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1. INTRODUCTION

In the present paper we address algorithmic issues of the problems of decomposing a finite-
valued transducer into a union of single-valued ones and inclusion of an arbitrary transducer in
a finite-valued one. These questions were studied by Weber in [1-4] and also by Sakarovitch and
de Souza in [5-8]. In these works polynomial decidability of finite-valuedness of a transducer was
proved, possibility of decomposing a finite-valued transducer into a union of single-valued ones was
shown, and an algorithm for testing inclusion of an arbitrary transducer in a finite-valued one was
proposed. We propose simpler constructions, which partially improve estimates of the previous
authors. The single-valued transducers obtained in the decomposition have sizes of the order of
a single exponent of poly(n), where n is the size of the finite-valued transducer; testing inclusion
of an arbitrary transducer in a finite-valued one requires space estimated by a single exponent.
Note that in [5,6] the corresponding estimate is exponential not only in n but also in k, where k is
valuedness of the transducer (in those works k& was assumed to be constant). Taking into account
that k can itself be exponential in n, this bound has the order of a double exponent of n. Our
estimate does not contain k under the exponent and thus improves the previously known ones. The
same concerns the problem of testing inclusion of an arbitrary transducer in a finite-valued one,
which in [8] is solved with space estimation of the order of exp(poly(n,k)), whereas our estimate
is of the order of exp(poly(n)). On the other hand, the number of single-valued transducers in
constructions from [4-6] equals the valuedness of a given finite-valued transducer, which does not
follow from our construction. Thus, each of the constructions have its own advantages. Note also
the work [9], which contains a detailed presentation of automata and transducers theory.

Section 2 contains basic definitions, examples, and facts introducing the reader to the subject
of the paper. In Section 3 we present constructions underlying the decomposition of a finite-
valued transducer. Section 4 describes the decomposition itself. In Section 5 we address questions
of the smallest input and output length on which noninclusion of one finite-valued transducer
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Fig.1. Two-valued transducer; to the input of ¢ symbols a there correspond two outputs: of 4
symbols b and of (¢ + 1) symbols b.

Fig. 2. Two-valued transducer; to the input of ¢ symbols a there correspond two outputs consisting
of alternating symbols b and c: both begin with b, but one ends with ¢ and the other ends with b.

in another can be ascertained. Finally, Section 6 presents results on algorithmic testing of such
noninclusion.

2. FINITE-VALUED TRANSDUCERS

A finite nondeterministic transducer 2 is a sextuple (A4, B, Q, Qo, F, J), where A is a (finite) input
alphabet, B an output alphabet, @ a finite set of states, Qo C @ a set of initial states, FF C Q) a sets
of final states, and § a set of transitions. Each transition is a quadruple (q1,a,v, g2), where ¢ is a
state before transition, go a state after transition, a € AU {A} (A is the empty string) a transition
input, and v € B* a transition output. We represent 2l as a directed graph whose vertices are states
and edges are transitions. Each edge is labeled with the input and output of the corresponding
transition. By paths in this graph we mean directed paths. A word obtained by concatenation of
inputs along some path [ will be referred to as the input of [ and denoted by in(l); a word obtained
by concatenation of outputs will be called the output of [ and denoted by out(l). A path starting
in an input state and ending in an output state is said to be accepting. The graphic I'(2() of a
transducer 2 is the set of pairs (u,v) such that v = in(/) and v = out(l) for some accepting path [.
We say that a transducer 20y is included in a transducer 2y if I'(2;) C I'(2A2). Transducers 24
and 2l are said to be equivalent if I'(;) = I'(”A2). The size || of a transducer A is the sum of
the number of its states, transitions, and lengths of their outputs. Clearly, given a transducer 2,
in time polynomial in |2(| one can construct an equivalent transducer in which through each state
there passes at least one accepting path. Therefore, throughout what follows we assume that all
transducers that we consider possess this property.

A basic definition for further presentation is as follows.
Definition. A transducer 2 is said to be finite-valued if there exists a constant ¢ such that for

any word u there exists no more than ¢ different words v such that (u,v) € I'(). The smallest of
such constants c is called the valuedness of 2. If the valuedness equals 1, then 2 is single-valued.

For example, the transducers shown in Figs. 1 and 2 are two-valued, and the one shown in Fig. 3
is four-valued.

Valuedness of a transducer may be exponential in its size. As the following example shows, even
the number of different lengths of outputs for one input can be exponential.
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a1 ds

Fig. 3. Four-valued transducer; to the input aaab there correspond four outputs: A, ¢, cc, and cce.

Ezample 1. Consider a transducer B with m+1 pairs of states: (q1,q1), (¢2,43), - - - (Gm+1, @py1)-
Initial states are ¢; and ¢f; final states are ¢m+1,4,,, . Transitions are as follows:

<qi7ui7)‘7qi+1>7 <qi7ui7)‘7qz,'+1>7 <q§,ui,>\,qi+1>,
<qg7ui7)‘7qg+1>7 <(]i,Ui,C, ql>7 <qg7ul7>\7q7/,>7

where u; = a for odd ¢ and u; = b for even i; a, b, and ¢ are symbols (Fig. 3 shows the
transducer B for m = 2). Clearly, B is finite-valued. Let f(k) = 2™ %. Then, for the input
af@abfWpaf@apf®p . a2abb (let m be even), the transducer B, obviously, can produce any
output ¢* where the number k written in binary notation contains at most m binary digits. In total,
there are 2™ such numbers, which is exponential in |B|.

We say that a transducer 2l is reduced if has exactly one initial and one final state and all paths
with empty input lead from the initial state to the final. In [1], the following statement is proved.

Lemma 1. Given a transducer 21, in polynomial time one can either construct a reduced trans-
ducer equivalent to it or ascertain infinite-valuedness of 2.

Proof. If the transducer 2 is finite-valued, then it obviously has no cycles with empty input and
nonempty output. Clearly, checking the absence of such cycles is performed in polynomial time.
If this condition is not fulfilled, infinite-valuedness of 2 is ascertained. Assume that it is fulfilled.

By adding no more than two states and 22| transitions, we can obviously assure that [ contains
exactly one initial state with only outgoing transitions and exactly one final state with only incoming
transitions. Next, on states of 2 we define a transitive relation R: ¢qRqs if there exists a path
from g1 to g2 with empty input. Assume that ¢; Rg2 and g2 Rq;. Then any path from ¢; to ¢ with
empty input must have empty output. We can naturally glue each maximal set of states on which
R is identically true into a single state. Then we delete all loop transitions with empty input and
empty output. We obtain a transducer 2, which is obviously equivalent to 2. Assume that in 2’
there is a noninitial and nonfinal state ¢ such that there exists a transition with empty input which
is either incoming to or outgoing from ¢. Now we perform the following reduction operation. For
each pair of transitions (qi,a1,v1,q), (¢, a2,v2,qe) such that either a; = X\ or as = A\, we add the
transition (q1,ajag, v1v2, g2). After that we delete all transitions with empty input incoming to and
outgoing from ¢. Clearly, the reduction operation does not change the graphic of the transducer.
Moreover, if before the reduction for some state ¢ there were no incident transitions with empty
input, there will be no after the reduction as well. Therefore, in no more than |@Q| reduction
operations we will obtain the desired reduced transducer. A

It is easily seen that, for all problems considered below, existence of transitions with empty input
in a reduced transducer is not essential. Therefore, we will assume that no such transitions exist.
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270 MUCHNIK, GORBUNOV

Fig. 4. Infinite-valued transducer: the greater the input length, the more variants for the output.

Remark 1. A reduced transducer can be infinite-valued. For instance, such is the transducer
shown in Fig. 4.

Let us state a criterion for finite-valuedness of a transducer (Theorem 1). Note that a similar
criterion is stated and proved in [1].

Theorem 1. A transducer 2 of size n is finite-valued if and only if for any two of its states s1
and s9 (not necessarily distinct) and any three of its paths p1, pa, and ps with the same input u
such that py starts in s1 and ends in s1, pa starts in s1 and ends in So, and p3 starts in so and
ends in s9 the following two conditions hold:

(1) If out(p1) # A, then out(pz) is a head (initial segment) of an infinite word (out(p1))°;
(2) For any v’ C u (i.e., v is a head of u) we have |d(p1,p2,u')| < n?*, where d(p1,pa,u’) is the
difference of output lengths of heads of p1 and ps on input u'.

Ezample 2. For the transducer shown in Fig. 4, condition (1) is not fulfilled, though condition (2)
holds. If we replace the ¢ in it with A, condition (2) will be violated, but condition (1) will hold.
In both cases the transducer is infinite-valued.

Let us prove the necessity of this criterion. Let 2 be a finite-valued transducer.

First we prove condition (1). Let k& > ¢, where ¢ is the valuedness of 2. Consider the set
{p’flpgplg_i | i = 1,...,k} of paths from s; to sy. It is easily seen that all these paths have
the same input «*. The choice of k guarantees existence of j > 0 such that (out(p1))’ out(ps) =
out(ps)(out(p3))’. Hence,

(out(p1))* out(p2) = (out(p1))’ out(pz)(out(ps))’
= out(ps)(out(ps))’ (Out(p )Y
= out(pz)(out(ps))?,

and similarly (out(p1))¥ out(ps) = out(p2)(out(ps))¥ for any ¢, which shows that out(ps) is a head
of (out(py))™

Condition (2) is proved by contradiction. Assume that |d(py,pa,u’)| > n* for some u' C u. Let
A = up,u,us,... be all initial segments of u. Note that |d(p1,p2,u;) — d(p1,p2,uir1)] < n for
any ¢ and that d(p1, p2,ug) = 0; hence, among u; there are at least n® + 1 initial segments u;,, with
different d(p1,p2,u;, ). To each u;, there corresponds a triple of states at which the paths p;(u;, ),
p2(ui, ), and p3(u;, ) end. Choose w; and u;» (uy C wy) to which the same triple corresponds.
Thus, u = vivovs, where v1 = uy and vive = u;» (see Fig. 5).

By the construction we have |out(p1(v2))| # |out(p2(v2))|, since

d(p1,p2,v1) = |out(p1(v1))| — |out(pa(vy))|
# lout(p1(v1))| + |out(p1(ve))| — out(pa(v1))| — |out(pz(v2))| = d(p1, p2, v1v2).

If Jout(p1)| # Jout(ps)]|, then the lengths of outputs of the paths pi_lpgpl?f_i are obviously pairwise
distinct, which contradicts the choice of k. If

lout (p1 (v1))| + |out(pi(vs))] # |out(ps(v1))] + out(ps(vs))],
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Fig. 5. Scheme of paths in the proof of Theorem 1. Only inputs are shown.

then the same contradiction is obtained for the paths [p1(v1)p1(v3)]" " pa(v1)p2(v3)[p3(v1)p3(v3)]F .
If equalities hold in both cases, consider different paths from s; to so with input vqvevzvivoVoV3 . ..
2)12)52)3 passing through pi, po2, and p3. It is easily seen that the length of the output of these paths
monotonically depends of which block vvivs corresponds to the path po, which contradicts the
choice of k. Condition (2) and the necessity of the criterion are proved. The sufficiency will be

proved in Section 4, together with Theorem 3.
The following theorem was proved in [1].

Theorem 2. There exists a polynomial algorithm which, given an arbitrary transducer, decides
whether it is finite-valued or not.

Proof. This result follows from Lemma 1, finite-valuedness criterion (Theorem 1), and the fact
that, given an arbitrary transducer 2l without empty inputs, it is possible to decide in polynomial
time whether it satisfies the criterion. Let us show how this can be done. We look through pairs
of states (s1,s2). For each pair we first check whether condition (2) holds. For that, we construct
the following nondeterministic automaton A;. Its states are order quadruples (g1, g2, g3, m), where
q1, g2, and g3 are states of 2, and m is either an integer such that |m| < n* or the symbol *.
A transition from a state (q1, g2, g3, m) to a state (q},q5, g5, m') with input a exists if and only if,
first, for each ¢ = 1,2, 3 there exists a transition in 2 from ¢; to ¢, with input a (denote its output
by v;) and, second, if m is an integer and |m + |vi| — |va|| < n*, then m/ = m + |v1| — |va|, and
otherwise m’ = x. The initial state of A; is (s1, 51, $2,0), and the final state is (s1, s2, $2,%). In m
we compute the difference between the lengths of inputs of p; and po, and * indicates that its
absolute value exceeds n?.

Clearly, the existence of an accepting path in A; implies existence of paths p1, ps, and p3 from the
criterion such that on some initial segment u’ of their common input we have |d(py, p2,u’)| > n?.
Conversely, the existence of such paths obviously implies existence of an accepting path in A;.
Thus, fulfillment of criterion (2) for s; and sy is equivalent to the nonexistence of an accepting
path in A;, which, clearly, can be verified in polynomial time.

We say that two words are matching if one of them is a head of another.

Now let us check condition (1) for s; and sy provided that condition (2) for them is fulfilled. First
note that conditions (1) is equivalent to the following condition (1'): the words out(p;) and out(p2)
are matching. Indeed, if (1) does not hold, then (1), clearly, does not hold either. Conversely, if (1)
is violated for pi, pe, and p3, then condition (1') is violated for the paths p} = p¥, p) = pgpg_l, and
ph = p§ with k large enough.

Now we construct the following automaton As. Its states are divided into three sets: @1, Qo,
and Q3. States in @)1 are quintuples (q1, g2, g3, m,a), where ¢1, ¢, and g3 (as in A;) correspond
to last states of the guessed paths p1, po, and ps; in m, the difference of lengths of outputs of p;
and ps is computed. It is required that |m| < n*; if this condition is violated, the transition does
not exist. In a, the last symbol of the path among p; and ps whose output at the current moment
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is strictly longer (if |m| > 0) is computed in a natural way; if m = 0, then a = A. The initial state
is (s1, 81, 2,0, ), and there are no final states in Q.

When being in an arbitrary state (q1, g2, g3, m,a) € Q1 (m # 0), A2 may “assume” that precisely
in this symbol a a mismatching of out(p;) and out(py) will occur (let us call it a failure) and pass
(with empty input and empty output) to a state from Q9 of the form (g1, g2, g3, a, k), where k is at
first equal to m. In g1, g2, and g3 the usual information is computed; a is the symbol of the assumed
failure; k indicates by how many symbols the “short” output must be enlarged to check if a failure
will indeed occur in this place. Transitions between states of Q2 obviously reduce |k|, while the
“short” output is enlarged, and the sign of k£ indicates the path with the “short” output. When
in the “short” output the symbol occurs in which by the assumption there should be failure, it is
checked whether this symbol actually does not equal a. If so, Ay can pass to a state from Q3 of the
form (q1, g2, q3). If, when being in a state (g1, ¢2, 3,0, \) € Q1, A2 detects a mismatching of outputs
of p1 and py in a current transition, it can also pass to (q},q5,q5) € Q3. When Ay is in a state
from @3, this means that a failure has occurred and it remains to complete the construction of the
paths p1, p2, and p3. Transitions in @3 are defined in a natural way; the final state is (sy, so, s2). It is
clear that condition (1’) is satisfied for s; and ss if and only if there is no accepting state in As. A

By Theorem 2, the question of inclusion of an arbitrary transducer in a finite-valued one reduces
in polynomial time to the question of inclusion of one finite-valued transducer in another. Indeed,
check finite-valuedness of the first transducer. If it is infinite-valued, it obviously cannot be included
in a finite-valued one.

A particular case of single-valued transducers are automata, i.e., transducers with empty input.
Even for them, it is possible that noninclusion can be detected on an exponentially long input only.
This immediately follows from the fact that for any n there exists a nondeterministic automaton A
of size poly(n) which does not accept some word w of length exp(poly(n)) but accepts all words
of smaller lengths. Indeed, take for w the concatenation of strings representing all n-digit binary
numbers (low-order bits being written on the left) arranged in ascending order, starting from the
all-zero string and ending with the all-one string. When operating, the automaton A “guesses” the
reason for why the word being read is not equal to w. The reasons can be as follows: the first string
is not all-zero; some of subsequent numbers does not equal the preceding number increased by 1
(in this case the position is guessed which does not match w in the next number); the length of the
whole word is not a multiple of n; the last string is not all-one. In the states of A (before guessing)
there are stored the number of the last read digit, its value, and information on whether in the
current number there are zeros to the left of this digit. This information is sufficient to determine
the corresponding digit in the next word. Further details are obvious.

3. PATH DIAGRAMS AND THEIR PROPERTIES

For decomposition of a finite-valued transducer, we are going to assign to each accepting path in
it a certain information which is not too large, admits not too many variants, but at the same time
uniquely determines the output for a given input. Here we describe the corresponding constructions
and prove necessary lemmas.

Let us be given a transducer 2 satisfying the finite-valuedness criterion of Theorem 1. Let ¢
and g9 be states of 2. We say that g; > g9 if there exists a path from ¢; to ¢o. We say that states ¢;
and ¢o are equivalent if ¢; > g2 and g2 > ¢1. Then the state set @) is split into equivalence classes
of states. A transition (qi, a, v, q2) will be called a state transition if q; is not equivalent to go.

Lemma 2. Let two states q1 and qo in A be equivalent. Then for any two paths 1y and ls
from q1 to qo such that in(ly) = in(ly) we have out(ly) = out(ly). For any head u' of the word
u = in(l1) we have |d(ly,lo,u")| < nt.
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Proof. Denote wy = out(ly) and wy = out(ly). Since ¢; and g2 are equivalent, there is a path [
from g2 to q1. If |wi| = |wal, apply condition (1) of Theorem 1 with s1 = s3 = ¢1, p1 = l1l, and
p2 = p3 = lal. We obtain out(l1l) = out(l3l), which implies w; = ws. Let |wi| # |ws|. Let us
assume that |wq| > 0. Then we obtain a contradiction with condition (2) by letting s1 = s2 = ¢1,
p1 = (11)*, and py = p3 = (I20)* for k > n*. The last claim of the lemma follows from condition (2)
of Theorem 1. A

Let @1 and Q2 be subsets of ). We say that ()5 is accessible from ()1 on a word w if there exists
a set L of paths from @ to (2 with input w such that for any ¢; € Q1 there exists a path in L
starting from ¢; and for any g € ()2 there exists a path in L ending in g5. We say that Q1 > Q- if
there exists a word on which )5 is accessible from (1. Clearly, the introduced relation is transitive
and extends the relation already introduced on words: ¢ > ¢ if and only if {¢1} > {g2}. We say
that sets @1 and Qo are equivalent if Q1 > ()2 and ()2 > Q1. Then the set @ of subsets is split
into equivalence classes of subsets.

Lemma 3. Given two subsets Q1 and Q2, it is decidable in time exp(poly(n)) whether Q1 > Q2
or not.

Proof. Let us construct an automaton that checks whether ()5 is accessible from Q. Its states
are tuples of subsets of @ of length m = |@Q1|. Each subset corresponds to “its own” element of Q1;
the initial state is the tuple of one-element subsets of “their own” elements. A transition with
input a leads from a tuple (Py, Ps,..., P,,) to a tuple (Ry, R, ..., Ry,) if for each ¢ all transitions
from P; with input a lead to R; and for each state in R; there exists a transition from P; with input a
leading to it. Final states of the automaton are tuples (Ri, Ro, ..., R,,) such that each R; has a
nonempty intersection with @3, and ()5 is contained in the union of all the R;. Clearly, Q1 > Q2
if and only if there exists an accepting path in the automaton. It is easily seen that constructing
this automaton and checking this condition requires no more than exponential time. A

Let us have a word u, and let v/ C u. The double-sided accessibility set M, (u') is the set of
all states ¢ such that there exists an accepting path [ with in(l) = u and the path [(v') ends in q.
It is easily seen that if u; C us C u, then M, (u1) > My(usz). Let there be a transition p on an
accepting path [; let [; be the head of [ ending directly before p, and let I be the head of [ ending
immediately after p. We say that p is a set transition on [ if M,(u1) is not equivalent to M, (us),
where u; = in(l;) and ug = in(lg).

Lemma 4. Let My and My be arbitrary equivalent sets of states, g1 € My, qga € Ms, and let I' be
a path from q to qo such that My is accessible from My on the word v = in(l') and |out(l')] > n*.
Then for any two paths 1y and ly from q1 to qo with input v the words out(ly) and out(ly) are
matching, and for any v' C v we have |d(ly,l2,v")| < 2n*.

Proof. let us assume that ¢ is not equivalent to ¢o, since otherwise the claim immediately
follows from Lemma 2. Since M7 and My are equivalent, M; is accessible from My on some
word v1. Then M is accessible from itself on the word vvy. Therefore, there exists an infinite
sequence qo,q—1,q—2 - .. of states in My such that for any ¢ < 0 there is a path ; from ¢; to g;+1
with input vv;. Fix a state by = ¢; = ¢; for some i < j < 1. We obtain a closed path from b;
to b1; denote it by p (Fig. 6). Furthermore, there exists an infinite sequence g3, qq,... of states
in Mj such that there is a path o from g9 to g3 with input v; and for any 7 > 3 there is a path ~;
from g; to g1 with input vv1. Here we have ¢; # ¢; for all 7 < 1 and j > 2, since ¢ and g2 are
nonequivalent. By fixing by = ¢; = ¢; for some 3 < i < j, we obtain a closed path from by to bo;
denote it by p’ (Fig. 6).

Denote by ~ the path from b; to by consisting of three segments: from by to ¢; through paths ~;
(1 <0), from ¢ to gy through ', and from go to by through paths v; (i > 2). Clearly, |in(p)| = knq,
lin(y)| = kne, and |in(p’)| = kng, where k = |vv1| and ny,ng2,ns are natural numbers. Choose a

PROBLEMS OF INFORMATION TRANSMISSION Vol. 51 No. 3 2015



274 MUCHNIK, GORBUNOV

Fig. 6. Scheme of paths in the proof of Lemma 4. Symbol  stands for natural numbers (which may
be different in different places).

state s on p such that the path starting at s, going along the cycle p all the time, and having the
length k(ninons — ng) ends in by; denote this path by /. Consider three paths: path p; from s
to s making nong turns around the cycle p, path ps from s to by equal to 7/, and path ps from by
to by making niny turns around p’. Clearly, we have in(p;) = in(p2) = in(p3) = kninons. Since
lout(pa)| > |out(l’)| > n*, by condition (2) of Theorem 1 we have |out(py)| > 0. The path py can be
drawn along [; or Iy instead of I’. By condition (1), outputs of any of these three variants of ps are
heads of the word (out(p;))>°. Hence it follows that the words out(l;) and out(l2) are matching.
It is easily seen from condition (2) that |d(l,l2,v")| < 2n*. A

If [ is an accepting path in 20 with input u and [; is its head with input u;, we will call M, (u)
the two-sided accessibility set of the path [ with respect to [; and denote it by M (l,11). An obvious
consequence of Lemma 4 is as follows.

Corollary. Let | be an accepting path in 2, let Iy and la be two its heads (I being shorter),
and let M(l,11) be equivalent to M(l,l3). Denote by I’ the segment of | complementing Iy to I,
and denote by q1 and qo the initial and final states of I, respectively. Let |out(l')] > n*. Then
for any two paths p1 and py from q1 to qo with input v = in(l") the words out(p1) and out(pz) are
matching, and for any v’ C v we have |d(p1,p2,v")| < 2n.

Let [ be an accepting path in 2. To each head I’ of [ there corresponds a pair (g, M), where
q € M is the state in which I’ ends and M = M(l,1’). Let us mark pairs corresponding to some
heads of I. First we mark the pairs corresponding to the empty head and to the whole path. For
each state transition on [ that is not a set transition on [, take the nearest from the left and right
set transitions on [ (we assume that [ is directed rightwards), if they exist. For each of these two
transitions, we mark two pairs corresponding to the heads of [ ending directly before the transition
and immediately after it. For each state transition that is also a set transition on [, we mark two
such pairs corresponding to this transition.

Denote by D the sequence of all marked pairs arranged in ascending order of the corresponding
heads. One can easily see that for any two neighboring pairs (g1, M1) and (g2, M>) in D the following
three cases are possible:

1. ¢ is equivalent to go;

2. Heads of [ corresponding to these pairs differ by one transition of [ which is both a state and set
transition;

3. M is equivalent to M>, but ¢; is not equivalent to qo.

If the ith case takes place, we say that the segment [(q1, M), (q2, M3)] is of the ith type. To a
first-type segment, no information is assigned except for its type number. To a second-type segment,
a word is assigned which is the output of the corresponding transition. For a third-type segment,
let I be a part of path I between the positions (qi, M1) and (g2, M2), v = in(l’), and w = out(l’).
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Two cases are possible. If |w| < n?, we say that the segment is of the first subtype and assign to it
the word w itself. If |w| > n?, we say that the segment is of the second subtype and assign to it the
number k equal to the difference between |w| and the minimum output length among all outputs of
all paths from ¢; to go with input v. By the corollary, k& < 2n*. Furthermore, among all segments
we select those for which the pairs (g1, M7) and (g2, M2) correspond to two heads of [ differing by
one transition. Such segments will be referred to as short.

A sequence D with this information assigned to segments will be called the diagram of the path [
and will be denoted by D(l). The information includes also the type number of a segment and (for
the third type) the subtype number, and also an indicator of whether the segment is short. Since
the number of state transitions is at most n, diagrams of all accepting paths in 2 are of length at
most 4n.

By a diagram (not related to any path previously specified) we call a sequence of pairs of the
form (g, M) in which to each two neighboring pairs there is assigned one of the three segment types
(for the third type, also a subtype) with the corresponding information and with an indicator of
whether the segment is short. A diagram D is said to be correct if

1. Tts first pair is (go, {qo}), where g is the initial state of 2; its last pair is (f,{f}), where f is
the final state of 2(. For each pair (¢, M) in D we have q € M;

2. The length of D is at most 4n;

3. For each first-type segment [(q1, M1), (g2, Ma)], the states ¢; and gy are equivalent;

4. Each second-type segment [(q1, M1), (g2, M3)] is marked as short, ¢; is not equivalent to g2,
M is not equivalent to Ms, the word assigned to the segment is an output of some transition
from ¢; to go;

5. For each third-type segment [(q1, M1), (g2, M2)], the sets M; and My are equivalent, and the
states ¢; and ¢ are not equivalent. For the first subtype, the assigned word w is of length at
most n?; for the second subtype, the assigned number is not greater than 2n?;

6. Each pair (¢, M) (except for, maybe, the first and the last) is an endpoint of a short segment
[(q1, M1), (g2, M2)] such that the sets M; and My are not equivalent (this property guarantees, in
particular, that segments of the first and third types are always separated by a second-type segment
in D).

Lemma 5. The diagram of any accepting path is correct. In total, there are no more than
exp(poly(n)) correct diagrams. Given a diagram, its correctness can be checked using time

exp(poly(n)).
Proof. The first two claims of the lemma are obvious. In the third claim, only the algorithm
for checking equivalence of two sets is nontrivial. It easily follows from Lemma 3. A

We say that an accepting path [ satisfies a correct diagram D = (q1, M1), (q2, M2), ..., (¢m, M)
if an ascending sequence 1,19, ...,l,, of heads can be selected in it such that [; ends in state ¢; for
each i, M (l,l;) = M;, all short segments correspond to the same transition, on each segment of the
second type or of the first subtype of the third type the output coincides with that indicated in D,
on each segment of the second subtype of the third type the output is of length greater than n?
and is longer than the minimum output (among outputs of all paths from ¢; to ¢o with the same
input) by the number indicated in D. Clearly, any accepting path [ satisfies the diagram D(1).

Lemma 6. Let [y and ly be accepting paths in A with the same input and satisfying the same
correct diagram D. Then out(ly) = out(ls).

Proof. By property 6, any inner pair in D corresponds to a position in a path satisfying D
directly before or after a set transition, and it is seen from D which of these two cases takes place.
Any two-sided accessibility set M which is known to correspond to a position in the path directly
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to the left (or right) of a set transition uniquely determines a head v’ of the word u = in(l;) = in(l2)
such that M = M, (u"). Therefore, pairs in D uniquely divide the input u into corresponding parts,
and it suffices to prove the equality of the outputs I; and Iy on each part of the input. If the
segment of the diagram is of the first type, coincidence of outputs on the corresponding part of
the input follows from Lemma 2. For a segment of the second type or of the first subtype of the
third type, the output is explicitly given in the diagram. On a segment of the second subtype of
the third type, the outputs /3 and ls are matching (see the corollary), and the same difference of
the length with the same number ensures their coincidence. /A

4. DECOMPOSITION OF A FINITE-VALUED TRANSDUCER
We say that a finite-valued transducer 2 is decomposed into single-valued transducers 20,25,
K
LA TRA) = U T(A). It is proved in [2] that any finite-valued transducer 2 can be effectively
i=1

decomposed into exactly k single-valued transducers in time exp(exp(poly(n))), where k is the
valuedness of A. Moreover, the size of each single-valued transducer is at most exp(exp(poly(n))).
In [5], the time and component size estimates are reduced to a single exponent, but the argument of
the exponent contains k, which itself can be exponential in n (see Example 1 in Section 2). In the
next theorem we propose a decomposition method with “purely” exponential estimates, which,
however, does not guarantee that the number of single-valued transducers will be equal to k.

Theorem 3. There exists an algorithm which, given any finite-valued transducer A of size n,
computes in time at most exp(poly(n)) its decomposition into at most exp(poly(n)) single-valued
transducers of sizes at most exp(poly(n)).

Proof. Asin Section 3, instead of finite-valuedness of 24 we will assume that the finite-valuedness
criterion (see Theorem 1) is satisfied. Since the possibility for decomposing a transducer implies
its finite-valuedness, along with Theorem 3 we will prove the sufficiency of the criterion.

By Lemma 5, to prove Theorem 3 it suffices, for each correct diagram D, to construct in
exponential time a transducer (D) whose graphic consists of only the elements of I'(2) that are
realized by paths satisfying the diagram D. By Lemma 6, (D) will be a finite-valued transducer.

By the left-sided accessibility set for a word u, we will call the set of states ¢ for which there
exists a path from the initial state to ¢ with input u. If a diagram D is given, then by the local
two-sided accessibility set on the a segment [(¢1, M1), (¢2, M2)] of the diagram D for an input u
and its head u’ we call the set of states ¢ for which there exists a path [ from g; to g2 such that
in(l) = u and the path [(u’) ends in ¢q. By the local left-sided accessibility set on this segment for
an input u, we call the set of states ¢ for which there exists a path from ¢ to ¢ with input .

Let us describe A(D). States of (D) are tuples of the form (Q1,Q2,q,L). In @ there is
computed the left-sided accessibility set for the head of the input already read, in Q2 C Q1 the
two-sided accessibility set for all the input and the current head of the input, in ¢ € Q2 the current
state of the path in 2 being guessed. Clearly, Q)2 uniquely determines the current first- or third-type
segment [(q1, M1), (g2, M2)] of D such that My > Q2 > Moy, if it exists. L is nonempty if and only
if this segment exists and is of the third type. In the case of the first subtype, L is the number m,
which can take all values from 0 to the length of the output indicated in D (in m, the length of the
output on the segment is computed). In the case of the second subtype, L is a tuple (Q}, @5, P).
In @) there is computed the local left-sided accessibility set on the current segment, and in @ the
local two-sided accessibility set, ¢ € Q5 C Q). P is a set of pairs (¢/,m), one pair for each state
q € Q), where 0 < m < 2n*, plus one current pair with ¢’ equal to the current state g. Denote
by wu; the part of the input that has been read by the current time in (D) on the considered
segment. In the current pair (g, m), in m there is computed the difference between the length of
the output of the guessed path on the input part u; and the minimum output length among the
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outputs of all paths with input u; from ¢; to the set Q). To keep trace of this minimum length, in
each noncurrent pair (¢’,m) in m there is computed the difference between the minimum output
length among the outputs of all paths from ¢; to ¢’ with input u; and the minimum output length
among the outputs of all paths with input u; from ¢; to the set Q. Initial states of 2(D) are those
with @1 = Q2 = {qo} and g = qo; if the first segment of the diagram is of the third type, then L
is nonempty: for the first subtype, L = 0, and for the second, Q] = @) = {qo} and both pairs
are (qop,0). The current pair is (¢,0). Final states of (D) are those with Q2 = {f} and ¢ = f;
if the last segment in D is of the third type, then L is nonempty: for the first subtype, m equals
the length of the output indicated in D, for the second subtype, @, = {f}, and the current pair
is (f,m), where m is the number indicated in D.

Now let us describe transitions of 2((D). We say that a state ¢” from 2 is a successor of ¢’ by
symbol a if there is a transition from ¢’ to ¢” with input a. A transition from state s; to state s
with input symbol ¢ and output word v exists if and only if all the following conditions are satisfied:

1. Q1(s2) (this is the notation for the component Q)1 in state sg2) is the set of all successors of
states from Q1(s1) by a. Thus, the component @)1 is computed deterministically;

2. In A there exists a transition from ¢(s1) to g(s2) with input a and output v;

3. For each state ¢’ in Qa(s1), at least one of its successors by a belongs to Qa(s2). For each
state ¢’ in Q1(s1) \ Q2(s1), all its successors by a do not belong to Q2 (s2);

4. In D there exists a segment R: [(q1, M1), (g2, M2)] either of type 1 or 3 such that M; >
Q2(s1) > My and My > Q2(s2) > Ms (clearly, there can be only one such segment) or of type 2
such that M7 = Qa(s1), My = Q2(s2), ¢1 = q(s1), g2 = q(s2), and v equals the output indicated
for R. In this latter case, if the preceding segment of D (before (g1, M1)) is of the second type, then
we must have the following: Q5(s1) = {¢1}, m in L(s1) equals the length of the output indicated
in D (for the first subtype) or m in the current pair equals the number indicated in D (for the
second subtype). Similarly, if the succeeding segment in D (from (g2, M3)) is of the third type,
obvious initial conditions must hold. In the case where R is of the third type, the conditions given
in the next paragraph must hold.

The set @ (s2) consists of all successors of states from Q' (s1) by a. For each state ¢’ in Q5(s1),
at least one of its successors by a belongs to Q5(s2). For each state ¢’ in @Q(s1) \ Q5(s1), all its
successors by a do not belong to Q5(sz2). In the case of the first subtype, the output v extends the
head of length m(s1) of the output indicated in D and m(s2) = m(s1)+|v|. In the case of the second
subtype, P(s2) is obtained according to the following rules. First, to each ¢’ € Q5(s2) we assign the
minimum number among all sums m + |w| such that for some ¢” we have (¢”,m) € P(s1) and there
exists a transition from ¢” to ¢’ with input a and output w. Among all thus assigned numbers,
take the smallest number k. If k # 0, reduce all these numbers by k. All the obtained numbers do
not exceed 2n*. These numbers in pairs with the states corresponding to them form P(s). In the
current pair we have m(sg) = m(sy) + |v| — k < 2n*.

Finally, if the segment R is short, then M; = Q2(s1), M2 = Q2(s2), ¢1 = q(s1), and g2 = q(s2).

It is clear that if in A there is an accepting path [ satisfying the diagram D, then in (D) there
exists an accepting path I’ such that in(l) = in(l’) and out(l) = out(l’). Conversely, let in (D)
there be an accepting path I’. Let us show that the corresponding path [ in 2 satisfies D. The
component (1 is computed correctly, since it is deterministic. Let us show that @9 is also computed
correctly. Assume the contrary. Let Qo at some time has a superfluous state. Then, since elements
of Q2 have at least one successor in ()9 at each step, at the end the component ()9 cannot consists
of the superfluous state only, which yields a contradiction. Now assume that ()2 does not contain
some state which actually belongs to the two-sided accessibility set. Since all successors of states
from @1 \ Q2 do not belong to @2, then at the end the final state f should not belong to Q2, which
is impossible. Correctness of computation of @) and Q) on segments of the third type is proved
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Fig.7. Single-valued transducers obtained by decomposing the two-valued transducer shown in
Fig. 1 differ in their final states only. Components of states are given in the order @1, Q2,q.
The middle state is final for 2A(D;), and the lower for 24(Ds), where D1 = (p,{p}), (p, {p,q}) and

Dy = (p,{p}), (¢, {p, a})-

similarly. The transitions of (D) are such that, being in D on some segment of the first or third
type, it is possible to leave it only trough a transition corresponding to the next segment of the
second type and only when the information on the first segment corresponds to D. Correctness
of computing this information is obvious. Clearly, 2((D) is constructed in polynomial time. Thus,
Theorem 3 and correctness of the finite-valuedness criterion are proved. A

Remark 2. The presented construction can be applied to finite-valued transducers without empty
inputs which need not necessarily have one initial and one final state (i.e., they need not be reduced).
The only changes concern the form of an initial pair of a correct diagram (now the set M in it is a
subset of the set Qg of initial states), the form of a final pair of a correct diagram (M in it is a subset
of the set @ of final states), and the definition of initial and final states of the transducer 2(D).
In its initial states we have Q1 = Qo, and in its final states the set @)1 \ Q2 does not contain states
from Q.

Remark 3. If for some reasons it is known that on any segment of the third type all paths with
the same input have matching outputs (for instance, outputs of all transitions in 2 are words in an
alphabet of one symbol), then, clearly, we can consider only diagrams where all third-type segments
are of the second subtype.

Remark 4. After constructing all transducers (D) as above, one should delete all states in
them through which an accepting path does not pass. Then both the sizes of these transducers and
their number can often be reduced.

Ezample 3. In the transducer shown in Fig. 1, the states p and ¢ are equivalent, and the possible
two-sided accessibility sets {p} and {p,q} are also equivalent. One can easily see that only two
diagrams of accepting paths are possible, (p,{p}), (p, {p,q}) and (p,{p}), (¢, {p, ¢}), which consists
of a single segment of the first type. Taking into account Remarks 2 and 4, we see that the finally
obtained decomposition consists of two transducers differing in their final state only (see Fig. 7).

Ezample 4. In the transducer shown in Fig. 2, the states p and ¢ are not equivalent, and the
possible two-sided accessibility sets {p} and {p,q} are equivalent. Taking into account Remark 3,
one can easily see that only two diagrams of accepting paths are possible, (p,{p}), (p, {p,q}) and
(p,{p}), (¢, {p, q}), which consists of a single third-type segment of the second subtype with number
k = 0 assigned to it. Taking into account Remarks 2 and 4, we see that the finally obtained
decomposition consists of two transducers shown in Figs. 8 and 9.
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Fig.8. Single-valued transducer corresponding to the diagram (p,{p}), (p,{p,q}) (k = 0) in the
decomposition of the two-valued transducer shown in Fig. 2. Components of its states are given in
the order Q1,Q2,q, @, Q%, P; the current pair is separated by a vertical line.
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Fig.9. Single-valued transducer corresponding to the diagram (p,{p}), (¢, {p,q}) (k = 0) in the
decomposition of the two-valued transducer shown in Fig. 2.

Ezample 5. In the transducer shown in Fig. 3, all states are not equivalent, and possible two-
sided accessibility sets {q1,q¢}} and {g2,¢5} are also not equivalent. One can easily see that only
four diagrams of accepting paths are possible, (g1, {q1,91}), (q2, {92, 3 }), (a1, {q1, 01}), (5, {92, 42 })>
(q1,{q1, 4, }), (a2, {q2, &b }), and {q},{q1, ¢\ }), (¢}, {q2, ¢h}), which consist of a single second-type seg-
ment. Taking into account Remarks 2 and 4, we see that the finally obtained decomposition consists
of four transducers differing in a pair of current states only. The transducer for the first diagram
is shown in Fig. 10.

Let us state one consequence of our constructions.

Theorem 4. For any word u in A there exists a set M (u) consisting of exp(poly(n)) accepting
paths with input w such that for any accepting path | with input u there exists a path I' € M (u)
such that out(l") = out(l) and for any u' C u we have |d(1,I',u")| < 2n*.

In particular, as is shown in [1], valuedness of a finite-valued transducer of size n is not greater
than exp(poly(n)).

To prove Theorem 4, take for M (u) one path from each possible diagram. The statement easily
follows from Lemmas 2 and 6 and the corollary of Lemma 4.

PROBLEMS OF INFORMATION TRANSMISSION Vol. 51 No. 3 2015



280 MUCHNIK, GORBUNOV

{CI17 qi}a {qla qi}a q1

lalc

{(Ih(ILQQaQQ}v{QM(Ii}v% G‘C

JalA

{2, 65} {q2: 65}, a2

Fig. 10. Single-valued transducer obtained by decomposing the four-valued transducer shown in Fig. 3
for the diagram {(q1,{q1,41}), {92, {g2, ¢4 }) (components of states are given in the order Q1,Q2,q). The
other three transducers are obtained from it by replacing the pair (g1, ¢2) of current states with one
of the other three pairs.

5. TESTING THE INCLUSION

Now we consider the questions of testing the inclusion, i.e., of what input and output length it is
sufficient to check to ascertain that an arbitrary transducer 2 is included in a finite-valued trans-
ducer 2s. By Lemma 1, we may assume that 2l; and 2[> do not have empty inputs. The following
lemma states that if 2(; is not included in 205, this can be detected on inputs of exponential length.

Lemma 7. If a transducer 2y is not included in a finite-valued transducer 2o, then there
exists a pair (u,v) such that (u,v) € T'(Ay), (u,v) ¢ I'(~As), and |v| < exp(p1(n)), where p1(n) is a
polynomaal.

Proof. Consider an accepting path /; in 2; with a minimum-length output such that (u,v;) €
['(A1) and (u,v1) ¢ T'(s), where v = in(l1) and v1 = out(ly). Assume that |vi| > exp(p1(n)), where
p1(n) is sufficiently large. Hereinafter, by expressions like “sufficiently large” we mean the magni-
tude of exp(poly(n)) where the degree of the polynomial is large enough to make all the described op-
erations possible. By a “fixed exponent” we mean the magnitude of exp(p(n)), where p(n) is a poly-
nomial whose existence is either obvious or has been proved before. If (u,vq) € I'(22), |v1] = |val,
but v; # v9, then the first on the left (respectively, right) pair of distinct symbols of the words vy
and vy equally distant from the beginning (respectively, end) will be called the left (respectively,
right) failure between v1 and ve. By Theorem 4, the number of different v9 such that (u,ve) € I'(2s)
is a fixed exponent; therefore, the number of symbols in v; in which there occurs a failure between vy
and some of such vy is also small. Take in vy a sufficiently large subword r in which no failure occurs
and which is located at distance sufficiently many times greater than |r| from the nearest failure.

Select sufficiently many heads v’ of the input u (and thus also heads I;(u’) of the path l1) so
that the following three conditions hold:

1. The words out(ly(u)) for all the selected words v’ end inside r and are pairwise distinct;
2. The state in which the path /1 (u") ends is the same for all the selected u';

3. For all the selected words ', the left- and right-sided accessibility sets in s are the same
(the right-sided accessibility set for u’ is the set of states from which there is a path to the final
state with input «”, where v'u” = w).
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Fig.11. Controlling the length of the output of a reconstructed path. (a) Structure of the path Iy
in transducer 24;. All states corresponding to the dots (bold circles) are the same. (b) Scheme of
reconstructing the path lp from I in transducer 2s. A deleted segment u; is inserted so that the
points t; and t5 correspond to the same state.

The plan of the proof is the following. Since the path [; passes many times through one and
the same state, one can delete from it (moreover, in many ways) some of its segments to obtain an
accepting path with a shorter input and output. Then in %Ay there exists an accepting path with
the same input and output. Property 3 makes it possible to “extend” this path to a path with
input u (in what follows, the obtained path will be called reconstructed). The difficulty is to obtain
also an output equal to vq, thus arriving at an obvious contradiction. To this end, we first provide
some “reserve” of accepting paths in 2, with input u in order to find such paths among them to
which (or to parts of which) it is convenient to apply the finite-valuedness criterion.

We will reduce step by step the set of selected words and at the same time construct in 2s a set
of marked states in the following way. At each step, for each unmarked state ¢ in 2y we check
whether there exists an accepting path in 2l with input « for which the heads [(u’) end in ¢ for
at least m/ exp(n) selected words v/, where m is the current number of selected words. If it exists,
we mark ¢, assign to it one of the described paths, and make the set of selected words 1/ exp(n)
as large, so that to make all the marked heads end in ¢q. The path assigned to g will be denoted
by I(q) and will be called marked. When, at some step, no unmarked state can be marked, the
process terminates. Since there are no more than n steps, the number of marked words after the
process termination is sufficiently large. Each path [(g) in all selected inputs is in state gq.

Now we divide all the selected words into three approximately equally large parts consisting
of words arranged in ascending order and fix one of the selected words u; between the left and
middle parts; this word will be referred to as boundary (see Fig. 11a). To each selected word «' in
the middle part, we assign the set consisting of all tuples (g, g1, g2, d) such that in s there exists
a path [ from ¢; to go with input u”, where v’ = wyu”; ¢ is a marked state; and the difference
between |out(l)| and the length of the output of I(g) on u” is d, where |d| < 2n*. The number of
the described sets is a fixed exponent; therefore, in the middle part there are many words to which
one and the same set corresponds. In this part, we regard only these words as selected.

Since all selected heads of [; end in the same state, we can delete any set of segments between
them to obtain a shortened accepting path [} in 2(; with some input @. By the choice of Iy, there
exists an accepting path 15 in A such that in(l5) = in(l}) = @ and out(ly) = out(l]). Let the
segments be deleted in the middle part. By selected heads @’ of the input @ we will mean its heads
obtained from the heads of the original input u by these deletions. Let us show that for at least one
selected @ from the left and right parts the path I5(a’) ends in a selected state. We denote by ¢(t)
the state in which the path 5 (¢) ends. Consider the head ¢ in in(l5) corresponding to the rightmost
deleted segment. Since the right-sided accessibility sets for all the selected words coincide, there
exists a path from ¢(¢) to the final state with input «/u”, where u’ is the input of the rightmost
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deleted segment and v” is the input of I5 from ¢ to the end. By joining the old head with the new
tail, we obtain a new accepting path in %[, whose input is now smaller by one deleted segment. In
the same way we insert the other deleted segments and obtain an accepting path with input w. In
the left part of selected heads it passes through some state ¢; which occurs in approximately 1/(3n)
of all selected heads. If ¢; were not marked, this would contradict the termination of the process of
constructing the marked states. In a similar way (by inserting segments from left to right) one can
show that in the right part there exists a selected head of the path 5 ending in a marked state go.

Thus, we have found in s the paths I(q1) and (g2) with input v which are in a convenient (for
applying the finite-valuedness criterion) configuration with the path 5, which we can reconstruct
to a path with input w but still cannot provide the output vy. First let us make the length of the
output of the reconstructed path to become definite in a sense.

Since the paths [(q1) and [(g2) in all selected heads pass through ¢; and ¢, in these paths we
can make deletions on the same segments of the input as for /;. Let us denote the paths with
such deletions by ’(¢q1) and (¢2). Condition (2) of Theorem 1 (with s; = ¢; and sy = ¢9; p1, p2,
and p3 being parts of the paths I'(q1), 15, and I’(¢g2), respectively) implies that the difference of
lengths of outputs of the path I on the segment from wuy to any selected middle head «’ and of the
path ’(g1) on the same part of the input is not greater in absolute value than 2n*. If there are
no deletions in this part, then I’(¢;) coincides with I(g1) on it. Taking this into account, consider
the following process of reconstruction l5 to a path with input u (see Fig. 11b). Let the leftmost
deleted segment be located between heads ¢; and t9, and let its input be u;. Denote by I’ the part
of the path [, from wuy to t1, and denote its input by u*. By the construction (coincidence of the
sets of tuples (q, q1, g2, d) for middle selected heads), there exists a path I” from ¢(uy) to q(t1) such
that in(l”) = w*uy and the difference |out(l”)] — |out(l')| equals the length of the output of I(¢1)
on the input segment u;. The input of the new accepting path obtained by replacing the part I’
with {” in l% contains one less deleted segment. We may say that we have inserted a segment in
the input, and the output became longer by the length of the output of I(¢;) on the inserted input
segment. After that, we in the same way insert the second to the leftmost segment, etc. Finally,
we obtain a reconstructed path with input w.

Thus, we are controlling the length of the output of the reconstructed path. Now let us make it
be equal to |v1].

By a removal we will call deleting a set of segments between selected heads from u together
with deleting the corresponding segments of the output of /1 from v;. For a removal a we will
denote by 15(«) some accepting path with removal « in o, by l2(«r) some reconstructed path with
input u constructed by the above-described process, by ¢1(a) some marked state through which
the path I5(«) passes in the left part of selected heads, by ¢ («) some selected head in the left part
in which l3(«) is in ¢1(@), by ¢2(c) and ta(«r) the same in the right part, by I/ (¢1) the path I(¢1)
with removal «, and by |a| the sum of lengths of outputs of the segments deleted from .

Any segment between two neighboring selected heads in the middle part has one of the three
types with respect to each marked state g: the length of the output of I(¢) on this segment can
be greater than the length of the output of I; on it (positive type), less than this length (negative
type), or equal to it (zero type). Thus, to each such segment there corresponds a collection of
pairs (g, type). The total number of such collections is a fixed exponent. Let us choose sufficiently
many disjoint segments to which one and the same collection corresponds. Let as order them
from left to right and consider a sequence S of removals in which the mth removal consists of the
first m segments. To each removal a in S we assign a pair (¢, v) with ¢ = ¢1(a) and v = out(l2(«)).
By Theorem 4, the number of such pairs is a fixed exponent. Let a; and as be two distinct removals
in S to which the same pair (g,v) is assigned. If the type of all segments with respect to ¢ were
nonzero, then, clearly, the differences between the length of outputs of the reconstructed paths
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Zone w Insertio

w' zone

Fig.12. Assuring the “insertion” character of input reconstruction and explicating the structure of

insertions. A case is shown where outputs of the path I5(«) on inputs from #; («) to up and from ¢ («)

to ta2(a) are longer than the corresponding outputs of I5(«). Here w'w” and w'”’ are heads of the

output w with [w”| < nt and |w"'| < n?.

and |v1| would be different for cr; and ae, and hence these outputs would be different too. The
obtained contradiction shows that the type of all segments with respect to ¢ is zero, which, taking
into account the insertion construction, yields for ay (and also for «s) the equality |v| = |v1|, where
v = out(la(aq)).

Thus, we have assured the required length of the output v of the reconstructed path. It remains
to make v coincide with vy. If the input change in the reconstruction always occurred in the
same segment r where by the construction the removals of the output of /1 are located, this would
be easy. Indeed, in this case (if the outputs do not coincide) we would consider the left failure
between v and vy. Then changes of the outputs in 2; and 2, under removals would occur on
the same side from the failure and therefore the outputs could not become equal after removals.
However, the correspondence between the input and output on the path I5 can be rather “twisted”
as compared to this correspondence on the path /1, and then the changes in the output can be
located, for example, in the zone of possible failures. This problem can be resolved as follows. First
we assure that changes of outputs in path reconstruction are precisely insertions, and then clarify
the structure of these insertions.

We say that a removal « is of the zero type if the type of all segments of « with respect to ¢; () is
zero. Previously we have shown that in any piece of the middle part with sufficiently many selected
heads there exist sufficiently many removals aq, ag, ..., o of the zero type, where all the |o;| are
distinct. Therefore, we can take sufficiently many removals on the middle part so that the following
conditions are satisfied:

1. The removals are ordered, i.e., each segment of one of any two removals is located strictly to the
left of each segment of the other and is disjoint with it;

All removals have the zero type;

For any two removals «; and a; we have |a;| # |oyl;

For all removals « the states g1 («) and g2(«) are the same (denote them by ¢; and g2);

For all a, the differences between the length of the output of I5(c) on the segment from ¢;(«)
to up and the length of the output of I,(g1) on the same segment are the same (it follows from
condition (2) of Theorem 1 that this difference is not greater in absolute value than n?);

All the I3(«v) (and therefore all the I5(«)) have the same output from the beginning to up;

7. All the out(l2(a)) are the same (denote this output by vs).

Condition 2 implies that the output of [(g; ) is nonempty on any segment included in the removals.
Then conditions (1) and (2) of Theorem 1 and the fact that the difference of outputs of the
paths I5(«) and I/, (g1) on the segment from ¢1(«) to t2(a) remains unchanged after insertion imply
that for all a (except for, maybe, the n* leftmost and rightmost ones) out(l2()) is obtained from
out(l5(cr)) by inserting outputs of I(g1) on segments of a (see Fig. 12). Indeed, if w and w; are
outputs of the paths I/,(¢1) and I(g1) on the segment from ¢ () to t2(), then the output of I5(«)

Ul N

&
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Fig.13. Scheme of the proof of equality of outputs of the path l; and the reconstructed path.
(a) Location of the removals «; and «; with respect to failures (a # b) in the outputs vy and vs.
(b) After performing the removal «;, the words v1 and v turned into the same word v with period of
length |a;| from the beginning to b # a.
on this segment is a head of the word w™ ending in an n*-vicinity of the end of the first w, and
the output of l3(«) on the same segment is a head of the word w{® ending in the similar vicinity,
where w; is obtained from w by insertions made outside the n*-vicinities of the beginning and end.

Thus, we have clarified the structure of insertions in the output. Now let us clarify the position of
these insertions to guarantee their location outside the area of failures. After that we use condition 3
to obtain a contradiction to vy # vs.

Condition 5 implies that for all a (except for, maybe, the n* leftmost ones) the outputs of
all I5(a) after the head w;, repeat the outputs of the paths I/, (q1) starting from the same place on
the common head of the outputs of I/ (¢1). Taking into account condition 6, we conclude that if
a removal o is located strictly to the left of «;, then the insertion in the output for «; is located
strictly to the left (counting over the total length of the output) of the insertion for a;. Let us
call this the monotonicity property. Recall that |v;| = |va| (by condition 2), and for any removal,
if the corresponding segments are deleted from v; and vo, they become equal. By the monotonicity,
there exist many removals for which the removal zone of vy contains neither left nor right failure
between v; and vy. Take two such removals, «; and «;, where o; is to the left of ;. Recall that
the removal zone of vy does not contain failures by the construction of the segment r. It is easily
seen that, to make it possible that the words v; and vy become equal after the removal «;, it is
necessary that removals from v; and wvs lie on different sides from both failures. Let the removals
from vy be located to the left of the left failure; then removals from vy lie to the right of the right
failure (see Fig. 13a; the symmetric case is treated similarly). Make the removal «;, shifting the
beginning of v by |a;| to the right and the end of vy by || to the left (see Fig. 13b). Denote by a
the symbol of the left failure in v; and by b the symbol of this failure in vs.

It is clear that the head of the word v into which both words v; and ve have turned after
performing the removal «; is periodic with period |a;|. This periodicity is disturbed exactly at
distance |a;| to the right of a in a symbol o’ (see Fig. 13b). Indeed, if it were not violated in
this symbol, the failure would not disappear, and if it had been violated before, the failure would
occur to the left of this position. In particular, the same about the period is valid for the suffix w
of v beginning from the right endpoint of as. Indeed, by the construction of the subword r,
the length of the head of w up to the failure a is much greater than ||, |a;|, and even their
product. By the same arguments for the removal «;, we obtain that the head of w is periodic
with period |a;|, and this periodicity is disturbed precisely at distance |o;| to the right of a. But
then the head of w is periodic with period of length |o||a;|. Since |a;| # |o;| (condition 3), we
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obtain a contradiction to the fact that the disturbances of these two periods occurred in different
positions. A

For completeness, let us also consider the estimate for |u| under the conditions of the lemma.
In [2] it is proved that if a transducer 2; is not included in a finite-valued transducer 2y, then there
exists a pair (u,v) € T'(1), (u,v) ¢ I'(Az), with |u| < exp(exp(poly(n))). Let us show how this
fact can be deduced from Lemma 7. Consider the pair (u,v) whose existence is proved in Lemma 7
with the smallest |u| for a given v. Assume that |u| > exp(exp(poly(n))), where the degree of the
polynomial is sufficiently large. Since |v| < exp(p1(n)), on an accepting path l; in 2y with input u
and output v there exists a sufficiently long (double exponential) segment with empty input. On
this segment, let us select many heads of u in which [; is in the same state. To each selected head v’
we assign a set of pairs of the form (g, v’), where v' C v and ¢ is a state in 2[5 such that in 205 there
exists a path from the initial state gg to ¢ with input v’ and output v’. Theorem 4 implies that the
number of such sets is a fixed double exponent; therefore, we can choose two heads uq and us to
which the same set is assigned. By the construction, in 2, there is an accepting path ls with an
input obtained from u by deleting the segment from u; to ue and with output v. Let ¢ be the state
in which ls(u;) ends. Since the corresponding sets coincide, in 2y there exists a path 1), from g
to ¢ such that in(l5) = uz and out(ly) = out(la(u1)). By joining the path I with an extension of
the path Iy, we obtain an accepting path in 2y with input u and output v. This contradicts the
condition that (u,v) ¢ I'(2z). The estimate for |u| is proved.

The lower estimate for the length of the output v in the statement of Lemma 7 is exponential
(i.e., noninclusion can be detected on outputs of exponential length only). This estimate easily
follows from the existence of automaton A described at the end of Section 2, which accepts not
all words but all “exponentially short.” It suffices to equip all transitions of A having nonempty
inputs with a fixed single-symbol output, and the same for an automaton that accepts all words.

Remark 5. The authors are unaware of whether there exists a double exponential lower estimate
for the length of the input » in Lemma 7.

6. DECIDABILITY OF INCLUSION OF TRANSDUCERS

Now we pass to question concerning decidability of inclusion of one transducer in another.
In [10], decidability of inclusion of an arbitrary transducer 2; in a finite-valued transducer s
was proved without estimating the running time of the algorithm. In [2], the decidability in time
exp(exp(poly(n))) was proved, where n is the sum of sizes of 24 and 20,. The space required for
this algorithm also is of the order of a double exponent. In [8], these bounds were improved to a
single exponent whose argument involves k, the valuedness of 2. As is well known, &k can itself
be exponential in n. We prove a theorem which improves this result by constructing an algorithm
with “purely” exponential space usage.

Theorem 5. There exists a deterministic algorithm with space usage exp(poly(n)) which, given
an arbitrary transducer A1 and a finite-valued transducer s, decides the inclusion of Aq in As.

Proof. Let us describe a nondeterministic algorithm which ascertains noniclusion of 2(; in 2y
requiring exponential space. First the algorithm guesses an output v, |v| < exp(p1(n)), and writes v
on the tape. After that, it step by step guesses an input and a path in 2(;. At each time moment
the following information is written on the tape: the output v; C v of the guessed head of the path
in 21 and the set of pairs (v, ¢), where v C v and ¢ is a state in 2y such that there exists a path
from the initial state to ¢ with the input guessed by this moment and with output v’. At each
next step, the next symbol a of the input is guessed and the next transition in 2y with input a.
The algorithm checks whether the output of this transition extends v; along v and appends it
to v1. Then, for each pair (v/,q) and each transition in 2y from ¢ with input a and an output
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which extends v’ along v and does not go beyond it, a new pair is constructed in a natural way.
Repeated pairs are deleted from the newly obtained set. The algorithm operates while vy is a
head of v and the set of pairs is nonempty. If v; = v and the set of pairs contains no pair (v, f),
where f is the final state, the algorithm ascertains that 2(; is not included in 2. Correctness of the
algorithm and its exponential space usage are evident. By Savitch’s theorem (see [11, pp. 477-478)),
a nondeterministic algorithm using space S can be simulated efficiently by a deterministic algorithm
recognizing the same language and and requiring space S2. This implies the existence of the desired
algorithm. A

The removal construction used in the proof of Theorem 5 yields the following result.

Theorem 6. Let 2y and Ao be finite-valued transducers without empty inputs, and let A1 be
included in As. Then for any accepting path 1y in Ay with input u and output v there exists an
accepting path ly in Ao with the same input and output and such that for any v C u we have
|d(llﬂ la, u/)‘ < eXp(pOIY(n))'

Proof. Denote by Mj(u,v) and Ms(u,v) the sets of accepting paths with input u and output v
in 20; and 2y, respectively. Contrary to the claim of the theorem, assume that there exists a path
l1 € Mj(u,v) such that for any path lo € My(u,v) there exists v’ C u with |d(l1,l2,u)| > k >
exp(poly(n)), where the degree of the polynomial is sufficiently large. By Theorem 4, in 2, there
is a no more than exponential set M of paths from My (u,v) such that for any path [ € Ms(u,v)
there exists I’ € M such that for any ' C u we have |d(I,I’,«')| < 2n*. Consider the set P of
accepting paths [ in 2 possessing the following property: on the input [ there exists a set T of
no more than |M| heads such that for any path I’ € Ms(in(l),out(l)) there exists a head v’ € T
with |d(I,I',u')] > k1 = k — 2n%. One can easily see that I € P, and therefore P is nonempty.
Let Iy be a path in P with the smallest output length; denote uy = in(lp) and vy = out(ly). By 7o,
denote the set of heads corresponding to it. Our assumptions imply that |vg| > k1. Therefore,
there exists a segment r of [y with sufficiently large output that does not contain heads from Tj.
For r, we repeat all the removal construction described in the proof of Lemma 7 (for 1, u, and v;
in Lemma 7 we now take ly, ug, and vg). The only difference is that now as a path l5 in s for
the path [, in 21; with removals we now take not an arbitrary path but such path that for any
head u’ € Ty we have |d(l(, l5,u')| < k1. Such a path exists by the condition of the choice of |y and
the fact that |out(l())| < |out(lp)|. Repeating the corresponding arguments, one can easily prove
that the exists a zero-type removal from [y such that for the reconstructed path Iy in 25 we have
in(l2) = up and out(le) = vg. The latter equality follows from the fact that in the proof of Lemma 7
we have obtained a contradiction when assuming that for all removals a we have out(la(«)) # vp.
It is easily seen that, because of the zero type and by the insertion construction, when a segment
is inserted, the deviation d(l{), 5, u’) of the path in 2(; from the path in 2 can be changed only
for u' lying between the boundary head uj and the segment inserted in the input (more precisely,
d(ly, 15, u"y = d(lj, 1y, u'), where [ and I are paths before the insertion, I, and l4 are paths after
the insertion, u/ = «” if v/ ends to the left of the insertion, and v’ = (v” with the insertion) if u
ends to the right of it). Hence, outside the segment r, and in particular on all heads v’ € Ty, we
have |d(lo, l2,u')| < k1. This contradicts the fact that lp € P. A

In one particular case, the result of Theorem 5 can be improved. We say that a transducer 24
has finite delay if there exists a natural number ¢ such that for any path [ the condition [in(l)] > ¢
implies |out(l)] > 0. Clearly, ¢ < poly(n), where n = || (if the transducer is finite-valued and
reduced, then its finite delay is equivalent to the nonexistence of cycles with empty input).

Theorem 7. There exists a nondeterministic algorithm which ascertains noniclusion of an
arbitrary transducer Ay in a finite-valued transducer 20y in nondeterministic time exp(poly(n)),
where Ay has finite delay.
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For the proof of the theorem, we need the following lemma, which improves Lemma 7 in this
particular case.

Lemma 8. If a transducer A is not included in a finite-valued transducer Ay with finite delay,
then there exists a pair (u,v) € T'(241), (u,v) ¢ ['(™As), with |u| < exp(pa2(n)), where pa(n) is a
polynomaal.

Proof. Let [; be an accepting path in 2(; of the minimum length such that (in(l;),out(l;)) ¢
I'(”A2). Denote u = in(l1) and v; = out(l;). Assume that |u| is sufficiently large. Two cases are
possible.

Case 1. |v1| > exp(p1(n)), where pi(n) is the polynomial from Lemma 7. In this case this
assumption leads to a contradiction in the same way as in Lemma 7.

Case 2. |v1| < exp(pi(n)). In this case there exists a sufficiently large part r of the path l; with
empty output. We will make removals on it in the same way as in Lemma 7, but instead of the
requirement that the output of the deleted segments is nonempty we require that the length of the
input of each deleted segment is greater than c. Repeating the corresponding arguments, we prove
the existence of a zero-type removal . However, due to the finite delay property, the output of
any marked path in 205 is nonempty on the deleted segments of the input. This contradicts the fact
that the output of r is empty. A

Proof of Theorem 7. Let us describe the desired algorithm. It guesses an input u and an
output v with |u| < exp(p2(n)) and |v| < n|u|. After that, it deterministically ascertains whether
in 2; and in 25 there is a path with input v and output v. To this end, for each v’ C u, where u’ is
extended symbol by symbol, it finds the set of pairs (v, ¢) where v C v and ¢ is a state such that
there exists a path from the initial state to ¢ with input %’ and output v’. Details are obvious. The
algorithm detects noniclusion of 20y in Ay if (u,v) € I'(2), (u,v) ¢ I'(™A2). Clearly, the running
time of the algorithm is approximately n|u||v]. A

The second author is grateful to Yu.L. Pritykin and an anonymous reviewer for careful reading
of the text and numerous valuable remarks leading to a considerable improvement of the paper.
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