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Abstract

During Component Based Software Engineeringitisim-
portant for component developers to design components
that show high cohesion within a component and low cou-
pling between components. Empirical data shows that
software artifacts possessing these properties are easier to
maintain. Current practice in design metric evaluation re-
lies on extracting structural metrics from individual UML
views. This paper defines a dynamic approach that collects
metrics during execution of a model that integrates both
UML Class and Sequence Diagrams. These design metrics
are used to evaluate component choices by examining cohe-
sion and coupling properties. We base our desigh metrics
on code metrics that have been positively correlated with
maintainability and quality. e provide an empirical study
that demonstrates a positive correlation between design and
code metrics.

1 Introduction

Software design increasingly includes component based
software development [7]. This happens from two perspec-
tives: (1) a software designer wants to use components and
needs to define how components fit with the remainder of
the design. (2) a software designer wants to design compo-
nents for reuse. This could be part of a product line archi-
tecture or part of a set of components developed for reuse.
In either case, one needsto determineall component bound-
ariesand interfaces beforeimplementation. Often maintain-
ability and quality are the important drivers when making
design decisions concerning component boundaries. Ar-
isholm et a. [1] showed that dynamic coupling and co-
hesion metrics are linked to software maintainability and
quality. Our godl is to define dynamic coupling and cohe-
sions measures for classes and componentsthat can be used
in the design phase to evaluate maintainability and quality
of the components based on these metrics.

Our measures consider both structural and behavioral as-

Anneliese Andrews
EECS, Washington State University
Pullman, WA
aandrews@eecs.wsu.edu

pects of coupling and cohesion. This requires (1) combin-
ing class diagrams and sequence diagramsinto a model that
reflects both structure and behavior, and (2) executing this
model based on an expected operationa profile to collect
measures.

Section 2 describes existing work on components and
maintainability metrics. Section 3 describes how we use
an integrated UML model to evaluate components. We de-
fine cohesion and coupling metrics based on an integrated
model and an operational profile. Section 4 illustrates our
method on an example. Section 5 describes the results of an
empirical investigation correlating design metrics to code
maintainability and quality metrics. Section 6 draws con-
clusions and suggests further work.

2 Background

In [5], Briand and Wust summarize empirical results
concerning code coupling and cohesion metrics that have
been shown to correlate with software quality and maintain-
ability. Of the 37 different coupling metrics used in empiri-
cal studiesonly afew had a positive, statistically significant
relationship with quality and maintainability (p < 0.01).
The metrics that showed a positive relationship included
Response For Class (RFC) [6], Other Method-Method Im-
port Coupling [9], and Information-Flow-Based Coupling
(ICP) [8]. In addition, of the 12 cohesion metrics used in
empirical studies only one had two empirical results show-
ing a significant relationship with quality, the Information-
Flow-Based Cohesion (ICH) [8]. Thesemetricsrely on both
structural and behavioral (dynamic) information. For ex-
ample the OMMIC metric relies on inheritance information
(structural) and the actual number of invoked methods (be-
havioral) in aclass.

In [1], Arisholm et al. define and investigate dynamic
object-oriented code metricsfor both code and design. They
propose that static metrics do not properly reflect modern
object-oriented code due to the increased use of inheritance
and dynamic binding. Empirical data links their code met-
ricsto quality and maintainability. They state that applying



these metricsto UML Modelsintroduces some problemsfor
guarded messages. Therefore, some coupling may be un-
derestimated. To avoid this problem, our approach uses an
operational profile to estimate path usage. In addition, our
approach uses properties from both structural and behav-
ioral diagrams allowing us to calculate more sophisticated
metrics for designs.

The work described in this paper not only extends the
work described above, but provides a new way to evaluate
UML components using dynamic metrics. Previouswork is
concerned more with methodol ogy than a detailed approach
to quantitatively evaluate designs viametrics.

3 Component Evaluation Approach

During design in Component Based Software Engineer-
ing (CBSE), the designer has to define components and
component interfaces. Often there are choices and ideally
all components should have high cohesion and low coupling
for quality and maintenance purposes. Candidate compo-
nents are evaluated based on their cohesion and coupling.
When designing acomponent based system using the UML,
cohesion and coupling measures are computed for each can-
didate component and they form the basis for evaluating
candidate components and for choosing between them. Be-
cause cohesion and coupling metrics use information from
multiple UML views, it is necessary to combine them into
an integrated design model.

Pilskalns et al. [11] provide a testing model that trans-
forms Sequence Diagrams into an Object Method Directed
Acyclic Graph (OMDAG). This approach uses test-cases to
traverse different paths in the graph. Here we adapt this
approach to component evaluation. We replace test-cases
with an operational profile, add Class Diagram information
(structura information) to the OMDAG, and collect met-
ricsfor cohesion and coupling. Our approach to component
analysis consists of the following steps:

1. Build an integrated model (OMDAG) of Class Dia
grams and Sequence Diagrams.

2. |dentify candidate componentsin theintegrated model.
3. Define an operational profile (work load).

4. Execute the operational profile (traverse paths in
graph) and collect metrics.

5. Compare candidate components and make decisions.

Sections 3.1 through 3.5 describe each step. Figure 1
outlines the approach.
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Figure 1. Component Evaluation

3.1 Buildingtheintegrated model (COMDAG)

Building the integrated model consists of three steps.
Thefirst step maps Class Diagramsinto tuples, called Class
Tuples (CT). A classtupleis a mathematical representation
of aclassandissimilar to theideaof representing aclass us-
ing the XM| specification. The second step consists of map-
ping Sequence Diagrams into an Object Method Directed
Acyclic Graph (OMDAG). The third step consists of com-
bining each OMDAG with the CT information. Thisresults
in the CT Object Method Acyclic Graph (COMDAG). The
COMDAG represents the integrated model that combines
Class Diagrams and Sequence Diagrams.

3.1.1 TheClass Tuple(CT)

The CT consists of a class name, attributes (represented
as tuples if non-primitive) from the class and super classes
(if applicable), and methods (represented as tuples) for the
class and super classes (if applicable). Classes may contain
non-primitive attributes that are defined by other classes.
Thus, CTs may contain other CTs by definition. A Class
Tuple of a class (c¢), the Attribute Tuple, the Method Tu-
ple, and the method’s Parameter Tuple have the following
forms:

CT(c) = ({{ Parent CT)}, {(Attribute)}, {( Method)}) (1)

Method = (method name, returntype, {Parameter}) (2)



Attribute = ( attribute name, attribute type ) 3)

Parameter = <pa7‘amete7‘ name, parameter type) (4)

Any or al of the tuple elements can have null values de-
noted by a null place holder for that element. The Parent
CT has the same structure as the CT, thus part of the CT is
recursively defined.

3.1.2 The Object Method Directed Acyclic Graph
(OMDAG)

The OMDAG maps the dynamic information in a Sequence
Diagram to a directed acyclic graph. The OMDAG is cre-
ated by mapping object and sequence method calls from
a Seguence Diagram to vertices and arcs in a directed
acyclic graph. The mapping between Sequence Diagram
and OMDAG preserves the relationships in the Sequence
Diagram. The mapping consists of (1) associating meth-
ods in the Sequence Diagram with their originating ob-
jects, (2) traversing the Sequence Diagram for the purpose
of mapping successive method executions to edges of the
OMDAG. These edges are also annotated with any condi-
tionsthe Sequence Diagram may impose on their execution.

The OMDAG isatuple (V| E, s) where V isaset of ver-
tices, F isthe set of edges, and s isthe starting vertex. Each
vertex, v, is defined by the tuplev = (o, m, {ARGS}, ¢),
where o isan object, m isthe method or return call, ARGS
isaset of arguments, and ¢ is a class name. Arguments are
the actual method parameters that are used in a Sequence
Diagram. The actual parameters may have values associ-
ated with them. The ARGS tuple is defined with the fol-
lowingtriple: { type, name, value ). Note that only the class
name is known in the Sequence Diagram; details about the
class are not available. An edge, E, is represented by the
tuple (v;, v;41). For details on mapping the Sequence Dia-
gramsto an OMDAG see[11].

3.1.3 The CT Object Method Directed Acyclic Graph
(COMDAG)

Thefinal step in building an integrated model isto combine
OMDAG and CT information. The COMDAG is built by
replacing each class name, ¢, in each OMDAG vertex v with
the corresponding CT(c). Thisresultsin an expanded vertex
definition:

v = {0, m, (ARGS), CT(c)) (5
3.2 Defining Componentsin the Model

A COMDAG consists of a set of vertices, v;...v,. Each
vertex v, as defined in Equation 5, containsaclass c. A can-
didate component consists of a proper subset of the vertices
in a COMDAG and the classes associated with those ver-
tices. The subset of verticesis caled the CV set. Vertices

of the CV set may or may not be connected to other vertices
in the set. To define a component, select vertices from the
COMDAG and place them into a CV set. The class set that
is associated with the CV set is called the component class
(CC) set. The CC can be defined as follows:

cC = U {c| cinv} (6)
YveCV

Our approach does not automate the process of defining
components. Rather it provides the designer with metric
feedback once candidate components have been selected.
The process of deciding which verticesto includein acom-
ponent CV set should use domain knowledge. The edgesin
the COMDAG gives the designer some indication of how
classes are coupled, hence placing verticesinaCV that cre-
ate a large number of boundary edges may not be a wise
choice. Typicaly a designer looks for natural boundaries
wherethereisalow number of connections between groups
of vertices. A designer typically chooses a set of vertices
that has a minimal amount of connections with the rest of
the graph. Thus a min-cut algorithm could be employed,
if one wanted to automate the generation of a CV. The re-
sult of this step is a set of candidate components with their

associated CV and CC sets.

3.3 Defining an Operational Profile

An operational profile exercises a system under the con-
ditions in which it is expected to operate [10]. In other
words, the system is exercised with a suite of test cases and
their frequency that represents how the system will be used
in practice. In [11], executing a test case results in exe-
cuting a path through the graph. Thus we can describe an
operational profile in terms of a set of paths through the
COMDAG and their frequency.

We record an operational profile in atable consisting of
a path definition (as a sequence of nodes) and the number
of times (frequency) the path should be traversed. The de-
signer determines the number of traversals and which paths
represent how the system will be used based on domain
knowledge and/or requirements (Use-Cases).

3.4 Executing and Collecting Metrics

Operational profile execution consists of traversing the
COMDAG using the path and frequency specified in the op-
erational profile. While traversing the COMDAG, the fol-
lowing metrics are collected:

34.1 TheRFC Metricin Designs

The RFC of aclassisthe cardinality of the set of all method
invocations that may be executed in response to a message
received by an object of that class. The RFC for designs



measures the cardinality of the response set for a class by
traversing paths in the COMDAG. Let P = {v;..v,},
where P is apath in the COMDAG and v; (i = 1...n) isa
vertex defined by Equation 5. A vertex, v;, in path P, con-
tainsamethod call m;. Thenthereexistsavertexv; (j > i),
which corresponds to a return cal for m ;. M A(m;) isthe
set of methods activated by m; beforeits return. The meth-
ods activated set (MA) is defined as:

MA(m;) ={my | i <k < j,v, in P} @)

Then the class response set CR(c,,) for al methods m in
class ¢,, is defined as follows:

CR(cn) = U

Vm in CT(cpn)
The ¢,, representsthe classin which the method, m, resides
(m isused to index the MA sets). The M A(m) may change
each time m isinvoked dueto conditional statementswithin

the method.
The set of all methods for a class, ¢,,, can be defined as
follows:

MA(m) ®)

Mo (en) = {m | m in method tuple of CT(cn)} 9
The following equation yields the RFC for a class:

RFCcompac(en) =| CR(en)| JMer(en) | (10)

The RFC can also be calculated for acomponent. This can
be done by treating al methods in the component asiif they
belonged to the same class. Thuswhen adding methodsto a
component’s response set CR(C'C), al methods in the CR
sets belonging to the classes of the component are added.
The CR(CC) isdefined as follows:

crce)=1{ | CR@)} (11)

Ve;€CC

The same appliesto the M o resulting in aset that includes
methodsfrom all of acomponent’sclasses. The M o (CC)
is defined as follows:

Mer(©C)={ | Mer(en} (12)
Ve, €CC

The component RFC is the cardinality of the union of the
ICR(CC) and Mcr(CC) sets. The RFC is defined as fol-
ows:

RFCconmpaa(CC) =| CRICO)| JMer(cO) | (13)

The RFC for designs is an indirect, absolute measure and
can be used to compare both classes (Equation 10) and com-
ponents (Equation 13) in a system.

34.2 TheOMMIC Metricin Designs

The OMMIC measures the coupling for a class by count-
ing method calls to other classes that are not in its inher-
itance hierarchy. The OMMIC for designs is measured
by traversing paths in the COMDAG. The paths are tra-
versed with a frequency indicated in the operational pro-
file to smulate a workload. The set of al paths can be

defined as P = P;...P,. Let P, = {v1...v,}, where v;
is a vertex defined by Equation 5. Vertices (v;,v;11),7 =
1..n — 1 define the edges in the COMDAG. The ver-
tex, v; = (o0;, m;, (ARGS), CT(c)) in path P, con-
tains an object o;, a method m;, the method arguments,
ARGS, and a class tuple CT(c). The vertex, v;11 =
ﬂ 1, Mit1, (ARGS), CT(d)) in path P, is defined sim-

T The C'T contains all class information includi ng par-
ent cla$|nformanon We can define the set of all classesin
vertex v; asfollows:

classes(v;) = {e | e occursin inheritance structure of c, (14)
where v; contains c}

The OMMIC metric relies on distinguishing if a method

call between vertices v; and v, is invoked by a class
within the same inheritance hierarchy. We define the
Boolean function other to make this determination:

1,d ¢ classes(v;)
0, otherwise

other(vi,viy1) = { (15)
TheOMMICfor aclass cissummed over al pathsin an op-
erational profile. Different paths may have differing method
calls, thus interaction between classes may differ with each
path. Summing over al paths includes all interactionsin a
class. The frequency, f, is associated with a path P;. The
frequency indicates how oftenthat pathis traversed. We use
thefrequency, f:, asaweight to give classes with higher us-
age a higher coupling value. The OMMIC for designs is

defined as follows:
Z(ft * Zother(vi,vwrl)), (16)

i=1

OM]\/[ICCO]\/[DAG(C

Yv; containing c

This means that the OMMIC of ¢ is increased every time
amethod call is made to a class outside of the inheritance

hierarchy of c.

The OMMIC can be calculated for a component CC
with classes ¢;...c,, by modifying Equation 15 to include
all classes in the same component. The classes,. set for
components can be defined as follows:

classesc(vy) = U {e | e occursin inheritance structure of ¢;, (17)
Ve, €CC
where v; contains ¢; }

The classes.(v;) creates a set of al classes defined in a
component, where the class in v; is amember of the com-
ponent.

34.3 ThelCP Metricin Designs

The ICP measures the coupling for a class by counting the
number of calls to other classes in a design. To define the
ICP, we use an operationa profile and the same definitions
for paths, vertices, and CTs used in defining the OMMIC.
ThelCP metric relieson distinguishing if classes associated
with vertices v; and v;; are the same or different. If the
classes are different then the method call from v; to v;41
is external. Externa calls from a class indicate interaction
with other classes, which is how we define coupling. Thus,
we define the Boolean function external:

1,d#c

ewternal(vi, viy1) = { 0, otherwise



The ICP for a class ¢ can be calculated by summing over
al pathsin an operational profile. The ICP uses the num-
ber of method parameters, ARGS, in v; asaweight. The
frequency, f, is used as a multiplier to give classes with
Piﬂher usage a higher coupling value. The ICP is defined as
ollows:

ICPcompac(c) = (18)
y n

Z(ft * Zemternal(vi,vi_,_l)* | ARGS |),
t=1 i=1
Yv; containing c

This means that the ICP is increased for class ¢ every time

amethod call is madeto aclass outside of c.

The ICP can be calculated for a component CC' with
classes ¢;...c, by modifying Equation 18 to exclude all
classes in the same component. The external . function for
componentsis defined as follows:

1,d ¢ CC,wherec € CC

0, otherwise (19

externalc(vi, viy1) = {

The ICP design metric isindirect and uses attributes that
are measured on an absolute scale.

344 ThelCH Metricin Designs

The ICH measures the cohesion in a class by counting the
number of method calls interna to a class. To define the
ICH, we use an operational profile and the same definitions
for paths, vertices, and CTs used in defining the OMMIC.
ThelCH metricrelieson distinguishing if classes associated
with vertices v; and v;41 are the same or different. If the
classes are the same then the method call fromv; tov; 4 is
internal. Internal callsin a class indicate interaction within
the class, which is our definition of cohesion. Thus, we
define the Boolean function internal:

l,d=c

0, otherwise (20)

internal(vi, viy1) = {

The ICH for a class ¢ can be calculated by summing over

all pathsin an operational profile. The ICH uses the number

of method parameters, ARGS, inv; asaweight. The fre-

quency, f¢, isused asamultiplier to give classes with higher

]chslelxge a higher cohesion value. The ICH can be declared as
ollows:

ICHcompac(c) = (21)

n

Z(ft * Zint@rnal(vi,vi+1)* | ARGS |),
VP i=1

Yv; containing c
This meansthat the ICH isincreased for class c every time
an internal method is called. The ICH can be calculated
for a component C'C' with classes ¢ ...c,, by modifying the
Equation 20 to include all classes in the same component.
The internal. function for components is defined as fol-
lows:
1,d € CC,wherec € CC

0, otherwise ()

internalc(vi, viy1) = {

The ICH design calculation is indirect and uses attributes
that are measured using an absolute scale.

3.5 Component Evaluation

Metric collection produces values of the RFC, OMMIC,
and | CP coupling metrics, as well as for the ICH cohesion
metrics for every candidate component. There are various
ways in which these values can be used by a designer to ei-
ther analyze candidate componentsfor strengths and weak-
nesses or to select among component choices.

1. The designer considers the actual values for a design
component and determines whether individual values
are satisfactory or not. If not, the designer can con-
template redesign to either increase, or decrease spe-
cific values. Thisis the most subjective way of using
the metrics.

2. The designer evaluates the metrics against previously
agreed upon threshol dsfor each cohesion and coupling
metric. When component choices are to be made, only
components that fall within the thresholds are further
considered. This states objective requirements for co-
hesion and coupling. On the other hand, it may take
a certain amount of historical data to determine such
thresholds. If only one candidate component is eval-
uated and does not meet al thresholds, the designer
must redesign to improve inadequate values of these
metrics.

3. Given that there are three coupling and one cohesion
metric, there are four variables with which to make a
decision. A candidate component may have high cou-
pling and high cohesion, while another may have low
coupling and cohesion. Each option is thus good in
one area and less desirable in another. How should
one choose between the two? In this case, preferences
between cohesion and coupling have to be defined. It
is possible to use Multicriteria Decision Making Tech-
niques [4] on the two groups of measures. Either lex-
icographic ranking or the more sophisticated Analytic
Hierarchy Process (AHP) [12] can be used.

Whether a designer uses simple thresholds or more in-
volved decision making methods, is often up to the specific
situation, how many choices exist and how similar or differ-
ent the collected measures are. It is not possible to recom-
mend one of these methods over another.

4 Example

Thisexample, adapted from[3], representsadesignfor a
banking system. Figure 2 showsthe Class Diagram and Fig-
ure 3 shows the Sequence Diagram. The diagrams outline
the structural and behavioral aspects of asimplified banking
system. The system contains two types of clients, a local



Bank::Account

Bank::Client

transfer(in message : Message) : bool
activate() : bool
deactivate() : bool

*

1

Bank:: TransactionManager

-tmode : string

A

Bank::Local Bank::Remote

Bank::Message

+startTx() : bool
+endTx() : bool
+sendMessage(in message : Message) : bool

* 1 +ConstructMessage()

*

Bank::RSA

+encrypt(in key :
+decrypt(in key :
+md5Shash(in key : string, in message : string) : string

string, inout message : Message) : string
string, inout message : Message) : string

Figure 2. Banking System Class Diagram.
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ALT Client.tmode==encrypted i o H
ConstructMessage i

transfer(message)

decrypt(key, message)

md5Hash(key, message)

startTx()
sendMessage(message)
endTx()
T Client.tmode==plainText TT T i _____________ B
ConstructMessage() i
|
transfer(message)
startTx()
sendMessage(message) 7
endTx()
N N N
I 1 1
| 1 |
deactivate
T T

Figure 3. Banking System Sequence Diagram.

client and aremote client. The clientsinteract with the sys-
tem by sending messages. If the client is remote then the

message needs to be encrypted and signed using an RSA
encryption agorithm. Once the message is encrypted (if



remote), it is transferred to the bank account using a trans-
action manager. The transaction manager can begin and end
atransaction. A transaction such as a transfer is not final-
ized until the transaction manager indicates an end to the
transaction.

The designer of the system wants to componentize the
system for reuse purposes. The Class Diagram contains one
generalization where the Remote and Local classes inherit
from the Client class. The RS A class provides encryp-
tion (decrypt) and signing (md5hash). The Account class
contains the information about a banking client’s account.
The T'ransaction M anager class starts and stops transac-
tions to provide protection against system failure during a
transaction. If the transaction is not complete and the sys-
tem fails, the transaction manager backs off the transaction.
In this example, remote transactions occur 4 times as often
asloca transactions. Two scenarios are represented as two
pathsin the Sequence Diagram. One scenario showsaclient
interacting with a bank account locally and the other shows
aclient interacting remotely.

4.1 Build An Integrated Model

The first step of the approach is to build an integrated
model by combining the Class and Sequence Diagramsinto
a COMDAG. Each class from Figure 2 is mapped into a
CT according to the mappings outlined in section 3. The
lower right side of Figure 4 contains the CT information.
The Sequence Diagram in Figure 3 istraversed and mapped
into the OMDAG according to the procedure in section 3.
The information is combined into the COMDAG shown in
the left side of Figure 4.

4.2 Define Components

The next step in the approach is to decide on candidate
components. In this example the designer wants to see the
difference between combining: (1) the messages with the
encryption utility into component COM P; or (2) combine
the messages with transaction management into component
COMP,. The candidate component set for COM P, is
the set CC; = {Message, RSA}. The candidate component
set for COM P; is the set C'Cy, = {Message, Transaction-
Manager }. By consulting the COMDAG we find that the
first component vertex set consists of the following vertices:
CVy = {vy, vs, vs, v7, vg}. The second component vertex
set consists of the following vertices: C'Va = {vy, vs, v13,
V15, V21, V23, U25}-

4.3 TheOperational Profile

The next step in the approach is to define an opera
tional profile, based on the expected system operation. The

COMDAG in Figure 4 contains two paths. According to
the example description, remote transactions are 4 times as
common as local transactions. This means the first path
(vertices 3-16) of the COMDAG is executed 4 times more
often. This results in the following operational profile for
the banking application:

4.4 Coupling and Cohesion Metrics

We now evaluate the two potential components with re-
spect to coupling and cohesion by applying our coupling
and cohesion metrics to each of the candidate components.
We only give detailed steps for the RFC metric due to the
length of the computations.

4.4.1 TheRFC Coupling Metric:

We apply Equation 7 to calculate the RFC for COM P;.
The COMP; class set is CCy = {Message, RSA}. The
Mep(CCh) set is calculated by placing al methods from
the CC4 into aset. Thisresultsin the following set:

Mcr(CCr) = {ConstructMessage, encrypt, decrypt,
md5hash }

Next, we execute the operationa profile for each path
P, and P, by visiting each vertex in the path. Each vertex
contains a method, m;. Method m; belongsto the class, ¢,,
in vertex v;1. Notice that in the COMDAG, a method is
always a member of the class contained in the next node.
Thus if v; and v, are two vertices in the COMDAG, then
a method m; used in v; belongs to the class in v,. The
M A(m,;) isthe set of methods activated by m ; beforeitsre-
turn. Table 2 illustrates the stepwise execution for calculat-
ing the RFC, where column 1 contains P;, the current path,
column 2 contains v;, the currently visited vertex in a path,
column 3 contains c,,, the class associated with m;, column
4 contains m;, the method call associated with the vertex
v;, and column 5 contains M A(m;), the set of activated
methods. The table contains only non-empty M A(m ;) sets
in Path P,. Path P, is not shown since it does not contain
any non-empty M A(m;) setsthat belongto COM P;. Note
that the only message activations not immediately followed
by areturn are in v3 (ConstructMessage), with a return in
vg, and invg (transfer) with areturninthe vg. Thisresults
in the following non-empty MA sets:

M A(ConstructMessage) = {decrypt, md5hash }
MA(Transfer) = {startTx, sendMessage, endTx}

Next we calculate the CR(c,,) for each ¢,,. Thisisthe
union of the M A sets associated with methods of class ¢,,.
For COM P; the CR(Message) is calculated by taking the
union of al M A setsfor each method in the Message class.
Since there is only one method, ConstructMessage, the
calculationistrivial. The CR for each classin COM P; is
asfollows:

CR(Message) = {decrypt, md5hash }
CR(RSA) = empty

The response set CR(COM Py) is calculated by taking
the union of the CR(c,,) sets, where ¢,, belongs to CC;.
The following set results:

CR(COM Py) = {decrypt, md5hash }



Vertex = <Object Name, Method Name, <ARGS>, CT(c)>

Vertices

1 <client, activate, <null>, CT(Client)>

2 <account, return, <null>, CT(Account)>

3 <client, ConstructMessage, <null>, CT(Client)>

4 <message, decrypt, <key, message>, CT(Message)>
5 <rsa, return, <null>, CT(RSA)>

6 <message, mdShash, <key, message>, CT(Message)>
7 <rsa, return, <null>, CT(RSA)>

8 <message, return, <null>, CT(Message)>

9 <client, transfer, <message>, CT(Client)>

10 <account, startTx, <null>, CT(Account)>

11 <TXM, return, <null>, CT(TransactionManager)>

12 <account, sendMessage, <message>, CT(Account)>
13 <TXM, return, <null>, CT(TransactionManager)>
14 <account, endTx, <null>, CT(Account)>

15 <TXM, return, <null>, CT(TransactionManager)>
16 <account, return, <null>, CT(Account)>

17 <client, ConstructMessage, <null>, CT(Client)>

18 <message, return, <null>, CT(Message)>

19 <client, transfer, <message>, CT(Client)>

20 <account, startTx, <null>, CT(Account)>

21 <TXM, return, <null>, CT(TransactionManager)>

22 <account, sendMessage, <message=>, CT(Account)>
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23 <TXM, <return>, <null>, CT(TransactionManager)>
24 <account, endTx, <null>, CT(Account)>

25 <TXM, return, <null>, CT(TransactionManager)>
26 <account, return, <null>, CT(Account)>

27 <client, deactivate, <null>, CT(Client)>

28 <account, return, <null>, CT(Account)>

CT(class name) = {<Parent CT>}, {<Attribute>}, {<Method>}>

CTs

v CT(RemoteClient) = <{<Client>}, {<tmode>, String}, <null>>

CT(LocalClient) = <{<Client>}, {<tmode>, String}, <null>>

7
CT(Account) = <<null>, <null>, {<activate()>, <transfer(Message message)>}>
CT(RSA) = <<null>, <null>, {<encrypt()>, <decrypt()>, <mdShash(Message)>}>
6 CT(Message) = <<null>, <null>, {<ConstructMessage>}>

CT(TransactionManager) = <<null>, <null>, {<endTx()>, <startTx()>, <sendMessage(Message)>}>

Figure 4. CT + OMDAG = COMDAG.

Table 1. Operational Profile for Banking Operation

[ Path Definition | Frequency |
Py =v1,v2,v3, V4, U5, Vs, U7, U8, V9, V10, V11, V12, V13, V14, V15, V16, V27 , V28 4
P2 =v1, v2, 017, V18, V19, V20, V21, V22, V23, V24, V25, V26, V27, V28 1

The union of the Mcr(COMP;) set and the
CR(COM Py) set resultsin the following set:

Mg (COMPy) | JCR(COMP;) = {ConstructMessage,
encrypt, decrypt, md5hash}

The cardinality of this set is the RFC for component
COM P,, whichisequal to 4.

Component COM Ps is caculated in the same manner.
The COM P; class set is CC, = {Message, Transaction-

Manager }. The M (CCs) setiscalculated by placing all
methods from C'C5 into aset. This results in the following
set:

Mcer(CC2) = { sartTx, endTx, SendMessage, Con-

structMessage }

The response st CR for component COM P,
is the wunion of the CR(Message) set and
CR(TransactionManager) set. The CR(Message)
set has aready been calculated in COMP;. The
CR(TransactionManger) is empty since there are no nested
method-calls made from within the class in either P; or P.
The CR for each classin COM P isasfollows:

CR(Message) = {decrypt, md5hash }
CR(TransactionManager) = empty
The union of the M7 and CR setsis

Mcr(COMP) | JCR(COMP,) = { startTx, endTx,
SendMessage, ConstructM essage, decrypt, mdShash }



Table 2. RFEC calculations

[PrJvi [en m; | MA(m,;)

Pl u Account | activate

P | v return

P | vs Message | ConstructMessage

P | va RSA decrypt

P | vs return MA (ConstructMessage) = decrypt

P | vs RSA md5Hash MA (ConstructMessage) = decrypt

12 return MA (ConstructMessage) = decrypt md5Hash

P | vs return MA (ConstructMessage) = decrypt md5Hash

P | v account transfer MA (ConstructMessage) = decrypt md5Hash,

P | vio | TXM startTX MA (ConstructMessage) = decrypt md5Hash

IZICE return MA(ConstructMessage) = decrypt md5Hash,
MA (transfer) = startTx

P | vig | TXM sendM essage MA(ConstructMessage) =  decrypt  md5Hash,
MA (transfer) = startTx

P | vis return MA(ConstructMessage) = decrypt md5Hash,
MA (transfer) = startTx, sendMessage

Py | via | TXM endTx MA(ConstructMessage) =  decrypt  md5Hash,
MA (transfer) = startTx, sendMessage

Py | vis refurn MA(ConstructMessage) =  decrypt md5Hash,
MA (transfer) = startTx, sendMessage, endTx

P | vie return MA(ConstructMessage) = decrypt  md5Hash,
MA (transfer) = startTx, sendMessage, endTx

The cardindlity of this set (the RFC) for component
COMP, is 6. We can see that for COM P, the CR set
was not a subset of the M1 set, thus it added to the num-
ber of membersin the set, resulting in a higher RFC value.

The remaining metrics are calculated and can be found
in Table 3.

45 Evaluation

The last step is to evaluate which component has better
coupling and cohesion measures. In this case simpleinspec-
tion of the values for cohesion and coupling metrics was all
that was needed, since one component choice outperformed
the other for all metrics, making the use of AHP unneces-
sary. According to Table 3 COM P; is the clear winner.
Component 1 has a RFC value that is half that of compo-
nent 2. The primary difference in the OMMIC, ICP, ICH
values for each component can be attributed to calls being
external in component 2 and internal in component 1.

Metric | Component 1 | Component 2
RFC 4 6
OoMMIC 0 8
ICP 0 16

ICH 16 0

Table 3. Component Metric Summary

5 From Design Metricsto Maintainability

Our approach rests on the assumption that thereis a cor-
relation between cohesion and coupling metrics during de-
sign, and maintainability and quality of the resulting imple-
mentation. Since it has been established el sewhere that cer-
tain code coupling and cohesion metrics are correlated with
quality and maintainability, one needs to show that our de-
sign level coupling and cohesion metrics are correlated with
their code counterpartsif we want to use them to determine
future maintainability and quality at design time. To this
end we designed an empirical study and asked the question:
is there a correlation between design metrics and code met-
rics? We designed a study with one factor (the target of
metric collection) and two treatments (design or code). The
study analyzes a design and its corresponding implementa-
tion for the purpose of assessing their metrics with respect
to their values from the perspective of aresearcher.

The design we used consists of an annotated UML Class
Diagram and Sequence Diagrams that describes a software
package that can Gouraud Shade Polygons. The Class Di-
agram contains 15 classes and the Sequence Diagram de-
scribes their interaction. Annotations included potential in-
puts, which describe the format of a polygon. The output
of the design is a 300x300 ppm image containing a shaded
polygon.

The experiment was conducted in a classroom environ-
ment. The subjects were 10 students in a Senior Soft-
ware Engineering course at Washington State University.
The UML design was created based on a real world prob-
lem found in computer graphics. The project was part of



a graded test in their Senior Software Engineering Class.
They were asked to implement the design using Java. They
were not given a time constraint. The dependent vari-
ables were the RFC, OMMIC, ICP design and code met-
rics. All students created working implementations of the
design. We collected data from each design and coded class
and found that the Pearson Product Moment Correlation
(PPMC) was greater than .95 in every case. All students
created a central driver class based on the design. Figure 4
shows the results of our findings for the driver class.

Design Metrics
RFC | OMMIC | ICP
10 14 14
Code Metrics
RFC | OMMIC | ICP PPMC
studentl 24 33 36 | 0.970725
student2 24 35 38 | 0.979076
student3 24 35 39 | 0.966282
student4 25 35 38 | 0.975417
student5 23 33 36 | 0.975417
student6 23 33 36 | 0.975417
student? 22 33 36 | 0.979076
student8 23 33 36 | 0.975417
student9 25 35 38 | 0.975417
student10 24 35 39 | 0.998461

Table 4. Empirical Study Data

We concluded that there is a positive correl ation between
code and design metrics. We noticed that there is a constant
offset between the data sets. We propose that designs have
lessdetail, specifically method calls, compared to the actual
code. One of the threats to validity is the completeness of
the design. Our design was very detailed and complete. In
practice, designs may be incomplete or very simplistic. In
addition, the size of the implemented programs where only
around 1000 lines of code. Industrial size software is ob-
viously much larger. We plan to address these concernsin
future studies.

6 Conclusion

We have adapted four different coupling and cohesion
metrics to help in defining component boundaries during
design. Because they are derived from code metrics which
show asignificant correlation with quality, thereis areason-
able expectation that the design level cohesion and coupling
metrics will as well. Besides helping with defining compo-
nent boundaries during design, these metrics can also be
used for design evaluation, by setting thresholds for accept-
able cohesion and coupling levels. It would be worthwhile
to investigate empirically what reasonable levels for cou-
pling and cohesion are for these measures.
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