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ABSTRACT

Strategy Logics are well-studied frameworks for the specification
and verification of strategic abilities in multi-agent systems (MAS).
However, the current generation of Strategy Logics is limited to
static reasoning about fixed models of MAS. This limitation excludes
a plethora of applications that require addressing dynamic changes
and updates. Examples include verifying that a computer program
executes correctly after an upgrade, automatically repairing MAS
to meet safety requirements, and reasoning about robots operating
in a dynamic environment. To address this limitation, we propose
a new research agenda centered on enriching Strategy Logics with
concepts and intuitions from Dynamic Epistemic Logic, aiming to
develop a holistic and general framework that captures dynamic
phenomena in MAS and facilitates their verification.
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1 INTRODUCTION

Logics for reasoning about strategic abilities (Strategy Logics, or SL
for short!) comprise a wide variety of formal frameworks devised
to model, verify, and reason about the strategies of (coalitions of)
autonomous agents in multi-agent systems (MAS). In this context,
strategies (also known as plans or policies) describe how rational
agents act to achieve their individual or collective goals. Strategic

'We write SL to disambiguate the general family of logics for reasoning about
strategic abilities and the eponymous Strategy Logic (SL) [84], which belongs to S L.

The title is inspired by the agenda of the dynamic turn in logic [94, 95], where dynamic
changes of models in modal logic take centre stage. See more on this in, e.g., [17, 54].
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reasoning plays a crucial role in MAS as actions of one agent may
influence the available strategies of another agent.

Specification and verification of MAS with strategy logics have
been explored across a plethora of domains, such as neuro-symbolic
reasoning [5], voting protocols [19, 64], and smart contracts [99,
100]. Properties that typically require verification can be broadly
divided into two groups. Functionality properties require checking
that honest or authorised agents can always achieve a promised or
desired outcome. In the other group are security, or safety, properties
that ensure that malicious or unauthorised agents are not able to
complete specific, often harmful, tasks [63]. Thus, S.L are especially
prominent as an integral part of safe Al where it is essential to
ensure that a given system has provably correct and thus safe
behaviour. For example, S.L were used to ensure the functionality
and safety of autonomous submarines [40], autonomous vehicles
[68], and manufacturing robots [39].

Observe that many, if not all, areas of application of SL admit
changing, or dynamic, scenarios. Reasoning about such scenarios,
however, cannot be satisfactorily carried out using the existing S.L.
For example, we may want to capture strategies arising for robots
operating on arenas with varying conditions, or to reason about
the effects of possible malfunctions in the robots. This echoes the
motivation for resilience in computer science, i.e., the capacity to
adapt to disruptive changes in the environment [51, 106]. Or, we
may want to check whether a voting protocol remains secure after
modifications affecting voters’ strategies, such as switching from a
single-winner to a multi-winner system. The same question applies
to software upgrades. In short, we may want to express and verify
complex properties of a system, such as “the system is safe now, and
after we implement this update (change, upgrade), it will still be safe”.
Statements like this cannot currently be adequately expressed and
verified in classic, static S.L, as they lack the necessary operators
to capture model changes. This creates a roadblock to efficient veri-
fication of dynamic MAS and hinders the automatic synthesis of
model repairs.

In order to address this limitation, we propose the creation of a
new generation of strategy logics capable of reasoning about dynamic
phenomena in MAS. To this end, we consider the intuitions and
results from Dynamic Epistemic Logic (DEL) [103] to be of significant
importance. Numerous variants of DEL are used to model changes of
agents’ knowledge and beliefs resulting from information-changing
events. On the semantic level, this is represented by changes, or
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updates, of the given DEL model (called epistemic model). In this
paper, we do not deal with agents’ knowledge; instead, we use
intuitions from DEL to enrich S£ and thus capture reasoning about
the dynamics of strategic abilities, and hence engender a general
approach for reasoning about dynamic phenomena in MAS.

To achieve this goal, we need to tackle three challenges (see
Section 3). First, we need to design extensions of various S £ with
new operators that will capture the dynamics of the underlying
model. Next, given the syntax and semantics of these operators, we
must automatically synthesise updates that specify how to repair a
faulty model. Finally, to support practical use, we need to develop
verification and synthesis tools for this new generation of S.L.

2 STATE OF THE ART

Strategy Logics. In this work, we focus on SZL interpreted on
concurrent game models (CGMs) [10], which are essentially graphs
with labelled nodes and transitions. These logics use the constructs
{Che that are read as ‘coalition C can force ¢ (no matter what
agents outside of C do)’. We can also read (C))¢ as ‘coalition C
has a strategy to make ¢ true’. The meaning of such constructs
is determined by transitions in a CGM and the agents’ strategies.
Once constructs {C))¢ are added to the language of propositional
logic, we obtain coalition logic (CL) [88, 89] that captures reasoning
only about immediate (next-step) outcomes in game-like scenarios.

CL is arguably the simplest logic in the family S£. Other notable
representatives of the family are the alternating-time temporal logic
(ATL) and its more expressive cousin ATL* [10, 75]. They extend
CL with temporal features such as Always, Eventually, and Until.
An even more expressive logic is the eponymous strategy logic (SL)
[84] and its fragments [20, 83], which additionally allow explicit
quantification over agents’ strategies.

Many variants of the CGM-based logics mentioned so far, i.e.,
CL, ATL, and SL, have been proposed and studied in the literature.
Examples include ATL with explicit strategies [107], coalition action
and strategy logics [26, 30], socially friendly and group protecting
CLs [56, 57], resource-bounded ATL [7, 87], ATL with imperfect recall
[92], SL with imperfect information [22], and probabilistic extensions
of ATL [35, 62, 85] and SL [11, 86]. These are all different logics
with varying expressivity and complexities. Namely, the complex-
ity of model checking ranges from solvable in P for CL and ATL, to
PSPACE-complete and 2EXPTIME-complete for ATL* (with memo-
ryless and perfect recall strategies, respectively), and to undecidable
for both ATL and ATL* with perfect recall strategies and imperfect
information [63]. This variety notwithstanding, all of the mentioned
logics work on static models and do not admit model dynamics.

Example 2.1 (Adapted from [99]). Atomic swap is a smart con-
tract in which agents A (for Anna) and B (for Brita) would like
to swap their assets, a and b, respectively. The tricky part is that
the parties may not behave according to the agreement, and may,
for example, withhold their asset while receiving the asset of their
counterpart. Thus, we cannot assume any trust between the agents.
To verify the functionality of (a model of) the smart contract, we
can express the situation when Anna and Brita have deposited their
assets as dep(A, a) A dep(B, b) , and the target condition that they
have swapped the assets as has(A, b) A has(B, a). Then, a property
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we may want to check is ‘Anna can ensure that whenever the as-
sets are deposited, the target condition is eventually reached, no
matter what Brita does’. This can be written as the ATL* formula
¢ = (A)Always(dep(A, a) A dep(B,b) — Eventually(has(A, b) A
has(B, a))).

In the example, the underlying assumption is that the situation
at hand is fixed and is not bound to change. However, it may be
crucial to verify not only that ¢ is satisfied in the current model,
but also that it will hold after we implement changes in the model
(e.g., upgrading atomic swap to grant Anna and Brita more options).
This cannot be done with the standard CL, ATL, ATL*, and SL, and
we argue for the need for a new family of S £ in Section 3.1.

Strategic Reasoning in DEL. We believe that ideas from DEL
can enrich S.L to allow for a general framework for reasoning about
dynamics in MAS. Therefore, we propose to explore the DEL-to-S £
direction, which hitherto has been considered only sporadically
in the literature. The opposite S L-to-DEL direction, though, has
been investigated relatively thoroughly with examples including
concurrent DEL games [79, 80], alternating-time temporal DEL [38],
coalition announcements [3, 45], and other forms of strategic multi-
agent communication (see, e.g., [1, 50]). We mention the work on
incorporating strategic reasoning into DEL, because we want to
argue that the two communities, those of S £ and DEL, have much
to offer each other, and with our work, we wish to foster interaction
in the DEL-to-S £ direction, which has been greatly overlooked.

Existing Approaches to Dynamics in S£. Some dynamic
phenomena have already been considered in the literature on SL£
with, perhaps, the prime example being normative reasoning for
MAS. For normative reasoning, we want to specify which actions
of agents conform to the system’s norms and social laws (see, e.g.,
[2, 6, 8, 28, 49, 60, 93, 98]). The main idea there is to divide the set
of available actions for each agent into those that are permitted and
those that are prohibited. Then, after the implementation of such a
norm or a law, further evaluation happens in an updated CGM.

Another example is obstruction logics [31-33], where agents’
abilities to cooperate and execute their strategies can be hindered
by an external force, called the Demon. As in the normative setting,
the Demon is able to disable some transitions and thus impact the
strategic abilities of the agents in a system. With such a setting, the
authors strive to verify the safety of distributed systems against
cyberattacks. A recent variant of the formalism [29] also introduces
the Angel, who can restore transitions, and can either compete
or cooperate with the Demon. A somewhat similar problem is
called module checking [66, 73], where agents interact with a non-
deterministic environment that may inhibit access to certain paths
of the computation tree.

The presented examples of works on SL with dynamic features
are concerned with somewhat particular applications: normative
systems in the former, and cybersecurity in the latter. With this
work, our goal is to pursue a unifying general approach to
reasoning about dynamic phenomena in MAS. Preliminary
steps towards reaching the goal were made with the introduction
of dynamic CL [45, 46], which allows for reasoning about granting
and revoking abilities to and from agents, and logic for ATL model-
building (LAMB) [47], which allows for combining simple model-
changing operations, like adding a state or redirecting an arrow,
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into complex updates. However, the potential of ‘dynamifying’ S£
is largely unexplored and calls for a systematic investigation.

3 CHALLENGES

In this section, we present three challenges that we deem particu-
larly important for the emerging research field of dynamic strategy
logics. These challenges partially build on each other, starting from
theoretical foundations and culminating in practical tools.

3.1 Reasoning About the Dynamics of Ability

The first challenge in developing a general reasoning framework
for S.L dynamics is to propose meaningful ways of updating, or
changing, models and agents’ strategies, and to formally study their
expressivity and computational complexity. There is a broad set of
system properties that can be changed to affect strategies: agents’
actions, their effects, facts about the environment, the number of
agents, and any combination thereof.

Example 3.1. Continuing with Example 2.1, assume that we want
to introduce additional functionality to atomic swap by allowing
each agent to reject the swap, thus restoring the status quo. To
capture this, we need to be able to modify the agents’ available
actions and the resulting outcomes. Endowing users A and B with
the possibility to reject a swap alters their powers dramatically.
In particular, if in the original contract agent A could force the
target swap condition, expressed by the formula ¢ in Example 2.1,
in the upgraded smart contract this is no longer the case, as agent
B can reject the swap altogether. Formally speaking, we would like
our new SL to be able to express properties like [add_reject] -,
where the dynamic operator [add_reject] updates the given model
by providing A and B with the option to reject the swap.

Although our examples are quite simple, models of real-world
MAS are usually large (see [40, 64]). Hence, from the practical per-
spective, having a well-defined semantics for model updates would
allow us to automate the construction of an updated model, instead
of trying to modify the model ‘by hand’. Moreover, we envision
our update operators as formulas of a logic, and there are two clear
advantages of this approach. First, this would allow a succinct,
high-level representation of the effects of an update, as opposed
to a low-level full description of all changes in a particular model.
Second, in this way our updates will be model-agnostic, meaning
that we can verify how the same update affects different models.

As a starting point, we draw inspiration from dynamic epistemic
logic (DEL) [103], which models how agents’ knowledge changes
through epistemic actions. Although DEL’s epistemic models differ
substantially from CGMs, both are essentially labelled graphs. We
therefore expect that some high-level intuitions about updating the
former will translate into intuitions about updating the latter.

Let us provide three examples of how DEL intuitions can guide
us in the quest for defining and exploring CGM updates. These
examples are meant as first approximations of our ideas and are
by no means complete. First, restricting CGMs to only a set of
‘allowed’ or ‘enabled’ states may correspond to the action of a
public announcement [90] in DEL, which models the effects of all
agents publicly and simultaneously receiving the same piece of
information. As a result of a public announcement, all states in
an epistemic model that disagree with an announced formula are
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removed. Second, we can also restrict transitions. This is exactly
the case of normative reasoning discussed above. Its closest DEL
counterparts may be various types of arrow updates [12, 13, 70].
Finally, changing the facts about the environment can be modelled
by using substitutions [69], i.e., changing valuations of propositions
in states according to some condition.

We have given just three examples of how intuitions about DEL
updates can help define interesting updates for various SL. There
are many more exciting possibilities to update a CGM, and we
mentioned some preliminary results [45-47] in Section 2.

The model-changing nature of DEL often yields interesting re-
sults. For example, some ways of updating transitions in a model
do not grant us any additional expressivity [70, 71], while others
do [12, 13, 96]. We expect similar results for new SL: some update
operators will be expressively harmless, others will not.

New logics with update operators for CGMs can then be naturally
extended further by allowing quantification over these operators.
In this way, we shift the focus from the effects of a particular update
to the question of the (non-)existence of an update leading to some
(un)desired outcome. Allowing quantification over updates is not
merely a potentially interesting extension of new dynamic SL.
Rather, it adds an extra, more general, dimension to verifying the
functionality and security of a given system.

From the perspective of security, quantification will allow us to
verify that none of the updates possible in a given system will lead
to an unsafe state. From the perspective of functionality, we can
use quantification to reason whether there is an update that will
endow a system with certain desired properties.

Quantification in DEL is relatively well studied (see [101] for an
overview), and as a rule it drastically impacts expressivity [14, 58,
102, 104] and computational complexity [48, 72]. Moreover, quanti-
fying over DEL updates usually leads to quite unexpected results,
and some classic logical questions become much more complex to
answer. For example, even simple logics with public announcements
become undecidable once we allow quantification over announce-
ments [4]. At the same time, quantifying over seemingly complex
action models [15, 16] that allow non-public actions such as pri-
vate announcements is not only decidable, but adds no expressivity
compared to the standard epistemic logic [58].

Hence, there is an exciting opportunity for a systematic explo-
ration of quantified versions of the new S.£, and to study those
that offer the best trade-off in the ‘expressivity vs. complexity’ di-
chotomy. Of special interest is the existential quantifier, as it may
shed light on a possible solution to the synthesis problem described
in Section 3.2. In particular, it could allow us to analyse if we can
provide a constructive way to produce an update which, once ap-
plied to the initial model, results in an updated CGM that satisfies
some desired property. We believe that this approach would be a
great start towards addressing the problem of synthesising CGM
updates. This problem is, however, not trivial: in the context of
DEL, checking whether there is a desired update does not always
produce such an update. This is true, for example, in the case of
quantified public announcements, where verifying the existence of
an announcement leading to a certain epistemic goal is done via
checking all possible submodels of a given epistemic model and
does not produce the desired announcement expressed in a formula
of epistemic logic. Constructing such a formula post-hoc usually
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results in an exponentially long formula, and the formula is by no
means guaranteed to be minimal [9].

3.2 Automated Synthesis

Once there are meaningful and succinct approaches to updating
CGM:s, the next challenge is to tackle the synthesis problem, which
is defined as follows: given a starting model and a target formula,
construct an update that transforms the model so that the target
formula is satisfied. The crux of the problem is that we are not given
a set of possibly successful updates; instead, we need to create it.
This is relevant when remodelling the whole CGM from scratch is
unfeasible or undesirable. The solution to the synthesis problem
will provide a syntactic update, expressed in some desired logic,
that can serve as a protocol or instruction telling the designers how
to fix the model and the corresponding MAS.

Example 3.2. Going back to Example 2.1, assume that a current
model of the atomic swap smart contract does not satisfy the prop-
erty ¢. One way to proceed would be to go back to the drawing
board with domain experts and try either to fix the existing model
by hand or create an entirely new model. Needless to say, both
options are not always desirable or even feasible. What we would
prefer instead is to automatically obtain an update [update] that
makes ¢ true: [update]¢. Such an update may be relatively simple,
like [add_reject] from Example 3.1, or composite, consisting of a
combination of model-changing operators.

Although it might seem that the existential quantification from
Section 3.1 is an instance of the synthesis problem, this is not always
the case. As we have pointed out in Section 3.1, checking the exis-
tence of an update leading to a certain outcome and constructing the
update are not always synonymous, and the corresponding compu-
tational problems may even have different complexities. One of the
reasons for such a discrepancy is that, at least in DEL, checking the
existence of an update can be done at the level of models (e.g., we
check all submodels in the case of public announcements), whereas
constructing the corresponding update must happen at the level
of syntax, since our updates are also syntactic objects in a given
logic. Ideally, of course, one would prefer to check the existence of
an update by explicitly constructing the desired update, if it exists.

A tempting challenge here is to investigate whether and under
which conditions the synthesis problem for our new logics is solv-
able, and then determine its computational complexity. Identifying
the theoretical computational complexity may guide one in the
choice of new SL for which it is feasible to create software for
automated verification and synthesis (see Section 3.3).

We expect DEL to offer helpful intuitions, given that the syn-
thesis problem is well-studied for some of its variants [58, 105].
Another approach is to employ model and strategy repair methods
used for temporal logics (see [23, 25, 34]), game descriptions [59],
reachability games [44], and Al planning [21]. Automated synthesis
of SL updates will allow us to provide model repairs for complex
MAS with strategic and rational behaviour of the agents. For exam-
ple, we could reason about how to update a given MAS such that it
is a Nash equilibrium to execute only safe actions and strategies.

One may also want not only to solve the synthesis problem, but

also to solve it efficiently. In particular, we may require synthesised
updates to be minimal in their lengths or sizes so that they can be

easily understood by a human designer of a given MAS.
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3.3 Tools for Verification and Synthesis

The third challenge is to implement verification and synthesis soft-
ware for the new dynamic SL. There are quite a few successful
tools for model checking classic, static, S.L such as MCMAS [78],
MCK [52], STV [74], and the recently developed VITAMIN [42].
Extending these existing tools to capture the new S, both with
and without quantification, is a highly promising direction.

There will, however, be a challenge of finding a compact rep-
resentation of updates, in addition to the most efficient ways to
quantify over them. Naive implementations of model-checking al-
gorithms for quantified new S£ will almost certainly require time
at least exponential in the size of a model and a formula (although
they may require only a polynomial amount of space). One possible
way to tackle the update representation issue is by using binary
decision diagrams (BDDs) [27]. This approach seems promising
as DEL updates have already been represented as BDDs in the
SMCDEL tool [53] for DEL model checking (see also [18, 82, 97]).

Given a model and some desired property, a model checker,
in general, can usually only tell whether the model satisfies the
property. If the answer is ‘no’, then we, as designers of the model,
have to analyse why the property is not satisfied, and how to change
the model to satisfy it. If the given model is large, and if we want to
ensure some complex temporal or strategic property, updating the
model ‘by hand’ may prove to be a highly non-trivial task. That is
why a further challenge lies in implementing extensions of model
checkers with the means to solve the synthesis problem for a given,
potentially infinite, class of updates. What such a class may be and
how hard the corresponding synthesis problem is, will be informed
by the theoretical results on the synthesis problem.

Of course, creating software for model checking strategy logics
and solving their synthesis problems is not straightforward, and
we expect some of the known problems in the field to arise for
our logics. In particular, naive implementations of verification al-
gorithms usually suffer from the state explosion problem [37]. To
tackle this, one can employ some known techniques for various
practice-oriented model checkers for S.£ and related logics, such as
bounded model checking (see, e.g., [24, 61]), partial order reductions
[67, 77], fixpoint approximations [65], and abstractions [36, 55, 76].
The development of tools for the synthesis of SL updates is a new
challenge, and one can start by exploring the potential of ideas be-
hind the tools for reactive synthesis from specifications expressed
in linear temporal logic (LTL) [43]. Examples of such tools include
BoSy [41], Strix [81], and ltlsynt [91].

4 CONCLUSION

We argue for a general approach to the dynamics of strategic abil-
ities in MAS. This approach will not only systematise existing
dynamic features of SL, such as normative reasoning, but also
capture a wide range of dynamic scenarios in computer science and
Al Drawing inspiration from Dynamic Epistemic Logic, our pro-
posed research agenda centres on enriching the existing static SL
with model updates. We highlighted three key challenges: defin-
ing meaningful model updates and their semantics, automatically
synthesising updates that repair models, and developing practical
verification and synthesis tools for the next generation of S.L.
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