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Abstract
The thesis studies the applications of non-classical logics
in the verification of digital systems. We focused mainly
on finding how to establish temporal specifications describing digital model behaviour using a model checker
SMV as a software verification tool. In the main part of
our thesis we propose a method intended for use in digital sequential and combinational hardware circuit designs
in order to verify them. Our method is presented in the
form of a diagram with parts that are explained in detail. The method is illustrated through the examples of
a digicode we have designed, specified and verified step
by step according to the proposed method, and of simple
Ready Busy circuits. Further, we provide a formula to
transform a digital model with an abstraction on the finite state machine level to the Kripke structure, which is,
as we found out, identical in this case to the state space
model.
In the experimental part of our thesis, we focus first on
testing the method on several digital circuit designs and
after that, on applying the proposed method on wholly
new models. Concrete circuits have been designed, their
dynamic behaviour has been described, temporal specifications have been expressed and finally, a verification
program has been written.
The joint Appendix of our thesis contains all of the verification programs, result windows and output files.
In the Supplement, we compare reciprocally the character of non-classical logics and their relationships to the
classical predicate logic.

Categories and Subject Descriptors
F.4.1 [Mathematical Logic]: Subject Temporal Logic;
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1.

Introduction

Logics are an very important tool in the domain of Information and Communication System verification. This is
true not only for the domain of reactive concurrent and
transformation system models but also for the domain of
hardware digital system models.
The state-of-the-art is, from the point of view of the verification, characterized by the predominance of classical
techniques of checking correctness of the digital system
design and implementation. These techniques are principally simulating and testing. However, neither of them
can exhaustively check all of the behaviours of the model.
A new perspective is offered by the formal verification
methods [11]: deduction methods and model checking.
Formal verification methods used in the development of
information systems are mathematically-based techniques
for describing (and verifying) system properties. They
can be applied in the development of concurrent reactive
systems as well as transformational systems (classical sequential programs) and also in the design of digital hardware systems.
Verification of a design in the true sense of the word
means, in contrast with the simulation, an exhaustive
check of the properties of the system being designed. The
description of properties in the verification process is called
a specification.
Verification of a system thus assumes, in the first place,
the modeling of a system by using some of the modeling
techniques, specifying the model by using some appropriate specification language and, in the end, the application
of an adequate verification method and verification tool.
Formal verification methods are characterized:

Deduction methods. Verification by deduction methods
uses a formal logic deductive apparatus consisting of the
axioms and rules of inference, as referred to as a logic inference system. Unlike model checking, deduction methods are based on proving the validity of formulas in the
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given inference system Σ for temporal or even classical
logic. The description of the system to verify is in a formal language and leads to a set Γ of formulas of the chosen
logic. The specification ϕ is another formula of this logic.
Verification then consists in finding, within the limits of
the defined logic inference system Σ, a proof that ϕ logically follows from the set Γ:
Γ` ϕ
Σ

The formal system Σ must be sound and complete.

Model checking. Verification by model checking is based
on algorithms and uses computer verification software.
The system to verify is represented by a finite model M
for the language of some appropriate logic. To describe
the system behaviour, i.e., to write specifications, formulas of this logic are used. Verification then consists in
checking whether the model M satisfies the specification
ϕ:
Mϕ
The method verifies all of the states in the model, hence
its name ”model checking”.

2.

Thesis Objectives

The thesis has several objectives:
• to propose and verify a method which allows quick
and smart writing of temporal specifications for combinational and sequential digital circuits (Moore and
Mealy Automata on infinite words) and to verify the
model drawn, including the specifications, by using
model checking as a verification method and model
checker as a verification tool. The correct formulation of temporal properties is essential. Without
a correct formulation of temporal properties, any
verification activity is useless and unacceptable. In
our verification procedure the establishment of the
properties (writing of the formulas) of the model to
be designed is done independently from the model
design (construction of the Automaton) itself.
• to propose a formula for building Kripke structures
starting from the finite-state machines (Moore or
Mealy Automaton)
• to construct concrete Kripke structures, specifically
for digital hardware sequential and combinational
circuits, as the application field of the model checking method and the domain of the specification validity check.
• to find a syntactically correct structure for the output assignments for Moore and Mealy Automata in
the language of the model checker SMV
• to activate and run new software verification tools,
SMV and NuSMV, when NuSMV, the New Symbolic Model Verifier, still has some combined functionalities — for verification as well as for simulation.
• to better understand the semantics of the temporal
logic language (as well as the modal one, intimately
bound with) to make a comparison between the semantics of non-classical logics, such as temporal and
modal, and to make an approach to the semantics of

classical predicate logic language, pointing out the
similarities and differences.
Our thesis is thus intended to redirect the attention of
readers to a greater use of non classical logics in discrete
system model verifications. This aim is also associated
with the need to better implement new verification methods in practice.
The first acquisition of our thesis is the application of
the model checking verification method to the finite-state
machines such as Mealy and Moore Automata which behaviour we characterized by temporal formulas.
Moreover, the thesis will also stress the computer software support of verification methods and approach the
possibilities of the exploitation of these new and powerful
software tools.

3.

Proposing a method to formulate and verify
temporal specifications

At the moment, there are not precise instructions on how
to proceed and correctly formulate temporal relations in
the dynamics of a sequential hardware model (a Moore or
Mealy Automaton) and how to correctly express relations
between different variable quantities existing in the digital
system model.
In our work, we take advantage, for that purpose, of the
formalism of temporal logic.
Semantics of the language of temporal logic, given by the
Kripke structure, i.e., by the triplet (S, ρ, L), have been
applied to the design of digital systems, concretely to the
finite state machines: Mealy and Moore Automata on
infinite input word.
On the other hand, semantic of the temporal logic language is formally defined [11, 13] as a triplet (S, ρ, L),
where
1. S is finite set of states
2. ρ is a binary relation on S, such that ∀s ∈ S, s0 ∈ S
we have sρs0 (or s → s0 ) and every s ∈ S is reachable
from the given initial state s1 : ∃(s1 , s2 , . . . , sn−1 , s) ∈
S n : s1 → s2 → . . . → sn−1 → s
3. L is a labeling function which associates to each
state s from S a set of atomic propositions:
L:S

→ ℘(Atoms)

s 7→ L(s), L(s) ∈ ℘(Atoms)
Atoms is a set of atomic propositions, ℘(Atoms) is the
power set of Atoms.
In our thesis, we have chosen:
1. as a set S the set of states in the state space built
over the finite state machine (Automaton).
2. as a binary relation ρ the transition relation of the finite state machine, precisely, the transition relation
of the state space model
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3. as a labeling function L the function which assigns
to each single state in the state space model a set
of atomic propositions, possibly empty, which characterizes this state and is associated to it. Atomic
propositions contain values of model variables.
In our thesis, we propose a method of establishing and
verifying temporal formulas representing the behaviour
of digital combinational and sequential models where the
following conditions are assumed to hold throughout the
thesis:
• the model has some initial state
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model description will tell the computer what system it is
going on and the specifications what behaviour the system
model is presumed to accomplish.
The link between the two parts of a SMV program, i.e.,
between Temporal Specifications and Digital Model Design, will be realized in the input file to the model checker,
in the part describing the model, by means of the program output variable quantities. The output variables are
assigned some value of the symbolic state variable either
separately (for Moore finite-state machine outputs) or as
a logical product with the logical expression given by the
combination of adequate user input-output values, that is
to say, a disjunctive normal form (for Mealy finite-state
machine outputs).

• every state of the model has some successor state
• each state in the model is reachable from the initial
state(s)

This way, taking into account the required type of user
output in the time context relations (which finally amounts
to a design of a Mealy or Moore finite-state machine) we
found syntactically accepted constructs to give outputs in
the SMV language:

In our method, we present a digital model behaviour description which is independent of the character of the system being designed – it is not important if the modeled
system is considered to be deterministic or non-deterministic. The proposed form of the behaviour description is
valid for both.

Moore machine: the SMV output statement is a habitual
assignment of the symbolic state variable value; if there
are several outputs, the total output is the logical (exclusive) sum of the individual partial outputs associated
with the relevant states.

The most important thing in the verification of discrete
digital system designs - whether it is about verification
by deduction methods or verification using model checking methods - is to find and construct an adequate model,
which satisfies the task requirements, and to write appropriate temporal formulas (temporal properties), which express the required behaviour of the model.

Figure 1: Moore Automaton - Output y in the
SMV program

To make the verification process we proposed more trustworthy we suggested to separate the formulation of the
temporal properties from the design of the model. The
principal idea is that for the verification of a model to be
correct, the proceedings following the right- and left-hand
branch of the Diagram in Figure 3 must be separated and
independent.
That is to say, temporal specifications from the left-hand
side of the Diagram in Figure 3 must be formed uniquely
as temporal relations between user inputs and user outputs, starting from the requirements of the task, user inputs and outputs and initial situation being given by the
requirements.
Digital model design from the right-hand side of the Diagram in Figure 3 is made by a particular and inventional
approach. As a satisfying result of the abstract synthesis, including state reduction, a state-transition diagram
of the finite state machine (FSM) representing the digital
system model, with inputs and outputs, a defined set of
states and state-transitions and some initial state, is fully
accepted.
The input to the SMV model checker is given by a program written in the SMV language. In principle, the program consists of two main parts: the model description
(design) and model specifications (behaviour).
Writing the input program simply means describing, by
means of the model checker language, the model drawn
and adding temporal specifications to the model. The

Mealy machine: the SMV output statement is a little
more complicated. A disjunctive normal form is constructed from the input boolean variables associated to
the current state and provoking (together with the state)
an unitary output. Then a logical product of the disjunctive normal form and the symbolic state variable (precisely, with the appropriate value of the symbolic state
variable) is made. This is a syntactic form for a partial
output of a Mealy machine in the SMV language. The
partial output is unitary if the disjunctive normal form
takes on a value of logical 1 and simultaneously, the model
is located in that state. We did a partial output in the
SMV language for each state and its disjunctive normal
form which is given by the unitary outputs of the system in this state. The total output in the SMV language
is then a logical (exclusive) sum of the partial outputs
(which are of the form of products). This is a correct
and, in accord with the SMV language structure, syntactically accepted expression for the SMV output assignment
statement.

Figure 2: Mealy Automaton – Output y in the
SMV program
Verification can be started from writing temporal formulas, i.e., following the left-hand side of the Diagram in
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Figure 3, and then passing to the right-hand side to the
abstract synthesis, or choosing the other way, starting by
abstract synthesis and pursuing by creating temporal formulas. It does not matter what we choose first.
However, when constructing a Kripke structure we have
to consider both at the same time; the temporal relations
(left-hand side of the Diagram, Fig 3) and the semantic
interpretation of temporal logic language, i.e., the states
and transitions of the FSM being designed (right-hand
side of the Diagram, Figure 3). On this basis we build a
state space model using the conversion formula we found
out. The model checker containing efficient algorithms
will check the whole state space (the whole Kripke structure) and find out whether temporal specifications are
valid for the given model or not.
Creating temporal specifications is initially not very selfevident. It is necessary to learn a style of reasoning which
is called ”temporal thinking”. However, with a certain
practice, temporal specifications stem from themselves
from the requirements of the task. Notwithstanding, in
our method, to have a better view and orientation, we
explain in details all of the steps essential for writing and
verifying temporal specifications, together with an appropriate commentary. These detailed procedures need not
necessarily be applied in the current life, inasmuch as they
arise, as already stated, once model variables have been
determined correctly, from the requirements themselves.
Procedure for writing temporal specifications and
verifying digital design
The procedure as we have proposed it comprises several
parts. In Figure 3, we illustrate the process through a Diagram.

4.

Verification and Application of the method

We verified the proposed method with digital hardware
systems:
• Digicode Device

Figure 3: Procedure to form temporal formulas
and verify a digital design.

• Ready-Busy Circuits
• Serial two-bit Adder
• Code Controller
• Binary Comparator
• Input Sequence Detectors
• Two-bit Arbiter
We applied the proposed method to our own model designs:
• Four-state MicroWave Oven with an Error State
• Simple MicroWave Oven with Two States
• Digicode with Error State

Figure 4: Kripke structure of a simple MicroWave
Oven model with two states.
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Figure 5: Unfolding the Kripke structure from Figure 4 into an infinite parse tree (starting from the
initial state s0 ; dashed line marking the infinite continuation of the parse tree).

5.

Thesis Contributions

Main contributions can be resumed in the following points:
• We proposed a method to write and verify temporal
specifications for digital hardware systems (combinational and sequential circuits) using model checking as verification method and the model checker
SMV as computer software tool.
• We proposed a method to proceed in verifying digital designs: we drew a diagram, which illustrates
step-by-step all of the procedures, from the task requirements through the design and specifications up
to the verification. We made ourselves some examples as patterns - those of a Digicode and of a simple
two-state Ready-Busy Circuit.
• The correctness of the verification in our method is
guaranteed by the independence of the right- and
left- hand sides of the Diagram, i.e., the independence of the hardware design model from the expressed temporal properties of the model, the latter
given by the task requirements
• We found syntactic constructs about the SMV language output for the Moore and Mealy machine
• We applied the proposed method to new own designs
we made (Four-state MicroWave Oven with Error
State, Two-state simple MicroWave Oven, Digicode
with Error State, example-patterns of a Simplified
Digicode to illustrate the method, in the version for
the Moore and Mealy finite state machines, and of
a simple Ready-Busy Circuit)
• We provided a way to build a Kripke structure for
digital sequential circuits to verify; for several of
them, we also drew it concretely, including a combinational circuit. This has not been found in any
literature

• We gave a general relation to convert a state-transition
diagram as a model of a sequential digital system
(Moore or Mealy Automaton on infinite words) to a
Kripke structure (state space model)
• The resulting formula to transform a classical model
of the sequential system to the Kripke structure has
been verified by us with the new simulator and verificator NuSMV
• We came to the non-insignificant conclusion that
in the case of digital sequential models, the Kripke
structure is identical to the state space model; in
reality model checking running on the Kripke structure runs on the state space model
• We succeed in animating and running new verification tools SMV and NuSMV, both downloaded
free from the Internet network. Using these new
tools, we could also by simulation separately verify
the state–transition diagrams of digital models we
designed
• We compared the semantics of the temporal logic
language with the semantics of the modal logic language and both with the semantics of classical predicate logic and gave their relationships we arrived at
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