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ABSTRACT

This paper presents Daedalux, a new model-checking platform for
variability-intensive systems based on Featured Transition System
theory developed in C++. Daedalux features a modular, flexible, and
extensible architecture, overcoming previous tools’ maintainability
limitations. In addition, during verification, it provides visualiza-
tions of intermediate models and results. A key added value of
Daedalux lies in its software architecture, which allows straight-
forward extension and integration of new formalisms and verifi-
cation algorithms. We have implemented two recent FTS-based
approaches, i.e., a statistical model-checking algorithm for LTL
properties and an exhaustive algorithm for multi-LTL properties.
By reducing the entry barrier of understanding variability-aware
model checking and facilitating the comprehension and extension of
the software tools, we hope to increase the community’s ambitions
in developing novel model-checking advances. A video demonstra-
tion of Daedalux can be found at https://youtu.be/kirpOAlIV-0w.
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1 INTRODUCTION

Variability plays an essential role in developing modern systems to
cope with the increasing demand for customization and to address
different requirements. Software Product Lines (SPLs) [28] is an
engineering paradigm that has emerged to efficiently develop and
maintain a family of similar software products called variants. Each
variant is a specific SPL configuration, defined by a distinct set of
variation points called features. A feature model (FM) is a tree-like
structure that represents the set of features of an SPL and their
relationships to denote the valid variants of the SPL.

While SPLs are a promising approach to reduce development
costs and time-to-market, they introduce new challenges in terms
of verification and validation, as the number of variants can be
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exponential in the number of features. In particular, an engineer
must ensure that all the variants they build satisfy the intended
requirements. Model checking [2] is a formal verification technique
that enables automatically verifying the correctness of a system
expressed as a model concerning a given property expressed as a
temporal logic formula (e.g., LTL [27]). Unfortunately, the tradi-
tional model checking approach is unsuitable for SPLs because it
can only verify each of the (numerous) variants separately.

Featured Transition Systems (FTS) [7, 9] are a variability-aware
representation of an SPL that extends standard Transition Systems
(TS) with an FM by annotating each transition with a feature ex-
pression — a symbolic encoding of the set of variants able to execute
the transition. E.g., Listing 2 (in Sec. 3) models an FTS of a motor,
such that the Alarm feature can force the motor to stop in case of
danger. Thus, a single FTS can represent the behaviour of all SPL
variants, so specialized — variability-aware — algorithms can exploit
the common parts of the FTS to reduce the verification time of all
variants [6, 7].

FTSs have, since their introduction, been extended in various
directions to increase both their formalism expressiveness and their
verification capabilities [9]. However, many challenges remain to be
addressed to enable their broad application. For example, extending
FTSs to verify cyber-physical systems [9, 23] necessitates advance-
ments in formalism expressiveness and verification algorithms.

All these past and future extensions raise the necessity for a sus-
tainable software platform to support the development of FTS-based
model checking algorithms and tools. Unfortunately, the existing
tools — SNIP [5] and ProVeLines [8] - suffer from maintainability
issues. SNIP cannot accommodate the incorporation of new exten-
sions, whereas ProVeLines employs #ifdef macros to manage code
fragments associated with specific extensions, thereby engendering
unwieldy, macro-filled monolithic code blocks.

To facilitate the development of such methods and tools, we
propose Daedalux!, a flexible and extensible platform to implement
and integrate FTS-related formalisms and algorithms. In addition
to suitable design structures to implement model-checking algo-
rithms, Daedalux provides a set of visualizations to facilitate the
comprehension of intermediate models and results. We have used
Daedalux ourselves to implement three classes of verification pro-
cedures: the original, exhaustive FTS model-checking algorithm [6]
for linear-time properties, an alternative based on Statistical Model
Checking (SMC) [11] and an exhaustive algorithm to check FTS
against multi-properties [13]. The successful implementation of
these three different verification approaches within the same code-
base demonstrates the success of Daedalux in providing a flexible

Uhttps://github.com/samilazregsuidi/Daedalux
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platform for developers of model checking tools. The underlying
approaches can also be straightforwardly combined, e.g., we get “for
free” a statistical algorithm to check FTSs against multi-properties.
With Daedalux, we hope to ignite the software verification research
community in developing novel, variability-aware model-checking
approaches of increasing complexity by reducing the implementa-
tion burden.

2 RELATED WORK

SNIP [5] and ProVeLines [8] are tools that verify all products at once
directly in the checking engine. SNIP was the first tool to support
the verification of SPLs using FTSs and Linear Temporal Logic
as specifications. It was later extended to ProVeLines to support
more features and verification algorithms. In parallel, Ter Beek et
al. developed mCRL2 [31], a model checker capable of verifying the
full spectrum of mu-calculus properties over non-quantitative FTS
in a family-based context. Compared to these, Daedalux provides a
more flexible and extensible architecture to facilitate the integration
of new formalism such as hyper properties [13] and verification
algorithms such as a family-based extension of SMC [11, 26].
Other tools can indirectly verify SPLs by reducing the problem
to traditional model checking. ProFeat [3] translates a stochastic
SPL into a regular probabilistic model checking problem [15] man-
ageable by the PRISM model checker [24]. Another approach by
Ter Beek [30] represents non-stochastic SPLs as modal transition
systems with may and must features. Dimovski et al. [12, 14] devel-
oped a 3-value game framework to lift FTS into a TS verified with
SPIN [20]. This approach is based on a 3-valued game framework
and has later been extended to the full mu-calculus [14]. Some tools
allow us to specify incremental and dynamic feature extensions. An-
other example is the QFLAN approach [33], which builds upon SMC
to analyze highly reconfigurable systems with featured constraints
at runtime. These approaches exhibit theoretical shortcomings and
do not harness the capabilities inherent to variability-aware tools.

3 DAEDALUX EXAMPLE AND FRAMEWORK

Example. Daedalux takes as inputs 1) a feature model [22] describ-
ing the SPL features; 2) an FTS model specifying the behavior of the
SPL variants; 3) a property to check. Currently, Daedalux supports
feature models written in Text Variability Language (TVL) [4] (see
Listing 1) and FTS written in fPromela (see Listing 2), a feature-
aware and stochastic extension of SPIN’s Promela language [20]
that allows using featured expressions. Properties are commonly
expressed as temporal logic formulas; Daedalux currently supports
LTL [27] and its extension Multi-LTL [18].

Listing 1: Excerpt of the Motor FTS written in fPromela

active proctype Motor () {
do :: safe ->
if :: skip;
safe = false; danger = true fi;
danger ->
gd :: Alarm -> danger = false; stopped = true;
else -> skip; dg;
stopped ->
if :: skip;
stopped = false; safe = true;
fi;
od; }
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Listing 2: Motor feature model in TVL
root Motor group allOf { opt Alarm }

Usage. Users can use a Command-Line Interface (CLI) to verify
the motor SPL modeled in fPromela and TVL against a specified
property. Specifically, the following command: $. /daedalux check
--exhaustive -1tl="[](danger-><>stopped)’ motor.pml checks
that the motor variants stop when danger occurs. Running the com-
mand reveals that only the variant with feature Alarm satisfies the
property. A counter-example (trace of model execution) is provided
for the other variant (without feature Alarm).

Framework. The process of the Daedalux framework is por-
trayed in Fig. 1. The first step is to parse the fPromela and TVL
models. The parsing stage transforms the input into abstract syntac-
tic models (i.e., AST, Symbol Table and Program Graph Automata),
which are subsequently utilized by the semantic engine to construct
the TS, including the initial state, the successors of a state (denoted
as Post(s)), executable transitions, and more. The internal structure
of the states, i.e., features, stochasticity, and composition, are en-
capsulated by an API utilized by the verification algorithm to build,
explore, and check the TS to output the lists of valid and invalid
products with their execution traces as counterexamples. Daedalux
can output models both in textual and visual formats. Daedalux can
verify LTL properties on stochastic and non-stochastic SPLs using
dedicated (exhaustive or statistical) model checking algorithms [26].
Furthermore, it supports multi-LTL by extending the application of
the SMC algorithm to multi-FTS [13].

4 DAEDALUX ARCHITECTURE

Fig. 2 illustrates the five primary modules forming the architecture
of Daedalux. The Symbol module provides a meta-model to support
symbol management, whereas the AST module allows representing
the formal model in an AST. The module Automata provides a
program graph meta-model to enrich the AST with control flow
through nodes and edges. The Semantic module implements the
basic notions of the FTS, such as features, states, and transitions,
that the verification algorithm in the Algorithm module works on.

Understandability. We propose to reuse architectural and design
patterns in the different modules to facilitate future extensions,
such as new formalisms and reasoning techniques. For example,
the proposed AST module is based on the traditional composite
design pattern [16], in which a node can be either an expression or
a statement. The symbol table maintains a collection of symbols,
where each symbol can signify either a variable definition (VarDef)
or a new variable type (TypeDef), encompassing various entities like
data structures, threads, functions, and more. The module Automata
follows the same philosophy.

We propose a new flexible meta-model for the Semantic module
to represent TSs. A variable has a datatype and a value that may
change over time. The datatype defines the variable’s domain and
memory representation. We consider two categories of data types:
scalar and compound. Scalars are primitives or pointers, while com-
pound types encompass arrays and more intricate data structures.
In this context, we represent the state of a TS as an executable
compound variable, exhibiting a value and a list of executable tran-
sitions. Applying (or firing) a transition to the state may modify its
instruction pointer (location in the program graph) and the values



Daedalux: An Extensible Platform for Variability-Aware Model Checking

ICSE-Companion 24, April 14-20, 2024, Lisbon, Portugal

Valid
Products

fPromela
model @ @ .
Symbol Table Invalid
\ 7 Verificati Products
Parsing Semantic ] elﬂ IC?;’:OH
= o= engine FTS execution Feature 2dorithm
Program Graph traces Diagram
Automata
TVL
model
Figure 1: Daedalux Framework Illustration.
MODULE - MODULE AST
ALGORITHM children
- _ MODULE SEMANTIC * AstNode
RechabilityR Variable components stmts |_>
/‘7\ body
/V ? \ * executabls Transition
LTLModelChecker pressi g
Compound
Scalar N Ch“V\ IP \
ThreadT
BooleanFct 4 CompositeT varRef | ref ChannelSend
n| State ? T 1
>
features i
H T wappee ~ action) MODULE SYMBOL
A J i ) / ? \ MODULE | list
ADD - ‘ ' AUTOMATA Symbol < SymTable
_ DecoratorS CompositeS ThreadS .
o = ? V\f
nodest* FD ? ? % 1 1
VarDef TreadDef >
Cudd | | Featureds Program$S ProcessS targelsI Ids‘ Graph
Ipcation Node . -
CUDD LIBRARY Inits pid ProcType

Figure 2: Excerpt of Daedalux Software Architecture.

of its variables. Using the composite design pattern, a state can be
a parallel or synchronous composition of states (see Fig. 2).

Abstraction. Daedalux proposes two fundamental abstractions.
The first one aims to decouple the formalisms from their verification
algorithms to separate the syntactic and the semantics modules, as
demonstrated by the FTS. The representation of an FTS is abstracted
through generic Symbol, AST and Automata modules, while its veri-
fication is abstracted through the Semantic and Algorithms modules.
This decoupling enables one to explore various verification algo-
rithms of the same FTS in the same run.

The second abstraction focuses on the fundamental concepts of
TSs. Each state implements the successor relation Post : S — S"
and indicates whether or not it is an accepting state Accept : S — B.
As a result, the same model-checking algorithm can be applied on
FTS or Multi-FTS [13], despite variations in their underlying state
structures. For example, an FTS state sprs € Sprs is a parallel
composition of threads (processes in Promela semantic) such as
srrs = {po+. . .+pn} while an Multi-FTS state [13] is a synchronous
composition of FTS states such as sy, = {SFTS, X - .- X SFTS,, }-

Our current LTL model-checking algorithm follows the well-
established approach of automata-based model checking. Thanks
to our abstraction, the algorithm seamlessly accommodates both
LTLmC(FTS X BALTL) and LTme(MFTS X BAMLTL)’ enabling a
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unified approach?. This versatility extends to our SMC algorithm,
which equally supports Bounded LTL, Bounded fMulti LTL [13], and
stochastic systems [26]. It should be noted that these abstractions al-
low the algorithm to accommodate various system types, including
stochastic and deterministic, featured and single-system, composite,
or unitary, among others.

Extensibility. Daedalux is designed as an extensible framework
that leverages templates and base classes to offer fundamental func-
tionalities for FTS model checking. The featured semantics have
been implemented using a Transition System decorator. This deco-
rator transforms a non-featured state into a featured state, thereby
altering how it manages its set of executable transitions and the
consequences of applying them. This is useful for adding featured
semantics® to any state formalism such as Markovian Decision Pro-
cess and Modal Transition System to name a few.

Another software design decision is to include the features of
a state as a state variable. In this context, two featured states can
exhibit various relationships: they can be equivalent, different, or
one may imply the other, signifying that the feature expression
of the first state generalizes the one of the second state, formally

2We utilize It12ba to transform LTL formula into Biichi automaton [17].
3The featured decorator constrains the possible executable transitions using its feature
expression as a guard.
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(5. /), (s".f") € Sg,s =" A f] < [f']]- The featured extension
comprises the classes in italics and underlined in Fig. 2. The CuDD
library [29] is used as an Algebraic Decision Diagram (ADD) library.
To support the Promela language, we provide an extension (i.e.,
the grey italics classes) that handles and manages Promela-specific
symbols, statements, variables, and state semantics [20].

Modularity. We tried to reduce coupling between the different
modules. As a result, we generally have only one dependency per
module. For example, the AST only requires the Symbol module (i.e.,
to link the variable reference to the symbol data). Executable symbol
definitions such as function and thread point to their statements in
the AST. The module Automata transforms the AST into a program
graph with control flow through nodes and edges. The edges are
linked to the statement, representing its action. Thread transitions
are linked to the edge to execute. The thread state has a location
variable representing the thread location in the program graph.
A featured state has a boolean function variable representing its
features. This function encapsulates an ADD from the CuDD library
and provides an interface to operate on the underlying ADDs.

The presented architecture aims to be extensible to easily inte-
grate future developments such as i) adding a new input language,
ii) adding a new model checking algorithm, or iii) a new formalism.
To add a new input language for an existing formalism (for example,
the Prism language for modelling stochastic FTS), the developer
must only write a parser that translates the input language ele-
ments into an AST and the necessary symbol tables. Adding a new
formalism, such as hybrid FTS, requires more work as it involves
extending the AST, Symbol, and Semantic modules to capture all
aspects of the new formalism. Specifically, classes in the Symbol
module must be added for the new types and functions, while the
new statements and expressions are captured by the changes to
the AST. The semantic management of these new elements is done
by extending the Post and Apply method of the Thread class*. The
complexity of adding a new model-checking algorithm to an ex-
isting formalism depends on its interaction with the State class. If
the algorithm only explores the state space through the Post, Apply,
and Accept methods, then no modifications of the existing code are
needed, as the existing (and generic) reachability relation class can
be directly used. However, if the new algorithm requires exploring
the sub-structure of the state, modification in the reachability class
or Semantic module may be required.

5 PERSPECTIVES AND CONCLUSION

With Daedalux, we make an essential step in democratizing verifi-
cation approaches for variability-intensive systems. The inherent
need to handle system variability introduces a complexity that cross-
cuts all modelling formalisms and verification algorithms. While
this necessitates the development of a dedicated tool equipped
with variability management mechanisms, the parallel endeavor
to accommodate and expand upon various model-checking tech-
niques initially designed for single (non-variable) systems poses a
challenge in software maintenance. It can result in mounting tech-
nical debt, hindering the implementation of innovative approaches
within previously successful tools. Daedalux, with its robust archi-
tectural design, bridges this gap and paves the way for the continued

4These codes are encapsulated using the Visitor design pattern to facilitate extension.
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growth of variability-aware model checking. It thereby expands its
accessibility to a broader community, including those unfamiliar
with this research field’s complete historical evolution.

The democratization of SPL model checking, as bootstrapped
by Daedalux, supports SPL engineers in verifying that all variants
they build satisfy essential requirements. With our tool, engineers
can explore the behaviour of large variant sets to answer questions
such as “Which variants never reach an unsafe state?” and “Which
variants guarantee the delivery of a specific service with a 99%
service level agreement?”. Overall, the goal of Daedalux is to enable
practitioners to use model checking innovations in an SPL context,
complementing traditional quality assurance (i.e., testing) with
theoretically grounded, model-based approaches.

We see several avenues for future work. Regarding expressive-
ness, we plan to extend Daedalux to support several of the existing
FTS formalisms, such as FTS with hybrid behaviour and/or dynamic
variability. A set of tailored verification algorithms will support each
formalism. Additionally, we intend to introduce well-established
optimizations, such as symbolic model checking [6] and experiment
further with SMC to bolster the verification of large and intricate
(hybrid) FTS [11, 32].

Exploring additional research directions, we consider integrat-
ing the QFLAN approach into our SMC technique. This integration
would enable us to address quantitative logic that incorporates
algebraic assumptions about system features, allowing for actions
to be restricted when certain constraints are exceeded in relation
to a predefined budget within a family-based context. Another pos-
sibility is to expand the work on hyperlogic [13] by considering
non-deterministic and timing/probabilistic aspects simultaneously,
as is the case for simple products [1, 25]. This would allow for
modelling both the attacker’s environment and the internal sys-
tem response to various variations. We could then deduce which
variants are the most robust against a specific attack.

We also want to expand our approach with counterexample-
guided abstraction refinement (CEGAR) techniques [10]. In par-
ticular, in cases where the system does not satisfy the property,
fraudulent simulations could be used to guide the engineer to cor-
rect the SPL. Furthermore, by leveraging synthesis techniques from
the field of statistics and CEGAR-based approaches, automatic cor-
rections could be proposed[19].

Usability is a crucial aspect of any software tool; we aim to im-
prove the usability of Daedalux by extending the input formalisms
to support more languages, such as Prism [24], QFLAN, or CLAFER
[21]. We also plan to improve the user experience by adding a GUI
to facilitate adoption by non-experts and practitioners. In this con-
text, the main challenge will be to find an intuitive and visually
useful graphical representation for large-scale systems. Another
challenge will be to define an approach for visualizing errors and
making them understandable from the description language.
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