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1. Introduction

Answer Set Programming (ASP; [1]) has solidified itself as a leading logic programming paradigm for
solving complex, knowledge intensive tasks. This is due to the attractive combination of efficient solver
implementations such as the div [2] and clingo [3] systems, as well as the clear logical foundation
for program semantics provided by the Logic of Here-and-There and its nonmonotonic extension,
Equilibrium Logic (EL; [4]).

The discovery of this logical specification of the semantics of ASP has led to a burgeoning of new
language extensions, enhancing the language with hybrid constraints [5] and temporal [6], deontic
[7], metric [8][9] and dynamic [10] [11] modalities, to name a few. This stems from the relative ease
with which one can construct a non-monotonic variant of classical logical systems, such as Linear-time
Temporal Logic (LTL [12]), Linear-time Dynamic Logic (LDL [13]), and Metric Temporal Logic (MTL
[14]), by adding the appropriate minimization criterion to obtain an equilibrium nonmonotonic variant
of the given logic, yielding in these cases Temporal Equilibrium Logic (TEL), Dynamic Equilibrium
Logic (DEL), and Metric Equilibrium Logic (MEL), respectively.

On the other hand, developing and maintaining systems that implement these logics can prove
challenging. Answer set solvers are highly optimized system and thus are designed for efficiency first,
and ease of extensibility second, hindering the exploration of new ASP extensions. Nonetheless, the
clingo system does provide a rich API and support for language extensions via it’s theory grammar
specifications [15], which provides all tools necessary for skilled programmers familiar with the interface.
Of the aforementioned extensions to ASP, TEL + DEL, Deontic Equilibrium Logic and ASP with hybrid
constraints have been realized in form of telingo [16], deolingo [7], and flingo[17], respectively, all of
which rely on the theory capabilities of clingo.

Still, these systems are a significant undertaking to implement, as evidenced by the delay between
theory and implementation and the complete lack of a system in some cases. Furthermore these
systems are difficult to modify or combine. Indeed, the combination of hybrid constraints and temporal
modalities has already seen preliminary investigation [18]; the combination of the flingo and telingo
systems however is a difficult and complicated undertaking.

The central hypothesis of my research topic is that the implementation and extensibility gap can be
addressed by applying meta-programming techniques.

2. Background

The application of meta-programming for extensibility has a rich history in the area of Artificial
Intelligence and Knowledge Representation and Reasoning, stretching back to McCarthy and the LISP
programming language [19]. The logic programming language Prolog [20] in particular, due to it’s
interpreted nature, can boast a dizzying amount of meta-interpreters that extend the core language.
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In contrast, meta-programming techniques in ASP [21, 22, 23, 24, 25, 26, 27, 28], while not unexplored,
is relatively speaking seldom applied. One might argue that this is due to the difference in architecture
of ASP systems and Prolog. The interpreted and homoiconic nature of Prolog allows user to implement a
meta-interpreter for Prolog in a few lines of code, and ensures these meta-interpreters remain malleable.
In contrast, established ASP systems apply a ground-and-solve approach. Thus, for example, the meta-
programming support provided by clingo relies on first grounding a program, then reifying the ground
logic program’s syntax as a set of facts. These facts can then be combined with a meta-encoding that
re-interprets the ground language constructs, assigning them new semantics by passing both to clingo
to re-ground and solve.

While this approach is also amenable to create succinct meta-interpreters for the core language, as
evidenced in [27], things become more and more complicated the further one strays from the syntax and
semantics of plain ASP. First, established implementation techniques in systems such as telingo require
pre-processing of an input program before instantiation, a facility which current meta-programming
approaches do not provide. Second, ASP grounders such as gringo are heavily optimized, performing
many semantics-preserving program simplifications [29] during grounding. Grounders such as gringo
also have no mechanism to be informed of the semantics any given meta-interpreter is implementing,
and as such may (and often do) perform simplifications that are not semantics-preserving, jeopardizing
the correctness of the implementation. While such issues can in some cases be mitigated by clever
use of external statements [15] in the case of gringo, the correct way applying such strategies can be
intricate, and in some cases unclear.

These issues surrounding semantics do not just come from technical limitations, but rather also
from a lack of theoretical exploration of the first-order semantics for extensions of ASP. While such a
semantics has been established for some time for regular ASP in the form of Quantified Equilibrium
Logic [30] [31], the same work on the first-order level has not been seen through, or have only been
preliminarily explored [32] for the various extensions of EL we have listed. Due to this gap in theoretical
understanding, the correct end-to-end behaviour of systems implementing the full logical systems, in
particular how correct and efficient grounding should be performed, remains unclear in most cases.
Furthermore, the theoretical underpinnings and of meta-interpreters have not been studied, and as such
the correctness of even the simplest meta-interpreters implementing regular ASP was not established.

My research topic focuses on tackling both technical and theoretical challenges surrounding meta-
programming for ASP, by providing new systems to facilitate meta-programming, expanding its usage to
new application domains, studying first order semantics for extensions of ASP and theoretical properties
of meta-interpreters.

3. Research

The preliminary parts of my research into meta-programming for ASP are encapsulated in my Master’s
thesis [33] on the topic. Here I presented a meta-interpreter for the full unrestricted language of
TEL allowing for nesting of arbitrary temporal modalities, thus forgoing the restriction to past-future
rules that is present in telingo. I furthermore characterized the meta-interpreter as implementing the
semantics as a Tseitin-style transformation, and proved that this transformation provides a one-to-one
correspondence between the stable models of the meta-interpreter, and the temporal stable models of
the underlying theory.

Going further, I expanded the discussion to the non-ground level, defining a fully unrestricted variant
of Quantified Temporal Equilibrium Logic (QTEL), extending the version defined in [32] to handle
arbitrary temporal theories. For this extended variant of QTEL I provided an extended definition of
safety for nested temporal modalities based on reachability through safe arguments of modal operators,
and proved that the usual desirable properties of Domain-Independence and No Unnamed Individuals
[34] [35] hold for this extended definition of safety. Finally, by exploiting this new safety definition,
I provided a method of grounding temporal programs using external statements which, while still
guaranteeing semantic correctness, could significantly reduce the ground instantiation of the program



when compared to naive grounding. In future work, I plan on expanding my investigation into the
theoretical properties of First-Order variants of other extensions of Equilibrium Logic.

In more recent work, I have tackled the lack of a general-purpose meta-programming framework
for non-ground ASP programs by developing aspen-tree [36] [37], a novel system specifically designed
for the reification, transformation, and analysis of non-ground ASP programs. Built upon the widely
used tree-sitter ! parsing library, aspen-tree provides a language-independent and iterative framework
for mapping source code to a reified fact base. These facts are then processed by clingo using meta-
encodings to provide static analysis or to generate high-level transformation instructions, which are
applied via a templating engine to update the source code.

Notably, as the system is not built with a language specific architecture, but rather functions for any
programming language with an associated tree-sitter grammar, it can provide its functionality for any
such language, with the number of such languages being in the hundreds. This opens up exciting future
research opportunities for applying ASP for static analysis and optimization of programming languages,
an area where ASP has not seen much application, despite the success of the related language Datalog.

Demonstrating its practical viability, aspen-tree already serves as a core component of the metasp
framework [38, 28], a holistic system designed to extend and enhance the built-in meta-programming
support in clingo, where aspen-tree drives a preprocessing pipeline to extend clingo with complex new
language constructs. metasp extends standard ASP meta-programming by augmenting clingo’s theory
grammar with formal type specifications for nested modalities. To ensure semantic correctness, the
system also allows the specification of safety properties of modalities, and based on this specification
constructs a transformation pipeline that protects nested modalities from stable-model-based simpli-
fications during grounding. We provide complete meta-encodings implementing TEL, DEL and MEL
using the facilities provided by metasp.
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