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Abstract

Dynamic problems, involving movement and change over time, arise in many real-world applications but remain
difficult to handle in an integrated manner. This project addresses this challenge using Answer Set Programming
(ASP) as a unified language for modeling, reasoning, and interacting with dynamic problems. We present
contributions across three pillars: temporal extensions of ASP for representation, meta-programming as an
implementation technique for reasoning, and ASP-driven user interfaces for interaction. We also outline future
directions, from new dynamic formalisms to temporal interactivity and explanation.

1. Introduction

In our daily lives, we commonly encounter problems that require reasoning with time: determining
our route to work, planning a trip, or scheduling our tasks. Such problems also arise in industry, in
applications such as train scheduling and production sequencing, where their complexity increases
significantly. These are commonly referred to as dynamic problems, as they involve movement and
change over time. Building systems capable of handling dynamic problems is a non-trivial challenge.
First, one must consider how a dynamic problem is represented. Several logical formalisms have been
developed over the past decades for this purpose, allowing the use of concepts such as after, eventually,
and always, enabling statements such as: after the button is pushed, the light will eventually turn green.
Once the problem has been represented, various computational methods allow us to reason with it and
obtain solutions, often through translations to other formalisms and structures. A further challenge
arises when moving from theory to practice: implementing systems that combine the modeling power
required to express dynamic formalisms with the computational capabilities needed to solve them.
Moreover, for such a system to be usable by a broader audience, it must also provide a user interface
that integrates with the underlying solver, supporting interactions such as the navigation of solutions
and possible outcomes, the selection among possible actions at a given point in time, and the generation
of explanations. Because each step in this process demands different expertise, the overall complexity
of building a fully functional system for dynamic reasoning is substantial. As a result, most available
systems tend to be single-purpose, tailored to a single logical formalism and provide domain-specific
interfaces with limited functionality. This complexity makes it difficult for practitioners to explore
different formalisms and techniques, as they are not usually able to test their ideas in practice and
must rely on pen and paper to validate their theories. This project aims to address these challenges by
providing a cohesive set of tools for modeling, reasoning, and interacting with dynamic problems.
Knowledge Representation and Reasoning (KRR) provides the theoretical foundation for this research.
Interestingly, in this area there is a tight coupling between representation and reasoning: the same
formalism that is used to express a problem often serves as the basis for computing its solutions. Among
the various formalisms in this area, Answer Set Programming (ASP) stands out as a prime candidate
due to its rich declarative modeling language and effective solvers. In particular, the ASP system clingo
and its ecosystem of surrounding tools provide a powerful platform for modeling and solving complex
problems. Although ASP offers strong foundations for knowledge representation and reasoning, it
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has no built-in support for temporal concepts. Nonetheless, its underlying logic has been extended in
several directions to account for different temporal languages, and the clingo Python API has enabled
the development of sophisticated extensions in practice. The resulting systems have been widely used,
but their design and implementation is complex and not easily adaptable to other formalisms and
techniques. This project aims to bridge this gap by providing ASP developers with the means to rapidly
prototype dynamic systems end-to-end: from defining temporal extensions directly in ASP, to building
intuitive interfaces for creating instances, visualizing solutions, and obtaining explanations — all within
ASP, without requiring familiarity with other programming languages. In this way, the project targets
researchers and practitioners who are fluent in ASP but face barriers when working across the broader
software stack.

The path toward this goal has unfolded as a series of ASP extensions and systems. Each explores
different logical foundations for enriching ASP’s base logic with concepts from dynamic, temporal,
and metric reasoning. For each extension, we have identified language fragments that provide the
necessary modeling power while preserving properties that admit formalization and translation via es-
tablished techniques. Implementing these extensions has led us to employ advanced meta-programming
techniques in ASP, a process that has surfaced recurring difficulties and limitations. Drawing on this
experience, we have developed metasp, a general-purpose framework for modeling ASP extensions via
meta-programming. Although metasp is not specific to dynamic domains, it was designed with them
in mind and has already been used to implement the extensions explored in this project. As part of
this project, we have also developed clinguin, a framework for building ASP-driven user interfaces,
and integrated it into metasp so that interfaces can be launched directly from the reasoning workflow.
This integration is currently foundational, but serves as the basis for visualizing and interacting with
computed plans. Together, these components now form a platform for exploring new extensions,
reasoning techniques, and interactive features, serving both domain modelers and end users.

As next steps, we plan to investigate meta-programming techniques for incremental solving, the
implementation of more expressive temporal languages, and a formal treatment of the distinction
between actions and fluents. On the interaction side, we aim to develop the user interface into a
monitoring system in which users can observe evolving solutions and interact through temporal
constraints or sensory data. This interaction is envisioned to operate in the same dynamic language as
the underlying extension, enabling users to pose queries and obtain explanations through explanation
techniques adapted to dynamic domains. As a primary application domain, we plan to deploy these
techniques on the FLATLAND benchmark, which formalizes the problem of train scheduling. We also
intend to explore the application of Business Process Management, which would allow us to control
and monitor the execution of arbitrary processes, including other clingo programs.

The remainder of this paper is organized around the three pillars of the project. Sections 2, 3, and 4
present the background, techniques, and current progress for representation, reasoning, and interaction
with dynamic problems in ASP, respectively, followed by a discussion of future directions.

2. Representation

Dynamic logics One of the most commonly used temporal logics [1] is Linear-time Temporal Logic
(LTL) [2]. LTL provides modal operators to express temporal properties such as 0 (next), [ (always),
and ¢ (eventually). LTL can also be defined in terms of Dynamic Logic (DL) [3], which allows for
writing regular expressions over (infinite) traces and mixing declarative with procedural specifications.
These types of specifications are also targeted by action languages such as GOLOG [4], which is based
on situation calculus. Another interesting approach is Metric Temporal Logic (MTL) [5], which provides
a means for measuring time differences between events by assigning a time value to states. MTL has
been applied in domains such as scheduling [6], routing [7], and beyond [8]. A further extension of
MTL is Metric Dynamic Logic (MDL) [9], which combines the features of DL and MTL, allowing for the
expression of complex procedural knowledge with timing constraints. Originally, these formalisms were
investigated for infinite traces. However, the finite-trace variant - ; has gained significant interest over



the past decade, as it aligns with a broad range of Al applications and admits more feasible computation.
The introduction of LTL; and Linear Dynamic Logic over finite traces (LDLy) [10] served as a stepping
stone for defining syntax and semantics under this restriction. Together, these formalisms support tasks
such as planning, verification, and reactive control, and provide the logical foundations for the temporal
extensions explored in this project.

Answer Set Programming Answer Set Programming (ASP) [11] is a well-established declarative
problem-solving paradigm in which problems are encoded as logic programs. The combination of
a rich modeling language and highly effective solving engines makes ASP a very attractive choice.
ASP semantics can be formalized using equilibrium models [12] of the logic of here-and-there (HT)
[13], which supports non-monotonic reasoning, where conclusions can be withdrawn in light of new
information. HT has also been extended to here-and-there with constraints (HT.) [14], incorporating
linear constraints into the logic.

Temporal Logic Programming Temporal Logic Programming (TLP) emerged in the 1980s [15, 16,
17, 18] and was later revised in the context of ASP, giving rise to Temporal ASP. The central idea is to
extend the equilibrium models of HT to account for dynamic scenarios, capturing time as sequences
of HT-interpretations and yielding an expressive non-monotonic modal logic. Research began with
infinite traces, producing (Linear) Temporal Here-and-There (THT) [19] and (Linear) Dynamic Logic
of Here-and-There (DHT) [20], along with their non-monotonic counterparts: Temporal Equilibrium
Logic (TEL) [19] and Dynamic Equilibrium Logic (DEL) [21]. This approach enabled the definition of
Temporal Logic Programs [22]. More recently, TEL was extended with metric temporal operators over
intervals of natural numbers [23], yielding Metric Equilibrium Logic (MEL). These three formalisms,
namely TEL, DEL, and MEL, form the representational backbone of this project.

3. Reasoning

Reasoning with these logical representations requires systems that can process them and compute
solutions efficiently. The ASP system clingo [24] is known for its high-performing engines, composed
of the grounder gringo, which instantiates variables in the original logic program, and the solver
clasp, which computes the solutions. Beyond these core components, clingo provides various tools for
extending its language and customizing the solving process via a sophisticated Python API [25]. Its
theory language capabilities allow the definition of custom syntactic expressions, their integration with
specialized engines, and their translation to standard ASP rules. These features have led to the creation
of several hybrid ASP systems. In particular, clingcon [26] and clingo[pLr] [27] extend clingo with linear
constraints under the semantics of HT,.

In the temporal domain, this technique was applied to extend clingo with TEL;, enriching its mod-
eling power and yielding the first temporal ASP solver telingo [28]. This system uses clingo’s theory
extension capabilities together with multi-shot solving in an incremental manner. Subsequent work
incorporated dynamic operators from DEL; [21, 29] by unfolding their definitions into TELy, relying on
the introduction of auxiliary atoms in a Tseitin-style [30]. However, the complexity of this approach
and its deep integration with clingo’s Python API make the resulting systems hard to maintain and
extend.

Meta-programming An alternative technique that addresses these limitations is meta-programming,
where the reification feature of clingo is used to represent the original program as a set of facts. A
meta-program then consists of an ASP program that takes these facts as input and defines the semantics
of the original program. This technique was presented in [31], showcasing how ASP semantics can be
expressed within ASP itself. Unlike the Python API approach, having the semantics defined as an ASP
program makes them more succinct and easier to adapt, extend, and maintain.



Our experience employing meta-programming for dynamic extensions, including the work translating
dynamic formulas into automata structures[32], has surfaced recurring challenges. Since the approach
relies on reification, it is affected by the stable-model-based simplifications performed during grounding.
Users must prevent these simplifications with additional directives, which is cumbersome and error-
prone. The flexibility of the approach can also allow user mistakes to go undetected, such as typing
errors in custom expressions. Additionally, we identified common patterns needed to extract relevant
information from the reified program, such as the list of formulas and sub-formulas for a custom
extension and the contexts in which they appear. These findings motivated the development of metasp,
a system that aims to simplify the use of meta-programming for defining custom semantics and
extensions in ASP. metasp provides means to define formal type specifications and nesting capabilities
in ASP, using them to validate input and detect syntactic errors. It introduces a transformation pipeline
that protects nested modalities from stable-model-based simplifications during grounding, and enriches
the reification with additional information about formulas and sub-formulas. Using metasp, we have
been able to define the semantics of TEL;, DEL¢, and MEL; concisely and effectively as meta-programs.

The modularity of metasp makes it possible to explore different translation approaches for the same
extension, as illustrated by our work on MEL; [33]. The translation is structured in two parts: the
first handles state changes, following the same semantics as TEL;, while the second accounts for the
timed aspect of metric logic. For this second part, we explored two approaches: a translation targeting
HT, and one targeting HT.. The latter leverages the integration of clingcon within metasp, yielding a
succinct and performant encoding of metric constraints as linear constraints.

As future work in reasoning, we plan to explore the implementation of additional formalisms such
as MDEL[9], as well as new techniques including incremental solving for temporal extensions, which
would allow the horizon to grow dynamically rather than being fixed at grounding time.

4. Interactivity

Usability is a crucial aspect of any system intended for practical use. Beyond documentation, examples,
and informative error messages, allowing users to interact with a system is essential for reaching
broader audiences and ensuring the system is used effectively. However, creating User Interfaces (Uls)
typically requires expertise outside of KRR, and is often outsourced to other developers. This poses a
limitation for practitioners who would benefit greatly from having a simple way to prototype interfaces
during the ongoing development of a custom extension.

The clinguin system [34] was created with this in mind, allowing practitioners to write Uls in ASP
itself. As input, clinguin provides access to information representing the current state, such as which
atoms are present in all models (inferred conclusions) and which are present in some models (possible
selections), along with a set of interactive actions for user input, browsing solutions, and more. The
system has been successfully used to build prototype interfaces for applications such as study regulations
[35] and product configuration [36]. Within metasp, we have integrated a basic clinguin interface that
allows users to interact with the dynamic extensions. Figure 1 shows screenshots of this interface for a
simple TEL; example, where a traffic light is controlled by a pedestrian button that eventually turns the
light green after being pushed. The interface displays solutions separated by steps, allowing the user to
browse plans, select atoms expected at a given step, and inspect the temporal formulas satisfied at each
step. Temporal formulas are shown in blue at the state where they hold; opaque atoms and formulas
appear in some solution but not in the currently selected one.

The interface we have developed so far is a first step, but interactive systems for temporal domains
come with additional considerations. We envision evolving this interface into a monitoring system,
where users can guide the system during planning and execution: browsing possible futures along
a timeline, selecting which branch to follow, and injecting new information such as sensory data or
exogenous events that may trigger replanning or comparison with the current execution. Taking
inspiration from Interactive Planning [37], Execution Monitoring [38], and Explainable AI Planning
(XAIP) [39, 40], we aim to provide users with the means to understand, evaluate, and modify plans
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Figure 1: User interaction via mouse actions for the TEL; extension in metasp.

within the same dynamic language used by the underlying extension.

A key component of such a system is the ability to explain the solutions produced. Temporal
explanation is an active research area in its own, and its value is significantly amplified when integrated
into an interactive system. We plan to explore contrastive temporal explanations [41], which allow
users to ask why certain things are not happening in the current plan, and to receive answers in the
form of minimal sets of actions and fluents that would need to change for a given temporal goal to
be satisfied. Complementing this, temporal queries would give users a natural way to interrogate the
system, separating questions that admit a yes/no answer from those that require a full contrastive
explanation. Having a two-sorted language that distinguishes actions from fluents, would further
support this by grounding explanations in the actions that drive temporal outcomes.

5. Conclusions

This PhD project aims to facilitate the development of dynamic ASP extensions across the full pipeline
from representation to interaction. We have contributed to the formalization and implementation of
several non-monotonic temporal formalisms, using these explorations to gather insights for the design
of a general framework. The recently developed metasp system builds on these findings, providing
means to define the syntax and semantics of ASP extensions within ASP itself and serving as a platform
for exploring new techniques and formalisms. Its integration with clinguin lays the foundation for
investigating temporal interactivity as the final pillar of this project.
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