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Abstract

StevensMyers, and Constantineintroducedthe
notion of cohesion,an ordinal scale of sevenlevels
that describesthe degee to which the actions per-
formedby a modulecontributeto a unified function
[12]. They provided rules, termed as ‘associative
principles’to examinetherelationshipsetweeripro-
cessingelements’of a moduleand designatea cohe-
sionlevelto it. Stevenst. al., howeverdid not give
a precisedefinitionfor theterm‘processinglement’,
therebyleavingit openfor interpretations.

This paper interprets the ‘output variables’ (not

statementspf a moduleas its processingelements.

Stevenset. al.’s associativeprinciples are trans-
formedto relate the outputvariablesbasedon their
‘data’ and ‘control dependencefelationships.What
resultsis a rule-basedapproachto computingcohe-
sion. Experimentatesultsshowthat, butfor temporal
cohesionthe cohesiomssociatedo a moduleunder
our reinterpetationandthat dueto the original defi-
nitions are identical for all examples.

1. Introduction

The conceptuakomplexity of developinga large
programis reducedoy decomposinghe programinto
smaller modulesand developingthe modulesinde-
pendently.A programcanbe decomposethto mod-
ulesin severalways of which oneis chosenduring
the designprocess.The choiceof the decomposition
hascritical effect on softwarequality attributessuch
as maintainability, reliability, modifiability, testabil-
ity, etc. of the finished product. Stevens,Myers,

and Constantinehave proposedthat cohesion- the
functional relatednes®f actionsperformedby indi-
vidual modules- is a good indicator of the quality
attributesof a softwaresystem[12]. Their proposi-
tion has beenacceptedby the software community
without experimentalvalidation.

Onereasornwhy therelationbetweercohesiorand
propertiesof a softwareproducthasnot beeninves-
tigatedso far is that Stevenset. al. defined cohesion
in a subjectivemanner. As per their definitions, the
cohesionof a moduleis measureddy inspectingthe
associationbetweenall pairs of its processingele-
ments The term processingelementwas definedas
an action performedby a module— suchas a state-
ment, procedurecall, or “somethingwhich mustbe
donein amodulebut which hasnot yetbeenreduced
to code” [14]. The informal definition of the cohe-
sion was intentional since Stevenset. al. intended
cohesionas a measureto predict the propertiesof
modulesthat would be createdfrom a given design.
The measuravasto be usedby designersaasa guide
to evaluatevariousdecomposition®f a task.

This paperintroducesan objectivemethodto com-
pute cohesionof a completelyimplementedmodule.
The measurejt is hoped,will enableinvestigations
ontheeffectsof cohesioronthequality attributesof a
softwareproduct. Suchinvestigationsarebeyondthe
scopeof this paper.Onesuchwork in progresss that
of [9] aimed at studyingthe effects of cohesionon
the modifiability of a program.This is differentfrom
the work presentedn [10] investigatingthe effects
of programmodificationson a module’scohesion.

The restof the paperis organizedasfollows. The



nextsectiongivesStevenset. al.’sinformal definition

of cohesiorandthe motivationsbehindour approach.
Section3 definesvariabledependencgraph,a graph

that summarizeghe relationshipsbetweenvariables
of amodule. Sectiond present®ur approacho com-

puting module cohesion. Section5 providesan ex-

planationof our rulesfor designatingcohesionevels

anda laboratoryvalidationfor the measure.Section
6 describeswo othermethodsf computingcohesion
andcompareghe resultsof classifyingprogramsus-

ing thesetwo approachespur approachand Stevens
et. al.’s definitions. The conclusionsare presented
in Section?7.

2. Motivations

In early 70s Constantineattemptedto learn why
designersassociatedhings into modules. He found
that they usedcertainrelationshipshetweena set of
actionsto determinewhetheror not they shouldbe
performedby the samemodule. He termedthesere-
lationshipsassociativeprinciples - principles (prop-
ertiesor characteristicsusedby designersto asso-
ciate actionsto be placedin a module. He classified
three such principles and arrangedthemin a linear
order(or levels)reflectingthe preferenceof mostde-
signersfor one principle over another. The ordinal
scaledefinedby the setof associativerinciplesalong
with their orderhe termedcohesion StevensMyers,
Yourdon,and Constantineexpandedhe list of asso-
ciative principlesto seven,which hasnow become
the de facto standard[12, 14].

Table 1 enumeratesheir list of sevenassociative
principlesandthe correspondingohesionevel. The
associativerinciplesgive the cohesiorbetweerpairs
of processingelements. The cohesionof a module
onthewhole,asper Stevent. al., is definedasthe
lowestof the cohesiorbetweenrall pairsof processing
elementsFigurel givesanalgorithmto computeco-
hesionusing Stevenset. al.’s method. The informal
definition of processingelementsandthe associative
principles make cohesiona subjectivemetric. The
algorithmic descriptionof the stepsfor computing
cohesionsuggestghat if the definitionsof process-
ing elementsandthe associativeprincipleswere for-
malized,this measurecould be madeobjective. This

Table 1 Associativeprinciple betweentwo processinglements
andthe correspondingohesionin increasingorder of levels.

Cohesion Associativeprinciples

Coincidental  Noneof the following associations
hold.

Logical At eachinvocation,one of themis
executed.

Temporal Both are executedwithin the same
limited period of time during the
executionof the system.

Procedural Both are elementsof someiterationor
decisionoperation.

Communica- Both referencethe sameinput dataset

tional and/orproducethe sameoutputdata
set.

Sequential The output of one servesasinput for
the other.

Functional Both contributeto a single specfic
function.

Algorithm: SMC’s-compute-module-cohesion
Input: A moduleor its narrative description
Output: Cohesionof the module

Identifythesetof processinglement®fthemod-
ule
For everypair of processingelementsio

» identify the set of associativeprinciplesin
Table 1 that suitably define the association
betweerthe pair

» thehighestlevel of cohesioncorresponding
to theseprinciplesis the cohesionfor the
pair

Thecohesionof a moduleis the lowestcohesion
of all pairs of processinglement®of the module.

Figure 1 The basicstepsfor computingmodule
cohesionaccordingto Stevenset. al. [12]

paperdoespreciselythat. Under our interpretation,
the output variables of a module are its processing
elements. The associativeprinciplesof Table 1 are
alsoreinterpretecandformalizedusingtwo relations:
contol and data dependencéetweervariables de-
rived from control and dataflow analysis.

The individual levels of cohesion their ordering,
and their relationshipto software quality attributes
have not yet beenvalidated. It is quite likely that



empiricalinvestigationmay leadto a reorderingre-
definition, addition,or deletionof levels. It is, there-
fore, desirablethat the methodfor computingcohe-
sion preservethe intent of associativeprinciplesas
well as be modifiable to accomodatehe results of
new findings.

In our approacheachlevel of cohesionis defined
by translatingStevenset. al.’s associativeriniciples
into rulesof logic. Thisrequiresusto associaténter-
pretationsto certaintermsthat were left ambiguous
by Stevenst. al. Thatourrulespreserveheintentof
theassociativeprinciplescanbe verified by question-
ing our interpretationsaandthe translation. Similarly,
the levels of cohesioncorrespondo the order of the

rules (which themselvesare position independent).

The levelsmay be changedsimply by reorderingthe
rules.

We arefamiliar with two otherefforts on comput-
ing cohesion first by Ott & Thuss[11] and second
by Emerson[5]. The three works (including ours)
take totally differentapproachesgescribedn detalil
in Section6. In the approachegproposedby Ott,
Thuss, and Emersonone first computesa number
(usuallyin the rangeof O to 1) usinga procedure’s
textandthenassignsa symboliclevel basedon some
thresholdvalues. Thereis no obviousrelationshigbe-
tweenthe computationproceduresof thesemethods
and Stevenset. al.’s definitions. While their mea-
suresmay be indicative of the strengthsof internal
bindingsof a function, thatthey measureé‘cohesion”
(a term that so far hastakenthe definition given by
Stevenset. al.) hasto be experimentallyverified.
Similarly, the orderingof thelevelsin theseapproach
is fixed by the orderingof thethresholdvalues. These
methodsare, therefore,not conduciveto change.

3. Variable dependence graph

We considermodule$ written in a simple proce-
durallanguage.The readeris referredto [1] for def-
initions of termspertainingto dataflow analysis.

1 Our work relies on previousefforts in the areasof flow analysis
of programsand computingmodule cohesion.Termssuchasprocedure,
program, modules, and statementsare usedin theseareassometimes
with differentmeanings.We call modulewhat in PASCAL is termedas
a procedue.

A variabledependencgraphabstractghe control

anddatadependencegetweemmodulevariablesused
in the associativeprinciplesfor computingcohesion.
The control dependencketweenvariablesis of two
types - true and false and is definedin terms of
anif or a while vertexthat controlsthe dependence.
Thus a variabley may havetrue- (or false) control
dependencen a variable z due to a statementn,
denotedr —.(n1) ¥y (Or @ —(n ) y). Thesetwo
dependenceare definedbelow.
Definition: (Contwol dependencez —. (n1)y). A
variable,say y, hasa control dependencen another
variable,sayz, dueto somestatementsayn,, when
statementn; containsa predicatethat usesz and
there exists a statementsay n., that definesy and
the executionof n, may be controlled due to the
succesr failure of predicatein ns.

This dependences of typetrue or falsedepending
uponwhich branchof ny is ny in.

Definition: (True-contol dependencez — (., ) ).
T —¢(n,) Y @andny is eithera while vertexor an if
statementvith n, in its then part.

Definition: (False-contol dependencez — ., ;)
y). x —e(ny) Y andni is anif statementvith ng in
its else part.

Definition: (Datadependencer —, y). Letn; and
ny be statementslefining variablesz andy, respec-
tively, « # y. The variabley hasdata dependence
on variablez if thereis a def-usechain[1] from n;
to ns.

Definition: = — y =2 —qyV (Ink.2 — (1) ¥).
Definition: A variable dependencgraph (VDG) of
amoduleM , denotedVyy, is thedirectedgrapr? with
typed edgesdefinedas follows:

v(Var) = Var(M) (Thesetof variablesof module
M)

€(Vamr) = {e suchthat

e =z —4 y Wherez,y € v(Vu)
andy hasdatadependencen z in
M, or

€ = T —nr Y Wherez,y €
v(Var) and y has control depen-

2 A directedgraphG' is atuple (V, E) suchthatE C V x V. We
usethe notationsv(G') ande(G) to referto V' and E elementsof the
tuple.



denceof type £ on z dueto n in
the module M }.
The modulesusedasexamplesn the next section
are shownwith their VDGs.

Canonical naming of module variables

A variableis termedoutput variable for a given
procedureif it is modified within it andis eithera
referenceparameteor declaredoutsidethe scopeof
thatprocedure.Our rulesfor computingcohesiorare
basedon interdependenciebetweenpairs of output
variables.To drawananalogybetweervariablesand
actionsso asto correctly computemodule cohesion
it is importantthat in a module all definitions of a
variable be relatedto a single purpose The mean-
ing of this statementan be statedby the following

module which violatesit.
1: procedure exanpl e2;

2 X = gl(a)
3: y 1= f1(x)
4: X = g2(b)
5: z = f2(x)
6: end(y, z)

If theoccurrencesf thevariablez in statement2
& 3 arereplacedwith m, the meaningof the module
will not change. We say that the two assignment
statementgsliefining the variablez ‘do not havethe
samepurpose’.

Definition: A variablehasa singlepurposeif all its
definitionsreachthe end of the module.

Definition: A module has canonicallynamedvari-
ables or is canonicallynamed,if everyvariablede-
finedin it hasa single purpose.

In [8] we give a polynomial time algorithm to
translatea moduleinto an ‘equivalent’ module that
is canonicallynamedby selectivelyrenamingsome
occurrence®f its variables. Henceforthwe assume
that all modulesare canonicallynamed.

4. Rules for computing cohesion

In this sectionwe presentStevenset. al.’s defini-
tions (identifiedas“SMC") of terms[12] alongwith
our interpretations(identified as “AL"). The next
sectionvalidatesthe measuresesultingfrom our in-
terpretationagainstthat dueto Stevenset. al.’s.

Table 2 Rulesfor computingcohesionbetweenprocessing
elements.Herez, y denoteoutputvariablesand
a —ag b is ashorthandfor a —¢ag b € €(Viy).

Cohesion
i C;
1. Coincidentalrule; (z,y) = ~(V;c .5
rule;(z,y))
rulex(z,y) = dznkVl. =z —o(n,k)
TNz —¢(n,k)
yA _'(Z e(n,l)
T Az e(n,l) y)
3. Procedural rules(z,y) = d2nk. 2z — ()
TNZ—c(nk) Y

Associative principles or Rules
rule; : Var x Var — Boolean

2. Logical

4. Communicaruley(z,y) = 3z.Vnkl.
tional —(z — o(n.k)

r Az = ¢(n,~k)
y) A _'(Z e(n,k)
T Az e(n,k)
YYA(z—=2N2z—
y) V(z—
2Ny — 2))

5. Sequential rules(z,y)=c —yVy—=z

Processing element

SMC: An action performedby a module— such
as a statement,procedurecall, or “something
which mustbe donein a modulebut which has
not beenreducedto code”.

AL: An output variable of a module.

Our choice of output variables(insteadof state-
ments)stemsfrom the observatiorthat the function-
ality of a moduleis typically definedin terms of
its inputs and outputs. This is true for both formal
specificationsnvolving pre-andpost-conditionsand
informal documentatiorprovidedas headerof each
function.

M odule cohesionmay now be definedas:

SMC: The lowest cohesionof all pairs of its
processinglementsaasdeterminedrom rulesin
Table 1.

Notice that the abovedefinition from Stevenset.
al. doesnot define cohesionfor a module that has



only 0 or 1 processingelements.We rectify this as
follows.

AL: The cohesionof a moduleis functional if
it hasonly 1 outputvariable;it is undefined if
it hasno output variables;elseit is the lowest
cohesionof all pairs of the output variablesof
the module.

The aboveinterpretationof the definition of mod-
ule cohesionpreserveghe intent of Stevenset. al.’s
definition of functional cohesion:namely,a module

hasfunctionalcohesionif all its processingelements

contributeto a single specificfunction.

Our rulesfor designatingcohesionbetweenpairs
of output variablesare statedin Table 2 as logical
expressiongule;, i = 1..5. Given a pair of output
variablese andb and the module M if rule;(a,b)
evaluatedo true thenthevariables: andb aresaidto
havethe correspondingohesion(’;. Sincetherules
aresymmetricthe orderof the variablesin the pair is
not significant. In the logical expressionsg — 4, b
is a shorthandfor @ —,, b € €(Vas) where M is
the module under consideration.

Figure 2 gives our algorithm for computing
module cohesionafter rectifying the problem with
Stevenset. al.’s algorithm (Figure 1) and introduc-
ing our interpretationof processingelements,their
associationsand the associativeprinciples.

5. Explanation and validation
of rules of Table 2

This sectiongives a narrativeof the intuition be-
hind our rules in Table 2 for computing cohesion
betweerpairsof outputvariables.Also providedis a
validationof the measurei.e. our rulesindeedcom-
putecohesiorasdefinedby Stevenset. al. [12]. No-
tice that this doesnot validatethe relationshipif any
betweenany quality attribute of a software system
and its cohesion;as statedearlier such a validation
is beyondthe scopeof this paper.

Our validation approachconsistsof handcrafting
a setof programswith “known” cohesionaccording
to Stevenset. al.’s definition [12], computingtheir
cohesionwith our approach,and comparingagainst
the “known” value. Similar validation method has

Algorithm AL-compute-module-cohesion
Input: a canonicallynamedmoduleP
Output: Module cohesionof P or ‘undefined’

Constructthe PDG of P

Constructthe VDG Vp

Let X bethesetof all the outputvariablesof P
If | X |= 0 then cohesion:= ‘undefined’

elseif | X |= 1 then cohesion= ‘functional’
else begin

- - initialize to highestvalue
cohesion= 'sequential’
for zin X andy in Y and z # y do

- - maximumof all cohesiondor
a variable pair

VC:= MAX({C;|ie {1.5}A
rule;(z,y)})

- - minimumof all pairs
cohesion= min(cohesiony/C)

end-for
end
return cohesion
end

Figure 2 Algorithm for computingmodulecohesionusing our
interpretationof terms. C; andrule; refer to the entryin the
correspondingolumnsof the i, row of Table 2.

beenemployedby Ott and Thussto validate their
measurdor cohesion11]. The readeris referredto
[2] on details of approachego validating software
metric.

Figure 3 containsa module with a single output
variable henceexpressingunctional cohesion. Fig-
ures4 to 8 containmoduleswith 2 outputvariables
andexpressindogical, communicationalprocedural,
sequentialand coincidentalcohesion.Figure 9 con-
tainsa modulewith 3 outputvariables.Its cohesion
is the minimumof the cohesionsbetweenthe pairs
of thesevariables.

Logical cohesion

SMC: Two processinglementshavelogical co-
hesionif at eachinvocationof the moduleonly
one of themis invoked.

AL: Two variableshavelogical cohesionf they
havedifferenttype of controldependencen the
samevariabledue to the samenode
rule(z,y) = Jznk.Vi.



1 procedure sum(n: integer;
var result: integer);
2 var i integer;
3 begin (6,)
4 =1
5 result = 0
6 while i < n do begin @ c(6.t)
7 =0+ 1 c(6,f)
8 result = result + i
9 end
10 end

Figure3 A modulecomputingthesumof first n numbersandits
variabledependencgraph. The modulehasfunctionalcohesion.

1 procedure  sum_or_product(m,n,flag:

integer;

var sum,prod: integer);
2 var i integer;
3 begin
451 if iﬂz:iE 5 1 then begin o4
6 sum = O;
7 while i <= m do begin @
8 sum := sum + i; c(%,t)
9 =0+ 1
10 end c(T.0) @
11 end 4,
12 else begin (7,&{
13 j =1
14 prod = 1;
15 while j <= n do begin
16 prod := prod * j;
17 j o= +1
18 end
19 end
20 end

Figure 4 A modulecomputingsum or product
of first n numbersand its variable dependence
graph. The modulehaslogical cohesion.

z “e(n,k) T Az —e(n,ak) Y
/\_'(Z _>c(n,l) A _>c(n,l) y)

The above expressionevaluatesto true if there
existsa variablez suchthata) » andy havecontrol
dependencen it due to the samevertex n and of
differenttype,k and-k, i.e. 2 — (1) TAZ = (n k)
y andb) theydo not havea controldependencef the
sametype on this variabledueto the samevertexn.
The first conditionwill hold iff » is anif statement
and one variable is definedin one branch of this
statemenandthe othervariableis definedin its other
branch. The condition =(z — 1 A2 =) ¥
ensureghat both the variablesare not definedin the
samebranch. This ensuresthe exclusioncondition
requiredfor logical cohesion,i.e. only onevariable
be assignedo during eachinvocation.

1 procedure  sum_and_product3(n:

var sum,prod: integer);

integer;

2 var i integer;

3 begin

4 =1

5 sum = O;

6 prod = 1,

7 while i <= n do begin
8 sum := sum + i;

9 prod = prod * i
10 =0 +1

11 end

12 end

Figure 5 A modulecomputingthe sum and
productof first n numbersusing a single loop.
It demonstrateproceduralcohesion.

The moduleof Figure 4 computes:

thesumoffirst‘'m’ integerdf thevalueof ‘flag’ is
1 elseit computesheproductof first'n’ integers

It haslogical cohesionsinceat eachinvocationonly
one of two functionsare performed. The choice of
the function is controlled by the variableflag. The
module’'sVDG showsthat the output variablessum
andprod havea control dependencen variableflag
dueto statemen#d. The dependencés of different
type: true for sumand false for prod.
Thusruley(sum, prod) = true, implying thatthe
module’scohesionis €y = logical.

Procedural cohesion

SMC: Two processingelementshaveprocedural
cohesionif they belongto the sameiteration or
decisionoperation.

AL: Two variableshave proceduralcohesionif
they have control dependencef the sametype
on the samevariabledue to the samenode.
rules(z,y) = (Jenk.2 = () A2 = cni) Y)

The conditionwill succeedff thereareddfinitions
of both the variablessubordinateto the samewhile
statemenbr to the samebranchof theif statement.

The modulein Figure 5 computes:

the sum and product of the first ‘n’ integers.

The two functions are related in that they are

performedsimultaneouslyn the sameloop.
Themodulethereforehasproceduralcohesion Since
sumand prod are computedin the sameloop they
havecontrol dependencen all variablesin the loop



1 procedure  sum_and_product2(n: integer;
var sum,prod: integer);

2 var i integer;
3 begin
4 =1
5 sum = O;
6 while i <= n do begin c(6.t) c(12,)
7 sum := sum + i;
8 =1 +1
9 end, b

- . Cl
ﬂ Jpro.d l:’ 1; gy cdat o0
12 while j <= n do begin
13 prod := prod * j;
14 j =] +1
15 end
16 end

Figure 6 A modulecomputingthe sumand productof first n
numbersusingtwo loopsandits variabledependencegraph.
The moduledemonstratesommunicationatohesion.

predicate.The dependencés dueto the samestate-
mentandis of the sametype, in this casetrue.

Thus rules(sum, prod) = true and the module
cohesionis C'3 which is procedural.

Communicational cohesion

SMC: Two processingelementshavecommuni-
cationalcohesiorif theyreferencehesamenput
dataand/orproducethe sameoutputdata.

AL: Two variableshavecommunicationatohe-

sion if

+ theyhavedatadependencenthesamevari-
able, or

* the samevariable has data dependenc®n
them, or

* one variable has control dependenceand
the other hasdatadependencen the same
variable

» the two variableshave control dependence
on the samevariable but due to different
vertices.

In other words, two variableshave communica-
tional cohesionif they haverelationwith eachother
or acommornvariableandthis relationis not captured
by logical or proceduralcohesion.

rules(z,y) = Jz.Ynkl.

—|(Z _>c(n,k) T Az _>c(n,—|k) y)
/\_'(Z —e(n,k) T Az e(n,k) y)

1 procedure sum_and_average(n:integer;

var sum,average: integer);

2 var i integer;

3 begin

4 i =1

5 sum = O;

6 while i <= n do begin
7 sum = sum + i;

8 =0 +1

9 end;

10 average = sum / n
11 end

Figure 7 A modulecomputingthe sumand averageof first
n numbers.It demonstratesequentiakcohesion.

AM((z—=2ANz—1y)
V(e = 2Ny — 2))

The first two negationsaboveensurethatz andy
do notdependon z suchthatit mayleadto logical or
proceduratohesion.Thenextconditionthenensures
that z and y have some relation to the common
variable z.

The moduleof Figure 6 computes:
thesumandproductoffirst ‘n’ integers.Thetwo
functionsare computedndependently.

Thetwo functionsarerelatedin thattheybothdepend
on the value of the variablen. Hencethe module
hascommunicationatohesion In the modulesvDG
the variablessumand prod havecontrol dependence
on n, but the dependencds not due to the same
statement. Thus rules(sum, prod) = true andthe
modulecohesionis Cy= communicational.

Sequential cohesion

SMC: Two processingelementshave sequential
cohesionif the outputof oneservesasan input
to the other.

AL": Two variableshave sequentialcohesionif
one hasdatadependencen the other.
rules(z,y) = (¢ =g yVy —q )

The above expression captures the intent of
Stevenset. al.’s definition of sequentialcohesion.
Notice that, just as in communicationalcohesion,
this definition doesnot stateanythingaboutaz hav-
ing control dependencen y or vice versa Using
argumentsimilar to that in communicationalcohe-
sion we believe that this expressionshould also be
generalizedas follows:

rules(z,y) = (z - yVy — x)



1 procedure  sum_and_productl(m,n:

integer;

var sum,prod: integer);
2 var i integer;
3 begin
4 =1
5 sum = O;
6 while i <= mdo begin
7 sum := sum + i;
8 =0 +1
9 end,
10 j =1
11 prod = 1,
12 while j <= n do begin
13 prod := prod * j;
14 j =] +1
15 end
16 end

Figure 8 A modulecomputingthe sumof first m numbersand
productof first n numbers.lt demonstratesoincidentatohesion.

The moduleof Figure 7 computes:

sumand averageof the first n integers.
Since the computationof averageusesthe result
from computing sum, the two functions have se-
guential cohesion The dependencebetweenthe
variables,sum and average correspondingo these
functions exhibits this. The variable average has
a data dependenceon the variable sum hence
rules(sum, average) is true and the module co-
hesionis sequential.

Coincidental cohesion

SMC: Two processinglementghatdo not have
logical, temporal, procedural,communicational,
sequential,or functional cohesionhave coinci-

dental cohesion.

AL: Two variablesthat do not havelogical, pro-

cedural, communicational,or sequentialcohe-
sion have coincidentalcohesion.

rule(z,y) = = Vie{2 ... 5} rulei(z,y)

The moduleof Figure8 demonstratesoincidental
cohesion It computes:
the sumof all numbersetweenl andm andthe
productof all numbersbetweenl andn.
Thetwo functionsit performsareindependenandit
hastwo independenibopsperformingthetasks. This
is reflectedin its VDG. The graph consistsof two
disjointsubgraphsThetwo outputvariablessumand
prod do notdepencdbn eachother,nor do theydepend

1 procedure  sum_sumsquares_product2(

m,n,flag: integer;
var sum,sumsquares,prod: integer);
var ij: integer;
begin
if flag = 1 then begin
=1
sum = O;
while i <= m do begin
sum := sum + i;
=0 +1
end,
end
else begin
j o= 1
sumsquares = O0;
prod = 1,
while j <= n do begin
sumsquares = sumsquares + | * j;
prod := prod * j;
=i +1
20 end,
21 end

22 end

Figure 9 A modulecontainingthreeoutput variableswith
differenttypesof cohesiondbetweenpairsof thesevariables.

onthesamevariable. Thusrule (sum, prod) is true
andthe modulehascoincidental cohesion.

The examplesso far, exceptfor functional cohe-
sion, had two output variables. Our next example
looks at a programwith threeoutputvariables.
Considerthe modulein Figure9. It takesinput flag
and n. If the value of flag is n it computesthe
sum of first n positive integersotherwiseit simul-
taneouslycomputesthe sum of squaresof the first
n integersand also their product. The module per-
forms three functions: computesum, computesum
of squares,computeproduct. It performsonly the
first function on certaininvocationand both the re-
mainingfunctionsin otherinvocations.It clearly has
logical cohesionbetweenthe processingelementsof
the first function and the other two functions. The



Table 3 Comparisorof cohesionsassociatedo Modules1 through7 by the differentapproachesliscussedn this paper. Emerson
andOtt & Thussreclassifiythe cohesionsas subsetof the original categories.The reclassificatioris asfollows:
Type | ={functional, sequentialcommunicationd} Type Il = {procedural,temporal}; Type lll = {logical,
coincidenta); Low = {coincidental,tempora}, Control = {procedural,logicall High = {sequential functiona}. A
(*) indicatesthat the cohesionassignedo that modulediffers with that of Stevenset. al.’s assignment.
A ? indicatesthat that the classificationfor that moduleis ambiguousor not well defined.

mmzcr—* Stevenset. al.’s Lakhotia’s Emerson’s ?t:tuics’
Module 1 functional functional Typel High
Module 2 logical logical Typelll Control
Module 3 communicational communicational Typell (*) Low (*)
Module 4 procedural procedural Typel (*) Control
Module 5 sequential sequential Typell (*) High
Module 6 coincidental coincidental Typell (*) Low
Module 7 logical logical Typelll ?

processingelementsof the latter two functionshave
proceduralcohesion becausehey are performedsi-
multaneously. The cohesionof the moduleis the
smallerof logical and procedura i.e. logical.

This is computedusing our rulesasfollows.

ruley(sum, sumsquares) = true,
rulez(sum, prod) = true, and
rules(sumsquares,prod) = true.

Hencethe set of cohesionshetweenthe pairs of
outputvariablesis {logical,procedural}. The min-
imum elementof this setis logical.

6. Comparison with related works

Section2 eludedto Ott & Thuss’[11] and Emer-
son’s [5] methodsof computing module cohesion.
It statedthe “philosophical” differencebetweenthe
other methodsand ours. In this sectionwe describe
thesemethodsand comparethe classificationsdone
by them. We believe that Emerson’sapproachis
flawed in so far as computationof cohesionas de-
fined by Stevenset. al. [12] is concerned. The
reasonsare explainedbelow.

The result of classifying the modulesfrom the
previoussectionusingStevenst. al's, Ott & Thuss’,
Emerson’sandour approachareshownin Table3. In
orderto comparethe classificationsloneby different
methodsthe sevenlevels of cohesionof Stevenset.

al. aremappedo four levelsof Ott & Thussandthree
levelsof Emerson.A (*) in Table 3 indicatesthose
moduleswhosecohesiondiffers from thatof Stevens
et. al’s after suchreclasdication. The cohesion
assignedo the variousmodulesusing our methodis
consistentwith that of Stevenset. al.’s assignment.
The sameis not true for the othertwo methods.

In thefollowing subsectionsve give theessencef
Ott & Thuss’and Emerson’sapproachesndreason
why the cohesionassignedby thesemethodsdiffer
from Stevenset. al.’s definitions.

Ott and Thuss's Approach Ott & Thussreclas-
sify the original sevenlevels of cohesioninto four
categories:low = {coincidental,temporal} control
= {logical, procedural} data = {communicational}
and high = {sequential functional}. They determine
the “relationshipsbetweenprocessinglement of a
programby examiningstatementsn the intersection
of its end-slicesof outputvariables.An end-sliceof
a variableis a slice® performedat the last statement
with respecto thatvariable. An outputvariable of a
module,as pertheir ddfinition, is a variabledeclared
as referenceparameteror a variable definedby the
operatingsystem.

3 A dlice of a programat a statement: with respecta variable v
consistsof all statement®f the programthat may effect the value of v
at statement. For more detailsseeWeiser[13]. We omit detailsfor the
sakeof brevity. The term end-sliceis our term. It is not usedby Ott &
Thuss.



Table4 Summaryof Ott & Thuss’sassociativeprinciples
for computingmodule cohesion. The principles
comparethe intersectionof end-slicesof output
variables.Only “variable referentexecutablestatements”
are consideredas part of the end-slices.

Cohesion Ott & Thuss’Associativeprinciples
C; AP;

low the intersectionis empty

control | the intersectionprimarily contains

control statementsnd definitionsfor
the control variables

data the intersectioncontainsnon-control
variabledatadefinitions
high oneslice s totally containedn another

The associativeprinciplesof Ott & Thuss'‘relate
the setsof statementdn the end-slicesof a pair of
output variables’. Theseprinciplesand their corre-
spondingcohesionsare summarizedn Table4. The
associativeprinciplesrelate to the set of statements
in the intersectionof the end-slices. Ott & Thuss
restrict that only “variant referentexecutablestate-
ments”- executablestatementshatreferto variables
be consideredvhen comparingslices.

Comparisonof the cohesionassignmentdue to
Ott & Thuss’ approachwith that dueto Stevenset.
al. brings out its weakness.Modulesthat perform
different functions using the sameinput data, asin
module of Figure 5, are classifiedby Ott & Thuss
aslow becausehe intersectionof the end-slicesof
their outputvariablesis empty. Stevenset. al. assign
communicationatohesionto suchprograms(which
is reclassifiedby Ott & Thuss as data cohesion).
ThusOtt & Thuss’assignments not consistentvith
Stevenset. al.

Emerson’s Approach Emerson reclassifies the
sevenlevels of cohesioninto three: Typel = {func-
tional, sequentialcommunicationdl Typell = {pro-
cedural, temporal} and Typelll = {logical, coinci-
dental} He representsa programas a flow graph
[6]* and constructsa referenceset for eachvariable
- the setof verticesthat refer to that variablein the

4

Actually Emersoroperate®nreducedlow graph—agraphderived
after performing sometransformationon a programsflow graph. The
detailsof the representatiomre not relevantfor our discussion.
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flow graph. If R; is the setof verticesin a flow
graph F' that referencevariable: then he definesa
metric x(R;, ) - cohesionof R; in flow graph F’
as follows:

|R;|dimR;
k(B F) = |v(F)|dim v(F)
where dim A is the number of “maximal linearly
independenpaths [4] passinghroughthe vertexset
A in the flow graph F.

He thendefineshe cohesiorof amodulewith flow
graph F', x(F'), asthe arithmeticmeanof x(R;, F')
for all variables:. We call this measuregraph cohe-
sion Emersonusesthe value of x(F’) asa discrim-
inant, thatis he associates rangeof valuesof the
metric for eachof the threetypesof cohesion:

1. Typel - 0 < K(F) < (g/c)/s
2. Typell - (g/c)/s < w(F) < 1/5”
3. Typelll - 1/s* < w(F) <1

wheres is the numberof executablestatementshat
refer to variables,q is averagenumberof variable
referencegper executablestatementand ¢ is the ra-
tio of numberof variablesn a moduleandnumberof
executablestatementsThe constants; andc arelan-
guagespecific parametersupposedo be computed
from a domain of sampleprograms. A module is
classifiedto havea type of cohesionif the value of
the cohesionmetric falls in the associatedange.
Table 3 showsthat the cohesionassociatedo a
module using Emerson’sapproachis not consistent
with that associatedusing Stevenset. al.’s defini-
tion (afteraugmentingt to reclassifythe sevenevels
of cohesioninto Emerson’sTypel, Il, andlll). The
sourceof the problem can be tracedto the assump-
tionsthat Emersormakesto derivethe aboveranges.
In order to derive cut-of rangesEmersonmod-
els the flow graphof Typell andlll modulesusing
graph constructs. He modelsa Type Il module as
thosemoduleswhoseflowgraphmay be constructed
by a ‘sequence’of simpler flow graphs. Similarly
Type lll modulesare moduleswhoseflowgraphmay
be modelledasa setof simplerflowgraphsconnected
in parallelsuchthatonly oneof thethemmay be se-
lectedfor execution.Although thesemodelscapture
the structureof all moduleswith Typell and Typelll



cohesionsrespectively not all modulesmodelledby

theseconstructshave Type Il or Type lll cohesions.
This leadsto the incorrectclassifications For exam-
plethemodulein Figure8 with coincidentalcohesion
is classifiedas Type Il becausets flow graphcanbe

modelledas a sequencef two simplerflow graphs.
Similarly a modulein which all simplerflow graphs
controlledby a selectioncomputevaluesfor thesame
variablewill be incorrectlyclassfied as Type lIl.

7. Conclusions

Module cohesionwasintroducedby StevensMy-
ers,andConstantind12] asa propertythatdescribes
the degreeto which actionsperformedby a module
contributeto a unified function. This is an ordinal
metric with sevenlevels measuredn terms of the
typeof associationdetweenpairs of processingele-
mentsof a module. Stevenset. al. gavedescriptive
definitionsof the notion of processingelementsand
the rulesfor designatinga cohesionlevel to a mod-
ule. This left the definitionsopento interpretations
and madecohesiona subjectivemeasurg3].

This papergives a formal definition for the term
“processingelements”and the rules for measuring
thetype of associationsA processinglementasper
Stevenset. al.’s intentis a functionality providedby
a module. While the statement®f a moduleimple-
mentamodulesehavior,in thedomainof procedural
programsthe actionsperformedby a module,except
thoserelatedovertime, arereflectedin the changeof
its variables’ state and/orthe stateof its input and
output streams. This leadsus to define the output
variablesof amoduleasits processinglements.The
associatiorbetweerthe outputvariabless definedin
termsof control and datadependencéetweenvari-
ableswhich in turn are derivedfrom similar depen-
dencedetweerstatementsTherulesfor designating
a cohesionlevel are definedsuchthat they preserve
the intent of the original definitionsin the contextof
the new definition of processingelements.

We havevalidatedour measurdor cohesiorin two
parts. In thefirst partwe createdsamplemodulesthat
depicteda particular cohesionaccordingto Stevens
et. al.’s definitionsand comparedheir cohesiongo
that assignedby our method. The examplesin this
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papershowa subsetof thesemodules. As is shown
in Table 3, but for temporalcohesion,the cohesion
associatedo a module using our interpretationand
thatduethe Stevenst. al.’s ddfinitions areindentical
in all cases.

In the secondpartof our experimentve took sam-
ple programsfrom books, such as Kernighan and
Plaugher7], and computectheir cohesionusingthe
two approachesilt turnsout that textbookprograms
tend to be have functional cohesionsince they are
written with the intention of teachinggood program-
ming style. Theseprogramshereforedo not provide
a goodsamplesetfor testingalgorithmsfor measur-
ing programquality. Similarinferencehaspreviously
beenmadeby Emerson[5].

Our objective definition of computing cohesion
shouldenableinvestigationsof the effect of module
cohesioronvarioussoftwarequality attributes.Work
is in progresdo studythe effect of modulecohesion
on softwaremodifiablility [9].
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