n. We call 7t successful if qp € Q_ and
gn € Q4. The subset accepted by A is defined as

L(A) = {m € M | there exists a successful run of A on m}.

If 1 =qoaiqi- - anqn and p = pobips - - - bepe are runs such that q, = po then
their composition mp is defined as mp = qpai - - anpobi---bepe. If Q and A
are finite then A is finite and its size |A| is defined as the number of states. If
|Q_| =1 or|Q.| =1 we only specify that particular state in the definition of A
instead of Q_ or Q., respectively. We call A trim if every state in A occurs in
some successful run. Clearly, one can make A trim by removing all states which
do not occur in a successful run without changing L(A).
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We will view an automaton either as a left automaton or a right automaton
to distinguish whether we view the automaton as reading the input from left to
right, or from right to left. To prevent confusion we usually denote left automata
with the letter A and right automata with the letter B. We emphasize that left
automata and right automata are formally the same objects.

Let A = (Q, M, 1, A, F) be a left automaton. We call I the set of initial states
and F the set of final states. A transition (p, a, q) € A is viewed as going from p
to q and is depicted by p N g. Arun 7t = qoaiqi - - qn—1anqn in A is said to
go from qo to g, and is depicted by

. ay as an
TT:qo —q1 — q2 "+ * qn—1 > ns

or simply 7: qo %% q,. If qo € I then m is initial; if q,, € F then 7 is final.
Now let B = (Q, M, F, A, I) be a right automaton. We call I the set of initial
states and F the set of final states. A transition (p, a, q) € A is viewed as going
from q to p and is depicted by a labeled arrow p <= q pointing to the left. A run
T = (00141 - n—1anqn in B is said to go from q,, to qo and is depicted by

. a asz an
Tqo<— qdq1<— g2 - qn—-1 <— (n,

or simply 7: qo <" qy. If g, € I then s initial; if qo € F then 7 is final.

Notice that the distinction between left and right automata only affects the
definitions of initial and final states, and the direction in which we read and
write runs, but not the semantics, i.e. the accepted language.

Rational subsets A subset L C M of a monoid M is rational if it is accepted
by a finite automaton A over M. Rational languages L C X* are called regular.
The class of all regular languages is denoted by Reg. A nondeterministic finite au-
tomaton (NFA) is a finite automaton A = (Q, £*, Q_, A, Q) over a free monoid
I* with A C Q x X x Q, which is written in the form A = (Q,X,Q_,A,Q4). A
language is regular if and only if it is recognized by an NFA.

It is known that the set of rational subsets over a monoid M is the smallest
set containing all finite subsets L C M which is closed under union, products
and Kleene-star. A regular expression o over M is built from single monoid
elements, union U (or also +), product - and Kleene-star *, which defines a
subset L(«) € M in the natural way. Hence a subset in M is rational if and only
if it is definable by a regular expression. This statement was proved by Kleene for
the case of free monoids [75], and the general case is a straightforward adaption,
cf. [57].

The rational subsets over a commutative monoid (M, +) are precisely the
semilinear sets, which are finite unions of linear sets a + B* ={a + b | b € B*}
where B C M is finite [42]. For example, linear sets over the free commutative
monoid (N4, +) have the form

m
W+ ) kivi|ky,...,km €N}
i=1
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Figure 2.1: A deterministic finite automaton for the language {aa, bb}*.

where 1, V1, ..., Vi, € N9, In dimension d = 1 it is easy to see that the semilin-
ear sets over (N, +) are precisely finite unions of singleton sets and arithmetic
progressionsc+ dN={c+dn|neN},forceN, d > 1.

Deterministic automata A (left-)deterministic automaton is a left automaton
of the form A = (Q, Z, qo, 8, F) where for all p € Q and a € I there exists exactly
one transition (p, a, q) € 5. We view 0 as a transition function 6: Q x £ — Q.
The transition function & can be extended to a right action -: Q x £* — Q of the
free monoid X* on the state set Q. We write A(w) instead of qo - w. Deterministic
finite automata (DFAs) are the standard description for regular languages. An
example for a DFA can be seen in Figure 2.1.

It is known that any NFA can be turned into an equivalent DFA by the
powerset construction. If A = (Q, Z, [, A, F) is a NFA then the powerset automaton
24 = (2Q,%,1,6,7) is defined by 8(P,a) ={q € Q| p € P, (p, a, q) € A} for all
Pc2%andac I,and F={P € 29 | PNF # (}. It is a DFA which equivalent to
A and has 2/ many states.

Equivalence relations For any equivalence relation ~ on a set X we write [x]-
for the ~-class containing x € X. If Y C X is a subset then Y/~ ={[yl. |y € Y}
is the set of all ~-classes of elements in Y (the quotient set of Y). The index of ~
is the cardinality of X/~. We denote by v.: X — X/~ the canonical projection
with v_(x) = [x].. If ~; and ~; are equivalence relations on a set X with
~1 C ~g then ~1 is called finer than ~, (or ~; refines ~3), and ~ is called coarser
than ~;. The intersection ~; N ~; is again an equivalence relation on X. An
equivalence relation ~ on X saturates a subset L C X if L is a union of ~-classes,
i.e. L = JL/~. The kernel of a function f: X — Y is the equivalence relation
ker(f) = {(x,x’) € X2 | f(x) = f(x")}.

Congruences An equivalence relation ~ on a monoid M is a right (left) con-
gruence if x ~ y implies xz ~ yz (zx ~ zy), and it is a congruence if it is both
a right congruence and a left congruence. If ~ is a congruence on M then the
set of ~-classes M/~ forms again a monoid with the well-defined multiplication
[x]-[yl. = [xyl-.

There is a correspondence between right congruences and deterministic
automata. Any deterministic automaton A = (Q, X, qo, d, F) defines a right
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congruence ~4 on L* by u ~4 v if and only if A(u) = A(v), which saturates
L(A). Conversely, if ~ is a right congruence on * which saturates a language
L C 2* then A . = (Z*/~, L, [e]-,$,L/~) is a deterministic automaton for L
where §6([w]., a) = [wa]. forallw € ¥* and a € .
For any language L C ~* we define the Myhill-Nerode right congruence ~. on
>* by
Uu~Lv <= (wwel < vwel)forallwe X",

which is the coarsest right congruence on X* saturating L. The Myhill-Nerode
theorem states that L is regular if and only if ~ has finite index [78]. The minimal
deterministic automaton for L is A := Ay -, . It is the coarsest deterministic
automaton for L (up to isomorphism) in the sense that ~4, is coarser than ~4
for any deterministic automaton A for L.

Syntactic monoid The syntactic congruence of a language L C X* is the equiva-
lence relation defined by

U= v < (xuyel < xvwyelforallx,yeL).

It is finer than the Myhill-Nerode right congruence ~ . The monoid X*/=_ is
called the syntactic monoid of L and v=, : £* — £*/=_ is called the syntactic ho-
momorphism of L. If A = (Q, Z, qo, 5, F) is the minimal deterministic automaton
for L then the syntactic monoid of L can be derived from A (and computed if A
is finite). Every word w € X* induces a state transformation t(w): Q — Q by
(t(w))(q) = q - w. Since - is a right action on Q, the function t: £* — QQisa
homomorphism from the free monoid £* into the monoid Q® of all functions
T: Q — Q. Its image T(X*) is the transition monoid of A and is isomorphic to the
syntactic monoid of L.

2.4 Context-free languages

A context-free grammar G = (N, L, S, P) over an alphabet X consists of a finite
set of nonterminals or variables N (which is disjoint from L), a start nonterminal
S € N and a set of productions P € N x (X U N)*. Productions (A, x) € P are
written as A — «. The one-step derivation =g C (X UN)* x (X UN)* is defined
by x =g y if there exist u,v € (£ UN)* and a production A — « € P such that
x = uAv and y = uav. Its transitive reflexive closure is the derivation relation
= . The language defined by G is

L(G) ={weZ*|SSgw)

Languages L C 1* defined by context-free grammars are called context-free.
Given a context-free grammar § = (N, £, S, P), a derivation tree forw € L* is a
node-labeled rooted ordered tree with the following properties:

+ Inner nodes are labeled by nonterminals A € N and the root is labeled by
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the start nonterminal S.

+ Leaves are labeled by letters in X or €. In the latter case, the leaf must be
the only child of its parent.

+ If a node s has children sy, ..., sy where s is labeled by A and sq,..., sk
are labeled by «4, ..., ) then there exists a production A —g &7 - - - .

e If ai,..., ap are the labels of the leaves read from left to right then w =
ap---ag.

An important result in formal language theory is Parikh’s theorem. Let
¥ ={ay,..., ax} be an ordered alphabet. Then the Parikh mapping ¥: £* — N¥
is defined by

W(W) = (|W|a1: [ERS) ‘W|ak)

where (W], is the number of occurrences of a; in w.

Theorem 2.2 ([94]). If L is context-free then its Parikh image (L) is semilinear.

Language growth The growth (function) of a language L. C X* is the function
g(n) = |[LN X", i.e. it counts the number of words in L of length n. The
cumulative growth (function) of L is the function g(n) = [LNZS™|. We remark that
some authors also refer to the cumulative growth of a language as its growth. For
most parts of this work the distinction between growth and cumulative growth
is negligible because we only distinguish between polynomial and exponential
growth. Notice that the following relations hold:

n
LAZM<LNEISY =) [LNEY
i=0

Lemma 2.3. Let g(n), G(n) be a functions such that g(n) < G(n) < Y1, g(k)
for all n € N. Then g(n) is polynomial (exponential) if and only if G(n) is
polynomial (exponential).

Proof. If g(n) = O(n?) then G(n) = O(n%*!). The only nontrivial statement
left to show is that, if G(n) is exponential then also g(n) is exponential. Assume
that G(n) > ¢ for some ¢ > 1 and infinitely many n € N. By averaging we
obtain that for infinitely many n € N there exists k < n such that
CTL
k) > —.
glk) > —
If n is large enough then ¢™/n > d™ for some 1 < d < c. Let P be the set of
all pairs (n, k) with k < n which satisfy the inequality above. Since d™ tends
towards infinity there must be infinite number of k-components in P. In other

words, there exist infinitely many k and n > k such that g(k) > d™ > d*. This
shows that g(n) is exponential. O
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Corollary 2.4. The growth of a language is polynomial (exponential) if and only
if its cumulative growth is polynomial (exponential).

A language L is a bounded language if there exist words wy, ..., wy such that
L € wj---wi. The classic growth theorem for context-free languages states that
all context-free languages have either polynomial or exponential growth. We
summarize related results in the following theorem.

Theorem 2.5 ([55, 59, 107, 110]). Let L be a context-free language.

o The (cumulative) growth of L is either polynomial or exponential.
o L has polynomial growth if and only if L is a bounded language.

¢ If L has polynomial growth then there exists d € N such that the growth of L
is O(n4), and Q(n?) infinitely often (d is the order of growth).

o If L has exponential growth then its cumulative growth is 22(™),

2.5 Rational transductions

Let X be a finite input alphabet and Q be a finite output alphabet. A transduction
is any relation T C £* x Q*. A transduction T C X* x Q* is rational if it is a
rational subset of the product monoid X* x Q*. Hence rational transductions
are accepted by finite automata over £* x Q*, which are called finite state
transducers. A rational function is a partial function t: Z* — Q* whose graph
{(x,t(x)) | x € dom(t)} is a rational transduction. Here we define transducers as
finite automata over * x Q* which can append a word to the output at the end
of a run.

Left and right transducers A left transducer is a tuple A = (Q, X, Q, [, A, F,0)
such that (Q, X* x Q*, I, A, F) is an automaton over £* x Q* and o: F — Q* is
a terminal output function. The notion of runs is inherited from the underlying

automaton over £* x Q*. To omit parentheses we write runs p SN q in the
form p ly, q and depict o(q) =y by a transition q W, without input word and

target state. If mis a run p ly, q we also say that 7tis a run on x € £*, and we
define out(7r) = y and outr(7t) = y o(q). The transduction defined by A is

T(A) = {(x, outg(7)) | there exists a successful run 7tin A on x € £*}.

Since the terminal output function can be eliminated by e-transitions, left trans-
ducers precisely recognize all rational transductions.

Example 2.6. Let © = Q = {a, b}. The transduction
T={(aw,wa) |w e Z*}U{(bw,wb) |w € L*}

is rational as witnessed by the left transducer in Figure 2.2. It takes a nonempty
word over X as input and shifts the leftmost symbol to the right end.
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ala
bl|lb

Figure 2.2: A transducer which shifts the leftmost symbol to the right end.

A right transducer is a tuple A = (Q, X, Q,F, A, 1, 0) such that (Q,X* x
Q*, F,A,1) is a right automaton over £* x Q* and o: F — QF is a terminal
output function. Runs are viewed as going from right and left, and we depict

.. Iy . x|y .
o(q) =y by a transition <— q. If mis a run q <— p we define out(7) =y and
outg(7t) = o(q)y. The transduction defined by .A is defined precisely as for left
transducers, i.e. the set T(A) of all pairs (x, outg(7t)) such that 7t is a successful
run in A on x.

Closure properties Similar to the regular languages, the class of rational trans-
ductions enjoy good closure properties [18]. The class of rational transductions
is closed under inverse, reversal and composition where the inverse of T is
T! ={(y,x) | (x,y) € T}, the reversal of T is TR = {(x},yR) | (x,y) € T}, and
the composition of two transductions Ty, Ty is

Ty o T, ={(x, z) | there exists y such that (x,y) € T; and (y, z) € Ty}

If T C * x Q" is rational and L C X* is regular then the restriction {(x,y) € T |
x € L}is also rational. If K C I* is regular (context-free) and T C £* x Q* is
rational then TK = {y € Q* | (x,y) € T for some x € K} is also regular (context-
free). In particular the domain {x | (x,y) € T} and the image {y | (x,y) € T} of
every rational transduction T is regular.

Left and right-subsequential functions Let A = (Q,X,0Q,Q_,A,Q,,0)bea
(left or right) transducer. We call A real-time if A C Q x £ x Q* x Q. A left-
subsequential transducer is a real-time left transducer A = (Q, X, Q, qo, A, F, 0)
which is deterministic, i.e. for every p € Q and a € X there exists at most one
transition p oy, q. A right-subsequential transducer is a real-time right transducer
A=(Q,L Q,F A, qo,0) which is deterministic, i.e. foreveryp € Qand a € X
there exists at most one transition q &y p. Clearly, left- and right-subsequential
transducers define rational functions, the so-called left- and right-subsequential
functions.
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A result by Elgot and Mezei [43] states that every rational function t can
be decomposed into a left- and a right-subsequential function, i.e. t = Lo
for some left-subsequential function £ and some right-subsequential function r.
Reutenauer and Schiitzenberger [100] strengthened this result by making this
decomposition canonical using Eilenberg’s bimachines [40].

Synchronous rational relations Synchronous rational relations are a sub-
class of rational relations with better closure properties [74]. They are rec-
ognized by automata with k synchronous heads where k is the arity of the
relation. Fix an alphabet £ and let ¢ ¢ X be a fresh symbol. Given words
W1 =011 Qlngs--->Wk = Q1+ Ak, over X with lengths ny,...,ng € N
and maximum length n = max{ni,...,ny}. We define the convolution of
Wi1,..., Wi by

! ! !
aq ayo a1 n,
! Vi !
asq Ao Ao n,
®(W1,...,Wk): .
! ! !
Qg1 Qy o Qem

where a{,j =agjforl <i<kand1l <j<n;and a{’j = o otherwise. Itis a
word of length n over the alphabet (£ U{c})*. The convolution of a k-ary relation
R C (Z*)*is @R = {®@(w1,...,Wi) | (W1,...,wy) € Rl Arelation R C (Z*)*is
synchronous rational (or automatic) if its convolution ®R is a regular language
over (Z U{o})¥. Synchronous rational relations form the basis for automatic
structures [74]. Their good closure properties lead to decision procedures for

automatic structures.

Proposition 2.7 ([74]). Let R,Ry,Ry C (Z*)* be synchronous rational k-ary
relations. Then (£*)¥ \ R and Ry U Ry are synchronous rational. For every 1 <
1 < k the (k — 1)-ary relation {(x1,...,%Xi—1,Xit1,--->Xk) | (X1,...,%k) € R} is
synchronous rational.



Chapter 3

The sliding window model

3.1 Streaming algorithms

Before introducing sliding window algorithms we formalize the notion of stream-
ing algorithms. A stream is a finite sequence of elements a; -- - a,,, which
arrive element per element from left to right. We make the assumption that
these elements are from a finite set L, i.e. a stream is simply a finite word
X = aidz--- Ay € L*. Furthermore we assume that the symbols arrive in dis-
crete time steps, i.e. at time instant 0 < t < m the prefix a; - - - a; has been read.
A computational problem is a function ¢: X* — Y where X is a finite alphabet
and Y is a possibly infinite set of output values. In the simplest case the output is
Boolean, i.e. Y ={0,1}, and ¢: £* — {0, 1} is the decision problem or membership
problem for the language L = {w € X* | ¢(w) = 1}. We identify a language
L C £* with its characteristic function x : £* — {0, 1}. Another example is the
basic counting problem count: {0, 1}* — N where count(a;---an,) = Y i~ ; a;
counts the number of 1’s in the input bitstring a; - - - a,,.

In contrast to classical (offline) algorithms, streaming algorithms may read
the input only once from left to right. The algorithm maintains some data struc-
ture in memory. In the beginning the algorithm may perform some computation
to build up the initial data structure. Then, at every time instant 1 <t < m
the algorithm has only access to the symbol a; and the current data structure
and updates the data structure. We will mostly abstract away from the actual
computation and only analyze the space requirement. The current data structure
in memory will be abstractly referred to as the current (memory) state of the
algorithm. Furthermore, the streaming algorithm produces an output value
y¢ € Y from the memory state at every time instant 0 < t < m. Most streaming
algorithms use randomness, i.e. the memory update operation can depend on
coin tosses.

We remark that many streaming algorithms in the literature only produce a
single answer after completely reading the entire stream. Also, the length of the
stream is often known in advance. However, in the sliding window model we
rather assume an input stream of unbounded and unknown length, and need to

17
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compute output values for every window, i.e. at every time instant.

3.1.1 Streaming algorithms as automata

As a formal and abstract model of streaming algorithms we extend the classical
notions of automata which either accept or reject inputs to automata with
arbitrary output. Initially we will focus on deterministic streaming algorithms
and discuss randomized streaming algorithms in Chapter 6. A deterministic
streaming algorithm or a deterministic automaton with output P = (M, X, my, 5, 0)
consists of

+ aset M of memory states,
+ a finite alphabet Z,
+ an initial state mo € M,

+ a transition function §: M x ¥ — M, which extends to a right action
M X IZF =M,

+ and an output function o: M — Y into some set Y of output values.

The letter P stands for program. We view (standard) deterministic automata
as deterministic streaming algorithms with output function o: M — {0, 1}. As
for deterministic automata we define P(x) = mg - x. The function @: 2* — Y
computed by P is given by @5 (x) = o(P(x)).

We are mainly interested in space complexity of streaming algorithms. The
space of P (or number of bits used by P) is given by s(P) =log|M| € R>U{oo}. If
s(P) = oo we will later measure the space restricted to input streams of bounded
length or bounded window size. If a deterministic algorithm reads its input
from left to right and uses O(s) bits, say a Turing machine on its work tape or a
random access machine in its registers, then it can be regarded as a deterministic
streaming algorithm P as above with space complexity s(P?) = O(s). Conversely,
if P is a deterministic algorithm with finitely many memory states, then the
memory states of P can be encoded using O(s(P)) bits.

As in the case of languages there exists a canonical minimal deterministic
automaton for every function ¢: X* — Y. Any deterministic automaton A =
(Q,Z, qo, 5, 0) for @ induces a right congruence ~4 on X* which refines ker(¢),
namely

U~g Vv <= Au) =A(v).

Conversely, if ~ is a right congruence on * which saturates ker(¢) then one can
define a deterministic automaton with output A, . = (£*/~, Z, [e]-, §, @) which
computes ¢ as follows. Set 5([w].,a) = [wa]. for allw € £* and a € %, and
@(wl.) = @(w) for all w € *. The Myhill-Nerode right congruence ~, on Z*
is defined by

U~p V <= @(uw) = @(vw) for allw € L¥,
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Figure 3.1: The minimal deterministic automaton for counting the maximum
number of a’s and b’s.

which is the coarsest right congruence on * which refines ker(¢). The minimal
deterministic automaton with output for ¢ is A, := Ay -, . It is the coarsest
deterministic automaton for ¢ (up to isomorphism) in the sense that ~,, is
coarser than ~4 for any deterministic automaton A for ¢.

Example 3.1. Consider the function ¢: {a, b}* — N which counts the maximum
number of a’s or b’s. Then x ~, y if and only if x and y contain the same number
of a’s and b’s. Therefore the minimal deterministic automaton for ¢ needs to
store the number of a’s and b’s read so far (the state space is N x N) and outputs
in state (ng, ny) the maximum of n, and ny,. An excerpt of the automaton is
displayed in Figure 3.1.

3.2 Fixed-size sliding window model

We fix an arbitrary padding symbol [J € X. Given a stream x = ajaz--- am € L*
and a window length or window size n € N, we define last,, (x) € X" by
Am-ni1Gm-nt2° Am, ifn<m,
last,, (x) =

O "™aq--- am, ifn>m,

which is called the window of length n, or the active or current window. In other
words last,, (x) is the suffix of length n, padded with (J-symbols at the left. We
view O™ as the initial window; its choice is completely arbitrary.

Let @: Z* — Y be a computational problem. The sliding window problem
SW,, (@) for ¢ and window length n € N is the function @ olast,,: Z* — Y. A
sliding window algorithm (SW-algorithm) for ¢ and window length n € N is a
streaming algorithm for SW,, (¢). The function F,: N — R0 U{o0} is defined by

Fo(n) =inf{s(Py) | P is an SW-algorithm for ¢ and window length n}.

It is called the space complexity of ¢ in the fixed-size sliding window model.
We draw similarities to circuit complexity where a language L C {0, 1}* is
recognized by a family of circuits (€, )n ey in the sense that C,, recognizes the
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slice L N {0, 1}™. The sliding window problem SW, (¢) is solely defined by the
restriction @|zn: L™ — Y. If we speak of an SW-algorithm for ¢ and omit
the window length n, then this parameter is implicitly universally quantified,
meaning that there exists a family of streaming algorithms (P, )nen such that
every P,, is an SW-algorithm for ¢ and window length n.

Recall that we identify a language L C X* with its characteristic function
XL: £* — {0, 1}. Therefore the sliding window problem for L is

SW, (L) ={x € Z* | last, (x) € L}

A subtle point is that the space complexity Fi (n) of a language L may depend on
the underlying alphabet. This becomes apparent in Example 3.3 below, if the
alphabet is restricted.

Lemma 3.2. For any problem ¢ we have F,(n) = O(n).

Proof. A trivial SW-algorithm P,, for ¢ explicitly stores the active window of
length n in a queue so that its value under ¢ can be computed. Formally, the
state set of P, is L™ and it has transitions of the form au b ub for a,be
u € I 1. Viewed as an edge-labeled graph this automaton is also known under
the name de Bruijn graph [25]. Since every word w € ™ can be encoded with
O(log|Z| - n) bits the algorithm uses O(n) bits. O

Depending on the function ¢ there are more space efficient solutions. Usually
sliding window algorithms are devised in the following way:

1. Specify some information or property I(w) of the active window w and
show that it can be maintained by a streaming algorithm. This means that
given I(bw) and a € X one can compute [(wa).

2. Show that one can compute ¢ (w) from the information I(w).

Let us give simple examples of sliding window algorithms for regular lan-
guages.

Example 3.3. Let ¥ = {a, b} be the alphabet.

(i) Let L = Z*a be the set of all words ending with a. Then F_ (n) = O(1)
because a streaming algorithm can maintain the last symbol of the stream,
which is also the last symbol of the active window, in a single bit (either a
orb).

(ii) Let L = X*aX* be the set of all words containing a and let n € N be the
window size. A streaming algorithm can maintain the position 1 <i<n
(from the right) of the most recent a-symbol in the window or set i = co
if the window contains no a-symbols. Depending on the chosen initial
window we initialize i appropriately. On input a we set i := 1 and on input
b we increment i and then set i := oo if i > n. The algorithm accepts if
and only if i < n. Since the position i can be stored using O(logn) bits we
have shown Fi (n) = O(logn).
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(iii) Let L = aX* be the set of all words starting with a. We claim that Fi (n) =
©(n). Since the trivial sliding window algorithm uses O(n) bits it suffices
to prove the lower bound. Let P, be any SW-algorithm for L and window
length n € N. We claim that P,,(x) # P, (y) for all x,y € I™ with x # y.
letx =a;---ap, € L™ andy = by ---b, € X" with a; # b; for some
1 < i < n. Since exactly one of the words last,, (xb*!) = a; ---a,b*~! and
last,, (yb'~!) = b;--- b, b*"! belongs to L the algorithm P,, must accept
exactly one of the words xb'~! and yb*~!. Since P, is deterministic,
Pn(x) = Pn(y) would imply P, (xb*1) = P, (ybi~!), which proves the
claim. Therefore P,, must contain at least |Z™| = 2™ memory states and
hence Fi (n) = Q(n).

Notice that the complexity function F,(n) is not necessarily monotonic.
For instance, let L be the intersection of aX* and the set of words with even
length. By Example 3.3(iii), we have F.(2n) = ©(n) but clearly we have
Fr(2n+1) = O(1) since for odd window lengths the algorithm can always reject.
Therefore Fi (n) = Q(n) only holds for infinitely many n € N.

Note that the fixed-size sliding window model is a nonuniform model: for
every window size we have a separate streaming algorithm and these algorithms
do not have to follow a common pattern. Working with a nonuniform model
makes lower bounds stronger. In contrast, the variable-size sliding window
model that we discuss next is a uniform model in the sense that there is a single
streaming algorithm that works for every window length.

3.3 \Variable-size sliding window model

For an alphabet ¥ we define the extended alphabet | = X U{|}. In the variable-
size model the active window wnd(u) € X* for a stream u € Ijis defined as
follows, where a € X:

wnd(e) = ¢ wnd(ul) = ¢ if wnd(u) =¢

wnd(ua) = wnd(u)a wnd(ul) =vif wnd(u) = av

The symbol | represents the pop operation. We emphasize that a pop operation
on an empty window leaves the window empty. Let ¢: Z* — Y be a function.
The variable-size sliding window problem SW(¢) is the function ¢ ownd: £} — Y.
A variable-size sliding window algorithm (variable-size SW-algorithm) P for ¢ is a
streaming algorithm for SW(¢).

Let mwl(a; -+ aym) = max{ilwnd(a; ---a;)| : 0 < i < m} be the maximum
window length of a stream u € X*. If P = (M, X, my,d,0) is a streaming
algorithm over the alphabet | we define

Mgcn ={P(W) [w € I}, mwl(w) < n}

and
M, ={P(w) [w € L], mwl(w) =n}.
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The space complexity of P in the variable-size sliding window model is
V(':P, T‘L) = 10g ‘M§n| € R)o U {OO}

Notice that v(P, n) is a monotonic function. To prove upper bounds above logn
for the space complexity of P it suffices to bound log|M,,| instead as shown in
the following.

Lemma 3.4. If s(n) > logn is a monotonic function and log|M,| = O(s(n))
then v(P,n) = O(s(n)).

Proof. Since M¢y, = MgUM; U ---UM,, we have

log Ml =log 3 Ml < log ((n+ 1) max I

. o<isn
i=0

Il

=log(n + 1) + max log|M;|

0<i<n

gbgn+1y+§leBﬁD

<ign

<log(n+1) +0O(s(n)) < O(s(n)),
which proves the statement. O

Lemma 3.5. Let @: Z* — Y be a problem. There exists a space optimal variable-
size SW-algorithm P for ¢, i.e. v(P,n) < v(Q,n) for every variable-size SW-
algorithm Q for ¢ and every n € N.

Proof. Let P be the minimal deterministic automaton for SW(¢) = @ownd and Q
be any deterministic automaton for SW(¢). Let W = {w € L] [ mwl(w) < n}.
Since ~¢ is coarser than ~g we have

v(P,n) =log [{P(w) [w € Wcq ]
=log|Wcn/~p| <logWgn/~al

which proves the statement. O

We define the space complexity of ¢ in the variable-side sliding window
model by V, (n) = v(P,n), where P is a space optimal variable-size SW-algorithm
for SW(¢) from Lemma 3.5.

Lemma 3.6. For any problem ¢ and n € N we have F,(n) < Ve (n).

Proof. If P is a space optimal variable-size SW-algorithm for ¢ then one obtains
an SW-algorithm P,, for window length n € N as follows. Let us assume n > 1
(for n = 0 we use the trivial SW-algorithm). First one simulates P on the initial
window [O™. For every incoming symbol a € X we perform a pop operation | in
P, followed by inserting a. Since the maximum window length is bounded by n
on any stream, the space complexity is bounded by v(P,n) = V,(n). O
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A problem @: X* — Y is trivial if it is a constant function, i.e. @(u) = @(v)
for all u,v € X*. Correspondingly a language L C X* is trivial if it is either
empty or universal, i.e. L = {) or L = Z*. The following lemma states that in the
variable-size model one must at least maintain the current window size if the
problem is nontrivial.

Lemma 3.7. Let P be a variable-size SW-algorithm for a nontrivial problem
@: Z* — Y. Then P(x) determines'|wnd(x)| for all x € L] and therefore Vy(n) >
log(n + 1).

Proof. Let y € X* be length-minimal such that ¢(e) # ¢(y). Let x € I
with [wnd(x)| = m. We read x into P, followed by y and an infinite sequence
of |. Then in state P(xy|™) the algorithm outputs ¢(y), and in all states
P(xyll) where i > m it outputs ¢(¢), by minimality of |y|. Clearly this run
determines m. For the second statement: If the algorithm reads any stream
ai---an € ™ it must visit n + 1 pairwise distinct memory states and hence
v(P,n) > log(n +1). O

Clearly, the issue at hand is performing a pop operation on an empty window.
Alternative definitions of the variable-size model are conceivable, e.g. one could
neglect streams where the popping of an empty window occurs, or assume that
the window size is always known to the algorithm.

3.4 Alternative characterizations

The problem of determining the space complexity F,(n) and V,(n) for a given
problem ¢ boils down to understanding which windows have to be distinguished
by the SW-algorithm, and which can be identified. In this section we study right
congruences which capture the sliding window models. It turns out that the
variable-size model has a clearer description in terms of right congruences than
the fixed-size model. Since in many cases Vi (n) and Fi (n) are asymptotically
equal we can view the variable-size model as an approximation of the fixed-size
model which is easier to analyze.

3.4.1 Fixed-size model

For any problem ¢: £* — Y we define the equivalence relation p, on Z* by
X P Y <= x| =yl =nand ¢(last,(xz)) = ¢(last,(yz)) forall z € s,

Let us show that this equivalence relation (in fact, right congruence) captures
the space complexity F,(n). Clearly we can extend the quantification from
z € ZS™to z € I* since for any z € £>™ we have last,, (xz) = last,, (yz) and thus
o(last,, (xz)) = @(last, (yz)). Therefore we have

XPe Y <= x| =yl=nand x ~sw, (¢) Y- (3.1)

11n other words, for all x1, x5 € Zj, if P(x1) = P(x2) then |wnd(x1)| = |wnd(xz)].
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Lemma 3.8. We have x ~gw, (¢) lastn (x) for any x € Z*.

Proof. It suffices to show that last,, (xz) = last, (last,, (x) z), which can be verified
by a simple case distinction. Let (J € X be the padding symbol. If [xz| < n then
last, (xz) = O™ *2Ixz and last,, (last, (x) z) = last,, (O™ X xz) = O™ *=Ixz. If
[xz| > n then last, (xz) is the suffix of xz of length n. If |z| > n then last,, (xz) is
in fact a suffix of z; if |z| < n then last,, (xz) = x’z where x’ is the suffix of x of
length n — |z|. In either case last, (xz) is the suffix of last, (x) z of lengthn. [

Proposition 3.9. For every problem ¢: 2* — Y we have F,(n) =log|Z™/pel.

Proof. We have F,(n) = log|Z*/~gw, (¢)|- According to Lemma 3.8 we know
that |Z* /~sw, ()| = |[Z™/~sw, ()| and by (3.1) the equivalence relations ~gw, (o)
and p, coincide on ™. Therefore F,(n) =log|Z™/pl. O

In particular this proves that the definition of the space complexity in the
fixed-size sliding window model is independent of the choice of the padding

symbol.

3.4.2 Variable-size model

Suffix expansions Consider an equivalence relation ~ on X*. The suffix expan-
sion of ~ is the equivalence relation ~ on L* defined by

a;--+apn bbby = n=manda;---an~by---by, foralll <i< n.

Notice that ~ saturates each subset X™. Furthermore, if ~ is a right congru-
ence then so is = since |u| = |v| implies |ua] = [val and a;---an ~ by - by
implies a; - - - ana ~ by - - - by a. The suffix expansion of the Myhill-Nerode right
congruence ~, is denoted by ~,. We also define suffix expansions for partial
functions t: X* — Y with suffix-closed domains dom(t). A language L C X* is
suffix-closed if xy € L implies y € L. The suffix expansion of t is the total function
t: dom(t) — Y* defined by

tlar--an) =tlar--an)tlaz---an) -+ tlan—1an) t(an)

for all a; - - - a, € dom(t). Here the range of t is the free monoid (alternatively,
the set of all sequences) over Y. Notice that t is a length-preserving function. If
~ is an equivalence relation on I* then its suffix expansion = is the kernel of V..

Let @: Z* — Y be a computational problem. For better readability we write
[x], instead of [x]., and v, instead of v. . Using this notation the suffix
expansion V,: L* — (Z*/~,)* is the length-preserving function

ap---anp = [ar---anle lag - anle - lanle.

The following propositions state that the minimal information that any variable-
size sliding window algorithm for ¢ has to maintain is the ~,-class of the active
window.
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Proposition 3.10. For every problem ¢ there exists a variable-size SW-algorithm
P for ¢ with P(x) = V,(wnd(x)) for all x € L.

Proof. We exhibit a streaming algorithm P which maintains the tuple v, (w) for
the active window w € £*. In particular we know the window size n at every
time instant. Initially the memory state is ¥, (¢), which is the empty sequence.
Assume that the active window isw = aj ---a,, € L*.

¢ Suppose that P receives |. If n > 1 then V,(az---a,) can be obtained
from the sequence v, (a; - - - an ) by removing the first ~-class [a; - - - anle.
If n = 0 then nothing is changed.

¢ Suppose that P receives a symbol a € Z. From the sequence V,(a; - - - an)
we can compute V(a; - - ana) =[a;---analglaz---analy - - - [al, since
~¢ is a right congruence.

o The first ~,-class in v, (a; - - - a ) determines the value ¢(a; - - - an).
These remarks define a variable-size SW-algorithm for . O
Proposition 3.11. If ¢ is nontrivial then V,(n) = log [V, (£S™)| = log [ES™ /a2, .

Proof. In the algorithm from Proposition 3.10, the set of states reachable by
streams with maximum window length n is precisely v, (£S™), which proves
that V,, (n) < log|v, (ZS™)].

Now consider a variable-size SW-algorithm P for ¢ with space complexity
v(P,n). We have to show that v(P,n) > log|V, (ZSM)], i.e. Mgl = [V (ZS™)]
where M, = {P(x) | mwl(x) < n}. Let x = ajaz---a; € L* be an input
word of length m < n. By Lemma 3.7 the memory state P(x) determines the
length m = |x|. It suffices to show that P(x) determines every congruence class
[ak---amle for 1 < k < m: Starting from memory state P(x) we read k — 1
times | into P. Then, the active window is ay ---a,,. We can determine the
congruence class [ay - - - am] o by reading every word z € X* in parallel into P
and computing @(ay - - - amz). To sum up, we have constructed an injection from
Vo (ZS™) to M, which proves the claim.

Finally, observe that a well-defined bijection £S™ /a7, — V,(ZS™) is given
by

[al "'an]:: — [al "'an](p [an}q):

which proves the second equality. O

Note that Proposition 3.11 does not hold for trivial problems . In these
cases, we have V,,(n) = 0 and log [V, (£S™)| = log(n + 1).

3.5 Related complexity measures

In the following we uncouple two concepts which underlie the variable-size
model, namely that windows can grow to the right and shrink at the left end.
These concepts yield lower bounds on V, (n).
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Standard streaming Firstly, if we only consider streams without |-operations
then variable-size sliding window model becomes the standard streaming model.
Given a streaming algorithm P for a problem ¢ we define the standard streaming
space complexity as the logarithm of the number states reached on streams of
length at most n, i.e. log {P(w) | w € ZS™}|. The optimal streaming algorithm is
the minimal deterministic automaton with output for ¢ whose space complexity
is given by
Ep(M) = log|ZS™/~4|.

Here we have adopted the notation E, (n) from Hartmanis-Shank [65] who de-
fined Ef (n) = |[ZS™/~ | where ~ is the canonical Myhill-Nerode left-congruence
for L. We have E,(n) < V,(n) since any variable-size sliding window algorithm
for @ can be restricted to a (standard) streaming algorithm for ¢.

A language L has constant complexity E (n) = O(1) if and only if it is regular.
Every deterministic one-counter language L satisfies E; (n) = O(logn). In fact,
the latter also holds for every language recognized by a deterministic pushdown
automaton whose set of stack contents has polynomial growth.

Suffix complexity Secondly, we define the suffix complexity of ¢ by
Se(n) =log|d(=<")l.

Essentially?, it specifies the minimal size of a data structure which supports
suffix queries on a string a;---a, € IS™: Given a position 1 < i < m,
output @(a;---am). Since [w], determines ¢(w) we have log|P(ES™)| <
log |[ZS™/~,| and thus S, (n) < V,,(n) for all nontrivial problems ¢ by Proposi-
tion 3.11.

There are simple languages L which show that, in general, Ef (n) and Si (n)
do not imply upper bounds on Vi (n).

Proposition 3.12. Let ¥ ={a, b, c}. The language
L=2"wb*|ve{ac), o>k
satisfies B (n) = O(logn), Sy (n) = O(logn) and Vi (n) = Q(n).

Proof. For a word w € {a, b, c}* define p(w) = (|v|4, k) € N> where vb¥ is the
maximal suffix of w satisfying v € {a, c}*. One can see that p(w) = p(w’) implies
w ~L w'. Since p({a, b, c}S™) C {0,...,n}* we obtain E; (n) = log|ZS™/~1| =
O(logn). For the second statement notice that L is a left ideal, i.e. v € L and
u € * implies uv € L. Therefore ¥ (ZS™) C 1*0* and S; (n) = O(logn).

It remains to show that Vi (n) = Q(n). Let P be a variable-size SW-algorithm
for L and read in parallel two distinct words w # w’ € {a, c}™ into P. After a
suitable number of |-operations the windows have the form aw’” and cw” for
some w” € {a, c}*. By inserting k = |aw”'|, many b-symbols we obtain a window

2under the assumption that the length m is stored and hence S, (1) > log(n + 1).
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aw”b* € L and a window cw’b* ¢ L. This proves that P must distinguish all
2™ words in {a, c}™ and hence its space complexity is Q(n). O

3.6 Connection to language growth

If a language is sparse then its sliding window problem becomes easy.
Proposition 3.13. If L C X* has growth g(n), then F(n) = O(log g(n) + logn).

Proof. Let n € N be a window size and let w1, ..., w,, be an arbitrary enu-
meration of L N X™ where m = g(n). We can solve this problem using the
Aho-Corasick algorithm [3] for the dictionary matching problem: Given a text t
and a set of dictionary words (or keywords) {dy, ..., dm}, report all occurrences
of the dictionary words in the text. It builds a deterministic automaton of size at
most ZZ ; |di| and runs it over the text. In our case the dictionary words are
Wi, ..., W, which have total size g(n) - n. Hence the states of the Aho-Corasick
automaton can be encoded using O(log g(n) + logn) bits.

For completeness sake let us describe the Aho-Corasick algorithm in our
abstract computation model to solve the problem in the specified space bounds.
If LN X" = () then the SW-algorithm for window length n always rejects, and so
we can assume the contrary. We show that a streaming algorithm can maintain
the longest suffix v = a; - - - a,, of the active window w = a; - - - a,, such that v
is a prefix of a word w; € LN I™. Since the empty suffix v = ¢ is always the
prefix of some word in L N £™, which was assumed to be nonempty, the suffix v
is well-defined. Notice that v can be encoded by the binary encoded number j
using O(log g(n)) bits and the binary encoded number i using O(logn) bits. Of
course, there may exist several words w; having v as a prefix; in this case the
concrete choice of w; does not matter. This information clearly suffices to check
whether the active window w belongs to L since w € L if and only if [v| = n.
Moreover, we can update the information: If a,, 1 € X is the next symbol from
the stream, then the longest suffix v’ of as - - - apan41 with v/ € Pref(L N Z™) is
also a suffix of van, 1 = a; - - - anany1. Therefore we can compute v’ from v and
an+1- U

In particular Fr (n) = O(logn) for all languages with polynomial growth. We
can extend this statement to the variable-size model under the stronger condition
that L is bounded. We need a known fact on bounded languages.

Lemma 3.14 ([59, Lemma 1.1(c)]). If L is a bounded language and K is a set of
factors of words in L then K is bounded.

Proposition 3.15. Let L be a language.
() If Pref(L) has cumulative growth g(n) then Vi (n) = O(log g(n)).

(i) If Lis bounded then Vi (n) = O(logn).
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Proof. Let us describe a variable-size SW-algorithm for L with space complexity
O(logn). Again we maintain the longest suffixv = a; - - - a,, of the active window
w = qa; - - - ay Which is a prefix of some word in L, i.e. v is the longest suffix of w
with v € Pref(L). This suffix v € Pref(L) of w can be encoded using O(log g(|v|))
bits, which is bounded by O(log g(|wl)) since cumulative growth functions are
monotonic. Therefore this SW-algorithm has space complexity O(log g(n)).
The second statement follows from the first since Pref(L) is bounded when-
ever L is bounded by Lemma 3.14. O

We remark that Proposition 3.15(ii) fails under the weaker conditions that L
is polynomially growing.

Proposition 3.16. There exists a language L with polynomial growth such that
Vi(n) =0(n).

Proof. Define L to be the set of all words of the form axb™ where x € {a, b}*
with 2 < m. Then |L N{a, b}™| < [{x € {a, b}* : |x| < logn}| = O(n) and hence
the growth of L is polynomial.

However, we claim that Vi (n) = ©(n). Consider any variable-size SW-
algorithm P for L and two distinct words x # y from {a, b}" for some n € N. To
show the lower bound it suffices to show that P(x) # P(y). Let 1 <1< n be
any position where x and y differ. Then the active window of x [*"! and y | ™!
are of the form ax’ and by’ (or vice versa) for some x’,y’ € {a,b}™". Since
ax’d™ € L but bx’db™ ¢ L for sufficiently large m € N the algorithm P must
distinguish x and y. O

3.7 Closure properties

Throughout this work we need simple closure properties in the streaming and
the sliding window model.

1/

Lemma 3.17. Let P; be a streaming algorithm for @i: X* — Y for 1 < i
k, and let T: Y — Z be any function. Define @: L* — Z where @(x)
t(@1(x), ..., @r(x)).

(i) There exists a streaming algorithm P for ¢ such that s(P) < Z]f:l s(Py).
(i) Fo(n) < Ti;Fe,(n)
(i) Vo(n) < Y, Vi, (n)

Proof. For (i) let P be the product automaton of the k automata P;. If P;
outputs some value y; for 1 < i < k, then P outputs t(y1,...,yx). It has
[T, 25(%0) = 2Zt-1s(P0) many states and hence s(P) = 3 & s(P;).

Point (ii) follows immediately from point (i) and the observation that

@(lasty (x)) = t(@1(lasty (x)), ..., ek (last,(x)))

for all x € X*.
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For (iii) let P; be the minimal deterministic automaton for ¢; and let P be
the product automaton as in (i). If x € ZI is a stream with maximum window
length < n then P(x) = (P1(x), ..., Pr(x)). We can bound the number of such
memory states by ]_[]f:1 2v(Pun) - By the calculation above we get v(P,n) =
S E L v(P,m). O

In the following let X € {F,V} and X be an alphabet. Let us look at lan-
guage closure properties in the sliding window models. A simple corollary of
Lemma 3.17 is that space complexity classes form a Boolean algebra, i.e. they are
closed under union, intersection and complementation, for both the fixed-size
and the variable-size model.

Corollary 3.18. For any function s(n), the class {L C Z* | X (n) = O(s(n))}
forms a Boolean algebra.

For a word u € X* and a language L C X* we define the left quotient
u 'L ={w € Z* | uw € L} and the right quotient Lu=! ={w € Z* |wu € L}.

Lemma 3.19. Consider a function s(n) satisfying s(n+k) = O(s(n)) forall k € N,
e.g. s(n) =ncors(n) =log"n forsomec > 0. Then {L C Z* | X (n) = O(s(n))}
is closed under right quotients but in general not under left quotients.

Proof. Consider u € X* and L C X*. First we consider the fixed-size model. Let
P be an SW-algorithm for L and window length n + |u| for some n € N. The
algorithm P’ simulates P where a memory state s in P’ is accepting if and only if
s - u is accepting in P. Then we have

P’ accepts x <= P’ accepts xu
< last,(xu) =lasty(x)u e L

<= lastn(x) € Lu™!

for all x € X*, i.e. P’ is an SW-algorithm for L and window length n which has
the same space complexity as P. A similar argument holds for the variable-size
model.

A counterexample that the statement does not for left quotients is the
following. Let L = caf{a, b}* over the alphabet {a,b,c}. One can see that
Vi (n) = O(logn) since an SW-algorithm can track the position of the most
recent ca-factor using O(logn) bits. On the other hand ¢~!'L = af{a, b}* has
complexity F.1; (n) = Q(n) by Example 3.3. O

In particular, space complexity classes do not form a variety of languages
[109]: a class of languages £ C 2% is a variety if it is closed under (i) Boolean
operations, (ii) left and right quotients, and (iii) inverse homomorphisms, i.e.
if L € £ and y: £* — L* is a homomorphism then { (L) € £. There is
a one-to-one correspondence between varieties of languages and varieties of
monoids [41], which allows one to use algebraic tools in formal language theory.
For example, the class of star-free languages (the closure of all finite languages
under products and Boolean operations) contains exactly those languages whose
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syntactic monoid is aperiodic. Because of the restricted closure properties in the
sliding window model we have to analyse automata and cannot reason purely
algebraically about monoids.

For completeness we also prove nonclosure under inverse homomorphisms.

Lemma 3.20. The class {L C X* | Xy (n) = O(logn)} is not closed under inverse
homomorphisms.

Proof. Let E C {a, b}* be the set of words with even length. We have Vg(n) =
O(logn) because it suffices to maintain the window length. Consider the ho-
momorphism defined by P (a) = a and P(b) = ¢. Then P(x) € E if and only if
x contains an even number of a’s. We can prove Fy,—1(g) = Q(n) by a fooling
argument as in Example 3.3. Let P,, be a sliding window algorithm for {—*(E)
and window length n. Let w # w’ € {a, b}™ be two distinct windows, which are
read into P,, in parallel. After inserting a suitable number of b-symbols the two
windows are identical up to the first symbol. Hence, one window contains an
even number of a’s whereas the other contains an odd number. Therefore P,
has space complexity Q(n). O

Finally, we will look at reductions between languages. A function t: X* — I'*
is a reduction from K C X* to L C I'* if x € K if and only if t(x) € L. The
reductions that we use are computed by a right-sequential transducers which
output a single output letter per input letter.

A right Mealy machine M = (Q, Z, Q, 6, qo) consists of a finite state set Q, an
input alphabet ¥, an output alphabets Q, a transition function : ZxQ — Q x Q
and an initial state qo € Q. We view M as a right-subsequential transducer
M=(Q,%,0,Q,A,qo,0) where

A={(q,a,b,p) [8(p,a) =(q,b),pe Q,ac X}

and o(q) = ¢ for all q € Q. Functions computed by right Mealy machines are
called «+-transduction. Every «+—-transduction t: X* — I'* is length-preserving, i.e.
IT(x)] = |x| for all x € X*. A reduction from K to L which is a «<—-transduction, is
a «—-reduction from K to L, and we say that K is «—-reducible to L.

Lemma 3.21. If K is «—-reducible to L via a Mealy machine with m states, then
Xk (n) £ m-Xg(n). In particular, for any function s(n) the class {L C Z* | Xp(n) =
O(s(n))}is closed under <+—-reductions.

Proof. Let T: £* — TI'* be a «—-reduction from K C X* to L C I'* where 7 is
computed by the right Mealy machine M = (Q, £, Q, 6, qo). For a state p € Q let
Tp = T(M,,) where M, = (Q, X, Q,5,p). We assume that Q ={1,..., m}.

Let us start with the fixed-size model. Consider an SW-algorithm P;, for L
and window length n. We construct an SW-algorithm Q,, for K which simulates
m copies of P,, in parallel. It maintains the tuple

(Pr(t1(x)), ..., PulTa(x))),
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which is possible since P,, (T, (xa)) can be computed by determining the unique
transition q <u—‘b p in M and computing P, (1, (xa)) = Pn(14(x) b). Clearly, the
number of bits used by Q,, is m times the number of bits used by P;,.

For the variable-size model define the Mealy machine M = (Q, £ 1,941,867, q0)

obtained from M by adding the transitions ¢ nid q for every q € Q. Let
T: L] — T} be the transduction computed by M and 7, be the transduction
computed by M in state p.

Let us prove Ty, (wnd(x)) = wnd(Ty, (x)) forall x € £} and p € Q by induction
on [x|. If x = ¢ this is clear. Assume x = ya for somey € I} and a € . If

q &b p then

Tp(wnd(x)) = 1p(wnd(y) a) = 14(wnd(y)) b = wnd(T4(y)) b
=wnd(T4(y) b) = wnd(Tp (ya)) = wnd(Tp (x)).

Now assume x =y for some y € L. If wnd(y) = € then wnd(x) = ¢ and hence
Tp(wnd(x)) = ¢ = wnd(T, (x)). Otherwise wnd(y) = cw for some ¢ € £ and
w € L*. By induction hypothesis we know that T, (wnd(y)) = wnd(7, (y)). Since
Tp is length-preserving we have |cw| = |1, (wnd(y))| = [wnd (T, (y))|. Therefore
we can decompose wnd(T,(y)) = dvinto d € X and v € Z* with |v| = w[. By
the properties of a Mealy machine we have T, (w) = v. This implies

Tp(wnd(x)) = 1p(Wnd(y ) = 1p (W) =v =wnd(dv )
=wnd(T,(y){) = wnd(Tp (y4)) = wnd(Tp (%)),

which concludes the proof of the claim.

Now consider a variable-size SW-algorithm P for L. We construct a variable-
size SW-algorithm Q for K which simulates m copies of P in parallel. It maintains
the tuple

(PlT(x)), .., P(Talx))) (3.2)

for an input stream x € L7. Clearly the memory state P(Tq,(x)) = P(T(x))
determines whether wnd(T(x)) = t(wnd(x)) belongs to L. Since T is a reduction
from K to L we have wnd(x) € K if and only if T(wnd(x)) € L. Oninputa € X
we can update the tuple in (3.2) since P(T,(xa)) is the memory state P(T4(x) b)
where ¢ & p is a transition in M.

The bound on the space complexity is easy to verify: If x € I} is an input
stream for Q with [wnd(x)| = n then Q(x) is a tuple of length m containing
memory states of the form P(7T,(x)). Since |wnd(T,(x))| = |tp(wnd(x))| =
lwnd(x)| = n each memory state P(T,(x)) can be stored using v(P,n) bits. [J

3.8 Remarks

Some authors distinguish between sequence-based and time-based windows, see
[23, 60]. Sequence-based windows correspond to our fixed-size sliding window
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model whereas a time-based window at time t contains those elements whose
timestamp lies in some interval [t—T, t] for some interval length T. The difference
to the variable-size model is that deletions from the window are implicit.

A time-efficient algorithm for many sliding window problems is the De-
amortized Banker’s Aggregator (DABA) by Tangwongsan, Hirzel and Schneider
[108]. It receives a stream of monoid elements and maintains a O(n) size data
structure in worst case constant-time per element which allows to compute the
monoid product over a sliding window.

The space complexity E; (n) in the standard streaming model is related to the
notion of automaticity [102]. The automaticity of a language L measures for all
n € N the minimal size of a DFA whose language coincides with L on all words of
length at most n. Clearly every regular language has constant automaticity. Karp
[72] proved that every nonregular language has automaticity at least (n + 3)/2
for infinitely many n. Since the automaticity of L is a lower bound on 2Ft (™) this
implies that E{ (n), and hence Vi (1), must be at least Q(logn) infinitely often
for every nonregular language L.



Chapter 4

Regular languages

In this chapter we will show that the space complexity of every regular language
in both sliding window models is either constant, logarithmic or linear. In
Example 3.3 we have already seen prototypical languages for these three space
complexities, namely X*a (constant), X*aX* (logarithmic) and aX* (linear).
Intuitively, for languages of logarithmic space complexity it suffices to maintain
a constant number of positions in the window. For languages of constant space
complexity it suffices to maintain a constant-length suffix of the window.

Next, we characterize the regular languages with logarithmic space com-
plexity as the Boolean combinations of regular left ideals and regular length
languages. This holds for both the fixed-size and the variable-size model. The
regular languages with constant space complexity in the fixed-size model are the
Boolean combinations of suffix testable languages and regular length languages.
In the variable-size model the only regular languages with constant complexity
are the empty and the universal language.

If a regular language is given as a DFA A and it admits a sliding window
algorithm with O(logn) complexity then we devise a O(2! - |A| - logn) space
algorithm. We will prove that this exponential dependence on the DFA size is
unavoidable. Finally we study the decision problems whether a given regular
language has logarithmic or constant space complexity in the two sliding window
models. Both problems are NL-complete if the regular language is given as a
DFA. They become PsSpPACE-complete if the regular language is given as an NFA.

The results of this chapter appeared in [G1, G2].

4.1 Space trichotomy

It turns out that the appropriate representation of a regular language for the
analysis in the sliding window model are right-deterministic finite automata.
A right-deterministic finite automaton (rDFA) is a finite right automaton B =
(Q,%,F, A, qo) where for all p € Q and a € X there exists exactly one transition
(q,a,p) € A. We write B in the form B = (Q, X, F, 8, o) where 6: Z x Q — Q
is the transition function, which extends to a left action -: £* x Q — Q.

33
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Figure 4.1: The SCC-factorization of a run.

The reason why we use rDFAs instead of DFAs can be explained intuitively
for the variable-size sliding window model as follows. The variable-size model
contains operations in both “directions”: On the one hand a variable-size window
can be extended on the right. On the other hand the window can be shortened
to an arbitrary suffix. For regular languages the extension to longer windows is
“tame” because the Myhill-Nerode right congruences have finite index. Hence
it remains to control the structure of all suffixes with respect to the regular
language, which is best captured by an rDFA for the language.

4.1.1 Logarithmic space

In the following let B = (Q, X, F, 5, qo) be a right-deterministic finite automaton.
A state q € Q is reachable from p € Q if there exists a run from p to g, and we
write q <¢ p. We say that q is reachable if it is reachable from the initial state
qo- A set of states P C Q is reachable if all p € P are reachable. The reachability
relation < is a preorder on Q, i.e. it is reflexive and transitive. Two states
P, q € Q are strongly connected if p is reachable from ¢ and q is reachable from
p- The equivalence classes of < are the strongly connected components (SCCs)
of B. A subset P C Q is strongly connected if it is contained in a single SCC, i.e.
all pairs p, q € P are strongly connected.

Path summaries Consider a run 7t in B. We call 7t a P-run for a subset P C Q
if all states occurring in 7t are contained in P. We call 7 internal if 7t is a P-
run for some SCC P. The SCC-factorization of 7t is the unique factorization
T = TRTk_1-- - TaTT17 into maximal internal (possibly empty) subruns 7t;
and transitions t; in B. By maximality of the 7; each transition T; connects
two distinct SCCs. An SCC-factorization is abstractly visualized in Figure 4.1.
Let px,...,p1 € Q be the starting states of the runs 7y, ..., ;. Then the path
summary of 7 is defined as

ps(7t) = (Irxl, p)s - - - (IT2m2l, p2), (ITiml, p1) € (N x Q)™

In other words, it specifies the first state that is visited in an SCC, and the length
of the run until reaching the next SCC or the end of the word, respectively. The
leftmost length |7, | can be zero but all other lengths |t;7t;| are positive. We define
Thw,q to be the run of B on w starting from q, and PS (w) = {ps(mtw, q) | g € Q}.

Example 4.1. Consider the rDFA B in Figure 4.2. It consists of three SCCs, namely
the blue SCC {p}, the red SCC {q, r}, and the purple SCC {s, t}. All its runs on the
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Figure 4.2: An rDFA partitioned into its SCCs.

word w = babccbaa are listed here:

tsErdqéqéqlpldplyp
ettt tEsEtdsdrdg
t el td e EsE sl
t 2ttt tEsE &t s
t e el et EsE et dt

Then PS4 (w) contains the following path summaries:

(1,5)(4,9)(3,p), (6,5)(2,q), (7,5)(1,7), (8,5), (8,1).

The path summary algorithm for B is a streaming algorithm over £ described
in Algorithm 4.1 where the acceptance condition is defined later.

Lemma 4.2. Algorithm 4.1 correctly maintains PS5 (w) for the active window
we X*

Proof. Initially PSg(¢) contains the path summary of every empty run from every
state, which is formally {0} x Q.

Assume S = PSg(w) for some window w € L* and a € X. The claim
is that the algorithm computes S’ = PSg(wa) from S. Suppose that n’ is
a run in B on wa. It has the form ' = 7t (p1,a,po) and ps(n) € S. Let
U= Ty Tx_1 - - - T2T2T1 771 be the SCC-factorization of 7. If pg and p; are strongly
connected then the SCC-factorization of 7’ is / = mTy_1 - - - T2 T177] Where
iy = m (P1, A, Po), and otherwise 7w’ = M Ti_1 - - - T2MaT1701 (P1, A, Po). In this
way the algorithm computes ps(7t’) from ps(7).

Now consider the case a = |. We have w = ¢ if and only if PSg (w) = {0} x Q,
and in this case the set of path summaries S is unchanged. Otherwise assume
w = bv for some b € L. We claim that the algorithm computes S’ = PS3(v)

from S. Suppose that t’ is a run in B on v which ends in state p € Q. If q & pin
B then let m = (q, b, p) 7/, and we have ps(m) € S. Let m = T T 1 - - - T2 T1701
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Algorithm 4.1: The path summary algorithm
initialize S = {0} x Q;
foreach input a € X| do

S’ =0
if a € X then
for pp € Q do

letp1 = a-poand ({k, px) - ({1, p1) €S;
if po and p; are strongly connected then

| add (&, px) - (&1 +1,po) t0 S/;
else

| add (€, px) -+~ (&1, p1)(1,po) to S';

if a = | then
if S = {0} x Q then
| S'=S;
else
for (L, px)--- ({1,p1) € Sdo
if ¢, > 1 then
| add (6 —1,pi) - (£, p1) t0 S';
else
| add (61 —1,pr1) - (1, p1) t0 S';

B rgplace S by S/;

be the SCC-factorization of 7. If || > 1 then 71/ = 7t} T_1 - - - To2 11717 is the
SCC-factorization of 7/ where my = (q, b, p) 7. Otherwise 7 is empty and
Tk—1 = (q, b, p). Therefore w’ = Ty_1 - - - Tamp1 717 is SCC-factorization of 7t’. In
this way the algorithm computes ps(7t’) from ps(7). O

Proposition 4.3. The path summary algorithm for B has space complexity O(|B|*-
(logn + log|B|)).

Proof. A single path summary ps(7t) consists of a sequence of at most |B| states,
which can be encoded in O(|B] - log|B|) bits, and a sequence ({y,...,{;) of
k < |B| numbers up to ||, which can be encoded in O(|B| - log|n|). Since
PSs(w) contains |B| such path summaries in total PS¢ (w) can be encoded in
O(|B|? - (log |w| + log |B|)) bits. O

Well-behaved rDFAs Now we describe the class of automata B for which the
set of path summaries determines whether the window is accepted by B. A
subset P C Q is convex (with respect to the preorder <3) if p < q <¢ r and
p,r € P implies q € P. In particular, every SCC is convex, and every convex
set is a union of SCCs. A convex subset P C Q is well-behaved if for any two
P-runs 71, 712 which start in the same state and have equal length, either both
711 and 7, are accepting or both are rejecting. If every reachable SCC in B is
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well-behaved then B is called well-behaved. A path summary is called accepting
if it is the path summary of some accepting run. Notice that a path summary
ps(mt) = (L, px) - - - (L1, p1) is accepting if and only if there exists an accepting
run of length ¢, starting in py.

Lemma 4.4. Let B be well-behaved and let 7t be a run in B starting in a reachable
state. Then 7t is accepting if and only if ps(7) is accepting.

Proof. The direction from left to right is immediate by definition. For the other
direction consider the path summary ps(7w) = (¢, px) - - ({1, p1) and the SCC-
factorization m = 7 Tk_1 - TomeT1. Since ps(7m) is accepting there is an
accepting run 7tj, that starts in px and has length {y. Since B is well-behaved,
the SCC of py is well-behaved. Therefore, since 7, is accepting, 7t must also be
accepting and thus 7 is accepting. O

Hence, we let path summary algorithm for B accept if the path summary
starting in qg is accepting. Combining Proposition 4.3 and Lemma 4.4 yields:

Proposition 4.5. If B is well-behaved then L = L(B) has space complexity Vi (n) =
O(|B[? - logn), which is O(logn) for fixed B.

Proof. Letn € N be a window size. If n < |B| then the trivial streaming algorithm
for SW,, (L) uses O(n) < O(|B|) bits. If n > |B| then we use the path summary
algorithm for SW,, (L) which uses O(|B|? - (logn + log|B|)) < O(|BJ? - logn)
bits. O

Implementation details To implement the above algorithm on a realistic com-
putation model, we have to be able to efficiently determine whether a path
summary is accepting. Given a number d > 1, a set of natural numbers X C N is
d-periodic if we have x € X if and only if x + d € X. A state q € Q is transient if
x - q # q for all x € Z*. Every transient state in B forms an SCC of size one (a
transient SCC); however, not every SCC of size one is transient.

Lemma 4.6. Let P C Q be a well-behaved subset in B and po € P be nontransient.
Then Acc(P,po) = {|nt| : 7 is an accepting P-run starting in po } is d-periodic for
some d < |Q].

Proof. Let 1y be any nonempty run from pg to po, which exists because py is
nontransient. Furthermore, we can choose 7y such that its length d := || is at
most |Q)].

If £ € Acc(P, po), then there exists an accepting P-run 7 starting in po of length
£. Then 7ty is also an accepting P-run and we conclude |rtrrg| = +d € Acc(P, po).

Now we need to show that £ ¢ Acc(P, po) implies £+ d ¢ Acc(P,po). Towards
a contradiction assume that £ ¢ Acc(P,po) and ¢ + d € Acc(P,po), i.e. there
exists an accepting P-run 7t starting in po of length { + d. Factorize 7w = 171,
where |7t;| = {. Now 71, must be rejecting since £ ¢ Acc(P, po). But then 7y is
a rejecting P-run of length ¢ + d, which contradicts the well-behavedness of P
since £ + d € Acc(P, po).- O
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In the following we describe how to implement Proposition 4.5. We do the
following preprocessing on the well-behaved rDFA B. Using depth-first search we
compute all SCCs in B. For every SCC P we pick a state p € P and compute the
distance dist(p, q) from p to all states q € P using any shortest paths algorithm.
Furthermore let d be the minimal length of a nonempty run from p to p itself,
which is the period d from Lemma 4.6. If no such run exists then we store the
information that p is transient. Otherwise we assign to each state q € P the
distance from p modulo d. By traversing an arbitrary P-run of length d from p
we can compute a bit vector of length d which represents Acc(P, po). Using this
information we can easily answer whether a path summary (&, px) - -- (¢1,p1) is
accepting: it is accepting if and only if either py is transient, £, = 0 and py € F,
or dist(po, px) + &k mod d belongs to Acc(P, po) where P is the SCC of pyx and
Po is the picked state in P.

Non-well-behaved rDFAs Now let us prove a linear lower bound for automata
which are not well-behaved. Let L C £* be a language. We say that L separates
two words x,y € I* if {x,y} N L| = 1. We say that L separates two languages
Ki, Ky C Z*if Ky gLandKzﬂL:(D,oer CLand KiNL=0.

Lemma 4.7. If B is not well-behaved then there exist words u;, uy,vi,ve,z € L*
where |ui| = vi| for 1 = 1, 2 such that L = L(B) separates us{ujus, viva}*z and
va{urug, vivalz.

Proof. Since B is not well-behaved there are statesp € Q, q € F, r € Q\ F and
words u = ujuy, v = viva,z € L* such that [uy| = |v5| and

U U2 z A%1 A% z
P—q<+=p<+ qoand p <— 1<+ p < qo.

We can ensure that [u;| = |v¢] and hence also |[u| = [v|: If k = Ju| and £ = |v| we
replace u; by u'~!u; and v; by vk~lv;, which preserves all properties above.
Then uy{u, v}*z and vy{u, v}*z are separated by L. O

Proposition 4.8. Under the conditions of Lemma 4.7 the language L = L(B)
satisfies Fr (n) = Q(n) for infinitely many n, and Vi (n) = Q(n).

Proof. Let uj,up,vi,vy,z € L* be the words from Lemma 4.7 and let u = uju,
and v = v1v,. Now consider an SW-algorithm P,, for L and window length
n = [ug|+ [uf- (m—1) + |z| for some m > 1. We prove that P,, has at least 2™
many states by showing that P,, (x) # P, (y) for any x # y € {u, v}™. Notice that
H{u, v}™| = 2™ since u # v and [u| = |v|.

Read two distinct words x,y € {u, v}™ into two instances of P,,. Consider the
last {u, v}-block where x and y differ. Without loss of generality assume x = x’us
and y = y’vs for some x’,y’, s € {u, v}*. By reading x’z into both instances the
window of the x-instance becomes last,, (xx’z) = ussx’z and the window of the
y-instance becomes last,, (yx’z) = vosx’z. By Lemma 4.7 the two windows are
separated by L, and therefore the algorithm P,, must accept one of the streams
xx'z and yx'z, and reject the other. In conclusion P, (x) # P (y) and hence P,,
must use Q(m) = Q(n) bits.
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Figure 4.3: Forbidden pattern for well-behaved rDFAs where |[u;| = |v1] and
[uz| = val.

The argument above shows that there exist numbers c, d € N such that for all
m > 1we have Vi (cm+d) > FL(ecm+d) > Q(m). If n is sufficiently large then
m = |(n—d)/c| = Q(n) satisfies cm+d < n. Therefore Vi (n) > Vi (cm+d) =
Q(m) by monotonicity and hence Vi (n) = Q(n). O

From Proposition 4.5 and Proposition 4.8 we obtain:

Corollary 4.9. Let X € {F,V}. A regular language L C X* satisfies X; (n) =
O(logn) if and only if L is recognized by a well-behaved rDFA.

Finally, let us observe that the lower bound from Proposition 4.8 already
holds for the suffix complexity S; (n):

Proposition 4.10. Under the conditions of Lemma 4.7 the language L = L(B) has
suffix complexity Sy (n) = Q(n).

Proof. We claim that {ujus, viva}™z/~r| > 2™. This holds because any two dis-
tinct words from {u;uy, vivy}™z have equal-length suffixes of the form uyxz and
voxz for some x € {ujuy, vivy}*, which are separated by L. Hence Sy (m) =
log|ZS™/~1| = Q(m) holds over an arithmetic progression and therefore
St (n) = Q(n) by monotonicity of St (1n). O

Together with Sy () < Vi (n) this implies that for every regular language L all
three functions Fy (n), VL (n) and St (n) are (simultaneously) at most logarithmic
or at least linear.

4.1.2 Constant space

Next we study which regular languages have sublogarithmic complexity. Recall
that in the variable-size model any such language must be trivial because the
algorithm must at least maintain the current window size by Lemma 3.7.

Corollary 4.11. The empty language I = () and the universal language L = £*
satisfy Vi (n) = O(1). All other languages satisfy Vi (n) = Q(logn).

Theorem 4.12 (Trichotomy in the variable-size model). Every regular language
has space complexity ©(1), ©(logn) or ©(n) in the variable-size sliding window
model.
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Proof. Let L be regular. If L empty or universal then the space complexity is
O(1). Otherwise, it is Q(logn) by Corollary 4.11. Furthermore, if it is accepted
by a well-behaved rDFA then its space complexity is ©(log n) by Proposition 4.5,
and otherwise @(n) by Proposition 4.8. O

Now we can focus on the fixed-size model. Let U(B) C Q be the set of states
q € Q such that exists a nontransient state p € Q such that q is reachable from
p and p is reachable from the initial state qo. Notice that q € U(B) if and only
if there exist runs of unbounded length from qo to q (hence the symbol U for
unbounded).

Proposition 4.13. If U(B) is well-behaved then L has space complexity Fi (n) =
O(|Bl), which is O(1) for fixed B.

Proof. Let k = |B|. The SW-algorithm P,, for SW;, (L) maintains lasty (x) for an
input stream x € X* using O(k) bits. If n < k then last,, (x) is a suffix of lasty (x)
and hence P,, can determine whether last,(x) € L. If n > k then lasty(x) is
a suffix of last,, (x), say last, (x) = s - lasti(x). We can decide last,,(x) € L as
follows: Consider the initial run

s lasty (x)
T g4 o

of B on last,, (x). By the choice of k some state p € Q must occur twice in the

last . . .
run q Lone) qo, Therefore, p is nontransient and all states in the run v <

belong to U(B). Since U(B) is well-behaved r is final if and only if some run of
length [s| starting in q is accepting. This can be determined since |s| = n —k is
known. O

Lemma 4.14. If U(B) is not well-behaved then there exist words x, y,z € X* where
[x| = |yl such that L = L(B) separates xy*z and y*z.

Proof. Since U(B) is not well-behaved there are U(B)-runs 7t and p from the
same starting state q such that 71| = |p| and exactly one of the runs 7t and p is
accepting. By definition of U(B) the state q is reachable from a nontransient state
p via some run o, which itself is reachable from the initial state qo, say p <= qo.
We can replace 7t by to and p by po preserving the properties of being U(B)-runs
and |7] = |p|. Assume that 7w and p are runs on words v € £* and w € X*. Since p
is nontransient we can construct internal runs from p to p of unbounded lengths.
Consider such a run p & p of length [u| > [v| = w|. Then L separates vu*z
and wu*z. Factorize u = ujuy such that juy| = [v| = [w|. Notice that all words
in uyu*z reach the same state in B and hence either u,u*z is either contained
in L or disjoint from L. Then L separates u,u*z and vu*z, or usu*z and wu*z.
Hence L also separates (uyug ) *usuiusz from either vug (ugug )*upug upz or from
wug (Ugug ) * usu unz. O

Proposition 4.15. Under the conditions of Lemma 4.14 the language L = L(B)
satisfies Fr (n) = Q(logn) for infinitely many n.
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Proof. Letx,y,z € L* be the words from Lemma 4.14. Consider an SW-algorithm
P, for L and window length n = [x| + |[y| - m + |z| for some m > 1. We prove
that P, has at least m many states by showing that P,, (xy!) # P, (xy’) for any
1<i<j<<m Letl <i<j<m. Then we have

last,, (xy'y™ 'z) = last, (xy™z) = xy™z

and
m+1

z) =y™ z.

m-+j—i

last, (xy'y™ 'z) = last, (xy

Since exactly one of the words xy™z and y™*!z belongs to L, also exactly one
of the streams xy'y™ 'z and xy'y™ 'z is accepted by P,,. This proves that P,,
must reach different memory states on inputs xy* and xy’. In conclusion P,
must use Q(logm) = Q(logn) bits. O

This implies the space trichotomy in the fixed-size model:

Theorem 4.16 (Trichotomy in the fixed-size model). In the fixed-size sliding
window model every regular language has space complexity

« O(1),
¢ O(logn) and Q(logn) infinitely often, or

¢ O(n) and Q(n) infinitely often.

4.1.3 Alternative proofs

In the rest of this section we give alternative proofs for the space trichotomies,
using the equivalence relations defined in Section 3.4. Recall that by Proposi-
tion 3.11 for any nontrivial language L we have

Vi (n) = log [ (£57)]

for all n € N. If L is regular then ~; has finite index and v; has a finite range,
which yields a regular representation of v (X*).

Lemma 4.17. If L C X* is regular, then V| is a «-transduction. In particular,
VL(Z*) and V(L) are regular. Furthermore Vi is a +—-reduction from L to v (L).

Proof. Since L is regular the quotient set £*/~ is finite. Let h: £* — M be
the syntactic homomorphism of L into the syntactic monoid M of L. Since
the syntactic congruence refines the Myhill-Nerode congruence, there exists a
function v: M — X*/~ such that [x]p = v(h(x)) for all x € X*. Define the right
Mealy machine M = (M, £, £*/~, 8, 1) and transitions

alv(h(a)m)
h(a) m+———m

forall m € M, a € Z. This Mealy machine computes the «+—-transduction V.
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To see that v is indeed a reduction from L to v (L) notice x € L clearly
implies Vi (x) € vL(L). Conversely, if Vi (x) € V(L) then there exists y € L
with Vi (x) = VL (y). Therefore we have x = y, which implies x ~; y and thus
x € L. O

The trichotomy theorem for variable-size windows can now be reproven.

Alternative proof of Theorem 4.12. If L is empty or universal then Vi (n) = O(1),
and otherwise Vi (n) = Q(logn) by Corollary 4.11. In the latter case its space
complexity is Vi (n) = log |V (ZS™)| by Proposition 3.11, which is the logarithm
of the cumulative growth function of the language Vv (Z*). Since v (X*) is
regular by Lemma 4.17 its cumulative growth is either polynomial or 22",
Therefore Vi (n) is either O(logn) or Q(n). O

For the fixed-size model recall the equivalence relation p; on X* defined as:

xpLy < x| =|y| =nand
(lastn(xz) € L <= last,(yz) € L) for all z € ™,

Lemma 4.18. If L C £* is regular then py is synchronous rational.

Proof. First consider the relation T C (£*)3 of all tuples (x,y,z) such that
n = x|l =yl > |zl, lasty(xz) € L and last,(yz) ¢ L. We claim that T is
synchronous rational by constructing an automaton for ® T. Notice that x pr y
if and only if x| = [y| = n and there exists no z € ZS™ such that (x,y,z) € T or
(y,x,z) € T. If T is synchronous rational then so is py by the closure properties
of synchronous rational relations.

It remains to show that T is synchronous rational. Observe that ®T contains
all convolutions

X1 Xk Xk+1 Xn
Y| Y| {Yker |- [ yn 4.1)
Z1 Zx & >

such that x1,...,Xn, Y1, > Yn,21,.-+,2k €L, 0 <K <M, X1 -+ Xn21 -+ - 2¢ €

Land yxi1--Ynz1---2x € L. Let A = (Q, L, qo,d,F) be a DFA for L. For
all tuples (p,q,p’,q’) € Q* one can construct an automaton Ay, g q Which
accepts exactly all convolutions of the form (4.1) such that qo - xx41 " Xn =P,
qo Yk+1-' "Yn =0, P 2z1- -z, =p’and q-z1 -+ -z = q’. It first simulates two
copies of A on z; - - - zy starting from p and g, respectively, and verifies whether p’
and q’ are reached. Then it simulates two copies of A on the suffixes xx11 - - xn
and yx41 - - - Yn, Starting from the initial state qo and verifying whether p and ¢
are reached. Then we have ®T =J,, 4,7 q'cq L(Ap,q,p/,q/), and therefore T is
synchronous rational. O

Alternative proof of Theorem 4.16. Proposition 3.9 states Fr(n) = log|Z™/py|.
By definition every pp-class is contained in some X™. Let R C I* be the set
of all lexicographic minimal representatives from each py-class. It satisfies
FL(n) = log|RNL™|. Since the lexicographic linear ordering on ~* is synchronous
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rational, R is a regular set. By Theorem 2.5 the growth of R is either (i) O(1), or
(ii) polynomial in n and Q(n) for infinitely many n, or (iii) exponential in n. By
taking logarithms we get the trichotomy for Fi (n). O

4.2 Characterization of the space classes

Next we will provide natural characterizations of the languages with space
complexity O(logn) and O(1). For the log-space class this will be done by the
characterization via well-behaved rDFAs. For the constant space class we will
utilize a distance notion between states in a DFA.

4.2.1 Constant space complexity

We now start with the description for constant space. Recall that this class only
contains the trivial languages in the variable-size model by Corollary 4.11.
A language I C Z* is called a length language if for all n € N, either X™ C L
or LNX™ = (. Alanguage L C I* is called k-suffix testable if for all x,y € X*
and z € £* we have
xz€L < yzel

Equivalently, L is a Boolean combination of languages of the form L*w where
w € £S5k, We call L suffix testable if it is k-suffix testable for some k > 0. We
emphasize that the notions of length languages and suffix testable languages
only make sense with respect to an underlying alphabet. Clearly, every finite
language is suffix testable: If k is the maximum length of a word in L C £* then
Lis (k4 1)-suffix testable since L = |, {w} and {w} = Z*w\ J,cs Z*aw. The
class of suffix testable languages corresponds to the variety D of definite monoids
[106]. The main theorem of this section is:

Theorem 4.19. Let L C X* be regular. The following statements are equivalent:
(D) FL(n)=0(1)

(ii) L is a finite Boolean combination of suffix testable languages and regular
length languages.

The following definitions are useful, which are also studied in [54]. We
define the distance d(K, L) by
AR, L) = SUp,ckar Ul +1, %f K#L,
0, if K=1L.
Notice that d(K, L) < oo if and only if KAL is finite. For a DFA A = (Q, Z, qo, 5, F)
and a state p € Q, we define A, = (Q, Z,p,, F). For two states p,q € Q, we
define the distance d(p,q) = d(L(Ap),L(Aq)). If we have two runs p S p!

and ¢ = q’ where p’ € F, q’ ¢ F and [u| > |Q[? then some state pair occurs
twice in the runs and we can pump the runs to unbounded lengths. Therefore
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d(p, q) < oo implies d(p, q) < |QI?. In fact d(p, q) < co implies d(p, q) < |Q| by
[54, Lemma 1].

Lemma 4.20. Let L C X* be regular and A = (Q, X, qo, d, F) be its minimal DFA.
We have:

(i) d(p,q) < kifand only if 5(p,z) = 8(q,z) forall p,q € Q and z € Z¥.
(i) L is k-suffix testable if and only if d(p, q) < k for all p,q € Q.

(iii) If there exists k > 0 such that L is k-suffix testable, then L is |Q|-suffix testable.

Proof. The proof of (i) is an easy induction: If k = 0, the statement is d(p, q) =0
iff p = q, which is true because A is minimal. For the induction step, we have
d(p,q) < k+ 1iff d(8(p,a),d(q,a)) < kforall a € Ziff §(p,z) = 8(q, z) for all
z € Ik,

For (ii), assume that L is k-suffix testable and consider two states p = A(x)
and q = A(y). If z € L(A,)AL(Aq), then |z| < k because xz € Liffyz ¢ Land L
is k-suffix testable.

Now assume that d(p, q) < k for all p, q € Q and consider x,y € £*, z € £,
Since d(A(x), A(y)) <k, (i) implies A(xz) = A(yz), and in particular xz € L iff
yz € L. Therefore, L is k-suffix testable.

Point (iii) follows from (ii) and from [54, Lemma 1]. O

Lemma 4.21. For any L C £* and n > 0, the language SW, (L) is 27t (™) _suffix
testable.

Proof. Let P, be an SW-algorithm for I and window length n with space com-
plexity F (n). Therefore P,, has at most 2Ft (") states. The language SW,, (L) is
n-suffix testable because

SWh(L) ={x € ZS™ ! |last,(x) e LJUZ* (LN ZM).
By Lemma 4.20(iii) SW, (L) is 2"t (") _suffix testable. O

Corollary 4.22. Let L C X* be a language. Then Fi (n) = O(1) if and only if there
exists a k > 0 such that SW,, (L) is k-suffix testable for all n > 0.

Proof. The left-to-right direction follows from Lemma 4.21. If each SW, (L)
is k-suffix testable, then an SW-algorithm for window length n only needs to
maintain the last k symbols in the stream to test membership of the active
window of length . in SW,, (L), or equivalently in L. O

Proof of Theorem 4.19. First, let L C X* be a regular language with F; (n) =
O(1). By Lemma 4.21 there exists k > 0 such that SW,, (L) is k-suffix testable
for all n > 0. We can express L as the Boolean combination

L=(Lnzs*Nu [z Nz=LnIs*Hu [ (Lz) 2Fn Lz

zexk zexrk
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where the right quotient Lz~! = {x € Z* | xz € L} is regular [18, Chapter 3, Ex-
ample 5.7]. The set L N ZS*~! is finite and hence suffix testable. It remains to
show that each Lz ! is a length language. Consider two words x,y € Z* of the
same length |x| = [y| = n. Since [xz| = [yz| = n + k and SW,, 1 (L) is k-suffix
testable we have xz € Liffyz € L, and hence x € Lz ! iffy € Lz~ L.

For the other direction note that: (i) If L is a length language or a suffix
testable language then clearly Fy (n) = O(1), and (ii) {L C Z* | F.(n) = O(1)}is
closed under Boolean operations by Corollary 3.18. This proves the theorem. [

We give another characterization of the regular languages with constant space
complexity based on the minimal DFA, which will be used later for a decision
procedure.

Proposition 4.23. Let L C X* be regular and A = (Q, L, qo, d, F) be its minimal
DFA. Then Fi(n) = O(1) if and only if for all x,y € £* with |x| = [y| and z € £IQ!
we have A(xz) = A(yz).

Proof. Assume that F (n) = O(1). By Corollary 4.22 there exists k > 0 such
that each SW,, (L) is k-suffix testable. Let x,y € L* with |x| = [y| = n. For all
z € £ we have xz € SW,, (L) iff yz € SW,, (L). Thus, xz € Liffyz € L
for all z € £2¥, and hence d(A(x),A(y)) < k. Again by [54, Lemma 1] we get
d(A(x),A(y)) < |Q|. By Lemma 4.20(i) we have A(xz) = A(yz) for all z € £/QI,

Conversely, assume that A(xz) = A(yz) for all x,y € £* with |x| = |y| and
z € XIRl, This means that one can simulate the automaton on the window of
length n by only storing the last |Q| many symbols and hence in space O(1). O

4.2.2 Characterization of the log-space class

In the following we will give two natural characterizations of the regular lan-
guages with space complexity O(logn). By Corollary 4.9 we can equivalently
consider the fixed- or the variable-size model. A language L C * is called a left
ideal if Z*L C L, or equivalently Z*L = L. Every suffix testable language is a
Boolean combination of languages X*w and therefore of regular left ideals. In
this section we will prove the following theorem.

Theorem 4.24. Let L C X* be regular. The following statements are equivalent:
(D Fr(n) =0O(logn)
(i) Vi(n) =0O(logn)
(iii) L is recognized by a well-behaved rDFA.
(iv) Lis <—-reducible to a regular language of polynomial growth.

(v) Lis a finite Boolean combination of regular left ideals and regular length
languages.
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The equivalence of the points (i), (ii), (iii) is stated in Corollary 4.9. The other
equivalences are shown by the chain of implications (ii) — (iv) — (v) — (iii).

The implication from (ii) to (iv) follows from previous statements: If Vi (n) =
O(logn) and L is nontrivial then by Proposition 3.11 has v (£*) polynomial
(cumulative) growth and hence also its subset Vi (L) has polynomial growth. By
Lemma 4.17 there exists a «—-reduction from L to v (L) (namely V), and v (L)
is regular. If L = ) then it has polynomial growth and is «<—-reducible to itself. If
L = X* then it is «+—-reducible to a unary universal language a*. In the rest of the
section, we prove the implications (v) — (iii) and (iv) — (v).

Implication (v) — (iii)
The implication (v) — (iii) follows from the following two lemmas.

Lemma 4.25. If a regular language I C L* is a left ideal or a length language,
then any rDFA B for L is well-behaved.

Proof. Let B be an rDFA for L. If L is a length language then for all reachable
states q and all runs 7t, 7’ starting from q with |7t] = |7t'| we have 7t is accepting
if and only if 71’ is accepting.

If L is a left ideal, then whenever a final state p is reachable, and q is
reachable from p, then q is also final. Hence, for every reachable SCC P in B
either all states of P are final or all states of P are nonfinal. O

Lemma 4.26. The class of languages L C ~* recognized by well-behaved rDFAs is
closed under Boolean operations.

Proof. If B is well-behaved then the complement automaton B is also well-
behaved. Given two well-behaved rDFAs B1, B,, we claim that the product
automaton B; x B, recognizing the intersection language is also well-behaved.
Suppose that B; = (Qs, X, Fi, 84, qi) for i = 1, 2. The product automaton for the
intersection language is defined by B; x By = (Q1 x Q2, X, F1 X Fo, 8, (q1, q2))
where 8(a, (q1, q2)) = (81(a, q1),02(a, q2)) for all q1 € Q1,92 € Q2 and a € L.
Consider an SCC S of B; x By which is reachable from the initial state and let
(P1,P2), (d1,g2), (t1,T2) € S such that

(ql) q2) & (pl;pZ) and (Tl,Tz) <1 (pl;pZ)

for some words u,v € X* with [u| = [v|. Since for i € {1, 2} we have q; & p;and
T < pi, and {pi, 14, qi} is contained in an SCC of B; (which is also reachable
from the initial state), we have

(q1,q2) is final <= (q; and g are final
<= 1 and 1y are final

<= (r1,72) is final,

and therefore B; x B, is well-behaved. O
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Implication (iv) — (v)
It remains to show the implication from (iv) to (v).

Lemma 4.27. The class of finite Boolean combinations of regular left ideals and
regular length languages is closed under pre-images of <—-transductions.

Proof. For any function T : £* — ' and K,L C T we have T 1/(KUL) =
T K)uUt L) and T 1(T* \ L) = £* \ v }(L). Now assume that T is a -
transduction. If L is regular then v~ (L) is also regular by the closure properties
of rational transductions. Since 7 is length-preserving, the pre-image of a length
language L under 7 is again a length language (namely L itself). Finally, we
claim that T=}(T'*L) = Z*t (L), i.e. pre-images of left ideals under T are
left ideals again, and hence, regular left ideals are closed under preimages of
+-transductions.

Since 7 is recognized by a Mealy machine we have Suf(t(x)) = t(Suf(x)).
The statement x € T~ !(I'*L) is equivalent to the existence of a suffix x’ of x with
T(x') € L. Since T is recognized by a Mealy machine, this is again equivalent
to saying that some suffix of t(x) belongs to L. This can also be written as
x € Z*1~1(L), which concludes the proof. O

Towards the proof of the direction (iv) to (v) in Theorem 4.24 it remains
to prove that every regular language of polynomial growth is a finite Boolean
combination of regular left ideals and regular length languages. Since L and
its reversal LR have the same growth we can equivalently write every regular
language of polynomial growth as a finite Boolean combination of regular right
ideals and regular length languages. A right ideal is a language L C £* with
LX* C L. The idea is to decompose every regular language of polynomial growth
as a finite union of languages recognized by so-called linear cycle automata,
which can be viewed as regular expressions voujv; - - - uf vy that can be parsed
uniquely from left to right.

A partial DFA A = (Q, L, qo, d, F) is defined as a DFA except that its transition
function &: Q x £ — Q is a partial function. If the language accepted by a partial
DFA A is nonempty it can be reduced by removing all states which are either not
reachable from o or from which no final state can be reached.

Theorem 4.28 ([107, Theorem 1 and Lemma 6]). Let A be a reduced partial
DFA for L. Then L has polynomial growth if and only if for every state p in A there
exists at most one transition p — q such that p and q are strongly connected.

A partial DFA A = (Q, X, qo, d, F) is a linear cycle automaton if
¢ the set of SCCs is linearly ordered by the reachability order,
« for all p, q € Q there exists at most one symbol a € I such that p % q,

o forall1 < i< mandp € C; there exists at most one transition p N q
with qe Ci,
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o forall 1 <i< m—1 there exists exactly one transition p N qwithp € C;
and q ¢ Ci, and this state q belongs to Ci1 (we call p the exit state of C;
and q the entry state of Ci.1),

e [Fl=1and F C Cy,.

Notice that every SCC in a linear cycle automaton is either transient or a cycle,
i.e. restricted to the SCC, every state has exactly one incoming and one outgoing
transition.

Lemma 4.29. If L is a regular language with polynomial growth, then L is a finite
union of languages recognized by linear cycle automata.

Proof. We can assume that L # ) (since L = () is the empty union). Let A =
(Q,Z%, qo, 8, F) be a reduced partial DFA for L. If 7tis a run in A let d(m) =
(s1,t15---,Sm, tm) € Q2™ be the sequence of states in A such that 7 traverses
exactly m SCCs where s; and t; are the first and the last state visited in the i-th
SCC. We call d(7t) the path description of 7. Notice that there are only finitely
many path descriptions.

Now consider a single path description d = (s1, t1,. .., Sm, t;n) Which starts in
the initial state s; = qo and ends in a final state t,, € F. We obtain a partial DFA
Aq from A as follows: restrict A to all SCCs containing si, ..., Sm, and remove
all transitions between two distinct SCCs except for the transitions {(ti, si11) |
1 < i< m—1}. Finally, t,, is declared as the only final state. By Theorem 4.28,
Agq is indeed a linear cycle automaton and we have L(A) = [J, L(Aq4) where the
union is taken over all path descriptions d starting in qo and ending in a final
state. ]

Lemma 4.30. Let A be a linear cycle automaton. There are linear cycle automata
A1, ..., As such that L(A) = |J;_; L(A4) and in each A; all cycles have uniform
length.

Proof. Let my,..., my be the lengths of each cycle in A and m be the least
common multiple of my,..., my. The language L(A) is the finite union of all
languages accepted by linear cycle automata that are obtained from A by doing
the following replacement for every nontrivial cycle

Am;—1 Am

C:qr 5 q2 543 -+ qm—1 Gm, q1

of A. W.Lo.g. assume that q; is either the initial state of A or the entry state of
C. Choose an arbitrary number 0 < d; < m/m; (we then take the finite union
over all such choices). We replace C by a path P of length d;m; followed by
cycle C’ of length m, having the form

(aram, )9t

/ / ap az Am—1 Am
P:q—————q1, C:dq1—d2—4q3 " qm-1 —— qm — (1,

where ajaz -+ am = (a1az -+ am, )™/mi_ All states on the path P except for q;
are new and also all states qm,+1,.-.,qm are new. If q; is the initial state of
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A then qj is the new initial state. Otherwise, the unique transition entering C
is redirected to the new state q;. The union of the languages recognized by all
automata of this form is L(.A). O

Lemma 4.31. Let A be a linear cycle automaton in which all cycles have uniform
length. Then L(A) is a Boolean combination of regular right ideals and regular
length-languages.

Proof. Let L C X* be the language recognized by A. There are numbers p,q > 0
such that each word in L has length p+qn for some n > 0. Here q is the uniform
cycle length in A. We claim that L is the intersection of the three languages

(i) L-X*, which is a regular right ideal,

(i) {x € X* | Pref(x) C Pref(L)}, which is the complement of the regular right
ideal (Z* \ Pref(L)) - Z*,

(iii) XP(X9)*, which is a regular length language.

Clearly L is contained in the described intersection. Conversely, consider a word
x in the intersection. We can factorize x = yz for some y € L by (i). Hence,
lyl = p + gn for some n by the assumption above. Since |x| = p + qn’ for some
n’ by (iii), the length |z| = |x| — |y| is divided by q. By (ii) x is a prefix of a word
in L and hence A has some initial run 7t on x, say 7: qo Yy s 5 t. Since yelL,
the state s must be the unique final state of A, which belongs to the unique
minimal SCC C of A. If C is a cycle, then it has length q and hence t = s, i.e.
x € L. If C is transient, then z = ¢ and therefore x =y € L. O

This concludes the proof for the direction from (iv) to (v) in Theorem 4.24.

4.2.3 Boolean combinations of regular left ideals

Let us look at the subclass of finite Boolean combinations of regular left ideals.
Such languages describe Boolean combinations of the form “there exists a suffix
with some regular property” and “every suffix has some regular property”. They
can furthermore be described by weak rDFAs, i.e. tDFAs B = (Q, L, F,$, qo)
where every reachable SCC is either contained or disjoint from F. Every weak
rDFA is well-behaved.

Theorem 4.32 ([69]). A language is a finite Boolean combination of regular left
ideals if and only if it is recognized by a weak rDFA.

Alternatively, this language class can be characterized using the notion of
alternation points. Given a word x = a;---an € I* and a language L C X*,
a position 1 < i < n is an L-alternation point if a; ---a,, and aj,1---a, are
separated by L. Denote by alty (x) the number of [-alternation points in x.

Lemma 4.33. If L C X* is a Boolean combination of at most k left ideals then
alt; (x) < k for all x € £*. Conversely, if L C X* is regular and alt; (x) < k for all
x € L* then L is a Boolean combination of at most k regular left ideals.
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Proof. If L is a Boolean combination of left ideals Li,...,Ly, then each L-
alternation point in a word is an L;-alternation point for some 1 < i < k.
Since L; is a left ideal, each word has at most one L;-alternating point and we
obtain alt; (x) < k for all x € Z*.

Conversely, assume that alt; (x) < k for all x € £*. Without loss of generality
assume ¢ € L, which ensures that x € L if and only if alt; (x) is even. If ¢ € L,
then x € L if and only if alt; (x) is odd, and we can argue similarly as below. We
define P; = {x € X* | alty (x) > i} for i > 0 and write L as

L= |J (P\Pu).

0<igk even

Each P; is a left ideal because prolonging a word on the left only increases the
number of L-alternation points. Furthermore, each P; is regular: by enriching
a DFA for L with a counter up to i, a DFA can verify that the input x satisfies
alty (x) > 1. Using the fact that Po = £* and P; = 0 for all i > k, we can write L
as

- (Z*\P1)U (Py\ Pg) U-- U (Px_a \ Px_1) UPy, ifkiseven
T L\ PY)U(P2\P3) U+ U (Pr_q \ Pu), if k is odd.

This proves that L is a Boolean combination of the regular left ideals Py, ..., Py,
which concludes the proof. O

We can add yet another equivalent statement to Theorem 4.24.

Proposition 4.34. Let L C X* be regular and assume that L is a finite Boolean
combination of left ideals and length languages. Then any rDFA for L is well-
behaved.

Proof. Let B be an rDFA for L and assume that B is not well-behaved. By
Lemma 4.7 there exist words u;, Us, v1, Vo, z such that |u;| = [vi| for i = 1,2 and
L separates uz{ul‘l,Lz, V1V2}*Z and Vz{uluz, V1V2}*Z.

The given representation yields left ideals L;,...,Lx and sets of lengths
N1,..., N € N such that membership of a word w to L is determined by
whether w € L; for 1 < i < k and whether [w| € Nj for 1 < j < m. Let
c: N — C be the finite coloring where C = {0, 1}™ and the bitvector c(n) =
(c1,...,cm) indicates whether n € Nj for 1 < j < m. Then there exists an
infinite monochromatic subset N C {Juy| + dlusug| + |z| : d € N}, say N =
{lug] + dluqus| + |z| : d € D} where

D ={d;,d; +do,d; +dy +ds,...}

for some d;, do, ... > 1. Hence membership of a word w in {uy, vo {uius, viva 2z
of length n € N to L is only determined by whether w € L[; for 1 < i < k.
Equivalently, there exists a Boolean combination L’ of Ly, ..., Ly such that L and
L’ agree on all words of length n € N.
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Define wy = us(uiuy)1z. For even i > 2 let wi = vo(uus) i uywi_q;

for odd i > 2 let wi = us(ujuz)4 " vyw;_;. Observe that for all i > 1 we
have |w;| € N, w; is a suffix of w1, and L separates w; and w;,;. Hence the
words w; have an unbounded number of L’-alternation points, which contradicts
Lemma 4.33. O

4.2.4 Summary of language classes

Let us summarize the language classes (over a fixed alphabet ) discussed in
this chapter:

+ Reg: the class of all regular languages over X
+ Len: the class of regular length languages

+ LI: the class of regular left ideals

+ ST: the class of suffix testable languages

A class of languages A over X is Boolean closed if K, L € A implies X* \ L € A and
KUL € A. If Ay,...,A, are classes of languages over some alphabet X, then
(A1,...,An) denotes the Boolean closure of [ Ji_; Ay, i.e. the smallest Boolean
closed class which contains | J;_; A;. By the results from this chapter for every
regular language L C X* we have:

Theorem 4.35 (Fixed-size model). For every regular language L we have:
¢ IfL € (ST,Len) then Fi(n) = O(1).
o IfL ¢ (ST,Len) then Fi(n) = Q(logn) infinitely often.
¢ IfL € (LL, Len) then F(n) = O(logn).
¢ IfL ¢ (LI, Len) then Fr(n) = Q(n) infinitely often.
Theorem 4.36 (Variable-size model). For every regular language L we have:
o If Lis trivial then Vi (n) = O(1).
o If Lis nontrivial then Vi (n) = Q(logn).
¢ IfL € (LI, Len) then Vi (n) = O(logn).

o IfL ¢ (LL,Len) then Vi (n) = Q(n).

4.3 The uniform problem

In this section we consider the setting where the automaton is part of the input.
Let us first summarize the results from Section 4.1 which are based on properties
of the right-deterministic finite automaton. Suppose that B is an rDFA for L C X*.
Then:
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(i) If B is well-behaved then Vi (n) = O(|BJ? - logn) (Proposition 4.5).
(ii) If U(B) is well-behaved then Fi (n) = O(|B|) (Proposition 4.13).

Let us first provide matching lower bounds for the above upper bounds.
Afterwards we consider the problem where the regular language is given by a
DFA/NFA.

4.3.1 Bounds for rDFAs

Proposition 4.37. For every m € N there exists a language L., C {a,b, 0}
recognized by a well-behaved rDFA B, with 2m + 1 states such that F _(n) >
& [Bm[* - logn for sufficiently large n € N'.

Proof. For m € N we define an rDFA B, = (Qm, X, Fin, 8, qo) as follows. The
state set is Q.n ={qo, - - -, q2m}, the alphabet is X = {a, b, 0} and the initial state
is qo. The transitions in B, are

S qi+1<3q-lfora110<i<m—1,
. qi+1<iqiforallm<i<2m—1,

« and the loops q; <~ q; forall 0 <i<m—1, qiﬁqiforallm<i<2m
andr&rforallreQ.

Finally we set F ={q; € Q. | i even}. Notice that the SCCs in B,,, are singletons
and Q. is linearly ordered by <4 . Let 7t: {a, b, 0}* — {a, b}* be the projection
to the subalphabet {a, b}. Since 0 is a neutral letter in B, we have x-q = 7t(x) - q
forall g € Q and x € {a, b, 0}*.

Now consider the set X = 7 !((a™ 'b)™). If n > m? then X contains
() words of length n. Let n > m? and P,, be an SW-algorithm for L(B,)
and window length n. Read two distinct words x,y € X of length n into two
instances of P,,, which will be distinguished in the following. We can factorize
x =xjcz and y = yic¢’z such that x1,y1,z € {a, b, 0}*, and {c, ¢’} is either {a, 0}
or {b, 0}. Without loss of generality let ¢/ = 0.

First assume that ¢ = b. By inserting k = n — |bz| of 0-symbols into both
instances we obtain the windows bz0* and 0z0¥. Since the number of b’s in
the windows differs by one and the windows contain at most m many b’s the
windows are separated by L(B,).

Now assume that ¢ = a. There exist numbers 0 < 1,j < m — 1 such that
7(z) = atb(a™ 1b)J. Since x; contains m —j — 1 many b-symbols we can insert
into both instances of P,, the word b™71-10% wherek =n — (m —j — 1) — |az]
and obtain the windows azb™—10* and 0zb™7—10¥. Since

T[(azbmfjflok) — ai+lb(am71b)jbm7]’71

THere and in Theorem 4.42 the bounds hold for all n > n,, for some threshold n,,, depending
on m.
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a,b,0 b,0 b,0 b,0 a,0 a,0 a,0

&)

Figure 4.4: Lower bound automaton A3 from Proposition 4.37.

and
m(0zb™1710%) = atb(a™ b)Y b™ I,

the window last,, (xb™ 7 ~10¥) reaches state gy, i1 in B, whereas the window
last, (xb™1~10¥) reaches state g, ;. Hence the windows are separated by
L(Bm).

Since X contains (,",) words of length n we have ( ;) many streams which
are pairwise distinguished by P,,. Therefore P,, uses at least

n 9 n
log <m2) > m*-log )
bits. If n is sufficiently large (satisfying \/n > m?) then this is at least

m?-lo \/ﬂzlmzlo n>1 Bl 2lo n:ilﬁ > logn
g 2 g Z 5 3 g 18 0™ g

bits. O

Proposition 4.38. For every m € N there exists a language 1., C {a, b}* rec-
ognized by an rDFA B, such that U(B.,) is well-behaved, |B,| = m + 2 and
Fr,,(m) > mforalln > m.

Proof. Let L,,, be the set of words whose m-th last letter is a. It is recognized by
an rDFA B,,, consisting of m transient states, a single final state, and a single
nonfinal sink state. Furthermore U(B.,) is well-behaved. Let P,, be a sliding
window algorithm for L,,, and window size n > m. We claim that P, (x) # P, (y)
forall x #y € {a,b}™: If x #y € {a, b}™ differ at some position 1 < i < m
then last,, (xa*~!) and last,, (ya'~!) differ at the m-th last position. Therefore
P, accepts exactly one of the streams xa'~! and ya*~!, and thus P,, must
distinguish x and y. In conclusion P;, must have at least 2™ states. O

Hence, the upper bounds in Proposition 4.5 and Proposition 4.13 are optimal.

4.3.2 Upper bounds for DFAs/NFAs

If the regular language is given by a NFA A = (Q, L, I, A, F), one can convert it
into an equivalent rDFA by reversing the transitions (formally, we just view it as
a right automaton) and applying the powerset construction, which entails an
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exponential blowup (it has 214! states). We obtain the rDFA ARP = (2Q, £, 7,5, F).
with transitions

5(a,P)={qeQlpeP, (q,a,p) €A} forallPCQ,acl,

and final states

J={PCQI|PNI#0OL
By applying the bounds for rDFAs we get the following space bounds:
+ If ARD is well-behaved then V| (4, = O(4! - logn) by Proposition 4.5.
« If U(ARP) is well-behaved then F (4, = O(2*!) by Proposition 4.13.
We will improve both bounds in the case where A is a DFA.

Theorem 4.39. Let A be a finite automaton for L C £* and assume that B = ARP
is well-behaved.

o If Ais a DFA then Vi (n) = O(2! - |A] - logn).
o If A is an NFA then Vi (n) = O(4"! - logn).

Proof. The NFA case was already discussed above. Now assume that A is a
DFA for L. We need the following combinatorial result. Consider a family
of m pairwise distinct sets {Xi,...,X;n}. Then it is known that there exists a
differentiating set D of size at most m — 1, i.e. for any 1 < 1 < j < m we have
DN (Xi AX;) # 0 [95].

A set D C X* distinguishes L if for all x,y € X* with x + y there exists
z € D such that exactly one of the words xz and yz belongs to L. We apply the
result above to the set of left quotients. Since there are at most |A| distinct left
quotients x 'L we get a set D of size at most |A| — 1 that distinguishes L.

For a window w = aj - - - a, we define a 0-1-matrix M,,.: D x{1,...,n} —
{0,1} by M, (z,1) = 1 iff a; --- anz € L. Notice that the i-th column M,,(-,1)
determines [a; - - - an]~,, and vice versa, for all 1 < i < n. Thus M,, determines
[a;---anls,, and vice versa. By Proposition 3.11 it suffices to provide an
encoding of M,, with the desired bounds.

We can encode each row M, (z, -) of M,, succinctly as follows. Consider one
row indexed by z € D. Let 7t, be the initial run of B on the word wz and 7,
be the subrun of 7, which only reads the prefix w of wz. One can reconstruct
M,y (z, ) from the path summary of 7, by Lemma 4.4 because B is well-behaved.
Thus M,,, can be represented by a list of |D| many path summaries. A single path
summary ps(7t,) for z € D can be encoded using O(|B|- (logn + log|B|)). Hence
we can encode M., using O(2/ - |A| - (logn + |A])) bits.

To get rid of the addend |A| we do a case distinction on the window size as
in the proof of Proposition 4.5. Parallel to the above algorithm which preserves
the matrix M,, succinctly, we maintain the suffix of length |A| in the stream
and the window length n € N. Whenever the window size is strictly smaller
than |A| we remove the representation of M,,. Then the algorithm only uses
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Figure 4.5: An automaton for L. Omitted transitions lead to a sink state. All
states are final, except from the initial and the sink state.

O(]A| + logn) bits, which satisfies the claimed bound. Whenever the window
size is increased from |A| — 1 to |A| we reconstruct the representation of M,,
from the explicitly stored window of length n = |A|. The representation of M,,
(using path summaries) takes O(2M! . |A| - (logn + |A|)) bits, which is bounded
by O(2M1 . |A| - logn). O

Theorem 4.40. Let A be a finite automaton for L C £*, let B = ARP, and assume
that U(B) is well-behaved.

o If Ais a DFA then F(n) = O(|A]).
o If A is an NFA then F (n) = O(21).

Proof. The NFA case was already discussed above. If A is a DFA with k states then
the sliding window algorithm P, for window size n simply maintains lasty (w)
where w is the stream prefix read so far. This requires O(|A|) bits. If n < k
then we know the window explicitly and we can test membership to L. If n > k
then the active window last,, (w) and the word last,, (lasty (w)) have the common
suffix lasty (w). By Proposition 4.23 we can decide whether the window belongs
to L, using the fact that last,,(w) € L if and only if last, (last, (w)) € L. O

4.3.3 Lower bounds for DFAs

In the following we show that the exponential space bound in Theorem 4.39
is unavoidable, already for the fixed-size sliding window model. For k > 0 we
define the language L, C {0, ..., k}* by

e Lo =0T, and
e [ =Lk UL 1k{0,..., k—1F fork > 1.

Observe that a word a; ---a,, € {0, ..., k}* belongs to Ly if and only if n > 1,
a; = 0 and for each 1 < i < n it holds that a; = 0 or a; # max;¢j<i—1 a;. We
can construct a DFA Ay for Ly with k + 3 states, which stores the maximum
value seen so far in its state, see Figure 4.5.

To prove that each Ly has space complexity O(logn) in the variable-size
model, we show that Ly is a Boolean combination of regular left ideals by
showing that the number of Ly -alternation points is bounded.
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Lemma 4.41. For all k > 0 and x € N* we have alt;, (x) < 22 — 2 and hence
Vi, (n) = O(logn).

Proof. We prove the lemma by induction on k > 0. Clearly each word has at
most 2 alternation points with respect to Lo = 0. Now let k > 1 and x € N*, If
all occurring numbers in x are at most k — 1, then alty, (x) = altr, _, (x) and the
claim follows by induction. Otherwise consider the last occurrence of a number
> k and factorize x = ylz wherey e N*, { > kand z € {0,...,k—1}". If £ > k,
then the first [y| positions of x cannot contain Ly-alternation points and we get

alty, (x) < 1+alty, (z) =1+alty, (z) <281 —1< 2522

Now assume x = ykz. By the definition of Ly each L,-alternation point in x is
either (i) an Lx_;-alternation point in y, (ii) an Ly_;-alternation point in z, or
(iii) position |y| + 1 (i.e. the last position, where k occurs). Hence we have

alty, (x) < 14alty, | (y)+alty, (z) <1+ (28 —2)4 (2 —2) <282 -2,

By Lemma 4.33 and Theorem 4.24 we also conclude Vi, (n) = O(logn). O

Theorem 4.42. For each k > 1 there exists a language L, C {0, ..., k}* recognized
by a DFA Ay with k + 3 states such that Vi, (n) = O(logn) and Fr, (n) >
3 2M«l . logn for sufficiently large n € N.

Proof. Of course, we take the languages Ly considered in this section. We define
the languages Zo = 0* and Zy = Zy_1 k Zy_; for k > 1. An example word from
Z3 is 0010002100300010020010. The crucial fact about words x € Z, that we
are using is the following: Every suffix of x that starts with 0 belongs to L and
every suffix of x that starts with a > 0 does not belong to Ly. The former follows
by induction on k; the latter holds since words in Ly start with O.

Fix some k > 1 and let P,, be an SW-algorithm for L, and window length
n > 2% — 1. We claim that P,, distinguishes all (,* ;) words in Z of length
n. Let x,y € Zy such that |[x| = [yl = n and x # y. Read x and y into two
instances of P,,. We can write x = zau and y = zbv with a,b € {0,...,k}, a #b.
We must have a = 0 and b > 0 or vice versa. Assume that a = 0 and b > 0.
Thus, au € L, and bv ¢ L. Hence, we have last, (x0'?') = au0/#' € L, and
last,, (y0'?!) = bv0/#l & L. Therefore we can distinguish x and y in P,, by the
word 0/#!, which proves the claim.

The claim above implies that B,, has at least (,,/* ;) many states. Hence, the
space complexity of B is at least

n K n
log<2k_1>>(2 1)log(2k_1)

many bits. If n is sufficiently large (satisfying \/n > 2% — 1) then this is at least

2% 1.logv/n =252 . logn = 2M+I=> . logn
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many bits. O

Notice that the lower bound matches the upper bound of O(2! . |A] - logn)
from Theorem 4.39 up to a linear factor in |A|. In particular the space complexity
must be the exponential in the DFA size |A|. A matching lower bound of 4/4!-logn
for the NFA case remains open.

In the following we reduce the alphabet size of the DFA Ay in Theorem 4.42 to
a constant with a logarithmic size blowup. Let £ = {0, ..., k} be a linearly ordered
alphabet and let bin: £ — {0, 1}/'°8¥] be the binary encoding function where the
most significant bit is to the left. We define the bijection code: £* — {0, 1, #}*
by code(a; ---an) = #bin(ap) #bin(ay) - - - # bin(a, ). Notice that |code(x)| =
([logk] + 1) - x| for all x € £*. We need to prove that Ly and code(Ly) have the
same asymptotic space complexity and that code(Ly) has a small DFA.

Lemma 4.43. Let X be an alphabet, ¢ = [log|Z|] + 1 and L C X*. We have
FL(n) < Feode(ry(en) < Fr(n) + O(c +1log(cn)) for all n € N.

Proof. Letn € N, and m = ¢ - n. If Q,;, is an SW-algorithm for code(L) and
window size m then we can construct an SW-algorithm P for L and window size
n. If O € ¥ is the padding symbol then initially P,, is simulated on code(d") to
reach its initial state. Then, on every input symbol a € X it reads # bin(a) into
Q. and copies its output. This shows that F (n) < Feoge(r)(cn) for all n € N.
Now let P,, be an SW-algorithm for L and window size n. We describe an
SW-algorithm Q,, for code(L) and window size m. Notice that if the window
length is not divided by c then the sliding window problem for code(L) becomes
trivial. Now assume that m is divided by c. For an input stream let s be its longest
suffix which is a prefix of some word in code(X*). The algorithm maintains its
length |s| up to threshold m + 1. This can be done by memorizing the last ¢
symbols explicitly. If s is not the complete window, i.e. |s| = m, the algorithm
always rejects. Otherwise it adopts the output of the following simulation of P,,.
If the suffix of length ¢ in the window contains two or more #-symbols, we reset
Pn, i.e. it is set back to its initial state. If the suffix of length c in the window is
of the form # bin(a) for some a € L, we simulate P, on a, otherwise we also
reset P,,. O

It is easy to construct a DFA A for code(Ly) of size O(lAx| - k) < O(K?).
Using the properties of Ay we can improve this bound to O(klogk).

Lemma 4.44. For all k > 1 there exists a DFA A, for code(Ly) with O(klogk)
states.

Proof. Recall that in each state s of Ay (except from the initial and the sink state)
the input symbol t is compared to s. If s = t then the automaton goes to a sink
state. If s < t then it moves to state t, and if s > t then it stays in state s.
Figure 4.6 shows the DFA A/ for code(Ls). In general a DFA A, for code(Ly)
contains a tree of states which are labeled with bit strings from {0, 1}<[1o8¥I,
Every state s from Ay is represented by state code(s) in A, which is a leaf in
the tree. Attached to it is a gadget of size O(log k) which processes inputs of the
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Figure 4.6: The automaton Aj for code(Ls). Omitted transitions lead to a sink
state. States with the same name are identified.

form # code(t) for t € L. If s = t then the automaton leads to a sink state. If the
automaton detects that s < t (in Figure 4.6 it branches off to the right) then it
moves to the corresponding state in the tree. If the automaton detects that t < s
(it branches off to the left) then it reads the remaining bits in the code word and
returns to state code(s). O

Theorem 4.45. There exists a number d > 0 such that for each k > 1 there exists
a language L, C {0, 1, #}* recognized by a DFA A;, with ©(klogk) states such
that Vi, (n) = O(logn) and Fy; (n) > d - 2M&l/ e84kl logm for infinitely many
neN

Proof. Let A; be the automaton for L, = code(Ly) of size O(klogk) from
Lemma 4.44 By Lemma 4.43 we know that

¢ Fr/(en) > Fr, (n), where ¢ = [logk] + 2, and
. VL)Q(n) = O(logn) because Vi, (n) = O(logn).
For n € N large enough Theorem 4.42 implies
Fio(en) > Fr (n) > 252 logn

and hence
Fi (n) =252 logyv/n > 257 logn

for infinitely many n with y/n > c. Since |A}| = O(klogk) we have k =
Q(|A{]/log|AL]), and therefore 23 > d . 2Mil/loglAil for some d > 0 and k
large enough. This implies the desired bound. O
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4.4 Deciding the space complexity

In this section we consider the computational complexity of the following deci-
sion problems.

+ DFA(1): Given a DFA A for L, does F; (n) = O(1) hold?

+ NFA(1): Given an NFA A for L, does F; (n) = O(1) hold?

+ DrA(logn): Given a DFA A for L, does Fr (n) = O(logn) hold?
+ NFA(logn): Given an NFA A for L, does Fi (n) = O(logn) hold?

In the following we will show that both DFA-problems are NL-complete whereas
the NFA-problems are PspACE-complete (under logspace reductions). The DFA
(NFA) universality problem asks whether a given DFA (NFA) over ¥ accepts X*. It
is NL-complete for DFAs and is PSPACE-complete for NFAs [88].

Of course we can also replace Fi(n) by Vi (n) in the two latter problems
DrA(logn) and NFa(logn) by Corollary 4.9.

Proposition 4.46. The following question is NL-complete (PSPACE-complete):
Given a DFA (NFA) A for L, does Vi (n) = O(1) hold?

Proof. By Corollary 4.11 one has to check whether L(A) = 0 or L(A) = Z*. The
upper bounds hold since emptiness of DFAs and NFAs can be tested in NL (by
guessing an accepted word) and testing universality for DFAs (NFAs) is in NL
(PspPACE). For the lower bounds, we can reduce the universality problem to the
question L(A) € {@, Z*}. Given a DFA (NFA) A we can test in logspace whether
the empty word is accepted by A by testing whether there exists an initial state
which is final. If ¢ ¢ L(A) then L(A) # £* and we can return a negative instance
(say, an automaton for the nontrivial language {a}). Otherwise, we know that
L(A) # () and we can return A itself. O

4.4.1 The DFA case
We start with the NL-hardness for the DFA case:
Theorem 4.47. DFA(1) and DFA(logn) are NL-hard.

Proof. We reduce from the NL-complete reachability problem in finite directed
graphs. Given a finite directed graph G = (V,E) and two vertices s,t € V,
the question is whether there exists a path from s to t. We can assume that
s # t and that each vertex v € V has exactly two successors v,, v, € V. Let
A= (VU{L}L{a,b,c},s,?d,{t}) be a DFA where

vy ifveV\{th x €{a, b},
dv,x)=q¢t ifv=t,xe€{ab,c},

1 otherwise,
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and let L = L(A). Since s # t, we can write L as K{a, b, c}* for some K C {a, b}".
Furthermore, there exists a path from s to t in G if and only if K # 0. If
K =0, then L = () and F (n) = O(1). If K # (), then we claim that Fy(n) is
not in O(logn). Take any word x € K of length |x| = k. Then x{x,c*}* C L
and c*{x, ck}* N L = (. By Proposition 4.8 we know F (n) = Q(n) infinitely
often. O

Theorem 4.48. DFA(1) is NL-complete.

Proof. Let us first assume that the input DFA A = (Q, X, qo, 5, F) for L = L(A)
is minimal. Later, we will argue how to handle the general case. Since nonde-
terministic logspace is closed under complement, it suffices to decide whether
FL(n) is not in O(1). By Proposition 4.23 this is the case if and only if there exist
words x,y,z € X* such that |x| = |y|, |z| = |Q| and A(xz) # A(yz). The existence
of such words can be easily verified in nondeterministic logspace: One simulates
A on two words of the same length (the words x, y), and thereby only stores the
current state pair. At every time instant, the algorithm can nondeterministically
decide to continue the simulation from the current state pair (p, q) with a single
word (the word z) for |Q| steps. The algorithm accepts if at the end the two
states are distinct.

The general case, where A is not minimal is handled as follows: Assume
that A = ({1,...,k} X, 1,6, F) is the input DFA. It is known that DFA equivalence
is in NL [28]. Hence, one can test in nondeterministic logspace, whether two
states p, q € Q are equivalent (in the sense that §(p,w) € Fiff 5(q,w) € F for all
w € X*). We will use this problem as an NL-oracle in the above NL-algorithm for
minimal DFAs. More precisely, let A’ = (Q, Z, 1, 8’, F’) be the minimal DFA for
A, where we assume that Q is the set of all states q € {1, ..., k} such that there
is no state p < q that is equivalent to q. We run the NL-algorithm above for
minimal DFAs on A’ without explicitly constructing A’. If we have to compute a
successor state 5'(q, a) (where q € Q) we compute, using the above NL-oracle
the smallest state that is equivalent to 5(q, a).

The above argument shows that DFA(1) belongs to NLNL, Finally, we use the
well-known identity NL = NLNt [67]. O

In the rest of the section, we show that one can also decide in nondeterminis-
tic logspace whether Vi (n) = O(logn) (or equivalently Fi (n) = O(logn)). As
in the proof of Theorem 4.48 we can assume that L is given by its minimal DFA
A =(Q,Z, qo, 5, F). An equivalence relation ~ on a set X separates two subsets
X1, X2 € Xif x1 #xp for all x; € X; and x5 € X;. Recall that the Myhill-Nerode
right congruence ~ satisfies A(x) = A(y) if and only if x ~. y. Therefore, two
sets of words X1, Xo C I* are separated by ~ if and only if the sets of reached
states {A(x) | x; € X;} are disjoint for i = 1, 2.

Given a right congruence ~ over L*. A tuple (uy, V2, u,v) € (£*)* of words
is critical in ~ if [uy| = |val, up is a suffix of u, v, is a suffix of v, and ~ separates
uo{u, v}* and vo{u, v}*.

Lemma 4.49. We have Vi (n) = ©(n) if and only ~ has a critical tuple.
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Proof. If Vi (n) = O(n), then any rDFA B for L is not well-behaved by Theo-
rem 4.12 and Proposition 4.5. By Lemma 4.7 there are words ui, up, vi,V3,z € L*
such that |uy| = v, w = wuy, v = vivy, and L separates uy{u,v}*z and
vof{u, v}*z. For all x,y € {u, v}* the words uyxz and voyz are separated by L, and
hence uyx ¥ vay.

Conversely, assume that there are words uy, Uy, vi, vy € L* where [up| = vy,
u = ujup and v = vivy, such that ~ separates up{u, v}* and vo{u, v}*. We clearly
have u; # v, and hence u # v. Further, we can choose numbers k, { > 1 such
that u* and v* have the same length. We redefine u; to be u*~'u; and v; to
be v!~lv;. This ensures [u| = |[v| and Ju;| = [vi|. Moreover, the new resulting
sets up{u, v}* and vy{u, v}* are contained in the original sets and therefore also
separated by ~.

Now consider a variable-size SW-algorithm P for I and let m € N. We claim
that P must distinguish any distinct streams x,y € {u, v}™, i.e. P(x) # P(y). This
is because after |u;| = |vo| many pop-operations, the windows are of the form uyw
and vyw for some w € {u, v}*. By assumption u,w 1 vow, and hence there exists
a word z € I* such that L separates uywz and vowz. Hence we can separate
the states in P by reading z, which implies P(x) # P(y). This implies that
VL (n) = Q(n) infinitely often and in fact Vi (n) = ©(n) by Theorem 4.12. [

In the following we show how to decide whether a finite index right congru-
ence (presented by a DFA) has a critical tuple. This requires basic arguments in
the language of finite semigroups. A semigroup S is right zero if xy =y for all
X,y € S. An element e € S is idempotent if e* = e. It is known that for every
finite semigroup S there exists a number w € N\ {0} such that s® is idempotent
forall s € S.

Lemma 4.50. Let h: £* — M be a homomorphism into a finite monoid M. For
any u,v € L* there exist u’ € {u,vi*uand v’ € {u, v}*v such that {h(u’), h(v')}
forms a right zero subsemigroup.

Proof. Let u' = (u®v®)®u® and v/ = (u®v®)®. Setting e’ = h(u’') and
f’ = h(v’) we have the equations e’e’ = f’e’ = e’ and f'f’ = e'f’ = f'. O

Lemma 4.51. Assume that ~ is a finite index right congruence with a critical tuple.

(i) For any homomorphism h: £* — M into a finite monoid M there exists a
critical tuple (ugy, v, u,v) in ~ such that [h(uz{u, v}*)| = [h(ve{u,v}*)| = 1.

(ii) There exists a critical tuple (us, vz, u,v) in ~ such that ux{u, v}* and vo{u, v}*
are contained in single ~-classes.

Proof. Assume that (uy, vz, u,Vv) is a critical tuple. By Lemma 4.50 there exist
u € {u,vi*uand v’ € {u, v{*v such that {h(u), h(v)} forms a right zero subsemi-
group. Notice that u, is a suffix of u’ and v is a suffix of v/. Furthermore, since
{u,v'}* C {u,v}* the subsets uy{u’,v'}* and vo{u’, v'}* are still separated by ~,
therefore (uy,ve,u’,v’) is a critical tuple.

Now replace u by u’ and v by v’. Observe that (uyu, vou, uu, vu) is again a
critical tuple because u,u is a suffix of uu, vou is a suffix of vu, [uu| = |voul, and
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Do
U
V2
O=1

Figure 4.7: The minimal DFA contains this pattern if (uy, vy, u,v) is a critical
tuple where u,{u, v}* and vy{u, v}* are contained in single ~ -classes.

because usu{uu, vu}* C us{u, v¥* and vou{uu, vu}* C vo{u, v}*. Furthermore we
have h{uu{uuw, vu}*) = {h(uyu)} and h(vou{uu, vu}*) = {h(vou)}. This proves
statement (i).

Statement (ii) is a simple corollary of (i). Define x =y if and only if {x ~ {y
for all £ € *, which is a congruence on ~* and refines ~. Every class [x]= can
be associated with the function £*/~ — £*/~ given by [{]. — [{x].. Since ~ has
finite index the number of such functions is also finite and hence = has finite
index. Hence we can take the canonical homomorphism h: X* — ¥*/= and
apply (i). O

We are ready to present the decision procedure.

Lemma 4.52. Given a minimal DFA A, one can test in nondeterministic logspace
whether A has a critical tuple.

Proof. Let A = (Q, L, qo, d, F) be a minimal DFA. Figure 4.7 illustrates the struc-
ture we need to detect in A. To do so, we represent all critical tuples by a regular
language. Consider the language of all words w; #v; #(uy ® vo) such that there
are states p #r € Q and

Uy
¢ q0—>Pa

V2
* q0_>T',
o p 2 pandr 2
e p X pandr Xy,
+ and |1,L2‘:|V2‘ > 1.

One can construct in logspace an NFA for the language above, which can be
tested for emptiness in NL. The NFA initially guesses the two distinct states p
and r, and verifies the six runs. The length constraint can be verified due to the
encoding as a convolution u; ® vo. The language above is empty if and only if A
has a critical tuple. O

Lemma 4.49, Lemma 4.52 and Theorem 4.16 together imply:

Corollary 4.53. Dra(logn) is NL-complete.
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4.4.2 The NFA case

In this section, we show that the problems NFA(1) and NFA(logn) are both
PspACE-complete. The upper bounds follow easily from Theorem 4.48 and
Corollary 4.53 and the following fact (see [85, Lemma 1]): If a mapping f can
be computed by a Turing-machine with a polynomially bounded work tape (the
output can be of exponential size) and L is a language that can be decided in
polylogarithmic space, then f~!(L) belongs to PSPACE. Note that from a given
NFA A one can compute an equivalent DFA using polynomially bounded work
space: One iterates over all subsets of the state set of .A; the current subset is
stored on the work tape. For every subset and input symbol one then writes the
corresponding transition of the DFA on the output tape.

Theorem 4.54. NFA(1) is PSPACE-complete.

Proof. By the above remark it suffices to establish PSPACE-hardness of NFA(1).
For this we will reduce the NFA universality problem to NFA(1). W.L.o.g. consider
the alphabet £ = {qa, b}. For an NFA A = (Q, I, I, A, F) we define p(A) to be the
automaton that results from A by adding a new initial state g with an a-labeled
self-loop and a b-labeled transition from every state of F to q. The only final
state of p(A) is q. More formally, we define p(A) as follows:

p(A) = (Qu{ah L, 1U{q}AU{(q,b,q) | q € F}U{(q, a, 4)},{q}).

Notice that the p-construction implies L(p(A)) = a* UL(A) b a*. It is then easy to
verify that L(A) = Z* iff L(p(A)) = Z*. If L(A) = Z* then clearly F (,(4))(n) =
O(1). Conversely, assume that F (,(4))(n) = O(1). By Theorem 4.19 there exists
a number k € N such that a* UL(A) b a* is a Boolean combination of k-suffix
testable languages and regular length languages. Let x € {a, b}™ be any word of
length n. Since a™*1** € L(p(A)) and xba* share the same k-suffix and are of
the same length, we also know that xba* € L(p(A)) and hence x € L(A). This
proves that A is universal.

We have thus established that the log-space construction A — p(A) reduces
the universality problem for NFAs to NFA(1). O

Theorem 4.55. NrA(logn) is PSPACE-complete.

Proof. It remains to show that NFA(logn) is PSPACE-hard, which can be shown
by reducing the NFA universality problem to NFA(logn). W.l.o.g. the alphabet of
the input automaton is £ = {a, b}, and we also consider the extended alphabet

= {a,b,c}. We will view the automaton as a finite right automaton B =
(Q,%,F, A, I) with A C Q x £ x Q. We define B’ to be the automaton that results
from B by adding a new initial and final state q with a- and b-labeled self-loops,
a c-labeled transition from every state of I to g, and a c-labeled transition from
q to every state of B. The only initial state of B’ is . More formally, we define

B =(Qu{qgLT,Fu{qg},A’,{q}), where
A"=AU{(q,¢,q) | g€ TU{(q,c,q9) | g € QtU{(q,x,q) | x € {a, b}}.
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We claim that L(B) = Z* if and only if F| (3/)(n) = O(logn). To prove this we
consider the powerset automaton 22" = (2QY4} T ¥, 5,{q}) with transitions

{qlpeP,q&ppl&PlorallP C QU{ghxerl

and

F={PCQu{g}IPn(Fu{g}) # 0}
All transitions which are reachable from the initial state {q} are of the form
» {q} & {q} for x € {a, b},
+ 15
e PP & Pforxe{a,bland P,P' C Q,
s {G} < PforPCQ.

In particular, the reachable part is strongly connected. Because of the self-loops
on the initial final state {q} the rDFA 2%’ is well-behaved if and only if all
reachable states are final, i.e. L(22') = L(B’) = I'*. It suffices to prove that
L(B) = £* if and only if L(B’) = I'*.

First assume that L(B) = ~*. Take any word w € I'*, which can be written
as W = WrCWy_1C - - - CW1cwg where wy, ..., Wy € L*. Then there exist initial
accepting runs q; ¢ p; in B for 0 < i < k. This allows to construct a run on w
in B’, namely

S qa €5 P2 < 4 ¢ § < o < po-
It ends in q if k is odd, and in qy if k is even. In any case it is an initial accepting
run, which proves that L(B’) = I'*.

Now assume that L(B) # X*, i.e. there exists a word x € Z* \ L(B). Then one
can easily verify that xc is not accepted by B, hence L(B') # I'*.

So, we have established that the log-space construction B — B’ reduces the
universality problem for rNFAs to NFA(logn). O

4.5 Conclusion

In this chapter we have identified (LI, Len) as the class of regular languages with
logarithmic space complexity in both sliding window models. Notice that regular
left ideals over a sliding window express statements of the form “recently in the
stream some regular event happened”. Dually, complements of left ideals over a
sliding window express statements of the form “at all recent times in the stream
some regular event happened”.

Open problems

1. It would be desirable to have a logic which precisely captures (LI, Len) (or
some fragment of it) and admits sliding window algorithms with decent
space complexity in the formula size.
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2. A regular left ideal L = £*K can also be specified by a finite automaton
A for K. An interesting question would be whether one can always find a
A9 logn space SW-algorithm for L.

3. The lower bound in Theorem 4.45 for the dependence on the DFA size over
bounded alphabets is not tight. For NFAs (over unbounded alphabets) the
gap between the upper bound 44! logn and the lower bound 2! log n also
remains to be closed. In this context one could also look at unambiguous
finite automata.

4. Likewise, it is open whether the bounds in Theorem 4.40 are optimal.

Left Cayley graphs In the paper [G1] we originally proved the space tri-
chotomy using the left Cayley graph of the syntactic monoid. Suppose L C Z* is a
regular language. Then the left Cayley graph of the syntactic monoid M = * /=
of L can be viewed as a particular rDFA: Its state set is M, its initial state is [e]=, ,
its set of final states is L/=(, and its transitions have the form [aw]=, & W=,
forw € Z* and a € X. If the left Cayley graph is well-behaved then one can
construct a path summary algorithm for L with O(logn) space.

The advantage is that it suffices to store the path summary of the initial run
on the active window (instead of all runs on the active window starting from
any state). The disadvantage is that the hidden O-constant is proportional to the
height of the reachability order < of the left Cayley graph, i.e. the maximum
length of a chain C; < Cy < -+ < Cy,. This parameter is also known as the
L-height of M and can be a priori as large as |M|, which in turn can have |A|A!
elements where A is the minimal DFA for L. Fleischer and Kufleitner presented a
sequence of minimal DFAs A,,, over a fixed alphabet such that .A,, has m states
and its transition monoid has £-height Q(2™/m?®) [51].
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Chapter 5

Rational functions

In this chapter we study the space complexity of rational functions in the sliding
window model. We will first prove a closely related dichotomy result, namely that
the suffix expansion of any rational functions has a polynomially or an exponen-
tially growing image (Theorem 5.2). This dichotomy result has two applications:
Firstly, we can extend the space trichotomy from regular languages to rational
functions. For the variable-size model we prove that every rational function has
either constant, logarithmic or linear space complexity (Corollary 5.23). For the
fixed-size model we show that the space complexity is at most logarithmic or
linear (Corollary 5.24). Secondly, in Chapter 10 we will apply this dichotomy
theorem to prove a space trichotomy for the class of visibly pushdown languages.
Parts of this chapter have appeared in [G6].

5.1 Suffix expansions

Let t: £* — Q* be a partial function with suffix-closed domain. Recall that its
suffix expansion t: dom(t) — (Q*)* is defined by

{(al celn) =tlag-can)tlag- o an) - tlan—1an) tlan).

We emphasize that the range of t is not Q* but the free monoid over Q*,
consisting of all finite sequences of words over Q. In this chapter we analyze the
growth of im(f).

Example 5.1. Consider the transduction t: {a, b}* — a* defined by
t={(a",a") IneN}U{(a"bw,a™) [n €N, w € {a,b}"},

which projects a word over {a, b} to its leftmost (maximal) a-block and is rational.
We can identify im(t) C (a*)* with the set of all sequences of natural numbers
which are concatenations of monotonically decreasing sequences of the form
(k,k—1,...,0). There are exactly 2™ of such sequences of length n and hence
im(t) has exponential growth.

67
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Fooling schemes A witness for exponential growth of im(t) can be given by a
fooling scheme. A partial function t: X* — Y separates subsets X1, Xo C dom(t) if
t(X1) Nt(Xz) = 0. A fooling scheme of a partial function t: £* — Y in X C dom(t)
is a tuple (ua,v2,u,v,z) € (£*)° such that

o {ug, va{u, vz C X,
¢ Jug| = |val,
* U, is a suffix of u, v, is a suffix of v,

+ and t separates uy{u, v}*z and vo{u, v}*z.

We omit X if X = dom(t). The function t from Example 5.1 has the fooling
scheme (a, b, a,b, ¢) since t(a{a, b}*) = a* and t(b{a, b}*) = {e} are disjoint.
Our main theorem for rational functions in this chapter is the following.

Theorem 5.2 (Dichotomy for rational functions). Let t: £* — Q* be a rational
function with suffix-closed domain.

1. Ifim(t) is a bounded language and t has no fooling scheme then im(t) has
polynomial growth.

2. In all other cases im(t) has exponential growth.

Here we will make use of a representation of rational functions due to
Reutenauer and Schiitzenberger, as the composition of a left-subsequential and
a right-subsequential function [100]. In fact, the left-subsequential function is
represented by a certain syntactic right congruence R¢; the input a; - -- a, is
read deterministically from left to right, and each letter a; is annotated with
the congruence class [a; ---ai_1]g,. In total, there are three “barriers” for

polynomial growth of im(t)
(i) The image of t has exponential growth.
(ii) The right congruence R has a critical tuple.
(iii) A right transducer for t is not well-behaved.

Finally we will prove that the absence of the three properties above ensures
polynomial growth.

Lower bounds The second statement in Theorem 5.2 follows from the follow-
ing two statements.

Proposition 5.3. If a partial function t: X* — Q* with suffix-closed domain has
a fooling scheme in X C dom(t) then t(X) has exponential growth.

Proof. Let (uy,vp,u,v,z) be a fooling scheme of t in X. Let n € N and let
w #w’ € ux{u, v}z C X. There exists a word w” € {u, v}* such that w and w’
have the suffixes uyw”’z and vow”’z, respectively. The fooling scheme property
states that t(u,w’'z) # t(vaw’'z) and, since upw’’z and vow”z have equal length,
we obtain t(w) # t(w’). Therefore t(X) contains at least 2™ words of length at
most [uy| + cn + |z| = O(n) where ¢ = max{|ul, [v[}. O
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Proposition 5.4. Let t: X* — Q* be a rational function with suffix-closed domain.
If im(t) has exponential growth then the following statements hold:

@ (s =200,
(i) [t(X™)| grows exponentially.
(iii) im(t) has exponential growth.

Proof. We claim that every word y € im(t) has a preimage under t of length
O(Jyl). One way to show this is the rational uniformization theorem. Let
t’: Q* — I* be a rational function which uniformizes the inverse relation t—! =
{(t(x),x) | x € dom(t)}, i.e. dom(t’) = dom(t~!) = im(t) and t(t'(y)) =y for
all y € dom(t’). Such a rational uniformization exists by [40, Chapter XI, Propo-
sition 8.2]. Since t’ is rational its output length is linearly bounded in the input
length. This proves our claim.

We have shown that im(t) N QS™ C t(ZS°™) for some constant ¢ > 0 and
sufficiently large n. If im(t) has exponential growth then its cumulative growth is
22(M) by Theorem 2.5 and hence [t(ZS™)] = 2@, Since [t(Z™)| < [t(ZS™)] <
> o lt(Zh)] also [t(£™)| must grow exponentially by Lemma 2.3.

Since t(x) is a tuple of length |x| whose first entry is t(x), also im(t) has
exponential growth. O

5.2 Finite index right congruences

Let ~ be a finite index right congruence on Z* and = its suffix expansion. We
show that |[ZS™/~| grows polynomially if ~ has no critical tuple, and otherwise it
grows exponentially. This can be viewed as a special case of Theorem 5.2 since
v.: I* = ¥X*/~is rational. Implicitly we have already treated the case where ~
is the Myhill-Nerode right congruence ~1 of a regular language L.

Lemma 5.5. If L C L* is regular; then |ZS™/~| grows polynomially if and only if
~1 has no critical tuple.

Proof. If L is empty or universal then |ZS™/~| grows linearly and ~ is the
universal congruence, which has no critical tuple. Otherwise log|ZS™/~¢| is
exactly the space complexity Vi (n) by Proposition 3.11. By the trichotomy
theorem (Theorem 4.12) the growth of |[ZS™ /a2 | is polynomial or exponential.
By Lemma 4.49 the growth is exponential if and only if ~; has a critical tuple. [

Proposition 5.6. If ~ has a critical tuple then |ZS™/~| grows exponentially.

Proof. Let n € N and let w # w’ € {u,v}*. There exists a word w” e {u, v}*
such that w and w’ have the suffixes u,w” and vow” of equal length. By
the definition of critical tuples we have usw” + vow”, which implies w % w’.
Therefore |[ZS¢" /x| > 2™ where ¢ = max{|ul, [v|}. O

Lemma 5.7. The class of right congruences on £* which have no critical tuple is
closed under coarsening and intersection.
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Proof. Closure under coarsening is clear because the property “~ has no critical
tuple” is positive in ~:

Yu = uiuy Vv = viva (Jug] = |va] — Iw € {u, v}* 1 uow ~ vow).

Consider two right congruences ~, ~’ which have no critical tuples. One can
verify that their intersection ~ N ~’ is again a right congruence. Towards a
contradiction assume that ~ N ~’ has a critical tuple (uj, vy, u,v). Let us first
ensure that uy{u, v}* and vo{u, v}* are contained in single ~- and ~’-classes. Let
= and =’ be any finite index congruences which refine ~ and ~’, respectively. For
example, we can define x =y if and only if {x ~ £y for all £ € £*, and similarly
for =’, as in the proof of Lemma 4.51. Define the homomorphism

h:£* = (£%/=) x (£*/=)

x = ([xl=, [X]=/).

By Lemma 4.51 ~ N ~’ has a critical tuple (ug,vs,u,v) such that h(uy{u, v}*)
and h(vo{u, v}*) have size one, and hence uy{u, v}* and vo{u, v}* are contained
in single ~- and ~’-classes. By assumption ~ and ~’ have no critical tuple,
and therefore all words in uy{u, v}* must be ~- and ~’-congruent to all words
in va{u,v}*. This would imply that all words in uy{u,v}* must be (~ N ~’)-
congruent to all words in vo{u, v}*, contradicting that (u,, vy, u,v) is a critical
tuple in ~ N ~’. O

Theorem 5.8. |[ZS™/~| is polynomially bounded if and only if ~ has no critical
tuple.

Proof. Let uy,...,u,, be representatives from each ~-class. Each equivalence
class [ui]. is regular since it is saturated by the finite right congruence ~. There-
fore each Myhill-Nerode right congruence ~p,,.;_ has finite index. Observe that
~= (%, ~w,). because ~ saturates each class [u;]. and ({-; ~n,;. also sat-
urates each class [v].. Let us write ~; instead of ~f,,;_ and let =; be its suffix
expansion ~,,; . Then we have ~= (", ~; and ~= (i, ~;. This implies
that

max [ZS"/mq] < 2SN/l < [ TIES™ /=il (5.1)

1<i<m -
i=1

Since [u;]. is regular the growth of |[ZS™ /~;| is polynomial if and only if ~; has
no critical tuple by Lemma 5.5.

(=): If |ZS™/~| is polynomially bounded then the same holds for |Z<™/~;| for
all 1 < i< kby (5.1). By Lemma 5.5 the right congruence ~; has no critical
tuple for all 1 < i < k and therefore Lemma 5.7 implies that ~= (i, ~; has no
critical tuple.

(«): If ~ has no critical tuple then each congruence ~; has no critical tuple by
Lemma 5.7 because ~; is coarser than ~. Lemma 5.5 implies that |[ZS™/~;] is
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polynomially bounded for all 1 < i < k. By (5.1) also |ZS™ /| is polynomially
bounded. O

5.3 Regular look-ahead

We follow the notation from the survey paper [47] where the Reutenauer-
Schiitzenberger representation is viewed a sequential machine with regular
look-ahead. The only difference is in our setting that the direction is reversed
and thus the term “look-ahead” is a slight misnomer. Let R be a right congruence
on X* with finite index. The look-ahead extension is the injective function
ex: L* = (X x £*/R)* defined by

ex(ar---an) = (a1, [elx)(az, [a1lr)(as, [arazlx) - - - (an, [a1 -+ an-1lx).
Let t: X* — Q* be a partial function. We define
t[R]: (Z x ZF/R)* — QF
to be the unique partial function with dom(t[R]) = ex(dom(t)) and
t[R](ex(x)) = t(x), forall x € dom(t).

Furthermore we define a canonical right congruence R on £*. For this we need
the distance function ||x,y|| = |x| + [yl — 2|x A y| where x Ay is the longest
common suffix of x and y. Equivalently, ||x,y|| is the length of the reduced word
of xy~! in the free group generated by L. Notice that |-, -|| satisfies the triangle
inequality. We define u R; v if and only if

() U ~dom(t) v, and
(i) sup{|[t(uw),t(vw)| : w € u~tdom(t)} < oo.

One can verify that R; is a right congruence on L*. As an example, recall the
rational transduction t from Example 5.1. The induced right congruence R; has
two classes, which are a* and its complement.

Theorem 5.9 ([100]). A partial function t: £* — Q* is rational if and only if Ry
has finite index and t[R] is right-subsequential.

For the rest of this chapter let t: ¥* — Q* be a rational function with
suffix-closed domain. Let B = (Q,X x X*/R¢, Q,F, A, qo,0) be a trim right-
subsequential transducer for t[R;]. One obtains a real-time right transducer A
for t by projection to the first component, i.e. A = (Q, X, Q,F, A, qo, 0) where
A ={(9,a,y,p) | (g, (a,b),y,p) € A}. Notice that A is strongly unambiguous,
i.e. for every word x € L* and all states p, q € Q there exists at most one run
from p to q with input word x. Therefore, the state pair (p, q) and the input

word x uniquely determine the run (if it exists) and we can simply write q < p.

Notice that every run q Pl p in A induces a corresponding run q L2y pinB
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u,v

Figure 5.1: If R, has a critical tuple then the right-transducer B contains this
pattern where |[t(ugz), t(v2z)| can be made arbitrarily large.

for some z € (£*/R¢)* and that this correspondence is a bijection between the
sets of all runs in A and B.

5.4 Critical tuples in R,

In the following we prove that if R, has a critical tuple then t has a fooling
scheme. First we identify the structure displayed in Figure 5.1.

Lemma 5.10. If R, has a critical tuple then there exists a critical tuple (uy, va, 1, V)
in Ry with the following property: For every m € N there exists a word z € X* such
that ||t(ugz), t(vez)|| = m and for each s € {uy, v} there exists a successful run in
A of the form v, < s & qo and runs qs & gs and qs & gs-

Proof. By Lemma 4.51 we can assume that uy{u, v}* and vo{u, v}* are contained
in R¢-classes, and in particular in ~4om(¢)-classes. Furthermore we claim that
U2X ~dom(t) V2y for all x,y € {u,v}*. Let x,y € {u,v}*, z € L*, and assume that
uyxz € dom(t) (the other direction is analogous). Since uy{u, v}* is contained
in a single R¢-class we have uzx R+ uzxvy and therefore uyxz Ry uzxvyz. In
particular we have uyXxz ~gom(t) U2xvyz, and thus uyxvyz € dom(t). Since
dom(t) is suffix-closed we conclude voyz € dom(t). The claim implies that

sup |t(uzxz), t(vayz)| = oo (5.2)
zeZ

for all x,y € {u,v}* where Z = u,'dom(t) = v, 'dom(t). In particular Z is
nonempty.

Next we define look-ahead extensions where the congruence classes are
shifted by some word s € X*. Given s € £* we define es: £* — (£ x Z*/R¢)*
where e, (w) is the unique word such that ex, (sw) = ex, (s)es(w). Explicitly
written, forw = aj --- a,, € X* it is defined as

es(ai---an) = (ag,[slg,)(ag, [sailr, ) - (an, [sa; - - an_1lx,).
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We have es(xy) = es(x)esx(y) forall s,x,y € Z*. If s € {uy, va}, x € {u,v}* and
y € Z* then eq«(y) = es(y) because sx and s are Ri-congruent. Therefore

eslpuvy: {u, vIF = (Z x ZF/Ry)”

is a monoid homomorphism for all s € {uy,v,}. Hence for all s € {up,vs},z€ Z
and x = X7 - - - x, where x1,...,xn € {u,v} we have

ex, (sxz) = e, (sx)esx(z) = ex, (s)es(x1) - - - es(xn)es(z).

Let M be the monoid of partial functions t: Q — Q with equipped with the
composition (to ¢)(q) = t(o(q)) as multiplication. Let h: (£ x Z*/R¢)* - M
be the homomorphism where h(w)(q) is the state p reached on the unique run
p <~ q in B, if it exists. Hence we have the following homomorphism

@e:{u, v > M xM
w = (h{ey,(w)), hiey,(w))).

By Lemma 4.50 there exist words v’ € {u,v}*u and v/ € {u,v}*v such that
{e(u), @(v')} is a right zero semigroup. Let us replace u by u’ and v by v'.
Notice that (5.2) still holds.

The right zero property allows us to cycle in the transducer. Suppose that

es(x)

there is a run q +—— p in B where s € {uy,v2} and x € {u,v}. For any

x" € {u,v} we have @ (x’)p(x) = @(x) and therefore q M p. Since B is

right-subsequential the run q &) q exists in B.
Now let m € N be any bound. By (5.2) there exists z € Z such that

|[t(uguz), t(vauz)|| = m. Let s € {ug, v2} and consider the successful run

ex, (s) es(u) es(z)
Ts qs Ps qo
. es(u) es(v)
in B. As remarked above we also have runs q; «—— g and qs +—— (5. By
replacing z by uz we conclude the proof. O

We need a simple lemma which states how distinct arithmetic progressions
can be made disjoint by synchronous pumping.

Lemma 5.11. Given two arithmetic progressions p1(n) = din+ c; and pa(n) =
don + co where di,ci € N such that ¢; # co. Then there exists an arithmetic
progression p(n) = dn + ¢ where d > 1 such that {p1(p(n)) | n € N} and
{p2(p(m)) | m € N} are disjoint.

Proof. We will do a case distinction on whether the numbers di, d; are zero or
not.

Case 1. Ifd; =d; =0thenpi(n) =c1 #cy =pz(m) forall m,n € N.
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Case 2. Ifd; >1and d; =0thenpi(n+ca+1) > di(cg+ 1) + ¢ is strictly
bigger than c; = pa(m+c2+ 1) for all m,n € N. The case d; > 1 and d; =0 is
analogous.

Case 3. Assume dj,dy > 1. Let d > |c3 —c1| > 1. We claim that p;(dn) #
p2(dm) for all m,n € N. Otherwise there exist m,n € N such that

ddin+c¢; =ddom+cy
and hence
d(din —dym) = c3 — ¢y,

which implies that d divides |c; — c1| and therefore contradicts d > [c; —c¢1|. O

Similarly to [112], we define the parameter

iml(A) = max ({ly| : (4, a,y,p) € A}U{lo(q)l: g € Q}).

For every run 7t on a word x € X* we have |out(7t)| < iml(A) - x| and |out(7t)| <
iml(A) - (x| + 1).

Lemma 5.12. If R, has a critical tuple then t has a fooling scheme.

Proof. Let (ug, v, u,V) be the critical tuple from Lemma 5.10. We use the same
state names as in the lemma. Let m = iml(A) - (juz| + 1), which is an upper
bound on |outr(q < p)| for any run q < p on s € {uy, v,}. By Lemma 5.10 we
can choose z € £* such that ||t(ugz), t(vez)| = 2m + 1. We distinguish two
cases.

Case 1. First assume that [t(usz)| = [t(vaz)|. Let y = t(upz) A t(vaz) be the
longest common suffix. We have

t(sz) = outr(rs < qs)out(qs < qo)

for s € {uy, vo}. Assume that out(qs < qo) is a suffix of y for some s € {uy, vo}.
This would imply that

[It(uzz), t(vaz)|| = [t(uaz)| + [t(vaz)| — 2yl
< 2[t(sz)| — 2lout(qs < qo)l

<
< 2Joutp(rs & qs)l < 2m,

which contradicts the assumption that ||t(uzz), t(vez)|| = 2m+1. This proves that
y is a proper suffix of both out(q., < qo) and out(q,, < qo). By maximality
of ly| the words out(qy, £ qo) and out(qy, & qo) have distinct suffixes of
length [y| + 1. Since for all s € {uy, vo} every word in t(s{u, v}*z) has the suffix
out(qs & qo), the sets up{u, v}*z and vo{u, v}*z are separated by t.
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Case 2. Now assume that [t(uyz)| # [t(vaz)|. For s € {uy, vy} define
ds = |0Ut(qs -~ qs)| + |0Ut(qs & qs)‘

and
S z
cs = loutg(rs <= qs <= qo)l.

These parameters satisfy
[t(sxz)] = dsn+ ¢, forall x € {uv, vu}™,

We have ¢, = [t(uzz)| # [t(v2z)| = cy,. By Lemma 5.11 there exist numbers
d > 1, ¢ € N such that

{du,(dn+c) +cy, IneNN{dy,(dm+c)+cy, |me N =0.

This implies that t separates

wo{(uv) 4, (vu) 4 (uwv)°z  and  vo{(uv)9, (vu) 4} (uv)©z.

This concludes the proof. O

5.5 Well-behaved transducers

Let (Q, <) be the quasi-order defined by q < p iff there exists a run from p to
q in A, or equivalently in B. Its equivalence classes are the strongly connected
components (SCCs) of A and B. A run 7t in A is internal if all states in 7t are
contained in single SCC. A word w € X* is guarded by a state p € Q if there
exists an internal run q <=~ p in A. Notice that the set of all words which are
guarded by a fixed state p is suffix-closed. A run q <~ p in A is guarded if w
is guarded by p. We say that A is well-behaved if for all p € Q and all guarded
accepting runs 7, v’ from p with || = |t’| we have outr(7r) = outg(7t’).

Lemma 5.13. If A is not well-behaved then t has a fooling scheme.

Proof. If A is not well-behaved then it contains the structure from Figure 5.1
where the two z-runs are identical, and the u,- and v,-runs have distinct output
words. Assume there exist states p, g, € Q, and guarded accepting runs q <= p
and v <% p with [uy| = [vo| and outr(q <= p) # out(r <= p). The latter
property also shows that [uy| = |vo| > 1. Furthermore let q/, v’ € Q be states
such that p <= q’ <= p,p ¢~ 1/ <2 p and p <& qo. Finally define u = u;uy and
V =V1Va.

Case 1. If out(p <= p) = out(p < p) = ¢ then t(uyxz) = t(usz) # t(voz) =
t(vyyz) for all x,y € {u, v}*. Hence t separates up{u, v}*z and vy{u, v}*z.

Case 2. Assume out(p <- p) = ¢ and out(p < p) # ¢. First we can ensure that
lu| = [v| by replacing u by ul!, and v by v/, Next we can ensure that |t(uyz)| <
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[t(v2z)| by replacing (uz,va,u,v) by (ugut, vovt, utt!, vi+t1l) for sufficiently large
i. Notice that [uput| = [vyv| because |uy| = [v2| and fu| = |v| by assumption. This
shows that [t(upxz)| = [t(upz)] < [t(vez)] < [t(vayz)| for all x,y € {u, v}*. Hence
t separates uy{u, v}*z and va{u, v}*z.

The case out(p <~ p) # ¢ and out(p <= p) = ¢ is analogous.

Case 3. Finally assume that both out(p <= p) and out(p <~ p) are nonempty.
We can establish |out(p <~ p)| = |out(p <~ p)| by replacing u and v with suitable
powers u* and v'. By picking k, £ large enough we can further assume that

lout(p <= p)| = lout(p <~ p)| > max{outr(q <= p),outr(r <= p)}.  (5.3)

Now assume that there exist x,y € {u, v}* such that t(uyxz) = t(vayz). We can
compute these values as

t(ugxz) = outp(q <= plout(p <& p)out(p < qo)

and
t(voyz) = outg(r & pJout(p & plout(p & qo).

By (5.3) the factors out(p < p) and out(p < p) must have equal length. There-
fore outr(q <= p) = outr(r <= p), which contradicts the assumption. Hence t
separates up{u, v}*z and vo{u, v}*z. O

Run keys If 7 is a nonempty run p <~—" qin A and p M qis

the corresponding run in B then we call p; the key of 7, denoted by p; = key(7).
The following lemma justifies the name, stating that 7t is determined by the state
g, the word a; - - - a, and the key p;.

Lemma 5.14. If p <~ qand p’ < q are nonempty runs in A with the same key
then the runs must be identical.

Proof. Assume thatw = a; ---a,, and let

. (ai,p1)-(an,pn)
Tp+—

be a run in B. Since B is trim there exist an accepting run 7’ on e, (u) from p
for some word u. By definition of t[R;] the run 7t’7t is on the word

ex, (uw) = ex, (u)(as, ulg,)(az, wai]g, ) - (an, [wag - - an_1lz, ).

This shows that p; = [ua; - - - aiJ®, and that p; determines all classes pa, ..., pn.
Hence, any two nonempty runs in A on the same word starting from q with the
same key must be identical. O

Tree summaries We define a data structure, called a tree summary, on the
transducer A similar to the path summary from Section 4.1. For each word
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w € L* and each state q € Q we define the tree summary T, ., recursively, which
is a node- and edge-labeled tree. The root is labeled by the tuple (q, [wl|, V&, (W)).
If w is guarded by g then the root is the only node in the tree. Otherwise let
w = uv such that v is the shortest suffix of w which is not guarded by q. For
each run p < q in A we attach T, ,, to the root as a direct subtree. The edge is
labeled by the pair (key(p <~ q),out(p < q)). By Lemma 5.14 distinct outgoing
edges from the root are labeled by distinct keys.

Lemma 5.15. The tree summary Tq ., indicates whether w is guarded by q, and if
not, it determines the length of the shortest suffix of w which is not guarded by q.

Proof. The word w is guarded by q if and only if T, ,, has size one. If the root
does have children, then one can factor w = uv such that v is the shortest suffix
that is unguarded by q and all children are all labeled by tuples of the form
(p, lul, V&, (1)) for some state p € Q. Hence we can determine [v| = [w| — [u]
where |w| can be determined from the root label of Ty . O

If T, .. is a subtree of T ,, then p < q. Therefore the tree T ,, has height at
most |Q| and size at most |Q|'Q!, which are constants in |w|.

Lemma 5.16. Assume that im(t) is bounded and R has no critical tuple. Then the
number of tree summaries Tq ., with ¢ € Q and w € dom(t) N ZS™ is polynomially
bounded in n.

Proof. All occurring numbers have at most magnitude n, the state set Q has
constant size, and the set of possible keys X* /R, has constant size. The output
words out(p < q) are factors of words from the bounded language im(t) and
have length at most iml(A) - [v| = O(n). Thus, by Lemma 3.14 there are at most
polynomially many of such output words. By Theorem 5.8 there are also at most
polynomially many node labels vV, (1) where [u| < n. In conclusion, the number
of tree summaries is polynomially bounded. O

Guarded factorizations Let 7t be any run on a word w € X*. If 7 is not
guarded, we can factorize m = 7t/7t” such that nt” is the shortest suffix of 7t
which is unguarded, and then repeat this process on 7. This yields unique
factorizations 7t = 7g71y - - - T and w = wowj - - - W, Where 71; is a run on wj
from a state pi,1 to a state p; such that w; is the shortest suffix of wg - - w;
which is not guarded by p; for all 1 < i < m, and 7 is guarded. The factorization

T = To70y - - - Ty 1S the guarded factorization of 7.

Proposition 5.17. If A is well-behaved and 7t is an accepting run on w from
then T, determines outr (7). In particular, if w € dom(t) then Ty, ., determines
t(w).

Proof. Let m = mom; - - - Tty be the guarded factorization of 7t and wowy - - - Wy,
be the corresponding factorization of w. We prove the statement by induction
on m.
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The root of T,,, is labeled by (q, W[, V&, (w)). If m = O then w is guarded
by g and T, has size one. Since A is well-behaved outr(7) is determined by q
and |w| only.

Now assume m > 1 and suppose that 7t; is a run p; <— pi1 foralll <i<m
with pymi1 = q. Then wy, is the shortest suffix of w which is not guarded by q.
All children of the root of T, are labeled by

(P, wo - - Wim—al, Vo, (Wo - - - Win_1))

for some state p € Q. Hence, we can determine Vv, (W - - - Wym_1), which in
turn determines [wyg - - - Wy, 1| and [wg - - - Wi _1]%, . Notice that [wg - - - win_1]%,
is the key of m,,. Therefore, the root has an outgoing edge which is labeled
by (wo - - - Wm_1l,,out(mtn)). By Lemma 5.14 it is the unique outgoing edge
with key [wg - - - Wi 1], . It leads to the direct subtree T, w,...w,. , Of Tqw. By
induction hypothesis this subtree determines outg (7 - - - 71, _1). Finally, we can
determine
outr (7o - - - Tt ) = outy (7o - - - T —1) out(7tm ),

concluding the proof. O

It remains to show that the tree summary T, determines the output value
of every suffix of w. In fact, we will prove that we can compute the tree summary
of every suffix.

Lemma 5.18. Suppose that w = xy € L*. Given the tree summary T, and [y|,
one can determine the tree summary Tq .

Proof. We proceed by induction on the height of T,,,,. Its root is labeled by
(g, W], V&, (w)). The root of Ty, is labeled by (q, [yl, V&, (y)). Notice that
Vg, (y) is the suffix of Vi, (w) of length |y].

If [Tq,wl = 1 then w and also all its suffixes are guarded by q and thus Ty
also only consists of its root.

Now factorize w = uv where v is the shortest suffix which is not guarded
by q. By Lemma 5.15 we can determine [u| and [v| from Tg,,. The suffix y is
guarded by q if and only if [y| < |v|. If y is guarded by q, then, as above, T,
only consists of its root. Otherwise assume [y| > |v|, and hence y = sv for some
word s. We can determine Vg, (s) from Vg, (1) as its suffix of length |s| = [y| —[v|.
It remains to construct the subtrees. For this, observe the following.

+ The direct subtrees of T ,, are of the form T, ,, where p < q is any run.
+ The direct subtrees of T, are of the form T, ; where p <~ q is any run.

By induction hypothesis we can determine each subtree T, s from T, ,, and the
length |s|. The edge labels are directly copied: The edge (in either tree) induced
by the run p < q is labeled by (key(p <~ q), out(p < q)). O

Proposition 5.19. Assume that im(t) is bounded, A is well-behaved and R has
no critical tuple. Then im(t) has polynomial growth.
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Proof. Consider the function {» which maps a word w € dom(t) to Tq, .. By
Lemma 5.16 we know that \p(dom(t) N ZS™)| is polynomially bounded in n. By
Lemma 5.18 the tree summary Tg, ., determines the tree summaries T, of all
suffixes v of w. Hence, by Proposition 5.17 the values t(v) of all suffixes v of w
are also determined.

O

Proof of Theorem 5.2. If t has no fooling scheme then A must be well-behaved
by Lemma 5.13 and R; has no critical tuple by Lemma 5.12. If additionally im(t)
is a bounded language then im(t) has polynomial growth by Proposition 5.19.
Otherwise t has a fooling scheme or im(t) has exponential growth. Then im(t)
must have exponential growth by Proposition 5.3 and Proposition 5.4. O

5.6 Space trichotomy

Finally, we will prove the space trichotomy for rational functions in the sliding
window model. So far we have shown that the suffix complexity S, (n) of any
rational function ¢ is either O(logn) or Q(n) infinitely often. In fact, we will
see that, as for regular languages, these complexity bounds can be transferred to
V,(n) and F,(n). Notice that this holds although ~,, does not have finite index
for arbitrary rational functions .

First we observe that one can maintain the set of all tree summaries on the
active window w. By Lemma 5.18 we already know that the |-operation is
supported.

Proposition 5.20. Given the set of all tree summaries {Tq,w | q € Q} for a word
w € L* and a letter a € L, one can determine {Tqwa | 9 € Q}.

Proof. Observe that a word va is guarded from p if and only if there exists an
internal transition q <* p such that v is guarded from q. Suppose we want to
compute Ty, ,,q for some state p € Q. We distinguish three cases:

Case 1. Assume that a is not guarded from p, i.e. there exists no internal
transition q <~ p. The root of Tp,wa is labeled by (p, |lwal, V&, (wa)), which can
be computed from the label (p, [w|, V&, (w)) of the root of T,, ,, because R is a
right congruence. For every transition q <* p we attach T, as a direct subtree
with the edge label (key(q <= p), out(q <= p)). Since all tree summaries Tq,w are
given, we are done in this case.

Case 2. Assume that a is guarded from p. Further assume that there is an
internal transition q <= p such that q guards w, and hence p guards wa. Using
Lemma 5.15 we can determine whether this case holds. In this case T, v, only
consists of a root labeled by (p, lwal, V&, (wa)).
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Case 3. Otherwise for every internal transition q <~ p there exists a shortest
suffix v of w which is not guarded by q. Choose q such that |v4| is maximal. We
claim that v4a is not guarded by p. Otherwise there exists an internal run

q" <L q S p

and therefore q’ guards v4. This implies that [v4/| > |v4], which contradicts the
maximality of |v4|. Furthermore every proper suffix of vqa is guarded by p since
every proper suffix of v, is guarded by q. In conclusion vqa is the shortest suffix
of wa which is not guarded by p.

Hence we can compute T, ,,o from T ., as follows. First, we change the root
label from (q, [wl, V&, (W)) to (p, lwal, V&, (wa)), similar to case 1. Next, take an
outgoing edge from the root which is induced by a run of the form r LR q. We
change its edge label from

(key(rﬁq),out(r&q)) to (key(r&p),out(r&p)).

Notice that the two keys above are actually equal and out(r Lot p) can be
determined since

out(r Ja p) = out(r Ja q)out(q <= p).
This concludes the case distinction and the proof of the statement. O

Theorem 5.21. Let ¢: X* — Q* be a total rational function. If im(@) is a
bounded language and ¢ has no fooling scheme then V,(n) = O(logn).

Proof. Assume that im(¢) is a bounded language and ¢ has no fooling scheme.
Let B be a trim right-subsequential transducer for @[R] with state set Q, and let
A be the right transducer for ¢ obtained by projecting the transitions in B to the
first component. Lemma 5.12 and Lemma 5.13 state that R, has no critical tuple
and that A is well-behaved. By Lemma 5.18 and Proposition 5.20 a streaming
algorithm for ¢ can maintain the set of all tree summaries {Tq., | q € Q} for
the active window w € X*. By Proposition 5.17 this information suffices to
compute the value @ (w). By Lemma 5.16 the space complexity of the algorithm
is O(logn). O

Theorem 5.22. Let ¢: X* — Q* be a total rational function. If im(¢) is not a
bounded language or ¢ has a fooling scheme then V,(n) = Q(n), and F,(n) =
Q(n) for infinitely many n.

Proof. Assume that im(¢) is not bounded. By Proposition 5.4 the growth of
l@(Z™)| is exponential and | (Z<™)| = 22("), Hence for infinitely many window
sizes . any SW-algorithm P, for ¢ must output an exponential number of values
and thus P,, must have space complexity Q(n). Analogously, every variable-size
SW-algorithm P for ¢ must output an exponential number of values on streams
of maximum window length < n, and thus its space complexity is Q(n).
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Assume that (ug, va, 1, v, z) is a fooling scheme of ¢. We can assume |[u| = |v|
by replacing u by u'”! and replacing v by v*/. Consider an SW-algorithm P, for ¢
and window length n = |uy|+|u|- (m—1)+|z| for some m > 1. Read two distinct
words x,y € {u,v}™ into two instances of P,,. Consider the last {u, v}-block
where x and y differ, say x = x1x3s and y = yjyss for some x4, y1, s € {u,v}* and
{x2,y2} ={u, v}. By reading x;z into both instances the windows become uysx;z
and vypsxyz. Since @(uysx1z) # @(vasxiz) the algorithm P,, must distinguish the
streams x and y. Therefore P,, has space complexity Q(n). Since V,(n) > F,(n)
and the linear lower bound for F,(n) holds over an arithmetic progression
(namely n = |up| + u| - (m — 1) + |z|) we get V,(n) = Q(n) by monotonicity of
Ve (n). O

Together with the Q(log n) lower bound from Lemma 3.7 for every nontrivial
problem we obtain the following space trichotomy.

Corollary 5.23. Every total rational function has space complexity ©(1), ©(logn),
or Q(n) infinitely often in the variable-size sliding window model.

In the fixed-size sliding window model we only obtain a dichotomy theorem
and leave it as an open problem to analyze rational functions with sublogarithmic
complexity.

Corollary 5.24. Every total rational function has space complexity O(logn), or
Q(n) infinitely often in the fixed-size sliding window model.

We conjecture that one can extend the techniques from Section 4.1.2 to
rational functions and prove that F,(n) is either O(1) or Q(logn) infinitely
often for every rational function .

5.7 Conclusion

In this chapter we have studied the suffix expansions of rational functions and
have shown a dichotomy for their growth functions. From this dichotomy we
have derived a space trichotomy for rational functions in the variable-size sliding
window model.

Open problems

1. Is the space complexity of every rational function in the fixed-size model
either O(1) or Q(logn) infinitely often?

2. Find a simple characterization of those rational functions t where im(t)
has polynomial growth. This class of rational functions could be related
to the class of (right) multisubsequential functions [29]. A function is
multisubsequential if its domain can be decomposed into regular subsets
such that the restriction to each subset is subsequential.
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Related work Filiot et al. have studied the question which word functions
can be computed by a deterministic streaming algorithm using small memory
[46]. In contrast to our model the output symbols are written left-to-right to
an output tape. They observe that a rational function can be computed using
constant space in the input length if and only if it is left-sequential. Furthermore,
they consider so-called nested word transductions, which are computed by finite
state transducers equipped with a visibly pushdown. The authors prove that it is
decidable in CONP, whether a nested word transduction is streamable in height
bounded memory, i.e. the memory only depends on the height of the input word.



Chapter 6

Randomized sliding window
algorithms

Most of the work in the context of streaming use randomness and/or approxi-
mation to design space- and time-efficient algorithms. For example, the AMS-
algorithm [5] approximates the number of distinct elements in a stream with
high probability in O(log m) space where m is the size of the universe. Fur-
thermore, it is proved that any deterministic approximation algorithm and any
randomized exact algorithm must use Q(n) space [5]. On the other hand, the
exponential histogram algorithm by Datar et al. [36] is a deterministic slid-
ing window approximation algorithm using O(% log®n) bits. It is proven that
o log®n) bits are necessary even for randomized (Monte Carlo or Las Vegas)
sliding window algorithms.

In this chapter we will study if and how randomness helps for testing member-
ship to regular languages over sliding windows. The main result of this chapter is
a space quatrochotomy in the fixed-size sliding window model, stating that every
regular language has space complexity O(1), ©(loglogn), ©(logn) or O(n) if
the algorithms may have a two-sided error. For algorithms with one-sided error
we obtain the same trichotomy as in the deterministic setting.

The results of this chapter appeared in [G3].

6.1 Randomized streaming algorithms

Probabilistic automata with output In the following we will introduce proba-
bilistic automata [97, 99] as a model of randomized streaming algorithms which
produce an output after each input symbol. A randomized streaming algorithm or
a probabilistic automaton with output P = (Q, Z, t, p, o) consists of

+ a (possibly infinite) set of states Q,
+ a finite alphabet Z,

+ an initial state distribution t: Q — [0, 1],

83
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¢ a transition probability function p: Q x £ x Q — [0, 1],
+ and an output function o: Q — Y,

such that
(1) quQ L(Q) = 1>
(ii) quQ p(p,a,q)=1forallpe Q,ac X.

If « and p map into {0, 1}, then P can be viewed as a deterministic automaton
with output. We call P a probabilistic automaton if the output set is Y = {0, 1};
in this case we specify the set F C Q of final states instead of the output
function o. A run on a word a; - -- a,, € £* in P from q to g, is a sequence
T=(0a1q102... Amqm € Q(XQ)* where p(qi—1,ai,qi) >0forall 1 <i<m.
We write runs in the usual way

. ap as Am
T:do—>qd1—> " —7 (qm

or also omit the intermediate states: 7t: o ———" q,. We extend p to runs
in the natural way: If 7t: qo — q1 —> --- =™ q,, is a run in A then p(mr) =
[Ti%; p(qi—1, ai, gi). Furthermore we define p (7) = t(qo) - p(7t). We denote by
Runs(P, w) the set of all runs on w in P. Furthermore Runs(?P, p, w) contains
those runs on w that start in p € Q; similarly, Runs(P, w, q) contains those runs
on w that end in q € Q. Also we define Runs(?, p,w, q) = Runs(?,p,w) N
Runs(®P,w, q). Usually we omit the automaton P in this notation. Notice that
for each w € L* the function p, is a probability distribution on Runs(w), and
for each p € Q the restriction of p to Runs(p,w) is a probability distribution
on Runs(p,w). Given a word w € X* and a state p € Q we define the random
variable p - w to be the state reached from p on input w, i.e. the distribution is
given by

Prlp-w=gq] = Z p(7).

7teRuns(P,p,w,q)

The random variable P(w) is the state reached on input w, i.e. for a state q € Q
we have

Pr[P(w) =q] = Z (7).

7t€Runs(P,w,q)
Hence the random output of P on w is o(P(w)). The space of P (or number of bits

used by P) is given by s(P) =1og|Q| € R>oU{oo}. We say that P is a randomized
streaming algorithm for ¢: £* — Y with error probability 0 < A < 1 if

for all x € X*. If @ has binary output then we view A as the two-sided error. If
we omit A we choose A = 1/3.

Probability amplification We need the following Chernoff bound, which can
be found in [89, Theorem 4.5].
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Theorem 6.1 (Chernoff bound). Let X1, ..., Xy be independent Bernoulli variables,
and let X = Zle Xi with expectation 1 = E[X]. For any 0 < & < 1 we have

52
PriX < (1—0)ul < exp (Hz) .
For a randomized streaming algorithm P = (Q, X, (, p, 0) and a number k > 1
let ?) be the randomized streaming algorithm which simulates k instances of P
in parallel with independent random bits and outputs the majority vote. Formally
the states of P(*) are multisets of size k over Q. Therefore s(P(*)) < k- s(?P).

Lemma 6.2 (probability amplification). For all 0 < A< 1/2and 0 <A < 1/2
there exists a number k = O(log (%) - (3 —A) ~?) such that the following holds:

If P is a randomized streaming algorithm and Prlo(P(x)) = y] > 1 — A then
Prio(PM(x)) =yl > 1—A\".

Proof. We will choose k later. Let X1, ..., Xy be independent Bernoulli random
variables with Pr[X; = 0] = A and Pr[X; = 1] =1 — A. Since A is an upper bound
on the error probability of P on x, the algorithm P(¥) errs on x with probability
at most Pr[X < k/2] where X = Z]le Xi. By choosing 1 = E[X] = k(1 —A) and
5=1— ﬁ € (0, 3] we get (1 — 8)u = k/2. The Chernoff bound gives the
following estimate:

Pr[P™) errs on x] < Pr[X < k/2]

k(1 =A)(1 — 5y)?
< —
< exp ( 5
e (K 2V
B U Y
k(1 2
< —— (== )
< exp( 3 (2 ?\) )
By choosing
1 1 -2
coan(2)- (1)
we can bound the error probability of P(¥) on x by A’. O

Derandomization Rabin proved that any probabilistic finite automaton with a
so-called isolated cut-point can be made deterministic with an exponential size
increase [99]. Let P = (Q, X, 1, p, F) be a probabilistic finite automaton. We call
A € [0, 1] an isolated cut-point with radius 6 > 0 if |Pr[P accepts x] — A| > & for
all x € £*.

Theorem 6.3 ([99, Theorem 3]). Let P be a probabilistic finite automaton with
m states. Let L = {x € XL* | Pr[P accepts x] > A} where A is an isolated cut-
point of P with radius & > 0. Then there exists a DFA A for L with at most
(1 +m/85)m1 =20(mlogm) gtqtes,
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complexity deterministic two-sided error
O(n) Reg Reg
O(logn) (LI, Len) (LI, Len)
O(loglogn) (ST, SF, Len)
0(1) (ST, Len) (ST, Len)

Figure 6.1: The deterministic and randomized space complexity of regular
languages.

6.2 Space quatrochotomy

A randomized sliding window algorithm for a problem ¢ and window size n is a
randomized streaming algorithm for SW,, (¢). The randomized space complexity
Fi,(n) of ¢ in the fixed-size sliding window model is the minimal space complex-
ity s(P,,) of a randomized sliding window algorithm P,, for ¢ and window size
n. Clearly we have F{,(n) < F,(n). Furthermore, we prove that for decision
problems randomness can reduce the space complexity at most exponentially
using Theorem 6.3. Notice by our definition any randomized SW-algorithm for a
language L has 1/2 as an isolated cutpoint with radius 1/3.

Lemma 6.4. For any language L we have Fy (n) = 20(Fi.(n)),

Proof. Let P, be a minimal probabilistic finite automaton for SW,, (L) with m
states, and let Q,, be an equivalent DFA Q,, with |Q,,| < 20(m1o8™) states. The
statement follows from Fr(n) < log|Q,| = O(mlogm) = O(2Ft(™ . F{ (n)),
which is bounded by 20 (Fi(m)), O

Let us now state the main result of this chapter, which is a quatrochotomy for
the randomized space complexity of regular languages in the fixed-size sliding
window model. A language L is suffix-free if xy € L and x # ¢ implies y ¢ L. We
denote by SF the class of all regular suffix-free languages.

Theorem 6.5. Let I C X* be a regular language.
(1) IfL € (ST,Len) then F (n) = O(1).
(2) IfL ¢ (ST,Len) then F{ (n) = Q(loglogn) infinitely often.
(3) IfL € (ST, SF,Len) then F{ (n) = O(loglogn).
(4) IfL ¢ (ST, SF,Len) then F{ (n) = Q(logn) infinitely often.
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(5) IfL € (LI, Len) then F{ (n) = O(logn).
(6) If L ¢ (LI, Len) then F] (n) = Q(n) infinitely often.

Figure 6.1 compares the deterministic and the randomized space complexity.
Points (1) and (5) already hold in the deterministic setting, see Theorem 4.35.
In the next sections we prove points (2), (3), (4), and (6). Observe that we can
transfer Corollary 3.18 to the randomized setting.

Lemma 6.6. For any function s(n), the class {L C Z* | F{ (n) = O(s(n))} forms a
Boolean algebra.

Proof. Letn € N be a window size. If P,, is an SW-algorithm for L then P,, is an
SW-algorithm for £* \ L where P,, simulates P,, and returns the negated output.
Let P,, and Q,, be SW-algorithms for K and L. By Lemma 6.2 we can reduce error
probability to 1/6 with a constant space increase. Then the algorithm which
simulates P,, and Q,, in parallel, and returns the disjunction of the outputs is
an SW-algorithm for K U L. Its error probability is at most 1/3 by the union
bound. O

6.3 The Bernoulli counter

Let us start by defining a simple probabilistic counter. It is inspired by the
approximate counter by Morris [49, 90], which uses O(loglogn) bits. For
our purposes, it suffices to detect whether the counter has exceeded a certain
threshold, which can be accomplished using only O(1) bits.

Formally, a probabilistic counter is a probabilistic automaton with output
Z = (C,{inc}, t, p, 0) over the unary alphabet {inc} where o: C — {_L, T} distin-
guishes low and high states. The random state reached after k increments is
Z(inc"), for which we also write Z (k). Given numbers 0 < £ < h we say that Z
is an (h, {)-counter with error probability A < % if for all k € N we have:

o If k <, then Pr[Z(k) is high] < A.
¢ If k > h, then Pr[Z(k) is low] < A.

In other words, a probabilistic counter can distinguish values below £ from values
above h but does not make any statements for counter values strictly between ¢
and h. A Bernoulli counter Z,, is parameterized by a probability 0 < p < 1 and
has the state set {0, 1}, where 0 is a low state and 1 is a high state. Initially the
counter is in the state x = 0. On every increment we set x = 1 with probability
p; the state remains unchanged with probability 1 — p. We have

Pr(Z, (k) islow] = (1 —p)* and Pr[Z,(k) is highl =1 — (1 —p)*.

Let us first show the following claim.

Lemma 6.7. Forall h,{,& > O0with & <1and £ < (1—&)h thereexists 0 <p <1
such that Z,, is an (h, {)-counter with error probability 1/2 — £/8.
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Proof. We need to choose p such that (i) 1 — (1 —p)}=&" < 1/2 - ¢/8, or
equivalently, 1/2 + £/8 < (1 —p)1=&" and (i) (1 —p)* < 1/2 — £/8, or
equivalently, (1 —p)1=&" < (1/2 — £/8)1 7%, It suffices to show

1 1 1-¢
NN

then one can pick p = 1 — (1/2 — £/8)'/". Note that (ii) holds automatically
for this value of p. Taking logarithms shows that (6.1) is equivalent to In(4 +
E)—In8 < (1—¢&) - (In(4— &) —In8), and by rearranging we obtain In(4 + §) <
In(4—&) +&(1In8 —In(4 — &)). Since In8 —In(4 — &) > In8 —In4 = 1n2, it
suffices to prove

In(4+&)<In(4—&) +&In2. (6.2)

One can verify 31n2 =~ 2.0794 > 2. We have:

+(3In2—-1)=4+(4ln2—1)§—£n2 <
+(4In2—-1)—&%In2=(4—¢&)(£ln2+1)

A~ b

41<
<

By taking logarithms and plugging in Inx < x — 1 for all x > 0, we obtain
In(4+&) <In(4—& +In(En2+1) <In(4—&)+&In2
This proves (6.2) and hence (6.1), and thus the statement. O

Proposition 6.8. Forall h,{,& > 0and 0 < A’ < 1/2with { < (1—&)h there exists
an (h, {)-counter Z with error probability A’ which uses O(loglog(1/A")+log(1/¢))
bits.

Proof. We apply Lemma 6.2 to Lemma 6.7 with A = 1/2 — £ /8, which states that
we need to run k = O(log(%) : é) copies to reduce the error probability to A’.
The states of Z](Dk) are multisets over {0, 1} of size k, which can be encoded by
O(logk) = O(loglog % + log %) bits by specifying the number of 1-bits in the
multiset. O

6.4 Suffix-free languages

In this section we prove Theorem 6.5(3). Since languages in ST U Len have
constant space SW-algorithms it suffices to show:

Theorem 6.9. If L is regular and suffix-free then F} (n) = O(loglogn).

Fix a suffix-free regular language L C £* and let B = (Q, %, F, 5, qo) be an
rDFA for L where all states are reachable. Excluding the trivial case L = (), we
assume that B contains at least one final state. Furthermore, since L is suffix-free,
any run in B contains at most one final state. Therefore, we can assume that F
contains exactly one final state qr, and all outgoing transitions from qr lead to a
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sink state. For a stream w € L* define the function {,,: Q — N U{co} by
ly(q) =inflk € N | lasty (W) - q = qr}, (6.3)

where we set inf((}) = co. Notice that last,,(w) € L if and only if {,,(qo) =n. A
deterministic streaming algorithm can maintain the value {,, where w € X* is
the stream prefix read so far: If a symbol a € X is read, we can determine

0 if q =
twalq) =14 ra—Aan (6.4)
1+¢&y(a-q), otherwise,

where 1 + co = co. Since this would require storing O(logn) bit numbers we
use probabilistic counters instead.

Let n € N be a window size. The sliding window algorithm P,, for L consists
of two parts: a constant-space threshold algorithm T;,, which rejects with high
probability whenever {,,,(qo) > 2n, and a modulo-counting algorithm M,,, which
maintains {,, modulo a random prime number with O(loglogn) bits.

Lemma 6.10 (Threshold counting). There exists a randomized streaming algo-
rithm Ty, with O(1) bits such that for all w € £* we have:

o Pr[T,, accepts w] > 2/3, if €, (qo) < 1, and
o Pr[T,, rejects w] > 2/3, if {,(qo) = 2n.

Proof. By Proposition 6.8 there is a (2n, n)-counter Z with error probability 1/3
which uses O(1) space. Let C be its state space and let ¢, € C be an arbitrary
high state. The algorithm 7, maintains a random function c: Q — C such that
on input stream w € L* we have

Initially we set the states accordingly, i.e. for every state q € Q, if {.(q) < oo
then we initialize an instance of Z in c¢(q) and increment it {.(q) times, and
otherwise we set c(q) = c. Given an input symbol a € £, we compute the new
function ¢’ from c. First we set ¢’(qr) = c, Since no nonempty run from qr is
accepting. For all g € Q \ {qr} we set ¢’(q) = c(a- q) - inc since

c'(q) =c(a-q)inc=2Z(1+ly(a-q)) = Z(lwa(q)).

The algorithm accepts if and only if ¢(qo) is low. Correctness follows from the
properties of Proposition 6.8. O

Lemma 6.11 (Modulo counting). There exists a randomized streaming algorithm
M,, with O(loglogn) bits such that for all w € X* we have:

o Pr[M,, accepts w] =1, if € (qo) =1, and
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o Pr[M,, rejects wl > 2/3, if ,(qo) < 2nand €,,(qo) # n.

Proof. Let p; be the i-th prime number and let s(m) be the product of all prime
numbers < m. It is known that In(s(m)) > m - (1 — 1/lnm) for m > 41
[101, p. 3.16] and p; < i- (Ini+ Inlni) for i > 6 [101, p. 3.13]. Let k be
the first natural number such that ]_[].f:1 pi = n. By the above bounds we get
k = O(logn) and p3x = O(logn - loglogn). The algorithm M, initially picks
a random prime p € {p1, ..., Ppsx), which is stored throughout the run using
O(loglogn) bits. Then, after reading w € £*, M,, stores for every q € Q a bit
telling whether ¢,,(q) < oo and, if the latter holds, the values ¢,,(q) mod p using
O(|QJ - loglogn) bits. This can be maintained according to (6.4). The algorithm
accepts if and only if {,,(qo) = n mod p.

If £, (qo) = n then the algorithm always accepts. Now assume {,,(qo) < 2n
and {,,(qo) < n. Since —n < 4,,(qo) — n < n and any product of at least k + 1
pairwise distinct primes exceeds n, the number ¢,,(qo) —n # 0 has at most k
prime factors. Therefore, M,, rejects with probability at least 2/3. O

By combining both algorithms above we can prove Theorem 6.9. The al-
gorithm P, is the conjunction of the threshold algorithm 7;, and the modulo
counting algorithm M, . Recall that last, (w) € L if and only if {,,(qo) = n. If
¢ (go) = n then both algorithms accept with probability 2/3. If {,,(qo) # n
then either M,, or T,, rejects with probability 2/3.

6.5 Lower bounds with two-sided error

In this section, we prove the lower bounds from Theorem 6.5. Point (2) from
Theorem 6.5 follows easily from the relation F (n) = 2°(Fit (™)) (Lemma 6.4).
Since every language L € Reg \ (ST, Len) satisfies Fi (n) = Q(logn) infinitely
often by Section 4.2.4 it also satisfies F] (n) = Q(loglogn) infinitely often.

For (4) and (6) we apply known lower bounds from communication com-
plexity by deriving a randomized communication protocol from a randomized
SW-algorithm. This is in fact a standard technique for obtaining lower bounds
for streaming algorithms.

6.5.1 Communication complexity

We present the necessary background from communication complexity; see [82]
for a detailed introduction. We only need the one-way setting where Alice sends
a single message to Bob. Consider a function f: X x Y — {0, 1} for some finite
sets X and Y. A randomized one-way (communication) protocol P = (a, b) consists
of functions a: X x Ry — {0,1}* and b: {0,1}* x Y x Ry, — {0, 1}, where R, and
Ry are finite sets of random choices of Alice and Bob, respectively. The cost of P
is the maximum number of bits transmitted by Alice, i.e.

cost(P) = max |a(x,1q)l.
XEX,TqERq
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Moreover, probability distributions are given on R, and Ry,. Alice computes
from her input x € X and a random choice r4 € R, the value a(x,r,) and sends
it to Bob. Using this value, his input y € Y and a random choice 1, € Ry, he
outputs b(a(x,14),Y,Ts). The random choices r, € Ry, 1o € Rp are chosen
independently from each other. The protocol P computes f if for all (x,y) € X x Y
we have

Pr [P(x,y) # f(xy)l <

Ta€ERG,THERY

. (6.5)

— Wk

where P(x,y) is the random variable b(a(x,7q),y,T,). The randomized one-
way communication complexity C(f) of f is the minimal cost among all one-way
randomized protocols that compute f (with an arbitrary number of random bits).
The choice of the constant 1/3 in (6.5) is arbitrary in the sense that changing
the constant to any A < 1/2 only changes the cost C(f) by a fixed constant
(depending on A), see [82, p. 30]. We will use established lower bounds on the
following functions:

Theorem 6.12 ([81, Theorem 3.7 and 3.8]). Let n € N.
¢ The index function
DX, : {0, 1}™ x {1,...,n} — {0, 1}
(ar---an,1) — aj.
has randomized one-way communication complexity ©(n).

¢ The greater-than function
GTn:{1,...,n}x{1,...,n} —{0,1}

with GT,(1,j) = 1 iff i > j has randomized one-way communication com-
plexity ©(logn).

The bounds above also hold for the deterministic one-way communication
complexity as witnessed by the trivial deterministic protocols. We also define the
equality function EQ,,: {1,...,n}*> — {0,1} by EQ,(i,j) = 1 if and only if i = j.
Its randomized one-way communication complexity is ©(loglogn) whereas its
deterministic one-way communication complexity is ©(logn) [82].

6.5.2 Linear lower bound

We start with the proof of (6) from Theorem 6.5, which extends our linear space
lower bound from the deterministic setting to the randomized setting.

Proposition 6.13. If L € Reg\ (LL Len) then F{ (n) = Q(n) infinitely often.

Proof. By Theorem 4.24 any rDFA for L is not well-behaved and by Lemma 4.7
there exist words U = ujus,v = vivo,z € L* such that [uq| = |vi], [us] =
[vo| and L separates us{u,v}*z and vy{u,v}*z. Let n: {0,1}* — {u,v}* be the
homomorphism defined by n(0) = uwand n(1) = v.
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Now consider a randomized SW-algorithm P,, for L and window length
n = |uy| + [u| - m + |z| for some m > 1. We describe a randomized one-way
communication protocol for IDXy,.

Let « = o¢1 - - - &y € {0, 1}™ be Alice’s input and i € {1,..., m} be Bob’s input.
Alice reads n(«) into P,, and sends the memory state using O(s(P)) bits to Bob.
Continuing from the received state, Bob reads u'z into P,,. Then the active
window is

last, (M(o)u'z) = sn(aiy1 - am)u'z € {ug, va{u, v}*z

where s = uy if &y = 0 and s = v, if &y = 1. Hence from the output of P,
Bob can determine whether «; = 1. The cost of the protocol P, is bounded by
O(s(P,)) and must be at least Q(m) = Q(n) by Theorem 6.12 we conclude that
$(Pn) = Q(n). Therefore Fj (n) = Q(n) infinitely often. O

6.5.3 Logarithmic lower bound

Next we prove point (4) from Theorem 6.5. For that, we need the following
automaton property. In the following let B = (Q, X, F, 8, qo) be an rDFA.

A pair (p,q) € Q x Q of states is called synchronized if there exist words
X, Y,z € Z* with |x| = |y| = |z| > 1 such that q & q, q < p, p & p. A pair (p, q)
is called reachable if p and q are reachable from qo. A state pair (p, q) is called
F-consistent if either {p, q} N F = 0. or {p, q} C F. We remark that synchronized
state pairs have no connection to the notion of synchronizing words.

Lemma 6.14. A state pair (p,q) is synchronized if and only if p and q are
nontransient and there exists a nonempty run q < p whose length is divided by

QL.

Proof. Let x,y,z € Lt with |x| = Jy| = |z| = k such that q & q, q < p, p & p.
Q-1
Then p and q are nontransient and we have q <——> p where x/Q/'~1y has

length (|Q'—1) -k +k=|Q! - k.

Conversely, assume that p and q are nontransient and there exists a nonempty
run q <~ p whose length is divided by |Q|!. Since the states p and q are
nontransient, there are words x and z of length at most |Q| with q < q and
p & p. These words can be pumped up to have length [y|. O

Let Q = T U N be the partition of the state set into the set T of transient

states and the set N of nontransient states. A function $: N — {0, 1} is k-periodic
ifp(1)=p(1i+k)forallieN.
Lemma 6.15. Assume that every reachable synchronized pair in B is F-consistent.
Then for every word v € X* of length at least |Q|!-(|T|41) there exists a |Q|!-periodic
function B,,: N — {0, 1} such that the following holds: If w € Z*vand w- qo € N,
then we have w € Liff B(|w|) = 1.

Proof. Letv =ay---aza; withk > |Q|!- (|T| + 1), and consider the run

Qe &L &g &g, (6.6)
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of B on v. Clearly, each transient state can occur at most once in the run. First
notice that for each 0 <1 < |Q|! — 1 at least one of the states in

Qi ={diyjon 10<j < [T}

is nontransient because otherwise the set would contain |T| 4+ 1 pairwise distinct
transient states. Furthermore, we claim that the nontransient states in Q; are
either all final or all nonfinal: Take two nontransient states qi ., and qi4j,|Q|!
with j; < j2. Since we have a run of length (j2 —j1)[Q|! from qi,1Qp1 O Qitj,Qp
the states form a synchronized pair by Lemma 6.14. Hence, by assumption the
two states are F-consistent.

Now define 3,: N — {0, 1} by

1, if the states in Q. mod Qi M N are final,
Bv(m) = . . .
0, if the states in Qu, mod @1 N N are nonfinal,

which is well-defined by the remarks above. Clearly £, is |Q|!-periodic.
Letw = am ---aza; € X*v be a word of length m > k. The initial run of B
on w prolongs the run in (6.6):

am az a
qm ¢ qo

Assume that gq,, € N. As argued above, there is a position 0 < i < k such
that i = m (mod |Q!) and q; € N. Hence (qi, qm) is a synchronized pair by
Lemma 6.14, which is F-consistent by assumption. Therefore w € Liff q,, € F
iff q; € Fiff B, (jw|) = 1. O

Lemma 6.16. Assume that every reachable synchronized pair in B is F-consistent.
Then L(B) belongs to (ST, SF, Len).

Proof. Given a subset P C Q let L(B,P):=L(Q,Z%,P,5,qo). Let Fy = NN F and
Fr = T N F. We disjointly decompose L into

L=L(B,Fn)U | L(B,{a)-

qeFT

First observe that L(B,{q}) € SF for all q € Fy because a transient state q can
occur at most once in a run of B.

It remains to show that L(B, Fy ) belongs to (ST, SF, Len). Using the threshold
k=1Q['- (IT| + 1), we distinguish between words of length at most k — 1 and
words of length at least k, and group the latter set by their suffixes of length k:

L(B,Fn) = (L(B,FN) N IS DU [ (LB, Fa) NE™).

vexrk

The first part L(B, Fyn) N ZS*1 is finite and thus suffix testable. To finish the
proof, we will show that L(B,Fyn) N Z*v € (ST, SF,Len) for each v € Z¥. Let
v € £¥ and let ,: N — {0, 1} be the |Q|!-periodic function from Lemma 6.15.
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The lemma implies that
L(B,Fn) NZ*v = (Z*vn{w e Z* | B(w]) = 1P \ L(B, T).

The language {w € * | B(|w|) = 1} is a regular length language, Z*v is suffix
testable and L(B, T) is a finite union of suffix-free regular languages. O

The following lemma is an immediate consequence of Lemma 6.16.

Lemma 6.17. If L € Reg \ (ST, SF,Len) then there exist u,x,y,z € X* with
[x| =yl = |z| = 1 such that L separates u*xy*z and y*z.

Proposition 6.18. If L € Reg \ (ST, SF,Len) then F{ (n) = Q(logn) infinitely
often.

Proof. Consider the words u,x,y,z € £* described in Lemma 6.17. Let n =
lyl - m + |z| for some m > 1 and let P, be a randomized SW-algorithm for L.
We describe a randomized one-way protocol for GT,,: Let 1 < i < m be the
input of Alice and 1 < j < m be the input of Bob. Alice starts reads u™xy™
into P, and she sends the reached state to Bob using O(s(%?;,)) bits. Bob then
continues the run of P,, from the transmitted state with the word y/z. Hence P,
is simulated on the word w := u™xy™ ylz = um™xy™ iz, We have

i—1—jy, m—itj ifi>i
last, (w) = {u Xy z, ifi>j,

ymz, ifi<j.

By Lemma 6.17, last,, (w) belongs to L in exactly one of the two cases i > j and
1 < j. Hence Bob can distinguish these two cases with probability at least 2/3.
It follows that the protocol computes GT,,, and its cost is bounded by s(P,).

By Theorem 6.12 we can conclude that s(P,,) = Q(logm) = Q(logn), and
therefore F{ (n) = Q(logn) infinitely often. O

6.6 Lower bounds in the variable-size model

In the following we look at randomized algorithms in the variable-size model.
First we transfer the definitions from Section 3.3 randomized setting in a straight-
forward way. A variable-size sliding window algorithm P for ¢: £* — Y is a
randomized streaming algorithm for SW(¢). Its space complexity is v(P,n) =
|[log M¢n| € N U{oco} where M¢,, contains all memory states in P which are
reachable with positive probability in P on inputs w € I} with mwl(w) < n.
Since the variable-size sliding window model subsumes the fixed-size model
we have F(,(n) < v(P,n) for every randomized variable-size sliding window
algorithm P for ¢.

Again we raise the question if randomness can improve the space complexity
in the variable-size model. We claim that, in contrast to the fixed-size model, here
the space complexity is unaltered. First, the upper bounds are inherited from the
deterministic setting, i.e. languages in (LI, Len) have O(logn) space complexity,
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and trivial languages have O(1) space complexity. For every regular language
L which is not contained in (LI, Len) we proved a linear lower bound on Fj (n)
(Proposition 6.13), which is also a lower bound on the space complexity of any
randomized variable-size sliding window algorithm for L. It remains to look at
nontrivial languages, for which we have proved a logarithmic lower bound in
the deterministic setting (Lemma 3.7).

Lemma 6.19. If P is a randomized variable-size SW-algorithm for a nontrivial
problem then v(P,n) = Q(logn).

Proof. Let @: X* — Y be a nontrivial problem. Hence there is a length-minimal
word a;---ax € I* such that @(e) # @(ai---ax). By minimality we have
@(a;---ax) # @(az---ax). Let P be a randomized variable-size SW-algorithm
for ¢. By Lemma 6.2 we can assume that the error probability of P is at most
1/6, which increases its space complexity v(P, n) by a constant factor.

For every n € N we construct a protocol for GT,, with cost O(v(P,n)). Let
1 < i< n be the input of Alice and 1 < j < n be the input of Bob. Alice starts
two instances of P (using independent random bits) and reads a! into both of
them. She sends the memory states to Bob using O(v(P,1)) < O(v(P,n)) bits.
Bob then continues from both states, and reads |J a, - - - aj into the first instance
and ! a; - - - ay into the second instance. Let y1,y; € Y be the outputs of the
two instances of P. With high probability, namely 1 — (1 — 1/6)? > 2/3, the
answers are correct, i.e.

y1 = @(wnd(aj |V az---ax)) and yo = @(wnd(aj P ar---ay)).

Bob returns true, i.e. he claims i > j, if and only if y; = ys.
Let us prove the correctness. If i > j then

ewnd(al P az---ar)) = @(ai " az- - ax) = @(wnd(al J* a; - ak))
and hence Bob returns true. If i < j then
@(Wﬂd((ﬁ Pag-ap)) = elag--ay)

and
@(wnd(aj VH a;---ax)) =o@(a; - ax).

By assumption these values are distinct and therefore Bob returns false. O

6.7 Lower bounds with one-sided error

So far, we have only considered randomized SW-algorithms with a two-sided
error (analogously to the complexity class BPP). Randomized SW-algorithms with
a one-sided error (analogously to the classes RP and CORP) can be motivated
by applications, where all “yes”-outputs or all “no”-outputs, respectively, have
to be correct. We distinguish between true-biased and false-biased algorithms.
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A true-biased (randomized) streaming algorithm P for a language L satisfies the
following properties:

+ If w € L then Pr[P accepts w] > 2/3.
o If w ¢ L then Pr[P rejects w] = 1.

A false-biased (randomized) streaming algorithm P for a language L satisfies the
following properties:

+ If w € L then Pr[P accepts w] = 1.
+ If w ¢ L then Pr[P rejects w] > 2/3.

Let F? (n) (and F} (n)) be the minimal space complexity s(P,,) of any true-biased
(false-biased) streaming algorithm P,, for L and window size n. Since algorithms
with one-sided error are stronger than algorithms with two-sided error, but
weaker than deterministic algorithms we have the relations F{ (n) < F} (n) <
Fr(n) fori€{0,1}, and F¢ (n) = Fg\]_(n).

We show that for all regular languages SW-algorithms with a one-sided error
have no advantage to their deterministic counterparts.

Theorem 6.20 (One-sided error). For every regular language L we have:
(1) IfL € (ST,Len) then F (n) and F} (n) are O(1).

(
(2) IfL ¢ (ST,Len) then F (n) and F} (n) are Q(logn) infinitely often.
(3) IfL € (LI, Len) then F? (n) and F} (n) are O(logn).
(4) IfL ¢ (L1, Len) then F? (n) and F! (n) are Q(n) infinitely often.

The upper bounds in (1) and (3) already hold for deterministic SW-algorithms
(Theorem 4.35). Moreover, the lower bound in (4) already holds for SW-
algorithms with two-sided error (Theorem 6.5(5)). It remains to prove point
(2) of the theorem. In fact we show that any nondeterministic SW-algorithm
for a regular language L ¢ (ST, Len) requires Q(logn) space. A nondetermin-
istic SW-algorithm for a language L and window size n is an NFA P, with
L(Pn) = SWy (L), and its space complexity is s(P,) = log|P,|. If we have a
true-biased randomized SW-algorithm for L we can turn it into a nondetermin-
istic SW-algorithm by keeping only those transitions with positive probabilities
and making all states q initial which have a positive initial probability t(q) > 0.
Therefore, it suffices to show the following statement:

Proposition 6.21. Let L € Reg \ (ST,Len). Then for infinitely many n every
nondeterministic SW-algorithm P, for L has Q(y/n) many states.

For the proof of Proposition 6.21 we need the following lemma.

Lemma 6.22. Let L C a* and n € N such that L separates {a™} and {a* | k > n}.
Then every NFA for L has at least /1 many states.
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Proof. The easy case is a™ € L and a* ¢ L for all k > n. If an NFA for L
would have at most n states then any successful run on a™ must have a state
repetition. By pumping one can construct a successful run on a* for some k > n,
contradiction.

Now assume a™ ¢ L and a* € L for all k > n. The proof is essentially the
same as for [70, Lemma 6], where the statement of the lemma is shown for
L = a*\ {a™}. Let us give the proof for completeness. It is known that every
unary NFA has an equivalent NFA in so-called Chrobak normal form. A unary
NFA in Chrobak normal form consists of path starting in the unique initial state.
From the last state of the path, edges go to a collection of disjoint cycles. In
[53] it is shown that an m-state unary NFA has an equivalent NFA in Chrobak
normal form whose initial path consists of m? — m states. Now assume that L is
accepted by an NFA with m states and let A be the equivalent Chrobak normal
form NFA, whose initial path consists of m? — m states. If n > m? — m then all
states that are reached in A from the initial state via a™ belong to a cycle and
every cycle contains such a state. Since a™ ¢ L, all these states are rejecting.
Hence, a™**4 ¢ L for all x > 0, where d is the product of all cycle lengths. This
contradicts the fact that a® € L for all k > n. Hence, we must have n < m? —m
and therefore m > /n. O

Proof of Proposition 6.21. Let L € Reg \ (ST,Len). By Theorem 4.19 and the
results from Section 4.1.2 there are words x, y, z € £* such that [x| = [y| and L
separates xy*z and y*z. Note that we must have x # y.

Fix an m > 0 and consider the window size n = |x| + mly| + |z|. Let
Pn = (Q,L,1,A,F) be a nondeterministic SW-algorithm for L, i.e. it is an NFA
for SW, (L). Notice that P,, separates {xy™z} and {xy*z | k > m}. We define an
NFA A over the unary alphabet {a} as follows:

o The state set of A is Q.

« The set of initial states of Ais {q € Q | Ip € I: p = q in Pp.}.
« The set of final states of Ais{p € Q| 3q € F: p = q in Py}
o The set of transitions of A is {(p,a,q) | p EN qin P}

It recognizes the language L(A) = {a* | xy¥z € SW, (L)}, and therefore L(A)
separates {a™} and {a* | k > m}. By Lemma 6.22, A and thus P,, has at least
vm = Q(y/n) many states. O

This proves F? (n) = Q(logn) infinitely often for L € Reg \ (ST, Len). Since
Reg \ (ST, Len) is closed under complement this also implies a Q(logn) lower
bound on F} (n) for all L € Reg\ (ST, Len).

6.8 Conclusion

We proved that most of the space lower bounds for deterministic sliding window
algorithms for regular languages also hold for randomized algorithms. The
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only exception are the languages in (SF, ST, Len), which have deterministic
space complexity O(logn) but randomized space complexity O(loglogn). The
situation is similar to the one-way communication complexity of index (©(n)),
greater-than (©(logn)), and equality function (deterministic ®(logn) and ran-
domized O(loglogn)).

Uniform setting One can again consider the setting where the language
L € (LI,Len) is given as an automaton. In Theorem 4.42 we showed that
an exponential dependence of the automaton size is unavoidable. We conjecture
that the same holds for randomized algorithms.

Streaming algorithms with small failure ratio In [G3] we proposed a more
relaxed definition of correctness of randomized sliding window algorithms. A
randomized SW-algorithm is said to have failure ratio ¢ if the portion of all time
instants where the algorithm gives a correct answer with probability > 1/3 is at
most ¢. Let us only summarize the results.

Theorem 6.23. For every regular language L C * we have:

¢ IfL € (LL,PF,Len) and 0 < ¢ < 1 then L has a randomized SW-algorithm
which has failure ratio ¢ and uses O(1) space.

¢ IfL ¢ (LL, PF, Len) then there exist 0 < & < 1 and infinitely many window
sizes . for which any randomized SW-algorithm for L uses Q)(n) space.

Theorem 6.24. For every regular language L C X* we have:

¢ If L € (LB,PF,SF,Len) and 0 < ¢ < 1 then L has a deterministic SW-
algorithm which has failure ratio ¢ and uses O(logn) space.

¢ If L ¢ (LB,PF,SF,Len) then there exist 0 < ¢ < 1 and infinitely many
window sizes n for which any deterministic SW-algorithm for L uses Q(logn)
space.

¢ IfL € (LI, PF,Len) and 0 < ¢ < 1 then L has a deterministic SW-algorithm
which has failure ratio ¢ and uses O(logn) space.

¢ IfL ¢ (LL,PF, Len) then there exist 0 < & < 1 and infinitely many window
sizes n for which any deterministic SW-algorithm for 1 uses Q)(n) space.

Here PF denotes the class of regular prefix-free languages, and LB denotes the
class of all languages ~*[ where L is a regular language which is both prefix-free
and suffix-free.



Chapter 7

Sliding window property
testing

7.1 Introduction

The results presented so far show that simple languages as a{a, b}* require linear
space in the sliding window model, even for randomized algorithms. This gives
the motivation to seek for alternative approaches in order to achieve efficient
algorithms for all regular languages. We take our inspiration from the property
testing model introduced by Goldreich et al. [64]. In this model, the task is to
decide (with high probability) whether the input has a particular property P,
or is “far” from any input satisfying it. The distance measure on words that is
commonly used is the Hamming distance, which counts the positions at which
two words differ. For a function y(n), we say that a word w of length n is
v(n)-far from satisfying P, if the Hamming distance between w and any word
w’ satisfying P is at least y(n). We will call the function y(n) the Hamming
gap of the tester. We must make the decision by querying as few symbols of the
input as possible, and the query complexity of the algorithm is defined to be
equal to the number of inspected symbols. The motivation is that when working
with large-scale data, accessing a data item is a very time-expensive operation.
The membership problem for a regular language in the property testing model
was studied by Alon et al. [4] who showed that for every regular language L
and every € > 0, there is a property tester with Hamming gap y(n) = en and
two-sided error for deciding membership in L that makes only a constant number
of queries.

In this chapter we introduce a class of algorithms called sliding window
(property) testers, which must accept if the active window has the property P
and reject if it is far from satisfying P. We consider deterministic sliding window
property testers and randomized sliding window property testers with one-sided
and two-sided error. A similar but simpler model of streaming property testers,
where the whole stream is considered, was introduced by Feigenbaum et al. [44].

99



100 Chapter 7. Sliding window property testing

Francois et al. [52] continued the study of this model in the context of language
membership problems and came up with a streaming property tester for visibly
pushdown languages that uses polylogarithmic space.

While at first sight the only connection between property testers and sliding
window property testers is that we must accept the input if it satisfies P and reject
if it is far from satisfying P, there is, in fact, a deeper link. In particular, the above
mentioned result of Alon et al. [4] combined with an optimal sampling algorithm
for sliding windows [23], immediately yields a O(logn)-space, two-sided error
sliding window property tester with Hamming gap y(n) = en for every regular
language. We will improve on this observation. Our main contribution are tight
complexity bounds for deterministic and randomized sliding window property
testers for regular languages.

The results of this chapter appeared in [G8].

7.2 Sliding window testers for regular languages

The Hamming distance between two words uw = a; ---ay and v = by --- b, of
equal length is the number of positions where u and v differ, i.e. dist(u,v) =
Hi] ai # bi}l. If ul # [v| we set dist(u,v) = co. The distance of a word u to
a language L is defined as dist(u, L) = inf{dist(u,v) | v € L} € N U {oco}. In this
chapter y: N — R is always a function with y(n) < n for alln € N.

Sliding window testers with one- and two-sided error A deterministic sliding
window (property) tester for a language L C X* and window size n with Hamming
gap y(n) is a deterministic streaming algorithm P,, over the alphabet X with the
following properties:

+ Iflast, (w) € L, then P, accepts w.
+ If dist(last, (w), L) > y(n), then P, rejects w.

A randomized sliding window tester for a language L C ~* and window size
n with Hamming gap y(n) is a randomized streaming algorithm P,, over the
alphabet X with the following properties. It has two-sided error if for every input
stream w € L* we have:

o Iflast, (w) € L, then Pr[P,, accepts w] > 2/3.

o If dist(last,, (w), L) > y(n), then Pr[P,, rejects w] > 2/3.
It is true-biased if for every input stream w € L* we have:

o If last, (w) € L, then Pr[P,, accepts w] > 2/3.

+ If dist(last, (w), L) > y(n), then Pr[P, rejects w] = 1.
It is false-biased if for every input stream w € X* we have:

+ Iflast, (w) € L, then Pr[P,, accepts w] = 1.
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+ If dist(last, (w), L) > y(n), then Pr[P,, rejects w] > 2/3.

We remark that all known property testers with one-sided error are false-biased,
cf. [4, 52, 64]. Again, the success probability 2/3 is an arbitrary choice in
light of Lemma 6.2. The case of Hamming gap y(n) = 0 corresponds to exact
membership testing to L from the previous chapters. We will focus on the two
cases y(n) = O(1) and y(n) = en for some € > 0.

Main results Our first main result is a deterministic logspace sliding window
tester for every regular language.

Theorem 7.1. For every regular language L there exists a deterministic sliding
window tester for L with constant Hamming gap which uses O(logn) space.

Again we use the path summary algorithm for (possibly not well-behaved)
rDFAs. If the path summary of a run is accepting then the run itself might not be
accepting but it can be made accepting by modifying a short prefix.

Theorem 7.1 cannot be improved whenever L is a nontrivial regular language.
Alanguage is L C X* is y(n)-trivial if there exists a number ng such that for all
n > ngwith LN X" # () and all w € £™ we have dist(w, L) < y(n). Hence for
large enough n, whenever L N Z™ # (), then there is a trivial sliding window
tester, which always accepts, and has Hamming gap y(n). If L is O(1)-trivial
we say that L is trivial. Note that Alon et al. [4] call a language L trivial if L is
(en)-trivial for all € > 0 according to our definition. In fact, we will prove that
both definitions coincide for regular languages (Corollary 7.10).

Theorem 7.2. For every nontrivial regular language L there exist ¢ > 0 and
infinitely many window sizes n € N for which every true-biased sliding window
tester with Hamming gap en uses space Q(logn).

Next we consider randomized sliding window property testers. With the
help of Bernoulli counters we can construct a constant-space randomized sliding
window property tester with two-sided error for any regular language.

Theorem 7.3. For every regular language L and every € > O there exists a ran-
domized sliding window tester for L with two-sided error and Hamming gap en
that uses space O(1/¢€).

While the randomized setting with two-sided error allows ultra-efficient
testers, one could argue that allowing a two-sided error is a strong relaxation.
To this end, we study the randomized setting with one-sided error. In this setting
only unions of trivial and suffix-free languages admit sliding window testers
working in space o(logn).

Theorem 7.4. If L is a finite union of trivial regular languages and suffix-free
regular languages then there exists a false-biased randomized sliding window tester
for L with constant Hamming gap which uses O(loglogn) space.

Theorem 7.5. Let L be a regular language.
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(1) If Lis not a finite union of trivial regular languages and suffix-free regular
languages there exist e > 0 and infinitely many window sizes n for which
every false-biased sliding window tester for L with Hamming gap en uses
space Q(logn).

(2) If Lis nontrivial then there exist € > 0 and infinitely many window sizes n
for which every false-biased sliding window tester for L with Hamming gap
en uses space Q(loglogn).

(Co-)nondeterministic sliding window algorithms The lower bounds from
Theorem 7.2 and Theorem 7.5 will in fact be proven for (co-)nondeterministic
algorithms, which include algorithms with one-sided error and deterministic
algorithms. A co-nondeterministic finite automaton (coNFA) P has the same
format as an NFA but accepts a word w if and only if all initial runs of P on w are
accepting. A (co-)nondeterministic sliding window tester P,, for a language L with
Hamming gap y(n) is an (co-)NFA P,, which accepts a stream w if last,, (w) € L,
and rejects w if dist(last,, (w), L) > y(n). Its space complexity is s(P,) = log|P,|.
Every true-biased sliding window tester can be turned into a nondeterministic
sliding window tester; every false-biased sliding window tester can be turned
into a co-nondeterministic one.

7.3 Trivial languages

Let us start by analyzing trivial regular languages. The reason we introduce
trivial languages the way we do (and a justification to call them “trivial”) is
stated in the following theorem:

Theorem 7.6. If L is a trivial language (not necessarily regular), then for every
window size n there is a deterministic sliding window tester for L with constant
Hamming gap which uses constant space. The converse is also true: Let L be
a language which has a deterministic constant-space sliding window tester with
Hamming gap y(n) for every window size n. Then there exists a constant c such
that Lis (y(n) + c)-trivial.

Proof. Assume first that L is trivial. Let n € N be a window size. If LN Z™ = {J,
then the algorithm always rejects, which is obviously correct since any active
window of length n has infinite Hamming distance to L. Otherwise, the algorithm
always accepts. In this case, we use the fact that L is trivial, i.e. there is a constant
c such that the Hamming distance between an arbitrary active window of length
n and L is at most c.

We now show the converse statement. For each window size n € N let P,
be a deterministic sliding window tester for L with Hamming gap y(n) with a
constant number of states, say s states. Let N C N be the set of all n such that
LNE™ # (. Note that every P, with n € N accepts a nonempty language. The
number of deterministic sliding window testers (DFAs) with at most s states
over the input alphabet X is bounded by a fixed constant d (up to isomorphism).
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Hence, at most d different DFAs can appear in the list (P, )nen. We therefore
can choose numbers n; < ny < --- < n, from N with e < d such that for every
n € N there exists a unique n; < n with P,, = P,,, (here and in the following we
do not distinguish between isomorphic DFAs). Let us choose forevery 1 <i< e
some word u; € L of length n;. Now take any n € N and assume that P,, = Py,
where n; < n. Consider any word u € X*u;. Since last,, (u) =u; € L, P, has
to accept u. Hence, P,, accepts all words from ~*u;. In particular, for every
word x of length n — n;, P,, accepts xu;. This implies that dist(xu;, L) < y(n)
for all x € 2™ i, Recall that this holds for all n € N and that N is the set of all
lengths realized by L. Hence, if we define ¢ := max{ni, ..., n.}, then every word
w of length n € N has Hamming distance at most y(n) + ¢ from a word in L.
Therefore L is (y(n) + c)-trivial. O

In the rest of the section we show that every nontrivial regular language L
is already not en-trivial for some € > 0. For this we first show some auxiliary
results that will be also used in Section 7.5. Given i,j > 0 and a word w of
length at least i 4+ j we define cut;j(w) = y such that w = xyz, [x| = i and
|lz| =j. If lw| < i+ j, then cut; ;(w) is undefined. For a language L we define the
cut-language cuty ;(L) = {cut;;(w) [w € L}

Lemma 7.7. If L is regular, then there are finitely many languages cut;;(L).

Proof. Let A =(Q, %, qo, 5, F) be a DFA for L. Given i,j > 0, let I be the set of
states reachable from (g via i symbols and let F’ be the set of states from which
F can be reached via j symbols. Then the NFA A;; = (Q, L, L, , F') recognizes
cut ;(L). Since there are at most 22IQ1 such choices for I and F/, the number of
languages of the form cut; ;(L) must be finite. O

Lemma 7.8. If cut; ;(L) is a length language for some 1,j > O, then L is trivial.

Proof. Assume that cut; (L) is a length language. Let n € N such that LNX™ = ()
and n > i+ j. We claim that dist(w,L) <i+jforallw € £". Let w € I™ and
w’ € LN ZI™. Then cuty;(w’) € cuty;(L) and hence also cut;;(w) € cuty;(L).
Therefore there exist x € £' and z € £ such that x cut;;(w) z € L satisfying
dist(w, x cutyj(w)z) < i4j. O

The restriction of a language L to a set of lengths N C NisL|y ={w e L:
lw| € N}. A language L excludes a word w as a factor if w is not a factor of any
word in L. A simple but important observation is that if L excludes w as a factor
and v contains k disjoint occurrences of w, then dist(v, L) > k: If we change at
most k — 1 many symbols in v, then the resulting word v’ must still contain w as
a factor and hence v’ ¢ L.

Proposition 7.9. Let L be regular. If cut; ;(L) is not a length language for all i,j >
0, then L has an infinite restriction L|N to an arithmetic progression N = d + eN
which excludes a factor.

Proof. First notice that cut; ;(L) determines cut; (L) and cut; ;. (L): we have
cuti;q5(L) = cutyo(cutyj(L)) and similarly for cut; j41(L). Since the number
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of cut-languages cut; (L) is finite there exist numbers i > 0 and d > 0 such
that cutio(L) = cuti;q0(L). Hence, we have cut;;(L) = cuti;q,;(L) for all
j > 0. By the same argument, there exist numbers j > 0 and e > 0 such that
cuty;(L) = cutyjie(L) = cutiyq;5(L) = cutiqq;51e(L), which implies cut;;(L) =
cutyjn(L) = cutiyn;(L) = cutiypnjin(L) for some h > 0 (we can take h = ed).
This implies that cut; ;(L) is closed under removing prefixes and suffixes of length
h.

By assumption cut; (L) is not a length language, i.e. there exist words y’ €
cutyj(L) and y € cut;;(L) of the same length k. Let N ={k+i+j+hn|n € N}.
For any n € N the restriction L|n contains a word of length k +1+j -+ hn because
y’ € cutyj(L) = cutinn,j(L). This proves that L|y is infinite.

Let u be an arbitrary word which contains for every remainder 0 < r < h—1
an occurrence of y as a factor starting at a position which is congruent to r mod
h. We claim that L|n excludes atua’ as a factor where a is an arbitrary symbol.
Assume that there exists a word w € L|y which contains a*ua as a factor. Then
cut; j(w) contains u as a factor, has length k + hn for some n > 0, and belongs
to cut;j(L). Therefore cut;;(w) also contains h many occurrences of y, one per
remainder O < r < h — 1. Consider the occurrence of y in cut; ;(w) which starts
at a position which is divisible by h, i.e. we can factorize cut; j(w) = xyz such
that |x| is a multiple of h. Since cut; ;(w) has length k + hn also |z| is a multiple
of h. Therefore y € cut; |y jz (L) = cuty;(L), which is a contradiction. O

Corollary 7.10. For every regular language L, the following statements are equiva-
lent:

() Lis trivial.
(i) Lis en-trivial for every € > 0.
(iii) cut;;(L) is a length language for some i,j > 0.

Proof. If cuty ;(L) is a length language then L is trivial by Lemma 7.8, and thus
also en-trivial for any € > 0. It remains to show the direction (ii) to (iii). If (iii)
would not hold then some infinite restriction L|y of L excludes a factor w by
Proposition 7.9. Hence if n € N and v is any word of length n, which contains
at least |[n/|w|| many disjoint occurrences of w, then dist(v,L) > |[n/lw|]. O

Examples of trivial languages include all prefix testable and all suffix testable
languages, and also the set of all words over {a, b} which contain an even number
of a’s.

7.4 Upper bounds
For this section we fix a regular language L and an rDFA B = (Q, %, F, 5, qo). All

presented sliding window testers are based on the path summary algorithm from
Section 4.1.
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7.4.1 Preliminary results

First observe that in sliding window property testing, space complexity is pre-
served under finite unions since dist(w, L1 U Ly) = min(dist(w, L), dist(w, Ly)).

Lemma 7.11. Let P1 and P, be randomized sliding window testers for L1 and Lo,
respectively, for window size . with Hamming gap y(n) and two-sided error. Then
there exists a sliding window tester for L1 U Ly for window size n with Hamming
gap y(n) and two-sided error using O(s(P1) + s(P2)) bits. The same holds for
randomized algorithms with one-sided error and deterministic algorithms.

Proof. Using Lemma 6.2 we reduce the error of P; and P, to 1/6. Then we run
both algorithms in parallel and accept if and only if one of them accepts.

If the window belongs to [; UL, then either P; or P, accepts with probability
5/6. If the window w satisfies dist(w, L; U Ly) > y(n) then dist(w, L;) > y(n)
for both i = 1, 2. Hence both algorithms falsely accept with probability at most
1/6 +1/6 =1/3. O

Strongly connected graphs With the rDFA B we associate the directed graph
(Q,E) with edge set E = {(p,d(a,p)) | p € Q,a € X}. The period g(G) of a
directed graph G is the greatest common divisor of all cycle lengths in G. If G is
acyclic we define the period to be co. We will apply the following lemma to the
SCCs of B.

Lemma 7.12 ([4]). Let G = (V, E) be a strongly connected directed graph with
E # () and finite period g. Then there exist a partition V = |J¢_, Vi and a constant
m(G) < 3|V[? with the following properties:

o Forevery 0 < 1,j < g — 1 and for every u € Vi, v € Vj the length of every
directed path from u to v in G is congruent to j — i modulo g.

¢ For every 0 < i,j < g—1, for every u € Vi, v € V; and every integer
r > m(G), if r is congruent to j — i modulo g, then there exists a directed
path from wto v in G of length r.

If G = (V,E) is strongly connected with E # () and finite period g, and
Vo, ..., Vg1 satisfy the properties from Lemma 7.12, then we define the shift
fromu € Vitov e V; by

shift(u,v) = (j—1) mod g € {0,...,g— 1}. (7.1)

Notice that this definition is independent of the partition U?;Ol V; since any path
from u to v has length ¢ = shift(u,v) (mod g) by Lemma 7.12. Also note that
shift(u, v) + shift(v,u) = 0 (mod g).

Lemma 7.13 (Uniform period). There exists an rDFA B’ for L and a number g
such that every nontransient SCC C in B’ has period g(C) = g.
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Proof. Let g be the product of all periods g(C) over all nontransient SCCs C in
B. In the following we compute in the additive group Z4 = {0,...,g — 1}. We
define

BxZg=(QxZg,L,FxZg¥5", (qo,0)),

where for all (p,i) € Q X Zg4 and a € X we set

o
]
—

Y

—+

Ju—t

—

if p and 6(a, p) are strongly connected,

5'(a, (p, 1)) = {( (a

(6(a,p),0), otherwise.

Clearly, B x Zq is equivalent to B. We show that every nontransient SCC of
B x Zg has period g. The nontransient SCCs of B x Z are the sets C x Z4, where
C is a nontransient SCC of B. Let C be a nontransient SCC of B. Clearly, every
cycle length in C x Zg is a multiple of g. Moreover, by Lemma 7.12 the SCC C
contains a cycle of length k - g(C) for every sufficiently large k € N (k > m(C)
suffices). Since g is a multiple of g(C), C also contains a cycle of length k - g
for every sufficiently large k. But every such cycle induces a cycle of the same
length k - g in C x Z4. Hence there exists k € N such that C x Zg contains
cycles of length k - g and (k + 1) - g. It follows that the period of C x Z4 divides
ged(k - g, (k+1)-g) = g. This proves that the period of C x Zg is exactly g. O

Henceforth, we assume that B has property from Lemma 7.13 and fix the
number g such that all nontransient SCCs have period g.

Periodic acceptance sets For a € N and X C N we use the standard notation
X+ a={a+x]|x € X}. For a state q € Q we define Acc(q) ={n e N| 3w €
I™:8(w, q) € Fl. Aset X C N is eventually d-periodic, where d > 1 is an integer,
if there exists a threshold t € N such that for all x > t we have x € X if and only
if x + d € X. If X is eventually d-periodic for some d > 1, then X is eventually
periodic.

Lemma 7.14. For every q € Q the set Acc(q) is eventually g-periodic.

Proof. It suffices to show that forall0 < r < g—1thesetS, ={ieN|r+i-ge
Acc(q)} is either finite or co-finite. Consider a remainder 0 < r < g — 1 where S,
is infinite. We need to show that S, is indeed co-finite. Let i € S, with 1 > |Q|,
i.e. there exists an accepting run 7t from q of length r +1i - g. Since 7 has length
at least |Q| it must traverse a state g in a nontransient SCC C. Choose j, such
that jo - g > m(C) where m(C) is the reachability constant from Lemma 7.12. By
Lemma 7.12 for all j > j, there exists a cycle from q to q of length j - g. Therefore
we can prolong 7t to a longer accepting run by j - g symbols for any j > jo. This
proves that x € S, for every x > 1 + jo and that S, is co-finite. O

Two sets X, Y C N are equal up to a threshold t € N, in symbol X =, Y, if for
all x > t: x € Xiff x € Y. Two sets X, Y C N are almost equal if they are equal up
to some threshold t € N.
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Lemma 7.15. A set X C N is eventually d-periodic iff X and X 4+ d are almost
equal.

Proof. Lett € N be such that for all x > t we have x € X if and only if x+ d € X.
Then X and X 4 d are equal up to threshold t + d. Conversely, if X =¢ X + d,
then for all x > t we have x + d € X if and only if x + d € X + d, which is true if
and only if x € X. O

Lemma 7.16. Let C be a nontransient SCC in B, p,q € C and s = shift(p, q).
Then Acc(p) and Acc(q) + s are almost equal.

Proof. Let k € Nsuch that k-g > m(C) where m(C) is the large enough constant
from Lemma 7.12. By Lemma 7.12 there exists a run from p to q of length s+k-g,
and a run from q to p of length (k + 1) - g — s (the latter number is congruent to
shift(q, p) modulo g). By prolonging accepting runs we obtain

Acc(q) +s+k-g C Acc(p) and Acc(p) + (k+1)-g—s C Acc(q).
Adding s + k - g to both sides of the last inclusion yields
Acc(p) + (2k+1) - g C Ace(q) +s+ k- g C Acc(p).

By Lemma 7.14 and Lemma 7.15 the three sets above are almost equal. Also
Acc(q) + s+ k- g is almost equal to Acc(q) + s by Lemma 7.14 and Lemma 7.15.
Since almost equality is a transitive relation, this proves the statement. O

Corollary 7.17. There exists a threshold t € N such that
(1) Acc(q) =¢ Acc(q) + g forall q € Q, and
(i) Acc(p) =t Acc(q) + shift(p, q) for all nontransient SCCs C and all p, q € C.

We fix the threshold t from Corollary 7.17 in the following. The following
lemma is the main tool to prove the correctness of our sliding window testers. It
states that if a word of length n is accepted from p and p is any internal run from
p of length at most n, then, up to a bounded length prefix, p can be extended to
an accepting run of length n. Formally, a run 7t k-simulates a run p if one can
factorize p = p1p2 and 7w = 7' p, where |p1| < k.

Lemma 7.18. If p is an internal run starting from p of length at most n and
n € Acc(p), then there exists an accepting run 7 from p of length n which t-
simulates p.

Proof. If |p| < t, then we choose any accepting run 7t from p of length n € Acc(p).
Otherwise, if |p| > t, then the SCC C containing p is nontransient and we can
factor p = p1p2 such that |p;| = t where p, leads from p to q. Set s := shift(q, p),
which satisfies s + [p2| = 0 (mod g) by the properties in Lemma 7.12. Since
Acc(q) =t Acc(p) + s by Corollary 7.17, n > t and n € Acc(p), we have
n+s € Acc(q). Finally since n+s = n—|pz| (mod g) and n—|py| = n—|p|+t >t
we know n — |py| € Acc(q). This yields an accepting run 7’ from q of length
n — |pz|. Then p is t-simulated by 7 = 7t/ p,. O
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7.4.2 Deterministic sliding window tester

We are now ready to prove Theorem 7.1.

Proof of Theorem 7.1. Let n € N be a window size. If n < |Q| we use a trivial
streaming algorithm which stores the window explicitly. By Lemma 4.2 we
can maintain the set of all path summaries PSg(w) = {ps(m,,q) | g € Q} for
the active window w € I™. In fact, the path summary algorithm works for
variable-size windows but we do not need this here. By Proposition 4.3 the path
summary algorithm requires O(logn) bits.

It remains to define a proper acceptance condition. Consider the SCC-
factorization of 7, q,, SAY 7w, qy = Tm Tm—17m—1 - - - T171 and its path summary
(¢, qm) - -+ (&1, g1). The algorithm accepts if and only if the path summary is
accepting, i.e. £y, = || € Acc(qm). If w € L then clearly |, | € Ace(qm). If
|Ttm| € Acc(qqm ) then the internal run 7t,,, can be t-simulated by an accepting run
i/, of equal length by Lemma 7.18. The run 7}, Trm—17tm—1 - - - T1711 iS accepting
and witnesses that pdist(w, L) < t. O

7.4.3 Sliding window tester with two-sided error

Fix a parameter O < € < 1 and a window length n € N. The goal is to construct a
randomized sliding window tester for L with two-sided error and Hamming gap
en that uses O(1/e€) bits. If en/4 < t + 1 then we use a trivial sliding window
tester that stores the window explicitly with n = O(1/¢€) bits. Now assume
t+ 1 < en/4 and define the parameters h =n—tand { = (1 —e)n+t+ 1,
which satisfy

gi(l—e)n+t+1<(1—e)n+§n
h n—t T on—%n )
7.
—3e 1-1le € (7.2)
= 1.~ 1.~ i S1-ge
— € 1726 1716 2

Let Z be the (h, {)-counter with error probability 1/(3|Q|) from Proposition 6.8,
which uses O(log(1/€)) space by (7.2). The counter is used to define so-called
compact summaries of runs.

A compact summary K = (qm, Tm,Cm) - - - (q2, T2, ¢2)(q1, 71, 1) iS a sequence
of triples, where each triple (q;, i, ci) consists of a state q; € Q, a remainder
0 < r1; < g—1, and a state c; of the (h,{)-counter Z. The state c; is always
low, and r; = 0. We say that k represents a run 7t if the SCC-factorization of 7t
has the form 70, Ty _17tm_1 - - - T1711, and the following properties hold for all
I<ig<m

(C1) my startsin qi;
(C2) 7y =|ti—1mi—1 - - Ty mod g;

(C3) if |ty_q1mi_1 - -11m| < (1 —e)n+t+ 1 then c; is a low state;
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dm qiv1 qi qi-1 qQ1
- >

ciand r; (mod g)

Figure 7.1: A compact summary of a run 7.

(C4) if |Ti_17'lfi_1 s T1’7T1| >n—t then Ci isa hlgh state.

The idea of a compact summary is visualized in Figure 7.1. If m > |Q| then
the above compact summary cannot represent a run. Therefore, we can assume
that m < |Q|. For every triple (q;i,1i,ci), the entries q; and r; only depend
on the rDFA B, and hence can be stored with O(1) bits. Every state c; of the
probabilistic counter needs O(log(1/¢)) bits. Hence, a compact summary can
be stored in O(log(1/€)) bits. In contrast to Theorem 7.1, we maintain a set of
compact summaries which represent all runs of B on the complete stream read
so far (not only on the active window) with high probability.

Proposition 7.19. For a given input stream w € L*, we can maintain a set of
compact summaries S containing for each q € Q a compact summary kq € S
starting in q such that k4 represents the unique run m,, q with probability at least
2/3.

Proof. For each state in Q, we initialize the compact summary so that it repre-
sents the run 7, 4. Consider a compact summary K = (qm, Tm,Cm) - - - (q1,71,€1),
which represents a run 7, 4,. We prolong « by a transition ¢, & pin B as fol-
lows:

+ if p and q are not in the same SCC, then we increment all counter states
ci, increment all remainders r; mod g, and append a new triple (p, 0, c1);

¢ if p and g belong to the same SCC, then we increment all counter states
ci for 2 < i < m, increment the remainder r; mod g for 2 < 1 < m, and
replace q; by p.

If a € I is the next input symbol of the stream, then S is updated to the new
set S’ of compact summaries by iterating over all transitions q <> p in B and
prolonging the compact summary starting in q by that transition.

To verify correctness, consider a compact summary k computed by the algo-
rithm. Properties (C1) and (C2) are satisfied by construction. Furthermore, since
the length of k is bounded by |Q| and each instance of Z has error probability
1/(3]Q|) the probability that property (C3) or (C4) is violated is at most 1/3 by
the union bound. O]

It remains to define an acceptance condition on compact summaries. For
every q € Q we define

AcCroq(q) = {¢ mod g | { € Acc(q) and { > t}.
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Let k = (qm,Tm>Cm) - (q1,7T1,¢1) be a compact summary. Since c; is the
low initial state of the probabilistic counter, there exists a maximal index i €
{1,..., m} such that c; is low. We say that « is accepting if n — r; (mod g) €
ACCiod (i)

Proposition 7.20. Assume that en > t. Let w € Z* with |[w| > n and let k be a
compact summary which represents ,, q,.

(D) Iflast,, (w) € L, then « is accepting.
(i) If k is accepting, then pdist(last,, (w),L) < en.

Proof. Consider the SCC-factorization of m = 7y, q, = TmTm_1---T171. Let
K = (gm,>Cm,Tm) - (q1,c1,71) be a compact summary representing 7. Thus,
g1 = qo. Consider the maximal index 1 < i < m where c; is low, which means
that |t;_17_1---T1711| < n—t by (C4). The run of B on last, (w) has the
form 7| T 171 - - - Ty for some suffix 7ty of .. We have |m 1| =
n—|ti_17i_1---T1711| > t. By (C2) we know that

Ty = ‘Tiflﬂifl . ‘T17'[1| mod g=—n-— |7T{<Tk,1 . ’ﬂi‘ mod g.

For point 1 assume that last,,(w) € L. Thus, 7} Tx_17x_1 - - - T1711 iS an accepting
run starting in qo. By (C1) the run 7t Ty - - - 71; starts in q;. Hence, 71, Ty—1 - - - 4
is an accepting run from q; of length at least t. By definition of Acc,,4(qi) we
have

|7t Tk—1 -7l mod g =n — 1y mod g € AcCroa(qi),

and therefore « is accepting.
For point 2 assume that k is accepting, i.e.

(m—ri) mod g = |m Ty 1+ 7| mod g € AcCinoa(qi)-

Recall that |t T\ - - - ;| > t. By definition of Acceq(qi) there exists an accept-
ing run from q; whose length is congruent to |, T - - - 7;| mod g and at least
t. By point (i) from Corollary 7.17 we derive that |m} Tx_1 - - - 7ti| € Acc(q;). We
claim that |7ty ti_1711 - - T1711] = (1 — €)n + t by a case distinction. If i = m,
then clearly |ty 1711+ - T1m1| > n > (1 —e)n+t. If i < m, then ¢, 1 is high
by maximality of i, which implies |t;i7t; - - - T1711] > (1 —€)n+t+ 1 by (C3). Since
T; has length one, we have |ty 171 1 - T > (1 —e)n+t.

Since |my T - - - ;| € Acc(qy), we can apply Lemma 7.18 and obtain an ac-
cepting run p of length |7/ Ty—1 - - - ;| € Acc(qy) starting in q; which t-simulates
the internal run 7t;. The prefix distance from p to 7t Tx_1 - - - 713 is at most

M1 Tl +t=n—|mTi1m1--tml+t<n—(1—en=en.

Therefore the prefix distance from the accepting run pt;_17t;_1 - - - T1711 to the run
T, Tk—17k—1 - - - T170 iS also at most en. This implies pdist(last, (w),L) < en. O

We are now ready to prove Theorem 7.3.
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Proof of Theorem 7.3. As mentioned above we use a trivial sliding window al-
gorithm whenever en/4 < t + 1, using O(1/¢€) bits. Otherwise, we use the
algorithm from Proposition 7.19, which is initialized by reading (™. It maintains
a compact summary which represents m,, 4, with probability 2/3 for the read
stream prefix w. The algorithm accepts if that compact summary is accepting.
From Proposition 7.20 we get:

o If last, (w) € L, then the algorithm accepts with probability at least 2/3.

+ If pdist(last, (w), L) > en, then the algorithm rejects with probability at
least 2/3.

This concludes the proof of Theorem 7.3. O

7.4.4 Sliding window tester with one-sided error

Let L be a finite union of trivial regular languages and suffix-free regular lan-
guages. In this section, we present a randomized sliding window tester for L
with one-sided error and Hamming gap y(n) = en that uses space O(loglogn).
By Lemma 7.11 and Theorem 7.6, it suffices to consider the case when L is a
suffix-free regular language. Since L is suffix-free, B has the property that no
final state can be reached from a final state by a nonempty run. We decompose
B into a finite union of partial rDFAs, cf. Section 4.2.2.
A path description is a sequence

(K, ars Pr—1)> Cx—1, ..+, (q2, a2, p1), C1, (q1, a1, o), Co, qo

where Cy_1,...,Cq is a chain (read from right to left) in the SCC-ordering of B,
Pi, qi € Ci, qit1 Piasal p; is a transition in B forall 0 <i<k—1, and qx € F.

Each path description defines a partial rDFA Bp = (Qp, L,{qx}, 6p, o) by
restricting B to the state set Qp = Ul:ol Ci U{qxJ, restricting the transitions of
B to internal transitions from the SCCs C; and the transitions q;.1 S pi, and
declaring qy to be the only final state. The rDFA is partial since for every state
pi and every symbol a € I there exists at most one transition q <~ p;. Since the
number of path descriptions P is finite and L(B) = |Jp L(Bp), we can fix a single
path description P and provide a sliding window tester for L(Bp) (we again use
Lemma 7.11 here).

From now on, we fix a path description

P = (qx, ax, Px—1), Ck—1,. .., (g2, a2, p1), C1, (q1, a1, o), Co, qo

and the partial automaton Bp = (Qp, Z,{qx}, dp, qo) corresponding to it. The
acceptance sets Acc(q) are defined with respect to Bp. If all C; are transient,
then L(Bp) is a singleton and we can use a trivial sliding window tester with
space complexity O(1). Now assume the contrary and let 0 < e < k— 1 be
maximal such that C. is nontransient.
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Lemma 7.21. There exist numbers 1q,...,Tk—1,50,...,Se € N such that the
following holds:

(i) Forall e+ 1 < i<k, the set Acc(q;) is a singleton.
(ii) Every run from q;i to qi+1 has length r; (mod g).
(iii) Forall 0 < i< e, Acc(qi) =s, Z) ; 15+ gN.

Proof. Point (i) follows immediately from the definition of transient SCCs. Let
us now show the second part of the claim.

Let 0 < i € k—1 and let N; be the set of lengths of runs of the form
qi+1 JaAREE Pi & gi in Bp. If C; is transient, then N; = {1}. Otherwise, by
Lemma 7.12 there exist a number r; € N and a cofinite set D; C N such that
N; = r; + gD;i. We can summarize both cases by saying that there exist a
number 1; € N and a set D; C N which is either cofinite or D; = {0} such that
N; = r; + gD;. This implies point (ii). Then the acceptance sets in Bp satisfy

k—1 k-1 k-1
Acc(q ZN)—ZT;-FQD]'):ZTJ""QZDJ'-
j=i j=i =y

For all 0 < 1 < e we get Acc(qi) =s, Z}:il 1; + gN for some threshold s; € N

(note that a nonempty sum of cofinite subsets of N is again cofinite). O

Let p be a random prime with ©(loglogn) bits. We choose p as in the proof
of Lemma 6.11 such that Pr[{ =n (mod p)] < 1/3forall0 < ¢ < 2n, { # n.
Define a threshold s = max{k, Z}‘;()l Tj,50,.-.,5¢} and for a word w € L* define
the function {,,: Q — N U {oo} where

6 (q) =inf{t € N | op(laste(w), q) = qi}

(we set inf() = co0). We now define an acceptance condition on {,,(q). If
n ¢ Acc(qo), we always reject. Otherwise, we accept w iff £,,(qo) = n (mod p).

Lemma 7.22. Let n € Acc(qo) be a window size with n > s + |Qp| and w € L*
with |w| > n. There exists a constant ¢ > 0 such that:

() if last, (w) € L(Bp), then w is accepted with probability 1;

(i) if pdist(last, (w), L(Bp)) > c, then w is rejected with probability at least
2/3.

Proof. Assume first that last,(w) € L(Bp). Since L(Bp) C L is suffix-free,
{w(go) =n (mod p) and w is accepted with probability 1.

Consider now the case when last,,(w) ¢ L(Bp). By definition, in this case
L (go) # n. In other words, only two cases are possible: either {,,(qo) < n
or {,,(qo) > n. If {,,(qo) < n, then by the choice of p we have {,,(qp) Z n
(mod p) with probability at least 2/3.

We finally consider the case {,,(qo) > n. We will show that in this case the
prefix distance between last, (w) and L(Bp) is bounded by a constant ¢, which
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means that we can either accept or reject. Let 7t be the initial run of Bp on
last, (W), and let 71 = 7T, Tin—17Tm—1 * - - To7To be its SCC-factorization. We have
|l = n. Since £,,(qo) > n, the run 7t can be strictly prolonged to a run to qyx and
hence we must have m < k. For all 0 < 1 < m, the run 7t; is an internal run in
the SCC C; from q; to p;. Forall 0 < i < m — 1 we have t; = (qi4+1 Lt Pi)
and |ty7i| = 1y (mod g), by point (ii) from Lemma 7.21. We claim that there

exists an index 0 < ip < m such that the following three properties hold:
1. qi, is nontransient,
2. M Tm—1Tm—1 - Ti, T, | = S,
3. mTm—1Ttm—1" " Tig+1Tio+1] < 5 +[Qpl.

Indeed, let 0 < i < m be the smallest integer such that q; is nontransient
(recall that n > |Qp| and hence 7 must traverse a nontransient SCC). Then
Ti_ 171 - - - ToTp only passes transient states and hence its length is bounded by
|Qp|. Therefore we have

[Tt Tm—1Tm—1 - T =N — |T317i—1 - - - ToTo| = N — [Qp| > s.

Now let 0 < ip < m be the largest integer satisfying properties 1 and 2.
If T Tm—17tm—1 - Tiy4+174,+1 ONly passes transient states, then its length is
bounded by m — iy < s + m, and we are done. Otherwise, let ip + 1 < j < m be
the smallest integer such that q; is nontransient. The run Tj_175_1 - - - Tiy+17Tig+1
only passes transient states and therefore it has length j — ip — 1. By maximality
of ip, we have |7, Tm—17tm—1 - - - Tj75| < s and hence property 3 holds:

T Tm—1Tm 1 Tig41Mig+1| = [7Tm - 'Tjﬂj\ + |Tj717'[j71 T 1T 41
<s+j—ipg<s+m.

Let 0 < ip < m be the index satisfying properties 1-3. Since qi, is nontran-
sient, we have iy < e and therefore Acc(qi,) =s Z}:ilo r; + gN. We have
ITtm Tm—1Ttm—1 - - - T4, T, | € Acc(qi,) because it is larger than s (by property 2)
and

Tl Tm—1Tlm—1 - - - TigTliy| = T — |Tiy—17Tiy—1 - - - ToTo|

ip—1 k—1
=n-— er = er (mod g),
j=0 j=1o

where the last congruence follows from the fact that n € Acc(qp) =s Z}‘;Ol T +

gN.
By Lemma 7.18 there exists an accepting run 7’ which t-simulates 7t;, and
has length |7t T —17m—1 - - - T4, 7, |. The prefix distance between the runs m =
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TmTm—1TTm—1 - * - ToTo and 7'["[‘1717'[10,1 -+« ToTTp is at most

M Tm—1Tm—1 " Tigl + 1 = [Tt Tm—1Tm—1 " Tig41Tio+1| + 1+ t
<l+s+m+t

by property 3. O

Proof of Theorem 7.4. Let n € N be the window size. From the discussion above,
it suffices to give a sliding window tester for a fixed partial automaton Bp.
Assume n > s + |Q|, otherwise a trivial tester can be used. If n ¢ Acc(qo),
the tester always rejects. Otherwise, the tester picks a random prime p with
O(loglogn) bits and maintains {,,(q) (mod p) for all ¢ € Qp, where w is the
stream read so far, which requires O(loglogn) bits. When a symbol a € X
is read, we can update (., using {,,: If ¢ = qx, then £,,4(q) = 0, otherwise
Lwalq) =14+ 4, (0p(a,q)) (mod p) where 1 + co = oo. The tester accepts if
¢w(go) =n (mod p). Lemma 7.22 guarantees that the tester is false-biased. [J

7.5 Lower bounds

7.5.1 Tradeoff between Hamming gap and space

Comparing Theorem 7.1 and Theorem 7.3 leads to the question whether one
can replace the Hamming gap y(n) = en in Theorem 7.3 by a sublinear function
v(n) while retaining constant space at the same time. We show that this is not
the case:

Lemma 7.23. Let L = a* C {a, b}*. Every randomized sliding window tester with
two-sided error for L and window size n with Hamming gap y(n) needs space

Q(logn —logy(n)).

Proof. We reduce from the greater-than-function GT,,,, whose randomized one-
way communication complexity is Q(log m) (Theorem 6.12). Consider a random-
ized sliding window tester P, for a* and window size n with Hamming gap y(n).
Let k :=y(n) + 1 and define m = [n/k|. Hence we have n = mk + r for some
T < k. We divide the window into m blocks of length k. We then obtain a random-
ized one-way protocol for the greater-than-function on the interval {1,..., m}:
Alice produces from her input i € {1, ..., m} the word w; = b*a"™*(m~1k She
then runs P,, on w; and sends the memory state to Bob. Bob continues the run
of the randomized sliding window tester, starting from the transferred memory
state, with the input stream a’*. He obtains the memory state reached after
the input b*a™+(m—i+i)k_Finally, Bob outputs the negated answer given by the
randomized sliding window tester. If i < j, then last,, (b*a™(m=i+ilk) — gn ¢ [,
On the other hand, if i > j, then

pa™ M=k —k pr 4 (m—i+jk<k4+r+(m—1k=r+mk=n
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and hence last, (b*a™(m~1+i)k) contains at least k many b’s. Since the Ham-
ming distance between this window and a* is at least k = y(n) + 1, the al-
gorithm must reject with high probability. Therefore s(?,) = Q(logm) =
Q(logn —logy(n)). O

For example if y(n) < n¢ for some 0 < ¢ < 1 then the space complexity must
be at least Q(logn).

7.5.2 Nontrivial languages

Next we prove Theorem 7.2 and Theorem 7.5(2). Since every true-biased
sliding window tester can be turned into a nondeterministic one (by forgetting
probabilities), we obtain Theorem 7.2 from the following proposition.

Proposition 7.24. Let L be regular and nontrivial. Then there exists 0 < € < 1
and infinitely many window sizes n such that every nondeterministic sliding window
tester for L with Hamming gap en uses at least logn — O(1) space.

Proof. By Lemma 7.8, cut; ;(L) is not a length language for all i,j > 0. Let N
be the set of lengths from Proposition 7.9 such that L|y is infinite and excludes
some factor w¢. Let ¢ = |w¢| > 0 and choose 0 < € < 1/c. Since N is an
arithmetic progression, L|y is regular. Recall that every word v that contains k
disjoint occurrences of wy has Hamming distance at least k from any word in
Lin. Let A =(Q, %, qo, 5, F) be a DFA for L|y. Since L(A) is infinite, there must
exist words x, y, z such that y # A and for 5(qo,x) = q we have 5(q,y) = q and
5(q,z) € F. Let d = |xz| and e = |y| > 0, which satisfy d + eN C N.

Fix a window length n € N and consider a nondeterministic sliding window
tester P, for L and n with Hamming gap en. Define for k > 0 the input streams

w, = whixy® and v, = wz = whixy*z.

Let « = ce < 1. If 0 < k < 1= =¢=d | "then the suffix of vy of length n
contains at least

n—d—ek S n—d—(1-ajn+c+d| |an+c
c - c N c

J =len+1|>en

many disjoint occurrences of wy. Hence, P,, must reject any of the input streams
v for 0 < k < LWJ.

Assume now that the window size n satisfies n > d and n = d (mod e).
Write n = d + le for some 1 > 0. We have 1 > L(lfm%cfdj. The suffix of
vi = wixy'z of length n is xy'z € Lln. Therefore P, accepts vy, i.e. there
exists a successful run 7t of P, on v;. Let m be the number of states of P,,. For
0 < i < llet p; be the state on the run 7 that is reached after the prefix wi*xy'
of Vi.

Assume now that m < |
jwith0 <1i<j < L(l_“)+°_‘1j such that p; = p; =: p. By cutting off cycles
at p from the run 7t and repeating this, we finally obtain a run of ?, on an

M+Hj. Then there must exist numbers i and
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input stream v, = wixy*z with k < | 2=*2=¢=4 | This run is still successful,

and hence P,, accepts vy with k < LM+HJ. This contradicts our previous

1—oc]n—c—dj
e

observation. Hence, P, must have more than L( states. This implies

(I1—a)n—c—d
e

s(Pn) >log< ) >logn+log(l—o)—0O(1),

which proves the theorem. O

Proposition 7.25. Let L be regular and nontrivial. Then there exists 0 < € < 1
and infinitely many window sizes n such that every co-nondeterministic sliding
window tester for L with Hamming gap en uses at least loglogn — O(1) space.

Proof. We can transform any coNFA P = (Q, X, I, A, F) into an equivalent DFA
over the state set 29 using the powerset construction. The only difference to
the powerset construction for NFAs is that a state P C Q is declared final if
and only if P C F. Since the lower bound from Proposition 7.24 also holds
for deterministic sliding window testers we obtain loglogn — O(1) as a lower
bound for the space complexity of co-nondeterministic sliding window testers
for nontrivial regular languages. O

7.5.3 Finite unions of suffix-free and trivial languages

Finally, we need to show the Q(logn) lower bound in Theorem 7.5(1), which
will be proven for co-nondeterministic SW-testers. We start with the following
observation.

Lemma 7.26. Every regular suffix-free language excludes a factor.

Proof. Let B = (Q, X, F, 0, qo) be an rDFA for L. Since L is suffix-free, we can
assume that there is a single minimal SCC that consists of a single state qz; ¢ F
(if a minimal SCC would contain a final state, then L would not be suffix-free).
We have 6(a, qfit) = qp for all a € Z. We construct a word wy € L* such
that 5(p,ws) = g for all p € Q. Let py,...,pm be an enumeration of all
states in Q \ {qs}. We then construct inductively words wo, w1, ..., wy € L*
such that for all 0 < i < m: 8(wi,p) = qpu for all p € {p1,...,pi}. We start
with wo = &. Assume that w; has been constructed for some 1 < m. There
is a word x such that that 5(x, 8(wi, pi+1)) = gt We set wiy1 = xw;. Then
d(Wir1,Pir1) = 0(xwi, piy1) = qrag and S(wiy1,P;) = d(wix, pj) = 8(X, Qrait) =
fait for 1 < j < i. We finally define wy = wy,. O

Lemma 7.27. Every regular language L satisfies one of the following properties:

¢ L is a finite union of regular trivial languages and regular suffix-free lan-
guages.

o L has a restriction L|n which excludes some factor and contains y*z for some
y,z € X% |yl >0.
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Proof. Let B =(Q,%,F,5,qo) be an rDFA for L. Let B, = (Q, L, F;, d, qo) where
F, is the set of nontransient final states and B = (Q, Z,{q}, 9, qo) for q € Q.
We can decompose L as a union of L, = L(B,) and all languages L(B) over
all transient states q € F. Notice that L(B) is suffix-free for all transient q € F
since any run to q cannot be prolonged to another run to q. If L, is trivial,
then L satisfies the first property. If L, is nontrivial, then by Lemma 7.8 and
Proposition 7.9 there exists an arithmetic progression N = a + bN such that
L,|n is infinite and excludes some word w € X* as a factor. Let z € L, |y be any
word. Since B, reaches some nontransient final state p on input z there exists a
word y which leads from p back to p. We can ensure that |y| is a multiple of b by
replacing y by a suitable power y'. Then y*z C L,|y C L|n. Furthermore since
each language L(B,) excludes some factor wq by Lemma 7.26 the language
Ln CLInUU q L(B4) excludes any concatenation of w and all words wq as a
factor. O

Theorem 7.28. Let L be a regular language that is not a finite union of regular
trivial languages and regular suffix-free languages. Then there exist 0 < € < 1 and
infinitely many window sizes n for which every co-nondeterministic sliding window
tester for L with Hamming gap en uses at least logn — O(1) space.

Proof. By Lemma 7.27, L has a restriction L|y which excludes some factor w¢
and contains y*z for some y,z € X*, [y| > 0. Let ¢ = |[w¢| > 1. We choose
€ < 1/c. Let d = |z| and e = y|. Fix a window length n € N and define
for k > 0 the input streams w, = wl'y* and v = wez = wiy*z. Consider
a co-nondeterministic sliding window tester P, for L and window size n with
Hamming gap en. Let x =ce < 1l and r = L(l_o‘)+°_dj. If 0 < k < 1, then the
suffix of vy of length n contains at least

{n—d—ekJ < {n—d—(l—cx)n—kc—de

an +c
c c

c J—Len+1j>en

many disjoint occurrences of w¢. Hence, P,, must reject the input stream vy
for 0 < k < 1, i.e. there is an P,,-run on vy that starts in an initial state and
ends in a nonaccepting state. Consider such a run 7 for v,. For 0 < i < rlet p;
be the state in 7t that is reached after the prefix w?yi of v,. Let now m be the
number of states of P, and assume m < r. There must exist numbers i and j
with 0 <1 < j < rsuch that p; = p; =: p. It follows that there is an P,,-run on
y 1 that starts and ends in state p. Using that cycle we can now prolong the run
m, i.e. for all t > O there is an P, -run on v, (j_i).c = wiy™"U-Vtz that starts
in an initial state and ends in a nonaccepting state.

Assume now that the window size satisfiesn > d and n = d (mod e). Write
n = d + le for some 1 > 0. Note again that each n with this property satisfies
n € N since the word y'z belongs to Lln. We have | > | 1=9)=¢=d | _ . For
every k > 1, the suffix of vi = wl'y*z of length n is y'z € L. Therefore P,
accepts vy, i.e. for all k > 1, every P, -run on vy that starts in an initial state has
to end in an accepting state. This contradicts our observation that for all t > 0
there is an P -run on v, (j_;). that goes from an initial state to a nonaccepting
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l—a)n—c—d

state. Hence, A,, has atleastr+1 > ( states. It follows that

(I—an—c—d
e

s(ﬂ)n)>log< ) >logn —0(1).

This proves the theorem. O

7.6 Conclusion

In this chapter we proved that every regular language has a randomized (deter-
ministic) sliding window tester using constant (logarithmic) space. We described
the regular languages that are trivial in the context of property testing. Further-
more, we characterized the regular languages that admit sliding window testers
with one-sided error and o(logn) space.

Open problems

1. In the introduction we mentioned the sampling algorithm over sliding
windows [23], which uses O(1) memory words, i.e. O(logn) bits (to store
positions in the window). Using this result, any sampling-based property
tester which makes q(n) queries can be turned into a sliding window
property tester using O(q(n)logn) bits of space, see [23, Theorem 5.1].
We pose the question whether one can rule out a o(logn)-space sampling
algorithm over sliding windows.

2. Does every context-free language have a deterministic sliding window
tester with Hamming gap en using O(logn) space (or at least space o(n))?

3. Does every context-free language have a randomized sliding window tester
with Hamming gap en that uses constant space (or at least space o(n))?

Related work The third open problem is related to the question whether every
context-free language has a property tester making o(n) many queries. While the
general case seems to be open, some progress has been done for Dyck languages
[48, 96]. Alon et al. [4] presented a two-sided error property tester for D;
with O(1) queries. For D,,, where m > 2 there currently best upper bound on
the query complexity is O(n?/5+%) for any & > 0 and the best lower bound is
Q(nl/%) [48].

Lachish, Newman and Shapira studied the relation between (offline) space
complexity and the query complexity of languages [83]. They construct lan-
guages with space complexity O(s(n)) and query complexity 22(s(") for every
loglogn < s(n) < 1% logn. Furthermore, the authors conjecture that any
language with space complexity s(n) can be tested with 2°(5(")) many queries.



Chapter 8

Strict correctness

8.1 Introduction

In this chapter we look at a stronger correctness definition of randomized sliding
window algorithms. Let ® C XI* x Y be an approximation problem, which
associates with each word w € * a set of admissible or correct outputs values
in Y. This generalizes the previous definition of computational problems as
functions @: £* — Y. For example, let ¢: * — N be a statistical function,
say counting the occurrences of a certain symbol or the number of distinct
symbols. We can define the e-approximation problem of ¢ to be the set ®. C
2* x N of all pairs (w, k) such that (1 —e)p(w) < k < (1 + €)@ (w). To every
approximation problem ® we associate the sliding window problem SW,, (®) =
{(x,y) | (lasty (x),y) € @} for window length n.

Let P be a randomized streaming algorithm, modelled as a probabilistic
automaton over an alphabet ~ with an output set Y. We look at two correctness
definitions that can be found in the literature.

+ For every input stream w = a; - - - a,, the probability that after reading w,
P outputs a value y with (w,y) ¢ ® is at most A. In this case, we say that
P is A-correct for @. This extends the definition of randomized streaming
algorithms from Chapter 6 to approximation problems.

+ For every input stream w = a; - -- a,y the probability that on input w,
there exists a time instant 0 < t < m where P outputs a value y with
(a1---at,y) ¢ @ is at most A. In this case, we say that P is strictly A-correct
for @.

If an algorithm is A-correct, then a priori it is strictly correct, i.e. it produces a
correct output at every time instant, only with probability (1 —A)™ where m is
the length of the stream, which tends to 0 for m — co.

A (strictly) A-correct randomized sliding window algorithm P,, for ® and win-
dow size n is a (strictly) A-correct randomized streaming algorithm for SW,, (D).
Hence a strictly A-correct sliding window algorithm produces correct outputs for
all windows during a (potentially long) run with high probability.

119



120 Chapter 8. Strict correctness

Strict correctness is used, without being explicitly mentioned, for instance
in [17, 36]. For instance, Ben-Basat et al. write “We say that algorithm A is
e-correct on a input instance S if it is able to approximate the number of 1’s
in the last W bits, at every time instant while reading S, to within an additive
error of We”. In these papers, the lower bounds shown for deterministic sliding
window algorithms are extended with the help of Yao’s minimax principle [113]
to strictly A-correct randomized sliding window algorithms. The main result
of this chapter states that this is a general phenomenon: we show that every
strictly A-correct sliding window algorithm for an approximation problem can be
derandomized without increasing the space usage. The results of this chapter
have appeared in [G7].

8.2 Derandomization

Let ® C X* x Y be an approximation problem and ? = (Q,Z, 1, p,0) be a
randomized streaming algorithm. A run 7 = qoa; - - amgm in P is strictly
correct for @ if for all 0 < i < m we have (a; - -- aj,0(qi)) € D, i.e. if the value
returned by the algorithm after reading the prefix a; - - - a; is correct. We say
that P is strictly A-correct for @ if for all w € £* we have

Pr [7t is strictly correct for @] > 1 —A.
7teRuns (P,w)

Recall that the probability for a run 7 € Runs(P, w) is given by t(qo) - p(7t) where
qo is the initial state of 7.

Fix an approximation problem ® C X* x Y, a window size n € N and a
randomized SW-algorithm P,, = (Q, X, , p, 0) which is strictly A-correct for @
where 0 < A < 1. In this section we will prove that one can extract a deterministic
SW-algorithm D,, for ® from P,, such that s(D,,) < s(Pn).

Fix a window size n > 0 and let ?, = (Q, Z, 1, p, 0). Consider a run

. aj az Am
Tqo —d1—> " — > Qqm

in P,,. A subrun of m is a run of the form

Gt = qig1 — RS =, q;-
The run 7 is simple if q; # gj for 0 < i < j < m. Consider a nonempty
subset S C Q and a function 6: Q x ¥ — Q such that S is closed under 6,
ie. (S x £) C S. We say that the run 7 is §-conform if 5(q;_1, a;) = q; for
all 1 < i < m. We say that 7 is (S, 8)-universal if for all ¢ € S and x € "
there exists a 5-conform subrun 7’: q = q’ of 7. Finally, 7t is §-universal if it is
(S, &)-universal for some nonempty subset S C Q which is closed under 6.

Lemma 8.1. Let 7t be a strictly correct run in P, for @, let S C Q be a nonempty
subset and let 5: Q x ¥ — Q be a function such that S is closed under 6. If ©
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is (S, 8)-universal, then there exists qo € S such that D,, = (Q, L, qo,0,0) is a
deterministic sliding window algorithm for ® and window size n.

Proof. Let qo = 0(p,O™) € S for some arbitrary state p € S and define D,, =

(Q,%,q0,6,0). Let w € £* and consider the run o: p AN qo = qin Dy,
of length > n. We have to show that (last,(w),o(q)) € ®. We can write

O"w = x last,, (w) for some x € Z*. Thus, we can rewrite the run o as o: p =

lasty, . . .
st () q. We know that q’ € S because S is closed under §. Since 7 is

asty, .
(S, 8)-universal, it contains a subrun q’ Jastn (), q. By strict correctness of 7t we

obtain (last, (w),0(q)) € ©. O

For the rest of this section we fix an arbitrary function 6: Q x £ — Q such
thatforallqe Q,a € %,

p(q: (1»5(% (l)) - max{p(q: a!p) |P S Q}

Note that

1
p(q,a,8(q,a)) > Qr
for all q € Q, a € X. Furthermore, let D, = (Q, X, qo, d, 0) where the initial
state o will be defined later. We define for each i > 1 a state pi, a run 7t} in Dy,
on some word w;, and a set S; C Q. We abbreviate Runs(®,, w1 - - - wy, ) by Ry,
For 1 <1 < mlet H; denote the event that for a random run @ =71 - - - 7Ty, € Ry,
where each 7 is a run on wj, the subrun 7; is (S;, §)-universal. Notice that H; is
independent of m > i

First, we choose for p; a state that maximizes

Pr [mendsinp; |Vj<i—1:Hj,
TTER 1
which is at least 1/|Q|. Note that p; is a state such that ((p;) is maximal, since
Ro only consists of empty runs. Let < be the preorder on Q defined by p < q if
and only if there exists a run q is reachable from p in D,,. For S; we take any
maximal SCC of D, which is reachable from p;. Finally, we define the run n}. It
starts in p;. Then, for each state q € S; and each word x € £™ the run 7} leads
from the current state to q via a simple run and reads the word x from q. Since
S is a minimal SCC of D,, such a run exists. Hence, 7} is a run on a word of the

form
= H H Yqx X

qeS; xexrm

Since we choose the runs on the words yq,x to be simple, the lengths of the
words w; are bounded independently of i. More precisely, we have [w;| <
Q] - 1Z™ - (|IQ| + n). Let us define

1
H = QI Qin+1
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Lemma 8.2. For all m > 0 we have Prpcgr, [Hm [Vi<m—1:Hi] >

Proof. In the following, let 7t be a random run from R,,, and let 7t; be the subrun
on wj. Notice that under the assumption that the event [7,,_; ends in p,,] holds,
the events [m, =5, Jand Vi< m—1: H;] are conditionally independent.’
Thus, we have

Plg [tm =70 | tm_1 ends in py, AVE<m—1:Hj]
TTER M
= Pr [y =7, | Tm—1 ends in py].

TTER

Since the event [7t,,, = 7%, ] implies the event [7,;,_; ends in p.,], we obtain:

Pr [Hy [Vi<m—1:H;il

TTER M
> Prmn,=m |Vi<m—1:Hy
TTER
= Plg [Tt = 70, A Ttm—1 ends in py | Vi <m —1: Hyl
TERM
= Plg [Tt = 7, | Ttm—1 ends in pry AVE<m—1: Hy] -
TTERm
Pr [m,_1endsinpy, | Vi< m—1: H;
TTER
= Pr [ty =m, | Tm_1 endsin py]-
TTER
Pr [my,_1endsinpy, |Vi<m—1:Hj
TTER M
> Pr [ !
- Tt €RUNS (P, Win ) mwem \Q|
Z PELEE Z u
This proves the lemma. O

Lemma 8.3. Pr,cr, [7is d-universal] > Prpcr, [Fi<m: Hi] >1—(1—p)™

Proof. The first inequality follows from the definition of the event H;. Moreover,
we have

Pr 3i<m:H;] = Pr FH<m—-1:H]+
TTER TTER
Pr Hyn |Vi<m—1:H;]- Pr Vi< m-—1:H
TTER M TTER M
= Pr Fi<m—-1:H;+
TTER M 1
Pr Hp|Vi<m—1:H;]- Pr [¥i<m-—1:H;
TTER M TTERmMm 1

> Pr [FHi<m—1:Hi4+pu- Pr [Vi<m-—1:H;l.
TER M 1 TTER M 1

1Two events A and B are conditionally independent assuming event C if Pr[/A A B | C] =
Pr[A | C] - Pr[B | C], which is equivalent to Pr[A | B A C] = Pr[A | C].
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Define 1, = Prper,, [31 < m: Hi]. We get
Tm2Tm a1+ (I—Tm ) =(1—-pW Tm 1+

Since v = 0, we get 1, > 1 — (1 — )™ by induction. O

Theorem 8.4. There exists qo € Q such that D,, = (Q, L, qo, d, 0) is a determinis-
tic SW-algorithm for ® and window size n.

Proof. We use the probabilistic method. With Lemma 8.3 we get

Pr [mis strictly correct for ® and &-universal]

TTER M
= 1-— Plg [7t is not strictly correct for ®@ or is not §-universal]
TTER ;M
> 1— Pr [misnot strictly correct for ®] — Pr [ is not d-universal]
TTER TTER M
> Pr [mis d-universal] — A
TTER
> 1—(1—u™—A

We have 1 — (1 — )™ — A > 0 for m > log(1 —A)/log(1 — ) (note that A < 1
and 0 < p < 1). Hence there exists an m > 0 and a strictly correct run w € R,
which is d-universal. The statement follows directly from Lemma 8.1. O

Corollary 8.5. There exists a deterministic sliding window algorithm D,, for ®
and window size n such that s(D.,) < s(Pn).

8.3 Polynomially long streams

The word wiwy - - - wy, (with m > log(1—A)/log(1—u)), for which there exists a
strictly correct and 5-universal run has a length that is exponential in the window
size n. In other words: We need words of length exponential in n in order
to transform a strictly A-correct randomized SW-algorithm into an equivalent
deterministic SW-algorithm. We remark that this is unavoidable: if we restrict
to inputs of polynomial length then strictly A-correct SW-algorithms can yield a
proper space improvement over deterministic SW-algorithms.

Take the language Ky, = {mwwR | w € {a,b}"} of all palindromes of even
length, which belongs to the class DLIN of deterministic linear context-free
languages, and let L = $K5.

Lemma 8.6. Any deterministic sliding window algorithm for L and window size
2n + 1 uses Q(n) space.

Proof. Let Dy .1 be a deterministic SW-algorithm for L and window size 2n + 1,
and take two distinct words $x and $y where x,y € {a, b}™. Since Dy, 1 accepts
$xxR and rejects $yxR, the algorithm reaches two different states on the inputs
$x and $y. Therefore, Dy, 1 must have at least [{a, b}™| = 2™ states. O

Let us now fix a polynomial p(n).
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Lemma 8.7. Let n € N be a window size. There is a randomized streaming
algorithm P, with s(P,,) = O(logn) such that

Pr [7t is strictly correct for 1] > 1—1/n
mteRuns (P ,w)

forallw € X* with [w| < p(n).

Proof. Babu et al. [14] have shown that for every language K € DLIN there
exists a randomized streaming algorithm using space O(logn) which, given an
input w of length n,

+ accepts with probability 1 if w € K,
+ and rejects with probability at least 1 — 1/n if w ¢ K.

We remark that the algorithm needs to know the length of w in advance. To
stay consistent with our definition, we view the algorithm above as a family
(81 )n>o0 of randomized streaming algorithms §,,. Furthermore, it is easy to see
that the error probability 1/n can be further reduced to 1/n¢ where p(n) < n¢
for sufficiently large n (by picking random primes of size @(n4*1!) in the proof
from [14]).

Now we prove our claim for L = $Kp,. The streaming algorithm P,, for
window size n works as follows: After reading a $-symbol, the algorithm 8,, 1
from above is simulated on the longest factor from {a, b}* that follows. Simulta-
neously we maintain the length { of the maximal suffix over {a, b}, up to n, using
O(logn) bits. If { reaches n — 1, then P,, accepts if and only if 8,, 1 accepts.
Notice that R,, only errs if the stored length is n — 1 (with probability 1/n%),
which happens at most once in every n steps. Therefore the number of time
instants where P,, errs on w is bounded by |w|/n < n¢/n =nd—1. By the union
bound we have for every stream w € {$, a, b}<P(™):

. . . 1
Pr [ is not strictly correct for ] <nd~!. —
7teRuns (P ,w) n

1
=

This concludes the proof. O

8.4 Conclusion

To the best of our knowledge, this is the first investigation on the general power
of randomness in sliding window algorithms. We emphasize that our proof does
not utilize Yao’s minimax principle, which would require the choice of a “hard”
distribution of input streams specific to the problem. It remains open, whether
such a hard distribution exists for every approximation problem.

The “easy” direction of Yao’s minimax principle can be viewed as a weak de-
randomization result: For any randomized algorithm (e.g. streaming algorithm,
communication protocol, Boolean circuit) which computes a function f with high
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probability there exists a deterministic algorithm with essentially the same com-
plexity which computes f on almost all inputs. However, this argument does not
give a way to construct this deterministic algorithm. Shaltiel [103] proved that,
amongst others, for a given polynomial-time computable family of randomized
streaming algorithms (one for each stream length) computing functions f,, there
is a polynomial-time computable family of deterministic streaming algorithms
which compute f,, on almost all inputs.

In the proof we construct for each randomized SW-algorithm a strictly correct
“worst case” stream (the -universal run), from which we can extract a determin-
istic SW-algorithm. It would be interesting whether such a worst case stream can
be constructed independently from the randomized SW-algorithm.

Let us also remark that it is crucial for our proof that the input alphabet (i.e.
the set of data values in the input stream) is finite. This is for instance the case
when counting the number of 1’s in a 0/1-sliding window. On the other hand,
the problem of computing the sum of all data values in a sliding window of
arbitrary numbers (a problem that is considered in [36] as well) is not covered
by our setting, unless one puts a bound on the size of the numbers in the input
stream.
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Chapter 9

Context-free languages

9.1 Introduction

In this chapter we investigate to which extent the results for regular languages
can be generalized to context-free languages. Our first main result (Theorem 9.1)
states that any context-free language | with space complexity Fi (n) < logn —
w(1) must be regular. By Theorem 4.16 the space complexity Fi (n) is indeed
constant and hence L is a Boolean combination of suffix-testable languages and
regular length languages by Theorem 4.19. Our proof uses a variant of the
classical pumping lemma. The crucial observation is that taking a reversed
Greibach normal form grammar for L, we can ensure that pumping in a word of
length n does not affect a suffix of length o(n).

Theorem 9.1 shows that, analogous to regular languages, there is a gap
between O(1) and O(logn) in the space complexity spectrum for context-free
languages. This leads to the question whether there is also a gap between
O(logn) and O(n) (as it is the case for regular languages). We answer this
question negatively. For this we construct from a linear bounded automaton
(LBA) a context-free language, whose sliding window space complexity is related
to the time complexity of the LBA. In this way we obtain for every ¢ € N
a context-free language, whose optimal sliding window algorithm uses space
O(n!/¢) (Theorem 9.10). This result holds for both the fixed-size and the
variable-size model.

The context-free languages from the proof of Theorem 9.9 are nondeterminis-
tic. They are obtained by taking the complement of all accepting computations of
an LBA on an input from a* (as usual, a computation is encoded by a sequence of
configuration words). These complements are context-free since one can guess
errors, but they are not deterministic context-free. This leads to the question
whether there exist deterministic context-free languages for which the optimal
sliding window algorithm has space complexity between logn and n. We answer
this question positively by constructing deterministic one-counter languages
with sliding window space complexity (logn)2. Again this result holds for both
fixed-size windows (Corollary 9.13) and variable-size windows (Theorem 9.15).
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Finally, we prove that our results for deterministic one-counter languages
can be also shown for the reversals of the latter (i.e. for languages that can
be accepted by a deterministic one-counter automaton that works from right
to left). This is not obvious, since the reversal of a deterministic context-free
language is in general not deterministic context-free. Since the arguments for
our space trichotomy result for regular languages mainly use a DFA for the
reverse language, one might think that these arguments extend to reversals of
deterministic context-free languages.

The results of this chapter have appeared in [G5].

9.2 Below logarithmic space

In this section we prove the following result:

Theorem 9.1. If L is a context-free language with F (n) = logn — w(1), then L
is regular and Fr (n) = O(1).

We start with some definitions. Recall that a language is k-suffix testable if
for all u,v,w € L* where jw| = k we have

uw €L <— vwel.

Let f: N — N be a function. A language L C X* is f-suffix definable if for all
n € N and words u, v, w € X* such that juw| = [yvw| = n and |w| = f(n) we have

uw el < vwel.

If L is k-suffix definable for a constant k € N then it is also k-suffix definable, but
not vice versa. For example, if L is the union of {a, b}*a and the set of all words
over {a, b} with even length, then L is 1-suffix definable but not 1-suffix testable.
Similarly, one defines prefix testable and f-prefix definable languages. We prove
Theorem 9.1 in two steps:

Theorem 9.2. Every language L C £* is 2Ft ™) _suffix definable.

Proof. By Lemma 4.21 for all n € N the language SW, (L) = {w € £* |
last, (w) € L} is 2Ft(™_suffix testable For all words u,v,w € X* such that
luw| = vw| = n and |w| = 2F- (M) we have last,, (uw) = uw, last, (vw) = vw
and

uw €L <= uw e SW, (L) <= vwe SW, (L) < vw e L,
which shows that L is 2Ft (™) _suffix definable. O

Theorem 9.3. If a context-free language L is f-suffix definable for a function
f(n) = o(n), then L is a finite Boolean combination of suffix testable languages and
regular length languages.
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We remark that the requirement f(n) = o(n) above cannot be relaxed: For
every k > 1, the language {xay | x,y € {a, b}*, |x| = k|ayl|} is context-free and
[n/(k 4 1)]-suffix definable but not even regular.

Combining Theorem 9.2 and Theorem 9.3 yields Theorem 9.1: If a context-
free language L satisfies F (n) = logn — w(1) then L is f-suffix definable for
a function f(n) = o(n) by Theorem 9.2. Theorem 9.3 implies that L is a finite
Boolean combination of suffix testable languages and regular length languages.
Hence L is regular and Fi (n) = O(1). The rest of this section is devoted to the
proof of Theorem 9.3.

We prove the variant of Theorem 9.3 that talks about prefix-definability.
This makes no difference, since the reversal of a context-free language is again
context-free. First, we show that in the proof of Theorem 9.3 we can restrict
ourselves to functions f with the following property: A monotonic function
f: N — N has the increasing plateau property if for every k > 1 there exists an ng
such that for all n > ng we have: f(n + k) — f(n) < 1.

Lemma 9.4. If a monotonic function f has the increasing plateau property then
f(n) = o(n).

Proof. Let k > 1. The increasing plateau property implies that there exists an ng
such that for all n > ng and t € N we have f(n + tk) — f(n) < t and hence

n—no n—no

f(n) =f(no + k) < f(no+ | 1k)
< flno) + [F2] < £+ flno) = 22 41,

By choosing ng > ng such that f(ng) —no/k + 1 < n}/k we can bound

n o ny _ 2n

f <—+ 2=

WSt s
for all n > n{. This proves that f(n) = o(n). O
Lemma 9.5. Let f: N — Ryo. If f(n (n) then there exists a monotonic

function g: N — N with the increasing plateau property and such that f(n) < g(n)
foralln € N.

Proof. For a linear function g: R>o — Ry of the form g(x) = « - x + 3 we
call « the slope of g. We will first define a sequence of natural numbers n; <
Ny < ng--- such that f is bounded by a continuous piecewise linear function
h: R>¢ — Ry that has slope 1/i on the interval [ni, ni;1] and slope 0 on the
interval [0,n;]. Then we show that g: N — N with g(n) = [h(n)] has the
properties from the lemma.

First, for every i > 1 we define n; € N and a linear function h;: R>¢ — Rxo
of slope 1/i such that: (i) niy; > ny, (ii) for all natural numbers n > n; we
have f(n) < hi(n), and (iid) hi(ni+1) = higi(niga).

Let n; > 0 be the smallest natural number such that f(n) < n forn > n;
and f(n) < n; for n < ny. Clearly such an n, exists, as f(n) = o(n). Define hy
by hi(x) = x for all x € R>,. Hence, we have f(n) < hy(n) for alln > n;.
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For the induction step, assume that n; and the linear function h; : R>¢ — Rxg
(of slope 1/1) are defined such that f(n) < hiy(n) for all n > n;. Define
the linear function w;i1(x) = hi(ni) + (x — ni)/(i + 1), which has a slope
1/(i4+ 1) and uiy1(ni) = hi(ni). Then there is a smallest natural number
ni41 such that ni;; > n; and ui,1(n) > f(n) for each n > ny,;. This holds
because f(n) = o(n), and hence for any constants « > 0,3 € R we have
f(n) < a-n+ P for large enough n. Take this n;,; and define the function h;.;
by hi;1(x) = hi(ni;1) + (x —nyy1)/(i+ 1). It has slope 1/(i + 1) and satisfies
hit1(niy1) = hi(niy1). Finally, for all n > n;; we have

hit1(n) hi(mig1) + (M —ni1)/(i+1)
= hini) + My —ni)/i+ M —nia)/(i+1)
z hini) + (Mg —ny)/G+ 1)+ (n—ni1)/(E+1)
= hin)+Mn—n)/(i+1) =ui(n) > f(n).

Hence, ;.1 and h;,; have all the desired properties.
We now define the function h: R>q — Rxo:

n; if x € [0, n4]
h(x) =
hi(x) ifx € [ni,ni, 1] for somei > 1.

Since hi(niy1) = hiy1(ni;1) and hy(ng) = ny, his uniquely defined. Finally, let
g(n) = [h(n)] foralln € N.

Since f(n) < hi(n) forallm > n; and f(n) < f(n1) <y for alln < nq, we
have f(n) < h(n) < g(n) for all n € N. Moreover, h is clearly monotonic, which
implies that g is monotonic, too. It remains to show that g has the increasing
plateau property.

Let k > 1 and n > ny. Since h is continuous and piecewise linear with slopes
< 1/k on [ny, 00), we have h(n + k) — h(n) < (n+k —n)/k = 1. This implies
gn+k)—gn) <1 O

Consider the following variant of the pumping lemma for context-free lan-
guages (see also [66, Chapter 6.1]), which simultaneously considers all languages
defined by various nonterminals of the grammar; it can be shown in the same
way as the standard variant.

Lemma 9.6. Given a context-free grammar G = (N, X,S,P) and let L(A) ={w €
Y* | A =g w}. Then there exists a natural number ¢, depending only on §
and not on A, such that every word w € L(A) with |w| > ¢y can be written as
W = Wi WoW3W4Ws With:

(D) wiwkwswkws € L(A) for every k > 0,
(i) wawswy| < ¢,

(iii) and [wowy| > 0.
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. 1+c1!/[waw 1+4+c1!/|lwaw,
In particular, the word wiw, 1t/Iwz 4‘W3W4 1/ lwawsl

belongs to L(A).

ws of length w| + c1!

Lemma 9.7. Let L be a context-free language and f: N — N\ {0} be monotonic
with f(n) = o(n). There are constants ng and ¢ > 0 (only depending on L and f)
such that the following hold for every n > ng:

e n>f(n)+cand

¢ for all words w,v with uv € L, juv| =n, |u| = f(n), and [v| = n— f(n), there
exist words v',v" with v'| = [v| — ¢, v'| = v| + ¢, and w’,uwv” € L.

Proof. Let § = (N, X,P,S) be a grammar for L in Greibach normal form, i.e.
all productions are of the form A — aA;---Ayx for k > 0, nonterminals
A,A1,...,Ay and a terminal a (such a grammar exists for every context-free
language); see also [66, Chapter 4.6]. Let 1 = maxa_, «cp || be the maximal
length of the productions’ right-hand sides and let ¢; be the constant from the
above pumping lemma for §. We can assume that r > 2, otherwise L is finite and
the lemma holds. Define ¢ = ¢! and choose an ng such that for all n > ng the
following three inequalities hold:

TT;) - 1+(r_1)r2\N\-(TC1\NI+1]I (9.1)
L ©2)
n > f(n)+c

As the right-hand sides are constant and f(n) = o(n), such an ng exists. Hence,
for all n > ng the following two inequalities hold ((9.1) is equivalent to (9.3)
and (9.2) is equivalent to (9.4)):

log, <m> > 2IN|(re1[N| + 1)! 9.3)
n—f(n)
(=T O

Consider a string uv of length n > ng generated by G, where |u| = f(n). Fix a
leftmost derivation of uv and consider the first moment, at which the current
sentential form has u as a prefix. This happens after [u| = f(n) derivation steps
since § is in Greibach normal form. Apart from the prefix u, the rest of the
sentential form has length at most 1 + f(n)(r — 2) < f(n)(r — 1) and it derives
the word v of length n — f(n). So one of the nonterminals in the sentential form,
say A, generates a word x with

X 2

m Ci. (95)

The further analysis splits into several cases depending on the claim we want to
prove.
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We first show the second claim of the lemma, that there exists v”/ such that
[v"’| = |v|+ c and uwv” € L. Since |x| > ¢1, we can apply the pumping lemma and
replace in the derivation of uv the word x by a word of length [x| + c1! = [x| + c.
The resulting derivation yields a word uv” with |[v"’| = |[v| + ¢, as claimed.

So let us now prove that there is v/ such that uwv’ € L, where [v/| = [v] — c.
Again, consider the nonterminal A that generates a string x satisfying (9.5).
Since the length of each right-hand side is at most r, there is a path TT in the
derivation tree of length at least

n—f(n)
10gT <W> > 2|N‘ . (TC]|N| + 1)' ,

where the estimation follows from (9.3). We are going to color some nodes on
the path TT black or gray: if a node v on TT has a child that does not belong to TT
and derives a string of length at least ¢y, then we color v black. Then, as long as
there are two uncolored nodes v, v’ on TT (v above v’) such that (i) v and v’ are
labeled with the same nonterminal, (ii) the path from v to v’ has length at most
IN|, and (iii) does not contain a black node, then we color v black and v’ gray.

There can be at most |[N| consecutive nodes on the path that are not colored
and there are at least as many black nodes as gray nodes. Thus, the number of
black nodes is at least

1 ] 2IN|- (reaNJ +1)!
2 INJ

JJ = (reqN|+ 1)!

For each black node we can shorten the derivation such that the derived word is
shorter by at least 1 and at most rcq|N| without affecting other colored nodes:

+ For the first type of black nodes this follows directly from the pumping
lemma. Note that we can apply the pumping lemma to a subtree that is
disjoint from TT.

+ For the second kind of black nodes, let v and v’ be the corresponding nodes
colored black and gray, respectively. We can delete the subtree rooted in v
and replace it with the one rooted in v’. The length of the path is < |NJ,
the arity of the rules < r and each deleted nonterminal derived a string of
length < ¢; (otherwise it would be black).

So for some m € {1,2,...,rc1/N|} there are % > (rcqIN|)! different

possibilities to shorten the derived word by m letters. We choose (rc1|N|)!/m
of them so that the word is shortened by (rc1|N|)! letters. Thus we showed that
there exists v/ such that uv’ € L and [uv’| = n — (rc1INJ)!. As ¢ = ¢! divides
(rc1IND!, by applying ((rc1|N|)!/c — 1) times the already proved second claim of
the lemma we can first obtain a word uz € L such that [uz| = n + (rc1|N|)! — ¢
and then use the argument above to obtain a word uv’ € L such that [uv’| =
[uz| — (rc1IN|)! = Juv| — c. Here, we use monotonicity of f, which ensures that
the prefix u is not touched when using the above argument for the longer word
uz. ]
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Lemma 9.8. Let L be a context-free language that is f-prefix definable for a function
f(n) = o(n). Then there exists a constant « such that L is «-prefix definable.

Proof. By Lemma 9.5 there exists a monotonic function g(n) = o(n) having the
increasing plateau property and such that f(n) < g(n) for all n > 0. Hence, L is
still g-prefix definable. Moreover, let f’ = o(n) be defined by f'(n) = g(n) + 1
for all n. Take the constants ngy and ¢ from Lemma 9.7 for L and f’ (instead of f).
Choose m such that (i) m > ng + c and (ii) g(n) —g(n—c) < 1 foralln > m,
which is possible by the increasing plateau property. We take o = g(m). Heading
for a contradiction, let us take words u, v, w such that [u|] = «, [v| = w|,uv € L
and uw ¢ L. We can assume that [v| = |w| is minimal with these properties. Let
n = [uv| = [uw| in the following. We now distinguish two cases.

Case 1. Assume n < m, which implies g(n) < g(m) = [u|. Hence, uv and
uw have the same prefix of length g(n). Since L is g-prefix definable, we have
uv € Liff uw € L, which is a contradiction.

Case 2. Assume n > m, and thus n > ng + ¢ and g(n) > g(m) = [u. Since
n—gm) >2n—gn) =n—Ffn)+1>c > 0, we can write v = viavs
and w = wibwsy such that a # b € X and |uv;| = [uw;| = g(n). Thus,
luvial = luwib| = f'(n). By Lemma 9.7 there exists a word v} with [v}| = |va|—c
and uviavj € L. Take any word w) of length |wj| = [wq| — c. By the length-
minimality of v and w we must have uw;bw) € L (note that ¢ > 0). Note
that luw;bwj| = [uw| —c = n — ¢ > ng. Therefore, we can apply Lemma 9.7
to the word uw;bwj. Note that g(n) — g(n —c) < 1 since n > m. Thus,
f'ln—c) =g(n—c)+1 > g(n) and the prefix of uw;bw} of length f'(n — c)
starts with uw;. We can conclude with Lemma 9.7 that there is a word w such
that uw;w{ € L and [uw;w{| = n. But since [uw;| = g(n) and [uwiw)/| = n,
the g-prefix definability of L implies that uwqy € L for all words y of length
n — g(n). In particular, we get uw;bwy = uw € L, which is a contradiction. [

We can now prove (the prefix version of) Theorem 9.3:

Proof of Theorem 9.3. Let L be a f-prefix definable context-free language with
f(n) = o(n). Let « be the constant from Lemma 9.8. For every word u of
length « the language u 'L is context-free and by Lemma 9.8 it is a length
language. It is a direct consequence of Parikh’s theorem (or the fact that every
unary context-free language is regular) that a context-free length language is
regular. Hence, every u 'L (for u| = «) is a regular length language. We can
now decompose L as follows:

L=(LnI=u [J v D) =(@Cnz=)u [J @ nIu'L).

uer« uer«

Since u~!L is a regular length language, also Z*(u~'L) is a regular length
language. Moreover, uL* is prefix testable. Finally, every finite language (and
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hence L N X<%) is a finite Boolean combination of prefix testable languages. This
shows the theorem. O

9.3 Above logarithmic space

In this section, we show that the trichotomy result for regular languages does
not carry over to the context-free languages. More precisely, we show that
for every natural number ¢ > 1 there exists a one-counter language L. such
that Fr_(n) = O(n'/¢) and Fr_(n) = Q(n'/¢) infinitely often. Furthermore it
satisfies Vi _(n) = ©(n!/¢). Recall that a one-counter language is a language that
can be accepted by a nondeterministic pushdown automaton with a singleton
pushdown alphabet (a so-called one-counter automaton). Also recall that a
linear bounded automaton (LBA for short) is a Turing machine that only uses
the space that is occupied by the input word; see also [66, Chapter 9.3]. We first
show the following technical result:

Theorem 9.9. Let t(k) be a monotonically increasing function and M be an LBA
which halts on input a* after exactly t(k) steps. Let f(n) be the function with

{k, if n = k(t(k) + 3) for some k,!
f(n) =
0, else,

and let g(n) = max{f(m) | m < n}. There is a one-counter language L such that
FL(n) = O(f(n)) and VL (n) = B(g(n)).

Proof. Let I be the tape alphabet of M and Q the set of states of M. A con-
figuration of M is encoded by a word from ' (Q x ')/ over the alphabet
A:=TU(Q x T). We reserve a binary alphabet {0, 1} which is disjoint from A.
A computation of M on an input a* (k > 1) is a sequence of configurations
co Fm -+ Fm cipk) where [ei| = k for all 1 <1 < t(k), co = (qo, a)a* ! is the
start configuration on input a¥, every c; 1 is obtained from c; by applying a
transition of M for 0 < i < t(k) — 1, and ¢y is an accepting configuration. Let
A ={X | x € A} be a disjoint copy of A and define the function

AT A, G a, =0y
Finally, let K be the set of all words

CpC1C2C3 - Cy(k) ssRor (9.6)
CoC1C2C3- -~ Cy() S8 9.7
such thatk > 1, co Fm - -+ Fm cy(x) is @ computation on input a¥, s € {0, 1}* is

an arbitrary word of length k, and t(k) even in case (9.6) and odd in case (9.7).
Notice that the words in (9.6) and (9.7) have length k(t(k) + 3). We can assume

ISince t(k) is monotonically increasing, this number k is unique.
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that M never goes back to the initial state qo. This ensures that every word has
at most one nonempty suffix that is a prefix of a word from K.

For the language L from the theorem, we take the complement of K. It is
not hard to see that L can be recognized by a nondeterministic one-counter
automaton by guessing an error in the input word w. Factorize w = uj - - - U,
into blocks u; which is a maximal factor from A* U AU {0, 1}* in w. Possible
errors are the following:

1. m<2,

2. u; is not an initial configuration, i.e. of the form (qo, a)a*~! for some
k>1,

for some odd i < m, u; is not a configuration,
for some even i < m, U; is not a configuration,
Uy, 1 is not an accepting configuration,

there exists 1 <1< m — 1 with |ui| # [wis1),
[wml # 2/um -1,

there exists 1 < i< m — 1 odd such that u; Fp U7 does not hold,

v *® N o 0 p W

there exists 1 < i< m — 1 even such that Ty Fp 1y does not hold,
10. u,, is not a palindrome over the alphabet {0, 1}.

The conditions in points 1-5 are regular. Points 6-10 can be checked with a
single counter.

The upper bound in the theorem has to be shown for the variable-size model.
Since Fx(n) = FL(n) and Vi (n) = VL (n), it is enough to show the bounds for
the language K. Let us first present a variable-size streaming algorithm with
space complexity O(g(n)). Assume that w = a; - - - a,, is the active window. The
algorithm stores the following data n, i, t, k, £, s:

*

n = |w| is the length of the active window.

*

1 is the smallest position 1 < i < n+ 1 such that a; - - - a,, is a prefix of a
word from K. If this prefix is empty, then i =n + 1.

*

t is the number of blocks in a; - - - a, minus 1 (where 1 is from the previous
point); this tells us the number of computation steps that M has executed.

*

k is the largest number such that a; - - - a,, starts with (qo, a)a*~!; hence,
k tells us the input length.

¢ Incase 1 < t < t(k), £ is the length of the last block of a;---a, (ift=0
or t = t(k) + 1 we store some dummy value in {).

*

In case t = t(k) + 1, s is the maximal suffix of a; - - - a,, from {0, 1}*. If the
length of this suffix exceeds k then s stores only its prefix of length k.
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It is easy to see that these variables can be updated. The main observation is that
in case 1 < t < t(k) and { < k then the algorithm internally simulates M for
t steps on input a*. In this way, the algorithm can check whether the arriving
symbol is the right one, namely the (possibly overlined) (£ + 1)-th symbol of the
configuration reached after t steps on input a*. In this case, the algorithm sets
£ :={+ 1, otherwise the algorithm sets i :=n + 1. If t is set to t(k) + 1 then the
algorithm starts to accumulate the window suffix s € {0, 1}* up to length k. If s
has length k then the next k arriving symbols are compared in reversed order
with s. If a match is obtained, the algorithm accepts if i = 1 at the same time.

Let us now compute the space complexity of the algorithm. The numbers
n, i, t, k and ¢ need O(logn) bits. Recall that s has maximal length k. But
we only store symbols in s if n > k(t(k) + 1) > [k/3](t(|k/3]) + 3), since
the window must already contain a complete computation on input a* before
s becomes nonempty. We get |k/3] = f(|k/3](t(|k/3]) + 3)) < g(n), ie.
k < 3g(n)+3. Finally, since g(n) is the maximal value k such that k(t(k)+3) <n
and t(k) € 200 we get g(n) = Q(logn). This shows that the algorithm works
in space O(g(n)).

To show that Fx(n) = O(f(n)) we can argue similarly. Of course, in the
fixed-size model, we do not have to store the window size n. If the window size
1 is not of the form k(t(k) + 3) for some k then the algorithm always rejects and
no memory is needed. Otherwise, since t(k) is monotonically increasing, there is
a unique k with n = k(t(k) + 3).

Finally, we show that Fi (n) > f(n) for all n € N, which implies that Vi (n) >
g(n) for all n € N since Vi (n) > Fx(n) and Vi (n) is monotonic. It suffices
to consider a window size n = k(t(k) + 3) for some k, as otherwise f(n) = 0.
Hence, f(n) = k. Moreover, consider an accepting computation co Fpm ¢1 Fm
--- FMm c(k) where [co| = - - - = [cy (k)| = k. Let us assume that k is even; the case
that k is odd is analogous. Now consider the 2¥ many distinct words

Ok F T
w(s):=0"coCiCcaC3 " Cy(k) S

for s € {0, 1}*. The length of these words is n = k(t(k)+3), which is the window
size.

Consider a sliding window algorithm P,, for the language K and window
size n. We have P,, (w(s)) # Pn(w(u)) for all s,u € {0, 1}* with s # u because
last,, (w(s)sR) € K and last,, (w(u)sR) ¢ K. Hence, P, must distinguish 2 many
streams, and thus Fx(n) > k = f(n). O

Theorem 9.9 yields quite a dense spectrum of space complexity functions for
context-free languages. We only prove the existence of context-free languages
with sliding window space complexity n'/¢ forc € N, ¢ > 1:

Theorem 9.10. For every ¢ € N, ¢ > 1, there exists a one-counter language L.
such that Fr_(n) = O(n'/¢), Fr_(n) = Q(n'/¢) infinitely often, and Vi _(n) =
O(nl/e).

Proof. One can easily construct a deterministic LBA M that on input a* termi-



9.4. Deterministic one-counter languages 137

nates after exactly k°~! steps. For instance, an LBA that terminates after exactly
k? steps makes k phases, where in each phase the read-write head moves from
the left input end to the right end or vice versa and thereby replaces the first a
that is seen on the tape by a b-symbol. This construction can be iterated to obtain
the above LBA M for an arbitrary k. The mapping f(n) from Theorem 9.9 then
satisfies f(k(t(k)+3)) = f(k(k°"1+3)) = f(k¢ 4+ 3k) = k and f(n) = 0 if n is not
of the form k¢ + 3k for some k. This implies f(n) = O(n'/¢), f(n) = Q(n!/¢)
infinitely often, and g(n) = ©(n!/¢) for the mapping g(n) from Theorem 9.9.
Hence, by Theorem 9.9 there is a one-counter language L. with the properties
stated in the theorem. O

To fully exploit Theorem 9.9 one would have to analyze the spectrum of time
complexity functions of linear bounded automata. We are not aware of specific
results in this direction.

9.4 Deterministic one-counter languages

The context-free language L. from Theorem 9.10 is not deterministic context-free
and it is open whether the deterministic context-free languages also have such
a dense spectrum of space complexity functions. In this section we exhibit a
deterministic one-turn one-counter language with space complexity @((logn)?)
in the variable-size and in the fixed-size model. A t-turn pushdown automaton has
the property that in any accepting run there are at most t alternations between
push and pop operations [58].

We start with the variable-size model. In the following a maximal factor 3 in
a word w € {a, b}* of the form p = ab! is called a block of length i + 1 in w.?
Define the language

L={ab*av|k >0, v e {a,b}S*}U ab*, (9.8)

which is recognized by a deterministic one-turn one-counter automaton. Put
differently, L contains those words w € {a, b}* which begin with a block of length
> [wl/2.

Lemma 9.11. We have Vi (n) = O((logn)?).

Proof. Any word w € {a, b}* can be uniquely factorized as w = bR, - - - B2f1
where s, m > 0 and each B; is a block. A block B; is relevant if it is at least
as long as the remaining suffix, i.e. |Bi| > Z;% IBjl. For an active window
w € {a, b}* our variable-size algorithm maintains the window size and for each
relevant block ; its starting position and its length. If the first symbol in the
window expires, every relevant block stays relevant (and the starting position
is decremented) with the possible exception of a relevant block with starting
position 1, which is removed. If an a-symbol arrives, we create a new relevant
block of length 1. If a b-symbol arrives, we prolong the rightmost relevant

2This notion is not related to the blocks used in the proof of Theorem 9.9).
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block (which is also rightmost among all blocks) by 1. Furthermore, using this
information we can determine whether w € L: This is the case if and only if the
leftmost relevant block starts at the first position and its length is at least /2
where n is the current window size.

To show that the space complexity of the algorithm is O((logn)?), it suf-
fices to show that each word w € {a,b}™ has O(logn) relevant blocks. Let
Yk>Yk—1,---,Y2,Y1 be the sequence of relevant blocks in w. Then we know that
lyil > Z};i hy;| for all 1 < i < k. Inductively, we show that y;| > 2'2}y| for
all 2 < 1 < k. This is immediate for i = 2 and for the induction step, observe
that lyil > yal + X525 vl = val + val 25 2772 = 212}y | for all i > 3. This
proves k = O(logn), which concludes the proof. O

We remark that the structure of relevant blocks resembles the exponential
histogram from [36], which stores exponentially growing buckets.

Lemma 9.12. We have Vi (n) = Q((logn)?).

Proof. For each k > 0 we define arrangements of length 3%: The word a is
the only arrangement of length 3° = 1. An arrangement of length 3%*! is
any word of the form ub3“v where u,v € {a, bP", u begins with a and has at
most one other a-symbol and v is any arrangement of length 3*. Notice that
an arrangement ub3"v contains one or two blocks in the factor ub3", one of
which is relevant. If oy # «, are distinct arrangements of length 3%, then k > 1
and there exists the maximal common suffix o3 of o; and «, that is again an
arrangement. Consider the suffixes of «;, &z of length 3|xs|. By the construction,
these suffixes are also arrangements. Hence, their “middle parts” consist solely
of b’s, so they have the common suffix b/*!x3. Since «; and oy differ, there
exists a number £ > |«s| such that oy has the suffix ab’as and «y has the suffix
bt1lxs, or vice versa.

Now consider a variable-size sliding window algorithm for L. We claim that
the algorithm can distinguish any two distinct arrangements o; # «y of length
3¥. Consider two instances of the algorithm, where the active windows are o
and oy, respectively. By performing a suitable number of |-operations the two
windows contain the words ab‘as and b1 «g, respectively. Since |os| < £, we
have ab‘as € Land b 1as ¢ L.

It is easy to see that the number n, of arrangements of length 3% is exactly
154 3': to construct an arrangement of length 3%, note that among its first 3%
letters the first one is a and there is at most one further a. So, there are 3%~!
choices for the prefix of length 3¥~. The next 3! letters are fixed, and then
one of n,_; many arrangements of length 3~! follows. Thus n; = 3% In;_;
and ny = 1, which yields the claim. Note that log;(ny) = Z‘f;ol i = O(Kk?).
Therefore, the algorithm needs Q((logn)?) bits of space. O

Corollary 9.13. There exists a deterministic one-turn one-counter language L such
that Vi (n) = O((logn)?).

The language L from (9.8) is an example where the space complexity in the
fixed-size model is strictly below the space complexity in the variable-size model:
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Lemma 9.14. We have F (n) = O(logn).

Proof. Let n > 0 be the window size. For the active window we store (i) the
starting position of the leftmost block of length at least n/2 (if such a block
does not exist we set a special flag) and (ii) the length of the unique suffix from
ab* (again, a flag is set if the window content is in b*). This information can
be stored with O(logn) bits and it can be updated at each step. Moreover, the
active window belongs to L if the leftmost block of length at least n/2 starts at
position 1. O

We now prove the variant of Corollary 9.13 for the fixed-size model: For the
language L from (9.8) let K = Lc*, which is a deterministic one-turn one-counter
language.

Theorem 9.15. We have Fx(n) = ©((logn)?).

Proof. Let n be the window size. Consider the maximal suffix of the active
window which has the form vct where v € {a,b}*. Using O(logn) bits we
maintain the starting position of that suffix and the length |v|. Furthermore, we
maintain the same data structure as in the proof of Lemma 9.11 for the word
v € {a, b}*. The algorithm accepts iff v begins at the first position, the leftmost
relevant block also starts at the first position and has length at least [v|/2. In
total, the space complexity is bounded by O((logn)?).

The proof for the lower bound is similar to the proof of Lemma 9.12. Let k
be maximal such that 3% < n. Then the number of bits required to encode an
arrangement of length 3% is Q((logn)?). The rest of the proof follows the proof
of Lemma 9.12; we only have to replace every |-operation by the insertion of a
c-symbol. O

Finally we will look at reversals of deterministic context-free languages since
the proof of the trichotomy for regular languages also uses right-deterministic
automata. For the language L from (9.8) let

L' ={#uv$' fuel,i>0,ve{qblj>1L.

Its reversal L'R is accepted by a deterministic one-counter three-turn automaton:
The one-counter automaton first stores the number i of $-symbols and ignores
the next i symbols over {a, b}. Then it simulates the one-counter automaton for
L, and finally reads a sequence of #-symbols.

Theorem 9.16. We have Vi, (n) = O((logn)?), and Fi.(n) = Q((logn)?) for
infinitely many n.

Proof. We first exhibit a variable-size sliding window algorithm for L’. Of course,
we maintain the window size n. For the active window consider its longest suffix
of the form #)w$' where w € {a,b}* and i,j > 0. Using O(logn) bits we can
maintain the numbers 1, j, the length |w|, and the maximal number k such that
b* is a suffix of w.
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Furthermore, if j > 1 we maintain for each relevant block in wR its start-
ing position and its length, which requires O((logn)?) bits (see the proof of
Lemma 9.11). Let us argue why this information can be maintained. Let n,1,j, k
and w have the meaning from the previous paragraph. If j is set from 0 to 1,
then w is empty and WR contains no blocks. If j > 1 we can prolong w as long
as the active window does not end with $-symbols (i = 0). In this case, every
time an a-symbol arrives, a new block in wR is formed, which has length k + 1.
If it is not relevant, then it is immediately discarded. Also notice that when w is
prolonged by a or b, all relevant blocks in WR stay relevant. A |-operation only
affects w if j € {0, 1} and n = j + |w| + i. In this case j is set to zero, and we no
longer have to store the relevant blocks of w.

It remains to show the lower bound. Let the window size n be of the form
2 -3k, Again we show that any fixed-size sliding window algorithm for L’ must
distinguish any two distinct arrangements. Let &; # xy be two arrangements
of length 3%. As shown in the proof of Lemma 9.12, there exists a number
0 < € < 3% and an arrangement o3 of length at most { such that o; and & have
the suffixes ab’az € L and b**las ¢ L, respectively (or vice versa). Without loss
of generality, «; = viab‘as and ay = vob** 3 for some vi, v, € {a, b}*. Both
words v; and v, have length 1 := 3% — (£ + 1 + |x3|). We have

last,, (#3" aR$") = #°" " (ab'ag)RVR$" € L’ and

last,, (#°" af$™) = #°" (b o) R VRS ¢ L.

This shows that the algorithm must distinguish the words #3" R and #°"af.
Note that adding a $ at the right end of the word removes the rightmost symbol
(a or b) in the factor which has to belong to LR in order to have a word from L’.
The rest of the proof follows the arguments from the proof of Lemma 9.12. [

9.5 Conclusion

The results in this chapter indicate that, to a wide extent, the class of context-
free languages is too rich for classification results in the sliding window model.
We suggest to consider context-free languages in approximate settings (see
Chapter 7) and deterministic context-free languages. A particular open question
is: Is there a (reverse) deterministic context-free (one-counter) language whose
space complexity (either Fi (n) or Vi (n)) is between between (logn)? and n, or
between logn and (logn)??

Aaronson, Grier and Schaeffer [1] study the quantum query complexity of
formal languages and prove that every regular language has quantum query
complexity ©(1), O( /M) or ©(n). Furthermore they construct for every limit
computable number 1/2 < ¢ < 1 a context-free language with quantum query
complexity ©(n¢). Here c is limit computable if there is a Turing machine which
on input k computes a rational number ¢y such that ¢y tends to ¢ for k — co.
Their proof technique could be used to extend Theorem 9.9.



Chapter 10

Visibly pushdown languages

In this chapter we extend the trichotomy for regular languages in the variable-size
sliding window model to the class of visibly pushdown languages. This language
class has already been considered under the name of input-driven languages in
the 80’s [20, 39] and was reintroduced by Alur and Madhusudan [9]. They are
recognized by visibly pushdown automata where the alphabet is partitioned into
call letters, return letters and internal letters, which determine the behavior of the
stack height. Since visibly pushdown automata can be determinized, the class
of visibly pushdown languages turns out to be very robust (it is closed under
Boolean operations and other standard language operations) and more tractable
in many algorithmic questions than the class of context-free languages [9]. The
main theorem of this chapter is the following:

Theorem 10.1 (Trichotomy for VPL). If L is a visibly pushdown language then
VL (n) is either O(1), B(logn) or ©(n) for infinitely many n.

The proof uses the dichotomy theorem for rational functions (Theorem 5.2).
A simple characterization of the O(logn)-class as well as a study of the fixed-size
model are left as open problems. The results of this chapter have appeared in
[G6].

10.1 Visibly pushdown automata

A pushdown alphabet is a triple £ = (2o, L, Line) consisting of three pairwise
disjoint alphabets: a set of call letters X, a set of return letters L, and a set of
internal letters X;,;. We identify ¥ with the union £ = L. UL, U Zjpe. A visibly
pushdown automaton (VPA) has the form A = (Q, %, T, L, qo,d, F) where Q is a
finite state set, £ is a pushdown alphabet, T is the finite stack alphabet containing
a special symbol L (representing the empty stack), qo € Q is the initial state,
F C Q is the set of final states and 6 = §. U 6, U 8¢ is the transition function
where 6.: Q X X — (T\{L}) x Q, 8;: Q x L. x ' = Q and &;p: Q X Line — Q.
The set of configurations Conf is the set of all words aq where q € Q is a state
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and x € L(T"\ {L})* is the stack content. We define &: Conf x ¥ — Conf for all
peQ,acX e L(I\{LY*, v eT as follows:

¢ If a € . and 8(p, a) = (v, q) then §(ap, a) = xyq.

¢ If a € i and 8(p, a) = q then d(ap, a) = «q.

o Ifae X, dp,a,v) =qandy e '\ {L}then §(xyp,a) = xq.
o Ifae X, and §(p,a, L) =qthen §(Llp) = Lgq.

As usual we inductively extend & to a function &: Conf x £* — Conf where
d(c,e) = cand 6(c,wa) = 6(d(c,w),a) forallw € Z* and a € Z. The initial
configuration is 1 qo and a configuration c is final if ¢ € TF. A word w € L*
is accepted from a configuration c if d(c, w) is final. The VPA A accepts w if w
is accepted from the initial configuration. The set of all words accepted by A
is denoted by L(A); the set of all words accepted from c is denoted by L(c). A
language L is a visibly pushdown language (VPL) if L = L(A) for some VPA A.

Example 10.2. Let £ = (£, %, L) where L. = {a}, £, = {b}, Zine = 0. Let L be
the set of all words w € {a, b}* whose maximal suffix of the form albJ satisfies
1 < j. We claim that L is a VPL. One can recognize L by a deterministic one-
counter automaton which resets the counter if a new a-block is read. Since VPAs
cannot clear the stack we need to push a special marker to the stack whenever
new block of a-symbols starts. Let A = (Q, 51,1, qr, 5,{qr}) be the following
VPA: The state set is Q = {qq, qv, qr}, qr is the initial state and the only final
state, the stack alphabet is I' = {1, A, A}, and the transitions are

6(qF; a) = (qa:A) é(qw a) - (qCUA) 6(qb» (1) = (qa;A)
and
f as d :A)
6(q,b,y):{qb, if q € {da, qv) and y

qr, otherwise.

One can also define nondeterministic visibly pushdown automata in the usual
way, which can always be converted into deterministic ones [9]. This leads to
good closure properties of the class of all VPLs.

Theorem 10.3 ([9]). Nondeterministic VPAs can be made deterministic. The class
of VPLs is closed under Boolean operations, concatenation and Kleene star.

To exclude some pathological cases we assume that . # () and X, # (). In
fact, if 2. = () or £, = () then any VPL over that pushdown alphabet would be
regular. The set of well-matched words W over X is defined as the smallest set
which contains {¢}U Z;,, is closed under concatenation, and if w is well-matched,
ae€ X.,be X, then also awb is well-matched. The set W of well-matched
words forms a submonoid of X*. The stack height function sh: ¥* — 7Z is the
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homomorphic extension of

+1, ifae X,
Sh((l) =140, ifae Lint,
-1, ifaeZ,.

We emphasize that sh(w) does not specify the stack height in the reached con-
figuration 6(_Lqo, w) since sh does not truncate at stack height 0. A word w is
well-matched if sh(w) = 0 and sh(v) > O for every prefix v of w. The black plot
in Figure 10.1 displays the stack height function over all prefixes of an example
word w. Furthermore, the gray lines display for all factors v of w the stack height
of 8(_Lqo,v): We start at stack height 0 (the gray dots) and follow the gray lines
to the right.

Notice that a VPA can only see the top of the stack when reading return
symbols. Therefore, the behavior of a VPA on a well-matched word is determined
by the current state and independent of the current stack content. More precisely,
there exists a monoid homomorphism 8: W — QQ into the finite monoid of all
state transformations Q — Q such that §(ap, w) = aB(w)(p) for all w € W and
ap € Conf.

Monotonic factorizations A word is called descending (ascending) if it can
be factorized into well-matched factors and return (call) letters. The set of
descending words is denoted by D.

A factorization of w = wqw; - - - w,,, € Z* into factors w; € L* is monotonic if
wy is descending (possibly empty) and for each 1 < 1 < m the factor w; is either
a call letter w; € X. or a nonempty well-matched factor. The descending prefix
wg can be further factorized in well-matched factors and all return letters which
do not have a matching call letter in w. The factors w; which are call letters
are precisely those call letters which do not have a matching return letter. The
number of such unmatched call letters specifies the stack height in §(_Lqo, w).

Lemma 10.4. Every word w € £* has a monotonic factorization.

Proof. Consider the set of nonempty maximal well-matched factors in w (maxi-
mal with respect to inclusion). Observe that two distinct maximal well-matched
factors in a word cannot overlap because the union of two overlapping well-
matched factors is again well-matched. Since every internal letter is well-matched
the remaining positions contain only return and call letters. Furthermore, every
remaining call letter must be to the right of every remaining return letter, which
yields a monotonic factorization of w. O

Figure 10.1 shows a monotonic factorization w = wowys - - - W,, Where the
descending prefix wq is colored red and call letters w; are colored blue. If
WoW1 - - - Wy, is @ monotonic factorization then w{wj; ---wj is a monotonic
factorization for any 0 < i < j < m and any suffix w; of wj.



144 Chapter 10. Visibly pushdown languages

bcabbcabaabcaaababba

Figure 10.1: The stack height function for a word (£. ={a}, £, = {b}, Zinr = {c})
and a monotonic factorization bcabb cab a abc a aababb a.

10.2 Description of the Myhill-Nerode classes

FixaVPA A = (Q, 5T, L, qo,d,F) and let L = L(A) for the rest of this chapter.
In the following we show how to describe the Myhill-Nerode classes of L using
a regular set of representative configurations. This allows us to derive that the
growth of n +— |ZS™/~| | is polynomial or exponential. In the latter case this also
yields an exponential lower bound for |ZS™/~ | since ~ refines ~ .

Two configurations ci,co € Conf are equivalent, denoted by c¢; ~ cg, if
L(c1) = L(cz). We follow the approach in [15] of choosing length-lexicographic
minimal configurations. Since their definition slightly differs from ours! we
briefly recall their argument.

Lemma 10.5 ([15]). The equivalence relation ~R is synchronous rational.

Proof. We present a finite automaton which recognizes the complement of ~R. It
reads two reversed configurations (op)R = pa® and (Bq)R = qBR synchronously,
which are aligned to the left. The automaton stores a pair of states of A, starting
with the pair (p, q). It then guesses a word w by its monotonic factorization
which witnesses that w belongs to exactly one of the languages L(«p) and L(Bq).
Notice that it suffices to read the maximal descending prefix of w and test
whether the reached state pair (p’, q’) belongs to some fixed set of state pairs
since the remaining ascending suffix cannot access the stack contents of the
reached configurations. To simulate A on a descending prefix in each step the
automaton either guesses a return symbol and removes the top most stack symbol
of both configurations (or leaves | at the top), or guesses a state transformation
T € 6(W) which only modifies the current state pair. O

Let rConf = {8(Lqg,w) | w € £*} be the set of all reachable configurations in
A, which is known to be regular [19, 26]. By fixing arbitrary linear orders on I'
and Q we can consider the length-lexicographical order <, on rConf. It is well-
known that <, is a synchronous rational relation. Now let rep: rConf — rConf
be the function which chooses the minimal representative from each ~-class, i.e.
for all ¢ € rConf we have rep(c) ~ ¢ and for any ¢’ € rConf with ¢ ~ ¢’ we have
rep(c) <pex ¢’. The closure properties of synchronous rational relations imply
the following fact.

1 According to their definition, a VPA may not read a return letter if the stack is empty.
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Corollary 10.6 ([15]). The function rep is rational.

The set of representative configurations is denoted by Rep = rep(rConf).
Finally we define v4: £* — Rep by v4(w) = rep(8(_Lqo,w)) forallw € Z*. It
represents ~ in the sense that L(v4(w)) = w™'L(A) for allw € £* and hence
~NL= ker(vﬂ).

Example 10.7. Recall the VPL L over {a, b} from Example 10.2. The set of
reachable configurations is

rConf ={Lqr}U LA{A,A}*Q.

The set of length-lexicographical minimal representatives configurations is given

by
Rep = {Lqr}U LAA*qq U LAA*qp

since any configuration 1. cAAqy is equivalent to LAAtq, for o € {A, A}* and
x € {a, b}.

Since the set of representative configurations Rep is regular it has either
polynomial or exponential cumulative growth.

Lemma 10.8. If Rep has polynomial (exponential) cumulative growth then also
|ZS™ /~ | has polynomial (exponential) growth.

Proof. Consider the function which maps a class [w]., to rep(8(Lqo,w)). It
is well-defined because, if w ~ w’ are equivalent, then also &(Lqg, w) ~
5(Lqo,w’) are equivalent configurations. By definition of Rep it is a bijection
between |L*/~L| and Rep.

First, any word of length n can reach a configuration (1 qo, w) with stack
height at most n. Since rep picks length-minimal representatives the configura-
tion rep(8(_Lqo, w)) has a stack of height at most n. Hence, if r(n) = [{c € Rep:
lc| < n}| then |[ZS™/~1| < r(n + 2). Therefore if r(n) is polynomially bounded
then so is |[ZS™ /~¢|.

Conversely, let ¢ € Rep be a configuration of length n and let ¢ = §(_Lqo, w).
Let w = wows - -- W, be a monotonic factorization. Notice that there are at
most n many factors w; which are call letters. By choosing the well-matched
factors in the monotonic factorization maximal (as in the proof of Lemma 10.4)
this implies m < 2n 4 1. Since wy is descending we have §(Lqo, wo) € L Q and
we can replace it by a length-minimal word w{ with 5(_Lqo, wo) = 8(_Lqo, W{).
Every well-matched factor w; is replaced by a length-minimal well-matched
word w{ with 8(w;) = 8(w{). Since the number of states and the number of
state transformations is constant, the new word w’ = wjwj ---wj, consists
of factors of constant length and hence |w/| = O(m) = O(n). It satisfies
rep(5(Lqgo,w’)) = c. Hence r(n) < |ZS9"/~(| for some constant d > 0 and
sufficiently large n. Hence any exponential lower bound on r(n) transfers to
=S/~ O

As a corollary we obtain a dichotomy for the standard streaming space
complexity of VPLs.
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Corollary 10.9. In the standard streaming model the space complexity E; (n) =
log |ZS™/~| of every VPL L is either O(logn) or Q(n) infinitely often.

10.3 Proof strategy

The rest of the chapter is dedicated to the proof of Theorem 10.1. If L is either
empty or universal then Vi (n) is O(1), and otherwise Q(logn) by Lemma 3.7.
Hence we can assume that § C L C Z* and prove that the space complexity
is either O(logn) or Q(n) for infinitely many n. Recall the definition of the
suffix expansion of an equivalence relation or a function, see Section 3.4. By
Proposition 3.11 and the definition of v 4 we have

2VEIN — |ZSM /2oy | = [V (E57)] = [V (E5M)| = lim(V.4) N RepS™,  (10.1)

and therefore it suffices to prove that im(v4) has polynomial or exponential
growth. Notice that V4 maps a word over X of length n to a sequence of n
representative configurations from Rep, which is a “two-dimensional” object.

Example 10.10. Let us compute Vv 4 (w) for an example word w and the VPA A
from Example 10.7. For example V4 (abaaaaabb) is the sequence

(LAAAQy, LAAAQy, LAAAQy, LAAQy, LAqe, LqF, Lqr, Lqr, LqF)

because applying v 4 to all suffixes of w = abaaaaabb yields:

vy4(abaaaaabb) = LAAAQy
v4(baaaaabb) = LAAAQy
v4(aaaaabb) = LAAAQy
v4(aaaabb) = LAAQy
v4(aaabb) = LAge
v4(aabb) = Lqgr
va(abb) = Lqr
va(bb) = Lqr
va(b) = Lqr

Notice that v 4 need not be rational in general and hence we cannot directly
apply Theorem 5.2. Intuitively one would need a stack to compute the configu-
ration &(_Lqo, w). In the example above we have v4(a‘bl) = LAA* I ~1qy for
all 1 < j < 1iand a simple pumping argument shows that v 4 cannot be rational.
Using a different representation of the input word we will describe v4 by a
rational function and apply Theorem 5.2.

Let us give an overview of the proof of Theorem 10.1. Figure 10.2 gives an
overview of the used sets and abstractions. We identify three sufficient conditions
for the linear growth of Vi (n).
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Condition 1 The context-free set V.4 (D) has exponential growth.

Since V4 (D) C V.4 (X*) this condition immediately implies a linear lower bound
on Vi (n). In order to simulate .A by a finite transducer we will “flatten” the input
word in the following way. The input word w is factorized w = wowy - - - wy;, into
a descending prefix wy, and call letters and well-matched factors wy, ..., wy,.
The descending prefix and each well-matched factor w; are replaced by so-called
D- and W-sequences which describe the behavior of A on the factor w; and on
each of its suffixes. The set of all (syntactically correct) flattenings is denoted by
AllFlat, which is regular; the set Flat of all realized flattenings is only context-free.
There exists a rational function v: AllFlat — Rep such that, if s is a flattening of
aword w € X* then v¢(s) is a configuration representing the Myhill-Nerode class
v (w) (Proposition 10.15). Hence, we can reduce proving the main theorem
to the question whether the growth of v¢(Flat) is always either polynomial or
exponential.

This question is resolved positively as follows. If Condition 1 does not hold,
we can approximate Flat by a regular superset RegFlat with v¢(RegFlat) =
v¢(Flat) = Rep and some other properties. If V¢(RegFlat) has polynomial growth
then the same holds for the subset V¢ (Flat) and therefore Vi (n) = O(logn). Oth-
erwise, the dichotomy theorem (Theorem 5.2), applied to the rational restriction
V|regrlat, States that V¢(RegFlat) has exponential growth if one of the following
two conditions hold:

Condition 2 The regular set Rep has exponential growth.
Condition 3 v¢ has a fooling scheme in RegFlat.

If Condition 2 holds then Lemma 10.8 states that |v4 (ZS™)| = |[ZS™/~1 | grows
exponentially, which is a lower bound on |4 (ZS™)|. If Condition 3 holds we can
ensure that the fooling scheme is already contained in Flat. In both cases we
obtain a linear lower bound on Vi (n).

10.4 Reduction to transducers

D- and W-sequences We first define abstractions for the descending prefix
and well-matched factors. A D-sequence is any sequence q; --- g € Q*, and a
W-sequence is any sequence tqs - - - qn € QRQ*.

If x =a;---a, € D is a descending word then &(_Lqg,x) = Lp for some
p € Q. Since rep chooses length-minimal configurations there exists a state
q € Q with v4(x) = Lq. Since each suffix of x is also descending we have
Va(x)=(Llqi,Lqz,...,Lqn) for some qi,...,qn € Q. The D-sequence of x is
defined as op(x) = q1---gn € QF, i.e. we remove the redundant | -symbols
from Vv 4(x). If x is nonempty and well-matched with op(x) = q;1---qn and
n > 1 we additionally define its W-sequence as ow (x) = Tq2---qn € QUQ*
where T = 0(x).

We denote by Sp = op (D) and Sw = ow (W \ {¢}) the set of all realized D-
and W-sequences, respectively. Since descending words are exactly the (proper)
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VA

y* —— > rConf

Flat

Rep

N
RegFlat

N

AllFlat

Figure 10.2: On input w € X* the VPA A reaches configuration 6(Lqo, w).
Its representative configuration is v4(w). We abstract the words from X* by
flattenings from Flat.

suffixes of well-matched words Sp, is exactly the set of proper suffixes of words
from Syy. Notice that op and oy, preserve suffixes in the following sense: If
op(ai---an) = q1---qn or ow(a;---an) = Tq2---qn then op(ai---an) =
i gnforall2 <ig<n.

Lemma 10.11. The languages Sp and Sy, are context-free.

Proof. Since Sp, is the set of all proper suffixes of words from Sy it suffices to
consider Sy,. We will prove that {w ® ow(w) | w € W\ {¢}} is a VPL over the
pushdown alphabet (X, x X¢, X X X¢, Zine X X¢). Since the class of context-free
languages is closed under projections it then follows that Syy is context-free. A
VPA can test whether the first component w = a; - - - a,, is well-matched and
whether the second component has the form tqs - - - qn € QQQ*. Since VPLs are
closed under Boolean operations, it suffices to test whether t # 6(w) or there
exists a state q; with v4(a; - - - an) # Lq;. To guess an incorrect state we use a
VPA whose stack alphabet contains all stack symbols of A and a special symbol
# representing the stack bottom. We guess and read a prefix of the input word
and push/pop only the special symbol # on/from the stack. Then at some point
we store the second component q; in the next symbol and simulate A on the
remaining suffix. Finally, we accept if and only if the reached state is q and
rep(Llq) # Lqi. Similarly, we can verify T by testing whether there exists a state

p € Q with 6(w)(p) # t(p). O

Lemma 10.12. The language Sp is bounded if and only if Sy is bounded. If Sp
is not bounded then im(V 4) grows exponentially.

Proof. Assume that Sp C s --- s} is bounded. Since Sy C [ J{tSp | T € QQ} we
have Sy C 1} -+ 1% s} -+ - st for any enumeration Ty, . .., T,y of QQ. Conversely,
if Sw is bounded then each word in Sp, is a factor, namely a proper suffix, of a
word from Syy,. By Lemma 3.14 then also Sp must be bounded.
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If the context-free language Sp = op(D) C Q* is not bounded then its
growth must be exponential. Recall that V4 (w) and op(w) are equal for all
w € D up to the L-symbol. Hence [V4(ZS™)| > [V4(D N ZSY)| = |op(D N
IS™M)| = |Sp N QS™|, which proves the growth bound. O

Flattenings Define the alphabet £ = . U Q U QQ. A flattening is a word
sps1---Sm € XLj where so € Q* is a D-sequence and s; € X U QQQ* is a call
letter or a W-sequence for all 1 < 1 < m. The factorization into the initial
D-sequence, the call letters and the W-sequences is unique. The set of all
flattenings is AllFlat = Q*(Z. U QQQ*)*, which is suffix-closed. We say that
s = soS1---sm € AllFlat is a flattening of a word w € L* if there exists a
monotonic factorization w = wowy - - - Wy, € L* such that sg = op(wy), and for
all 1 <1 < mif w; is well-matched, then s; = ow/(wy), and if w; € Z. then
si = wj. The set of realized flattenings is Flat = Sp (X, U Sw/)*. Since a word
may have different monotonic factorizations, it may also have many flattenings.

Lemma 10.13. If s = by --- by, € L} is a flattening of aword w = a; - - - an € X™,
then by - - by, is a flattening of a; --- an for all 1 < i < n. In particular Flat is
suffix-closed.

Proof. Letw = wowys - - - Wy, be a monotonic factorization and let s = sps1 -+ Sin
be the associated flattening. This means op(wg) = sp, and for all 1 < i < m,
if wy is a call letter then w; = s;, and if w; is a well-matched factor then
ow(w;i) = si. Now take any suffix w’ of w, which has a monotonic factorization
of the form wj w1 ---wy where wy is a possibly empty suffix of wy. Let
s’ =8| Sk+1 - sm Where s; is the length-|w/ | suffix of si. One can see that s’ is
the associated flattening of w’ since op (wy) = sy implies op (wy,) = si.. O

We define a function t¢: AllFlat — rConf as follows. Let s = sgs1---sm € L}
be a flattening and we define t¢(s) by induction on m:

o If so = ¢ then t¢(sg) = Lqo. If so =q1---qn € QT then t¢(so) = Lq1.
e Ifs,,eX.andm > 1then te(s) = 8(tr(So - Sm_1),Sm)-

e If sy =1q2---qm € QUQ* and m > 1 and t¢(sg---sSm_1) = «q then
te(s) = at(q).

Define the function v¢: AllFlat — Rep by v¢ =rep o ty.
Lemma 10.14. The functions t¢ and v¢ are rational.

Proof. We first define a transducer .A; which handles flattenings where the initial
D-sequence is empty. Let A1 = (Q,Z¢, QUT, qo,A’, Q, 0) with the following
transitions:

. pq—|£>pf0rallp,q€Q

) al—y> q for all 5(p, a) = (v, q) where a € X,
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o p 2% 1(p) forallp € Q,t e QQ

and o(q) = q. For each p € Q let t, be the rational function defined by A,
with the only initial state p. One can easily show that for all s € (QRQ* U £.)*
we have t¢(s) = Ltq,(s) and t¢(qi---qis) = Ltg,(s) forall q;---qx € Q*.
Hence we can prove that t; is rational by providing a transducer for t: First
it verifies whether the input word s belongs to the regular language AllFlat C
Z%. Simultaneously, it verifies whether s begins with a nonempty D-sequence
qi1---qx. If so, it memorizes q; and simulates A; on the remaining suffix s’
starting from state q;. Otherwise A; is directly simulated on s from qg. Since
rep is rational by Corollary 10.6, v is also rational. O

Proposition 10.15. If s € AllFlat is a flattening of w € L* then v¢(s) = va(w).
Therefore v¢(Flat) = Rep and |4 (£<™)| = |¥¢(Flat) N RepS™|.

Proof. Let w = wowy ---w,,, € L* be a monotonic factorization and let s =
sos1---sm € Flat be the associated flattening. We prove t¢(s) ~ §(_Lqo, w) by
induction on m.

o If m=0and sy = ¢ then t¢(s) = Lqo = 8(Lqo, €)-

eIfm=0and s)o = q1---qx € QF then t¢(s) = Lq; and v4(w) =
rep(8(Lqgo, w)) = Lqs.

¢« Ifm > 1ands,, € L. then s;, = w,,. By induction hypothesis we
know that t¢(so- - sm-1) ~ d(Lqo,wWo---wm_1). Since d(Lqp,w) =
5(8(Lqgo,Wo -+ Wm—1),wm) and t¢(s) = d(t¢(so - Sm—1), Sm) We obtain
8(Lqo, w) ~ te(s).

o Ifm>1ands, = 1q2---qx € QUQ* then w,, is well-matched and
(W) = T. Assume that t¢(so - - Sm—1) = op and d(Lqo, wo - - Win—1) =
Bg. By induction hypothesis we know that ap ~ 3q. Since t¢(s) = at(p) =
d(ap, W) and 8(Lqo, w) = d(q, wm) we obtain t¢(s) ~ 8(Lqo, w).

Since v¢ =rep oty and v4(w) = rep(d(_Lqo, w)) we have v¢(s) = v (w). The
consequence follows from the suffix preservation (Lemma 10.13). O

10.5 Bounded overapproximation

In this section we will assume that Sp and Sy, are bounded languages. Otherwise
Lemma 10.12 implies that im(V 4 ) grows exponentially and hence L has linear
sliding window space complexity by (10.1). To apply Theorem 5.2 we will
approximate Flat by a regular language RegFlat. Define the function

(D(al o an) = {(alsn)7 (a2:n_ 1) LR (aTh 1)}

and @ (K) = {J,,ecx @(w). It summarizes which symbols occur at which positions
across all words in a language K (read from right to left).
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Lemma 10.16. Let K be a bounded context-free language. Then there exists a
bounded regular superset R O K such that {ilw| : w € K} = {iw| : w € R} and
®(K) = O(R), called a bounded overapproximation of K.

Proof. We use Parikh’s theorem, which implies that for every context-free lan-
guage K C ~* the set {{w| : w € K} is semilinear, i.e. a finite union of arithmetic
progressions, and hence {v € X* | 3w € K: |v| = |w|} is a regular language.
Assume that K C wj ---wj for some wy, ..., wy € Z*. We define

R=wj---wi)n{ve I |dweK: v =mw}n{we Z* | O(w) C O(K)}.

Clearly, K is contained in R and it remains to verify that the third part is regular. It
suffices to show that for each a € X the set P, ={i| (a,1) € ®(K)} is semilinear
because then an automaton can verify the property ®(w) C ®(K). Consider the
transduction

Ta={(a1-an, 0" " a;---an € Z%, a; = a.

It is easy to see that T, is rational and T,K = {{0' | i € P.}. The claim follows
again from Parikh’s theorem. O

For each T € Q@ let R, be a bounded overapproximation of T~!Sy, and let
Rw = UTEQQ (TR;). Let Rp = UTEQQ Suf(R.), which is the set of all proper
suffixes of words in Ryy. Both Rp and Ry, are also bounded languages. Finally,
set RegFlat = Rp(Z. U Rw)*, which is a suffix-closed subset of AllFlat, since
RegFlat = Suf((X. URw)*). According to the definition of bounded overapproxi-
mations we can approximate a W-sequence v = tqs - - - qx € Ry in two possible
ways:

¢ There exists a W-sequence of the form tp; - - - pr € Sw of length . It is
called a length approximation of v.

¢ For all 2 < i < k there exists a W-sequence of the form ts’qipii1-- Pk €
Sw. It is called an approximation of v along q;.

If r = 1ory - - - Tn € RegFlat then we can replace any W-sequence 1; € Ry, by an
approximation of r; (of either type) without changing the value of v¢(r) since
the state transformations are preserved.

Proposition 10.17. v¢(Flat) = v¢(RegFlat).

Proof. We clearly have v¢(Flat) C v¢(RegFlat) and it remains to show the other
inclusion. Consider a flattening r = rory--- 1, € RegFlat. First, we replace
any W-sequence t; € Ry by a length approximation r{ € Sy of r;, which
preserves the value of v¢(r). If 1o is empty, we are done. Otherwise suppose
that ro = g1 --- qx € Rp is nonempty. By definition q; - - - qx is a proper suffix of
some word x = Tpz - --Pi—1q1 - - qk € Rw. Take an approximation y € Sy, of x
along q1, which has a proper suffix of the form q:1q5 - - - q; belonging to Sp. We
can replace q; - - - qix by qi1q4 - - - q;, in r without changing the value of v¢(r). O
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Lemma 10.18. If v¢ has a fooling scheme in RegFlat then it also has a fooling
scheme (uy,va,u, v, z) in Flat.

Proof. Let (uz,vz,u,v,z) be a fooling scheme of v; in RegFlat. First we ensure
that u,v,z € (X, URw)*.

Since u, and v, are distinct words of equal length {uy, vo{u, v}™ contains
2™ distinct words and therefore {u,, vo{u, v}* is not bounded. We claim that
{u,v} € Q*. Otherwise {uy, voH{u,v}* C Q* would be contained in the set of
prefixes of words in Rp. This is a contradiction because Rp is bounded by
assumption and {up, vo{u, v}* has exponential growth.

Without loss of generality, assume that u = uzu, such that u, either starts
with a call letter a € £, or a transformation T € QX. We claim that

(u2us, vaUs, Uguus, Ugvus, Ugsz)

is a fooling scheme for v¢. It has the following properties:
+ {uous, vous{uguus, ugvusugz C {uy, va{u, vi*z C RegFlat,
+ Usug is a suffix of usuus,
* voug is a suffix of ugvus,
¢ [upus| = vaus,
+ vy separates upus{usuug, ugvugusz and voug{uguus, ugvusFugz.

Since (ugus)(uguus)(ugvus)(ugz) belongs to RegFlat = Rp (X U Ry )* and uy
starts with a call letter or a transformation, the words usuus, usvus, uyz must
belong to (X. URw)*.

Now, let (uy, va, u, v, z) be a fooling scheme of v in RegFlat such that u, v,z €
(. URw)*. We replace occurring factors from Ry by factors from Sy, while
maintaining the values v¢(swz) for all s € {uy,v,} and w € {u, v}*.

1. First we replace each Ry -factor in z by a length approximation, which
ensures that z € (L. U Sw)*.

2. Next consider u and v, and assume that u = u;u, and v = v;v, for some
ui,vi € Xj. Let us consider Ry-factors which cross the factorization
U = Uy Or v = vyVvy, respectively. If u, starts with some state we can
factorize u; and uy as u; = ustqs---qi—1 and up = (i - - - qxus Where
Uus,ug € (LcURw)* and 1qs - - - qx € Rw. Lety € Sy be an approximation
of 1qs - - qx along qi, say y = ts'qipi+1---px. We replace u; by ugts’
and uy by qipi+1 - - pxua. Notice that the length of uy has not changed
(this maintains |uy| = |v5|) and the first state of u, has not changed either
(this maintains the values v¢(uswz)). If v, starts with some state we do
the analogous replacements for v; and vs.

3. Finally, each Ryy-factor in uq, uy, v and v, is replaced by a length approxi-
mation.
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One can verify that the new tuple (us, vz, u,v, z) is a fooling scheme of v¢ in
Flat. O

Now we are ready to prove the main theorem:

Proof of Theorem 10.1. If L = ) or L = Z* then Vi (n) = O(1). Now assume
¢ € L ¢ £*, in which case we have V[ (n) = Q(logn). Furthermore we know
that 2V (") is the cumulative growth of im(V 4) by (10.1).

If the constructed languages Sp and Sy, are not bounded then im(V 4) grows
exponentially by Lemma 10.12 (Condition 1). Now assume that Sp and Sy
are bounded, in which case we can construct RegFlat. We apply Theorem 5.2
to the rational restriction V|gegriac. The latter theorem states that the growth of
V¢(RegFlat) is either polynomial or exponential. If V¢(RegFlat) has polynomial
growth then the same holds for its subset v¢(Flat). Otherwise, either the image
v¢(RegFlat) is not bounded (Condition 2) or v¢ has a fooling scheme in RegFlat
(Condition 3).

First assume Condition 2 holds. Then the regular set Rep has exponen-
tial growth because v¢(RegFlat) = v¢(Flat) = Rep by Proposition 10.15 and
Proposition 10.17. By Lemma 10.8 we know that [ZS™/~ | = |[v4(ZS™)| grows
exponentially and hence also |V 4 (ZS™)|.

If Condition 3 holds then v¢ has a fooling scheme in Flat by Lemma 10.18.
Then V¢ (Flat) has exponential growth by Proposition 5.3. By Proposition 10.15
also |V 4 (ZS™)| grows exponentially. This concludes the proof. O

10.6 Conclusion

We have proved that every visibly pushdown language has constant, logarithmic
or linear space complexity in the variable-size sliding window model. Let us
summarize the open questions.

Open problems

1. Does every VPL have constant, logarithmic or linear space complexity in the
fixed-size model? If L is a VPL with F (n) = o(logn) then Fi (n) must be
constant by Theorem 9.1. We conjecture that the linear lower bounds for
V1 (n) can be transferred to F; (n). To do so, one would have to reexamine
the three conditions from Section 10.3.

2. It also remains open to give a simple characterization of the visibly push-
down languages with logarithmic complexity. This question is related to
characterizing the rational functions whose suffix expansions have poly-
nomial image growth. We remark that the example language L from
Proposition 3.12 is a visibly pushdown language and a left ideal which has
linear space complexity in the fixed-size model.
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3. Finally, we pose the question whether the ideas from this chapter can be
used to analyze the sliding window space complexity of other language
classes. In general, one would need to find a suitable “flattened” repre-
sentation of the window on which a finite state transducer can compute
representative configurations.

Related work In [8] Alur et al. define a natural syntactic congruence for
languages over a pushdown alphabet, and prove that a language containing only
well-matched words is a VPL if and only if its syntactic congruence has finite
index. Subclasses of visibly pushdown languages with low “complexity” were
also studied in other contexts. Barany, Loding and Serre [15] consider visibly
counter automata, which can use the stack to count up to a constant threshold.
They prove that it is decidable whether a given visibly pushdown automaton
is equivalent to a visibly counter automaton. One can easily see that a visibly
counter automaton can be viewed a VPA whose set of configurations has constant
growth (or linear cumulative growth). Therefore we have |[ZS™/~;| = O(n) for
every visibly counter language L. Krebs, Lange and Ludwig [79] show that it is
decidable whether a given visibly counter language is contained in the circuit
complexity class ACC.
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Conclusion

In this thesis we have analyzed the sliding window streaming model, with an
emphasis on the space complexity of monitoring properties over sliding windows.
We have pursued the question, which properties, viewed as formal languages,
admit space efficient sliding window algorithms and have provided a complete
picture for the case of regular languages. The sliding window model and, more
generally, the streaming model yield interesting automata theoretic questions,
which can give new insights into language classes and their properties.
Let us give an outlook of possible research directions.

Languages classes A widely open question is which other language classes
admit a structured analysis in the sliding window model. Besides the already
mentioned class of deterministic context-free languages, one could consider
languages accepted by constrained automata [27] in the sliding window model,
which are regular languages with semilinear constraints. In a preceding step one
should study such language classes in the standard streaming model.

Going in the other direction, one should also restrict the class of regular
languages and find appropriate input representations that capture queries from
real-world applications.

Quantitative queries and data streams Instead of qualitative statements over
the sliding window one is often interested in computing quantitative values. Our
investigation of rational functions is a starting point for that. In the literature
there is a large variety of quantitative models which compute values from words.
One of the standard models of quantitative systems are weighted automata [38],
which compute a value over a semiring. Other models include cost register
automata [6] and quantitative regular expressions [7]. The latter form the core
of StreamQRE [87], which is a specification language for streaming queries.

A related topic concerns the fact that streams usually consist of complex
data values, e.g. tuples of real numbers, which may represent sensor values or
timestamps. Such streams can be modeled by so-called data words. A popular
formalism for specifying set of data words (so-called data languages) are register
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automata, which are also known as finite memory automata [71]; see also [93]
for a comparison with other models.

Time-based windows In some streaming applications the data items may
arrive at irregular intervals and it may be more interesting to consider time-
based windows. The path summary algorithm can be easily adapted to work over
time-based windows whenever the given rDFA is weak, i.e. each SCC contains
only final or only nonfinal states. Recall that weak rDFAs capture precisely
the class (LI) (Theorem 4.32). It would be interesting to compare the space
complexity of languages under the fixed-size, variable-size and the time-based
window model.
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