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Abstract. Model checking is becoming a popular verification method that still
suffers from combinatorial explosion when used on large industrial systems. Currently, experts can, in some cases, overcome this complexity by selecting appropriate modeling and verification techniques, as well as an adapted representation
of the system. Unfortunately, this cannot yet be done automatically, thus hindering the use of model checking in industry.
The objective of this paper is to sketch a way to tackle this problem by introducing self-adaptive model checking. This is a long term goal that could lead the
community to elaborate a new generation of model checkers able to successfully
push forwards the scale of the systems they can deal with.
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Introduction

Model checking is becoming a popular verification method, even in large companies
such as Intel, Motorola and IBM [18]. There are already many success stories involving
this technique. PolyORB, an open source middleware now used in aerospace applications, was formally verified to prove that no deadlocks nor livelocks could occur on one
execution node [24]. Similarly, some aspects of the bluetooth interaction protocols have
been studied formally [12]. Finally, NASA development of critical code also involved
model checking to ensure its safety [23].
The main advantage of model checking is to be quite easy to automate, and so, it can
be operated by non experts. Unfortunately, it suffers from the so-called combinatorial
state explosion, that is difficult to tackle, especially for non experts. This can be called
the “model checking dilemma” : on the one hand, this approach is easy to use but as
soon as you deal with complex problems, an expert aware of the various appropriate
techniques and algorithms is required to complete the verification task.
Today, numerous techniques have been defined by the various communities working on the topic. They may rely on several types of automata like Büchi [6], Rabin [30],
Streett [34], testing automata [17] and variants [2], etc. They may also involve several
techniques to describe the system such as symmetry reductions [8], various types of
decision diagrams [7,33,20], partial order reductions [10], on-the-fly automata reductions [15], etc. Moreover, sometimes, several techniques are combined like Binary decision diagrams and symmetry reductions in [36], on-the-fly reductions and hierarchical

decision diagrams in [13], and hierarchical decision diagrams and symmetry reductions
in [11]. Finally, the analysis of properties is also a part of the optimization problem
since there may exist some particular cases where some adapted algorithm performs
better [31], automata derived from formulas can also be optimized [1] and observed
elements in the system taken into consideration to reduce complexity [26].
However, when analyzing the behavior of model checkers on large benchmarks,
such as the one of the Model Checking Contest1 [28], we can notice that several combinations of techniques can be successfully operated to solve some classes of problems
(e.g. LTL, CTL, reachability, bound computation, etc.). Identifying such combinations
of techniques is thus of great help.
But so far, only experts can estimate which combination of techniques will be the
more likely to solve a complex verification problem. The idea of “self-adaptive” model
checking is to define the bases of an infrastructure embedding the capability to select
and use the best data-representations and algorithms so that it can transparently tackle
the complexity when performing verification.
This paper is structured as follows. Section 2 presents a simple analysis of the techniques used by model checking tools participating to the Model Checking Contest in
2015, 2016 and 2017. In particular, we are trying to extract some information about
the involved techniques and focus on determining wether symbolic (based on decision
diagram) or explicit approaches are the most efficient. Then, Section 3 defines what
we mean with “self-adaptive model checking” before Section 4 discusses the impact
of this approach on tools architecture. Section 5 discusses some issues to be solved to
enable meta-heuristics to select an appropriate combination of algorithms to solve a
verification problem. Section 6 concludes the paper.

2

Information Gathered from the Model Checking Contest

For more than a decade, we observed the emergence of software contests that assess
the capabilities of verification tools on complex benchmarks. It is a way to identify the
theoretical approaches that are the most fruitful in practice, when applied to realistic
examples. Such events motivate the involved community to improve research tools and
measure the benefits gained by new improvements.
They are also interesting because they bring representative and shared benchmarks
to the involved communities. Moreover, since many tools compete, it is possible to
gather and analyze information from the detailed outputs produced by such events.
As a typical example, the Model Checking Contest benchmark is growing every year
thanks to models proposed by the community. In 2017, it was composed of 78 models
from which, thanks to some scaling parameters, 812 instances are derived. Numerous
formulas (reachability, CTL, LTL) are also available (a new set is produced every year).
Models proposed by the Model Checking Contest mainly represent concurrent systems and are expressed in PNML [21] (Petri Net markup Language, an ISO/IEC standard to describe Petri net specifications). Some are derived from higher specification
languages or translated from code. Some others are natively expressed using Petri nets.
1
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Many models come from a wide range of application domains and describe hardware
systems, protocols, distributed algorithms, biological systems, etc. Some models are
extracted from research papers and denote interesting “theoretical” configurations to be
analyzed.
In the Model Checking Contest, tools are confronted to several examinations:
StateSpace, UpperBounds, Reachability, CTL and LTL. StateSpace requires the tool
to compute the full state space of a specification and then provide informations about it.
Mandatory information concerns the number of states but tools may also provide additional informations like the number of transitions, the maximum number of tokens per
marking in the net and the maximum number of tokens that can be found in a place.
UpperBounds requires the tool to compute as a integer value, the exact upper bound
of a list of places designated in a formula (there are 16 formulas per model instance).
Reachability, CTL, and LTL require the tool to evaluate if formulas are satisfied or
not. For each formulas, we consider atomic propositions referring to either the marking
of places or the fireability of transitions (16 formulas of each type are provided per
model instance). In the reachability examination, there are extra formulas to check if
there exist a deadlock.
So, the Model Checking Contest could be seen as a way to observe and evaluate the
most successful techniques for a given type of model checking activity. To do so, we
have analyzed the techniques participating tools reported to use over the three last years
of the Model Checking Contest (2015, 2016, and 2017) where data was collected using
comparable data formats. All the reported techniques are listed in Table 1.
Figure 1 reports, for the valid answers, the percentage of techniques used by tools
to compute examinations (they sometimes use several techniques simultaneously). Unfortunately, these techniques are so far reported per examination, even if, often, an examination contains 16 formulas to be evaluated. However, it is interesting to observe
the top winning techniques for each examination categories.
It is easy to see that, based on these raw data, symbolic model checking (based
on decision diagrams) is used more often than explicit techniques for the StateSpace,
Technique
BMC
CEGAR
Compress.
Dec. Diag
Expl.
Net Unf.
NUPN
Part. Order
SAT/SMT
Struct. Red.
Symm.
Topol.
Unfold. P/T

Explanation
The tool uses Bounded Model Checking and/or K-induction techniques
The tool uses a CEGAR [9] approach
The tool uses some compression technique (other than decision diagrams)
The tool uses a kind of decision diagram
The tool does explicit model checking
The tool uses McMillan unfolding [29]
The tool exploits the structural information provided in the NUPN [16] format
The tool uses some partial order technique
The tool relies on a SAT or SMT solver
The tool uses structural reductions (Berthelot, Haddad, etc.)
The tool exploits symmetries of the system
The tool uses structural informations on the Petri net itself (invariants, etc.)
The tool transforms colored nets into their equivalent P/T
Table 1. List of techniques reported by tools.
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Fig. 1. Cumulated declarations of techniques per successful examination as reported by tools
during the Model Checking Contest over the 2015, 2016, and 2017 editions.

the UpperBound, and the CTL examinations. Explicit approaches appear more often in
reachability and LTL examinations. Tools also report a large number of additional techniques like compression, partial order, or the use of structural informations to optimize
model checking. Some tools also rely on Constraint solving, CEGAR [9] or bounded
model checking.
However, this raw data must then be normalized because the number of tools declaring a technique may change from one examination to another as shown in Table 2. For
4

Technique StateSpace UpperBound Reachability CTL
LTL
Symbolic tools 22 (71%)
8 (57%)
11 (44%) 10 (63%) 3 (27%)
Explicit tools 9 (29%)
6 (43%)
14 (56%) 6 (27%) 80 (73%)
Total tools
30
13
24
15
10
Table 2. Number of tools relying on Symbolic versus Explicit approaches for participating tools
(in the 2015, 2016 , and 2017 editions). Several participations of a given tool are cumulated.

example, the raw value declared for Decision Diagrams in Figure 1(a) must be pondered by the fact that more tools between 2015 and 2017 rely on this technique (so it is
naturally reported more often).
Symbolic approaches (based on some type of decision diagram) are usually confronted to explicit ones (often associated with other optimization techniques) in the
community since they are in mutual exclusion. It is thus of interest to refine the raw
data of Figure 1 by focusing on these two approaches and check which one seems to be
the most efficient and in which situations.
Figure 2 summarizes the ponderated ratio between Symbolic and Explicit approaches for the model checking contest examinations proposed in 2015, 2016 an 2017.
For each examination, the first large bar shows the ratio between the tools declaring the
use of Decision diagrams2 and those declaring the use of explicit approaches3 . The two
other thinner bars present a “normalized” success rate when considering the respective
number of tools using the corresponding technique. All these data are collected for successful examinations only (so the two approaches can claim together 100% of success).
From these normalized data, it appears that symbolic and explicit techniques are
quite comparable. For the StateSpace examination, decision diagram technology is a
main factor of performance since the full state space must be computed. Figure 1(a) also
2
3
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Fig. 2. Normalized measure of the success of Decision Diagram based techniques versus explicit
ones (for the 2015, 2016, and 2017 editions)
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Reachability
CTL
LTL
Satisfied computed formulas 205 478 (51%) 70 824 (45%) 28 773 (23%)
Unsatisfied computed formulas 197 280 (49%) 84 990 (55%) 97 662 (77%) Total
Total computed formulas
402 758
155 814
126 435
685 007
Table 3. Analysis of the formulas computed by tools over the 2015, 2016 and 2017 editions of
the Model Checking Contest. Formulas computed by several tools are cumulated.

shows that topological approaches (for example, based on the exploitation of NUPN4
data) are quite useful to optimize the encoding of the state space using decision diagrams.
For the UpperBound examination, results are more balanced but slightly in favor of
explicit approaches. Similarly to the StateSpace examination, Figure 1(b) outlines an
extensive use of topological information (including the use of NUPN data) to compute
an appropriate variable order for decision diagrams. Compression mechanisms are also
reported to be associated with explicit approaches.
For the evaluation of formulas (reachability, CTL, LTL), there seems to be some
advantage to explicit techniques too. This is less clear for reachability formulas, more
evident for CTL ones, and particularly true for LTL ones. However, for LTL, we must
consider two factors that reduce the relevance of these measures. First, the LTL formula generator used in the Model Checking Contest remains quite basic compared to
the one of reachability and CTL formulas (the team is working on this). Second, while
reachability and CTL computed formulas are quite balanced between the satisfied and
unsatisfied ones (see Table 3), this is not the case for LTL ones (more than 34 are unsatisfied, so that some counter-example might be found rapidly). These two factors probably
hinder any conclusion for LTL at this stage.
This simple study, based on he output of a single verification competition, may help
to understand how and when one could operate a set of techniques to perform model
checking. Unfortunately, even if several involved tools do not come from the Petri net
community, the inputs of the Model Checking Contest all represent concurrent systems
expressed using Petri nets. So, there might be some bias in the way such models are
processed. It would be great if a similar analysis could be done on other verification
contests. This is a complex task requiring at least some common glossary and notions
to be defined.

3

What is Self-Adaptive Model Checking?

The term “adaptive model checking” [19] was first used to denote a way to learn a
model from a component in the context of black-box testing. It was also called later
“black box checking” [5].
The context here is totally different. The objective is to integrate some “intelligence”
in tools so that they can self-adapt to the most appropriate combination and configuration of techniques when verifying a property on a model. In this situation, “appropriate”
4

NUPN means “Nested-Unit Petri Nets” and is additional information providing some structure
to the specification [16]. Some models in the benchmark embed such information.
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Fig. 3. The self-adaptive model checking process inside a verification engine.

may have several meanings. Among them, let us consider the combinatorial state explosion problem that prevents a non-expert user from verifying a property on a system
where some expert would apply a combination of modeling abstractions and the choice
of the best model checking engine to solve the problem.
This combinatorial explosion problem is itself difficult to solve because it has to
be tackled at different levels. It does not only involve a toolset and must be considered already at the modeling level. This is why it raises methodological issues in the
way specifications and properties can be tuned to reduce complexity. Typically, relevant abstractions in the system model with regards to the properties to be verified, may
dramatically reduce the verification complexity and should not be ignored.
Self-adaptive model checking must be operated at several stages inside a verification
engine (seen as a “black box” by users) where various techniques are coordinated to
build a verification process.
Figure 3 sketches what could be such a process. First, we consider as input a model
and a property (both can be produced automatically or manually). A preprocessing step
analyzes the model and the associated property to produce a simplified model and a simplified property, as well as some analysis data. The simplified model must be equivalent
to the original one with regards to the property to be checked. Similarly, the simplified
property must be equivalent to the original one. Analysis data about the model and its
related property can be deduced from structural analysis (e.g. hierarchical design of the
system, invariants or some properties when the input specification is a Petri nets, or any
other information that can be derived from the specification, and possibly the property).
In the worst case, the simplified model and/or property are equal to the input model
and property. Let us note that, in the Model Checking Contest, such a situation is rare
when models are complex (for example, those coming from an industrial case study)
and tools implement such type of optimizations.
Once produced, the simplified model and property are then processed by a verification engine which can be adapted using the analysis data.
One can even imagine that a feedback from the way model and property are processed may provide useful information for some later preprocessing. Typically, this
could lead to the integration of a CEGAR [9] like loop inside the verification engine
itself.
7

4

Impact on Model Checkers Architecture

This two step process suggests an architecture that is similar to the one of modern
compilers (front-end, middle-end, back-end). In fact, it is a trend to adopt this type of
architecture in modern model checkers [27].
This trend is illustrated in Figure 4. The idea is to separate the verification engine
from the input formalism. Then, the notion of “pivot representation” naturally arises
as an intermediate representation between an “upper level”, and a a set of “verification
engines” able to process this pivot representation. This software architecture brings
three major advantages.

Form.1

Form.2 … Form.N

⎞ middle-end
⎠ language or library

Pivot representation

Tech. 1

⎞ front-end
⎠ high-level formalisms

Tech. 2 … Tech. N

⎞ back-end
⎠ verification techniques

Fig. 4. Software architecture of modern model checkers (from [27]).

First, it decouples the input (high-level) specification language from its verification.
Then, the specification language designer may work independently from the verification
machinery as long as they provide a sound and formal semantics to their notation. This
is of particular interest when dealing with numerous input languages, because it does
not hinder the access to efficient verification engines thanks to the pivot representation.
Several tools like MC-Kit [32], LTSMin [25], Spot [14], or ITS-Tools [35] already
experimented this type of approach. Some of them (like Spot or LTSMin) offer an
API to encode the notion of state and the transition relation of a given model. Others (like ITS-Tools) implement an “assembly language” suitable to encode such notions. These solutions showed their efficiency in numerous situations but suffer from
an important drawback when it comes to provide feedback to users : they usually lack
back-translation mechanisms to show counterexamples in the terms of the input specification. This is one of the main challenge for self-adaptive model checking as soon as
one wants to cope with several input formalisms.
The second advantage is that many preprocessing optimizations can be performed, either in the front-end (the input language specific ones) or in the middle-end (more
generic ones). Optimizations implemented in the middle-end benefit to all the input
formalisms supported by the model checker.
We already mentioned tools structured in a way they can easily enable analysis from
various input specifications. There is unfortunately no standard pivot representation
(neither at an API level nor at a language level) despite the numerous attemps to define
interesting languages for verification of industrial-like systems (such as PNML [21],
8

FIACRE [3], GAL [35], or Promela [22]). Probably, finding a standard suitable to be
associated with numerous and different techniques is an important challenge for the
community.
The third advantage is that it is then possible to exploit the technology foreseen to be
the most efficient to process the model and its related property. One can even imagine the back-end to be (automatically) produced on-the-fly from off-the-shelf libraries,
assembled to build the most performant model checking engine for a given couple
hmodel, propertyi.
It appears from the model checking contest that most winning tools simultaneously
activate several techniques to compute properties. Thus, combination of representation
techniques (i.e. explicit, symbolic, use of different classes of automata), together with
reduction algorithms (like partial order, saturation in decision diagrams, etc.) is probably needed in the future. Here, numerous challenges must be addressed to elaborate
appropriate and combinable back-ends for verification.

5

The Decision Process

The decision process to select libraries to be assembled to produce an efficient model
checking engine is a crucial challenge. A deeper analysis of the involved techniques
and their success in identified situations (e.g. the use of some operator, some structure
of the model or the property, etc.) is required to enable some meta-heuristic that would
act as a decision process to perform the assembling of a verification engine.
However, the question of the technique to be used to implement such a metaheuristic remains. We think that several directions should be investigated:
– An analysis of the input system and property, associated with a dictionary of techniques usable in each situation could be considered. It requires to be aware of the
correlations between some characteristics of the couple hmodel, propertyi and the
most efficient technique to solve problems having such characteristics. As an illustration, we can cite the definition of adapted efficient algorithms dedicated to the
verification of subcategories of LTL formulas [4]. Unfortunately only a few such
situations are identified so far.
– Recent learning techniques have proven their efficiency to take decisions based on
the analysis of a large set of data. Unfortunately, we have no evidence that we
already have a sufficient amount of unbiased data to operate such a technique.
– The increasing parallelism of modern computers allows us to imagine a portfoliolike implementation of a model checker where several algorithms would concurrently be operated. Unfortunately, such a solution requires massively parallel architectures since the number of possible combinations when mixing algorithms,
representations, and implementation matters, grows rapidly.
Of course, even if the complexity of the decision algorithm is more likely to be
related to the size of the system instead of the size of its associated state space, it can
take a while, thus being of little interest for unsatisfied properties for which a counterexample is found rapidly. However, it is easy to imagine that such an analysis could
9

be performed in parallel of a first search using some default configuration of the model
checking engine. However, for satisfied properties, for the analysis of CTL formulas,
or any other situation where the full state space has to be explored to take a decision,
the cost of building on-the-fly a dedicated model checking engine would be probably
rapidly balanced by the gain on the verification operation itself.
Anyway, at this stage, it is difficult to state which of these approaches will help and
produce a self-adaptive model checking tool. We trust there is an interesting problem
for the community to deal with.

6

Conclusion

In this paper, we depict self-adaptive model checking as a way to increase the efficiency of model checking. It is a mix of methodological, theoretical, and technical visions. Methodological aspects reside in the definition of a typical process including
preprocessing (a way to rewrite and simplify the problem) and the use of optimized
verification engines, possibly elaborated and compiled on-the-fly for a given couple
hmodel, propertyi. Theoretical aspects reside in the fact that theory needs to be extended, for example to enable the combination of several algorithms when it is possible. Technical aspects reside in the definition of some standards (a common pivot representation, a common software architecture, etc.) to enable the sharing of off-the-shelf
efficient libraries.
It would also be of interest to share and increase typical benchmarks so that the effect of some algorithm combinations could be explored deeply. Then, more lessons
could be gathered from larger experiments on these benchmarks. At this stage, the
Model Checking Contest [28] can provide interesting data based on the analysis of
the results available for 2015, 2016 and 2017. A first and raw analysis of these data is
discussed in the paper. Getting similar information from other similar events should be
a goal for the communities involved.
Of course, much work is still needed to complete fully automated self-adaptive
model checking. However, the community of model checking already handles many
building blocks for this purpose: numerous algorithms, numerous internal representations of the state space (symbolic or explicit, based on a variety of automata), various
logics, etc.
So, one can expects that, sooner or later, a new generation of model checking tools
will emerge, benefitting from all these expertise, implementation experience, and experimentation.
Self-Adaptive Model Checking is a long-term goal the community should take as an
important challenge to deal with.
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