* The affected classes are shaded.
* The affected data members and methods of affected classes are
shaded in dark gray level.

Figure 9: Results of the Algorithm

the one that is most cost effective. It can also be used by
software testers to find what areas are affected by the
changes, so they can test only the affected areas and still [3]
feel confident about the quality of the software.

The algorithms described in this paper are detailed [4]
enough to be implemented. In the future, we hope to
develop a metric system to quantitatively measure the
impacts of the proposed changes, and develop an analysis
tool that implements these algorithms. We also want to
expand this technique to a distributed object environment, [5]
and analyze how changes propagate across heterogenous
networks, databases, operating systems, and languages.
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contaminate_none (0x00). to {_fal}. Then A is picked from UncheckedSet, and Fin-
7. Affected by other data member or methodsIf a dEffectinClass,FindEffectAmongChildren,FindEffectAm
method is affected by other data members or methods@ngClients are called to check whether other members in A
the state of the object will change, and this method will Or in any class that uses A or inherits from A are affected
become contaminated. If it is affected by other methods, by this change. ACS now contains A, A2, and B. The algo-

the referenced method’s changed behavior can chang8thm picks a class that has not yet been checked from
the behavior of this method. If this method is public, it UncheckedSet and applies the same procedures repeatedly

will affect the data members or methods from the until the UncheckedSet is empty. The final results of run-
changed class, from its clients, and from its children ning these procedures are shown in Figure 9. The affected
(contaminate_all). If it is protected, it will affect the classes and their affected methods and data fields are
data members or methods from the changed class anghown as shaded areas.

from its children (contaminate_children,

contaminate_current). If it is private, it will only affect 5. Conclusions and future work

the data members or methods from the changed class

(contaminate_current). In this paper, we have analyzed the characteristics of
object-oriented software to understand how encapsulation,
4.3 Other changes inheritance, and polymorphism can influence the propaga-

) ) tion of changes through a software system. Industry is still
1. Add a class:When a new class is added, it does Not struggling with how to apply change impact analysis to
yet have any classes that use it, so we assume itgpject-oriented software. This paper takes a first step
attribute is contaminate_none. towards building a framework for viewing obejct-oriented
2. Delete a classWhen a class is deleted, its data mem- maintenance. Although it is easy to identify and package
bers and methods will no longer be available, so all objects, features such as inheritance make ripple effects of
related classes will be affected. The attributes of all thechanges more important ( and more difficult) to control.

data members and methods are contaminate_all. We categorize the different kinds of changes that can be
applied to object-oriented software, and assign each type
4.4 Examples an influence attribute according to how the type of change

i L , influences other objects in the system. A simple and con-
This section illustrates these _alg_onthms through anggnative approach was first described, then ways to
example. The classes are hgawly interrelated to bett_ebptimize the algorithms according to the change type and
demonstrate the algorithms. Figure 8 shows a system withpg change attributes were presented. The complete set of
four classes, A, B, C, and D. We use our algorithms to anazqorithms that calculate the change propagation within
lyze the impact to the system of changing the type of falihe cjass, between the client and server class, and between
in A. the parent and children class are described in a technical
The TotalEffect algorithm first calls SetInit to set the report [5].
initial values of the different sets. Every class in the system 1,4 technique described in this paper can be used by
is put into the UncheckedSet. A is put into ACS and gogyare developers to run “what if” analyses on different
marked dirty, AMS[A] is initialized to empty and AFS[A]  change proposals for the software system, and to choose

K.. if b->mb1() I=_fc2)
XXXX
~~~~~~ . C----7 P i N :
,-~ ~=-mcl(); ( - B PP :2:a->ma1()+ ;
- : (
=~"TfcL; - fo2; ’ Sealoll.
SR oz N_—e -l -3

Pid - \ 0 _

T 1a 7T OA -—-"N - ==

lax o = - -mdl(); o=--7(
XXX PLo= s - - . : :
else’ S0 28 pal N _ﬁM\
o JUPT A= - ftazll; N L service from outsidk
... _f1 - c0>ma2();... rlas- — ’ -
T A T M T
T -matg; 7 - -mal() (
=~ ma20; > S-o ’)

P \ -
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can bring to this data member. It may be possible to fix
the change locally, such that this data member will not
affect other parts of the system. In that sense, it is not
contaminative. For example, when a referenced data
member has been changed from public to private, that
data member will no longer be available for its clients to
reference. The developer can replace this data member
by a corresponding member function that retrieves the
value of this data member. So its clients can just substi-
tute the data member with the corresponding method,

affects the details of the implementation but not the
interface. The semantics and behavior may or may not
be changed. If this method is public, it will affect the
data members or methods from the changed class, from
its clients, and from its children (contaminate_all). If it
is protected, it will affect the data members or methods
from the changed class and from its children
(contaminate_children, contaminate_current). If it is
private, it will only affect the data members or methods
from the changed class (contaminate_current).

and keep their interfaces the same. In this situation, its 4. Delete a method:When a method is deleted, it is no

clients will not propagate this change further. But it may
need more dramatic changes that cause its clients to
have to change their interfaces. So we assume that if this
data member is public, it will affect the data members or
methods from the changed class, from its clients, and
from its children (contaminate_all = 0x07). If it is pro-
tected, it will affect the data members or methods from
the changed «class and from its children
(contaminate_children | contaminate_current = 0x03).
If it is private, it will affect the data members or meth-
ods from the changed class only (contaminate_current =
0x01).

4.2 Changes types of methods

longer available to its clients, so all of its clients are
affected. If the method is public, it will affect the data
members or methods from the changed class, its clients,
and its children (contaminate_all). If it is protected, it
will affect the data members or methods from the
changed class and from its children
(contaminate_children, contaminate_current). If it is
private, it will only affect the data members or methods
from the changed class (contaminate_current).

5.Add a method: When a new method is added, it does

not yet have any classes that use it. So we assume it is
non-contaminative to its client, but its children have to
know the new method. Its attribute should be
contaminate_children.

The types of changes that could be applied to methods 6. Scope changedThere are six possible scope changes

are:

1. Signature changed:If the signature of a method has
changed, for example, parameters have been added or
deleted, it will affect any methods or data members that
are related to this method. If the method is public, it will
affect the data members or methods from the changed
class, from its clients, and from its children
(contaminate_all). If it is protected, it will affect the
data members or methods from the changed class and
from its children (contaminate_children,
contaminate_current). If it is private, it will only affect
the data members or methods from the changed class
(contaminate_current).

2. Axiom changed: If the preconditions, postcondition,
or axioms are changed, this will change the behavior or
semantics of the method. This may or may not affect the
methods or data members that reference this method. If
the method is public, it will affect the data members or
methods from the changed class, from its clients, and
from its children (contaminate_all). If it is protected, it
will affect the data members or methods from the
changed class and from its children
(contaminate_children, contaminate_current). If it is
private, it will affect the data members or methods from
the changed class only (contaminate_current).

3. Implementation changed: This type of change

relevant to methods:
1) Public --> Private
II) Public --> Protected
I1l) Protected --> Private
IV) Protected --> Public
V) Private --> Public
V1) Private --> Protected

I) Changing a method from Public to Private will affect
any client classes and subclasses that reference this
method, because it will no longer be available. The
attribute is 0x06 (contaminate_client |
contaminate_children = 0x06).

II) Changing a method from Public to Protected will
affect any client class that reference this method, but not
the data members and methods in subclasses and in the
changed class. Because this method will no longer be
available for any client classes but will still be available
for subclasses and the changed class, the attribute of this
change is contaminate_client (0x04).

Ill) Changing a method from Protected to Private will
affect all the subclasses that are derived from this class,
because it is no longer available to its subclasses. The
attribute of this is Contaminate_children (0x02).

IV) V) VI) will not affect any other classes except to
reveal the state of the object. So its attribute is
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nate any of the related classes (Contaminate_none =
0x00).

2. Type changed If the type of the data member is
changed, it will affect the methods or other data mem-
bers that reference it. If this data member is public, it
will affect the data members or methods from the
changed class, its clients, and its children
(contaminate_all = 0x07). If it is protected, it will affect
the data members or methods from the changed class
and its  children (contaminate_children |
contaminate_current = 0x03). If it is private, it will only
affect the data members or methods from the changed
class (contaminate_current = 0x01).

3. Scope changedktet us assume the programming lan-
guage has three levels of scope: public, protected and
private (as in C++ and Ada). Public data members or
methods constitute the interface of the class and can be

seen by other classes. Protected data members or meth-

II) Changing a data member from Public to Protected
will affect client classes that reference this data mem-
ber, but not the data members and methods in subclasses
and in the changed class. Because this data member will
not be available for any data members and methods in
client classes but will still be available for those in sub-
classes and the changed class, this change will only
affect the client classes of the changed class. The
attribute of this change is contaminate_client (0x04).

[II) Changing a data member from Protected to Private
will affect all subclasses that are derived from this class.
Changing the data member from protected to private
makes this data member not available for any data
members and methods in its subclasses. The attribute of
this change is Contaminate_children (0x02).

IV) V) VI) These will not affect any other classes except
to reveal the state of the object. So the attribute is
contaminate_none (0x00) for all these classes.

ods can only be seen by data members or methods 4. Delete a data member:When a data member is

within the class or from this class’ derived classes. Pri-

deleted, it will no longer be available to its client, so all

vate data members or methods can only be seen by the its clients will be affected. If this data member is public,

data members or methods within the classsclpe
changeis when a data member or method is moved
from one scope level to another. There are six possible
scope changes:

1) Public --> Private
I1) Public --> Protected
I1l) Protected --> Private
IV) Protected --> Public
V) Private --> Public
VI) Private --> Protected
I) Changing a data member from Public to Private will

it will affect the data members or methods from the
changed class, from its clients, and from its children
(contaminate_all = 0x07). If it is protected, it will affect
the data members or methods from the changed class
and from its children (contaminate_children |
contaminate_current = 0x03). If it is private, it will only
affect the data members or methods from the changed
class (contaminate_current = 0x01).

5. Add a data member:When a data member is added,

no classes use it yet. So we assume it is non-contamina-
tive to its clients, but, according to the Liskov principle,
its children have to know the new data member if it is

affect all client classes and subclasses that reference this public. Its attribute is contaminate_children (0x02).
data member, because it will no longer be available. g affocted by other data members or methodslf a

Since the data members and methods in the changed
class can still see this data member, they will not be
affected by this change. The attribute is 0x06
(contaminate_client | contaminate_children = 0x06).

data member references other data members or methods
that are contaminated, this data member may be
affected. It is very hard to predict what kind of changes
the change of the referenced data member or methods



the current changed class. These classes could be clB2 = 0x06). If a change does not affect any other class, its
ents, subclasses of the current changed class or thattribute is 0x00. Figure 7 summaries all the changes cate-

changed class itself.

gories and the relationships among them. We explain each

Contaminate_current: This type of Change will 0n|y of these categories in detail in the following section.

affect the data members and methods in the changed
class.

Contaminate_children: This type of change will only

affect subclasses that are derived from the change%I

class.

4.1 Change types of data members

We classify the potential changes based on the syntactic

ements changed and the actions used to make the change.
The characteristics of each type of change and how each

client classes that use the changed class.

Although we have tried to cover all cases, we have no basis

Contaminate_none: This type of change will not affect on which to claim this listing is exhaustive.
any data members or methods belonging to either client 1 vajue changed If the value of a data member is
classes or subclasses of the changed class, or belonging changed, it will change the state of the object. This kind

to the changed class itself.

These attributes can be represented katizibbute byte
in which Contaminate_current, Contaminate_children,
and Contaminate_client each occupies one bit. If a change
will affect all related classes (Contaminate all), its
attribute  byte is 0x07 (Contaminate_current |
Contaminate_children | Contaminate_client). If a change
affects client and child classes, its attribute type is 0x06

of change may or may not affect other data members or
methods, depending on whether this change will change
the state of the object. If the state of the object is
changed, the execution of the program could lead to
some paths that have not previously been executed. So
if the change causes the object to change its state, it will
contaminate all of the related methods in the changed
object (Contaminate_current = 0x01). If it does not

(Contaminate_children | Contaminate_client = 0x04 | Ox  cause the object to change its state, it will not contami-

FindEffectAmongChildren( ) C

p
BEGIN
FOR each class (E):at inherits from Cp
FOR each method min C

(o
CASE (inheritance type of m)

Extended Redefine:
Virtual-extended-Redefine:
Inherit:
Virtual inherit:

IF( m,0C,nm,0AMY G]

AME ) = AMS ) O {n}
IF m is public
PAME G) = PAMS G) O {m}

ENDIF

OTHERS:
/* no other case will be affected by the change of min A */

ENDCASE
IF( mO AM$ EAND (( FRER M n AFS(G))# EmpYR

( MRERK mn AMS %)#Empty )

AMS 9 = AMJ g O{m}
IF m is public
PAMSE 9 = PAM 9 O {m}
ENDIF
ENDFOR /* end of for each method */
ENDFOR /* end of for each class */
END FindEffectAmongChldren
Figure 6: Algorithm to Calculate the Change Effects Among Subclasses



Pre-conditions on a particular method in a class must be nf =max fumber of data fields in Class i )
no stronger than those of the same method in a parent 1=' <" formula 2

class. n = max(nm nf)  formula 3

Post-conditions on a particular method in a class mustbe By analyzing TotalEffect (in Figure 2), we can tell that
no weaker than those of the same method in a parenge overall complexity of the whole algorithm is:

class. O(TotalEffect ) = max(Q(( Setlnit ),

The invariant for a class must be a superset of the invari- ~ O(m)*O(the body of for loop in Figure 2) )

ant for a parent's class Formula 4
b ' Since Setlnit has to mark each class in the AG#rbs

Now we can analyze how the changes in the ACS prophe worst case complexity of Setinit is O(m). The com-
agate through parent and children classes by mhentanc&exity of the body of the FOR loop in TotalEffect is equal
and polymorphism. From the attribute categories above g max(O(FindEffectinClass), O(FindEffectAmongChil-
we know that any change in a child will not affect its par- dren), O(FindEffectAmongClients)). By analyzing the
ent because its parent cannot access the methods or dgt@,qeffectinClass (in Figure 4), we get the worst case
fields of its children. However, changes in a parent cancomplexity of FindEffectinClass(c) to legr) . By analyz-
affect its children. Smith and Roberson [9] think a changeing Figure 5 and Figure 6, we find the worst case

to a parent class can potentially affect all descendantscommexity of FindEffectAmongChildren i my ~ and the
Below, we analyze impacts of changes through the inheryorst case complexity of FindEffectAmongClients is

itance categories of the methods in subclasses. o(nfn) . So O (FOR loop in TotalEffect) o(rfn) . From
If the method or data field A in a child class is a new Formula 4, we geto(TotolEffect ) = o(nin)
attribute, A is defined in M but not in P, or the signa-  The overall algorithms actually calculate the transitive
tures of A in M and P are different. Since A is not ¢losure of all the affected classes. As we mentioned before,
accessible in P, the new attribute in R will not affect the ggme classes that have already been checked could be
Ain P. But it will affect R’s children. remarked aglirty if their AMS or AFS were expanded.
If a method or data field A in a child class is an inherit- Since the number of members in AMS or AFS cannot be
ance attribute, A is locally bound to P. In this situation, greater them, the total running time of our analysis is
- ; 3 3 2
if A'in P changes, A needs to be retested in R, becauseo( TotolEffect ) = O(nin)xO(n) = O(nin%).
the context of A in P is different from the context of A

inR. 4. Algorithm improvement
If the method or data field A in a child class is a total-
redefined attribute, M redefines A without using P’s  The algorithms in section 3 offer a conservative
version of A. So A's change in P will not affect A in R. approach to estimating the system-wide impacts of pro-
But if Ain R uses other methods in AMS|P], it will still  posed changes. Because certain types of changes will not
be affected. necessarily affect other parts of the system, some classes
If the method or data field A in a child class is an thatare putinto the ACS may not necessarily affect other
extended-redefined attribute, M extended the function-classes. In other words, our algorithms include classes if
ality of A in P by adding extra functionality to A. The A they might be affected by the proposed changes. In this
in P is invoked in M. So any change of A in P will affect section, we categorize changes that can be applied to
the A in R. A's change in R will not affect its parent P object-oriented software, analyze the characteristics of
since its parent either does not have A or its version ofthese categories, and discuss in detail what kinds of
A has a different signature. A's change in P will affect changes will affect other parts of the system and what
R, so Risin ACS. kinds of changes will not affect other parts of the system.
Figure 6 show the algorithm that finds the impacts of  There are many different kinds of changes that can be
changes through inheritance and polymorphism. In thisapplied to object-oriented software. We categorize these
algorithm, we use lg:denote the parent class anddénote changes by specifying the types of changes that could be
the child class, gdenote the method in parent class, and applied to data members, methods, classes and objects.

m express the method in child class. Each type of change is assigned one of the following five
attributes according to how they influence other classes in
3.5 Complexity estimation the system. We describe these in terms of the class that is

currently being considered for change, which we call the
Assuming the number of classes in the system is m, letchanged class

nm = max number of methods in Class i ) Contaminate_all: This type of change will affect the data
1<i 9m formula 1 .
members and methods in any classes that are related to



designer specifies the modifier, which may contain various
types of attributes that alter the parent class to get the
resulting subclass. Although M transforms P into a new
class R, M does not totally constrain R. We must also con-
sider the inheritance relation since it determines the effects
of composing the attributes of P and M and mapping them
into R. The inheritance relation determines the visibility,
availability and format of P’s attributes in R. Since inher-
itance is deterministic, rules can be constructed to identify
the availability and visibility of each attribute.

When a subclass redefines one of its parent’s methods,
it can either totally replace the method or simply expand its
functionality. The impact of the parent’s method on this
subclass will be different depending on how the subclass
expands the parent’'s method. If the subclass totally re-
implements its parent’'s method, the change in the parent’s
method will not affect the subclass. If the subclass expands
its parent’'s service based on the service the parent’s
method provides, any changes in the parent's method
could affect this subclass. Because of this, we extend Har-
rold and McGregor's [4] attributes classification by
splitting the redefine and virtual redefine into extended
redefine, total redefine, virtual-extended redefine, and vir-

differs in M and P. In this case, A is bound to the
locally defined attribute in M. A is accessible within R
and if it is public, outside R; A is not accessible in P.
Virtual-inherited attribute : A is specified in P but its
implementation may be incomplete in P to allow later
definition, and A is not defined in M. In this case, A is
bound to the locally defined attribute in P. A is accessi-
ble within R and if it is public, outside R; A is
accessible both inside and outside P.
Virtual-extended-redefined attribute: A is specified

in P but its implementation may be incomplete in P to
allow for later definition and A is defined in M with the
same signature as A in P. The A in M will extend the
functionality of A in P by using the services of Ain P in
M’s implementation. In this case, A is bound to the
locally defined attribute in M. A is accessible inside
and if it is public, outside R; A is not accessible in P.

Virtual-total-redefined attribute : A is specified in P
but its implementation may be incomplete in P to allow
for later definition and A is defined in M with the same
signature as in P. The A in M will replace the function-
ality of A in P by implementing the services without

using the A in P. In this case, A is bound to the locally
defined attribute in M. A is accessible inside and if it

_ _ ; : o is public, outside R; A is not accessible in P.
New attribute: A is an attribute that is defined inMbut ¢ jnheritance relation determines visibility, avail-

not in P or A is a member function attribute in M and P ability and the format of P's attributes in R.

e s 252 AR lymorosm allovs  eerence to denot nstances

R and accessible outside R if A i.s public: A is not acces-Of various (;Iasses. It is usually constrained by mhentapce.

L k Polymorphism means that the same method can do differ-
sible in P. . : : )

} ] ] i . ) ent things, depending on the class that implements it. It lets
Inherited attribute : A is defined in P but notin M. In g similar objects be viewed through a common interface
this case, Ais bound to the locally defined attribute in 5ng allows subclasses to override an inherited method
P. Ais accessible within R and accessible outside R ifyjthout affecting the ancestor's methods [7]. If the inher-
A'is public; A is accessible both within and outside P. jance scheme is subtyping, the denoted objects all have at
Extended-redefined attribute: A is defined in both P |east the properties of the root class of the hierarchy. Thus
and M with the same signature. The A in M will extend an object belonging to a derived class could be substituted
the functionality of A in P by using the services of Ain into any context in which an instance of the base class
P. Inthis case, A is bound to the locally defined attribute appears, without causing a type error in any subsequent
in M. A is accessible inside R and if it is public, outside execution of the code. Martin calls thistal polymor-

R; Alis not accessible in P. phism as described by the Liskov Substitution principle: If
Total-redefined attribute: A is defined in both P and for each object 0l of type S, there is an object 02 of type T
M with the same signature. The A in M will replace the such that for all programs P defined in terms of T, the
functionality of A in P by implementing the services behavior of P is unchanged when ol is substituted for 02
without using the A in P. In this case, A is bound to the then S is a subtype of T [6]. Less formally, the software
locally defined attribute in M. A is accessible within R can always pass a pointer or reference to a derived class to
and accessible outside R if A is public; A is not accessi-a function that expects a pointer or reference to a parent
ble in P. class. Since polymorphic hames can denote object of dif-
Virtual-new attribute : A is specified in M but its  ferent classes, it is impossible to predict which class will
implementation may be incomplete in M to allow later be executed until run time. This type of inheritance is also
definitions or A is specified in M and P and its imple- called strict inheritance and has the following
mentation may be incomplete in P, but A's signature characteristics:

tual-total-redefine. As a result, methods in subclasses are
divided into the following eight categories:



system. This class needs to be checked again by the algdeeps the exact behavior of its parent. The inherited prop-
rithms, so it is thrown back to the UncheckedSet to wait toerties cannot be modified, and the derived class can only
be picked by the main loop in TotalEffect. FindEffectA- be redefined by adding new properti€sibtypingis the

mongClients is shown in Figure 5. most commonly used scheme. In addition to properties of
) strict inheritance, subtyping allows the inherited properties
3.4 Inheritance to be redefined when the parent's operation is not appropri-

) ) ) ate for the subclass. subclassingthe derived class is not
Inheritance is the mechanism that allows the developerconsidered to be a specialization of the base class, but a
to create new child classes -- known as subclasses ogompletely new abstraction that bases part of its behavior
derived classes -- from existing parent classes. Inheritancgp part of another class. This scheme is also catipte-
represents a hierarchy of abstractions, in which a subclasgentation inheritanceThe derived class can therefore
inherits from one or more super classes. A child classchoose not to inherit all the properties of its parent. In this
shares the structure or behavior defined in its parent classyaper, we assume the language uses subtyping. The algo-

A child class can express differences with its parent classjthm can be easily modified for other inheritance
by modifying and adding properties. schemes.

Different languages accept different inheritance  |nneritance can be thought of as an incremental modifi-
schemes (strict inheritance, subtyping, subclassing etc.)eation technique that combines a parent P with a modifier
Strict inheritanceis the simplest inheritance scheme; it \ o get a resulting class RR= PO M ). The subclass

FindEffectAmongClients () G,

input: The ACS and the AMS, AFS for c. They could come from initialization or the
result of previous execution.

output: The expanded ACS, the expanded sets: ACS, AMS, AFS, PAMS, and PAMS.
FOR each class C that uses S
BEGIN

OLDAMSJc] = AMS|c]

OLDAFSIc] = AFS|[c]

FOR each method minc

BEGIN
IF ( MRER mn PAMS§ %);tEmptyOR( FRER M n PAFY C0)¢ Empty
BEGIN
AMS 9 = AMS 9O {m}
IF m is public
PAMSE 9 = PAME 9O {m}
ENDIF
ENDFOR
FOR each field fin c
BEGIN
IF( (FREHKf)n PAFS(c))#EmptyOR ( MRER f) n PAMS 9 # Empty
BEGIN
AFS(c) = AFS(c)O{f}
IF fis public
PAFS(c) = PAFS(c)O{f}
ENDIF
ENDFOR

FindEffectinClass(c)
IF( (OLDAMS$ £ZAMS d) OR ( OLDAFB EzAFS[d])
BEGIN
ACS= ACSI{ &
UncheckedSet =UncheckedSet @{ }
ENDIF
END FindEffectAmontClients
Figure 5: Algorithm to Calculate the Change Effects Among Clients



FindEffectinClass(c)

/* Find the effect within the class if certain data members or methods have changed */
input: The AMS and AFS sets of c. They could come from initialization or result from

a previous execution.

output: New AMS and AFS in Class c. They include the original members plus any newly

added members.
BEGIN

Analyze the CFG and DFG of each method, constructing MREF & FREF sets for each

method and data fields.
/* initial searching of methods and data fields */
FOR each method minc
BEGIN
IF(  mO ANSND (( MRER mn AMS ¢ # EmpER (
AMY g = AMJ ¢ O {m}
IF m is public member
PAMSE 0 = PAMS 9 O {m}
ELSE CleanMethods =leanMethods m{ }
ENDIF
ENDFOR
FOR each field fin c
BEGIN
IF( f OAFSAND (( FREFR(f) n AFS(c)z EmPR (

AFS(c) = AFS(c) O {f}
IF f is public attribute
PAFS(c) = PAFS(c) O {f}

ELSE CleanFields GleanFields fO{}

ENDIF
ENDFOR
REPEAT

Pick one method m from CleanMethods

FREFR M n AFS(c)# Pmpty

MRER f) n AMS 9 #Bnpty

IF(  MRER min AMS §#2Empty) OR(  FRER m n AFS(c)# Empty

AMS g = AME g O{m}
CleanMethods =CleanMethods m{ }
IF m is public member
PAMSE 0 = PAMS 9 O {m}

ENDIF
UNTIL CleanMethods is stable
REPEAT

Pick one data field f from CleanFields

IF( FRRER f) n AFS(c)# EmptyOR ( MRER f) n AMS 9 # Emplty

AFS(c) = AFS(c)O{f}
CleanFields GleanFields f O{ }
IF f is public attribute
PAFS(c) = PAFS(c) O {f}
ENDIF
UNTIL CleanFields is stable
END FindEffectinClass

Figure 4: Algorithm to Calculate Change Effects Inside Classes



interact with it. An object also has a private component Assume a class has methods m1, m2, m3, m4, m5. m1 and
that implements the methods. The object’s implementationm2 are in the AMS; if m3 references m5 and m5 references
is encapsulated -- that is, hidden from the public view [7]. m2, m3 references m2 indirectlyg 0 AMS , so m3 should
In the presence of encapsulation, the only way to observédelong to the AMS. But when we check m3, since m5 has
the state of an object is through its interface (public meth-not been checked yet, m3 could not find any reference in
ods). The class hides the properties of its instances tdhe AMS set, so the algorithm thinks it is clean and fails to
conceal the data structure and the details of implementaput it in the AMS. To fix this problem, we put the methods
tion. All the features of an object are usually hidden, suchor data fields that cannot find any reference in the AMS or
that the only way the state can be examined or modified ighe AFS set in a temporary clean set. After having checked
by invoking its interface formed by its public properties. all the methods and data fields in the class, the algorithm
The interface is a basis for a protocol that objects use taepeatedly examines all the members in this clean set to
communicate with each other by requesting an object tocheck whether there are more methods or data fields that
invoke one of its operations. Methods and data members irtould be affected until no more members can be removed
the class can see all the properties within the class. from the clean set.

For each class c, the AMS|c] and the AFS][c] contain all o . .
the methods and data fields that could be affected by the-3-2 Finding effects among clients (FindEffectAmon-
specified changes. Since the only way to observe the statgClients)
of an object or operate on an object is through its public
member, an object’s clients can only be directly affected
by the changes in the public member. We define the
PAMS|c] as the public affected method set, and the
PAFS[c] as the public affected data field set. They contain
the public affected members of the class c. Obviously,
PAM$ d 0AMS d and PAFY ¢] OAFS[c]

If class A sends messages to class Bs@sB, and we
say that class A is class B§ent Encapsulation builds a
wall between the class and its clients. Assume the current
affected class is, and we want to determine which client
of ¢, will be affected. Because of the encapsulation, the
clients ofc, can only access this class through its public
members, which means its clients can only be affected by
3.3.1 Finding effects within the class (FindEffectIn- this class’s members that belongs to PAMS[ ] and
Class) PAFS[CO ]

FindEffectAmongClients examines each client class of

When a method or data field in a class ¢ changes, thec, and puts any methods or data fields that reference
effects within ¢ can be found by FindEffectinClass(c). methods or data fields in the PAMS or PAFScf into
Since the execution within each method is still sequential,their own AMS or AFS. If any of these members are pub-
we can apply CFG and DFG techniques to find the MREFlic, they are put into the PAMS and PAFS of these client
and FREF sets of c. FindEffectIinClass (in Figure 4) checksclasses.
each member in c that is not affected. If m references any when the algorithm checks the client c@f , it first
method in AMS RER(m n AMS g#Empty ) or m refer-  saves the AMS|[c] and AFS|c] to OLDAMS|c] and OLD-
ences any data field in the  AFS AFS]c]. Atthe end, the algorithm checks whether any new
(RERm n AFS(c)# Empty ), m could be affected by the members have been added to AMS or AFS by comparing
changes in the AMS|[c] and the AFS[c]. So it will be added the AMS with the OLDAMS or AFS with the OLDAFS. If
to the AMS and to the PAMS if m is public. This sounds there are new members in a client class, it means this client
reasonable, but unfortunately this algorithm has a flaw.class might influence some already checked classes in the

Setlnit()

BEGIN
UncheckedSet = {All the classes in the system}
ACS = {The set of classes proposed to change}
Mark each class in the ACS dirty

FOR each class in the ACS Ci
BEGIN
AMS| Ci ] ={The set of methods changed in } CI
AFS[ Ci ] ={The set of fields changed in } CI
ENDFOR
END Setlnit

Figure 3: Initialization Algorithm



the effects in the system according to inheritance, and Fin-
dEffectAmongClient(c) to analyze the effects in the
system according to encapsulation. The following subsec-
tions explain these three algorithms in detail. During

AM§(C) = {mOm inC X B ,st.x FREFm()
Ox OAFS, _q(c)} O{mOmIndc st n MREF ()
OnOAMS, _(c)}

AMS, _,(c) , where c is any class in the system: execution, if the AMS or AFS of any checked class
AFS (C) = {f|0 inC x0Oc,Ost.x FREEf () increases, they are put back into UncheckedSet for further
Ox OAFS, _4(c)} O examination. Figure 2 shows the high level flow of the
{f ‘[ﬁ inC mbcOst m MREFf () a|gorithm_

Omd AM§ _4(c)}
3.2 Initialization

3. Algorithms The Initialization algorithm in Figure 3 initializes the

data structures to satisfy the preconditions of the algo-
| he riople off h hth h rithms. The user can specify what methods and data fields
analyze the ripple effects through the system when a CoMy¢ by classes to analyze. Setlnit will set the initial value

ponent is being considered for change. The algorithmsof ACS to the classes that have been proposed to change.
calculate the transitive closure of each class in ACS. TheyFor each class ¢ in ACS, it will set the AMS[c] to the

pick an uncheckgd class from the §ystem, gheck all th":'r‘nethods that have been proposed to change, and AFS[c] to
classes that are directly related to this class via encapsula[he data fields that have been proposed to change
tion or inheritance, then add all the classes that could '

potentially be affected by this class to the ACS. The ACS3 3 Encapsulation

of the entire system is the union of all the ACSs of each

class in the system. TotalEffect is the main algorithm that  |n traditional programming, the basic unit is a proce-
picks an unchecked class c from the system and calls thgure. In object-oriented programming, methods or
other algorithms. It calls FindEffectinClass(c) to calculate member functions are the actions that can be performed on
the change propagation inside c, FindEffectAmongCli- objects. They manipulate and express the state of the
ent(c) to determine the client classes that could be affecte@bject. They define the interface to other classes and in
by ¢, and FindEffectAmongChildren(c) to determine the many ways are not logically independent. The control flow
subclasses that could be affected by c. All the affectedanalysis and data analysis techniques are not directly

This section presents four algorithms that combine to

classes are put into the ACS. applicable to the object level, since there is no sequential
order in which the operation will be invoked. Thus, we can
3.1 Total effect treat classes as the basic unit for analysis, and focus on

classes and objects.

AMS and the AFS sets of each class in ACS using Setinit. Encapsul_atlon IS a way o _s_epgrate the |mplementat|9n
of a data object from its specification. An object does this

Setinit puts every class in the system intd.ichecked- by managing its own resources and limiting the visibility

Set TotalEffect picks one class from the UncheckedSet, . ; .

) of what others should know. An object publishes a public
then uses FindEffectinClass(c) to analyze the effeCtsinterface that defines how other objects or applications can
within the class, FindEffectAmongChildren(c) to analyze ) PP

The TotalEffect algorithm initializes the ACS, the

TotalEffect()
input: The set of changed classes and their changed methods and data fields.
output: The affected classes and their methods, data fields in the system.
BEGIN
Setlnit() // see Figure 3
WHILE ACS has dirty classes
Pick one class ¢ from UncheckedSet
FindEffectinClass(c) // see Figure 4
FindEffectAmongChildren(c) // see Figure 6
FindEffectAmongClient(c) // see Figure 5
ENDFOR
END TotalEffect
Figure 2: Algorithm to Calculate the Total Effect in the System
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Figure 1: Some Booch notation for class diagrams

such like keys, steering wheels, etc. A classicherit the ence set of )xto denote reference set composed of data
instance variables, interfaces, and instance methods dfields, and MREF to denote reference set composed of
another class as if they were defined within it. This methods. The AMS][c]affected method sei)cludes the
expresses the generalization/specialization relationshipset of all methods in ¢ that reference any method in the
For example, a Sedan is a specialization of a general caAMS]c’] or any field in the AFS[c’] &ffected field sgtc’

The class from which another class inherits is cadbrent can be c or any other class c use. The AFgf&¢ted field

or superclassThe class that inherits from parent is called se) contains all the fields in ¢ that are defined or eventu-
achild, subclassr derived classlf a class has more than ally recursively defined by a field in the AFS[c] or a
one parent, this kind of relationship is calleultiple method in the AMS[c]. The PAMSpqblic affected
inheritance Associationis a semantically weak relation- method sétis the subset of the AMS that is composed of
ship. It only states there is some relationship between theublic methods of c. The PAFS[¢bublic affected field
classes expressed without explicitly stating what kind of se) is the subset of AFS that is composed of public data
relationship. It could be contains, use, or inheritance. Thisfields of c.

is usually used in the analysis and design phases when |nduction formulae described below explain how to
some relationships among classes are still not clear or wealculate the AMS[c] and AFS[c]. Suppose we want to see
just want to represent a general relationship among thevhat impacts a change could have on a system if the data

classes. members or methods in certain classes are changed. First
o we initialize the ACS to the set of classes that are to be
2.1 New definitions changed, and initialize the AMS and AFS of each class in

the ACS. For example, if it has been proposed to change

In structured programming, one thinks in terms of the data member, and the methgg for the class ¢ in
inputs, functions and outputs. In object-oriented program- ACS, we have:

ming (OOP), the approach is different -- a message is
passed to an object requesting an operation on the object.
Objects have methods and data fields; the methods specify AMS § = {my}
the allowable operations on the objects’ private data, and Assume that at step h -1aM contains all its
the data fields specify the state information for the object. P H-1(¢) : .

affected methods in C, andrs, .(c) contains all its
When a data field or method changes, it could affect other n-1

ffected fields or data members in C:

classes through message passing. We definaftbeted

AFS(c) = {f o}

class se{(ACS) to be the set of classes that could poten- _ {%m“ml(;) . m is an affected method in class ¢ }
tially be affected, thaffected method sef ¢ (AMS[c]) to AFS. (c)

. . )
be the set of methods that could potentially be affected in " _ {f]: I, fis an affected field in class ¢ )

class c, and thaffected field sedf c (AFS[c]) to be the set

of data fields that could potentially be affected in class c.  Then at step n, the AMS of ¢ will contain all its methods
If x is a member of a class, REF(x¢ference set of)x  that reference any data field inFs, _,(c)  plus all its

is the set of members that are referenced by x, in othefnethods that reference any methodsiirg, _,(c) , where

words, member m is in REF(x) if m is used by x. REF(x) C is any class in the system:

represents the set of members that could affect x if they The AFS of c contains all its fields that use any field in

change. When necessary we use FREEdg(field refer- AFS, _4(c) plus any field that references any method in



tem, they need to know how this update would impact theproperties of the object plus the current values of each of
rest of system. Determining how a potential change mightthese propertie®ehavioris how an object acts and reacts,
impact the system is referred tocdmnge impact analysis in terms of its state changes and message passing [3]. The
[2]. Without impact analysis, engineers could make smallstate of an object represents the cumulative results of its
changes that unintentionally cause major problems or havéehavior. The constants and variables that represent an
ripple effects throughout the system. To predict impacts ofinstance’s state are call&ahta Fields Instance Variables
changes to object-oriented software, engineers can use thar Data memberslepending on the languagdessages
technique described in this paper to evaluate the effects ofre operations that one object performs upon another, and
changes before committing them. During maintenance,Methodsor Member Functiongre operations that clients
when changes have been made to the system, we need moay perform upon an object. In this paper, we use Data
estimate how many classes need to be retested. Retestirigeld and Method. Member are used to refer either data
too many classes in the system will increase the cost ofield or method. AClassis the specification of an object;
testing, but retesting too few classes in the system mighit is the “blueprint” from which an object can be created. A
adversely effect the quality of the software. By applying class describes an object’s interface, the structure of its
this technique, testers can learn what classes are possibBtate information, and the details of its methods [6].
affected by the change and retest only those classes. Objects are runtime instances of a classABstract Class

Although there has been some research into this probis a class that only partially describes an object. Usually
lem in the context of procedural software, maintaining some or all of its interface elements are without
object-oriented software is still more of an art than an engi-implementation.
neering skill. A control flow graph(CFG) is a finite, connected

In this paper, we analyze a number of possible changeglirected graphG = (N £ N,N,)  where N is a finite set of
to object-oriented software, how these changes affect thélodes,EC NxN is a finite set of edgeg, 0N is the start
classes in the system, and describe a set of algorithms th&ode and\; ON is the final node. A node in a CFG repre-
determine what classes will be affected by the changessents a statement or kesic block i.e., a sequence of
Due to space limitations, we only summarize most of thestatements having the property that each statement in the
algorithms; the full details can be found in a technical sequence is executed whenever the first statement is exe-
report [5]. cuted. An edge(N, N,) represents a possible flow of

Section 2 presents object_oriented Concepts and deﬁnipontr0| between two statements or basic blOCkS, i.e. the
tions used in the paper and presents the theoreticaptatement (or block) _represented _by Ni is executed b_efore
background for our algorithms. Section 4 first analyzes the statement or basic block that is represented by Nj.
how encapsulation, inheritance, and polymorphism will A Data Definitionis an expression or part of an expres-
affect the change propagation, and then describes a simplgion that modifies a data item.D¥ata Useis an expression
algorithm to estimate potentially affected classes. Algo-0r that part of an expression that references a data item
rithms are presented that calculate change propagatiotvithout modifying it. Adef-usepair is a definition and a
within classes, between client and server classes, antse such that the definition may, under some executions,
between parent and children classes. We also categorizéach the use without going through another definition. A
possible changes to an object-oriented system and givélata flow graph(Def-Use) graph is a directed graph where
each type of change a change attribute according to howhe nodes and some edges are described by def-use
these different types of changes can affect the other partgelationships.
of the system, and discuss how to optimize the original Thetransitive closureof a relationship R is the relation
algorithms according to these different change categoriesR™ defined by cR*d , if and only if there is a sequence
An example system is given, and the algorithms described®,Re,, &;Re;, .., 6,.1R&,,, where m >=2, c=gand d=g. In
in this paper are applied to an example system to analyz¢his paper, we use Booch Notation [3] to express relation-
the impact result. The complete set of algorithms are giverships among classes. Figure 1 shows Booch Notations that

in the technical report [5]. express some class relations used in this paper.
o Class Acontainsclass B if the instance of class B is
2. Definitions and background held in one of the instance variables of A. This represents

the “whole/part” relationship. For example, we can say a
An object-oriented system is composed of objects andcar has an engine, or a car has doors. Classesclass B
classes. An object is composed of a sepmiperties if A sends messages to B. For example, we say a person
which define its state, and a sebpkrationswhich define  uses a car. The person tells the car to start-up, turn, and
its behavior. Thestate of an object encompasses all the stop by sending messages to the car through car interfaces
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Abstract nology can lead to better system architectures, and enforce

. . disciplined coding style. Rumbaugh [8] states that
As the softwar? mdubst_ry has_ mat_tjredd, W? zatve dSh'ftleaecause the object classes provide a natural unit of modu-
our resources from being primarily devoted to deve ‘larity, an object-oriented approach produces a clean, well-

oping new software systems to primarily making mOOIImderstood design that is easier to test, maintain, and

ifications in evolving S(_)ftware syst_ems. A MOl ey tend than non-object-oriented designs.

problem for developers in an evolutionary environ- Despite the advantages of object-oriented technology, it
ment is that seemingly small changes can ripple oes ngtb itself ensurge the UEJi|it of the software sgi)gld
throughout the system to have major unintendeé]I ; y . . R y ’

. against developer’'s mistakes, nor prevent faults. Barbey
impacts elsewhere. As a result, software developersnd Strohmeier think the object-oriented paradigm can also
need mechanisms to understand how a change to %‘eahindrance to testin dljje to encal suplationginheritance
software system will affect the rest of the system. 9, P ' '
Although the effects of changes in object-oriented aré

restricted, they are also more subtle and more difficul

nd polymorphism [1]. This is an important issue to com-
ercial clients that have begun to use object-oriented

o detct. Tis paper presents aigrifims to anayzESEITO00e 1 T T ysen. ahaning eurens
the potential impacts of changes to object-orienteaO ) Y (

software, taking into account encapsulation, inherit- Ve were 15 years ago with procedural systems) rather than

ance, and polymorphism. This technique allows soft2! engineering skill. We are beginning to see “legacy”

ware developers to perform “what if’” analysis on the object-oriented system in industry because of this. So,

effect of proposed changes, and thereby choose thn&aintaining object-oriented systems is becoming an

change that has the least influence on the rest of th po_rta’l,nt area of concern fpr industry. The next _great
rontier” will be (and already is for some) how to maintain

system. The analysis also adds valuable information t ) : ;
y 4 %ese objects in large, complex systems. Although objects

regression testing, by suggesting what classes and I - . ;
methods need to be retested, and to project manager%re more easily |dent|f|ed and packageo_l, mhe_ntance (for
who can use the results for cost estimation and schef—xample) makes the ripple effects of object-oriented sys-

ems far more important to control than we see in

ule planning. procedural system systems today. The algorithms
Key words: Change Impact Analysis, Object- described in this paper take an important first step towards
Oriented Software, Software Testing, Soft- building a framework for viewing object-oriented mainte-
ware Maintenance. nance and its ripple effects through systems, and provide

the basis for impact analysis of object-oriented effects
1. Introduction through systems.

Software evolutionefers to the on-going enhancements
Software systems have traditionally been decomof existing software systems, involving both development
posed into subsystems in a top down fashion accordingnd maintenance. As software ages and evolves, the task of
to their functionality. The object-oriented approachmaintaining it becomes more complex and more expensive,
describes the system in terms of objects that make uphich is especially true for object-oriented systems.

the problem domain. Applying object-oriented tech-  \yhen engineers consider an update to an existing sys-
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