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First Run Second Run Third Run
Function Name Incorrect Missing Tests Incorrect Missing Tests Incorrect Missing Tests

Added Added Added
Add(Date) 31 5 3 25 5 3 0 4 0

Date(int, int, int) 3 4 N/A 1 3 N/A 0 3 N/A
Subtract(Date) 47 6 3 36 6 8 0 6 0
Subtract(int) 28 7 4 13 6 3 0 6 0

dateToDays(Date) 7 4 1 5 2 2 0 1 0
daysToDate(int) 6 5 2 1 5 1 0 3 0
equals(Date) 5 13 1 7 13 4 4 12 4
getYear() 6 4 1 6 4 2 0 4 0

isLeapYear(int) 0 4 0 0 4 0 0 4 0
midAnniversary(Date) 17 0 2 12 0 4 1 0 1

toString() 4 0 1 4 0 2 0 0 0

Fig. 2. Incorrect and Missing Invariants for theDate Class

First Run Second Run Third Run
Function Name Incorrect Missing Tests Incorrect Missing Tests Incorrect Missing Tests

Added Added Added
Polynomial() 0 0 0 0 0 0 0 0 0

Polynomial(int []) 7 0 2 0 0 0 0 0 0
Polynomial(int) 4 0 0 0 0 0 0 0 0
zeroPolynomial() 2 0 0 1 0 0 0 0 0
add(Polynomial) 38 0 8 6 0 3 0 0 0

multiply(Polynomial) 39 1 8 4 1 4 0 1 0
evalAt(int) 1 0 1 0 0 0 0 0 0
derivative() 3 0 4 0 0 0 0 0 0
raisedTo(int) 24 0 12 12 0 16 2 0 2

Fig. 3. Incorrect and Missing Invariants for thePolynomial Class

a better convergence to zero for the number of incorrect
polynomials between each run.Polynomial required only
three runs to eliminate the incorrect invariants from all but one
of its classes: theraisedTo(int) function. This is the most
complex of thePolynomial functions (it uses three return
statements), and required one additional run to eliminate all
the incorrect invariants.

VIII. E VALUATION

Our experiment did largely what we expected of it. For
each of the four classes with which we experimented, the
original specification derived from the detection of program
invariants showed that our tests did not at first fully cover the
specification. We were able to use the incorrect invariants in
each iteration to find appropriate test cases that eliminated all
the incorrect invariants output by the program invariant detec-
tor. In each case, by the fourth iteration of our method, the
program invariant detector inferred only correct invariants. The
inference of only correct invariants by the program invariant
detector after adding the appropriate test cases suggests that
our new test suites had better program specification coverage
than our original test suites. Additionally, because the test
cases were specifically chosen, the test suites were small while
still achieving good coverage.

Most importantly, this research shows the feasibility of us-
ing an invariant detector to measure the specification coverage
of a test suite and to improve upon that coverage by identifying
appropriate tests to add to the suite. An important question that
arises, however, is how our metric of measuring specification
coverage compares to more common metrics such as branch
coverage. We do not attempt to come up with an answer here,
but we feel that it is an issue that must be addressed in the
future if this is to become common practice.

An issue that could arise while using this method is that
the programmer may not have a specfication or complete
knowledge of the invariants of the program beforehand. While
it is possible to deterministically validate or invalidate the in-
variants produced by a program invariant detector, determining
which invariants are missing is a nondeterministic process that
depends on the user’s knowledge of the invariants. However,
we still feel that most programs will benefit from our analysis
even if they do not have well defined invariants, or if the
developer has not taken the time to manually determine the
invariants or to come up with a specification. The reason for
this usefulness is that invariants related to critical aspects of the
system are certain to be known unless the design is completely
unclear. Also, invariants missing invariants from the output are
not as important in our analysis as the incorrect invariants. This
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focus on incorrect invariants is because incorrect invariants
show that there are conditions that have not been tested; if they
had been, then these invariants would have been shown to be
incorrect. Missing invariants, on the other hand, are generally
directly related to the invariant detector. For example, an
invariant could be missing if either it is something for which
the particular invariant detector used does not test, or if the
confidence level of the invariant detector is not high enough
to be sure that it is an actual invariant as opposed to a
coincidence. Simply adding enough tests so that the invariant
detector becomes confident enough for the invariant to be
output does not add any quality to the test suite, but instead
just adds unneeded tests, which is not the goal of a good test
suite.

While we tested our method only on data structures, we
feel it would be applicable as well to other user programs.
However, we have not determined the applicability of our
method to large programs. We suspect that it may not be
applicable to larger programs because the invariants can be
buried deeper into the code and are often too complex for the
type of invariants most dynamic invariant detectors, such as
Daikon, are able to detect. Additionally, if the invariants were
found for these larger programs, they would likely be more
difficult to analyze for correctness.

The scalability issue right now is restricted to the scalability
of the invariant detector being used. In our experiments,
Daikon was unable to handle large data sets, causing the kernel
to kill the process. However, a new beta version of Daikon
was released in October, 2003, and its major upgrades from
the version we used are in performance and in its ability to
handle larger data sets [1]. So, as dynamic program invariant
detection improves, the effectiveness of our method should
improve.

One critique of our results is that our method evolved
slightly as we experimented, so that comparisons of the rate
of convergence of incorrect invariants between theDate class
and thePolynomial class cannot be accurately compared.
The main change is that when testing for thePolynomial
class, as we mentioned earlier, we were able to add tests that
would prevent new, incorrect invariants of the formA! = B.
This generally would affect only our table for the amount of
incorrect invariants found in the second run and should not
have changed the total number of iterations before all of the
inferred invariants were correct.

Because the intent of our research was to show feasibility,
we used a test suite with random inputs, instead of creating
the most complete test suite we could. Although in practice
this might not be considered a strong test suite, it provided
a good base suite that tended to test a good portion of the
code while leaving room for improvement. We knew that this
would not produce a perfect test suite, but we also knew that
if our method suggested a fully tested specification with this
suite, then it would be a flawed method.

IX. CONCLUSION

We have devised a method of improving test suites that is
easy to use and has been shown to be effective in determining
the coverage in test suites using our specification-based metric.
While the method has been shown to be effective and feasible,
it is also limited by the performance limitations of the invariant
detector which used. In our case, Daikon was limited in the
size of programs it can analyze and in the types of invariants
it can produce, both of which hinder the capabilities and
effectiveness of our method. Future work in this area can
address its effectiveness with larger programs as opposed to
the relatively small classes we tested in this paper. With the
impending release of a newer version of Daikon with the
ability to handle larger datasets, the possibilities of using this
method on larger programs will be greatly increased. Another
possible area of future work is in developing a tool that
would automate the process of analyzing the invariants and
automatically adding test cases based on them. Also, it would
be valuable to compare our new coverage metric with more
traditional methods.
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Abstract— Assertions are a mechanism that can be used to
enhance the effectiveness of software testing. Where software
testing is concerned with verification of a program’s output,
assertions provide a method for verifying the internal values of a
program. When used properly, assertions can provide assurance
that a program is correct. However, as far as we are aware, there
has been little research into methods for assertion creation. Too
often, assertions written by programmers are often added to
programs in a haphazard manner. Such assertions provide poor
verification of system behavior because they only address low-
level details of the implementation that have little relationship to
each other or the overall high-level specification

We introduce a technique for assertion creation based on
deriving assertions from a program’s formal specification. In
order to evaluate our approach, we applied it to Nova-Solver,
an existing fault tree analysis tool. We present preliminary re-
sults of comparing specification-derived assertions to traditional
programmer-created assertions and discuss differences in the
errors found by the two assertion creation approaches. From this
experiment we report on the experience of manually translating a
formal specification into assertions and the insights we gained into
the strengths, weaknesses, and cost-effectiveness of specification-
derived assertions.

I. I NTRODUCTION

According to [1], formal methods and software testing
are two general approaches used to verify software. Formal
methods involve utilizing a mathematical process to show that
the behavior of a system matches the function outlined in its
original specification. Unfortunately, actually applying formal
methods in practice is time consuming and expensive; thus,
formal methods are used infrequently [1], [2].

The more commonly used approach to program verification
is software testing. The goal of software testing is to identify
faults in the software during development to help ensure
that the software will not fail after deployment [3], [4].
Unfortunately, software testing does not perfectly address all
of the difficulties of software verification. One problem is that
exhaustive testing is an impossibility. Thus, we must settle
for testing with some subset of the input space in order to
determine if a program contains a fault. Further, even if the
output from running these tests appears correct, we can not be
certain that the program is error-free [2].

A mechanism that has been suggested and used as an aid to
software testing is that of thesoftware assertion. An assertion
is defined as a self-check on a portion of a running program’s
data state [5]. Where software testing is primarily concerned
with verifying the output of a program, assertions go one

step further by verifying the internal values of a program.
Assertions therefore offer a way to more quickly identify when
a program has entered an erroneous state. Without assertions,
the alternative is to wait for the program to complete execution
and depend on the output produced to determine whether or
not the program behaved correctly. Further, depending solely
on output for verifying a program may allow some program
faults to remain undiscovered. It is entirely possible that a
program enters an anomalous state during its execution due to
a fault, but the final output still appears correct [4], [6]. By
using assertions, it may be possible to detect program faults
that might otherwise go unnoticed. Thus, employing assertions
can strengthen the process of software testing.

Despite the seemingly widespread support for assertions,
resources detailing how to use assertions in an effective
manner are limited. In fact, developers are unsure of how
to write effective assertions [7], and therefore assertions are
added to programs in a haphazard manner, often as an af-
terthought. Such assertions provide poor verification of system
behavior because they only address low-level details of the
implementation which have little relationship to each other or
the overall high-level specification

Additionally, assertions are not considered until the imple-
mentation stage of the software life cycle, and so it is the
developers of the software who author the assertions. If a
programmer introduces a bug into a piece of software, it is
likely that the logical error that resulted in the bug will be
reflected in the assertions written by that same programmer
[6]. The aforementioned factors have the combined effect
of reducing the effectiveness of the assertions that are used
in a program and subsequently weakening the benefits that
assertions can provide.

In this paper we introduce an approach for enhancing
software testing that is based on utilizing a program’s formal
specification to derive assertions. A formal specification is
meant to give a declarative, precise, unambiguous and com-
plete description of a program’s intended behavior. Formal
specifications focus on the intended behavior of a software
system, and so will provide a systematic approach of deriving
assertions. A formal specification tellswhat a program is
supposed to do, and the implementation detailshow the
program is supposed to do it. Similarly, assertions embedded in
a program are also meant to statewhatthe program is supposed
to do. Thus, a formal specification provides a logical basis on
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which to build an approach for creating effective assertions.
By utilizing a formal specification, we can create assertions
capable of verifying the correctness of the overall system
specification, as opposed to traditional assertions that simply
describe some aspect of the software’s intended functionality
at a low level of abstraction [7].

In order to provide an initial evaluation of our approach,
we applied it to Nova-Solver, an existing fault tree analysis
tool, and its formal specification. Nova Solver, written in
C++, is used for computing the reliability of fault tolerant
computer systems [8]. The associated specification formalizes
the dynamic fault tree approach to analyzing system reliability.
We present preliminary results of comparing specification-
derived assertions to traditional programmer-created assertions
and discuss differences in the errors found by the two assertion
creation approaches. Based on this evaluation, we report on the
experience of translating a formal specification directly into
program assertions and describe the insights we gained into the
strengths, weaknesses, and cost-effectiveness of specification-
derived assertions.

The rest of the paper is structured as follows. Section II
provides a summary of prior research involving assertions. In
Section III we present our new approach for creating assertions
using a simple example program and its specification. In
Section IV we discuss our plan for an initial evaluation of
using a formal specification to derive assertions. Section V
discusses the results of our experiment. Section VI provides
an analysis of our results and a critique of the experiment
itself. Section VII presents ideas for future work. Conclusions
are given in Section VIII.

II. BACKGROUND

In this section we detail some previous work involving
assertions. This research includes approaches for determining
effective locations for assertions as well as categorizing asser-
tions. However, we have not discovered a sound methodology
for creating effective assertions in the literature.

A. Providing Support for Writing Assertions

Rosenblum addresses the fact that although assertions have
been recognized as an important construct for detecting errors
in software, assertions have seen little widespread use in
practice [7]. Rosenblum attributes developers’ reluctance to
use assertions to a lack of usable assertion processing tools
and a lack of understanding as to the types of assertions
most likely to reveal program faults. In response to these two
issues, a tool called the Annotation Preprocessor (APP) was
built. APP was used to build several software systems, and the
experiences with APP were documented. This documentation
includes classifying assertions into categories and reporting
which categories best detect faults. Rosenblum also states that
once the use of assertions is more widely accepted, a need will
arise to fully integrate assertions in the software lifestyle. In
fact, Rosenblum makes the suggestion that it could be useful
to derive assertions from formal requirements and high-level

design specifications, but we are unaware of any subsequent
research efforts in this direction.

B. Assertions for Testability Enhancement

Voas et al. address the issue ofwhere to place assertions
within a software system such that the assertions are likely to
uncover faults that normal testing would not identify [4]–[6].
This research is directly related to the concept of software
testability, the tendency for software faults to be revealed
during testing [4]. The ultimate goal of this work is to devise a
strategy for determining which portions of the code are least
likely to reveal faults (i.e. have a low level of testability),
and place assertions at those locations. Voas et al. suggest
the use of a dynamic testability technique calledsensitivity
analysisto achieve this goal. Sensitivity analysis is a three-step
process meant to assign a testability rating to each location in
a program, where a location is defined as a statement. Based
on a location’s testability score, one can determine whether or
not an assertion should be created for that location. Though
Voas et al. addresswhereto place assertions within a program,
they do not address the problem of writing effective assertions
[6]

C. Design By Contract

Meyer et al. introduce a methodology for producing correct
and robust software that involves assertions calledDesign by
Contract [9]–[12]. In this approach a contract is specified
between two pieces of code that will have interaction. This
contract ensures that the client (i.e. caller) can expect to have
a specific result returned to it, and that the contractor (i.e.
callee) is not expected to carry out a task outside the specified
scope. That is, the contractor is only obligated to return a
correct result to the client if the client sent legal information
to the contractor. These contracts are specified by assertions
embedded in the code. Meyer et al. group these assertions into
three categories [11]:

1) Preconditions express constraints to which any call must
adhere to be correct.

2) Postconditions express properties that must be guaran-
teed upon return from that call

3) Invariants express properties that bind the state of a
class. An invariant assertion must be satisfied after a
class has been instantiated and over all invocations of
the class’s operations.

With this work, Meyer et al. provide a methodology for
creating assertions that begins to shift the practice of writing
assertions from the implementation phase to the design phase.
That is, to employ Design by Contract, one must at least begin
to consider how the interfaces in a software system will inter-
act, which is more of a design issue than an implementation
issue. However, the Design by Contract methodology does not
provide a clear approach for exactly how to integrate formal
specifications into the process of deriving assertions.
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D. Other Work

Two other relevant pieces of work involve performing
assertion-like checking not within the code but on an ab-
straction of the implementation. The TestEra framework for
the automatic generation of test data and correctness criteria
for Java programs is presented in [13]. In this work, a first
order relational language called Alloy is used to provide a
specification for program inputs, and then the Alloy Analyzer
tool is used to generate test inputs meeting that specification.
These inputs are translated into Java test cases, and the pro-
gram under test is run. The resulting output is then translated
back into Alloy in order to allow the Alloy Analyzer to verify
the input and output against a correctness criteria, which is
also specified in Alloy [13]. The authors of [14] introduce
a framework for performing interface violation detection in
component-based software systems. This research idea allows
validation checks to be performed on both the input to and
output from a component while keeping the code which
performs the checking separate from both the component and
any client that would invoke that component. This separation
is accomplished by translating the actual component into an
abstract representation by using mathematical models (i.e. sets,
strings, functions, etc.) [14]. Upon invoking the component,
the internal state of the component is transformed into an
abstract model, and its preconditions are checked. Then the
component is transformed back into its original representation
so that the operation invoked can execute. Once this operation
has finished execution, the internal state is converted back into
a model such that postconditions can be verified. The compo-
nent is then translated back into its original state and control
is returned to the client that originally invoked the component
in question. Though the approaches given in [14] and [13]
introduce innovative ways for verifying program correctness,
they do not address the problem of how to write a meaningful
correctness criteria or effective precondition/postconditions.

III. U SING FORMAL SPECIFICATIONS TODERIVE

ASSERTIONS

To clarify our approach for assertion creation, we illustrate
its use on a simple example. Consider the following imple-
mentation of insertion sort, which sorts an array of Elements
in increasing order and contains one simple assertion of the
type a programmer might write involving the size of the array:

public void sort(Element a[], int size)
{
Element save;
assert(a!=null);
for (int i=1; i<size; i++) {

save = a[i];
int j;
for (j=i; j>0 && (a[j-1]>save); j--)

a[j]=a[j-1];
a[j]=save;

}
}

Note that the assertion on its own is not powerful enough
to guarantee the correctness of the sort algorithm, yet this is
often the type of assertion that a programmer would write.
Thus, we want to create stronger assertions that can guarantee
the correctness of the algorithm.

To create stronger assertions for insertionsort, we look to
a formal specification of sort in Z [15]:

[Element]

Elementis a given type that represents an arbitrary item that
can be stored in an array.

≤ : Element↔ Element

Here we define≤ for elements of theElementtype.

Sort: seqElement→ seqElement

∀ in,out : seqElement•
Sort(in) = out⇔

items(in) = items(out) ∧
(∀ i, j : 1. .#out | i < j • out(i)≤ out(j)))

Sort takes a sequence of elements as input and lists that
same sequence of elements in increasing order as output. Note
that we also rely on theitemsfunction in this specification for
Sort. The itemsfunction ensures that the output sequence is a
permutation of the input sequence.

At this point we pause to note that what is specified above is
not unique to a particular sorting algorithm, such as insertion
sort. In fact, the following informal description and the above
formal specification should hold forany sorting algorithm
whose goal is to sort elements in nondecreasing order:

• The elements of the list at the end ofsort’s execution
must be some permutation of the list’s elements at the
start ofsort’s execution.

• For each pair of indicesi and j in the list wherei < j,
a[i] <= a[j] must hold.

From the formal specification above we can derive several
assertions. First, we have the assertion that the list of items
must be finite, as sequences are finite by default. This is
an assertion that obviously does not have to appear in the
implementation, and hence represents an example of a dis-
connect between specification and implementation. Secondly,
we can create an assertion corresponding to the predicate
items(in) = items(out). For this predicate we create a function
calledisPermutation(), and so we have the assertion:

assert(isPermutation(old_a, a, size));

For the predicate:

∀ i, j : domout | i < j • out(i)≤ out(j))

we can create a corresponding assertion embedded in a loop
that iterates over the elements of the sorted list:
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for (int i = 0; i<size-1; i++) {
assert(a[i]<=a[i+1]);

}

Now we embed the assertions into the implementation. The
implementation ofisPermutation is omitted for brevity.

void sort(Element a[], int size)
{

Element old_a[] = a;// make copy of list
Element save;

for (int i=1; i<size; i++) {
save = a[i];
int j;
for (j=i; j>0 && (a[j-1]>save); j--)
{

a[j]=a[j-1];
}
a[j]=save;

}
// new assertions
assert(isPermutation(old_a, a, size));
for (int i = 0; i<size-1; i++) {

assert(a[i]<=a[i+1]);
}

}

Now that we have embedded the assertions derived from
the formal specification, we know that as long as the asser-
tions are not violated, the output produced, if any,will be
correct, regardless of the input sequence or even the particular
implementation of sort. Note though, that we can’t guarantee
that the program will terminate; for example, the assertions
do not ensure that an infinite loop will not occur. If output
is produced, the output will be an array of the elements in
increasing order, and this ordering will be a permutation of
the elements present in the array prior to calling sort. The
same could not be said for the originalsort implementation
which contained a single assertion validating that the input
array is not null.

IV. A PPLYING THE NEW ASSERTIONCREATION

APPROACH

We now describe our preliminary experiment for gaining
insight into the usefulness of our assertion creation approach.
As our case study, we selected part of the Nova Solver tool, a
real software system on the order of 10000 lines of C++, and
its associated formal specification, written in Z.

A. An Overview of Nova Solver

Fault Trees are a means by which known rates of failure
of independent subcomponents of a system can be used to
predict the reliability of the system as a whole. The lowest
level of a fault tree is the event, which may correspond to the
failure of a subcomponent. Each event will have associated
with it a distribution for its probability of occurring as well as
a replication value. By representing the likelihood of system
failure as the root of a tree with each node a logic gate and
each leaf an event, one can propagate known event rates up

Spare GateFunctional
Dependency
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Event T Event A

2

Event S

Fig. 1. dynamic fault tree example

the tree to the system level, which is itself an event, thereby
determining its probability of failure. When the logic gates
are simply AND OR, and threshold gates, a formula can be
composed from a given fault tree to compute the system event
rate. However, with the addition of priority AND gates, spare
gates, functional dependencies, and sequence enforcers, as
well as more complex trees, a different method of computing
a system failure rate is necessary. An example of a fault tree
appears in Figure 1. In the figure, Event T is the trigger event
for the functional dependency; if T occurs, this causes Event
A to occur. Events A and S are inputs to the spare gate and
Event S has a replication value of 2, which indicates that the
shape represents two components.

Nova Solver is a program which accomplishes exactly
this task. Written in C++, Nova Solver can be viewed as a
collection of modules which act as a pipeline beginning with
the input of data and ending in the production of a system
failure probability. This program takes as input three pieces
of data. First among the input is a textual fault tree. As the
name implies, this data is a fault tree stored in a text file. The
second input is a basic event model (BEM) file. This file stores
the failure model associated with each event to be considered
by the program. The final input to Nova Solver is a list of
parameters. These parameters include mission time and the
definition of the system event. The mission time is the length
of time for which system failure should be calculated. The
system event is used to determine what constitutes a system
failure, such that occurrence of the system event is equivalent
to system failure.

Nova Solver begins by creating aFaultTree object from
the textual fault tree provided as input to the program. This
fault tree is represented by an instance of classFaultTree
which is then passed to an instance ofFaultTreeSemantics.
FaultTreeSemantics is a class with member functions to act
upon the given fault tree, as well as the system event input,
and create from them an object of typeFailureAutomaton.
FailureAutomaton consists of a set of states and a set
of transitions. This instance ofFailureAutomaton is then
passed toFailureAutomatonSemantics which uses this FA,
in conjunction with the BEM passed from the BEM parser,
to create an instance of aMarkovChain. This data is passed
to MarkovChainSemantics which solves the Markov Chain
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using a well-known algorithm. The program can compute the
system reliability from this solved Markov Chain.

B. Description of Experiment

Since assertions are typically created by the program-
mer during development, we believe that comparing our
specification-derived assertions to these programmer-created
assertions provides a logical starting point for evaluating
our assertion creation technique. The Nova Solver system
already contained a small number of these programmer created
assertions amounting to about 70 lines of code when it was
given to us for use as a case study.

We created two copies of the Nova Solver system. One
version was to contain programmer-created assertions, and the
other was to contain specification-derived assertions. Different
members of our research team took responsibility for man-
aging each version. Because the original Nova Solver had a
relatively small number of programmer derived assertions, the
team member responsible for the version with programmer
assertions had the task of adding additional assertions. In
order to add correct and meaningful assertions, this team
member had the task of becoming very familiar with the Nova
Solver system works and how the different classes interact. He
attained this understanding through meetings with the original
developer, reading documentation, inspecting the Nova Solver
code, and actually running the tool itself. Note though, that he
was not given access to the Nova Solver’s formal specification.
Access to the specification had the potential to bias the types
of assertions he would write. Had this team member added
programmer-created assertions that reflected the specification
too closely, the benefits of this comparison would have been
greatly reduced.

Several members of our research team took on the respon-
sibility of translating the specification into assertions. This
task required a solid understanding of the Z specification
language and a very close familiarity with the Nova Solver
specification itself. In order to ensure a proper understanding
of the specification, the author of the Nova Solver specification
periodically met with us to review the various sections of
the specification. A careful understanding of the Nova Solver
code was necessary to properly implement the new assertions,
and this understanding was gained via code inspections and
meetings with Nova Solver’s original developer.

Once all the assertions had been added to both versions of
Nova Solver, the next step was testing. A test suite of both unit
and system tests had already been created by Nova Solver’s
developer; thus, we began our testing process with these test
cases. We also developed additional unit and system tests to
augment the existing test suite. Our goal was to compare
the number of assertions failed in each version in order to
determine whether or not one assertion creation method was
more effective at identifying bugs or misuses of code than the
other assertion creation method.

V. EXPERIMENTAL RESULTS

In this section we describe the outcome of our evaluation.
We discuss the experience in terms of implementation cost
for both our new approach and the traditional approach for
assertion creation and report the results of running identical
test suites on both versions of Nova Solver.

A. The Costs of Implementation

We first report on a comparison of implementing assertions
using the traditional method and the method described in
this work. The additional programmer-created assertions were
implemented by one developer over a period of approximately
6 weeks. Once he gained an understanding of the code, the
task was relatively straightforward as most of the assertions
he added were simple. Examples of such assertions include
asserting that some value is not null and asserting that a vari-
able was equal to the correct value following an assignment
statement. Our developer added approximately 150 lines of
assertion code in addition to the assertions already placed
in the system by the developer. In total, this version of the
system contained approximately 220 lines of programmer-
created assertion code.

The specification-derived assertions were implemented by
3 developers working over a period of 8 weeks for several
hours per week. Even after a familiarity with the system and
understanding of the code was gained, the development effort
was non-trivial. Over 2300 lines of code were added to imple-
ment the specification-derived assertions. Many fairly complex
functions had to be added to implement the specification. Thus,
we were frequently in the situation of having to test, and in
several cases debug, our assertions before they could be of
any use.

From this experience, we conclude that creating
specification-derived assertions adds an additional non-trivial
development task to programming effort.

B. Results of Running the Existing Test Suite

The original test suite for Nova Solver consists of 30
system tests and 27 unit tests. All tests passed the version
of Nova Solver that we were given for this evaluation. When
we ran the test suite with the version of Nova Solver with
programmer-created assertions, all test cases passed. When
the test suite was run with the specification-derived assertion
version of Nova Solver, two specification-derived assertions
were violated by two of the system tests. Although these test
case failures do not indicate major faults in the code, they both
represent cases in which a class was misused due to deviation
from the specification.

The specification states that a threshold value for a Thresh-
old gate in a fault tree must be greater than 0. The code
defines a classThreshold to represent a threshold value, and
we created assertions to ensure that the value is greater than 0.
The Threshold class is a subclass of classWhole which can
take on values of zero. The default constructor forThreshold
simply calls the constructor of the superclass, which sets a
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value of 0 for theThreshold object. The system does utilize
this default constructor, which resulted in the assertion failure.

Similarly, the specification defines a time value as being
greater than zero. ATime class exists in the Nova Solver
system to represent time values. This class is a subclass of
class Real which can legally be assigned values of zero
according to the specification.Time defines a constructor that
takes one parameter. The constructor calls the constructor
of Real that takes one parameter in order to assign the
value to the object. We added an assertion toTime’s one
argument constructor to ensure that it was never given a value
of zero. However, this assertion was violated during testing,
which leads us to the conclusion that Time objects are being
constructed with illegal values.

The process of studying the system in order to write the
specification derived assertions correctly resulted in two actual
implementation errors being discovered by two members of the
research team. TheFaultTree class defined a copy construc-
tor that did not copy thesystem event field correctly. Though
the process of implementing our specification-derived asser-
tions is what allowed this error to be discovered, no assertion
derived from the specification would have identified it. The
second error was found in the one argument constructor of the
class that encapsulates a probability. TheProbability class
is a subclass of classReal, and this constructor simply calls
the one argument constructor of class real. TheProbability
constructor takes a parameter of typelong double, but the
Real constructor takes a parameter of typedouble. Thus, we
have the potential for overflow.

C. Results of Running The Additional Test Suite

To supplement the results above, we created a new test
suite consisting of 16 additional system tests and 68 additional
unit tests. When we ran the test suite with the version with
programmer-created assertions, only one test case, a unit
test that will be discussed below, resulted in a violation of
a programmer-created assertion. Running the new test suite
with the specification-derived assertion version of Nova Solver
resulted in 10 system tests failing due to assertion violations
and 20 unit tests failing due to assertion violations. Note the
specification-derived assertions were not violated due to major
system errors, but were violated due to misuse of various
components as well as illegal system inputs.

In addition to uncovering errors, the purpose of the system
tests was to determine how the system handles invalid fault
trees. Before going on, we note that the parser that translates
the textual description of a fault tree into aFaultTree object
contains checks that identified mistakes in the fault tree de-
scriptions in both versions of Nova Solver. This checking code
in the parser was actually based on the formal specification.
Thus, in some cases the parser recognizes problems that
would otherwise have been caught by our specification-derived
assertions. However, for the system testing phase of our
evaluation, we removed the code from the parser that performs
some of these checks. The parser caused 9 of the system tests
run with the programmer-created assertion version of Nova

Solver to fail. The other seven system tests passed. Note that
the 6 system tests that did not fail due to specification-derived
assertions failed because the parser identified the problem with
the input first. We discuss the 10 test cases that resulted in
violations of specification-derived assertions below.

In four of the test cases, the specification-derived assertions
identified problems with the input that went unnoticed by both
the parser and the programmer-created assertions. Below is a
listing of the problem with each of these test cases:

1) An and gate was specified as an input to a spare gate
2) An or gate was specified as an input to a spare gate
3) A threshold of zero was specified for a Threshold gate
4) An input to a spare gate is specified as an input to

another gate that is not a spare

The items in the list above all represent incorrectly defined
fault trees, yet the programmer assertion version of Nova
Solver did not detect the errors.

Additionally, we created three test cases in which fault
trees with cycles were defined. With the cycle checking code
removed from the parser, the version with programmer-created
assertions produced output. The version with specification-
derived assertions identified all cycles.

For the remaining three test cases, the problem with the
test case was caught by the parser for the programmer-created
assertion version, but was caught by assertions in the version
with specification-derived assertions.

In order to test the correctness of each of the classes
independently we created unit tests. These tests attempted to
isolate subsections of the code to be tested. In so doing, we
were able to create objects with exactly the characteristics we
wished them to have. This provided us with the ability to
see how well each component of the system handles objects
without interference from the other components. The test
results were overwhelmingly one sided.

Many of the unit tests constructed identical fault trees to
those made in the system tests, the majority of which were
invalid. All but one of the illegal objects created in the unit
tests forFaultTree caused failed assertions in the formal-
specification-derived assertion code. Additionally, we created
test cases
for three other classes (FailureAutomatonTransition,
FailureAutomatonSemantics, and
FailureAutomatonState) which produced invalid objects.
These illegal objects were detected by the formal-specification-
derived assertions.

In the programmer assertion code none of the illegal ob-
jects constructed in the unit violated any assertions. The
programmer assertion code, however, did uncover the copy
constructor bug described earlier. The bug was discovered in
this code because the test case made use of theFaultTree
copy constructor and the programmer assertion code contained
a check to ensure that the copy had been accomplished
successfully.
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VI. EVALUATION

In this section we summarize the cost-effectiveness of
our assertion creation approach and report on the benefits
and limitations of specification-derived assertions based on
our experimental results. We also provide a critique of our
experiment.

A. Cost-Effectiveness

In this preliminary study of specification-derived assertions
we can draw several conclusions regarding their strengths and
weaknesses. First, although this approach to creating assertions
results in extensive checking code being added to the system,
actually implementing these assertions is a large task indeed.
Where traditional assertions can be added casually as the pro-
grammer develops the code, specification-derived assertions
can be a separate development project in and of themselves.
Because of the high cost of implementing assertions using this
approach, we believe this approach may not be appropriate for
non-critical systems. For example, employing this approach for
verification of a calendar program or even a word processor
may not be the best use of resources. However, for software
systems that are life-critical such as software embedded in
a pacemaker or an airplane’s control systems, devoting extra
time and effort to implementing checking code based on the
program’s formal specification may be worthwhile.

B. Benefits and Limitations

A key limitation to the specification-derived assertion ap-
proach is the relatively high cost of applying it in practice, as
mentioned in the previous section. Based on our experimental
results, other limitations emerged.

Limitations of our approach became apparent with the
discovery of the copy constructor and potential overflow errors
introduced in Section V-B. Though the copy constructor
bug was identified by code inspection and by one of the
programmer-created assertions, it was completely ignored by
the specification-derived assertions. This is due to the fact that
it represents a very low-level error. A formal specification
addresses high-level concepts and so may not be concerned
with a low-level detail such as ensuring all fields are copied
properly in a copy constructor.

The potential overflow issue is a subtle error that would
typically not be identified by a traditional programmer-created
assertion. However, such a bug would almost certainly not
be identified with a specification-derived assertion either. The
reason is that there are certain constraints and concepts that
exist in a program that do not exist in a formal specification.
Size constraints on variables are not normally represented
within a formal specification; thus the problems of overflow
and underflow do not exist. From this we see that specification-
derived assertions are not particularly helpful for identifying
such errors.

Finally, another important limitation of our approach is that
it requires a specification for the system to which assertions
will be added. Even if a specification exists, our approach
requires that the code itself match the specification’s structure,

at least to a certain extent. If this match does not exist,
determining the appropriate locations to place the assertions
could be very difficult.

Still we feel that the results from running both versions
of the system with our new test suite indicate some potential
benefits of specification-derived assertions.

We first consider the specification-derived assertion failures
in the Time and Threshold classes described in Section V-
B. In these cases, the deviation from the specification did
not cause the program to behave incorrectly. However, such
deviations have the potential to cause problems, particularly if
one part of a program is consistent with the specification and
another part with which it interacts is not.

A specification is meant to define high level rules that reflect
interactions between various component’s of a system. By
deriving our assertions from the specification, we can gain
some confidence whether or not the system is following these
rules, as we saw with the assertion failures in theTime and
Threshold classes. In contrast, programmer-created assertions
typically address low level details that have little relationship
to each other or the high level purpose of the system. Thus,
the programmer assertions did not noticeThreshold andTime
objects were being constructed with illegal values.

Benefits of the specification-derived assertion approach also
emerged from the experimentation performed with the addi-
tional test cases as described in Section V-C. First we consider
the unit tests that constructed invalid objects, which resulted
in assertions that check the state of those objects to fail. For
these tests, assertions were the main form of verification which
could occur during execution. For this reason it is not sur-
prising that the formal-specification-derived assertions caused
program failures more often, as many of these assertions were
written specifically to ensure that constructed objects adhered
to a legal format. In contrast, very few of the programmer
assertions were written to identify illegal object construction.

For example, we created 18 unit tests for theFaultTree
class, many of which constructed invalid fault trees. None of
the problems with invalid fault trees were identified by the
programmer-created assertions, but they all were identified by
one of the specification-derived assertions. When the entire
system is running, the parser is what constructs the fault trees.
If we view these invalid fault trees constructed for the unit tests
as simulations of errors that could have existed in the parser,
then we can view the specification-derived assertions as being
more helpful than the programmer-created assertions.

Assume we are running both versions of the system, and
the parser contains an error or we reuse modules in a non-
parser context that causes an invalidFaultTree object to
be constructed. Running the version with programmer-created
assertions would result in no assertion failures and an output
value. One would now have to verify that the output was
correct. This would require an oracle or that the output be
verified manually. Even if it were determined that the output
were incorrect, it may still be somewhat difficult to determine
the source of the error since the program did terminate
normally.
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In contrast, these difficulties are reduced when relying on
the specification-derived version of Nova Solver. In this case,
the program would terminate during the construction of the
FaultTree. There would be no output to check, and it would
immediately be known that the problem was occurring in
the FaultTree class. From this one could focus debugging
efforts on the portions of the parser that invoke theFaultTree
method in which the assertion failed.

We also believe that specification-derived assertions offer
benefits in terms of software design. In the original Nova
Solver, code for checking the validity of the a fault tree exists
in the parser. Thus, theFaultTree class is dependent on this
particular parser implementation to identify whether or not
a particularFaultTree object is legal. Thus, theFaultTree
class is coupled to this parser. The consequence of this is that
if we wish to reuse theFaultTree class in a new version
of Nova Solver or another system entirely, we are left with
a class that performs no real validation checks on its input
data or state. We must either reuse the parser along with the
FaultTree class and potentially modify the parser to meet the
needs of the new system, or disregard the parser and attempt
to port the checking code from the old parser into the new
system. Both of these options leave room for error. When the
specification is used to guide the development of the checking
code for fault trees, the result is aFaultTree class that is more
independent and hence, more reusable. Deriving assertions
for the FaultTree class from the specification encourages
the placement of these assertions within theFaultTree class
itself as class invariants. Therefore, the checking code is
encapsulated with the functionality it is intended to verify
making theFaultTree class a stand alone component.

C. Evaluation of Experiment

Though ideally our specification-derived assertions would
have identified serious errors in Nova Solver, the fact that it
did not is not surprising for two reasons:

1) We were working with a stable version of Nova Solver
that had already undergone some testing and refinement
prior to our working with it.

2) We were working with a relatively small test suite.
3) The code used for the case study was not very large

An ideal evaluation of our approach would involve using it
on a real system as it is being developed. This would allow
our specification-based assertions to be used during the initial
testing of the system, which is when many program errors
are likely to be discovered. Such a scenario would provide
the opportunity to determine how our approach fares against
existing testing techniques in identifying program errors.Since
we did not have access to a real system that was in the process
of being developed, our choices were to use an existing system
or to design and build a toy system to do this evaluation.

We determined that using Nova Solver as our case study
would provide a more beneficial assessment of the usefulness
of this approach. Nova Solver is a non-trivial system that
already had an associated specification. Thus, we believe that
it provided a more realistic example of the difficulties and

challenges of translating a specification into code than a simple
toy program and toy specification would have provided.

VII. F UTURE WORK

Because of the benefits gained from using specification-
derived assertions as well as the limitations resulting from
using Nova Solver as a case study in our initial experiment, we
believe this topic deserves further study. Revealing program
errors requires test inputs that cause those errors to manifest
themselves via a failed assertion or incorrect output. For this
initial evaluation, we were limited to developing additional test
inputs manually and so had a very small test suite with which
to work. An automated approach to test input generation may
have resulted in the discovery of a larger number of errors in
Nova Solver. In fact, several members of our research group
have begun using the TestEra [13] framework to generate a
large set of test inputs. Using this automated approach to
test input generation in combination with specification-derived
assertions, they have already discovered additional problems
in Nova Solver that we did not uncover with our limited test
suite. An extensive summary of these results will be reported
in another paper.

In future work we hope to report in more detail the lessons
learned in mapping a formal specification into assertions. In
applying our approach to Nova Solver and several other ex-
isting systems, certain patterns emerged during the translation
process. These patterns can be used to categorize different
types of assertions that can be derived from a specification.
Additionally, we have discovered types of errors that would
not be identified via specification-derived assertions (e.g. as-
sertions related to the maximum and minimum) through this
work.

A true test of the effectiveness of our approach for assertion
creation requires that we employ it as a system is being
developed. In future research, we hope to identify a real
system to which we can apply our methodology during the
design and implementation stages. If our approach continues
to show promise, the ultimate goal would be automating the
process of translating a specification into assertions and then
embedding them into the code. Automation would reduce
implementation costs and perhaps make our approach more
generally applicable.

VIII. C ONCLUSIONS

Because software failure is still very much an issue in
today’s society, there exists a need to continue to improve the
process of software development and testing such that software
can be made more dependable. Because various researchers
and developers recognize the potential usefulness of assertions,
we believe that beginning to develop a methodology for
assertion creation can move us toward improved development
and testing practices.

In this work we have described our new approach for
assertion creation and discussed an initial evaluation of this
approach. We believe our evaluation highlights some of the
potential benefits of using a formal specification to derive

28



assertions. We hope that the work outlined here will motivate
future study of our assertion creation approach such that it can
someday be applied in practice to strengthen and improve the
process of software testing.
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Abstract— It is well-known that testing is only a partial proof
of a program’s correctness. One way to bolster testing is to
add assertions as runtime checks to validate the execution
of a system. Combining assertions with testing is compelling
because the tester need not determine the correct output for
a given input to the system–the assertions provide a self-check.
However, this approach has two key problems. First, it is heavily
dependent on the input data used during execution. Second, it
depends on the completeness and quality of the assertions. In
this paper, we present a testing approach in which assertions
are derived from a formal specification, and the resulting self-
checking program is subjected to a bounded exhaustive set of
test inputs. Because they are derived from a specification, the
assertions are more substantial. Exhaustively testing a subset of
the inputs reveals errors which may be overlooked by traditional
input partitioning schemes. To evaluate our approach, we applied
it to a well-specified system, and assessed the ability of the
approach to identify errors which were not detected by the
previous application of a traditional unit and system testing
approach. We found that we were able to find several new errors
using our approach. However, the creation of assertions from
specifications was a time-consuming process, as was the execution
of test cases.

I. I NTRODUCTION

Testing is an important aspect in all stages of a software’s
life-cycle. The reason for software testing is to identify bugs
during development so that the software is reliable once it has
been deployed. Program testing by using the representative
data and comparing the actual results with the expected results
has been used traditionally to determine errors. However,
traditional testing has often been time-consuming, difficult,
and inadequate. Moreover, it is not an adequate proof of
correctness, since it does not guarantee that system will work
as expected under untested inputs. [1]

On the other hand, exhaustive testing is unfeasible because
it involves testing every element in the test domain. In fact, it
has been shown that exhaustive testing is impossible for large
systems. [2]

In this project we have combined formal methods and
bounded exhaustive testing for verification of software sys-
tems. From the formal specification for a system, we translate
the constraints of the system into assertions. These assertions
served as runtime checks to validate the output of the system.
Next we test all possible inputs of the system up to a given
small bound. If any of the runtime checks failed, we have a

concrete example of an input which causes the system not
to meet the requirements of the formal specification. If the
system executes normally, we have guaranteed the validity of
the system for this input.

Formal specification and assertions are two useful methods
that have been used for effective testing. Formal specification
gives a mathematically precise, unambiguous, and comprehen-
sive description of the software. Such specifications are often
validated by informal expert inspection or by formal tool-
assisted theorem proving techniques. A simple explanation
of formal specification would be that it is what the software
should do. Similarly, assertions embedded in a program also
verify what the software should do. Assertions can additionally
provide us with runtime checks. [3] Thus deriving assertions
based on formal specification seems logical to identify the
run-time errors in the system. This would also buttress the
reliability of the system. This approach has the potential to
change the way software engineers develop test cases, thus
we can have higher confidence than with traditional testing.

During the testing phase, there is a need to compute the
expected output for any given input to the system. Through the
use of formal specification based assertions, we can guarantee
the correctness of output from the system. Therefore the
computation of expected outputs is no longer necessary.

In developing critical software systems, undetected bugs
often lead to incorrect reliability estimates. [4] This might
lead to problems and artificially high reliability estimates. Our
methodology would generate better reliability estimates with
higher confidence.

We used a well-defined system called Nova Solver to test
our approach of integrating formal assertions and bounded
exhaustive testing. The Nova Solver, which is a reliability
computing system, takes a fault tree as its input and computes
the reliability of it through a series of computations. We added
assertions based on the formal specification for the system.
After we had added the assertions, we performed bounded
exhaustive testing. We generated all possible inputs up to a
certain small bound, then tested the system for each of these
inputs. From this we were able to identify bugs which were
not detected in the initial testing of the system. Through this
combination of formal assertions with bounded testing, we
also discovered flaws in the system’s test suite in addition to
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instances where the system did not match its specification.
The rest of the paper is structured as follows. Section II

reviews work related to both assertions and testing. Section
III describes the strategy used for combining assertions and
bounded exhaustive testing, as well as providing a simple
example illustrating the strategy. Section IV provides the
details of the experiment. Section V gives the experimental
results. In Section VI we will evaluate the results along with
the weaknesses of our approach. Section VII describes the
future work. Section VIII concludes the paper.

II. BACKGROUND & RELATED WORK

In this section we will detail some previous research done
on assertions and exhaustive testing.

A. Assertions

Rosemblum states that although assertions have been deter-
mined to be a powerful tool for detection of software faults
during the lifetime of a software system, it has seen little
widespread use in practice. [3] He mentions that the techniques
and tools which are developed for embedding assertions into
the code have not been used because the programmers have
little idea of what information should be specified in assertions
and also the tools do not allow flexibility in customizing
checks. There is also a description about the classification
of assertions, meaning those which were the most effective
at detecting errors. Rosenblum concludes that there is a need
for more comprehensive, controlled experimental studies on
larger systems with multiple developers for revealing the most
effective techniques for using assertions to improve the quality
and reliability of software systems.

Also there are a myriad of research projects which have
tried to enhance the power of simple assertions [5], [6].
Meyer’s design-by-contract [7] is one of the most famous
ones. Meyer provides an approach for inserting assertions
in object-oriented programs. He specifies that each method
should have preconditions and postconditions which ensure
the state of the input and output, respectively, of a given
method. The assertions that deal with the class as a whole
were referred to as class invariants. According to Meyer, these
class invariants were properties that should always hold for a
class. Ideally, it would be possible to prove mathematically
that the assertions match the implementation of a method or
class. Instead, Meyer says that we can use the assertions as
runtime checks. We use assertions as a means of runtime
checks as Meyer suggests. Since we have translated the formal
specification into assertions, the assertions not only serve as
validation of correctness but would also ideally serve as a
verification that the specification matches the implementation.
In our case, the formal assertions therefore act as test oracles,
ensuring the validity of any output from the system.

B. Testing

Exhaustive testing has been proved infeasible and imprac-
tical [2]. Usually, the test data set is infinite or significantly
large, which creates a situation where testing each element in

the test domain is not pragmatic. For this reason there has
been research conducted in choosing representative elements
from the functional domain to make testing practical. [2]

TestEra by Khurshid and Marinov [8] is a novel framework
for testing of Java programs. TestEra deals with the issue of
making testing practical by generating a bounded test data set
on being given a formal specification for a method. For each
input in the bounded test data set, the method is run with this
input, and the method postcondition is used as a test oracle
to check the correctness of each input.In their future research,
TestEra’s authors plan to extend the capability of TestEra so
that users can decide the point at which they think enough
testing has been conducted. We will use bounded exhaustive
testing instead of structural code coverage as discussed in
TestEra.

TestEra is built upon Alloy and Alloy Analyzer(AA) with
the aim of checking actual Java implementations. The basic
framework for TestEra is demonstrated in Figure 1. TestEra
generates three files on being given an Alloy specification.
The first file is for generating inputs, and the second one is
for checking the correctness. The third file consists of the java
test cases.

The inputs are translated into the Java test cases and
the program is then executed. During the first phase of the
execution, Alloy Analyzer is used by TestEra to generate all
non-isomorphic instances from the Alloy input specification.
In the second phase, testing is done on each of the instances.
The resultant output is again converted back to Alloy so that
Alloy Analyzer can verify the input and output according to
the correctness specification. A counterexample is reported if
the test fails. If the test succeeds then another input instance
is evaluated. Details of TestEra can be found in [8].

Other research has also shown that the high reliability of
a system is proportional to the amount of testing. In their
research, Butler and Finelli state that reliability growth models
are portrayed to be incapable of overcoming the need for
exorbitant amounts of testing. [9]

Pseudo-exhaustive testing has also been conducted in the
hardware world, specifically in the study of VLSI chips. This
type of testing is very similar to bounded exhaustive testing,
where representative portions of the functional domain are
tested without exhaustively covering all possibilities. The pa-
per by Jone, Rao, and Chang describes the effective generation
of pseudo-exhaustive test patterns for combinational VLSI
circuits. [10]

Since pseudo-exhaustive testing has been done at the hard-
ware level and limited exhaustive testing has been done at the
unit level in software, we propose bounded exhaustive testing
at the system level.

III. A PPROACH

This section will describe the manner in which we went
about integrating formal assertions with bounded exhaustive
testing. In the research, there were two distinct focuses. The
first was to implement assertions derived from the formal
specification. The second was to implement a modified version
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Fig. 1. Framework of TestEra [8]

of exhaustive testing, which will be referred to as bounded
exhaustive testing. The final goal of the research was in
allowing these two foci to work together to test the system.

A. Formal Specifications & Assertions

This section presents an example to illustrate how formal
specification derived assertions can be combined with bounded
exhaustive testing to further ensure the reliability of a software
system. We will inspect a small system that simply sorts a list
of items.

list<> r = Sort(list<> r, r.length);
list<> Sort(list<> inList, int sizeOfArray) {

for (int i = 0; i < sizeOfArray; i++) {
int temp = inList[i];
for (int j = i; j > 0 && (inList[j-1] > temp); j--)
inList[j] = inList[j-1];

inList[j] = temp;
}

}

The following is a specification written for the aboveSort
algorithm. The specification is written in Z, [11] a popular
software specification language.

Sort
Sort: seqZ→ seqZ

∀ in,out : seqZ • Sort(in) = out⇔
items(in) = items(out) ∧

(∀ i, j : 1. .#out | i < j • out(i)≤ out(j))

The specification has two separate sections. Above the
horizontal line states that the input will be a finite list of
numbers and the output also will be a finite list of numbers.
Below the line, the specification gives the requirements of the
Sort algorithm. The two conditions are the requirements the
system must satisfy in order to know thatin was put through
Sort, resulting in the output of the correct listout. The first
condition states thatout must be a permutation ofin. The

second condition states that for any two entries in the list at
positionsi and j in the output wherei < j, out[i] must be less
than or equal toout[j].

The specification can be converted into assertions which
can be embedded into code. The following illustrates the
implementation of the assertions into theSort algorithm from
above.

list<> Sort(list<> inList, int sizeOfArray) {
int *oldList = copyArray(inList,sizeOfArray);

for (int i = 0; i < sizeOfArray; i++) {
int temp = inList[i];
for (int j = i; j > 0 && (inList[j-1] > save); j--)

inList[j] = inList[j-1];
inList[j] = temp;

}

assert(IsPermutation(oldList, inList, sizeOfArray);
for (int i = 0 ; i < size - 1 ; i++)
assert( inList[i] <= inList[i+1] );

}

Upon execution of this function, we will know one of two
cases occurred: the function ran and failed an assertion mean-
ing the algorithm was not written correctly, or the function
executed to completion without failing an assertion. In the
latter case, we have proof of the correctness of the algorithm.

B. Bounded Exhaustive Testing

The next step, in terms of our research, was bounded-
exhaustive testing on theSort algorithm above with the em-
bedded assertions. Scope plays an important role in bounded-
exhaustive testing. Scope can be thought of as looking at
certain aspects or characteristics of the structure. In this case,
scope could be the possible lengths of thelist, the possible
types of inputs for thelist, or some other characteristic of
the list one chooses to inspect. The idea behind bounded
exhaustive testing is to find a way to enumerate all the

32



possible inputs of a method or system. The characteristics to be
enumerated are the scopes of the model or system. Using the
Sort algorithm example, enumeration could involve looking
into two possible areas of the input:

1) Length of the list r
The range of possible lengths of the listr go from
r.length= x, 0≤ x < ∞

2) Characteristics of the elements of listr
a) The list could contain many different combinations

of numbers. The number of distinct numbers in the
list can range from 1 to the length of the list.

b) The list could also contain certain types of values,
i.e. only positives, only negatives, positives and
negatives, zero, etc.

One way to enumerate the possible inputs ofSort would
be to look at the length of the list in conjunction with the
possible number of distinct values as is illustrated in Table
I. For example, consider thelist of length 3. The list could
be r = [x1,x2,x3] with 3 distinct values,r = [x1,x1,x1] where
there is only 1 distinct value, or some other combination of
values.

Length of r Distinct values in r
0 0
1 1
2 1,2
3 1,2,3

TABLE I

POSSIBLE VALUES IN THE list

IV. EXPERIMENT

We utilized Nova Solver [12], a reliability-testing software
system, to assess the efficiency of our testing method. It is a
software system with about 10000 lines of code. The Nova
solver system has already undergone testing and has been in
functional state.

The Nova Solver takes a dynamic fault tree as its input,
and computes a probability of failure for this fault tree
through a number of conversions and calculations. Figure
2 shows an example dynamic fault tree,DFT. A dynamic
fault tree contains a set of basic events, i.e. Event T, A,
and S. These basic events are inputs to gates or functional
dependencies. The gates can be AND, OR, PAND, Threshold,
or Spare gates. For our research, it is only necessary to
know the types of gates, not their functions. The functional
dependency enforces a constraint on the system. The number
in the circle adjacent to the Event S in Figure 2 defines
the replication value of that particular event. The fault tree
is passed to an instance ofFault Tree Semantics, which
acts upon a given fault tree to create an object of type
Failure Automaton. Failure Automaton is comprised of a
set of states and transitions. The set of states contains the
information of every state of the system since its instantiation.
The set of transitions demonstrates the transitions, i.e.to and
from, of every state. This instance ofFailure Automaton is

passed toFailure Automaton Semantics, which creates an
instantiation ofMarkov Model. Finally, the system reliability
is computed from this markov chain. A detailed description
about Nova Solver can be obtained at [12].

A. Formal Specifications & Assertions

In addition to knowledge of the general structure of the
input to Nova Solver, it is important to note that the system
has a well-defined formal specification which will be used for
deriving formal assertions. The main goal of the research was
to demonstrate that the new approach could even find bugs on
a system that has been in use for a few years.

In order to implement assertions, we had to have knowledge
of a few different entities. The first was the formal specifica-
tion of the Nova Solver, which was written in Z. [11] A careful
understanding of Nova Solver code was required to correctly
implement the new assertions. This obstacle was resolved by
conducting thorough code reviews and meeting the author of
Nova Solver several times. However, before inserting these
assertions into the code, it was necessary to do a conversion
from what the assertion would be solely based upon the formal
specification to an assertion that can actually be implemented
in the code. The hope was that there would be little to no
change in the meaning and power of the assertion after it is
converted. Also there were instances where we had to lock
subsections of code before assertions could be used on that
code. For example, consider an event which has 3 attributes
where the values of these 3 attributes must add up to 1. The
values are entered by the user after the instantiation of the
event. The check cannot be performed immediately after the
instantiation of the event since the values have not been entered
by the user yet. Once the values are entered, a function can
be called to do the assertions. Our first focus culminated with
all the specification based assertions being added.

B. Bounded Exhaustive Testing

The second focus of the research was the idea of bounded
exhaustive testing. The goal of that is to test substantial
portions of the functional domain without testing all possible
inputs. The input possibilities and formats are of extreme
importance for our bounded exhaustive testing. Many of the
possible inputs had previously been generated. The test cases
consisted of all non-isomorphic test input up to a given bound.
A unique component of the test cases was the bound for which
the test cases were generated. The bound should be such that
the probability of that event occurring becomes very unlikely
after that bound. The bounded exhaustive testing and assertions
were then be used in combination.

TestEra [8] software is used for automated testing of Java
programs. For this research, we were able to automate the
generation of the test cases for bounded exhaustive testing.
TestEra generates inputs from an Alloy specification. We were
able to specify the inputs to Nova Solver, dynamic fault trees,
using Alloy and therefore generate all inputs up to a given
bound using TestEra. We used TestEra for just generating the
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test cases. We did not use it to verify the output according to
the correctness specification

Once all test case inputs are generated up to a certain bound,
we ran the Nova Solver version containing formal assertions
with each of the generated inputs. Because the formal asser-
tions had been added to the system, it was no longer necessary
to verify the correctness of the output from the system. For
each input that successfully completed execution, we had
verification that the system met the requirements of the formal
specification based assertions. However, if an input failed a
formal assertion, we had a concrete counterexample of an input
which is not following the constraints of the specification. The
latter case showed the presence of a bug in the system.

V. EXPERIMENTAL RESULTS

This section provides the results from integrating formal
assertions with bounded exhaustive testing on the Nova Solver
system. Nova Solver was written primarily in C++, so the
assertions derived from the formal specification were also
written in C++. For the testing, we used the unit test suite
for the Nova Solver initially, then we did used the test cases
generated up to a given bound by TestEra [8].

During our initial review of the code we were able to point
out certain inconsistencies in the code. The inconsistencies are
as follows:

1) It was found that certain operator overloading defined
in the specification was not implemented.

2) The other inconsistency was in theProbability con-
structor which takes a parameter of typeconst long
double, but it uses the constructor of Real class which
takes the parameter of typeconst double. So if the
probability is very small it would be truncated to zero,
which in case might generate incorrect reliability.

3) In an operator overload inCoverage Model, there is
an if statement that should logically never evaluate to
true.

4) The last one was more of a bug than an inconsis-
tency. The copy constructor in theFault Tree class did
not include copying an attribute of the fualt tree the
(i.e.system event).

A. Assertions

Next we present the data and results obtained during the
initial phase of translating the specification into assertions.
From the formal specification, we converted the constraints
of the system into approximately 2300 lines of C++ code.
The assertions added were most often non-trivial functions
checking some constraint on the state of the system. This effort
was completed by three programmers over a period of two
months.

Once all the assertions had been derived from the formal
specification and added to the system, we ran the test suite
originally created for the system. The first implementation
error involved a violation whereTimeobjects were allowed to
have values equal to 0. However, the specification only allows
values ofTimeobjects to be greater than 0. The unit test suite
illustrated this bug once the formal assertions were integrated
into the system. A similar violation was detected regarding
Thresholds, which needed to be greater than 0. This assertion
caused another test case from the original test suite to fail.

These bugs found were in the actual test cases. These
were errors in the previously implemented test suite which
had gone undetected. The fact that the assertions even found
errors in the test cases gives major insight into the impact
the formal assertions can have on the reliability of a system.
The Nova Solver system was implemented in a way that did
not always match the specification. Due to the fact that the
system computes fault tree reliability correctly, it was not
seen as a bug that the specification and code did not mirror
the other. However, there were several instances where the
assertions derived from the formal specification failed due to
this lack of conformity. The majority of these failures came
as a result of inadequately designed test cases. In the unit test
suite, components of the system were being created and added
to the system in such a way that the resulting system did not
meet the constraints of the specification. The formal assertions
caught these illegal states:

1) The Failure Automaton was going
from a Failed Uncovered state to anOperational
state, while the specification requires that a transition
from a Failed Uncovered state can only go to a
Failed Uncovered state.
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2) A test case was making theto state andfrom state
the same for aFailure Automaton Transition , which
goes against the formal specification.

3) The specification requires that thestateOfEvents is
equal to the lasthistory, but the test case was creating
a stateOfEvents that did not meet this criteria.

4) The test case insertedstates andtransitions into a
Markov Model object and created an illegal state for
the Markov Model.

The resolution of these bugs was the decision that a
finalized() method needed to be called when a component
of the system was completely built. From thisfinalized()
method, all assertions corresponding to a component were
called to verify the constructed component matches the speci-
fication. While this does not rule out temporary imbalance of
the system, we concluded that it was sufficient to have certain
checkpoints where the state of the system would be evaluated.

From this data, it is evident that the assertions helped us
find bugs during the unit testing. We were able to find errors
in the implementation, but additionally we found instances
where the test cases were actually creating illegal objects
and states. It also helped demonstrate how faulty the manual
implementation of test cases could be.

B. Bounded Exhaustive Testing

This section presents the data gathered from using the
formal assertions to check test cases generated using TestEra
[8]. The idea of bounded exhaustive testing is to generate all
possible inputs up to a certain small bound. Nova Solver takes
a dynamic fault tree,DFT, as its input. Therefore, bounded
exhaustive testing entailed creating all dynamic fault trees of
a given size.

Because we are attempting to bound the size, we must look
at certain characteristics of the dynamic fault tree to determine
the bound. These characteristics of the model are called the
scope. The policy is to generate all models which are less
than or equal to the given bound. For our research, there were
four characteristics used to define the scope, including the
natural, injective sequence, event, and functional dependency.
The functional dependency and event scopes limit the number
of functional dependencies and events, respectively, in the
model. The isequence scope limits the number of inputs a gate
can have. The natural scope is the main scope which limits
the thresholds and replications of the events in the model. We
have currently generated and tested up through scope 3.

During bounded exhaustive testing, we found three main
bugs in the system. Testing was done on both constrained
and unconstrained DFTs. A constrained DFT is one that is
connected, whereas an unconstrained DFT could possibly be
disconnected. This is only important because Nova Solver
supports both types of DFTs. An earlier implementation of a
reliability solver, Galileo [13], supported only the constrained
DFTs. At scope 2, none of the test cases caused a formal
assertion to fail. In the constrained testing at scope 3, we found
thousands of test cases failing. While testing unconstrained
inputs of size 3, we again found thousands of failing test cases.

Main Scope Test Cases Failures Type
natural2 56525 0 Unconstrained
natural3 2870095 18552 Unconstrained
natural3 48790 8260 Constrained

TABLE II

NUMBER OF TEST CASES VS. FAILURES

It should be noted here that all assertions that failed during
the testing of the traditional test suite were removed before
the bounded testing, as we were attempting only to find bugs
which had not yet been reported.

Table II lists the number of test cases in relation to the
formal assertions that failed during testing. For a couple of
reasons, it was not surprising that the DFTs of size 2 did not
fail any test case. First, the earlier bugs were already removed
from the system. Secondly, a dynamic fault tree of scope 2 is
almost trivial, thereby making it unlikely that this scope would
produce any errors.

Although Table II shows over 25,000 failures, these only
correspond to two distinct bugs in the software system. They
are as follows:

1) Probability greater than one: There was an assertion
failing because the the probability was greater than 1.
Upon evaluation it was found that in thoseFault Trees,
every state was a failed state. The Nova Solver then
added up all the probabilities, and they should have
equaled 1. Due to numerical imprecision, they were
actually slightly above 1.

2) Input Error: There was an
error in First OccurrenceTime(const History&, const
Event&, const Replication&). Basically, it was a copy-
and-paste bug. The coder copied and pasted the lines of
code, changed input1 to input2 in one place, and forgot
to change it in the second place.

Table III presents the timings for the testing for each scope.
The table gives the total number of distinct types tested at this
scope, the total number of test cases for this whole scope, the
total time for all test cases to run, and if the test cases were
constrained or unconstrained. It is evident that the number of
test cases and consequently the time necessary to run the tests
is large for even the DFTs of size 3. It should be noted that
these times are a total amount of time spent to run all test
cases on a single Intel(R) Pentium(R) 4 3.00GHz processor.
Each of the test cases could be run in parallel on a cluster or
on a high speed processor to minimize the total time of testing
by a significant magnitude. Much of this time for testing can
be attributed to I/O costs.

VI. EVALUATION

In this section, we will evaluate the experiment and the
method of combining formal assertions with bounded exhaus-
tive testing.

From the experiment, we were able to find bugs that have
thus far gone undetected after traditional testing and academic
use of the software for a few years.We also saw a number
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Main Scope Sub-Scopes Test Cases Time Type
natural2 13 56525 33.5 hrs Unconstrained
natural3 19 2870095 346 hrs Unconstrained
natural3 12 48790 11.7 hrs Constrained

TABLE III

NUMBER OF TEST CASES VS. TIME

of important points regarding formal assertions and bounded
testing. While we were able to add formal assertions to the
system, the process was not trivial. Most of the translations
from the specification did not turn into one line assertions in
code. Instead, a single line from the specification was often
a function in the code. This is the reason that the number
of lines of code added was high, nearly one-fifth of the total
system’s code.

Secondly, it is not always possible to do this translation
from the specification into assertions in the system. This
conversion is dependent on how well the code mirrors the
specification. If the system is different in any way, it can make
the translation to code very difficult or even impossible. It is
important to note that even a strict mirroring of the code to
the formal specification does not imply the translation of the
specifications will be a trivial matter. Although our focus was
not on efficiency, it is possible that translating the specification
into a runtime check may involve an algorithm that has a large
complexity or is NP complete. In this situation, it is necessary
to decide if reliability or efficiency is more important.

The case study helped us decipher more information about
the bounds. For example, the functional domain is often
infinite or sufficiently large. But the occurrence of errors
becomes more and more rare as we start going away from the
base case. At one point the probability of that error occurring
will become so infinitesimal that we might be able to ignore
it. Similarly, our bound for testing will be dependent on
occurrence and complexity of certain events or situations.

With bounded exhaustive testing, it was expensive to gen-
erate and test all inputs up to a given small bound. We were
able to find more errors in the system through this testing,
but the time needed for this testing is significant enough that
it may only be suitable for systems whose reliability is of
grave importance. For example, it may not be worthwhile for
making a game or a word processor. Since the initial testing,
a number of optimizations have been added that can currently
lower the total time needed by a factor of 10. However,
these optimizations were made to Nova Solver, so the time
improvement was system specific.

After adding the assertions into the system, the test suite
revealed a few bugs. The new version of the system with
assertions added was useful in showing flaws in the test suite.
Many of the test cases were creating components of the system
illegally or doing flawed computation. The improvement of the
test suite was a positive side-effect that we had not originally
expected. This may well be an area of further research.

In terms of our experiment, we only tested up to scope
3. In order to know how many bugs can be found through

bounded exhaustive testing, it would be necessary to test up
to a higher bound. We also ran most of the test cases without
optimization flags. In order to know a better estimate for time,
the test cases would all be run with the optimization flags. In
this way, we would be able to know more definitely if this
method of integrating formal assertions with bounded testing
is practical.

VII. F UTURE WORK

In our experiment, the combination of formal assertions
and bounded exhaustive testing was done on a previously
developed and tested system. A complete evaluation of the
approach would involve using it on a real system as it is being
developed. Such an approach would identify by what magni-
tude our method surpasses the existing testing methodologies,
especially the manual generation of test cases.

In terms of errors the case study can give us insights about
the distribution of errors. A key to know would be where
most of the bugs or errors happen in terms of the scope of the
input. This leads to the issue of identifying the right bound for
exhaustive testing. Is it sufficient to stop testing once we have
stopped finding bugs on a specific bound or run a few million
test cases? More research has to be conducted to derive better
bounds for exhaustively testing the system which would be
dependent of the distribution of remaining errors.

Assertions may hurt the efficiency and run time of the
programs. As discussed earlier in the evaluation some of the
runtime checks may involve an algorithm that has a large time
complexity or even is NP complete. More research has to be
conducted so that assertions do not cripple the efficiency of a
system.

Assertions have to be tweaked so that they avoid numerical
imprecision. The program may be correct but due to the
accumulation of minute numerical errors the computation may
appear to be incorrect. Special resolutions would need to be
adapted for those types of cases.

VIII. C ONCLUSION

The integration of assertions and bounded exhaustive testing
is a novel approach for testing the software. We were able
to achieve favorable initial results, where bugs were found
through our integrated approach that were previously unde-
tected. However, the time spent on writing formal specification
based assertions and conducting bounded exhaustive testing
may not be pragmatic for non-critical systems. Thus, our
research seeks to bolster the reliability of critical systems,
whose failure can result in loss of time, revenue, or life.
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Abstract— Software for scientific computing, like other soft-
ware, evolves over time and becomes increasingly hard to
maintain. In addition, much scientific software is experimental
in nature, requiring a high degree of flexibility so that new
algorithms can be developed and implemented quickly. Design
patterns have been proposed as one method for increasing the
flexibility and extensibility of software in general. However, to
date, there has been little research to determine if design patterns
can be applied effectively for scientific software. In this paper,
we present a case study in the application of design patterns
for the re-engineering of software for mesh generation. We
applied twelve well-known design patterns from the literature,
and evaluated these design patterns according to several criteria,
including: flexibility, extensibility, maintainability, and simplicity.
We found that design patterns can be applied to significantly im-
prove the design of the software, without adversely affecting the
performance. As a secondary practical contribution, we believe
that this research can also lead to the eventual development of
a flexible framework for mesh generation.

Keywords: Design patterns, generic programming, mesh gen-
eration.

I. I NTRODUCTION

Software reuse is identified as one of the best strategies to
handle complexities associated with development and mainte-
nance of complex software. Reuse has been very successful
in many areas, especially in compilers, operating systems,
numerical and GUI libraries for a long time. Although many
libraries have passed the test of time, they suffer from one big
disadvantage: they have fixed interfaces and data structures.
There is very tight coupling between their algorithms and data;
therefore these libraries are not extendable for user defined
data types.

Today, design patterns [1] and generic programming [2] are
emerging techniques which have been proposed as solutions
which can alleviate this problem. Design patterns stress upon
decoupling the system for increasing flexibility, and generic
programming allows developers to reuse the software by
parameterizing the data types. Many application domains (e.g.
GUI builders, network communication libraries) have greatly
benefited from using design patterns.

Some research has been performed in the use of these meth-
ods for the development of industrial software. For example,
Coplien [3] et. al. have provided industrial experience with
design patterns.

However, while generic programming is a well-established
practice in scientific software, today we lack evidence that
design patterns can significantly improve such code without
adversely affecting performance.

In this paper, we explore how design patterns can be applied
to re-engineer legacy code to increase the flexibility of the
system. We have applied twelve design patterns from the
literature [1] to an existing mesh generation software system.
We characterized the design patterns in terms of three primary
design criteria: static and dynamic extendibility, reliability, and
clean design of the system.

We then evaluated the resulting system in terms of these
criteria. Our evaluation assumed that users of software im-
plemented in an object-oriented language are willing to sac-
rifice some performance for other benefits. As a result, our
evaluation of the performance impact of the design patterns
is informal, and is meant to ensure that any performance
degradation is acceptable to users.

We characterize the use of each design pattern in our system
in terms (1) the probability of being able to apply it, (2) the
benefits of using it, and (3) the extent to which the code
must be changed to implement it. We conclude, based on
our experiences, that the modified system exhibits enhanced
flexibility, extensibility, maintainability and understandability,
without sacrificing too much performance.

As a longer term goal, we hope to use design patterns
to develop a flexible framework for mesh generation. This
framework will allow researchers to collaborate on the de-
velopment of new algorithms and data structures for mesh
generation, and to perform experiments to assess the quality of
existing algorithms. In addition, we believe that this framework
will lead to the development of a web-based service-oriented
version of the software.

The rest of the paper is structured as follows. In Section
II we give background and related work, Section III describes
re-engineering legacy code with design patterns, in Section IV
we evaluate our work and Section V concludes.

II. BACKGROUND

Parnas [4] explained some realities about software aging.
Developing reliable and robust software is a difficult and time
consuming human activity. Most legacy software evolves over
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a large period of time. Such software is trustworthy, in its
limited functionality. Today, much software is still being used
because the user base is very large, and because the software
contains hidden and critical design decisions. According to
Parnas, software aging is inevitable, but efforts must to taken to
delay the degradation. Instead of throwing away such software,
we need some solution which allows us to use it in our new
system, and then to slowly change or replace it as our system
evolves.

Re-engineering, as defined by Chikofsky and Cross [5], is
the examination of the existing legacy software in order to un-
derstand its specification, followed by subsequent modification
or re-implementation to create a new, improved form. To date,
a lot of research has been done in providing tool support for
software re-engineering. For example, Verhoef in [6] discussed
the necessity for automating modifications to legacy assets.
Brunekreef [7] also presented a software renovation factory
which is user-controlled through a graphical user interface.

In this work, we attempt to manually re-engineer a legacy
system into a more extendable and adaptable system. By using
design patterns, we hope to be able to use legacy code in
new software, and also re-engineer it in order to improve
characteristics such as the flexibility of the resulting system.

In this section, we first present some of the disadvantages of
legacy software, and then analyze the causes of inflexibility.
Next we propose some explanations for the lack of use of
reusable software. Finally, we discuss the requirements for
making software adaptive.

A. Disadvantages of Legacy Code

There are several disadvantages of using legacy code.

• It is difficult to maintain and extend the functionality of
most legacy software, especially if the software is written
in functional languages such as C and FORTRAN.

• Rewriting them requires a large investment of money and
human effort.

• Such software contains substantial duplication of code for
the same functionality, where the code differs only in the
data types.

• Legacy code does not take advantage of modern processor
design. Most of the code was written when thread pro-
gramming was in its infancy and distributed computing
was non-existent.

• In general, most legacy code handles memory and errors
poorly. For example, FORTRAN does not have dynamic
memory allocation and C code often has memory leak
problems.

B. Analysis of Legacy Code Inflexibility

Before we begin to re-engineer legacy code, we need to
understand the primary causes for its inflexibility.

• Conditional statements:“If-then-else” and “switch” state-
ments are fundamental to almost all programming lan-
guages, but their use sometimes restricts extension be-
cause hard-coded constructs simply assume that the alter-
native conditions arefinite and remainfixed throughout

the lifetime of the software. If the conditions or require-
ments change, adding new conditions require significant
effort. Object-Oriented programs always try to eliminate
the use of switch statements.

• Multiple inheritance: Although C++ allows multiple
inheritance, in general it creates more complexities and
ambiguities than the solutions it provides. The problem
with multiple inheritance is the famousDiamond Problem
[8]. Some programming languages such as JAVA have
already discarded this feature in favor of simplicity and
consistency, using single implementation inheritance and
multiple interface inheritance.

• Lack of abstraction:Object-orientation is a powerful tech-
nique as long as we are able to break down the systems
into smaller granularity and appropriate objects. There are
no silver bullets in using inheritance and polymorphic
features of object-oriented programming—even though
the features are present, it is difficult to use them to
implement the proper abstractions for a given system. As
a result it is not uncommon to find much duplication of
concepts and functions in a given system.

• Lack of separation of concerns:Software has three basic
components, namely: concept (what you want to do),
algorithm (how to do it) and data management (how to
manage data and resource). Parnas [4] demonstrated the
importance of modularity, and gave criteria for decom-
posing a system into modules of autonomic concerns.
Unfortunately, even after 30 years since the publication
of this seminal paper, most applications developed today
still have tight coupling among concerns, so it is difficult
to change or replace any part of the code. The Standard
Template Library (STL) is the first widely used software
library which separates these three concerns. For exam-
ple, STL provides abstractions for containers, iterators for
containers, and algorithms over containers. Each of these
is largely independent of each other.

• Conservative assumptions:Most programmers imple-
ment the code considering only the immediate require-
ments, and few believe that their programs will have a
very long lifetime. As a result, they make certain assump-
tions in their implementations which become obsolete
very quickly.

C. Reluctance for Reusing Software Components

Despite the enormous advantages of reusable software com-
ponents in both the short and long term, incorporating them
into new systems or in restructuring the existing applications
have not been up to expectations [9]. Reluctance could be
attributed to some of the following reasons:

• It is hard to manually understand the behavior of the
code or side-effects which may be introduced as a result
of using the software. In addition, automatic or semi-
automatic tools for analyzing these effects are inadequate.

• An incremental approach to software reuse is also diffi-
cult and error-prone. Sometimes, small changes are just
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not possible. As a result, either we do not change the
software, or we change the entire system.

• There is much uncertainty on the part of software devel-
opers as to whether reuse will significantly improve the
quality of the resulting system. There is little evidence
and few accepted metrics for success in the reuse of
software in real applications. Very often, there is often
a trade off between performance and quality.

• The learning curve could be steep.
• Highly motivated software developers are tempted to

rewrite code.
• Old systems often have little or no documentation.
• If the reusable component comes from a commercial com-

pany, there might be issues related to patents, copyrights
and royalty payments.

For a comprehensive introduction to software components
and reuse, see [10].

D. Adaptive Software

We hope to develop new software or re-engineer legacy
codes into software which is adaptable. Adaptive software has
the following characteristics:

• Program for change: Although it is hard to predict the
future, objects should not make assumptions which are
valid for only a short duration of time. Whenever possible,
a good design should abstract some core concepts into
a small number of functions and classes, and provide
simple interfaces to access the functionality.

• Flexible and dynamic relationships:Rarely an object
exists in isolation. There has to be a simple mechanism
to create permanent and temporary relationships among
objects.

• Centralized authority:Programs are difficult to under-
stand, maintain and extend when some decision or func-
tionality is scattered throughout the code. Whenever
possible, there should be one place for one piece of
functionality. This simplifies modification and testing of
the system.

• Division of labor: A class should have a single, well-
defined purpose as well as a simple interface. A class
should delegate other responsibilities to other suitable
classes. Minimization of functionality increases both the
productivity, reliability and reuse.

• Standardization:Successful software reuse requires stan-
dardization. With standardization comes reliability, easy
availability and large support.

III. R E-ENGINEERINGLEGACY CODE

According to Gammaet. al. [1] design patterns are recur-
ring solutions to software design problems which we find
repeatedly in real-world application development. When we
use design patterns, we do not reinvent the wheel. Another
way of looking at design patterns is to consider them as well-
proven component integrations with a common vocabulary for
the system designer and developer. Buschmann [11] collected
design patterns in the context of software architecture.

Fig. 1. Surface mesh generation on pipe

Gammaet. al. [1] identified 23 design patterns and created a
catalog, which is known as the GoF(Gang of Four)book. We
have taken several patterns from this catalog and applied them
to our application. In the figure 2 we list all the GoF design
patterns which we applied, and the main purpose behind
using each pattern in our application. To shorten our paper,
we have not shown any examples of some patterns in the
next section( Singleton, Reference counting, Decorator, Facade
etc). Although design patterns are often written in an object-
oriented language, design patterns have little to do with object-
orientation ( [3]).

Application: Mesh Generation
Numerical simulation uses partial differential equations

(PDEs). For example, the Navier-Stokes equations are used
in Computational Fluid Dynamics. The first step in numer-
ical simulation is to discretize the geometric space into a
large number of cells. In 2D these cells are triangles or
quadrilaterals, and in 3D they are tetrahedra, pentahedra or
hexahedra. Once a good quality mesh has been created,
numerical discretization of the PDEs is carried out, and
for each cell, governing equations are solved. For complex
geometries, an unstructured mesh (in which the topology is
explicit) is preferred because of the engineering requirements
for high quality mesh. A sample mesh generated over a simple
geometry is given in Figure 1.

A. Components in Mesh Generation Software System

Mesh generation is a fairly complicated process which
utilizes many external libraries, software tools, algorithms and
data management tools. The following are main components
in mesh generation which explains the need for reusing the
software:

• Geometric modeling:Construction of a geometric model
involves designing the model with geometric primitives
such as circles, lines, planes or NURBS (Non-Uniform
Rational B-Splines) curves and surfaces. Highly interac-
tive graphical display systems are needed to design com-
plicated models, which is often done with commercial
CAD systems.
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• Adaptive or Multi-precision library: Geometric algo-
rithms demand robustness in numerical calculation. Most
of the time, standard IEEE floating points are not suitable
for this task, and therefore researchers either use libraries
for exact arithmetic or fast adaptive multi-precision com-
putation.

• Geometric kernel library: A geometric library is a col-
lection of large spatial data structures for geometric space
(e.g. Kd-trees, quadtree, octree, BSP, etc.). These libraries
often provide algorithms for computing the convex hulls,
2-3D triangulations, Voronoi diagrams and fast proximity
queries.

• Mesh generation algorithm:These libraries include com-
ponents for generating a structured or unstructured mesh
in the specified geometries. An unstructured mesh is
mostly generated by using eitherAdvancing Frontor
Delaunay Triangulationalgorithms.

• Sequential and parallel data structures:Very often, we
need an extremely refined mesh containing millions of
cells for finite element analysis. In order to provide
efficient insertion, removal or query for some elements,
commercial software often uses a database (e.g. SQL or
Oracle).

• Domain decomposition and object migration tools:We
often use parallel processing to reduce the time and
memory requirements for the execution of an application.
Software components are needed to decompose, distribute
and control the distributed tasks.

• Interactive visualization: Interactive graphical systems
help in understanding and modifying the geometric space
and mesh generation. In fact, they are an integral part of
the mesh generation process.

B. Applying Design Patterns

In the following section, we apply several GoF design
patterns in our application and explain why they are needed
using small examples.

1) Adapter Pattern Sometimes there are incompatible in-
terfaces between two software components. Adapter pat-
tern provides a clean mechanism to adapt one interface
to another. Adapter pattern could also be used to hide
the old design with the new one without reimplementing
the class from scratch. The end user will perceive the
class according to new design rules.
In our application, the geometric modeler uses NURBS
curves and surface which were originally written in
ANSI C. Here is how we wrap the original code in the
new class

1 namespace NURBS {
2 class Curve
3 {
4 pubic:
5 Curve( NURBS_Curve_t *c );
6
7 Point2D evaluate(double t );
8 point_t pt = NURBS_EvalCurve( oldcurve, t);
9 Point2D result;
10 result[0] = pt.x;
11 result[1] = pt.y;
12 }
13 private:
14 NURBS_Curve_t *oldcurve;

};
}

In this exampleNURBS Curve t class is an old struc-
ture which is not consistent with the new system. Old
structure and old functions are kept as private member
of the class. The end user can use the new system which
uses the old system without ever knowing inner details
of the old system.

2) Bridge Pattern Information hiding is fundamental to
OOP. Keeping class abstraction from its implementation
has many advantages for the following reasons.

• Most of end users are only interested in using the
classes, and not their implementations.

• Keeping implementation in header files results in
longer compilation time and if the header file
changes, the entire application has to be recompiled.

• It makes changing implementation easy. (There may
be different implementation for different platforms)

• Many classes can use reference counting for lazy
object copying.

The Bridge Pattern provides the solution to the problem
by providing a pointer to the representative class in the
original class and forwarding all the requests from the
main class. The only disadvantage of this approach is
that it require indirection for every function call, but
this is the price we are willing to pay for increasingly
the flexibility.

//Implemented in filename MeshGen2D.h
class MeshGen2D
{
public:

MeshGen2D() { rep = new MeshGen2DImpl(); }

void setData( int d)

41



{ rep->setData(d); }
int getData() const {

{ return rep->getData(); }
private:

MeshGen2DImpl *rep;
};

// Implemented in filename MeshGen2DImpl.h
class MeshGen2DImp
{
public:

MeshGen2DImpl();

void setData( int d) { data = d; }
int getData() const { return data; }

private:
int data;

};

This pattern is used in the new system wherever a class
implementation is lengthy and changable.

3) Factory Pattern Consider the following code from
legacy code

void Reader:: readFile( ifstream &infile)
{

GeoEntity *geoEntity;
while(infile) {

infile >> objectType;
switch( objectType )
{

case 0:
geoEntity = new GeoVertex;
break;

case 1:
geoEntity = new GeoEdge;
break;

case 2:
geoEntity = new GeoFace;
break;

case 3:
geoEntity = new GeoCell;
break;

}
}

Although the code seems to be clean design, there are
some shortcomings with this style of object creation
which becomes problematic in future. Consider the
following situations

• We may want to use some customized allocators for
performance improvement.

• We may want to add error reporting messages if the
allocation fails.

• We may want to hook some functions whenever we
create new instance of an object.

• We may want to add new shapes.
Factory pattern provide a solution for this problem.

Factory<GeoEntity> factory;

factory.Register( 0, GeoVertex::create);
factory.Register( 1, GeoEdge::create);
factory.Register( 2, GeoFace::create);

factory.Register( 3, GeoCell::create);

GeoEntity *geoEntity;
while(infile) {

infile >> objectType;
geoEntity = factory.newProduct( objectType );

}

Wherecreateis a static member function for creating a
new object.
With this pattern, user is relieved forever from hard-
coding new object creation. He can register or unregister
product using the services provided by factory. Another
advantage of usingcreate member function for every
object is that this function can be modified, extended
for various purposes without changing the application.

4) Memento Pattern There are many situations where we
want to store the internal representation of an object, for
example:
• Transmitting objects over network: To transfer

objects across the network, sender has to pack the
data into single contiguous buffer (marshaling) and
reconstruct the object at the receiver side. (unmar-
shalling).

• Persistent Storage: We want to store the object
into persistent storage for future use.

For ordinary structures and simple data types, serializa-
tion is simple. Memento pattern is very useful when
• we do not have access to the private data of a class.
• the classes we use are in the library form and we

do not have access to source code.
• we want to override default (un)marshalling func-

tions to store only part of the information instead
of entire class data.

1 hash_map<int, Face*> facedb;
2 Memento<hash_map<int,Face*> > memento(facedb);

3 vector<char> buf = memento.setState();
3 MPI_Send(&buf[0], buf.size(), MPI_CHAR, dest,

0, MPI_COMM_WORLD);
4
5
6 MPI_Recv(&buf[0], numrecv, MPI_CHAR, source,
7 0, status, MPI_COMM_WORLD);
8 facedb = memento.getState(buf);

In the line 2, we serialize the object and store in the
memento object and in the line 8, de-serialization take
place using memento class.

5) Observer Pattern Object rarely exists in isolation.
Whenever state of an object changes, sometimes it is
necessary to notify its dependent or peer objects, so that
they can take appropriate actions. In figure 3 an edge
AB has been flipped to CD therefore lots of changes
take place Edge BD and AC have now new triangles as
neighbor.

// Adding observers of an edge AB.
edgeAB->addObserver( edgeCB );
edgeAB->addObserver( edgeAC );
edgeAB->addObserver( edgeAD );
edgeAB->addObserver( edgeDB );
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.
// notify all the observers.
edgeAB->notify();

In the original code, complex data structure were used
to reflect the changes whenever an edge is flipped. (
We have omitted giving original code because of length
considerations), but our experience says that this pattern
was able to reduce coupling between the object that
change and objects that needs change modifications. The
resulting code is much cleaner and easy to understand.
Observer pattern is a very powerful and useful pattern.
When the subject changes, it notifies to the observers and
they perform some calculations because of the changes.
This pattern allows those calculations to be performed
on On demandbasis. To implement this change requires
good understanding of the legacy code.

6) Prototype Pattern It is a pattern for object creation in
which an object is responsible for creating a new object
by cloning itself. Initially all the cloned objects inherits
all the attributes from parent but these can be changed
after the objects are created. Here is an example from
our legacy code
Face* createNewObject( Face *face )
{

Face *newface;
switch( face->getType() )
{
case TRIANGLE:

newface = new Triangle();
break;

case QUAD:
newface = new Quadrilateral();
break;

case POLYGON:
newface = new Polygon();
break;

}
return newface;

}

The main difficulties with this approach are
• it is using switch statements to identify the type of

a parent object which is hard to evolve.
• It has an assumption that only three kinds of object

will be supported. Any new type of object will
require adding one moretypeid and changing this
part of code.

Now if the prototype pattern were used we could use
the same function as follow
Face* createNewObject( Face *face )
{

return face->clone();
}

which is more precise and elegant. In order to use this
pattern, every class has to provide a clone member
function, which is simple and produced no side effects.
In our re-engineered code, we used this pattern every-
where in the code.

7) State Pattern Most times, an object action depends
on the type of input it receives. The most common ap-
proach is to use switch statement and invoke appropriate
actions. Here is an example from the legacy code.

switch( cavityState)
{
case 0:

goodCavity();
break;

case 1:
lockedCavity();
break;

}

Depending upon the state, user take some actions. In
many cases, number of states could be large and user
may add or delete some states in the future releases.
Using switches makes the code difficult to change. We
apply state pattern to solve this problem in an elegant
way. The following three steps are required
• Create state objects for each of the possible state

derived fromState abstract base class
• Assign unique integer ID to each state class and

register them to State-Manager
• replace the switch statement by passingstate-ID to

the state-Manager
We create an object for each possible state, which is
derived from state abstract class and register them into
state repository as shown below.

class CavityState: public State
{
public:

void Operation();

protected:
Grid *grid;
Cavity *cavity;

}
class GoodCavity : public CavityState
{
public:

void Operation();
}
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class LockedCavity : public CavityState
{
public:

void Operation();
}
int main()
{

CavityState *cavityState;
cavityState->Register(1, new GoodCavity);
cavityState->Register(2, new LockedCavity);
currentState = cavityState->getState(num);
currentState->Operation(num);

}
8) Strategy Pattern Many time, we apply different algo-

rithms for different input instances and conditions be-
cause some algorithms are well-suited to some specific
input or requirement. If the number of algorithms are
large or likely to change in future, it is not a good idea
to hard-code them using switch statements. Here is an
example from our legacy code

switch(algorithm)
{
case 0:

applyDelunayMethod();
break;

case 1:
applyAdvancedFrontMethod();
break;

case 2:
applyQuadtreeMethod();
break;

}
The flexibility of changing algorithm at run time and
experimenting with different algorithms is important for
the quality of the software output. The above method,
although correct is not elegant. With strategy pattern we
can add and choice different algorithms at run time.
class DelaunayMethod: public Strategy
{
public:

void applyAlgorithm();
}

class AdvancedFrontMethod: public Strategy
{
public:

void applyAlgorithm();
}

class QuadtreeMethod: public Strategy
{
public:

void applyAlgorithm();
}
int main()
{

MeshGen2D *meshGen;

algRepository->Register(1, DelaunayMethod );
algRepository->Register(2, AdvancedFrontMethod );
algRepository->Register(3, QuadtreeMethod );

currentStrategy = algRepository->getAlgorithm(1);
meshGen->currentStrategy->applyAlgorithm();

}

This solution has the following advantages

• It has not used hard-coded switch statements.
• User registers algorithms in a repository and if

needed, he can query the algorithm. This allows
collaboration among team members and flexibility
in choosing the algorithm appropriate to the require-
ment.

• The code is modularized into small number of
classes which can be independently changed or
tested.

9) Template Pattern Template pattern is so fundamental
to object orientation that it is surprising to know that
GoF classified it under patterns category. This pattern
is also ambiguous because of the fact that C++ now
support templates. (We wish that GoF could find a
better alternate name to distinguish it from powerful
C++ templates ).
In the template pattern, some functions which are com-
mon to the subclasses are put into base class and a
default behavior may be implemented. Derived classes
can override this function and refine the behavior. The
simplest example comes from base class object
class Object {
public:
Object() {}
virtual ˜Object() {}
virtual int hashCode() { return 0;}
virtual Object* clone() { return NULL;}
virtual bool equals(Object* obj)

{ return 1;}
virtual const char* getName()

{ return "Object";}
}

Every class which is directly or indirectly derived from
Object class can provide override function (such as
hashCode, clone etc).

10) Visitor Pattern Consider the following part of the code

class Face
{
public:
.
void getArea();
void getAspectRatio();

private:
double area, asr;

}
Here Face is a abstract class for the different type of
faces ( triangles, quadrilateral ...) and with each face we
have difference quality parameters. This is not a clean
design. Suppose we change this class to

class Face
{
public:

.
void getQuality();

private:

44



double quality;
}
Wherequality could be area or aspect ratio or any other
user defined value associated with each face. With this
implementation, quality is defined external to the class
and can be defined by the user as

void FaceArea( vector<Face*> facedb)
{
vector<Face*> iterator iter;
Face *f;
for(i = facedb.begin(); i != facedb.end(); ++i)

switch( (*i)->getType() )
{
case TRIANGLE:

Triangle *tri =
dynamic_case<Triangle*>(*i);

tri->setQuality(TriangleArea(tri));
break;

case QUAD:
Quadrilateral *quad =

dynamic_case<Quadrilateral*>(*i);
quad->setQuality( QuadeArea( quad ));
break;

}
}

}

Well, this code will work, but all the elegancy of object-
orientation and simplicity are hardly visible. Such codes
are difficult to maintain.
We solve this problem usingVisitor Pattern

class Grid
{
public:

void accept( Visitor<Face> *v ) {
for( int i = 0; i < facedb.size(); i++)

v->visit( facedb[i] );
}

private:
vector<Face*> facedb;

}

class AreaVisitor : public Visitor<Face>
{
public:

void visit( Face *f ){
double q = getArea(f);
f->setQuality(q);

}
private:

double getArea( Face *f);
};
class AspectVisitor : public Visitor<Face>
{
public:

void visit( Face *f ){
double q = getAspectRatio(f);
f->setQuality(q);

}
private:

double getAspectRatio( Face *f);
};

int main()
{

Grid2D g2d;

Visitor<Face> *varea = new AreaVisitor;
grid.accept(varea);

Visitor<Face> *vasr = new AspectVisitor;
grid.accept(vasr);

}

With this pattern, we are able to redefine the func-
tionality of the class without changing it. Since this
functionality is outside the class, it is very easy to extend
by creating a new visitor class.

11) Iterator Pattern There are large number of data struc-
tures (vector, tree, graph, link list etc) to store collection
of objects. A particular data structures is decided by the
applications in hand. Iterator pattern provides technique
by which we can access elements of a container without
exposing its internal representation.
Although GoF provides a simple Iterator pattern, in our
view C++ iterators are more powerful, and we do not see
any reason why they should not be directly used instead
of GoF pattern. The following program tells how we do
it.

Class Grid1D {
typedef multimap<int,Edge*> Container;

public:
typedef Container::iterator edge_iterator;
.
.
Edge* currentItem(edge_iterator iter)

{return iter->second;}
.

private:
Container container;

}

int main()
{

Grid1D *g1d;
Grid1D::edge_iterator eiter, ebegin, eend;

ebegin = g1d->edges_begin();
eend = g1d->edges_end();
for( eiter = ebegin; eiter != eend; ++eiter) {

Edge *edge = g1d->currentItem(eiter);
.
.

}

The application does not need to know anything about
container used in the class. In future, if we decide to
change “multimap” container to “hashmap”, only one
line in the header file will change which is a local
change. There is no need to change anything in the user
application.

C. Using Generic Libraries
Most of the legacy codes make use of data structures such

as link-list, vector, hash table, etc in their code, With the avail-
ability of Standard Template library (STL) and related Boost
C++ libraries, these data structures can easily be replaced
by standard data structures provided by these libraries. Since
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STL was designed keeping performance in mind, only very
few software may need customized libraries of much higher
performance.

void DoSomething( Grid1D* g )
{

double *buf = new double[g->numNodes()];
.
.
delate buf;

}

instead of using conventional arrays, if we use STL vector,
we can avoid using delete every time ( and avoid accidental
memory leaks );

void DoSomething( Grid1D* g )
{

vector<double> buf;
buf.resize(g->numNodes();
.
.

}

Other than standard data structures provided by STL, Matrix
Template library(MTL), Iterative template library (ITL) and
Boost Graph library( BGL) are some of the non-standard
but very flexible and powerful libraries based on the STL
design principle. The use of these libraries not only increases
the reliability but also decreases the size of original code
considerably. In our future studies, we plan to include them
and undertake performance studies.

Arrays and char string are perhaps the most common in
legacy code which are second class object. Using their first
class equivalents such as vector and string in C++ STL,
provides flexibility and reduces redundancy in the original
codes.

IV. EVALUATION OF EFFICACY OF DESIGN PATTERNS

Applying design pattern is tricky and sometimes difficult.
We can justify effort only when we see some quality improve-
ment in the new system. In this section, we answer some of
the common questions.

• Is new system more flexible ?
Yes. With the Prototype, Factory and abstract Factory,
instantiating new objects has become very simple and
flexible. With Strategy pattern, adding/replacing new al-
gorithms has become very simple.

• Is new system better maintainable ?
We follow the software maintainability defined by Fenton
[12] Maintainability = Understandability + Modifiability
+ Extendibility + Testability
With the above definition, design patterns are good
for software maintenance. They enforce modularization
which are easy to test than monolithic classes, we can
modify a component without having side effects, ex-
tendibility is the prime motivation of patterns.

• Is the process incremental ?
In general, no. Some of the design patterns such as factory
and prototype pattern are very simple to implement. State

and strategy patterns are relatively harder and require
good understanding of the software. Observer pattern’s
full potential can be realized only when we understand
nuts and bolts of the software. We are not sure whether
reference counting could be carried out incrementally.
Figure 4 we have listed probability of finding patterns in
a typical scientific software. The most powerful patterns
are at the bottom of pyramid, therefore most of the codes
will be suitable for re-engineering with design patterns.

• Are GoF pattern suitable for scientific computing ?
Yes, most of our software are experimental in nature and
therefore have high degree of changeability. With design
patterns we are able to add new features, and experiment
with new algorithms.
While we did not perform quantitative analysis of the
performance impact of our changes, we did informally
check that the performance did not degrade substantially.
We did this by re-generating the mesh in Figure 1, which
took at most 5 percent longer than the legacy version.

• Is design pattern a good lingua franca ?
Yes. With design pattern we can explain the behavior,
concepts and architecture of the software to both team
member and to the seniors.

• Are GoF patterns concise ?
Largely yes, but it seems that Memento, Template and
Iterator patterns are just syntactic sugar patterns. Most of
the developers use them without knowing that they are
patterns.

• Do we need new patterns to increase the flexibility ?
Yes. Similar to State, Factory and Strategy patterns,
one of the big obstacles in reusing the software comes
from using various termination condition. Consider the
iterative solvers in linear algebra, there are many criterion
to stop the iteration process and most of the software
use predefined conditions. AConditional Patternmay
be a good choice. We also find that there are no good
patterns for error handling and testing software. Since
these essential parts of any software development, we
need to find good patterns to address these recurring
problems.

Overall, design patterns have significantly improved the
quality of the software. They have forced modularization
(State, Strategy, Visitor). The bridge pattern allowed us to keep
implementation separate from interface. The Iterator pattern
provided a consistent and simpler interface for traversing over
the container. Design patterns helped us to evolve the legacy
software toward a reusable, object-oriented design.

A. Design Pattern Mining

In large complex legacy code, finding the design pattern
requires good understanding of the code. Ferenc [13]et. al.
has reported developing automatic tools for finding patterns
from UML graphs, but as of now we did not find any freely
available tool on linux or other Unix platforms. For the time
being, we explored them manually and noticed that in non-
numerical scientific application, there exists possibility of ap-
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Fig. 4. Probability of finding GoF design patterns in legacy codes

plying design patterns to improve the quality. Most of scientific
applications employ different algorithms for different input,
use different data types and have dependency among objects.
During re-engineering process, the use of design patterns
involves decision about level of intrusion in the software. Table
IV-A provides a guideline about level of intrusion which could
help in taking decisions.

Pattern Low medium Larges
Changes Changes Changes

Adapter -
√

-
Bridge

√
- -

Factory
√

- -
Memento

√
- -

Observer - -
√

Prototype
√

- -
Singleton

√
- -

Strategy - -
√

State - -
√

Template -
√

-
Visitor -

√

Iteretor -
√

-
Ref. Count - -

√

TABLE I

LEVEL OF INTRUSION IN SOFTWARE

B. Difficulties in Using Design Patterns

The major difficulties in applying design patterns are as
follows

• Lack of standard implementations:There are very few
freely available robust implementations of design patterns
in C++. Implementing robust and reliable design patterns
such as Singleton, Visitor, Factory, Reference Counting
etc are non-trivial task.

• Design patterns are just software tool:Design patterns
are not part of a language. They are just some valuable
software tricks, therefore they are likely to have different
interpretations and implementation by various people. It

is easy to create hard to understandable code which is
against the very tenet of design patterns.

• Breaking the hierarchy:Existing applications might have
to rearrange their hierarchies or use multiple inheritance,
both are difficult and error prone. Language such as JAVA
has advantages over C++ as it directly or indirect inherits
every class from one superclass “Object” and support
only single inheritance.

• Powerful patterns need high intrusion:Some of the
design patterns such as Visitor and Observer patterns
could realize their full potentials only when the user could
change or reorganize the code substantially which may
require lots of changes in the code and therefore the cost
of reengineering could be higher.

V. CONCLUSIONS

Despite many shortcomings, legacy codes are too important
to be left aside in the application development. Our exper-
iments have shown that with design patterns and generic
programming we can develop new systems which are very
adaptable and extendable. We have applied GoF design pattern
in our mesh generation application and we can categorically
say that design pattern improve the system and make them
flexible. This motivates us to explore patterns which could be
useful in distributed parallel computing.
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