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Unit testing is one of the most effective techniques to find defects at an early stage, which reduces the testing and mainte-
nance efforts exponentially at the later phase. It becomes more important when the environment is global software devel-
opment, where the software developers are disparate over the different environments and places. In this paper, we suggest
to apply cognitive weight complexity metric (CWCM) for unit testing in a global software development environment. On
the contrary, to the other metrics, CWCM calculates the cognitive complexity of the code and is a language independent
complexity measure. Cognitive complexity plays an important role in understanding the fundamental characteristics of
software, therefore directly affects the understandability and maintainability of software systems. The CWCM is theoretically
evaluated against Weyuker’s proposed set of measurement principles and is found to satisfy seven Weyuker’s properties.
The empirical validation and practical applicability of the proposed metric is evaluated by test cases, comparative study

and through a framework.
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1. Introduction

Geographically software development (GSD) has
come to dominate the software industry over the last
few years. More and more software companies are
adopting geographically software development for large
projects. This success is due to several factors such as;
GSD provides the solution to IT skills, cost efficiency,
competitive advantages, round the clock software
development and availability of the new market. On
the other hand, there are also risks and challenges with
GSD; for example the uncertainty surrounding a project
team’s ability to communicate accurately, precisely and
unambiguously [1]. Further, different cultures have
varied approaches to development [2]. Therefore, one
of the major problems in GSD is the loss of control
in quality of the software, developed by software
professionals from different locations and cultures, having
different skills and responsibilities [3] [4]. Sometimes,
development team members don’t realize the advantages
of the quality aspects, which must be controlled during
the early phase of software development. Presently,
several organizations are adopting agile strategy for
global software development. They apply the iterative
techniques, but in several cases, the development team
members neglect evaluating the quality of the code after
each iteration process [5]. More specifically, instead
of performing a unit test of the modules/units after
each iteration, they leave it for testing at later phases.
However, this practice is not acceptable because the
several reasons. First, average cost for detecting the
defects rise exponentially [6] at each later stage and if

fault is overlooked due to any reason during the testing
phase, it may create severe complications after delivery
of the product.

One of the reasons for the above crisis is that
software developers don’t find the proper tools and
metrics for this purpose. Furthermore, one of the features
of the unit testing i.e. the complexity of the code can
be evaluated by the conventional software metrics, but,
most of the metrics are language dependent, or don’t care
about the cognitive complexity and also not capable of
evaluating the internal architecture of code, therefore not
suitable for unit testing. Presently, Most of the software is
developed in object oriented languages like JAVA, C++,
C#, Python, and Ruby. Therefore the metrics developed
at the time when procedural languages were dominant,
are not suitable for unit testing in an object-oriented
environment. In addition, most metrics evaluate some
specific feature of the code. For example, cyclomatic
complexity [7] is based on control flow structured ness
and does not care about internal architecture or the size of
the code. Similarly, line of code indicates only the size of
code. Halstead complexity metrics are based on operators
and operands count. Although all these metrics are
applicable for unit testing, if the complexity of the code
based on the functions and architecture is required, then
all these metrics are not too useful. These all metrics are
also not capable of capturing the features (like inheritance
and coupling) of object oriented languages during unit
testing. The current software metrics are subject to these
criticisms, it seems appropriate to develop a metric,
which can be applicable at the level of unit testing and
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satisfy most of the parameters required for calculating
complexity of code. By keeping these issues in mind,
we propose to apply the cognitive weight complexity
metric for the unit testing of GSD, which is capable of
evaluating the complexity of code from a cognitive and
architectural point of view.

Cognitive complexity measures [8-11]] are based on
cognitive informatics [12,13,14]. Cognitive weights are
in the kernel of all the cognitive complexity measures
based on cognitive informatics. However, all existing
cognitive complexity measures combine other factors
with cognitive weights to estimate the complexity of
code. These factors interact with cognitive weights in
different ways. In other words, none of the existing
cognitive complexity measures use cognitive weights
as complexity measures except CWCM [15]. In a
conference [16], we have presented a comparative study
amongst all the existing cognitive complexity measures
and evaluated CWCM against Weyuker’s properties. In
the present paper, we are extending our previous work
and evaluating its applicability for unit testing of the
software system in different languages. In addition, we
perform a rigorous comparative study with other well-
known complexity measures for procedural programming
languages and object oriented programming languages.
A case study in JAVA demonstrates the applicability of
CWCM in a real object oriented project. In general, the
paper has the following agenda:

1. To select the most suitable metric for unit testing in
GSD environment, which is easy to adopt, platform
(language) independent, capable of evaluating
complexity of code from all perspective, i.e.
cognitive aspects, internal architecture and structural
complexity etc.

2. To evaluate the theoretical soundness of the
metric (CWCM) applied for unit testing in GSD
environment.

3. To evaluate the platform (language) independency
of the metric (CWCM).

4. To compare CWCM with the cognitive complexity
measures, other well known measures and measures
which are specifically applicable in Object-oriented
environment.

5. To validate empirically with plenty of examples in
different languages and with case study.

The paper is organized in the following way. In the
next section, we discuss the background of unit testing
in different environment. We demonstrate the CWCM
in the forthcoming section. Later, we demonstrate the
theoretical, practical and empirical validation of CWCM.
This section also includes the experimentation (case
study) and comparative study of the measure. We discuss
the conclusion of the work in the last section.

2. Background

Unit testing is an indispensable tool for software
developers to produce high quality software. It is the
first test activity for testing a unit of software. In fact,
unit testing is not the job of the testing department; it’s
the developer/programmer’s responsibility for testing
his own components, for removing errors, reducing
the complexity and therefore producing high quality
components. Since, units are typically modules that
eventually become part of a large system and only the
developer knows the detailed information of that unit
[17]; it is strongly recommended that the developer
himself should test the unit. Furthermore, unit tests show
that code is really doing what the developer wants [18]
and helps in reducing the maintenance cost, because
errors are removed in developing stage. In addition,
it can be used for self-evaluation of a programmer for
improving his/her skills.

The unit can be defined differently in a different
programming paradigm. A unit can be treated as a
module, or a sub system of big software and depending
on the architecture [17]. For example, in procedural
languages like C, Pascal, FORTRAN, or Basic, a unit is
a software module, which represents a portion a complete
program, allotted to the particular developer. It is because
of a unit in procedural language completes after several
implementation of functions and procedures. However,
a unit can be represented by a component or a class or a
method in an object oriented programming environment.
Commonly, a class or object is treated as a basic unit in
OO0 environment. Once the coding of a class is complete,
it can be tested. There are several metrics available in
literature for evaluating the quality of code, which can
also be applicable for unit testing. However, for unit
testing the metrics should have some specific qualities.
For example, several well-known metrics are applicable
only when full code is completed. Then these metrics may
not be an effective measure in procedural programming
languages because in procedural language big software
is divided into small modules and distributed to software
developers. Cyclomatic complexity is an example of this
type of metric.

There are several issues and several techniques for
unit testing [18]. However, our proposal is restricted
only to test (evaluate) the quality of a unit, and code
developed by the developer, either in procedural language
or in object oriented language. Our emphasis is to adopt
a realistic way for unit testing which suits the present
conditions rather than obeying ideal rules, applying
difficult metrics and waiting for favourable conditions.
On this point of view in the forthcoming sections, we are
evaluating the suitability of CWCM for unit testing in a
global software environment.
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3. Cognitive Weight Complexity Measure
(CWCM)

IEEE defines quality metrics [19] “a function whose input
are software data and whose output is a single numerical
value that can be interpreted as the degree to which the
software possesses a given quality attribute”. Several
efforts have been made to quantify the complexity
of the program through quality metrics. Proposal of
several cognitive complexity metrics [8], [11], [15] and
[20] are also the results of these efforts. A comparative
study between cognitive complexities measures have
been found in [16]. Cognitive complexity measures,
based on cognitive informatics [14] are human effort
needed to perform a task or difficulty in understanding
the software. All these measures are using cognitive
weights as a fundamental unit. The cognitive weight
of software [11] is the extent of difficulty or relative
time and effort for comprehending given software. The
definition of cognitive weight comply with the definition
of complexity [19] which states that the degree to which
a system or component has a design or implementation
that is difficult to understand and verify. In other words,
cognitive weights itself represents a quality metric whose
inputs are weights of basic control structures (BCS),
and output is a positive number, which represents the
complexity of the architecture of the program. Basic
control structures (BCS), sequence, branch and iteration
[12-14] are the basic logic building blocks of software.
The cognitive weight of software [11] is the extent of
difficulty or relative time and effort for comprehending
given software modelled by a number of BCS’s. There
are two different architectures for calculating W,
(weight of basic control structure): either all the BCS’s
are in a linear layout or some BCS’s are embedded in
others. For the former case, sum of the weights of all n
BCS'’s; are added and for the latter, cognitive weights of
inner BCS’s are multiplied with the weights of external
BCS’s. The cognitive weights (CWi) for different Basic
Control Structures are given in Table 1. Actually, these
weights are assigned on the classification of cognitive
phenomenon as discussed by Wang [11]. He proved and
assigned the weights according to the complexity of the
functions. For example, weight for the lowest cognitive
function is assigned as 1 for sequence structure of the
program and weights for concurrency and interrupts are
assigned as 4, the most complex structure of the programs.
These weights show the basic control structures of the
program and can be easily represented by the graph and
shown in Table 1.

Further, if we compare all the complexity measures
based on cognitive informatics [16], we found that each
measure has its own advantage and disadvantages and
one can find the same indication of complexity of code

only by the consideration of cognitive weights. Therefore,
we recommend using the cognitive weight complexity
measure for unit testing of modules/units, which depends
upon the cognitive weights of basic control structures
ie.,

CWCM=Total cognitive weight of all BCS in a module
or unit or software component. .. (D)

Where total cognitive weight of a software component
is defined as the sum of cognitive weight of its q linear
blocks composed in individuals BCS’S. Since each block
may consists of m layers of nesting BCS’s, and each layer
with n linear BCS’s, the total cognitive weight, W_can

Table 1: Basic control structures and their Cognitive Weights

Category BCS Value Flow Graph
Sequence sequence 1 I
Condition if-else 2 l{}l

switch 3 j\
Iteration for 3

for..in 3

while/do... 3
while

nested loop 3

Repeat-until 3 ?

Functional function-call 2
Activity
alert/prompt/ 2
throw
event 2
recursion 3 é
Exception try...catch 2 /‘\
[ ]
Concurrency | Parallel 4 gt
h"'4
Interrupt 4
. ®

Other goto 2 I>
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be calculated by:
q m n
e =W.=3 [TT 3w Gk, - (2)
j= k=1 i=l ¢
The unit of cognitive weight complexity measure is
defined as the cognitive weight of the simplest software
component i.e. a linear structured BCS.
CWCM =f (W, ) = 1 Cognitive Weight Unit (CWU)

In fact, cognitive weights correspond to the number
of executed instructions. For example, if in a simple

program without a loop, the processor executes only
once at the run time. So the weights assigned to such
code is one.

The above measure has been illustrated with the help
of an example given in Fig.1.

The main program has one sequence, one iteration
and one call structure. In main the pluralize function is
called, therefore first we have to calculate the weight
of function “Pluralize”. This function Pluralize has one
sequence and two nested If-else structures.

#include <stdio.h>
#include <string.h>
#define MAX_LEN 20
#define SENT “exit”

int main(void)

inti;
printf(“\nEnter %s to quit.”, SENT);

for (scanf(“%s”, noun);
strcmp(noun,SENT) 1= 0;
scanf(“%s”, noun)) {

printf(*“\n%s %s”, noun, plural);

}

return (0);

}

char * pluralize(char
const char *noun, /* input string

int pl_size) /* input - size of plural */
{ charend[3];
int last;

last = strlen(noun);

strcpy(end, &noun[last - 2]);

/I BCS (Branch) W,, =2

strepy(plural, noun);
strcat(plural, “es™);

}

/* return the plural form of the noun */
return (plural);

Example 1. An algorithm, which Takes nouns as input and forms their plurals based on
these rules: a. if a noun ends in “y”, remove the “y” and add “ies”. b. If noun ends in
“s”, “ch” or “sh”, add “es”. c. Otherwise just add “s”.

char *pluralize (char *plural, const char *noun, int pl_size);

{char noun[MAX_LEN],plural[ MAX_LENT];//

printf(“\nEnter a singular noun to be put into plural form: *);
/* Sentinel controlled loop for string input. */

pluralize(plural, noun, MAX_LEN); // BCS (call) W,

printf(“\n\nEnter a singular noun to be put into plural form: *);

*plural, /* output string */
*/

/I BCS (sequence) W,, =1

/* Set last equal to the value of the string’s length. */

/* Copy the last two characters of noun into end. */

/* Add appropriate endings to noun to form plurals. */

if (noun[last-1] == *y’) { // BCS (Branch) W, = 2

/* If noun ends in ‘y’, delete ‘y’ and add ‘ies’ */

strncpy(plural, noun, last - 1); plural[last - 1] = “\0’; strcat(plural, “ies”);

Yelse if ((noun[last-1] == “s”) || ((stremp(end,”ch”) == 0) || (strcmp(end,”sh™) == 0))){

/* noun ends in “s’, ‘sh’, or ‘ch’, so add ‘es” */

} else { /* otherwise add an ‘s’ */ strcpy(plural, noun); strcat(plural, “s”);

BCS (sequence) W, =1

/I BCS (iteration) W, = 3

= 2+5=7

Fig. 1: Illustration of the application of CWCM
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BCS (sequence) W,, =1
BCS (condition) W, =2
BCS (condition ) W,, = 2
The weight for this function/module “pluralize” can
be calculated as:
q m n
w.=>» {H ch(j,k,i))=1+(2*2)=5
=L k=L =l
The cognitive weights of the basic control structures of
main programs are:

BCS (sequence) W, =1
BCS (iteration) W, = 3
BCS (call) W, = 2+weight of called function = 2+5=7

The CWCM value for the main program can be
estimated as;

CWCM=Wc =W +W, +W, = 1+3 +7= 11 CWU

4 Validation of Cognitive Weight Complexity
Measure

Any new measure is acceptable only when it has passed
thorough the proper validation process. The normal
validation of software metric includes theoretical,
practical and empirical validation study. The theoretical
validation proves scientific basis of the measure. The
practical validation proves its purpose and aim, and its
practical usefulness. Finally, the empirical validation
which is the most important part of validation process
proves the practical applicability of the measure on
real life applications. In the next section we apply well
known Weyuker’s properties for the theoretical validation
process. In section 3.2, we apply the Kaner’s framework
for practical evaluation of measure and in section 3.3 we
empirically validate CWCM by comparative study, case
study and test cases.

4.1 Theoretical Validation: Weyuker’s Properties and
CWCM

Weyuker’s properties [21] evaluate the weaknesses of
a proposed measure in a practical way. With their help,
one may obtain an idea about the quality of his/her
own proposal. Although, Weyuker’s properties are very
much- criticized [22-24], they are still used for evaluation
purposes [8], [9], and topic of research [25-27].
Nevertheless, in the following paragraphs, the CWCM
will be evaluated against nine Weyuker’s properties in
order to observe the soundness of the proposal. For this
purpose, nine examples given in [8] are considered.

Property 1: (3P) (3Q) (|P] # |Q|) Where P and Q are
program body.

This property states that a measure should not rank
all programs as equally complex. The first of the two
examples considered in [8] have two internal structures:

a sequence and iteration. Total cognitive weight of this
algorithm is:

W_ =W, +W, =4, Hence, CWCM =W_= 4 CWU.

For the next example in Fig. 2, here is only one internal
structure: a sequential. The total cognitive weight of the
BCS’s is:

W=1, Hence, CWCM =W_=1 CWU.

Clearly, from the above two examples where cognitive
weight complexity measure is different, this property is
satisfied by the proposed measure.

Property 2: Let ¢ be a non-negative number, and
then there are only finitely many programs of
complexity c.

All programming language consists of BCS’s. For
cognitive weight complexity measure, it only depends
on cognitive weights, which are all finite in number for
any finite length program and therefore there is only a
finite number of program bodies for a given complexity
value. Hence, CWCM holds for this property.

Property 3: There are distinct programs Pand Q such
that |P| = |Q|.

Example 3 considered in [8] has two internal structures:
a sequential and an iteration . Total cognitive weight of
this algorithm is :

W, =W, + W, = 4. Hence, CWCM =W_=4=4
CWU.

For the next example in figure 1 [8], CWCM is 4
CWuU.

It is clear that for two distinct programs the cognitive
complexity measure is the same i.e. 4. Therefore,
this property is satisfied by the cognitive complexity
measure.

Property 4: (3P) (3Q)(P=Q & |P|#Q)).

This property states that even though two programs
compute the same function, the program complexity is
determined by the implementation details. If in example
figure 1[8], for loop is replaced by the formula s=
(b+1) b/2 (in Fig. 2.) the output is not affected. For this
changed program CWCM is 1CWU, which is different
for CWCM value for example Fig. 1(CWCM=4 CWU).
For measuring the sum of first n integer by two different
algorithms, it is observed that the cognitive weight
complexity measure for the two algorithms for the
same object is different. Therefore, this property is also
satisfied by the given measure.

Property 5: (vP) (vQ) (IPI<|P; Q[ & |Q[ <[P; QI).
Cognitive weight complexity measure is an integer and
the set of integers with operator holds the following
property:
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(vP)(vQ)(P<P+Q)and (Q<P+Q).

Since this equation and Weyuker’s property 5, are
analogous and such property 5 is satisfied by modified
cognitive complexity measure.

An alternative proof of this property also exists
by taking an example of the two-program bodies. For
program given in Fig. 4 [8], there is one main program
with two-internal program bodies. The BCS of the main
program and two-program bodies are given separately.

The program body for finding the factorial of the
number, there are one sequential, and one branch BCS’s.
Total cognitive weight is given by: W=1+2=3,

For, the program body for finding the prime number,
there are one sequential, one iteration and two branch
BCS’s. Total cognitive weight for this module is given
by, W=1+3*2*3=19.

For the main program body for finding the prime
and factorial of the number, there are one sequential, two
call, one branch BCS’s. The total cognitive weight of the
program is given by, W=1+5+21+2=29. Hence, CWCM
=W, =29=29 CWU.

For the program given in Fig. 5, there is one
sequential, one iteration and two branch BCS’s. The
total cognitive weight is given by, W = 1+2*3*2+2=15
[CWU].

Hence, CWCM = W, =15 CWuU.

For program given in Fig. 6, there is one sequential,
one iteration and one branch BCS’s. The total cognitive
weight is given by: W =1+2*3=7. Hence, CWCM=7
CWU. It is clear from the above example that if we take
the two program body, one for calculating the factorial
and another for checking for prime whose cognitive
weight complexity measure are 15 and 7 which is less
than P+Q i.e. 29. So property five also holds for this
complexity measure.

Property 6a: (3P) (3Q) (AR) (IPI=|Q)) & [P; R| | |Q;
R|).

6b: (3P) (3Q) (AR) (IPI = Q) & |R; P| #|R; Q).

This property asserts that we can find two program
bodies of equal complexity which when separately
concatenated to a same third program yields the programs
of different complexity. Our measure depends only upon
cognitive weights that are fixed for all programs and
joining program R with P and Q adds the same amount
of complexity. Hence, this property is not satisfied.

Property 7: There are program bodies P and Q
such that Q is formed by permuting the order of the
statements of P, and (|P] = |Q)).

Since CWCM depends on cognitive weights of basic
control structures, which are fixed for any program,

hence permuting the order of statement in any program
will not change the value of CWCM. Hence, the CWCM
will not change for the two programs. Thus, CWCM does
not hold for this property.

Property 8: if P is renaming of Q, then |P| = |Q].

Cognitive weight complexity measure gives an integer
value so renaming of a program cannot change cognitive
weight complexity and as such this property is clearly
satisfied by the given complexity measure.

Property 9: (3P) (3Q) (IP| +1QI). < (|P; QJ).

This property allows for the possibility that as the
program grows from its component program bodies,
additional complexity is introduced. If we take the
examples 4, 5 and 6 [8], where the cognitive complexity
measure for two-program bodies are 15 and 7 and for
single (combination of both) is 29. This example proves
that this complexity measure satisfies property 9.

In this section, it is proved that CWCM satisfied
seven of nine Weyuker’s properties. The CWCM do not
satisfy property 6 and 7. Since CWCM measures the
cognitive weights, which are fixed for all programs and
joining, program R with P and Q adds the same amount
of complexity. Therefore, this complexity measure is not
satisfied by property 6. Further, the complexity value for
CWCM does not change by altering the position/order of
BCS’s. Therefore, property seven is not satisfied by the
proposed measure. Further, it is to be noted that it is not
required to satisfy all of Weyuker’s properties, since some
of the Weyuker’s properties are themselves contradicting
to each other from the measurement point of view.

4.2 Practical Evaluations

In the previous section, we have proved that CWCM
satisfies seven of nine Weyuker’s properties. However,
satisfying Weyuker’s properties is a necessary but not
sufficient condition for a good complexity measure
[22]. Therefore we have also evaluated CWCM from
a framework proposed by Kaner [28]. The framework
proposed by Kaner is more practical to evaluate any
complexity metrics. The evaluation of the CWCM against
this framework is given in the following paragraphs:

The purpose of the measure: The main purpose of the
CWCM is to evaluate the quality of unit by the developer
who has developed the code. CWCM can also be useful
for self-assessment of the developer.

Scope of usage of the measure: The scope of use of
CWCM is the software development team. It can be used
for unit testing for the module/units of software systems
in a geographically distributed environment.

Identified Attribute to measure: The attribute which
can be estimated by the CWCM is the quality of module/
unit, code and developer. A high CWCM value for a
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particular module/unit reflects that the code in this unit is
less understandable and consequently less maintainable
for future development efforts.

Natural scale of the attribute: The natural scale for
quality attribute can not be easily defined, since it requires
the development of a common, non-subjective view
about them and therefore, we have no knowledge about
the natural scale of attributes.

Natural variability of the attribute: The quality
attribute depends on several other factors. Even though
if we define the variability of the attribute, it may not
complete, due to existence of other factors. Therefore,
we have no idea about the variability of the attribute.

Definition of metric: The metric has been defined
formally in Section 3.

Measuring instrument to perform the measurement:
CWCM measures cognitive weights of different BCS’s.
We can estimate CWCM either by human being or by
an automated tool.

Natural scale for the metric: If we analyze CWCM
against measurement theory [29] we find that, it is the
ratio scale.

The Natural variability of readings from the
instrument: Cognitive weights of all basic control
structures are fixed therefore; there is no variability in
estimating the complexity values either by human being
or by automated tool.

Relationship between the attribute to the metric value:
The CWCM values are directly related to the quality of
the unit under test. If the CWCM value increases, it is
clear that the unit quality will decrease since it implies
inefficient use of memory and time.

Natural and foreseeable side effects of using the
instrument: After automation of the CWCM, it will not
require considerable additional workload of manpower
of the company. It is very easy and cheap to develop the
tool for this purpose.

4.3 Empirical Validation of CWCM

In this section, we have proved the validity of CWCM
by taking a variety of examples, case studies and
comparative studies in different domains. CWCM is a
cognitive complexity measure, so first we will compare
CWCM with similar cognitive complexity measures.
In section 4.3.2, we compare CWCM with the well
known measures like cyclomatic complexity, Halstead
Programming efforts and statement count. Presently,
most of the software is developing in OO environment.
Therefore, the applicability of CWCM in a OO domain
is evaluated thorough a case study in section 4.3.3. A
comparative study with well-known object-oriented
measures is also demonstrated in section 4.3.4. Finally,

the language independency of the CWCM is evaluated
by different test case in section 4.3.5.

4.3.1. Comparative Study of Cognitive Complexity
Measures

We have selected cognitive functional size (CFS) [11],
Cognitive Information Complexity Measure (CICM)
[8], Modified Cognitive Complexity measure [10]
for comparison with CWCM. All these measures are
based on cognitive informatics [12-14]. Other cognitive
complexity measures like Klemola and Rilling [20]
complexity measure based on category learning is not
dependent on cognitive informatics. Therefore, we are
including this measure for comparison with CWCM.
We have applied CWCM, CFS, CICM and MCCM on
different ‘C’ programs taken from [8] for comparison of
measures. The complexity values of all these measures
are demonstrated in the Table 2. Accordingly, a plot for
CWCM, CICM and CFsS is shown in Fig. 2.

The CWCM for all the programs gives lower
complexity values when we compare it with the cognitive
functional size approach. The Cognitive functional size
depends on input, output and basic control structures
(BCS?’s). It can be easily seen that the missing terms in
CWCM is the distinct number of inputs and outputs.
However, the CFS values are very close to the CWCM
values. It means that, if we neglect the contribution due
to the distinct number of inputs and outputs, we can
find similar trends with smaller values. It is also worth
mentioning that lower complexity value [30] in terms of
number is considered a better measure in comparison of
measures, which gives higher complexity value. In case
of unit testing of modules, it is also easier to observe only
basic control structures in comparison to other factors.

Comparative Graph Between
CWCM, CICM & CFS

120
€100

E 80 A A ——CWCM
% 60 [\ /\ —a—CICM
g 40 / L\ /\ —&--CFS
8 20 j //'\k)/\:’ ke }i\'

1 2 3 4 5 6 7 8 9
Programs

Fig. 2: Graph for CWCM, CICM and CFS

Table 2: Complexity values for CWCM, CICM, CFS and MCCM.

Prog. No. [8] 1 2 3 4 5 6 7 8 9
CWC M 4 1 4 29 15 7 8 4 3
CICM 19 3 19 97 19 30 83 22 10
CFS 12 2 16 42 30 14 24 16 9
MCC M 88 16 120 1682 375 140 352 120 42
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CWCM has also been compared with cognitive
information complexity measure (CICM) as illustrated
in Table 2. We can very easily observe from the graph
that the CICM values are comparatively very high in
comparison to CFS and CWCM. It is because CICM
calculates the weighted information count of each line
of code. Inaddition, CICM is applicable only when the
code is complete, therefore not very useful for unit testing
in a procedural programming environment. Additionally,
the calculation is not easy and if an automated tool is not
available, it is difficult for a developer to apply CICM to
evaluate his unit.

Modified cognitive complexity measure (MCCM)
is the modified form of CFS. In the formulation of CFS
only a distinct number of inputs and outputs has been
considered however, in MCCM the total number of
operators and operands is included. Naturally, due to this
MCCM provides very high values. This is also the
reason we have not demonstrated the MCCM values in
the graph. For example for program 4, MCCM is 1682,
while CWCM is only 29. However, behaviour of both
the graphs is similar. The modified versions of MCCM
have also the same problem (i.e. very high complexity
values) [9]. Therefore, we have not included this measure
for comparison.

In general, it is seen that the trends of each metric
are almost similar, if the complexity value is high for
some program, then it reflects in all the graphs. This
comparative study proves the similarity between all the
complexity measures.

Once, we are getting the appropriate information by a
small number and by simple calculation, it is appropriate
to select the simpler one in comparison to complex
methods.

4.3.2 Comparison of CWCM with Cyclomatic
Complexity, Effort Measure and Statement Counts

We compare CWCM with the Cyclomatic Complexity
(CC) measure. We have applied both the measures on the
programs [31] and accordingly graph (Fig. 3) has been
constructed to demonstrate the differences between CC
and CWCM. If we analyze these values, we observed
that Cyclomatic complexity only considers the number
of execution paths in a program. On the contrary, to
proposed measure (CWCM), CC does not consider the
internal complexity of connected modules. This is the
reason, CC values for programs 1-3, and 6 are equal
(CC=2). However, CWCM consider the complexity due
to number of modules and its internal structures. The
CWCM values for the above-mentioned programs are
7,4, 7, and 3 which indicate the complexity differences
between programs better and therefore provide more
information.

Further, we have compared CWCM with other
measures line of code, and the Halstead Effort measure
[32]. From the graph drawn in logarithmic scale (due
to large value variations); we can conclude that the
behaviour of CWCM is similar to other complexity
measures. On the other hand, Halstead metrics computes
the computational complexity and provides complexity
values that are generally too high [please see Fig.
graph No. 4]. Normally, higher values are undesirable
[30] for complexity since they make interpretation more
difficult.

Further, CWCM has an extra advantage for unit
testing over Cyclomatic complexity, statement count and
Halstead Effort measures.

1. Cyclomatic complexity and Effort measures can
only be computed after the completion of code. In
procedural language, code normally completes after
implementations of several procedures and functions,
which are distributed to several developers. If all
developers apply these metrics independently they
can not asses the real complexity of unit because
the unit will complete after concatenation of their
modules. However, CWCM is capable of calculating
the modules of the units independently and once
all the functions and procedures will complete and
concatenate to each other, the CWCM value for unit
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will be the sum of CWCM values of its modules,
developed by individuals.

2. CWCM has advantages over Statements counts
(line of code), since, CWCM does not care for
irrelevant lines and comments lines. In addition,
CWCM is more practical measure than SC, because
it differentiates the code in terms of their architecture
not only due to size. For example, if a module belongs
to 50 line of code but does not include any iteration,
loop, function call, or any complex structure its SC
count will be computed as 50. However, the CWCM
is computed for this module as only 1 complexity
unit, because simple line of codes (any number)does
not increase compressibility and therefore no effect
on the complexity of the program.

3. Halsted Programming efforts not only give very high
values, which are undesirable, but also not very easy
and practical to count the distinct and all number of
operators and operands. If an automated tool is not
available, there are high chances for the mistakes in
counting these distinct and total numbers of operators
and operands. On the other hand, CWCM is easy to
calculate without an automated tool.

4.3.3 Application of CWCM on a project having Object
Oriented features: A case study

The CWCM can easily be applicable in an object-
oriented domain [33]. It calculates the complexity of a
class at method level and hence considers the internal
architecture of classes, subclasses and member functions.
More specifically, CWCM computes the complexity of
each method of a class and can be represented by method
complexity (MC). Further, the class complexity can
be calculated by summing the weights of all methods
inside the class. This approach can also be extended for
computing class complexity [34], by considering due to
methods and attributes in terms of cognitive weight.

CWCM provides one more advantages in OO domain.
Thisapproach includes the complexity of the object/class
due to messages, automatically. In the case of a message
between two classes, the complexity of the message is
the sum of the weight of the called procedure/method and
the weight due to that call (i.e. two).

In this respect, the CWCM metric provides a valuable
indication for the level of coupling since it is defined as
“level of interaction between modules” Clearly; a high
complexity value represents the high coupling between
classes because of the greater number of messages, which
isundesirable. Itisstrongly recommended here thatduring
unittesting if the tester has no knowledge of the complexity
of the called method (from other class), in this case, he
can assume the complexity of the called methods as 1.
Although it is not very appropriate but in object oriented
programming, methods are built less complex and in
several cases methods include only sequential structures.

This approach will not only save the time but also the
process of unit testing will not be affected.

In reference to the unit test in a globally distributed
environment, one can choose either method or class
as a unit. To demonstrate how CWCM s effective in
measuring the complexity of a class for the unit testing
purpose, we have chosen an object oriented code
developed in Java [35]. The source code of this program
is available on the web [35]. It is our belief that the open
source code is beneficial for several reasons: 1. the reader
can easily access the original code 2. The reader can
also work and evaluate the author’s claims. The code
is for a “Vehicle’, and includes 7 classes with different
characteristics. Although, the present case study is small
in size but includes most of the characteristics of an OO
project. The class diagram with details (attributes and
methods) for this case study is demonstrated in Fig. 5.

We have applied CWCM for computing the
class complexity of each class. The data obtained are
summarized in Table 3.

In the parent directory, there are seven different files,
which include the code for seven classes. A class, which
is on the top in the hierarchy, is Vehicle class. It is a
super class of the other classes: Automobile, Motorcycle,
Truck, and their subclasses. Vehicle class has 9 methods
and one constructor. In constructor and in one methods
two if statements have been used. Accordingly, the
complexity of this class is computed as 14.

The next class in the hierarchy is Automobile class. It
is a subclass of Vehicle and super class of Taxi. It includes
3 methods which are simple in structure. However, 1
more method is invoked from Vehicle class. Due to this
reason, the weight of this class is 3+2+1=6 (3 for three
methods of Automobile class, 2 for method call and 1 is
the complexity of called methods from \ehicle class).

In the same level of Automobile class, there exists a
Motorcycle class. It is a subclass of Vehicle. It includes
only one method. The complexity of this class is 1.

Another class Truck, which is a subclass of \ehicle
and super class Tractor-Trailer. It has four methods and
also calling two methods getNumWhels() and toString()
from the Vehicle Class. Accordingly, its class complexity
is 10.

Taxi, a subclass of Automobile is at the second
level of hierarchy. It includes 8 internal methods. Two if
statements are used in two of its methods.Accordingly,
the class complexity of this class is 12.

The class Tractor-Trailer is a subclass of class
Truck. Itincludes 4 internal methods and invoke method
getNumWheel () two times from the Vehicle class. Its
class complexity is computed as 10(4(for its internal
methods+4(for two calls) +2(weight of two called
methods).
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Vehicle.java

-year : int

-mileage : int

-make : String
-model : String

-numWheels : int

-plateNumber

+getMake():String
+getModel(): String
+getYear():int
+getNumWheels() : int
+getMileage():int
+getPlateNumber():String
+setMileage(int)
+setPlateNumber(String)
+toString():String

Automobile.java

Truck.java

-numSeats:int
-isSUV:boolean

Motorcycle.java

capacity:int

+getNumSeats():int
+isSUV():bolean

+getCapacity():int

+toString():String

+getNumAxles():int

Taxi.java

+setCapacity(int)
+toString():String

.

-taxilD:String

UsingVehicles.java

TractorTrailer.java

-fareTotal:double

-isSleeper:boolean

-numFares:int

+printFleet():void
+getlD():String
+getFareTotal():double
+getNumFares():int
+getAverageFare():double

+computeAverageAge(Vehicle[]):double
+computeAverageMileage(Vehicle[]):double
+main(String[]):void

+isSleeper():boolean
+getNumAXxles():int
+setlsSleeper(boolean)
+toString():String

+setID(String)
+addFare(double)
+resetFarelnfo()
+toString():String

Fig. 5: A case study for class Vehicle in JAVA

UsingVehicles is independent class. It has 3 internal
methods. In two methods, getYear() and get Milage()
are called from Vehicle class. In addition, this class
uses 3 for statements. Accordingly the complexity of
this class is 20 (3(for its internal methods) +9 (3 for
statements) + 4 (for 2 calls) +4 (weight of two called
methods getYear()=1 and getMilage()=3)). This is worth
mentioning that calculation for classes given here is only
to help in understanding for readers, how to estimate the
complexity of a class. On the other hand, the proper way
is to calculate the complexity of each method in a class
and then add them to get the complexity of entire class.
Obviously, both approach for calculating complexity
provides the same values.

4.3.4 Comparison with other OO Complexity
measures

In this section, we are comparing the CWCM approach
with other object-oriented metrics. We are the including
well known CK metrics suite [36] and the metrics based
on cognitive weights [34,37] for comparison with the
proposed approach.

We compute all the metrics proposed by Chidamber

etal. In The first metric WMC, the authors have suggested
computing the complexity of methods through any
procedural metric and they used Cyclomatic complexity
metric for evaluating complexity of each method. They
assumed that complexity of each method is 1. However,
our approach is superior to their approach, since
CWCM computes the weights of each method based on
architecture. This is the reason WMC(1) metric values
for all classes are simply the total number of methods in
the class i.e. 4,4,8,3,0,4,and 9. On the other hand if we
compute WMC(2) by CWCM approach their values are
high and are 20,10,12,6,1,10,14.

The second metric is WCC [34], which computes
the complexity of a class due to methods and attributes.
Once we include the attributes/fields in our formulation,
the metric will not be language independent, which is
unique feature of our proposal. Further, the attributes
may be local or global and can be inherited from their
parent’s class. Therefore, for unit testing purposes, it
creates difficulties in testing the class independently.

The CC (Inheritance)[37] metric computes the
complexity of class due to inheritance. In the computation
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Table 3: Component counts for different classes/Units

Classes/Counts Using Vehicles  Tractor-Trailer Taxi Automobile  Motor cycle Truck  Vehicle
If 0 0 2 0 0 0 2
For 3 0 0 0 0 0 0
While 0 0 0 0 0 0 0
intMethod 3 4 8 3 0 4 9
intField 0 1 3 2 0 1 6
Class_Level * 3 3 2 2 2 1
Child NA 0 0 1 0 1 3
Field_Used By_Met 0 3 10 4 0 4 10
Used_Other_Class 1 1 1 1 1 1 0
Used_Other_Field 0 0 0 3 3 4 0
IntCallMet 0 0 0 0 0 0 0
ExtCallMet 2 2 0 1 0 2 0
Methods used common attributes/attributes 0 3 8 0 0 3 4
All Methods 5 6 8 4 0 6 9
Class Complexity 20 10 12 6 1 10 14
Table 4: Complexity values for different classes/Units

Classes/ Complexity measures Using Vehicles  Tractor-Trailer Taxi Automobile Motor cycle Truck  Vehicle
CcccC

WMC(1) 4 4 8 3 0 4 9
WMC(2) 20 10 12 6 1 10 14
WCC 20 11 15 8 1 11 20
CC (inheritance) 20 10 12 72 1 100 692
RFC 3 17 20 12 9 13 9
DIT 0 2 2 1 1 1 0
NOC 0 0 0 1 0 1 3
LCOM 0 3 8 0 0 3 4
CBO 1 1 1 1 1 1 0

WMC (1): Weighted Method per Class (weight of each method is assumed to be one), WMC (2): calculated WMC by cognitive weights,
WCC=weighted class complexity, CC(inheritance)=Class Complexities due to inheritence [37], RFC: Response for a class, NOC: Number of
children, LCOM: Lack of cohesion in methods, CBO: coupling between objects

of CC (Inheritance), complexity of children classes are
multiplied by the complexity of their parent’s class. This
is the reason the complexity of Automobile, Truck and
Vehicle classes are very high and are 72,100 and 692.
It is very obvious that this metric is also not fit for unit
testing.

Another metric is from CK metric suite: Response for
the class (RFC). RFC is an important measure because
when RFC increases, the effort required for testing also
increases [38]. The difference between RFC and our
approach is that RFC calculates only the number of
methods in response to a message and our approach is
sensitive to the complexity of the called method.

Coupling between object classes (CBO) for a class
can be computed by counting the number of classes to
which a class is coupled. In our formulation, we are
computing the complexity of the methods and if there
is any message call in methods to other class, we add
addition complexity. If we compare CBO with our
approach, we find that complexity due to message call is
already included in our formulation. On the other hand,
CBO only counts the number of classes and therefore
our approach is more realistic. Further, just counting the
number of classes, which are coupled to a class, is not
appropriate for unit testing.

DIT and NOC are two more metrics in the CK
metrics suite. DIT measures the depth of class/class level
in the class hierarchy and other (NOC) is count of the
number of children in each class. Both metrics do not
provide any information regarding complexity of the
unit.

The last metrics in the CK metric suite is LCOM.
Lack of cohesion metric can be applicable for unit
testing, however, we are not utilizing the attributes in
our proposed metric, and therefore our approach is not
comparable with LCOM.

As a conclusion, it is observed that our approach can
be used for unit testing in an object-oriented domain.

4.3.5 Platform Independency of CWCM

Further, one of the important features of CWCM is its
language independency. We can prove the language
independency of CWCM by taking an algorithm of “In
Between Sum (IBS)[11]” in three different languages i.e.
C, JAVA and Pascal. The algorithms are as follows:

The property of language independency should be
adhered by any good complexity measure is evident
from the above three examples, as the two complexity
measures i.e. Cyclomatic and the Cognitive weight
complexity measure, are based on the basic control
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# include<stdio.h>

# include<stdlib.h>

[* Calculate the sum of all the numbers
between A & B */

#define min_range 0

#define max_range 30000

int main()

{

long a,b,sum=0;

printf("\n input the first number A");
/IBCS1 (sequence) W1=1
scanf("%i",&a);

printf("\n input the second number B");
scanf("%i",&b);

if ((min_range <a) &&(a<max_range))
//IBCS2 (branch) W2=2

{

b=b-1;

sum=((b*(b+1)/2)-(a*(a+1)/2));

printf ("\n: The in-between sum of a and b
is:%d\n", sum);}

else

printf ("invalid input™);

return O;

}

Fig 6. Source code of the IBS algorithmin C

Following are the different complexity measure values
for this algorithm:

Statement count = 22, Volume (V) = 111,
Effort E = 1572.50

Cyclomatic complexity CC =5 and
Cognitive Weight Complexity Measure = 3

Example 2:

/[Algorithm of in between sum
Algorithm IBS (A,B: integer) : integer;
/lin between sum
const
max:=65535
begin
readIn(A,B);
while not((A>0 and B<max)
and (A<B))
begin
writeln(“Input
error: A and/or B out of range, or A
>=B.%);
readin(A,B); end;
IBS:=((B-1)*B)/2-(A*(A+1))/2;
writeln(‘IBS=",IBS);
end.

Fig 7. Source code of the IBS algorithm in Pascal

Following are the different complexity measure values
for this algorithm:

Statement count = 13,

\Volume (V) = 125.47, Effort E = 3575.99
Cyclomatic complexity CC =5 and
Cognitive Weight Complexity Measure = 3

Example 3:

/[Algorithm of in between sum

package IBS Algorithm;

import java.io.*;

public class Untitled1 {

public Untitled1(){

}

public static void main(string[] argv)
throws Exception {

Untitled tIBSalgorthim= new Untitled1();
String sUserlInput;

int A,B, sum =0;

BuffereReader in = new BufferedReader(new

InputStreamReader(System.in));
String str = new String();
System.out.printin(*Enter an integer A:”);
str=in.readLine();
A=Integer.parselnt(str);
System.out.printin(“Entered an integer
B:);
str=in.readLine();
B=Integer.parselnt(str);
If('tIBSalgorithm.ValidInput(A,B))
System.out.printIn(“Invalid input”);
else
{
sum= (B*(B-1))/2-(A*(A+1))/2;
System.out.printIn(“In-Between-Sum is:”
+sum);
}
}
public Boolean Validlnput (int A, int B)
{

int Max=3000;

int Min=0

return((Min<A&&A<Max) && (Min<B &&

B<Max) &&(A<B));
}
}

Fig 8. Source code of the IBS algorithm in JAVA

Following are the different complexity measure values
for this algorithm:

Statement count = 30

Volume (V) = 341.43, Effort E =6316.49
Cyclomatic complexity CC =5

Cognitive Weight Complexity Measure = 3

structures and are the same in all the three cases. A set
of seven programmes [31] have been considered and
various complexity values based on different complexity
measures are given in Table 5.
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Table 5: Complexity measures in three different languages C, JAVA and PASCAL

Language Complexity Measure P1 P2 P3 P4 P5 P6 P7
C SC 12 17 18 37 23 15 11
C cC 1 5 1 4 2 4 5
C EM 1859 5191 6237 15556 5079 2869 1221
C CWCM 7 4 7 10 15 3 3
JAVA SC 24 13 32 30 23 21 33
JAVA CcC 1 5 1 4 2 4 5
JAVA EM 441 3575 45 971 462 900 901
JAVA CWCM 7 4 7 10 15 3 3
PASCAL SC 10 30 22 19 11 9 23
PASCAL CcC 1 5 1 4 2 4 5
PASCA L EM 83 6316 2449 294 120 23 278
PASCAL CWCM 7 4 7 10 15 3 3

It is evident from the above table that the cognitive
weight complexity measure is language independent.
Therefore, it can be best fit to evaluate the complexity
of the code by the developer himself at the level of unit
testing, before the final testing process. It is also fit
for GSD because; it is independent of any risk factors
responsible for GSD. For example, it neither depends
on the language of code and programming style, nor is
it affected by the loss of control, coordination problem.

6. Conclusion

AUnit is the fundamental entity of software and therefore
its correctness plays an important role in ensuring
quality of the final system. It has been proved by
several researchers [39-42], that continuous unit testing
is a very effective component to produce high quality
software and reduce defect rates [23]. The applicability
of the CWCM for unit testing in GSD environment
is evaluated theoretically and empirically. The most
important feature of this measure is that it is simple to
understand, easy to calculate, less time consuming, gives
the complexity value in terms of small numbers, and
language independent i.e. it satisfies most of the property
of a good measure. CWCM gives valuable information
about the design quality of the codes. High complexity
values indicate that understandability and maintainability
of the code are weak. Ultimately, it helps the software
developer to gain better design information. For example,
the developer, who can satisfy the user requirements
through the usage of a lesser number of branching and
looping primitives, is assumed to be more skillful.
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