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Abstract. We study the connection of two problems within the
planning and verification community: Conformant planning and
model-checking of hyperproperties. Conformant planning is the task
of finding a sequential plan that achieves a given objective indepen-
dent of non-deterministic action effects during the plan’s execution.
Hyperproperties are system properties that relate multiple execution
traces of a system and, e.g., capture information-flow and fairness
policies. In this paper, we show that model-checking of ∃∗∀∗ hyper-
properties is closely related to the problem of computing a confor-
mant plan. Firstly, we show that we can efficiently reduce a hyper-
property model-checking instance to a conformant planning instance,
and prove that our encoding is sound and complete. Secondly, we es-
tablish the converse direction: Every conformant planning problem
is, itself, a hyperproperty model-checking task.

1 Introduction

In this paper, we identify two problems from two different research
communities that seem unrelated at first glance, yet share the same
computational challenge: Conformant planning and model-checking
of ∃∗∀∗ hyperproperties.

Conformant Planning Conformant planning is the task of find-
ing a plan given uncertainty about the effect of action, and without
any sensing ability during the plan’s execution. That is, the same
plan (i.e., sequence of actions) should achieve the goal, regardless of
which non-deterministic action effects occur during the plan’s exe-
cution [28].

Hyperproperties Hyperproperties [17] are system properties that
relate multiple executions in a system and can thus capture prop-
erties that cannot be expressed by reasoning over individual traces.
As an example, we consider a simple information-flow property. As-
sume we model the behavior of a system as a transition system over
variables {o, h, l}, and want to specify that the output (o) of the sys-
tem does not leak information about the secret input (h). We can-
not specify such a property by reasoning about traces in isolation
(e.g., in LTL). Instead, we need to relate multiple executions to ob-
serve how different inputs impact the output; a hyperproperty. Hy-
perLTL [18] extends LTL with quantification over executions and
can thereby express hyperproperties. For example, we can express a
simple information-flow policy – called non-inference (NI) [32] – in
HyperLTL as follows

∀π1. ∃π2. (oπ1 = oπ2 ∧ lπ1 = lπ2) ∧ (hπ2 = †), (NI)

where denotes LTL’s globally operator. This formula states that
for any execution (trace) π1, there exists some execution π2 that (1)

globally has the same low-security observations as π1 (i.e., output o
and low-security input l globally agree between π1 and π2), and (2)

the high-security input on π2 equals some dummy value (denoted †).
If (NI) holds, an attacker thus cannot distinguish any high-security
input sequence from the sequence of dummy values.

Two Sides of the Same Coin Conformant planning and model-
checking of HyperLTL are computationally expensive problems
within their respective communities. At first glance, they seem unre-
lated, and diverse solution concepts exist in both communities. Tech-
niques employed in conformant planning often rely on an efficient
heuristic search over belief states, i.e., sets of states that contain ex-
actly those states that are currently plausible [29, 10]. In contrast,
techniques employed in model-checking of hyperproperties employ
more direct approaches using automata [4], symbolic execution [21],
program logics [22, 20], or bounded unrolling [30]. Despite their
differences, we demonstrate that the core algorithmic challenge be-
tween the two problems is shared. Concretely, we present efficient
translations that reduce a conformant planning problem to an equiv-
alent HyperLTL model-checking problem, and vice versa. Our ul-
timate hope is that this observation will lead to new solutions by
adapting successful concepts from conformant planning to Hyper-
LTL model-checking, and vice versa.

Hyperproperty Model-Checking as Conformant Planning Our
first contribution is a novel encoding of HyperLTL verification into
conformant planning. Our encoding is applicable to ∃∗∀∗ HyperLTL
formulas, i.e., formulas where an arbitrary number of existential trace
quantifiers is followed by an arbitrary number of universal quanti-
fiers. We can massage every formula with at most one quantifier al-
ternation into a ∃∗∀∗ formula. For example, (NI) is a ∀∃ formula, but
we can simply check the negated formula, which is a ∃∀ formula:

∃π1. ∀π2. (oπ1 �= oπ2∨lπ1 �= lπ2) ∨ (hπ2 �= †) (NI¬)

where denotes LTL’s eventually operator. To check if some tran-
sition system T satisfies (NI¬), we view model-checking as a con-
formant planning problem. Each state in the planning problem main-
tains two system locations of T , one for path π1 and one for π2.
The idea is that each plan (i.e., sequence of actions) should define a
unique path for π1, i.e., each action updates the location for π1 along
some transition of T . At the same time, the location of π2 is updated
non-deterministically. Any plan, therefore, defines a unique wit-
ness path for π1, while the plan’s executions non-deterministically
explore all possible paths for π2. The planning goal is to ensure
that all executions of the plan eventually reach a goal state where
oπ1 �= oπ2 ∨ lπ1 �= lπ2 or hπ2 �= †. We prove that if the result-
ing planning instance admits a conformant plan, T satisfies (NI¬).
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Note how the conformant nature of the plan (i.e., the fact that the
plan cannot depend on the nondeterministic outcomes) is critical to
ensure that the witness trace for π1 does not depend on π2. Cru-
cially, our encoding is not only sound (if a conformant plan exists,
the HyperLTL formula is satisfied) but also complete, i.e., if T sat-
isfies (NI¬), there exists a conformant plan. This is in sharp contrast
to previous planning-based encodings of hyperproperties [5] (we dis-
cuss this in Section 2). We show that our encoding works both with
an explicit-state representation (as in [5]), but also applies to sym-
bolically represented planning problems (e.g., STRIPS planning).

Conformant Planning is a Hyperproperty After demonstrat-
ing that we can use conformant planning for model-checking
∃∗∀∗ hyperproperties, we prove that conformant planning itself
is a hyperproperty. Conformant planning requires a plan that
achieves the goal independent of the effects of non-deterministic
actions. The existence of a conformant plan thus corresponds
to the satisfaction of the (informal) ∃∀ HyperLTL formula
∃π1. ∀π2.

(
sameAction(π1, π2)

)
→ goal(π2) over a transi-

tion system that generates all possible paths in the planning prob-
lem. I.e., there exists some path π1, such that all paths π2 with the
same sequence of actions ( sameAction(π1, π2)) eventually reach
the goal ( goal(π2)). While the close connection between confor-
mant plans and quantification has been explored extensively before
(e.g., in the form of SAT or QBF encodings [35, 36]; cf. Section 2),
HyperLTL can directly capture the temporal nature of plans with-
out bounding the length. We implement this translation from PDDL
to HyperLTL model-checking instances in a prototype. Our results
show that current HyperLTL verification tools struggle with the re-
sulting instances, thus (1) creating a challenging set of benchmarks
for future evaluation, and (2) highlighting the importance of heuris-
tics in model-checking of ∃∗∀∗ hyperproperties (an entirely unex-
plored research area).

Supplementary Materials Full proofs of all results can be found
in the full version [8].

2 Related Work

Hyperproperty Model-Checking Finite-state model-checking of
HyperLTL is decidable [18] but expensive: checking a formula with
k quantifier alternations is k-fold exponential [34]. Complete algo-
rithms rely on expensive automata complementation or language in-
clusion checks [25, 4]. Approximations for this expensive problem
include QBF-based bounded unrolling [30], or a strategy-based in-
stantiation of existential quantification [19, 2, 3]. In the former, the
system is unrolled up to a fixed depth, so the quantification over
traces reduces to a QBF formula. In the latter, we interpret verifi-
cation of a ∀∗∃∗ formula as a game between the universal and exis-
tential quantifiers, and attempt to find a winning strategy for the ex-
istential player. In contrast to these abstractions, our planning-based
encoding precisely captures the HyperLTL semantics (i.e., it is sound
and complete), at the cost of encoding into another computationally
expensive problem: conformant planning [9].

Hyperproperties and Planning The connection between (classi-
cal) planning and formal verification has been explored in various
forms [27, 26, 23, 16]. The work most closely related to ours is
[5], showing that every HyperLTL model-checking problem can be
translated soundly to a (contingent) multi-agent planning problem
represented as a QDecPOMDP [11]. In [5]’s approach, verifying a
∀∗∃∗ property abstracts to a FOND-planning problem by search-
ing for a policy that resolves existentially-quantified traces, similar

to the game-based verification approaches discussed above [19, 2].
This abstraction is incomplete (cf. [5, Remark 1]), i.e., a property
might hold, but no witnessing contingent plan exists. The encoding
of the present paper uses related ideas (i.e., we also simulate multiple
paths in a planning problem) but identifies sensorless behavior – i.e.,
conformant instead of (fully-observable) contingent planning – as
the key missing gadget. Consequently, our encoding for ∃∗∀∗ prop-
erties (which by negation also applies to ∀∗∃∗ formulas) is sound-
and-complete. Conformant planning is thus a drop-in replacement
for model-checking ∃∗∀∗ properties; contingent (FOND) planning
is only an abstraction. Moreover, we also study the reverse direction
and show that conformant planning is, itself, a ∃∀ hyperproperty. Ob-
taining a similar result for the QDecPOMDP seems challenging.

Knowledge and Games The connection between (missing) knowl-
edge of an agent and verification of hyperproperties has been ex-
plored extensively in the context of game-based verification for Hy-
perLTL [6, 7, 37]. We can view conformant planning as a special
form of a two-player game, played between the planning agent and
the environment, without any observations. In this light, we can see
our planning-based encoding as a specialized verification game for
∃∗∀∗ properties (compared to, e.g., the game from [6, 7]). A clear
advantage to a planning-based approach is the fact that existing plan-
ning frameworks and tools often study symbolically represented do-
mains (e.g., STRIPS or PDDL planning), whereas formal games un-
der imperfect information are mostly studied in an explicit-state set-
ting.

Conformant Planning and QBF Most conformant planning ap-
proaches employ heuristic search over belief states, i.e., sets of world
states [10, 29], represented, e.g., as CNFs or BDDs [15]. Another line
of research related to the present paper are QBF-based approaches
to conformant planning [35, 36]. Similar to our encoding into Hy-
perLTL, these approaches also exploit the connection between ∃∀
quantification and conformant plans, either by directly using QBF or
by repeated queries to a SAT solver. Given the temporal nature of
the planning problem, a QBF encoding usually employs a bound on
the length of the plan, similar to SAT-based classical planning [31].
In our framework, we can encode the temporal requirements directly
using temporal logics (HyperLTL), allowing us to encode unbounded
reachability properties or even more complex temporal requirements.
The resulting HyperLTL model-checking query can then be handled
by a wide range of techniques, some of which, themself, rely on
QBF-solving [30].

3 Preliminaries

In this section, we introduce planning problems, transition systems,
and HyperLTL. Planning problems are typically defined in a factored
representation (e.g., STRIPS, PDDL) using Boolean propositions (or
fluents) to represent the current state of the planning problem. Like-
wise, systems are typically symbolically defined by a set of Boolean
variables (e.g., circuits or NuSmv models). To begin, we work with
an explicit-state representation of the planning domain and system,
simplifying our encoding. In Section 6, we then show how we can
extend our encodings to symbolically represented planning problems
and systems.

3.1 Conformant Planning

Definition 1. A (non-deterministic) planning problem is a tuple P =
(S, s0, G,O), where S is a finite set of states, s0 ∈ S is an initial
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state, G ⊆ S is a set of goal states, and O is a finite set of actions.
Each action a ∈ O has the form a = 〈prea, eff a〉, where prea ⊆
S is a set of states defining the states in which the action can be
applied, and eff a : prea → (2S \ {∅}) is the non-deterministic
effect function mapping each state s ∈ prea to a non-empty set of
potential outcomes eff a(s) ⊆ S.

Note how our definition assumes that there exists a unique initial
state, which is w.l.o.g., as in our setting, action effects can be non-
deterministic. The update function eff a easily allows us to model
conditional effects, which are crucial in conformant planning [29].

A plan is then a sequence of actions 〈a1, . . . , an〉. Given a set of
states T ⊆ S, we inductively define �T, 〈a1, . . . , an〉� ⊆ S as the set
of states reachable after executing plan 〈a1, . . . , an〉. For the empty
plan 〈〉, we have �T, 〈〉� := T . For a non-empty plan we define

�T, 〈a1, . . . , an〉� := �
⋃
s∈T

eff a1
(s), 〈a2, . . . , an〉�

if T ⊆ prea1
. That is, we consider all possible states s ∈ T

and all possible effects when applying a1 (
⋃

s∈T eff a1
(s)), and

then inductively execute the remaining plan 〈a2, . . . , an〉. Note that
�T, 〈a1, . . . , an〉� is undefined if action a1 is not applicable in
some state in T [29]. A plan 〈a1, . . . , an〉 is a conformant plan if
�{s0}, 〈a1, . . . , an〉� is defined and �{s0}, 〈a1, . . . , an〉� ⊆ G. That
is, executing the plan from the initial state s0 always results in a goal
state, independent of the non-deterministic action effects. We assume
that for every s ∈ G and a ∈ O with s ∈ prea, eff a(s) ⊆ G.

3.2 Transition Systems

We assume that AP is a fixed set of atomic propositions. As the basic
system model, we use finite-state transition systems (TS).

Definition 2. A transition system (TS) is a tuple T = (L, linit ,
D, κ, �), where L is a finite set of locations (following [5], we use
“locations” to distinguish them from planning “states”), linit ∈ L is
an initial location, D is a finite set of directions, κ : L × D → L is
a transition function, and � : L → 2AP is a labeling.

A path in T is an infinite sequence p ∈ Lω of locations such that
(1) p(0) = linit , and (2) for every i ∈ N, there exists some direction
d ∈ D with p(i + 1) = κ(p(i), d). We define Paths(T ) ⊆ Lω as
the set of all paths in T .

3.3 HyperLTL

HyperLTL extends LTL with explicit quantification over system ex-
ecutions [18], thus lifting it from a logic expressing trace properties
to one expressing hyperproperties. In this paper, we focus on ∃∗∀∗

formulas, i.e., formulas where any number of existential quantifiers
is followed by any number of universal quantifiers. Such formulas
are generated by the following grammar

ψ := aπi | ψ ∧ ψ | ¬ψ | ψ | ψ U ψ

ϕ := ∃π1 . . . ∃πn.∀πn+1 . . . ∀πn+m. ψ

where π1, . . . , πn+m are so-called path variables, and a ∈ AP is
an atomic proposition. Here and U denote LTL’s next and until
operator, respectively. Within the LTL body, we use the usual de-
rived boolean constants and connectives true, false,∨,→,↔, and
the temporal operators eventually ( ψ := true U ψ), and globally
( ψ := ¬ ¬ψ). To define the semantics, we use a path assignment

Π : {π1, . . . , πn+m} → Paths(T ), which maps each path variable
to a path. Given a path assignment Π, we can evaluate the LTL body
ψ at some position i ∈ N as follows:

Π, i |= aπ iff a ∈ �
(
Π(π)(i)

)
Π, i |= ψ1 ∧ ψ2 iff Π, i |= ψ1 and Π, i |= ψ2

Π, i |= ¬ψ iff Π, i �|= ψ

Π, i |= ψ iff Π, i+ 1 |= ψ

Π, i |= ψ1 U ψ2 iff ∃k ≥ i.Π, k |= ψ2 and

∀i ≤ j < k.Π, j |= ψ1

Boolean and temporal operators are evaluated as for LTL by updat-
ing the current evaluation position i. The atomic formula aπ holds
whenever a holds in the current position i on the path bound to
π (as given by T ’s labeling �). The quantifier prefix then quanti-
fies over paths in the system to construct a path assignment, and
evaluates this assignment on the LTL formula. Formally, T |=
∃π1 . . . ∃πn.∀πn+1 . . . ∀πn+m. ψ, iff

∃p1, . . . , pn ∈ Paths(T ).∀pn+1, . . . , pn+m ∈ Paths(T ).[
π1 �→ p1, . . . , πn+m �→ pn+m

]
, 0 |= ψ.

For more details on HyperLTL, we refer to [24].

4 Hyperproperty Model-Checking as Planning

In this section, we show that we can interpret the verification of
an ∃∗∀∗ HyperLTL formula as a conformant planning problem.
For this, assume that T = (L, linit ,D, κ, �) is a fixed TS and
ϕ = ∃π1 . . . ∃πn.∀πn+1 . . . ∀πn+m. ψ is a fixed ∃∗∀∗ HyperLTL
formula. We want to check if T |= ϕ. As sketched in the introduc-
tion, our main idea is to construct a planning problem such that each
plan corresponds to concrete paths for π1, . . . , πn. For the plan to
be successful, the concrete paths generated by that plan should be
valid choices for the existentially quantified paths in ϕ. That is, the
paths satisfy ψ (the LTL body of ϕ) no matter what paths we pick
for πn+1, . . . , πn+m. We ensure the latter by exploring all possible
choices for πn+1, . . . , πn+m using non-deterministic action effects.

Temporal Reachability For now, we assume that ψ – the LTL
body of ϕ – expresses a reachability property. Note that most prop-
erties studied in practice have the form ∀∗∃∗ ψ for some proposi-
tional formula ψ (see, e.g., [24, 3, 20]), so their negation will have
the form ∃∗∀∗. ¬ψ, which is a reachability property. We will later
discuss how we can encode arbitrary ∃∗∀∗ properties using more ex-
pressive planning objectives (beyond reachability).

DFA To track the reachability property expressed by ψ, we use a
deterministic finite automaton (DFA). This automaton tracks whether
a word satisfies the LTL body of ϕ, and thus operates on letters from
alphabet 2AP×{π1,...,πn+m} (recall that the atoms in the LTL for-
mula ψ have the form aπi ∈ AP × {π1, . . . , πn+m}). Formally, a
DFA is a tuple A = (Q, q0, δ, F ) where Q is a finite set of states,
q0 ∈ Q is an initial state, δ maps each pair (q, q′) ∈ Q × Q to a
Boolean formula over AP × {π1, . . . , πn+m}, and F ⊆ Q is a set
of accepting states. When reading a letter σ ∈ 2AP×{π1,...,πn+m},
we can transition from q to q′ iff the evaluation defined by σ (i.e.,
the assignment mapping (a, πi) ∈ AP × {π1, . . . , πn+m} to true
iff (a, πi) ∈ σ) satisfies δ(q, q′), written σ |= δ(q, q′). As A
is deterministic, we can assume that for every q ∈ Q and ev-
ery σ ∈ 2AP×{π1,...,πn+m}, there exists a unique q′ ∈ Q with
σ |= δ(q, q′). Each infinite word u ∈ (2AP×{π1,...,πn+m})ω thus
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generates a unique run of A. Formally, we define runA,u ∈ Qω

as the unique run with runA,u(0) = q0, and for every i ∈ N,
u(i) |= δψ(runA,u(i), runA,u(i + 1)). The word u is accepted by
A if the unique run runA,u eventually reaches some state in F . In
the following, we assume that Aψ = (Qψ, q0,ψ, δψ, Fψ) is a DFA
that accepts exactly those infinite words that satisfy ψ. We can as-
sume, w.l.o.g., that all accepting states in Fψ are sink states with a
self-loop.

Planning Encoding We can now define a conformant planning
problem associated with T , ϕ.

Definition 3. Define the conformant planning problem PT ,ϕ :=(
S, s0, G,O

)
, where

S :=
{
〈l1, . . . , ln+m, q〉 | l1, . . . , ln+m ∈ L, q ∈ Qψ

}
,

s0 := 〈linit , . . . , linit , q0,ψ〉,
G :=

{
〈l1, . . . , ln+m, q〉 | l1, . . . , ln+m ∈ L, q ∈ Fψ

}
,

O := {〈pre �d, eff �d〉 | 	d ∈ D
n}

and for each action 	d = (d1, . . . , dn) ∈ D
n we define pre �d := S

and eff �d : S → S by

eff �d

(
〈l1, . . . , ln+m, q〉

)
:={

〈κ(l1, d1), . . . , κ(ln+m, dn+m), q′〉 | dn+1, . . . , dn+m ∈ D∧
( n+m⋃

i=1

{
(a, πi) | a ∈ �(li)

})
|= δψ(q, q

′)
}
.

The idea behind our definition is that the planning instance will
simulate n + m paths (for the path variables π1, . . . , πn+m used
in ϕ) incrementally (guided by a plan). For this, each planning
state 〈l1, . . . , ln+m, q〉 tracks the current location of each path
(l1, . . . , ln+m) and the current state of Aψ (thus tracking whether
the simulated paths satisfy ψ). We start each πi in the initial lo-
cation linit and start the run of Aψ in the initial state q0,ψ . The
goal consists of all states where the automaton has reached one of
Aψ’s accepting states. The crux is that the actions only define the
behavior of the existentially quantified paths π1, . . . , πn, while non-
determinism determines the state sequence for universally quantified
paths (πn+1, . . . , πn+m). Formally, each action in PT ,ϕ is a vec-
tor 	d = (d1, . . . , dn) ∈ D

n of n directions (matching the num-
ber of existentially quantified path variables in ϕ). Each action can
be applied in all states (i.e., pre �d = S). When applying action
	d in a state 〈l1, . . . , ln+m, q〉, locations l1, . . . , ln (i.e., the loca-
tions that correspond to existentially quantified paths) are updated
by following the directions d1, . . . , dn (i.e., the ith location is up-
dated to κ(li, di)). In contrast, the locations of universally quantified
paths (ln+1, . . . , ln+m) are updated non-deterministically, i.e., we
consider all possible directions dn+1, . . . , dn+m in the definition of
eff �d. Every plan can thus precisely determine the state sequence of
existentially quantified paths, while universally quantified paths ex-
plore all possible paths.

In each step, we also update the state of Aψ to track whether the
state sequence simulated so far satisfies the LTL body ψ. For each
1 ≤ i ≤ n +m, we collect all APs that hold in the current location
and index them with πi, thus obtaining a letter

⋃n+m
i=1

{
(a, πi) | a ∈

�(li)
}

in 2AP×{π1,...,πn+m}. We then transition to the unique state
q′ ∈ Qψ , with

⋃n+m
i=1

{
(a, πi) | a ∈ �(li)

}
|= δψ(q, q

′).
Note that the size of PT ,ϕ is polynomial in the size of T and

exponential in n+m (as usual for self-compositions [1]). Concretely,
PT ,ϕ has O(|S|n+m) many states.

Soundness and Completeness We can show that our encoding is
sound, i.e., the existence of a conformant plan implies that the hyper-
property is satisfied. Moreover, our key contribution is the observa-
tion that conformance (i.e., sensorless behavior) is the key technical
gadget that allows us to precisely express the semantics of Hyper-
LTL, leading to completeness:

Theorem 1 (Soundness and Completeness). There exists a confor-
mant plan for PT ,ϕ if and only if T |= ϕ.

Proof Sketch. For the first direction, assume that 〈a1, . . . , aN 〉 is a
conformant plan for PT ,ϕ. We obtain n finite prefixes of length N
by simulating the directions used in each action (recall that each ac-
tion ai is an n-tuple of directions). By extending these finite pre-
fixes into infinite paths, we obtain concrete witness paths p1, . . . , pn
for π1, . . . , πn. Indeed, no matter what paths pn+1, . . . , pn+m we
consider for the m universally quantified paths in ϕ, there exists
some execution of plan 〈a1, . . . , aN 〉 that traverses the prefixes of
pn+1, . . . , pn+m. As the plan is conformant, the paths p1, . . . , pn+m

together must thus visit an accepting state of Aψ , and thus satisfy ψ;
p1, . . . , pn are witnesses for π1, . . . , πn, so T |= ϕ.

For the second direction, assume T |= ϕ. As T |= ϕ, there exist
witness paths p1, . . . , pn ∈ Paths(T ) for the existentially quanti-
fied paths π1, . . . , πn. We choose some plan that – within PT ,ϕ –
generates exactly the paths p1, . . . , pn, and claim that it is confor-
mant. Indeed, every execution of this plan traverses exactly paths
p1, . . . , pn in the first n system copies, and traverses some paths
pn+1, . . . , pn+m ∈ Paths(T ) in the remaining m system copies.
As p1, . . . , pn are witness traces for ϕ, all such combinations satisfy
ψ and thus eventually reach an accepting state in Aψ . Every execu-
tion of the plan thus eventually visits a goal state (after a bounded
number of steps since T is finite-state); the plan is conformant.

A full proof can be found in the full version [8].

Beyond Reachabilty So far, our encoding is limited to formulas
where the LTL body expresses a reachability property, as reachabil-
ity (of the goal) is the standard goal description used in (conformant)
planning. The idea underlying our encoding can also be extended
to handle arbitrary temporal requirements by using more expressive
goal conditions. Our encoding could thus be easily extended to full
HyperLTL, i.e., for every ∃∗∀∗ HyperLTL formula, we can construct
a planning problem (with LTL-defined planning objective) that ad-
mits a conformant plan iff the HyperLTL formula is satisfied. There
exist many approaches that study non-deterministic planning under
temporal objectives (e.g., LTL) [14, 13, 12, 33], so far mostly in a
fully-observable setting.

5 Conformant Planning as a Hyperproperty

In the previous section, we showed that we can solve ∃∗∀∗ Hyper-
LTL model-checking by viewing it as a conformant planning prob-
lem. In this section, we show the reverse: conformant planning is a
∃∗∀∗ hyperproperty. We, again, first work with an explicit state rep-
resentation and lift our encoding to symbolic systems in Section 6.
Let P = (S, s0, G,O) be a fixed planning problem.

We will first construct a TS over atomic propositions AP :=
{acta | a ∈ O} ∪ {goal}, whose paths precisely correspond to
all possible plan executions in P . The atomic propositions then al-
low us to (1) access the last action played (i.e., acta should hold iff
action a was the action used in the previous step), and (2) determine
if the current state is a goal state (via AP goal ). To record the last
action, each location will be of the form (s, a), where s ∈ S is the
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current planning state, and a ∈ O is the action that was last played.
Moreover, we add locations of the form (�, a) (where a ∈ O), to
indicate that action a was last played but was not applicable. As we
do not need to uniquely identify transitions, we omit directions and
directly view the transition function as a function κ : L → 2L \ {∅}.
Formally, we define the explicit-state TS TP as follows:

Definition 4. Define the TS TP := (L, linit , κ, �), where

L :=
{
(s, a) | s ∈ S, a ∈ O

}
∪
{
(�, a) | a ∈ O

}
,

and linit := (s0, a0), where a0 ∈ O is an arbitrary action. For the
transition function we define

κ
(
(s, a)

)
:=

{
(s′, a′) | a′ ∈ O ∧ s ∈ prea′ ∧ s′ ∈ eff a′(s)

}
∪{

(�, a′) | a′ ∈ O ∧ s �∈ prea′
}

κ
(
(�, a)

)
:=

{
(�, a′) | a′ ∈ O

}
.

The labeling function is defined by:

�
(
s, a

)
:=

{{
acta, goal

}
if s ∈ G{

acta
}

otherwise

�
(
�, a

)
:=

{
acta

}
.

It is easy to see that every sequence of state-action pairs
(s0, a0)(s1, a1) · · · (sn, an) ∈ (S × O)∗ is the prefix of some path
in Paths(TP) iff s0, s1, . . . , sn is a sequence of states in P under
plan 〈a1, . . . , an〉. The TS TP thus generates all possible plan ex-
ecutions in P , and records the last actions in each location. Note
that once we reach an error location of the form (�, a) (by playing a
non-applicable action), we can never reach a location where AP goal
holds.

Definition 5. Define the HyperLTL formula ϕP by

ϕP := ∃π1. ∀π2. goalπ2
∨

( ∨
a∈O

(acta)π1 �↔ (acta)π2

)
.

That is, we require some plan (modeled as a sequence π1 of state-
action pairs) such that all paths π2 with the same action sequence
(i.e., all paths that follow the same plan as encoded in path π1) even-
tually reach the goal. Phrased differently, any path π2 must either
reach the goal or eventually use a different action than used on π1.
Note that ϕP also implies that π1 eventually reaches the goal; by
instantiating π2 with the same path used for π1, the second disjunct
will never be satisfied.

Theorem 2 (Soundness and Completeness). There exists a confor-
mant plan for P if and only if TP |= ϕP .

Proof Sketch. For the first direction, assume that P admits a confor-
mant plan 〈a1, . . . , aN 〉. To show TP |= ϕP , we need to provide a
witness trace for π1. We create this witness path p1 by choosing any
path in TP where the first N actions (which are recorded in each loca-
tion of TP ) are exactly a1, . . . , aN . To show that p1 is a witness path
for π1 consider any possible path p2 ∈ Paths(T ) for the universally
quantified π2 in ϕP . There are two options: Either the first N actions
in p2 are exactly a1, . . . , aN , or at some position, the action differs.
In the latter case, the second disjunct in the body of ϕP is satisfied.
In the former case, the action sequence is exactly 〈a1, . . . , aN 〉, so,
by construction of TP , the state sequence is some execution in P un-
der plan 〈a1, . . . , aN 〉. As 〈a1, . . . , aN 〉 is a conformant plan, this

already implies that the state sequence visits a goal state, so the first
disjunct in the body of ϕP is satisfied.

For the reverse direction, assume that TP |= ϕP , and let p1 ∈
Paths(TP) be a witness path for π1. We can extract a confor-
mant plan by projecting on the actions recorded in p1. To show
that this plan is conformant, consider an arbitrary execution under
that plan. If paired with the sequence of actions, we obtain a path
p2 ∈ Paths(TP) which we can use for the universally quantified
π2; As TP |= ϕP , and p1 is a witness for π1, [π1 �→ p1, π2 �→ p2]
satisfies the body of ϕP . As the action sequence of p1 and p2 is the
same, the second disjunct in ϕP ’s is never satisfied, so the first dis-
junct must hold. This already implies that p2 visits a goal state, and,
as T is finite-state, the length until a goal state is visited is bounded
across all executions. As this holds for any execution of the plan, the
plan is conformant.

A full proof can be found in the full version [8].

6 STRIPS Planning and Symbolic Systems

In the previous sections, we worked with an explicit-state represen-
tation of the planning domain and the transition system. In prac-
tice, planning problems are typically represented symbolically using
(Boolean) variables (also called propositions or fluents) to describe
the current state (e.g., STRIPS or PDDL). Converting such a plan-
ning problem to the explicit-state description used in Definition 1,
results in an exponential blowup, making it infeasible in practice.
Likewise, many systems used in HyperLTL verification are described
symbolically (e.g., circuits or NuSMV models). In this section, we
show that the ideas of the above encodings seamlessly apply to such
symbolically-represented systems and planning problems, i.e., we
can directly encode HyperLTL model-checking on symbolic systems
as (conformant) STRIPS-style planning, and vice versa; without first
obtaining an explicit-state representation.

6.1 STRIPS Conformant Planning

We consider a STRIPS-like non-deterministic planning domain:

Definition 6. A (non-deterministic) STRIPS planning problem is a
tuple P = (P, I,G,O), where P is a finite set of Boolean propo-
sitions (also called fluents), I ⊆ P is a set of propositions (defin-
ing the initial state), G ⊆ P is a set of propositions defining goal
states, and O is a finite set of actions. Each action a ∈ O has
the form a = 〈prea, eff a〉, where prea ⊆ P defines all propo-
sitions which must hold in order for the action to be applicable,
and eff a = {e1, . . . , ek} is a finite set of conditional effects with
ei = 〈con, add , del〉, where con is a Boolean formula over P (the
condition), add ⊆ P is the add list, and del ⊆ P is the delete list.

A state in P is a set s ⊆ P defining which propositions are set to
true. An action a = 〈prea, eff a〉 can be applied in s if prea ⊆ s.
When applying action a in state s, we non-deterministically execute
one of the (applicable) conditional effects in eff a. Here, a conditional
effect 〈con, add , del〉 ∈ eff a is applicable if s |= con , i.e., the
Boolean formula con is satisfied by the assignment to propositions P
defined by s. Given a state s and action a, we define applya(s) ⊆ 2P

as the effect of applying a in s:{
(s \ del) ∪ add | 〈con, add , del〉 ∈ eff a ∧ s |= con

}
.

As in Section 3.1, we extend this to plans. A plan is a sequence
〈a1, . . . , an〉 of actions. Given a set of states T ⊆ 2P , we induc-
tively define �T, 〈a1, . . . , an〉� ⊆ 2P as the set of states reachable
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after executing plan 〈a1, . . . , an〉. For the empty plan 〈〉, we define
�T, 〈〉� := T . For a non-empty plan we define

�T, 〈a1, . . . , an〉� := �
⋃
s∈T

applya1
(s), 〈a2, . . . , an〉�

if for every s ∈ T , we have prea1
⊆ s. As before, a plan

〈a1, . . . , an〉 is a conformant plan if �{I}, 〈a1, . . . , an〉� is defined
and for every s ∈ �{I}, 〈a1, . . . , an〉� we have s ∩ G �= ∅. That
is, all executions of the plan, starting in the initial state I , result
in goal states, i.e., states where at least one goal proposition holds.
Our definition differs slightly from the one used by Hoffmann and
Brafman [29] in that we non-deterministically pick one of the condi-
tional effects, allowing us to model non-deterministic action effects.
In contrast, Hoffmann and Brafman [29] consider deterministic ac-
tions but non-deterministic initial state(s). In our definition, we can
always model deterministic effects by ensuring that at most one con-
ditional effect is applicable.

6.2 Symbolic Transition Systems

Similarly, we can consider a symbolic description of transition sys-
tems. Here, we assume that the states are represented via Boolean
variables, and each direction is assigned a list of guarded commands,
which indirectly bounds the branching degree of the system to |D|.
Definition 7. A symbolic transition system (STS) is a tuple T =
(X, vinit ,D), where X is a finite set of Boolean variables, vinit ⊆ X
is an initial assignment to X , and D is a finite set of directions. Each
direction d ∈ D has the form d = (g, pos,neg) where g is a Boolean
formula over X (called the guard), pos ⊆ X is a set of variables
which will be set to true, and neg ⊆ X is a set of variables which
will be set to false.

A state is a variable evaluation v ⊆ X . A state v′ is a successor of
v, written v →T v′, if there exists a d = (g, pos,neg) ∈ D such that
v |= g and v′ = (v \ neg) ∪ pos . That is, the guard to the direction
is satisfied (interpreting a state v ⊆ X as the obvious assignment
X → B), all positive variables in pos are set to true, and all negative
variables in neg are set to false (similar to the add and delete list in
STRIPS planning).

As before, a path in T is an infinite sequence p ∈ (2X)ω such that
(1) p(0) = vinit , and (2) for every i ∈ N, p(i) →T p(i + 1). We
define Paths(T ) ⊆ (2X)ω as the set of all paths in T . Note that our
definition omits atomic propositions (APs) as we can directly view
the Boolean state variables as APs. That is, we assume that the atomic
formulas within the LTL body are of the form xπi where x ∈ X and
πi ∈ {π1, . . . , πn+m}. Given a HyperLTL formula ϕ, we define
T |= ϕ as expected.

6.3 Hyperproperty Model-Checking as Planning

We can now extend our encoding from Section 4 to symbolic sys-
tems and symbolic planning domains. Ultimately, given an STS T
and HyperLTL formula ϕ, we want to construct a STRIPS planning
problem (cf. Definition 6) that admits a conformant plan iff T |= ϕ
(without first translating the STS to an explicit-state TS).

In the following, assume that T = (X, vinit ,D) is the fixed STS
and ϕ = ∃π1 . . . ∃πn.∀πn+1 . . . ∀πn+m. ψ is a fixed ∃∗∀∗ Hyper-
LTL formula. As before, we assume that ψ – the LTL body of ϕ –
expresses a reachability property. Let Aψ = (Qψ, q0,ψ, δψ, Fψ) be
a DFA over letters from 2X×{π1,...,πn+m} (recall that we use the
Boolean variables in T as APs) that accepts exactly those infinite
words that satisfy ψ.

Indexed Variables In our planning encoding, we maintain the cur-
rent location of n + m system copies. When using an explicit-state
representation as in Definition 3, we could simply use an (n + m)-
tuple of system locations. In our symbolic setting, the current loca-
tion of a system is defined by a variable evaluation over X , so to track
the n + m system copies, we use an indexed set of variables. For-
mally, we will represent n+m system locations within each planning
state by using propositions from X × {π1, . . . , πn+m}. Variables
{(x, πi) | x ∈ X} then define the current location of the ith system
copy. Given a set of variables A ⊆ X , and πi ∈ {π1, . . . , πn+m},
we define A◦πi := {(x, πi) | x ∈ A} as the indexed set of variables.
Likewise, given a Boolean formula g over variables from X , define
g◦πi as the formula over X × {π1, . . . , πn+m} where each variable
x is replaced by (x, πi).

Definition 8. Define the STRIPS planning problem PT ,ϕ as
PT ,ϕ :=

(
P, I,G,O

)
, where

P := (X × {π1, . . . , πn+m}) ∪Qψ

I :=
{
(x, πi) | x ∈ vinit , 1 ≤ i ≤ n+m

}
∪ {q0,ψ}

G := Fψ

O :=
{
〈pre �d, eff �d〉 | 	d ∈ D

n}

and for each action 	d ∈ D
n we define pre �d := ∅ and the conditional

effects eff �d are defined by

eff �d :=
{
e�d��d′,q,q′ | 	d

′ ∈ D
m, q, q′ ∈ Qψ

}
.

For each direction vector 	d� 	d′ = (d1, . . . , dn+m) ∈ D
n+m, where

di = (gi, posi,negi), we define the conditional effect e�d��d′,q,q′ as
e�d��d′,q,q′ := 〈con, add , del〉, where

con := q ∧ δπ(q, q
′) ∧

n+m∧
i=1

(gi)◦πi

add := {q′} ∪
n+m⋃
i=1

(posi)◦πi

del := {q} ∪
n+m⋃
i=1

(neg i)◦πi .

The idea behind this encoding is similar to the explicit-state encod-
ing in Definition 3: The action chosen in each step determines how
the n existentially quantified systems are updated, while the m uni-
versally quantified systems are updated non-deterministically. Each
location of T is defined by the Boolean variables in X , so our plan-
ning problem uses propositions of the form (x, πi) defining the value
of variable x in the system copy for πi. Additionally, we track the
current state of Aψ , by adding each state in Qψ as a proposition. Ini-
tially, a proposition (x, πi) is set iff variable x is set to true in T ’s ini-
tial state. The goal then consists of all states where some proposition
in Fψ is set, i.e., where Aψ is in some accepting state. Similar to the
encoding in Definition 3, the actions consist of n-tuples of directions.
The idea is that each action 	d = (d1, . . . , dn) ∈ D

n defines how
each of the n existentially quantified systems is updated, while the
m universally quantified systems are updated non-deterministically.
Once action 	d is fixed, the conditional effects in eff �d are executed
non-deterministically (if applicable). Here, each conditional effect
in eff �d has the form e�d��d′,q,q′ where 	d′ ∈ D

m gives the direction
for each of the m universally quantified systems (the conditional
effects thus consider all possible updates to universally quantified
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systems). At the same time, we consider all possible combinations
q, q′ to update the state of Aψ . Each effect thus determines direc-
tions for all universal copies and determines how Aψ is updated. Of
the conditional effects in eff �d, only a few are actually applicable:
Namely, those where the guard of all directions is satisfied and Aψ

actually moves from q to q′. The condition of each conditional ef-
fect ensures this: Effect e�d��d′,q,q′ is only applicable if (1) q holds
(i.e., we are currently in state q), (2) δψ(q, q

′) (i.e., Aψ moves from
state q to q′ in the current system states; Recall that δψ(q, q′) is a
Boolean formula over X × {π1, . . . , πn+m} and all these variables
are propositions in the planning problem), and (3) all the guards of
all directions are satisfied. To express the latter condition, we assume
that 	d � 	d′ = (d1, . . . , dn+m) is the direction vector for all system
copies (obtained by merging the n directions fixed by the action and
the m directions fixed in the effect), and gi is the guard of the ith
direction (recall that gi is a Boolean formula over X). In our encod-
ing, we track the current state of the ith system copy via the indexed
variables {(x, πi) | x ∈ X}, so, within guard gi, we replace each
variable x with (x, πi) (i.e., (gi)◦πi ). When applying the conditional
effect e�d��d′,q,q′ , we move Aψ from q to q′, i.e., we add the propo-
sition q′ and delete the proposition q. At the same time, we update
each system copy based on the chosen direction, i.e., the ith copy is
updated based on direction di. Formally, this amounts to adding all
variables set to true by di (i.e., adding (posi)◦πi ) and removing all
variables set to false by di (i.e., deleting (neg i)◦πi ).

The resulting (STRIPS-like) planning problem models the same
behavior as the explicit-state construction from Definition 3. As a
result, we get the following direct corollary of Theorem 1:

Corollary 3 (Soundness and Completeness). There exists a confor-
mant plan for PT ,ϕ if and only if T |= ϕ.

Note that we can construct PT ,ϕ in polynomial time in the size T .
Concretely, the number of fluents is O((n + m) · |X|), the number
of actions is O(|D|n), and the overall number of conditional effects
is O(|D|n+m) (as usual for a self-compositions [1]).

6.4 Conformant Planning as a Hyperproperty

We now sketch how we can extend the encoding from Section 5
to STRIPS planning problems and symbolically transition systems.
Given a STRIPS planning problem P = (P, I,G,O) (cf. Defini-
tion 6), we can construct an STS TP (cf. Definition 7) that has the
same behavior as the explicit-state construction in Definition 4. To
accomplish this, we track each proposition in P as a variable in TP .
Moreover, we add additional variables {acta | a ∈ O} (used to
record the last action that was played), goal (set whenever we reach
a goal proposition from G), and � (set whenever we have previously
played a non-applicable action, similar to the (�, a) states in Defi-
nition 4). The initial state of TP sets exactly those propositions con-
tained in I (i.e., P’s initial state). For each action a = 〈prea, eff a〉 ∈
O with k conditional effects eff a = {e1, . . . , ek}, we add k direc-
tions d(a,e1), . . . , d(a,ek) and a special direction d(�,a). The idea is
that direction d(a,ei) models the effect of applying the ith conditional
effect of action a. The guard of direction d(a,ei) ensures that (1) all
propositions in prea are true (i.e., the precondition of action a is sat-
isfied), (2) the condition of the conditional effect ei is satisfied, and
(3) variable � is currently set to false (i.e., we have, so far, not played
a non-applicable action). When applying direction d(a,ei), we change
the propositions in P according to ei’s add and delete list (i.e., direc-
tion d(a,ei) sets all variables in ei’s add list to true and all variables
in ei’s delete list to false). Moreover, direction d(a,ei) sets variable

acta to true and all variables acta′ with a′ �= a to false. The special
direction d(�,a) can only be applied if prea does not hold. If applied,
d(�,a) sets variables acta and � to true. As in Definition 4, applying
a non-applicable action thus results in a state where � is set to true,
prohibiting the future use of directions of the form d(a,ei). It is not
hard to see that the resulting STS generates all possible executions of
P ; for every action a ∈ O and every possible (non-deterministically
chosen) conditional effect of a, some direction mirrors the same ef-
fect in TP . The resulting STS TP thus models the same behavior as
the explicit-state construction in Definition 4. As a direct corollary
of Theorem 2, we get:

Corollary 4. The planning problem P admits a conformant plan if
and only if TP |= ϕP .

Note that we can construct TP in linear time in the size of P . It
uses O(|P | + |O|) variables, and the number of directions in TP
equals the number of total conditional effects in P .

Implementation We have implemented our symbolic encoding
in a prototype tool that translates PDDL 2.1 planning problems to
HyperLTL verification instances. Our results show that we trans-
late benchmarks within seconds, indicating that our encoding main-
tains the core computational challenge. Current HyperLTL verifica-
tion tools effectively explore all possible witness paths, leading to
poor performance on the resulting instances. As we discuss in the
next section, we believe that this emphasizes the importance of trans-
ferring solutions between both disciplines, and, e.g., study (heuristic)
guided approach to HyperLTL model-checking.

7 Conclusion and Future Work

In this paper, we have shown that conformant plans and ∃∗∀∗ hyper-
properties are closely related. In particular, conformance is the miss-
ing technical link that aligns non-deterministic planning with ∃∗∀∗

model-checking in a sound-and-complete (and bi-directional) way.
We hope that this formal connection eventually leads to an improve-
ment in solutions for both problems.

We empathize that we do not believe that our encodings – when
applied naïvely – result in instances that are well-suited for tools in
either domain. Instead, we view our results as a strong indicator that
the fundamental concepts developed within either community can be
customized to problems in the other community. For example, the
use of heuristics in the verification of hyperproperties is an entirely
unexplored, yet very fruitful, direction for future research. Current
verification approaches to ∃∗∀∗ explore all possible witness paths
using, e.g., automata or QBF encodings. As our experiments in Sec-
tion 6.4 confirm, such approaches are difficult to scale: even medium-
sized conformant planning problems can, when translated into a Hy-
perLTL verification problem, not be solved with current verification
tools. This is unsurprising: The planning community has demon-
strated that exhaustive (non-guided) searches scale poorly but can
be improved drastically by employing a (heuristic) guided search.
Section 4 demonstrates that the verification of quantifier alternations
in HyperLTL formulas is essentially a planning problem, providing
strong evidence that heuristic-guided exploration could lead to much
better scalability; even for HyperLTL problems beyond the planning
domain. Using the encoding from Section 6, we could directly trans-
late a HyperLTL verification problem to a planning problem. How-
ever, we believe that it is much more efficient to directly integrate
heuristics into HyperLTL-specific tools by, e.g., guiding the system
exploration during bounded model-checking.
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