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Abstract

This paper presents a model of change propagation
during software maintenance and evolution. Change
propagation is modeled as a sequence of snapshots,
where each snapshot represents one particular moment
in the process, with some software dependencies being
consistent and others being inconsistent. A snapshot is
changed into the next one by a change in one software
entity and the dependencies related to it. The formalism
for this process is based on graph rewriting. The paper
discusses two basic processes of change propagation:
change-and-fix, and top-down propagation. It also
describes a prototype tool "Ripples 2" which supports
both processes, and an example of the use of the tool.

1. Introduction

Change propagation is one of the key parts of software
maintenance and evolution. In order to explain change
propagation, we have to understand that software
consists of entities (classes, objeds, functions, etc.) and
their dependencies. The dependency between entities A
and B means that entity B provides cetain services,
which A requires for its corred function. Function call
is an example of a dependency among functions.
Examples of dependencies among classes include
composition, where one dassis composed of instances
of other classs, and inheritance where one dass
inherits properties from another class Different
progranming languages or software systems may
consist of different entities and dependencies. The
dependency is consistent if requirements of A are
satisfied by what B provides.

When a programmer makes a change in software, he
starts by changing a spedfic entity of the software. After
the dhange, the entity may no longer fit with the other
entities of the software, becuse it may no longer
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provide what the other entities require, or it may now
require different services from the entities it depends on.
The dependencies which no longer satisfy the require-
provide relationships are @led inconsistent
dependencies (inconsistencies for short), and they may
arise whenever a change is made in the software. In
order to reintroduce the mnsistency into software, a
change propagation process keegps track of the
inconsistencies and the locations where the secondary
changes are to ke made. The semndary changes,
however, may introduce new inconsistencies, etc. The
process in which the dange spreads through the
software is ometimes called the ripple dfed of the
change [19].

For the software maintainer, change propagation is a
key process The maintainer must guarantee that the
change is corredly propagated, and that no
inconsistency is left in the software. An unforeseen and
uncorreded inconsistency is one of the most common
sources of errors in software.

Change propagation is made easier by supporting
tods and techniques which improve bath the dficiency
and quality of the process However, in order to develop
effedive tods, the probdem must be @rredly
understood. This understanding is best formulated in
terms of a forma modd, which extracts the esentia
properties and separates them from acddental ones.
Each mode is based on a ceatain set of assumptions,
bath explicit and implicit. The model creates the
foundation on which the tod developer bases the tods
and techniques. The implementation of a prototype tod
isafirst validation of the model, and of the abstractions
and asumptions built into it. In the final phase,
validation of the tod must be made in a practica
setting, where the usability, practica importance
effediveness ec., is asessd. Nedallessto say, all three
phases are important for progressin the area of software
tods, and there is no real conflict between them. This



paper presents bath the model and a prototype tod based
on it. Furthermore, it presents an example of the use of
the tool.

In literature, several formal modds of change
propagation have been proposed; see the overview in
[1,2]. Particular attention has been paid to the prediction
of the size and location of a change [6,7,13], and to the
analysis of the dependencies in the software
[4,8,9,10,12,15,18]. This paper does not deal with the
first topic, and uses the results of the second topic as a
starting point, i.e. assumes that the dependencies in the
program are known. The processof change propagation
has also been described, for example, in [11,19], but
here we provide a more complete treatment.

In our modd, the evolution of the dependency graph
is modeled as a sequence of snapshots, where ech
snapshot represents one particular phase in change
propagation. In each snapshot, the dependencies are
either consistent or inconsistent. A snapshot is changed
into the next one by a change in one atity, which
changes sme inconsistent dependencies into consistent
ones and vice versa. The formalism for this process is
based on the graph rewriting of [14], and is presented in
Sedions 2, 3, and 4. As a step towards validation of the
model, we implemented a prototype tod "Ripples 2"
described in Sedion 5. Sedion 6 contains an example of
the use of the tool. Section 7 contains conclusions.

2. Basic modd

The basic definition of this ®dion is a definition of a
program with bath consistent and inconsistent
dependencies. Formally, this is expresed in the
following way:

Let C be aset of entities of the program; for example,
a sat of clases. Then a dependency between two classes
ab 0 Cis alabeed couple D<a,b>. I<a,b> denotes an
inconsistency between classa and classb, where b is to
be updated. Then a program P is a set of dependencies
and inconsistencies such that for every I<a,b> O P, there
is either D<a,b> [0 P or D<b,a> O P. Set of entities of a
program isent(P) = {a,b | D<a,b> 00 P}, set of marksis
the st mark(P) = {b | there «ists I<ab> O F}.
Dependencies of the program is the set depend(P) =
{D<ab> | D<ab> O P}, and inconsistencies of the
program are inconsist(P) = {I<a,b> | O P}. A consistent
program is a program P for which inconsst(P) =
mark(P) =0.

Graphically, we denote the programs as direced
graphs, where direded arcs represent dependencies, and
additional large arrows represent inconsistencies

pointing in the direction of change, see Figures 2 and 3.

Examples of the antities are dasses in C++, and
functions and gobal variables in C. Examples of
dependencies are inheritance use, friendship, etc. in
C++, or calls among the functions, and references of
functions to global variablesin C. Other languages have
different entities and dependencies. In our model, we are
asauiming that all updates aways change one spedfic
entity at a time. This is captured in the following
definitions:

Let ald ent(P). Then
T(a) = {D<b,a>| D<b,a*] P} (top dependencies of a)
B(a)= {D<a,c>| D<a,c3] P}(bottom dependencies of a)
I(a)={I<b,a>| I<b,a*] P}(incoming inconsistencies of a)
O(a)={l<a,c>| I<a,ct] P}(outgoing inconsistencies of a)
P(@) = T(a)d B(a) O I(a) 0 O(a) (neighborhood of a)

A step in change propagation is the replacement of an
entity and its neighborhood by an updated one. This is
formally defined in the following way: Let P be a
program before a change, and P be the same program
after the change. Denote P(a) to be the neighborhood of
an entity a before the dange, and P(a) to be the
neighborhood of entity a after the change. Then
P'=(P-P(@)] P'(a).

In other words, a step is a replacement of just one
entity and its neighbarhood. Please note that the formula
for the change foll ows the notation of [14]. It smplifies
the algebraic complexities of the graph rewriting, and
still captures all essential properties of graph rewriting
which are needed for the model.

3. Change-and-fix process

In the previous fdion, we defined formally a change
in one antity of a program. A process of change is a
sequence of such changes. In this ®dion, we are going
to explore one such process called the change-and-fix
process In this process P(a) = T'(a) O B'(a) O O'(a).
We are assuming that all i ncoming inconsistencies were
resolved by the change, i.e. after the change there are no
longer any incoming inconsistencies and I'(&) =

For outgoing dependencies, we distinguish two cases:
In the first case, the change does not propagate to any
neighbaring entities. In that case, O'(a) = 0, and P(a) =
P(a) - 1(a). In the other case, the dhange may propagate
to all neighboring entities, which all have to be marked.
We are not dealing with intermediate situations where
some of the neighboring entities are marked and some
are not. The new inconsistencies always point away
from the etity a which was changed, towards the
neighbars. We also assuume that the canges do not
"bounce back", i.e. do not point to neighbars which were
changed in the previous rounds and whose
inconsistencies forced the change in entity a. Formally,



O (aF {I<b,a> | D<ab> O P (a) or D<ba{1 P (a)} -
{I<ac>|lI<c,a> OP(a)}.

We also assume that T' (a2 T(a), i.e. the change in
entity a does not remove any top dependencies (i.e. the
entities dependent on a will still be dependent on a even
after the change). However the change in entity a may
change bottom dependencies in an arbitrary manner, i.e.
either B' (@) = B(a) (a will be dependent on the same
entities), or B' (a) != B(a) (the general case where entity
awill be dependent on a different set of entities after the
change), with the special cases B' (a)d B(a) (entity a
will be dependent on fewer entities after the change),
and B' (a0 B(a) (entity a will be dependent on more
entities after the change).

The process of change propagation is defined in the
following way:

Change-and-fix process of change propagation

given aconsistent P,
select &
change(a);
P=(P-P(a) 0P,
do{
select a O mark(P);
change(a);
P=(P-P(@) 0P,
} while (mark(P)!= 0);

Example

Let us consider a process of modification for the
telephone directory from [16]. The phone directory uses
a file of names and phone numbers, which the program
reads and then creates an internal data structure. When
the user enters a name of a person, the program searches
the data structure for the phone number. Figure 1 shows
the entities of the program P,, where "Main" controls
the execution of the program, "Input" is the function
through which the user inputs the name, "Data’ is the
data structure containing the names and phone numbers
which is being initialized by "Init" and searched by
"Search". The function "Search" implements binary
search where function "C" implements alphabetical
comparison of two names, needed for the binary search.
Formally, ent(P) = {Main, Input, C, Search, Data,
Init}, dependent(P) = {D<Main,Input>, D<Main,
Search>, D<Main,Init>, D<Search,Input>, D<Search,
C>, D<Search,Data>, D<Init,Data>}, inconsst(Py) =
mark(Pg) = 0.
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The change in the program is the change from the
binary search to a hash search. As the first step, the
algorithm of function "C" is changed into a hashing
algorithm, and C returns a hash value for a given name.
The resulting situation is pictured in Figure 2. In it,
program P; has entities ent(P,) = ent(P,), dependent(P,)
= dependent(P;), inconsist(P,) = {l<Search,C>}, and
mark(P;) = {Search}. Please note that the inconsistency
isdenoted in Figure 2 by large arrow.

Main
| Init|
Search
I nput | C | Data

Figure 2

In the next step, the function Search must be changed,
because it uses a new algorithm. The program after the
changeisin Figure 3. In it, ent(P,)= ent(P,), depend(P,)
= depend(Py), inconsist(P,) = {lI<Search, Data>,
I<Search,Main>, I<Search,Input>}, and mark(P,) =
{Input, Main, Data}.

Main
ﬁ | Init|
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x

Datd
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I nput
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Figure 3




In the next step, the marked entity "Input" is checked
and left without change because it till has the same
implementation. Also, the interface of function "Search"
remains the same, since the change involves only the
internal algorithm and not the interface of the function,
and therefore there is no change of "Main". However
data structure "Data’ must be changed, since the data
structure for hash search is different from the data
structure for binary search. The situation after the
change is depicted in Figure 4, where ent(Ps) = ent (Py),
depend(P;) = depend (P,), inconsist(P;) = {lI<Data,
Init>}.

Main
Search
TN

LC |

Figure 4

Data

Input

In the next step, entity "Init" is changed and "Main" is
marked. Finally, "Main" is checked and left unchanged
because the prototype of function "Init" remained the
same, and the program becomes consistent again.

The Change-and-fix process is the most common
process of software maintenance. However many of its
properties are unclear. For example, it is conceivable
that the entities will be visited several times or even that
there may be an infinite process, where the change
propagates in a circle and repeatedly revisits the
previously changed entities. Therefore, in the next
section we are going to model a more predictable
process, where changes propagate only from top-down.

4. M SE: atop-down change propagation

The process was originally described in [16] and
caled Methodology for Software Evolution (MSE). A
special case of this process was described in [17]. Let us
start with the following definitions:

Let P be a program, where there are no loops among
the dependencies. Then, define bottom dice in the

following way: B (8 = {c | c=aor there exists D<e,c>
0 P such that e 00 B*(a)}. Scheduled entities are the
"highest" marks defined in the following way:
scheduled(P) = {c | c 0 mark(P) and if d 0 mark(P), ¢ O
B*(d), then c = d}. Also define top entities top(P) = {c|
for no b O ent(P), D<b,c> O F}.
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During the top-down process, a change always starts
in the top entities; i.e., entities which do not support any
other entities. This follows from the fact that all
specifications are tied together in top entities, although
parts may be delegated to supporting entities. Henceiit is
logical to look at the top as the first place where the
change may be implemented. If the change is not needed
there, then it can be localized in those supporting
entities, which provide the functionality to be changed.
The change propagates top-down to supporting entities,
e Of @IB (@,P =@ (@1 T(@ O B' (. Inorder
to avoid multiple visits to entities, we always visit the
scheduled entities of set scheduled(P) only. The process
is described in the following way:

Top-down process of change propagation (M SE)

given aconsistent P,
select a [ top(P);
change(a);
P=(P-P(@@)0Pr(a
do{
select a 0 scheduled(P);
change(a);
P=(P-P(@)0Pr(a
} while (mark(P)!= 0);

This process aways terminates. For proof, consider
the number of classes in the union of al bottom dices
for al marks (i.e. |0a o make B*(8)].) This number is
always greater or equal to 0. This number decreases by
one in each loop. Since the set of integers greater or
equal to 0 is well founded and does not contain an
infinite decreasing sequence, the loop terminates.

The MSE process has more predictable properties
than the change-and-fix process of the previous section,
and is therefore preferable whenever it is applicable. A
more detailed description of the MSE process and an
example can be found in [16], or a special case of MSE
can be found in [17]. On the other hand, this process
assumes that there are no loops in the dependencies of
the entities. Since loops in dependencies among entities
are present in some programs, this process is not always
applicable.

5. Tool "Ripples 2"

"Ripples 2" is a prototype toal that supports both the
Change-and-Fix and MSE processes. It is an updated
version of an earlier tool "Ripples' [16], and a more
detailed description can be found in [3].

The tool starts out with the user specifying the
directory of the project. The external parser gen++ [5]



parses the files of the diredory and dsplays the
dependencies between the dasss. Then, depending on
the mode and prior status of the projed, Ripples 2
determines a set of marks.

If the user chooses not to modify a marked class
because the mde for the dassis acceptable as is and the
change is not propagating to the next classs, he @n
erase the mark. If on the other hand, the user chooses to
change the mde for a class Ripples 2 brings up the text
editor. Upon completion of changes to the dass
(including deletion), Ripples 2 invokes the scheduler to
assessthe impact of the change and derive a new set of
marks.

Ripples 2 has three operating modes, listed and
explained as follows:

Top-down process (M SE)

The top down evolution process of MSE foll ows the
process described in Sedion 4, and begins by the
function main() being the first mark. When changes to
this function are done, the dasses that are used by
function main are marked. After them, the dasss they
depend on are marked, etc. Among the marked classes,
the scheduled classes (see sedion 4) are the only ones
avail able for modification. Therest of the dasss are not
avail able for modification at any point. The change thus
propagates from top to batom, and ends when the last of
the marked classes has been checked or modified.

Strict change-and-fix process

In this process the change @an begin anywhere in the
system and propagates according to the process
described in Sedion 3. The user is freeto choose any of
the dasses for the first modification. After the first
modification is performed, the user is forced to work
only on the marked classes. When all the marked classes
and their ripple dfeds have been taken care of, the
system again returns to the mnsistent state. This
approach differs from the top down approach in the
following two assumptions:

- Ripple dfeds of changes propagate in all diredions,
not just downwards.

- The first change @n begin anywhere, not just in the
topmost class.

Random change-and-fix process

The random change-and-fix approach follows the
same basic asaumptions as the strict change-and-fix
process Changes begin anywhere in the system.
Changes aways propagate in all diredions. The
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difference is in the fact that the user is free to modify
any class at any time, even if it is not marked.

The strict process reduces the options which the
programmer can use. Since &rors are more likely when
there isn't tight control, the strict mode would be the
best in an unfamiliar projed environment, and should
always be used by a novice programmer. However the
expert programmer may fed uncomfortable with the
control exerted by the strict mode. For him, the random
mode acts as a guide, helping him to be organized and
not to forget any ripple dfed, while allowing him the
complete freedom to update any class.

An example of the use of the tod Ripples 2 isin the
next section.

6. An example of use of Ripples 2

In this example, we aeate an interactive TV guide
from an existing program for an interactive clendar
manager. The mnversion was performed using Ripples
2 in the strict change-and-fix processmode, seea more
detailed description in [3].

The source system. The source system is an
interactive alendar manager, which keeps track of
appointments. Each appointment has a start time and
end time, and is entered into the system by the user. It is
stored in a database to be retrieved when required. The
system chedks for overlaps and regjeds overlapping
appointments. User sdledions are made through the text
based menus. There are no limitations on the number of
events that the system can hold. Figure 5 dsplays the
complete architedure of the source system. In it, all
dependencies are depicted as edges, without distinction
whether they are use, inheritance or data flow
dependencies. The source system consists of 19 classes
and about 2,000 lines of code.

The target system. The target system isa TV guide
system which keeps track of programs that will be aired
on various TV channels. This TV guideis an interactive
system into which the user enters data through menus.
The user also can query the program for various
channels at various times. In the target system, there
will be overlapping programs, but in different channels.
There @nnot be any overlapping programs in the same
channel.

Following is a detail ed step-by-step explanation of the
strict change-and-fix process that evolved the source
system into the target system.

Step 1 : Adding class Channel. In the target domain,
al televison programs are dassfied according to the



channel on which they are aired. So, the class Channel
is very important as a distinguishing concept between
the two systems. The class Channd will hold the
channel number, the name of the channel, and the
appropriate functions. The class was added using the
Add option of Ripples 2.

Class Channel will be used in a currently nonexistent
class ChannelList, which the user adds to the system
with the help of Ripples 2. Ripples 2 generates the
skeleton for ChannelList and marks it. Another class to
be marked is the class Event, which will aso use
information from Channel.

Step 2 : Change in ChannelList. There can be
multiple channels in the system, and there is no
restriction on the number of channels that are allowed.
Hence, class ChannelList represents a list of objects of
type Channel. The code for this class contains functions
to manipulate individual Channel objects and to perform
collective operations such as sort, save, load, etc.

Class ChanndlList is used by a currently nonexistent
class ChannelMenu, which the user adds to the system
with the help of Ripples 2. Ripples 2 generates the
skeleton for ChannelMenu and marks it.

Step 3 : Change in ChannelMenu. This class
manipulates the classes ChannelList using the add,
delete, and modify functions, and allows the user to view
al channes. Since the exising three menus are
subclasses of AbstractSubmenu, ChanneMenu also is
derived from AbstractSubmenu.

ChannelMenu is used by classes Choice and Cmenu
and they will be marked. Another class which is marked
is AbstractSubmenu. However the class
AbstractSubmenu  does not change, and hence after
inspection the mark can be removed.

Step 4 : Change in CMenu. Class CMenu is one of
the classes marked at this point, and it defines the main
menu of both the source and target systems. This
requires defining an object of type ChannelMenu as a
data member of class CMenu.

Class CMenu is derived from AbstractMenu, which is
therefore marked. Also Choice, YearMenu, DayMenu,
and MonthMenu are marked, because class CMenu uses
al these classes. None of these classes requires a
change. Function main() is marked because it uses
CMenu. Thereis asmall change to be made to function
main(). Choice is marked again as a result of that, but
does not require a change.
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Step 5: Change in class Event. At this point, class
Event is the only marked class in the program. It should
now contain information regarding the program as well
as the channel on which the program is aired. All
functions of class Event have been modified to handle
this change in the data members.

Event is one of the core classes of the source system. It
supports Event_list, CFile, and Chase. It uses CDate,
Key, and CTime, and Channd. Of these, Channd,
CDate, CTime, and Key do not change. But, Event_lit,
CFile, and CBase have to be changed in the following

steps.

Step 6 : Changesin Event_list. Event_list creates a
list of objects that belong to type Event. There are
various places where Event list makes references to
functions that handle the newly added data members.
Hence, these references have to be changed.

Classes Key, CFile, CBase, and CDay are marked
after the change. Cday and Key are not affected and
thelr marks are erased. CFile and CBase are the classes
that handle the events in a disk file and database
abstraction levels, respectively. They are affected and
handled in the following steps.

Step 7 : Changes in  CFile. Class CFile handles
physical file i/o related to the events. The i/o functions
are affected. They are modified to accommodate the
changes made to Event_list.

Key is marked again after this change, but remains
without a change. CBase is marked again and will be
visited next.

Step 8 : Changes in CBase. CBase handles the
eventsin a database abstraction level. It also handles the
gueries on the events. It is changed in response to the
change in specifications.

Class Key is marked after the change, but remains
without change.

Architecture of the target system. Please note that
during the changes, three new classes were added, two
existing classes were changed extensively, there were
minor changes to several additional classes, and no
existing class was deeted. Tool Ripples 2 was
extensively used to monitor the propagation of the
change.
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Figure 6. Architecture of the source program.

7. Conclusions

In the paper, we presented a mode of change
propagation in software, together with a modd of two
different processes of change propagation: change-and-
fix, and a more structured process MSE (methodol ogy
for software evolution). During the change, the software
is represented as a graph of dependencies among the
entities of the software, where some of the dependencies
are inconsistent. Each change removes some
inconsistencies, but it may create new ones. The
modeling notation is based on graph rewriting.

As a partial validation of the model, we presented a
tool "Ripples 2" which supports both the change-and-fix
and the M SE processes of change propagation.

The tools which support change propagation are
closely related to browsers. While browsers [4,15] dedl
with dependencies in software, they leave the particular
query to the programmer. Change propagation tools
differ from browsers in the fact that they maintain
information about both dependencies  and
inconsistencies in software, and provide a specialized
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but important kind of query: Find all marked entities
which have to be changed in order to make software
consistent. These kinds of tools help the programmer to
be organized during the process of software
maintenance. We bdieve that they may play an
important role in the future.
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