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—— Abstract

The operator precedence languages (OPLs) represent the largest known subclass of the context-
free languages which enjoys all desirable closure and decidability properties. This includes the
decidability of language inclusion, which is the ultimate verification problem. Operator precedence
grammars, automata, and logics have been investigated and used, for example, to verify programs
with arithmetic expressions and exceptions (both of which are deterministic pushdown but lie outside
the scope of the visibly pushdown languages). In this paper, we complete the picture and give,
for the first time, an algebraic characterization of the class of OPLs in the form of a syntactic
congruence that has finitely many equivalence classes exactly for the operator precedence languages.
This is a generalization of the celebrated Myhill-Nerode theorem for the regular languages to OPLs.
As one of the consequences, we show that universality and language inclusion for nondeterministic
operator precedence automata can be solved by an antichain algorithm. Antichain algorithms
avoid determinization and complementation through an explicit subset construction, by leveraging
a quasi-order on words, which allows the pruning of the search space for counterexample words
without sacrificing completeness. Antichain algorithms can be implemented symbolically, and these
implementations are today the best-performing algorithms in practice for the inclusion of finite
automata. We give a generic construction of the quasi-order needed for antichain algorithms from a
finite syntactic congruence. This yields the first antichain algorithm for OPLs, an algorithm that
solves the EXPTIME-hard language inclusion problem for OPLs in exponential time.
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1 Introduction

Pushdown automata are a fundamental model of computation and the preferred formalism
to parse programs in a deterministic manner. In verification, they are used to encode the
behaviors of both systems and specifications that involve, for example, nested procedure calls.
However, unlike for regular languages specified by finite automata, the inclusion of context-
free languages given by pushdown automata is undecidable, even for deterministic machines.
This is why expressive subclasses of context-free languages with decidable properties have
been studied in the past decades. Prominent among those formalisms is the class of visibly
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pushdown languages [3], which is strictly contained in the deterministic context-free languages.
A visibly pushdown language (VPL) is a context-free language where each word admits a
single parse tree, which does not depend on the pushdown automaton that generates (or
accepts) the word. More technically, visibly pushdown automata (VPDAs) extend finite
automata with a memory stack that is restricted to “push” and “pop” operations on disjoint
subsets of the input alphabet. VPDAs have become popular in verification for several reasons.
First, they recognize “well-nested” words, which find applications in the analysis of HTML
and XML documents. Second, their restricted stack behavior enables desirable closure and
decidability properties; in particular, in contrast to deterministic context-free languages,
VPDASs can be complemented and their inclusion is decidable. Third, the VPLs admit a
generalization of the celebrated Myhill-Nerode theorem for the regular languages [2]: they can
be characterized algebraically by a finite syntactic congruence, which not only explains the
decidability results, but also leads to symbolic verification algorithms, such as antichain-based
universality and inclusion checking for VPDAs [11].

There are, however, important languages that are parsable by deterministic pushdown
automata, yet are not visibly pushdown. An important example are the arithmetic expressions
with two binary operators, addition and multiplication, where multiplication takes precedence
over addition. Most programming languages allow such expressions with implicit precedence
relations between operators, instead of insisting on explicit parantheses to disambiguate. For
this very purpose, Floyd introduced three elementary precedence relations between letters,
namely, equals in precedence =, yields precedence <, and takes precedence >, which provide
structure to words. He introduced the operator precedence languages (OPLs), a subclass
of the context-free languages, where non-conflicting precedence relations between letters
can be derived from the context-free grammar [33]. The ability to extract non-conflicting
relations from the grammar provides a unique parse tree for each word. However, unlike for
VPLs, a letter is not assigned to a unique stack operation, but will trigger “push” and “pop”
operations depending on its precedence with respect to the adjacent letters. This allows
OPLs to model not only arithmetic expressions, but also languages with exception handling
capabilities, where a single closed parenthesis may close several open parentheses [1, 48].

The class of OPLs lies strictly between the VPLs and the deterministic context-free
languages. Despite their extra expressive power, the OPLs enjoy the closure and decidability
properties of the VPLs, and they even do so at the same cost in computational complexity:
the class of OPLs is closed under all boolean and regular operations (union, intersection,
complement, concatenation, reverse, and Kleene star) [20, 21]; their emptiness can be solved
in PTIME (it is PTiME-hard for VPDAs), and universality and inclusion in EXPTIME (they
are EXPTIME-hard for VPDAs) [43]. Moreover, OPLs admit a logical characterization in
terms of a monadic second-order theory over words, as well as an operational characterization
in terms of automata with a stack (called OPAs) [43]. In short, OPLs offer many of the
benefits of the VPLs at no extra cost.

In this paper, we complete the picture by showing that OPLs also offer an algebraic charac-
terization in form of a generalized Myhill-Nerode theorem. Specifically, we define a syntactic
congruence relation =, for languages L such that = has finitely many equivalence classes
if and only if L is an OPL. Finite syntactic congruences provide a formalism-independent
(i.e., grammar- and automaton-independent) definition for capturing the algebraic essence of
a class of languages. In addition to the regular languages (Myhill-Nerode) and the VPLs,
such congruences have been given also for tree languages [37], for profinite languages [47],
for omega-regular languages [4, 44], for sequential and rational transducers [15, 30]. Further-
more, such characterization results through syntactic congruences have been used to design
determinization [2, 38], minimization [34, 41], and learning [12, 41, 46] algorithms.
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Our contribution in this paper is twofold. Besides giving a finite congruence-based
characterization of OPLs, we show how such a characterization can be used to obtain
antichain-based verification algorithms, i.e., symbolic algorithms for checking the universality
and inclusion of operator precedence automata (OPA). Checking language inclusion is the
paradigmatic verification problem for any automaton-based specification formalism, but
it is also computationally difficult: PSPACE-hard for finite automata, ExpTiME-hard for
VPDAs, undecidable for pushdown automata. This is why the verification community has
devised and implemented symbolic algorithms, which avoid explicit subset constructions for
determinization and complementation by manipulating symbolic representations of sets of
states. For finite automata, the antichain-based algorithms have proven to be particularly
efficient in practice: DWINA [29] outperforms MONA [40] for deciding WSI1S formulae,
ATC4VPA [11] outperforms VPAchecker [50] for deciding VPDAs inclusion, and Acacia [31]
outperforms Lily [39] for LTL synthesis. They leverage a quasi-order on words to prune the
search for counterexamples. Intuitively, whenever two words are candidates to contradict
the inclusion between two given languages, and the words are related by the quasi-order at
hand, the “greater” word can be discarded without compromising the completeness of the
search. During symbolic fixpoint iteration, this “quasi-order reduction” yields a succinct
representation of intermediate state sets. Based on our syntactic congurence, we show how
to systematically compute a quasi-order that enables the antichain approach. Then, we
provide the first antichain algorithm for checking language inclusion (and as a special case,
universality) between OPAs. In fact, our antichain inclusion algorithm can take any suitable
syntactic congruence over structured words (more precisely, any finite equivalence relation
that is monotonic for structured words and saturates its language). The instantiation of
the antichain algorithm with our syntactic congruence yields an EXPTIME algorithm for the
inclusion of OPAs, which is optimal in terms of enumeration complexity.

In summary, we generalize two of the most appealing features of the regular languages—the
finite characterization by a syntactic congruence, and the antichain inclusion algorithm—to
the important context-free subclass of operator precedence languages.

Overview. In Section 2, we define operator precedence alphabets and structured words. We
present operator precedence grammars as originally defined by Floyd. We then define the
operator precedence languages (OPLs) together with their automaton model (OPAs). Finally,
we summarize the known closure and complexity results for OPLs and OPAs. In Section 3,
we introduce the syntactic congruence that characterizes the class of OPLs. Subsection 3.1
proves that the syntactic congruence of every OPLs has finitely many equivalence classes,
and Subsection 3.2 proves that every language whose syntactic congruence has finitely many
equivalence classes is an OPL. In Section 4, we present our antichain inclusion algorithm.
First, we introduce the notion of a language abstraction and prove that our syntactic
congruence is a language abstraction of OPLs. We also present a quasi-order that relaxes
the syntactic congruence while preserving the property of being a language abstraction.
Then, we provide an antichain algorithm that decides the inclusion between automata whose
languages have finite abstractions. We prove the correctness of our algorithm and establish
its complexity on OPAs. In Section 5, we conclude with future directions.

Related Work. Operator precedence grammars and their languages were introduced by
Floyd [33] with the motivation to construct efficient parsers. Inspired by Floyd’s work,
Wirth and Weber [51] defined simple precedence grammars as the basis of an ALGOL-like
language. The relation between these two models was studied in [32]. The properties of OPLs
were studied in [17, 21]. Later, their relation with the class of VPLs was established in [20],
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their parallel parsing was explored in [5], and automata-theoretic and logical characterizations
were provided in [43]. Recent contributions provide a model-checking algorithm for operator
precedence automata [14], a generalization to a weighted model [27], and their application to
verifying procedural programs with exceptions [48].

The OPLs form a class of structured context-free languages [45] that sits strictly between
deterministic context-free languages and the VPLs [3, 19]. To the best of our knowledge,
the OPLs constitute the largest known class that enjoys all desired closure and decidability
properties. Several attempts have been made to move beyond this class, however, this often
comes at the cost of losing some desirable property. For example, the locally chain-parsable
languages are not closed under concatenation and Kleene star [18], and the higher-order
OPLs with fixed order are not closed under concatenation [22]. Despite the fact that they are
more powerful than the VPLs and enjoy all closure and decidability properties, the class of
OPLs is not nearly as well studied. In particular, a finite syntactic congruence characterizing
the VPLs was provided in [2]. An analogous result was missing for the OPLs until now.

The antichain algorithm for checking language inclusion was originally introduced for
finite automata [52] and later extended to alternating finite automata [53]. The approach
has been adapted to solve games with imperfect information [13], the inclusion of tree
automata [8], the realizability of linear temporal logic [31], the satisfiability of quantified
boolean formulas [9], the inclusion of visibly pushdown automata [11], the inclusion of
w-visibly pushdown automata [24], the satisfiability of weak monadic second-order logic [28],
and the inclusion of Biichi automata [25, 26]. The antichain-based approach can be expressed
as a complete abstract interpretation as it is captured by the framework introduced in [35, 36].
We provide the first antichain inclusion algorithm for OPLs, and the first generic method to
construct an antichain algorithm from a finite syntactic congruence.

2 Operator Precedence Languages

We assume that the reader is familiar with formal language theory.

2.1 Operator Precedence Relations and Structured Words

Let 3 be a finite alphabet. We refer by ¥* to the set of all words over X, by € to the empty
word, and we let X7 = ¥* \ {¢}. Given a word w € ¥*, we denote by |w]| its length, by w*
its first letter, and by w™ its last letter. In particular |e| =0, e¥ = ¢, and e* = &.

An operator precedence alphabet S is an alphabet X equipped with the precedence relations
<, > = given by a matrix (see Figure 1). Formally, for each ordered pair of letters (a,b) € X2,
exactly one! of the following holds:

a yields precedence to b, denoted a < b,

a takes precedence over b, denoted a > b,

a equals in precedence with b, denoted a = b.

For a,b € X, we write a > b iff a > b or a = b, and similarly a < biff a <bor a=0b. It is
worth emphasizing that, despite their appearance, the operator precedence relations <, <, >,
> and = are in general neither reflexive nor transitive. We extend the precedence relations
with € such that e < a,a > ¢, and e =¢ for all a € 2.

L In the literature, operator precedence matrices are defined over sets of precedence relations, leading then
to notion of precedence conflict. We use the restriction to singletons because it covers the interesting
part of the theory.



T. A. Henzinger and P. Kebis and N. Mazzocchi and N. E. Sarac

+x01 () e
fr<<<<>»> eE<I>+<0>x < (<1>+<1>)>¢ 14+0x(1+1)
X|>><<<> > e<l>+<0>x<(<+>|)>¢ 1+0x (A+ B)
of>>» . . . >>» e<l>4+<0>x<(=)>e 1+0x(A)
1> > . > > e<l> 4+ <x>¢ 1+BxC
([€«<<<<=> e<+>e A+B
D> > : > > eE=¢ A
el < < < € <« =
Figure 1 (left) Operator precedence matrix Figure 2 (center) Computation of the
where parentheses take precedence over multipli- collapsed from of 140 x (1 + 1)
cation, which takes precedence over addition. The
cells marked by - denote the irrelevant relations. Figure 3 (right) Derivation tree of the

words 1+ 0 x (14 1) € L(Garitn)

Every word induces a sequence of precedences. For some words, this sequence corresponds
to a chain [43], which is a building block of structured words.

» Definition 1 (chain). Let a; € & and u; € S* for alli €N, and let n > 1. A word w =
apaj . ..any1 is a simple chain when ag, an41 € SuU {e}and ap < a1 =ags = ... = ap > apy1-
A word w = apupaiuy . . . GpUnany1 1S @ composite chain when agay . .. an41 i a simple chain
and for all 0 < i < n, either a;u;a;+1 is a (simple or composite) chain or u; = €. A word w
s a chain when w is a simple or a composite chain.

For all ,y, z € 5%, the predicate *[y)? holds iff (2”)y(z7) is a chain. Note that, if *[y]*
then zyz # ¢.

» Example 2. Let S be the operator precedence alphabet in Figure 1 that specifies the
precedence relations for generating arithmetic expressions. The word (/(])]) is a simple chain
because (| < (| =|) > |). Moreover, the word (1 + 1|) is a composite chain because the words
(14, 4+1)), and ( + |) are simple chains.

Next, we define a function that conservatively simplifies the structure of a given word.

» Definition 3 (collapsing function). For a given operator precedence alphabet f], its collapsing
function Ag: S 5% 4s defined inductively as follows: A\g(w) = Ag(z2) if w = zyz and
Tly)* for some x,y,z € S+, and Ag(w) = w if there is no such x,y, 2 € S+, When S is clear
from the context, we denote its collapsing function by \.

~

For every w € X, observe that A(w) is in the following collapsed form: there exist
1<i<j<n=|Mw)lsuchthat a3 > ... 2 a1 > a;=aiy1 = ... = a; <ajy1 < ... < ay.

» Example 4. Let 3 be the operator precedence alphabet in Figure 1. Let w = (140)x (1+1])
and observe that A\(w) = () x () since {[1+0]) and ([1 4 1]). Note also that (| =) > x <
(=)

Note that the collapsed form is unique and allows us to generalize classical notions of
well-nested words.

» Definition 5 (structured words). Let S be an operator precedence alphabet. We define the
following sets of words:

L ={weT | Aw)

£y ={we s | Mw)
Yt ={weX*| MNw)=ai...a, where a; = a;4+1 for all i, or |A(w)|

1...0n where a; < a;11 for all i, or |A\(w)]
1...a, where a; > a;11 for all i, or |\w)]
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Looking back at the definition of collapsed form, one can verify for every word w € S
that w e X% iﬂ?z’:l,amdwEE*_Z iff j =n.

> Example 6. Let S be thAe operator precedence alphAabet in Figure 1. The word + x (] is in
Y%, the word () x + is in ¥% , and the word () is in ¥%. Moreover, note that + < x < ( =
and (| =) > x > +.

2.2 Operator Precedence Grammars

A context-free grammar G = (3, V, R, S) is tuple where ¥ is a finite set of terminal symbols,
V is a finite set of non-terminal symbols, R C V x (X U V)* is a finite set of derivation
rules, and S € V is the starting symbol. Given «, 8 € (X U V)*, we write « — 8 when
can be derived from « with one rule, i.e., when there exists (ag, f2) € R, @ = ajasasz and
B = a1 fB2a3. Derivations using a sequence of rules are denoted by —*, the transitive closure
of the relation —. The language of G is L(G) = {w € ¥* | S —=* w}. A derivation tree for
u € L(QG) is a tree over X UV U {e} such that the root is labeled by S, the concatenation
of all leaves is u, and if a node is labeled by « and its children labeled by f§1,..., 8 then
(a,1...0k) € R. A grammar is said to be non-ambiguous when for all u € L(G) admits a
unique derivation tree.

Intuitively, an operator precedence grammar (OPG for short) is an unambiguous context-
free grammar whose derivation trees comply with some operator precedence matrix. Formally,
let G = (X,V,R,S) be a context-free grammar and A € V be a non-terminal, and define the
following sets of terminal symbols where B € V U {¢} and o € (V U X)*:

Lg(A)={aeX|A—" Baa} Rg(A)={aeX| A—" aaB}

Given a,b € X, we define the following operator precedence relations where «, 5 € (V U X)*:
a <g b iff there exists a rule A — aaCB where C € V and b € L5(C),
a > b iff there exists a rule A — aCbS where C € V and a € Rg(C),
a =¢ b iff there exists a rule A — aaCbf where C € V U {¢}.
Finally, G is an operator precedence grammar if and only if for all a,b € X, we have that
Ho e{<q,=q,>g} |a@b}| < 1.

» Example 7. Let Gaitn = (X, V, R, A) be a context-free grammar over S = {+,%,(,),0,1}
as in Figure 1 where V = {A, B,C} and R contains the following rules:

A—A+B|B B—-BxC|C C—(A)|0]1

The language L(Garitn) consists of valid arithmetic expressions with an implicit relation
between terminal symbols: parentheses take precedence over multiplication, which takes
precedence over addition [43]. The missing relations, replaced by - in the matrix of Figure 1,
denote the precedence relations that cannot be encountered by the given grammar, so the
chosen precedence relation does not matter. For example, 00 and |)(| are not valid arithmetic
expressions and cannot be generated by Gaitn. We remark that the structures of derivation
trees and chains share strong similarities as highlighted by Figure 2 and Figure 3.

2.3 Operator Precedence Automata

Intuitively, operator precedence automata are pushdown automata where stack operations
are determined by the precedence relations between the next letter and the top of the stack.
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» Definition 8 (operator precedence automaton). An operator precedence automaton (OPA
for short) over Sisa tuple A = (Q, I, F,A) where Q is a finite set of states, I C Q is the set
of initial states, F C Q is a set of accepting states, and A C (Q x (ZU{e}) x (Tt U {J_}))2
is the S-driven transition relation where T' = X x Q s the stack alphabet and L denotes the
empty stack, meaning that, when ((s,a,a), (t,b,5)) € A the following holds:
Ifa=1 ora={gad)d witha < a, then the input triggers a push stack-operation
implying that b= ¢ and 8 = (s,a)a. We write (s,a) % (t,0).
If a = {(q,ad"Ya’ with o’ = a, then the input triggers a shift stack-operation implying that
b=c¢ and B = (q,a)a’. We write (s,a) _% (t,0).
If a = (q,a')a’ with o’ > a, then the input triggers a pop stack-operation implying that
b=a and g =o'. We write (s,a) 2 (t,0).

Let A be an OPA. A configuration of A is a triplet (g, u, ) where ¢ € @Q is the current
state, u € X* is the input suffix left to be read, and # € TV U { L} is the current stack.
A run of A is a finite sequence of configurations ((¢;,u;,0;)),<;<, for some n € N such
that, for all 1 < i < n, the automaton fires (i) a push-transition (¢i-1,0i-1) 2 (qi,0;)
where u;—1 = auy, (ii) a shift-transition (¢;—1,6;—1) -% (g, 0;) where u;—1 = au;, or (iii)
a pop-transition (¢;_1,6;—1) % (gi,0;) where u;—1 = w; € {au | u € ¥*}. We write
(s, u, @) s (t,v, 8) when (s,u, @)(t,v, 3) is a run, and let (s, u, @) ~s* (¢, v, 3) be its reflexive
transitive closure. For all n € N, we define the predicate (s,u, @) ~»" (t,v, ) inductively by
(s,u,a) = (t,v, 3) when n = 0 and by 3(q, w, 0), (s,u, @) m» (g, w,0) ~s""1 (t, v, B) otherwise.
The language of A is defined by L(A) = {w € ¥* | qo € I,qr € F, (g0, w, L) ~»* (gr,e, L)}.
An OPA is deterministic when |I| = 1 and A is a function from Q x ¥ x (' U {L}) to
Q x (XU{e}) x (TTU{L}), and it is complete when from every configuration (s,u, ) there
exists a run that ends in (¢,¢, 1) for some state ¢ € Q. For a given stack § € I U {1}, we
define 7 as the stack symbol at the top of # if § € I't, and 0T = if § = L.

» Definition 9 (operator precedence language). An operator precedence language (OPL for
short) is a language recognized by some operator precedence automaton.

If L is an OPL over the operator precedence alphabet f), we say that L is a $-OPL.

» Remark 10. The literature on OPLs often assumes the =-acyclicity of operator precedence
relations of the alphabet, i.e., that there isnon > 1 and aq,...,a, € ¥ witha; = ... =
a, = ai. This assumption is used to bound the right-hand side of OPG derivation rules,
and find a key application for constructing an OPG that recognizes the language of a given
OPA [43]. We omit this assumption since it is not needed for establishing the results on
OPAs, including the construction of an OPA that recognizes the language of a given OPG.

Now, we present an OPA that recognizes valid arithmetic expressions.

» Example 11. Recall the OPG of Example 7 generating arithmetic expressions over the
operator precedence alphabet of Figure 1. In Figure 4, we show an OPA that recognizes the
same language and an example of a computation.

2.4 Expressiveness and Decidability of Operator Precedence Languages

In this section, briefly summarize some known results about OPLs. First, we remark that
OPLs are context-free languages as they are recognized by a subclass of pushdown automata.

» Theorem 12 (from [20]). Deterministic context-free languages strictly include OPLs.
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q0, N1 state input stack state | input stack

+x 0 o [1x(0+1) e | W (g5, +){ao, (far, X)L
—(w0)y—() o | <051 | N R R T
0,1 o | x(0+1) T ) (g3, (a0, () a1, x) -

( 90, q1, 92, 43 9 (o+1) (g1, <)L qs ) (g0, () (g1, )L
+x N a2 0+1) (g0, (a1, <)L || as e (g0, ) (g1, x) L

C \,,"'\8,_‘, a3 +1) | (g2, 0){qo, (g1, X)L || g3 £ (q1, x)L
(I 0,1 D a3 +1)) (g0, () (g1, x)L a3 € 1

Figure 4 An OPA recognizing the arithmetic expressions generated by the OPG in Example 7
and its run on the input word 1 x (0+ 1|). Shift-, push-, and pop-transitions are respectively denoted
by dashed, normal, and double arrows.

The language L = {a"ba™ | n > 0}, which is a deterministic context-free language,
separates the two classes. Indeed, it is not an OPL because while the first segment of a™ must
push to the stack (i.e., a < a), the last segment must pop (i.e., a > a), resulting in conflicting
precedence relations. Next, we recall that OPLs enjoy the many closure properties.

» Theorem 13 (from [20, 21]). OPLs are closed under boolean operations, concatenation,
Kleene star, reversal, prefizing, and suffizing.

The class of VPLs enjoy these closure as well. In fact, every VPL can be expressed as
an OPL with an operator precedence alphabet designed as follows: internal characters and
returns take precedence over any character; calls equal in precedence with returns, and they
yield precedence to calls and internal characters.

» Theorem 14 (from [20]). OPLs strictly include visibly pushdown languages.

The language L = {a™b" | n > 1} U {c"d" | n > 1} U {e™(bd)™ | n > 1}, which is an OPL
due to their closure under union, separate the two classes. Indeed, for L to be a VPL, the
first set requires that a is a call and b is a return. Similarly, c is a call and d is a return due
to the second set. However, the last set requires that at most one of b and d is a return,
resulting in a contradiction. We also note that OPAs support determinization.

» Theorem 15 (from [43]). Every OPL can be recognized by a deterministic OPA.

Despite their expressive power, OPL remain decidable for the classical decision problems.
In particular, OPAs enjoy the same order of complexity as VPDA for basic decision problems.

» Theorem 16 (from [42, 43]). The language emptiness is in PTIME-C for OPAs. The
language inclusion, universality, and equivalence are in PTIME for deterministic OPAs and
ExpPTIME-C for nondeterministic OPAs.

» Remark 17. The membership problem is in PTIME for OPAs. Determining whether a given
word w is accepted by a given OPA A can be done in polynomial time by constructing an
automaton B that accepts only w, constructing the intersection C of A and B, and deciding
the non-emptiness of C.

3 A Finite Congruence for Operator Precedence Languages

This section introduces a congruence-based characterization of OPLs, similar to the Myhill-
Nerode congruence for regular languages. We let $ be an operator precedence alphabet
throughout the section. A relation  over $* is monotonic when x i y implies uzv b uyv
for all z,y,u,v € S Intuitively, monotonicity requires two words in relation to stay related



T. A. Henzinger and P. Kebis and N. Mazzocchi and N. E. Sarac

while becoming embedded into some context that constructs a larger word. However, such
a definition is not well suited for structured words as it does not follow how chains are
constructed. Hence, we introduce a more restrictive notion than monotonicity.

» Definition 18 (chain-monotonicity). A relation s over $3* is chain-monotonic when z 51 y
implies uugxvov M uugyvev for all x,y,u,v,up,vg € X* such that ugz® € %, z2Pvy € X%,
and “lugzve]” for each z € {z,y}.

Chain-monotonicity requires two words in relation to stay related while being embedded
into some context that construct larger structured words. This leads us to describe when two
words agree on whether an embedding into a larger word forms a chain. For this, we introduce
a relation that relates words that behave similarly with respect to the chain structure.

» Definition 19 (chain equivalence). We define the chain equivalence = over S* as follows:

PN /\ ZZ7<] — y<1 A l.D — yl>
T~ ~ ~ ~
Y Yu, v, ug,vg € 2, (uoxq €YY Natug € Z*S) = (“[uoxvo]“ & “[uoyvo]”)

We observe that ¢ is in relation with itself exclusively, ie., x = ¢ iff e = z iff z =~ €.
Consider a word w € 5+ for which A(w) is of the form ay ...asb; ... by ... ¢, for some
¢,m,n € Nsuch that a1 > ... > ay > by =... = by, <c1 <... < ¢, where a;,b;,c; € X for
all 4, j, k. We define the profile of w as P, = (w9, w”, P, P,), where P = {a1,b1} U{a;t1 |
a; ® a;y41,1 <i < €} and Po = {bpn,cnt U{ek | ek < cps1,1 < k <n}. There are at most
X[ x 221¥1=2 1 1 profiles. We can show that two words with the same profile are chain
equivalent, leading to the following proposition.

» Proposition 20. = is a chain-monotonic equivalence relation with finitely many classes.
Next, we introduce an equivalence relation that characterizes OPLs.

» Definition 21 (syntactic congruence). Given L C f]*, we define =1, as the following relation
over X*:

Yu, v, ug, vg € X*, (uoaf‘ € X3 ANaPug € X A "[uoxvo]“)

T=LY < TxRYA
= (uuomvov € L & uugyvv € L)

Let us demonstrate the syntactic congruence.

» Example 22. Let ¥ = {a,b} and let S be the operator precedence alphabet with the
relations @ < a, a = b, b > a, and b > b. Consider the language L = {a™b" | n > 1}.

There are 17 potential profiles for S in total. Although some of them cannot occur due
to the precedence relations of EAJ, the remaining ones correspond to the equivalence classes
of ~. For example, (a,a,{a}, {a,b}) cannot occur since b > a, and (a,b, {a}, {b}) contains
exactly the words in L which are of the form a™b" for some n > 1. For brevity, we only show
how the syntactic congruence =y, refines the class of ~ corresponding to (a,a,{a}, {a}) by
splitting it into four subclasses. The profile (a,a,{a},{a}) captures exactly the words of the
form w = a or w = aua where in each prefix of au there are no more b’s than a’s. Notice
that for such w, A(w) is of the form (ab)*a™, where a™ = {a™ | n > 0}.

We first argue that a £, aa but aa =, aa™ for all n > 1. Taking u = v = ug = € and
vg = b, observe that the preconditions for the syntactic congruence are satisfied but ab € L
while aab ¢ L, therefore a £ aa. Now, let n > 2, and consider the words aa and aa™.
Intuitively, since there is no x,y € $* such that zaay € L and xaa™y € L, we show that
whenever the preconditions for the congruence are satisfied, both longer words are out of L.
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Given u, v, ug, vy € $* such that upa € i*>7 avy € §*<, and “[ugaavg]?, we assume towards
contradiction that uugaavov € L. Since uugaavov € L and uga € EA]*>, we have ug = «.
Moreover, since avy € §*<, we have that vg is either of the from a* or a*b. Consequently,
Mugaavy) is aaa* or aaa*b. This contradicts that “[upaavy]’ because a < a, and therefore
uugaavov ¢ L. The same argument shows that uupaa™vov ¢ L, implying that aa =, aa™.
Similarly as above, we can show that u Zp v but v =1, w for all u,v,w € $* such that
Au) = (ab)’a, A\(v) = (ab)?aa, and A(w) = (ab)*aa™, where n,i,j, k > 1.

We now show that the syntactic congruence is chain-monotonic.
» Theorem 23. For every L C EA]*, = 18 a chain-monotonic equivalence relation.

The main result of this section is the characterization theorem below. We prove each
direction separately in Sections 3.1 and 3.2.

» Theorem 24. A language L is an OPL iff =, admits finitely many equivalence classes.

3.1 Finiteness of the Syntactic Congruence

Let ¥ be an operator precedence alphabet, A = (Q, I, F,A) be an OPA over i, and x ¢
be a fresh letter for which we extend the precedence relation with a < % for all a € X.

For every word w € £*, we define the functions f,: Q x (U {L}) — 22 and ®,,: Q x
(Tu{l}) — 20 U{L} guch that for all g€ Qandall y e TU{L}, we have f,(q,7) = {quw €
Q| Fvw € TTU{L}, (g, wx,7) w™ (qus*Yw)} and @u(q,7) = {7w € TTU{L} | 3qu €
Q, (¢, wk,7v) w™ (qu,*, Yw)}. Intuitively, the states in f,,(g,y) and the stacks in ®,,(q,7)
come from the configurations that A can reach after reading w from an initial state in I, but
before triggering any pop-transition due to reaching the end of the word w.

Furthermore, for every w € £*, we define the function g, : Q% x (Tu{L}) — 29 such
that for all ¢;,¢2 € @Q and all v € T U {L} we have ¢,(¢q1,92,7) = {pw € Q | Fw €
D (q1,7), (g2, 8, Yw) ~>™ (Pw, €, L) }. Intuitively, g, (q1,g2,7) is the set of states that A can
reach after triggering from ¢ the pop-transitions that empty the (unique) stack v, € @, (q1,7)
that was generated by reading w while moving from the state g; to some state in f,,(q1,7)-

Recall that for a given stack # € It U {1}, we denote by 8" the stack symbol at the top
of 6, which is € when § = 1. Moreover, for a given set of stacks © C ' U { L}, let us define
©T ={#T | 6 € ©}. For the sequel, we define the following equivalence relation:

» Definition 25 Lstructural congruence). Given an OPA A = (Q,I,F,A), we define the
relation =4 over X* as follows:

r=ay = vRYNo = fyAGe = gy A (Vg € Q, ¥y €TU{LY, (B4(g,7) " = (By(0;7)")
First, we show that the structural congruence of any OPA has a finite index.

» Lemma 26. For cvery OPA A with n states and m input letters, the structural congruence
o
=4 has at most O(m)Cmxn) " equivalence classes.

Then, we show that for any OPA the syntactic congruence of its language is coarser than
its structural congruence, therefore has a finite index as well.

» Lemma 27. For every OPA A, the congruence =,y is coarser than the congruence = 4.
As a direct result of Lemmas 26 and 27 above, we obtain the following.

» Corollary 28. For every L C i*, if L is a $-OPL then =y, has finite index.
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3.2 From the Syntactic Congruence to Operator Precedence Automata

Consider a language L C $* such that =, has finitely many equivalence classes. We construct
a deterministic OPA that recognizes L and whose states are based on the equivalence classes of
=r. Given w € f]*, we denote by [w] its equivalence class with respect to =;. We construct
A = (Q,{qo}, F,A) with the set of states @ = {([u],[v]) | u,v € £*}, the initial state
g0 = ([g], []), the set of accepting states F' = {([¢], [w]) | w € L}, and the S-driven transition
function A: @ x Ex ([T U{L}) = Q@ x (X2U{e}) x ([T U{L}), where I' = ¥ x Q, is defined
as follows: A maps (([u], [v]), a, (b, ([u'], [v"]))0) to (([a], [€]), e, (a, ([u], [v])) (b, ([«], [v']))0) if
b < a, it returns (([uval, [€]), &, {(a, ([u'], [v']))0) if b = a, and (([v], [v'wv]),a,8) if b > a. The
soundness of our construction is given by the proof of the following lemma in Appendix.

» Lemma 29. For every L C i*, if =1 has finite index then L is a $-OPL.

4  Antichain-based Inclusion Checking

Considering two languages Ly and Lo given by some automata, the classical approach for
deciding whether L; C Ly holds is to first compute the complement Ly of Ly, and then
decide the emptiness of L; N Ly. The major drawback with this approach is that the
complementation requires the determinization of the automaton denoting Lo. A way to avoid
the determinization is to search among words of L; for a counterexample to L; C Lo. For
this, a breadth-first search can be performed symbolically as a fixpoint iteration. In order to
guarantee its termination, the search is equipped with a well quasi-order, and considers only
words that are not subsumed, i.e., the minima of L, with respect to the quasi-order. It is
known that well quasi-orders satisfy the finite basis property, i.e., all sets of words have finitely
many minima. Our approach is inspired by [36] which, in the context of unstructured words,
presents the antichain approach as a Galois connection, and observes that the upward closure
of the quasi-order is a complete abstraction of concatenation according to the standard notion
of completeness in abstract interpretation [16]. We identify, in the context of structured
words, sufficient conditions on quasi-orders to enable the antichain approach, by defining the
class of language abstraction quasi-orders (which satisfy the finite basis property). Further,
we relax the syntactic congruence into a quasi-order that is a language abstraction of a given
OPL. In particular, we prove that the syntactic congruence itself is a language abstraction for
its language. Then, we design our inclusion algorithm based on a fixpoint characterization of
OPLs, which allows us to iterate breadth-first over all words accepted by a given OPA. Once
equipped with a language abstraction quasi-order, this fixpoint is guaranteed to terminate,
thus to synthesize a finite set T' C Ly of membership queries for Ly which suffices to decide
whether L1 C L, holds.

4.1 Language Abstraction by Quasi-order

Let E be a set of elements and < be a binary relation over E. The relation < is a quasi-order
when it is reflexive and transitive. A quasi-order < over F is decidable if for all z,y € E,
determining whether x < y holds is computable. Given a subset X of E, we define its upward
closure with respect to the quasi-order < by <1X ={e € F | 3z € X,z < e}. Given two
subsets X, Y C F the set X is a basis for Y with respect to <, denoted B(X < Y'), whenever
X CY and 51X = L1Y. The quasi-order < is a well quasi-order if and only if for each set
Y C FE there exists a finite set X C E such that B(X < Y'). This property on bases is also
known as the finite basis property. Other equivalent definitions of well quasi-orders can be
found in the literature [23], we will use the following two:

(1) For every sequence {e;};en in E, there exists ¢, j € N with ¢ < j such that e; < e;.

11
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B po,p1 c.r Po,P1

/C-) @ ? /Q)
c,r

~(‘:r
K»’
¢I0

Figure 5 (left) OPA A over Ser recog- Figure 6 (right) OPA B over Ser recog-
nizing the VPL of well-matched call/return nizing the regular language of words of even
words. length.

() There is no sequence {X;};en in 2% such that <1X; € <1X2 € ... holds.

Let L1, Lo be two languages. The main idea behind our inclusion algorithm is to compute
a finite subset T" of L1, called a query-basis, such that T'C Ly < L1 C Lo. Then, Ly C Lo
holds if and only if each word of T belongs to Ly, which is checked via finitely many
membership queries. The computation of a query-basis consists of collecting enough words
of Ly to obtain a finite basis T for L; with respect to a quasi-order < that abstracts Lo.
When < is a well quasi-order, some basis is guaranteed to exist thanks to the finite basis
property. To ensure the equivalence L; C Ly < T C Ly for any T such that B(T < Lq),
a counterexample w € Ly \ Lo can be discarded (not included in T'), only if it there exists
wo € T such that wy < w and wy is also a counterexample. Thus, we introduce the language
saturation property asking a quasi-order < to satisfy the following: for all wg,w € S*if
wo < w and wg € Lo then w € Lo, or equivalently, <1Ls = Lo. Intuitively, language
saturation ensures the completeness of the language abstraction with respect to the inclusion.
Finally, to guarantee that the query-basis T' is iteratively constructible with an effective
fixpoint computation, the quasi-order < must be both chain-monotonic and decidable. We
now define the notion of language abstraction to identify the properties for a quasi-order over
structured words that allow an effectively computable query-basis, as was done in [25, 36] in
the context of Biichi automata for quasi-orders over unstructured infinite words.

» Definition 30 (language abstraction). Let L C $* A quasi-order < over S* s a language
abstraction of L iff (1) it is decidable, (2) it is chain-monotonic, (8) it is a well quasi-order,
and (4) it saturates L.

In the next section, we provide an effective computation of a query-basis for an OPA,
thanks to a quasi-order that abstracts its language.

» Example 31. The operator precedence alphabet ic,. of A and B from Figures 5 and 6
induces four families of words: (1) the words of $* where every ¢ matches an r, (2) the
words of EA)*< = EA]*< \EA]*: where some c¢ is pending for an r on its right, (3) the words of
S = $1 \ 3% where some 7 is pending for a ¢ on its left, and (4) all other words of
By =30\ (S usy).

We focus on deciding whether L(B) is a subset of L(.A) and suppose that we are given
the quasi-order < that is a language abstraction of L(A). Additionally, we have that two
words compare with < only if they belong to the same family, and we have the following
bases: B({cr} < £1), B({c} < %), B({r} < £1), and B({rc} < i’;) We observe that
< saturates L(A) since 5% C L(A) and XA]*S ) EA]*Z , EA]*# ¢ L(A).

Among the representatives cr, ¢, r, and rc¢, we can construct the set T = {cr, rc} since
¢,r ¢ L(B). The set T is a query-basis for deciding whether L(B) is a subset of L(A). In
particular, rc¢ € T witnesses that L(B) € L(A).



T. A. Henzinger and P. Kebis and N. Mazzocchi and N. E. Sarac

Note that the syntactic congruence is a natural language abstraction of OPLs.
» Proposition 32. For every OPL L, =y, is a language abstraction of L.

When the language to be abstracted is given by an OPA we are able to define a quasi-order,
called structural quasi-order, that is based on the underlying structure of the automaton.

» Definition 33 Qs,tructural quasi-order). Given an OPA A = (Q,1,F,A), we define the
relation <4 over ¥* as follows:

fo(a:7) € fyla,7)
z<ay = rryAYe,qd €QVyeTU{LY A g.(0.4.7) € 9y(a,4,7)
(@:(¢,7))" C (Py(g:7)) "

» Remark 34. For every OPA A, the quasi-order < 4 relaxes the congruence = 4 from Section 3.
For every OPA A, the quasi-order < 4 relaxes the congruence =4 from Section 3.

Note that, for every OPA A, the set Q x (I' U {L}) is finite. Consequently, <4 is
computable, and it is a well quasi-order since there cannot exist an infinite sequence of
incomparable elements, i.e., (1) holds.

» Proposition 35. For every OPA A, <4 is a computable chain-monotonic well quasi-order.
Next, we establish that structural quasi-orders saturate their languages.

» Lemma 36. For every OPA A and wy,wy € i*, if wy <4 wy and wy € L(A) then
Wy € L(A)

The following comes as a direct consequence of Proposition 35 and Lemma 36.
» Corollary 37. For every OPA A, <4 is a language abstraction of L(A).

We continue Example 31, showing that the structural quasi-order agrees with the consid-
ered bases above.

» Example 38. The quasi-order < described in Example 31 agrees with the structural
quasi-order < 4 of the OPA A in Figure 5. Indeed, due to the constraint that two comparable
words z,y € $3* should be chain equivalent, i.e., x = y, the quasi-order < 4 compares only the
words from the same families among EA];, EA]Q, EA]’;, and EAZ; We also note that, for all words,

adding a factor in f]*i cannot change the accessibility in 4 since reading such a factor has no
effect on the stack or the current state. Additionally, reading several ¢ in a row triggers a
self loop and reading several r is not possible in 4. As a consequence, the base predicates
mentioned in Example 31 hold, that is, B({cr} <4 £%), B({c} <4 5%), B({r} <4 %),
and B({rc} <4 i’;) Yet, we have that cr <4 € because (qo, cr, L) w™ (g2,¢, (¢, q0)) but
(QOv &, J—) ~> " (q2v &, <Ca q0>)'

4.2 Fixpoint Characterization of Languages and Inclusion

In order to formulate our inclusion algorithm, it remains to give an effective computation of
a query-basis. We do so through a fixpoint characterization of the languages recognized by
OPAs. We introduce the function Cat to construct words that follow the runs of the given
OPA. Iterating the Cat function n € N times captures all words of length up to n, and the
fixpoint of the iteration captures the entire language of a given OPA.

Let A= (Q,I,F,A) be an OPA. Consider a vector of set of words X that accesses its
fields with two states s,t € @, and three letters a,b,c € SuU {e}. Intuitively, we aim at
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constructing X iteratively such that, reading any w € X Sa ’tb’c from the configuration (s, wc, ar)
where o = a allows reaching (t,c, 3) where T = b in A. We recall that 1T = ¢. As
the base case, we take )ZZ’tb’C = ¢ when a = b and s = ¢, otherwise )_(';’tb’c = @. Then, we
introduce operations (more explicitly, functions from sets of words to sets of words) that use

the transitivity of ~»* in A to extend the sets of X. We first introduce:

s,8’

. Y 7o Fa,a’ b’ b .b,c
CatShift(X%0¢) = { ublv| “ ;b c 0 4, Sblt c Q’, uEX g vE Xy i
’ (8", {d",q)L) >5 (', (V' q) L)

Essentially, CatShift adds ub'v to X’;’tb’c when some run over u can be appended with b’
thanks to a shift-transition, and some run of v requires starting with b’ at the top of the
stack. Next, we introduce:
. V) ’og v a,b,b’ b’ e
CatChain(Xg’tb’c) — wel @ ,b ,/c ISR q7sb;t 6/ Q7lu € X¢y ; v /E XS,’t, ,
’ b<t' Alg, L) 5 (s, (V) L) A (H,(q) L) S (8, L)

Intuitively, CatChain adds ub'v to X s)’tb’c when some run over u can be appended with ¥
thanks to a push-transition, and some run of v requires starting with &’ at the top of the
stack. Additionally, b’ is guaranteed to be removed from the stack thanks to a pop-transition
on the incoming letter c. Finally, we define:

Cat(X)) = X&) U CatShift(X ) ) U CatChain(X ()

)

Note that the function Cat never removes words from the sets of X, i.e., ngc C Cat()?;’tb’c).

Iterating the Cat function n € N times allows us to extend the sets of X to words of length
at most n that follow some run of A. In particular, Cat characterizes the language of A by
w € L(A) if and only if w € Cat*()?gf&i) for some gy € I and qr € F. This is formalized by
the following lemma.

» Lemma 39. Let A= (Q,I,F,A) be an OPA, and let T = ¥ x Q. Considering ﬁi’tb’c =¢
when a = b and s = t, otherwise (7:”,5[)’0 = @. The following holds for all n > 0:

Ca'tn(ﬁsa,’tbyc):{u | (S,UC, O‘)’V\”*(tv ¢, 5)7 |u| =n,a¢c Qaaﬂ € @baau € i*gauc € igaub = b}

where, for all a € 3, the set of stack symbols ©, C T'U {L} is defined by O, = {L} if a =,
and O, = {{a,q) | ¢ € Q} otherwise.

We continue Example 31, showing that Cat agrees with the considered query-basis.

» Example 40. Let (ji’tb7c = ¢ when ¢ = b and s = ¢, otherwise U'Sa”tb” = @. Thanks to
Lemma 39, we have that L(B) = Cat*((j;‘j(;fi;). First observe that ¢,r ¢ Cat*(ﬁ;(fzi). This
comes from Lemma 39 and the fact that there is no run of B from pg to py that reads a

single letter. Next, we prove that cr,rc € Catg((j';(fbf)).

We show that r € Cat((j;ﬂ,‘i) by CatChain. Indeed, we have € € ﬁ;&fﬁgv €€ ﬁ;ifbiv

e <r,and (po, L) " (p1,(r,p1)L) 5 (p1,L). Then, rc € CatQ(Ugfi)i) by CatChain since

re Cat(ﬁgof;’)cl)) €€ ﬁ;&?ﬁi7 e <g, and (plaL) =S (pOa <C,pl>i) = (p17J~)

We show that r € Cat(ﬁzfif%fo) by CatShift. Indeed, we have € € Tjﬁi%v €€ C_f;(;fi,%, and

(p1, {(¢,p)L) - (po, (r,p)L), for all p € {pg,p1}. Then, cr € CatQ(ﬁgéfbf)) by CatChain since

eeUg5e, reCat(Us™s), e <c¢ (po, L) 5 (p1, (¢, po)L), and (po, (r,po)) = (po, L).
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The computation of a query-basis for deciding whether L; is a subset of Ly consists
of iterating Cat to collect enough words to obtain a vector of finite bases with respect
to the quasi-order < that is a language abstraction of Ls. In other words, we search for
n € N such that Cat"()?i’tb’c) is a basis for limy, ., Cat¥( _';’tb’c) with respect to <. The
following lemma shows that when B(Cat™ ()?s)%b’c) < Cat"'*‘l()_(‘;’f’c)) holds for some n € N,
then %(Cat"()?;’;f”) < limp oo Catk(X:g,’tb’C)) holds also, as long as the used quasi-order is
chain-monotonic.

» Lemma 41. Let < be a chain-monotonic quasi-order over S*. For every A= (Q, I, F,A)
and XY such that ‘B(ng’tb’c < Y;gb’c) holds for all s,t € Q and all a,b,c € LU{e}, we have
%(Cat()?;’tb’c) < Cat(}_/;‘ft"b’c)) holds also for all s,t € Q and all a,b,c € XU {e}.

Input: an OPL L; given by the OPA (Q, I, F,A)

Input: alanguage Lo with a procedure deciding if w € Ly
Input: a quasi-order < that is a language abstraction of Lo
Output: Returns ok if L; C Ly and ko otherwise

1 Function:
let U as U';’tb’c =cifa=bAs=telse lj;’tb’c =g
X =0
repeat

let X as X;’tb’c = Cat()?;’tb’c)
until B(X)° 5 Cat(X)0)) for all s,t € Q and all a,b,c € T U {e}
for each (¢r,qr) € I x F do

for each w € X, 0o do

if w ¢ Ly then return ko

return ok

© 0 N O oA W N

[y
(=}

Figure 7 Antichain inclusion algorithm.

Our inclusion algorithm is given in Figure 7. We can prove that it always terminates
thanks to the finite base property of language abstractions. Additionally, its correctness is
based on the following: Lemmas 39 and 41 ensure that the repeat-until loop computes a basis
of the language L; given by an OPA while the language saturation ensures the completeness
of this basis with respect to the inclusion problem.

» Theorem 42. The algorithm from Figure 7 terminates and decides language inclusion.

We establish that our inclusion algorithm for OPAs is in ExPTIME as a consequence of
Lemma 26, Remark 34, the facts that the vector X maintains polynomially many sets of
words and the membership problem for OPAs is in PTIME (Remark 17). We recall that
inclusion and universality are EXPTIME-C for both OPLs and VPLs [3, 43].

» Theorem 43. For all OPAs A, B with respectively ng,np states and m input letters, the

inclusion algorithm from Figure 7 with <p as the language abstraction quasi-order decides if
O
L(A) C L(B) in time O(m x n_4)Cm>xms) “.

5 Conclusion

We provided, for the first time, a syntactic congruence that characterizes operator precedence
languages (OPLs) in the following exact sense: for any language L, the syntactic congruence
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has finitely many equivalence classes if and only if L is an OPL. Second, we gave sufficient
conditions for a quasi-order to yield an antichain algorithm for solving the universality and
language inclusion problems for nondeterministic automata. These conditions are satisfied
by our syntactic congruence, which, like any finite congruence, is monotonic for structured
words (i.e., chain-monotonic) and saturates its language. This results in an exponential-time
antichain algorithm for the inclusion of operator precedence automata (OPAs), which is
the optimal worst-case complexity for the EXpTiME-hard problem. This will allow efficient
symbolic implementations of antichain algorithms to be extended to OPLs.

The possibility of future research directions regarding OPLs is still vast. One promising
direction is to study OPAs from a runtime verification [6] perspective. For example, extending
the runtime approaches for visibly pushdown automata [10, 49], one can study the monitor
synthesis and right-universality problems for OPAs to establish them as an expressively
powerful class of monitors. Also other methods developed for visibly pushdown automata may
be generalizable to OPAs based on our syntactic congruence, such as learning algorithms [41].

While OPLs characterize the weakest known restrictions on stack operations which enable
decidability of the inclusion problem, one may try to push the frontier of decidability by
relaxing the restrictions on stack operations further. Investigating similar restrictions in
the context of observability for counter automata can also provide new decidability results.
For example, [7] shows that hardcoding the counter operations (increments and decrements)
in the input letters yields decidable inclusion for one-counter automata. Another natural
direction is to investigate quantitative versions of OPAs, for instance, through the addition
of Presburger acceptance constraints, and to identify decidable fragments thereof [27].
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A Omitted Proofs

Proposition 20
Statement. = is a chain-monotonic equivalence relation with finitely many classes.

Proof. The reflexivity, symmetry, and transitivity of = is trivial, and the chain-monotonicity
follows from the definitions. We prove here that ~ has finitely many equivalence classes.

Consider w € 5+ for which A(w) is of the form ay ... agby ...bpey ... ¢y for some £,m,n €
N and such that

a1Zag2...2a2>b1ibgi...ibm<cl3023...§cn

where a;,bj, ¢ € ¥ for all 4,j,k. Let Py = {a1,b1} U {ai41 | a; > aj41} and P}, =
{bm,cnt U{ci | ¢; < ¢ip1}. By convention, we define P! = PY = {¢}. We can define the
profile of a word as P, = (w?,w”, P2, P%). Note that there are at most |S|? x 22| distinct
profiles. We show that P, = P, implies z ~ y for all z,y € 5

Let x,y € $* be such that P, = P,. By the equality of profiles, we directly get 29 = y<
and ¥ = y”. Now, let ug, vy € >* be such that ugr € i’; and z"vg € §I*< Since xz and
y agree on the first and last letters, we ug and vy also satisfy ugy® € i*> and y"vg € §1*<

Now, let u,v € £* be arbitrary. We want to show that Uugzvg]? iff “[ugyvo]?. Note that
A(z) is of the form given above, and since ugx® € §3*> and z%vg € f]*<, the word ugzvg is
also of the same form. Moreover, since y has the same profile as z, the same holds for uoyvg
as well. In particular, Py ev, = Pugyv,- Then, if “[ugzvo]”, we have u” < a for all a € Py ..
and b > v< for all b € P, ., . Since the same holds for ugyvo, we get “[ugyvo]”. The other

direction is similar. <

Theorem 23

Statement. For every L C ¥* = is a chain-monotonic equivalence relation.

Proof. The reflexivity, symmetry, and transitivity of =, is trivial. We prove that =, is
chain-monotonic. Let us define the following relation over *:

(uoz € S5 A2 € 5% A “lugzvg])
T~y < Yu,v,up,vg € X" [}
(uu():wov € L < uupyvov € L)

Recall that for every z,y € $* we have = vy if and only if both x =~ y and = ~ y holds,
where = is the chain equivalence.

Let z,y € $* such that = =1 vy, and let u, v, ug, vy € $* such that upx <, ugy® € i*>,
g, yTvg € i*<, “lupxv]?, and “[ugyve]”. We claim that wugxzvov =L uugyvev. Since
the chain equivalence ~ is chain-monotonic, we get uugrvgv &= uugyvev. Then, we only
need to show that uugzvov ~ uugyvev. In particular, for every w',v’, ug, v, € $* such that
ug (uupzvov)® € fl’;, (uugzvev)Pu) € f)*<, u! [uéuuoxvovvé]”' we have v/ujuuozvovvjy’ € L
i w'uguuoyvovvg’ € L. R R

Let u/,v',ub,v) € L* be such that uj(uugzvov)? € X%, (uugzvov)®vy € X%, and
! [uguuoxvovvé]”/. Furthermore, since uugzvgv & uugyvov, we have ug(uuoyvov)? € EAI*>,
(uuoyvov)vh € S%, and ¥ [uhuugyvevvy]? .

Now, take uf = ug, u” = w'ulu, vl = vy, and v" = vvjv’. Observe that since z =, y
and thanks to the choice of u, v, ug, v € 5* given above, we have ufz? € 3% , uly? € L%,
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f 1" " 17 17 .
Pl € Z<, Yoy € T, Y [ugavg]?, and “ [uoyvo’]” . Moreover, u”u{)’xv{{v” e L iff
u"uflyviv’” € L, which is the same as v ujuugrvovvyv’ € L iff v ujuugyvovviv’ € L. Then,

UUGTVYV ~ UUgyvev, and thus uugrvgv =f, uugyvov. Therefore, =, is chain-monotonic. <«

Lemma 26

Statement. For every OPA A with n states and m input letters, the structural congruence
O(1
=4 has at most O(m)P(m>x") “ equivalence classes.

Proof. Suppose that L is an OPL over 3, and let A = (Q,{qr}, F,A) be a complete
deterministic OPA with the unique initial state q; such that L(.A) = L. For every w € £* the
functions f,, and g,, have a finite input domain and a finite output range. The functions @,,
however, have a finite input domain but an infinite output range. Nevertheless, only the top
of the output stack of &, is used in =4 and, for all w € $*, the functions (g,7) — (D(q,7))"
do have a finite output range. Then, it is easy to see that =4 has finitely many equivalence
classes, thanks to Proposition 20. In fact, it has at most:

(ISJ2 x 22051y  (glaly@xUrieD (Q\Q\)\Q\2><(\F\+1) « (2Ir)l@I Ty

equivalence classes. We recall that I' = % Q. Hence, in Landau’s notation we obtain
=4l < O(|Z|)O(|E\X|Q|)@(l). 4

Lemma 27

Statement. For every OPA A, the congruence =p,4) is coarser than the congruence =4.

Proof. We claim that every class of =4 is contained in a class of =y, thus _establishing
that =y, also has finitely many equwalence classes Consider x,y,u, v, ug, vy € $* such that
x =4 y. Assume that ugz® € Z>, 2Pvg € E<, and “[ugzvg]” hold. Then, since z =~ y,

we have that ugy? € E , Youg € E< and "ugyvo]” hold for all u,v,ug,vg € $* as well.
Next, we prove that all conﬁguratlons (t,v,0) where t € Q and 6 € &,(qr, L) reachable
from (qr, uugrvov, L) is also reachable from (gr,uugyvov, L). As the role of x and y is
symmetrical, it implies that uugzvgv € L < uugyvov € L. There are four cases, depending
on the precedences between ug > z9 and 2 < vg.

We have u” < ug by definition, and we consider only the case where uf > 29 and
¥ = v§, as the other can be tackled similarly. From (g, uugzvov, L) all configurations
that A can reach after reading u are of the from (g, upzvov,8, - L) where g, € fu(qr,L1)
and 6, € ¢,(qr, L), because ¢ < u?. After reading ug, A can reach configurations of the
form (qug, 200, Oy - B - L) Where quy € fuy(Gu, L) and by, € Doy (qu, L), due to uwPug € %,
Observe that we have been able to abstract the stack 6, - L with 1 thanks to u”> < ug.
Then A must performs pop-transitions since ugx? € i*> After popping 6,,, the reachable

>

configurations are of the form (py,, zvov, 6, - L) where puo € Guo (Qus Gug, L). Observe that,
the stack is clear from the computation of ug due to ug > 7, in fact “[ug]®. All configurations
that A can reach after reading = are of the form (qr, Vo, t‘)z -0, - L) where g5 € fz(Pug, L)
and 0, € 9, (py,, L), because u”zx € f]*< Once again, we have been able to abstract the
stack 0, - L with L, this time it is thanks to u” < <. Now, as we are dealing with 2 = v,
A must clear the stack from the computation of x after reading vy, and so the function
g must be called after reading ¢,,. We emphasize that the stack 6, - 6, - L cannot be
abstracted by 1. However, since 2"vg € i*<, it can be abstracted by its top symbol, denoted
by 6]. Observe that, in the case where 2 = v3, we must have 6, # L, and thus the
top of 6, indeed correspond to the top of 6, - 6, - L. Let 0. be defined by 6, = 6]6".
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After reading vg, A can reach configurations of the from (g, v, 60y, - 0 - 0, - L). where

Qo € foolqs,0)) and 0,, € D,,(qs,0)), because vy € ¥*% . It is worth noticing that
the top of the stack #] may have been modified while reading vo, due to z” = vg. For
instance, it is the case when vg is a single letter. Then A must performs pop-transitions since
voud € ff; After popping 6,,, the reachable configurations are of the form (py,,v,0. -6, - L)
where pq,; € Guo(qus Guy> 0, ). Observe that, the stack is clear from the computation of vg
due to v > v9. Moreover, g,, pops the modified top of ,. More pop-transitions must be
performed since zv? € §J*> After popping 6’ , the reachable configurations are of the form
(Pe» v, B - L) Where pp = g (Pug» Pog» L). This time, the stack is clear from the computation
of x due to ¥ > v9. We emphasize that g, is used as it have been defined for. Indeed,
g, takes as parameters the current state p,, and the parameters on which f, have been
previously called, i.e., p,, and L. By taking ¢t = p, and 6 = 6, - L, we established that
(g1, wupzvov, L) mn® (t,v,0). As a direct consequence of 2 =4 y, making the above reasoning

with y instead of x results dealing with identical intermediate sets of states and sets of stacks.

Hence, we proved that all configurations of the from (¢,v,0) where t € Q and 6 € ¢,,(qs, L)
reachable from (qr, uugzvgv, L) is also reachable from (g, uugyvov, L). <

Lemma 29

Statement. For every L C f)*, if =, has finite index then L is a $-OPL.

Proof. Consider a language L C $* such that =y, has finitely many equivalence classes. We
construct a deterministic OPA that recognizes L and whose states are based on the equivalence
classes of =1. Given w € f]*, we denote [w] its equivalence class with respect to =1. We
construct A = (Q, {qo}, F, A) with the st of states Q = {([u], [v]) | u,v € £*}, the initial state
0 = ([, [¢]), the set of accepting states F = {([¢], [w]) | w € L}, and the S-driven transition
function A: @ x L x (TTU{L}) - Q@ x (XU{e}) x ([T U{L}), where ' = ¥ x @, is defined
as follows: A maps (([u], [v]), a, (b, ([v'], [v']))0) to (([al, [¢]) &, {a, ([u], [v])) b, ([v'], [v']))0) if
b < a, it returns (([uval, [€]), &, (a, (['], [v'])}0) if b = a, and (([«'], [v'uv)), a,0) if b > a.

Invariants. We show that the automaton A satisfies the following invariants after reaching
the state ([u], [v]) € @ from the initial state go:

1. The top of the stack is u” if u # ¢, and L otherwise.

2. All outgoing on a € ¥ satisfies va € f)*> and v #Ze = v > a.

3. ue i;

4, u'>v€§3*< and v # € = u” <o

We prove all invariants together by induction on the length of the run from ¢y that reaches

the state ([u],[v]) € Q. The run starts in go = ([¢], [¢]) which trivially satisfies all invariants.

By induction we assume the invariants to hold for all run of length n > 0. Let ([u], [v]) be
the state reached after n transitions, a € ¥ be the incoming letter and (b, ([v], [v'])) be the
top of the stack.

If b < a, the automaton A performs a push-transition to reach ([a], [¢]), which satisfies
(1) by definition of push-transition. The invariants (2, 3, 4) hold trivially.

If b = a, the automaton A performs a shift-transition to reach ([uval, []), which satisfies
(1) by definition of the shift-transition. Since a shift-transition is triggered, the stack is not
L. By the induction hypothesis, (1) ensures that u” = b and (2) ensures that va € i*>
Consequently and because b = a, we have that uva € EA]’;, i.e., (3) is preserved. The invariants
(2, 4) hold trivially.

If b > a, the automaton A performs a pop-transition to reach ([u'],[v'uv]). Since a
pop-transition is triggered, the stack is not L. By the induction hypothesis, (1) ensures
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that u” = b, thus v~ > a. In particular u # ¢, and thus u? € ¥. Additionally, the induction
hypothesis gives us that va € §A3*> and v # € = v” > a by (2). We have that uva € EA]*>
because u” > a, u € % and “[v]? from (2, 3, 4). Finally, (4) ensures that v”v € 3% .

Since ([u], [v']) is on the stack, there exists a strict prefix of the current run that ends in
([v'], [v']) and such that popping (b, ([t], [v'])) recovers its stack. By the induction hypothesis
on such smaller run, (1) ensures that if ¥’ = ¢ then the stack is L otherwise the top is
u™, and (3) ensures that u' € 5. So, (1) and (3) are directly preserved. Continuing the
induction hypothesis, (2) ensures that v'u? € £% and (4) ensures that v € £% and
v # e = u” < v’ In the case where v/ # € and v/ = ¢, we get that v/uv # £ = u/* < (v'uwv)?
since u/” < u< as the automaton A pushed ([u'], [v']) on the stack while reading u“. The other
cases are immediate. Moreover, u"v'uv € i*< comes as we established that uv' € $%
uwe St e f]*<, and v < u9 Hence (4) is preserved. For the invariant (2), we
established that uva € f]*> and v'u? € f)”;, which implies that v'uva € f)"; We also
established that v # ¢ = v” > @ and v” > a, which implies that (v'uv)” > a. In particular,
the invariant (2) is preserved.

Determinism. For all states ([a], []), ([D], [e]) € @ reachable in A with a push-transition,
if a # b then a % b which implies that a £ b. Reciprocally, if a =, b then a = b, which
implies that a = b.

For all states ([ui],[v1]), ([u2],[v2]) € Q and all a € X, let ([urv1a], [€]), ([uaveal, [€])
be two states reachable in A with a shift-transition. We show that, if u1 = us and
v1 =g, v2 then ujvea = usvaa. If v1 = e, then vo = vy implies vo = . Also u; =, us
implies w1a =1, usa by chain-monotonicity of =j. Otherwise, if v; # ¢, then vo = v;
implies vy # €. Furthermore, “![v1]* and “![v9]?, since u; ~ ug and the invariants (2) and
(4) hold. In particular, ujuvsa € i)’;. By chain-monotonicity of =y, we have v; = vy
implies ujvia =1, u1v2a, and uy =y, us implies uyvea =1, ugvoa Hence, ujvia =5, usvqa, by
transitivity of =y.

For all states ([u1],[11]), ([uz], [02]), (2], [o1]), ([ud), [03)) € @, we let ([uf], [v}uyo]) and
([ub], [vhuzva]) be two states reachable in A with a pop-transition. We show that, if u1 =, us,
v] =p, ve, and v] =1, vh, then vjujv) =g vhugva. As a direct consequence of the invariants,
we have that ﬁ“l [ug]2, U1 [ug), “[viurva]®, f[viusval®, £[v1]"2"2, and “[v5]*2*2. Additionally,
viud,viug € 5 and ufve, ufve € X% . By chain-monotonicity of =p, we have v; =p, v9
implies vjujvy =/ viuive, =r, U1 =1, uy implies viuive =g vjugve, and v] = v} implies
Vi ugvy =1, vhugvy. Hence, viuivy =p, vhugvs, by transitivity of =p.

Correctness. We have L(A) = L since [w]NL = & or [w] C L, for all w € X*. More
precisely, every w € %* admits a unique run (([e], [¢]),w, L) ~»* (([e],[w']),e, L) since
A is deterministic. By induction we prove that, for all z,y € X*, all § € Tt U {1}, if
(qo, 2y, L) ~s™ (([uo], [vo], y, @) then there exist n € N, and (a, ([uil, [vi]))ief1...ny such that
0 = (a1, ([u1], [v1]))--{an, ([un], [va])) L and = =, upvy, ... ugvg. In particular, we get that
w =p w’ implying that w € L(A) iff ([¢], [w']) € F iff w’ € L iff w € L. The base case, when
the run has length n = 0, is trivial since x = € and § = L. Suppose that the property holds
for all runs of length n, we prove that it holds for runs of length n+ 1. Let z = u,vy, . . . ugvo.
In the case where the last transition is a push-transition that reads a € & from ([ug), [vo))-
If z = ¢ then x = ¢ since x =, 2. Hence za =, za holds trivially. Otherwise z # . Since
a push-transition is triggered and ufvy € EAI*< by invariant (2), we have that ©[z]*. Since
x =r, z and €[z]* holds as well then we get za =;, za by chain-monotonicity. In the case
where the last transition is a pop-transition from ([ug], [vg]). Then the reached state is
([u1], [v1uovo]) and the property is trivially preserved. In the case where the last transition
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is a shift-transition that reads a € & from ([ug], [v]). Since a shift-transition is triggered,
we that the uf = a by invariant (1). In particular uy # €. By invariant (2), if vo # & then
vg > a. Due to x =f, z, we have that ” = vj. So, xa =1, za since °[z]* and °[z]*. Otherwise
if vy = e. Due to z =, z and ug # €, we have that 2% = uf. So, za =p, za since *[z]* and
[ <

Proposition 35

Statement. For every OPA A, <4 is a computable chain-monotonic well quasi-order.

Proof. Let S be an operator precedence alphabet, and A = (Q, I, F, A) be an OPA. We only
show that the structural quasi-order < 4 is chain-monotonic since the rest is argued before
the statement in the main body of the paper. Let us define the following relation over ¥*:

f(g,7) € fy(q,7)
r<y < YgeQ, Yy eTU{L} A4 0.la,d,7) € 9y(0,4,7)
(@2(0,7))" S (Py(g,7) T

Recall that for every z,y € $* we have z <4y iff = y and z < y, where ~ is the
chain equivalence. In particular, we want to show that for every x,y,u,v,ug,vg € S
such that ugx9, ugy? € §J*>, 2o, yPvg € §*<7 Uugzvo]?, “[uoyvo]?, and x <4 y, we have
UUYTVYV K A UUQYVOU. Since the chain equivalzznce ~ is chain-monotonic, we only need to show
that < is chain-monotonic, i.e., we have uugzvov < uugyvov for every =, y, u, v, ug, vg € Dk
as above.

Let x ¢ ¥ be a fresh letter for which we extend the precedence relation with a < x for all
a€X. LetweS* ¢,¢ €Q,and yeT U {L}. Recall the following:

Ju(@:7) = {aw € Q | Fvw € TT U{LY}, (¢, wr,7) ~™ (qus %, 7)) }

D(q,7) = {7w €TTU{L} | 3qw € Q, (¢, wk,¥) w>™ (qus*, V) }

9uw(2:4',7) = {pw € Q| Fvw € Pu(a:7), (¢ €,70) »* (Pw,&, L)}

Now, let z,y,u,v,ug,vg € $* such that upxr, ugy? € f]*>, g, vy € f]*<, “lugzvg)?,
“lugyvg]?, and & <4 y. Since x <4 y implies z ~ y, which implies 29 = y< and 2” = y”, it
is clear that from the definitions that fuuozvew(€7) € fuueyvor(€:7Y) 80d Puugavew(g,7) C
Dugyvov(q,7y) for all g € Q and v € I'U {_L}. Intuitively, the reasoning for this is as follows:
A reaches a set of configurations after processing uug. For every configuration in this set,
consider the state and the top stack symbol given as inputs to f, and f,, as well as ¢, and @,
for whose outputs we know the inclusion relation above. It means that after reading uugx and
uugy from any state and top stack symbol we have the same relations as well. Now, consider
this time the states and top stack symbols of the configurations reached after uugx and uwugy.
Proceeding the computation from these configurations with the suffix vgv clearly preserves
the inclusion relation for the sets of states reached. For the sets of stacks, note that “[ugzvg]?
and “[ugyuvg]?, therefore the suffix vgv pops the stack beyond what has been pushed while
reading  and y, which is the same for both words. Finally, for all ¢,¢ € Q and all y € T'U
{L}, we have that guugzveu(q,q',7) C gmtoyvov(q,qlv'y) from @yugzvev(q,7) C ¢uuoyvov(Qa7)
which implies that {(¢',&,7w) | Yw € Puueavon(¢:7)} € {(d's8:%) | Yo € Puugywon(d,7)}-
Therefore, uugrvgv <K uugyvov, and thus uugrvgy <4 vugyvev, implying that <4 is chain-
monotonic. |
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Lemma 36

Statement. For every OPA A and wi,ws € i*, if wy <4 wy and wy; € L(A) then
Wy € L(A)

Proof. Let A = (Q,I,F,A). If w; € L(A) then (g;, w1, L) ~* (¢r,e, L) for some q; € I
and g € F. Since wy; <4 wa, we also have that (qr, w1, L) ~»* (¢r,e, L) implying that
wo € L(.A) <

Lemma 39

Statement. Let A= (Q,I,F,A) be an OPA, and let T’ = x Q. Considering Uspe =

when a = b and s = ¢, otherwise U @0 — & The following holds for all n > 0:

Cat” (Ua’b’C )={u| (s,uc,a)>"(t,c, B), [ul =n,a € Of, B € Op,au € i*g,uc € i’fz,uI> =b}

where, for all a € 3, the set of stack symbols @, C I'U {L} is defined by 8, = {1} if a =&,
and 0, = {{(a,q) | ¢ € Q} otherwise.

Proof. For readability, we define the set of runs 2% oD, “(w), for all a,b, c € i, s,te@,meN

s,t,n

and w € $* as follows.

p = (s,we, @) mo™ (t,¢, B) Am < 2lul
Qpe(w)y={ p| N €€O,NBEB,
awEE* /\wceE* A (aw)® =b

We reformulate the statement as u € Cat"((j's“,’tb’c) if and only if Qsatb;n (u) # @. For all

u € Cat”([ji’tb’c), it takes a simple induction on |u| to prove that Qgtbzcn(u) # &, because

Cat follows runs of A and preserves the invariants m < 2|ul, au € i’;, uc € @;, (au)®> =b

by definition. Next, we prove that Qgtb;n( ) # & implies u € Cat”(Ua ), where n = |ul.
The proof goes by induction on the structure of w = auc. In the base case, w does not
admit any subchains, i.e., A(w) = w. If Q?tbQCn( ) # & holds, then, au € % and uc € E* .

Together with A(w) = w, it implies that u € $%. Hence, any run w1tnessmg 23 2n( )£ D
performs exclusively shift-transitions. Actually, since that run performs excluswely shift-
transitions, it length must be n = |u|. The base case goes by induction on such a witnessing
run of the length n. Having n = 0 implies u = ¢ and (s, ua, ) = (¢, a, 5). In fact U is defined

such that € € Uatbac exactly when a = b and s = t. By induction, we assume that there

a,b,c

exists a run of 20 (u) of length n = |uf of the form (s, uc, a) 2 (q,v¢,0) "1 (t, e, )

where u = a’v and o’ = 0". In particular (q,vc,8) ~>""1 (t, ¢, B) witnesses Qgtbz‘c |( v) # 2.

So, v € Cat‘”'([j;/t’b’c) by induction hypothesis. Finally, u € Cat™(U® bc)
CatShift.

In the inductive step, we assume that w is of the form agugaiu; ... agpugags1 such that
for all 0 < i < k, either % [u;]%+! or u; = €, and A(apay ...ak+1) = apa1 ...ak+1. It is
worth emphasizing that ag = a, and b = (au)” and ax41 = ¢ by definition of w. Also
k > 0, since otherwise A(w) = w, which is the base case of this induction. As in the base

case, if Qstb;n (u) # @ then au € X% and uc € X%, which implies agpay ... a1 € T% since

by definition of

Aaoay ... aky1) = apay ...ag+1. If there exists a run p witnessing Qi‘;’éiu)b’a’““(u) * O
with n = |u| then, due to aga; ...ag41 € i’; for all 1 <i <k, there exists a run p; over u;
such that p = pg ™ p1 2 -+ % pp. Since % [u;]%+1 for all 0 < i < k, each p; witnesses
Q““(“*“i)b’a“l(ui) # @ with n; = |u;| and s;,t; € Q. However, the induction hypothesis

Sisti,2n;
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>
a;,(aiug) 7ai+l(
Siyti,2n;

w. Hence, we proceed by cases to prove that u; € Cat™ . In the case when
. YT s O
ai(aiui) W (u) # @, or equivalently 20771 (u;) # @

must be empty since a; = ai+1.sz'712117121§ TVimplies that s; = t;. In fact, we t;\fi;ﬁlgf have that
€€ U;“s‘fi’;“( u;) by definition of U. Equivalently, u; € Cat”iﬁg""t(f;zz)p’a"'“( ) # 9.
Otherwise u; # €. Let b, = uf, b; = u?, and u, be such that u; = bju}. In this cases, the
run p; witnessing .Q;lt(a;fl) a’“( ;) # & must starts with a push—tran31t10n on b} since
a; < b}, and must ends with a pop-transition on b; since b; > a;41. In other words, there
exists some run p) witnessing Qs“ff’g;fl( 1) # @ where |u;| = n} and s},t; € Q. Now, we
can apply the induction hypOtheblb on w' = blula;+1 which is a strict subchain of w. Hence,

’ n’, (770500041
u; € Cat™ (U J

cannot be apply on (2 u;) # &, as it may have the same chain structure as

(U'ai,(aiui)b,aiﬂ)
Siyti

u; = € the run p; witnessing (2
7

'l’l

). The rest of the proof is straightforward. For all 1 <i < k, we get

stt!
=i (a;u;).a;
u; € Cat"f‘U;"jt(:éZZ) 4 (u;) # @ by definition of CatChain and since % [u;]%+!. Finally,
we can prove that u € Cat”([jsa,’tb’c) by induction on k, by definition of CatShift and since
apay ...Aak41 € Xr. |
Lemma 41

Statement. Let < be a chain-monotonic quasi-order over $*. For every A= (Q,I,F,A)
and X, Y such that B(X° < Y"°) holds for all s,¢ € Q and all a,b,c € S U {e}, we have

%(Cat(Xth 9= Cat(YS‘ftb “)) holds also for all s,t € Q and all a,b,c € X U {e}.

Proof. Assume that EB(X';’tb’c < Y;‘f;b’c) holds for all s,t € Q and all a,b,c € ¥ U {e}.

In particular, for all yg € fs;b’c, there exists xo € X';’tb’c such that zg < yo. Consider
y € Cat(Y“ €Y. we show that there exists z € Cat()?g,’tb’c) such that z < y. By definition
of Cat, there are three cases: Either (1) y € Y;f,;b’c or, (2) y € CatShlft(Y:tb ), or (3)
yE CatChain(lingb’c). We show (2) since (3) can be prove similarly and (1) is trivial from
%()?j;fvc < }i’fgb’c). Suppose that y is of the form 7;b'y, for some y; € i?;?l’b/, b €%, and

’
,b,c ,b,e

Yo € ﬁ{’)t . By hypothesis, there exist z1 € Xg7’§/’b/ and zo € )_('tb,/,t such that z1 < y; and

< y2. If y1 = & then 21 = € and thus z1V’ < y1V'. I y1 # e then v =o' < and 2§ <V
since y; &~ x1. We have that ¢[z1b']® and [y1b']°. So, z1b" < y1b’. We have that ¢[x1b'ys]°
and €[y1b'y2]°. So, 210y < y1b'ys. I B < yo then V' < z5. We have that 1% [z,]° and
@b [y2]¢. So, 10’z < x1V'ye. By transitivity, z1b'z1 < 216 ya. If b = yy then b = z5. We
have that ¢[z1b'x2]® and ¢[z1b'ys]®. So, z1b'xs < 21b'ye. By transitivity, x10'z1 < y10'y2. <

Theorem 42

Statement. The algorithm from Figure 7 terminates and decides language inclusion.

Proof. First, we show that the inclusion algorithm from Figure 7 always terminates. From
the definition of Cat and the constant U , we have that each component of X holds a finite set
of words after executing finitely many instructions. The halting conditions of the repeat/until
loop is effectively computable. Indeed, deciding B(X < Y) where X, Y are finite sets and <
a decidable quasi-order, can be done by checking whether X C Y and that for every y € Y
there exists x € X such that x < y. Additionally, the quasi-order < is a well-quasiorders and
thus, there is no infinite sequence {X;};en such that <1X7 € <1 X2 C .... Since B(X YY)
is defined by X C Y A 51X = 41Y and since Cat only extends the upward closures of the
components of X , we find that the repeat/until loop must terminate after finitely many
iterations.
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Now, we show that the inclusion algorithm from Figure 7 is correct. Supposing that
the algorithm returns ko. Once X reached the fixpoint computed by the repeat/until loop,
all w € )Z'gf;; where gq; € I and gr € F belong to L; by Lemma 39. Hence, when the
algorithm returns ko, then Ly ¢ L. Conversely, supposing that Ly & Lo, in particular

let w € Ly \ L1. In fact, w belongs to Cat”(ljgfé‘;) for some q; € I, gr € F and n € N,

by Lemma 39. Additionally, observe that once X reached the fixpoint computed by the
repeat/until loop, )?gf;; is a base of Cat”((jgffp), ie. %(ng&i < Cat"([jgffp)). This can
be proved by induction thanks to Lemma 41. Hence, there exists wy € X 1o such that
wp < w. Since < satisfies that (wg < w A wg € La) = w € Ly, we get wo ¢ Loy and thus

the algorithm returns ko. <
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