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ABSTRACT. A transducer is finite-valued if there exists a bound k such that any given input
maps to at most k outputs. For classical one-way transducers, it is known since the 1980s that
finite valuedness entails decidability of the equivalence problem. This result is in contrast
with undecidability in the general case, making finite-valued transducers very appealing. For
one-way transducers it is also known that finite valuedness itself is decidable and that any
k-valued finite transducer can be decomposed into a union of k single-valued finite transducers.

In this article, we extend the above results to copyless streaming string transducers (SSTs),
addressing open questions raised by Alur and Deshmukh in 2011. SSTs strictly extend the
expressiveness of one-way transducers via additional variables that store partial outputs. We
prove that any k-valued SST can be effectively decomposed into a union of k (single-valued)
deterministic SSTs. As a corollary, we establish the equivalence between SSTs and two-way
transducers in the finite-valued case, even though these models are generally incomparable.
Another corollary provides an elementary upper bound for deciding equivalence of finite-valued
SSTs. The equivalence problem was already known to be decidable, but the proof complexity
relied on Ehrenfeucht’s conjecture. Lastly, our main contribution shows that finite valuedness
of SSTs is decidable, with the complexity being PSPACE in general, and PTIME when the number
of variables is fixed.
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1. Introduction

Finite-state word transducers are simple devices that allow effective reasoning about data trans-
formations. In their most basic form, they transform words using finite control. For example,
the oldest transducer model, known as generalized sequential machine, extends deterministic
finite state automata by associating each input with a corresponding output that is generated
by appending finite words specified along the transitions. This rather simple model of trans-
ducer is capable of representing basic partial functions between words, e.g. the left rotating
function a; ay...a, — ay...a, a;. Like automata, transducers can also be enhanced with non-
determinism, as well as the ability of scanning the input several times (two-wayness). For exam-
ple, the non-deterministic counterpart of generalized sequential machines, called here one-way
transducers, can be used to represent the right rotating function a; ... anp-1 ap — ap ay ... an-1,
but also word relations that are not partial functions, like for instance the relation that associates
an input a, ... a, with any output from {a;}*... {a,}*. Similarly, deterministic two-way trans-
ducers can compute the mirror function a; ... a, — a,... a;, the squaring function w — ww,
etc.

Inspired by a logic-based approach applicable to arbitrary relational structures [18], MSO-
definable word transductions were considered by Engelfriet and Hoogeboom [23] and shown
to be equivalent to deterministic two-way transducers. Ten years later Alur and Cerny [6]
proposed streaming string transducers (SSTs for short), a one-way model that uses write-only
variables as additional storage. In SSTs, variables store strings and can be updated by appending
or prepending strings, or concatenated together, but not duplicated (they are copyless). Alur
and Cerny also showed that, in the functional case, that is, when restricting to transducers
that represent partial functions, SSTs are equivalent to the model studied in [23], and thus in
particular to two-way transducers. These equivalences between transducer models motivate
nowadays the use of the term “regular” word function, in the spirit of classical results on regular
word languages from automata theory and logics due to Biuichi, Elgot, Trakhtenbrot, Rabin, and
others.

While transducers inherit features like non-determinism and two-wayness from automata,
these characteristics have an impact on their expressive power compared to automata. In the
case of automata it is known that adding non-determinism and two-wayness does not affect the
expressive power, as it only makes them more succinct in terms of number of states. It does not
affect decidability of fundamental problems either, though succinctness makes some problems
computationally harder. In contrast, for transducers, non-determinism and/or two-wayness
significantly change the expressive power. For instance, non-deterministic one-way transducers

may capture relations that are not partial functions, and thus not computable by generalized
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sequential machines’. This difference is also apparent at the level of decidability results. For
example, the equivalence problem is in NLOGSPACE for generalized sequential machines, and
undecidable for one-way transducers [27, 32, 41]. We should also mention that in the functional
case itis possible to convert one transducer model to another (e.g. convert an SST to an equivalent
two-way transducer). In the non-functional case, the picture is less satisfactory. In particular,
non-deterministic SSTs and non-deterministic two-way transducers turn out to be incomparable:
for example, the relation {(uv, vu) : u,v € L*} can be represented in the former model but not
in the latter, while the relation {(w, w") : w € £*,n € N} can be represented in the latter model
but not in the former. However, SSTs can still be converted to equivalent non-deterministic
MSO transductions [9], which extend the original MSO transductions by existentially quantified
monadic parameters.

There is however a class of relations that is close to (regular) word functions in terms of
good behavior: the class of finite-valued relations. These are relations that associate a uniformly
bounded number of outputs with each input. The concept of bounding the number of outputs
associated with each input in a transducer is closely related to the notion of finite ambiguity,
which refers to bounding the number of accepting runs. Ambiguity has been intensively
studied in the context of formal languages, where it is shown, for instance, that equivalence of
unambiguous automata is decidable in PTIME [49]. In the context of relations, k-valuedness
and k-ambiguity were initially considered in the setting of one-way transducers. For example,
[29] showed that, for fixed k, one can decide in PTIME whether a given one-way transducer is
k-valued. Similarly, k-valuedness for fixed k can be decided in PSPACE for two-way transducers
and SSTs [9].

It is also clear that every k-ambiguous one-way transducer is k-valued. Conversely, it was
shown that every k-valued one-way transducer can be converted to an equivalent, k-ambiguous
one [51, 50, 45]. This result, even if it deals with a rather simple model of transducer, already
uses advanced normalization techniques from automata theory and involves an exponential

blow up in the number of states, as shown in the example below.

EXAMPLE 1.1. Fix k € N and consider the relation
R = {(W1...wnp, wy) : nEN, 1<i<n wy,...,wy € {0,1}"}.

Examples of pairs in this relation, for k = 2, are (001011, 00), (001011, 10), and (001011, 11).
For arbitrary k, the relation Ry associates at most 2K outputs with each input (we say it is
2K-valued). This relation can be realized by one-way transducers that exploit non-determinism
to guess which block from the input becomes the output. For instance, a possible transducer
Tk that realizes Ry repeatedly consumes blocks of k bits from the input, without outputting

1 Even if a non-deterministic one-way transducer computes a partial function, there may be no equivalent deterministic
one-way transducer. However, this question can be decided in PTIME [12, 3].
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anything, until it non-deterministically decides to copy the next block, and after that it continues
consuming the remaining blocks without output. Note that this transducer Tx has O(k) states, it
is finite-valued, but not finite-ambiguous, since the number of accepting runs per input depends
on the number n of blocks in the input and it is thus unbounded. A finite-ambiguous transducer
realizing the same relation Ry can be obtained at the cost of an exponential blow-up in the
number of states, for instance by initially guessing and outputting a k-bit word w (this requires
at least 2 states), and then verifying that w occurs as a block of the input. L 2

Since k-ambiguous automata can be easily decomposed into a union of kK unambiguous
automata, the possibility of converting a k-valued one-way transducer to a k-ambiguous one
entails a decomposition result of the following form: every k-valued one-way transducer is
equivalent to a finite union of functional one-way transducers. One advantage of this type of
decomposition is that it allows to generalize the decidability of the equivalence problem from
functional to k-valued one-way transducers, which brings us back to the original motivation
for considering classes of finite-valued relations. Decidability of the equivalence problem for
k-valued one-way transducers was independently established in [33]. The latter work also
states that the same techniques can be adapted to show decidability of equivalence for k-valued
two-way transducers as well. Inspired by [33], the equivalence problem was later shown to be
decidable also for k-valued SSTs [40]. However, the decidability results from [33] and [40] rely
on the Ehrenfeucht conjecture [2, 28] and therefore provide no elementary upper bounds on
the complexity.

Decomposing finite-valued SSTs and deciding finite valuedness for SSTs were listed as
open problems in [9], more than 10 years ago, and represent our main contributions. Compared
to one-way transducers, new challenges arise with SSTs, due to the extra power they enjoy to
produce outputs. For example, consider the relation consisting of all pairs of the form (w, 0" 1™)
or (w,1™0™), where w € {0,1}*, and njp (b = 0, 1) is the number of occurrences of b in w. This
relation is 2-valued, and is not realizable by any one-way transducer. On the other hand,
the relation is realized by an SST T with a single state and two variables, denoted Xy, X; and
both initially empty: whenever T reads b € {0, 1}, it non-deterministically applies the update
Xp := b Xp or X, := Xp, b (while leaving X;_, unchanged); at the end of the input, T outputs either
Xo X7 or X3 Xo. The ability of SSTs to generate outputs in a non-linear way makes their study
challenging and intriguing. To illustrate this, consider a slight modification of T where Xj is
initialized with 1, instead of the empty word: the new SST is not finite-valued anymore, because
upon reading 0" it could output any word of the form 0! 10/, with i, j € N such thati + j = n.

Another open problem was to compare the expressive power of SSTs and two-way transduc-
ers in the finite-valued case. It is not hard to see that the standard translation from deterministic
two-way transducers to deterministic SSTs also applies to the finite-valued case (cf. second part
of the proof of Theorem 1.3). The converse translation, however, is far more complicated and
relies on the decomposition theorem for SSTs which we establish in this article.
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Contributions. The results presented in this article draw a rather complete picture about
finite-valued SSTs, answering several open problems from [9]. First, we show that k-valued

SSTs enjoy the same decomposition property as one-way transducers:

THEOREM 1.2. Forall k € N, every k-valued SST can be effectively decomposed into a union of
k single-valued (or even deterministic) SSTs. The complexity of the construction is elementary.

A first consequence of the above theorem is the equivalence of SSTs and two-way trans-

ducers in the finite-valued setting:

THEOREM 1.3. Let R C X* X L* be a finite-valued relation. If R can be realized by an SST, then

an equivalent two-way transducer can be effectively constructed, and vice-versa.

PROOF. If Ris realized by an SST T, then we can apply Theorem 1.2 to obtain k unambiguous
SSTs T4, ..., Tx whose union is equivalent to T. From [6] we know that in the functional case,
SSTs and two-way transducers are equivalent. Thus, every T; can be transformed effectively
into an equivalent, even deterministic, two-way transducer. From this we obtain an equivalent
k-ambiguous two-way transducer.

For the converse we start with a k-valued two-way transducer T and first observe that
we can normalise T in such a way that the crossing sequences? of accepting runs of T are
bounded by a constant linear in the size of T. Once we work with runs with bounded crossing
sequences we can construct an equivalent SST in the same way as we do for deterministic
two-way transducers. The idea is that during the run of the SST the variables record the outputs
generated by the pieces of runs situated to the left of the current input position (see e.g. [38, 20]

for self-contained proofs). u

A second consequence of Theorem 1.2 is an elementary upper bound for the equivalence
problem of finite-valued SSTs [40]:

THEOREM 1.4. The equivalence problem for k-valued SSTs can be solved with elementary

complexity.

PROOF. Given two k-valued SSTs T, T’, we first decompose them into unions of k deterministic
SSTs Ty,...,Txand T/, ..., T 12’ respectively. Finally, [9, Theorem 4.4] shows how to check the

equivalence of Ui'{:1 T; and Ui'<=1 T/ in PSPACE. |
Our last, and main, contribution establishes the decidability of finite valuedness for SSTs:

THEOREM 1.5. Given any SST T, we can decide in PSPACE if T is finite-valued (and if the number
of variables is fixed then the complexity is PTIME). Moreover; this problem is at least as hard as

the equivalence problem for deterministic SSTSs.

2 A crossing sequence is a standard notion for finite-state two-way machines [48], and it is defined as the sequence of
states in which a given input position is visited by an accepting run of the machine.
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This last result is the most technical one, and requires to reason on particular substructures
(W-patterns) of SSTs. Such substructures have been already used for one-way transducers, but
for SSTs genuine challenges arise. The starting point of our proof is a recent result allowing
to determine if two runs of an SST are far apart [25]. The proof then relies on identifying
suitable patterns and extending techniques from word combinatorics to more involved word
inequalities.

Based on the equivalence between SSTs and two-way transducers in the finite-valued
setting (Theorem 1.3), and the decidability of finite valuedness for SST (Theorem 1.5), we exhibit
an alternative proof for the following (known) result:

COROLLARY 1.6 ([53]). Finite valuedness of two-way transducers is decidable in PSPACE.

Observe also that without the results in this paper, the result of [53] could not help to show
Theorem 1.5, because only the conversion from finite-valued two-way transducers to finite-
valued SSTs was known (under the assumption that any input positions is visited a bounded
number of times), but not the other way around. Also note that Theorems 1.2 and 1.3 together
imply a decomposition result for finite-valued two-way transducers.

Similar results can be derived for non-deterministic MSO transductions. More precisely,
since SSTs and non-deterministic MSO transductions are equivalent [9], Theorem 1.5 entails de-
cidability of finite valuedness for non-deterministic MSO transductions as well. Moreover, since
in the single-valued case, deterministic SSTs and MSO transductions are equivalent [6], Theo-
rem 1.2 implies a decomposition result for MSO transductions: any k-valued non-deterministic
MSO transduction can be decomposed as a union of k (deterministic) MSO transductions. Fi-
nally, from Theorem 1.3, we also obtain that, under the assumption of finite valuedness, non-

deterministic MSO transductions, two-way transducers, and SSTs are equally expressive.

2. Preliminaries

For convenience, technical terms and notations in the electronic version of this manuscript are
hyper-linked to their definitions (cf. https://ctan.org/pkg/knowledge).

Hereafter, N (resp. N,) denotes the set of non-negative (resp. strictly positive) integers,
and X denotes a generic alphabet.

Words and relations. We denote by € the empty word, by |u| the length of a word u € £*, and
by u[i] its i-th letter, for 1 < i < |u|. We introduce a convolution operation on words, which
is particularly useful to identify robust and well-behaved classes of relations, as it is done for
instance in the theory of automatic structures [13]. For simplicity, we only consider convolutions
of words of the same length. Given u,v € £*, with |u| = |v|, the convolution u ® v is a word
over (£2)* of length |u| = |v| such that (u ® v)[i] = (u[i], v[i]) forall 1 < i < |u|. For example,


https://ctan.org/pkg/knowledge
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(aba) ® (bcc) = (a,b)(b,c)(a,c). As ® is associative, we may write u ® v ® w for any words

u, v, w.
Arelation R C (£¥)Xis length-preserving if |uq| = - - - = |ux| for all (uy, ..., ux) € R. Alength-
preserving relation is automatic if the language {u; ® ... ® ux | (us,...,ux) € R} is recognized

by a finite state automaton. A binary relation R C £* X £* (not necessarily length-preserving)
is k-valued, for k € N, if for all u € £*, there are at most k words v such that (u,v) € R. Itis
finite-valued if it is k-valued for some k.

Variable updates. Fix a finite set of variables X = {Xy,..., X}, disjoint from the alphabet Z. A
(copyless) update is any mapping a : X — (X W X)* such that each variable X € X appears at
most once in the word a(X7) ... a(Xy). Such an update can be morphically extended to words
over L W X, by simply letting a(a) = a for all a € X. Using this, we can compose any two updates
a, B to form a new update a f : X — (£ W X)*, defined by (a B)(X) = B(a(X)) for all X € X.
An update is called initial (resp. final) if all variables in X (resp. X \ {X;}) are mapped to the
empty word. The designated variable X; is used to store the final output produced by an SST, as
defined in the next paragraph.

Streaming string transducers. A (non-deterministic, copyless) streaming string transducer
(SST for short) is a tuple T = (£, X, Q, Qinit, Qfinal, O, A), where X is an alphabet, X is a finite set
of variables, Q is a finite set of states, Qinit, Ofinat C Q are the sets of initial and final states, O
is a function from final states to final updates, and A is a finite transition relation consisting
of tuples of the form (g, a, a, q'), where ¢,q" € Q are the source and target states, a € X is an
input symbol, and « is an update. We often denote a transition (q, a, &, ¢’) € A by the annotated
arrow:
a/a
q—4q.
The size |T| of an SST T is defined as the number of states plus the size of its transition relation.
Arunof T is a sequence of transitions from A of the form

al/oq (12/0(2 an/an
P =qo q1 q-...-qn-1 — (n.

The input consumed by p is the word in(p) = a; ... a,. The update induced by p is the composition
B =a;...0n. We write p : u/B to mean that p is a run with u as consumed input and S as
induced update. A run p as above is accepting if the first state is initial and the last state is
final, namely, if gy € Qinit and g, € Qsnal. In this case, the induced update, extended to the left
with the initial update denoted by t and to the right with the final update O(q,), gives rise to
an update ¢ f O(q,) that maps X; to a word over X and all remaining variables to the empty
word. In particular, the latter update determines the output produced by p, defined as the word

out(p) = (t BO(qn))(X1).
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The relation realized by an SST T is

Z2(T) = {(in(p), out(p)) € * x *

p accepting run of T'}

An SST is k-valued (resp. finite-valued) if its realized relation is so. It is deterministic if it has
a single initial state and the transition relation is a partial function (from pairs of states and
input letters to pairs of updates and states). It is unambiguous if it admits at most one accepting
run on each input. Similarly, it is called k-ambiguous if it admits at most k accepting runs on
each input. Of course, every deterministic SST is unambiguous, and every unambiguous SST is
single-valued (i.e. 1-valued). Two SSTs Ty, T, are equivalent if Z(T1) = % (T,). The equivalence
problem for SSTs is undecidable in general, and it is so even for one-way transducers [27, 32].
However, decidability is recovered for finite-valued SSTs:

THEOREM 2.1 ([40]). The equivalence problem for finite-valued SSTs is decidable.

Note that checking equivalence is known to be in PSPACE for deterministic SSTs. This easily
generalizes to unions of deterministic (hence single-valued) SSTs, because the equivalence
checking algorithm is exponential only in the number of variables:

THEOREM 2.2 ([9]). The following problem is in PSPACE: given n + m deterministic SSTs
Th,...,Tn,T},..., Ty, decide whether .., Z(T;) = }":1 %(T]f).

For any fixed k, the k-valuedness property is decidable in PSPACE:

THEOREM 2.3 ([9]). For any fixed k € N, the following problem is in® PSPACE: given an SST T,
decide whether T is k-valued. It is in PTIME if one further restricts to SSTs with a fixed number
of variables.

The decidability status of finite valuedness for SSTs, i.e., if k is unknown, was an open
problem. Part of our contribution is to show that this problem is decidable, too.

2.1 Pumping and word combinatorics

When reasoning with automata, it is common practice to use pumping arguments. This section
introduces pumping for SSTs, as well as combinatorial results for reasoning about (in)equalities
between pumped outputs of SSTs.

In order to have adequate properties for pumped runs of SSTs, the notion of loop needs to
be defined so as to take into account how the content of variables “flows” into other variables

3 In [9], no complexity result is provided, but the decidability procedure relies on a reduction to the emptiness of a
1-reversal k(k +1)-counter machine, based on the proof for equivalence of deterministic SST [7]. The counter machine
is exponential in the number of variables only. The result follows since the emptiness problem for counter machines
with fixed number of reversals and fixed number of counters is in NLogSpacke [30].
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when performing an update. We define the skeleton of an update a : X — (X w X)* as the
update & : X — X* obtained from «a by removing all the letters of £ from the right-hand side.
Note that there are only finitely many skeletons, and their composition forms a finite monoid,
called the skeleton monoid (this notion is very similar to the flow monoid from [40], but does
not rely on any normalization).

A loop of a run p of an SST is any factor L of p that starts and ends in the same state and
induces a skeleton-idempotent update, namely, an update « such that a and o o have the same
skeleton. For example, the update a : X; — aXj bX,c, X, — ais skeleton-idempotent and
thus can be part of a loop. A loop in a run will be denoted by an interval [i, j]. In this case, it
is convenient to assume that the indices i, j represent “positions” in-between the transitions,
thus identifying occurrences of states; in this way, adjacent loops can be denoted by intervals of
the form [iy, 1], [i2, i3], etc. In particular, if the run consists of n transitions, then the largest
possible interval on it is [0, n]. For technical reasons, we do allow empty loops, that is, loops of
the form [i, j], with i = j and with the induced update being the identity function on X.

The run obtained from p by pumping n times a loop L is denoted pumpj(p). If we are
given an m-tuple of pairwise disjointloops L = (L1, ..., Ln) and an m-tuple of (positive) numbers
n=(ny,...,Nny), then we write pumpz:( p) for the run obtained by pumping simultaneously n;
times L;, foreach1 <i < m.

The next lemma is a Ramsey-type argument that, based on the number of states of the SST,
the size of the skeleton monoid, and a number n, derives a minimum length for a run to witness
n + 1 points and loops between pairs of any of these points. The reader can refer to [35] to get

good estimates of the values of E, H.

LEMMA 2.4. Given an SST, one can compute two numbers E, H such that for every run p, every
n €N, and every setI C {0,...,|p|} of cardinality Enfl + 1, there is a subset I’ C I of cardinality
n+ 1 such that for alli < j € I’ the interval [i, j] is a loop of p. The values of E, H are elementary
in the size of the SST.

PROOF. The article [35] shows for any given monoid M a bound Rj;(n) with the property that
any sequence from M* of length larger than Ry, (n) contains n consecutive infixes such that
for some idempotent e of M (i.e., satisfying ee = e) each such infix multiplies out to e. In our
case, the monoid M is the product of the monoid ((Q x Q) U {0}, -) with (p,q) - (¢q,r) = (p,1)
(resp. (p,q) - (¢’,r) = 0if g # ¢') and the skeleton monoid of the SST. Thus, any infix of the
run that multiplies out to an idempotent (after mapping each transition to the corresponding
monoid element) corresponds to a loop of the SST. The upper bound Ry, (n) is exponential only
in the size of M (cf. Theorem 1 in [35]). ]

Below, we describe the effect on the output of pumping loops in a run of an SST. We start
with the following simple combinatorial result:
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LEMMA 2.5. Let a be a skeleton-idempotent update. For every variable X, there exist two words
u,v € £* such that, for all positive natural numbers n € N, o'*(X) = u™ ! a(X) v 1.

PROOF. Let & be the idempotent skeleton of a. We first prove the following claim:
CLAIM. ForallX € X, if &(X) # & then X occurs in a(X).

PROOF OF THE CLAIM. The proof is by induction on the number of variables X such that
a(X) # €. The base case holds vacuously. As for the induction step, fix a variable X, such that
a(Xp) # €. We distinguish two cases:

— If X, occurs in a(Xjp), then the claim clearly holds for X, and it remains to prove it for
all other variables Y € X \ {Xp}. Since «a is copyless, Xy does not occur in a(Y), for all
Y € X'\ {Xo}. Therefore, the restricted update o|x\ (x,) has an idempotent skeleton, and by
the inductive hypothesis it satisfies the claim. From this we immediately derive that the
claim also holds for the original update «.

— If Xy does not occur in a(Xp), then a(Xy) still contains at least one occurrence of another
variable, since &(Xy) # €. So, suppose that a(Xy) = hY t forsome h,t € (XUZ)*andY € X.
Since « is skeleton-idempotent, we have (aa)(Xy) = a(h) a(Y) a(t) = 'Y t’ for some
R,t' e (X UL*). Now, if Y occurs in a(Y), then we can apply the inductive hypothesis on
the restriction o|x\ (v}, as in the previous case, reaching a contradiction for Xy. Otherwise,
if Y does not occur in a(Y'), we also reach a contradiction by arguing as follows. Since Y
occurs in a(h) a(Y) a(t) but not in a(Y), then it occurs in a(h) a(t). Since Xj is the unique
variable such that Y occurs in a(Xy) (because « is copyless), necessarily X, occurs in h t
and hence in a(Xp) as well, which contradicts the initial assumption. u

We conclude the proof of the lemma. Let X € X. If a(X) does not contain any variable,
then we immediately get the result, as «"(X) = a(X) for all n > 1. Otherwise, if a(X) contains
some variable, then we know that &(X) # &, so by the above claim, X occurs in a(X). Hence,
a(X) = hXt for some h,t € (X UL)*. We now prove that a(h) a(t) € X*. Indeed, let Y be
any variable in ht (if there is no such variable then clearly a(h) a(t) contains no variable
either). Since « is copyless, Y does not occur in a(Y'), hence by the above claim (contrapositive),
&(Y) = g, hence a(Y) € L*. We then derive (aa)(X) = a(h) a(X) a(t), where a(h), a(t) € X*,
and so we can take u = a(h) and v = «(t). To conclude, we have o?(X) = ua(X) v, so for n > 2,
a(X) = a"%(a?*(X)) = a2 (ua(X) v) = ua™1(X) v, as claimed. m

It follows that pumping loops in a run corresponds to introducing repeated copies of
factors in the output. Similar results can be found in [40] for SSTs and in [42, 22] for two-way

transducers:

COROLLARY 2.6. Let p be an accepting run of an SST and let L = (L1, ..., L) be a tuple of
pairwise disjoint loops in p. Then, for some r < 2m|X| there exist words wy, ..., Wr, Uy, ..., Ur and
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indices 1 < iy, ...,i, < m, not necessarily distinct, such that for every tuplen = (ny,...,ny) € N

of positive natural numbers,
out(pumpg( p)) = Wy u;lil_l wi . u w

PROOF. This follows immediately from Lemma 2.5. Note that the content of any variable X
just after pumping a loop either appears as infix of the final output, or is erased by some later
update. In both cases, each pumped loop L; induces in the output (n; — 1)-folded repetitions
of 2k (possibly empty) factors, where k is the number of variables of the SST. Since the loops
are pairwise disjoint, they contribute such factors without any interference. The final output
out(pumpzi( p)) thus features repetitions of r = 2km (possibly empty) factors. u

The rest of the section analyses properties of words with repeated factors like the one in
Corollary 2.6.

DEFINITION 2.7. A word inequality with repetitions parametrized in X is a pair e = (w, w’) of
terms of the form

X X
W = Sot;' St ... ty" S,
' o Y1 o ' Vn o
w = syt sy .t sy

where s;, t;, s}, t}. € I*and x;,y; € Xfor all i, j. The set of solutions of e = (w, w’), denoted Sols(e),
consists of the mappings f : X — N such that f(w) # f(w’), where f(w) is the word obtained
from w by substituting every formal parameter x € X by f(x), and similarly for f(w’). A system
of word inequalities is a non-empty finite set E of inequalities as above, and its set of solutions is
given by Sols(E) = (.cx Sols(e).

The next theorem states that if there exists a solution to a system of inequalities parame-
terized by a single variable x, then the set of solutions is co-finite.

THEOREM 2.8 ([43, Theorem 4.3]). Given a word inequality e with repetitions parameterized
by single variable x, Sols(e) is either empty or co-finite; more precisely, if the left (resp. right)
hand-side of e contains m (resp. n) repeating patterns (as in Definition 2.7), then either Sols(e) = 0
or IN'\ Sols(e)| < m+n.

Finally, we present two corollaries of the above theorem, that will be used later. The
first corollary concerns satisfiability of a system of inequalities. Formally, we say that a word
inequality e (resp. a system of inequalities E) is satisfiable if its set of solutions is non-empty.

COROLLARY 2.9. Let E be a finite system of word inequalities. If every inequality e € E is
satisfiable, then so is the system E.



12 / 36

TheoretiCS E. Filiot, I. Jecker, C. Loding, A. Muscholl, G. Puppis, S. Winter

©8xy) = Exy)

S @
<
[
, =
¢

80 Th28 8x

X

Figure 1. lllustration of an argument for the proof of Corollary 2.9

PROOF. All inequalities considered hereafter have parameters in X = {x3,...,xx}. We are
going to compare functions from X to N based on suitable partial orders, each parametrized by
a variable. Formally, given two functions f, g : X — N and a variable x € X, we write f <, g iff
f(x) < g(x)and f(y) = g(y) forally € X\ {x}. We prove the following two properties (the first
property is equivalent to the claim of the lemma):

/\ df € Sols(e) — dg € Sols(E) 1
ecE
Vf eSols(E) VxeX 3g > f Vh>x g : h e Sols(E) (2)

The proof goes by double induction on the cardinality of E and the number k of parameters.

The base case is when E has cardinality 1. In this case Property (1) holds trivially. We
see how Property (2) follows from Theorem 2.8. Let E = {e}, f € Sols(e), and fix an arbitrary
variable x € X. We construct the inequality e’ with x as single formal parameter, by instantiating
in e every other parameter y € X\ {x} with the value f(y). By construction, f restricted to {x} is
a solution of ¢’, and thus, by Theorem 2.8, Sols(e’) is co-finite. This means that there is a number
Xo € N such that xo > f(x) and, for all x; > X, the mapping x + X is a solution to e’ as well.
This property can be transferred to the original inequality e, as follows. We define g = f[x/x1]
as the function obtained from f by replacing the image of x with x;. Note that g >; f and, for
allh >4 g, h € Sols(e). This proves Property (2).

As for the inductive step, suppose that E is a system with at least two inequalities, and
divide E into two sub-systems, E’ and E”, with cardinalities strictly smaller than that of E.



13 / 36 TheoretiCS Finite-valued Streaming String Transducers

Let us first prove Property (1) for E. Suppose that every inequality in E is satisfiable. By
the inductive hypothesis, E’ and E” are also satisfiable; in particular, there exist solutions g’
and g” of E' and E”, respectively. We proceed with a second induction to prove that, for larger
and larger sets of variables Y C X, there are solutions of E’ and E” that agree on all the variables

from Y, namely:
3gy € Sols(E’) 3gy € Sols(E”) Vy e Y gy(y) =gy (y) . (%)

Of course, for Y = X, the above property will imply the existence of a solution of E. The reader
can refer to Figure 1 as an illustration of the arguments that follow (axes correspond to variables,
and red and blue dots represent solutions of the systems E’ and E”, respectively).

For Y = 0, the claim (%) is trivial, since we can simply let gy = g" and g; = g”. For the
inductive step, suppose that (x) holds for Y and let us prove it also holds for Y = Y W {x}.
By inductive hypothesis, E’ and E” satisfy Property (2). In particular, by instantiating f with
gy (resp. g7) in Property (2), we obtain the existence of g’ >, gy such that, for all h" >, g,
h" € Sols(E’) (resp. g” >x gy such that, for all i” >, g”, h” € Sols(E”)). Note that the functions
gy &9, &', &” all agree on the variables from Y. Moreover, without loss of generality, we can
assume that g’ and g” also agree on the variable x: indeed, if this were not the case, we could
simply replace the x-images of g’ and g” with max{g’(x), g”(x)}, without affecting the previous
properties. Property (x) now follows from letting g¢, = g” and gy, = g”. This concludes the proof
of the inductive step for Property (1).

Let us now prove the inductive step for Property (2). Let f be a solution of E and let x € X.
Since both E” and E” satisfy Property (2) and since f € Sols(E’) N Sols(E”), there are g', 8" >x [
such that, for all i’ >, g’ and h” >, g”, h’ € Sols(E’) and h” € Sols(E”). Since g’,g” > f, &’
and g” agree on all variables, except possibly x. Without loss of generality, we can also assume
that g’ and g” agree on x: as before, if this were not the case, we could replace the x-images of
g’ and g” with max{g’(x), g”(x)}, while preserving the previous properties. Now that we have
g’ = g”, we can use this function to witness Property (2), since, for all h >, g’ (= g”), we have
h € Sols(E’) N Sols(E”) = Sols(E). ]

The second corollary is related to the existence of large sets of solutions for a satisfiable
word inequality that avoid any correlation between variables. To formalize the statement, it
is convenient to fix a total order on the variables of the inequality, say x;, ..., Xk, and then
identify every function f : X — N with the k-tuple of values x = (xq,...,Xx), where x; = f(x;)
foralli =1,..., k. According to this correspondence, the corollary states the existence of sets of
solutions that look like Cartesian products of finite intervals of values, each with arbitrarily
large cardinality. The statement of the corollary is in fact slightly more complicated than this,
as it discloses dependencies between the intervals. We also observe that the order in which we
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Figure 2. lllustration of an argument for the proof of Corollary 2.10

list the variables is arbitrary, but different orders will induce different dependencies between

intervals.

COROLLARY 2.10. Let e be a word inequality with repetitions parametrized in X = {x1, ..., Xk }.
If e is satisfiable, then

3¢ Vhy ... € Vhy
[1,h1] X ... X [ hx] < Sols(e).

~—— ———
values for xq values for xj
PROOF. Let e be a satisfiable word inequality parametrized in X and let x = (x4, ..., Xx) be any
solution of e. We will prove the following claim by inductiononi =0,...,k:

3é, Vhy ... 3 & Vh;
[€1, ha] X - - X [€i, hi] X {Xi41} X - - - X {xx} € Sols(e) (%)

Note that for i = k the above claim coincides with the statement of the corollary. The reader
can also refer to Figure 2 as an illustration of the arguments that follow (axes correspond
to variables x; and x,, dots represent generic solutions of e, clusters of black dots represent
solutions in the form of Cartesian products, like those that appear in (x).

For the base case i = 0, the claim (%) is vacuously true, as x = (xy, ..., Xx) is a solution of e.
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For the inductive step, we need to show that if (x) holds for i < k, then it also holds for
[ + 1. It is in fact sufficient to prove that, fori < k,

[€1, ha] X - - X [, hi] X {Xi41} X - - X {Xx} C Sols(e)
implies

3€i+1 Vhi+1

[€1, he] X -+« X [€ig1, higa] X {Xip2} X - - X {Xx} C Sols(e).

For brevity, weletS = [£1, hq] X - - X [, hi] X {Xi+1} X - - - X {Xk}, and we assume that S C Sols(e).
For every tuple s € S, we consider the word inequality e; over a single variable x;,; that is
obtained from e by instantiating every other variable x; (j # i) with s[j]. Since S C Sols(e), we
know that ey is satisfiable, and hence by Theorem 2.8, es has co-finitely many solutions. This
means that there is £5 such that, for all x’ > &, x’ is also a solution of e;. This property can be
transferred to our original inequality e:

CLAIM. For every s € S, there is £5 such that, for every x’ > ¥, the tuple s[i + 1 — x’], obtained
from s by replacing the (i + 1)-th value with x’, is a solution of e.

Now, the existentially quantified value ¢;,; can be set to the maximum of the #’s, for all
s € S (for this definition to make sense, it is crucial that the set S is finite). In this way, thanks
to the previous claim, the containment [ €1, h1] X - -+ X [i+1, hiv1] X {Xi+2} X - - X {xx} C Sols(e)
holds for all choices of the universally quantified value h;,,. This proves the inductive step for
(%) fromitoi+1. |

2.2 Delay between accepting runs

We briefly recall the definitions from [25], that introduces a measure of similarity (called delay)
between accepting runs of an SST that have the same input and the same output.

We first give some intuition, followed by definitions and an example. Naturally, the
difference between the amount of output symbols produced during a run should be an indicator
of (dis)similarity. However, as SSTs do not necessarily build their output from left to right,
one must also take into account the position where an output symbol is placed. For example,
compare two runs p and p’ on the same input that produce the same output aaabbb. After
consuming a prefix of the input, p may have produced aaa_ - - and p’ may have produced
___bbb. The amount of produced output symbols is the same, but the runs are delayed because
p built the output from the left, whereas p’ did it from the right. This idea of delay comes with
an important caveat. As another example, consider two runs p and p’ on the same input that
produce the same output aaaaaa, and assume that, after consuming the same prefix of the
input, p and p’ produced aaa_ - _ and _ _ _aaa, respectively. Note that the output aaaaaa is a
periodic word. Hence, it does not matter if aaa is appended or prepended to a word with period
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a. In general, one copes with this phenomenon by dividing the output into periodic parts, where
all periods are bounded by a well-chosen parameter C. So, intuitively, the delay measures the
difference between the numbers of output symbols that have been produced by the two runs,
up to the end of each of periodic factor. The number of produced output symbols is formally
captured by a weight function, defined below, and the delay aggregates the weight differences.

For an accepting run p, a position ¢ of p, and a position j in the output out(p), we denote
by Weightg.( p) the number of output positions j* < j that are produced by the prefix of p up to
position t. We use the above notation when j witnesses a change in a repeating pattern of the
output. These changes in repeating patterns are called cuts, as formalized below.

Let w be any non-empty word (e.g. the output of p or a factor of it). The primitive root of w,
denoted root(w), is the shortest word r such that w € {r}*. For a fixed integer C > 0 we define
a factorization w[1, j1],w[j1 + 1, j2l,..., W[jn + 1, jns1] of w in which every j; is chosen as the
rightmost position for which w|[j;_1 + 1, j;] has primitive root of length not exceeding C. These
positions ji, ..., j, are called C-cuts. More precisely:

— the first C-cut of w is the largest position j < |w|, such that |[root(w[1, j])| < C;
— if j is the i-th C-cut of w, then the (i + 1)-th C-cut of w is the largest position j* > j such

that [root(w[j + 1, j'])| < C.

We denote by C-cuts(w) the set of all C-cuts of w.
We are now ready to define the notion of delay. Consider two accepting runs p, p’ of an SST
with the same input u = in(p) = in(p’) and the same output w = out(p) = out(p’), and define:
C-delay(p, p)) = max |weight§.( p) — weight'( o)

t<|ul,
j € C-cuts(w)

In other words, the delay between two such runs p and p’ measures over all input positions the
maximal difference between the amount of generated output, but only up to C-cuts of the output.
Note that the delay is only defined for accepting runs with same input and output. So whenever
we write C-delay(p, p’), we implicitly mean that p, p’ have same input and same output.

EXAMPLE 2.11. Let w = abcccbb be the output of runs p, p’ on the same input of length 2.
Assume p produces abc_ _bb and then abcccbb, whereas p’ produces - - _¢_bb and then abcccbb.
For C = 2, we obtain 2-cuts(w) = {2,5,7}, i.e., w is divided into ab|ccc|bb. To compute the
2-delay(p, p’), we need to calculate weights at cuts. For t = 0, Weight?( p) = Weight(}( p’) =0 for
all j € 2-cuts(w) because nothing has been produced. For t = 2, weight?(p) = weightjz.(p’) =]
for all j € 2-cuts(w) because the whole output has been produced. Only the case t = 1 has an
impact on the delay. We have weight; (p) = 2, weights (p) = 3, and weight}(p) = 5. Also, we have
weight)(p’) = 0, weighti(p) = 1, and weight}(p) = 3. Hence, we obtain 2-delay(p, p’) =2. @

We recall below some crucial results obtained in [25]. A first result shows that the relation
of pairs of runs having bounded delay (for a fixed bound) is automatic — for this to make sense,
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we view a run of an SST as a finite word, with letters representing transitions, and we recall

that a relation is automatic if its convolution language is regular.

LEMMA 2.12 ([25, Theorem 5]). Given an SST and some numbers C, D, the relation consisting of
pairs of accepting runs (p, p’) such that C-delay(p, p’) < D is automatic.

PROOF. The statement in [25, Theorem 5] is not for runs of SSTs, but for sequences of updates.
One can easily build an automaton that checks if two sequences of transitions, encoded by
their convolution, form accepting runs p, p’ of the given SST on the same input. The remaining
condition C-delay(p, p’) < D only depends on the underlying sequences of updates determined
by p and p’, and can be checked using [25, Theorem 5]. u

A second result shows that given two runs with large delay, one can find a set of positions
on the input (the cardinality of which depends on how large the delay is) in such a way that
any interval starting just before any of these positions and ending just after any other of these
positions is a loop on both runs such that, when pumped, produces different outputs. Roughly,
the reason for obtaining different outputs is that pumping creates a misalignment between
C-cuts that were properly aligned before pumping, and different periods cannot overlap. By
this last result, large delay intuitively means “potentially different outputs”.

LEMMA 2.13 ([25, Lemma 6]). Given an SST, one can compute? some numbers C, D such that,
for allm > 1 and all runs p, p’: if Cm-delay(p, p’) > Dm?, then there exist m positions 0 < &; <
-+ < &m < |p| such that, for every1 < i < j < m, theinterval L; j = [¥¢;, ¢;] is a loop on both p
and p’ and satisfies

out(pumpf, (p)) # out(pump;, (p)).

To reason about finite valuedness we will need to consider several accepting runs on the
same input, with pairwise large delays. By Lemma 2.13, every two such runs can be pumped so
as to witness different outputs. The crux however is to show that these runs can be pumped

simultaneously so as to get pairwise different outputs. This is indeed possible thanks to:

LEMMA 2.14. Let C,D be computed as in Lemma 2.13, and k be an arbitrary number. Then

one can compute a number m such that, for all runs po, ..., px on the same input and with
/\Osi<jsk (out(p;) # out(p;) VvV Cm-delay(p;, p;) > Dm?), there is a tuple{ = (Li,j)o<i<j<k Of
disjoint intervals that are loops on all runs po, ..., px, and there is a tuple n = (n;j)o<i<j<k Of

positive numbers such that

forall0 <i<j<Kk, out(pumpg(pi)) # out(pump’L_l-(pj)).

4 We remark that the notation and the actual bounds here differ from the original presentation of [25], mainly due to
the fact that here we manipulate runs with explicit states and loops with idempotent skeletons. In particular, the
parameters C, D, m here correspond respectively to the values kE?, £E*, CE? with k, ¢, C as in [25, Lemma 6], and E as in
our Lemma 2.4.
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PROOF. We first define m. Let E, H be as in Lemma 2.4, and set m := mg + 1 for the sequence
mo, . .., mg_1 defined inductively by my_; := k(k + 1), and my, := Em{l{rl.

We show how to pump the runs in such a way that all pairs of indices i < j witnessing
Cm-delay(p;, pj) > Dm? before pumping, will witness different outputs after pumping. Consider
one such pair (i, j), with i < j, such that Cm-delay(p;, pj) > Dm?, so in particular, out(p;) =
out(p;) (if there is no such pair, then all runs have pairwise different outputs, and so we are
already done). We apply Lemma 2.13 and obtain a set I; jo of m = mg + 1 positions such that

each interval L = [¢, £'] with ¢, ¢’ € I; ;o is a loop on both p; and pj, and:

out(pump? (p;)) # out(pumpy (p;)). 3)

Then, by repeatedly using Lemma 2.4, we derive the existence of sets I; jx-1 € --- C I; j1 € I;jo
with |I; j»| = mp + 1 such that each interval L = [¢, £'] with £, £’ € I; j 5 is aloop on p;, pj, and h
further runs from py, . .., px (our definition of m from the beginning of the proof is tailored to
this repeated application of Lemma 2.4, because |I; jz| = mp+1 = Em;’j’+1 + 1). In particular, all
intervals with endpoints in I; j k1 are loops on all the py, ..., pk.

In this way, for each pair i < j such that p; and p; have large delay, we obtain k(k + 1)
adjacent intervals that are loops on all runs and that satisfy the pumping property (3) from
above.

As there are at most k(k + 1) pairs of runs, we can now choose from the sets of intervals
that we have prepared one interval L; j for each pair i < j with Cm-delay(p;, p;) > Dm?, in
such a way that all the chosen intervals are pairwise disjoint (for example, we could do so by
always picking among the remaining intervals the one with the left-most right border, and then
removing all intervals that intersect this one). The selected intervals L; ; thus have the following
properties:

1. L;;is aloop on all runs po, ..., Pk,
2. L;j is disjoint from every other interval Ly j,

3. out(pump;_(p;)) # out(pumpf, (p))).

If a pair i < j of runs is such that out(p;) # out(p;), then we set L; ; as an empty loop.
Now, let L = (Li,j)o<i<j<k be the tuple of chosen intervals, and consider the following
system of word inequalities with formal parameters (x; j)o<i<j<k =: X:

forall0<i<j<k, out(pump]’_f(pl-)) # out(pumpi—(pj)).

Here, the value of the formal parameter x; ; determines how often the loop L; ; is pumped. By
Corollary 2.6, this corresponds to a word inequality in the parameters x; ;.

Note that there is one such inequality for each pair of runs p;, p; with 0 <i < j < k. By
the choice of the intervals in L, each of the inequalities is satisfiable: indeed, the inequality for
pi, pj is satisfied by letting x;» y = 1if i” # i or j* # j, and x; ; = 2 otherwise.
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By Corollary 2.9, the system of inequalities is also satisfiable with a tuple n = (n; j)o<i<j<k

of numbers, as claimed in the lemma. [

3. The Decomposition Theorem

This section is devoted to the proof of the Decomposition Theorem:

THEOREM 1.2. (Restated) For all k € N, every k-valued SST can be effectively decomposed
into a union of k single-valued (or even deterministic) SSTs. The complexity of the construction is
elementary.

Our proof relies on the notion of cover of an SST, which is reminiscent of the so-called
“lag-separation covering” construction [21, 46]. Intuitively, given an SST T and two integers
C,D € N, we construct an SST Coverc p(T) that is equivalent to T, yet for each input u it only
admits pairs of accepting runs with different outputs or C-delay larger than D. The crucial point
will be that Coverc p(T) is k-ambiguous when T is k-valued.

PROPOSITION 3.1. Given an SST T and two numbers C, D, one can compute an SST called
Covere p(T) such that
1. Covercp(T) is equivalent to T,
2. for every two accepting runs p # p’ of Coverc p(T) having the same input, either out(p) #
out(p’) or C-delay(p, p’) > D;
3. every accepting run of Coverc p(T) can be projected onto an accepting run of T.

PROOF. We order the set of accepting runs of T lexicographically, and we get rid of all the runs
for which there exists a lexicographically smaller run with the same input, the same output,
and small delay. Since all these conditions are encoded by regular languages, the remaining set
of runs is also regular, and this can be used to construct an SST Coverc p(T) that satisfies the
required properties.

We now give more details about this construction. Let R denote the set of all accepting
runs of T. Remark that R is a language over the alphabet consisting of transitions of T, and it is
recognized by the underlying automaton of 7, so it is regular. Let

Sepep(R) = {peR|Bp' €R.p'<p A C-delay(p, p’) < D}.

Recall that the delay is only defined for accepting runs with same input and same output, so
C-delay(p, p’) < D implies thatin(p) = in(p’) and out(p) = out(p’). We show that
A) Sepc p(R) is a regular subset of R;
B) {(in(p),out(p)) | p € Sepcp(R)} = {(in(p),out(p)) | p € R};
o for every pair of runs p, p” € Sep. ,(R) over the same input, either out(p) # out(p’) or
C-delay(p, p’) > D.
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Before proving these properties, let us show how to use them to conclude the proof of the
proposition:

We start with a DFA A recognizing Sep. ,(R), whose existence is guaranteed by Property A).
Note that the transitions of A are of the form (g, (s, a, a, '), ¢’), where (s, a, «, §) is a transition
of T. Without loss of generality, we assume that the source state q of an A-transition determines
the source state s of the corresponding T-transition, and similarly for the target states ¢’ and
s’. Thanks to this, we can turn A into the desired SST Coverc p(T) by simply projecting away
the T-states from the T-transitions, namely, by replacing every transition (g, (s, a, &, s’), ') with
(g, a,a,q’). To complete the construction, we observe that if the state ¢’ is final in A, then the
corresponding state s’ is also final in T (this is because A recognizes only accepting runs of
T). Accordingly, we can define the final update of Coverc p(T) so that it maps any final state q’
of A to the final update O(s’), as determined by the corresponding final state s’ in T. Finally,
thanks to Properties B) and ¢), the SST Coverc p(T) constructed in this way clearly satisfies the
properties claimed in the proposition.

Let us now prove Properties A)—C).

PROOF OF PROPERTY A). Note that the set Sep. p(R) is obtained by combining the relations
R, {(p,p) | p < p},and {(p, p’) | C-delay(p, p’) < D} using the operations of intersection,
projection, and complement. Also recall that R can be regarded a regular language, and that
{(p,p) | P < p}and {(p, p’) | C-delay(p, p’) < D} are automatic relations (for the latter one
uses Lemma 2.12). It is also a standard result (cf. [31, 37, 13]) that automatic relations are closed
under intersection, projection, and complement. From this it follows that Sep. p(R) is a regular
language.

PROOF OF PROPERTY B). As Sep. p(R) C R, the left-to-right inclusion is immediate. To prove the
converse inclusion, consider an input-output pair (u, v) in the right hand-side of the equation,
namely, (u, v) is a pair in the relation realized by T. Let p be the lexicographically least accepting
run of T such that in(p) = u and out(p) = v. By construction, p € Sep. p(R) and hence (u, v)
also belongs to the left hand-side of the equation.

PROOF OF PROPERTY C). This holds trivially by the definition of Sep. p(R). |

We can now present the missing ingredients of the decomposition result. Proposition
3.2 below shows that, for suitable choices of C and D that depend on the valuedness of T,
Coverc p(T) turns out to be k-ambiguous.

This will enable the decomposition result via a classical technique that decomposes any
k-ambiguous automaton/transducer into a union of k unambiguous ones (see Proposition 3.3
further below).

PROPOSITION 3.2. Let T be a k-valued SST and let C, D, m be as in Lemma 2.14 (note that m
depends on k). The SST Coverc,, pm2(T) is k-ambiguous.
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PROOF. We prove the contrapositive of the statement. Assume that Coverc,, pn2(T) is not
k-ambiguous, that is, it admits k + 1 accepting runs py, . . ., px on the same input. Recall from
Proposition 3.1 that for all 0 < i < j < k, either out(p;) # out(p;) or Cm-delay(p;, p;) > Dm?.
By Lemma 2.14 we can find pumped versions of the runs py, ..., px that have all the same input
but have pairwise different outputs, and thus T is not k-valued. u

PROPOSITION 3.3. Forall k € N, every k-ambiguous SST can be decomposed into a union of k
unambiguous SSTs.

PROOF. The decomposition is done via a classical technique applicable to k-ambiguous NFA
and, by extension, to all variants of automata and transducers (see [36, 44]). More precisely,
decomposing a k-ambiguous NFA into a union of k unambiguous NFA is done by ordering runs
lexicographically and by letting the i-th NFA in the decomposition guess the i-th accepting run
on a given input (if it exists). Since the lexicographic order is a regular property of pairs of runs,
it is easy to track all smaller runs. u

Proof of Theorem 1.2. We now have all the ingredients to prove Theorem 1.2, which di-
rectly follows from Propositions 3.2 and 3.3, and the fact that unambiguous SSTs can be deter-

minized [6]. [ ]

4. Finite valuedness

We characterize finite valuedness of SSTs by excluding certain types of substructures. Our
characterization has strong analogies with the characterization of finite valuedness for one-way
transducers, where the excluded substructures have the shape of a “W” and are therefore called
W-patterns (cf. [21]).°

DEFINITION 4.1. A W-pattern is a substructure of an SST consisting of states ¢, q2, 1, 2, '3,
and some initial and final states, that are connected by runs as in the diagram of Figure 3.

In that diagram a notation like p : u’/u describes a run named p that consumes an input u’

1244 144 1244

and produces an update u. Moreover, the cyclic runs p7, py, p3, p1p7p]s pyp5 5, and p;p7 po

are required to be loops, namely, their updates must have idempotent skeletons.

An important feature of the above definition is that the small loops at states ry,1r,,13
consume the same input, i.e. v’, and, similarly, the big loops at g; and g3, as well as the runs
from ¢, to g2, consume the same set of inputs, i.e. v/ (v"’)* v,

5 [21] used also other excluded substructures, but they can be seen as degenerate cases of W-patterns.



22 /| 36 TheoretiCS E. Filiot, I. Jecker, C. Loding, A. Muscholl, G. Puppis, S. Winter

pi/ . V///BII p/zl : V///y// plgl : V”/l’]”

q1
Po : u/a ps: w/w
initial final
state state

Figure 3. A W-pattern.

Given a W-pattern P and a number x € N,, we construct the following runs by pumping
the small loops in the diagram of Figure 3 x times:

Ifty = pi(p1)* Py’
midp = p; (p)" Py’
rgty = p3(p3)* p5 -
Similarly, given a sequence s = (X1, X2, . .., Xi—1, Xis Xi+1s - - - , Xn) of positive numbers with exactly

one element underlined (we call such a sequence a marked sequence), we define the accepting

run
runp(s) = po It It ... 1ft" mid) rgt,* rgty*? ... rgt pa.
loops at g1 loops at g2
For each marked sequence s = (X1, ..., Xi-1, Xi, Xi+1, - - - » Xn), Funp(s) consumes the input
u V/(V/I)lelll L VI(VN)XnVNI W

and produces an output of the form

out(runp(s)) = (ta B'(B")B” ... B'(B")*B”
y' )y
N’y o (") w W') (X)
where ( is the initial update and ’ is the final update determined by the final state of runp(s).
Note that, differently from the output, the input only depends on the unmarked sequence, and

thus a W-pattern can have accepting runs that consume the same input and produce arbitrarily
many different outputs. As an example, consider a W-pattern as in Definition 4.1, where y”
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is the only update that produces output symbols — say y” appends letter c to the right of the
unique variable. Further suppose thatu = w = ¢ V' = v/ = q, and v’ = b. So, on input
(aba) (ab*a) ... (ab"a), this W-pattern produces n different outputs: c, ¢?, ..., c". The definition

and the lemma below generalize this example.

DEFINITION 4.2. A W-pattern P is divergent if there is a 5-tuple of numbers nq, ny, ns, ng, ns €
N, for which the two runs runp((ny, nz, n3, ng, ns)) and runp((ny, nz, n3, ng, ns)) produce differ-
ent outputs (recall that the runs consume the same input). It is called simply divergent if in
addition nq, ny, n3, ng, ns € {1, 2}.

THEOREM 4.3. An SST is finite-valued iff it does not admit a simply divergent W-pattern.

The two implications of the theorem are shown in Sections 4.2 and 4.3; effectiveness of the
characterization is shown in the next section.

41 Effectiveness of finite valuedness

We show in this section a PSPACE decision procedure for the characterization of finite valuedness
in terms of absence of simply divergent W-patterns (Theorem 4.3). We also prove that the
equivalence problem for deterministic SSTs, known to be in PSPACE, is polynomially reducible
to the finite valuedness problem. Despite recent efforts by the community to better understand
the complexity of the equivalence problem, it is unknown whether the PSPACE upper bound for
equivalence (and hence for finite valuedness) can be improved, as no non-trivial lower bound
is known. On the other hand, equivalence (as well as finite valuedness) turns out to be in PTIME
when the number of variables is fixed [9].

Our effectiveness procedure uses the following complexity result on the composition of
deterministic SSTs, which is of independent interest. It is known that deterministic SSTs are
closed under composition because of their equivalence to MSO transductions [6]. An automata-
based construction for composition is given in [10]. We show next an exponential construction
based on reversible transducers [19].

PROPOSITION 4.4. Let T, and T; be two deterministic SSTs realizing the functions fi : £] — L
and f, : &y — X3, respectively Let n; (resp. m;) be the number of states (resp. variables) of T;, and
M = ny+ny+mq+my. One can construct in time exponential in M and polynomial in |Z,|+|Z2|+|Z3| a
deterministic SST realizing fy o f>, with exponentially many states and polynomially many variables
in M.

PROOF. Each T; can be converted in polynomial time into an equivalent two-way transducer
that is reversible, i.e., both deterministic and co-deterministic [19]. Reversible two-way trans-
ducers can be easily seen to be composable in polynomial time [19], so we obtain a reversible
two-way transducer S realizing fi o f,, with state space polynomial in M. Finally, it suffices to



24 | 36 TheoretiCS E. Filiot, I. Jecker, C. Léding, A. Muscholl, G. Puppis, S. Winter

convert S back to a deterministic SST, which can be done in time exponential in the number
of states of S and polynomial in the size of the alphabets. This yields a deterministic SST with
exponentially many states and polynomially many variables in M (see e.g. [38, 20]). u

THEOREM 1.5. (Restated) Given any SST T, we can decide in PSPACE if T is finite-valued (and if
the number of variables is fixed then the complexity is PTIME). Moreover; this problem is at least
as hard as the equivalence problem for deterministic SSTSs.

PROOF. We start with an overview of the proof. By Theorem 4.3, it suffices to decide whether a
given SST T admits a simply divergent W-pattern. Let us fix some tuple X = (x1,...,Xs) € {1, 2}.
We construct an SST T3 which is not single-valued iff T has a W-pattern which is simply divergent
for x. Since checking single-valuedness of SST is decidable [9], we can decide finite valuedness
of T by solving single-valuedness problems for all SST T, for all tuples X € {1, 2}°. Intuitively, we
exhibit an encoding of W-patterns P as words up, and show that the set of these encodings forms
a regular language. The encoding up informally consists of the runs that form the W-pattern
P, and some of these runs are overlapped to be able to check that they are on the same input.
Accordingly, the SST Ty will take as input such an encoding up and produce as outputs the two
words out(runp(s)) and out(runp(s’)), where s = (X1, X2, X3, Xg, X5) and s = (X, Xz, X3, X4, X5).
To achieve this, T; can consume the input up while iterating the encoded runs as prescribed by
s or s’ and simulating the transitions to construct the appropriate outputs. Finally, an analysis
of the size of Ty and of the algorithm from [9] for checking single-valuedness gives the PSPACE
upper bound.

Detailed reduction We now explain in detail the reduction to the single-valuedness problem.
We will then show how to derive the PSPACE upper bound by inspecting the decidability proof
for single-valuedness.

LetT = (X, X, Q, Qinit, Qfinal, O, A) be the given SST and let # be the set of all W-patterns of T..
We first show that # is a regular set, modulo some well-chosen encodings of W-patterns as words.
Recall that a W-pattern consists of a tuple of runs P = (po, p7, P71, P71’ Py P> P5 > P53, P35 P3 s P4)5
connected as in the diagram of Definition 4.1. Note that some of those runs share a common
input (e.g. p7, p;, p5 share the input v”). Therefore, we cannot simply encode P as a sequence
of runs po, p}, ..., as otherwise regularity would be lost. Instead, in the encoding we overlap

groups of runs over the same input, precisely, the group {p}, p;, p3} on input V', the group

144 1244 144

1>P25P3
taking the convolution of the runs in each group, which results in a word over the alphabet A3,

{p7], 5, p3} on input v”, and the group {p } on input v"”. Formally, this is done by

Accordingly, P is encoded as the word

1244 244 1244

up = Po# (P ® py ® P3) # (P71 ® p; ® p3) #(py’ @ p;’ ® p3’) # pa
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where # is a fresh separator. The language Ly = {up | P € #}, consisting of all encodings of
W-patterns, is easily seen to be regular, recognizable by some automaton Ap which checks that
runs forming each convolution share the same input and verify skeleton idempotency (recall
that skeletons form a finite monoid). The number of states of the automaton Ay turns out to be
polynomial in the number of states of T and in the size of the skeleton monoid, which in turn is
exponential in the number of variables.

Next, we construct the SST Tx as the disjoint union of two deterministic SSTs Ts and Ty,
where s = (X1, X2, X35 X4, Xx5) and s’ = (xl,)g, X3, X4, X5). We only describe T, as the construction
of Ty is similar. The SST T; is obtained as a suitable restriction of the composition of two
deterministic SSTs T3,

execute the transitions read as input. When fed with the encoding up of a W-pattern, T3

and Texec, Which respectively iterate the runs as prescribed by s and
needs
to output runp(s) € A*. More precisely, it takes as input a word of the form po # (p] ® p}, ®

44

p3) # (p] ® p7 ® p3) # (p]’ ® py’ ® p3’) # p4 and produces as output

po Py (P Y Py (P Py Py (P1) pY’
5 (P)™ Py’
p3 (P3)™ P’ pa.

The SST Tée . uses one variable for each non-iterated run (e.g. for po and p}), x1 + X2 + X3
variables to store copies of pY, x4 variables to store copies of p7, and x5 variables to store copies
of p7, and eventually outputs the concatenation of all these variables to obtain runp(s). Note

S
that Titer
when constructing Ts), so the number of its states and variables is bounded by a constant; on

does not need to check that the input is a well-formed encoding (this is done later

the other hand, the input alphabet, consisting of transitions of T, is polynomial in the size of T.

The construction of Texe( is straightforward: it just executes the transitions it reads along
the input, thus simulating a run of T. Hence Tgxec has a single state and the same number of
variables as T. Its alphabet is linear in the size of T.

Now, Ts is obtained from the composition Texec © by restricting the input domain to

TS
iter
. It is well-known that deterministic SST are closed under composition and regular domain

restriction [6]. By the above constructions, we have
Tz(up) = Ts(up) U Ty (up) = {out(runp(s)),out(runp(s’))}

and hence T contains a W-pattern that is simply divergent for x iff T is not single-valued. This
already implies the decidability of the existence of a simply divergent W-pattern in 7, and hence
by Theorem 4.3, of finite valuedness.

Complexity analysis Letus now analyse the complexity in detail. This requires first estimating
the size of T;. Let ny resp. my be the number of states of T, resp. its number of variables. From

the previous bounds on the sizes of Tegec and T3

ter and Proposition 4.4, we derive that the number
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of states and variables of Texec © Tiier is polynomial in both ny and mr. Further, restricting the
domain to # is done via a product with the automaton Ap, whose size is polynomial in nr and
exponential in mr. Summing up, the number of states of T is exponential in mz, and polynomial
in ny. Its number of variables is polynomial in both nr and mr. And so do Ty and T.

As explained in [9], checking single-valuedness of SST reduces to checking non-emptiness
of a 1-reversal 2-counter machine of size exponential in the number of variables and polynomial
in the number of states. This is fortunate, since it allows us to conclude that checking single-
valuedness of Ty reduces to checking non-emptiness of a 1-reversal 2-counter machine of size
just exponential in the number of variables of T. The PSpACE upper bound (and the PTIME upper
bound for a fixed number of variables) now follow by recalling that non-emptiness of counter

machines with fixed numbers of reversals and counters is in NLOGSPACE [30].

Lower bound For the lower bound, consider two deterministic SST Ty, T, over some alphabet &
with same domain D. Domain equivalence can be tested in PTIME because Ty, T, are deterministic.
Consider a fresh symbol # ¢ X, and the relation

R = {(ul#...#un, Ty, (w)# ... #T, (up))

u;eD, neN,
i1,...,in€{1,2}

It is easily seen that R is realizable by a (non-deterministic) SST. We claim that R is finite-valued
iff it is single-valued, iff 71 and T, are equivalent. If T; and T; are equivalent, then T; (u;) = T2(u;)
for all 1 < j < n, hence R is single-valued, and so finite-valued. Conversely, if T; and T, are not
equivalent, then T;(u) # T>(u) for some u € D, and the family of inputs (u#)" u, with n € N,
witnesses the fact that R is not finite-valued. u

REMARK 4.5. The proof of the previous theorem can be adapted to show that the equivalence
problem for deterministic SSTs and the finite valuedness problem for SSTs are equivalent
(modulo polynomial many-one reductions).

As a corollary, we obtain an alternative proof of the following known result:

COROLLARY 1.6 ([53]). (Restated) Finite valuedness of two-way transducers is decidable in
PSPACE.

PROOF. Observe that a necessary condition for a two-way transducer to be finite-valued is
that crossing sequences are bounded. More precisely, if a crossing sequence has a loop then the
output of the loop must be empty, otherwise the transducer is not finite valued. Given a bound
on the length of crossing sequences the standard conversion into an equivalent SST applies, see
e.g. [38, 20]. This yields an SST with an exponential number of states and a linear number of
variables, both in the number of states of the initial two-way transducer. Finally, we apply the
algorithm of Theorem 1.5, and we observe that it amounts to checking emptiness of a 1-reversal

2-counter machine whose number of states is exponential in the number of states of the initial
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two-way transducer. We conclude again by applying the NLOGSPACE algorithm for checking
emptiness of such counter machines [30]. u

4.2 A necessary condition for finite valuedness

Here we prove the contrapositive of the left-to-right implication of Theorem 4.3: we show that a
divergent W-pattern can generate arbitrarily many outputs on the same input.

LEMMA 4.6. Every SST that contains some divergent W-pattern is not finite-valued.

PROOF. Let us fix an SST with a divergent W-pattern P. In order to prove that the SST is not
finite-valued, we show that we can construct arbitrary many accepting runs of P that consume
the same input and produce pairwise different outputs. To do this we will consider for some
suitable M € N inequalities in the formal parameters s1,...,sy € Ny (Where1 <i < j < M),

and look for arbitrary large, satisfiable, sets of inequalities of the form:

out(runp(si, 82, - - -5 8i-1, Sis Si+1s - + - » SM))
em,ijls1,s2,...,8m] : #
out(runp(sy, sy, ..., Sj-15Sj5Sj+ls -+ - sMm))-

Recall that, according to the diagram of Definition 4.1, the number of variable occurrences before
(resp. after) the underlined parameter represents the number of loops at state g, (resp. g2) in a
run of the W-pattern. Moreover, each variable s; before (resp. after) the underlined parameter
represents the number of repetitions of the small loops at r; (resp. r3) within occurrences
of bigger loops at g1 (resp. ¢q2); similarly, the underlined variable represents the number of
repetitions of the loop at r, within the run that connects g; to g2. In view of this, by Corollary 2.6,
the outputs of the runs considered in the above inequality have the format required for a word
inequality with repetitions parametrized by sy, ..., sy.

The fact that the W-pattern P is divergent will help to find sets of satisfiable inequalities
en,i,j of arbitrary large cardinality. This, in turn, will produce (combined with our word combi-
natorics results) arbitrary many accepting runs over the same input, having pairwise different

outputs.

CLAIM. Foreverym € N, thereexist M e Nand asetI C {1,2,..., M} of cardinality m + 1 such
that, for alli < j € I, ey, j is satisfiable.

PROOF OF THE CLAIM. Since P is a divergent W-pattern, there exist nq, ny, n3, ng, ns € N,
such that

out(runp(ny, Ny, N3, N4, Ns)) # out(runp(ny, nz, n3, Ny, Ns)).
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We fix such numbers ny, ny, n3, ng, n5 € N,. Consider now the following inequality over the

formal parameters x, y, z:

x times y times z times
—_—— —_——
out(runp(nq, nq,...,ny, Ny, N3,...,N3, Ny, ns,...,Ns))

elx,y,z] : +

out(runp(nq,ny,..., Ny, Ny, N3,...,N3, N4, Ns,...,Ns5)).
——— T e
x times y times z times

Note that every instance of e[x, y, z] with concrete values x, y, z is also an instance of ey j,
where M =x+y+z+2,i=x+1,j=x+y+2,and all parameters s, ..., sy are instantiated
with values from {n4, ..., ns}. Moreover, as the parameters in e[x, y, z] determine the number
of repetitions of n,, ns, ns, which in their turn correspond to pumping loops at g; and gz, by
Corollary 2.6, the outputs of the considered runs have the format required for a word inequality
with repetitions parametrized by x, y, z.

Since e[x,y, z] is satisfiable (e.g. with x = y = z = 1), Corollary 2.10 implies that

3¢, Vhy 38, Vhy, 38, Vh,

(62, hx] X [&,hy] X [£,h,] C Sols(e).
~—— —_——— ~——
values for x  values for y values for z

Note that we start by quantifying over £, and not £ (Corollary 2.10 is invariant with respect to
the parameter order). exist three integers £y, £, £, > 0 such that

[€x, €x + 2méy] X [y, 2mey] X [£,, €, + 2méy] C Sols(e). 4)

Note that hy = 2m¢#,, depends only on ¢y, while hy = £x + 2m#, depends on both ¢, and ¢,.
We can now prove the claim by letting M = &, + 2méy + £, + 1and I = {£; + 246, +1 |0 <
A < m}. The gap between two consecutive values of I equals 24, and for everyi < j € I we get

i—1 € [br, bx+2(m—1)8;] C [y, & +2miy]
j—i—-1 € [2¢-1,2mé; —1] C [&y,2méy]
M-j € [£,8+2(m—-1)8] C [&, € +2méy].

Thus, by Equation (4), (i —1,j —i — 1, M — j) € Sols(e). This solution of e corresponds to
the instance of ey ; ; with the values for the formal parameters sq, ..., sy defined by

ny foreveryl<h<i-1,
n, forh=i,
sn=191 ng foreveryi+1<h<j-1,

ny, forh=j,

ns foreveryj+1< M.
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Hence, ey ;; is satisfiable for all i < j € I, as claimed. |

We can now conclude the proof of the lemma using the above claim: Corollary 2.9 tells us
that any system of word inequalities is satisfiable when every word inequality in it is so. Using

this and the above claim, we derive that for every m there exist ty, to, ..., tyy € N, such that, for
alli < j € I (with I as in the claim), ey j[t1, t2,. .., ty] holds. For every h € I, let
pr = runp(ty, ta, ..., th-1, thy thets - - - tmr)-

Note that all runs pp, for h € I, consume the same input, since they all correspond to the same

unmarked sequence (ty, to, . .., tpr). However, they produce pairwise different outputs, because
for everyi < j € I, the tuple (t1,t,,...,ty) is a solution of eps; ;. Since |I| = m can be chosen
arbitrarily, the transducer is not finite-valued. u

4.3 A sufficient condition for finite valuedness

We finally prove that any SST that exhibits no simply divergent W-pattern is finite-valued. The
proof relies on two crucial results. The first one is a characterization of finite ambiguity for SSTs,
which is easily derived from the characterization of finite ambiguity for finite state automata
[39, 34,52, 4]:

DEFINITION 4.7. A dumbbell is a substructure of an SST consisting of states ¢y, g, connected
by runs as in the diagram

p1: v/B C%M%Q p3: v/n

po: uja pa: wjw
initial final
state state

where the runs p; and ps are loops (in particular, they produce updates with idempotent
skeletons) and at least two among the runs p1, ps, p3 are distinct.

LEMMA 4.8. An SST is finite-ambiguous iff it does not contain any dumbbell.

PROOF. LetT = (%, X, Q, Qinit, Qfinal, O, A) be an SST. By projecting away the updates on the tran-
sitions we obtain from T a multiset finite-state automaton A. Formally, A = (X, Q, Qinit, Qfinal, A"),
where A’ is the multiset containing one occurrence of a triple (g, a, q’) for each transition of the
form (q, a, «, ¢’) in A. Note that a multiset automaton can admit several occurrences of the same
(accepting) run. Accordingly, the notion of finite ambiguity for A requires the existence of a
uniform bound on the number of occurrences of accepting runs of A on the same input. We
also remark that multiset automata are essentially the same as weighted automata over the
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semiring of natural numbers (the weight of a transition being its number of occurrences), with
only a difference in terminology where finite ambiguity in multiset automata corresponds to
finite valuedness in weighted automata.

Given the above construction of A from T, one can verify by induction on |u| that the
number of occurrences of accepting runs of A on u coincides with the number of accepting
runs of T on u. This means that A is finite-ambiguous iff T is finite-ambiguous.

Finally, we recall the characterizations of finite ambiguity from [39, 34, 52] (see in particu-
lar Theorem 1.1 and Lemma 2.6 from [39]). In short, their results directly imply that a multiset
automaton is finite-ambiguous iff it does not contain a plain dumbbell, namely, a substructure

/. p’2:V /7 .
py-V G1——@ Ps -V

/ /

Py U P, w

initial final

of the form

where at least two among p7, p,, p; are distinct runs.

This almost concludes the proof of the lemma, since any dumbbell of T can be projected into
a plain dumbbell of A. The converse implication, however, is not completely straightforward.
The reason is that the cyclic runs of a plain dumbbell in A do not necessarily correspond to loops
in the SST T, as the runs need not produce updates with idempotent skeletons. Nonetheless,
we can reason as follows. Suppose that A contains a plain dumbbell, with occurrences of runs
Pys P> Py P3. P, as depicted above. Let po, p1, p2, p3, p4 be some corresponding runs in T (with
pi projecting to p}) and let a, B, y, n, w be their induced updates. Further let n be a large enough
number such that " and n™ have idempotent skeletons (such an n always exists since the
skeleton monoid is finite). Now consider the substructure in T given by the runs po, (p1)",
(p1)" 1 py, (p3)", and p4. This substructure satisfies precisely the definition of dumbbell for the
SSTT. u

The second ingredient for the proof of the right-to-left implication of Theorem 4.3 uses
once more the cover construction described in Proposition 3.1. More precisely, in Lemma 4.9
below we show that if an SST T has no simply divergent W-pattern, then, for some well chosen
values C, D, m, the SST Coverc,, p,2(T) contains no dumbbell. Before proving the lemma, let us

show how it can be used to establish the right-to-left implication of Theorem 4.3.

Proof of Theorem 4.3 By Lemma 4.8, if Coverc,, p,2(T) has no dumbbell, then it is finite-
ambiguous, hence finite-valued. Since Coverc,, p,,2(T) and T are equivalent, T is finite-valued,
too. ]
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LEMMA 4.9. Given an SST T, one can compute numbers C, D, m such that if Coverc,, pn2(T)
contains a dumbbell, then T contains a simply divergent W-pattern.

PROOF. We first provide some intuition. If Coverc,, pm2(T) contains a dumbbell for suitable
values of C, D, m, then we show that this dumbbell admits two distinct runs 7, 7” that have either
different outputs or large delay. In both cases we will be able to transform the dumbbell into a
simply divergent W-pattern in Covercy, p,,2(T), hence T will have one as well.

Formally, let T be an SST. Let C, D be defined as in Lemma 2.13, and m = 7Ef +H+1 4 1,
where E, H are defined as in Lemma 2.4. Next, suppose that Coverc,, p,2(T) contains a dumbbell
as in Definition 4.7, with runs pg, p1, P2, P3, P4 that produce respectively the updates «, B, y, n, w.

Consider the following accepting runs, which are obtained by composing the copies of the
original runs of the dumbbell. The runs 7, 7" are different because at least two of p4, p2, p3 are

different:
T = Po P1 P2 P3 P3 P3 P4

/

T = Po P1 P1P1 P2 P3 P4-

(5)

By the properties of Coverc,, p,2(T), since 7 and 77’ consume the same input, they either produce
different outputs or have Cm-delay larger than Dm?.

We first consider the case where the outputs are different. In this case, we can immediately
witness a simply divergent W-pattern P by adding empty runs to the dumbbell; formally, for

1244

everyi = 1,2,3, we let p; = p; and p; = p}” = ¢, so as to form a W-pattern like the one in
Figure 3, with r; = g¢; and r, = r3 = g2. Using the notation introduced at the beginning of Section
4, we observe that 7 = runp(1,1,1,1,1) and 7’ = runp(1,1, 1,1, 1) — recall that the underlined
number represents how many times the small loop at r,, which is empty here, is repeated along
the run from ¢q; to ¢, and the other numbers represent how many times the small loops at ry
and r3, which are also empty here, are repeated within the occurrences of big loops at g; and
q». Since, by assumption, the runs 7 and 7’ produce different outputs, the W-pattern P is simply
divergent, as required.

We now consider the case where 77 and 77" have large delay, namely, Cm-delay (s, 77’') > Dm?.
In this case Lemma 2.13 guarantees the existence of a set I C {0,1,...,|7|} containing m
positions in between the input letters such that, for all pairsi < jin I, the interval [i, j] is a

loop on both 77 and 77" and satisfies
out(pumpf; (7)) # out(pumpy; (7). (6)

Next, recall from Equation (5) that 77, and similarly 77/, consists of seven parts, representing
copies of the original runs of the dumbbell and consuming the inputs u, v, v, v, v, v, w. We identify
these parts with the numbers 1, ..., 7. Since we defined m as 7E# +H+1 4 1, there is one of these
parts in which at least Eff +#+14 1 of the aforementioned positions of I occur. Let p € {1,2,...,7}
denote the number of this part, and let I, be a set of EHMHH 4 q positions from I that occur
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entirely inside the p-th part. We conclude the proof by a further case distinction, depending on
whether p € {1,7}orp € {2,...,6}.

Parts 1 and 7 Let us suppose that p € {1, 7}, and let i and j be two distinct positions in I,. We
let P be the W-pattern obtained by transforming the dumbbell as follows:
1. First, we pump either p, or p, depending on p:
— Ifp=1,wesetp) = pumpfi’j](po) and p}, = pa.
— Ifp="7,wesetp) = pump%l._luvs"j_luvsu(p4) and p; = po.
2. Then, we add empty runs to ps, p2, and ps; formally, for each h € {1, 2, 3}, we set p; = pp

24

and p, = p,’ = &.
Now that we identified a W-pattern P in Coverc p(T), we note that

pumpy; () = runp(1,1,1,1,1)
pump%l.’j] (') = runp(1,1,1,1,1).

We also recall Equation 6, which states that these runs produce different outputs. This means
that the W-pattern P is simply divergent. Finally, since the runs of Coverc p(T) can be projected
into runs of T, we conclude that T contains a simply divergent W-pattern.

Parts 2 — 6 Let us suppose that p € {2,...,6}. Note that, in this case, the elements of I p denote
positions inside the p-th factor of the input uvvvvvw, which is a v. To refer directly to the
positions of v, we define I, as the set obtained by subtracting |u vP~1| from each element of

EH*+H+1 L 1 we claim that we can find an interval with

Ip. Since the set |I}| has cardinality
endpoints from I, that is a loop of ps, pz, and ps, at the same time. Specifically, we can do so via
three consecutive applications of Lemma 2.4:
1. As|Iy| = EH#HH 4 q = . (EH)H 4 1 there exists a set I C I, of cardinality E"*' +1
such that for every pair i < j in I, the interval [i, j] is a loop of p;;
2. As |I| = E"*' +1=E - E” + 1, there exists I’ C I}] of cardinality E + 1 s.t. for every pair
i < jinlI}, the interval [i, j] is a loop of p; (and also of pq, since i, j € I/ € I7);
3. As|I)|=E+1=E- 17 4+ 1, there are two positions i < j in I} such that the interval [i, j]

is a loop of ps3 (and also of p; and p; since i, j € I} C I})).

The diagram below summarizes the current situation: we have just managed to find an interval
[i, j] that is a loop on all v-labelled runs p1, py, p3 of the dumbbell (the occurrences of this
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interval inside p1, py, p3 are highlighted by thick segments):

P13V/B q1 — ———— (]9 pP3 - V/’]
p2: V/y
po: u/a Ps: W/w
initial final
state state

We can now expose a W-pattern P by merging the positions i and j inside each v-labelled
run pi, p2, and ps of the dumbbell. Formally, we let pj = po, p, = p4, and for every h € {1, 2, 3},
we define p;l, p;l’, and p;l”, respectively, as the intervals [0, 1], [, j], and [], |v|] of pr. Now that
we have identified a W-pattern P inside Coverc p(T), we remark that 7 = runp(1,1,1,1,1) and
' =runp(1,1,1,1,1). Additionally, if we transpose i and j from I}, back to I, that is, if we
seti’ =i+ |uvP™!|and j/ = j + |[uvP7!|, since both i’ and j’ occur in the p-th part of 7 and 7/,
pumping the interval [i’, j’] in 7 (resp. 7') amounts to incrementing the (p — 1)-th parameter in

the notation runp(1,1,1,1,1) (resp. runp(1,1,1, 1, 1)). More precisely:

pump%i’,j’] (T[) = runp(nl, E} n3’ n49 n5)
pump%{',j'] (1) = runp(ny, nz, n3, Ny, ns)

where each nyy is either 2 or 1 depending on whether p’ = p — 1 or not. Since Equation 6 states
that these two runs produce different outputs, the W-pattern P is simply divergent. Finally,
since the runs of Coverc p(T) can be projected into runs of T, we conclude that, also in this case,
T contains a simply divergent W-pattern. u

5. Conclusion

We have drawn a rather complete picture of finite-valued SSTs and answered several open
questions of [9]. Regarding expressiveness, finite-valued SSTs can be decomposed as unions of
deterministic SSTs (Theorem 1.2). They are equivalent to finite-valued two-way transducers
(Theorem 1.3), and to finite-valued non-deterministic MSO transductions (see Section 1). On
the algorithmic side, their equivalence problem is decidable in elementary time (Theorem 1.4)
and finite valuedness of SSTs is decidable in PSpPACE (PTIME for fixed number of variables),
see Theorem 1.5. As an alternative proof to the result of [53], our results imply that finite
valuedness of two-way transducers can be decided in PSPACE (Corollary 1.6). Because of the
effective expressiveness equivalence between SSTs and non-deterministic MSO transductions,

our result also entails decidability of finite valuedness for the latter class.
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Further questions. A first natural question is how big the valuedness of an SST can be. In the
classical case of one-way transducers the valuedness has been shown to be at most exponential
(if finite) [51]. We can obtain a bound from Lemma 4.9, but the value is likely to be sub-optimal.

Our equivalence procedure relies on the decomposition of a k-valued SST into a union
of k deterministic SSTs each of elementary size. The latter construction is likely to be sub-
optimal, too, and so is our complexity for checking equivalence. On the other hand, only a
PSPACE lower bound is known, which follows easily from a reduction of NFA equivalence [1].
A better understanding of the complexity of the equivalence problem for (sub)classes of SSTs
is a challenging question. Already for deterministic SSTs, the complexity of the equivalence
problem is only known to lie between NLOGSPACE and PSPACE [7].

However, beyond the finite-valued setting there is little hope to find a natural restriction
on valuedness which would preserve the decidability of the equivalence problem. Already for
one-way transducers of linear valuedness (i.e. where the number of outputs is linear in the
input length), equivalence is undecidable, as shown through a small modification of the proof
of [32].

Deterministic SSTs have been extended, while preserving decidability of the equivalence
problem, in several ways: to copyful SSTs [15, 26], which allow to copy the content of variables
several times, to infinite strings [11], and to trees [8]. Generalizations of these results to the
finite-valued setting yield interesting questions. On trees, similar questions (effective finite
valuedness, decomposition and equivalence) have been answered positively for bottom-up tree
transducers [47].

Finally, SSTs have linear input-to-output growth (in the length of the strings). There is a
recent trend in extending transducer models to allow polynomial growth [17, 16, 14, 22]. Finite
valuedness has not been studied in this context yet.
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