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Chapter 1

Introduction

1.1 Formal verification

Computer systems pervaded almost every area of our society. Some of them, called
reactive systems [HP84], operate as a controller that maintains an interaction with their
environment. In particular, they appear in software and hardware critical applications.
Think about anti-lock braking system (ABS) of automotive, aircraft autopilots, railway
traffic control, intelligent medical devices, or mass production micro-controllers. Any
flaw in such systems could lead to an economic disaster or even endanger human lives.
Unfortunately, such catastrophic scenarios happens, here are two recent examples:

e Governmental Australian Transport Safety Bureau, aviation safety investigations
& report published on December 2011™M. Page vii: “While the aircraft was in cruise
at 37,000 ft, one of the aircraft’s three air data inertial reference units (ADIRUS)
started outputting intermittent, incorrect values (spikes) on all flight parameters to
other aircraft systems.” Page 54: “Although the unit had transmitted a significant
amount of incorrect data to other systems, and was associated with several fault
messages, extensive testing did not identify any problems relevant to the occur-
rence.”

e Governmental US Federal Aviation Administration, airworthiness directives pub-
lished on May 2015"": “a Model 787 airplane that has been powered continuously
for 248 days can lose all alternating current (AC) electrical power due to the gen-
erator control units (GCUs) simultaneously going into failsafe mode”

Although it is fair to say that aeronautics has made considerable progress in terms of
safety thanks to the expertise of the crews and the use of secondary system devices,
avoidable errors still exist. In addition, the maintenance task imposed by the US Federal
Aviation Administration consisting to reboot periodically each Boeing 787 should never
come as a satisfactory answer to a design flaw.

Reactive systems exhibit several characteristics like resources limitation, real-time re-
sponsiveness, concurrency that make them difficult to implement correctly. The common
techniques in development are based on tests, simulations and declarative assertions. Of
course this approach can quickly reveal errors, and thus are crucial for industrial in-
terests. Nevertheless, as noticed by the Australian Transport Safety Bureau report, it
cannot show the absence of errors, and that is why it is insufficient for critical applica-
tions. To ensure the design of reactive systems that are dependable, safe and efficient,
researchers and industrials have advocated the use of so-called formal methods, that rely
on mathematical models to express precisely and analyze the behaviors of those systems.
Model-checking is one of the most popular techniques that have proved to be successful
for companies like Airbus, Amazon, Facebook, Microsoft, NASA, and have been stan-
dardized by industries with the following specification languages: Sugar (IBM), ForSpec
(Intel), CBV (Motorola/Freescale), e (Verisity/Cadence), OVA (Synopsys/Accelera) as
reported in [YPAO6]. In contrast to theorem proving assistants where the system and
its validation are built together, model-checking algorithms are applied on a preexisting
model offering a modular approach.

Let us explain the model-checking approach to formal verification. Given a pro-
gram together with a set of properties to be verified, called specification, the model-
checking problem asks to determine whether all the possible behaviors of the program
fulfill the specification. The approach consists of first to abstract the program into
a trace-formalism suitable for algorithmic treatment, and also to translate the specifi-
cation property into a logical language that permits to express properties about such
traces. Then, model-checking algorithms check if the set of feasible traces of the model

Whttps://www.atsb.gov.au/media/3532398/202008070 . pdf
Mhttps://www.govinfo.gov/content/pkg/FR-2015-05-01/pdf/2015-10066 . pdf
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is included into the set of traces allowed by the specification. In the case of a negative
answer, there must exist an erroneous program trace which contradicts the specification,
and model-checking algorithm are able then to exhibit a counter-example useful for the
designer to correct the bug.

The computer science community acknowledged with ACM Turing awards, three con-
tributions that belongs to the field of the model-checking: In 1976, to Scott and Rabin
for their paper on automata theory [RS59]; in 1996 to Pnueli for his work on temporal
logic as a seminal specification language for reactive systems [Pnu77]; in 2007 shared
by Clarke, Emerson and Sifakis for their contributions to develop model-checking algo-
rithms [CE81, QS82]. Following those theoretical contributions, algorithms and tools
have been developed [KVW00, CGP01, BK08] and today, model-checking is a standard
approach for program verification routinely used in industry. Most of the past contribu-
tion in model-checking has been done in the so-called Boolean setting in which, a trace
either satisfies or violates the specification. More recently quantitative extensions of the
model-checking to framework have been investigated.

In the next sections, we first review the automata theory approach of the well known
Boolean setting and its generalization to the quantitative setting. Then we present how
this thesis contributes to expand the quantitative aspects of model-checking.

1.2 Automata approach

Computer aided-verification aims at using formal methods based on mathematical
models to exhaustively and automatically verify the correctness of computer systems,
with respect to given specifications. The traditional approach to verification, as proposed
by Clarke and Emerson in [CE81], is purely Boolean. Indeed, the specifications express
valid behaviors of the systems to be verified and thus induce a partition between correct
and incorrect traces. So, the model-checking techniques rely on finite presentations of
functions from feasible traces to {0, 1} where a trace is denoted by a sequence of events
called a word. The formalism that contributed to the rise of model-checking is finite state
automata well known for its versatileness trough closure properties, a canonical presen-
tation, and equivalences to many other presentations including logics. In the automata
theory approach, the model-checking problem reduce to the language inclusion as: Does
the set of feasible traces defined by the automaton P that models the program is included
in the set of traces allowed defined by the automaton S that models the specification.
Formally, the language inclusion asks whether Vu w € L(P) = u € L(S). Simpler
problems have also been consider, the language equivalence: Yu w € L(P) < u € L(S),
the language universality: Yu w € L(P), and the language emptiness: Ju u € L(P) are
the classical decision problems in automata theory.

Quantitative languages of finite words naturally generalize Boolean languages as a
more realistic framework in which traces are mapped to a rational value. This approach
have applications in modeling resource-consumption (e.g. battery, memory) for embedded
systems. Note that, the classical decision problems extend to the quantitative setting in
the expected way. The inclusion problem asks whether two given quantitative languages
f,g satisty f < g, i.e. if the domain inclusion dom(f) C dom(g) holds and in that case if
f(u) < g(u) holds for all u € dom(f). The equivalence problem asks whether f(u) < g(u)
and g(u) < f(u). The universality problem asks whether v < f(u) for all u € dom(f),
where v is a numerical threshold. And dually, the emptiness problem asks whether
v < f(u) for some u € dom(f).

The quantitative languages (a.k.a. formal series) have been studied for long in the
context of automata theory [Sch61, Cho77a, Ber77]. More recently, what we call now
weighted automata, received a particular attention from the verification community for
their application in modeling system quality [DKV09, CDHI10b], thus lifting classical
Boolean verification problems to a quantitative setting. Nowadays, weighted automata is
a classical formalism to define function form word to a numerical value as a generalization
of finite automata where transitions are labeled by weights in addition to the input letter.
In the general definition, a weighted automaton comes with two operators: (1) one to
aggregate the weights along a run to provide the quality of a particular trace and (2)
another operator to combine the values obtained form all accepting runs in order to
speak about the whole system. In the realm of the model-checking, the most popular
instantiations of operators ((2), (1)) for weighted automata are (max,+) and dually
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(min, +), denoted respectively WARS and WA,

In order to highlight similarities and differences between the two settings, the table
below shows two implementations (using finite automata and WA &) where the model-
checking problem asks whether every input word for which “bad” letters b are not read
twice in a row necessarily ends with a “awesome” letter a. We can see that the Boolean
setting allows us to handle regular behaviors of event appearance and to count them up
to a constant threshold. In addition, the quantitative setting permits to count arbitrary
many events. Note that, applications with the need of measuring the performances or

consumption of resources, require a model that manipulates unbounded values.

Boolean : ¥* — {0, 1} Quantitative : ¥* — Z
finite automata WA
Prog. Py 0 ifbb ap-pears inu Py length of t.he longest
1 otherwise block of b in u
a a,b a,b|0 b|1 a,b|0
b b a0 al0
CoOO O -O=00
a
1 if v ends with a 2 if u ends with a
Spec. S:u ) S:ur .
0 otherwise 0 otherwise
b a b | 0 a | 0
a al?2
- Q0
b b| -2
? 7
Verif. L(P) C L(S) Yu € ¥* P(u) < S(u)
Pb) =1 P(bbba) =
counter-example counter-example
S()=0 S(bbba) =

1.3 Contributions

This section summarizes our contributions. The published versions of the content
of this thesis are available on the institutional repository™ of the Université libre de
Bruzelles as well as the database™! of the computer science bibliography DBLP.

1.3.1 Weighted formalisms

The WASSE formalism have been introduced as a generalization of finite automata
where a given input word u is associated to the maximal value amongst all sums of
weights from accepting runs on u. This instance of weighted automata offer few closure
under of arithmetical operations due to the “arbitrarily” fixed operators + and max.
Moreover, basic and desirable decision problems for WA are already known to be
undecidable [Kro94, ABK11]. As a contribution, we introduce a general and as expressive
as possible, framework for quantitative verification that retains decidability for model-
checking algorithm.

The expression formalism given in [CDE'10] defines quantitative languages by com-
bining the values computed by deterministic sum-automata (i.e. automata that sum
integer weighted along its runs) with the operators 4+, —, max and min. Consider two
deterministic sum-automata, A which counts the occurrence number of @ in the input
word and B counts the number of b. The expression £ = max{A, B} defines the function
which maps the occurrence number of the most present letter from a given word over

UTn French, https://difusion.ulb.ac.be/vufind/Author/Home?author=Mazzocchi, %20Nicolas
[™VITn English, https://dblp.uni-trier.de/pers/hd/m/Mazzocchi:Nicolas
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the alphabet {a,b}. Inspired by this model, we introduce in Chapter 3 an expression
formalism that mixes Presburger arithmetic and automata to define quantitative lan-
guages i.e. functions from words to integers. In particular, our formalism is closed under
all Presburger definable functions and we show as a result that its is decidable for the
classical verification problems.

Monolithic expressions with Presburger combinators

In Section 3.1, we notice that instead of deterministic weighted automata as in [CDET10],
taking unambiguous sum-automata (i.e. automata for which every input has at most one
accepting run) does not change the complexity of the classical decision problems but
strictly extend the expressive power of the expressions. To combine these atoms, the
monolithic expressions that we defined, are allowed to use what we call Presburger combi-
nators instead of just fixed operators in [CDET10]. Presburger combinators are any func-
tion definable in existential Presburger arithmetic. For instance, the combinator “greater
then else” which takes integers n,m,z,y as inputs and computes if n > m then x
else y is definable by the formula @y (n,m,z,y) = (n >mAr=xz)V(n<mAr=y)
where r is the result variable. The function max{xz,y} is definable by ¢ic(x,y, z,y)
and the absolute value function abs(z) is definable by max{z, —z}. Clearly, Monolithic
expressions are strictly more expressive than expressions of [CDET10],

The largest known class of WARL enjoying decidability is that of finitely ambiguous
WA (which is expressively equivalent to the class of finite-valued WAZSX for which all
the accepting executions over the same input run yields a constant number of different

max

values). Let us precisely state our results. Since any finitely ambiguous WARS can be

max

decomposed into a finite union of unambiguous WARS [SdS10, FGR14], our formalism
captures finitely ambiguous WAZ automata (by using the Presburger combinator max).

We show that all classical decision problems can be solved in polynomial space, match-
ing the complexity for [CDE*10] provide in [Vel12]. It is important to mention that this
complexity result cannot be directly obtained from [Vell2] which is on infinite words
with mean-payoff automata as atoms (hence the value of an infinite word is prefix-
independent). Instead, we rely on techniques developed in Chapter 2 in the context

of Parikh automata [KRO03] for which we provide new complexity results.

Expressions with iterated sum

The previous expressions are monolithic in the sense that first, some values are com-
puted by weighted automata applied on the whole input word, and once the computation
done these values are combined using Presburger combinators. It is not possible to iter-
ate expressions on factors of the input word, and to aggregate all the values computed on
these factors, for instance by a sum operation. The basic operator for iteration is that of
Kleene star (extended to quantitative languages), which we call more explicitly iterated-
sum. It has already been defined in [DKV09], and its unambiguous version considered
in [AFR14] to obtain an expression formalism equivalent to unambiguous weighted au-
tomata.

We investigate in Section 3.2 the extension of monolithic expressions with unam-
biguous iterated-sum, which we just call iterated-sum in the paper. The idea is, given
an expression I which applies on a domain D, the expression E® is defined only on
words u that can be uniquely decomposed (hence the name unambiguous) into factors
U = UiUsz . ..U, such that u; € D, and the value of u is then Z:‘L:l E(u;). For example,
the function that takes u; euse- - -euge and returns in how many factors u; the number of
a is greater than the number of b, is definable by the expression F = (1119,56 (A,B,1, O))®
where A and B are sum-automata that read words of the form we and count the number
of a and b respectively. Note that, in this example, the subexpression g (A, B, 1,0)
that reads words of the form we is applied arbitrarily many time and induces an unique
decomposition of the input word.

Unfortunately, we show that such an extension yields undecidability (if two or more
iterated sum operations occur in parallel, i.e. not nested, in the expression). The unde-
cidability is caused by the fact that sub-expressions E® may decompose the input word
in different ways. We therefore define the class of so called synchronized expressions
with iterated-sum, which forbids this behavior. We show that while being expressive
(for instance, they can define quantitative languages beyond finitely ambiguous WAZX
or WAZR), decidability is recovered.

The proof goes via a new model automata introduced in Section 3.3, called weighted
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chop automata, that “chop” the input word into smaller factors, recursively apply smaller
chop automata on the factors to compute their values, which are then aggregated by
taking their sum. In their synchronized version, we show decidability for chop automata.

1.3.2 Robustness

The model-checking has proved to be successful applications for system verification
with respect to a given specification. However, this approach does not provide informa-
tion about “how much correct or incorrect” is the system with respect to its intended
specification. This is an important limitation for applications with error-prone systems
(as noisy sensors) and imprecise specifications (as statistical observations). As a con-
tribution, we rely on the quantitative framework to lift the verification algorithms to a
version robust against disturbances.

In particular, we specify distances between finite words, using the notion of cost
functions. A cost function assigns a non-negative rational cost to each pair of words
(u1, uz), modeling the cost of rewriting u; into ue. By bounding the costs of rewritings,
it models how words can be transformed. As a consequence, a neighborhood can be
defined for each word, assuming that the cost of “rewriting” a word u back to itself is 0.

A well known formalism to define word-to-word relations is that of transducers which
generalizes finite automata over two tapes (expected/perturbed) by allowing them to
behave independently [Ber79], i.e. without letter-to-letter synchronization. In order to
model cost functions, we use weighted transducers with non-negative weights [DKV09]
along with an aggregator (e.g. sum) that combines the cost of each individual rewriting
of the transducer into an overall cost between the input word and its perturbed version.
Here, the value associated by the transducer to rewrite a word into another, denotes the
cost of noise induced by this rewriting.

Motivation and objectives

We now provide motivating examples for the cost functions that can be specified by
weighted transducers. Consider the transducer T' of Figure 1.1. It allows one to rewrite
the letter a; into a; (at cost 0), and the letter ay into either as (at cost 0) or b (at cost
1). Additionally, rewritings with cost 1 are possible only in the middle state in order to
model “bursty” errors, which is common in many situations.

al‘al,O al‘al,O al‘aho
ag‘ag,O glgb,l CLQ‘(IQ,O
Oalal,Ovalal,OO
ag‘b,l CLQ‘CLQ,O

Figure 1.1: A weighted-transducer over alphabet ¥ = {a, az, b}

So, the transducer models all possible words v’ that a given input word u can be
rewritten into. As an example, the word u = ajasasas into v’ = a;bbas through transi-
tions that rewrite the first two occurrences of as into b. At the same time, the transducer
forbids certain rewritings. For instance, the word u above cannot be rewritten into the
word u” = bbasa; since the rewrite from an a; into a b or an as into an a; is clearly
disallowed by the transducer T in Figure 1.1. While, the transducer T specifies the cost
for individual rewritings through its transitions, we define the cost of rewriting the en-
tire word u into another v’ by additionally specifying an aggregator function. Since the
transducers are not necessarily deterministic, the strategy to choose one value from all
possible rewritings in to choose the minimum value. We consider in our work several
aggregation functions.

Discounted sum: Given a fixed rational discount factor A € QN (0,1), the discounted
sum aggregator computes the cost of rewriting a word u into another word v’ as
Yo A=D¢; . wherein n is the size of a run through the transducer and ¢; is the
cost associated with the ith transition.

Mean: The mean aggregator computes the average cost: % Yo ¢iforn>0.
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Sum : The sum aggregator computes: >, ¢; for n > 0.

Returning to the example, the sum aggregator of rewriting ajasasas into aibbas is 2, for
the discounted sum it is % with discount factor %, and for the mean it is %

This approach considers a transducer model that can allow for insertions of new
letters, deletion of letters, transpositions and arbitrary substitutions of one letter by a
finite word. As a consequence, many commonly encountered types of distance metrics
between words such as the Cantor distance, and the Levenstein (a.k.a. edit) distance,

and the average mismatch, can be modeled as weighted transducers.

Robust verification

Thanks to our error models, we are able to provide a robust version of the model-
checking where not only the set of system traces, but the “neighborhood” of system
traces instead, which is a superset obtained by adding some disturbance. Formally,
consider a distance d defined by a weighted-transducer with some aggregator function,
we define the neighborhood of a language N up to the given error threshold v € Q>¢ as
N, ={v:3u ue NAdu,v) <v}

For a set of words IV, a specification L, and an error threshold v, we consider the
following robustness problems:

Robust inclusion: Does the language robustly satisfies its specification?
Given N,v and L, check whether N, C L.

Threshold synthesis: How large the error can be while keeping the specification satisfy?
Given N, L, find the largest threshold v such that N, C L.

Robust kernel synthesis: For a fixed error bound, what is the robust part of the language
that satisfy specification?
Given N, v, L, synthesize the largest subset N’ C N such that N/ C L. Note that
the language N’ is not necessary regular.

Consider the transducer of Figure 1.1 using the sum as aggregator and let ¥ = {a1, az, b}
its alphabet. We take L as the set of words which do not have bbb as a sub-word. Now,
any word of the form (ajas)* is v-robust for any threshold v since the letter a; is not
rewritten by the transducer 7. Such questions are tackled using the robust inclusion
problem. On the other hand, let us choose a word u € asasas(a}). It is v-robust for all
the thresholds v < 2 but not for v > 3. This is determined using the threshold synthesis
problem. For all v > 3, the set of v-robust words in N = ¥* is (a1 + aja2 + ajasaq)*,
and for v < 2, any word in X* is v-robust. Such questions are solved using the robust
kernel synthesis problem.

As a result, we show that the robust inclusion problem N, C L is solvable in poly-
nomial time when the language N is given by a non-deterministic finite automaton, and
L is given by a deterministic finite automaton, and the weighted-transducer defining
the noise is also given as input. To obtain this result, we show that we can effectively
compute in polynomial time the largest threshold v as defined before, thus solving the
threshold synthesis problem. This result holds for the three measures Sum, DSum and
Mean. For Sum, we show that the robust kernel is regular and computable and testing its
non-emptiness can be done with a polynomial space memory. For Mean, we show that
the robust kernel is not regular in general, and its non-emptiness is undecidable. For
DSum, we leave those questions partially open. We conjecture that the robust kernel is
non-regular in general. Finally, we provide sufficient conditions under which the robust
kernel becomes regular for both Mean and DSum measures.

Case Studies

The algorithms to synthesize robustness thresholds have been implemented by the
researchers Sankaranarayanan and Trivedi from the university Colorado Boulder. They
reported some experiments on two application cases including modeling human control
failures and approximate recognition of type-1 diabetes from blood sugar level swings.!

Properties are often specified by engineers based on nominal or expected outcomes
of a system. However, in engineering practice, it is quite common to state properties
that are conservative, i.e. a violation of a property may not always be problematic.
Consider for instance a common time reactivity property for an automotive transmission
system: Whenever the engine revolutions per minute (RPM) goes above 9000 RPMs and

VIPublicly available dataset of blood glucose values for people with type-1 diabetes



Section 3 — Contributions 7

the vehicle is in gear G; where i € {1,2,3,4}, the vehicle will shift to the next higher
gear G,;1 within 25 cycles. The property has “magic numbers” that include the 9000
RPM and the 25 cycle limits. These are often conservative guesses derived by engineers
to account for a large number of unknown and unmodeled factors that may affect the
possibility of short term and long term engine damage. As a consequence, engineers
may accept a design that violates this property but satisfies a weaker property wherein
whenever the engine RPM goes above 9050, the design will shift to the next higher gear
within 30 cycles in the worst case.

In other situations, the property is well-established and has little leeway due to the
inherent noise of the data obtained from sensors. In such scenarios, engineers would like a
built-in tolerance wherein the system must actually satisfy a stronger property. Consider
for instance the following clinical property on insulin pump: If the blood glucose (BG)
levels of a patient fall below 3.9 mmol/L, the pump must be shutdown within 10 minutes.
In such an example, this requirement is absolutely critical for patient’s safety and well-
being. As a consequence, engineers would prefer a design that shuts down a pump within
5 minutes rather than a design that shuts it down in 8 minutes. Also, engineers may
raise the shutdown limit to 4.2 mmol/L rather than 3.9 mmol/L.

These examples highlight that not all violations of a specification should be treated
equally. The flexibility in specifications and the approximate nature of the models, lead
us to seek quantitative and robust versions of model-checking techniques.

1.3.3 Structural properties

The definition of automata subclasses with particular properties or with better al-
gorithmic tractability is an important aspect of automata theory. For example, the
language inclusion problem can be decided in polynomial time for any finite automata
with a constant ambiguity [SI85] while this complexity cannot be achieved in the general
non-deterministic case [SM73, Koz77]. As contribution, we introduce a specification logic
to define structural properties for popular models of automata.

Here, we mean automata in the general sense of finite state models processing finite
words. This includes what we call automata with outputs, which may also produce output
values in a fixed monoid (D, ®,0). In such an automaton, the transitions are extended
with an (output) value in D, and the value of an accepting path is the sum (for @) of
all the values occurring along its transitions. Automata over finite words in ¥* and with
outputs in D define subsets of ¥* x D as follows: to any input word u € ¥*, we associate
the set of values of all the accepting paths on u. For example, transducers are automata
with outputs in a free monoid: they process input words and produce output words and
therefore define binary relations of finite words [Ber79].

Logics to express patterns

We observed that subclasses of automata with outputs are in general characterized
by structural patterns and the recognition of such patterns often share similar proof
techniques. So, we introduce a generic logic, denoted PL[O] for “pattern logic”, to express
such a properties in a given monoid (D, ®,0). In particular, PL is parameterized by O,
which is the set of predicates talking about the output values computed with &.

We focus on three particular instances of automata with outputs: finite automata
(which can be seen as automata with outputs in a trivial monoid with a single element),
transducers (automata with outputs in a free monoid), and sum-automata (automata
with outputs in (Z,+,0)). For each of them, we define particular logics, respectively
called PLygs, PLirans and Plgu, to express properties of automata with outputs in these
particular monoids. Formulas in these logics have the following form:

u1|v1 unlvn

Imipr ——q, -.., 3T Py Gn, C

where the m; are path variables, the p;, q; are state variables, the w; are (input) word
variables and the v; are output value variables interpreted with respect to corresponding
monoid. The sub-formula C is a quantifier free Boolean combination of predicates talking
about states, paths, input words and output values. Such a formula expresses the fact
that there exists a path 7 from some state p; to some state ¢g;, over some input word
u1, producing some value vy, some path 7y and so on, such that they all satisfy the
constraints in C. In the three logics, C can also express path constraints such as path
equality, input constraints using the word prefix relation, the length of those words, as
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well as membership to a finite language. Finally, C can contain state constraints such as
state equality, and whether a state is initial or final.

The predicates we consider for the output values depend on the monoids. For trans-
ducers, output words can be compared with the non-prefix relation (and by derivation
#), a predicate which cannot be negated (otherwise model-checking becomes undecid-
able), and can also be compared with respect to their length, and membership to a finite
language can be tested. For sum-automata, the output values can be compared with <
(and by derivation =, #,<). As an example, a transducer (resp. sum-automaton) is not
functional iff it satisfies the following PL¢ans-formula (resp. PLg,m-formula):

| | {init(pl) A final(q1)

37’1’1:])11@—)(}1, 371'22]?211)—2—)(]2, vy £Fva NS )
init(p2) A final(gz)

As a result we show that deciding whether a given automaton satisfies a given formula
is PSPACE-C for the three logics. When the formula is fized, the model-checking problem
becomes NLOGSPACE-C for PL,s, and PLipans, and NP-C for Plgyy,. If output values
can only be compared via disequality # (which cannot be negated), then Plg,, admits
NLoOGSPACE-C model-checking as well.

Subclasses defined by pattern

Many decidable results of finite automata do not carry over to transducers and
weighted automata. In order to recover decidability or just to define subclasses rele-
vant to particular applications, some restrictions have been defined in the literature.

For transducers, the inclusion problem is undecidable [Gri68], but decidable for finite-
valued transducers [Web93|, that is transducers which associate a bounded number of
outputs for any input. Another well-known subclass is that of the determinizable trans-
ducers [BCPS03], defining sequential functions of words. Finite-valuedness and deter-
minizability are two properties decidable in polynomial time.

For addition systems, i.e. automata that sum integer weights along its runs, which
define relations from words to integers, properties such as functionality, determiniz-
ability, and valuedness bounded by some fixed natural k are decidable in polynomial
time [FGR14, FGR15, DJRV17].

In our experience, it is quite often the case that deciding a subclass goes in two steps:
(1) define a characterization of the subclass through a “simple” pattern, (2) show how
to decide the existence of a such a pattern. For instance, the determinizable transducers
have been characterized via the so called twinning property [BC02, Cho77b, WK95] which,
loosely speaking, asks that the output words produced by any two different paths on input
words of the form uv™ cannot differ boundlessly when n grows, with a suitable definition
of “differ”. Quite often, the most difficult part is step (1) and step (2) is technical but
less difficult to achieve, as long as we do not seek for optimal complexity bounds (by this
we mean that polynomial time is good enough, and obtaining the best polynomial degree
is not the objective). We even noticed that in transducer theory, even though step (2)
share common techniques (reduction to emptiness of reversal-bounded counter machines
for instance), the algorithms are often ad-hoc to the particular subclass considered.

The last contribution of this thesis introduce logics tailored to particular monoids,
as a common tool for step (2). More precisely, the PL allows us to express subclass
characterized through a structural pattern in a generic way and provides automatically a
decision procedure for the subclass membership. Here is a non-exhaustive list of criteria
each expressible in our logics and for which the NLOGSPACE complexity of deciding the
subclasses membership comes as a direct consequence of our results:

For finite automata: ambiguity bounded by a given natural k, finite ambiguity [WS91],
polynomial ambiguity [WS91], exponential ambiguity.

For transducer: determinizability [AM03, BC02, BCPS03, Cho77b, CS86, WK95]|, func-
tionality [BC02, BCPS03], degree of sequentiality bounded by a given natural
k [DJRV17], multi-sequentiality [CS86, JF18], valuedness bounded by a given nat-
ural k& [GI83], finite valuedness [SAS08, Web93].

For addition sytems: functionality [FGR15], valuedness bounded by a given natural
k [FGR14], degree sequentiality bounded by a given natural k [DJRV17].
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1.4 Preliminaries

In this section we introduce the basics.

Sets, monoids and numbers

Let I,J be two sets. We write ITUJ, IW.J, INJ, I\ J, IxJ and I respectively
the union, the disjoint union, the intersection, the difference, the Cartesian product of
I,J and the complement of I. We denote by card(I) the cardinal of I i.e. the number
of elements which belongs to it. In particular, we refer to @ as the empty set.

The sets of numerical values Z, N, Q denote respectively the set of integers, the set of
non-negative integers and the set of rational numbers. We write Z_p, Ng, Q2o to refer
the same sets from which 0 has been removed. We use the standard symbols 4+, —, X, +
and < to refer respectively to the sum, minus, product, Euclidean division operations
and the order predicate over numerical values. For i,j € Q the interval {i,...,j} refer
to the set of values {k € Q : i < k < j}. The rest of the Euclidean division i mod j is
defined as r = i — mj for some m € Z. The absolute value of n € Q, denoted abs(n), is
defined as n if n < 0 otherwise it is —n.

A monoid is a tuple (D,®,1) where D is a set of elements, the binary function
®: D x D — D is an associative operation for which 1 € D is neutral. Formally,
(zOyYy)Oz=20Woz2)andl1®z =2 1=z foral x,y,z € D. The rational
subsets of a monoid (D, ®,1) is the smallest set that contains every finite subset of D
and is closed under union, ® and (Kleene) starring, i.e. for all rational sets A, B we have
AUB,A®@B={a®b:ac ANbe B}, and A* = J 55 ©O)_, A rational as well.

A semi-ring is a tuple (D, ®,®,0,1) where (D, ®,1) and (D, ®,0) are monoids, the
function & is commutative, ® distribute over @ and O is absorbing for ®. Formally,
for all x,y,z € D we have the commutativity z & y = y & =z, the left distributivity
O y®z2)=(z®y) ®(z©® 2) and the right one (zr @ y) ® 2 = (z © 2) ® (y © 2),
finally the absorption 0 ® x =z ©® 0=0.

1.4.1 Words, languages and decision problems

An alphabet is a set of elements called symbol or letter. A word over an alphabet 3, is
a (partial) function from Ny to X. We write ajaz ... a, for defining the word u: i — q;
where 7 is called a position belonging to {1,...,n} that is, the domain of u. The set of all
finite words over ¥ is denoted X* and we refer the empty word by € which is the function
of domain @. The length of a word u, denoted |u|, is the cardinal of its domain. For all
a € X, we also write |u|, for the number of occurrences of the letter a in u i.e. the number
of position that have a as image by w. In particular || = 0. The concatenation of two
words @ ...a, and by ... by, is the word aq ...apby ...by. Also, u™ € £* is n'! iterated
concatenation of the word u, inductively defined by u° = ¢ and u™ = uu™"!. The prefiz
binary predicate C holds for two word uy,us € X* if us = uju for some u € ¥*.

A (Boolean) language is a set of words. In particular, the empty language corresponds
to the empty set &. The word concatenation can be naturally extended to languages
as Ly - Lo = {u1 -ug : ug € L1 Aug € Ly}. As for words, we write L” to refer the n'®
iterated concatenation of L. The star (unary) operator is defined as the upper closure
L* = JZ, L™ Note the consistency with the set of all words over ¥ denoted ¥*. The
set of languages over Y. that are said to be regular is the smallest set that contains the
empty-language &, the language singleton {a} for each a € ¥ and it is closed under
union, concatenation and star operations. Note that, regular languages over ¥ coincide
with the rational subsets of the free monoid (X*,-,¢). A quantitative language™™" is a
partial function f: X* — Z, whose effective domain is denoted by dom(f). E.g. consider
the quantitative language mapping any word v € ¥* to the number of occurrences |ul,
of some symbol ¢ € ¥ in u. Note that, a Boolean language L can be seen as a total
function f: ¥* — Z such that f(u) =1 if u € L otherwise f(u) = 0.

The classical language decision problems are the following:

e The inclusion problem asks whether two given f,g: ¥* — Z satisfy f < g, i.e.
whether dom(f) C dom(g) and in that case whether f(u) < g(u) for all u € dom(f).
The equivalence problem asks whether f < g and g < f.

The universality problem asks, given some threshold value v € Z and a language
f:¥* = Z, whether v < f(u) for all u € dom(f).

V1l Also called formal series in [DKV09]
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e The emptiness problem asks whether v < f(u) for some u € dom(f).
For the case of Boolean languages, the only relevant threshold value is v = 1.

1.4.2 Automata formalisms

We introduce a general formalism, with transitions labeled by a given monoid, from
which all our automata models are derived. Transition systems are parameterized by
a monoid and any execution is associated with an element of the monoid, obtained by
aggregating (thanks to ®) the values met along the transitions.

Definition — labeled transition system

A transition system G is a tuple (Q,Qr,Qr,A) where @ is the set of states,
Q1 C Q the set of initial states, Qr C @ the set of final states and A C Q x @
is the transition relation. A labeling of G over a monoid (D,®,1) is a relation
ACAXxD.

A run o is a sequence of transitions t; ...t, € A* for which there exists qg,...,q, € Q
called the visited states of o such that t; = (¢;—1,¢;) for all i € {1,...,n}. We refer to
the starting state qo as o and its ending state q, by ¢”. A cycle is a run for which if
09 = ¢”. If no state is visited twice i.e. 4 # j implies that ¢; # ¢; then o is said to be a
simple or equivalently cycle free. If in addition the run o = ¢ ...%¢, isa cycleand t5 ... %,
is cycle free, then p is said to be a simple cycle. Note that the empty run & does not have
starting and ending states, and thus it is not a cycle.

The transition relation A can be inductively extended to support runs by A: € — {1}
and A: to— {ly @ £, : (t,4) € XA (0,£,) € A}. For convenience, we denote by S; % Sp
the set of runs from some state of S; C @ to some state of Sy C @ and labeled by v € D.

Sru Spdtfoc AT 1o c S;AN €SpAueNo)Uf{e:S NSk #aAu=1}

We may forget the label constraint and write Sy —, S to refer to | J,,.p, St % Sp. The run
o is said to be initial if p € Q; — Q, final if o € Q —, QF and accepting if it is both. We
denote by AccRung the set of accepting runs of G and AccRung(u) the set of accepting
runs of G on wu.

A state ¢ € Q is said to be reachable from ¢’ € Q if {¢'} — {¢} is not empty. A state
q € Q is said to be accessible if there exists an initial run which visits it, i.e. if Q; — {q}
is not empty. Dually, a state ¢ € @Q is said to be co-accessible if there exists a final run
which starts from it, i.e. if {¢} -, QF is not empty. A transition system is said to be trim
if all states are both accessible and co-accessible i.e. (Qr —{q}) # DN ({¢} - Qr) # @
for all ¢ € Q.

Since the representation size of G depends on its monoid, we prefer to define it once

instantiated!V'Y.

Definition — regular automata

A finite regular automaton A (NFA for short) over the alphabet ¥ is defined as a
transition system labeled by the free monoid (£*, -, €) such that A C Ax (X U {e}).
It is represented by the tuple (@, Qr, @r, A) where the relation A C Qx (X U {e})x
Q denotes the set of transitions labeled over X.

Semantically, an automaton A denotes the language L(A) defined as {u € ¥* :
AccRuny(u) # @}. The representation size of A is defined by |A| = card(Q)3card().
We say that A is deterministic (DFA for short) if Q1 is a singleton and A is a function from
Q x (XU {e}) to Q. For k € Ny, A is said to be k-unambiguous (k-UFA for short) if for
every input word there exists at most k accepting runs, formally card(AccRun4(u)) < k
for all u € ¥*. We prefer to call an automaton unambiguous (UFA for short) when it
is 1-ambiguous and finitely unambiguous when it is k-ambiguous for some k. Note that,
the ambiguity is a weaker restriction than determinism, that asks for uniform bound on
the degree of non-determinism.

[Vl Basically the representation size will be card(Q) + card(A) x u where u is the “biggest” possible
labeling
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Definition — regular automata with outputs

An automaton with outputs A over a monoid (D, ®, 1) is a tuple (Q, Qr, Qr, A, \)
where (Q,Qr,Qr,A) is an NFA called the underlying automaton, the function
A: A — D maps each transition to an output element.V'™

Given a run o = t1...t, € A* of A, the output of g is defined by A(0) = O;_; A(t:)
if n >0, and by 1 if n = 0. We write AccRun (u, v) to refer to the set of accepting runs
on u outputting v i.e. {0:0€ Q1% Qr AN A o) = v}.

Semantically, an automaton with outputs A denotes an input/output relation [A]
defined as {(u,v) : AccRung(u,v) # @}. The domain and the range of A are respectively
the projection dom(A) = {u : (u,v) € [A]} on the inputs and R(A) = {v : (u,v) € [4]}
on the outputs. We define the notion of valuedness that refer to a bound on the cardinal
of the sets associated to any input word. An automaton with outputs A is said to be
k-valued if for all input word u € dom(A), the set {v : (u,v) € [A]} has cardinality at
most k. Note that it does not imply that there are at most k£ accepting runs since, two
distinct runs can output the same value. However, any k-ambiguous automaton with
output is k-valued. We call an automaton functional when it is 1-valued™! and finitely
valued when it is k-valued for some k. Let I' = {A(t) € D : t € A}. The representation
size of an automaton with outputs is |A| = card(Q)*card(X)¢u where ¢ = card(T) is
the number of distinct output labels and g = max{|y| : v € T'} is the maximal size of
labels of A™.

In this thesis, we mostly consider three instances of automata with outputs. First,
transducers are automata with outputs in the free monoid (I'*, -, €), they define relations
from ¥* to I'* and the size of an output word is its length. We refer the reader for
instance to [BCPS03] for a definition of finite transducers. Secondly, sum-automata of
dimension d € N, are automata with outputs in the monoid (Z¢, +za,0z4) and define
relations from X* to Z%. We consider two representation size of an integer value v, with a
binary encoding the size is log, (v+1) while in unary it is v+ 1. Finally, remark that NFA
compiles in the definition of automata with outputs in a trivial monoid. In particular,
the synchronized product is also well defined for NFA.

Product construction

The product construction of n automata A; = (Q, I;, F;, A;, A;) with outputs in
(D,®,1), denoted Ay x --- x Ay, is the automaton A = (Q, I, F, A, \) over the monoid
(D", ®pn,1pn), where ©pn is the component-wise @. The three sets of states are sets of
tuples respectively Q@ = Q1%+ - xQnand I = I1 x---x I, aswellas F = Fy; x---x F},. The
transition relation is defined by A = {(g,a,p) € @ x (B U {e} x Q : AI_,(qli],a,pli]) €
Al} and A: (qlv s 7qn)7a7 (qi, B qqlm) = Al(qla aaq/1)7 CERE) )\n(Qnya, q’;L) € D" for each
transition (g;,a,q}) of A;.

Definition — weighted automata

A weighted automaton W over the alphabet ¥ and with outputs in the semi-ring
(D,®,®,0,1) is defined as an automaton with outputs over the monoid (D, ®,1).

A weighted automaton differ from automaton with outputs in its semantics, because
it aggregates all values associated to an input thanks to its (associative) second operator
@. In particular, a weighted automaton W denotes a (partial) function™ which is
the quantitative language [W]: dom(A) — D defined by u — @{v € R(u)}.%" Note
that, the semantics of automata with outputs and weighted automata coincide for they
unambiguous fragment i.e. when automata admit at most one accepting run on any input

VI Sometimes, initial and final weight functions are considered in the literature to assign values distinct

from 1 to e, which can also be done by directly providing the set of outputs assigned to € and considering
it as a special case.

[IXITf A is functional when [A] is a function

XIFor implementation matter, some of our algorithms require a distinct memorization of outputs and
transitions where each transition only carry a key to refer its corresponding outputs in a hash table that
memorize all distinct outputs once.

[XISometimes in the literature, the semantics of weighted automata are lifted to total functions by
assigning O for all input out of the domain.
[XSince @ is associative, the order in which the values from accepting runs are combined does not
matter.
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word. Indeed, the & operation is not used to compute the output value of a word which,
in this case, corresponds exactly to the value of the unique accepting run. Formally, let
(D,®,®,0,1) be a semi-ring and consider A as an automaton with outputs in (D, ®, 1).
If A is unambiguous, then [A] is a function and thus [A]: v — R(u) = @{v € R(u)}.

In this thesis, we only consider the tropical semi-rings as instances of weighted au-
tomata. Let the two pairs of operators (min, +) and (max, +) define the classes of
weighted automata WARR and WAL respectively. We will be clear when the domain
of weights is N and when it is Z. We refer the reader for instance to [DKV09] for a
definition of finite weighted automata.
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Chapter 2

Semi-linearity

Model-checking belongs to the main techniques in program verification and its classi-
cal approach is elegantly and efficiently supported by regular automata-theoretic meth-
ods [CGPO01, KVWO00]. However, its extension to the quantitative setting requires to
capture situations beyond regularity. In this chapter, we consider a model of automata
that allows us to deal with unbounded numerical values and so, to provide us with a tool
that manipulates an infinite-state space.

Semi-linear sets are the rational subsets of the monoid (Z¢, +,0) with d € N as the
considered dimension. Parikh investigated these sets to highlight properties on context-
free” languages [Par66], todays known as Parikh’s theorem, and in turn brings decid-
ability results for the emptiness problem. Furthermore, semi-linearity is supported by
logical formalisms, in particular, [GS66] proved that the semi-linear sets coincide with
the relations definable in the Presburger arithmetic [Pre29].

We first review some results on semi-linearity as the foundation of our technical con-
tributions and then we present the formalism of Parikh automata [KR03], which extends
regular automata by counting the use of each transition and constraining this occur-
rence values to belong to a given semi-linear set. Note that, we provide the descriptive
complexity of the emptiness problem for Parikh automata as key results for proofs in
Chapters 3 and 7.

2.1 Representations of semi-linear sets

Semi-linear sets of numbers are finite unions of ultimately periodic sets and can be
presented by a finite set of vectors. In [GS64], authors prove that the class of semi-linear
sets is exactly the class of relations definable in the Presburger arithmetic. In this section
we present some representations of semi-linear sets and their properties.

Definition — linear & semi-linear sets

Consider d € N to be the dimension. A set S C Z< is linear if there exists b € Z¢
called the base vector and pi,...,p, € Z¢ called the period vectors such that
S={b+ Z?Zl Tipi: T1,..., Ty € N} A set is semi-linear if it is a finite union of
linear sets.

The most natural representation of linear sets is by providing directly its base and
its periods. Given d € N, we denote by LinSet (b | P) the linear set of vector base b € Z¢
and with vector periods belonging to P C Z¢. We define ||S|| as the maximal absolute
value appearing in dimensions of vectors of P and b. The representation size of a linear
set S of dimension d is defined by |S| = (card(P) + 1) x d x logy(||S|| + 1).

Let A, B be two semi-linear sets. The sum A+ B is defined by {x+y : x € AAy € B}.
The sum of A iterated n times is inductively defined by 0z« if n =0 and ) ;- | A. The

starring of A, denoted A*, is the union of all finite iteration of A defined by U;;og 23:1 A.

Fact 2.1.1 — Closures of semi-linear sets

l The class of semi-linear sets are close under union, sum and starring.

Proof The closure under union is trivial from the definition. Let d € No be
the dimensions for our semi-linear sets. Consider A,B C Z? defined by A =
Ui LinSet (ag; | {a1.,...,an:}) and B = \Jj_oLinSet (b ; | {b1,j.-..,bm;}). Then

W Context-free languages are definable by regular automata with a stack pushdown, raising a more
expressive class of languages than the regular one.
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the sum A + B can be presented as follows.

k ¢

A + B = U U LinSet (aoyi + bO,j | {au, N 7an71‘} U {bl,ja e ,bm,j})
1=0j=0

Finally, for the starring operation, we note that (AU B)* = A* 4+ B* for all A,B C Z
by commutativity of the sum and union. So, we only need to provide the closure under
starring for linear sets which consists to the following.

LinSet (ao)i ‘ {aLi, - ,an,i})* = {Ozd} U LinSet (ao)i | {aw} U {(1171'7 ... ,am-})

¢
An important property of linear sets is that they admit a bound on the number of
periods as formalized in the following statement.

Claim 2.1.2 — Carathéodory’s property from [ES06] oo .

Let L = LinSet (b | P) be a linear set with k& = card(P) as cardinal of P and
= ||P|| as the maximal absolute value appearing in dimensions of vectors of P.
Then there exists P, .., P, such that L = (J;~, LinSet (b | P;) where m < 2*
and P; C P and card(P;) < dlog,(2uk + 1).

2.1.1 Presburger formula

The Presburger arithmetic have been introduced in [Pre29] where the author proves
the decidability of this theory using quantifier removing method. Originally, Presburger
formula were defined as first order theory over naturals augmented with the ordering
predicate < and the sum function +. Here, for simplification of proofs, variables are
interpreted over integers and we only consider the existential fragment. Both of those
restrictions are w.l.o.g. since integers can be encoded with naturals and universal quan-
tifiers can be removed as in [Pre29].

Definition — Existential Presburger formula

An ezistential Presburger formula is built over terms on the signature {0,1,+}UX
where X is a countable set of variables that take value in Z. So, it is a term
generated by the following grammar:

Pu=t<t|IxP|PNDP|PVD

where the variable x € X is quantified at most once™. A formula is said to be
weak if the predicate # is used instead of <:

Pu=t+£t|IxD|OND| DV D

For readability, we introduce the common macros. First, we extend the defini-
tion of existential Presburger formula with syntactic sugar by the strict order predicate
(t1 <t2) = (t1 +1 < t3), the disequality predicate (t; # t3) = (t1 < ta Via < t1), the
difference of terms (t; <t —t) = (t; +t < t2) and the fixed multiplication of terms
(t1 <to+ Xc(t) = Fw ty <ta+ > i,z Az =t). Similarly, we extend the weak frag-
ment with the difference of terms (¢1 # to — t) = (t1 + t # t2) and the fixed multiplication
of terms (t1 Zta + x.(t)) = B t1 £ta+ > s jxAx =1).

Note that, in opposition to the equality ¢t = t + - - - + ¢ which can create an exponen-
tial blow-up, our macro for fixed multiplication introduces an extra variable existentially
quantified which create only a polynomial blow-up. We can also highlight the equiva-
lence (t; < t9) = (Jx t; = to + x A0 < z) which shows that the ordering predicate is not
necessary when the variables are interpreted over naturals but here, they are interpreted
over integers and in particular, the sign predicate cannot be expressed.

Let @ be an existential Presburger formula over the set of variables X. We define
representation of |@| as the number of symbol to write it, i.e. the size of its syntactic tree.
We denote by Free(®) = {x1,...,24} the linearly ordered set of variables that appear in

M This assumption is not necessary but permits to simplify formula rewriting
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@ but are not quantified. We call d = card(Free(®)) the dimension of ¢. A waluation
v is a function from X to Z which can be inductively extended to terms by v(0) = 0,
v(l) =1 and v(t; + t2) = v(t1) + v(t2). The formula @ defines a set of integer vectors
denoted [@] such that:

[t < to] = {v:v(t)) < v(ta)} [21 A ®2] = [21] N [22]
[t: # to] = {v: v(t1) # v(ta2)} [21V ®2] = [2:1] U [P2]
[Bz; ¥] = [¥]

A formula @ is said to be satisfiable if [®] # @. Given v € Z%, we define &(v) as the
formula @ where the free variable have been instantiated by v. We write v = @ instead
of [®(v)] # @ i.e. to express that @ holds when the vector of free variables is interpreted
with v. Scarpellini shows in Theorem 6.A from [Sca84] that satisfiability requires to
interpret variables with values at most exponential in |P|.

Fact 2.1.3 — Scarpellini’s Theorem from [Sca84]

Let @ be an existential Presburger of dimension d. If [#] # & then there exists
v € Z% such that v = @ and ||v|| is at most exponential in |®|.

2.1.2 Parikh image of regular languages

Semi-linear sets were originally introduced in [Par66] to provide a characterization to
the appearance of letters in words of a given language. This abstraction, called Parikh
image, preserves the emptiness of a languages.

Definition — Parikh image

Let A = {ai,...,a,} be a totally ordered alphabet and w € A*. The
Parikh image™of u with respect to A, denoted Pa(u), is defined as the vector
(|ttlays- - |tt]a, ). The Parikh image of the language L C A* is P (L) = {Pa(u) :
u € L}

Any regular language has a semi-linear Parikh image, this result is known as Parikh’s
Theorem [Par66]!"V!. The representation size of the semi-linear set which denotes the
Parikh image of the language given by a NFA has been provided in [Lin10]. The proof
of Theorem 7.3.1. of [Lin10] contains many technicalities which raise a long and complex
method. The following statement presents a new simple approach but provides a coarser
bound.

LemmIma 2.0 .4 oo .

Let A be an NFA over ¥. The Parikh image over ¥ of L(A) is semi-linear. It
can be represented a semi-linear set L = |J;, LinSet (b; | P;) where m is doubly
exponentialin |A| and ||b;||, card(F;), || P;|| are polynomial in |A|.

Proof Let A = (Q,Qr,Qr,A) be an NFA over X. The proof goes as follow: (i) we
provide a semi-linear set S which denotes exactly the Parikh image of L(A), then (ii) we
use the Carathéodory property to get the bounds of the statement.

(i) We show here the equality Ps(L(A)) = S with S defined below where for all run o
labeled by u, we denote by Px (o) the Parikh image of w.

5 e <%E(Q) | {‘Bz(c) A\ {C € SimpleCycles(4) })
)

oEAccRun(A Vie A |c‘t >0 = |Q|t >0
lo| <cara(A)?

We prove first that the Parikh image Bx(L(A)) belongs to the set S. Let us take v € S
and show that there exists a word u € L(A) such that Px(u) = v. This is trivial since

[I11

IAlso called commutative image in the literature.

[™VITn fact, Parikh’s Theorem is more general and proves that context-free languages have a semi-linear
Parikh image.

VIThe doubly exponential upper bound for m is not optimal (see [Lin10])
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v is generated from an accepting run o of A and the iteration of some cycles that use at
least one transition visited by p. In fact, any transition of the iterated cycles is visited
by o.
Now, we prove that the set S belongs to the Parikh image Px(L(A)). Consider u €
L(A). Hence, there exists an accepting run ¢ of A such that Ps(u) = Ps(e). Let
Ay ={t1,...,tm} € A be the transitions visited by ¢ and C' = SimpleCycle(A)N A} be
the set of simple cycles over transitions used by o. Hence o is of the form git1 ... 0mtm.
For all 1 < i < m, we denote by n; be the number of, non-necessarily simple, cycles in g;.
We also define n = """, n;. By induction on n, we show that there exists an accepting
run g such that the two following properties hold:

L PBs(e) € Ps(0) +PB=(C)

2. Ps(0) +Ps(C)* C S
If n = 0 we trivially set § = o. In fact |g| < card(A)? since m < card(A) and |g;t;| <
card(A) due to the absence of cycle in all ;. In addition C' C {c € SimpleCycles(A) :
Vi€ Alely >0 = |p|s > 0} because for all ¢ € A, we have |p|; > 1. Thus
Ps(0) + P (C)* C 5.
Otherwise n > 0 i.e. there is a cycle in some p;. Note that, if a run admits a cycle then
it admits a simple one. Let g; = gico where ¢ is a simple cycle. In fact ¢ € C since
0 € A}. We compute ¢ by applying the induction hypothesis on o1t ... 0j0]t; ... Omtm.

Ps(o) = Psloty ... 0ioiti ... omtm) + Px(c)

C Ps(0) +P=(C)* +Ps(c) by hypothesis (1)
CPs=(0) +P=(C)* since ¢ € C'
cs by hypothesis (2)

Finally Ps(u) € S since Px(u) = Px(g). This prove the semi-linearity of the Parikh
image of L(A).

(#t) In order to get the statement, we apply Claim 2.1.2 on linear sets that define S. Let
¢ = card(X) and m = card(A). Note that card(Ps(SimpleCycles(A))) < (m + 1)%
We obtain an union of s < m™ 2(m+1D" linear sets of the form L; = LinSet (b; | P;) where
||b;]] <m? and ||P;|| < m and card(P;) < £logy(2m(m + 1) 4+ 1) < 202 logy(2m + 3). ¢

2.2 Parikh automata

Parikh automata, introduced in [KR03], extend finite automata with integer coun-
ters that can only be incremented, decremented but never tested for zero. For accep-
tance, the accumulated values are constrained to belong to a semi-linear set, given by an
existential Presburger formula. We also consider a fragment where the formula is weak,
yielding the class of weak Parikh automata.

Definition — Parikh automata

A Parikh automaton (NPA for short) of dimension d € N over some alphabet ¥ is a
tuple (A, A\, ®) where A = (Q, Qr,Qr,A) is an NFA called the underlying NFA, its
transitions are labeled by A: A — Z? over the monoid (Z%, 474,0z4) and @ is an
existential Presburger formula with d free variables called acceptance constraint.

Let P = (A, \,®) be an NPA where A = (Q,Qr,Qr,A) and A\: A — Z¢ The
language defined by P is the set of words which admit an accepting run in A associated,
by A, to a weight vector that satisfies the acceptance constraint @. Formally L(P) = {u €
¥* : v € Z4 AccRunp(u,v) Av = @} and R(P) = {v € Z¢: Ju € ¥* AccRunp(u,v) Av =
®}. Let T'= {A(t) € Z¢: t € A} be the set of weight vectors. The representation size of
P is defined as |P| = |A|dl¢logy (i 4+ 1)|P| where £ = card(T") is the number of distinct
weight vectors and g = ||T'|| is the maximal absolute value appearing on weight vectors.
If numeric values of weight vectors are given in unary, the parameter u becomes fixed and
we have that |P| = |A|d¢|®|. A NPA is said to be weak when its acceptance constraint is
a weak existential Presburger formula.

2.2.1 Intersection and non-emptiness problems

The language of Parikh automata can be abstracted with Parikh image in order to
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decide the emptiness problem which asks whether the language is empty. The NP mem-
bership of the non-emptiness problem is proved, in Proposition II1.2 of [FL15]. Given
an NPA, the approach consists of constructing in linear time a Presburger formula that
denotes the Parikh image of the language of the underlying NFA [VSS05] from which, we
are able to represent the set of values that the acceptance constraint can deal with. Fi-
nally, the problem reduces to check for the satisfiability of both conditions, being feasible
by the underlying NFA and being accepted by the constraint. In addition, we highlight
a fragment for which the non-emptiness is NLOGSPACE.

Theorem 2.2.1 — NPA non-emptiness

The non-emptiness problem for NPA is in NP. It is in NLOGSPACE when the
set of weight vectors and the acceptance constraintV!are fixed (in particular, for
unary encoding of numeric values).

In fact, we are able to obtain a similar statement, but where the formula is logarithmic
in the number of transitions. In the following, we use the same proof techniques as used
in [FL15].

LEIMIMEA 2.2.2 v eereemeenett ettt ettt .

Let P = (A, A, ?) be a Parikh automaton of dimension d, with m transitions and
¢ distinct weight vectors which belong to {—u,...,—1,0,1,...,u}% One can
construct an existential Presburger formula ¥ of the form \/;_, ¥; for which there
exists v € N such that v = ¥ iff there exists v € L(P) with |u| = v. Furthermore
|;| is polynomial in ¢,d, |®| and logarithmic in m, p for all 1 <4 < s.

Proof Let P = (A, \,®) be a NPA of dimension d where A = (Q,Qr,Qr,A). We
define the data set D = {ay,...,a;} as the linearly ordered set of weight vectors of P
ie. D = {\(t) € Z% : t € A}. This proof highlights an existential Presburger formula
¥(x) which holds iff L(P) # @. The construction relies on Bp(R(P)) C N* the Parikh
image of R(P) with respect to D. We recall that 7 € PBp(R(P)) iff there exists an
accepting run g of P which visits exactly 7[i] transitions weighted by a; for all 1 < i < {.
Intuitively, the language non-emptiness L(P) # & comes as a consequence of the range
non-emptiness R(P) # @ and the fact that Presburger arithmetic permits to recover
the weighted vector of an accepting run from 7. In the sequel, (i) we describe how to
construct an existential Presburger formula 7" which defines Pr(R(P)) and (ii) from 7"
we define the existential Presburger formula ¥(x) which holds for v € N iff there exists
an accepting run of P of length v.

(i) By Lemma 2.1.4 there exist s € N linear sets L; = LinSet(b; | P;) C Z°
such that Pr(R(P)) = U;_, L;. Each set L; can be represented by the following
existential Presburger formula:

Ti(r) = (F2p) pep, |T=0i + > xp(ay)
pPEP;

Note that b; and P; depends on P only. Also Lemma 2.1.4 ensures that for all 1 <i <s
we have [|b;|| < m? and ||P;|| < m and card(P;) < 2¢?log,(2m + 3). Thanks to the
operator twice function xg, constants can be encoded in binary. So |1;| = O(44card(F;))
is polynomial in ¢ and logarithmic in m. Let (1) = \/;_; 2i(7) then for all v € N¢ we
have that v =71 iff v € Pr(R(P)).

(#1) Now, we explain how 7" and the acceptance constraint of P are glued together.
Recall that T' = {ay,...,ap} where each a; € Z¢ is a weight vectors of P. The value
of each dimension 1 < k < d at the end of a run can be computed from 7 € N’ by
crp = Z§:1 T[j] X proj,(a;) and the total number of transitions taken is = Z§:1 7[4].
Then, we define the formula ¥; as follows:

A {n(T) ANB(e) Ao =35 7j]
k] = 2 %y (1))

[VIA fixed acceptance constraint implies by definition a fixed dimension.

Y;(x) = 3r,3c
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We have that |&;| = O(|7;| + |®| + £ + d¢1ogs(]|T|])). Note that = ||T'|| is the maximal
absolute value appearing on weight vectors of P, it can be encoded in binary thanks to
the twice function Xs. Thus |¥;] is polynomial in ¢, d, |®| and logarithmic in m, u. To
conclude ¥(z) = \/i_, ¥;(x).

From the previous lemma, we are able to provide an upper bound on the complexity
to decide the language non-emptiness of the intersection of n NPA. It was shown to be
PSpPACE-C in [FL15] but here we have a more precise statement used in the sequel.

LEINIINIA 2.2, cooveeereremmmeent ettt ettt e ;
© Let Py, ..., P, be k NPA over X each of dimension d with at most m transitions, :
at most ¢ weight vectors that belong to {—u,...,—1,0,1,...,u}% and with an

acceptance constraint of size at most c. The non-emptiness of ﬂle L(P;) can be
decided within space polynomial in &, ¢, d, ¢ and logarithmic in m, u.

Proof Foralll <i <k, let P, = (A;, ®;) be a Parikh automaton of dimension d over X
with at most m transitions, where A; = (Q;, I;, F;, A;) is labeled by \;, admits at most
¢ weight vectors belonging to {—u,...,—1,0,1,..., u}¢ and |®;| < c.

We construct P an NPA such that L(P) = @ iff ﬂle L(P;) # @ which simulates each P;
by performing their transitions sequentially to keep a set of weight vectors of polynomial
size. Note that, due to this sequentiality P is not build in the way to have ﬂle L(P)
as language, only the non-emptiness matter here. Formally, its set of states is Q =
{1,...,k} X Q1 X -+ X Q, its set of initial states is [ = {1} x I} x --- X I, its set of
final states is FF = {1} x Fy X --- x Fj. Given a € 3, consider for each A; a transition
¢ % q, € A; with v; = \i(pi, a,q;) € Z%. The transition relation A of P contains ¢; =
(L,q1,---q8) = (2,41,92,.-.,qx) and ... and ¢ = (k, ¢}, ..., qh_1,qx) = (L, ¢1, .-, qL)
with A(t;) = {03901 x {v;} x {0}9** =) The input letter on transitions of P does

not matter here. Finally, its acceptance constraint @ is defined by @(z1,...,zx) =
/\f:1 ®;(x;). Note that P has a dimension kd, it admits at most km? transitions, at most
k¢ distinct weight vectors which all belong to {—u,...,—1,0,1,...,u}*¥ and |®| < ck.

In order to determine whether L(P) = &, we consider the Presburger formula ¥ using
Lemma 2.2.2 on P. We get ¥(z) = \/]_, ¥;(x) where each |¥;] is also is polynomial in
k,¢,d,c and logarithmic in m, u. Recall that for all v € N, there exists u € L(P) with
|u| = viff v = ¥. By Fact 2.1.3, there exists a bound n exponential in |¥;| such that ¥; is
satisfiable iff it is satisfiable for some value in {0, ...,n} C N. Note that n is exponential
in k,¢,d, c and polynomial in m, u. Hence, the language L(P) is non-empty iff it accepts
a witness word of length at most n.

Now we describe an algorithm which decides the emptiness of L(P) using a working
space logarithmic in n. The algorithm does not construct explicitly P but guesses non-
deterministically on-the-fly a witness of length at most n and controls its length using a
binary counter. The end of the run is also non-deterministically guessed and its accep-
tance constraint holds if @ (explicitly constructed) is satisfied by the accumulated weights.
We show that, given v = (v1,...,v4x) such that v; < pn, deciding whether v |= @ can be
done using a space logarithmic in n. Let &' (z1,...,zq) = P(x1,...,2x) A /\f:1 v = T;.
The satisfiability of ¢ in NP thanks to [Sca84]. Since |¢'| < ||+ k + Zle log(un) due
to binary encoding of numbers in the formula thanks to the twice function x5, we get

an algorithm logarithmic in n.
From Lemma 2.2.3, we get the NLOGSPACE membership for the restricted non-

emptiness of NPA when the set of weight vectors and the acceptance constraint as stated
by Theorem 2.2.1. The following result, already given by Proposition III1.3 of [FL15],
also comes as a direct consequence.

Corollary 2.2.4 — NPA intersection problem

Given k NPA Py, ..., Py, deciding whether ﬂle L(P;) = @ is in PSPACE.

A reader familiar with results on the Presburger logic could see that requiring a
constant acceptance constraint in Theorem 2.2.1 is not a necessary condition. In fact,
Scarpellini shows in Theorem 6.B of [Sca84] that satisfiability of existential Presburger
formula with a fixed number of quantifiers (and thus without succinct constant multi-



Section 2 — Parikh automata 21

plication x.) can be decided in NLOGSPACE. We conjecture that “non-emptiness prob-
lem for NPA where number of used variables and set of weight vectors are fixed is in
NLOGSPACE”.

In the next subsection, we show that the weakness restriction of NPA on the accep-
tance constraint permits to relax the condition on the set of weight vectors while keeping
an NLOGSPACE complexity for the non-emptiness.

2.2.2 Weak Parikh automata

The emptiness problem for Parikh automata have been previously treated. In partic-
ular, Theorem 2.2.1 provides an NLOGSPACE algorithm for deciding the non-emptiness
problem for automata with a constant set of weight vectors and a constant acceptance
constraint. In fact, to obtain NLOGSPACE the assumption on the set of weight vec-
tors is not necessary in the case of weak Parikh automata. Here, we provide another
NLOGSPACE algorithm for non-emptiness of weak Parikh automata (over an arbitrary
set of weight vectors) with a constant acceptance constraint.

The restriction to use only predicates # in the acceptance constraint is major in the
way a run can be evaluated. Intuitively, checking the distinctness of two integers is easier
than checking the ordering in the sense that it does not require the entire knowledge of
the values. This fact is formalized by the following lemma.

LEIMITIA 2.2.5  eeeoeeermrmmmmnamea et e e e e e e .

Let N € N. For all x,y € N such that —N < z,y < N we have x # y iff there
exists 0 < z < (2 111(2N))2 such that z Z y mod z.

Proof In this proof we denote by p, the nth prime number. Note that =z # y iff
r+ N #y+Nand 0 < z+ N,y + N < 2N. Since p1 X -++ X plog,2n) = 2N,
the Chinese Remainder Theorem states that any integers x € {0,...,2N} is uniquely
determined by the tuple (x1,..., xlOgQ(gN)) where x = z; mod p; for each 7. Similarly,
with y and (y1, ..., Yiog,(2n)) such that y = y; mod p; for each i. So, x # y iff there
exists £ < log,(2N) such that z; # y; mod p,. Thanks to Rosser’s theorem [Ros39],
pe < {In(¢) + 2¢1In1n(¢) for £ > 3. To conclude, p; < (2In(2N) 2, ¢

By the use of Lemma 2.2.5 and the Chinese Remainder Theorem, we are now able
to check the acceptance constraint of weak NPA by first guessing for all literals which
remainder will differ.

Theorem 2.2.6 — weak NPA non-emptiness

The non-emptiness problem for weak NPA is in NP. It is in NLOGSPACE when
the acceptance constraint!V'is constant.

Proof Let P = (A, ®) be a weak Parikh automaton of constant dimension d where A =
(Q, I, F,A,)\) have weight vectors in {—pu,...,0,...,u}? C Z¢ and @ is an acceptance
constraint of constant size. We provide an algorithm which decides whether L(P) # @
holds in NLoGSPACE. To do so, (i) we first make some assumptions on P to simplify
the proof and the notations. Then (i) we show a small witness property on P which
states that the non-emptiness of L(P) implies the existence of an accepting run with a
polynomial length and which satisfies the acceptance constraint. Finally (7ii) we describe
a non-deterministic procedure that uses a logarithmic space.

(7) In this proof, we assume that the acceptance constraint @ is of the form /\?=1 xz; #0
where d is the dimension of P (it is constant as ¢ has constant size at least d). We
prove now that this assumption is without loss of generality. Since the acceptance
constraint @ is fixed, it can be transformed in disjunctive normal form and its quan-
tifiers can be removedV'in constant space. In addition, the treated disjunct can be
non-deterministically guessed at the beginning for the NLOGSPACE procedure. So, the
acceptance constraint can be transformed into the form /\f:1 ;121 + -+ Qg #0
where £ and all a; ; are constant integers. To obtain the desired form, we need to change
the weight vectors of P. This modification of the labeling does not change the language

VI A constant acceptance constant implies a constant dimension.
VI An algorithm for the quantifier removal of Presburger formula is given in [Coo72] for instance.
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of P nor the length of the minimal accepting run. Given a transition ¢ € A such that

A(t) = (v1,...,vq), we define N'(t) = (v],...,v)) where v; = a; 101 + -+ + @; qvq. For
all 1 <1 <k the function f;: (z1,...,24) — ;121 + - - + a; gxq has constant size since
the acceptance constraint is fixed. However, applying f; on any tuple (v1,...,vq) of the

transitions of P requires polynomial space. We explain in (i4:) how it can be partially
computed to stay within logarithmic space.

(#t) In this paragraph, we show that if P (assumed to have an acceptance constraint
of the later form) admits an accepting run which satisfies the acceptance constraint,
then it admits such a run of polynomial length. Let ¢ be an accepting run of P such
that out(p) = ®. Consider A, C A be the set of transitions visited by ¢ and C =
SimpleCycles(A) N A} be the set of simple cycles over transitions used by ¢.The run o
can be decomposed into 101 ... tmom where {t1,...,t,} = A, and p; are intermediate
runs. Such decomposition ensures the possibility to attach any cycle of C to o. We then
construct a shorter run from o by iteratively removing simple cycles of all ;. Formally,
from any run 7 we define the sequence 79 = 7 and for all ¢ > 0, 7; is equal to 7;_1 in which
the first visited simple cycle is removed (the choice of the removed cycle is not important
but we set it to be the first to make this choice canonical). We let 7 the limit of this
sequence (which is reached in at most |7| iterations). We now let § = ¢101 ...t 0m.

By construction, ¢ have a length at most card(A)? and it is accepting since g is so.
However, ¢ may not satisfy the acceptance constraint @, i.e. , proj,;(8) = 0 for some i,
where proj,; denotes the projection on the ith component. We claim that the satisfaction
of @ can be restored by attaching d simple cycles of C to g.

e Forall 1 <4 <d for which proj,(out(g)) = 0, there exists a cycle denoted ¢; € C
with proj,(out(c;)) # 0. Indeed, if proj,(out(c)) = 0 for all ¢ € C' then in particu-
lar the cycles removed from p to obtain ¢ have all value zero on the ith component.
As a direct consequence proj,(4) = proj,;(¢) = 0 implying that out(p) = ¢ which
contradicts the assumptions that ¢ = @. Thus ¢; exists.

e TForall1l < < d for which proj,;(out(g)) # 0, we pick some cycle ¢; € C arbitrarily.

So, we get d simple cycles ci,...,cq € C that not necessarily appear in ¢ but can
be attached to ¢ and iterated. For instance, if c¢; start with some transition ¢;, say
c1 =ttt} ... t,t;, then it can be iterated in g, i.e. for all £ € N the sequence of transition
t101 ... 05-1(c;)kd; .. . tmom is a accepting run of P.
Now, we have to determine how many times each cycle have to be iterated in order
to satisfy @. This is done by solving the system of disequations /\;.l=1 proj;(out(d) +
yrout(cy) + -+ - 4+ ygout(cq)) # 0. Using a pigeon hole argument, we can prove that a
solution exists by interpreting all y; in {0,...,d}. Formally, we show by induction on
0 < j < d how to determine the value 8; € {0,...,d} of the variable y; such that the
following holds. _

1. proj; (out(d) + Y 77_, Brout(cy)) # 0 for all 1 < j" < j

2. proj,(out(p)) # 0 = proj,;(out(d) + > ;_, Beout(ce)) # 0 forall 1 <i<d
For j = 0 both properties hold trivially. Assume by induction hypothesis that (1) and
(2) hold for some 0 < j < d. If proj,(out(g)) # 0 then (1) and (2) trivially extends to
j +1 by taking 841 = 0. Otherwise, let v = out(9) + >_J_, Brout(ce) € Z¢.

e For each 1 i < d such that proj,(out(c;4+1)) # 0 the equation proj,(v +
yout(cji1)) 0 admits a unique non-negative solution for y. We consider at
most d equations so, there exists 8,11 € {0, ...,d} that dissatisfies them all.

o For each 1 < i < d such that proj,(out(cj+1)) = 0 we have that proj,;(v +
Bj+10out(cjy1)) = proj,;(v) and then (1) and (2) trivially extends to j + 1.

This construction ensures the existence of an accepting run that satisfies @ and have a
length bounded by N = (2dcard(A))? since |9| < card(A)?, |¢;| < card(A) and 3; < d
forall 1 <17 <d.

(#i7) As for Theorem 2.2.1, we provide an algorithm that guesses a witness in L(P) of
length at most N. Since N is polynomial in |P|, the length can be memorized in binary
using a logarithmic space. However, the value of accumulated weights along such witness
grows with the maximal absolute value p and thus can be u/N, which is exponential in
|P|. Thanks to Lemma 2.2.5, for all 1 < i < d the constraint z; # 0 holds iff there exists

0<r< (2 1n(2uN))2 such that x; 2 0 mod r;. Using a binary encoding, the numerical
value (2 ln(QMN))2 requires 2log, (2In(2,N)) bits which is logarithmic in |P|. Hence
our NLOGSPACE algorithm has d counters, and starts by guessing each rest r;. Then it
searches a witness non-deterministically on-the-fly by controlling is length with a binary

Il IA
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counter, performing transitions on-demand and updating each counter values modulo the
corresponding rest r;. More precisely, each function f; defined in paragraph (i) can be
partially computed by taking its arguments modulo r; and returning its result modulo 7;
as well. Finally, for acceptance, it checks the satisfiability of @ within logarithmic space.

¢

In the previous subsection, we made the conjecture that only the number of used
variables in the acceptance constraint and vector weights need to be fixed to obtain
NLOGSPACE membership for the non-emptiness of NPA. This argument does not seem
to be sufficient in the case for weak NPA with unbounded vector weights. Formally, we
conjecture that “non-emptiness problem for weak NPA with number of used variables
fixed is hard for PTIME”.

2.3 Future and related works

We investigated complexity results of the Parikh automata formalism, which is, an
extension of regular automata which semi-linearly constrains the number of times tran-
sitions occur.

Future works

However, we have not investigated the complexity of inclusion problem for Parikh au-
tomata. Klaedtke and Ruefl shown that the universality is undecidable implying the same
results for equivalence and inclusion [KR03]. As proved by Cadhilac et al. in [CFM13],
the unambiguous fragment of Parikh automata has decidable inclusion problem. It is
known that the class of k-valued sum-automata, which associate at most k distinct val-
ues to each input word, coincide with the class of k-unambiguous one, which have at
most k accepting run for each input word [SdS10]. As a matter of fact, for a fixed k € N,
we conjecture that the language inclusion problem for Parikh automata represented by
k-valued sum-automata with existential Presburger formula as acceptance constraint is
PSpace-C.

Related works

We considered a fragment of Parikh automata where the acceptance constraint is
restricted to weak existential Presburger formula, or equivalently 3FO(Z,+#,+). Dise-
quality tests have been considered in the context of vector addition systems with states
(VASS) where the authors investigate the one-counter case [ACP*19]. Note that, counter
values of VASS range over N. Now, consider the (unary) neg predicate defined for all
v € Z such that neg(v) holds iff v < 0. Since our setting, IFO(Z, #, +), is not expressive
enough to define the predicate neg, the two formalisms are incomparable.

We recall that, the emptiness problem of Parikh automata with acceptance constraint
in IFO(Z, <, +) i.e. existential Presburger formula is in NP and it is in NLOGSPACE if
the acceptance constraint is in IFO(Z, #,+) i.e. weak existential Presburger formula.
The study of the emptiness problem of Parikh automata with acceptance constraint in
AFO(Z, #, +, neg) may rely on proof techniques from [ACP*19].

Extensions of Parikh automata have been studied in the literature. On one hand,
the model of the underlying automata can be generalized. For instance, affine Parikh
automata [CFM12] generalize computation of the values of runs. Instead of taking an
automaton weighted by a vector of integers, authors considered an automaton weighted
by linear functions. So, an update does not add a constant vector but applies a linear
transformation. The downside is that this extension turns out to be quickly intractable
since emptiness is undecidable for deterministic affine Parikh automata. The one-counter
fragment seems to recover the decidability for emptiness, in fact, even when the updates
are computed by a polynomial [FGH13]. Another extension that generalizes the model
of the underlying automata is two-wayness, i.e. regular automata that are also allowed
to read the input word backward. In [FGM19] we prove that two-way Parikh automata
are undecidable for the emptiness problem, then we consider several sufficient conditions
under which decidability is recovered and we investigate how they change the complex-
ity. On the other hand, systems of quadratic Diophantine equation are decidable for
satisfiability [GS81] and generalize the model from semi-linear acceptance constraint to
non-linear one. This result has been used in automata theory to show decidability re-
sults of ratio-automata, i.e. two counters sum-automata that aggregate its values with a
Euclidean division [FGR15].



24



Chapter 3

Weighted expressions with
semi-linear combinators

A popular formalism to define quantitative languages over integers is that of weighted
automata over the tropical semi-ring (Z, max, +) as defined in Section 1.4, called WAZSX
here after. We recall that, given an input word w, the image of v by a WAL is the
maximal value amongst all sums of weights from accepting runs on u. In particular,
the semantics of sum-automata and WA coincide for their unambiguous fragment i.e.
for automata which admit at most one accepting run on any input word. However,
WAL have undecidable!™! inclusion, equivalence and universality problems [Kro94],
even if they are linearly ambiguous i.e. for automata which have at most a linear num-
ber of accepting runs in the length of its input word [DGM17]. The most expressive
known class of WA enjoying decidability for inclusion is that of finitely ambiguous
WAL [FGR14]. Moreover, WAL are not closed under simple operations such as mini-
mum or minus [KLMPO04]. In particular, basic functions such as u — min(|uls, |u|s) and
as a consequence u — abs(f(u) — g(u)) are not definable by WAR, even if f, g are.

To cope with the expressiveness and undecidability issues, we introduce new weighted
formalisms which retain decidability for inclusion while being strictly more expressive
than finitely ambiguous WA, The previous chapter presented the model of Parikh
automata that enrich the acceptance of a regular language with a Presburger constraint.
Now, we use the expressiveness of Presburger arithmetic to attach a mechanism that com-
bines outputs computed by a regular language in order to define quantitative languages

over integers.

3.1 Weighted expressions without iteration

We start our study of weighted expressions by a definition directly inspired by [CDE*10]
where deterministic sum-automata are used as building blocks of quantitative expres-
sions, called mean-payoff expressions™ that can be inductively composed with functions
such as min, max, addition and minus. The universality, emptiness, inclusion and equiv-
alence problems for mean-payoff expressions are PSPACE-C [Vel12]. We cast here mean-
payoff expressions to finite words, this gives what we call simple expressions. We prove
some results for simple expressions that motivate the need to have a more expressive
formalism.

Definition — Simple expressions

A simple expression is a term generated by the following grammar, where D range
over deterministic sum-automata.

E =D | HliIl(El,EQ) | HlaX(El,EQ) | E1 + E2 | E1 — E2

Any simple expression E defines a quantitative language [E]: ©* — Z on a domain
dom(E) is inductively defined as: If E is defined as a deterministic sum-automaton D then
dom(E) = dom(D) and for all u € L(D) we have [E](w) = [D](w), where the semantics of
sum-automata has been defined in Section 1.4. Otherwise if F is of the form min(E1, Es)
then dom(FE) = dom(E7) Ndom(E2) and [E](w) = min([E1](u), [E2](u)) holds for all
u € dom(FE). The semantics of max, + and — are defined similarly. We say that two
simple expressions E1, Fs are equivalent if [E}] = [Ez], in particular dom(F;) = dom(E5).

max

[XIThe quantitative language emptiness problem is decidable for WAL,
XIChatterjee et al. studied quantitative expressions on infinite words and the automata that they
consider are deterministic mean-payoff automata
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Now, we provide a criterion which shows that taking deterministic sum-automata as
atoms for simple expression is strictly less expressive than taking an unambiguous sum-
automata. A quantitative language f denotes a Lipschitz-continuous function if there
exists k € N such that for all words u,v € ¥*, abs(f(u)— f(v)) < kx (Ju| + |v] — 2|uMv])
where u Mwv denotes the longest common prefix of v and v.

Proposition 3.1.1

l Any simple expression defines a Lipschitz continuous quantitative language.

Proof To prove that simple expressions define Lipschitz continuous functions, we need
to show that for all simple expression F, there exists £k € N such that for all words
u,v € 3*:

abs(E(u) — E(v)) <k (|u| 4 [v] — [urv]) (%)

We reason by induction on the structure of the simple expressions.

First, let us consider the base case where £ = D. As D is deterministic, the partial
sum on ©v = w - ¢’ and v = w - v' on their common prefix w = wMwv is equal in the two
cases to some value s,, then on the two different suffixes v’ and v’, their sum may differ
but at most by the following amount: |u'| X p + |[v'| X p where p is the maximum of
the set of absolute value of weights appearing in the automaton D. It is clear that the
inequality (x) is true when we take k = p.

Second, we consider the operation min for the inductive case, i.e. E = min(E7, F3). The
other operators are treated similarly. By induction hypothesis, F; and E5 defines Lip-
schitz continuous functions, and we note ki and ks their respective Lipschitz constants.
We claim that k = max(k1, ko) is an adequate constant to show the Lipschitz continuity
of E that is:

Yu,v € ¥* abs(min(E1, Eq)(u) — min(Eq, E2)(v)) < k(|u] + |v] — |[uMv|)

Let d = (Ju| + |v| — |[uMwv]). Assuming that min(E, Es)(u) = Ey(u), min(E;, E2)(v) =
E5(v), and that Ey(u) > Ea(v). Thus abs(FE;(u) — E2(v)) = Eq(u) — E2(v). Furthermore
we have Ej(u)— Ea2(v) < Ey(u)— Eq(v) < k1d < max(ky, k2)d. So finally, max(ky, k2)d =
kd. All the other cases are treated similarly. ¢

Unambiguous sum-automata can define functions that are not Lipschitz continu-
ous, as for example the function “last block” which maps any word over the form
a™ba™1b...ba™ to ng. Hence by the previous proposition, this function is not de-
finable by a simple expression. On the other hand, v+ min{|ul,, |u|s} is definable by a
simple expression while it is not definable by any WAL [KLMPO04], and then neither by
the subclass of unambiguous sum-automata. To summarize:

Proposition 3.1.2

There are quantitative languages that are definable by unambiguous sum-
automata and not by simple expressions. There are quantitative languages that
are definable by simple expressions but not by an unambiguous sum-automata.

3.1.1 Monolithic Expressions

To unleash the expressive power of simple expressions, we introduce monolithic ex-
pressions as a generalization. First, instead of deterministic sum-automata, we consider
unambiguous sum-automata as atoms. This extends their expressiveness beyond finite
valued WAZS. Second, instead of considering a fixed (and arbitrary) set of operators,
we consider instead any Presburger combinator. We show that all the decision problems
are PSPACE-C for monolithic expressions.

Any binary operation B: Z?2 — Z is extended to quantitative languages by fi B
fo(u) = fi(u) B fa(u) if u € dom(f1) N dom(fz2), otherwise it is undefined. Let ¢ be a
existential Presburger formula of dimension d € No. We say that ¢ is functional™" if
for all vy,...,v4-1 € Z, there exists a unique vy € Z such that vy,...,v4 = ¢. Hence,
¢ defines a total function from Z9~! to Z that we denote [¢]. For convenience, we

X For readability, we use uppercase like @, ¥ for existential Presburger formula and lowercase like ¢, v
for function defined by existential Presburger formula
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call @ = d — 1 the arity of ¢ and write p(x1,...,2,) to denote the unique z such that
o(z1,...,Zq,2) holds. We say that a function f: Z% — Z is a Presburger combinator if
there exists a functional existential Presburger formula ¢ such that f = [¢].

Example 3.1.3

The following examples are Presburger combinators.
e The operator max which returns the maximum of values x1,...,z, € Z is
definable by:

@maxz(/\xigz)/\(\/xi:z)

=1

e The absolute value of z is defined by:
Vabs = (<0 = z=—-2)A (>0 = z=1x)
e the l-norm distance Y ;. abs(x; — y;) between (z1,...,2y) and (y1,...,Yn)
is defined by:

n n
Y1 = dz1 ... 3z, /\ (Pabs(xi - y“Zi) Nz = Zzz
i=1 =1

Definition — Monolithic expressions

A monolithic expression is a term E generated by the following grammar, where W
range over unambiguous sum-automata and ¢ range over Presburger combinators
of some arity n € N.

E:=W|o(Ey,...,E,)

The semantics [E]: £* — Z of a monolithic expression E is defined inductively
and similarly as for simple expressions. For E of the form ¢(Fy,...,E,) we define
dom(E) = (i, dom(E;) and [E](uv) = [¢]([E1](w),...,[En](w)) for all u € dom(E). The
representation size |E| of a monolithic expression E is inductively defined as: If F is
defined as an unambiguous sum-automaton W then |E| = |W| otherwise if E is of the
form ¢(E1, ..., E,) then |[E| = || + Y1, |Eil.

As seen in Example 3.1.3, max is Presburger-definable by a formula ¢y, it
is also the case for min(FE1,...,E,), E1 + E2, E; — Es and the unary opera-
tion —E. For monolithic expressions Ej, Fa, the distance abs(E; — E3): u €
dom(FE4) N dom(Es3) — abs(Ei(u) — Fa(u)) is defined by the monolithic expres-
sion max(E; — F5, B9 — Ey). This function is not definable by a WAL even if
E4, Es are given by unambiguous WARS. As a consequence of non-expressibility
by WAL of min{|ul,, |ulp} = abs(0 — max{—|ul,, —|u|s}) for all v [KLMPO04].

Proposition 3.1.4
Monolithic expressions are strictly more expressive than finite valued WAZS.

max

There are functions definable by monolithic expressions and not by a WAL

Proof We show that monolithic expressions can express any quantitative language
definable by a k-valued WARSE. It is known that any k-valued WAL A can be decomposed
into a disjoint union of k unambiguous sum-automata A; [FGR14, KLMPO04]. It is
tempting to think that A is equivalent to the monolithic expression max(A4y,..., Ag).
However, this latter expression is defined only on (), dom(4;), which may be strictly
included in dom(A). Hence, we first complete any automaton A; into some B; such
that dom(B;) = dom(A) and for all w € dom(B;) \ dom(A;), [B:](uw) < [A](u). Let p be
the smallest value occurring on the transitions of all the automata A;. We construct
B; as the disjoint union of A; and some deterministic sum-automaton A{ such that
dom(A¢) = dom(A) \ dom(4;) and [AS](u) = pl|u|. In fact, AS can be easily constructed
from any DFA recognizing dom(A) \ dom(A;) and weight function associating p to any
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transitions. Then, A is equivalent to the monolithic expression max(Bj,...,By). For
the second statement, it is already the case for simple expressions by Proposition 3.1.2.
¢

Our goal is now to show the decidability of the classical decision problems for quan-
titative languages defined by monolithic expressions. In fact every problem reduces (in
PTIME) to the >0-emptiness problem.

Proposition 3.1.5

The quantitative emptiness, universality, equivalence and inclusion decision prob-
lems for monolithic expressions reduce to the >0-emptiness.

Proof Monolithic expressions contains the constant quantitative languages ¢;: u +— v
for all v € Z, it is closed under regular domain restriction, minus and enjoy decidable
domain inclusion, the emptiness, universality, inclusion and equivalence problems. So,
the reduction to the >0-emptiness problem goes as follows:
e to establish f(w) > v for all w € dom(f), it suffices to check that it is not the case
that Jw € dom(f), —(f(w) —v) >0
e to establish dom(f2) C dom(f1) and fi(w) > fa(w) for all w € dom(f2), when
the first assertion succeeds it suffices to check that it is not the case that Jw €
dom(f2), —(f1(w) — fa(w)) >0
Finally, the strict inequalities variants reduces to >0-emptiness which in turns reduces to
>0-emptiness by adding the constant function ¢;. Note also with similar arguments, we
can show that the >0-emptiness problem can be reduced to the universality and inclusion

problems. ¢
Thus, we only have to provide a decision procedure for >0-emptiness, and to do so,

we first give a normal form on monolithic expressions that allows us to rely on Parikh
automata defined in Section 2.2.

Lemma 3.1.6 — NOTMAl FOFITIL  «+oorrerrrmrammrmmm i :

From any monolithic expression FF whose atoms are unambiguous sum-automata
Wi, ..., Wy, one can construct in linear-time an equivalent monolithic expression
o(Wy,...,W,), for some Presburger combinator .

Proof We construct E' the normal form of E such that [E] = [E'] and |E'| =
O(|E|), by structural induction on E. If E is defined as an unambiguous sum-
automaton W then E' = ¢jq(W) where ¢iq denote the identity function. If E is
of the form ¢(FE1,...,E,) then for each ¢ € {1,...,n} we can construct by induc-
tion hypothesis E! = ¢;(W;1,...,Wim,) equivalent to E;. Finally, we define E' =
Wi, s Wimys-- s Whna, ..., Wam, ) where ¢ is constructed as follows:

Y(ry, .o Tn,T)
(X115 3 Ty 3Ty e o3 Tpymys T) = 31500, Ty /\ N
/\i=1 d)i(gji,la e 7xi,nztvri)

¢

Theorem 3.1.7

The emptiness, universality, inclusion and equivalence problems for monolithic
expressions are PSPACE-C.

Proof We start by proving the upper bound. By Proposition 3.1.5 and since
PSPACE = COPSPACE we must only show that the quantitative >0-emptiness prob-
lem is in PSPACE. Let E be a monolithic expression, we can assume w.l.o.g. that F is of
the form o(Wh,..., W, ) applying Lemma 3.1.6. Then the proof goes as for Lemma 2.2.3
where W; are seen as UPA with a trivial acceptance constraint. The formula @, in the
proof of Lemma 2.2.3 is now defined as &(x1,...,z5) = p(x1,...,2r). Note that, by
taking ¢ = || as parameter we have that |@| < ck.

We now show the lower bound, by reduction from the finite automaton intersection
problem. Let Aq,..., A, be n deterministic regular automata with a common alphabet
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¥, determining whether {w € ¥* | w € ;_, L(A;)} # @ is PSPACE hard. Moreover,
since PSPACE = COPSPACE we also have that {w € * | w € ., L(4;)} = @ is
PSpPACE hard. So, for each 1 < i < n, we construct in linear time the deterministic
sum-automaton W; such that for all w € X* if w € L(A4;) then W;(w) = 1 otherwise
We show that the finite automaton intersection problem can be reduced to the quanti-
tative >0-emptiness problem and its negation can be reduced to the quantitative equiv-
alence problem:

fwer lweNL, L(4)} =2 <VweX 31 <i<nw¢L(4)

& Yw € & min(Wy (w), ..., Wy(w)) =0
{fweS lweNL, L(A)} #2 ©& JweX* V1 <i<nwe L(4;)

< Jw € T* min(Wi(w), ..., Wy(w)) >0

Finally, the PSPACE hardness of the quantitative equivalence implies trivially the PSPACE
hardness of the quantitative inclusion. ¢

3.2 Weighted expressions with iterated sum

As shown by Proposition 3.1.4 monolithic expressions are strictly more expressive
than finite valued WAZS. However, in this model, combinator cannot be apply at run
time i.e. there is no operation iterable on factors of the input word. For instance, the
following quantitative languages are not definable with monolithic expressions.

Example 3.2.1

Let ¥ = {a,b,c,d} and S = {0, e} two separator symbols. Let f, g, h be quantita-
tive languages defined, for all n > 1 and uq,...,u, € ¥*, all s1,...,s, € S and all
Viy...,0n € (U {0})* by:

fluisy .. upsy) = 22;1 max{#q(u;), #o(ui)}
g(u1st ... unsn) = Yoi max{#.(u;), #alu;)}
h(vio---ov,0) = YU  max{f(v;0),g(vio)}

Any atom of a monolithic expression applies on the whole input word, while here
one needs to apply them on factors of the input word. We conjecture that f cannot
be defined with a monolithic expression. Note that h needs two levels of iterations,
as f and g themselves iterate over factors of the sub-words v;.

Let us now formally define what we mean by iterated-sum. It is an unambiguous
quantitative version of the Kleene star, which was already defined in [AFR14].

Iterated sum

We start by defining the language of uniquely decomposable words with respect to a
language L C ¥*. It is denoted by L® C L* and define as the set of words w such that
there exists n > 1 and at most one tuple (wy,...,w,) € (L\ {e})™ where w = wy ... wy,.
Conventionally we consider also L® = L% U {e}. Given f: ¥* — Z a quantitative
language, the iterated-sum of f denoted by f®, is defined by f®(e) = 0, and for all
w € dom(f)®, by f®(w) = >, f(w;), where (w1,...,w,) is the unique decomposition
of w. Note that dom(f®) = dom(f)® for any f.

Proposition 3.2.2

l Given a regular language L C X*, its unambiguous iteration L® is regular.

Proof Let A = (Q,qr,QF,A) be the DFA recognizing L \ {¢}. First one can define
the non-deterministic automaton B (with e-transitions) from A as B = (Q, {qr,4}},
QrU{q,}, AU{(gs.€,qr) | g5 € Qr}) which accepts € and all words that are decomposable
into non-empty factors of L. Then, by taking the product of B with itself, and by adding a
bit of memory in this product to remember whether some e-transition was fired in parallel
of a non-¢ one (which implies in that case, if the two simulated runs of B terminates,
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that there are two distinct decompositions), one obtains an automaton which accepts
all words which can be non-uniquely decomposed. It suffices then to complement this
automaton, concluding the proof. ¢

3.2.1 Definition and undecidability of expressions with iterated-
sum

We now define the extension of monolithic expressions with iterated-sum and how it
leads to undecidability.

Definition

A iterated-sum expression E is a term generated by the following grammar, where
W range over unambiguous sum-automata and ¢ range over Presburger combina-
tors of some arity n € N.

E:W|¢(E137En)|E®

As for monolithic expressions, the semantics of any iterated-sum expression E is a
quantitative language [E]: ¥* — Z inductively defined on the structure of the expres-
sion, in particular [E®] = [E]®. The domain dom(E) of an iterated-sum expression is
dom([E]). We extend the representation size of a monolithic expression to an iterated-
sum expression by |[E®| = |E|+ 1. We also introduce the syntactic sugar +, —, max, min
which are Presburger-definable, as well as the regular domain restriction®™" E|;, of a
given expression E for any regular language L.

Example 3.2.3

The quantitative language f of Example 3.2.1 can be defined by the expression
F = max(W,,W,)®, where W,, for ¢ € {a,b,c,d}, is a deterministic 2-state
sum-automaton counting the number of occurrences of ¢ in words of the form wus,
u € {a,b,c,d}* and s € S (otherwise it is undefined). Similarly, g is defined by
G = max(W,, Wy)®.

The quantitative language h is defined by H = max(F|r,G|L)®, where L is defined
by the rational expression (X*e)*YX*o. Note that in H, iterated-sum operators are
nested, and it is necessary, since the max operator does not distribute over the sum
operator. The example H can be generalized to any nesting level n of iterated-sum
operators, by considering n different separators.

As a positive result, we first show that the domain of any iterated-sum expression E
is effectively regular.

Proposition 3.2.4

l The domain of any iterated-sum expression is regular.

Proof The domain of a sum-automaton is regular, and defined by its underlying finite
automaton. For an expression ¢(Ej,...,E,), by induction dom(FE;) is regular for all
i, and by definition, dom(p(E1,...,E,)) = (), dom(E;) which is regular since regular
languages are closed under intersection. Consider now the case of an expression of the
form E®. By induction hypothesis, dom(E) is regular, and since dom(E®) = dom(E)®,
by Proposition 3.2.2 we get the result. ¢

By reducing the halting problem for 2-counter machines, it turns out that all the
decision problems are undecidable for iterated-sum expressions, even without nesting
iteration operators.

Theorem 3.2.5

Emptiness, universality, inclusion and equivalence for iterated-sum expressions
are undecidable problems, even if only monolithic expressions are iterated.

XU The expression E|;, can be effectively constructed by E + Cp, where Cr, is an unambiguous sum-
automaton such that dom(Cr,) = L and for all w € dom(Cp,) we have that [Cr](w) = 0.
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Proof The proof of this theorem, inspired by the proof of [DGM17] for the undecidability
of WA universality, consists of a reduction from the 2-counter machine halting problem
to the > 0-emptiness problem of iterated-sum expressions. In particular, we construct
an expression E such that E(w) < 0 for all w € dom(E), and E(w) = 0 iff w encodes
an halting computation of the counter machine. This establishes undecidability for the
other decision problems by Proposition 3.1.5.

Sketch of proof We first explain the main ideas of the proof. A configuration of a 2-
counter machine is defined as a tuple (¢,v) where ¢ is a state and v: {z,y} — Z a
counter valuation. In this reduction, a transition between two successive configurations
g1, (x = c1,y = d1))d(qe, (x = ca,y — d2))..., where ¢ is a transition of the machine,
is coded by a factor of word of the form: ... F g1a®b® 1§ g2a®2b% 4 gaa®b® < ...
We show that such a word encodes an halting computation if it respects a list of simple
requirements that are all are regular but two: one that expresses that increments and
decrements of variables are correctly executed, and one that imposes that, from one
transition encoding to the next, the current configuration is copied correctly. In our
example above, under the hypothesis that x is incremented in §, this amounts to check
that the number of a occurrences before § is equal to the number of occurrences of a after
¢ minus one. This property can be verified by simple expression on the factor between
the F and - that returns 0 if it is the case and a negative value otherwise. The second
property amounts to check that the number of occurrences of a between the first > and
- and the number of a between the second F and second < are equal. Again, it is easy to
see that this can be done with a simple expression that returns 0 if it is the case and a
negative value otherwise. Then, with iterated-sum expressions we decompose the word
into factors that are between the markers F and -, and other factors that are between
the markers > and <, and we iterate the application of the simple expressions mentioned
above. The sum of all the values computed on the factors is equal to 0 if the requirements
are met and negative otherwise.

Formal proof We now formally define the reduction from the halting problem of 2-counter
machines. Let M = (2,{z,y}, Q, ¢init, F, A, 7, A) be a deterministic 2-counter machine,
with set of states @, initial state g;,;;, accepting states F', transitions A : Q x ¥ — @,
guards 7 : A — {0,701} (tests to 0 for both counters), and updates A : A — {—1,0,1}2.
Let vy be such that vp(z) = 0 and v(y) = 0, and w.lo.g., let us assume that the
states in F' are the halting states of M. We reduce the problem of deciding if the
unique™ ™ computation of M that starts from configuration (g, 7o) reaches or not an
accepting state (from which it halts) to the problem of deciding if for some effectively
constructible iterated-sum expression E, there exists a word w € L(FE) such that E(w) >
0.

Before defining F, we first explain how we encode computations of M into words over
the alphabet ' = Q U {F,-,>,<,a,b} UA. Let o =

(QO7 00)50((]17 U1)51 v (Qn—la vn—l)én(Qna vn)

be a computation of M, we encode it by the following word over I:

- qoavo(x)bvo(’y) < g > qlavl(x)bvl(y) —H- qlavl(x)bul(y) 4o > qgaw(“’)b“2(y) 4
F gno1a’ 1 @pvn—1) 96,1 > gavn @ ponv) 4

So a word w € I'* encodes of the halting computation of M from v if the following
conditions holds:
1. the word w must be in the language defined by the following regular expression
(F Qa*b* <« A Qa*b* H)*
2. the first element of @ in w is equal to g, i.e. the computation is starting in the
initial state of M
3. the last element of @) in w belongs to set F, i.e. the computation reaches an ac-
cepting state of M
4. the first element of @ in w is directly followed by an element in A, i.e. the compu-
tation starts from the valuation vq
5. for each factor of the form F g1a™bd™ < § > goa™2b™2 :
(a) ¢ is a transition from ¢; to go
(b) (n1,mq) E 7(0), i.e. the guard of § is satisfied
(¢) ((n1,m1),(n2,ma)) E A(9), i.e. the updates of ¢ are correctly realized
6. for each factor of the form >g;a™b™ FH goa™2b™24, it is the case that:
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(a) @q1 = gq, i.e. the control state is preserved from one configuration encoding to
the next one
(b) n1 = ng and my = mg, i.e. valuations of counters are preserved from one
configuration encoding to the next one
Let us now explain how we can construct an expression E that maps a word w to value
0 if and only if this word is the encoding of a halting computation of M from valuation
Vg, and to a negative value otherwise.
First, we note that this can be done by providing for each of the conditions an expression
which returns 0 when the condition is satisfied and a negative value otherwise. Then we
simply need to combine those expressions with the 4+ operator: the 4 expression will be
equal to 0 only if all the expressions are equal to 0, and it will be negative otherwise.
Second, we note that all the constraints in the list above are regular constraints with
the exception of 5(c¢) and 6(b). Being regular, all the other constraints can be directly
encoded as deterministic sum-automaton and so trivially as iterated-sum expressions.
We concentrate here on the constraints that require the use of iteration, and we detail
the construction for constraint 5(c) as the construction for 6(b) is similar and simpler.
For constraints 5(c), we construct an iterated-sum expression Es(.) that decomposes the
word uniquely as factors of the form F ¢;a™ b dqoa™2b™2 . On each factor, we evaluate
an simple expression whose value is non-negative if and only if the update defined by
§ is correctly realized in the encoding. To show how to achieve this, assume for the
illustration that J is incrementing the counter x and let us show how this can be checked.
The expression that we construct in this case computes the minimum of 1 + n; — no
and —1 — ny + no. It should be clear that this minimum is equal to 0 if and only if
ny = n1+1 (i.e. when the increment is correctly realized). In turn, it is a simple exercise
to construct a deterministic weighted automaton to compute n; + 1 — ny and one to
compute ny —n; — 1. All the different updates can be treated similarly and thus using
only simple expressions. Now, the iterated-sum expression Ejs simply take the sum
of all the values obtained locally on all the factors of the decomposition. This sum is
non-negative if and only if all the values computed locally are non-negative. ¢
Remark that, another option would be to define the semantics of E® as an iteration of

max, i.e. dom(E®) is still the set of words w that are uniquely decomposed into uy . .. uy,
with u; € dom(E), but [E](u) = max{[F](u;) | ¢ = 1,...,n}. This variant is again
undecidable with respect to classical quantitative decision problems. Indeed, a careful
inspection of the proof above show that in constraint Es.) and Fg;), we can replace
the iteration of sum by iteration of min, or equivalently, if we first reverse the sign of all
expression, by the iteration of max. In that case the max will be non-positive if and only
if the 2-counter machine admits a halting computation.

3.2.2 Synchronized expressions

A close inspection of the proof of Theorem 3.2.5, reveals that the undecidability stems
from the asynchronism between parallel star operators, and in the way they decompose
the input word (decomposition based on b --- 4 or >---<). The two overlapping decom-
positions are needed. By disallowing this, decidability is recovered: sub-expressions F'®
and G® at the same star depth must decompose words in exactly the same way.

Let us formalize the notion of star depth. Given an iterated-sum expression F, its
syntax tree T'(F) is a tree labeled by Presburger combinators ¢, star operators ®, or
unambiguous sum-automata A. Any node p of T(FE) defines a sub-expression E|, of
E. The star depth of node p is the number of star operators occurring above it, i.e.
the number of nodes ¢ on the path from the root of T(F) to p (excluded) labeled by a
star operator. E.g. in the expression (W2, p(W5"))®, the sub-expression W® has star
depth 1 while W7 has star depth 2. The star depth of the root of any expression is 0.

Definition — synchronization of iterated-sum expressions

A set of iterated-sum expressions E is synchronized, denoted by the predicate
Sync (E), if for all F,G € E (not necessarily distinct), all nodes p of T'(F) and
nodes g of T(G) at the same star depth, if F|, = H® and G|, = I®, then
dom(H) = dom(I). An iterated-sum expression E is synchronized if {E} is syn-
chronized.

XM The computation is unique as M is deterministic.
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By Proposition 3.2.4, this property is decidable. Asking that H and I have the same
domain enforces that any word u is decomposed in the same way by H® and I®.

The expressions F, G, H of Example 3.2.3 are synchronized. It is obvious for F' and
G since they contain only one star operation. Recall that H = max(F|.,G|.)®
with F|;, = max(W,, W,)® + Cp, and G| = max(W,., Wy)® + Cr. Hence H is
synchronized iff dom(max(W,, W;)®) = dom(max(W,, W;)®), which is the case as
dom(W,) = dom(W};) = dom(W,) = dom(Wy).
Finitely ambiguous WA is the largest known class of WAL for which emptiness,
universality, inclusion and equivalence are decidable [FGR14]. Already for linearly am-

max

biguous WARS, universality and equivalence problems are undecidable [DGM17]. Exam-
ple 3.2.1 is realizable by a synchronized expression (Example 3.2.3) or a WAL which
non-deterministically guesses, for each factor u;, whether it should count the number of
a or b. However, as shown in Section 3.5 of [KLMPO04], it is not realizable by any finitely

ma,

ambiguous WARS. As a consequence:

Proposition 3.2.6

There is a quantitative language f such that f is definable by a synchronized

max max

expression or a WARL, but not by a finitely ambiguous WA

As a direct consequence of the definition of iterated-sum expressions and synchroniza-
tion, synchronized expressions are closed under Presburger combinators and unambiguous
iterated-sum in the following sense:

Proposition 3.2.7

Let Eq,..., E,, E be iterated-sum expressions and ¢ a Presburger combinator
of arity n. If Sync (Ey,..., E,) then ¢(FE,..., E,) is synchronized, and if E is
synchronized, so is E®.

Despite the fact that synchronized expressions can express quantitative languages
that are beyond finitely ambiguous WA=, decidability holds. It is done by converting
synchronized expressions into a new model of weighted automata, which, with a suitable
notion of synchronization, are decidable with respect to all decision problems considered
in this paper. The next two sections are devoted to the definition of the automata model
and its decidability in its synchronized restriction.

Theorem 3.2.8

The emptiness and universality problems are decidable for synchronized ex-
pressions. The inclusion and equivalence problems for iterated-sum expressions
E1, E5 such that Sync (E1, Es) holds are decidable.

3.3 Weighted Chop Automata

In this section, we introduce a new weighted automata model, called weighted chop
automata (WCA), into which iterated-sum expressions can be compiled. As a conse-
quence, the undecidability of iterated-sum expressions (Theorem 3.2.5) carries over to
WCA. We therefore introduce the class of synchronized WCA, into which synchronized
expressions can be compiled in thus decidability is recovered, proving Theorem 3.2.8.
The intuitive behavior of a WCA is as follows. A hierarchical NFA (whose transitions are
not reading single letters but words in some regular language) “chop” the input word
into factors, on which expressions of the form ¢(C1,...,C,), where C; are smaller WCA,
are applied to obtain intermediate values, which are then summed to obtain the value of
the whole input word. In the following, we first introduce hierarchical NFA, then WCA
and finally their synchronized restriction.
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Definition — hierarchical regular automata

A hierarchical NFA is a tuple A = (Q,I,F,A) where @ is a set of states, I its
initial states and F its final states, and A maps any pair (p,q) € Q2 to a regular
language A(p, q) C ¥* finitely represented by some (classical) NFA.

A run p of A over a word u € ¥* is a sequence qouq . . . ¢n_1Unqy Such that u = uy ... u,
and u; € A(g;—1,¢q;) for each i. It is accepting if gy € I and ¢, € F. We say that A is
an unambiguous hierarchical NFA (hierarchical UFA for short) if for all u € ¥*, there is
at most one accepting run of A on w (and hence its decomposition u; ... u, is unique).
We define the representation size of a hierarchical finite automaton A = (@, I, F, A) as
|A| =3, 4eq Mp,g T card(Q) + card(A) where ny, 4 is the number of states of the NFA
recognizing A(p, q).

Proposition 3.3.1

l We can decide whether a hierarchical NFA is unambiguous in PTIME.

Proof Let A= (Q,I,F,A) be a hierarchical NFA whose languages A(q, ¢') are given by
NFA A,y = (Qqq, Lg.q Fgq g q). We construct in polynomial time a finite transducer
T = (P, {p:},{pr},A") as defined in Section 1.4. Given u € L(A) as input word, T
outputs any run of A on u. Clearly, T defines a function iff A is unambiguous. In
particular, the transition relation A’ has type A’ C P x ¥* x I'* x P, where I is the
output alphabet. Transitions are denoted by pu q where u is the input word and v
the output word. In general, a transducer defines a binary relation from input to output
words, but deciding whether it denotes a function is decidable in PTIME [FGR15].XV]

To construct T, the idea is as follows. We take I' = Q U X has output alphabet. The set
Ef states is defined by P = {pr,pr} W, scq @q,¢- The transition function is defined

V:

e From its initial state py, the transducer can only enters into some sub-automaton
Ay, ¢ and outputs the initial state gr that A should have visit i.e. py 5\*41> sy, for
all g1 € I and s1 € U,eq Lora-

e To move from a sub-automaton A, , to a sub-automaton A, ., the transducer
outputs the state g that A should have visited i.e. sg 5|_q)s, for all ¢ € @ and
SF € Uq’eQ Fqlvq and sy € Uq”eQ Iq7q//.

e To reach its final state pg, the transducer can only exits some sub-automaton
Ayg 4 and outputs the final state gp that A should have visited i.e. s €| 4r, pp, for
all gp € Fland sp € U cq Foqr-

e Inside a sub-automaton, only symbols from X are written on the output i.e.
s7lo s, forall (s,0,8") € U, yeqDaa- ¢

3.3.1 Definition and closure properties
We formally define weighted chop automata, then investigate their closure properties.

Definition — weighted chop automata

The class of weighted chop automata is inductively defined as follows.
e A (0-weighted chop automaton is an unambiguous sum-automaton.
e For m > 0, an m-weighted chop automaton (m-WCA) is a tuple C = (4, \)
where A is a hierarchical UFA and ) is a function mapping any pair (p, q) € Q?
to some term ¢(CY,...,C,) where for all 4, C; is an m/-WCA, with m’ < m
and ¢ is a Presburger combinator of arity n. Moreover, it is required that at
least one C; is an (m — 1)-WCA.
By definition of m-WCA, m is unique and is called the chop level of C. A WCA C
is an m-WCA for some m. This definition is generalized to outputs in Z¢ for some
d € N in Section 3.4.

A WCA C defines a quantitative language [C]: £¥* — Z of domain dom(C) in-
ductively defined as follows: If C' is a 0-WCA, then its semantics is that of unam-

[XIVlCorollary 6.3.5 proves that the functionally of a transducer is in NLOGSPACE.
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biguous sum-automata defined in Section 1.4. Otherwise C' = (A, ), and the set
dom(C) is the set of words u = wj...u, on which there exists one (and only one)
accepting run 9 = qouq ... ¢n—1Ungn of A such that for all 1 < i < n, let A(¢;i-1,4:)
be of the form ¢(Ci,...,Ck), then u; € ﬂ?zl dom(C;), and in this case we define
v; = [p]([C1](w), - - ., [Ckl(u;)). The value of o (which also defines the value of )
is then ) !  v;. The range of C is set of values that [C] can outputs i.e. R(C) =
{IC1(u) : v € dom(u)}.

The unique sequence (u1,A(qo;q1)) - - - (tn; A(gn—1,4n)) is denoted in the sequel by
dece (u). We define the representation size of a WCA C = (A, A) with A = (Q, I, F, A)
as [C] = >_, ,eqMpq + card(Q) + pcard(A) where ny, 4 is the number of states of the
NFA recognizing A(p,q) and p is the maximal size of expressions given by A formally,

p=max{|p| + X5 |Ci| 1 p.g € QANP, q) = p(Ch,...,Ch)}.
Example 3.3.2

Let ¥ = {a,b,c,d} and ,$ ¢ 3. The 1-WCA C depicted below realizes the
function which maps any word of the form u1$...u,$ev$...v,,$, where u;,v; €
{a,b,c,d}* to 30 max(|uslq, [uils) + i, max(|vile, |vi|a). Note that, here we
write C; as short-cuts for ¢;4(C;) where ;4 defines the identify function. For all
o € {a,b,c,d}, the automaton A, is an unambiguous sum-automaton that counts

the number of occurrences of ¢ in the input word.
-0

Q(Z*$)*- | Cr (279"
() N

() @ »*§ ‘ max{A,, Ay} () ~>©3 v $ ‘ max{A., A4}

Here, WCA are unambiguous by definition. Note that, a fully non-deterministic ver-
sion of WCA can be defined, by using a max aggregator to combine the values of all
accepting runs. Such definition would generalize WAS. But as we will see, the > 0-
emptiness problem is already undecidable for (unambiguous) WCA, and further synchro-

nization restriction will be necessary to recover decidability.

Proposition 3.3.3

l The domain of any WCA is regular and constructible.

Proof Let C = (A4, \) be an m-WCA where A = (Q, I, F,A). We show by induction
on m that dom(C) is regular. If m = 0 then C' is an unambiguous sum-automaton and
its domain is regular (given by its underlying NFA). Otherwise, assume by induction
hypothesis that for all m’ < m the domain of any m/-WCA is regular. We construct
a hierarchical NFA to recognize dom(C). Let p,q € @ and A(p,q) = v. We define
dom(v) = ﬂle dom(C;) if v = ¢(Ch,...,Cy). By induction hypothesis each dom(v) is
regular since all C; is a m/-WCA with m’ < m. By definition of dom(C), the domain of C'
is the language of the hierarchical NFA A’ = (Q, I, F, A’) where for all ¢,p € Q we have

¢

A(p,q) = A(p,q) N dom(v).
Closure properties

We now investigate the closure properties of WCA. Given two quantitative languages
f1, f2, let us define their split sum f; ® fo as the function mapping any word w which
can be uniquely decomposed into uq,us such that u; € dom(f;) for all i, to fi(u1) +
fa(u2) [AFR14]. We also define the conditional choice f; > fo as the mapping of any
word u € dom(f1) to fi(u), and of any word u € dom(f2) \ dom(f1) to fa(u) [AFR14].
These operators may be thought of as (unambiguous) concatenation and disjunction in
rational expressions. WCA are closed under these two operations, as well as Presburger
combinators, (unambiguous) iterated-sum and regular domain restriction, in the sense
given by Proposition 3.3.5.

First, we show a property on the split sum of languages.
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Lemma 3.3.4 oo e .

Let L1, Ly be two regular languages L1, Lo both realizable by some hierarchical
NFA with at most n states. If L; ® Lo denotes the set of words u which can
be uniquely decomposed into ujus with u; € L;, then there exists 2n regular
languages N;, M; such that N; C L, and M; C Ly, and L1 ® Ly = U?:l N; M;.

Proof Let A, Ay be two hierarchical NFA recognizing L, Ly respectively. We can
suppose w.l.o.g. that Ay, Ay are classical NFA by replacing in linear time a call to a sub-
automaton by the automaton itself. We can construct an automaton A that accepts the
words in Li Lo which admits at least two different factorizations with respect to Ly, Lo.
It suffices to simulate two runs of A; in parallel, whenever a copy of A; goes to an
accepting state, this copy either stays in A; or, thanks to an added e-transition, goes to
some initial state of A;. We also add one bit of memory to check that e-transitions have
been taken at two different moments in the two simulated runs. The accepting states are
states (qgz, g5, 1) where go, ¢4 are accepting states of As. By complementing A, we obtain
an automaton, say B, recognizing L1 ® Ls.

Now, we make a product between B and a disjunct union between A; and As. If Q
are the states of B, @1 of A, Q2 of Ay (with initial states I5), the set of states of this
product is @ x (Q1 W Q2 W 1) where I} is a copy of I5. B initially runs in parallel of A;
and, when A, enters an accepting state, i.e. the product is in state (g, g1) where ¢1 € Fi,
then we add some e-transition to any state (q,q5) where go € I. Then, from states
of this form, the product continues its simulation of B and simulates in parallel A (in
normal states Q2, so that the copy I} is only met once, when the product switches to
As). Let denote by B X (A;As) this product. We set its accepting states to be any pair
(¢,92) or (q,q5) where go and ¢ are accepting. For all states (q,p) of BX (A;As), we
denote by L, the set of words that admit a run from some initial state of B X (A;A2)
to the state (¢,p), and dually, we denote R, , the set of words that admit a run from the
state (q,p) to some accepting state of B X (A;As). We claim that:

Li®Ly=L(B) = U Lg,g:Rq,q
(q,95)EQ XTI,

Clearly, U(q,qg)eQxI; Ly, Rqq, € L(B) since the product also checks that the input
words are accepted by B. Conversely, if u € L(B), then it is uniquely decomposed
into ujus where u; € L(A;). From g an accepting run of B that visits the states
q1---qn+1P1 - - - Pm+1 while reading u (where n = |ui| and m = |uz|), an accepting
run o; that visits the states oy ...au,41 of A7 while reading u;, and a accepting run g
that visits the states 1 ... By, 11 of As while reading us, we can construct the following
accepting run of B X (A;As):

(q1,01) -« (Gnt1s ng1) (P1, B1) (P2, B2) - - - (D1, Bmt1)

We now turn to the closure properties of WCA.

Proposition 3.3.5 — Closure Properties of WCA

The class of quantitative languages defined by WCA is closed under split sum,
conditional choice, Presburger combinators, iterated-sum and regular domain
restriction.
More precisely, let C,C1, ..., Cx be WCA, ¢ be a Presburger combinator of arity
k and L C ¥* a regular language. One can construct WCA respectively denoted
by @(Cl, e Ok), C®, Cy ®Cy, Cy>C5 and C‘L such that

e dom(p(Cy,...,Ck)) = ﬂle dom(C;) and for all u € ﬂle dom(C;),

[e(C1, ... Cu)l(w) = [l ([Cr](w), - -, [Cr] (w))
e [C®]=[C]® [coD] =[Cle[P]and [C>D] = [C]>[D], [C|] = [C]I.
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Proof We prove the closure under each operator one by one.

Closure under star. Let C® = (A, \) defined as follows. The only difficulty is that it
should be unambiguous (because we want decomposition to be unique), hence it is
not correct to add some e-transition from accepting states of C' to its initial states.
However, it is possible to define an unambiguous NFA B = (Q, I, F, A) with a set of
special states S C @ such that L(B) = dom(C)® and such that for all u € L(B), the
occurrences of special states in the accepting run of B on u decomposes (uniquely)
u into factors that belong to dom(C). Then, the states of C® are the states SU I,
the initial states I, final states SN F, and A(s,s’) for all s € SUT and ¢’ € S, is
the set of words on which there is a run of B from s to s’ that does not pass by
any state of S (except at the end and beginning). This set is easily shown to be
regular. Finally, A(s, s’) = p;4(C) where ¢;4 defines the identity function.

Closure under regular domain restriction. If C = (A, ), then it suffices to take the
product of A with any DFA B such that L(B) = L. Since A is a hierarchical
NFA, the product is a bit different than the usual automata product. Assume
A= (Q,I,F,A) and B = (P,po, F’,8’) (a classical DFA). Then A X B = (Q x
P, I x{po},F x F',A x §') where for all (¢,p),(¢’,p') € Q x P we have that
A x (5’((q,p)7 (q’,p’)) is the set of words in A(g, ¢’) such that there exists a run of
B from state p to state p’. This set is effectively regular. The resulting hierarchical
NFA is unambiguous since B was taken to be deterministic and A is unambiguous.

Closure under Presburger combinators. The WCA ¢(C1,...,C,,) is defined as:

—>©Z* <p(01,...,0n)©

Closure under conditional choiceThe WCA C > C5 is defined as

dom(C1) | ia(Ch) /A dom(Cy) \ dom(Ch) | @ia(Cs)
O O O

Note that dom(C;) are regular by Proposition 3.3.3.

Closure under split sum. By Lemma 3.3.4, dom(C}) ® dom(Cs) = |J_, N;M; for some
regular languages N; C dom(C1) and M; C dom(Cy). For all i = 1,...,n, we define
the WCA (Cy ® C2)|n, M, as depicted below:

N; %‘d(cﬁ)mMi ©ia(C2)
OO0

Note that it is unambiguous since N;M; C dom(C;) ® dom(Cy), N; € dom(Ch)
and M; € dom(Cs). Furthermore, for all u € N;M; such that v = ujus with
uy € dom(Cy) and us € dom(Cy) we have [(C1©C2)|n,a, ] (w) = [C1](u1)+[C2] (u2).
Finally, we let C; ©® Cy = DI, (C1 ® Co)|n,m; (the way this expression is paren-
thesized, as well as the order in which the index ¢ are taken, does not change the
semantics). ¢

A direct consequence of the closure properties of WCA is that any iterated-sum ex-
pression can be encoded into an equivalent WCA.

Corollary 3.3.6

Given an iterated-sum expression E we can construct a WCA C such that [E] =

[€]-

The undecidability of WCA is implied by Theorem 3.2.5 and Corollary 3.3.6. Fur-
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thermore, the iterated-sum expression of Theorem 3.2.5 can be encoded by a 1-WCA.

Corollary 3.3.7

Emptiness, universality, inclusion and equivalence for WCA are undecidable prob-
lems, even for 1-WCA.

3.3.2 Synchronized weighted chop automata

As for iterated-sum expressions, we present a subclass of WCA with a notion of
synchronization into which synchronized expressions can be compiled. Then, in the next
section, we show the decidability of synchronized WCA.

Definition
The notion of synchronization of WCA is inductively defined:

e Two terms p1(Ch,...,Cy) and po(CY, ..., C},) are synchronized if C; is syn-
chronized with C'j'- forall1<i<kandalll<j<Fk.

e Two WCA (C4,Cs are synchronized, denoted by Sync (C1,Cs), if they are
either both 0-WCA, or C; = (A1, A1) and Cy = (As, A2), and the following
holds: for all w € L(A1) N L(As), if dece, (u) = (u1, Ev), ..., (un, Eyn) and
deco, (u) = (v1, F1),..., (Um, F), then n = m and for all 1 < i < n, we
have u; = v; and FE; is synchronized with Fj.

We write Sync (C1, ..., Cy) if Sync (C;, C;) for all 4,5 € {1,...,n}. Now, a WCA C
is synchronized if it is an unambiguous sum-automaton, or it is of the form (A4, \),
and any expression ¢(Cq,...,Ck) in the range of X satisfies Sync (C1,...,Ck).

Note that, the base case synchronizes sum-automaton with sum-automata only. This
induces that the synchronization holds with respects to the chop level. Such property is
formalized by the following statement.

Proposition 3.3.8

Let C7 and C5 be two WCA. As a consequence of the definition of synchronization,
if Sync (C1, Cs), then both Cy and Cy are m-WCA for the same m.

In Example 3.3.2 the WCA C have a chop level 1 and cannot be synchronized with C
or Cy which have a both chop level 0. However, C' is synchronized since any Presburger
combinators of C have an arity 1 and C7, Cy are unambiguous sum-automata satisfying
Sync (Cy, Cy) trivially.

Proposition 3.3.9

Let C1,Cs be two WCA. Deciding whether Sync (C1, Cs) holds can be done in
PTIME.

Proof We provide a recursive algorithm which takes two chop automata C,C5 and
checks whether Sync(Cy,C2) in PTiME. If C; and Cs are two unambiguous sum-
automaton, then the algorithm returns true. If only one of them is an unambiguous
sum-automaton and the other not, then the algorithm returns false.

Now, consider the case where we have chop automata C7 = (A1, A1) and Co = (Aa, A2).
We first show how to decide the following (weaker) property: for all u € L(A;) N L(Az2),
if dece, (u) = (u1, E1), ..., (un, By) and dece, (u) = (v1, F1), ..., (Um, Fin), then n = m
and for all i € {1,...,n}, we have u; = v;.

As in Proposition 3.3.1, the idea is to construct a transducer 7', which defines a
function from ¥* to 2%, whose domain is L(A4;) N L(As). Given u € dom(T), if
dece, (u) = (u1, E1), ..., (tun, By) and dece, (u) = (v1, F1), ..., (Um, Fim), then T returns
the set of words {uj#us# ... #un, vi#va# ... #v,}. By definition of a WCA decompo-
sition uy ...u, = v1...v, = u, then the latter set is a singleton i.e. uyF#Hus# ... #Hu, =
v1FUF . . . #u, iff the two decompositions are equal. Hence, it suffices to decide whether
T defines a function (i.e. is functional), which can be done in PTIME in the size of T (see
for instance [BCPS03]).
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It remains to show how to construct T'. T is the disjoint union of two transducers 77 and
T, which respectively output wui#us# ... #u, and vi#veF ... #v,. Basically T; can
be seen as a copy of A; where each transitional NFA are replaced by transducer which
output the input with # as an ending maker. Consider T7. Let A; = (Q, qo, F, A) and
(Ap.q)p.geo be NFA that recognize A(p,q). Whenever a transition (e, o, 5) of Ay is
fired, T1 makes several choices. Either ¢’ is not final in A, and 77 moves to state 3
and write o on the output. Either ¢’ is final, in that case 77 may move to state 3 while
writing o on the output, or move to the initial state of some automaton A, ,» for some
non-deterministically chosen state ¢ € @, and write o# on the output. Clearly, T} has
a polynomial size in the size of Cj.
In order to decide the synchronization between C; and Cj, we also need to check that
Sync (E;, F;) for all sub-expressions Fj;, F; that occur at the same position in some
decomposition. Formally, let S be the set of expressions F,F such that there ex-
ists u € L(A1) N L(Asg), such that decc, (u) = (ug, E1),..., (un, E,) and dece, (u) =
(v1, F1),- -+, (vm, Fyn) and there exists ¢ such that E; = F and F;, = F. We will
show that S can be computed in PTIME. Once S has been computed, for every
pair (p(C1,...,Cn), ¢ (C,...,CL,)) € S, it suffices to call this algorithm on each pair
(Cy,C;) for all 4, 5.
It remains to show that S can be computed in polynomial time. Again, for all expressions
E, F occurring in the range of A\; and Ao respectively, one could define some automaton
Ag, r (of polynomial size) which accepts a word u € L(A1)NL(As) iff E, F occurs together
in the respective decomposition of u, i.e. E € dece, (u) and F € dece, (u). Then, for all
these pairs, if L(Ag r) # @ (which can be checked in PTIME), then we add (E, F') to S.
To construct Ag, r, the idea is to simulate, via a product construction, an execution of Cy
and an execution of Cs in parallel (by also simulating the smaller automata defining the
regular languages on the transitions of C; and C5). In this product construction, one bit
of memory is used to remember whether a pair of states (p1, p2) of Cy and Cs respectively,
such that £ = A1(p1) and F' = A\y(p2), was reached. The automaton accepts if such a pair
was found, and the simulation of the two runs accept (meaning that u € L(A;)NL(As)).
¢

Since a WCA is synchronized iff any of its Presburger combinators are parameterized
by a synchronized set of WCA, Proposition 3.3.9 implies the following.

Corollary
l Deciding whether a WCA is synchronized is in PTIME.

3.4 Decidability by synchronization

In this section, we prove that emptiness, universality, inclusion and equivalence prob-
lems are decidable for synchronized WCA. Then, we show that synchronized iterated-sum
expressions can be effectively converted into synchronized WCA, thus proving their de-
cidability (Theorem 3.2.8).

Overview of the proof of synchronized WCA decidability

The cornerstone of the proof is proving the semi-linearity of the range of synchronized
WCA. Let us give the intuitive ideas on how this can be shown. Assume for the time
being that we consider a synchronized WCA C = (A4, \) with a single state ¢, and hence a
single transition from ¢ to ¢ on any word of A(q, ¢). Assume that A(q, q) = ¢(C4,...,C).
Then, in order to prove that the range R(C) of the function [C] is semi-linear, we have
to show that {([C1](w), ..., [Cnl(u)) : u € A(g,q) N(i_, dom(C;)} is a semi-linear set.
For a general synchronized WCA, if one wants to prove the result by induction on its
structure, a stronger statement is needed, namely to consider tuples of WCA instead of a
single one. In particular, we show (Lemma 3.4.2) the following result: For all C1,...,C,
WCA such that Sync (Cy,...,C,), the following set is semi-linear and constructible:

{([[Cl]](u), R [[C’n]](u)) Tu € ﬂ dom(C’i)}

While product construction naturally extends unambiguous sum-automata to higher
dimension for the outputs, such construction requires synchronization for WCA. So, under
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the condition that any word is decomposed in the same way, we define the product of
n given m-WCA, for some m, as a WCA weighted in Z"™. Then, we show semi-linearity
of the range of synchronized WCA, by induction on its chop level (level O corresponds
to unambiguous sum-automata with values in Z™). First, we generalize the definition of
WCA.

Definition — generalized weighted chop automata

Let d € N. The class of generalized WCA of dimension d extends the class of WCA
as follows. A generalized 0-WCA is an unambiguous sum-automaton with values
in Z%. For m > 0, a generalized m-WCA is defined as a WCA (A, )\), except that
A returns d-tuples of terms of the form ¢(Ch,...,C), where C; are generalized
m/-WCA with m’ < m and ¢ is a Presburger combinator of arity d x k that returns
a d-tuple of values.

Hence, a generalized WCA of dimension d denotes a quantitative language [C]: X* —
Z? of domain dom(C). The semantics carry over from (non-generalized) WCA, in partic-
ular, the range of C is the set of values R(C) = {[C](u) : v € dom(C)}. We define the
representation size of a generalized WCA C = (A, ) of dimension d with A = (Q, I, F, A)
as |C| =, ,eq Mp,q + card(Q) + ducard(A)d where ny 4 is the number of states of the
NFA recognizing A(p,q) and p is the maximal size of expressions given by A formally,
max{|yp| + Zle |Ci] i pyg € QAXNDP,q) = ¢(Cy,...,Ck)}. The notion of synchroniza-
tion is defined the same way as for WCA. Just to make it clear, C; = (41, A1) and
Cy = (Agz, A2) are synchronized if for all v € dom(C1) N dom(Cs), we let:

dece, (u) = (u1, (Evp,-- - E14)), - (Un, (Bny .oy Eng))
decc, (u) = (ul, (Bl 1o B g))s e oo (U, (B g5 By gr))

then n = n/, for each i € {1,...,n}, j € {1,...,d} and j' € {1,...,d'} we have u; = u}
and if E; j and Ej ;, are of the respective form ¢(C1,...,C) and ¢'(C1,...,Cy,), then
Sync (Cy, Cy,) for all £ € {1,...,k} and ¢ € {1,... Kk'}.

Product construction

We now define the product of C7,Cy two generalized m-WCA. If m = 0 then Cy,Cs
are unambiguous sum-automata with values in Z% and Z% respectively and the product
construction is a classical state product construction, whose transitions are valued in
Z4+dz2 | Flse if m > 0 such that C; = (Q;, I;, Fy, Ay, \;) for each i, we define Oy x Co =
(Q1 % Q2,11 X Iy, Fy x F5, A, X) where A((p1,p2), (q1,¢2)) = A1(p1,q1) N Aa(p2, g2) and
A(p1,p2)s (q1,42)) = (M (p1, 1), A2(p2, g2)) for all p1,q1 € Q1 and pa, g2 € Qo.

As a direct consequence of the construction and the definition of synchronization, we
have:

Proposition 3.4.1

Let C1,C5 be two generalized WCA. If Sync (C, C2) holds then dom(C; x Cy) =
dom(C7) Ndom(C3) and [Cy x Co](u) = ([C1](w), [Co](u)) for all u € dom(Cy) N
dom(C3).

3.4.1 Decidability of synchronized WCA

We show, by induction on its chop level, that any generalized WCA which is synchro-
nized have a semi-linearity range.

Lemmma S.4.2 oo e .

Let Cy,...,C, be n generalized WCA. If Sync(Ci,...,C,) holds then
{([C:](w), ..., [Cnl(u)) : w € Ni; L(C;)} is semi-linear and constructible.

Proof Let us apply Proposition 3.4.1 to construct the product P = Cy x --- x (),
with {¢1,...,tx} is its set of transitions and X its weight function. We recall that if
Sync (C4, ..., Cy) then the C; are all generalized m-WCA for some m by Proposition 3.3.8.
So, the proof goes by induction on m.
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If m = 0 then the C; are all unambiguous sum-automata whose transitions are valued by
tuples of integers. We show that R(P) is semi-linear. As stated by Lemma 2.1.4, there
exists an existential Presburger formula @ for which (vy,...,v;) | @ iff there exists
an accepting run in P such that for all ¢, it triggers the transition ¢; exactly v; times,
is semi-linear and constructible. The range can be denoted from & by the following
existential Presburger formula:

U(z)=3Jv,...,05 P(v1,...,06) AT = Z)\(ti)vi

Now, suppose that m > 0. By Proposition 3.4.1 we have dom(C) = (), dom(C};) and for
all u € dom(C), [C](v) = ([C1](w),...,[Cpn](u)). Therefore, it suffices to show that
R(C) =A{[C](u) : v € dom(C)} is semi-linear to prove the lemma.

Suppose that C' = (A4, \) where A = (Q, I, F,A) and A maps any pair p,q € Q to some
n-ary tuple of expressions (p1(C1,...,C}),...,¢n(CT,...,C)). We can assume that
A(p,q) = dom(C;) forall 1 <i<mnandalll<j<k; Thisis w.l.o.g. because, if L =
Mi<i<n Mi<j< dom(C3%) (which is regular by Proposition 3.3.3), we restrict the domain
of any C’]’: to L and replace A(p,q) by A(p,q) N L, this does not change the semantics
of C. Closure under regular domain restriction was shown for (non-generalized) WCA in
Proposition 3.3.5, but the same proof works for generalized WCA that are synchronized.
With this assumption, we get dom(C') = L(A). We also define the range of A(p,q) as
follow:

Spa={ (L1 (CL...CL)Iw).- . [n (Y. O )W) s u € Alp.a)}

By synchronization of C, all the €7 are all m/-WCA for some m’ < m and
Sync (Ct,...,C},,...,CF,...,C} ) holds. Then the induction hypothesis on the tu-
ple (Cll, ey C,il N O L C,?n) gives the semi-linearity of S, , since ¢1,..., ¢, are
semi-linear maps.
Now, sets of n-tuple of integers have the structure of a monoid (24", +,0,) where + is
defined by S+ 5" ={s+s :s€ S,s € 8} and 0,, = {(0,...,0)} (tuple of arity n).
Consider the free monoid over Q x @ and the morphism f from this monoid to (22", +,0,,),
defined by f((p,q)) = Spq for all (p,q) € Q x Q. It is easily shown that for any regular
language N C (Q x Q)*, f(N) is semi-linear. It is because the S, , are semi-linear, and
semi-linear sets are (effectively) closed under sum, union, and starring [ES69]. Thus, by
taking N C (Q x Q)* as the set of words for the form (p1,p2)(p2,ps) ... (pPr—1,pr) such
that py € I, pp € F,and for all i € {1,...,k— 1}, A(p;, pi+1) # @ then the semantics of
WCA which sum values along runs gives the desired result.
Details of the regularity of N and the equivalence between R(C), f(N) are given below:
o We prove that N is regular. Let A, ; be the NFA recognizing A(p, ¢). It is simple
to combine the automata A,, such that A(p,q) # @ into a single automaton
recognizing IN. For instance, one can take the disjoint union of all A, , such that
A(p,q) # @, add the states of A, with I the set of initial states and F' the set
of final states, and add the following e-transitions: from any state p € @, add
e-transitions to the initial states of any NFA A, ,, and from any final state of any
automaton A, 4, add some e-transition to g.
e We prove that R(C) = f(N).
C Let € Range(C). Hence, there exists u € dom(C') such that [C](u) = =.
Let py Y1, po ¥2, ps ... pk Uk, pry1 be the accepting run of A and u, ie. u; €
A(ps,piy1) foralli =1,... k. We have § = (p1,p2)(p2,p3) - - . (PksPr+1) € N.
By the semantics of WCA, x = x1 + - -+ 4+ x, where x; = [A(ps, pit1)](u;) for
alli=1,...,k. Hence 2; € Sy, p,,, and z € f(B) C f(N).
Let z € f(IN). There exists (p1,p2) ... (Pk,Pr+1) € N such that z € S, ,, +

o+ Sp, peyss by definition of f and N. Hence z = Zle x; for some z; €
Sp.pis1- By definition of the Sy, ;.. ,, there exists uy,...,ur € ¥* such that
u; € A(pi,piv1) and x; = [A(ps, piv1)](u;). Moreover, by definition of N, p;
is initial and pg41 is final, hence u; ... ux € dom(C), and by the semantics of

C, [Cl(u) =", z;, i.e. z € R(C). ¢

U

A direct consequence of the latter result is the semi-linearity of the range of synchro-
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nized WCA:
Corollary 3.4.3

Given C a synchronized WCA, {[C](u) : u € dom(C)} is semi-linear and con-
structible.

The following theorem is a direct consequence of Corollary 3.4.3, Proposition 3.1.5
and Proposition 3.3.5.

Theorem 3.4.4

The emptiness and universality problems are decidable for synchronized WCA.
The inclusion and equivalence problems for WCA C1, Cs such that Sync (Cy, Cs)
holds are decidable.

3.4.2 Decidability of synchronized expressions

We conclude this section by showing that any synchronized expression can be con-
verted into a synchronized WCA. This conversion is constructible and thus the decidability
of synchronized expressions (Theorem 3.2.8) becomes a consequence of Theorem 3.4.4.

Main ideas of the proof

Let us illustrate the intuition of this proof on an example. Take some synchronized
expression E = (A, B®) for some unambiguous sum-automata A, B, and some Pres-
burger combinator ¢. The difficulty for converting this kind of expression into WCA,
comes from the fact that A is applied on the whole input word, while B is applied iter-
atively on factors of it. The unambiguous sum-automata A, B are both 0-WCA. Then,
according to the construction of Proposition 3.3.5, the expression B® can be converted
into a 1-WCA which we also denote by B®. Therefore, A and B® are not synchronized,
since n-WCA are synchronized with n-WCA only by Proposition 3.3.8%Y1.  So, if we
let Cy(a,pe) be the WCA obtained by applying the Presburger combinator ¢ to the 0-
WCA A and the 1-WCA B® (as defined in Proposition 3.3.5), we have that Ci4 ge) is
equivalent to F, but it is not a synchronized WCA in general.

To synchronize A and B®, the idea is to artificially chop runs of A into smaller pieces,
synchronized with B. To do that, we construct a 1-WCA consisting to a hierarchical
NFA which calls A for partial computations from any state p to any state g. Due to
synchronization, these partial computations are required to accept words which are in
dom(B). More precisely, for all states p,q of A we define A, ; to be the sum-automaton
A with initial state p, final state ¢, and whose domain is restricted to dom(B). Then, all
the smaller automata A, ; are combined into a single 1-WCA which simulates successive
applications of the automata A, 4, by taking care of the fact that the words it accepts
must be uniquely decomposable into factors of dom(B). This resulting 1-WCA, say Ca,
is necessarily synchronized with B®, and we can return the single synchronized 2-WCA
Co(ca,pe) Obtained by applying ¢ on C4 and B® (again Proposition 3.3.5), which is
equivalent to expression E. In order to be able to convert any synchronized expression
into a synchronized WCA by structural induction, one needs a stronger statement, namely
on tuples of synchronized expressions:

Theorem 3.4.5

For all tuples of iterated-sum expressions E = (F4,..., E,) such that Sync (E),
one can construct a tuple of WCA C = (Cy,...,C,) such that the following
condition hold:

L. foralli€ {1,...,n}, dom(C;) = (;_, dom(E})

2. forallie{l,...,n}, for all u € N;_, dom(Ej), [Ei](u) = [C;] (u)

3. Sync(C)

[XVIIn this sense, the definition of synchronization may seem a bit strong, unlike that of synchronization
of iterated-sum expressions, but it makes the decidability (and in particular the semi-linearity property
Lemma 3.4.2) way easier to prove, because it allows from a product construction, just as in the non-
iterated case (monolithic expressions)
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Proof The proof goes by induction on {E} = Y"1 | {E;} where for any iterated-sum
expression E, we define {E} € N inductively by {4} = 0, {E®} = (E} + 1, {¢(E1, Es)) =
14+ {Ey) + (Es).

So, if {E} = 0, then all expressions in E are unambiguous sum-automata Ay, ..., A,, and

hence are 0-WCA. However, the conditions in the lemma requires that the domains of

all WCA are equal to D = (;_, dom(4;). It suffices to restrict A;,..., A4, to D, which
is always possible since unambiguous sum-automata are closed under regular domain

restriction, and D is regular. One obtains unambiguous sum-automata Af,..., A’ | i.e.

0-WCA, which satisfy the requirements since unambiguous sum-automata are always

mutually synchronized.

The case {E} > 0 is more involved and is a disjunction of the following cases.

First case. There exists i such that E; = ¢(Fy, Fy). Then we define the (n 4 1)-
tuple®™VUE' = (Ey,...,E;_1, F1, F3, Eit1,. .., E,) which satisfies Sync (E’) by defi-
nition of synchronization for iterated-sum expressions. We also have {E'} < {E},
hence we can apply the induction hypothesis on E’, and obtain a tuple C' =
(C1,...,Ci—1,C},C?,Ciyq,...,Cp) of WCA such that:

i forall j # i, dom(C;) = dom(C}) = dom(C?) = D'

i forall 24, [l = [C5], [Fillor = [Ci], [Ballo = [C?]

iii Sync (C’) (in particular all WCA in C’ have the same chop-level m)
where D’ = (g dom(a). We return the tuple of WCA

C=(pia(C1),. -, 01a(Ciz1),0(C},C3), 0ia(Cisx1), -, pia(Cr))

where @jq is a Presburger combinator which realizes the identity function, and the
Presburger operations on WCA have been defined in Proposition 3.3.5. Note that,
we return ¢iq(Cj) instead of C; for all j # i, to force each WCA of C to have the
same chop level m + 1 and therefore get synchronization of C.

Second case. There are only stars in the tuple i.e. E is of the form (F}?,..., F®). In this
case we apply our induction hypothesis on (F1, ..., F},), which is synchronized since
(F®, ..., F®) is synchronized. Then we obtain a tuple of WCA (Cy,...,C,), and
return (C7,...,C®) where the operation ® on WCA has been defined in Proposi-
tion 3.3.5.

Third case. Only unambiguous sum-automata and iterated-sum expressions are mixed.
Let us explain the construction with only a single automaton and a single star
expression, i.e. E = (A, F®). The case where there are arbitrarily many automata
and star expressions is more technical but not more difficult, the main difficulties
being found in this special case. The difficulty comes from the fact that A and F
do not apply at the same level of decomposition, as explained in the overview of
the proof: A runs on the whole input word, while F' runs on factors of it.

Hence we artificially chop runs of A into run factors on words of dom(F). We
assume w.l.o.g. that A is trim™"™, and for all states p1, ps of A, define A,, ,, to be
A with only initial state p; and only accepting state py. Since A is unambiguous
and trim, so are the sum-automaton A, ,,.

Let B be a DFA accepting the set of words u that are uniquely decomposed into
factors in dom(F') (see the proof of Proposition 3.2.2 for a construction of B). For
all states g1, gz of B, let L, 4, be the set of words in dom(F’) such that there exists
a run of B from state ¢; to state go. Clearly:

40,41, - - -, qm are states of B, }

dom(F®) = L L ... L
( ) U { 40,91 --41,92 dm—1,9m % is initial and Im ﬁnal

meN

Now, for all states p1,p2 of A and all states qi1,¢2 of B, define Ay, p, 41,4, s the

sum-automaton A,, ,, restricted to the domain L, 4,. It can be assumed to be

unambiguous as well, since A,, ,, is unambiguous and B is deterministic. Then,

apply the induction hypothesis on the pairs (Ap, p,.q1.425 F') which is synchronized
2

to get equivalent synchronized WCA (C} . . .C2 . ).

We now explain how to combine these WCA into a pair of WCA (C1, Cs) equivalent
to (A, F'®) on dom(A) Ndom(F®). Let Cp, py.q1.0» De a generalized WCA defined as
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the product C; . . ®C2 . . (hence with values in Z%). We now have to
combine all these WCA into a single one C' running on the whole input word. We
construct C' by taking the union of all WCA C) v 4.4/, and by “merging”, for all
states p1, p2, p3 of A and all states ¢, g2, g3 of B, the accepting states of Cp, 1s.q1.90
with the initial states of C}, p,.q..¢s- The merging operation is non-deterministic,
because we may need to stay in the automaton Cy,, p, 4.4, €ven if we have already
seen one of its accepting state: when C}, p, 4,4, triggers a transition to one of
its accepting state, it either go to it, or to some initial state of Cp, p;,¢s,¢s- The
initial states of C are the initial states of any C), /4,4 such that p is initial in A, ¢
is initial in B. The accepting states of C' are the accepting states of any Cp, 4.4’
such that p’ is accepting in A and ¢’ is accepting in B. That way, we have dom(C) =
dom(A) Ndom(F®). The WCA Cy, (5 are obtained from C' by projecting the pairs
of expressions occurring in C' to their first and second component respectively.

Finally, let us sketch how to proceed if there are more than one automaton
Ay,..., A, in E and more than one star expression F\¥,..., F® in E. The idea
is very similar, but we consider an automaton B that accepts all words that are
uniquely decomposed according to [ ; dom(F}). Since the star expressions are syn-
chronized, they all decompose the input word the same way, making this construc-
tion sound. Then, in the sub-weighted automata A, . 44, p and p’ are instead
tuples of states of each automata A;. ¢

Finally, the announced direct corollary of the previous lemma is:

Corollary 3.4.6

Any synchronized expression F is equivalent to some synchronized weighted chop
automaton Cg, i.e. [E] = [Cg].

We conjecture that synchronized WCA are strictly more expressive than synchronized
expressions. In particular, we conjecture that synchronized expressions are not closed
under split sum ®, unlike synchronized WCA as proved in Proposition 3.3.5. The quan-
titative language of Example 3.3.2 does not seem to be definable by any synchronized
expression.

3.5 Summary and related works

We investigated generalizations of regular automata as a quantitative formalism that
uses the Presburger arithmetic to aggregate values unambiguously summed along runs.

Related works

Chatterjee et al. have introduced a recursive model of WAL [CHO15] in the context
of infinite words as input, which is called nested weighted automata (NWA) and has
a decidable emptiness and inclusion problems. Using the vocabulary of the authors, a
master WCA decomposes the input word and calls a slave WCA on a fragment while, a
master NWA calls a slave on an infinite remaining suffix of the input word and then the
slave NWA will never halt. So, the two models NWA and WCA bear similarities but we
conjecture that their expressiveness is incomparable. On one hand, the NWA formalism
differs from WCA since they can define quantitative languages whose ranges are not
semi-linear. On the other hand, the NWA are not closed under Presburger definable
functions.

Alur et al. have recently introduced a general model of weighted automata for stream
processing, which is hierarchical as chop automata and, is parametrized by a set of
aggregators [AR13]. They goal was to provide efficient evaluation algorithms for their
model. It could be interesting to see if the notion of synchronization could be defined
on their model to obtain decidability results with respect to quantitative verification
questions, which are left open in [AR13].

In the context of vector addition systems over integers (VASS), Bonnet has shown

[XVIINote that this case exhibits already the need to consider tuples of expressions rather a single ex-

pression, to prove Theorem 3.4.5 inductively.
XVIITrim mean that, all its states are accessible from an initial state and co-accessible from a final state.
It is well-known that any automaton can be trimmed in polynomial time.
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decidability of nested zero-test extension [Bonll]. A VASS is a program that manipulates
counters with increments, decrements, and conditional transitions that test the value
of some counters and require them to be zero. Consider a total order on counters of
VASS inducing a priority level between counters. The nested zero-test is a restriction
of zero-test where a counter can be tested for zero on a transition if all the smaller
counters are so. Hence, nested zero-tests are of the form ¢y =cp_1--- =c3 =¢1 =0
for some k. The main distinction with WCA is that VASS does not read input words.
However, the nesting of zero-tests share similarities with the chop level, and it is well
known that Presburger relations are exactly the class of relations expressible by flat*vd
counter automata with increments, resets, positive decrements, and zero-tests [Gur85].
In [HZ19], authors considered a generalization of Presburger formula by introducing the
iterated sum operator and thus, provide tight complexity results for VASS with nested
zero-tests. This approach seems to be compatible with the WCA formalism and then is
a promising starting point to obtain tight complexity results for the emptiness of WCA.

Future works

An expression formalism with the unambiguous iterated sum, conditional choice and
split sum, whose atoms are constant quantitative languages™™!, was already introduced
in [AFR14] which shown that this expression formalism is equivalent to unambiguous
WARL. Our goal was then to go beyond this expressibility, by having a formalism closed
under Presburger combinators. Adding such combinators to the expressions of [AFR14]
would immediately yield an undecidable formalism, as a consequence of Theorem 3.2.5.
It turns out that extending iterated-sum expressions with split sum ® and conditional
choice >, with a suitable notion of synchronization, gives a formalism equivalent to syn-
chronized WCA. An interesting further direction would be to define a simple notion of
synchronization for the extension of [AFR14] with Presburger combinators. More gener-
ally, our notion of synchronization is semantical (but decidable). This raises the question
of whether another weighted expression formalism with a purely syntactic notion of syn-
chronization could be defined.

Also, Proposition 3.2.6 highlights the fact that WCA, which are unambiguous by
definition, are strictly more expressive than finitely ambiguous WA, It turns out that
WCA can also define quantitative languages which seem to require exponential ambiguity
of WAR, for instance the function f of Example 3.2.1, given by:

n
fluisy...upsy) = Zmaxﬂui\m iy }
i=1

max

As a matter of fact, we conjecture that WA and WCA have incomparable expressive
power. We have shown in Proposition 3.1.4 that simple expressions (which are strictly
less expressive than WCA) can express quantitative languages which are not definable
by WAL, for instance the function w — min{|u|q, |ulp}. We conjecture that the fol-
lowing quantitative language “max prefix”, which is trivially definable by some linearly

max

ambiguous WA, is not definable by any WCA.
u € {a,b}* — max{|u|, — [u|p : v’ C u}

Indeed, and intuitively, chop automata decompose the input word unambiguously into
independent, non-overlapping factors, which are themselves decomposed recursively. Im-
plementing the function “max prefix” requires to consider linearly many overlapping
factors (the prefixes). Of course, this function would be definable by an extension of
WCA where the unambiguity condition is dropped, however, this would yield a model

strictly more expressive than WAL and as a consequence, undecidable for the inclusion
problem for instance.

XVIIFlat automata cannot have cycles that contain a cycle, i.e. they can have simple cycles only.
[XIX] Any word from a regular language is mapped to a same constant value.
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Chapter 4

Error models

The model-checking has proved to be successful applications for program verification
with respect to a given specification. However, this approach does not provide a mea-
sure of confidence about the answer and thus, raises an idealistic technique that is too
rigid when the system parameters are prone to errors. For instance, when the specifica-
tion comes from machine-learning as medical observations or when the input has been
performed by a noisy cyber-physical system as signal sensors.

In this chapter, we present a quantitative approach that places a metric on words to
provide a natural notion of distance between words. Such a metric leads to a topological
neighborhood of words and languages that we use to model the cost of errors and which
allows us to challenge the systems on its robustness. In particular, we assume that the
cost of rewriting a word back to itself is 0. Hence, a language is said to be robust if
the language membership cannot differ for two “close” words, and that leads to robust
versions of all the classical decision problems as language inclusion for instance.

Transducers is a well know formalism that generalizes regular automata to define
word-to-word relations [Ber79]. In the transducer formalism, we are able to model various
error situations depending on the (input, output) label of a transition, a letter insertion
(e,a), a deletion (a,e) and a mutation (a,b). Our contribution is to study robustness
verification problems in the context of weighted transducers which assign a non-negative
rational cost to each pair of words (uj,us) to model the cost of rewriting u; into us.
More precisely, given a distance d: ¥* x ¥* — Q defined by a weighted-transducer
and a threshold v € Qxg, the v-neighborhood of a regular language N is defined as
N, ={v': Ju € N C(u,u') < v}. Hence, the robust inclusion problem N, C L relax the
classical inclusion N C L up to an error v. We also investigate the threshold synthesis
that consists of computing the largest v € Q> for which the robust inclusion holds.

To denote such distance functions, we define the weighted transducers together with
an aggregator that combines the cost of each individual rewriting of the transducer into
an overall cost between the input and output words. Taking the minimal number of
letter transformations insertion, deletion and mutation, (i.e. the minimal sum with cost
1 for all of these transformations, defines the Levenshtein (a.k.a. edit) distance [Moh02].
Aggregating the costs with a discounted sum allows us to make the costs of rewrites
dependent on the positions where the rewrites take place. And finally, the average is
often used when the length of rewrites does not matter. We provide algorithms to decide
the robust inclusion problem for these three measures (sum, mean, and discounted sum).
Furthermore, we provide case studies including modeling human control failures and
approximate recognition of type-1 diabetes using robust detection of blood sugar level
swings.

4.1 Robust verification framework

Weighted transducers extend regular automata with both string outputs and weights
on transitions [DKV09]. Automata with string outputs and automata with integer out-
puts have been defined in Section 1.4. For weighted transducers, any accepting run over
some input word rewrites each input symbol into a (possibly empty) word, with some
cost in N. Transducers can also have e-input transitions with non-empty outputs, such
that output symbols can be produced even though nothing is read on the input, e.g.
allowing for symbol insertions. The output of a run is the concatenation of all output
words occurring on its transitions. Its cost is obtained by applying an aggregator function
C: N* — Q>0, which maps a sequence of naturals to a rational number. We consider
three different aggregator functions, given later. Since there are possibly several accept-

M Note carefully that N* refer to the set of words from the infinite alphabet N.
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ing runs over the same input, and generating the same output, we take the minimal cost
of them to compute the value of a pair of input and output words.

Definition — C-transducers

Let C: N* — Q>¢ be an aggregator. A C-transducer T is a tuple (A, W) where
A= (Q,Qr,Qr,A,~) is a transducer for which e-transition cannot output ¢ and
W: A — N associates weights to each transition.

Consider a C-transducer T' = (A,W). As defined in Section 1.4, AccRung(u1, us)
denotes the set of accepting runs of A on the input u; and the output us. The transducer
T has the same set of accenting runs that we refer as AccRuny(uj,us). Given g €
AccRunyp(uq, uz) such that p = 1 ... ¢, € A* of A is associated to the aggregated cost C(p)
defined by C(W(p)) with the weighted sequence W(p) = W(t1)...W(t,). The input/output
relation [T is defined as {(u1,u2) : AccRunp(u1,us) # @}. The domain and the range
of T are respectively dom(T") = {uy : (u1,uz2) € [T]} and R(T) = {ua : (u1,u2) € [T}
The cost associated by T from a pair of words (uy,us) is given by:

400 if AccRuny(ug,ug) = &

CT(U1,U2) = {

min{C(p) : p € AccRunr(ui,u2)} otherwise

Since runs of T consume at least one symbol of the input or one of the output on
every transition, there are finitely many runs on a pair (uj,us), hence the min is
well-defined. We assume that our C-transducers 71" satisfy the condition that for all
u € dom(T"), Cr(u,u) = 0 and so, in particular (u,u) € [T]. In other words, it is al-
ways possible to rewrite u into itself at zero cost. Finally, given v € Q and an input
word u; € dom(T'), we define the threshold output language of u; as T<,(u1) = {us :
Cr(ui,ug) < v}. This notation extends naturally to languages N C ¥* by setting
TSV(N) = UuleNﬁdom(T) TSV(ul)'

We consider three aggregator functions, namely the sum, the mean and the discounted-
sum. Let A € QN (0, 1) be a discount factor. Given a sequence of weights w = wy ... wp,
those three functions are defined by:

n

DSum(w) = Z ANy,

i=1

0 fw=e¢

Sum(w) = Zw’ Mean(w) = {Sum(w)

otherwise

Note that, by ignoring the word outputs of a Sum-transducer and keeping only the

weight outputs raise a definition that coincide with WA of Section 1.4, i.e. weighted
automata over the semi-ring (N U {+oo}, min, +).

®a|a,0 ala, 0 a|b,1 ala, 1
(Tl) a\b,l (T2) a\b,? a|b,1
Figure 4.1: Examples of weighted transducers of domain {a}* over the alphabet {a,b}.

The weighted transducer 77 on Figure 4.1 has exactly one accepting run on any
input/output pair of words. As a straightforward application of the definitions, we have
that Sumy(aaaa, baab) = 2, Meany (aaaa, baab) = 1 and DSumy (aaaa, baab) = A° + A* for
any discount factor A € QN (0,1). In contrast, the weighted transducer T» on Figure 4.1
admits a polynomial number of accepting runs on the length of the input/output pair of
words. Basically, achieving the minimal cost consists of determining the position in the
input word when it becomes beneficial to always aggregate 1 instead of a non-equitable
share depending on the output letter. For all v € {a,b}*, we have that Sumz(a*l,u) =

min{2|vy|p+ |v2| : u = vyvy} where |v1|, denotes the number of occurrences of b in vy and

e (ol
Meany (al*l, u) = W Hence, Sumr(aaaa, baab) = 3 and Meany(aaaa, baab) = 2.

For the discounted sum aggregator, the minimal cost run also depends on the discount
factor A € QN (0,1), we have that DSump(a®!,u) = min{3 1" 2\~ + % :
u=wvwy Auli] = b= 2, =1 Auli] = a = x; = 0}. In particular, DSumr(aaaa, baab) =

min{2 + A3, 111)}:1 }.
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Robustness problems

We study the following three fundamental problems related to robustness for three
different aggregator functions C € {Sum,Mean,DSum}. Given a threshold v € Q, a C-
transducer T and a regular language L, a word u € dom(7") is said to be v-robust, or just
robust if v is clear from the context, if T<, (u) C L. In other words, all its rewritings of
cost v at most are in L. A language N C ¥* is said to be v-robust if NNdom(T") contains
only v-robust words. Finally, the v-robust kernel of T is the set Robr (v, L) of v-robust
words: Robp (v, L) = {u € dom(T") : T<,(u) C L}

The following Proposition states that bigger is the error threshold, coarser is the
robust kernel.

Proposition 4.1.1

Given v,V € Q>¢ and a C-transducer T' and a regular language L, we have that
V' <v = Robrp(v',L) C Robp(v, L).

Proof By definition T<,(u1) = {u2 : Cr(u1,uz) < v}. For all uy € dom(T) we have
that w; € Robp(v, L) iff for all ug both us € L and Cp(uj,uz) < v hold. Clearly
u1 € Robr(v, L) implies u; € Roby (v, L) for any v/ < v. ¢

We are in a position to formally define the three key problems studied in this chapter.
For these definitions, we let C € {Sum, Mean, DSum}.

Problem 4.1.2 — Robust Inclusion

Given a C-transducer T, a regular language N C ¥* as an NFA, a threshold v € Qx>
and a language L C ¥* as a DFA, the robust inclusion problem is to decide whether
N CRobr(v, L), i.e. whether T<,,(N) C L.

Problem 4.1.3 — Threshold synthesis

Given a C-transducer T, a regular language N C ¥* as an NFA, and a regular
language L C ¥* as a DFA, the threshold synthesis problem is to output a partition
of the set of thresholds Q>¢ = G'W B into sets G and B of good and bad thresholds,
ie. G={v€Q>¢: N CRobp(r,L)} and B={v € Q>¢ : N € Roby (v, L)}.

As direct consequence of Proposition 4.1.1, the sets G and B are intervals of values,
that is for all v1,v5 € Q>o, if 1 < 12 and 1, € G, then 11 € G, and if v; € B then
vy € B. Also note that one of the two sets may be empty, in which case the other is the
entire set Q>o.

4.2 Robustness toward shortest path problem

In this section, given an instance of the threshold synthesis problem, we show how
to compute the interval of good thresholds G and the interval of bad thresholds B in
PTIME for Sum, Mean, DSum measures. As a corollary, we show that the robust inclusion
problem is in PTIME for all the three measures we consider.

In the following, we assume that N = dom(T’). This is w.l.o.g. as transducers are
closed under regular domain restriction thanks to a product construction of 7" with the
automaton for N constructible in polynomial time. With this assumption, the set of
good threshold G becomes G = {v € Q>¢ : dom(T) C Robr(r, L)} and dually for the
set of bad thresholds B. We let vy 1, be the infimum of the set of bad thresholds, i.e.
vpp = inf B = inf{v € Q>¢ : dom(T) Z Robyr(v,L)}. As illustrated by the following
example, computing vr ; allows us to compute B and G.

Let ¥ = {a,b,c} and C € {Mean,DSum}. Consider the best threshold problem
for T the C-transducer of Figure 4.2, N = don(T') = {a}* and L = {a}* U {b}*.
Note that the translations accepted by OK and ID belong to L. On the contrary,
translations accepted by KO do not belong to L and so they are not robust with
respect to L for any threshold. For Mean measure, the cost of a translation into
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{c}* is exactly 1 while the one into {b}* range over [0,1). Hence vj*3* = 1 and
the set partition of good and bad thresholds is GM** = [0,1) and B"**® = [1, +00).
In the case of DSum with discount factor 0.5, the cost of a translation into {c}*
range over [2,2.5) while the one into {b}* range over [0,2). So v§%f* = 2 and the
thresholds are partitioned by G** = [0, 2) and B”*™™ = [2, +00).

ale, 1

_)Q ale, 2 O ale 0 @

Figure 4.2: Transducer T for which the infimums vf°3* = 1 and v3%}" = 2 are bad thresh-

olds for T interpreted as Mean- and DSum-transducer with discount factor % respectively,
and for L = {a}* U {b}*.

Then, we associate with every transducer T' and property L given by some DFA A,
a transition system with natural weights as defined in Section 1.4 and we denote it by
G, 4. Intuitively, G 4 is obtained by first taking the synchronized product of 7" and A
(where A is simulated on the outputs of T') and then by projecting this product on the
inputs.

Formally, given T = (Q, Qr, Qr, A,W) and A = (P,pr, Pr, V), the associated transi-
tion system is the synchronized product Gp 4 = (V,E,V;, Vi) weighted by W': E — N
defined such that:

V=@QxP
E is the set of transitions e = (¢, p) — (¢, p’) such that there exists a € XU {e} and
a transition t = (q, a,u,q') € A such that p’ = V(p,u) where V has been extended
to words in the expected way. We say that e is compatible with .
e Foralle € E, W(e) =min{W(¢) : e is compatible with ¢}.
o V;=Q x{pr} is the set of initial states.
o Vie=QFr X (P\ Pp) is the set of final states.
Additionally, given a run p in this transition system as a sequence of transitions e ... ey,
we let C(o) = C(W(ey)...W(en)) be its weight.
The following lemma establishes some connection between vy ;, and the runs of G 4.

LOIMIMEA 4. 2.1 veeeerrrrmenm ettt ettt et e et et )

Let Gr,a be the weighted transition system associated to the given C-transducer
T and the given regular automaton A. The infimum cost of accepting runs is
equal to vy, i.e. vr = inf{C(p) : 0 € AccRung,. , }.

Proof We first show that any accepting run p satisfies C(9) > vy . By construction
of Gr 4, there exists an input word u; € dom(7T'), some output word us ¢ L and an
accepting run r of T on (u1,us) of value C(r) = C(p). Since the value Cr(uy,uz) is the
minimal value of all accepting runs of T overs (u1,us), we have C(r) > Cr(uy,u2) and
uy is not robust for threshold Cp(uy,us), a fortiori for threshold C(r), from which we
get C(r) = C(¢) > vr,r. This shows that v7 ; <inf{C(g) : o € AccRung,, , }.

Suppose that vp 1 is strictly smaller than this infinimum (that we denote m) and take
some rational number v such that vy < v < m. Since vy < v, it is a bad threshold
which means that there exists u; € dom(7T) such that u; & Robr (v, L). Hence there exists
ug ¢ L such that Cp(uq,u2) < v, and by definition of Gr 4, there exists an accepting
run o of value C(p) < v. This contradicts the fact that ¥ < m by definition of m. Hence,

vr,1, = m, concluding the proof. ¢
The next lemma establishes that the infimum of values of accepting runs in a weighted

transition system can be computed in PTIME and it is also decidable in PTIME if the
infimum is realized, for all the three measures considered in this chapter. As a direct
corollary of this lemma we obtain the main theorem of the section.
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LEIMIITIA 4.2.2  coceeereremnmmmm e e e e e e e e e e e e ;

For a transition system G = (V, E,V;, Vp) weighted by W: E — Qx¢, the infi-
mum amongst the value of accepting runs can be computed in PTIME for all
C € {Sum,DSum,Mean}. Moreover, we can decide in PTIME if this infimum is
realizable.

Proof We first trim the transition system G by removing all the states that cannot be
reached from an initial state or that cannot reach a final state as those states cannot par-
ticipate to run acceptance. The set of accepting runs is empty iff the trimmed transition
system is empty and then the infimum is equal to +00. Now, we assume the trimmed
transition system to be non-empty, i.e. there is at least one accepting run.

We now consider the three measures in turn. For Sum, the infimum amongst the value of
accepting runs in the transition system G with non-negative weights can be computed in
PTIME using Dijkstra shortest-path algorithm and it is always realizable by a cycle-free
accepting run.

For Mean, we first note that the infimum is either realized by a cycle-free accepting run
or comes from the value of a reachable cycle from an initial state that can be iterated
arbitrarily many times before moving to some accepting state. In the latter case, if ¢ is
a cycle of Mean m which is smaller than the Mean value of any accepting run then the
family of runs g, = o0 c¥ - o/, where p is a cycle-free run from some initial state to ¢ and
0" is a cycle-free run from ¢ to some final state’and such that  im Mean(g)) = Mean(c)
and Mean(c) is the infimum. Now if all the cycles have a value larger than the infimum,
they are not beneficial as those cycles can be systematically removed and give runs with
smaller values. Note that the minimum Mean values amongst cycle-free accepting runs
can be computed in PTIME by a simple dynamic program that considers the minimal
values of runs of lengths at most equal to the number of states. Moreover, the minimum
mean value of cycles in the trimmed transition system can be computed in PTIME using
the algorithm of [Kar78]. It is easy to see that if the infimum is realizable iff it equals
the minimum Mean value of cycle-free runs.

For DSum, Theorem 1 of [AKTY13] tells us that for all v € V we can compute the
infimum value x, of runs from v to some final state in PTIME. According to Lemma 1
of [AKTY13], and similarly to the case of Mean, the infimum DSum value xz, is either
realized by a cycle-free run or by a family of runs of the form o - c* - ¢/. This is because
if it is beneficial to include a cycle ¢ to reduce the cost of a run from v to some final
state then it is beneficial to iterate this cycle arbitrarily many times. In particular, the
infimum is realizable only when there exists not such beneficial cycle. In order to decide
the realizability of the values x, for all v € V, we consider G’ as the transition system
G where we keep only those transitions e = (v,v’) such that the optimal value z, to
reach some final state from v can be realized through the state v’. Let A be the discount
factor. Formally, we construct the transition system G’ = (V, E',V;,Vp) with E' C E
and such that (v,v') € E' if z, = Az, + W(v,v"). We claim that, Vp is reachable from v
in G’ iff x, is realizable in G from v, hence testing realizability boils down to checking
the existence of a run in G'.

The left-to-right implication comes by induction on the length of the run g from v to
some final state. If v; € Vi then |o| = 0 and z,, ,, = 0 which is realizable. Assume
vy ¢ Vr and o = (v,v")o’. By induction hypothesis, z,- is realizable by some run ¢ from
v’ to Vp. By construction of G’ we have z,, = Az, + W(v,v’). Hence z, is realizable by
(,07 ’U/)Q”.

For the right-to-left implication, if v € Vg it is trivial, so assume that v € Vp and let
0 = (v,v")¢" a run that realizes z,. Assume z, > Az, + W(v,v’). This contradicts
the optimality of z,, as ¢ witnesses a better discounted value from v to Vp. Assume
Ty < Axy + W(v,v'), then since p realizes x,, we have x, = W(v,v') + ADSum(¢’). It
implies DSum(¢’) < z,s. This contradicts the minimality of z,/, as then o' witnesses a
better value for runs from v’ to Vp. Hence z, = Az, +W(v,v') and (v, v’) is an transition
of G'. By induction on the length of g, we can also conclude that ¢’ is a run of G’ and
then g is a run of G’ from v to V. ¢

M Such cycle-free run exist as the transition system is trimmed.
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Theorem 4.2.3

For a given C-transducer T, a language N C ¥* given as an NFA and L C X*
given as a DFA, the set partition of good and bad thresholds (G, B) for C €
{Sum, DSum, Mean} can be computed in PTIME.

Proof First, we restrict the domain of T" to N by taking the product of T" and the
automaton for N (simulated over the input of T'). Then we can compute in PTIME
the value vy thanks to Lemma 4.2.2. This value is the infimum of B according to
Lemma 4.2.1. If this infimum is realizable then the interval B is left closed and equal to
[vr,L,+00) while G = [0, vy, 1), and on the contrary, if this infimum is not realizable, then
B is left open and equal to (v7 r,+00), while G = [0,vr ]. Note that when vy, =0

and is realizable, then G = [0,0) = @.
As a direct consequence, the robust inclusion problem for a threshold v can be solved

by checking if v € G, and so we have the following corollary.
Corollary 4.2.4

Let C € {Sum,DSum,Mean}. Given T a C-transducer, N C ¥* given as an NFA,
L C ¥* given as a DFA and v € Q. The language inclusion N C Robr (v, L) can
be decided in PTIME.

4.3 Case Studies

Some experiment part on robustness have been investigate by peoples from University
of Colorado Boulder, thanks to a collaboration. This section describes the implementa-
tion of the ideas shown thus far and their application to a detailed case studies. Sankara-
narayanan and Trivedi have implemented in Python the threshold synthesis problem 4.1.3
for the discounted and average costs. This implementation supports the specification of
a language L specified as a NFA, a weighted transducer T and a property P specified as
some DFA.

4.3.1 Robustness of Human Control Strategies

An industrial motor operates under many gears gi,...,¢g5. Under fault, the human
operator must take control of the machine and achieve the following: If the system goes
into a fault the operator must ensure that (i) the system is immediately set in gears 3 —5.
Subsequently, for the next 5 cycles (ii) it must never go to gear g; or go. And (iii) must
shift and stay at a higher gear g4 or gs after the 5" cycle until the fault is resolved.

¥\ fault

Figure 4.3: Finite state automaton P showing a desired property for the automatic
transmission system. All incoming edges to s1,...,Ss have label g3, incoming edges to
t1,...,t5 have label g4 and rq,...,r5 have incoming edges labeled gs. All edges not
shown lead to a rejecting sink state.

Figure 4.3 shows a finite state machine P that accepts all words satisfying this prop-
erty: fault is not in the operator’s control but gi,...,gs are operator actions. Consider
that the operator can perform this task in two different ways: o1 : fault g4 g4 94 94 95 95
versus o9: fault gs g3 g3 93 g3 g4. The input oy induces the run s, sg,t1,t2,t3,74,75
whereas the input oo induces the run s, sq, s1, S2, 83, S4,t5. Both o1, 09 satisfy the prop-
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erty of interest and as such there is nothing to choose one over the other. Suppose the
human operator can make mistakes, especially since they are under stress. We will con-
sider that the operator can substitute a command for gear g; with g;—; (for i > 1) or
gi+1 (for i < 5). We use a weighted transducer Ty shown in Figure 4.4 to model these
substitutions. The transducer defines possible ways in which a string ¢ can be converted
to ¢’ with a notion of cost for the conversion. This example consider two notions of
cost, the DSum-cost and the Mean-cost. These costs now allow us to compare o1 versus
o9. For instance, under both notions, it turn out that ¢y is much more robust than o.
The robustness of o7 under both cost models is co since any change to o; under the
transducer continues to satisfy the desired property. On the other hand o5 has a finite
robustness, since operator mistakes can cause violations.

id, 0 id, 0 id, 0

id, 0 A
gil git1, 1 @gjlgj 171/\91\;;, 1,1@

vie{l,...,4} (T1) gk | g1, 1ng | gr+1,
gi | gi-1, 1
Vi € {2,. . id, 0

4&9] | gj-1, 1/\9] | 951, tz
TO T2 gk | 9k+1, 1\./9]? | 9k+1, 1ng ‘ gk+17

Figure 4.4: Transducers modeling potential human operator mistakes along with their
costs: Ty allows arbitrarily many mistakes whereas T restricts the number of mistakes
to at most 2, whereas Ty models a “bursty” set of mistakes. The edge a | b, w denotes a
replacement of the letter a by b with a cost w. For convenience T, uses an € transition
that can be removed.

String To T T

Disc. Avg. | Time || Disc. Avg. | Time || Disc. Avg. | Time
92‘1‘93 o0 00 € 00 00 € 00 [e'e) e
9391 27° L 0.03 | 270 L 0.03 || & L 0.03
93939593939 || 0 0 004 || 0 0 0.06 |0 0 0.06
930910 0 0 007 |0 0 009 |0 0 0.1
g391°92g3gs || 7.45e-9 | 0.035 | 0.12 || 7.45¢-9 | 0.035 | 0.2 2.6e-8 | 0.103 | 0.2
9393 g2° 3.7¢-9 | 0.019 | 0.15 || 3.73e-9 | 0.019 | 0.4 6.52e-9 | 0.056 | 0.3

Table 4.1: Running times and robustness values computed by Sankaranarayanan and
Trivedi for various input strings (the first letter fault is common to all the strings and is
omitted). All timings are measured in seconds, ¢ denotes time < 0.01 seconds.

The use of a transducer allows for a richer specification of errors. For instance,
transducer T5 in Figure 4.4 shows a model of bounded number of mistakes that assume
that the operator makes at most 2 mistakes whereas T3 in Figure 4.4 shows a model with
“bursty” mistakes that assume that mistakes occur in bursts of at least 2 but at most 3
mistakes at a time. These models are useful in capturing fine grained assumptions about
errors that are often the case in the study of human error or errors in physical systems.

Using the prototype implementation, Sankaranarayanan and Trivedi report on the
robustness of various inputs for this motivating example under the three transducer
error models. The property P is as shown in Figure 4.3 and the transducers Ty — 15
are as shown in Figure 4.4. Table 4.1 reports the robustness values for various input
strings and the running time. Note that while our approach takes about 0.3 seconds for
a string of length 50, the prototype can be made much more efficient to reduce the time
to compute robustness. Furthermore, discounted sum becomes smaller as the strings
grow larger while the average robustness value does not. Hence, average robustness is a
more useful measure due to this property in this particular example.
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4.3.2 Monitoring properties for patients with type-1 diabetes

We will now apply our ideas to the approximate pattern recognition problem for
analyzing clinical data for patients with type-1 diabetes. People with type-1 diabetes
are required to monitor their blood glucose levels periodically using devices such as
continuous glucose monitors (CGMs) that are calibrated multiple times each day using a
finger stick blood glucose meter. Data from CGMs is uploaded on-line and available for
review by clinicians during periodic doctor visits. Many applications such as Medtronic
Carelink(tm) support the automatic upload and visualization of this data by clinicians.

Physicians are commonly interested in knowing about hypoglycemic episodes (defined
as blood glucose < 70 mg/dl) suffered by the patient especially during night times, about
prolonged extreme hyperglycemic events that can lead to diabetic ketacidosis (defined as
blood glucose > 300 mg/dl) and about instances of “rebound” hyperglycemia wherein
the blood glucose levels swing from hypoglycemia to extreme hyperglycemia within a rel-
atively short time window (< 2 hrs). We can write queries to retrieve data corresponding
the following patterns:

e Prolonged Hypoglycemia (P1): Do the blood glucose levels stay below 70 mg/dl
(hypoglycemia) for more than 3 hours continuously?™"

e Prolonged Hyperglycemia (P2): Do the blood glucose levels remain above 300 mg/dl
(hyperglycemia) for more than 3 hours continuously?""!

e Rebound Hyperglycemia (P3): Do the blood glucose levels go below 70 mg/dl and
then rise rapidly up to 300 mg/dl or higher within 2 hours?™!

Note that these patterns specify bad events that should not happen. A straightfor-
ward and strict pattern recognition approach based on specifying the properties above
will hide potentially bad scenarios that nearly match the desired pattern for two main
reasons:

e The CGM can be noisy and inaccurate. Its accuracy depends on many factors.
First, CGMs are designed to be more accurate for glucose levels near the hypo-
glycemia limit, since hypoglycemia is much more dangerous than hyperglycemia.
Also accuracy improves when the CGM is calibrated using a finger stick measure-
ment but then degrades over time. Moreover the CGMs can “dropout” periodically
giving out a very small value and resume working normally.

e The properties above are specified using cutoffs such as 70 mg/dl and 3 hours that
are somewhat arbitrary with different opinions among physicians. For instance, a
clinician will consider a scenario wherein the patient’s blood glucose levels stays at
75 mg/dl for 2.75 hours as a serious case of prolonged hypoglycemia even though
such a scenario would not satisfy the property P1.

We propose to solve the approximate pattern recognition problem using the techniques
developed in this chapter. Here given a string w, a transducer T and a language L, we
are looking for a word w’ such that w’ € L and Cr(w',w) is as small as possible. In
other words, we wish to solve the threshold synthesis problem 4.1.3 for a language L that
is the complement of P1 (P2 or P3).

We partition the range of CGM outputs [40,400] mg/dl into intervals of size 10
mg/dl over the range [40,80] mg/dl and 20 mg/dl intervals over the remaining range
[80,400] mg/dl. This yields a finite alphabet ¥ where |X| = 20. For instance ago,70 € &
represents a range [60, 70Jmg/dl whereas agsg 240 represents the [220,240] mg/dl range.
CGMs provide a reading periodically at 5 minute intervals. This yields a string where
each letter describes the interval that contains the glucose value.

Transducer

The CGM error model is given by a transducer that considers possible errors that a
CGM can make (see Figure 4.5). The transducer has four states: NoT CALIB denot-
ing that no calibration has happened, CALIB denoting a calibration event in the past,
DRrOPOUTNC a sensor drops out under the non calibrated mode and DROPOUTC a cali-
bration event has happened and sensor drops out. As mentioned earlier, we have variable
costs. It also associates a cost with these variable translation costs defined by a function
cost(lb, ub, Ib', ub"). These costs are set to be higher for ranges [lb, ub] that are close to

I Such an event can lead to dangerous (and silent) night time seizures.

[VISuch an event can lead to a potentially dangerous condition called diabetic ketacidosis.
[VIRebound hyperglycemia can lead to large future swings in the blood glucose level, raising the burden
on the patient for managing their blood glucose levels.
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b | @40,50, cost(dropout)

Aibub | @t cOst([1b, ub], [Ib, ub']) calibrate | calibrate, 0
S calibrate | calibrate, 0 5
DrorPOUTNC g Not CALIB CALIB Q DrorouTC
U € T U €
Qib,ub | @40,50, cost(dropout) Aibub | Qi w2 X cost([1b, ub], [1b', ub'])
calibrate | calibrate, 0 calibrate | calibrate, 0

Figure 4.5: Transducer model for capturing the errors made by continuous glucose mon-
itors.

hypoglycemia. Also note that we can model calibration events and the doubling of costs
if the sensor is in the calibrated mode. In practice, the sensor drifts over time after a
calibration event and this is not modeled in our study. Finally, there are states modeling
CGM dropouts that results in a constant signal in the range [40, 50] mg/dl. These events
are not true hypoglycemia but a temporary sensor malfunction.

Prop. || Total Time Threshold Values synthesized

01](0,01][(01,1.0][ >1.0] oo
P1 || 4hriom3is o] 8 2 95 | 1927
P2 || 2hr10m30s || 0| 28 13 0 |1991
P3| 2n0m9s 0] 11 10 0 |2011

Table 4.2: Table filled by Sankaranarayanan and Trivedi, showing total time taken per
property and number of matches for various ranges of robustness threshold.

Property Specifications

We specify the three different properties described above formally using finite state
machines over the alphabet 3 as defined above. The prolonged hypoglycemia property
can be written as a regular expression: X*(a4050 + as0,60 + @60,70)°¢X* which can be
easily translated into a NFA with roughly 38 states. The number 36 represents a period
of 180 minutes since CGM values are sampled at 5 minute intervals. Similarly, the other
two properties are also easily expressed as NFA.

Finally, we compose the transducer model with the properties P1, P2, P3 individually
and calculate the mean robustness. More precisely, for each sequence of measures w, we
compute the minimal threshold v such that w can be rewritten by T at mean cost v
into some w’ satisfying P1 (and P2, P3 respectively). The discounted sum robustness
is not useful in this situation since the patterns can match approximately anywhere in
the middle of a trace. Also, in most cases the discounted sum robustness value was very
close to zero for any discount factor < 1 or became forbiddingly large for discount factors
slightly larger than 1, due to the large size of the traces.

Patient Data

We used actual patient data involving nearly 50 patients with type-1 diabetes un-
dergoing a clinical trial of an artificial pancreas device, and nearly 40 nights of data per
patient, leading to an overall 2032 nights. Each night roughly corresponds to a 12 hour
period when CGM data was recorded [MCB¥14]. This is converted to a string of size 140
(or slightly larger, depending on how many calibration events occurred). The threshold
synthesis problem 4.1.3 was solved for each of the input strings, and the results were
sorted by the threshold robustness value for properties P1, P2, P3.

Table 4.2 shows for each property, the total time taken to complete the analysis of the
full patient data, and the number of matches obtained corresponding to various threshold
values. The implementation provided by Sankaranarayanan and Trivedi is currently a
prototype that constructs a full product graph of the property automaton, transducer
and the input string converted into a “straight line” automaton. This results in roughly
4 x 140 x 384 ~ 80,000 node graph for each individual trace, and is not quite efficient in
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Figure 4.6: Examples of patterns with small robustness thresholds for properties P1 (left)
with robustness threshold value of 0.7 and P3 (right) with robustness value of 0.02. The
red triangles show calibration events.

terms of time to construct the product graph, prune it and calculate the mean robustness
value. Nevertheless, each trace takes less than 1 minute for property P1 and roughly half
that time for properties P2 and P3. As the table reveals, no single trace matches any
of the properties perfectly. However, our approach is more nuanced, and thus, allows us
to find numerous approximate matches that can be sorted by their robustness threshold
values. Note that many of the input traces yield a threshold value of oco: this signifies
that no possible translation as specified by the transducer can cause the property to
hold. Figure 4.6 shows two of the approximate pattern matches obtained with a small
robustness value. Notice that the CGM values on the left do not satisfy the criterion
for a prolonged hypoglycemia for 3 hours (P1) in a strict sense due to a single point
at the end of the trace that is slightly above the 70 mg/dl threshold. Nevertheless, our
approach assigns this trace a very low robustness. Likewise, the plot on the right shows
a rapid rise from a hypoglycemia to a hyperglycemia within 120 minutes (P3) towards
the beginning, except that the peak value just falls short of the threshold of 300 mg/dl.

Note that related work in the area of monitoring cyber-physical [FP09, DM10, AH15,
DMP17] can be used to perform approximate pattern recognition using robustness of
temporal properties over hybrid traces. However, we note important differences that are
achieved due to the theory developed in this chapter. For one, the use of a transducer
can provide a nuanced model of how errors transform a trace, wherein the transformation
itself changes based on the transducer state. This is used in many ways in our application:

e It models the fact that the sensor is less error prone at smaller glucose values.

e It models events such as calibration that make the sensor more accurate for a period
of time after calibration.

e The use of transducers can also (roughly) model important CGM errors such as
dropouts and pressure-induced sensor attenuation [BCB'14]. A detailed transducer
model of CGM errors remains beyond the scope of this study but will likely be
desirable for applications to the analysis of patterns in type-1 diabetes data.



Chapter 5

Robust kernel synthesis

In this chapter, we carry the study of robustness a little further and consider prop-
erties on the robust kernel of a regular language with respect to an error model. Given
two regular languages N, L and a weighted transducer T, the robust kernel is the set of
words from N for which any perturbation performed by T that is in the v-neighborhood,
belongs to L. In other words, the robust kernel is the largest subset of N for which any
rewriting of T' with a cost bounded by v, belongs to L. In particular, we investigate the
regularity and the emptiness of the robust kernel, denoted Robr (v, L) in Chapter 4, for
a given C-transducer 7', a non-negative rational v and a regular language L represented
by a DFA. We show that the robust kernel is regular for the Sum measure, and checking
its emptiness is PSPACE-C. For Mean, we show that it is not necessarily regular, and
checking its emptiness is undecidable. For DSum, we conjecture that the robust kernel
is non-regular and leave the emptiness problem open. Moreover, we provide sufficient
conditions for Mean and for DSum measures under which the robust kernel is regular and
computable, implying decidability of its emptiness.

5.1 Sum measure

To show robust kernel regularity, we rely on the construction of Theorem 2 of [ABK11]
in the context of weighted automata over the semi-ring (N U {400}, min, +), denoted
WA in Section 1.4. The following lemma, use the same automata construction and
provides an upper bound on the number of states required to denote a threshold language
with a DFA.

To show robust kernel regularity, we rely on the following lemma:
Lemma 5-1.1 ............................................................................................................ .

Let U be an n states WA and v € N. The threshold language L, (U) = {u :
[Ul(u) > v}, where [U](u) is defined as 4oco if there is no accepting run on
u, otherwise as the minimal sum of the weights along accepting runs on w, is
regular. Moreover L, (U) is recognized by a DFA with O((v + 2)™") states.

Proof First, let assume that U has universal domain (i.e. any word has some accepting
run), otherwise we complete it by assigning value v to each word of its complement.
Then, [U](u) > v iff all the accepting runs on u have value at least v. We design a DFA
D that accepts exactly those words. Since the weights of U are non-negative, D just
has to monitor the sum of all runs up to v, by counting in its states. If @) is the set of
states of U, the set of states of D is ZQX{O““’”*L”H, where vT intuitively means any
value > v. We extend natural addition to X = {0,...,v — 1,v"} by letting i +j = v+
iff i =v, or j =v", ori,j >v. Then, D is obtained by subset construction, there is a
transition P % P'in D iff P = {(¢',i+j): (¢.i) € PAq 1] ¢'}. A state P is accepting
if PN((Q\F)x{0,...,v—1}) = @, where F are the accepting states of U.

Though simple, the latter construction does not give the claimed complexity, as the
number of states of D is 2™”. But the following simple observation allows us to get a
better state complexity. Consider an input word of the form wv. If after reading u, D
reaches some state P such that for some state g, there exists (g,1), (q,j) € P such that
i < 7, then if there is an accepting run of U from ¢ on v, with sum s, there is an accepting
run on uv with sum 7+ s and one with sum j + s. Therefore if i +s > v, then j+s > v
and the pair (g, j) is useless in P. So, we can keep only the minimal elements in the states
of D, where minimality is defined with respect to the partial order (¢,7) < (p,j) if g=1p
and ¢ < j. Let us call D,y the resulting “optimized” DFA. It states can be therefore seen
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as functions from @ to {0,...,v,vT}, so that we get the claimed state-complexity. ¢
Lemma 5.1.2 — Robust language regularity -.----ooooiin .

Let T be a Sum-transducer, v € N and L a regular language. The language
of robust words Robr(v, L) is regular. Moreover, if L is given by a DFA with
ny, states and T have nr states, then Robr (v, L) is recognizable by a DFA with
O((v +2)"m*"rL) states.

Proof First, we show the regularity of the complement of Robr (v, L) defined as
Robr (v, L) = {uy : Jug, Sump(ug,us) < vAug & L}

First, let us assume that L is given by some NFA A, let A be a DFA recognizing the
complement of L. We first transform T into T ® A, which simulates T and controls that
the output words belong to L. In particular, it rejects whenever the rewriting by T is in
L. Tt is obtained as a product of T with A run on the output, with set of states Q7 x Q-
It accepts whenever the final pair of states (p, ¢) is a pair of accepting states both for T'
and A. Then, we have the following:

Robr(v, L) = {u1 : Juz, Sum;z(u1,uz) < v}

Now, by definition of SumT®Z(u17 uz) we have u; € Robp(v, L) iff there exists a word ug
and an accepting run r over (ug,us) such that Sum(r) < v. Therefore, we can project
T ® A on its input dimension (thus, we just ignore the outputs) and obtain a WAZi: that
we call U such that

Robp (v, L) = {uy : [U](u1) < v}

where [U](uy) is defined as +oo if there is no accepting run of U on ug, and as the
minimal sum of the accepting runs on u; otherwise. Complementing again, we get:

Robp (v, L) = {uy : [U](u1) > v}

Now, we apply directly Lemma 5.1.1 on U to conclude for regularity. The state-
complexity is again given by Lemma 5.1.1 and the fact that U has np x np states.

¢
Theorem 5.1.3

Let T be a Sum-transducer, v € N given in binary and L a regular language
given as a DFA. Then, it is PSPACE-C to decide whether there exists a robust
word u € Robp(v,L). The hardness holds even if v is a fixed constant, T is
letter-to-letter™and io-unambiguousV™, and its weights are fixed constants in

{0,1}.

Proof From Lemma 5.1.2, Robr(v, L) is recognizable by a DFA with O((v + 2)"7 >t )
states, where nr is the number of states of T" and n4 the number of states of the DFA
defining L. Checking emptiness of this automaton can be done in PSPACE (apply the
standard NLOGSPACE emptiness checking algorithm on an exponential automaton that
needs not be constructed explicitly, but whose transitions can be computed on-demand).
To show PSPACE-hardness, we reduce the problem from [Koz77] of checking the non-
emptiness of the intersection of n regular languages given by n DFA A4,..., A,, over
some alphabet I'. In particular, we construct 7', v and a DFA A such that [, L(A4;) # @
iff there exists a robust word with respect to T',v and L.

We define the alphabet as ¥ = TU{#1, ..., #n, ¢} where we assume that #1,...,#,,0 ¢
I', and construct a transducer T which reads a word uo of length k = |u| +1 with uw € T,
and rewrites it into either itself, or (#;)* for alli € {1,...,n}. The identity rewriting has
total weight 0 while the rewriting into #¥ has total weight 1 if u € L(A;), and 0 otherwise.
The transducer T is constructed as the disjoint union of n+ 1 transducers 11, ..., T, Ts.

VA transducer is letter-to-letter if A C Q x ¥ X ¥ X Q.
VI For all word pairs (u1,u2), there exists at most one run of T" on u; outputting us.
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For all i € {1,...,n}, T; simulates A; on the input and outputs #; whenever it reads an
input letter different from o, with weight 0. When reading ¢ from an accepting state of A;,
it outputs ¢ with weight 1, and if it reads ¢ from a non-accepting state, it outputs ¢ with
weight 0. Finally, T, just realizes the identify function with weight 0. Note that T has
polynomial size in Ay, ..., A, and it is letter-to-letter and (input,output)-deterministic.
Now we prove that a word wo is robust iff u € (), L(A;). Assume that there exists a
robust word uo for the property L = (I'U{o})* and threshold v = 0. Equivalently, it
means that for all rewritings @ € ¥*| if Sumy(uo, @) < 0 then o € L. Tt is equivalent to
say that all its rewritings « satisfies either Sump(uo, ) > 1 or @ € L. By definition of
T, it is equivalent to say that all rewritings « are such that either a € (#;)*o for some
i and u € L(A;), or a« = wo. Since T necessarily rewrites u¢ into uo, as well as into
(#1)F, ..., (#,)F, where k = |u| + 1, the latter assumption is equivalent to saying that
u € L(4;) for all i € {1,...,n}, concluding the proof.

5.2 Mean measure
Let us first establish non-regularity of the robust kernel.

Lemma 5‘2‘1 ............................................................................................................ :

Given a regular language L, a Mean-transducer T and v € Q>¢, the language
Robp (v, L) is not necessarily regular, but recursive.

Proof Consider the language L = {u : 3i € N u[i] = a} on the alphabet ¥ = {a, b},
i.e. the set of words on ¥ that contain at least one a. Now, consider a (one state)
transducer T that can non-deterministically copy letters or change the current letter
from a to b with weight one. Now, if we fix v to be equal to %, then all the translations
of u by T of cost less than % are included in L, i.e. each translation of u will contain
at least one letter a iff the number of a’s in w is larger than the number of b’s in w, i.e.
Robr(3,L) = {u: |uls > |uls}, which is not regular. Note that in general Robr (v, L) is
recursive because the membership problem to it, is decidable by Corollary 4.2.4 (applied

on a singleton language).
For Sum-transducers, the regularity of the robust kernel rely on the non-negativity of

its weights. However, in the case of Mean-transducers, being weighted over non-negative
integers or over Z does not change the problem. We use this fact to show that testing
the non-emptiness of the robust kernel is undecidable.

Theorem 5.2.2

Let L be a regular language, T' be a Mean-transducer and v € Q>¢. Determine
whether Robr (v, L) # @ is undecidable. It holds even if T is io-unambiguous.

Proof The proof goes by reduction from the universality problem for a weighted au-
tomata A over (Z,min, +), known to be undecidable [CDH10b, ABK11]. We recall that
this problem asks whether all words have a finite value smaller than 0.

Given A = (Q,Qr,Qr, A, ), we construct L as the set of non accepting runs of A union
>*, the threshold v as the maximal absolute weight of A and T such that:

MeanT = U

We can construct T as the disjoint union between a single-state transducer with weights
zero realizing the identity, and a transducer that outputs all the possible runs of A on its
input, such that each T-transition simulating an A-transition ¢ of value z (in A) has value
v + x, which is positive by definition of v. Hence T is indeed weighted over non-negative
numbers. Note that T is io-unambiguous: if the input and output are fixed, there is at
most one run of T'. Now, we show that Robr (v, L) = @ iff Vu [A](u) <0, i.e.

{(u,u) = 0:u e X*}
{(u, 0) = x, + v|u| : 0 € AccRung(u) A XN(g) = z,}

VuiJus € L Meany(ug,us) < v <= Yu [A](u) <0

We have the following equivalences: Vu;Jus € L Meany(u1,uz) < v iff for all uy, there
exists an accepting run g of A on uy such that Meanr(uy, 0) < v, i.e. Sumr(uy, 0) < v|uq]
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and by definition of T, it is equivalent to asking that A(g) + v|ui| < v|uq|, i.e. A(o) <O.
Hence, the latter statement is equivalent to the fact that for all words u, there exists an
accepting run of A of value < 0. Since A takes the minimal value of all accepting runs on
u1, it is equivalent to saying that for all uy, [A](u1) < 0, i.e. A is universal, concluding
the proof. ¢

5.3 Discounted sum measure

For DSum-transducer, we conjecture that Robp (v, L) is in general non-regular. This
claim is substantiated by the fact that DSum-automata over Q and w-words have in general
non-regular cut-point languages, i.e. the set of words of DSum value below a given threshold
is in general non-regular [CDH10a]. With a proof similar to that of Theorem 5.2.2 for
Mean-transducers, it is possible to show that the universality problem for DSum-automata,
which is open to the best of our knowledge, reduces to checking the emptiness of the
robust language of a DSum-transducer.

Following an approach that originates from the theory of probabilistic automata,
it is has been shown that cut-point languages are regular when the threshold is -
isolated [CDH10a]. Formally, a threshold v € Q is d-isolated, for 6 > 0 and for some
DSum-transducer 7' if, for all accepting runs r of T', DSumy(r) € [0,v — §] U [v + J, +0).
It is isolated if it is d-isolated for some ¢. Our objective now is to show that when v
is isolated, then Robp(v, L) is regular and one can effectively construct an automaton
recognizing it. We will also give a (possibly non-terminating) algorithm which, when
it terminates, returns an automaton recognizing Robr (v, L), and which is guaranteed
to terminate whenever v is d-isolated for some §. Towards these results, we first give
intermediate useful results. For a state ¢ of T', we call continuation of ¢ any run from ¢
leading to some accepting state of T. By extension, we also call continuation of a run r
any continuation of the last state of r. A transducer T is said to be trim if all its states
admits some continuation. Note that any transducer can be transformed into an equiv-
alent trim one in PTIME, just by removing states that do not admit any continuation
(this can be tested in PTIME).

DTS 010 T2 M5 T T A T .

Let T be a trim DSum-transducer and v € Q. If v is d-isolated for some §, then
there exists 7 € N such that any run 7 of length at least 7 satisfies one of the
following properties:
1. DSum(r) < v — ¢ and any continuation " of r satisfies DSum(rr’) < v — ¢
2. DSum(r) > v+ 4/2 and any continuation 7’ of r satisfies DSum(rr’) > v + 6.

Proof Let r be a run of length n of 7. Since T is trim, there exists a continuation
r’ of r, and moreover we have DSum(rr’) = DSum(r) + A"DSum(r’). We have DSum(r’) <

;OS A= p(l — X\)~! where p is the largest absolute weight of T. We let B, =
A"u(1 — A)~L. Let 7 be the smallest non-negative integer such that B, < 6/2 (it exists
since B, is strictly decreasing of limit 0). Assume that the length of r is greater than 7
i.e. n > n. As a consequence B,, < Bj. Since v is d-isolated, we have two cases:

i. If DSum(rr’) < v — ¢ then DSum(r) < v — § since DSum(r) < DSum(r’) by non-
negativity of the weights of T'

ii. If DSum(rr’) > v 4 ¢ then DSum(r) > v + & — A"DSum(r’). Moreover A"DSum(r’)
B, < B; < §/2 by construction. So —A"DSum(r’) > —4d/2 which implies DSum(r)
v+0/2.

We have just shown that either DSum( ) <v—4 by (i) or DSum(r) > v+ 6/2 by (ii). We
prove now that, for all continuation r of r we have (i) implies DSum(rr’) < v — ¢ and (ii)
implies DSum(rr’) > v + 4. In the first case, assume by contradiction that (i) holds and
some continuation ' of r satisfies DSum(rr’) > v+ 4. As a consequence \"DSum(r’) > 24,
which is impossible since A"DSum(r’) < B,, < By, < §/2. In the second case, if DSum(r) >
v+ §/2 then any continuation r’ of r satisfies DSum(r+’) > DSum(r) > v + §/2. Since v is
d-isolated, we get DSum(rr’) > v + 4. ¢

We now show how to construct better and better regular under-approximations of
the set of non-robust words, show that they “finitely” converge to the set of non-robust
words when v is isolated.

<
2
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LEITIITIA 5.3.2 -verreeermrommmnmmmmt et e et e e et e et e et e e e e e e e .

Let T be a DSum-transducer, v € Q and L a regular language given as a DFA. For
all n, we can construct an NFA A,, such that:

L. L(An) - L(ATL+1)

2. L(A,) CRobyr(v, L) Ndon(T)
Moreover, if v is isolated, there exists 7 such that L(A;) = Robp (v, L) Ndom(T).

Proof For all n, we let B, = \"W (1—))"1, as in the proof of Lemma 5.3.1. A runr on a

pair (wy,ws) is called bad if DSum(r) < v, we € L and r is accepting. Not that necessarily,

wy € Robr(v,L). The run r is called dangerous if |r| > n and DSum(r) < v — B,. A

dangerous run r can possibly be extended to a bad run 77’. It is possible iff there exists

a continuation 7’ of r such that the output of 7’ is not in L. Note that the cost of rr’

does not matter because the largest value r’ can achieve is B,,, keeping DSum(rr’) smaller

than v. Hence, when a dangerous run is met, only a regular property has to be tested to

extend it to a bad run. We exploit this idea in the automata construction. Namely, A,

will accept words for which there exists a bad run of length n at most, or a dangerous

run of length n which can be extended to a bad run.

Automata construction. Let AccRun%" be the runs of T of length at most n, and @
its set of states. We assume that for all (wi,w2) € [T], we ¢ L holds. This
can be ensured by taking the synchronized product of T' (on its outputs) with an
automaton recognizing the complement of L. Let us now build the NFA A,. Its
set of states is AccRun%” U Q. Its transitions are defined as follows: for all T-runs
r of length n — 1 at most ending in some state ¢, for all o € ¥, if there exists a
transition ¢ of T' from state ¢ on reading o, then we create the transition r < 7t
in A,. From any run r of length n, we consider two cases: if r is not dangerous,
then r has no outgoing transitions in A,. If r is a dangerous run, then we add
some e-transition to its last state: = — p where p is the last state of . Finally, we
add a transition from any state g to any state ¢’ on o in A,, whenever there is a
transition from ¢ to ¢’ on input ¢ in T'. Accepting states are bad runs of AccRun%"
and accepting states of T'.

Correctness. Let us show that the family A,, satisfies the requirements of the lemma.
First, we show that L(A,) C L(A,+1). Let w € L(A,) and p some accepting
run of A, on w. To simplify the notations, we assume here in this proof that
runs of A,, A,y1 and T are just sequences of states rather than sequences of
transitions. By definition of A,, ¢ can be decomposed into two parts g;0o such
that o1 € (AccRun%”)* and gy € Q* with an e-transition from the last state of o;
to the first of po. We consider two cases. If |g2] = 0, then ¢ = p; and by definition
of Ay41, o is still an accepting run of A, +1. In the other case, there is a dangerous
run r of T such that g; can be written g1 = r[..1)r[..2]...r[..n] where r[..i] is the
prefix of r of length i, and 92 = q1¢2...,qr is a proper run of T. Note that ¢
is the last state of r by construction of A,. Moreover, roo is bad. Since r was
dangerous at step n, we also get that rgo is dangerous at step n + 1, in the sense
that |rg2] = n+ 1 and DSum(rqs) < v — By41, by definition of B,,41 and the fact
that DSum(r) < v — B,,. So, we get that the sequence of states o1 - (rg2) - ¢2...qx is
arun of A, 1 on w is accepting in A,,+1 (note that rgs here is a state of 4,41 and
there is an e-transition from (rg2) to ¢2), concluding the first part of the proof.

Now, suppose that v is d-isolated for some §. Then, take 71 as given by Lemma 5.3.1
and let us show that Robp(v, L) Ndom(T) C L(A;) (the other inclusion has just
been proved for all n). Let w € dom(T') such that w & Roby (v, L). There exists
(w1, w2) € Ry and an accepting run 7 of T on it such that DSum(r) < v and
wy ¢ L. In other words, r is bad. If |r| < A, then r[.1]r[..2]...7[.|r]] is an
accepting run of A; on w, and we are done. Now suppose that |r| > A. Since
v is d-isolated, we have DSum(r) < v — J. By Lemma 5.3.1, we also get that
DSum(r[..7]) < v — §. By definition of N being the smallest integer such that
By, < 0/2, we get DSum(r[..7]) < v— By, hence r[..71] is dangerous. We can conclude
since then r[..1)r[..2] ... r[.A]r[A]r[A 4+ 1]...7[|r|] is an accepting run of A; on w.4

We also show that one can test whether given n, we have Roby (v, L)Ndom(T") C L(A,,),



64 Chapter 5 — Robust kernel synthesis

as stated by the following lemma:

Lemma 703 70 TR D D R ETPPEPRTRERTN .

Given a regular language N (given as some NFA), it is decidable to check whether
Robp (v, L) Ndom(T) C N holds.

Proof It suffices to take the synchronized product of T, L (on the output) and N (on

the input), project the output, and test for the existence of path from an initial to a final

vertex of discounted sum < v. ¢
Those results allow us to define the semi-algorithm of Figure 5.1.

ComputeRob(T, v, L)
1 | For n from 1 to +o0

2 compute A, // as in Lemma 5.3.2
3 if Robr(v, L) Ndom(T) C L(A,,) return A, // using Lemma 5.3.3

Figure 5.1: Semi-algorithm that computes the robust kernel for a given DSum-transducer
T, a non-negative rational v and a regular language L represented by a DFA.

Lemma 5‘3.4 ............................................................................................................ .

The algorithm ComputeRob (T, v, L) satisfies the following properties:
1. if it terminates, then it returns an automaton recognizing Robr (v, L) N
dom(T),
2. if v is isolated, it terminates.

Proof If it terminates at steps n, then by Lemma 5.3.2 and the test at line 4 we know
that L(A,) = Roby (v, L) Ndom(T'), and if v is isolated, the test will eventually succeed.
¢

Note that the algorithm may terminate even if v is not isolated. It is the case for
instance when the threshold is d-isolated for “long” runs only, but not necessarily for
small runs, in the sense that it is only required that for some n, any accepting runs of
length at least n satisfies either DSum(r) < v — ¢ or DSum(r) > v + 6.

As a corollary of Lemma 5.3.4, Robr(v, L) is regular when v is isolated: it suffices
to run Algorithm ComputeRob, complement the obtained automaton and restrict it its
language to dom(T).

Theorem 5.3.5

Let T be a DSum-transducer and v € Q and L a regular language. If v is isolated,
then Roby(v, L) is regular.

5.4 Related works

The framework of model measuring or robust model-checking has been studied with
various approaches in [MRT11, HO13, CHJS15] for diverse formalisms and measures.

The DSum measure is one the most popular in the literature to model dynamic systems.
In our case, to ensure the regularity of the robust kernel, we considered DSum weighted
automata that are isolated. This technique have been used similarly in [CDH10a] in the
context of infinite words. Another way to recover decidability results would be to consider
structural properties. In fact, the functional fragment of DSum weighted automata, i.e.
the subclass that defined automata which associate at most one value for all input, also
have decidable quantitative language inclusion [FGR15, BHO15] as well as the fragment
of finite valued when the discount factor is of the form L for some n € N [FGR14].
However, the general statement is related to open problems in theoretical computer
science that are known to be challenging as noticed in [BHO15].
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The Mean is also a classical measure of the literature, more particularly in the context
of infinite words. The window semantics similar to the one defined in Section 5.2 can
be found in [HPR18] in the context of mean pay-off games. Note that, Mean weighted
automata over infinite words, which is the case for mean pay-off games, are known to
be prefix-independent and that is not the case with finite words. Again, bounding the
number of values associated to any input is also a promising restriction to get decidability
results. Since Mean weighted automata belongs to the class of group automata, they
admit a decomposition into functional Mean weighed automata (as proved in [FGR14]),
for which the language inclusion is decidable [FGR15].
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Chapter 6

Specification languages for structural
properties

Traditionally, the model-checking problem in computed-aided verification rely on reg-
ular automata [VW86, CHVBI18|. Extensions have been developed for input/output
systems, the most popular formalism are transducers and weighted automata. However,
classical decision problems such as inclusion and equivalence, become quickly undecidable
for those formalisms. It is also well known that automata-based techniques suffer from
state explosions, even for the regular models. To retain feasibility and tractability of the
model-checking, the verification community often fall back on automata subclasses. Note
that, the relevance of a subclass may be conditioned by the existence of an efficient deci-
sion procedure for the subclass-membership. Since structural pattern characterizations
are practical to implement, the literature counts many patterns and ad-hoc methods for
determining whether an automaton fulfills them or not.

Our goal in this chapter is to introduce a specification framework which allows us to
express the structural patterns of the literature as well as new ones. Hence, we provide a
generic logic to define properties of automata with outputs in some monoid, in particular
the set of predicates talking about the output values is parametric. Then, we consider
three particular automata models (regular automata, transducers and automata weighted
by integers) and instantiate the generic logic for each of them. We give tight complexity
results for the model-checking problem of three logics and we study their expressiveness
by expressing classical structural patterns characterizing for instance unambiguity in the
case of finite automata, determinizability and finite-valuedness in the case of transducers
and automata weighted by integers.

6.1 A generic specifications framework

In this section, we introduce a generic pattern logic. It is generic in the sense that
the predicates talking about output monoid values are parameters. It is built over four
kind of variables, namely path, state, input and output variables. More precisely, we
let Xp = {m,m,...}, Xo={¢.q,p---,}, X1 = {w,u1,...} and Xo = {v,v1,...} be
disjoint and countable sets of resp. path, state, input and output variables. We define
Terms(Xo, ®,0) as the set of terms built over variables of X¢, a binary function symbol
@ (representing the monoid operation) and constant symbol O (representing the neutral
element of the monoid).

Syntax of PL

The logic syntax is parametrized by a set of predicates O, called output predicates.
For all p € O, we denote by «(p) its arity. Output predicates of arity 0 are called constant
symbols. Predicates talking about states, paths and input words are however fixed in
the logic.

Definition 6.1.1

A pattern formula @ over a set of output predicates O is of the form!™:

D = le:plﬂql,...,ﬂwn:pn

U |Vp,

—qn C
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where for all 1 < ¢ < n, m; € Xp and they are all pairwise different, p;,q; € Xq,
u; € Xy, v; € Xo, and C is a Boolean combination of atoms amongst

Input predicates : uwCu' |u€ L] |u| <o u,u’ € X
Output predicates :  p(t1,...,tap)) p € O,t; € Terms(Xop, P, 0)
State predicates :init(s) | final(s) | s = ¢.¢ € Xo
Path predicates : owm=q7 m, ' € Xp
where u, v’ € {u1,...,un}, 5,8 € {pP1,-- -, Prsq1s---,qn}, T € {m,..., 7} and

L is a regular language of words over ¥ (assumed to be represented as a DFA).
The sequence of existential quantifiers before C in @ is called the prefir of ®. We
denote by PL[O] the set of pattern formulas over O, and by PLT[O] the fragment
where output predicates does not occur under an odd number of negations.

The size of a formula @, denoted |®|, is the number of its symbols plus the number
of states of all DFA representing the membership predicates. We denote by Var(®) the
variables occurring in any pattern formula @, and by Varp(®) (resp. Varg(®P), Vary (),
Varp(®)) its restriction to path (resp. state, input, output) variables. Finally, we define
some macros for convenience as the state distinctness g # ¢’ 4f =(¢ = ¢’), the input
equality v = v’ ¥ u C v’ A v C wu, the input size comparisons |u| = |u/| & |u| <
[u'| A Ju'| < Juf and |u| <[] < =(|u'| < fu]).

Semantics of PL

To define the semantics of a pattern formula @, we first fix some monoid M =
(Dat, @1, 00) together with an interpretation p™ of each output predicates p € O
of arity a(p), such that p™ € D,y if a(p) = 0 and p™M C D;‘(,(lp) otherwise. Given
a valuation v: Xpo — Dy, the interpretation over M can be inductively extended to
terms ¢ € Terms(Xp,@®,0) by letting 0vM = Opq, (t1 & t2)""M = t9M @ t5™ and
oM = ().

Then, a formula ¢ € PL[O] is interpreted in an automaton with outputs A over M
as a set of valuations [@]4 of Var(®) which we now define. Each valuation v € [®]4
maps state variables to states of A, path variables to paths of A, etc. Such a valuation
v satisfies an atom u C o' if v(u) is a prefix of v(v'), uw € L if v(u) € L, |u| < |u| if
|v(u)| < |v(u')|. Similarly for state predicates, v satisfies an atom init(q) if v(q) is initial,
final(q) if v(q) is final and ¢ = ¢’ of v(¢) = v(¢'). Given a predicate p € O, an atom

p(ti, ... ta(p)) is satisfied by v if (tT’M, o ,tZ’(/I\)/)!) € pM. Finally, v satisfies 7 = 7’ of
v(m) = v(n'). The satisfiability relation is naturally extended to Boolean combinations of
atoms. Finally, assume that @ is of the form 3m: py v gy, ..., 37, pp Unltn g, C,

we say that A satisfies @, denoted by A = &, if there exists a valuation v of Var(®) such
that for all i € {1,...,n}, v(m): v(p;) ¥(w) [v(v) v(g;) and v satisfies C (i.e. v = C).
Given a pattern formula @ and an automaton with outputs A, the model-checking problem
consists in deciding whether A satisfies @, i.e. A = .

Example 6.1.2

An automaton is not deterministic if there exists an e transition or if there exists
two distinct outgoing transitions labeled with the same input letter of 3. This can
be expressed in PL{@] by the following formula.

Irip Sy, Imiqg S q, Imiqg g (e€{elAp#p) V(e ESAG #q)
Example 6.1.3

An automata is ambiguous iff if there exists two distinct accepting runs labeled
over the same input word. This can be expressed in PL[&] by the following formula.

I pr = qr, M pe S qe T ETA init(p1) A final(gy) A init(p2) A final(gz)

MTo lighten the notations of quantifications of the form 37: p “|v ¢, we may not write the input
variable u nor the output variable v nor both when it is not used.
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6.2 Pattern logic for finite automata

Finite automata can be seen as automata with outputs in a trivial monoid (with a
single element). As the monoid is trivial, there is no need for predicates over it and so
we specialize our pattern logic into PL,, 4 PL[2].

6.2.1 Syntax, semantics and model-checking problem of PL,

As the generic pattern logic, formulas of the following logic for NFA are build Varp
of path variables, Varg of state variables, etc.

Definition — Pattern logic for NFA

The logic PLyg, = PL[@] is the set of formulas of the form

Gu= Imiipr S qr,..., 3T pp - ¢, C
Cu:= —C|CVC|luClu |uel]u <|u]|]init(s)|final(s)|s=s|m=7

where for all i # j, m; # m;, L denote regular languages over ¥ (assumed to
be represented as DFA), u,u’ € {uy,...,un}, s, € {p1,.. . Pn,q1,.--,qn} and
mr € {m,. .., Tn}

The model-checking problem asks if a given NFA A satisfies a given PL,¢,-formula
@. Theorem 6.2.1 is proved in Section 7.2 since it involves new notions, in particular an
intermediate logic equivalent to the pattern logic.

Theorem 6.2.1

The model-checking problem of NFA against formulas in PL¢, is PSPACE-C. It
is in NLOGSPACE-C when the formula is fixed.

6.2.2 Examples of NFA subclasses

As a yardstick to measure the expressiveness of PL,¢,, we have considered the struc-
tural properties of NFA studied in two classical papers [WS91, AMR11]. The authors of
these two papers provide a PTIME membership algorithms for k-ambiguity, finite ambi-
guity, polynomial ambiguity and exponential ambiguity (with as applications the approx-
imation of the entropy of probabilistic automata for instance). The solutions to these
membership problems follow a recurrent schema: one defines (1) a pattern that identifies
the members of the class and (2) an algorithm to decide if an automaton satisfies the
pattern. In fact, all these membership problems can be reduced to the model-checking
problem of PLs, using a constant space reduction. The proof of this theorem is ob-
tained by showing how the patterns identified in [WS91], can be succinctly and naturally
encoded into (constant) PLyg, formulas.

Class of k-ambiguous automata

An automaton is said to be k-ambiguous if it admits at most k distinct accepting
runs for all input word. Hence, it is not k-ambiguous iff it satisfies the following PLy¢,
formula:

I p l>Q1

/\ init(p;) Afinal(g;) | A /\ T # T
1<i<k+1 1<i<j<k+1
IMpt 1t Pht1 — Qo1 SR s

We have only depicted the input word variables as the output variables are useless.

Class of finitely ambiguous automata

An automaton is said to be finitely ambiguous if there exists k € N such that it is
k-ambiguous. As shown in [WS91], an automaton has a finite ambiguity iff it does not
satisfy the pattern of Figure 6.1, expressible by the following PL,¢, formula:

I qr — qu, 3T @1 — g, I g — )
A ST ST @2 TR i) A gy # o A final(gr)
Imiqr — qu, I ge — @2
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()

A
S0=

u

Figure 6.1: Pattern of non-finite ambiguity Figure 6.2: Pattern of non-polynomial
ambiguity

Class of polynomially ambiguous automata

An automaton is said to be polynomially ambiguous if the number of accepting runs
is at most polynomial in the length of the input word. Formally, there exists ¢ € N such
that for all « € ¥*, the number of accepting runs is upper bounded by |u|®. As shown
in [WS91], an automaton with output has a polynomial ambiguity iff it does not satisfy
the pattern™ of Figure 6.2 expressible by the PL,¢, formula:

Imiq = q,

drr:qr — q, Irp:q — qr  init(qr) Am # w2 Afinal(gr)

Mg > q,

Class of exponentially ambiguous automata

An automaton is said to be exponentially ambiguous if the number of accepting runs
is at most exponential in the length of the input word.

We claim that an automaton is exponentially ambiguous iff it does not contain an
accessible and co-accessible cycle on the empty word. The left-to-right direction is proved
by contrapositive. Suppose that there exists such cycle denoted 7. on a state g. Since 7,
is accessible, there exists 7; a run from some initial state to g over u; and since 7. is co-
accessible, there exists also g a run from ¢ to some final state over uy. For all n € N we
can define m, & ;7w such that m,, # m,, for all n # m. For the right-to-left direction,
assume that the automaton does not have any e-cycle. Each run cannot have more than
card(()) consecutive e-transitions otherwise that would contradict the non-existence of
an e-cycle. So, for all word u € ¥*, each run u have a length bounded by |u|card(Q)
which implies that there are at most card(Q)'“‘C“d(Q) runs over u.

Hence, an automaton is exponentially ambiguous iff it does not satisfy the following
PL,s, formula:

3rr:iqr —q, Ine: ¢S q, Inp: g — qp  init(qr) Afinal(gr) Ae € {e}

Corollary

Let k € N be a constant. The membership problem to the classes of k-ambiguous,
finitely ambiguous, polynomially ambiguous and exponentially ambiguous NFA
is in NLOGSPACE.

Proof The proof goes by a constant space reduction to the model-checking problem of
PLya. For each membership problem, our reduction copies (in constant space) the NFA
and considers the model-checking for this NFA against a constant PLy¢, formula (one for
each class). So, NLOGSPACE membership comes as a corollary of Theorem 6.2.1. ¢

6.3 Pattern logic for transducers

Transducers are automata with outputs in a free monoid (I'*, -, ¢) and therefore define
subsets of ¥* x I'*. Since our general pattern logic can test for output equalities (by
repeating twice an output variable in the quantification part), the model-checking is
easily shown to be undecidable by encoding Post Correspondence Problem.

M As in the formulas, we have only depicted input variables that matter.
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Theorem

The model-checking problem of transducers against formulas in PL[&] is unde-
cidable.

Proof We encode the Post Correspondence problem (PCP here after). Given a set S
of dominoes over some (non-unary) alphabet X, defined as S = {(u1,v1),. .., (Un,vn)},
we construct the transducer T,c, of Figure 6.3, which defines the following subset of
{1,...,n}* x X%

VE >0 U {(in -y g )P U (i1 g g v}
i1oin€{1,...,n}E
The solution of PCP is a finite sequence z;...xy where each x; are in {1,...,n}
such that N > 0 and wug, ... Uy, = Vg, ...Uzy. The set S admits z;...xn has

solution iff there exists two distinct accepting runs over the non-empty input word
x1...zx which have the same output. Hence, S has a solution iff the PL[@] formula
Iriqulv g, 30" ¢ vlv ¢ q# ¢ Nu ¢ {e} is satisfied by Tpep. ¢

ie{l,...,n}‘ui ie{l,.,.,n}‘vi

(Toep)

Figure 6.3: The transducer T}, which is non-deterministic

To obtain a decidable logic for transducers, we exclude equality tests on the output
words in the logic. However, as we will see, we can still have inequality tests # as long
as they do not occur under an odd number of negations in the formula. We also allow
to test (non) membership of output word concatenations to a regular language, as well
as comparison of output word concatenations w.r.t. their length.

6.3.1 Syntax, semantics and model-checking problem of PL;;ans

We have shown that having the equality (and more generally C) predicate for outputs
for transducer yields an undecidable model-checking. Here, we define PL;.,ns as the
instance of the positive fragment of the pattern logic PLians “PLT[{Z,€ N, ¢ N, <, <}]

for all regular language N over I' (assumed to be represented by some DFA).

Definition — Pattern logic for transducers

The logic PLipans is the set of formulas of the form

Unp |Vp

—q, C
“C|CVC|uCd |uel||ul <|||init(s)|final(s) |s=s"|m=7"]
tZt |te N ||t <|¥]

ul\vl

= dAmipr —— q,..., 3T Pn

a
I

where for all 1 < i < j < n, m # m; and v; # v; (no implicit output equality
tests), L (resp. N) denote regular languages over % (resp. I') (assumed to be
represented as DFA), u,u’ € {uy,...,un}, 8,8 € {p1,.- s Dns@1,--- 0}, t,t' €
Terms({v1,...,0n},¢€), m,7" € {m,...,mp}, and ¢ [Z ' does not occur under an
odd number of negations.

For convenience, we define the syntactic sugar for non-equality of outputs ¢ # ¢’ 4f
tZt Vvt £t Also, to express that words t,¢ mismatch together, that is when there
exists a position ¢ such that ¢[i] # t'[{] we define t ~ ' &t Z t/ At/ [ .
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Theorem 6.3.1

The model checking of transducers against formulas in PLya,s is PSPACE-C. It
is in NLOGSPACE-C when the formula is fixed.

Theorem 6.3.1 is proved in Section 7.3.

6.3.2 Using an alternative delay in PL;ans

Many properties of automata with outputs over a group are based on a notion of
delays between output values. In the case of transducers, this is formalized for any words
v1,v9 by delay(vi,ve) = (w1, ws) such that v; = vw; and vy = vwy where v is the
longest common prefix of v1 and vy. It is for instance used to characterize the sequential
functions, i.e. functions definable by input deterministic transducer.

An interesting property of the delay is that, if by adding a pair of suffixes to the
pair of output words the delay change, then we can highlight two witness which differ
arbitrarily by iterating the same pair of suffixes. Let del(v1, v}, va,v5) 2 delay(vy, ve) #
delay(vyv], vovh). However, this notion of the delay is not directly expressible in our logic.
We show here that an equivalent notion can be used, that we call Sdelay (for “simpler”
delay). We define Sdel.;(vy, vf, va, v4) <f [v]| # |vh] V (vivh # € A vy - v2). Lemma 6.3.2
shows that for any word vy, v, va, v5, if Sdel(vq,v], v2, v5) holds then del.(vq,v], v, v)
holds. The converse is not true in general but, by Lemma 6.3.3 if del.(vq,v],ve, v5)
holds then Sdel(v1(v])?, v}, va(vh)?, v5) holds for any i € N sufficiently big. Note that,
the predicate Sdel is definable in PLiyans.

The structural property characterizing the class of multi-sequential functions from [CS86,
JF18], uses the predicate Sdel and then can be directly encoded in PLiyans as presented
in the next subsection. It is not the case of the twinning property from [BCPS03, Cho77b,
WK95] (characterizing the class of sequential functions). However, using predicate Sdel_
instead of del in the definitions of the twinning property give an equivalent characteri-
zations.

LOIMIITIA B.3.2 +vverererremreeeametnaeen et et et et et et et e e e e e e e e e e .
: Tor all v,z,w,y € X* we have the following property: :

Sdelx (v, z,w,y) = delx(v,z,w,y)

Proof If xy # e A v~ w from the Sdel: hypothesis, then at least one of x,y is non-
empty. Thus by iterating the loop once, the delay will accumulate after the mismatch
between v and w. In other words, we have that delay(v, w) # delay(vz, wy).

Else if |x| # |y| A v C w the proof goes by the way of absurd. Note that the case where
w E v can be proved similarly. Suppose that delay(v,w) = (e, z) = delay(va, wy) for
some z. Then, we have that  C zy. Consider the following two cases. If |z| < |z|,
we fix z = xz’. Then (g,2) = delay(z,zy) = (¢,2'y). Hence, z = 2’y, which is a
contradiction since |xz'| # |z'y|. Otherwise if |z| > |z|, we fix y = y1y2 and = = zy;.

Then (g,z) = delay(z, zy) = (¢,y2). Hence, z = yo, which is a contradiction since
lzy1] # |y1y2]. ¢

LEIMINIA B.3.3 cvvvvrerremrreemmennaeen ettt e ettt e e e e e e e e e e e e .
: Tor all v,x,w,y € ¥, there exists N € N such that: :

Vi > N dels (v, z,w,y) = Sdel(v(z)",z,w(y)",y)

Proof If |z| # |y| then the statement trivially holds. Otherwise, we have that xzy # e
from the del; hypothesis, which implies that both x,y are non-empty assuming |z| = |y|.
Suppose by the way of absurd that del (v, z, w, y) holds and there is no mismatch between
vr® and wy® for all . This implies that by iterating loops an infinite number of times
we obtain the equality vz = wy“. W.l.o.g. assume that v is a prefix of w, i.e. w = vz
for some z (the other case is symmetric). Let k € N taken such that |2¥| > |z| and
|z%=1| < |z|. Note that k exists since x # . Then obtain the decomposition x = 129

from z¥~'z; = 2 and the decomposition y = y1y2 where |y;| = |z2| from 2% = zy;.
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Using 2% = zy* and |y| = |z|, we get 2*T! = zy,yoy1. In particular x = x129 = Y11
and y = y1y2 = zow1. Therefore, delay(v,w) = delay(v,vz) = (g,2) = (e, 2% 1zy).
On the other hand, we have that delay(vz,wy) = delay(z, zy) = delay(x, z¢¥ 121y) =
delay(z, 2" 1a12921) = delay(e, 2 121) = delay(v,w) contradicting del hypothesis.
Hence, there exists i such that there is a mismatch between vz? and wy*. To conclude we
remark that if va? and wy® mismatch at some position, then vzt and wy ! mismatch
as well (at the same position). ¢

In [DJRV17], the authors introduce the branching twinning property (characterizing
the class of k-sequential functions) which the twinning property is a special case. The
branching twinning property is defined with the use of the del predicate and we prove
here that Sdel allows us to define an equivalent characterization. Note that, while the
twinning property is defined with a predicate del. over words, its generalization is defined
with such predicate over terms of words. Lemma 6.3.3 cannot handle terms and thus is
not sufficient to show that the branching twinning property is expressible in PLiy.ns. We
now generalize Lemma 6.3.3.

TSt s h e eV N o TR 20 T .

For all vy,...,0m, W1, .., Wy T1yee oy Tm, Y1,---,Ym € L, there exists N € N
such that for all 2 > N we have that:

dels (v ... V), Ty, W1 - . Wi, Ym) Hypothesis : Hy
A\

V1 </l <m, del_(vy ...v¢,2¢, w1 ... We,Y¢) Hypothesis : Ho
U

Sdelz(v1(@1)" ... v (Tm)E, Ty w1 (Y1) - - - Wiy (Ym) s Yim)

Proof We fix V; = viz]. V12 U, X = i, and W; = wiyl .. Wk—1Y} 1 W,
Y =y, for all j € N. If | X| # |Y'| then the statement trivially holds. Otherwise, we can
show the following properties:
1. Forall 1 <j < m, we that that |z;| = |y;| by the contrapositive of Lemma 6.3.2
applied on Ho.
2. We have that XY # e due to Hy, which implies that both z,,, and y,, are non-empty

since | X| =Y.
3. Item (1) implies that |V;X?| — |W;Y?| = |Vy| — [Wp| for all 4,5 € N. We define
S = Vol = [Wol-

4. Lemma 6.3.3 applied on delay(Vy, W) # delay (Vo X, WyY') ensures that, for some
M there is a mismatch between Vo X ¢ and WY for all i > M since |X| = |Y| and

XY #e.
In the rest of the proof, we suppose that S > 0 (the case |Wy| > |Vy| can be treated
similarly). By (3) we have that |V;X‘| = |[W;Y?| + S for all 4,5 € N. In order to deal
with words of same length we define Z as the suffix of X* such that |Z| = S. Note that
Z is well defined if i > S since |X| > 0 by (2). Thus, we obtain that VoX? # WyYZ
for all ¢ > max{M, S} by (3). Applying the contrapositive of Theorem 4.3. of [Saal5], if
V; X% #£ W;Y'Z for some j € N then there exists M’ such that V; X' # W;Y'Z for all
j > M'. Hence, V; X" # W,;Y'Z for each i > max{M, M’,S}. Due to |V;X?| = |[W,;Y*Z|,
the inequality holds by mismatching. Finally, since Z is suffix of X?, there is also a
mismatch between V; X¢ and W; Y for all i > max{M, M’, S} which concludes the proof.
¢

6.3.3 Examples of transducer subclasses

We review some of the main transducer subclasses studied in the literature. We
refer the reader to the mentioned references for the formal definitions. As for the NFA
subclasses of the previous section, deciding them usually goes in two steps: (1) identify
a structural pattern characterizing the property, (2) decide whether such a pattern is
satisfied by a given transducer.



76 Chapter 6 — Specification languages for structural properties

Class of sequential transducers

A transducer is said to be sequential if its function can be defined by an input deter-
ministic transducer. As shown in [BCPS03, Cho77b, WK95], a transducer is sequential
iff it satisfies the twinning property iff it does not satisfy the pattern of Figure 6.4) which
is equivalent to the negation of the following PL;.,s formula, thanks to Lemmas 6.3.2
and 6.3.3:

4P init A final(r
3 . q1 ’lLl’Ul p17 37'['1' pl u "Ul p17 371'”' 1 "Ul 7"1 o (ql) ) ( 1)
init(gz2) A final(rz)

ulvy u'[v) u'' vy
et g — pa, 3my: p2 —>p27 Inl: py — 12 Sdelx(vy, v}, va, vh)

Figure 6.4: Pattern of the twinning property, where delay(vy, v2) # delay(vyv], vavh)

Class of k-sequential transducers

A transducer is said to be k-sequential if its function can be defined by a disjoint
union of k sequential transducers [DJRV17]. As shown in [DJRV17], a transducer is k-
sequential iff it satisfies the branching twinning property iff it does not satisfy the pattern
of Figure 6.5 which is equivalent to the negation of the following PL;ans formula.

U, O‘Uz 0

I ot Gim1,0 ——— Gio

= R LN, A —

=17k 1—1»? » /\ \/ /\ PNicom g = g Ny ;=
Ui,01Yi,0

Wm0 G0 ——— G0 A5 1<m<k Sdel4 (01,5 Vim,js Uy s V1,37 Um. ' Vo o)

k Vi g
= 17Tzk Qi —* Qik

Lemma 6.3.2 ensures that this PLi.,s formula captures the complement of the class of
k-sequential transducers. We show now that any transducer which satisfies this PL¢yans
formula cannot be k-sequential. Consider a transducer 7" which does not satisfy the
branching twinning property of order k, i.e. it satisfies the pattern of Figure 6.5. Then
we have that:

/\ \/ /\ {/\1<e<m Up,j = Ug,jr AUy ;= Uy 5

i 1<m<k del (V1,5 -+ U js Uy s V157 - - Ut Uy 1)

For all 0 < 5 and j' < k, we choose m minimal, i.e. m which verifies that:

/ /
/\ del—(v1,j ... Ve,V j, V14 - - Ve, Vp jr)
1<t<m

By Lemma 6.3.4 there exists ¢ € N sufficiently big to ensure:

!

/\ \/ /\ Nice<m W,J(Ue ]) = g, jr(up ;i )’ /\Ué,j = Uy
i3 1<m<k Sdel(vi(@1)" ... U (Tm) ", Ty w1 (Y1) - - - Wiy (Yim) s Yim)

Since, our PL;.ns formula quantify the words existentially, 7" would be able to satisfies
it.
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! ! I ! i /
U1,0 ‘ V1,0 Uz 0 ‘ V2,0 Uk,0 ‘ Vk,0
1,0 ‘ V1,0 A Uu2,0 ‘ V2,0
40,0 @ 92,0 p-------
I !/ I ! ! !
Uy,1 ‘ V1,1 Uz 1 ‘ V2,1 Ug1 ‘ Uk 1
Uq,1 ‘ V1,1 % U2,1 ‘ V2,1
qo,1 @ g21 F-------
! !/ i / ! !
Uy ke ‘ U1,k Us k ‘ Vs k UL,k ‘ Uk, k

Figure 6.5: Pattern of the branching twinning property property where there are
j # j' such that for all m € {1,...,k}, if for every 1 < ¢ < m, we have
uej = wpy and wy; = wup;, then we have delay(vij...Vmj, V15 .. Vmj) #
delay (v1,j .. Um,jUp, 5> V1,57 + + - U Uy, 1)

Class of multi-sequential transducers

A transducer is said to be multi-sequential if there exists k such that its function can
be defined by a disjoint union of k sequential transducers. As shown in [CS86, JF18] a
transducer is multi-sequential iff it does not satisfy the pattern of Figure 6.6, called the
fork property. This pattern is expressed by the PLipans formula:

ug |vy uz vy

u|v ug|v .. .
E|7T()’11 qo — q1, 371'1’1: q1 ;) q1, E|7TI1711 q1 L) q1 /\ {Inlt(qO) A\ flnal(Q3)
dma3:qe — g3, Mo —— g2, IM22: g2 — @2

Sdelx(v1, v}, va, vh)

U‘Ul u‘vg

Figure 6.6: Pattern of the fork property  Figure 6.7: Pattern of the dumbbell com-
where Sdel.(v1, v}, v, v5) holds putation where s1 # so and v1v2 # v2v3

Class of k-valued transducers

An automaton is said to be k-valued if it admits at most k distinct output values
for all input word, see [GI83, SdS10]. We have already shown in the Introduction that
non-functionality is expressible in PLi;ans. This can be generalized to non-k-valuedness
as follows:

ulvy
Iriipr — @

k41
(/\ init(p;) A final(qi)> A /\ v # vj
wlvgt1 =1 1<i<j<k+1

M1t D1 — Qt1

Class of finite valued transducers

A transducer is said to be finite valued if there exists k such that any input word has
at most k distinct output words [Web90, Web93, SAS08]. As shown in [Web90, SdS08],
a transducer is finite valued iff it does not satisfy any of the following three patterns.
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e Figure 6.8 where vy # vy, expressed in PLiyang by:

ulv alv init(qo)

3”35(10'—+Q17 EI77%5611 °—I+Q1, 3”51(12'—2%(12 /\ final(gs)
3

g g0 —— g, I —— gz, IS —— @3 v # v

e Figure 6.7 where s # so and v1v9 # v9v3, expressed in PLy.,ns by:

init(so)
u|v2 4 .
Ind: so — s1, I sy LN S, IT5: 89 — 83 /\ final(ss)

[ u|vg
It sy — 51, I3 89 — 8o 81 7 82

VU2 F# VU3

e Figure 6.9 where |v1| # |va], expressed in PLians by:

1. 1., wlvu 2., Uz 2., U3 .
dngiro =1, Impiry —— e, ITgirg —— 1, MGy — 1y init(ro)
uy uz|va u .
EI7TZ: r4 — T, E|7T%I rA ——rs3, E|7T?1)2 ryg —— 13, EI7T§: T3 —5 1y /\ final(re)

In2:ry R Inl: vy L, Ird:rs 251y v1] # |v2]

Figure 6.8: Pattern called co-terminal  Figure 6.9: Pattern called the W computation
circuits where vy # vy where |v1| # |vs]

Corollary 6.3.5

Let £ € N be a constant. The membership problem of transducers to the classes
of k-sequential, multi-sequential, k-valued and finite-valued transducers is decid-
able in NLOGSPACE.

Proof The proof goes by a constant space reduction to the model-checking problem of
PLtrans- Then, the obtained formulas are constant (as long as k is fixed). So, NLOGSPACE
membership comes as a corollary of Theorem 6.3.1. ¢

6.4 Pattern logic for sum-automata

We remind the reader that sum-automata are automata with outputs in the monoid
(Z,+,0) and therefore define subsets of ¥* x Z. We consider in this section two logics
for expressing structural properties of sum-automata: the logic PLgyy, which is obtained
as PL[{<}] where the output predicate < is interpreted by the natural total order over
integers, and a subset of this logic PLZ,  obtained as PLT[{#}] where the predicate #
never appears in the scope of an odd number of negations (to avoid the expressibility of
the equality predicate). We show that the fragment PLZflm has better complexity results.
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6.4.1 Syntax, semantics and model-checking problem of Plg,,,
and PL7,

sum

Definition — Pattern logic for sum-automata

The logic PLgyn, is the set of formulas of the form

\ Up |V

E|7T13p1 ﬂQ1,-~-’E|7Tn5pn—>an
“C|CVC|ulu |uel]lu <|]init(s)|final(s) |s=s"|m=7"]
t<t

Q
|

where for all 1 <14 < j < n, m; # 7, L denote regular languages over ¥ (assumed
to be represented as DFA), u,u’ € {u1,...,un}, 8,8 € {p1,- -, Pn, @15+, qn},
t,t" € Terms({vi,...,vn},¢€) and m, 7" € {my,..., 7}

The logic PLZflm is defined as above but the constraint ¢ < ¢’ is replaced by ¢t # ' and

this constraint does not occur under an odd number of negations, and moreover v; # v;
for all 1 <i < j < n (no implicit output equality tests).

Theorem 6.4.1

The model checking of sum-automata against formulas in PLgyy, is PSPACE-C.
It is NP-C when the formula is fixed, and NLOGSPACE-C if in addition weights
of the automaton belong to {0, 1}.

Theorem 6.4.2

The model checking of sum-automata against formulas in PLZ,  is PSPACE-C. It

is NLOGSPACE-C when the formula is fixed (even if the values of the automaton
are encoded in binary).

Theorems 6.4.1 and 6.4.2 are proved in Section 7.4.

6.4.2 Example of sum-automata subclasses

We review here some of the main sum-automata subclasses of the literature that are
decidable in PTIME. The classes of k-valued, studied for instance in [FGR14, FGR15],
can be expressed in PLZflm similarly as for transducers. For k-sequentiality we can observe
that we have delay(vy,vs) # delay(vivy, vavh) iff v] # vh, thanks to commutativity of
sum.

Corollary

Let £ € N be a constant. The membership problem of sum-automata to the
classes of k-sequential and k-valued sum-automata is decidable in NLOGSPACE.

Proof The proof goes by a constant space reduction to the model-checking problem of
PLZf]m. Then, the obtained formulas are constant (as long as k is fixed). So, NLOGSPACE

membership comes as a corollary of Theorem 6.4.2.

6.5 Extensions

The logics we have presented can be extended in two ways by keeping the NLOGSPACE
complexity results, for all the output monoids we have considered. The first extension
allows to use arbitrary states predicate (where evaluation can be done in NLOGSPACE).
This is useful for instance to express properties with equivalence relation on states. The
second extension is adding universal state quantifiers before the formula. This does not
change the complexity, and allows for instance to express properties such as whether an

automaton is trim™?4.

T Ay automaton is trim if all states are accessible from an initial state and can reach some finial state.
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6.5.1 Arbitrary predicate on states

The PL logic have only three predicates for states (equality, initial and accepting).
However, the model-checking algorithms can be modified to carry over to arbitrary predi-
cates on states as follows. In Lemma 7.2.1, the case of the state predicate P(’R’;jll, e ,7'(';1:)
will be handled by the automaton of Figure 6.10. Note that its size is polynomial in n.
Hence, as long as the evaluation of the predicates is computable, we obtain decidability.
In order to keep the tight complexities, our non-deterministic algorithms start by guess-
ing all starting and ending states which satisfy state predicates. So, the number of calls
to the NLOGSPACE evaluation function is linear in the size of the formula.

An

= d d
q:(qil, {(qlfa"qu):P(qi117"'aqi:)}

Figure 6.10: Extension of Lemma 7.2.1 in the case of an arbitrary state predicate
P(wdl, . ,wd"')

11 23

We denote by PLy[Q] (resp. Plians[Q], Pleum[Q], PLZ,,[Q]) the class of PlLyg,

formulas (resp. PLirans, PLlsum, PLZflm) extended with predicate on states over Q.

Theorem 6.5.1

Let Q be a set of state predicates whose evaluation can be done in NLOGSPACE.
We have the following results:
e The model-checking problem of finite automata against formulas in
Pluta[Q] is PSPACE-C and NLOGSPACE-C when the formula is fixed.
e The model-checking problem of transducers against formulas in PLtyans[Q)
is PSPACE-C and NLOGSPACE-C when the formula is fixed.
e The model-checking problem of sum-automata against formulas in
PLsum|[Q] is PSPACE-C, NP-C when the formula is fixed and NLOGSPACE-
C if additionally the values of the automaton belongs to {0, 1}.
e The model-checking problem of sum-automata against formulas in
PL7 [Q] is PSPACE-C NLOGSPACE when the formula is fixed.

sum

We can use coloration of states in order to define a disjoint union of automata.
Assume we want to check, given two sum-automata Sy, S2, whether there exists
an input word u such that Sy(u) N So(u) # @. This property holds iff the disjoint
union S7 W .Sy (where states of S; are colored by ¢;) satisfy the formula:

2
Imy:py BN q1,3ma: po v, 9, /\ init(p;) A final(g;) A ¢ (ps)

i=1

6.5.2 Universal quantification over states

The logic PL is purely existential. However simple properties such as whether all
states of an automaton are reachable from an initial state are not directly expressible in
PL. We define therefore the extension denoted V*QPL[O] to be all formulas of the form
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Yq1 ...Yqm ¢ where p € PL[O]. In YV*QPL[O], the previous property is expressible by

Vqar: qo u*lg q init(qo)

The complexity of model-checking does not change (for all the particular instances
of the logic we have considered: finite automata, transducers and sum-automata) if we
allow for universal state quantification. Indeed, if the formula is not fixed, it suffices
to iterate over all m-tuples of states and call a PSPACE algorithm over the automaton
where these states have been marked (thanks to some coloring, as seen previously), this
remains PSPACE.

If the formula is fixed, then there is only a polynomial number of m-tuples of states
and each of them are representable in logarithmic space. The procedure iterate over
all tuples of states and run the corresponding model-checking presented in the previous
section. This iteration can be done in logarithmic space, since each tuple representation
and computing the successor of a tuple takes a logarithmic space. So, we easily get
respectively LOGSPACEN"C“S"°F and LoaSpACEN' depending on the selected model-
checking sub-procedure. However our algorithm uses the answer of the oracle only to
choose between halting or continuing the iteration which yields respectively NLOGSPACE
and NP memberships.

We get then the following Theorem where hardnesses directly come from the frag-
ments without universal state quantifications.

Theorem 6.5.2

e The model-checking problem of finite automata against formulas in
V*QPLyt, is PSPACE-C and NLOGSPACE-C when the formula is fixed.

e The model-checking problem of transducers against formulas in V*QPLyans
is PSPACE-C and NLOGSPACE-C when the formula is fixed.

e The model-checking problem of sum-automata against formulas in
V*QPLgum 18 PSPACE-C, NP-C when the formula is fixed and
NLoOGSPACE-C if additionally the weights of the automaton belongs to
{0,1}.

e The model-checking problem of sum-automata against formulas in
V*QPUé is PSPACE-C and NLOGSPACE-C when the formula is fixed.

sum
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Chapter 7

Model-checking of structural
properties

In this chapter, we provide algorithms for answering the model-checking problem
for automata with outputs against a pattern formula expressed in PLyfa, PLtrans, PLsum
and PLZ  and, we investigate their complexity. Our approach relies on the existence
of a model which takes as input a tuple of paths of the considered automaton with
outputs. Loosely speaking, we show how the satisfiability of atomic predicates can be
decided using decidability results of the model on tuples and then, we provide a decision
procedure based on closure properties of this model. Our model-checking algorithms rely
on regular automata for PL,¢ and rely on Parikh automata, defined in Section 2.2, for

PLirans, Plsum and PLZ .

7.1 An intermediate logic

In the pattern logic, we have four types of variables (paths, states, inputs and out-
puts). While this is appealing for succinctness and readability reasons, it is less easy
to deal with for model-checking. Therefore, we introduce an intermediate logic, called
path pattern logic, in which there is a single type of variables: the path variables. We
then show its equivalence with the pattern logic, in the sense that satisfiability by any
automaton with output is preserved.

Definition
Let X a countable set of path variables and O a set of output predicates. A path
formula @ over O is a term generated by the following grammar:

Formula Pi= PAND|OVD|D|

Input predicates m Crme |mer L|m SIIC“ 7o |
State predicates init(7?) | final(7?) | 78" =¢ 742 |
Path predicates T =p To

Output predicates Pty tag))

where m, 71, m € X, d,dy,ds € {<,>} t1,...,t, € Terms(X,®,0), p € O of arity
a(p) and L ranges over regular languages over . We denote by PLpans[O] the set
of path formulas over O, and by PLgaths [O] its fragment where output predicates
does not occur under an odd number of negations.

We introduce usual syntactic sugar, for the input equality 7 =; #’ &7 C; #'A7’ C; T,
for the input size comparisons 7 =1 7/ defr <len 7/ Az <len 7 and 7 <len 7/ def (77 <lem
).

Informally, path formulas only speak about the paths of an automaton with output,
the input constraints speak about properties of their inputs, the state constraints about
properties of their starting and ending states, and O about properties of their outputs.
For a given automaton with outputs A = (Q,Qr,Qr, A, \) over the monoid (D, ®,0),
we refer by Paths(A) the words belonging to Q(XD@Q)* that correspond to a path of A.
The semantics of such a formula is then, on an automaton with output A, valuations of
path variables into Paths(A).

Formally, we first fix some monoid M = (D, ® a1, 00) together with an interpre-
tation p™ of each output predicate p € O of arity a(p), such that p™ € Dyy if p is

a constant i.e. a(p) = 0 and pM C Dx(lp) otherwise. Let A be an automaton with
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output over M. Given a valuation v: X — Paths(A), the interpretation t*™ € D,
of a term ¢t € Terms(X,®,0) is inductively defined by (t; @ t5)""M = tlf’M @ t;’M,
0"M = 0 and 7™M = out(v(m)) € Daq. Then a formula @ € PLp,ns[O] is interpreted
in A= (Q,Qr,Qr,A,\) as a set of valuations denoted [#]4 C Paths(A)X defined as

follows.
[init(7))]a = {v : v(m)? € Qr}
[ =@ 752]a = {v : v(m)™ = v(r2)%}
[final(7)]a = {v : v(7)¢ € QF}
[~014 = Paths(A)* \ [#]4
[21 A P24 = [P1]a N [P2]a
[@1V P24 = [P1]a U [P2]a
[m1 E1 m2]a = {v : in(v(m)) C in(v(m2))}
[m1 =p mo]a = {v:v(m) = v(m)}
[y <57 wa]a = {v : [in(v(m))| < [in(v(m2))[}
[w €1 L]a = {v:in(v(7)) € L}

u M v,M
(1 tag)la = v (1M, M) € pMY
A path formula @ is said to be satisfiable over A, denoted A = @ hereafter, if [@]4 # @.
The path logic and the pattern logic are equivalent in the following precise sense.

Lemma O I T T TR R PR PP PP PP .

For all pattern formulas ¢ € PL[O], (resp. & € PL*[O]), one can construct in
linear time a path formula ¥ € PLyains[OU{=0}] (resp. ¥ € PLPM}lb [OU{=0}])
such that the following hold:
1. Varp(®) = Var(¥)
2. for all monoid M = (D, @4, 0,4), all interpretation p™ € D*®) for each
p € O, all automata with output A over M, we have A =@ iff A =¥
3. there is a surjective mapping from the valuations (in A) satisfying ¥ to the
valuations satisfying ®.
In addition, if ¢ does not contain twice the same output variable in its prefix,
then ¥ € PLyaths[O)].

Proof The proof is straightforward but technical. We include it here for the sake of
completeness. Assume that @ is of the form:

uy|v
Elﬂ'lspl#uh, cey O D

w_) qn, C
In a first step, we rename the j-th occurrences, j > 1, of any state, input and output
variables so that eventually, all these variables are pairwise different in the prefix. This
can be easily done in linear-time modulo adding some equality constraints to C. For
instance, if we have p; = p;, ¢ < j, we use a fresh variable name p and replace p; by p in
the prefix 3 ... 3d7m,, and add the constraint p = p; to C. We do the same for the other
types of variables. Note that it is not necessary to do it for the path variables 7;, since
by definition of pattern formulas, they are assumed to occur only once in the prefix.
We end up with a formula of the form

¢ =3I p) M>q’1, ooy Jmnipl, u"—‘v">q;, c
where all the variables occur once in the prefix, together with a mapping f from the new
variables to the old ones. We also assume that f is the identify on the path variables. In
our previous example, we would have f(p) = p; for instance.
Then, @' and & are equivalent in the following sense: over an automaton with output, for
all valuations v satisfying @, v o f satisfies @'. Conversely, for all valuations v/ satisfying
@', the valuation v/ restricted to the variables of @ satisfies @. Hence, it is possible to
recover the models of @ from the models of &', and conversely.
Now, note that in &', there is a functional dependency between the state, input and out-
put variables, and the path variables. This dependency is formalized through three func-
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tions fo, f1, fo from respectively, {p, ..., 00, ¢4, .-, q,} to {m1,...,m}, {uf,...,ul} to
{m1,..., 7}, and from {v],... v} to {my,..., ™}
Then, ¥ is obtained by applying the following transformations on C:
e Any atom u C o' is replaced by f;(u) C; fr(v'). Any atom u € L by fr(u) €5 L.
Any atom [u] < [u/| by fr(u) <E" fr(u).
e Any atom p(ti,...,tx) is replaced by p(t},...,t}) where t; is obtained by substi-
tuting any variable v in t; by fo(v).
e Any atom init(q) is replaced by init(fg(g)?) if there exists a binding Ir: g “[v ¢
in @' otherwise init(¢) is replaced by init(fg(¢)”) and there exists a binding
Im: ¢ vlv g in &'. Any atom final(q) is replaced by final(fg(q)?) if there exists a

/

binding 37: ¢ 1v ¢’ in @' otherwise final(g) is replaced by final(fg(q)”) and there
exists a binding Ir: ¢/ [V ¢ in @'
e TFinally, any atom 7 = 7’ is replaced by m =p 7’.
Now, @ and ¥ are equivalent in the following sense. Any valuation v satisfying & satisfies
¥ as well (if restricted to its path variables). Conversely for all valuations v’ satisfying
¥, we define the following valuation v:

m) = V(m) for all path variables 7
w) = in(V/(fr(u)))  for all input variables u
= out(V(fo(v))) for all output variables v

= (V(fo(g))® for all state variables g such that there
exists a binding Ir: g v|v ¢ in &

vig) = V'(folg))® otherwise

Then, v satisfies @. Hence, it is possible to recover all the models of @ from the models

of v. ¢
The converse of the previous lemma, although not needed for the purpose of this

paper, holds as well. For all path formula one can build in linear time a pattern formula
which is satisfied over some automaton A iff the former is satisfied as well.

Consider the following pattern formula:

Elwlzp%q, Elﬂgspﬂuf, VOUVAVANGFE]

It is first transformed into the pattern formula where implicit equalities are ex-
pressed by additional atoms:

Iy p#q, Iy p%q vVOVvAEVAqEGAp=p Av="1"

Which in turn is transformed into the path formula:

Imy, Ima, v B v A VAT #g mh AT =@ T3 AT =0 T2 ATy Fp T2

7.2 Model-checking of PL,s: Proof of Theorem 6.2.1

Intuitively, we reduce the model-checking of an NFA A to the emptiness problem of
another NFA M, which takes as input a tuple of paths of A corresponding to the exis-
tentially quantified paths in the considered pattern formula, modulo a suitable encoding
of path tuples as words.

We present the following encoding of tuple of words that fit within to the definition
of automata with outputs. Let A be some alphabet and ¢ a fresh symbol, 7 € A* and
m > |r|. The padding of 7 with respect to m is the word 7™~ |7l Let 71,75 € A* and
m = max(|m1], |m2|). For j € {1,2}, let 7 the padding of m; with respect to m. Note
that |7}| = |75| = m. The convolution m & my is the word of length m defined for all
1< < mby (m @m)li] = (7 [i], T5[i]). Bg. doardian ®po = (g0, po) (a1, 0)(d1,0)(g1,).
The convolution can be naturally extended to n-tuple of words as follows: ®?=1 o=
7T1®(7T2®...®’/Tn).
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We are now able to define, from an automaton with outputs A = (Q,Qr, Qr, A, N),
the NFA Paths™(A) which accepts an n-tuple of paths of A as follows. Let D be the
output values occurring on the transitions of A and A = XU Q U D U {¢}. The NFA
Paths™(A) consists in an n-time product of A, augmented with intermediate states and
transitions to read the states of @) and the values in D (seen as letters). Note that, this
NFA has an alphabet exponential in n.

The following lemma states that all path, state and input predicates are regular sets
of path tuples. It holds for any automata with outputs so we state it in this more general
context, i.e. not just for finite automata.

Lemma 7.2.1 ............................................................................................................ .

Consider X = {m,...,m,} be a finite set of path variables, arbitrarily ordered.
Let A be an automaton with outputs and @ be an atomic path formula over X
built with a unique predicate of {Cj, €,L, <{¥" init(.9), final(.9), .4 =g .92 =p}
where d, dy,ds € {<,>} and L ranges over regular languages represented by DFA.
One can construct an NFA M with a number of states polynomial in |M| + |P|
and such that:

Paths"(A) N L(Mg) = {(v(71),...,v(my)) : v: X — Paths(A) Av € [P]a}
Paths"(A) N L(M-g) = {(v(m1),...,v(7)) : v: X — Paths(A) Av ¢ [P]a}

Proof Let A= (Q,Q:,Qr,A,)\) be an automaton with output. We denote by D the
finite set of output values occurring on A. In this proof we provide the construction of
an NFA Mg over the alphabet A =X U QU D U {o} considering the different cases for @:
o m; L m;. In order to check the equality of the input of the paths m; and 7;, we can
ignore states and outputs, so we only consider input letter (belonging to ). Here

Mg is defined as a single-state automaton (with card(A)™ transitions).

(]\ngle) @{(al,...,an)eA":aieE - ai:aj}

e 7; €7 L. We construct an automaton accepting the set of words u € A™ such that
f(w) € L, where f is the morphism defined by f(a1,...,a,) = € if a; ¢ 3, and
flay,...,a,) = a; otherwise, for all (ay,...,a,) € A™. In other words, Mg recog-
nizes the language f~!(L). Since regular languages are closed under inverse mor-
phism, we get the existence of Mg. We can construct Mg from any DFA B recogniz-
ing L by replacing any transition (g, o, ¢') of B by the transitions (g, (a1, . ..,a),q")
for all ay, ..., a, € A such that a; = o, and by adding intermediate states and tran-
sitions to B reading letters whose ith component is not in 3. This is doable by an
automaton with a polynomial number of state in |B|.

e m; <len ;. By the definition of convolution, it suffices to check that whenever the
jth component of the read letter is ¢, then so is its ith component. This is done
by the single-state automaton

(M, <ton,) "@3{@1,...,%)61\”:%:0 = a; =0}

o Case m; =p ;. It suffices to check that the ith and jth components are the same:

(My,—r,) @“““""Mkkai:%}

e init(7y) and final(7y). The NFA Mg are respectively:

_)Q {(q1,.--,qn) €Q" : ¢; € Qr} O A
(A[init(ﬂf))
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{(qla °0 '7qn,) S Qn 1 q; € QF}
(Minal(r2)) @ @DA

e init(n}) and final(7?). The NFA Mg are respectively:

A {(a1,...,an) € A" : a; = o}
{(q1,-- -, qn) €Q" 1 qi € Qr} O
(Minit(>))
A” {(al,...,an)eA”:aizo}

N {(q1,-- - qn) €Q™: ¢ € Qr} O
(Mfinal(w?))
di _

o m' =¢g 77?2 with dy,ds € {<,>}. The constructions are similar as before. For in-
stance, take the constraint 73 =¢ 7. Then, the automaton Mg needs to remember
(in its control state) the first state of A read on the ith component and checks later
on that it is equal to the last state read on the jth component. This is doable by

an automaton with a polynomial number of state in |A|.
For negations, we construct M_g from the automata presented before as follows: Except
for the predicate €L, all cases have a constant number of states and therefore can be
complemented in polynomial time. So, to treat the predicate —=(m;€rL), we first rewrite

it into m; €; L, which causes an exponential blow-up in @ since L is represented by a
DFA. ¢

Lemma 7.2.2 — easiness of Theorem 6.2.1  «ocooooirmmmi :

The model-checking problem of NFA against PL,, formulas is in PSPACE. It is
in NLOGSPACE when the formula is fixed.

Proof Let ¥ be a PlL,s, formula and A be an NFA. This proof presents an algorithm
which decides A = ¥ in NPSPACE, becoming NLOGSPACE when the formula is fixed.
To do so, we reduce the model-checking problem to the emptiness of a product of NFA.
First, we consider some transformations of the pattern formula. Note that, those trans-
formation can be done at constant cost in the case where the formula ¥ is fixed. From ¥,
we can construct in polynomial time an equivalent path formula thanks to Lemma 7.1.1.
The obtained path formula is then put in negation normal form™!. Finally all disjunction
are non-deterministically resolved by picking which side the model will verify. Eventu-
ally, we end up with a path formula @ of the form /\f:1 £; where each ¢; are literals!V!.
Let X = {m,...,m,} be the path variables of . For all literals ¢;, one can construct
in polynomial time an NFA from A, X by Lemma 7.2.1 and then define M an NFA such
that:

L(M) = Paths™(A) NN, L(M,)
= N {(w(m1),...,v(m,)) : v: X — Paths(A) Av € [¢;]a}
= {(v(m1), ..., v(m)) : v: X — Paths(A) A A v € [0i]a}
={(v(m),...,v(m,)) :v: X — Paths(A) Av € [P]a}

Due to the equivalence between @ and ¥ we have L(M) # @ iff A = ¥. Remark that
the number of states of M is exponential in the size of the input (in particular in |P|)
and then cannot be explicitly computed in polynomial space. When the formula is fixed,
|M| becomes polynomial in the size of the input (in particular in |A]). The classical
technique, consisting in searching a small non-emptiness witness non-deterministically

on-the-fly and to perform transitions on-demand, allows us to decide the emptiness of
L(M) in NPSPACE and, NLOGSPACE when the formula is fixed. ¢
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Lemma 7.2.3 — hardness of Theorem 6.2.1 -----ooooormmmmm .

The model-checking problem of NFA against formulas in PLys, is hard for
PSprACE. It is hard for NLOGSPACE when the formula is fixed.

Proof Let Ay,...,Ar be kK DFA. The proof goes by reduction from the problem of
deciding ﬂleL(Ai) # &, which is known to be PSPACE-C thanks to [Koz77] and
NLoGSPACE-C if k is fixed. So, we construct A an NFA as the disjoint union of each A;,
ie. A=A 4W---yJA,. Then we define ® € PL,¢, as follows.

I =gy, e, 3T e — ), /\ G #qG | A /\ init(q;) A final(q})
1<i<j<k 1<i<k

The left-hand side part of @ asks for k£ accepting runs on the same input and the right-
hand side part of @ constraints these paths to start in distinct states. By the disjointness
of the construction an accepting run in A is an accepting run of some A;. In addition,
there are exactly k initial states, one of each A; since the automata are deterministic.
Thus A |= @ if and only if ;_, L(4;) # @. ¢

7.3 Model-checking of PLi;ans: Proof of Theorem 6.3.1

We have seen that input, state and path predicates can be encoded as NFA in
Lemma 7.2.1 modulo encoding of path tuples as words, through convolutions. It is
however not possible for output predicates of the logic PLians. For instance, the atom
|[v| = |[v'| for v,v" two outputs word variables, has not necessarily a regular model. In-
deed, consider a transducer T" with one state ¢ and two self loops ¢ L|€> q and q M q.
The language {u @ v’ : [[T](uw)] = [[T](«)|} = {u @ : |ulp = |u'|p} is not regular. In
this section, we rely on Parikh automata defined in Section 2.2.

7.3.1 Proof of Theorem 6.3.1

The following lemma shows how to encode output predicates as a products of NPA.

LIPS e r T N TN TR ;

Consider X = {m,...,m,} be a finite set of path variables, arbitrarily ordered.
Let T be a transducer and ¢ be an atomic path formula over X of the form
ti Ztyort € Norté& N or [ty < |ta] or |[t1] < |ta] where N ranges over
regular languages represented by DFA and ¢,t1,t2 € Terms(X, -, e). One can
construct a NPA Mg with a number of states polynomial in |T'| and exponential
in |@|. Furthermore, its set of weight vectors and its acceptance constraint have
a constant size. Finally, the NPA Mg satisfies

Paths"(T) N L(Mg) = {(v(m1),...,v(m)) : v: X — Paths(T) Av € [P]r}

Proof Let T = (Q,Qr,Qr,A,\) be an automaton with outputs in the free monoid.

We denote its finite set of output values by D C I'* and we denote by p the length of

the longest output word appearing on transitions of T" i.e. u = max{|\(J)| : 6 € A}. In

this proof we provide the construction of Mg over the alphabet A =X UQUDU{L}
considering the different predicates case by case:

o [ti] < [to] where < € {<,<}. Wefixt; =m],...m,, withi€ {1,2} and 7} ; € X.

The predicate |t1] < [t2] is true if and only if D37 Jout(my ;)| < 3772 Jout(ms ;)]

We describe the construction of the NPA Mg which takes m ®. . .®m, as input word.

Intuitively, Mg uses the two counters ¢, ¢y to compute for all ¢ € {1, 2}, the value

n . .
¢i = Y i lout(m;)| X k; ; where k; ; < m; is the number of occurrences of ; in ¢;.

For acceptance our NPA tests whether ¢; < ¢y using an atomic Presburger formula.
When Mg reads a symbol which is not an n-tuple of outputs, the counter values

[™VIThe negation normal form of a formula is obtained by applying the two rewriting rules ~(®1 Ad2) =
(=P1) V (=P2) and —(P1 V P2) = (=P1) A (—P2) until reaching a fixed point
[IVIA literal is either an atomic formula or the negation of an atomic formula
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ignore non-data

An\ Dn

ignore non-data

5 : &
An\Dn ”/@QQ

store ailetter of:I' from

index {() ..., /1} of vp,

(V1,...,v,) € (v1,...,0,) € D™

count size of 7/ ] ; t size of 7’ T
S1Z Ty 19e-=sT l\)!] 1 coun 1ze O Ty 13T p

- . ,
and beginning of 7 , but not 7 ;, anymore

1

Figure 7.1: Gadget handling on counter for the construction of the NPA Mg

do not change. When it reads (v1,...,v,) € D", it uses exactly n x max{my, ma}
transitions to update the two counters c1, ¢z in order to keep ¢; = 327, |vj] x Ky ;.
Note that, such amount of transitions for updating counters permits to treat each
path of the input tuple separately and thus can be realized by using weight vectors

belonging to {—,...,—1,0,1,...,u}% Finally, the NPA Mg can be constructed
with a number of states and number of distinct weight vectors polynomial in both
|T| and |®|.

e t € N where € € {€,¢} and the language N is denoted by the DFA B =
(@B, I, Fp,Ap) over the alphabet I'. We fix t = 77 ..., with 77 € X. The pred-
icate t € N holds iff there exists an (m + 1)-tuple of states (q1,...,qm+1) € @B
such that for all 1 < j < m, there exists a path from g¢; to gj41 in B over the
word out(ﬂ;-) and where ¢; is initial and g,,41 is final. We describe the construc-
tion of the NPA Mg which takes m ® ... ® m, as input word. More precisely
Mgy = E'JJGQE—l Mg where My is described as follows. Let ¢ = (g2,...,qm), the

NFA Mj is defined with Q7 as set of states, (¢1,...,¢m) € QF where ¢; € Ip as
initial state, (g2, ..., ¢m+1) € ¢ where g1 € Fp as final state. When My read a
symbol which is not an n-tuple of input letters, the current state does not change.
When it reads (ay,...,a,) € X", the transition (p1,...,pm) = (P},...,p),) can be
triggered if (p;,a;,p}) forall 1 <j <m, 1 <i <n and j; = m;. Note that t ¢ N
can be denoted by ¢ € N and the size of the disjunct union remains exponential
in |®|. Finally, the NPA (here an NFA) Mg can be constructed with a number of
states exponential in |$| and constant in |T|.

o t1 Lty Wefixt; =m...m . withi€ {1,2} and 7 ; € X. Remark, if [t1| £ [t2]
then ¢ [Z ty holds trivially. Thus, we assume w.l.o.g. that |¢1| < |tz (it has been
already shown how to construct a NPA which checks this predicate as well as its
negation). Under this hypothesis, it remains to construct a NPA which checks for
existence of a mismatching position h in ¢ and to, i.e. such that the hth letter of the
two outputs differ. We describe the construction of Mg which reads m ® ... ® m,
as input word. The position h may not occur at the same position in the input
read by Mg, and that is why we need to use counters to identify a position h; in
the output defined by 1, and a position hs in the output defined by t5, remember
the corresponding output labels (using states), and later check that the memorized
output letters differ, and that hy = hy (using an atomic Presburger formula). The
way the positions hi, hy are chosen by Mg works as follows: it guesses an index
Jj1 €{1,...,mq} and an index js € {1,...,m2}, intended to verify the existence of
a mismatch position in the output of 7r17 j, and 7r§7 j,- The counters will respectively
count the length of the output produced on 7 ;... 7} ;, ; and 7 ... 75 ;, 4 (when
processing the whole tuple of paths), and also the length of the output produced
in respectively 7} ; and 73 ; up to some point non-deterministically chosen. Fig-
ure 7.1 intuitively shows how one of the two counters is handled. Overall it yields
a NPA Mg which checks t; £ to with a number of states and number of distinct
weights polynomial in both |T'| and |P|. ¢
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Lemma 7.3.2 — easiness of Theorem 6.3.1  ------ooooorrmmmm .

The model checking of transducers against PLiyans formulas is in PSPACE. It is
in NLOGSPACE when the formula is fixed.

Proof Let ¥ be a PLiyans formula and A be a transducer. The beginning is the same as it
was for NFA. After a series of transformations of ¥ (negation normal form, transformation

into path formula, disjunction removing), we end up with the PL;aths[{,Z, € N,¢ N, <

, <}] path formula @ of the form /\f:1 120 /\f/:1 p; where each ¢; are either state, input
and path literals and all p; are output atoms™™". Now, for all ¢, we construct an NFA
(which is a particular case of NPA) applying Lemma 7.2.1 and for all p; we construct a
NPA applying Lemma 7.3.1. Then we define M as the NPA such that:

L(M) = Paths™(A4) N, L(Me,) 0 (\}_, L(M,,)

The acceptance constraint of M consists in a conjunction of atomic Presburger formulas
(in particular this conjunction has a polynomial size in |®|). Again, we have L(M) # @
iff A =W and the emptiness of M can be decided in PSPACE by applying Lemma 2.2.3.
When the pattern formula is fixed, the acceptance constraint and the set of weight vectors
of M becomes fixed as well. In that case we apply Theorem 2.2.1. to get the NLOGSPACE
membership. ¢

7.4 Model-checking of PLgyy, and PL7, : Proof of The-
orems 6.4.1 and 6.4.2

The proof of the results below for PlLg,, follows arguments that are similar to those
developed for transducers in the proof of Theorem 6.3.1 (and then also for NFA in the
proof of Theorem 6.2.1). However, the NLOGSPACE-C result for PLZflm requires to rely
on the weak Parikh automata defines in Section 2.2.

7.4.1 Proof of Theorems 6.4.1 and 6.4.2
TLOIMINIA T4 T woveeeeeeeeeeemmmmmmmm e e e e e e e e e e oo oo oo oo oo oot e e e e e e e e e e e e e e e e e e e e e e :

Consider X = {m,...,m,} be a finite set of path variables, arbitrarily ordered.
Let A be a sum-automaton and @ be an atomic path formula over X of the form
t1 # ty or t1 < g or t; < to where t,t1,t9 € Terms(X,+,0). One can construct
a NPA Mg with a number of states and a number of distinct weight vectors
polynomial in both |A| and |®|, an atomic acceptance constraint and such that:

Paths™(A4) N L(Mg) = {(v(m1),...,v(m,)) : v: X — Paths(A) Av € [P]a}

In addition, the NPA Mg is weak when @ is t1 # to.

Proof The construction is the same as the case of length comparison for transducers.
We fix t; = 7y ..., withi € {1,2}. By definition t; < t» with < € {#, <, <} holds if
and only if 337" out(m ;) < D7 out(my ;). Intuitively Mg computes for all i € {1,2}
the value ¢; = out(wj) X k; j where k; ; < m; is the number of occurrences of 7; in ¢;. For
updating counters, the NPA treats each path of the input tuple separately and then can
uses weight vectors belonging to ({0} U D)2. For acceptance the NPA Mg tests whether

n n . .
Zj:1 ey = ZFl ¢2,; using an atomic Presburger formula.

Lemma 7.4.2 — easiness of Theorem 6.4.1 oo .

The model checking of sum-automata against PLgyy, formulas is in PSPACE. It
is in NP when the formula is fixed, and NLOGSPACE if in addition weights of
the automaton belong to {0,1}.

VI'The path formula @ cannot have output literals since ¥ belongs to the fragment where output
predicates does not occur under an odd number of negations.
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Proof Let 9 be a PLgyy formula and A be a sum-automaton. The proof is similar to the
model-checking for transducers against PLi.ans. Again, we consider some transformations

of ¢ which provides the path formula @ of the form /\f:1 l; N /\f,:1 ¢; where each (; is
either state, input or path literals and all E; are output literals. For all ¢; we construct an
NFA (which is a particular case of NPA) applying Lemma 7.2.1 and for all E} we construct

a NPA applying Lemma 7.4.1. Then we define M as the NPA such that:
L(M) = Paths™(A) N, L(Me,) 02, L(Mp)

The acceptance constraint of M consists in a conjunction of atomic Presburger for-
mulas (in particular this conjunction has a polynomial size in |$|). The PSPACE and
NLOGSPACE results come by applying Lemma 2.2.3 as for the proof of model-checking
for transducers against PLi;a,s. To get the NP upper bound, we effectively construct in
polynomial time M. In fact, when values n, k, k" are fixed then M have a polynomial
number of states. As shown in [FL15] the non-emptiness problem for NPA is in NP. ¢

Lemma 7.4.3 — easiness of Theorem 6.4.2 - :

The model checking of sum-automata against PLZim formulas is in PSPACE. It

is NLOGSPACE when the formula is fixed (even if the values of the automaton
are encoded in binary).

Proof The proof is the same as for Plg,, model-checking, except each call to
Lemma 2.2.3 are replaced by Theorem 2.2.6. ¢

Lemma 7.4.4 — hardness of Theorem 6.4.1 -----ooooormmrmmmm .

The model checking of sum-automata against fixed Plg,, formulas is hard for
NP.

Proof The proof goes by reduction from the Set 2-Partition problem [Pap94], which
asks, given a multi-set S = x1, ...,z of natural numbers, whether there exists I such
that > ;.7 @i = > ;e\ %i- Such set I exists if the sum-automaton of Figure 7.2 satisfies
the following PLg,y, formula:

Ir: qr 2 qr, In0: qF - qp init(qr) A final(gr) A v = g

The reduction is linear because the automata construction is linear and the formula is
constant. ¢

xq T
080N OWO-=!
—Z1 o —Tk
Figure 7.2: Sum-automaton used for encoding Set Partition

7.5 Summary and future works

We introduced several logics to reason about structural properties of regular au-
tomata, transducers and sum-automata.

Summary

The complexity to decide whether an automaton with outputs in a monoid fulfills
the specification given by a pattern formula, either constant or part of the input, have
been published in [FMR18, FMR19]. We focus on how the three instances allow to
easily recover known complexity results for deciding automata subclasses, as well as new
results, such as for instance the NLOGSPACE upper bound of the k-valuedness problem
for sum-automata (with a fixed k and weights in binary). The following table summarizes
the complexity results of the model-checking problem (for sum-automata, the weights are
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assumed to be encoded in binary):

PLnfa Pl—trans Pl—sum PLZim

fixed PSprace-C PSpAcE-C PSpAcCE-C PSpace-C
unfixed | NLOGSPACE-C | NLOGSPACE-C NP-C NLOGSPACE-C

Future works

In [FMRI18], we give sufficient conditions, on the output monoid, under which the
problem of model-checking an automaton with outputs against a formula in the generic
logic is decidable. Briefly, these conditions require the existence of a machine model
accepting tuples of runs which satisfy the atomic predicates of the logic, is closed under
union and intersection, and has decidable emptiness problem.

Other output monoids appear frequently in the literature and may share common
techniques, for instance, discounted sum can be encoded as some operation of a monoid
as proved in [FGR15]. There are many possible extensions that ought to be considered,
such as tree automata with Presburger constraints [Wonl0], two-way automata with
Presburger constraints [FGM19] and two-way visibly pushdown transducers and Parikh
automata [DFRT16, DFT19]. For instance, there is a rich literature on tree transducers
and two-way transducers where deciding structural patterns is an important problem,
that would deserve to have a dedicated logic and model-checking algorithm. Based on
examples of structural patterns from the literature, our objective is to design a logical
syntax in which those patterns could be naturally expressed.



Conclusion

This thesis lies in the general realm of formal methods and more precisely in quanti-
tative extensions of verification and synthesis methods for reactive systems. The model-
checking is, nowadays, a standardized approach to assure the design of reactive systems
that are dependable, safe, and efficient. Its classical (Boolean) setting is well known and
elegantly supported by regular automata-theoretic methods. However, the correct/incor-
rect abstraction level is coarse and some applications require to capture situations beyond
regularity. Quantitative extensions of model-checking have been developed, although the
landscape of this framework is not fully understood, and challenging questions remain
open.

WA
(= WMSO-logic [DGOT])
3 PTIME, V Undecidable [ABK11]

(unambiguous) WCA
3,V Undecidable Corollary 3.3.7
A ~
E iterable expressions
4,V Undecidable Theorem 3.2.5

A

synchronous WCA
3,V Decidable Theorem 3.4.4

~

max

linearly ambiguous WA
3 PTIME, V Undecidable [DGM17]
synchronous expressions A
3,V Decidable Theorem 3.2.8

T

monolithic expressions
(= Parikh automata Lemma 3.1.6)
34,V PSPACE-C Theorem 3.1.7

N

finite valued WARS

3: quantitative emptiness (= finitely ambiguous WAL [FGR14])
V: quantitative universality 3 PTIME, V Decidable
-- : decidability frontier T

max

unambiguous WAZRS
(= Regular combinators [AFR14])
4,V PTIME

simple expressions
3,V PSpacCE-C [Vell2] [
\

max

deterministic WA
(= deterministic sum-automaton)
4,V PTIME

Figure 7.3: Comparison between the weighted expression formalisms and the weighted
chop automata (WCA) introduced in Chapter 3, as well as classes of weighted automata
(WAZEY). The arrows denote strict inclusion between the classes of quantitative languages
defined by the formalisms and dashed arrows highlights when the frontier of decidability
is cross.

The contribution follows three main axes. The first part focuses on computational
models that manipulate integer weights with arithmetical operations featuring a tread-off
between the expressibility of quantitative properties and the feasibility of time/memory
requirements. In particular, we introduced the programming languages monolithic and
iterable expressions that can combine functions realized by weighted automata using
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the Presburger arithmetic. The second part, investigate error/noise formalisms and ro-
bustness synthesis to relax the standard model-checking approach with a parametric
disturbance. Our approach provides a measure of confidence about the model-checking
answer adapted for erroneous systems (as sensors) and specifications (from statistical
observations for instance). The third part, introduce new specification languages that
allow us to define and efficiently decide structural properties for popular automata classes
(regular automata, transducers, weighted automata). In fact, to retain the feasibility and
tractability of model-checking algorithms, the verification community introduces many
pattern criteria expressible into this logical formalisms.

Figure 7.3 presents the main formalisms that have been studied from literature and
from Part I. It orders them depending on their expressiveness (models on bottom are
less expressive than the ones on top). It also recalls some structural pattern as finite
valuedness or linear ambiguity which can be express in the pattern logic introduced
in Part ITI. In Part II, we model noise with weighed transducers. In the case of Sum-
transducer, we rely on automata weighed over N to solve the robust kernel synthesis
Lemma 5.1.2. Note that, the monolithic expressions are closed under Presburger definable
functions which allows us to express various word metrics and so, is a good candidate as
model of noise.

For sack for fact, we explain here how the finite valuedness restriction on Sum-
transducer over Z raise computability of the robust kernel. Formally, we consider the
specification language L given by a DFA A, we let T be a k-valued Sum-transducer which
model input noise and we take v € Z as errors threshold. We show now how to rep-
resent the set of words Robr (v, L), i.e. the robust kernel. First, we construct the finite
valued sum-automaton N from T by restricting its output domain to belongs to L and
then we remove the output words.V" Thanks to [SdS10], we can decomposed N into k
unambiguous sum-automata Ny, ..., Nj such that [N] = Ule[[Ni]]. Hence, we defined
the monolithic expression £ = min(Ny, ..., Ni) that denotes the function from a word
of dom(T') to the cost of the minimal rewriting that belongs to L. In order to repre-
sent Robr (v, L), we need to bounded the images of E, which is doable since monolithic
expressions are close by Presburger definable function, let F|, be restriction of E. The
robust kernel is thus the domain of F|, which is regular by Proposition 3.2.4.

[VIIThe construction is in a similar vain of the weighted transition system G, 4 of Section 4.2 but input

are preserved.
VI Here, the combinator could be replaced by any existential Presburger functional formula ¢: Z*¥ — Z.
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Abstract

Reactive systems are computer systems that maintain continuous interaction with the environ-
ment in which they operate. Such systems are nowadays part of our daily life: think about common
yet critical applications like engine control units in automotive, aircraft autopilots, medical aided-
devices, or micro-controllers in mass production. Clearly, any flaw in such critical systems can have
catastrophic consequences. However, they exhibit several characteristics, like resource limitation
constraints, real-time responsiveness, concurrency that make them difficult to implement correctly.
To ensure the design of reactive systems that are dependable, safe, and efficient, researchers and
industrials have advocated the use of so-called formal methods, that rely on mathematical models
to express precisely and analyze the behaviors of these systems.

Automata theory provides a fundamental notion such as languages of program executions for
which membership, emptiness, inclusion, and equivalence problems allow us to specify and verify
properties of reactive systems. However, these Boolean notions yield the correctness of the sys-
tem against a given property that sometimes, falls short of being satisfactory answers when the
performances are prone to errors. As a consequence, a common engineering approach is not just
to verify that a system satisfies a property, but whether it does so within a degree of quality and
robustness.

This thesis investigates the expressibility, recognition, and robustness of quantitative properties
for program executions.

e Firstly, we provide a survey on languages definable by regular automata with Presburger
definable constraints on letter occurrences for which we provide descriptive complexity. In-
spired by this model, we introduce an expression formalism that mixes formula and automata
to define quantitative languages i.e. function from words to integers. These expressions use
Presburger arithmetic to combine values given by regular automata weighted by integers.
We show that quantitative versions of the classical decision problems such as emptiness, uni-
versality, inclusion, and equivalence are computable. Then we investigate the extension of
our expressions with a “Kleene star” style operator. This allows us to iterate an expression
over smaller fragments of the input word, and to combine the results by taking their iterated
sum. The decision problems quickly turn out to be not computable, but we introduce a new
subclass based on a structural restriction for which algorithmic procedures exist.

e Secondly, we consider a notion of robustness that places a distance on words, thus defining
neighborhoods of program executions. A language is said to be robust if the membership
satisfiability cannot differ for two “close” words, and that leads to robust versions of all the
classical decision problems. Our contribution is to study robustness verification problems
in the context of weighted transducers with different measures (sum, mean-payoff, and dis-
counted sum). Here, the value associated by the transducer to rewrite a word into another
denotes the cost of the noise that this rewriting induce. For each measure, we provide al-
gorithms that determine whether a language is robust up to a given threshold of error and
we solve the synthesis of the robust kernel for the sum measure. Furthermore, we provide
case studies including modeling human control failures and approximate recognition of type-1
diabetes using robust detection of blood sugar level swings.

e Finally, we observe that algorithms for structural patterns recognition of automata often
share similar techniques. So, we introduce a generic logic to express structural properties of
automata with outputs in some monoid, in particular, the set of predicates talking about the
output values is parametric. Then, we consider three particular automata models (regular
automata, transducers, and automata weighted by integers) and instantiate the generic logic
for each of them. We give tight complexity results for the three logics with respect to the
pattern recognition problem. We study the expressiveness of our logics by expressing classical
structural patterns characterizing for instance unambiguity and polynomial ambiguity in the
case of regular automata, determinizability, and finite-valuedness in the case of transducers
and automata weighted by integers. As a consequence of our complexity results, we directly
obtain that these classical properties can be decided in logarithmic space.
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