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Abstract. Syntactic obligations are a fragment of LTL formulas that 
translate to deterministic weak .ω-automata (DWA). We show that syn-
tactic obligations can be very efficiently converted to minimal DWA 
represented using multi-terminal binary decision diagrams (MTBDDs), 
and that synthesis of such specifications can be solved directly on the 
MTBDD representation o n the fly. Our implementation in Spot shows 
substantial runtime impro vements in translation and synthesis.

1 Introduction 

Deterministic .ω-automata are a key ingredient to many formal methods [69]. 
They also play a key role in reactive synthesis, which takes temporal specifi-
cations, typically in Linear Temporal Logic (LTL) [60], and converts them to 
strategies that ensure their satisfaction [61]. However, the computational com-
plexity and the complex algorithms that are involved in synthesis and, as a 
consequence, the capacity of tools that support synthesis tec hniques in their full 
generality, have proven to be a barrier for implementation [30,43]. Two major 
successes in this field have been the syntactic fragmen t of LTL called GR[1]
[59], and LTL f [17], which is a semantic variant of LTL that considers finite 
rather than infinite computations. In both cases, it is possible to use efficient 
techniques for handling sets of states, leading to increased c apacity. Furthermore, 
algorithmic techniques for analysis of state spaces and translation of specifica-
tions to deterministic automata are simpler [7,18]. In particular, in the context 
of LTLf synthesis, tools leverage the algorithmic simplicity o f deterministic finite 
automata (DFA), in contrast to .ω-automata [4,16,45,70]. 

Obligation properties [51], which can be expressed as a boolean combination 
of safety and guarantee properties, are good candidates for a fragment of LTL 
where we could hope to achieve efficien t translation and synthesis, exploiting the 
simplicity of deterministic automata. Although limited in their expressivity, obli-
c The Author(s) 2026 
E. Darulova et al. (Eds.): CAV 2026, LNCS 16682, pp. 322–339, 2026. 
https://doi.org/10.1007/978-3-032-32519-8_17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-32519-8_17&domain=pdf
http://orcid.org/0000-0002-6623-2512
http://orcid.org/0000-0001-9680-7658
http://orcid.org/0000-0003-3640-8481
http://orcid.org/0000-0002-8242-5357
http://orcid.org/0000-0002-0661-5773
http://orcid.org/0000-0002-5922-8750
https://doi.org/10.1007/978-3-032-32519-8_17
https://doi.org/10.5281/zenodo.19812382


Fast Obligation Translation and Synthesis 323

gation properties are very important in practice. Specifications that are used in 
model checking or syn thesis are often simple (safety, guaran tee, and obligation).

For instance, the 55 patterns of Dwyer et al. [26] contain 40 obligations. 
Similarly, Somenzi & Bloem’s compilation of 25 L TL formulas “found in the
literature” [67, Table 1] contains 16 obligations. Out of the 959 unique LTL 
specifications collected by the Synthesis Competition [38] at the time of writing, 
at least 262 specifications are obligations, so more than 27%. Efficient handling of 
obligation properties also benefits all cases where a n obligation property appears 
as part of a Boolean combination with other temporal properties [65]. Obligation 
properties are theoretically important, forming the second level in the safety -
progress hierarchy of temporal properties [51–54]. Recently, the safety-progress 
hierarchy has attracted renewed interest thanks to a normalization procedure 
that reduces the nesting depth of strong and weak operators [28]. 

Safety and guarantee properties can be mapped t o very s imple deterministic
.ω-automata [10]: a deterministic .ω-automaton for a safety property only rejects 
runs that can reach a rejecting sink, and a deterministic .ω-automaton for a 
guarantee only accepts runs that can reach an accepting sink. Boolean combi-
nations of safety and guarantee can be mapped to deterministic weak automata 
(DWA) [46,47], in which each strongly connected component (SCC) contains only 
rejecting cycles or only accepting cycles. The simple nature of DWAs makes them 
very easy to use: they are c losed under Boolean operations using algorithms sim-
ilar to those of DFAs, and, after a preprocessing stage with linear-cost [47], they 
can also be minimized lik e DF As.

Unfortunately, testing whether an LTL formula is an obligation prop erty is 
nontrivial in general [15]. There are, however, well-known syntactic fragments of 
LTL that capture safety and guarantee properties. By considering their Boolean 
combinations, we get a syn tactic fragment of LTL which we shall refer t o as syn-
tactic obligation [10,11]. Importantly, every LTL formula representing an obliga-
tion property has an equivalent syntactic-obligation formula [11]. Furthermore, 
many of the previously mentioned examples are syntactic-obligation form ulas.

In this work, we use, on the one hand, the simple syntactic structure of 
syntactic obligations to easily identify obligation properties and, on the other 
hand, the DFA-like nature of DWAs to improve the translations and synthesis 
procedures for them. We generalize o ur recent work on a compact automaton 
representation of DFAs using Multi-Terminal Binary Decision Diagrams (MTB-
DDs), that enabled more efficient LTLf translation and synthesis [25]. We show 
that syntactic obligations can be translated efficiently into DWAs represented 
using MTBDDs, and that the synthesis problem for syntactic obligations can be 
solved by interpreting the structure of the MTBDDs as a weak Büchi game that
can be constructed on-the-fly.

We implemented this approach in Spot, a C++ library for LTL and .ω-
automata algorithms [24]. Our empirical evaluation shows that it significantly 
improves the generation of deterministic automata for syntactic-obligation prop-
erties as well as the synthesis performance for this class of properties. It is worth 
noting that by implementing efficient obligation translation and synthesis in 
Spot, we improve the performance of all tools building upon Spot whenever
they deal with syntactic obligations.
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Fig. 1. A  DBA  for  .ϕ1 = G(i1 ∨ Xi2) ↔ Go, and its M TBDD represen tation.

2 Succinct Representation of Deterministic Büchi 
Automata 

In this section, we introduce a representation of deterministic Büchi automata 
(DBA) based on multi-terminal binary decision diagrams (MTBDDs).

The left-hand side of Fig. 1 shows a deterministic Büchi automaton over the 
set of atomic propositions .P = {i1, i2, o}.  The  letters read by the automaton are 
assignments of all propositions, so there are .2|P| of them, but to simplify the 
notations, we label the edges of the automaton by Boolean formulas (in this 
example, implicit conjunctions) that are satisfied by all the assignments that 
would normally label the edge. In Spot, this explicit representation of automata 
uses edges labeled b y BDDs. In this example, we have also named the states of 
the automaton using LTL form ulas, but this is merely decorative. This DBA has
four strongly-connected components: .{ϕ1, ϕ2}, .{ϕ3, ϕ4}, .{ϕ5},  and  .{tt}.  The  
automaton is weak because each SCC contains only accepting states, or only 
rejecting states. We abbreviate weak DBA as DWA.

The right-hand side of Fig. 1 shows a semi-symbolic representation of the 
same DBA, where the outgoing transitions of each state are represented using 
MTBDDs. The representation is inspired from the representation of DFAs in
Mona [36,39], and previous work [25]. The reader familiar with binary decision 
diagrams (BDDs) [8] will recognize the classical structure o f a forest of BDDs:
x 

h should be interpreted as “if . x then . h else . ”, atomic propositions appear 
in the same order on all paths, and identical subtrees are shared. Contrary to 
BDDs where l eaves (or terminals) are restricted to the v alues true or false, MTB-
DDs [32,39,48,55] support arbitrary values: in our case, we encode the name of 
destination states in the leaves. Each root represents a function from Boolean 
assignments of atomic propositions to destination states, corresp onding to transi-
tions of the automaton. A set of “root pointers” r epresented by nodes of the form

s point to an MTBDD representing the outgoing transitions of state . s. 
Writing .MTBDD(P,S) to denote an MTBDD with variables i n .P and ter-

minals of type . S, let us define the MTBDD-based representation of a DBA 
(MTDBA for short).
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Definition 1 (MTDBA, MTDWA). An MTDBA is a tuple . A = ,P, ι,Δ,
λ ,  whe  re  .Q is a finite set of states , .P is a finite (and ordered) set o f variables ,
.ι ∈ Q is the initial state, .Δ : Q → MTBDD(P,Q) represents the outgoing edges 
of each state, and .λ : Q → B represents the acceptance status of each state. If 
the MTDBA is weak, we may call it MTD WA.

Each path from a root pointer to a terminal in the M TDBA representation 
on the right-hand side of Fig. 1 corresponds to an edge in the explicit DBA 
represented on the left-hand side. The MTDBA representation is more compact 
because it can share common subtrees. For instance, if two states have e xactly 
the same outgoing transitions, but differ only by their acceptance, their r oot
pointers will designate the same MTBDD.

MTBDDs support unary and binary operations using algorithms similar to 
those of BDDs. For instance, given two .x, y ∈ MTBDD(P,S), and a b inary 
operation . : S×S → S over the terminals, one can compute .z ∈ MTBDD(P,S), 
such that for all assignment s . v of all variables i n . P, the terminal .z(v) reached 
in . z by following . v is equal t o .x(v) y(v). We can therefore lift the . operation 
to the MTBDDs and write .z = x y. 

3 From Syntactic Obligations to MTDWA 

This section shows how to build an MTDWA for a syntactic obligation. Our 
construction is relatively straightforward, yet we could not find any prior work 
for that fragment.

3.1 Syntactic Sub-Classes of LTL 

We assume that the reader is familiar with LTL [60]. The following grammar 
(where parentheses have been omitted, and .p ∈ P) defines four syntactic frag-
ments [10,11]: 

. ϕB ::= ff | tt | p | ¬ϕB | ϕB∧ϕB | ϕB∨ϕB | ϕB↔ϕB | ϕB⊕ϕB | ϕB→ϕB | XϕB

ϕG ::= ϕB | ¬ϕS | ϕG∧ϕG | ϕG∨ϕG | ϕS→ϕG | XϕG | FϕG | ϕG U ϕG | ϕG M ϕG

ϕS ::= ϕB | ¬ϕG | ϕS∧ϕS | ϕS∨ϕS | ϕG→ϕS | XϕS | GϕS | ϕS R ϕS | ϕS W ϕS

ϕO ::= ϕG | ϕS | ¬ϕO | ϕO∧ϕO | ϕO∨ϕO | ϕO↔ϕO | ϕO⊕ϕO | ϕO→ϕO | XϕO

| ϕO U ϕG | ϕO R ϕS | ϕS W ϕO | ϕG M ϕO

Formulas built using the rule for .ϕS (resp. .ϕG) are syntactic safety (resp. 
syntactic guarantee) and also correspond to the class .Σ1 (resp. .Π1) defined by 
Esparza et al. [28]. The “bottom” class, built using t he .ϕB rule, is the intersection 
of these two syntactic classes; it differs from Esparza’s .Δ0 class in that i t allo ws
.X operators. If we ignore the last four options i n .ϕO,  the  .ϕO rule represents 
Boolean combinations of syntactic safety and syn tactic guarantee, and d iffers
from Esparza’s .Δ1 class in that it is also closed under the . X operator. The last 
four options i n .ϕO allow to capture more obligations syntactically [10,11].
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Note that we never require formulas to be in negative normal form (NNF). 
Translations that require NNF suffer a blowup from the removal of operators
.↔ and . ⊕. Instead, since DWA are closed under Boolean operations, we supp ort 
these operators naturally.

In what follows, let .LTLO(P) designate the set of syntactic obligations that 
can be built over atomic propositions .P and similarly for .LTLB(P), .LTLG(P), 
and .LTLS(P). 

3.2 Translation to MTDWA 

We are going to build an MTDWA . ,P, ι,Δ, λ , where states .Q ⊆ LTLO(P) are 
identified by syntactic obligations, and .ι ∈ LTLO(P) is the formula to translate. 

Computing Successors Using MTBDDs. Assuming . α represents a terminal 
labeled b y .α ∈ LTLO(P), the MTBDD representation of the successors of a 
state, i.e., the function .tr : LTLO(P) → MTBDD(P, LTLO(P)), is defined as 
follows: 

. 

tr(tt)  =  tt tr(ff )  =  ff tr(a)  =  a 

ff tt 

for any a ∈  P  

tr(Xϕ)  =  ϕ tr(¬ϕ)  =  ¬tr(ϕ) 

tr(α β)  =  tr(α) tr(β) for any Boolean operator , ∨, →, ↔, ⊕, ...} 
tr(α U β)  =  tr(β) ∨ (tr(α) ∧ α U β ) tr(α M β)  =  tr(β) ∧ (tr(α) ∨ α M β ) 

tr(α W β)  =  tr(β) ∨ (tr(α) ∧ α W β ) tr(α R β) = tr(β) ∧ (tr(α) ∨ α R β )

tr(Fϕ) = tr(ϕ) ∨ Fϕ tr(Gϕ) = tr(ϕ) ∧ Gϕ

Deciding Acceptance of States. In this simple LTL fragment, the acceptance of 
a state .ϕ ∈ LTLO(P) can be defined by simply considering the Boolean com-
bination of safety and guarantee formulas that . ϕ represents. This can be done 
using the function .λ(ϕ) defined below, which checks the top-level operator of eac h 
maximal temporal subformula of . ϕ (strong operators . F, . U, .M are rejecting; weak 
operators . G, . W, . R are accepting) and builds their B oolean com binations.

. 
λ(ff ) = λ(α U β) = λ(α M β) = λ(Fϕ) = ⊥
λ(tt) = λ(α W β) = λ(α R β) = λ(Gϕ) =

λ(α β) = λ(α) λ(β) for any Boolean operator ,∨,←,↔,⊕, ...}
λ(¬ϕ) = ¬λ(ϕ) λ(Xϕ) = λ(ϕ) λ(a) = ∗ for any a ∈ P

The special value . ∗ should be ignored during Boolean operations, as sho wn belo w:

. = = ⊥ ∗ ∧ ∗ = = =
= = ⊥ ∗ ∨ ∗ = ∗ ∗ ⊕ ∗ = ∗ ¬∗ = ∗
= ⊥ ⊥ → ∗ = = = = ⊥
= = = ∗



Fast Obligation Translation and Synthesis 327

A state . ϕ such that .λ(ϕ) = ∗ is a Boolean combination of atomic prop ositions, 
possibly with . X operators. It cannot be part of a cycle, so its acceptance can b e
arbitrary.

In our implementation . tt and .ff never occur as arguments of Boolean op era-
tors or o f . X: such formulas are automatically simplified (e.g., trying to construct
.X(tt) ∧ a will return . a). Therefore, .λ(tt) and .λ(ff ) are never called recursiv ely. 

Ensuring Termination with Propositional Equivalence. It is tempting to define 
our automaton . ,P, ι,Δ, λ by letting .Δ = tr, and by setting .Q to be equal to 
all the formulas that can be reached transitively from . ι by applying . tr. This does 
not work because the set .Q constructed this way is not necessarily finite. The 
classical solution, which we reuse, is to use propositional equivalence [25,27]. 

In previous work on LTLf translation [25], we used propositional equivalence 
to simplify formulas created at every step of the computation of .tr(·).  In  the  
current implementation we found that it was faster to d o it as a separate pass: 
first compute the MTBDD .m = tr(ϕ), then replace all the leaves o f .m by a repre-
sentative of their propositional-equivalence class. This way, we avoid computing 
propositional equivalence for the intermediate computations of .tr(·). 

Additionally, as part of propositional equivalence we consider the distribution 
of the . X operators through Boolean operators. E.g., we interpret . X(α∧β)∨X(β)
as .(X(α) ∧ X(β)) ∨ X(β), so it can be found to be equivalent to .X(β). 

From now on, we assume that . tr includes propositional-equivalence, so that 
. Q, the set of formulas reachable transitively from . ι by applying . tr, is guaranteed 
to be finite. 

Correctness of the Construction. While propositional equivalence ensures that 
our construction terminates, its correctness is established by the following lemma 
and theorem.

Lemma 1. For an y .ι ∈ LTLO(P) let .Dι = ,P, ι, tr, λ be the automaton 
constructed as described above, keeping .λ : Q → B∪{∗} (unlike in Definition 1). 
The following statements hold: 

1. Any state .ϕ ∈ Q such that .λ(ϕ) = ∗ belongs to a trivial SCC o f .Dι. 
2. For any bottom formula .ι ∈ LTLB(P), the only possible n on-trivial SCCs of

.Dι are the states .tt and .ff (at least one of these has to exist).
3. For any guarantee formula .ι ∈ LTLG(P), all states .ϕ ∈ Q \ {tt} that belong 

to non-trivial SCCs of .Dι have .λ(ϕ) = ⊥. 
4. For any safety formula .ι ∈ LTLS(P), all states .ϕ ∈ Q \ {ff } that belong to 

non-trivial SCCs of .Dι have .λ(ϕ) = . 
5. For any obligation formula .ι ∈ LTLO(P), all the states of a ny non-trivial 

SCC of .Dι get assigned the same value b y . λ, and this value is either . or . ⊥. 

Proofs and supplementary material can be found in the extended ve rsion of 
this article, available on arXiv [23]. 

Since the states . ϕ for whic h .λ(ϕ) = ∗ cannot be part of a cycle, their accep-
tance can be chosen arbitrarily. In Sect. 3.3, we show that this choice is con-
strained if we want to minimize the automaton. For now, in order to formalize
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this definition, we declare those states as rejecting using the function . λ : Q → B

defined as follo ws: 

. λ (ϕ) =
if λ(ϕ) =

⊥ if λ(ϕ) ∈ {⊥, ∗}

Theorem 1. For every .ι ∈ LTLO(P) the automaton .Dι = ,P, ι, tr, λ con-
structed above is an MTDWA, and it satisfies .L (ι) = L (Dι). 

Proof. The fact that .Dι is weak is a corollary that follows directly from Lemma 1. 
.L (Dι) being equivalent to .L (ι) follows by noticing that . tr implements the local 
truth of LTL formulas and by induction on the structure of formulas. . 

3.3 Minimizing MTDWA 

Contrary to DBAs [66], DWAs can be minimized in polynomial time [47]. In 
fact, after a very cheap preprocessing to decide for each transient state (i.e., a 
state that cannot be part of a loop) whether it should be accepting o r rejecting, a 
DWA can be minimized as if it were a DFA. Löding’s preprocessing [47]  is  based  
on a simple ranking function over the strongly connected components (SCC) of 
the DWA, such that the parity of the rank indicates the acceptance of the SCC. 
We can perform an SCC decomposition over the MTDWA directly, by simply 
interpreting the forest of MTBDDs (which is normally acyclic) as a graph where
a leaf . α is connected to the root o f .Δ(α). 

The minimization itself is easily done over MTBDDs by using a va riant of 
Moore’s partition-refinement algorithm [56] similar to what is implemen ted in 
Mona [36]. Assuming that each state labeled b y . α of the MTDWA is assigned 
to bloc k .B(α) ∈ N in the partition of the current iteration, the next partition 
can be found by creating for each state . s a temporary .Δ (s) ∈ MTBDD(P,N) in 
which all leaves . α of .Δ(s) are replaced b y . B(α) , and partitioning the set of 
states according to the different MTBDDs in .Δ . 

An optimization not mentioned in Löding’s paper is that the only states that 
can be merged during minimization are those that share the same rank. Conse-
quently, Löding’s ranking function can be used to define the initial partition of
the minimization.

4 .LTLO Reactive Synthesis 

A reactive controller can be thought of as an electronic circuit that produces 
output signals based on a history of input signals. LTL Reactive Synthesis is 
the problem of building such a controller ( usually as a Mealy machine) such 
that the combined histories of input and output signals satisfy some given LTL
specification.

We implement synthesis to AIGER circuits [6,65], but for lack of space we 
only discuss the “realizability” problem, defined as follows.
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Definition 2 ([30,43]). Given two disjoint sets of variables . I (inputs) and . O
(outputs), a controller is a function .ρ : (BI)∗ → B

O that, given a history of 
assignments of input variables, produc es an assignment of o utput variables.

Given a word of input assignments .σ ∈ (BI)ω, the controller can be used to 
generate a word of output assignments .σρ ∈ (BO)ω. The definition of .σρ may 
use two semantics depending on whether we want the controller to have access 
to the current input assignment to decide the output assignment:

Mealy semantics: .σρ(i) = ρ(σ(..i)) for al l .i ≥ 0. 
Moore semantics: .σρ(i) = ρ(σ(..i − 1)) for al l .i ≥ 0. 

A formula .ϕ ∈ LTL(I∪O) is said to be Mealy-realizable,  or  Moore-realizable, 
if there exists a controller . ρ such that for every wor d .σ ∈ (BI)ω, it holds that 
.(σ σρ) ∈ L (ϕ) using the desired semantics. 

Formula .ϕ1 (from Fig. 1) is both Mealy-realizable and Moore-realizable. 
For general LTL, synthesis or realizability can be reduced to the translation of 

the specification into a deterministic parity automaton, which is then interpreted 
and solved as a two-player game with parity acceptance: one player plays the 
input signals, t he second player plays the output signals. The specification is 
realizable if the output player has a strategy to ensure that the parity acceptance
is satisfied.

For syntactic obligations, realizability and synthesis are a lot easier: a ny
.LTLO formula can be converted to a DWA, which can also be interpreted as a 
two-player game with weak acceptance. Suc h games are known to be s olvable
in linear time [1, Section 6.1]. They can also be reduced to the emptiness c heck 
of 1-letter weak alternating automata [44, Theorem 4.7], or seen as a special 
case of weak parity games [12]. These three algorithms work similarly. Since the 
automaton is weak, we know that the cycles in one SCC are either all accepting 
(winning for the output player) or all rejecting (winning for the input player), 
but except for SCCs without successors, it might be possible for players to escape 
an SCC that is losing for them. The game is therefore solved by enumerating 
the SCCs and processing them bottom-up: terminal SCCs can be determined 
as winning for one player or the other according to their acceptance. Then the 
attractor of these states is grown by backpropagation. M oving up in the SCCs,
undetermined states can be determined according to the acceptance of the SCC.

This algorithm can be implemented directly on the MTDWA structure, by 
interpreting it as a game where the input (resp., output) player mak es the deci-
sion for the input (resp., output) variables, and where a play that reaches . α
continues from the root node associated with . α. For Mealy semantics, input vari-
ables should be ordered to appear before output variables; for Moore semantics, 
it should be the opposite.

We implement this game solving over MTDWA on-the-fly, together with the 
automaton construction of Sect. 3. 

The setup is very similar to our previous solution for LTLf synthesis [25] 
where we had to construct a DFA represented using MTBDDs, and interpret 
it as a reachability game to be solved on-the-fly. In a reachability game, the
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exploration order is not important: this previous work used a BFS just because 
we found it marginally better than DFS. Here, for obligation synthesis, we have 
to explore the states in a topological order of their SCCs. Enumerating SCCs 
during the on-the-fly construction of an automaton is a well studied topic, and is 
typically used by on-the-fly explicit LTL model checkers [33,35,63]. These algo-
rithms are all based on a DFS exploration of the automaton. Our implementa-
tion uses Dijkstra’s SCC algorithm [19,20], and we construct the MTDWA as 
the DFS progresses. The implementation reuses the linear backpropagation over 
incomplete graphs from previous work [25, Algorithm 1]. 

Fig. 2. Four pipelines usable by ltl2tgba to translate a syntactic obligation: new-min, 
new, old-min,  and  old.  T  he  spot::translator class implements the dashed box.

5 Implementation and Evaluation 

The new constructions for translation, minimization, and game solving h ave 
been implemented [22]  in  Spot  [24] and released as version 2.15. Many graphical 
examples of these constructions can be found at https://spot.lre.epita.fr/ipynb/ 
mtdswa.html Below, we evaluate how the translation and synthesis improved 
compared to the previous version. We also include a comparison to a few third-
party t ools for reference.

5.1 Translation 

The new translation procedure is used by Spot’s translator class whenever 
the input formula is a syntactic obligation and the user requests a deterministic 
output. For evaluation purposes, we use Spot’s ltl2tgba command-line to ol, 
which converts LTL into various kinds of automata and o utputs them in the
HOA format [2]. 

Figure 2 shows four translation pipelines that ltl2tgba can use to trans-
late syntactic obligations into DWAs. The dashed rectangle corresponds to the 
aforemen tioned translator class: it translates an LTL formula i nto an explicit
.ω-automaton, but it can be configured to use different approaches. The path old-
min corresponds to the default behavior of Spot 2.14: after some simple syntactic 
simplifications, the formula is converted into a non-deterministic Büchi automa-
ton using Couvreur’s translation algorithm [14,21], to obtain a weak NBA; the

https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
https://spot.lre.epita.fr/ipynb/mtdswa.html
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result is then determinized by powerset construction and minimized as described 
by Dax et al. [15], and finally the resulting automaton is output in HOA. The old 
pipeline is used when the DWA-minimization is explicitly disabled or not appli-
cable: this path works for any input formula, not just obligations. In that case, 
since the output of the translation is non-deterministic, but the goal is to have 
a deterministic automaton, the automaton is determinized using a Safra-based
construction [62]. 

In both old-min and old, automata are represented as explicit graphs with 
edges labeled by Boolean formulas over propositions (represented as BDDs) [21, 
24], as on the left-hand side of Fig. 1. In the new pipelines, called new-min and 
new, the MTBDD-based translation described in Sect. 3 produces an MTDWA 
as on the right-hand side of Fig. 1, and that can optionally be minimized using 
the same data structure. In order to output an MTDWA in the HOA format, we 
first convert this MTBDD-based representation into an explicit representation. 
This conversion has a significant cost because it has to enumerate all paths in the 
MTBDDs. Nonetheless, we will see that these new pip elines are still competitive,
despite the costly conversion.

As far as we know, Spot is the only tool that can translate syntactic obliga-
tions into DWA that are guaranteed to be minimal (via the old-min or new-min 
pipelines). We can, however, compare to tools that produce deterministic .ω-
automata even if they do not guarantee minimality. We consider ltl3tela 2.1.1 [50] 
and ltl2dela from Owl 21.0 [41]. (The latter is an evolution of Delag [57], which 
we did not run.) 

For a fair comparison, we set up all tools to read an LTL f ormula and produce 
an equivalent deterministic .ω-automaton (with any acceptance condition) in 
the HOA format. We request complete automata from all tools except ltl3tela 
(which lac ks this option). We measure the entire e xecution of each tool using
ltlcross with a timeout of 60 s. The experiment was run one task at a time on 
a dedicated Core i7-3770 with Turbo Boos t disabled, and the frequency scaled 
down to 1.6 GHz t o prevent CPU throttling.

We evaluated the translation pipelines on 494 syntactic obligations:

– 310 formulas representing instances of 17 scalable patterns [13,34,42,68]; 
– 76 formulas collected from various works [26,29,37,58,67]; 
– 108 unique formulas from the synthesis competition [38]: all the instances that 

are syntactic obligations, except for t wo formulas syntactically equiv alent to
. tt or . ff . 

Figure 3, where the time axis is logarithmic, clearly shows how Spot’s translation 
has improved over this set of formulas. Note that new and new-min are barely 
distinguishable, suggesting that the guarantee to build minimal automata comes
at no extra cost.

Keep in mind, however, that we measured the runtime of a complete trans-
lation process, including the conversion to explicit automata (for new and new-
min) and HOA output (for all tools). We now turn to the evaluation of how the 
MTBDD-based representation of DWA improves synthesis: in this case, we do 
not need to convert automata to an explicit representation, saving a lot of time.

https://spot.lre.epita.fr/ltlcross.html
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Fig. 3. Comparison of translation tools on 494 synt actic obligations from the literature.

Fig. 4. Comparison of the three configurations of ltlsynt over the 108 specifications 
from SyntComp that are syntactic obligations. Third-party t ools Strix, SemML,  and  
SSyft are included for reference.

5.2 Synthesis 

Previous versions of Spot’s ltlsynt converted an LTL specification by trans-
lating it to a deterministic parity automaton (DPA), turning this D PA into a 
two-player game, and solving the game [65]. In the case of syntactic obligations, 
the DPA was obtained by the old-min translation pipeline in Fig. 2. This default 
behavior of ltlsynt 2.14 is what is called (old trans.) in this section.

The improvements described in this paper allow us to define two better 
configurations of ltlsynt. (new trans.) designates a configuration where the 
spot::translator class, used to produce the DPA, is changed to use the new-
min translation pipeline in Fig. 2, where the automaton is still converted to an 
explicit representation, to be solved as a game. The (new synt.) configuration 
corresponds to the new default of ltlsynt, where syntactic obligations are con-
verted into an MTBDD-based representation, and the game is solved directly on 
that representation as described in this paper.

Figure 4 shows the improved runtimes as a cactus plot. For this experi-
ment, we used BenchExec 3.22 [5] to track time and memory usage. W e include 
Strix 21.0 [49] (the winner of SyntComp’23) and SemML [40] (the winner of 
SyntComp’24) for comparison. (The winner of SyntComp’25 was ltlsynt due 
to a technical defect in SemML.) Moreover, SSyft [3], patched to use the Mealy

https://github.com/Shufang-Zhu/Syft-safety-compositional
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semantics, is included as an example of a tool that is dedicated to syntactic-safety 
formulas: there are 48 of those in this benchmark. All tools were configured to 
check the sp ecification for realizability: this way we do not include any time 
sp ent generating and outputting controllers.

Additional details and discussion can be found in the extended ve rsion of 
this article, available on arXiv [23]. 

6 Conclusion 

We have shown that the MTBDD-based translation has made ltl2tgba faster 
at converting syntactic obligations to (weak) DBAs. This holds even when we 
switch back to an explicit representation. In the case of synthesis, the latter 
switch bac k is not required and the weak game can be solved directly on the 
MTBDD-based representation, providing an even greater speedup.

The techniques described target syntactic obligations, so we focused our 
experiments on those. We expect, however, that those improvements will impact 
other types of specifications as well. Firstly, when a s pecification can be seen 
as a conjunction of output-disjoint sub-specifications, ltlsynt solv es each sub-
specification independently [31,65]. Therefore, even if the full specification is 
not a syntactic obligation, it could contain a sub-specification that is a syn-
tactic obligation, and that will be solved using the improved MTBDD-based 
technique. Secondly, a possible way to obtain a DPA is to first translate the 
specification into a deterministic Emerson-Lei automaton (DELA), which can 
then be converted into a DPA [9,64]. To obtain a DELA, Spot generalizes the 
compositional translation used by the Delag tool [57]: the formula to trans-
late is broken into top-level Boolean operators, subformulas are translated to 
deterministic automata according to their nature, and those automata are then 
recombined. In this approach, subformulas that are syntactic obligations will 
now be t ranslated much more efficiently.

Obvious future work would be to generalize the MTBDD-based translation, 
so that all LTL form ulas can be turned into MTBDD-based DELA, probably
using .Δ2-normalization [28], converting top-level temporal formulas to deter-
ministic Büchi and co-Büchi automata, and using Boolean combinations for the 
final automaton. 

Acknowledgments. NP is supported by Swedish Research Council (VR) project 
(No. 2020-04963) and the Wallenberg AI, Autonomous Systems and Software Program 
(WASP) funded by the Knut and Alice Wallenberg Foundation. GDG is partially sup-
ported by the EPSRC grant EP/Y028872/1, Mathematical Foundations of Intelligence: 
An Erlangen Programme for AI. 

Data Availibility Statement. The source code f or Spot 2.15.1, its documentation, 
benchmark data and scripts, some illustrative notebooks, and a Docker image contain-
ing an installation of Spot and all third-part y tools measured in our benchmark, are
archived on Zenodo [22].



334 A. Duret-Lutz et al.

Disclosure of Interests. The authors have no competing interests to declare that 
are relevant to t he content of this article.

References 

1. Amram, G., Bansal, S., Fried, D., Tabajara, L.M., Vardi, M.Y., Weiss, G.: Adapting 
behaviors via reactive synthesis. In: Silva, A., Leino, K.R.M. (eds.) CAV 2021. 
LNCS, vol. 12759, pp. 870–893. Springer, Cham (2021). https://doi.org/10.1007/ 
978-3-030-81685-8 41 

2. Babiak, T., et al.: The Hanoi omega-automata format. In: Kroening, D., Păsăreanu, 
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results in Liberouter project. Technical Report 03, CESNET (2004). http://archiv. 
cesnet.cz/doc/techzpravy/2004/verificationresults/ 

38. Jacobs, S., et al.: The reactive synthesis comp etition (SYNTCOMP): 2018–2021. 
arXiV (2022). https://doi.org/10.48550/ARXIV.2206.00251 

39. Klarlund, N., Møller, A.: MONA version 1.4, user manual. T echnical report, BRICS 
(2001). https://www.brics.dk/mona/mona14.pdf 
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