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ABSTRACT

We define PSTCTL, a probabilistic variant of Strategic Timed CTL
(STCTL), interpreted over stochastic multi-agent systems with con-
tinuous time and asynchronous execution semantics. STCTL ex-
tends TCTL with strategic operators in the style of ATL. Moreover,
we demonstrate the feasibility of verification with irP-strategies.

KEYWORDS

model checking; probabilistic systems; strategic ability; real time

ACM Reference Format:

Wojciech Jamroga, Marta Kwiatkowska, Wojciech Penczek, Laure Petrucci,
and Teofil Sidoruk. 2026. Towards Probabilistic Strategic Timed CTL: Ex-
tended Abstract. In Proc. of the 25th International Conference on Autonomous
Agents and Multiagent Systems (AAMAS 2026), Paphos, Cyprus, May 25 - 29,
2026, IFAAMAS, 3 pages. https://doi.org/10.65109/OEXM4130

1 INTRODUCTION

Strategic Timed Computation Tree Logic (STCTL) [5] extends the
classical branching-time logic CTL [11, 12] in two important direc-
tions, firstly by adding discrete- or continuous-time representation,
and secondly through enabling strategic reasoning in multi-agent
systems. As such, it addresses the ongoing needs and challenges
in formal verification, offering a specification language richer than
comparable formalisms (i.e., Alternating-time Temporal Logic ATL
[2, 3, 17, 24] and its timed variants [5, 30]) without creating an
overhead in computational complexity. However, to adequately
capture the diversity of real-world behaviours, which are subject
to uncertainty, we need to consider probabilistic models and speci-
fications. Hence, we investigate PSTCTL, a probabilistic variant of
STCTL. On one hand, it constitutes a strategic extension of the well-
known formalisms of PCTL and PTCTL [6, 9, 15]. In contrast to
these two logics, typically considered in synchronous or turn-based
settings, PSTCTL is interpreted over probabilistic continuous-time
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asynchronous multi-agent systems (PCAMAS), allowing for rea-
soning about imperfect information strategies. On the other hand,
PSTCTL is also a natural branching-time counterpart to the linear-
time PTATL [22], and a missing component in the parallel line
of research on branching-time frameworks. We demonstrate the
feasibility of model checking of PSTCTL in practice. As opposed to
[22], we focus on probabilistic (irP), rather than deterministic (irp),
strategies of memoryless agents with imperfect information.

Related Work. SCTL and STCTL [5] augment, respectively, CTL
[11, 12] and its (continuous or discrete) time extension TCTL [1]
with the strategic modality. ATL [2, 3] and TATL [26, 30] are the
corresponding linear-time formalisms based on LTL [33]. ATL was
further developed in multiple directions, e.g. by the addition of epis-
temic reasoning [14, 18], strategy contexts [10, 29], or quantification
of agents’ uncertainty [35]. The closest linear-time counterpart to
PSTCTL is the recently proposed PTATL [22], notably also in the
imperfect information setting (which, due to significantly higher
complexity of verification, has seldom been considered in conjunc-
tion with probabilistic logics and models). PTATL is in 2EXPTIME
for irP and in EXPTIME for irp-strategies, while untimed PATL
(studied in [7, 8] also with imperfect information, but interpreted
over synchronous models) is in EXPTIME and Alz)—complete for
these respective semantics.

2 PRELIMINARIES

In this section, we recall the relevant theoretical background from
[5, 22, 23]. Then, we define the syntax and semantics of PSTCTL.

Agents. Probabilistic Continuous-time Asynchronous Multi-Agent
Systems (PCAMAS) [22] are networks of Probabilistic Timed Au-
tomata (PTA), whose components represent individual agents. Fol-
lowing the modeling tradition from the theory of concurrent sys-
tems, local (private) transitions are asynchronously interleaved,
while synchronisations occur on actions shared by two or more
agents [13, 23, 31]. However, the formalism also features an aspect
typically present in synchronous frameworks, namely protocols
that list actions available to agents. The product of components (or
PCAMAS model) captures the system’s global behaviour, and the
concrete model adds continuous-time representation to the states.
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Strategies. Conditional plans of an agent (in a coalition), dictating
choices in each possible situation, are called (joint) strategies and
usually classified [22, 34] based on the agents’ state information:
perfect (I) vs. imperfect (i), recall of state history: perfect (R) vs. no
recall (r), and action selection: probabilistic (P) vs. deterministic (p).

We focus on memoryless strategies without recall, i.e., of type
irP. Formally, an irP-strategy for agent i is a function that maps
from i’s local states to a probability distribution over i’s actions
available in these states. Note that deterministic (irp) strategies are
a special case of irP where only point distributions are considered.

Logic. The syntax of Probabilistic Strategic Timed CTL (PSTCTL):

¢=ploglene| LAy,
ya= |y ly Ay [Py Ury | Py Ry,
includes the strategic modality ((A)) (expressing that agent coalition
A has a strategy to enforce the property that follows), continuous-
time intervals I C Ry, (restricting the evaluation of temporal op-
erators they are subscribed to), and the PCTL-style probabilistic
path operator P> (stating that the probability of taking a path that
satisfies the property that follows is in relation > with constant z).
Atomic propositions p, temporal operators Uy, R (and derived
F 1, G ), and their Boolean combinations are defined as usual [5, 22].
Below, we give the semantic clause for the case unique to PSTCTL:
o M, (s,0) = {(A)P"*Y iff there exists a joint strategy o4
such that for all p((s,v), 04) € outp((s,v), 04) we have
mm((s,0),04){p | M, p | §}) »< z, where:
e M, p |= y1Upy; iff there is r € I such that: M, 7, (r) | y2
and forall0 < v’ <r: M, m,(r') = 1.
e M,p = 1Ry, iff for all r € I: M, m,(r) |= y; or there is
0<r <r:Mum,(r') Fn.

In the above, outy((s,v), 04) denotes the outcome of strategy oa
in concrete state (s, ), i.e., the set of all probability distributions
induced by executions from (s, v) consistent with o4. We refer the
reader to [22] for formal definitions. Moreover, 7, denotes the dense

path corresponding to an execution p, see [32].

3 EXPERIMENTS

In this section, we discuss practical model checking of PSTCTL with
probabilistic strategies (PSTCTLyp). The approach is quite different
from the algorithm for PTATL;,p, which combined two verifiers: IM-
ITATOR (handling irp-strategies and timing constraints) and PRISM
(handling probabilistic constraints), see [22]. Since irP-strategies
can choose different actions in each visit of a local state, the strategy
encoding introduced in [22] is no longer suitable, and both time
and probabilities can be handled by PRISM (where remembering
the actions chosen for irp-strategies is not as easy).

To address this issue, for each local state of the coalition agent(s)
in the input PCAMAS, we define one parameter per available action,
representing the probability of selecting this particular action in
the agent’s irP-strategy, see Fig. 1.

const double p, q, r; // parameters
module Controller
[J locC=0 -> p : (locC'=1) + q :

(locC'=2) + r : (locC'=3) + 1-p-g-r :

Figure 1: Probabilistic choice in the PRISM model for n = 4.

(locC'=4);
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n T=5 [ T=30 [ T=100
1train | n/a (requires n > 2 trains)
2trains | 0.1s | 0.1s 0.1s
3trains | 0.1s | 0.7s 28.6 s
4 trains | 0.4s | 4.1s 493 s
5trains | 4.1s | 849s memout

Table 1: Results for the Train-Gate-Controller benchmark
with n trains and time constraint T in the verified property
@ = {(CHP="8F (o1 (passed; A passed,).

Benchmark. The classical Train-Gate-Controller (TGC) scenario
[4, 16, 23] was modified to add a timing constraint T and scaled
with the number of trains n. The i-th train takes n — i + 1 time units
to go through the tunnel, e.g. n for the first one and 1 for the last.
The formula ¢ = {CHP="8F (o1 (passed; A passed,) states that
the controller C has a strategy to let the first two trains through
the tunnel by time T, with a probability of at least 0.8. Clearly,
this property is not satisfied by any irp-strategy, as opposed to
irP-strategies that assign sufficient probabilities to actions selecting
trains 1 and 2 in C’s initial state.

Note that, although PRISM does not support parametric ver-
ification for probabilistic timed automata models, this issue can
be circumvented by extracting the intermediate model generated
by the digital clocks engine using the -exportdigital argument.
Following [28], under suitable restrictions this model is a discrete-
time Markov Decision Process (MDP) that preserves probabilistic
reachability values and retains parameter declarations, so can be
fed back to PRISM.

Test Platform. PRISM was executed in the Windows Subsystem
for Linux (WSL) on a 4.0 GHz CPU (8 cores, 16 threads) with 64
GB of RAM. Results in Table 1 combine verification and model gen-
eration time (the latter consistently negligible); memout indicates
termination of the process upon memory usage exceeding 32 GB
(i.e., half of the total available, following the default WSL setting).

Results. While we were able to successfully verify a strategic
property involving the probabilistic choices of an agent for the
first time, it is also clear that the scalability of our initial approach
is limited. For more than n = 5 trains, PRISM no longer returns
any synthesised probability values (or their ranges) for the defined
parameters. As such, the cost of encoding probabilistic choices in
this manner can be prohibitive for larger models. However, this is
expected, given the theoretical complexity of PSTCTL verification,
emphasising the need not only for dedicated tools implementing
more efficient algorithms, but also complementary techniques such
as approximations [21, 27], model abstractions [19, 20, 25], and
partial order reduction [23].

4 CONCLUSIONS

We proposed PSTCTL, a probabilistic variant of strategic CTL
with continuous time, and tackled for the first time the case of
irP-strategies in practical model checking. There are several di-
rections for further research, including formally establishing the
expressive power and model checking complexity of PSTCTL;,p
and PSTCTL;, as well as investigating the new angle of timed vs.
untimed strategies.
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