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Abstract
Dynamic Epistemic Logic (DEL) provides a very expressive framework for planning, called epistemic
planning. In this paper, we discuss the shortcomings of the traditional DEL semantics, based on Kripke
models, and we propose a formulation of epistemic planning based on a different kind of object, called
possibility. We argue that the resulting framework, named delphic, constitutes a valid alternative, since
it provides a more compact representation of epistemic information and a lighter update mechanism. We
conclude by discussing the advantages of delphic, both theoretically and in terms of implementation.

1. Introduction

In recent times, there has been a growing interest in the study of Multi-Agent Systems and in
their application to a wide range of settings. Autonomous agents are expected to face dynamic
situations and to be able to adapt in order to reach a given goal. In these contexts, it is paramount
for agents to be able to reason on the physical world that surrounds them as well as on the
knowledge that other agents have about the world and other agents’ knowledge.

Bolander and Andersen [1] introduced epistemic planning as a planning framework based on
Dynamic Epistemic Logic (DEL) [2]. Although the traditional Kripke semantics of DEL allows
for a great expressive power, only small fragments are implemented in practice [3, 4, 5, 6]. In
fact, computing a solution for an epistemic planning problem requires to handle a large quantity
of information, which results in poor time results. As a result, various epistemic planning
systems rely on simplifying the setting of interest.

In this paper, as a first step to overcome this issue, we propose a framework for epistemic
planning called delphic (DEL-planning with a Possibility-based Homogeneous Information
Characterization), that relies on an alternative semantics of DEL based on possibilities [7]. The
choice of adopting a possibilities is motivated by the fact that they represent information in a
more compact way, which has been shown to improve performance in the solver EFP [5]. In
what follows, we introduce the main elements of DEL (Kripke models, event models, product
update) and their corresponding ones in delphic (possibilities, eventualities, union update),
discussing the advantages of delphic with respect to the Kripke semantics, both theoretically
and in terms of implementation. We conclude with some future works.
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2. A Novel Semantics for Epistemic Planning

Epistemic Models. Let 𝒫 be a countable set of propositional atoms and 𝒜𝒢 = {1, . . . , 𝑛}
be a finite set of agents. The language ℒ𝒫,𝒜𝒢 of multi-agent epistemic logic is defined by the
BNF: 𝜙 ::= 𝑝 | ¬𝜙 | 𝜙 ∧ 𝜙 | □𝑖𝜙, where 𝑝 ∈ 𝒫, 𝑖 ∈ 𝒜𝒢. The formula □𝑖𝜙 is read as “agent 𝑖
knows/believes that 𝜙”. In the traditional possible world semantics of DEL, a Kripke model [8]
represents an epistemic model. Epistemic models contain both factual information on multiple
possible worlds and epistemic information, i.e., which worlds are considered possible by agents.

Definition 1 (Kripke Model). A Kripke model is a triple 𝑀 = (𝑊,𝑅, 𝑉 ) where: 1) 𝑊 ̸= ∅ is
the set of possible worlds, 2) 𝑅 : 𝒜𝒢 → 2𝑊×𝑊 assigns to each agent 𝑖 an accessibility relation
𝑅(𝑖) (abbreviated as 𝑅𝑖), and 3) 𝑉 : 𝒫 → 2𝑊 assigns to each atom a set of worlds.

A (multi-)pointed Kripke model is a pair (𝑀,𝑊𝑑), where 𝑊𝑑 ⊆ 𝑊 is a non-empty set of
designated worlds denoting the real state of affairs, and it represents an epistemic state in DEL.
Truth of formulae is defined as follows: i. (𝑀,𝑤) |= 𝑝 iff 𝑤 ∈ 𝑉 (𝑝); ii. (𝑀,𝑤) |= ¬𝜙 iff
(𝑀,𝑤) ̸|= 𝜙; iii. (𝑀,𝑤) |= 𝜙 ∧ 𝜓 iff (𝑀,𝑤) |= 𝜙 and (𝑀,𝑤) |= 𝜓; and iv. (𝑀,𝑤) |= □𝑖𝜙 iff
∀𝑣 if 𝑤𝑅𝑖𝑣 then (𝑀, 𝑣) |= 𝜙. Finally, (𝑀,𝑊𝑑) |= 𝜙 iff (𝑀,𝑣) |= 𝜙, for all 𝑣 ∈𝑊𝑑.

Example 1. Agents a and b are in a room where a coin is placed in a

𝑤1:ℎ 𝑤2:¬ℎ
𝑎, 𝑏

𝑎, 𝑏 𝑎, 𝑏
box. They both do not know whether the coin lies heads up (ℎ) or not.
Thus, we need two worlds to represent this uncertainty (𝑤1 and 𝑤2,
respectively). As we are omniscient observers, we assume that we know that 𝑤1 is the designated
world (circled dot). In DEL, this is modeled by the epistemic state on the right.

Definition 2 (Possibility [7]). A possibility u is a function that assigns to each atom 𝑝 ∈ 𝒫 a
truth value u(𝑝) ∈ {0, 1} and to each agent 𝑖 ∈ 𝒜𝒢 a set of possibilities u(𝑖).

In delphic, an epistemic model is represented by a possibility. A possibility spectrum is a finite
set U = {u1, . . . u𝑘} of possibilities and it represents an epistemic state in delphic. Importantly,
possibility spectrums represent the same information as multi-pointed Kripke models, namely
factual and epistemic information, plus the designated worlds. In Kripke models, the worlds (𝑊 )
and their interpretations (𝑉 ) and relations (𝑅𝑖) are given as separated components. On the other
hand, each possibility constitutes a possible world and it contains both an interpretation u(𝑝) for
each atom in 𝒫 , and a set of worlds u(𝑖) that agent 𝑖 considers possible, for each agent in 𝒜𝒢.
Hence, the designated worlds of the spectrum U are exactly the possibilities u1, . . . u𝑘 (whereas
the non-designated worlds correspond to possibilities attributed to agents by a possibility in
U, but not explicitly included in U themselves). Truth of formulae in possibilities is defined as
follows: i. u |= 𝑝 iff u(𝑝) = 1; ii. u |= ¬𝜙 iff u ̸|= 𝜙; iii. u |= 𝜙 ∧ 𝜓 iff u |= 𝜙 and u |= 𝜓; and
iv. u |= □𝑖𝜙 iff ∀v if v ∈ u(𝑖) then v |= 𝜙. Finally, U |= 𝜙 iff v |= 𝜙, for all v ∈ U.

Example 2. The possibility spectrum representing the situation of Example 1 is W = {w1}, where:
i.w1(ℎ) = 1 andw1(𝑎) = w1(𝑏) = {w1,w2}; and ii.w2(ℎ) = 0 andw2(𝑎) = w2(𝑏) = {w1,w2}.

Event Models. In DEL, actions are modeled by event models [9, 10], that represent how new
information changes the perspectives of agents. In what follows, events play the role of worlds
and the accessibility relation 𝑄𝑖 describes which events are considered possible by agent 𝑖.



Definition 3 (Event Model). An event model is a quadruple ℰ = (𝐸,𝑄, 𝑝𝑟𝑒, 𝑝𝑜𝑠𝑡) where:
1) 𝐸 ̸= ∅ is the set of events, 2) 𝑄 : 𝒜𝒢 → 2𝐸×𝐸 assigns to each agent 𝑖 an accessibility
relation 𝑄(𝑖) (abbreviated as 𝑄𝑖), 3) 𝑝𝑟𝑒 : 𝐸 → ℒ𝒫,𝒜𝒢 assigns to each event a precondition, and
4) 𝑝𝑜𝑠𝑡 : 𝐸 → (𝒫 → ℒ𝒫,𝒜𝒢) assigns to each event a postcondition for each atom.

Informally, preconditions capture the applicability of events, whereas postconditions determine
whether an atom is true after the event is applied. A (multi-)pointed event model is a pair (ℰ , 𝐸𝑑),
where 𝐸𝑑 ⊆ 𝐸 is a non-empty set of designated events, and it represents an action in DEL.
Example 3. Suppose now that, in the situation of Example 1, a

𝑒1:⟨ℎ,𝑖𝑑⟩ 𝑒2:⟨⊤,𝑖𝑑⟩
𝑏

𝑎 𝑎, 𝑏
peeks into the box while b is distracted. Events 𝑒1 and 𝑒2 repre-
sent a’s and b’s perspectives, respectively (we use the notation
⟨𝑝𝑟𝑒, 𝑝𝑜𝑠𝑡⟩ for events). In this way, a learns that the coin lies heads up, while b remains ignorant
about the situation. Moreover, a is aware of b’s perspective, but b is not aware of a’s point of view.
In DEL, this is modeled by the action on the right.

In delphic, we introduce the novel concept of eventuality to model actions. Let 𝑝𝑟𝑒 /∈ 𝒫 be a
fresh atom and let 𝒫 ′ = 𝒫 ∪ {𝑝𝑟𝑒}. In the following definition, e(𝑝𝑟𝑒) is the precondition of e,
while e(𝑝), where 𝑝 ∈ 𝒫 , is the postcondition of 𝑝 in e.

Definition 4 (Eventuality). An eventuality e is a function that assigns to each atom 𝑝′ ∈ 𝒫 ′ a
formula e(𝑝′) ∈ ℒ𝒫,𝒜𝒢 and to each agent 𝑖 ∈ 𝒜𝒢 a set of eventualities e(𝑖).

An eventuality spectrum is a finite set E = {e1, . . . e𝑘} of eventualities and it represents an action
in delphic. Importantly, eventuality spectrums represent the same information as multi-pointed
event models, namely pre-/postconditions of events (functions 𝑝𝑟𝑒 and 𝑝𝑜𝑠𝑡) and epistemic
information (relations 𝑄𝑖), plus the designated events. While in event models these are given
as separated components, each eventuality constitutes an event and it contains a precondition
e(𝑝𝑟𝑒), a postcondition e(𝑝) for each 𝑝 ∈ 𝒫 , and a set of eventualities e(𝑖) that agent 𝑖 considers
possible, for each 𝑖 ∈ 𝒜𝒢. The designated events of E are exactly the eventualities e1, . . . e𝑘.

Example 4. The eventuality spectrum representing the action of Example 3 is E = {e1}, where:
i. e1(𝑝𝑟𝑒) = ℎ, e1(ℎ) = ℎ, e1(𝑎) = {e1} and e1(𝑏) = {e2}; and ii. e2(𝑝𝑟𝑒) = ⊤, e2(ℎ) = ℎ and
e2(𝑎) = e2(𝑏) = {e1, e2}.

Product Update. The product update formalizes how (applicable) actions bring about informa-
tion change in epistemic states in DEL. An action (ℰ , 𝐸𝑑) is applicable in (𝑀,𝑊𝑑) if for each
world 𝑤 ∈𝑊𝑑 there exists an event 𝑒 ∈ 𝐸𝑑 such that (𝑀,𝑤) |= 𝑝𝑟𝑒(𝑒).

Definition 5 (Product Update). Let 𝑀 = (𝑊,𝑅, 𝑉 ) and ℰ = (𝐸,𝑄, 𝑝𝑟𝑒, 𝑝𝑜𝑠𝑡). The product
update of (𝑀,𝑊𝑑) with (ℰ , 𝐸𝑑) is (𝑀,𝑊𝑑)⊗ (ℰ , 𝐸𝑑) = ((𝑊 ′, 𝑅′, 𝑉 ′),𝑊 ′

𝑑), where:
1. 𝑊 ′ = {(𝑤, 𝑒) ∈𝑊 × 𝐸 | (𝑀,𝑤) |= 𝑝𝑟𝑒(𝑒)},
2. 𝑅′

𝑖 = {((𝑤, 𝑒), (𝑣, 𝑓)) ∈𝑊 ′ ×𝑊 ′ | 𝑤𝑅𝑖𝑣 and 𝑒𝑄𝑖𝑓},
3. 𝑉 ′(𝑝) = {(𝑤, 𝑒) ∈𝑊 ′ | (𝑀,𝑤) |= 𝑝𝑜𝑠𝑡(𝑒)(𝑝)}, and
4. 𝑊 ′

𝑑 = {(𝑤, 𝑒) ∈𝑊 ′ | 𝑤 ∈𝑊𝑑 and 𝑒 ∈ 𝐸𝑑}.
Example 5. Applying the action of Example 3 in the epistemic state

𝑣3:ℎ

𝑣1:ℎ 𝑣2:¬ℎ

𝑏 𝑏
𝑎

𝑎, 𝑏

𝑎, 𝑏 𝑎, 𝑏of Example 1 results in the state on the right, where 𝑣3 = (𝑤1, 𝑒1),
𝑣1 = (𝑤1, 𝑒2) and 𝑣2 = (𝑤2, 𝑒2). Notice that 𝑤1 (resp., 𝑤2) and 𝑣1
(resp., 𝑣2) encode the same information, but they are distinct objects.



In delphic, we introduce the concept of union update in place of the traditional product
update to formalize how an (applicable) eventuality spectrum brings about information change
in a possibility spectrum. An eventuality spectrum E is applicable in a possibility spectrum U if
for each possibility u ∈ U there exists an eventuality e ∈ E such that u |= e(𝑝𝑟𝑒).

Definition 6 (Union Update). The union update of a possibility u with an eventuality e is the
possibility u′ = u ∪× e, such that if u ̸|= e(𝑝𝑟𝑒), then u′ = ∅; otherwise:

u′(𝑝) = 1 iff u |= e(𝑝)
u′(𝑖) = {v ∪× f | v ∈ u(𝑖), f ∈ e(𝑖) and v |= f(𝑝𝑟𝑒)}

The union update of a possibility spectrum U with an eventuality spectrum E is the possibility
spectrum U ∪× E = {u ∪× e | u ∈ U, e ∈ E and u |= e(𝑝𝑟𝑒)}.

Example 6. Applying E (Example 4) to W (Example 2) results in: W ∪× E = {w1 ∪× e1} = {v3},
where v3(ℎ) = 1, v3(𝑎) = {v3} and v3(𝑏) = {w1 ∪× e2,w2 ∪× e2} = {w1,w2}. Notice that the
union update allows us to reuse previously calculated information (i.e., possibilities w1 and w2).

3. Discussion and Future Works

The delphic framework for epistemic planning has various advantages over the traditional
Kripke semantics for DEL. From a conceptual standpoint, possibilities allow for a more natural
representation of epistemic states: while a Kripke model represents information as heterogeneous
components (i.e., set of worlds, accessibility relations, interpretation of atoms in each world),
possibilities encode all this information within one coherent component (namely, the possibility
itself). In other words, a possibility encodes both a possible world and the information about
which worlds are considered possible by each agent. This is more akin to how humans think of
a situation, i.e., as a set of different possibilities. The same argument holds for actions, since an
eventuality is essentially a possibility that maps formulae (instead of truth values) to atoms.

From a theoretical perspective, possibilities are tightly related to Kripke models and they are
proved to be a more compact representation of epistemic models [7]. This was shown to improve
runtime performance in the solver EFP [5], where a fragment of DEL was implemented with both
semantics. Moreover, the union update overcomes two important shortcomings of the traditional
product update. First, the product update is essentially a blind cross-product between worlds
and events, which may result in epistemic states having unreachable components. Importantly,
this redundant information accumulates during the planning process and produces a significant
overhead in solving time. Second, the cross-product makes it impossible to reuse previous
information. This is a crucial aspect, since it is common to have some agents maintain their
perspective after an action is carried out. Instead, in DEL we are forced to create a new world
and to copy the previous information in it (see Example 5). Conversely, due to the semantics of
union update, in delphic it is possible to reuse information, as shown in Example 6.

These arguments suggest that delphic allows for a lighter update mechanism, that would
ultimately result in more efficient implementations. To obtain empirical evidence of such
improvement, we plan to develop an encoding both of delphic and the traditional DEL semantics
into various solver, e.g., ASP, Prolog, SMT solvers, and comparatively evaluate the two versions.
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