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Abstract— In this paper, we present a path dependency
graph for Verilog-HDL programs called path sequence.
This path sequence can be used in static analysis based
techniques, such as program slicing, and model abstrac-
tion as well as in functional test generation. We have
implemented this graph inside a model reduction tool.
It enhanced the capability of the tool without adding
significant timing overhead.

I. INTRODUCTION

Verilog [12] HDL (Hardware Description Language)
is a popular way for specifying, designing and ver-
ifying hardware systems. Classically, verification and
error detection depends heavily on simulation of the
designs. However, with the increasing complexity of the
designs, detecting errors becomes extremely difficult and
simulation becomes less efficient in terms of coverage
and long simulation periods. Several approaches based
on program analysis have been proposed to help the ver-
ification problem among them we cite static analysis [4]
and model checking [2], where a semantic model of the
design is verified against some temporal specifications.

Static analysis is a program analysis technique initially
used for software debugging and testing. Static analysis
means the analysis of the program semantics to extract
information about the system at compile time such that
properties can be proven about the system without the
need to actually execute the program. The information
collected from the analysis are very important for dis-
covering and correcting possible errors, inconsistencies,
deriving test patterns that could be used to validate the
circuit under verification, identify the critical code part
in the design as well as unreachable code. It can be also
used to reduce and abstract the model size in order to
speed up the model checking process.

There are two main properties desirable in static
analysis algorithms [13]; soundness and completeness.
In order to be sound, an algorithm must never delete
(ignore) a statement from the original program which

could have an effect upon the analysis. In order to
be complete, the algorithm must delete (ignore) all
statements which do not affect the analysis. In general,
completeness is unachievable (for theoretical reasons
dealing with undecidability [13]). Therefore, the goal
of analysis algorithms is to delete (ignore) as many
statements as possible, without giving up soundness. The
closer an algorithm approximates completeness, the more
accurate the analysis results will be.

The aim of this paper is to present a syntactic model
for enhancing the static analysis of Verilog HDL pro-
grams. The model is mainly used in order to enhance
the accuracy of the analysis based on control and data
flow analysis. For instance, the idea of the model is
based on mapping each state in the transition system
of the Verilog program by the control flow graph path
producing a path dependency graph. This graph is an
abstract representation of the semantic model.

The rest of the paper is structured as follows. In
Section II, we present some related work about HDL
static analysis. In Section III, we define our system
model including the abstract syntax (the control flow
diagram) and semantic representation of a program. In
Section IV, we present the proposed path dependency
graph and Section V finally concludes the paper.

II. RELATED WORK

One of the main static analysis approaches is pro-
gram slicing [13]. Program slicing is a technique for
simplifying programs by focusing on selected aspects of
semantics and deleting those parts of the program which
can be determined to have no effect upon the semantics
of interest [13]. There are few works dealing with slicing
application for hardware description languages. For in-
stance, the work in [6] applies program slicing to VHDL
[11] programs. In order to analyze the VHDL code, along
the data and control dependencies, a new dependency
called signal dependency is defined for inter-process
dependence. A slice follows from these dependencies



(though the details of the slice are not defined). Clarke
et al. [1] extended program slicing to VHDL in the
context of a verification tool that can reduce the VHDL
code to be analyzed. This is a direct application for
static slicing of sequential systems with the introduction
of a new dependence graph called interference graph,
which represents the dependencies that may arise in
concurrent procedure. The analysis of the program is
done on the system dependency graph which is formed
of data, control and interference dependencies.

Other related works include the work done by Baresi
et al. [10], where data flow analysis techniques are used
in order to identify deadlocks conditions within VHDL
specifications. Hsieh et al. [5] applied data flow analysis
techniques in their model abstraction algorithm, in order
to abstract VHDL semantic. Liu et al. [7] created a high
level finite state machine for coverage analysis of Verilog
designs.

III. VERILOG MODELING

In this section, we will present the syntax and the
semantic model of the Verilog [12] programs. We are
considering a synchronous subset of Verilog accepted by
the SMV tool [8] but without considering concurrency.

A. Program Syntax

Definition 3.1: A Verilog program P can be specified
as a tuple ��� �� ��, where:

� V = ���� � � �� ��� is a set of variables, where �� has
an associated finite domain of values, i.e., dom�� ��.

� I is an ������� procedural block that specifies the
initial state.

� S is an ������ procedural block that contains a
set of statements specified by the following, where
� is a natural number, � is a boolean condition
and � (with subscript) is an expression:

� ��� � � �

� ���� ���
� �� ��� �� ���� ��
� �	��� ��� � �
�

� ���� ��� �� � �� � � � �� � �� �
�����

� ���
 ��� � � � ��� �
�

Definition 3.2: The control flow graph (CFG) of a
Verilog program 	 is a graph �
� ������� �� �� ��,
where N is a finite set of nodes labeled by the program
counter locations, E is a finite set of edges, ������,
� and � are specific nodes and denote respectively the
beginning of initial block, the beginning and the end of
the always procedural block and � is a labeling function
that associates to each edge a statement, i.e., � � � � �.

The control flow graph is built in a standard way. For
example, the node that represents an “if” statement has
two out-going edges labeled with the testing condition
and its negation, pointing to the program locations of the
“then” and “else” statements, respectively. Note that the
case statement can always be rewritten in term of “if”
statement but we have preferred to keep it in the ab-
stract syntax since its presentation is more readable than
its coding (we assume all the conditions are mutually
exclusive).

B. Program Semantics

The behavior of the Verilog programs can be
described using operational semantics. We define a set
of transition rules over configurations. A configuration
has the form ��� �� �� where � is a simulation time (a
natural number), � is a program counter location and �
is mapping from program variables to values.

Definition 3.3: Given an edge � from a node � la-
beled with location � and another node � labeled with � �,
we define the transition rule according to the statement
associated to the edge �, written ���� as follows:

� � � � ��� �� �� �� ��� ��� �������
where ������ is the same as � except the value of
the variable � is now associated with the value �.

� ���� ���
� � �

��	 
	 �� �� ��� �	 
	 ��

� � �

��	 
	 �� �� ��	 
�	 ��

� a Boolean condition
���� is true

��	 
	 �� �� ��	 
�	 ��

� � � � or � � ������ and �� � � ��� �� �� ��
�� � �� ��� ��

IV. PATH DEPENDENCY GRAPH

Unfortunately, it is not always possible to know stat-
ically if a path of interest will be traversed during the
execution. Consider the example in Figure 1 and assume
that our property to check includes the statement ��� ��
��. We need to check if this statement can be evaluated
to 	. As �� is assigned more than one value throughout
the program , it is not clear, by just analyzing the CFG,
which value(s) will reach this statement. Therefore, we
will refine the analysis by introducing the dependency
between the CFG paths, which we call path sequence.

We will construct the path sequence by using two
semantic functions [3]: The reachability condition and
the state transformation functions [9]. Given a finite path
� in the control flow graph, the reachability condition
��� specifies a Boolean condition under which the path
will be traversed while the state transformation ���



initial
begin

x = 0;
y = 0;
out = 0;end

pc = 0 ;

(b)

pc = 0;

x<100

pc == 2

y != 100

y == 100

N_1

N_2

N_8
N_9

N_10

out = in;

pc = pc+1;

N_3

Epsilon

Omega

x >= 100

Initial

pc == 0 pc == 1

y = y+1;

N_5

N_7

N_4

N_6

pc = 1;

in = 1;

in = 0;

x = x+1;

module exp_1(in, out)

reg [0:2] out;
reg [0:6] x, y , pc;

output [0:2] out; 
reg in;

(a)
endmodule

end
endcase
if(y == 100) out = in;

end
pc = pc+1;

begin

end
x = x+1;
end

always
begin

case (pc)

0:
begin

if(x<100)

pc = 0; y = y+1, in = 0;
end
else

pc = 1, in = 1;

begin

begin

1:

2:

Fig. 1. An example Verilog program and its control flow graph

specifies the valuation of program variables obtained at
the end of traversing this path. Both of these functions
can be computed as follows1:

Definition 4.1: Let � � �� � � � � � �� be a finite
path in the CFG, we backwards define ��� and ��� by
induction

� Induction basis: ���
� � true and ���

� � � .
Being at the end of a path �, at time �, to traverse
this path implies a true reachability condition and
an identity state transformation.

� Induction steps: We define ���
� and �� �

� according
to the statements at ���� � � ��
- v=e: ���

� � �����
� ����� �� �

� �
�� ���

� �����
- Boolean condition: ���

� � �����
� �

� �� �
� � �� ���

�

Finally, ��� � ���
� and ��� � �� �

� . We can represent
any path by single transition as follows:

� �� ����� � � � � � ����� �

Definition 4.2: Let � be a finite path in the CFG and
 	 dom��� a value, we say that a value  is active iff
������ is true or ������ �  . Similarly, we say that a
value  is deactive iff ������ is false or ������ 
�  .

1Without loss of generality, we will not consider the simulation
cycle time

Now, consider for example the paths !� and !� from
Figure 1:

!� � �������� ��

!� � ��� 
��� �
�� 
��� �
�� 
��� �
�� 
���
�
�� 
��� �
�� "�

We want to check whether !� will be executed after !�

or not. To achieve this, we run a backward computation
on the paths to get the ��� and ��� at each edge.

Let V be the ordered set of the program variables
��� �� #� $%� ���, for the example in Figure 1;

� ��������
��

�� � � true � ���
	 �� �������

��
�� � �

��	 �	 �	 �	 �	 ��� ����

� ��
��
�� � � true	 �� �

��
�� � � ���	 �	 �	 ��	 ����

� �	�

��
�� � � true	 ��	�

��
�� � � ���	 �� �	 �	 ��	 ����

� �	�

��
�� � � true	 ��	�

��
�� � � ��	 �� �	 �	 ��	 ����

� �	�

��
�� � � true	 ��	�

��
�� � � ��	 ���	 ���	 ��	 ����

� �	�

��
�� � � true	 ��	�

��
�� � � ��	 ���	 ���	 �	 ����

� �	�

��
�� � � true	�� � ���� � �� � 		�	 ��	�

��
�� � �

��	 �� �	 � � �	 �	 ����
� �


��
�� � � �� � 		� 	 ��� �� �� � �� � 		� �

���
	 ��


��
�� � � ��	 �� �	 � � �	 �	 ���� � ����

We can see from the above that !� will be executed after
!�. Using the methodology in the above example, we
will build the path sequence which is the path between
the control flow graph paths.

Definition 4.3: The path sequence is a tuple
�	�� 	��� where



� 	� 	 	 is an initial path
� 	 is a set of paths in CFG.
� and � � 	 � 	 such that ���� ��� 	 � iff ���� �

���� ����� � is not false.
The path sequence provides a static check to ensure
that some program state will be reachable. On the
other hand, we follow the routine used in classic static
analysis techniques, which assumes that a condition is
true as long as no information that proves the inverse
is available. Figure 2 shows the path sequence of our
example in Figure 1. For instance, there is a transition
between 	� and 	� because ��������� � � ���� is
$% � � � $%� � � 
 � # 
� �		 which could be true.

P2 P3

P4 P5

P1P0

               

P5 = { (Omega, N_7), (N_7, N_8), (N_8, Epsilon)}

P4 = { (Omega, N_7), (N_7, Epsilon)}

P0 = { (Initial, Omega)}

P1 = { (Omega, N_1), (N_1, N_2), (N_2, N_3), (N_3, N_4), (N_4, Epsilon)}

P2 = { (Omega, N_1), (N_1, N_5), (N_5, N_4), (N_4, Epsilon)}

P3 = { (Omega, N_6), (N_6, Epsilon)}

Fig. 2. Path Sequence of the example in Figure 1

Let’s consider again the property about the expression
��� �� �� in the example of Figure 1. We needed
to check if this statement can be evaluated to 	. By
examining the path sequence in Figure 2, we find out
that the only value of �� that can be reached is �, hence
we conclude that ��� will never be evaluated to 	.

V. CONCLUSION AND FUTURE WORK

We have demonstrated in this paper how the idea
of path sequence can achieve dependency analysis be-
tween program variables better than approaches based
on syntactic relations only. It can also be used in order
to remove redundant paths; paths which will never be
traversed, or detect design violation, as well as other
analysis goals. The path sequence was implemented as
a part of a model reduction tool for hardware designs.
Primary results showed that building the path sequence
do not add a considerable time overhead for the verifi-
cation process. Currently, we are extending the tool to
support Verilog code with multiple procedural blocks.
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