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Abstract. While the minimization problem for deterministic Biichi word au-
tomata is known to be NP-complete, several fundamental problems around
it are still open. This includes the complexity of minimzation for transition-
based automata, where acceptance is defined with respect to the set of transi-
tions that a run traverses infinitely often, and minimization for good-for-games
(GFG) automata, where nondeterminism is allowed, yet has to be resolved in
a way that only depends on the past.

Of special interest in formal verification are liveness properties, which state
that something “good” eventually happens. Liveness languages constitute a
strict fragment of w-regular languages, which suggests that minimization of
automata recognizing liveness languages may be easier, as is the case for lan-
guages recognizable by weak automata, in particular safety languages. We
define three classes of liveness, and study the minimization problem for au-
tomata recognizing languages in the classes. Our results refer to the basic
minimization problem as well as to its extension to transition-based and GFG
automata. In some cases, we provide bounds, and in others we provide connec-
tions between the different settings. Thus, our results are of practical interest
and also improve our understanding of the (still very mysterious) minimization
problem.

Keywords: Automata on infinite words, Minimization, Complexity, Good-
for-games automata, Biichi, Liveness

1 Introduction

A prime application of automata theory is specification, verification, and synthesis of
reactive systems [36/12]. Since we care about the on-going behavior of nonterminating
systems, the automata run on infinite words. Acceptance in such automata is deter-
mined according to the set of states that are visited infinitely often along the run. In
Biichi automata [9] (NBWs and DBWs, for nondeterministic and deterministic Biichi
word automata, respectively), the acceptance condition is a subset « of states, and a
run is accepting iff it visits « infinitely often. Dually, in co-Biichi automata (NCWs
and DCWs), a run is accepting iff it visits « only finitely often.

A classical problem in automata theory is minimization: the generation of an
equivalent automaton with a minimal number of states. For NBWs and NCWs, mini-
mization is PSPACE-complete, as it is for nondeterministic automata on finite words
[20]. For DBWs and DCWs, minimization is NP-complete [33]. Thus, the transition
to infinite words makes the problem harder. Indeed, for deterministic automata on
finite words (DFWs), a minimization algorithm, based on the Myhill-Nerode right
congruence [29)30], generates in polynomial time a canonical minimal deterministic
automaton [18].
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While [33] solves the question of the complexity of DBW and DCW minimization,
several fundamental questions around the problem are still open. This includes the
complexity of minimzation for transition-based automata and good-for-games (GFG)
automata.

In transition-based automata, acceptance is defined with respect to the set of tran-
sitions that a run traverses infinitely often. In particular, in Biichi automata (tNBWs
and tDBWs), the acceptance condition is a subset « of transitions, and a run is re-
quired to traverse transitions in « infinitely often, and dually for co-Biichi. Beyond the
theoretical interest, there is recently growing use of transition-based automata in prac-
tical applications, with evidences they offer a simpler translation of LTL formulas to
automata and enable simpler constructions and decision procedures [T4T5ITTI35126].

In GFG automata, nondeterminism is allowed, yet has to be resolved in a way
that only depends on the past. Consequently, GFG automata can be used instead of
deterministic automata in games whose winning condition is specified by an w-regular
language [23IT7/T0]. Such games are extensively used in the solution of the synthesis
problem from LTL or w-regular specifications [32[4]. Formally, a nondeterministic
automaton A over an alphabet X' is GFG if there is a strategy g that maps each finite
word v € X* to the transition to be taken after u is read; and following g results in
accepting all the words in the language of A. Note that a state ¢ of A may be reachable
via different words, and g may suggest different transitions from q after different words
are read. Still, g depends only on the past, namely on the word read so far. Obviously,
there exist GFG automata: deterministic ones, or nondeterministic ones that are
determinizable by pruning (DBP); that is, ones that just add transitions on top of a
deterministic automaton. Surprisingly, however, GFG-NBWs need not be DBP [5].
Moreover, the best known determinization construction for GFG-NBWs is quadratic,
whereas determinization of GFG-NCWs has a tight exponential bound [21I]. Thus,
GFG automata on infinite words are more succinct (possibly even exponentially)
than deterministic ones. In recent years, we see growing research on GFG automata,
their theoretical properties, and applications [2I2TI7I3I25I6T3].

Proving NP-hardness for DBW minimization, Schewe used a reduction from the
vertex-cover problem [33]. Essentiallyﬂ given an undirected graph G = (V, E), we seek
a minimal DBW for the language S of words of the form ’UZ ~v;g v:g <. € V¥ where
for all j > 1, we have that {v;;,v;,,,} € E. We can recognize Sg by an automaton
obtained from G by replacing an edge {u, us} by transitions from u; to ug and from
ug to u1, adding self loops to all vertices, labelling each transition by its destination,
and requiring a run to traverse infinitely many transitions induced by edges of G.
Indeed, such runs correspond to words that traverse an infinite path in G, possibly
looping at vertices, but not getting trapped in a self loop, as required by Sg. When,
however, the acceptance condition is defined by a set of states, rather than transitions,
we need to duplicate some states, and a minimal duplication corresponds to a minimal
vertex cover. Consequently, finding a minimal DBW for Sg (or a minimal DCW for
its complement) corresponds to finding a minimal vertex cover in G. Clearly, as a
tDBW for S¢ has the same structure as G, the reduction does not apply to tDBWs
or tDCWs. On the other hand, it can be extended to GFG-NBWs and GFG-NCWs

! The reduction in [33] is more complicated and involves an additional letter. One of our
contributions here is to show that the vertex-cover problem is NP-hard already for a class
of graphs for which these complications are not required. Consequently, it is possible to
simplify the reduction, and the description above is of the simplified version.
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[34]. Interestingly, though, for GFG-tNCWs, minimization can be done in PTIME [IJ.
Thus, the complexity of minimization of tDBWs and tDCWs is still open, and so is
the complexity for GFG-tNBWs.

Recall that for languages of finite words, a minimal DFW can be obtained in
PTIME by merging of equivalent states. A similar algorithm is valid for determinisitic
weak automata on infinite words: DBWs in which each strongly connected component
is either contained in « or is disjoint from « [2827]. In particular, safety properties,
which assert that the system stays within some allowed region, can be recognized by
DBWs in which all states are in «, which are a special case of weak automata. This
raises the question of finding other natural fragments of w-regular languages for which
minimization could be solved in PTIME.

Of special interest in formal verification are liveness properties, which assert that
something “good” eventually happens. For example, a process eventually enters its
critical section or a grant is given infinitely often. We distinguish between three classes
of liveness. Specifically, a language L C X* is L1vE] if it has no “bad prefixes”, thus
every finite word in X* can be extended to a word in L. Then, L is LIVE2 if L = X*- L,
thus, every finite word in X* can be extended by a word in L to a word in L, or,
equivalently, every infinite word that has a suffix in L is also in L. Finally, L is LIVE3
if L = coR, for some language R C X* of finite words, thus L consists of words with
infinitely many disjoint infixes in R. It is not hard to see that the classes are strictly
ordered, in the sense that every L1VE3 language is LIVE2, every LIVE2 language is
L1vEl, yet implication in the other direction does not hold. Also, the language S¢g used
for proving NP-hardness in [33] is not a liveness language. Indeed, finite sequences of
vertices that do not correspond to a path in G are bad prefixes for Sg.

We study the minimization problem for automata recognizing languages in the
three classes. We also consider the dual setting, where we minimize co-Biichi automata
for languages that complement liveness languages. Note that while for deterministic
automata, dualization of the acceptance condition complements the automaton, thus
DBW and tDBW minimization coincides with DCW and tDCW minimization, this
is not the case for GFG automata, where complementation should involve also a
dualization of the nondeterministic branching mode (see [§] for a study of alternating
GFG automata). In particular, as noted above, while minimization of GFG-tNCWs
is in PTIME [1], the complexity for GFG-tNBWs is still open.

We first show that Schewe’s reduction can be modified so that the vertex-cover
problem is reduced to minimization of automata for LivEl languages. The main
contribution in this part is a characterization of nice graphs: graphs for which the
vertex-cover problem stays NP-hard yet they enjoy properties that enable us to sig-
nificantly simplify the languages needed for the reduction. Then, given a nice graph
G, we define a L1VE] language L¢ such that finding a minimal vertex-cover for G can
be reduced to minimizing a DBW or a GFG-NBW for Lg, or to minimizing a DCW
or a GFG-NCW for the complement of L. Essentially, while the language Sg does
not allow prefixes that do not correspond to paths in G, the language Lg handles
attempts to proceed to a vertex that is not connected by an edge the same way Sg
handles self loops.

We continue to LIVE2 languages and describe a general scheme for transforming a
language L to a LIvE2 language L# such that minimization of automata for L can be
reduced to minimization of automata for L#. Thus, minimization stays NP-hard for
Live2 languages. Our scheme applies to deterministic and GFG automata, Biichi and
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co-Biichi, with either state-based or transition-based acceptance. Consequently, while
the problem of minimizing tDBWs and GFG-tNBWs is still open, our results imply
that its complexity for general w-regular languages coincides with its complexity for
LiveE2 languages. Thus, efforts to find a PTIME algorithm can focus on the L1vE2
fragment.

Finally, we show that the transition from L1VE2 to LIVE3 languages is significant:
while minimization of GFG-NCWs that recognize the complement of LIVE2 languages
is NP-hard, minimization of GFG-NCWs that recognize the complement of LIVE3
languages can be done in PTIME. We find this result interesting, as we also show
that L1vE3 languages maintain the combinatorial richness of GFG automata over
deterministic ones. In particular, the exponential succinctness of GFG-NCWs over
DCWs [21] applies also for languages whose complements are LIVE3, and the fact
that GFG-NBWs need not be DBP [§] is exhibited also for LIVE3 languages. Also,
for other classes of automata, the complexity of minimization of LivE3 languages
remains open.

2 Preliminaries

For a finite nonempty alphabet X, an infinite word w = o1 - g9 - -+ € X* is an infinite
sequence of letters from X. A language L C X* is a set of words. We denote the
empty word by €, and the set of finite words over X' by X*. For an index ¢ > 0, we use
w1, ] to denote the (possibly empty) prefix oq - o+ 0; of w. For 1 <i < j, we use
w(t, j] to denote the infix o; - 0541 - -0, of w, and use w[i, c0] to denote the infinite
suffix o; - 0541 --- of w. For a set A, we denote its complement by A. In particular, if
R C X* is a language over finite words and L C X“ is language over infinite words,
then R=Y*\Rand L = X%\ L.

2.1 Automata

A nondeterministic automaton on infinite words is a tuple A = (¥, Q, qo, 6, ), where
X is an alphabet, @Q is a finite set of states, gy € Q is an initial state, § : Qx X — 29\ ()
is a transition function, and « is an acceptance condition, to be defined below. For
states ¢ and s and a letter o € X, we say that s is a o-successor of ¢ if s € §(q,0).
If |0(q,0)] = 1 for every state ¢ € @ and letter o € X, then A is deterministic. The
transition function § can be viewed as a transition relation A C @ x X' x @, where for
every two states ¢,s € @ and letter o € X, we have that (q,0,s) € A iff s € §(q,0).
We define the size of A, denoted |A|, as its number of states, thus, |A| = |Q)].

Given an input word w = o1 - 09 ---, a run of A on w is an infinite sequence of
states r = rg,r1,79,... € Q¥, such that rg = ¢qo, and for all i > 0, we have that
7i41 € 0(13,0441), 1., the run starts in the initial state and proceeds according to the
transition function. We sometimes view the run r = rg,7r1,72,... on w = 01 - o9 - - -
as an infinite sequence of successive transitions (rg,o1,71), (r1,02,72),... € AY. We
sometimes consider finite runs on finite words. In particular, we sometimes extend ¢ to
sets of states and finite words. Then, ¢ : 2¢ x X* — 2% is such that for every S € 29,
finite word u € X*, and letter o € X, we have that §(S,¢) = S, 0(5,0) = J,cg9(s,0),
and §(S,u-0) = §(6(S,u),0). Thus, §(S,u) is the set of states that A may reach when
it reads u from some state in S.
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The acceptance condition o determines which runs are “good”. We consider state-
based and transition-based automata. Let us start with state-based automata. Here,
a C @, and we use the terms «-states and @-states to refer to states in a and in
Q \ «, respectively. For a run r € Q¥, let inf(r) C @ be the set of states that r
visits infinitely often. Thus, inf(r) = {q : ¢ = r; for infinitely many ’s}. In Biichi
automata, r is accepting iff inf(r) N« # @, thus if r visits states in « infinitely often.
In co-Biichi automata, 7 is accepting iff inf (r) Na = @, thus if r visits states in a only
finitely often.

We proceed to transition-based automata. There, o C A and acceptance depends
on the set of transitions that are traversed infinitely often during the run. We use
the terms a-transitions and a-transitions to refer to transitions in « and in A\ «,
respectively. For a run r € A%, we define inf(r) = {{q,0,8) € A : q = r;,0 =
oit1, and s = r;41 for infinitely many i’s}. As expected, in transition-based Biichi
automata, r is accepting iff inf (r)Na # @, and in transition-based co-Biichi automata,
7 is accepting iff inf(r) Na = 0. A run that is not accepting is rejecting. A word w is
accepted by an automaton A if there is an accepting run of A on w. The language of
A, denoted L(A), is the set of words that .4 accepts.

Consider an automaton A = (X, Q, qo, d, ). For a state ¢ € Q of A, we define
Al = (X, Q,q,0,a), i.e, A? is the automaton obtained from A by setting the initial
state to be q. We say that two states q,s € @ are equivalent, denoted ¢ ~ 4 s, if
L(A%) = L(A®). We say that ¢ is reachable if there is a finite word z € X* with
q € 6(qo, x), and say that g is reachable from s if q is reachable in A°.

An automaton A is good for games (GFG, for short) if its nondeterminism can be
resolved based on the past, thus on the prefix of the input word read so far. Formally,
A is GFG if there exists a strategy f : X* — @ such that the following hold:

1. The strategy f is consistent with the transition function. That is, f(€) = go, and
for every finite word u € X* and letter o € X, we have that f(u-0o) € §(f(u),0).

2. Following f causes A to accept all the words in its language. That is, for every
infinite word w = 0102 --- € X, if w € L(A), then the run f(w[1,0]), f(w[1,1]),
f(w[1,2]),..., which we denote by f(w), is an accepting run of A on w.

We say that the strategy f witnesses A’s GFGness. For an automaton A, we say that
a state ¢ of A is GFG, if A7 is GFG. Note that every deterministic automaton is
GFG.

We use three-letter acronyms in {D,N} x {B,C} x {W} to denote the differ-
ent automata classes. The first letter stands for the branching mode of the automa-
ton (deterministic or nondeterministic); the second for the acceptance condition type
(Biichi or co-Biichi); and the third indicates that we consider automata on words. For
transition-based automata, we start the acronyms with the letter “t”, and for GFG
automata, we write “GFG-" before the acronyms. For example, a GFG-NBW is a
state-based GFG Biichi automaton, and a tDCW is a transition-based deterministic
co-Biichi automaton.

For a class v of automata, e.g., v = GFG-NCW or v = tDBW, we say that
a language L C Y“ is y-recognizable iff there is an automaton in the class v that
recognizes L. It is known [23I31] that GFG automata are as expressive as deterministic
automata of the same acceptance condition, e.g., L is GFG-tNBW recognizable iff L
is DBW recognizable.
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For a class v of automata, we say that a v automaton A is minimal if for every
equivalent v automaton B, namely one with L(A) = L(B), it holds that |A| < |B|.

In Appendix we define the notion of semantic determinization as well as
dualization of automata on infinite words — notions that are used only in proofs in
the appendix.

2.2 Liveness languages

For a language R C X* of finite words, we use coR to denote the language of infinite
words that contain infinitely many disjoint infixes in R. Thus, w € coR iff there are
infinitely many indices i; < i} < iy <y < --- such that wi;,é}] € R, for all j > 1.
Dually, —ooR is the language of infinite words that eventually contain only infixes in
R. Thus, there is an index i such that for all 5’ > j > 0 we have that w[i+j,i+j'] € R.
Note that coR = —coR.

Consider a language L C X*. We say that a finite word x € X* is a bad prefix for
L if for all infinite words y € X%, we have that z -y ¢ L. Thus, there is no way to
extend x to a word in L. Dually, = is a good prefix for L if all its extensions to an
infinite word result in a word in L, thus z -y € L for all y € 2.

We consider three levels of liveness. Consider a nonempty language L C X%,

1. L is a L1vEl language if it has no bad prefixes. Formally, for every finite word
x € X*, there is an infinite word y € X“ such that x -y € L.

2. L is a LIVE2 language if L = X* - L. Formally, for every finite word x € X*, and
infinite word y € L, it holds that x - y € L. Equivalently, every word that has a
suffix in L, is in L.

3. L is a Live3 language if L = coR, for some R C X*. Thus, L consists of words
with infinitely many disjoint infixes in R.

It is not hard to see that LivE3 C LivE2 C LivEl. The other direction is not
valid. For example, taking X' = {a,b}, the language L; = a- X¥ 4+ X* -a-a- X%, of
words that start with a or contain the infix a - a, is LIVEL and not LIvE2. Indeed, the
word b-a-b¥ isin (X* - Ly)\ Ly. Then, Ly = X* -a-a- X% is LIvE2 and not LIVE3.

Note that liveness languages need not be DBW-recognizable. For example, the
Livel and L1VE2 language X* - b* is not DBW-recognizable [24]. As for LIvE3 lan-
guages, if R is regular, then coR is DBW-recognizable [22].

We also consider languages that complement a liveness language, and say that a
language L is a DooM1 language if L is a LIVE] language, and similarly for Doom2
and DooMm3 languages.

2.3 Graphs, nice graphs, and the vertex-cover problem

We consider undirected graphs G = (V, E), with a finite nonempty set V' of vertices
and a symmetric set E C V x V of edges. For simplicity, we assume that G has no
loops or parallel edges. For a vertex v € V, let n(u) denote the set of u’s neighbors
in G; that is, n(u) = {v € V : E(u,v)}. Then, n(u) =V \n(u) ={v eV :=E(u,v)}.
Note that since G has no self loops, then u € n(u) for all vertices u € V. For a vertex
u € V and an edge e = (z,y) € E, we say that e is a neighbor of u if it at least one

of its endpoints is a neighbor of u, thus E(u,x) or E(u,y).
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For two vertices u,v € V', we say that u and v are separable if there is an edge that
is a neighbor of u but is not a neighbor of v, as well as an edge that is a neighbor of v
but is not a neighbor of u. We say that G is separable if every two vertices u,v € V are
separable. Then, G is nice if it is connected, separable, and for every vertex u € V,
there is a vertex v such that v # u and v € n(u). In particular, every nice graph has
at least two vertices.

A set C CV is a vertex-cover of G if each edge in G has at least one endpoint in
C; that is, if E(u,v), then u € C or v € C'. In the vertex-cover problem, we are given
a graph G and an integer k£ > 1, and we have to decide whether G has a vertex-cover
of size at most k.

In the rest of this section we prove that the vertex-cover problem is NP-hard
already for nice graphs. For this, we analyze the reduction from 3SAT to the vertex-
cover problem and argue that we can modify each 3CNF formula ¢ to an equivalent
3CNF formula ¢’ such that the graph that the reduction produces from ¢’ is nice.

Consider a 3CNF Boolean formula ¢ over the variable set X = {x1,%2,...,2,}.
Let C = {c1,¢2,...,cm} be the set of clauses in ¢, with ¢; = (1] VI}VI}). The standard
reduction from satisfiability of SCNF formulas to the vertex-cover problem generates,
given ¢, an undirected graph G, = (V, E) that consists of two types of “gadgets”.
For every variable x; € X, we have a variable-gadget consisting of two vertices x;
and T;, connected by an edge. Then, for each clause ¢ = (1 Vg Vi3), we have a

clause-gadget, which is a triangle with three vertices, cl’ ,cl’ , and 07 Each vertex c’
in the clause-gadget is connected by an edge to the hteral l; in its varlable gadget. It
is not hard to see that the formula ¢ is satisfiable iff G, has a vertex-cover of size
at most n + 2m. Indeed, each assignment induces a choice of one vertex from each
variable-gadget, this choice covers the edges in the variable gadgets. In addition, we
need two vertices to cover the edges in the triangles in the clause gadgets and we
can choose these vertices in a way that also covers the edges between the vertex and
clause gadgets iff the assignment is satisfying.

The graph G, need not be nice. For example, the graph G, for the formula
¢ = (x1 V x2 V x3), consists of three variable-gadgets connecting z; and T;, and a
single clause-gadget, and the set of edges that are neighbours of the vertex T; is
contained in the set of edges that are neighbours of the vertex z;. Hence, G, is not
separable.

Theorem 1. The vertez-cover problem for nice graphs is NP-hard.

Proof. Consider a 3CNF formula ¢ with m clauses over the variables {z1, 22, ..., Zp}.
We assume that every clause in ¢ includes literals referring to three different variables.
Note that otherwise, we can add variables and rewrite ¢ so that it satisfies this
property. We define

o =¢pA /\ (; V21 Voze) A(—; Vozg Vozg) Az V oz Vo) A (- Vozg V —za),
1<i<n

where z; and 29 are two new variables. It is not hard to see that ¢ is satisfiable iff
¢’ is satisfiable. Indeed, a satisfying assignment for ¢ can be extended to a satisfying
assignemt for ¢ by assigning True to z; and zo. Conversely, as ¢’ implies ¢, then a
satisfying assignment for ¢’ also satisfies ¢. Thus, ¢ is satisfiable iff the graph G
contains a vertex-cover of size at most (n+2) 4+ 2(m+4n). In Appendix we prove
that G is nice. O
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3 Livil Languages

In this section we study the minimization problem for deterministic and GFG au-
tomata recognizing LIVE1 and DooM1 languages. For a graph G = (V, E), we define
the w-regular language L over the alphabet V' as the set of infinite words of the form

vo - (n(vo))* - v1 - (n(v1))" - va - ((v2))" -,
where for all ¢ > 0, it holds that v; 1 € n(v;). Thus, a word w € L corresponds to
an infinite path vy, vy, v, ... in GG, where each vertex v; in the path contributes to w
an infix in v; - (n(v;))*, which is followed by the infix induced by v;1.

Note that every finite nonempty word = = ug - 1 - ug - -- € VT induces a unique
finite path in G: the path starts in ug, and whenever it is in vertex v and the next
letter is u;, the path stays in v if u; & n(v) and proceeds to u; if u; € n(v). We say
that the word x leads to vertex v if the path induced by z leads to v. In other words,
x leads to v if & € vy - (N(v))* - v1- (M(v1))* - v2- ((v2))* - - vk - (n(vk))*, where vy, = v
and for all 0 <14 < k — 1, it holds that v;y1 € n(v;).

Ezample 1. Consider the graph G appearing in Fig. Il A nonempty word of the form
(vg - v1)* leads to v; and a word of the form (vy - v1)* - vy leads to ve. Accordingly, the
word (v - v1)% is in Lg. All the words of the form vy - (v - v1)* or vg - (v - v1)* - vy
lead to v4, and so the word vy - (v - v1)* is not in L¢.

G: (v () () (v

Fig. 1: The graph G.

Lemma 1. For every nice graph G = (V, E), the language Lg is LIVEL.

Proof. Consider a finite word z € V', and assume that z leads to vertex v. Since G
is nice, in particular connected and has at least two vertices, we get that there is a
vertex u € 1(v). Then, the word z - (u - v)* is in Lg. O

Note that Lg also has no good prefixes. Indeed, for every finite word x, the word
x - u® is not in Lg, for every vertex u € V.

3.1 Minimizing automata for LivEl and DooMm1 languages

In this section we show that minimizing a GFG-NBW or a DBW that recognizes L¢,
for a nice graph G, is NP-hard, and so is minimizing a GFG-NCW or a DCW that
recognizes Lg. We conclude that the minimization problem is NP-hard already for
Livel and Doom1 languages.

We start by defining a DBW that recognizes L¢. Consider a nice graph G = (V, E).
As has been the case with Schewe’s language Sg, it is easy to define a tDBW for Lg
from G by replacing each edge (u1,us) by a us-transition from u; to us, adding to
each state v a self-loop labeled by all the letters in n(v), and requiring a run to
traverse infinitely many transitions induced by edges of G. When considering DBWs,
we define, for a subset of vertices S C V, the DBW Ag s = (V,{q} U (V x {0}) U
(S x{1}), qo, 6, c), where o« = S x {1}, and § is defined as follows (see Example [2).
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— For all uw € V', we have §(qo,u) = (u,0).

— For all w € V and v € n(u), we have §({(u,0),v) = (u,0). In addition, if u € S,
then d((u, 1),v) = (u,0).

— For all w € V and v € n(u), if v € S, then 6({u,0),v) = (v,1), and if v ¢ S, then
5((u,0),v) = (v,0). In addition, if u € S, then §((u, 1),v) = 6({u, 0),v).

Thus, for every vertex v ¢ S, the DBW Ag s includes a “O-state” (v,0), and for
every vertex v € 5, it includes both a “O-state” (v,0) and a “l-state” (v,1). The
O-state (v,0) has a self-loop labeled by letters in n(v). Reading a letter u € n(v) from
(v,0) or from (v, 1), the DBW moves to (u,0) if u ¢ S and moves to (u,1) if u € S.
The 1-state (v,1) does not have a self loop, and rather it moves to (v,0) with letters
in n(v). As @ = S x {1}, the run of Ag s is accepting iff the path induced by the
input word traverses infinitely many edges with endpoints in S. Hence, A¢q g captures
infinitely many traversals of edges of G iff the set S is a vertex-cover of G. Formally,

we have the following (see proof in Appendix |A.4)).
Lemma 2. L(Ag s) C Lg, and Lg C L(Ag,s) iff S is a vertez-cover of G.

/4&;\
Ezample 2. Consider the graph G = | @ ‘
({v1,v2,v3}, E), appearing in Fig. L S
Note that G is not nice, yet Lg is y V2 \\
Livel. For the set S = {v1,vs}, the O B e W B G
DBW Ag, s appears in Fig. Aas: | {v1,0) | <”2*0>( v, 0)
RO {
[\ v RN \_/
vy, U3 1,3 ///{)1 U2 e N\ VB3 U1V
(1)) (1)
Fig.2: The graph G. —

Fig.3: The DBW Ag s.

While Ag g, for a minimal vertex cover S, is a natural candidate for a minimal
DBW that recognizes L¢, a general result about minimization should consider arbi-
trary DBWs and GFG-NBWs for the language. We continue and specify properties
of such automata. Consider a nice graph G = (V, E). Let A = (V,Q, qo,0,a) be a
GFG-NBW that recognizes the language L. For a vertex v € V and a state g € Q,
we say that g is a v-state if ¢ is reachable from ¢y upon reading a finite nonempty
word that leads to v. In particular, all the v-successors of gy are v-states.

Proposition 1. For every GFG-NBW A = (V,Q, qo,0, ) that recognizes the lan-
guage Lg, the following hold.

1. For every vertex v € V, all the v-states are equivalent.

2. For every two vertices u # v € V, the u-states are not equivalent to the v-states.

8. The initial state qy is not a v-state, for all vertices v € V.

4. {g € Q\ «: q is a v-state for some vertex v € V}| > |V|; that is, the number of
v-states not in « is at least |V|.

5. For every edge (u,v) € E, there is a v-state or a u-state in «.

Using the properties in Proposition [1] (see proof in Appendix , we can argue
that a nice graph G has a vertex cover of size at most k > 1 iff the DBW A¢ v, which
recognizes L, has an equivalent GFG-NBW or DBW with at most |[V|+k+1 states.
Hence, we can conclude with the following (see proof in Appendix [A.6)).
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Theorem 2. The minimization problem is NP-hard already for DBWs and GFG-
NBWs that recognize LIVEL languages.

We continue to DCWs and GFG-NCWs that recognize DooMm1 languages. For
DCWs, NP-hardness for minimization follows immediately from Theorem[2] For GFG-
NCWs, we have to carefully examine the proof of Proposition [I] and see that it stays
valid in the dual setting. In Appendix [A.7] we describe the proposition and its proof
for the co-Biichi case, as well as its use in proving the following, namely the co-Biichi
counterpart of Theorem

Theorem 3. The minimization problem is NP-hard already for DCWs and GFG-
NCWs that recognize DooOM1 languages.

4 LivE2 Languages

In this section, we study minimization for LIVE2 and DooM2 languages. Note that
the language L used in Section [3] is not LIVE2. To see this, consider the graph G
from Example Note that the word w = vy - (v2 - v1)¥ € V* . Lg has the suffix
(vg - v1)¥ € Lg, yet w ¢ Lg. In fact, for every nice graph G, we have that L¢ is not
Livie2. Indeed, every nice graph G has at least two vertices u and v. Then, as u and v
are separable, there is an edge (uj,us) € F that is a neighbor of u but not a neighbor
of v. The word w = v - (ug - u2)* € V*- Lg has the suffix (uy -u2)¥ € Lg, yet w ¢ Lg.

4.1 Minimizing DBWs and GFG-NBWs for LIVE2 languages

In this section, we show that minimizing DBWs and GFG-NBWs that recognize LIVE2
languages is NP-hard.

The idea behind our proof is as follows. We define an operation on w-regular
languages, such that for every language L C X“, and letter # ¢ X, the operation
constructs a language L# C (X U{#})® that is LIvE2. Then, we define two operations
on automata. The first is applied to a DBW A over the alphabet 3’ and it constructs
a DBW A% over the alphabet X U {#}, such that L(A#) = L(A)#. The second
operation is applied to a GFG-NBW A# over the alphabet X U {#1}, it constructs a
GFG-NBW A over the alphabet ¥, and if L(A%) = L# for some language L C X,
then L(A) = L. Moreover, the construction preserves determinization. The blow-
up in both constructions is such that when we take L to be the language L from
Section [3.1} we can replace the reduction there by a reduction that seeks minimal
automata for the language Lg.

We start by describing the operation on w-regular languages. For L C X%/ let

L# = (SU{#)" - #- L) U (och).

Thus, L# is defined over the alphabet X U {#}, and it consists of all infinite words
that either have a suffix of the form # - L or contain infinitely many #’s. It is not
hard to see that L¥ = (X U {#})* - L¥, thus L¥ is LIVE2.

We continue with the operations on automata.

Theorem 4. Given a DBW A over X such that the initial state of A has no incoming
transitions, we can construct a DBW A% over X U {#} such that the following hold.
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1. L(A#) = L(A)#*.
2. If L(A) is LIVEL, then |A%#| = |A| + 1. Otherwise, |A%| = | A|.

Proof. Let A= (X,Q, qo,6, ). If L(A) is LIVEL, then we define A% = (YU {#},QU
{5}, a%, 04, ag), for ¢ ¢ Q, and a transition function 4 defined as follows (see an
example in Appendix . For every s € Q and ¢ € X, we have dx4(s,0) = d(s,0)
and 04 (s, #) = go. Then, for the state q%, we have that (5(q%,0) = q% for all 0 € X,
and 6(q%, #) = qo. Thus, A¥ is obtained from A by adding a new state q% that has a
X -labeled self-loop that goes with # to the state gg, to which we move upon reading
# from all states. In addition, ax = aU {qo}.

If L(A) is not L1vel, then L(A) has at least one bad prefix, and so .4 must contain
a state ¢ with L(A?) = (). We assume w.l.o.g that ¢ is a rejecting sink in A, and define
A# as above, except that instead of defining the state q% as a new state, we define
q;& = q. Note that also in this case, the initial state q% has a Y-labeled self-loop and
a #-transition to qq.

In Appendix we prove that A% satisfies the two properties. O

We continue to the reverse operation, where we start with a GFG-NBW.

Theorem 5. Given a GFG-NBW A% over X U{#} such that L(A#) = L for some
L C X, we can construct a GFG-NBW A over X, such that the following hold.

1. A recognizes L.
2. If A% is determinstic, then so is A.
3. If L is LIVEL, then |A| < |A#| — 1. Otherwise, |A| < |A#].

Proof. Let A% = (X U{#},Q,q0,6,a), and let f : (¥ U{#})* — Q be a strategy
witnessing the GFGness of A%#. We obtain A from A#* by removing all #-transitions
and choosing gz = f(#) to be its initial state. Clearly, A is over X and determinization
of A# is preserved in A. In Appendix we prove that A is GFG and recognizes
L. Moreover, if L is LIVE1, then we can remove a state from A and get an equivalent
automaton, resulting in an automaton with at most |A#| — 1 states. Essentially, the
strategy ¢ : X* — @ that witnesses the GFGness of A is such that for all x € X* we

have g(z) = f(# - ). O

We can now use the operations in order to extend the reduction from Section 3.1
to LIVE2 languages. Essentially (see proof in Appendix [A.11]), we show that a nice
graph G = (V, E)) has a vertex cover of size at most k > 1 iff the DBW Aéﬁyv, namely
the DBW obtained by applying the construction from Theorem E| on the DBW Ag v
from Section has an equivalent GFG-NBW or DBW with at most |V| + k + 2
states.

Theorem 6. The minimization problem is NP-hard for DBWs and GFG-NBWs that
recognize LIVE2 languages.
4.2 Minimizing DCWs and GFG-NCWs for DooM2 languages

We continue to co-Biichi automata for DooM2 langauges. As has been the case with
L1vel languages, Theorem [6] implies that the minimization problem for DCWs that
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recognize DOOM2 languages is NP-hard, yet does not imply hardness of minimiz-
ing GFG-NCWs that recognize DooM2 languages. Also, while Theorem [4] considers
DBWs and can be dualized, Theorem [5] considers GFG-NBWs, and thus its dualiza-

tion requires a proof (see Appendix |A.12):

Theorem 7. Given a GFG-NCW A# over X U{#} such that L(A#) = L# for some
L C X%, we can construct a GFG-NCW A over X such that the following hold.

1. A recognizes L.
2. If A# is determinstic, then so is A.
3. If L is DooM1, then |A| < |A#| — 1. Otherwise, |A| < |A#|.

We can now use a reduction similar to the one in Theorem [f] and prove that a
nice graph G has a vertex-cover of size at most £ > 1 iff the DCW .Aﬁ v» Which

dualizes A% |/, has an equivalent GFG-NCW of size at most |V| 4 k + 2. See proof in
Appendix

Theorem 8. The minimization problem is NP-hard for DCWs and GFG-NCWs that
recognize DOOM2 languages.

4.3 Minimizing Automata With Transition-Based Acceptance for LIVE2
Languages

In this section, we show that minimizing GFG-tNBWs or tDBWs recognizing LIVE2
languages is not easier than minimizing GFG-tNBWs or tDBWs, respectively, rec-
ognizing general languages. Thus, while the complexity of minimization of tDBWs
and GFG-tNBWs is still open, it is sufficient to restrict attention to transition-based
Biichi automata recognizing LIVE2 languages.

The idea of our proof is to modify the constructions used in Section to GFG-
tNBWs. Note that while Theorem [5] already considers GFG-NBWs, and thus the
extension only has to adjust the type of acceptance, which is easy, Theorem ] considers
deterministic automata, and so the extension is more involved. In particular, one
has to show how a function that witnesses the GFGness of A induces a strategy
that witnesses the GFGness of A#. Formally, we have the following (see proof in

Appendix |A.14).

Theorem 9. Given a GFG-tNBW A over X, we can construct a GFG-tNBW A#
over X U{#} such that the following hold.

1. L(A#) = L(A)*.
2. If A is determinsitic, then so is A%,
3. If L(A) is LIVEL, then |A#| = | A| + 1. Otherwise, |A%| = | A|.

We can now reduce minimization of a general GFG-tNBW to minimization of a
GFG-tNBW for a L1vE2 language as follows. Given a GFG-tNBW A and an integer
k > 1, our reduction returns the GFG-tNBW A# and the integer k&’ such that k' =
kE+1if L(A) is Livel, and k¥’ = k otherwise (note that the latter condition can be
checked in polynomial time). In Appendix we prove that A has an equivalent
GFG-tNBW of size at most k iff A# has an equivalent GFG-tNBW of size at most
k', and similarly for tDBWs. Hence, we can conclude with the following.
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Theorem 10. Minimizing GFG-tNBWs or tDBWs recognizing LIVE2 languages is
not easier than minimizing general GFG-tNBWs or tDBWs, respectively.

We continue to tDCWs and show that the reduction from Theorem [10] implies
that minimizing tDCWs recognizing DOOM2 languages is not easier than minimizing
tDCWs recognizing general languages. Hence, we can conclude with the following (see

proof in Appendix |A.16]):

Theorem 11. Minimizing tDCWs recognizing DOOM2 languages is not easier than
minimizing general tDCWs.

5 Live3 Languages

Recall that minimization of GFG-NCWs is NP-hard [34]. Moreover, by Theorem
NP-hardness applies already to DoOOM2 languages. Our main result in this section
is that the transition from LIVE2 to LIVE3 languages is significant: minimization of
GFG-NCWs that recognize DooM3 languages can be done in PTIME. We first argue
that our result is surprising, in the sense that LivE3 and DooM3 languages maintain
the combinatorial richness of GFG automata. Specifically, recall that GFG-NBWs and
GFG-NCWs may not be determinizable by pruning (DBP), and GFG-NCWs may be
exponentially more succinct than DCWs [5I2TIT9]. We show that these advantages
of GFG automata are valid already for LivE3 and Doom3 languages. For the co-
Biichi case, the languages used in [2TJT19] are already DooMm3. For the Biichi case, our
example is new.

Theorem 12. There are GFG-NBWs and GFG-NCWs for LIVE3 and DooM3 lan-
guages that are not DBP. Moreover, GFG-NCWs for DooM3 languages may be ez-
ponentially more succinct than DCWs.

Proof. Tt was shown [2I[T9] that GFG-NCWs may be exponentially more succinct
than DCWs. It is not hard to see that the languages used there are DoomM3. The
latter implies also that GFG-NCWs recognizing DooM3 languages need not be DBP.
Also, while the results there are for automata with transition-based acceptance, they
apply also in the state-based setting. Indeed, transforming an NCW to an equivalent
tNCW involves no blow-up, and transforming a tNCW to an NCW at most doubles
the state-space. Both transformation preserve determinism, GFGness, and DBPness.

For Live3 languages and GFG-tNBWs, con-
sider the tNBW A = (X Q, qo,0,«) appear-
ing in Fig. [4] (in the figure, dashed transitions
are a-transitions). Let R, = a™ -z - (z + y)*,
Ry=a"-y-(z+y)*,and R = (R,-R,+Ry-Ry).
In Appendix [A7T7] we prove that A recognizes
the LIVE3 language coR, is GFG, yet not DBP.
In addition, we show that by duplicating the
state space of a GFG-tNBW A we can obtain an
equivalent GFG-NBW A’ such that A is DBP
iff A’ is DBP. Thus, the example applies also to  Fig. 4: The GFG-tNBW A for coR.
GFG-NBWs. ad
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We continue and show that minimizing GFG-NCWs that recognize Doom3 lan-
guages can in done in PTIME. The main idea behind the minimization process is a
construction that given a GFG-tNCW for a DooMm3 language L, returns a GFG-NCW
for L with one additional state, along with an observation that for every (non-trivial)
Doowm3 language L, a minimal GFG-NCW for L must be strictly bigger than a min-
imal GFG-tNCW for L. Thus, it is possible to use minimization of GFG-tNCWs,
which can be done in PTIME [I].

Theorem 13. The minimization problem for GFG-NCWs recognizing DOOM3 lan-
guages can be solved in PTIME.

Proof. Consider a GFG-NCW A = (X, Q, qo, 0, ) that recognizes a language of the
form —ooR, for some R C X*.
Consider the GFG-NCW B that is obtained from A as follows (see Example [3)).

1. Let U = (X, Qu, g5y, Au, ) be the GFG-tNCW obtained by applying the mini-
mization algorithm of [I] on the GFG-tNCW obtained from A by defining all the
transitions that leave an a-state as a-transitions.

2. If L(A) is trivial, then B can be defined as a one state DCW that is equivalent to
A. Otherwise, B = (X, Qu U {s}, ¢y, A, ag), where ap = {s} and Ag = (Ay \
ay)U{{q,0,s) : there exists ¢’ € Qu such that (g,0,q") € ay} U ({s} x X x Qu).
Thus, B is obtained from U by adding the new state s, which is the only state in
apg, redirecting all the oy -transitions of U to s, and adding o-transitions from s
to all the states of U, for all o € X.

In Appendix[A-I8| we show that after applying a simple preprocessing step, we can
modify A so that it satisfies some simple syntactic and semantic properties. Then,
we prove that L(B) = L(A). Essentially, the equivalence follows from the following
properties of the minimization algorithm in [I]:

1. If all the states of A are equivalent (which is the case in GFG-NCWs for Doom3
languages), then all the states of U are equivalent.

2. The GFG-tNCW U is safe-homogenous: for every state ¢ € @iy and letter o € X,
all the o-labeled transitions from ¢ are in oy, or they are all not in ayy.

3. The GFG-tNCW U is safe-deterministic: for every state ¢ € Qs and letter o € X,
there is at most one o-labeled transition that leaves ¢ and is not in ayy.

Finally, as we detail in Appendix a minimal GFG-tNCW U recognizing a
non-trivial DooM3 language, cannot have states such that all cycles through them
traverse transitions in az;. We show that this implies that a minimal equivalent GFG-
NCW must be strictly bigger than a minimal GFG-tNCW, which implies the mini-
mality of B. O

Ezxample 3. Consider the tNCW U in Fig. 5} The dashed transitions are a-transitions.
The tNCW U recognizes the Doom3 language L = —oo(a - (a + b)* - b), consisting of
words with finitely many a’s or finitely many b’s. It is not hard to see that by pruning
out the a-self-loops, we get an equivalent tDCW, thus i is DBP, in particular GFG.
In addition, as there is no GFG-tNCW recognizing L with a single state, then i/ is a
minimal GFG-tNCW. The GFG-NCW B is obtained form ¢/ by adding a new state
s, directing the a-transitions to s, and nondeterministically branching from s to all
states, with all letters.
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Fig.5: The construction of the GFG-NCW B from U.
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A Proofs

A.1 Semantic Determinizm

Consider an automaton A = (X, @, qo,d, a). We say that A is semantically deter-
ministic (SD, for short) if different nondeterministic choices lead to equivalent states.
Thus, for every state g € @ and letter o € X, all the o-successors of ¢ are equivalent.
Formally, if s,s" € §(q,0), then s ~4 .

The following proposition follows immediately from the definitions and is useful
in some of our proofs.

Proposition 2. Consider an SD automaton A, and states q,s € Q. If ¢ ~4 s, then
for every o € X, ¢’ € §(q,0), and s' € 6(s,0), we have that ¢ ~4 s'.

For a deterministic Biichi automaton A, we use A to denote the deterministic
co-Biichi automaton obtained by viewing A as a co-Biichi automaton. The Biichi and

co-Biichi acceptance conditions are dual in the sense that L(A) = L(A). Similarly, for

a deterministic co-Biichi automaton A, we let A denote the dual deterministic Biichi
automaton, which complements A.

A.2 Semantic determinization of GFG automata

Proposition 3. Consider a GFG automaton A = (X, Q, qo,0, ). We can, in poly-
nomial time, transform A into an equivalent GFG automaton that is SD, of the same
class, and without increasing its state-space.

Proof. For an automaton A, we say that a transition (g,o,s) € A is covering if for
every transition (g,0,s'), it holds that L(A*) C L(A®). If A is GFG and f is a
strategy witnessing its GFGness, we say that a state g of A is used by f if there is a
finite word w with f(u) = ¢, and we say that a transition (g, o, ¢’) of A is used by f if
there is a finite word u with f(u) = ¢ and f(u-0) = ¢'. For all automata classes that
we consider, states that are not GFG can be detected in polynomial time [21,3]E|, and
as all states that are used by a strategy that witnesses A’s GFGness are GFG, the
removal of non-GFG states does not affect A’s language nor its GFGness. Note that
removing the non-GFG states may result in an automaton with a non-total transition
function, in which case we add a rejecting sink. Note that we add a rejecting sink only
after removing some state, thus this step does not add states. Now, using the fact that
language containment of GFG Biichi and GFG co-Biichi automata can be checked in
polynomial time [I6J21], and transitions that are used by strategies are covering [21],
one can semantically determinize A by removing non-covering transitions. O

2 We note that some of the results were shown only for state-based automata or only for
transition-based automata, but it is okay to use them for all automata classes that we
consider. Indeed, given a state-based automaton A, one can turn it to a transition-based by
considering transitions that leave a-states as « transitions. Conversely, if A is a transition-
based automaton with the state-space @, then one can turn it into a state-based automaton
by duplicating its state-space to @ x {0, 1}, where the right coordinate indicates whether
we have just traversed an a-transition in A. As both transformations preserve language
and GFGness, then deciding GFGness is easy for all automata classes.
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A.3 Details of the Proof of Theorem [II

First, note that G/ is connected. Indeed, for every variable z; of ¢, the clause-
gadget corresponding to the clause (z;V 21 V —22) in ¢’ connects the variable gadgets
corresponding to x;, z; and zo. Therefore, there is a path p that traverses all the
variable gadgets in G. Finally, as every clause-gadget is connected to at least one
variable-gadget, it follows that G+ is connected as one can take detours from the
path p to traverse also every clause-gadget.

Recall that every clause in ¢ includes literals referring to three different variables.
It is easy to see that this property is maintained in ¢’. In addition, note that every
literal in ¢’ appears in at least two clauses. Finally, we show that every 3CNF formula
0 over X = {x1,22,...,z,} with clauses C = {c1,¢a,..., ¢} such that every clause
includes literals referring to three different variables and every literal appears in at
least two clauses, is such that 1) Gy is separable, and 2) for everyﬂ vertex u, there is a
vertex v such that v # u and v € n(u). Since ¢’ satisfy these conditions, we are done.

Let Gy = (V, E). Consider distinct vertices u,v € V. We show that v and v are
separable. We distinguish between several cases:

— u and v are vertices of the same variable-gadget: w.l.o.g v = z; and v = T, for
some variable x; € X. As x; and T; do not participate in the same clause and as
every literal appears in some clause, then there is a clause ¢; = (z; VIa Vi) € C
that contains x; but does not contain ;. By the definition of Gy, u is connected to
the clause-gadget of ¢; and v is not, in particular, the edge (cgi, 0{2) is a neighbor
edge of u but not a neighbor edge of v. Similarly, one can consider a clause that
contains Z; and does not contain x; and define an edge that is a neighbor of v but
not a neighbor of u.

— u and v are vertices of different variable-gadgets: w.l.o.g v = z; and v = z;,
for some distinct variables x; and x;. By the definition of G there are no edges
connecting different variable-gadgets, and hence the edge (z;,7;) is a neighbor
edge of u but not a neighbor edge of v. Similarly, the edge (z;,Z;) is a neighbor
edge of v but not a neighbor edge of u.

— u and v are vertices of the same clause-gadget: w.l.o.g u = c;i and v = c;k, for
some distinct variables z;, z; € X and a clause ¢; = (z; V a V Il3) € C. By the
definition of Gy, cik is not connected to x; or to Z;. Hence the edge (z;,T;) is a
neighbor edge of u but not a neighbor edge of v. Similarly, the edge (zy,Zg) is a
neighbor edge of v but not a neighbor edge of w.

— u and v are vertices of different clause gadgets: w.l.o.g u = cg;il and v = c{fiz,
for some distinct clauses ¢;, = (x;, Vl2 VI3),¢j, € C. By the definition of Gy,
there are no edges connecting different clause gadgets. Hence the edge <cg;1 , cﬁ)
is a neighbor edge of u but not a neighbor edge of v. Similarly, any edge in the
clause-gadget of c;, is a neighbor edge of v but not a neighbor edge of u.

— u is a vertex of a variable-gadget and v is a vertex of a clause-gadget: w.l.o.g
u = x;, for some variable z;, and v = c{l, for some clause ¢; = (1 V Iy VI3). As
every literal appears in at least two clauses, we get that there is a clause c;» # ¢;
that contains z;, in particular, we can write ¢;; = (z; Vy V z). Then, as there are

no edges connecting different clause-gadgets, we get that the edge <c;;,c§'> is a

3 For this property, it is sufficient to use the fact that every clause includes literals referring
to three different variables.
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neighbor edge of u but not a neighbor edge of v. Next, recall that the clause c;
includes literals referring to three different variables, and thus two literals in c;
do not depend on z;. Assume w.l.o.g that ls and I3 do not depend on z;. Hence,
by the definition of Gy, there are no edges connecting I and I3 to z; and so the
edge <c{2, c{3> is a neighbor edge of v but not a neighbor edge of u.

Finally, for every variable z; and clause c;, there is a literal [ that participates in
¢; and does not depend on z;. Also, for every literal [ that participates in a clause
¢j, there is a variable x; that [ does not depend on, and in both cases it holds that
—|E(c{, ;). Hence, for every vertex u, there is a vertex v such that v # u and v € 7(u).

A.4 Proof of Lemma 2

We first need some definitions and lemmas. For a vertex v € V and a state ¢ of Ag s,
we say that ¢ is a v-state if ¢ is reachable from ¢y upon reading a finite nonempty
word that leads to v. The first lemma follows immediately from the definitions:

Lemma 3. The v-states of Ag,s are (v,0) and (v,1).

Lemma 4. Consider a finite word z of the form v - (n(v))*, for some vertex v € V.
The following hold in Ag,s.

1. The run from qo on z reaches the v-state (v,0) and does not traverse .
2. Consider a u-state q,, for some vertex u € n(v). The finite run r from q, on z
reaches a v-state. In addition, if v € S, then run r traverses .

Proof. 1. By definition, d(qp,v) = {(v,0). Then, as (v,0) is an @-state that has a
self-loop labeled 7(v), the run of Ag g on z is of the form ¢, (v,0), ..., (v,0), and
thus it reaches (v,0) and does not traverse a.

2. By Lemma [3| we have that ¢, € {(u,0),(u,1)}. We distinguish between two
cases. First, if v € S, then when Ag g reads v from g,, it moves to the state
5(qu,v) = (v,1), which is a an a-state. Otherwise, if v ¢ S, then when Ag g
reads v from g, it moves to the state d(qy,v) = (v,0). Then, as reading n(v)
from §(qy,v) leads to the state (v,0) which has a self-loop labeled with 7(v), we
get that the run r of ¢, on z is of the form g¢,,0(qu,v), (v,0) ..., (v,0). Hence, if
v € S, then r traverses «, and we are done.

a

We can now prove Lemma [2| Thus, we prove that L(Ags) C Lg, and Lg C
L(Ag,s) iff S is a vertex-cover of G.
We first show that every word in L is rejected by A¢, g. Consider a word w of the

form vg - (n(vo))* -v1-(M(v1))* v - (M(v2))* -+ - v - (N(vg))*, where for all 0 < i < k—1,
it holds that v;11 € n(v;). Let w = x -y, where x = wvg - (n(vo))* - v1 - (N(v1))* -
vy - (n(v2))* -+ vx and y = (n(vg))*. An iterative application of Lemma [4| implies
that the run of Ag g on x reaches a vj-state g,,. Then, by Lemma [3] it holds that
Gvy € {(vk,0), (vg, 1)}. In both cases, when Ag s reads y from g,,, it eventually gets
stuck at the @-state (vg,0). Hence, the run of Ag g on w = z - y is rejecting.

Next, note that if Lg C L(Ag,s), then Ag g recognizes Lg. Then, conisder an
edge (u,v) € E, and note that the word w = (u-v)¥ € Lg = L(Ag,s). An iterative
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application of Lemma E| implies that the run of Ag s on w alternates between u-
states and v-states, and as it is accepting, there is u-state or a v-state in @ = S x {1}.
As the latter holds for every edge (u,v), it follows that S is a vertex-cover of G.
Conversely, assume that S is a vertex-cover of G and consider a word w of the form
w = vy - (N(vg))* - v1 - ((v1))* - va - (P(vz))*- -+, where for all ¢ > 0, it holds that
viy1 € 1n(v;). We need to show that Ag g accepts w. Consider partitioning w into
infinitely many infixes {z;}72, where for all £ > 0, it holds that zj is of the form

vg - (n(vg))*, and w = zg - 21 - 22 - - - . An iterative application of Lemma implies that
the run r of Ag,g on w = 29 - 21 - 22 - - - moves to a vg-state upon reading the infix zj.
Also, as the run r traverses o upon reading an infix (# zp) corresponding to a state
v in the vertex-cover S, it holds that r traverses « infinitely often. Indeed, we enter
a vertex-cover after reading at most two consecutive infixes.

A.5 Proof of Proposition

First, we assume w.l.o.g that A is SD. Indeed, if A is not already SD, then we can
make it SD without increasing its state-space as in Proposition

We start with Item 1: Consider finite nonempty words z; and xo that lead to v.
We need to show that all the states in §(qgo,z1) U d(qo, z2) are equivalent. As A is
SD, an iterative application of Proposition [2| implies that all the states in 6(qo, z1)
are equivalent, and all the states in 6(qo, z2) are equivalent. Also, for all y € V¥ we
have that x1 -y € Lg iff 2 -y € Lg iff y is of the form y = (n(vo))* - vy - (n(v1))* - v2 -
(n(v2))* - -+, where vg = v, and for all ¢ > 0, it holds that v;11 € n(v;). Hence, all the
states in 6(qo, 1) U d(qo, x2) are equivalent.

For Ttem 2: As G is nice, it is separable, in particular, there is an edge (uj,us)
that is a neighbor of u but not a neighbor of v. Assume w.l.o.g that E(u,u1). On one
hand, as u - (ug - uz2)™ leads to us, and u - (uy - ug)* - up leads to uq, it follows that
u - (ug - u2)® € Lg. On the other hand, as both v - (ug - u2)™ and v - (ug - uz)™ - uy
lead to v, it follows that v - (ug - u9)¥ ¢ L. Therefore, the word z, = (ug - ug)® is
such that u - z, € L(A) and v - z, ¢ L(A). Hence, z, is in the language of a u-state
in 0(go, u) but not in the language of the v-states in §(qo,v).

For Item 3, assume by way of contradiction that gg is a v-state, for some vertex
v € V. As G is nice, there is a vertex u, different from v, such that v € n(v). On one
hand, as g is a v-state, then gg is reachable upon reading a finite nonempty word z
that leads to v. Then, as u € n(v), = - u also leads to v, and thus all the states in
0(qo,u) are also v-states. On the other hand, as ¢ is the initial state, it follows that
all the states in 6(qg, u) are u-states, and we have reached a contradiction to Claim 2
above.

Now, for Item 4, for every vertex v € V, consider the word w = v*. As w ¢ L(A),
then all the runs r of A on w are such that inf(r) Na = (). Now as the word w consists
only of v’s, every prefix of w leads to v, and thus all the states in inf(r) are v-states.
Hence, as inf(r) Na = @ and inf(r) # 0, it follows that all the states in inf(r) are
v-states not in a. The above consideration applies to all vertices v € V. Thus, one
can define a function f from V to {g € Q \ a : ¢ is a v-state for some vertex v € V'}
that maps every vertex v to a state in inf(r). As f(v) is a v-state, then, by Claim 2
above, the function f is an injection, and we are done.

Finally, for Item 5, consider the word w = (u-v)* € L(.A), and let r be an accepting
run of A on w. As r is accepting, it holds that inf(r) N a # 0. Since every word in
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(u-v)* - u leads to u, and every word in (u-v)T leads to v, then the run r moves to
a u-state upon reading v and moves to a v-state upon reading v. Thus, inf(r) can
contain only u- or v-states, implying there is a v-state or a u-state in a.

A.6 Proof of Theorem 2

We describe a reduction from the vertex-cover problem for nice graphs, proven to be
NP-hard in Theorem [1} Given a nice graph G = (V, E) and an integer k > 1, the
reduction returns the DBW Ag v and the integer |V| + k + 1. Note that the DBW
Ag,v corresponds to the trivial vertex-cover S = V; in particular, it recognizes L.
Also, as DBWs are a special case of GFG-NBWs, then we can view Ag v as a GFG-
NBW. We first prove that the reduction is valid for the minimization of GFG-NBWs.
Specifically, we prove that G has a vertex-cover of size at most k iff Ag y has an
equivalent GFG-NBW B of size at most |V|+ k + 1. Then, we argue that the proof
applies also for the minimization of DBWs.

For the first direction, if S C V is a vertex-cover of G of size at most k, then,
by Lemma |Z|, the DBW Ag g, which can also be viewed as a GFG-NBW, is of size
at most |V|+ k + 1, and it recognizes Lg. For the other direction, assume that B
is a GFG-NBW of size at most |V|+ k 4 1 that recognizes Lg. By Items 3 and 4
in Proposition |1} it holds that B has at most k states in ap. To conclude the proof,
we show that there is a vertex-cover C' of G of size at most |ag|. Consider the set
C = {v € V: Bhas av-state in ag }. By Item 5 of Proposition [1} for every edge
(u,v) € E, at least one of u and v is in C, and hence C'is a vertex-cover of G. Finally,
note that |C| < |ap|. Indeed, consider a function f that maps a vertex v € C' to some
v-state in ag. Then, Item 2 of Proposition [I|implies that f is an injection, and thus
the reduction is a valid reduction for the minimization of GFG-NBWs.

To conclude that the reduction is also valid for the minimization problem of DBWs.
Note that in the first direction of the above proof, the automaton Ag, s is a DBW.
Also, a DBW B of size at most |V| 4+ k + 1 that recognizes L¢, is a GFG-NBW, and
so the second direction applies also to the DBW case.

A.7 Minimizing GFG-NCWs for DooMm1 languages

We start by extending the v-state definition to GFG-NCWs. Consider a nice graph
G =(V,E),and let A= (V,Q, qo, 9, @) be an GFG-NCW that recognizes the language
Lg. For a vertex v € V and a state ¢ € Q, we say that ¢ is a v-state if g is reachable
from the initial state gy upon reading a finite nonempty word that leads to v. In
particular, all the v-successors of gy are v-states.

Proposition 4. For every GFG-NCW A = (V,Q, qo,0, ) that recognizes the lan-
guage Lg, the following hold.

1. For every vertex v € V, all the v-states are equivalent.

2. For every two vertices u # v € V, the u-states are not equivalent to the v-states.

8. The initial state qg is not a v-state, for all vertices v € V.

4. {g € Q\ «: q is a v-state for some vertexr v € V}| > |V, that is, the number of
v-states not in « is at least |V|.

5. For every edge (u,v) € E, there is a v-state or a u-state in a.
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Proof. As we can assume that A is SD, and the definition of a v-state is the same
regardless of the class of the automaton, the proof of Proposition [I] applies, up to a
dualization, also here. For example, consider Item 4. For every vertex v € V, consider
the word w = v*. As w € L(A), then there is a run r of A over w such that inf(r)Na =
(0, and the proof proceeds as in Item 4 of Proposition O

We can now prove that the minimization problem is NP-hard already for GFG-
NCWs that recognize DooM1 languages. We describe a reduction from the vertex-
cover problem for nice graphs, proven to be NP-hard in Theorem [1} Given a nice
graph G = (V, E) and an integer k > 1, the reduction returns the DCW Ag v and
the integer |V| 4+ k + 1. Thus, the reduction is identical to that from Theorem [2} with
the exception that we view Ag v as a DCW. Note that the DBW Ag v corresponds
to the trivial vertex-cover S = V; in particular, the DCW ./T(;y recognizes L¢. Also,
as DCWs are a special case of GFG-NCWs, then we can view .Zg_y as a GFG-NCW.
We prove that G has a vertex-cover of size at most k iff ./Zgy has an equivalent
GFG-NCW B of size at most |V|+ k + 1.

Correctness of the reduction is similar to that in Theorem [2] Specifically, if S C V
is a vertex-cover of G of size at most k, then, by Lemma |2, the DCW Ag g, which
can be viewed as a GFG-NCW, is of size at most |V|+ k + 1, and it recognizes Lg.
For the other direction, assume that B is a GFG-NCW whose size at most |[V|+k+1
that recognizes Lg. Then, we can use Proposition [4] instead of Proposition |1] to show
that G have vertex-cover C' of size at most k, similarly to proof of Theorem [2]

A.8 Proof of the construction in Theorem [l

First, property 2 follows immediately from the definitions. Then, it is not hard to see
that A% is deterministic. Indeed, transitions from the state q% are deterministic, and
by reading # from any state, we move deterministically to go.

To conclude the proof, we show that A% recognizes L(A)*. We first show that
L(A#) C L(A)*. Let r be an accepting run of A# on a word w = o1 - 03---. In
particular, r does not get stuck at q%. If r traverses new transitions infinitely often,
then w has infinitely many #’s. Otherwise, r eventually leaves the state q% and moves
to qo upon reading #. Let ¢ > 0 be the maximal index such that o; = #. Since by
reading # from any state of A% we move to qq, it follows that 7; = qo. In particular,
7[i, 00] is a run of (A#)% on the suffix w[i+1, 00]. As all the new transitions in (A% )%
are #-labeled, and ¢¢ has no incoming transitions in 4, it follows that the only way
to move to qo in A% is upon reading #. Hence, as o; is the last # in w, the run r[i, oo
visits go only once, and hence it is also an accepting run of A on w[i + 1, 00]. Thus,
w has a suffix of the form # - L(A).

For the other direction, let w be a word of the form (X U {#})* - # - L(A) + oco#.
If w has infinitely many #’s, then the run of A% over w is accepting because upon
reading a # in any state of A%, we visit the state qo in oy Otherwise, if w = x-# -y,
where y € L(A), then after reading the last # in w, A% moves to go and follows the
accepting run of A over y.

A.9 Example of the construction in Theorem

Consider the DBW Ag g from Fig. @ Note that the initial state go of Ag,s has no
incoming transitions. The DBW Aés appears in Fig. @ As Ag g recognizes a LIVEL
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language, then \A§,S| = |Ag,s| + 1. In addition, note that the only way to reach go
in .Aé g is by reading #. In particular, reading a word with a suffix of the form # - z,

for x € X¥, the DBW A G.s Visits qo after reading the #, and then its run does not
visit qq, and coincides with the run of Ag,s on .

Uz:
\ ’UQ, (vs, 0)‘ /
\

\ \ﬁx’

\ , \/
vl,v&‘ ’U1,’l]3 " U1,U3 \ 1, V3

-

\ (’1)3, 1>J

Fig. 6: The DBW A,

A.10 Proof of the construction in Theorem [5]

We first claim that A is GFG and recognizes L. First, we show that L(A) C L. Since
A is embodied in A% and gy is its initial state, it follows that L(A) C L((A%)%).
Hence, as gy is a #-successor of the initial state of A%, it follows that # -w € L(A¥)
for all w € L(A). Hence, as w is a word over X and L(A#) = L¥, we get that w € L.

Next, we define a strategy ¢g : X* — @ such that for all w € L, it holds that g(w)
is an accepting run of A on w. For all x € X*  we define g(x) = f(# - x). Note that
g(e) = f(#) = qu. Also, as f is a GFG strategy for A#, then for every finite word u €
X* and letter o € X, we have that (f(#-u), o, f(#-u-0)) is a transition in .A%. Being
labeled with a letter from X' it is a transition also in A, and thus g is well-defined. Let
w be a word in L. Then, as L(A#) = L¥, we have that #-w € L(A#) and thus the run
fF#-w) = f(e), fF(# w[1,0]), f(# w[1,1]), f(#-w][1,2]), ... is an accepting run of A¥.
By the definition of g, it holds that f(# - w) = f(e), g(w[1,0]), g(w[1, 1]), g(w[1, 2]), ...
and thus g(w) must be accepting as well.

To conclude the proof, assume that L is LivEl. Then, we show that we can remove
a state from A and get an equivalent automaton, resulting in an automaton with at
most | A%| — 1 states.

Recall that A is GFG, and assume that we turn it to an SD automaton as in the
proof of Proposition 3] We distinguish between two cases. If we have added a rejecting
sink ¢ when semantically determinizing A4, then ¢ is unreachable in .4 and thus we can
remove it. Indeed, if ¢ is reachable upon reading the prefix € X*, then by SDness of
A, an iterative application Proposition [2]implies that all the states that are reachable
in A upon reading z are equivalent. Therefore, as L(A?) = 0, it follows that x is bad
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prefix of L(A) = L, contradicting the fact that L is LIVEL. For the other case, assume
that we did not add rejecting sinks when semantically determinizing A. Then, A is
embodied in A#. We show that the initial state gy of A# is unreachable in A, and so
removing it, if it is not already removed, results in an equivalent automaton whose
size is at most |A#| — 1. Assume by contradiction that gy is reachable in A upon
reading a word € X*. On one hand, as L(A) = L is LIVEL, there is a y € X such
that x -y € L(A). As A is SD, an iterative application of Proposition |2 implies that
y € L(A%). On the other hand, as L(A#) = L¥ and so X* N L(A#) = (), then all
the runs of A# on y are rejecting. Hence, as A is embodied in A%, then all then the
runs of of A% on y are also rejecting, contradicting the fact that y € L(A%).

A.11 Proof of Theorem

We describe a reduction from the vertex-cover problem for nice graphs, proven to
be NP-hard in Theorem |1 I Given a nice graph G = (V, F) and an integer k > 1,
the reduction returns the DBW .AG v (that is, the DBW obtained by applylng the
construction from Theorem [ on the DBW Ag,v defined in Section , and the
integer |V |+ k+2. Note that as DBWs are a special case of GFG-NBWs, we can view
Aév also as a GFG-NBW. Note also that the initial state of Ag - has no incoming
transitions, as required. We first prove that the reduction is valid for the minimization
of GFG-NBWs. Specifically, we prove that G has a vertex-cover of size at most & iff
Aév has an equivalent GFG-NBW of size at most |V| + k 4 2. Then, we argue that
the same considerations apply for the minimization of DBWs.
For the first direction, if S C V is a vertex-cover of size at most k of G. Then, by
Lemma [2| the DBW Ag g, whose size is at most |V|+ k+ 1, recognizes L. Hence, by
the DBW Aé 5> which can be viewed also as a GFG-NBW, is of size is at
most |V| + k + 2, and it recognizes L(Ag,s)* = LZE. For the other direction, assume
that A% is a GFG-NBW of size at most |V| + k + 2 that recognizes Lg. As Lg is
L1vEl, we get by Theorem [5| that there is a GFG-NBW A of size at most |V |+ k+1
that recognizes Lg. By the correctness of the reduction from Section it follows
that G has a vertex-cover of size at most k, and we are done. As the construction of
A preserves determinizm, the proof applies also to the DBW case.

Theorem 4

A.12 Proof of Theorem

Let A% = (X U{#},Q,q0,6,a), and let f: (X U{#})* — Q be a strategy witnessing
the GFGness of A%, As in the proof of Theorem |5, we obtain A from A# by removing
all #-transitions and choosing gx = f(#) to be its initial state. Clearly, A is over X
and determinization of A* is preserved in A. o

Next, consider an infinite word w € X%. As L(A#) = L# = (X U{#})*-# L+ X,
then #-w € L(A%) iff w € L. Therefore, one can prove that A is GFG and recognizes
L as in Theorem l up to a dualization: spe(nﬁcally, replacing L and L# there with L
and L#, respectively, results in a valid argument.

To conclude the proof, assume that L is Dooml. Then, we show that the inital
state go of A% is unreachable in A and thus it can be removed from A and we get
an equivalent automaton whose size is at most [A#| — 1. Assume by contradiction
that g is reachable in A upon reading a word x € X*. On one hand, as L(A) = L is
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Doowml, there is y € X such that z -y ¢ L(A). Hence, it follows that y ¢ L(A™).
On the other hand, as L(A%#) = L# and so X% C L(A%), then there is an accepting

r run of A% over y. As y has no #’s then r exists also in A, contradicting the fact
that y ¢ L(A%).

A.13 Proof of Theorem

As stated earlier, hardness of minimizing DCWs that recognize DOOM2 languages
follows by duallity of the Biichi and co-Biichi acceptance conditions. Next, we consider
minimizing GFG-NCWs that recognize DooM2 languages. We describe a reduction
from the vertex-cover problem for nice graphs, proven to be NP-hard in Theorem [I]
Given a nice graph G = (V,E) and an integer k£ > 1, the reduction returns the
DCW Aﬁ v and the integer |V| 4 & + 2. Thus, the reduction is identical to that from
Theorem@ with the exception that we view Aév as a DCW. Note that as DCWs
are a special case of GFG-NCWs, we can view .,ng as a GFG-NCW. We prove that
G has a vertex-cover of size at most k iff .Zﬁ v has an equivalent GFG-NCW of size

at most |V|+k + 2.
For the first direction, if S C V' is a vertex-cover of size at most k of G. Then, by
Lemma [2| the DBW AG 5, whose size is at most |V|+ &+ 1, recognizes L¢. Hence, by
I the DCW AG g» which can be viewed also as a GFG-NCW, is of size is at

most |V|+ k + 2, and it recognizes L(Ag s)# = L# For the other direction, assume

that A% is a GFG-NCW of size at most |V| 4+ k + 2 that recognizes L# As Lg is
LivEl, then Lg is DooMm1. Hence, we get by Theorem I that there is a GFG NCW
A of size at most |V| + k + 1 that recognizes Lg. By the correctness of the reduction
from Theorem 3| it follows that G has a vertex-cover of size at most k, and we are
done.

Theorem

A.14 Proof of Theorem

Let A= (X,Q,qo, 9, a). We adapt the construction from Theorem to GFG-tNBWs .
Specifically, if L(A) is LIVEL, then A* = (Y U{#},QU {q%}, q%, 04, o) is obtained
from A by adding a new state q% that has a X-labeled self-loop that goes with
# to the state gy, to which we move upon reading # from all states. In addition,
ax =aU((QU {qgﬁ}) x {#} x{qo}). Note that unlike the construction in Theorem
as the acceptance is transition-based, it is okay for 4 to have transitions entering its
initial state, as we prove below.

Also here, if L(A) is not Livel, then A must contain a state ¢ with L(A%) = 0,
and w.l.o.g we assume that ¢ is a rejecting sink in 4. We then define A% as above,
except that instead of defining the state q% as a new state, we define q% =gq. In
particular, in either case, the initial state q% has a X-labeled self-loop that goes with
# to qo.

We prove that A* satisfies the three properties. First, property 3 follows immedi-
ately from the definitions. Then, it is not hard to see that A# preserves determinism.
Indeed, transitions from the state q% are deterministic, and by reading # from any
state, we move deterministically to gg. Thus, property 2 holds.
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To conclude the proof, we show that A# is a GFG-tNBW that recognizes L(A)#.
We first show that L(A#) C L(A)#. Let r be an accepting run of A¥ on a word
w = oy - 0g--+. If r traverses new transitions infinitely often, then w has infinitely
many #’s. Otherwise, r eventually leaves the state q% and moves to gg upon reading
#. Let i > 0 be the maximal index such that o; = #. Since by reading # from any
state of A% we move to qq, it follows that r; = go. In particular, 7[i, 00] is a run of
(A#)% on the suffix w[i + 1, 00]. As all the new transitions in (A#)% are #-labeled,
and o; is the last # in w, it follows that r[i, o] traverses only transitions of A, and
thus is an accepting run of A on w[i+ 1, 0o]. Hence, w has a suffix of the form #- L(.A).

Next, we show that there is a strategy g : (XU {#})* = Q U {¢%} such that for
all words w € L(A)#, we have that g(w) is an accepting run of A% on w. Let f be a
strategy witnessing A’s GFGness. Note that nondeterminism has to be resolved by g
only in the states in @ \ {q%} and words ending by a letter in X. Indeed, transitions
from the state q% are deterministic, and so are #-transitions. Essentially, the strategy
g tries to follow the strategy f after seeing a #. Formally, for all € (X U {#})*
and y € X*, we define g(y) = q% and g(z - # - y) = f(y). As transitions from q% are
deterministic, and qgﬁ has a X-labeled self-loop, then the only state A# can reach upon
reading a word y € X% is q%. Also, by reading # in A* we move to qo, in particular, all
runs of A% on z - # for some prefix x lead to go. Thus, as g follows f(y) upon reading
a prefix of the form x-# -y, where y € X*, then g is well-defined. Now let w be a word
of the form (Y U{#})*-#-L(A)+oo#. If w has infinitely many #’s, then every run of
A# over w is accepting because upon reading a # in any state of A%, we traverse oy,
in particular g(w) is accepting. Otherwise, if w = x - # -y, where y € L(A), then after
reading the last # in w, g(w) moves to gg. Also, by the definition of g, it holds that
g(@-#-y[1,0]),9(x - #-y[1,1]),9(x - #-y[1,2]), ... = f(y[1,0]), f(y[1,1]), f(y[1,2]), -
. Hence, as f(y) is accepting, then g(x - # - y[1,0]),g(z - # - y[1,1]), 9(x - # - y[1,2]), ...
traverses a4 infinitely often and thus g(w) is accepting as well.

A.15 Proof of Theorem [10]

For the first direction, assume that B is a GFG-tNBW of size at most k that recognizes
L(A). We distinguish between two cases. If L(A) is LIvVEL, then by Theorem [9] it
holds that B# is a GFG-tNBW equivalent to A% whose size is at most |B| + 1. As
|B|+1<k+1=Fk, we are done. For the other case, if L(.A) is not LIVEL, then also
L(B) is not L1vEl. Then, by Theorem@ it holds that B# is a GFG-tNBW equivalent
to A% whose size is at most |B|. As |B| < k = k', we are done.

For the other direction, assume that B# is a GFG-tNBW equivalent to A% and is
of size at most k’. Theorem |§| implies that L(B*) = L(A)#. We distinguish between
two cases. If L(A) is not LIVEL, then k¥ = k and by Theorem [5| (which applies also
to GFG-tNBWs) there is a GFG-tNBW B that recognizes L(.A) and is of size at
most |[B#| < k' = k. For the other case, if L(A) is LIVEL, then k¥’ = k + 1. In this
case, by Theorem [5| we can assume further that the GFG-tNBW B is of size at most
|IB#| - 1<k —1=k.

Now, since the constructions in Theorems [0]and [ both preserve determinism, and
tDBWs are a special case of GFG-tNBWs, the result applies also to tDBWs.
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A.16 Proof of Theorem [11]

We claim that the same reduction from Theorem applies also here. Specifically,

given a tDCW A and an integer k > 1, the reduction returns the tDCW (A)# and
the integer k', where k' = k if L(A) is not LIvEl, and ¥’ = k+1 if L(.A) is LIvELl. We

prove that A4 has an equivalent tDCW of size at most k iff (A)# has an equivalent
tDCW of size at most k’. The proof follows by the correctness of the reduction from
Theorem [10] and the duality of the Biichi and co-Biichi acceptance conditions. Both
directions are similar, and we show only one:

_ Let B be a tDCW whose size is at most k that is equivalent to A, then by duality,
B is a tDBW whose size is at most k that is equivalent to A. As A recognizes L(.A),
we get by the definition of k' and the correctness of the reduction from Theorem

that (A)# has an equivalent tDBW C whose size is at most k’. Hence, by duality, we
get that C is a tDCW whose size is at most k’ that recongnizes L((.A)#). In particular,

—

C is equivalent to (A)# and we are done.

A.17 Proof of the claim in Theorem [12]

Let R, =at -z -(z+y)*, Ry=a"-y-(z+y)*, and R= (R, - R, + R, - R,). We
prove that A recognizes the LIVE3 language coR, is GFG, yet not DBP.

Note that the only nondeterminsitic choice in A is when the letter a is read in
the state gg. By removing the a-transitions of A, we get two components, namely,
S1=190,41,¢2} and Sy = Q\ S;. It is not hard to see that a run r in A is accepting
iff r does not get stuck in a component.

We prove that A is a GFG-tNBW that recognizes oo R. To begin with, we show
that L(A) C ocoR. Consider an accepting run r of A on an infinite word w. As r is
accepting, it does not get stuck in a component. In particular, r has infinitely many
infixes r[i, j| such that r; = r; = qo, for all i < k < j, ri, # qo, and r[i, j] enters the
component S;. We show that r[i, j] is a finite run on a word that has an infix in R.
The only way r[i, j] enters Ss is by moving to g3 or to g4. In addition, r[i, j] leaves Sy
by traversing a path of the form g3 — ¢ — qo, reading an infix in R,, or a path of
the form g4 — ¢§ — qo, reading an infix in R,. Therefore, as we can reach g3 only by
reading an infix in R,, and we can reach g4 only by reading an infix in R,, it follows
that r[é, j] runs on a word having an infix in R.

Next, note that the above considerations imply that by reading an infix in R in
So, we move to Sy. Also, by reading an infix in R from gg, we get stuck in S7 only by
choosing the same successor of ¢y twice. Therefore, as every suffix of a word in coR
is in coR, it follows that the following strategy, in A’s single nondeterministic state
qo, results in accepting all words in coR: “if the last read chunk of letters are in R,
then go to ¢ else go to ¢5”.

Now, to see that A is not DBP, recall that the only nondeterminism of A is in
qo- Therefore, there are two possible prunings to consider: the DBW A’ in which
0(qo,a) = ¢1 and the DBW A” in which §(qo,a) = g2. With the former, any word in
(Ry)“ isin L(A) \ L(A’) and with the latter any word in (R;)“ is in L(A) \ L(A").

Finally, we argue that every GFG-tNBW A = (X,Q4,q%, A4, @4) that is not
DBP, can be converted to an equivalent GFG-NBW B = (X, Q4 x{0,1}, (¢%,0), 05, ag),
for ap = Q 4 x {1}, which is not DBP. The GFG-NBW B is obtained from A by taking
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two copies of the state space, one of them is accepting, and defining the transition,
for every state ¢ € Q4 and letter o € X as follows.

5({q,0),0) = 05((g,:1),0) = {{(s,0) : (g, 0,5) € Au\ a} U{(s,1) : {¢,0,5) € aa}.

It is easy to see that by projecting a run of B on Q4, we get a run of A.
In addition, runs r4 = 79,r1,... over w = o1 - 09--- in A, correspond to runs
re = (ro,Jo), (r1,71), ... in B, where (r;,0;41,7i41) € aq iff ji11 € ag. Hence, the
construction preserves not only GFGness of A but also strategies witnessing GFGness
in A. In particular A is DBP iff B is DBP.

A.18 Proof of Theorem [13

We prove the correctness of the construction, thus L(B) = L(A), and B is a minimal
GFG-NCW equivalent to A.

First, we assume that all the states of A are reachable, and that A is SD. Indeed,
detecting reachable states is easy, and by Proposition |3] semantically determinizing
A can be done in polynomial time. Thus, we do not lose generality by the latter
assumptions. Then, note that the latter assumptions imply that all the states of A
are equivalent. To see why, let g be a state of A. We show that L(A9) = L(A). Let
x € X* be such that ¢ € 6(qo, ), and let y € L(A?). As L(A) = —<R, it follows that
x -y € mooR; and hence y € —ooR. That is, y € L(A) and thus L(A%) C L(A). For
the other inclusion, let y be a word in L(A). Then, y € —coR. Hence, z -y € ~ooR
and thus z -y € L(A). As A is SD, an iterative application of Proposition [2| implies
that y € L(A?).

Now, correctness and minimality follow from Propositions [f] and [6] below.

Proposition 5. B is a GFG-NCW equivalent to A.

Proof. If L(A) is trivial, then B is a one state DCW equivalent to 4; in particular,
being deterministic, B is GFG. We proceed with the case where L(A) is non-trivial.
We first show that L(B) C L(A). Let r = ro,r1,... be an accepting run of B on
a word w. Then, there is ¢ > 0 such that r[¢,00] is a run on the suffix w[i + 1, 0]
that does not visit s. By the definition of B, the run r[i, 00| is a run of U" that does
not traverse og-transitions in . In particular, w[i + 1,00] € L(U™) C L(U) where
the last containment follows from the fact that all the states of U are equivalent.
Note that indeed, this property of tNCWs for DoOoM3 languages is maintained by the
minimization algorithm of [I].

Next, we show that L(A) C L(B) and that B is GFG by defining a strategy g :
2% — Qu U{s} such that for every word w € L(U), it holds that g(w) is an accepting
run of B on w. Let f : X* — Qy be a strategy witnessing U’s GFGness. We define
now the strategy g. As U is safe-deterministic, we get that the only nondeterminisim
in B, is upon reading a letter ¢ from the state s. The strategy g essentially tries to
follow f when possible. Formally, if g(z) = s for some z € X*, then for all o € X, we
define g(z-0) = f(xz-0). Otherwise, if g(x) # s, then for all 0 € X, g(z-0) is defined as
follows: if there are no ayy o-labeled transitions going out from g(x) in U, then g(x- o)
equals the state in &y (g(z), o), otherwise, g(x - 0) = s. Clearly, the strategy g is well-
defined as we can non-deterministically move to any state of i upon reading any letter
from s. Also, as U is safe-deterministic, it follows that if there are no ay; o-labeled
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transitions going out from a state g # s, then dy(g, o) is a singleton. Now consider a
word w € L(U) and the accepting run f(w) of U on w. As f(w) is accepting, there is
i > 0 such that f(w[1,1]), f(w[1,i4+1]), f(w[1,i4+2]),...is a run that does not traverse
ag on the suffix w[i+1, 0o]. Next, we show that g(w[1,]), g(w[1, i+1]), g(w[1,i+2]),. ..
visits s at most once, and thus g(w) is accepting. If g(wl[l,j]) = s for some j > i,
then by the definition of g, it holds that g(w[l,j + 1]) = f(w[l,j + 1]). Hence, as
fw[1,4]), f(w[l,i+1]), f(w[l,i+2]),... does not traverse azs, U is safe-deterministic
and safe-homogenous, then it follows that f(w[1,j4+1]), f(w[l,74+2]), f(w[1,7+3]),...
is the run that g(w) eventually follows, and thus g(w) eventually never visits s. O

Proposition 6. B is a minimal GFG-NCW.

Proof. If L(A) is trivial, then B is a one state DCW, and thus is a minimal GFG-
NCW. We proceed with the case where L(.A) is non-trivial. Recall that |B] = |U/|+ 1.
In order to show that B is minimal, we show that every minimal GFG-NCW C that
recognizes L(A) is of size at least [U] + 1.

Consider a minimal GFG-NCW C for L(.A). As C can be viewed as a GFG-tNCW
and U is a minimal GFG-tNCW, it follows that |C| > |U|. Assume by contradiction
that |C| = |U|, and let ae be the acceptance condition of C, thus the set of states that
an accepting run should visit only finitely often.

Consider the GFG-tNCW D, with acceptance condition ap, that is obtained from
C by defining all the transitions that leave an ac-state as ap-transitions. As |D| =
|C] = |U|, then D is a minimal GFG-tNCW. In particular, all states of D are reachable.
Also, we assume that D is SD (otherwise, we turn it into SD without increasing its
state-space, as explained in Proposition . The following properties hold in D.

1. As L(D) is non-trivial, it must be the case that ap # 0.

2. Consider a state ¢ in D. If there is an ap-transition going out from ¢, then all the
runs of DY traverse ap transitions. E|

3. As D recognizes a DooM3 language, is SD and all its states are reachable, then
all its states are equivalent.

We show next that there exist equivalent states p and ¢ in D such that p belongs
to a nonempty cycle that does not traverse ap-transitions, and all runs of D? traverse
ap transitions. First, Property 3 above implies that every two states p and ¢ are
equivalent. Then, the existence of ¢ is immediate from Properties 1 and 2 above.
Finally, the fact that there is a state p of D that belongs to a nonempty cycle that
does not traverse ap-transitions is immediate from the fact that L(D) is non-trivial.
Indeed, if all the cycles that pass through p traverse ap, for all states p of D, then
L(D) would have been empty.

The minimization algorithm of [I] is such that applying it on a GFG-tNCW that
has two states p and ¢ as above, it removes the state ¢ and results in a strictly smaller
GFG-tNCW. In particular, applying the minimization algorithm of [I] on D results
in a strictly smaller automaton, contradicting the minimality of D. O

4 We note that turning D into SD does interfere with this property - if we add a rejecting
sink s when turning D into SD, then we can require that all transitions that lead to s are
also in ap.
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