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Abstract. This paper describes a framework for parametric analysis
of real-time systems based on process algebra. The Algebra of Commu-
nicating Shared Resources (ACSR) has been extended to ACSR with
Value-passing (ACSR-VP) in order to model the systems that pass val-
ues between processes and change the priorities of events and timed ac-
tions dynamically. The analysis is performed by means of bisimulation or
reachability analysis. The result of the analysis is predicate equations. A
solution to them yields the values of the parameters that satisfy the de-
sign speci�cation. We brie
y describe the proposed framework in which
this approach is fully automated and identify future work.

1 Introduction

There have been active research on formal methods for the speci�cation and
analysis of real-time systems [4, 5] to meet increasing demands on the correct-
ness of embedded real-time systems. However, most of the work assumes that
various real-time system attributes, such as execution time, release time, pri-
orities, etc., are �xed a priori, and the goal is to determine whether a system
with all these known attributes would meet required timing properties. That is
to determine whether or not a given set of real-time tasks under a particular
scheduling discipline can meet all of its timing constraints.

Recently, parametric approaches which do not require to guess the values of
unknown parameters a priori have been proposed as general frameworks for the
design analysis of real-time systems. Gupta and Pontelli [3] proposed a uni�ed
framework where timed automata has been used as a front-end, and the con-
straint logic programming (CLP) languages as a back-end. We [7] proposed a
parametric approach based on real-time process algebra ACSR-VP (Algebra of
Communicating Shared Resources with Value Passing). The scheduling problem
is modeled as a set of ACSR-VP terms which contain the unknown variables
as parameters. As shown in [7], a system is schedulable when it is bisimilar
to a non-blocking process. Hence, to obtain the values for these parameters we
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check a symbolic bisimulation relation between a system and a non-blocking pro-
cess described both in ACSR-VP terms. The result of the bisimulation relation
checking with the non-blocking process is a set of predicate equations of which
solutions are the values for parameters that make the system schedulable. In
this way, our approach reduces the analysis of scheduling problems into �nding
solutions of a recursive predicate equation system. We have demonstrated in [7]
that CLP techniques can be used to solve predicate equations.

Before we explain an extension of our approach [7], we brie
y present some
background material below. Due to the space limitation we omit the formal
de�nition of ACSR-VP. Instead, we illustrate the syntax and semantics using
the following example process P .

P (t) = (t > 0)! (a!t+ 1; 1):P 0(t)

The process P has a free variable t. The instantaneous action (a!t+1; 1) outputs
a value t+ 1 on a channel a with a priority 1. The behavior of the process P is
as follows. It checks the value of t. If t is greater than 0, then it performs the
instantaneous action (a!t+ 1; 1) and becomes P 0 process. Otherwise it becomes
NIL. For more information on ACSR-VP a reader refers to [7].

To capture the semantics of an ACSR-VP term, we proposed a Symbolic
Graph with Assignment (SGA). SGA is a rooted directed graph where each node
has an associated ACSR-VP term and each edge is labeled by boolean, action,
assignment, (b; �; �). Given an ACSR-VP term, an SGA can be generated using
the rules shown in [7].

The notion of bisimulation is used to capture the semantics of schedulability
of real-time systems. The scheduling problem is to determine if a real-time sys-
tem with a particular scheduling discipline meets all of its deadlines and timing
constraints. In ACSR-VP, if no deadline and constraints are missed along with
any computation of the system, then the process that models the system always
executes an in�nite sequence of timed action. Thus by checking the bisimulation
equivalence between the process that models the system and the process that
idles in�nitely, the analysis of schedulability for the real-time systems can be
achieved.

2 A Fully Automatic Approach for the Analysis of

Real-time Systems.

In the approach published in [7] a bisimulation relation plays a key role to �nd
solutions for parameters. However, the disadvantage with a bisimulation relation
checking method is that it requires to add new � edges. These new edges will
increase the size of a set of predicate equations and the complexity to solve them.
To reduce the size of a set of predicate equations, we introduced a parametric
reachability analysis techniques.

As noted in [7], �nding conditions that make system schedulable is equivalent
to �nding symbolic bisimulation relation with an in�nite idle process. Further-
more, checking the symbolic bisimulation relation with an in�nite idle process
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Fig. 1. Our Approach for the Real-time System Analysis

is equivalent to �nding conditions that guarantee there is always a cycle in an
SGA regardless of a path taken. That is, there is no deadlock in the system
under analysis. Hence, we can obtain a condition that guarantees there is no
deadlock in the system under analysis by checking possible cycles in an SGA
for the system under analysis. We illustrate that this reachability analysis can
replace a bisimulation relation checking procedure. With a reachability analysis
we can avoid adding new � edges and reduce the complexity of solving predicate
equations.

Utilizing existing CLP techniques seems to be a natural way of solving pred-
icate equations. However, it is not possible to determine if a CLP program ter-
minates. This leads us to identify a decidable subset of ACSR-VP terms. This
subset can be classi�ed by de�ning variables in ACSR-VP terms into two types:
control variable and data variable. Control variable is a variable with �nite range.
The value of a control variable can be modi�ed while a process proceeds. Data
variable is the variable that does not change its value. That is, it just hold val-
ues \passively" without modi�cation to them. Data variables may assume values
from in�nite domains. A detailed explanation on a decidable subset of ACSR-VP
is given in [6]. We use the term \restricted ACSR-VP" to denote a decidable
subset of ACSR-VP.

With a restricted ACSR-VP terms we can reduce a real-time system analysis
into solving either a boolean expression or boolean equations with free variables.
A decidable subset of ACSR-VP allow us to generate a boolean expression or
boolean equations with free variables (BESfv) as a result of reachability analysis
or symbolic bisimulation checking. We have developed a BESfv solving algo-
rithm, which is based on maximal �xpoint calculation.

Here we explain the overview of our fully automatic approach, which is a
re�ned version of our previous one [7]. A simpli�ed version of the overall structure
of our approach is shown in Figure 1. We describe a system with restricted
ACSR-VP terms. With a given set of restricted ACSR-VP processes, an SGA
is generated from a restricted ACSR-VP term in order to capture the behavior
of a system. Once an SGA is generated, we instantiate all the control variables
in each SGA node to form an Symbolic Graph (SG). An SG is a directed graph
in which every edge is labeled by (b; �), where b is a boolean expression and
� is an action. As an analysis either the symbolic bisimilarity is checked on an
SG with an SG of in�nite idle process or reachability analysis can be directly



performed on an SG of the system. The result is a set of boolean equations or a
boolean expression. In the case that a boolean expression with free variables is
produced, it can be solved by existing integer programming tools such as Omega
Calculator [8]. In the other case that boolean equations with free variables are
generated, an algorithm presented in [6] can be applied.

We have applied our framework into several real-time scheduling problems.
For real-time scheduling problems, the solution to boolean expression or a set
of boolean equations with free variables identi�es, if it exists, under what values
of unknown parameters the system becomes schedulable. For instance, in the
shortest job �rst scheduling, we may want to know the period of certain jobs
that guarantee the scheduling of the system. We let those periods be unknown
parameters and describe the system in ACSR-VP process terms. Those unknown
parameters are embedded into the derived boolean expression or boolean equa-
tions, and consequently the solutions of them represent the values of unknown
parameters that make them satis�able. These solutions represent the valid ranges
of periods (i.e., unknown parameters) of the jobs that make the system schedu-
lable.

Our method is expressive to model complex real-time systems in general. Fur-
thermore, the resulting boolean-formulas can be solved e�ciently. For instance,
there has been active research [2] to solve a boolean expression e�ciently, and
there are existing tools such as Omega Calculator [8] for a Presburger formulas.
Another signi�cant advantage of our method is the size of graphs. Due to the ab-
stract nature of SGA, the size of an SGA constructed from an ACSR-VP term
is signi�cantly smaller than that of Labeled Transition Systems (LTS) which
requires all the parameters to be known a priori. Consequently, this greatly re-
duces the state explosion problem, and thus, we can model larger systems and
solve problems which were not possible by the previous approaches due to state
explosions.

Furthermore, our approach is decidable whereas other general framework
as [3] is not, and thus, it is possible to make our approach fully automatic
when we generate a set of boolean equations or a boolean expression. Since our
approach is fully automatic, it can also be used to check other properties as long
as they can be veri�ed by reachability analysis.

3 Conclusion

We have overviewed a formal framework for the speci�cation and analysis of
real-time systems design. Our framework is based on ACSR-VP, symbolic bisim-
ulation, and reachability analysis. The major advantage of our approach is that
the same framework can be used for scheduling problems with di�erent assump-
tions and parameters. In other real-time system analysis techniques, new analysis
algorithms need to be devised for problems with di�erent assumptions since ap-
plicability of a particular algorithm is limited to speci�c system characteristics.

We believe that restricted ACSR-VP is expressive enough to model any real-
time system. In particular, our method is appropriate to model many complex



real-time systems and can be used to solve the priority assignment problem,
execution synchronization problem, and schedulability analysis problem [9]. We
are currently investing how to adapt the proposed frame for embedded hybrid
systems, that is, systems with both continous and discrete components.

The novel aspect of our approach is that schedulability of real-time systems
can be described formally and analyzed automatically, all within a process-
algebraic framework. It has often been noted that scheduling work is not ad-
equately integrated with other aspects of real-time system development [1]. Our
work is a step toward such an integration, which helps to meet our goal of making
the timed process algebra ACSR a useful formalism for supporting the develop-
ment of reliable real-time systems. Our approach allows the same speci�cation
to be subjected to the analysis of both schedulability and functional correctness.

There are several issues that we need to address to make our approach prac-
tical. The complexity of an algorithm to solve a set of boolean equations with
free variables grows exponentially with respect to the number of free variables.
We are currently augmenting PARAGON, the toolset for ACSR, to support the
full syntax of ACSR-VP directly and implementing a symbolic bisimulation al-
gorithm. This toolset will allow us to experimentally evaluate the e�ectiveness
of our approach with a number of large scale real-time systems.
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