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Abstract. .HyperLTL extends Linear Temporal Logic (LTL) with 
explicit trace variables and quantification over traces, allowing formu-
las to r elate multiple executions within a single specification. Conse-
quently, .HyperLTL has become an important specification formalism for 
hyperproperties, i.e., properties of sets of traces rather than individual
traces. However, the satisfiability of .HyperLTL is undecidable, so fully 
automatic reasoning cannot, in general, replace deductive method s to
establish validity. Furthermore, .HyperLTL restricts trace quantification 
to the outermost scope of formulas. In this paper, we study .HyperLTL∗, 
a generalization that removes this restriction by allowing trace quan-
tifiers to occur under temporal operators. We present a Gentzen-style
sequent calculus for .HyperLTL∗ and establish completeness by means of 
suitable infinitary rules. We then derive sound finitary principles that are 
amenable to interactive theorem proving and can serve as a foundation
for mechanized reasoning. We illustrate the use of the calculus on rep-
resentative .HyperLTL-style specifications that are difficult to discharge 
by existing automatic procedures. Finally , we analyze the expressiveness
of .HyperLTL∗ and discuss how the calculus can be combined w ith first-
order reasoning infrastructure.

Keywords: .HyperLTL · proof system · interactive theorem proving ·
first-order logic · satisfiability

1 Introduction 

Hyperproperties [19] generalize the notion of trace properties [2]  from  sets  of  
traces (paths) to sets of sets of traces. Requirements on computing systems that 
are hyperproperties but not trace properties include information flow security
policies such as noninterference [36], observational determinism [50], sensitiv-
ity and robustness requirements in cyber-physical systems [49], and consistency 
conditions such as linearizability in concurrent data structures [13], and so on.

Formulas in classical temporal logics, such as Linear T emporal Logic (LTL)
[44], Computation Tree Logics (CTL and CTL*) [17,26], and .μ-calculus [41], 
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characterize sets of traces or sets of Kripke models. However, expressing specific 
properties of sets of traces, such as epistemic properties, typically requires the
addition of dedicated modalities to these logics. .HyperLTL [18], due to Clarkson 
et al., extends LTL by introducing trace variables and quantification over the 
trace domain. This mechanism makes it possible to express relational specifica-
tions by correlating the valuations of propositions across multiple traces. Hence,
.HyperLTL provides a powerful framework for expressing properties over sets of 
traces. Automatic verification techniques have been developed for .HyperLTL, 
including model- and satisfiability-checking algorithms [27–29,33]. With these 
techniques, .HyperLTL has become a predominant specification logic for hyper-
properties and has been successfully applied to fundamental securit y policies,
distributed protocols and coding theories [28,30]. 

The model-checking complexity of .HyperLTL formulas over finite Kripke 
structures is non-elementary [18]; moreover, neither satisfiabilit y [27] nor synthe-
sis [29] is decidable for the full logic. This inherent complexity makes deductive 
methods particularly relevant: they provide a complementary reasoning mode 
when algorithmic procedures diverge or do not apply. In this paper, we consider
.HyperLTL∗, which extends .HyperLTL by removing the restriction on quantifiers 
not to appear in the scope of temporal o perators. We propose a complete proof
system for .HyperLTL∗, obtained by extending a Gentzen-style calculus with .ω-
and .Coω-rules. This yields a proof-theoretic basis for interactiv e theorem proving
for .HyperLTL∗, complementing automated verification techniques and enabling 
the formal derivation of specifications that remain b eyond the reach of fully
automatic methods.

Our proof system is presented in the Gentzen style, building u pon the one
for LTL [35] while incorporating modified temporal rules and extra trace quanti-
fier rules. Additionally, more powerful induction rules, the .ω-rule and .Coω-rule, 
are required. This necessity arises because .HyperLTL lacks the finite model 
property [34], rendering the finiteness-of-premise assumption in LTL’s proof sys-
tem [35] inadequate. Consequently, an induction axiom similar to that of LTL
[35] is insufficient to guarantee the existence of witnesses for trace quantifiers. 
Indeed, it is well established that no finitary proof system for a non-compact
logic can achieve strong completeness [45]. We provide rigorous proofs for both 
the soundness and the c ompleteness of our proof system.

Furthermore, we show that .HyperLTL∗ is more expressive than . HyperLTL
but still strictly subsumed by the first-order logic .FO[<,E]. To showcase the 
utility of our proof system, we illustrate its application to formulas with multiple 
quantifier alternations, which are hard to handle by automatic techniques.

1.1 Related Work 

We briefly review prior work on (i) specification formalisms for hyperproperties 
and (ii) reasoning and verification techniques for such formalisms.

Hyperlogics. Alur et al. observed that opacity is not expressible in the .μ-calculus 
[4], despite the fact that the .μ-calculus subsumes LTL, CTL. 

∗, dynamic logic, and
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related modal formalisms. This illustrates a general phenomenon: many security 
and consistency requirements are not properties of a single execution, but rather 
constrain sets of executions (hyperproperties). To capture suc h requirements, a
variety of hyperlogics has been developed, can be briefly summarized as follows:

1. Encoding via model restrictions. Structural assumptions on the model (e.g., 
symmetry) can make certain hyperprope rties definable in standard logics;
examples include observational determinism [6,39] and noninterference [7]. 

2. Adding dedicated modalities. Examples include path-equivalence modalities i n
branching-time logics [3], the hide modality .H in SecLTL [24], and epistemic 
modalities [5]. 

3. First-order and first-order inspired formalisms. Monadic first-order logic with 
the equal-level predicate is studied in [34], and alternative quantifier disci-
plines are investigated in [8]. 

4. Explicit trace/path quantification. This line includes QLTL [47], Hyp erPDL-
.Δ [37], HyperAT L. 

∗ [10], HyperCTL. 
∗ [18], and so on. In which .HyperLTL is 

a prominent instance.

Further perspectives include team semantics for temporal logics [42,48]. 
Beyond the synchronous finite-state setting, the high complexity of reasoning 
about asynchronous systems has motivated dedicated logics [9,14,38]; similarly, 
quantitative and probabilistic variants have been considered [1,25,33]. A prelim-
inary comparison of these formalisms in terms of expressiv eness and algorithmic
problems is given in [21]. 

From a proof-theoretic viewpoint, strong completeness for non-compact logics 
is typically obtained via infinitary i nference principles; examples include intu-
itionistic temporal logic [15] and higher-order duration calculus [51,52]. However, 
these systems are Hilbert-style and do not target trace-quantifying temporal 
hyperlogics; to the best of our knowledge, a strongly complete Gentzen-style
calculus in this setting has not previously been developed.

Verification of Hyperproperties. Inspired by the success of classical modal and 
temporal logics, most of the existing work on hyperlogics focus on automatic 
verification techniques such as mo del- and satisfiability-checking, synthesis, and
monitoring. Model- and satisfiability-checking tools for .HyperLTL were pre-
sented in [22,33] and [27,28,30], respectively. Synthesis tools were presen ted in
[29]. Runtime monitoring tools of .HyperLTL were reported in [31,32]. Recently, 
repairing programs w.r.t. .HyperLTL was investigated in [11]. 

In general, the computational complexity of .HyperLTL exceeds that of classi-
cal temporal logics [27]. It is well known that LTL model c hecking is PSPACE-
complete [46]. In contrast, .HyperLTL model checking over finite Kripke struc-
tures is nonelementary [33], and its satisfiability is not semi-decidable [34]. As 
a consequence, .HyperLTL admits no finitary proof system that is strongly com-
plete. The largest known decidable fragment of .HyperLTL consists of formulas 
with quantifier prefix of the form .∃∗∀∗ [21]; important information-flow poli-
cies such as general noninterference (GNI) and state opacity lie outside this 
fragment. This motivates interactive and semi-automated reasoning, for which
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a proof system is a prerequisite. To the best of our knowledge, the o nly proof
system available in the literature [20] handles only a fragment of .HyperLTL and 
does not establish full proof-theoretic metatheory such as (strong) completeness. 
More recently, a set of co-induction proof rules for a fragment of .HyperLTL of 
the type .∀∗∃∗ ψ is reported in [23], where . ψ is an LTL formula. This motivates 
us to investigate this issue in this paper.

Organization. The rest of this paper is organized as follows: Sect. 2 defines the 
syntax and semantics of .HyperLTL∗, Sect. 3 presents a proof system in Gent zen
style for .HyperLTL∗, while Sect. 4 proves the completeness of the pro of system,
Sect. 5 discusses the expressiveness of .HyperLTL∗, Sect. 6 presents a case study, 
and finally Sect. 7 draws a conclusion and discusses future work.

2 Syntax and Semantics of . HyperLTL∗

In this section, we define .HyperLTL∗ by lifting the .HyperLTL restriction that 
trace quantifiers cannot occur within the scop e of temporal operators. The logic
.HyperLTL∗ has the same syntax as HyperCTL. 

∗ [18]. However, HyperCTL. 
∗ is 

interpreted over Kripke structures, .HyperLTL∗ is interpreted over trace sets, as
in .HyperLTL. 

Definition 1. A .HyperLTL∗ vocabulary consists of a countable set of t race vari-
ables . T, and a countable set of propositional letters . P. The syntax of . HyperLTL∗

formulas is defined by the fol lowing BNF:

. ϕ ::= aπ | ∃πϕ | ¬ϕ | ϕ ∧ ϕ | ϕ | ϕUϕ

where .a ∈ P and .π ∈ T. 

In Definition 1, . reads next and . U reads until, as in LTL. T he propositional
constant . ⊥, the Boolean connectives . ∨ and . →, the universal quantifier . ∀,  and  
the temporal operators . R, . ♦, . ,  and .W are treated as s tandard abbreviations:
.ϕRψ =̂¬(¬ϕU¬ψ), ♦ϕ =̂ ϕ, ϕ =̂ ¬♦¬ϕ, ϕWψ =̂ ϕ ∨ (ϕUψ). 

Let .Σ =̂ 2P. A model .M is a pair .(T,Π) consisting of a set of traces . T ⊆ Σω

and a partial trace assignment .Π : T → T . 

Definition 2. Given a .HyperLTL∗ formula . ϕ,  a  model .M =̂ (T,Π),  and  a  ref-
erence position .i < ω, the satisfaction of .ϕ in .M at position . i, denoted b y
.M, i |= ϕ, is defined inductively a s follows:

M,  i  
M,  i aπ iff a ∈ Π(π)[i] 
M,  i  ¬ϕ iff M,  i ϕ 
M,  i ϕ ∨ ψ iff M,  i ϕ or M,  i ψ 
M,  i ϕ iff M,  i  +  1 ϕ 
M,  i ϕUψ iff ∃j ≥ 0 .M,  i  + j ψ and ∀k  <  j.M,  i  + k ϕ 
M,  i  ∃πϕ iff there exists t ∈ T such that M[π t], i ϕ
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where .M[π t] =̂ (T,Π[π t]) denotes the model obtained from .M by 
updating .Π to map . π to . t. The empty assignment is written .Π∅. Given a s entence
. ϕ, we write .T, i ϕ for .(T,Π∅), i ϕ. Given a set of formulas . Γ and a f ormula
. ϕ, we write .Γ ϕ if, for a ll .i ∈ N and all models .M, .M, i γ for al l . γ ∈ Γ
implies .M, i ϕ. 

The sets .FV(ϕ) and .BV(ϕ) of trace variables which have free and b ound
occurrences in formula . ϕ, respectively, are defined as usual.

The following coincidence lemma is straightforward.

Lemma 1. If .Π1|FV(ϕ) = Π2|FV(ϕ), then .(T,Π1), i ϕ iff . (T,Π2), i ϕ.

In what follows, .ϕ[π /π] denotes the substitution of . π by .π for all free o ccur-
rences of . π in . ϕ. 

Lemma 2. If .π BV(ϕ), then .M, i ϕ[π /π] is equivalent to . M[π
Π(π )], i ϕ for al l .M and al l .i < ω. 

3 A Sequent Calculus .LHω for . HyperLTL∗

A sequent is a pair of (possibly infinite) sets of .HyperLTL∗ formulas, w ritten
.Γ Δ. We call .Γ Δ valid if, for every model .M and every .i ∈ N, . M, i |= Γ
implies that there exists .ϕ ∈ Δ such that .M, i |= ϕ. In what follows, w e write
“.Γ,Δ”  f  or .Γ ∪ Δ,  “.Γ, ϕ”  f  or .Γ ∪ {ϕ},  and .

−1 Γ for .{γ | γ ∈ Γ}. 
We present a Gentzen-style proof system for .HyperLTL∗, denoted b y .LHω, 

in Table 1. The system .LHω consists of four groups of inference rules, respec-
tively for Boolean connectives, temporal operators, trace q uantifiers, and gen-
eral structures. The rules for connectives .¬ and .∧ are standard, the same as 
in first-order logic. The rules for temporal operators . , . ♦,  and .U (and their 
combinations) are essentially the same as in LTL, except that we use infinitary
rules (. ω and .Coω) in place of the induction axiom . (ϕ → ϕ) → (ϕ → ϕ). 
We will explain why later. The rules for trace quantifiers are new, but follow 
standard proof-theoretic patterns. The structural rules are essentially the same

as in LTL, but we omit the generalization rule .
ϕ

ϕ
. The role of its infinitary 

sequent counterpart .
Γ ϕ

{ γ | γ ∈ Γ ϕ
is largely assumed by t he derived rule

.G (see belo w).

3.1 Why .ω-Rule 

It is well-known that LTL has the small (lasso) model property [40], thus it is 
reasonable to assume a premise set .Δ to be finite. Without this assumption, 
LTL cannot have a finite complete proof system [15]. A notable coun terexample
is .Γ = { k p | k ∈ N} ∪ {♦¬p}. Clearly , .Γ is infinite and not satisfiable, and 
for any LTL formula . ϕ,  we  have .Γ |= ϕ and .Γ |= ¬ϕ. If LTL has a finite 
complete proof system without the assumption, it follows .Γ ϕ and .Γ ϕ,
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Table 1. Proof System . LHω

Boolean rules: 

(L¬) Γ ϕ 
Γ, ¬ϕ χ (R¬) Γ, ϕ 

Γ ϕ (L∧) Γ, ϕ, ψ χ 
Γ, ϕ ∧ ψ χ (R∧) Γ ϕ Γ ψ 

Γ ϕ ∧ ψ 

Temporal rules: 

(R ) 
−1 Γ ϕ 
Γ ϕ (R¬ ) Γ ¬ϕ 

Γ ϕ (L¬ ) Γ, ¬ϕ χ 
Γ, ¬ ϕ χ 

(♦ ) Γ ♦ϕ 
Γ ♦ ϕ (ω) { k ϕ | k ∈ N ϕ 

(Coω) 
♦ϕ k ϕ, ∃k ∈ N 

(♦U) Γ ϕUψ 
Γ ♦ψ (LU) Γ, ψ χ  Γ,  ϕ,  ¬ψ, (ϕUψ) χ 

Γ, ϕUψ χ (RU) Γ, ¬ϕ ψ  Γ,  ϕ,  ¬ (ϕUψ) ψ 
Γ ϕUψ 

Quantifier rules: 

(R∃) Γ ϕ[π /π] 
Γ πϕ (L∃) Γ, ψ[π /π] ϕ 

Γ, ∃πψ ϕ π ∈ FV(Γ ∪  {  ∃πψ, ϕ}) 

(R ∃) Γ ∃πϕ 
Γ π ϕ (L ∃) Γ, ∃πϕ χ 

Γ, ∃π ϕ χ 

Structural rules: 

(As) 
Γ, ϕ ϕ (Wk) Γ χ 

Γ, Δ χ (Cd) Γ, ¬ϕ 
Γ ϕ

( ⊥)
Γ ⊥
Γ χ

(Cut)
Γ ψ Γ, ψ ϕ

Γ ϕ

which is a contradiction. On the other hand, [34] proved that HyperLT L, let 
alone .HyperLTL∗, have no established form of small model property. Hence, the 
proof system .LHω has to have two infinitary rules .(ω) and .(Coω), that relate . 
to . (dually . ♦) with infinitely many premises (conclusions). Fortunately, these 
infinitely many premises can sometimes, if not often, be obtained by induction, 
which could b e proved automatically in interactive theorem provers, like Rocq.

3.2 Proofs and Derivability in . LH  ω  

A  pro  of . P in a proof system with infinitary rules such as .LHω is a tree . P of heigh t 
.H(P ), possibly with infinite width, labeled with sequents, defined as follows:

– any instance of an axiom, that is, a proof rule without premises, is a pro of,
with .H(P )  =  1; 

– if . Pis are proofs of all the premises of some instance of a proof rule, where
.i ∈ I and . I may be finite or infinite, then the tree .P is with the conclusion 
of the rule instance as root, and . Pis as immediate descendants, with . H(P )  =  
supi∈I(H(Pi) + 1). 

Sequent .Γ ϕ is derivable in .LHω, written .Γ LHω ϕ, if it is the label of the 
root of a proof.
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3.3 Soundness of . LH  ω  
Theorem 1 (Soundness). For any sequent .Γ ϕ, .Γ LHω ϕ implies .Γ ϕ. 

Proof. This is done by induction on .H(P ). We only provide proofs for .(R∃) and 
.(L∃), the remaining cases are s traightforward. 

– .(R∃): Suppose .Γ ϕ[π /π ]. The induction hypothesis implies .Γ ϕ[π /π ]. 
This means that for an y .M,  i  as given in Definition 2, .M,  i  |= Γ implies 
.M,  i  |= ϕ[π /π]. By Lemma 2, .M,  i  |= ϕ[π /π] means that . M[π Π(π )],  i  |= 
ϕ[π /π], i.e., .M,  i  |= ∃πϕ according to Definition 2. 

– .(L∃): Suppose .Γ, ψ[π /π] ϕ with .π being not free in .Γ, ∃πψ, ϕ.  Thus,  i  t  
follows .Γ, ψ[π /π] ϕ by the induction hypothesis. That is, for any .M,  i, 
.M,  i Γ and .M,  i ψ[π /π] implies .M,  i ϕ.  A  s  .π is not free i n .Γ, ∃πψ, ϕ, 
according to Definition 2, .M,  i ψ[π /π] iff .M,  i ∃πψ. Whence, for a ny 
.M,  i, .M,  i Γ and .M,  i ∃πψ implies .M,  i ϕ, i.e., .Γ, ∃πψ |= ϕ. . 

4 Completeness of . LH  ω  

We establish the completeness o f .LHω by the following steps: first showing that, 
for any set of formulas . Δ,  i  f  .Δ is consistent w.r.t. .LHω, that i s .Δ LHω

⊥, then 
a maximal .Δ ⊇ Δ exists such that .Δ LHω ⊥ too; then showing how such a 
.Δ can be used to build a model to refute .Δ ⊥; finally, by contraposition, 
this implies that .Δ LHω

ϕ which is immediately derivable with .Δ, ¬ϕ LHω
⊥, 

follows from .Δ ϕ, by virtue of its equivalence with .Δ, ¬ϕ ⊥. 

4.1 The Conservativeness of .HyperLTL∗ over LTL 

To cut down the parts of the proof which essentially pertain to LT L, we estab-
lish and use the fact that .LHω extends theoremhood as known for LTL in a 
conservative way .

Proposition 1. Every substitution instance of a valid propositional LTL for-
mula is a theorem in .LHω. 

This means that, e.g., . LHω ∃π♦aπ ∨ ¬∃π♦aπ follows from the v alidity 
of . q ∨ ¬ q in LTL, regardless of the fact that the position of . q in the latter 
formula is taken b y .∃π♦aπ,  which  i  s .HyperLTL∗-specific. 

Proof. Induction on the construction of LTL Hilbert-style proofs (cf. e.g., [43]) 
of the translation 

. t(α[∃π1χ1/q∃π1χ1 ,  .  .  .  ,  ∃πN χN /q∃πN χN ,  a1 
ρ1 

/a 1ρ1
, . . . , aM

ρM
/aM

ρM
]) =̂ α

of the given LTL substitution instance of LTL formu la . α which maps every quan-
tified .HyperLTL formula .∃πχ or subscripted atomic proposition .aρ to distinct 
fresh propositional variables .q∃πχ and (the eponymous) . aρ, respectively. . 
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4.2 The Deduction Theorem and Some Derived Rules in . LH  ω  
Proposition 2 (Deduction Theorem). For any set of formulas .Γ and for-
mula . ϕ, .Γ, ϕ θ iff Γ ϕ → θ. 

Proof. .⇒: .Γ, ϕ θ implies .Γ, ϕ, ¬θ by ( L. ¬). It follows .Γ, ϕ ∧  ¬θ by 
(L. ∧). Hence, it deriv es .Γ (ϕ ∧  ¬θ) by ( R. ¬), that is .Γ ϕ → θ. 
.⇐: Clearly, .Γ ϕ → θ implies .Γ (ϕ ∧  ¬θ), which giv es .Γ, ϕ ∧  ¬θ by 
(L. ¬). Moreover, we have .Γ, ϕ, ¬θ ϕ ∧ ¬θ by (As) and .(R∧)2. It follo ws that 
.Γ, ϕ, ¬θ by (Cut). Hence .Γ, ϕ θ by .(R¬). . 

Now the rule shown in Table 2 can be easily derived in .LHω: 

Table 2. Some Derived R ules 

(¬ )k Δ k ϕ 
Δ k ¬ϕ 

,  k  ∈ N (L∀) Δ, ψ[π /π] χ 
Δ, ∀πψ χ 

(♦ )k Δ k ♦ϕ 
Δ ♦ k ϕ 

,  k  ∈ N (R∀) Δ ϕ[π /π],  π FV(Δ ∪  {∀πϕ}) 
Δ πϕ 

(L ) Δ, ϕ, ϕ χ 
Δ, ϕ χ (R ) Δ ϕ Δ, ( ϕ) ϕ 

Δ ϕ 

(G ) Δ (¬ϕ ∨ ϕ) 
Δ, ϕ ϕ (L∨) Δ, ϕ χ, Δ, ψ χ 

Δ, ϕ ∨ ψ χ 

(R∨1) 
Δ ϕ 

Δ ϕ ∨ ψ ( R∨2) 
Δ ψ 

Δ ϕ ∨ ψ

Proof. .R∀ and .L∀ can be proved by the following proof fragments r espectively, 
for i nstance: 

. 

Δ, ψ[π /π] χ 
Δ, ¬χ ψ[π /π] 

L¬,  R¬ 

Δ, ¬χ π¬ψ 
R∃ 

Δ, ¬∃π¬ψ χ 
L¬,  R¬ 

Δ ψ[π /π] 
Δ, ¬ψ[π /π] 

L ¬ 

Δ, ∃π¬ψ 
L∃ 

Δ π ¬ψ
R¬

The other rules can be obtained as single applications of Proposition 1, possibly 
Proposition 2,  and .MP , using the theoremhood in LTL of the following formulas, 
given in the order of appearance of the related rules: .¬ k ϕ → k ¬ ϕ, . k ♦ϕ → 
♦ k ϕ, .(ϕ ∧ ϕ → χ) ↔ ( ϕ → χ), .ϕ → ( (ϕ → ϕ) → ϕ ), . ϕ → ((ϕ → 
¬ ♦¬ϕ) → ϕ ), .(ϕ → χ) → ((ψ → χ) → (ϕ ∨ ψ → χ)),  and  .ϕ → ϕ ∨ ψ. . 

4.3 A Canonical Model 
Definition 3. A set of formulas .Δ is called consistent,  i  f  .Δ LHω ⊥. .Δ is called 
a maximal consistent set, if there does not exist .Δ Δ that satisfies .Δ . 

In the sequel we often omit the .LHω in . LHω to improve readabilit y. 

Lemma 3. Let .Δ be a maximal consistent set and .ϕ, ψ be formulas. T hen 
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(i) .ϕ Δ iff .¬ϕ ∈ Δ,  and  .Δ ϕ implies .ϕ ∈ Δ; 
(ii) .ϕ ∧ ψ ∈ Δ iff .ϕ ∈ Δ and .ψ ∈ Δ; 
(iii) .ϕUψ ∈ Δ iff .ψ ∈ Δ,  o  r  .¬ψ, ϕ, (ϕUψ) ∈ Δ; 
(iv) .¬ ϕ ∈ Δ iff . ¬ϕ ∈ Δ; 
(v) .∃π ϕ ∈ Δ iff . ∃πϕ ∈ Δ. 

Given the consistency of . Δ, the first statement of .(i) is indeed equivalent to 
the maximality o f . Δ. 

Proof. The proofs of (i) and (ii) are as in classical propositional logic. We skip 
the easy directions i n the proofs of (iii), (iv) and (v) below to o:

(iii) .(⇒) Assume .ϕUψ ∈ Δ, .ψ Δ and .χ Δ, for some .χ ∈  {¬ψ, ϕ, (ϕUψ)}. 

– .χ = ¬ ψ: From (i), we hav e .¬ψ ∈ Δ and .¬¬ψ ∈ Δ, obviously contradicts to 
the consistency of . Δ. 

– .χ = ϕ: Also, by (i), we hav e .¬ϕ ∈ Δ. Obviously , .¬ψ, ¬ϕ, ψ ,  a  nd  
.¬ψ, ¬ϕ, ϕ, (ϕUψ) . Hence, .¬ψ, ¬ϕ, ϕUψ by (.LU), which giv es 
.¬ϕ, ¬ψ (ϕUψ ) by (.R¬). This concludes that .Δ (ϕUψ), that contra-
dicts to the consistency of . Δ. 

– .χ = (ϕUψ ): Likewise, by (i), we hav e .¬ (ϕUψ) ∈ Δ.  Obvi-
ously, .¬ψ, ¬ (ϕUψ),  ψ ,  and  .¬ψ, ¬ (ϕUψ),  ϕ, (ϕUψ) . H ence, 
.¬ψ, ¬ (ϕUψ),  ϕUψ by (.LU), which giv es .¬ϕ, ¬ (ϕUψ) (ϕU ψ) by 
(.R¬). This concludes that .Δ (ϕUψ) by (Wk), which contradicts t he con-
sistency of . Δ. 

(iv) .(⇒): . ¬ϕ ∈ Δ implies .Δ ¬ϕ by (.As), which implies .Δ ϕ by 
.(R¬ ). Hence, it follows .¬ ϕ ∈ Δ by (i). 
.(⇐): . ¬ϕ Δ implies .Δ, ¬ϕ by (i), which implies .Δ, ¬ ϕ by 
.(L¬ ). Thus, it follows .¬ ϕ Δ by (i). 

(v) Similar to the proof of (iv). . 

Lemma 4. If .Δ is a maximal consistent set then so i s . −1 Δ. 

Proof. Any hypothetical proof o f . −1 Δ LHω ⊥ can be used to obtain a proof 
of .Δ LHω ⊥ by means o f .(R ),  and  .( ⊥ ) allows deriving .Δ LHω ⊥ from 
that, which gives rise to a contradiction. Maximality is established by observing 
that the equivalence between . ϕ ∈ Δ and .¬ ϕ Δ implies the equivalence 
between .ϕ ∈ −1 Δ and .¬ϕ −1 Δ. . 

Definition 4. Let .Δ be a set of formulas. 

– .Δ has the .∃-property iff for any .∃πϕ ∈ Δ, there exists a trace variable . π 
such that .ϕ[π /π] ∈ Δ. 

– .Δ has the .U-property iff for any .ϕUψ ∈ Δ, there exists a .k ∈ N such that 
. 

k ψ ∈ Δ. 
– .Δ has the strengthened .U-property iff for any . j(ϕUψ) ∈ Δ, there exists 
an .n ≥ j such that . n ψ ∈ Δ. 
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Lemma 5. If a maximal consistent set .Δ has the .∃-property, then so d oes 
. 

−1 Δ. 
Proof. For any .∃πϕ ∈ −1 Δ, by the definition of . −1 Δ,  we  have  . ∃πϕ ∈ Δ. 
By Lemma 3,  we  have  .∃π ϕ ∈ Δ. Since .Δ has the .∃-property, . ϕ[π /π] ∈ Δ 
for some . π , and thus .ϕ[π /π] ∈ −1 Δ. . 

Let .T =̂ T ∪  {πk : k  < ω}, where .{πk : k  <  ω  } is a countable set of f resh trace 
v ariables. 

Definition 5. Given a s et . Γ of .HyperLTL∗ formulas over . T , . Cn(Γ )  ̂= {ϕ | Γ 
ϕ },  and  .Γ + ϕ =̂ {θ | ϕ → θ ∈ Cn(Γ )}. 

Using this notation, Proposition 2 can be written a s .Γ + ϕ = Cn(Γ ∪  {ϕ}). 

Lemma 6 (Lindenbaum Lemma). For any set of formulas .Δ in the given 
vocabulary .T ∪ P,  i  f  .Δ , then there exists a maximal consistent set . Δmax ⊃ Δ 
of formulas in .T ∪ P with the .∃-property and the strengthened .U-property. 
Proof. As argued in [28]  for  .HyperLTL,  the  set  o  f  .HyperLTL∗ formulas on the 
vocabulary .T ∪ P is recursively enumerable, which are assumed to b e enumerated 
by .ϕ0,  ϕ1,  .  .  .  .  L  et  .Δ = Cn(Δ). Clearly , .Δ is also consistent. In addition, l et 
.κ1,  κ2 : N N be the respective left and right f unctions of a pair function 
.κ : N × N N.  So,  for  any  .k1,  k2 <  ω, there is a .k  <  ω  such that .k = κ(k1,  k  2), 
.k1 = κ1(k ) and .k2 = κ2(k ). In what follows, we construct a sequence of consisten t 
sets .Δ0,  Δ1,  .  .  .  ,  Δn,  .  .  ., with .Δ0 ⊆ Δ1 ⊆  · · ·  ⊆  Δn ⊆ · · · . 

Let .Δ0 = Δ , and suppose that we hav e .Δk with .k1 = κ1(k ) and .k2 = κ2(k ), 
now we construct .Δk+1 as follows: .Δk+1 = Δ k if .Δk,  ϕk1 , otherwise 
– .Δk+1 =̂ Δk ∪  {ϕk1 ,

m ψ } for some .m ∈ N such that .Δ ∪  {ϕk1 ,
m ψ , 

if .ϕk1 = ϕU ψ. 
– .Δk+1 =̂ Δk∪{ϕk1 ,

j m ψ } for some .m ∈ N such that . Δ∪{ϕk1 ,
j m ψ 

⊥,  i  f  .ϕk1 = j(ϕUψ ), .j ∈ N +. 
– .Δk+1 =̂ Δk∪{ϕk1 ,

m ¬ ψ} for some .m ∈ N such that .Δ∪{ϕk1 ,
m ¬ψ , 

if .ϕk1 = ¬ ψ. 
– .Δk+1 =̂ Δk ∪  {ϕk1 ,  ψ[πm/π]}, where .m is the least number such that the 

fresh variable .πm does not occur in .Δk, nor in .ϕk1 ,  i  f  .ϕk1 = ∃πψ; 
– .Δk+1 =̂ Δk ∪  {ϕk1}, otherwise. 

We show that .Δk is consistent for all .k ∈ N by induction on . k. The base case 
follows immediately from .Δ0 = Δ . Suppose .Δk is consistent, now the inductive 
step is proved as follo ws: 
– if .Δk ∪  {ϕk1 ,  s  o  .Δk+1 = Δ k. The consistency is obtained by the 

hypothesis. Now, suppose .Δk ∪  {ϕk1 , consider the follo wing c ases: 
• .ϕk1 = ϕU ψ: First we show that the desired .m always exists. Suppose that 

for an y .m ∈ N, .Δ, ϕk1 ,
m ψ .  B  y  .(R¬) we have . Δk,  ϕUψ m ψ 

for all .m ∈ N.  B  y .(R¬ ),  we  have .Δk,  ϕUψ m ¬ ψ for all .m ∈ N. Then 
by .(ω) and (Cut), we have .Δk,  ϕUψ ¬ψ,  that  i  s,  .Δk,  ϕUψ ♦ψ by 
duality. In addition, we hav e .Δk,  ϕUψ ♦ ψ by .(♦U), which contradicts 
the consistency of .Δk ∪  {ϕk1}. Hence, there exists always some .m such 
that .Δk ∪  {ϕk1 ,

m ψ , i.e. .Δk+1 is consistent . 
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• .ϕk1 = j(ϕUψ): Similarly, suppose that for an y .m ∈ N, . Δk ∪ 
{ϕk1 ,

j m ψ . Then we have .Δk, j(ϕUψ) j m ψ for all 
.m ∈ N.  B  y  .(R ¬ ), it follows that .Δk, j(ϕUψ) m ¬ j ψ, .∀m ∈ N. 
By .(ω),  we  have  .Δk, j(ϕUψ) ♦ j ψ. On the other hand, by (.♦U), it 
follows that .ϕUψ ♦ ψ.  So,  b  y  .(R ), . j(ϕUψ) j ♦ ψ.  B  y  .(♦ ) and 
(Wk), it follows .Δk, j(ϕUψ) ♦ j ψ, which is a contradiction. 

• .ϕk1 = ¬ ψ: Suppose that there is no suc h .m ∈ N,  that  is,  f  or  a  ny  
.m ∈ N,  we  have  .Δk,  ϕk1 ,

m ¬ψ . Hence, for any .m ∈ N, . Δk,  ϕk1 

¬ m ¬ ψ by ( R. ¬), which further implies .Δk,  ϕk1 
m ψ by .(¬ ) k.  Thu  s,  

.Δk,  ϕk1 ψ follows b y .( N ) and (Cut). So, it can be concluded that 

.Δk,  ϕk1 by (As) and duality, which c ontradicts consistency . 
• .ϕk1 = ∃πψ: Suppose .Δ ∪  {∃πψ, ψ[π /π] ,  s  o  .Δk, ∃πψ, ψ[π /π] . 

Since .π is not free i n .Δk, ∃πψ and . ψ (because .Δ uses only finitely many 
of the new variables), b y .(L∃) we have .Δk, ∃πψ, ∃πψ , which is a 
contradiction. 

• The last case is s traightforward. 

Now, let .Δmax =̂ i∈N 
Δi. Clearly , .Δmax has t he .∃-property and the strength-

ened .U-property. So, in what follows, we only need to pro ve .Δmax is the maximal 
consistent set with .Δ ⊆ Δmax. 

Suppose .Δmax . Then we need to consider the following t wo cases: 1) 
there exists a . k such that .∪k 

j=0Δj ⊆ Δmax and .∪k 
j=0Δj . That m eans that 

.Δk is inconsistent with the above construction, which is a contradiction. 2 ) 

.Δmax contains .¬ ϕ,  and  for  any  .k ∈ N, there i s .ik ∈ N with .Δik 
k ϕ. 

Thus, by the Cut rule, we have .Δmax ϕ. On the other hand, by (.Coω), it 
follows that .Δmax 

k∗ ¬ ϕ for some .k∗ ∈ N. This implies that t here e xists 
.ik∗ ∈ N such that . k∗ ¬ϕ ∈ Δik∗ due to the maximality o f .Δmax. Meanwhile, 
by assumption, . k∗ 

ϕ ∈ Δ ik .  L  et  .ik = max{ik∗ ,  ik }.  B  y  .(¬ ) k, it follo ws that 
.Δi

k 
is inconsistent, which is a contradiction. 

Suppose that there exists a consisten t .Δ∗ with .Δmax ⊆ Δ ∗ and . ψ ∈ Δ∗\ Δmax 

for some . ψ, which is a formula .HyperLTL∗ over the vocabulary .T ∪ P. So, there 
is . k with .ψ = ϕ k. Clearly , .ψ Δk+1,  s  o  .Δk+1 + ψ is inconsistent. On t he other 
hand, .Δk+1 + ψ ⊆ Δ ∗, which contradicts the consistency of .Δ∗. . 

Let . −j Γ =̂ {δ | .  .  .  
j times 

γ ∈ Γ}. 

Lemma 7. If .Δ is maximal consistent and has the strengthene d .U-property, 
then so i s . −j Δ for al l .j ∈ N. 

Proof. By Definition 3, . j(ϕUψ) ∈ Δ for all .ϕUψ ∈ −j Δ ). By the strength-
ened .U-property, there exists a .n ≥ j such that . n ψ ∈ Δ. We can reformulate 
. 

n ψ as . j k ψ with .n = j + k and .k ≥ 0,  th  us  . k ψ ∈ −1 Δ, which indicates 
the strengthened .U-property. . 

Given a maximal consistent set .Δ with the .∃-property and the strengthened .U-
property, consider the canonical trajectory . −i Δ i ∈N. Obviously, this infinite 
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sequence consists of maximal consistent sets with the .∃-property and the rein-
forced .U-property by Definition 3 and Lemmas 4, 5 and 7. For every .π ∈ T ,  w  e  
define .tπ(i)  ̂= {a | aπ ∈ −i Δ },  f  or  .i ∈ N. Consider the model . Mc 

Δ =  (T c 
Δ,  Πc 

Δ)
where .T c 

Δ =̂ {tπ | π ∈ T } and .Πc 
Δ(π)  ̂= tπ,  π  ∈ T . Models built in the wa y 

employed for .Mc 
Δ are called canonical. The following lemma establishes the 

equivalence between .ϕ ∈ −i Δ and .Mc 
Δ,  i ϕ, which implies that .Mc 

Δ is a 
model for . Δ. 

Lemma 8 (Truth Lemma). For an y . ϕ and .i ∈ N, .Mc 
Δ,  i ϕ iff .ϕ ∈ −i Δ. 

Proof. Structural induction on . ϕ. 

– .ϕ = a π: By Definition 2, .Mc 
Δ,  i aπ iff .a ∈ Πc 

Δ(π)[i];  iff  . a ∈  {a | aπ ∈ 
−i Δ };  i  ff  .aπ ∈ −i Δ. 

– .ϕ = ¬ ψ: This case follows from Lemma 3 (i), i.e., .Mc 
Δ,  i  ¬ ψ iff .Mc 

Δ,  i ψ, 
iff .ψ −i Δ,  iff  .¬ψ ∈ −i Δ. 

– .ϕ = ψ ∧ χ: Like the previous case, according to Lemma 3 (ii), . ψ∧ χ ∈ − i Δ 
iff .ψ, χ ∈ −i Δ. 

– .ϕ = ψ: Lemma 3 (iv) implies t hat 
Mc 

Δ,  i ψ iff Mc 
Δ,  i  +  1 ψ,  iff  ψ ∈ −(i+1) Δ,  iff ψ ∈ − i Δ. 

– .ϕ = ψUχ: The forward direction follows immediately from the induction 
hypothesis. For the backward direction, l et .ψUχ ∈ −i Δ. Since . −i Δ has 
the reinforced .U-property by Lemma 7, there exists a minimum .k ∈ N such 
that . k χ ∈ −i Δ.  Thu  s,  .χ ∈ −(i+k) Δ. Consider the following t wo cases: 
• .χ −(i+j) Δ for all .j  <  k. Lemma 3 (iii) implies . ψ, (ψUχ) ∈

−(i+j) Δ. The induction hypothesis implies . M,  i  + k χ, M ,  i  + j ψ
for all .j  <  k. This implies . Mc 

Δ,  i ψ Uχ; 
• .χ ∈ −(i+j ) Δ for some .j <  k. This case admits a s imilar proo f. 

– .ϕ = ∃ πψ: .Mc 
Δ,  i  ∃πψ iff there exists a .t ∈ T c 

Δ s.t. .T c 
Δ,  Πc 

Δ[π t],  i ψ by 
Definition 2; iff there exists a .π ∈ T s.t. .Mc 

Δ[π Πc 
Δ(π )],  i ψ,  a  s  . Πc 

Δ 
is a bijection from .T to .T c 

Δ; iff there exists a .π ∈ T s.t. . Mc 
Δ,  i ψ[π /π] 

by Lemma 2; iff there exists a .π ∈ T s.t. .ψ[π /π] ∈ −i Δ by the induction 
hypothesis; i ff .∃πψ ∈ Δ according to the .∃-property and .(R∃). . 

Theorem 2 (Completeness of .HyperLTL∗). For an y .Δ and . ϕ, . Δ ϕ 
implies .Δ ϕ. 

Proof. Suppose .Δ ϕ,  s  o  .Δ ∪  {¬ϕ} is consistent. Hence, .Mc 
Δ∪{¬ϕ}, 0 ψ for 

all .ψ ∈ Δ ∪  {¬ϕ} by Lemma 8, which contradicts t o .Δ ϕ. . 

5 Expressiveness of . HyperLTL∗ 

.HyperLTL can be viewed as a proper subset of .HyperLTL∗ in which trace quan-
tifiers do not occur in the scope of . or . U . Consequently, every . HyperLTL∗ 

formula in prenex normal form is a .HyperLTL formula. The following theorem 
shows that allowing trace quantifiers under temporal operators strictly increases 
expressiveness.
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Theorem 3 ([34]). There is n o .HyperLTL formula, that can be e quivalent t o 
.HyperLTL∗ formula .♦∀π¬pπ. 

.HyperLTL∗ is still subsumed by the predicate-logic theory .FO[<, E ] from 
[34]. 

Definition 6. The syntax of .FO[<, E ] is defined by the fol lowing B NF: 

. ϕ ::= Pa(x) | E(x, y) | x = y | x  <  y  |  ¬ϕ | ϕ ∧ ϕ | ∃x.ϕ | ∀x.ϕ

where .Pa is a unary predicate, corresponding to the proposition letter . a in 
.HyperLTL∗,  and  .x, y represents the positions of the trace, interpreted as nat-
ural numbers. Given a trace set . T ,  we  l  et  .T =̂  (T × N,  <T ,  ET ,  P  T 

a ), where the 
non-logical symbols of .FO[<, E ] are interpreted in . T ,  whe  re  . <T =̂ {(t, n), (t, n ) | 
t ∈ T, n < n }, .ET =̂ {(t, n), (t ,  n) | t, t ∈ T}, .P T 

a =̂ {(t, n) | a ∈ t[n ]}. 
Next, we define a satisfaction-preserving translation . f from .HyperLTL∗ to 

.FO[<, E ]. Each trace variable . π in . ϕ is associated with an individual v ariable 

.xπ. The translation .f(ϕ) is a formula of .FO[<, E ] with the individual variables 

.xπ and . z as its free variables, where .π ∈ FV( ϕ). The variable . z is called the time 
variable of .f(ϕ), standing for the reference position. 

Definition 7. The translation function . f is inductively defined as follows: 

– .f(aπ)  ̂= ∃y.y ≥ xπ ∧ E(z, y) ∧ Pa(y ),  whe  re  . z is the time-variable for .f(aπ); 
– .f(¬ϕ)  ̂= ¬f( ϕ); 
– .f(ϕ1 ∧ ϕ2)  ̂= f(ϕ1) ∧ f (ϕ 2); 
– .f( ϕ)  ̂= ∃z1.Succ(z, z1)∧ f(ϕ)[z1/z],  whe  re  .Succ(z, z1 ) stands for . z  <  z1 ∧ 
∀z2.z < z2 → z1 ≤ z 2; 

– .f(ϕ1Uϕ2)  ̂= ∃z2.z ≤ z2 ∧ f (ϕ2)[z2/z] ∧  ∀z1.z ≤ z1 <  z2 → f(ϕ1)[z1/z]; 
– .f(∃πϕ)  =  ∃xπ.f(ϕ). 

The following theorem shows that .FO[<, E ] subsumes .HyperLTL∗. 

Theorem 4. Let . ϕ be a .HyperLTL∗ formula and let .T be a set of tr aces. L et 
. T be the corresponding .FO[<, E]-structure. Let the trace assignment .Π and the 
.F  O[<, E ] variable assignment . β satisfy the eq uivalence 

. Π(π)  =  t iff β(xπ)  =  (t, i) for π ∈ FV (ϕ), and β(z)  =  (  λ, i),

where . λ in . T is a dummy value. Then . (T, Π),  i ϕ iff (T ,  β  ) f (ϕ )

Proof. Structural induction on . ϕ. . 

Moreover, according to the proof of Theorem 8 in [34], clearly the property 
discussed there is not expressible i n .HyperLTL∗ either, s o .FO[<, E ] is strictly 
more expressive than .HyperLTL∗. 
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6 Case Study 

We present a revised example of EDAS from [12] and prove that an EDAS m odel 
adapted from [11] satisfies the refined noninterference property from [12]. 

EDAS is a paper-submission system: each e xecution assigns a submission 
either .acc (accepted) or .rej (rejected) and decides the session to which it is 
assigned. If the session has not been decided, the system displays “y et to decide”, 
which is represented by a Boolean variable .ses. 

We now provide a simple model of EDAS follo wing the repaired program in 
[11] in Fig. 1, which can be represented as the HyperLTL formula in Table 3. . ϕ1 

says that any trace whenever passing through the initial state will enter either 
the accepted state or the rejected state in the next step; .ϕ2 says that any trace 
whenever passing through the accepted state cannot enter the rejected state in 
the next step; symmetrically , .ϕ3 says that any trace whenever passing through 
the rejected state cannot enter the accepted state in the next step; .ϕ4 says that 
any trace should start from the initial state . l0. 

Fig. 1. EDAS: A simple pape r submission system 

Table 3. HyperLTL formula encoding the ED AS mo del 

ϕ1 =∀π (¬accπ ∧  ¬rejπ ∧  ¬sesπ → 
(accπ ∧  ¬rejπ ∧ sesπ) ∨ (¬accπ ∧ rejπ ∧ sesπ)) 

ϕ2 =∀π (accπ ∧  ¬rejπ ∧ sesπ → (¬accπ ∧  ¬rejπ ∧  ¬sesπ)) 
ϕ3 =∀π (¬accπ ∧ rejπ ∧ sesπ → (¬accπ ∧  ¬rejπ ∧  ¬sesπ)) 
ϕ4 =∀π(¬ accπ ∧  ¬rejπ ∧  ¬  sesπ )

We are interested in the refined noninterference property given in [12], rep-
resented by the following HyperLT L formu la 

.ϕref =̂∀π1∃π2∀π3∃π4 obj(π1,  π2) ∧ (decπ4 = decπ2) ∧ (ses π4 ↔ sesπ3 ) 
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where .obj(π1,  π2) stands for .(♦accπ1 → ♦accπ2) ∧ (♦rejπ1 
→ ♦rejπ2 

) , and 
.decπ1 = decπ 2 for .(accπ1 ↔ accπ2) ∧ (rejπ1 

↔ rejπ2 
) . Clearly, .obj(π1,  π2) says 

executions .π1 and .π2 make the same decision at last, while .decπ1 = decπ 2 says 
executions .π1 and .π2 share the same decision at the reference position. .ϕref (with 
three quantifier alternations) expresses a refined noninterference with the mod -
ification that the universally quantified trace .π1 is replaced by an existen tially 
quantified trace .π2 that satisfies the same objectives. 

Now we need to prove the model satisfies the property, i.e., .Δ ϕref, w here 
.Δ = {ϕ1,  ϕ2,  ϕ3,  ϕ  4}. Obviously, the satisfiability and validity of the above for-
mula falls into the undecidable fragment of HyperLTL [27], as the number of 
quantifier alternations i n .ϕref is three. 

For simplicity, we use .ψ1,  ψ2,  ψ  3 and .ψ4 to denote the trace quan tifier free 
part of .ϕ1,  ϕ2,  ϕ  3 and .ϕ4 in Table 3, respectively . 

Now consider the following quantifier-free s equent fi rst. 

. 

j∈[1,2] 

{ψi[πj/π] | i ∈ [1, 4] obj(π1,  π1) ∧ (decπ1 
= decπ1 

) ∧ (sesπ1 
↔ sesπ2 

) 

We abbreviate the antecedent of the sequent a s .Δ and the succedent a s . ϕ . 
The quantifier-free part of HyperLTL is exactly the same as LTL (taking each 
combination of propositional letter and trace variable as a unique prop ositional 
letter). Therefore, we can use a state-of-the-art automatic to ol for LTL such as 
NuSMV [16] to prove the quantifier-free sequent by checking whether . Δ → ϕ 
is valid. We use the symbolic model checker NuSMV for the task. The reader 
may refer to repository1 for the NuSMV code. Now, we focus on proving the 
quantifier-related part of the sequent as follows: 

(1) ψi[π1/π],  ψi[π2/π],  i  ∈ [1, 4] obj(π1,  π1) ∧ (decπ1 
= decπ1 

) ∧ (sesπ1 
↔ sesπ2 

) 
(2) ∀πψ1, ∀πψ2, ∀πψ3, ∀πψ4 obj(π1,  π1) ∧ (decπ1 

= decπ1 
) ∧ (sesπ1 

↔ sesπ2 
) 

by (1) and (∀L) and Boolean rules 
(3) Δ π4 obj(π1,  π1) ∧ (decπ4 = decπ1 

) ∧ (sesπ4 ↔ sesπ2 
) by (2) and (R∃) 

(4) Δ π3∃π4 obj(π1,  π1) ∧ (decπ4 = decπ1 
) ∧ (sesπ4 ↔ sesπ3 ) by (3) and (R∀) 

(5) Δ π2∀π3∃π4 obj(π1,  π2) ∧ (decπ4 = decπ2 ) ∧ (sesπ4 ↔ sesπ3 ) 
by ( 4) and (R∃) 

(6) Δ π1∃π2∀π3∃π4 obj(π1,  π2) ∧ (decπ4 = decπ2 ) ∧ (sesπ4 ↔ sesπ3 ) 
by (5) and (R ∀)  

7 Conclusion and Future Work 

In this paper, we present a proof system .LHω for .HyperLTL∗. Our main con-
tribution is the completeness o f .LHω over trace models. Existing research on 
hyperlogics has mainly focused on semantic considerations, whereas this paper 
develops a deductive treatmen t. The proof system provides a b asis for f ormal-
izing .HyperLTL-style reasoning in proof assistants and t hereby facilitates t he 
1 https://zenodo.org/records/14885502. 

https://zenodo.org/records/14885502
https://zenodo.org/records/14885502
https://zenodo.org/records/14885502
https://zenodo.org/records/14885502
https://zenodo.org/records/14885502
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verification of hyperproperties that cannot be handled b y fully automatic tec h-
niques. 

For future work, it deserves to investigate formalization and implementation 
of the proof system in proof assistants such as Rocq and Isabelle/HOL 
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