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Abstract

Automated logic circuit design enhances chip performance,
energy efficiency, and reliability, with applications in model-
checking, reactive synthesis, and hyperproperty verification.
AIGER circuits are a standard format for these domains, used
in hardware model-checking, synthesis competitions such as
Syntcomp, symbolic synthesis algorithms, and the verifica-
tion of security properties in neural networks and safety-
critical systems.

Traditionally, AIGER circuits are generated from Lin-
ear Temporal Logic (LTL) specifications through complex
pipelines, such as translating LTL to SMV or to automata and
then to AIGER. These pipelines guarantee functional equiv-
alence but produce large circuits with auto-generated labels
that obscure the specification’s meaning. In applications like
symbolic reactive synthesis, model-checking, and neural net-
work verification, understanding latches and outputs is criti-
cal for debugging and tool improvement.

In this tool paper, we introduce AIGLE, a novel tool that
generates compact AIGER circuits directly from LTL[X] or
Past-LTL specifications. Our approach uses linear-size trans-
lation from LTL[X] to Past-LTL, which produces highly legi-
ble circuits. Compared to tools like py-aiger, our tool reduces
gate counts often by thousands improving readabil-
ity and synthesis speed. Our empirical evaluation demon-
strates smaller, more understandable circuits and faster syn-
thesis, offering a scalable, engineer-friendly solution for for-
mal methods applications.

1 Introduction

The AIGER format (Biere 2007; Jacobs 2014) encodes And-
Inverter Graphs (AIGs) and serves as the lingua franca
for hardware model-checking, reactive synthesis, and hy-
perproperty verification (Wu, Fowze, and Forte 2022;
Finkbeiner 2016; Brizzio et al. 2025). AIGs are the core
data structure for symbolic algorithms and the standard
benchmark format in major competitions such as SYNT-
COMP and HWMCC (syn ; HWM ). Beyond traditional
hardware verification, AIGs have become critical in emerg-
ing domains, including the verification of information-flow
hyperproperties, such as non-interference, in neural net-
works and safety-critical systems (Langedijk, Jumelet, and
Zuidema 2025; Horak et al. 2021; Schmitt et al. 2021;
Hahn et al. 2020).

711

In these domains, Linear Temporal Logic (LTL) remains
the de-facto standard for specifying safety properties—
ensuring that undesirable behaviors never occur (Bonassi et
al. 2025; Artale et al. 2023b; Li, Vasile, and Belta 2017).
Its fragment, Past-LTL (pLTL), enhances the modularity and
succinctness of specifications without increasing expressive
power (Markey 2004; Bonassi et al. 2025), making it par-
ticularly suitable for defining monitors and safety envelopes
in multi-agent systems. Generating AIGER circuits from
LTL or pLTL specifications is a foundational step in formal
verification pipelines. However, despite the ubiquity of the
format, current circuit generation techniques rely on legacy
pipelines (e.g., from LTL to SMV, and then to AIG) that
obfuscate the relationship between the specification and the
resulting circuit. Tools like 1t12smv (Clarke, Grumberg,
and Hamaguchi 1997) (distributed with NuSMV (Cavada
et al. 2005)) followed by smvtoaig (Biere 2007), or di-
rect approaches like py—-aiger (Vazquez-Chanlatte and
Rabe a), produce bloated circuits with auxiliary variables
and auto-generated labels disconnected from the original
requirements, hampering debugging, interpretability, and
downstream synthesis performance.

The closest tool, py-aiger-past-Itl (Vazquez-Chanlatte and
Rabe b), is widely used (Wu, Fowze, and Forte 2022;
Coenen et al. 2022; Rodriguez and Sanchez 2023; Hahn et
al. 2020) but suffers from three limitations: (1) it lacks na-
tive support for the safety fragment LTL[X], forcing man-
ual translation; (2) it produces redundant latches by failing
to exploit structural equivalences; and (3) it lacks a formal
proof of its translation soundness.

In this work, we introduce AIGLE (Aiger Generation from
LTL[X] spEcifications), a tool designed to bridge the gap be-
tween high-level logical specifications and low-level circuit
representations. Unlike previous approaches, AIGLE imple-
ments a direct, structure-aware translation from LTL[X] and
pLTL to AIGER. By leveraging a Next-Normal Form (NNF)
normalization and AST-based subformula sharing, AIGLE
generates circuits that are not only sound and complete but
also minimal and human-readable.

We address the following research questions:
¢ (RQ1) Compactness & Interpretability: Can a

structure-aware translation significantly reduce gate/latch

counts compared to existing pipelines?
¢ (RQ2) Downstream Performance: Does the reduced
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circuit complexity translate to faster realizability and syn-

thesis times?

* (RQ3) Efficiency & Practicality: Can AIGLE generate
compact circuits efficiently enough to enable the scalable
creation of modern, interpretable benchmarks?

The rest of the paper is structured as follows: Section 2
establishes the formal preliminaries. Sections 3 and 4 detail
the translation algorithms and implementation. Section 5
presents the empirical evaluation, and Section 6 concludes.

1.1 Related Work

Practical Knowledge Representation. AIGLE is a tool
paper that follows the spirit of recent contributions in the KR
in the Wild track (Alviano and Reiners 2024; Geh et al. 2024,
Ivliev et al. 2024; Xiang et al. 2024), which emphasizes the
deployment of reasoning systems in industrial-scale or prac-
tical domains. Like these works, our focus is on bridging
the gap between high-level logical formalisms and efficient,
interpretable execution backends.

AIGER in Formal Methods. The AIGER format (Biere
2007) represents And-Inverter Graphs (AIGs) as directed
acyclic graphs. AIGs are the backbone of modern Elec-
tronic Design Automation (EDA), supporting functional rea-
soning, design quality assessment, and verification (Fang et
al. 2025; Liu et al. 2024; Sun et al. 2025). In the research
community, they serve as the standard input for competitions
(SYNTCOMP, HWMCC) and are increasingly adopted in
neuro-symbolic verification to check hyperproperties like
robustness and information flow (Rodriguez and Sanchez
2023; Horak et al. 2021; Wu, Fowze, and Forte 2022;
Langedijk, Jumelet, and Zuidema 2025).

Translation Pipelines and Inefficiencies. Efficient trans-
lation of temporal logic to AIGER is critical for system
representation. However, traditional approaches rely on
multi-step, heterogeneous pipelines. For instance, tools
often convert LTL to SMV (via 1tl2smv), which is
then flattened to AIG (via smvtoaig) (Cavada et al.
2014). Some workflows are even more convoluted, chain-
ing 1t12smv, smvtoaig, and fsmv2aig (Cimatti et
al. 2020). While functionally correct, these chains de-
stroy the structural mapping between the formula and the
circuit, resulting in “bloated” representations with thou-
sands of auxiliary variables and opaque labels. Alterna-
tive methods based on non-deterministic Biichi automata in-
cur exponential blow-up (Kupferman and Rosenberg 2010),
while restricted languages like Speculoos (Brenguier )
sacrifice expressiveness. The closest tool to AIGLE is
py-aiger—-past-1tl (Vazquez-Chanlatte and Rabe b),
used as a backend in symbolic execution frameworks (Co-
enen et al. 2022) and in Transformer-based approaches that
learn to predict satisfying traces for LTL formulas (Hahn et
al. 2020). However, it requires manual translation of fu-
ture safety properties into pLTL, lacks a formal proof of
correctness, and empirically generates a fresh latch for ev-
ery temporal operator instance, ignoring structural equiva-
lences (see Section 5). AIGLE addresses all three limitations
through a formally verified translation from LTL[X] that op-
timizes latch usage via syntactic normalization.
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Reactive Synthesis and LTL transformation. Reactive
synthesis for pLTL is EXPTIME-complete in contrast to
2EXPTIME-complete for LTL (Giacomo et al. 2020). While
general LTL-to-pLTL translation incurs in an exponential
blow-up (Giacomo et al. 2020; Bonassi et al. 2025), the
LTL[X] fragment admits a linear-size translation (Markey
2003; Giacomo et al. 2020). The more expressive LTL[X,F]
fragment, by contrast, requires a singly exponential pastifi-
cation targeting F(pLTL) (Artale et al. 2023b), which retains
the future operator F, complicates pure-pLTL toolchains
such as py-aiger-past-1tl, and loses the complexity advan-
tage. Since many safety specifications rely solely on
LTL[X], AIGLE exploits this efficient, linear translation.

Circuit Interpretability. The opacity of generated cir-
cuits has become a pressing issue. A recent study (Dong
et al. 2025) emphasized the need for compact, readable cir-
cuits to stress-test model checkers effectively. Similarly,
Nazari et al. (Nazari, Amini, and Raghothaman 2025) and
Nadeem et al. (Nadeem et al. 2025) have proposed post-
hoc techniques to decompose or explain obscure AIGER
circuits. AIGLE complements these efforts but shifts the
paradigm from post-processing to correct-by-construction
interpretability. By generating labeled, minimal circuits
directly from the specification, we eliminate the need for
costly reverse-engineering of the circuit’s logic. This be-
comes especially relevant as Large Language Models are
increasingly used to translate natural language into formal
specifications, with recent work targeting LTL learning from
demonstrations (Xu, Feng, and Miao 2024), dataset gen-
eration for LTL-to-natural-language translation (Ma et al.
2025), and LLM-assisted formalization pipelines (Gupta et
al. 2024). Since non-experts cannot debug opaque circuits,
AIGLE’s named latches let logical errors in Al-generated
specifications be traced back to specific sub-formulas, clos-
ing the loop between LLM output and formal verification.

2 Preliminaries

Linear Temporal Logic with Past Linear Temporal
Logic (LTL) is the de-facto standard for specifying reac-
tive systems (Pnueli 1977). We consider the safety frag-
ment LTL[X], extended with past operators to form Past LTL
(pLTL) (Lichtenstein, Pnueli, and Zuck 1985). While pLTL
is expressively equivalent to LTL, it offers exponential suc-
cinctness (Markey 2003).

Let AP be a finite set of atomic propositions. The syntax
of pLTL restricted to the future operators X (Next) and G
(Globally) is defined by:

pu=T|L|pl-p|prp|eVe | Xe|[Ge | Yo |Ze|eSe

where p € AP. The semantics are defined over an infinite
trace o = ogoy - - - € (2A7)¥. We denote satisfaction at time
t € Nas (0,t) = ¢. Boolean connectives are interpreted as
usual. The temporal operators are defined as:

iff (o,t +1) = ¢

iffVk > t.(o,k) E ¢

ifft >0and (0,t —1) F ¢

=Zy ifft=0o0r(o,t—1) ¢

E oSyiff Ir < t.((o,7) =¥ AVE € (r,t].(0, k) = ¢)
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We write ¢ | ¢ if (0,0) & . A key distinction for
safety specifications is between the strong yesterday (Y),
which is false at ¢ = 0, and the weak yesterday (Z), which
holds vacuously at ¢ = 0. This distinction enables conflict-
free initialization of latches. We use standard derived opera-
tors: Op = TS (Once) and Hy = ~O—p (Historically).

Next-Normal Form (NNF) To maximize structural shar-
ing, we normalize LTL[X] formulas into Next-Normal Form
(NNF). A formula is in NNF if negations apply only to
atomic propositions and X operators apply only to literals
(atoms, negated atoms, or constants T, ).

The conversion preserves equivalence and is performed in
two steps. First, negations are pushed to the atoms using the
function n(-). This process relies on De Morgan’s laws and
the self-duality of the next operator in infinite linear traces
(~Xp = X~p):

n(p) =p n(=(p V) =n(=¢) An(-1)

n(-p) = -p n(=(p A1) =n(=p) Vn(p)
n(Xep) = Xn(p) n(e V) =n(p)Vn(y)
n(=X¢) = Xn(-¢) n(e AY) =n(p) An(y)

n(=—p) = n(p)

Second, we push the X operators towards the literals us-
ing the function A(-), exploiting the distributivity of X over
Boolean connectives:

h(XFp) =XFp  n(XF(p V1)) = h(XFp) v h(XF1p)
h(XF=p) = XFp  h(XF(p A1) = h(XFp) A R(XFy)

This conversion preserves equivalence and yields a formula
of linear size in which identical temporal obligations across
different subformulas are mapped to syntactically identical
structures: if two of them normalize to the same expres-
sion, they share a single latch rather than spawning multiple
latches. Consider the formula X (s V X(s V Xs)): prior to
normalization it appears to contain three nested obligations
on s, each potentially requiring its own state variable. After
applying h, it becomes Xs V XXs V XXX, a disjunc-
tion whose literals chain through shared latches: the latch
built for Xs is reused inside XX s, which is reused inside
XXX, so only one fresh latch is added per level of nest-
ing. This is the mechanism enabling the AST-based sharing
described in Section 3 and the compactness results of Sec-
tion 5.

And-Inverter Graphs (AIG) and AIGER Format. An
And-Inverter Graph (AIG) is a directed acyclic graph (DAG)
for describing a logic circuit (Biere 2007). An AIG con-
tains AND gates, inverters, and terminal nodes for inputs
and outputs. To support sequential logic, latches are added
to AIGs. A latch is a memory element that stores a Boolean
state, initialized to 0 (false) by default, and updates its
value at each discrete time step based on a next-state func-
tion. The AIGER format provides a unified text representa-
tion for these circuits using a specific integer encoding for
literals: even integers | € {2,4,...} represent variables
(inputs, latches, gates), while odd integers | + 1 represent
their logical negation (inverters). Fig. 1 shows a circuit and

713

its ASCII AIGER specification. The first line specifies the
counts of literals and components. The second and third
lines assign the inputs p and ¢ to literals 2 and 4, respec-
tively. The fourth line indicates a latch (implicitly literal 6)
initialized to 0, with its next state defined by literal 2. This
latch implements Yp: at step ¢ + 1 it holds the value of p
at step ¢. Subsequent lines define the output (literal 8) and
an AND gate taking literal 6, i.e., Yp and the negation of
literal 4 (represented as 4 + 1 = 5, i.e. —q) as inputs. The
gate therefore computes Yp A —¢g

aag 4 2111
// p variable
// q variable
2 0 //LO
//output
65 // A0

AN AW =
@ 0 o BN

Figure 1: AIGER circuit and its spec for Yp N\ —q

In the context of synthesis, the SYNTCOMP convention
for safety circuits requires the output to be false if the cir-
cuit complies with the formula (Jacobs 2014). For example,
the formula p — Xg, translated to pLTL as Yp — ¢, is
negated and represented as Y p A —q to ensure the output is
false when safe. AIGLE adopts this standard convention.

AIGER circuits operates as a synchronous sequential ma-
chine driven by an implicit global clock. At each discrete
step 4: (1) the current input symbol o; € 2 is read from the
environment, (2) the combinational layer (AND-gates and
inverters) computes new values from o; and the current latch
valuation p; : L — B, and (3) each latch a € L updates its
stored value to p;11(a) = fo(0y, pi), ready for the next step.
This is the model of computation defined in Definition 1.

Definition 1 (AIGER Circuit) An AIGER circuit is a tuple

C=(I,L,o0,f, fana), where:

[ is a finite set of input signals,

» L is a finite set of latches,

* ois a single output signal,

o f={f,: 2! x Bl — B}, is a family of next-state
functions, one per latch, each mapping the current input
symbol and latch valuation to the next Boolean value of
that latch, and

* fand Is a set of combinational AND gate definitions, each
of the form g <+ a A\ b for AIGER literals g, a, b.

The circuit evaluates over an infinite trace o € (21)% as

Sollows. The initial latch valuation sets po(a) = false for
all a € L. At each subsequent step, p;1+1(a) = fq(04, pi) for

each latch a € L. The output at step i is given by f,(0;, p;),

where f, : 2! x BIL| — B is the Boolean function computed

by the combinational circuit rooted at o.

Interpretability. In the context of automated circuit genera-

tion from temporal specifications, we define interpretability

based on two criteria:

e Compactness: The circuit should minimize the number
of components (gates and latches), reducing the cognitive
load required to analyze the logic.
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* Semantic Mapping: There must be a bijective corre-
spondence between the circuit’s latches and the temporal
subformulas of the specification (Def 2)—e.g., a latch [;
explicitly encoding Yp. Boolean subformulas, realized
statelessly by AND-gates and inverters, do not require
latches and are excluded from the mapping. The glob-
ally operator G of the input LTL[X] specification is un-
folded into the safety condition at the output level follow-
ing the SYNTCOMP convention, and thus also generates
no latches.

We formalize what a temporal subformula is:

Definition 2 (Temporal Subformula) A temporal subfor-
mula of a pLTL formula 1 is any subformula whose out-
ermost operator is a temporal operator—that is, Y, Z, H,
or S. Boolean subformulas (conjunctions, disjunctions, and
negations of literals) are not temporal subformulas.

Standard pipelines often violate these criteria by introducing
auxiliary variables that lack high-level semantic meaning,
obscuring the connection between the specification and the
implementation.

3 AIGLE Framework

The technical contributions of this framework are: (i) the
linear-size pastification of Section 3.1 and its formal cor-
rectness proof (Thm. 1); (ii) an NNF-driven AST sharing
scheme that establishes a correspondence between tempo-
ral subformulas and latches; and (iii) a step-latch initial-
ization compatible with the SYNTCOMP convention. We
illustrate the framework on the safety LTL[X] specification
(XpVp) = XXq) A (Xp = XXg).

State-of-the-art tools, such as py-aiger-past-1tl (Vazquez-
Chanlatte and Rabe b), suffer from three critical limitations:
(1) they require engineers to manually translate LTL[X] to
pLTL before circuit generation; (2) they fail to produce com-
pact, legible AIGER circuits, and instead generate redundant
latches and auto-generated numeric labels that bear no se-
mantic relation to the original formula, severely hindering
debugging in safety-critical systems; and (3) they violate
the standard convention—used by most tools in academia
and industry, including SYNTCOMP—that all latches are
initialized to false. Instead, py-aiger-past-1tl initializes
latches to t rue for operators that hold at ¢ = 0 (e.g., Z).
This mismatch causes false negatives when its output is fed
into other tools: the synthesizer may incorrectly declare un-
realizable due to inconsistent initial states, directly impact-
ing tool performance and, in case they are used to create
benchmarks, the validity of these.

Fig. 3(a) shows the AIGER circuit generated by py-aiger-
past-Itl for our example. The circuit uses four latches with
meaningless numeric labels. The root cause is that the tool
treats each nested X (Xp, XXgq) as a separate state variable,
introducing redundant latches. In contrast, Fig. 3(b) shows
AIGLE ’s circuit, which uses only two latches with labels re-
flecting the formula’s structure. AIGLE achieves this by op-
timizing nested temporal operators and reusing latches for

'We use the standard semantics for reactive synthesis as de-
scribed in (Meyer, Sickert, and Luttenberger 2018).
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Figure 2: AIGLE detailed workflow. The tool detects reactive spec-
ifications to apply safety semantics. OWL provides the parsing
infrastructure, while AIGLE performs the core temporal and struc-
tural optimizations.

repeated subformulas, leveraging pLTL backward-looking
operators to reduce state variables. This example demon-
strates AIGLE ’s advantages: reduced latch counts (RQ1),
improved legibility through meaningful labels (RQ2), and
efficient translation by avoiding redundant state variables
(RQ3). For larger specifications, py-aiger-past-1tl’s ineffi-
ciencies scale poorly, increasing synthesis times, as shown
in Section 5. AIGLE overcomes the aforementioned issues
through a distinct pipeline: first it translates LTL[X] formu-
las to equivalent pLTL representations in linear time, map-
ping all nested X operators to compact state variables, then
it directly converts the resulting pLTL to AIGER circuits,
minimizing latches and ensuring interpretable labels via a
bijection between latches and temporal subformulas; the
workflow appears in Fig. 2.

3.1 Translating LTL[X] to pLTL

The first step in AIGLE ’s pipeline translates an LTL[X]
specification into an equivalent pLTL formula. To do that,
AIGLE normalizes the LTL[X] formula to Next-Normal
Form (NNF), pushing nested X* operators to disjunctions
and conjunctions, as detailed in Section 2. This normaliza-
tion detects and caches repeated temporal subformulas, re-
ducing latches.

For example, the non-NNF formula ¢; : X(s V X(s V
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(a) Circuit generated by py-aiger-past-Itl.

(b) Circuit generated by AIGLE.

Figure 3: Comparison of size and legibility for py-aiger-past-Itl vs. AIGLE.

Xs)) is rewritten as the NNF formula @5 : Xs V XXs V
XXXs, enabling latch reuse. Similarly, for the pLTL
formula (YYp A Yq) V Y(p V ¢), AIGLE normalizes to
(YYpAYq)V(YpVYq). Fig. 4 illustrates this optimiza-
tion, showing AIGLE ’s reuse of Yp and Y ¢ nodes, reduc-
ing latches compared to py-aiger-past-1tl’s redundant nodes.
After normalization, AIGLE translates the LTL[X] formula
into pLTL via a function 7 (¢, k), where the parameter k
captures how far the formula looks into the future.

Definition 3 (Maximum X-nesting depth) The maximum
X-nesting depth k() of an LTL[X] formula o is the largest
m > 0 such that X is a subformula of ¢ for some literal
¢ (so k(@) = 0 when ¢ contains no X).

The translation 7 (¢, k) produces a pLTL formula that,
evaluated at position ¢ + k, is equivalent to ¢ evaluated at ¢.
It is defined recursively as:
 T(p, k) = Z*p, for a proposition p € AP U{T, L}

o T(=L, k) = Z*~¢, for aliteral £ € AP U {T, L}

* T(p10pa, k) =T(p1,k) o T(p2, k), foro € {A, V}

o T(X™p, k) = ZF"p, for 0 < m < k, where ¢ is a
literal (p or —p) or constant

Correctness has two parts: (1) pointwise equivalence,

(0,t) E ¢ <= (0,6t +k) E T(p,k), accounting for

the temporal shift; and (2) compatibility at initial positions

0 < j < k, ensuring GT (i, k) holds from the trace’s start.

The following examples justifies the temporal shift in the

translation.

Example 1 Consider an infinite trace o =
[-p, —p,p,p,...] starting at t = 0. For ¢ XXp
with k = 2, the translation is T(XXp,2) = Z° = p. At
t =0, (0,0) | XXp holds since p € o(2), but (0,0) = p
fails since =p € o(0). The shifted equivalence holds:
(0,0) E XXp < (0,2) Ep, asp € o(2). For global
equivalence, o = GXXp requires p € o(t + 2) for all
t > 0, holding from position 2 onward, whereas Gp fails
at positions 0 and 1. Lemma 2 ensures initial position
compatibility.

We now introduce all lemmas and theorems that establish
the soundness and completeness of our encoding and trans-
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lation. All proofs, for the interested readers, due to lack of
space, are presented in the tool web-page. The intutition is
as follows. LTL[X] formulas with X specify future proper-
ties, while pLTL references past states. To align these, we
evaluate the pLTL formula at time ¢ + k, where k is the max-
imum X nesting depth. For ¢ = XXp, at ¢ = 0, this checks
p at t = 2. Translating to Z"p and evaluating at ¢ + 2 aligns
the trace position. Lemma 1 ensures (o, t) |= ¢ if and only
if (0,t + k) = T(p, k), while initial positions 0 < j < k
needed to ensure global equivalence under G, are proven by
Lemma 2.

Lemma 1 Let ¢ be an LTL[X] formula with maximum X-
nesting depth k, andlet o € (247)%. Forallt € N: (0,t) =
o ifand only if (o, + k) = T (i, k).

Lemma 2 Let ¢ be an LTL[X] formula with maximum X-
nesting depth k, and let o € (247)%. Forall 0 < j < k:
(0,9) E T (e, k).

Theorem 1 Let ¢ be an LTL[X] formula with maximum
X-nesting depth k, and let o € (24°). Then: o =
Gy ifand only if o = GT (p, k).

3.2 Encoding pLTL into AIGER

After obtaining a pLTL formula v, AIGLE constructs an
AIGER circuit C = (I, L,o, f, faa) and a semantic map-
ping M. The construction ensures that:

¢ All latches are initialized to 0 (false),

* The output is 0 iff ¢ holds, following the SYNTCOMP

convention (Jacobs 2014),

e Temp.Subformula (Def 2) sharing via AST hashing mini-
mizes the number of latches and gates.

To bridge the gap between high-level logic and hardware,
we define the translation function [¢] ¢, which returns an
AIGER literal (an even integer for the signal, odd for its
negation). We denote literal negation as [ = [ @ 1. The
circuit is extended using two core operations:

* C.newG(a,b) creates a fresh AND gate g with inputs a

and b, effectively g <> a A b.

* C.newLat (id, next, init) creates a latch v € L with the
given next-state function and initial value.
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(a) py-aiger-past-1tl’s AST for ¢.

(b) AIGLE’s AST for ¢, reusing latches.

Figure 4: Comparison of ASTs for o = (YYpAYq) VY(pV q), showing AIGLE’s reuse of latches.

The translation is performed recursively as shown in
Alg. 1. It employs a cache to ensure that each unique tempo-
ral subformula is translated only once, implementing AST-
based sharing. This is critical for AIGLE’S compactness.
Additionally, it produces a mapping M that maintains the se-
mantic link between hardware latches and their correspond-
ing subformulas, enabling interpretability.

Alg. 1 constructs C' from v using the step latch to han-
dle initial conditions. In AIGER, all latches must initialize
to 0. To encode operators like Z¢ (which is true att = 0
regardless of ), we use the step latch: att = 0, step is
0, so C'step is 1, forcing the gate to output 1. From ¢t = 1
onwards, step becomes 1, and the circuit correctly tracks
the value of the latch assigned to . By sharing temporal
subformulas through AST hashing, AIGLE minimizes both
latch count and gate density, as evidenced in Fig. 4.

4 AIGLE: Structure and Usage

AIGLE synthesizes compact AIGER circuits from pLTL
specifications. It is implemented as a hybrid tool combin-
ing Python 3.11 for logic processing and Java for external
library integration (Fig. 2).

Implementation. The core translation from pLTL to

AIGER is implemented in Python, providing fine-grained

control over circuit construction and subformula sharing.

Key components include:

* pLTL Parsing: We employ a Parsing Expression
Grammar (PEG) approach via the parsimonious li-
brary (Rose ). This choice ensures a clear correspon-
dence between the pLTL formal grammar and the internal
Abstract Syntax Tree (AST) while maintaining efficient
linear-time parsing.

* AIGER Construction: Alg. 1 is implemented with a cus-
tom Python AIGER builder. By leveraging AST-based
hashing, AIGLE ensures that equivalent temporal sub-
formulas are mapped to the same hardware components,
maximizing gate reuse.

 LTL[X] and TLSF Support: To support the Tem-
poral Logic Synthesis Format (TLSF) (Jacobs,
Klein, and Schirmer 2016)—the standard in synthesis
competitions—AIGLE integrates two external tools:
SYFCo (Jacobs, Klein, and Schirmer ), used to extract
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Algorithm 1: EncodeToAIGER(Y):
AIGER

Input: pLTL [Z] formula v

Output: AIGER circuit C', latch map M
1 {po,.-.,Pn_1} < atoms(v)); cache < 0; M <« ;
2 Cin < {p; = 2+2i| 0 <i < n}//atoms — AIGER

inputs
C'.step + C.newLat(step_id,1,0) // 0 att = 0 then |
I+ [Y]c; C.out<+1I;
return (C, M);

pLTL —

- W

// output 0 if ¢ holds

wm

6 Function Enc (p, C') ¢ // recursive impl. of [¢] ¢
7 if cache[y] # null then return cache|p];
8 switch ¢ do
9 case T do!l + 1;
10 case L do! + 0;
11 case p; € Var dol < C.in[p;];
12 case 1 do ! + [e1]c;
13 case p; N po do
I + C.onewG([e1]o, [e2]c);
14 case Yyi do ! + C.newLat(id, [¢1]c,0);
15 case Hy; do
I + C.onewG([p1]e, [Z(He1)]o);
16 case 180 do
I = CnewG([pi]e, [Z(w2de1)]c);
17 case ©1 V o do
18 1+ C.newG([e1]c, [v2]c):
19 case Zy1 do
20 [+
C.newG(C.newLat(id, [¢1]c,0), C.step);
21 if o creates a latch then M + M U {id — ¢};
22 cache[yp] < I; return [;

the underlying LTL formula from TLSF, and the OWL
library (Kretinsky, Meggendorfer, and Sickert 2018).
Crucially, while we leverage OWL as a robust infras-
tructure for parsing and AST manipulation (via its visitor
API), the core translation algorithm that converts these
formulas to pLTL is a native implementation of AIGLE,
following the formalization in Sec. 3.1.
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Supported Input Formats.
input modes:

1. Forward Safety LTL (TLSF). For standard safety speci-
fications involving the Next (X) and Globally (G) operators,
AIGLE strictly adheres to the TLSF grammar (Jacobs, Klein,
and Schirmer 2016).

2. Past LTL (Native). For direct specifications using past-
temporal operators, AIGLE accepts formulas according to
the following grammar:

AIGLE supports two distinct

phi :: implies | since | or | and | unary | atom |
"ee" | MEE™ ] " (" phi M)

implies :: "(" phi " -> " phi ")"

since ::= "(" phi " $ " phi ")"

and ::= "(" phi (" && " phi)+ ")"

or ::= "(" phi (" || " phi)+ ")"

unary ::= "Y" phi | "Z" phi | "H" phi | """ phi

atom ::= [a zA Z_][a zA 20 9_]x | "\"" ["\"]x "\""

This grammar supports Yesterday (Y), Weak Yesterday
(2), Since ($), and Historically (H), as well as standard
Boolean connectives (&&, | |, —>). The tilde (7) denotes
Negation.  Full parenthesization is required. Example:

((Y p&& Z2 (Haq)) Il 7Y (p Il r)).
Usage. AIGLE is invoked from the command line:

python3.11 aigle.py "Y p"
aag

output circuit

Key options:

——input-type pltl (default): Input is a pLTL for-
mula.

——input-type tlsf Input is a TLSF specification;
AIGLE converts it using a Java backend.

-o, ——output Target AIGER file path.

-m, —--map-file Generates a human-readable mapping
of latches to subformulas.
-v, —-verbose Enables debugging logs.

Example executions:

# Past LTL formula
python3.11 aigle.py " (Y(pl)
~» ~0 out.aag

&& Z(H(q)))"

# TLSF specification
python3.11 aigle.py input type tlsf
— spec.tlsf -o out.aag

# Reading formula from stdin

echo "Y(pl)" | python3.11 aigle.py
— output out.aag

cat formula.pltl | python3.11 aigle.py
— output out.aag

The resulting .aag file is fully compliant with SYNT-
COMP tools and can be used directly by solvers such as
ABC, YosyYs, or BIPAR.

5 Empirical Evaluation

We evaluate AIGLE by addressing the research questions
(RQ1-RQ3) outlined in Section 1. We focus on quantifying
the reduction in circuit complexity, the resulting impact on
formal verification performance, and the tool’s scalability.
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Experimental Setup. We evaluated AIGLE following the
architecture in Sec. 4. Realizability checks—used to vali-
date the correctness of the synthesized circuits—were per-
formed using ABSSYNTHE (Brenguier et al. 2014), a high-
performance solver in the SYNTCOMP AIGER track. Ex-
periments were conducted on Intel Xeon 2.6 GHz nodes
with 16 GB RAM under GNU/Linux. To ensure repro-
ducibility, our replication package—including the source
code, a pre-configured Docker, benchmarks, and evalua-
tion scripts—is available at: https://sites.google.com/view/
aigle-tool.

RQ1: Circuit Compactness and Interpretability.
AIGLE minimizes circuit size through pastification and
AST-based subformula sharing (Section 3.2). We com-
pare against py-aiger-pltl (Vazquez-Chanlatte
and Rabe b), the current state-of-the-art for pLTL-to-
AIGER translation. Since no standardized benchmarks
exist for high-level LTL-to-AIGER translation (standard
benchmarks are already in AIGER), we follow the method-
ology of recent LTL evaluations (Artale et al. 2023a;
Brizzio et al. 2023) and generate 10 independent sets
(S1,...,510) of 100 pLTL formulas each, following best
practices for randomized algorithm evaluation (Arcuri and
Briand 2011).

Dataset construction. Formulas are generated recur-
sively according to the pLTL grammar: beginning from
atomic propositions pg, p1, - - ., the generator applies at each
step a randomly chosen operator—unary temporal (Y, Z,
H), binary temporal (S), negation, or Boolean connective—
according to a fixed probability distribution. AND-type con-
nectives are favored, reflecting the AIGER AND-only basis,
while disjunction and implication appear with lower proba-
bility to exercise the De Morgan rules. Recursion terminates
when the formula reaches a target operator count sampled
uniformly from [50, 200]. The resulting benchmark contains
N = 1,000 formulas (mean operator count p = 125, std.
dev. ¢ = 43); all pLTL operators appear across the dataset,
ensuring every translation rule is exercised.

Fig. 5 compares total circuit size (inputs + latches +
gates), a metric used in recent interpretability studies (Dong
et al. 2025; Nazari, Amini, and Raghothaman 2025; Nadeem
et al. 2025). AIGLE achieves an average reduction of 96%.
Fig. 6 breaks down the improvement: AIGLE uses 95%
fewer latches and 97% fewer AND gates. This reduc-
tion yields circuits with typically under 100 nodes—orders
of magnitude smaller than the output of existing tools, and
small enough for direct human inspection. Together with the
semantic mapping evidence (AIGLE’s latches carry names
like Y_p and Y_Y _p reflecting the temporal subformulas
they encode), these results empirically validate both axes of
interpretability defined in Section 2.

Ablation Analysis. To evaluate the impact of AIGLE’s
internal optimizations, we performed an ablation study by
disabling AST-based sharing. In this configuration, AIGLE
produces circuits structurally equivalent to the baseline
py-aiger-pltl, with gate counts increasing by up to
two orders of magnitude in complex formulas. This con-
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Figure 6: Latch and AND-gate counts for the same 1,000 formulas.

firms that AST-based sharing is the primary driver of the
compactness results illustrated in Fig. 5. Crucially, NNF
normalization (Section 2) is a key enabler for effective shar-
ing: by pushing negations to the leaves and X operators to-
ward literals, NNF ensures that semantically equivalent sub-
formulas achieve a canonical syntactic representation in the
AST.

RQ1—Circuit Compactness and Interpretability

AIGLE reduces circuit size by 96%, latches by 95%,
and AND gates by 97% compared to py-aiger-pltl. The
resulting circuits are compact enough to support inter-
pretability and downstream analysis.
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RQ2: Realizability Performance. Figs. 7 and 8 show re-
alizability time using ABSSYNTHE for all 1,000 formulas.
Each point represents one formula, with operator count on
the z-axis, synthesis time (log-scale, up to 600s) on the y-
axis, and point size encoding circuit size logarithmically;
sets are distinguished by hue. Marginal density plots flank
the axes: the top panel shows the distribution of formula
sizes per set, and the right panel the distribution of synthe-
sis times per set. In this context, a specification ¢ is real-
izable if there exists a strategy (controller) that, for every
input sequence, produces an execution satisfying ¢; equiva-
lently, a winning strategy exists in the induced safety game
on the AIGER circuit. We focus on realizability because
the AIGER format is the de-facto standard for reactive syn-
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thesis competitions, where the compactness of the monitor
circuit is critical: redundant latches and gates directly en-
large the state space, often causing exponential blow-ups in
solving time. By measuring realizability, we demonstrate
that AIGLE’s structural optimizations significantly reduce
the computational burden for downstream synthesis tools.

Using AIGLE (blue), ABSSYNTHE solves every single in-
stance in under one second—forming a razor-thin line at the
bottom of the log-scale plot. In contrast, py—aiger-pltl
(red) exhibits exponential growth: most formulas time out
after 600 seconds, with even the fastest ones orders of mag-
nitude slower. This yields an avg. speedup of more than
600 x.

RQ2—Realizability Performance

AIGLE enables sub-second realizability for formulas up
to 200 op., achieving a speedup of more than 600 .
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RQ3: Efficiency and Practical Deployment. AIGLE
generates circuits for formulas with hundreds of operators
in milliseconds. This efficiency is critical not only for real-
time verification but for the evolution of the field’s bench-
marks. Currently, most safety benchmarks in competitions
like SYNTCOMP are distributed only in AIGER format.
While functional, these circuits are often “opaque” and dif-
ficult to reverse-engineer or use for fine-grained tool anal-
ysis. By providing a direct path from high-level LTL[X]
and pLTL to compact AIGER, AIGLE enables researchers
to create new, traceable benchmarks. The results of RQ1 di-
rectly support this: AIGLE consistently produces circuits un-
der 100 nodes with semantically labeled latches (Figs. 5-6),
demonstrating that traceability is preserved at scale—a prop-
erty absent in standard SYNTCOMP benchmarks, where the
original specification is discarded.
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RQ3—Efficiency and Practicality

AIGLE generates compact circuits in milliseconds, pro-
viding a scalable framework to modernize and ex-
pand current benchmark libraries with legible, high-level
specifications.

6 Conclusion and Future Work

Conclusion. AIGER circuits are a fundamental input for-
mat in hardware verification, reactive synthesis, and hy-
perproperty analysis (Biere 2007; Langedijk, Jumelet, and
Zuidema 2025). Yet, no tool currently offers a direct, com-
pact translation from high-level temporal specifications sup-
ported by a formal proof of correctness. Most existing tools
rely on multi-step pipelines that result in bloated, obfuscated
circuits, hindering the adoption of AIGER in critical do-
mains like Al-driven verification and autonomous systems.

This paper introduced AIGLE, a tool that generates mini-
mal AIGER circuits from safety LTL[X] or full pLTL spec-
ifications. AIGLE provides a provably correct translation
from LTL[X] to pLTL that ensures semantic correctness
while delivering:

* significant size reductions (up to 96%) compared to the
state-of-the-art (py—aiger—-pltl),

* human-readable latch labels that provide a direct seman-
tic mapping to the specification,

» efficient generation in milliseconds, significantly improv-
ing the performance of downstream synthesis and realiz-
ability solvers.

Recent studies underscore the urgent need for circuit
interpretability—which we define as the combination of
structural compactness and a clear correspondence between
circuit components and temporal logic (Section 2). While
downstream approaches (Nazari, Amini, and Raghothaman
2025; Nadeem et al. 2025) attempt to simplify already
bloated circuits, AIGLE works upstream. By generating
minimal, semantically labeled circuits from the start, it elim-
inates the need for complex post-processing and enables en-
gineers to debug and synthesize with clarity from the first
step. To our knowledge, AIGLE is the first tool providing
direct LTL[X]/pLTL input, a formal proof of soundness, and
high-performance execution suitable for research and indus-
trial workflows.

Discussion and Future Work. The rise of Al-generated
specifications via LLMs (Xu, Feng, and Miao 2024; Tang
and Belle 2024) will flood verification pipelines with com-
plex formulas, demanding tools that can handle the load
without sacrificing clarity. AIGLE addresses this by scal-
ing to formulas with 200+ operators in milliseconds while
producing circuits suitable for real-time analysis.

Future work includes extending AIGLE to full LTL, inte-
grating it with LLM-to-LTL pipelines for natural language
synthesis, and developing visualization tools for latch-to-
subformula mappings. AIGLE aims to modernize AIGER
generation, offering the first compact, and practical transla-
tion framework ready for automated verification and synthe-
sis ecosystems.
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