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Abstract

Most object-oriented programs have imperfectly
designed inheritance hierarchies and imperfectly
factored methods, and these imperfections tend to
increase with maintenance. Hence, even object-
oriented programs are more expensive to main-
tain, harder to understand and larger than neces-
sary. Automatic restructuring of inheritance hi-
erarchies and refactoring of methods can improve
the design of inheritance hierarchies, and the fac-
toring of methods. This results in programs be-
ing smaller, having better code re-use and being
more consistent. This paper describes Guru, a
prototype tool for automatic inheritance hierar-
chy restructuring and method refactoring of Self
programs. Results from realistic applications of
the tool are presented.

1 Introduction

Factoring shared methods into classes and shared
code into methods allows systems to be compact
and improves consistency, making them more eas-
ily understood and less expensive to maintain.
Manually designing inheritance hierarchies and
methods which maximize factoring is very diffi-
cult. Even if a system is well designed initially,
maintenance and evolution will tend to cause its
design to deteriorate. Many programmers are re-

luctant to manually restructure a system, as this
can be very difficult, particularly if the system
is large and has been built by many different pro-
grammers. For large systems, no one programmer
may understand the whole system at the level of
detail of individual methods. Manual restructur-
ing is also error prone and, while a system works,
however badly structured it is, the temptation is
to leave it alone.

Previous work on automatic and semi-auto-
matic structuring and restructuring of object-
oriented systems [Casais92] [Dicky96] [Godin93]
[Hoeck93] [Lieberherr88][Lieberherr91][Moore95]
[Opdyke92] [Pun90] has concentrated on areas
other than refactoring expressions from methods;
such as restructuring inheritance hierarchies con-
sidering methods as indivisible. Factoring com-
mon code out of methods into abstract super-
classes is considered in [Opdyke92]. However, user
interaction is required; in particular the user spec-
ifies which (two) classes to refactor methods and
common code from, to put into a shared imme-
diate (abstract) superclass. Work on refactor-
ing expressions from functions or procedures in
conventional (non object-oriented) programming
languages [Lano93] is not entirely applicable to
object-oriented languages, as conventional pro-
gramming languages lack inheritance, which af-
fects how methods can be shared, and there is
no message sending polymorphism, which affects
how methods can be refactored. Ideas related to
factoring as a feature of good design are explored

in [Wolff94].
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Guru [Moore95] explores a radical new ap-
proach: restructuring inheritance hierarchies and
refactoring methods simultaneously. In the re-
sulting inheritance hierarchies, none of the meth-
ods and none of the expressions that can be fac-
tored out are duplicated. This paper describes
how Guru has been extended, from automatically
restructuring an inheritance hierarchy to auto-
matically refactoring methods at the same time.
As Guru is automatic it can be used frequently,
for example after every design iteration. In com-
parison with [Opdyke92], rather than refactor-
ing methods and common code from user chosen
classes into an abstract superclass, the inheritance
hierarchy is restructured by Guru to enable the
maximum amount of sharing of methods and ex-
pressions.

Inheritance hierarchy structure and method
factoring are only two aspects of the design of
an object-oriented system. There are other as-
pects of object-oriented design which Guru does
not address.

Guru is so named as it assists in Self improve-
ment.

2 Automatic Inheritance Hier-
archy Restructuring

This section briefly describes the inheritance hi-
erarchy restructuring, without refactoring, per-
formed by Guru. A more detailed description can
be found in [Moore95].

Guru takes a collection of objects (or classes),
which need not be related by inheritance and
which do not have to be a complete inheritance
hierarchy, and restructures them into a new inher-
itance hierarchy in which there are no duplicated
methods, and the behavior of objects (or classes)
is preserved.

The existing inheritance hierarchy is removed,
and a new one inferred using a simple but effi-
cient algorithm [Moore96]', which infers a hier-
archy that reflects the structure inherent in its

!Discovered independently of a similar algorithm de-
scribed in [Mineau95].

objects. The algorithm is briefly described in Ap-
pendix A. Only the features of concrete objects
and classes, such as methods and instance vari-
ables, are used to infer the hierarchy. The struc-
ture of the original hierarchy is irrelevant to Guru;
any hierarchy defining the same features of con-
crete objects and classes will be restructured into
the same hierarchy by Guru.

A simple example from [Moore95] is presented
below to illustrate the inheritance hierarchy re-
structuring performed by Guru. Consider the
classes shown in Figure 1. Inheritance is shown as
arrows from subclasses to superclasses. The labels
represent the methods defined by each class, and
methods of the same name are equivalent in this
example. The existing inheritance hierarchy is re-
moved, resulting in the classes shown in Figure 2.
A new inheritance hierarchy which preserves the
behavior of the concrete classes (in this case the
leaves of the hierarchy), and in which no methods
are duplicated, is inferred, resulting in the hierar-
chy shown in Figure 3.

m4
-
m5 ‘ mé ‘ m7, m9 ‘ m7, m8, m10 m8, ml11 ‘
Figure 1: Example inheritance hierarchy
ml, m3, m4 ml, m3, m4
‘ ml, m2, m5 ml, m2, m6 m7. m9 m7. m8. m10 m4, m8, ml!.‘

Figure 2: Example classes after removing
hierarchy



m5

Figure 3: Restructured inheritance hierarchy

There have been some minor improvements to
Guru since it was described in [Moore95], which
will not be discussed in this paper as they do not
affect the refactoring of methods.

3 Automatic
Methods

Refactoring of

This section describes the essential features of the
refactoring of methods performed by Guru. Fea-
tures of Self relevant to refactoring methods are
introduced, followed by subsections which intro-
duce refactoring of methods, describe limitations
inherent to method refactoring, and describe the
additional limitations imposed by Guru.

3.1 Self

Self [Ungar87] is a dynamically typed object-
oriented language, similar in many ways to
Smalltalk [Goldberg90], but with some differences
which will need explaining in order for the Self
code fragments to be understood by readers fa-
miliar only with Smalltalk. Self code fragments
are shown in sans serif font. Messages without
an explicit receiver are sent to self. Variable ac-
cesses and assignments are made using message
sends. Therefore, the expression x aMessage: y
means that aMessage: is sent to the object result-
ing from x sent to self, with the argument which
is the object resulting from y sent to self. The
messages x and y may refer to the Self equivalent
of instance variables, or to methods. The message
aMessage: may invoke either an assignment, or a
method taking one argument.

In Self, methods, instance variables, data and
inheritance relationships are defined in slots.
Data slots are equivalent to non-assignable in-
stance variables or class variables.

Self is an object-centric language; it does not
have classes. However, the majority of readers
will be more familiar with class-centric languages,
so the word ‘class’ will be used for objects which
perform the réle equivalent to classes.

Self is dynamically typed; additional consider-
ations which would need to be taken into account
if the approach described were used for a stati-
cally typed language are beyond the scope of this

paper.

3.2 Refactoring methods

Expressions can be factored out of methods by
creating a new method to implement the expres-
sion, and by replacing occurrences of that expres-
sion by the appropriate message send. In this way,
an expression can be shared by many methods.
The terminology used in this paper is that expres-
sions which are factored out are called ‘factored
expressions’ and the methods created to share fac-
tored expressions are called ‘factoring methods’.

The behavior of a method is determined by its
sequence of message sends. Provided the same
messages are sent in the same order, the factoring
of methods and the classes where they are located
do not matter. Due to message sending polymor-
phism, a sequence of message sends may result
in different methods being executed for different
objects. If two methods (or expressions) send the
same messages in the same order, then they can
be factored out as one method (or expression),
irrespective of the original classes (or methods)
they occurred in. It does not matter which meth-
ods will execute as the result of those message
sends, they will be the same irrespective of where
the methods (or expressions) are located. Due
to message sending polymorphism, more factoring
is possible than in conventional languages which
have only procedure or function calls. Note that
in Self it does not matter whether a message send
results in an instance variable access (or assign-
ment) or a method being executed; this enables



more refactoring than otherwise.
The following code shows a simple example of
refactoring a method:

methodOne = ( (x aMessage: y) something )
may be refactored as:

newMethodl = (x aMessage: y)
methodOne = ( newMethodl something )

provided that the object for which the latter ver-
sion of methodOne is executed responds to the
message newMethodl by executing the implemen-
tation shown above. For the rest of the paper
this condition is assumed to be valid, and Sec-
tion 4 will describe how this condition is guaran-
teed by the refactoring system. For conciseness,
some refactorings are shown for expressions oc-

curring only once (as above).

3.3 Expressions which can be factored
out

Not all expressions may be factored out of a
method. For example, a block with a non-local
return may not be factored out, because a non-
local return is from a particular method; return-
ing from a different method does not have the
same effect. Similarly, assignments to local vari-
ables may not be factored out.

Expressions containing references to arguments
and local variables may be factored out, provided
the reference to the argument or variable is also
given to the factoring method. For example:

methodOne: argument =
( | temporaryVariable |
temporaryVariable: something.
temporaryVariable result.
(argument + aMessage) * 10)

may be refactored as:

newMethodl: temporaryVariable =
(temporaryVariable result)
newMethod?2: argument =
((argument + aMessage) * 10)
methodOne: argument =
( | temporaryVariable |
temporaryVariable: something.
newMethodl: temporaryVariable.

newMethod2: argument)

Although references and assignments to vari-
ables appear identical to other message sends, it
is straightforward to statically determine whether
a message send is a reference or assignment to a
local variable or a reference to an argument. In
the above example, the expression temporaryVari-
able result is not worth factoring out, as its re-
placement newMethodl: temporaryVariable is no
improvement. The system uses a simple metric
based on the ‘size’ of an expression to determine
whether to factor it out, so that cases such as this
do not occur. Section 6 includes a discussion of
whether this metric is adequate.

An expression which includes a block contain-
ing assignments to local variables of that block
may be factored out, as shown in the following
example.

methodOne = (| temporary |
do: [ | :e. t|
t: e aMessage.
t something: temporary |.
some other code)

can be refactored as:

newMethod1: temporary = (do: [ | :e. t |
t: e aMessage.
t something: tem-
porary )
methodOne = (| temporary |
newMethodl: temporary.
some other code)

However, the expression t: e aMessage inside
the block cannot be factored out by itself.

A more subtle restriction is imposed by the im-
plementation of Self used?. Blocks by themselves
may not be factored out; they may only be fac-
tored out as part of an expression. For example,
the expression [a b c] value may be factored out,
but the block [a b ¢] by itself may not. The rea-
son for this limitation is that blocks which execute
after their enclosing method has returned (called
non-lifo blocks) are not supported by the current
implementation of Self. This restriction is very

2Sun Microsystems Laboratories, Self version 4.0



minor, as the expressions inside blocks are refac-
tored; thus, in the example above, the expression
a b ¢ may be factored out of the block.

3.4 The expressions factored out by
Guru

A limitation of the current implementation of
Guru is that, with the exception of expressions
containing references to arguments or local vari-
ables of their enclosing method or block, only
complete expressions (i.e. a piece of code which
evaluates to an object) are factored out. Refer-
ences to arguments or local variables are passed
to factoring methods as described in the previous
section. Expressions which are message sends to
implicit self, explicit self or literals, or messages
sends to such expressions, to any depth, can be
factored out. Expressions which occur more than
once will be factored out, including expressions re-
peated in the same method, and repeated subex-
pressions of the same expression. Furthermore,
the system refactors expressions within factoring
methods.

An example of the method of factoring that
Guru uses is that the expressions a b ¢ and a b
d can be factored into newMethodl = (a b), so
that a b ¢ would become newMethodl c and a b d
would become newMethodl d.

There are many other different ways of refactor-
ing. One example is refactoring the expressions
abcand xb c. Guru can only refactor these
expressions in limited circumstances; but this is
a limitation of Guru rather than this method of
refactoring. A factoring method newMethodl: a
= (a b ¢) could be created, and the expressions a
b c and x b ¢ would then become newMethodl: a
and newMethodl: x respectively. This refactoring
is performed by Guru only when a and x are ref-
erences to arguments of their enclosing methods.

In situations such as the example above, the
names of messages which represent references to
arguments are ignored when comparing expres-
sions, otherwise the two expressions would have
to be identical. As a consequence, the names
of method arguments also have to be ignored
when comparing methods, otherwise unnecessary

methods could be created, for example, if both
newMethodl: a = (a b ¢) and newMethod2: x =
(x b c) were created. This comparison of methods
is used for all methods, not just factoring meth-

ods.

Two other ways that the expressions a b ¢ and
x b ¢ could be factored are presented below.

If the two expressions occur in methods in
different classes which had a common super-
class, then a factoring method newMethodl =
(newMethod2 b ¢) could be created in the super-
class, and the methods newMethod2 = (a) and
newMethod2 = (x) could be created in the appro-
priate subclasses.

Alternatively, the expressions could be factored
out by creating factoring method newMethodl =
(b c) in the classes of the objects which may re-
sult from the message sends a and x, and re-
placing the expressions with a newMethodl and
x newMethodl respectively. If the message sends
a and x always result in objects of only one class,
then this would be a very good solution. How-
ever, determining the classes of the objects which
may result from the message sends a and x may be
extremely difficult as it requires precise type infer-
encing [Agesen95]. Furthermore, it may be that
these message sends result in objects of many dif-
ferent classes. If these classes were not restruc-
tured, then the refactoring would increase the
number of methods in the system, which would
be counter-productive.

A consequence of Guru only factoring complete
expressions is that two expressions which are the
same except for a small difference are not refac-
tored. For example, the expressions a b: (c d: e)
and a b: (c d: f) cannot currently be factored as
newMethodl: e = (a b: (c d: e)) with the expres-
sions becoming newMethodl: e and newMethodl:
f respectively, unless e and f are arguments of their
enclosing method. Furthermore, the largest ex-
pressions which can be factored out are individual
statements. If consecutive statements are shared
by two or more methods, the statements are fac-
tored out as separate factoring methods, rather
than as a single factoring method.

Currently, Guru only refactors in limited ways.



There are many other ways that methods and ex-
pressions could be refactored, in addition to the
ways discussed above. Section 7 discusses the pos-
sibilities for extending Guru to refactor in dif-
ferent ways. In practice, even with the limita-
tions described, the system performs a consider-
able amount of refactoring, as discussed in Sec-

tion 6.

4 Simultaneous
inheritance

refactoring of
hierarchies and
methods

The refactoring of methods is performed as part
of inheritance hierarchy restructuring for two rea-
sons. Firstly, all of the methods in all of the ob-
jects and classes are refactored together, which
achieves the highest possible amount of method
refactoring. There is no limitation on refactoring
of methods that they have to be related by in-
heritance (before the refactoring stage; they will
necessarily be related by inheritance after refac-
toring and inheritance hierarchy restructuring).
Secondly, the refactoring of methods can discover
classes and inheritance relationships which would
That is, if two
classes share expressions, even if they do not share

not necessarily otherwise exist.

any methods, then they will be related by inheri-
tance in the resulting inheritance hierarchy. This
is further discussed in Section 6.

The algorithm used to refactor methods is de-
scribed below, using an example.

Consider the three methods:

ml = (((size + 1) > end)

ifTrue: [something])
m2 = (((start 4+ end) > 0)

ifTrue: [size: size + 1])
m3 = (size: size + 1.

((start 4 end) > 0) ifFalse: [error])

A dictionary is created which relates methods
to all of the expressions they contain which may
be factored out by Guru.

ml — size + 1, (size + 1) > end
m2 — start + end, (start + end) > 0,
size + 1, size: size + 1
m3 — size + 1, size: size + 1, start + end,

(start + end) > 0

For brevity, the largest expressions (((size + 1)
> end) ifTrue: [something], ((start + end) > 0)
ifTrue: [size: size 4+ 1] and ((start + end) > 0)
ifFalse: [error]) have been omitted, and will not
be shown in the rest of this example. Another
dictionary is created which relates expressions to

the methods which contain them.

size + 1 —  ml, m2, m3
(size + 1) >end — ml

start + end —  m2, m3
(start + end) >0 — m2, m3
size: size + 1 — m2,m3

From this, a dictionary is created which relates
collections of methods to the expressions which
they share.

ml, m2, m3 — size 41
m1 —  (size + 1) > end
m2, m3 — (start 4+ end) > 0,
start + end, size: size + 1

In order to avoid unnecessary refactoring,
subexpressions of those expressions shared by ex-
actly the same set of methods are not factored
out. Hence, in the example above, the expres-
sion start + end is not factored out, as (start +
end) > 0 is also shared by the same methods. Ex-
pressions which appear only once, such as (size
+ 1) > end in the example, are not factored out.
Having determined which expressions should be
factored out, a factoring method is created for
each factored expression, with a unique name. In
the example above, this means that the following
methods are created:

newMethodl = (size 4 1)
newMethod2 = (size: newMethod1)
newMethod3 = ((start 4 end) > 0)

A replacement method is made for each method
These
replacement methods are modified such that each

which includes any factored expressions.

factored expression is replaced by the appropriate
message send to invoke the appropriate factoring



method.
The resulting methods are:

ml = ((newMethodl > end)
ifTrue: [something])
m2 = (newMethod3 ifTrue: [newMethod2])
m3 = (newMethod2.
newMethod3 ifFalse: [error])

These modified methods and the factoring
methods for all of the factored expressions that
they include effectively replace the original meth-
ods in the objects and classes to be restructured.
For example, the method m1l = (((size + 1) >
end) ifTrue: [something]) is replaced by ml =
((newMethodl > end) ifTrue:
newMethodl = (size + 1).

The restructuring is then performed on the ob-

[something]) and

jects and classes with their refactored and factor-
ing methods, as described in Section 2, exactly the
same as if there had not been any refactoring. As
the appropriate factoring methods are included
in the objects and classes which include meth-
ods containing their factored expressions, the re-
structuring ensures that the appropriate factoring
methods will be in the appropriate restructured
classes. A factoring method will be located in the
class from which all methods which included its
factored expression inherit. In other words, if an
expression is factored out of methods from only
one class, then the factoring method will be in
the same class as those methods. Alternatively,
if an expression is factored out of methods from
several different classes, then it will be in a class
from which all those classes inherit, directly or
indirectly. Therefore, the appropriate factoring
method will definitely be executed by a message
send of its name, because the names of such meth-
ods are unique, and factoring methods are in-
herited by every class or object which includes
a method which contains such a message send.
Objects and concrete classes will be slightly
changed by the refactoring version of Guru, be-
cause they will understand the messages imple-
mented by the factoring methods they inherit.
However, the introduction of factoring methods
does not cause any problems, as the behavior of
programs will not be changed. It is straightfor-

ward to check, within the limitations discussed
below, that the system does not contain any mes-
sage sends which would execute factoring meth-
ods inappropriately and does not implement any
methods with the same names as any of the fac-
toring methods. This check needs to be performed
on the complete Self system, as an object which
is not included in the collection of objects refac-
tored may send a message to a refactored object
which it previously could not understand, but af-
ter refactoring it can understand it, thus changing
the behavior of a program. Programs which rely
on an object not understanding a certain message
are unusual, so this check will rarely be necessary.
In Self, it is possible to write code which sends
a message which cannot be determined statically,
thereby defeating any attempts to statically check
whether a certain message is sent, but this pro-
gramming style is unusual.

5 Results

The results of applying Guru to three inheritance
The
three inheritance hierarchies, which will be called

the indexables, orderedOddballs and sendishNodes
hierarchies respectively, were restructured using

hierarchies are presented in this section.

Guru, both with and without refactoring of meth-
ods. In all except one restructuring, Guru was
used fully automatically. Restructuring of in-
heritance hierarchies is abbreviated to restructur-
ing, and refactoring of methods is abbreviated to
refactoring.

Two of the hierarchies, the indexables and or-
deredOddballs, were chosen because it was ex-
pected that they would already be well designed
and well factored, and so would provide a good
benchmark for evaluating the performance of
Guru. Both of these hierarchies were designed
before Guru existed (by someone other than the
author), and hence their design could not have
been influenced by the existence of Guru.

Both the indexables and orderedOddballs hier-
archies are used extensively during the running
of the Self system, as the programming environ-

ment is written in Self. Some of the objects and



classes are fundamental to the running of nearly
all Self code. In particular, vectors, byteVectors,
canonicalStrings (the Self equivalent of Symbols in
Smalltalk), smalllnts, floats, true and false are ez-
tensively used. The restructured hierarchies, with
and without refactoring, were used to replace the
original hierarchies, with no change in the behav-
ior of the system. While the successful replace-
ment of such fundamental classes is not a formal
proof that the restructurings are correct, it gives
substantial evidence.

The sendishNodes hierarchy was chosen because
it is known to be imperfect, and as it is part of
the Guru system itself, its design has been af-
fected by the existence of Guru, which is what we
should expect for hierarchies which are developed
when a system such as Guru is available in a pro-
gramming system. This point is further discussed
in Section 6.

In the figures, restructured objects and classes
are labeled either with the name of the object or
class they replace, or with the name of the class
they most closely replace. What is meant by this
is that, for example, the class labeled traits string
in Figure 5 does not necessarily define the same
behavior as the original class traits string. Only
the behavior of objects and concrete classes is pre-
served, and traits string is not a concrete class.
The label traits string in the restructured hierar-
chy is used only for convenience, and reflects the
fact that this class is inherited by the equivalent
objects and concrete classes in the original hierar-
chy. Restructured objects and classes which can-
not be labeled in this way are not named. All
objects and classes are shown with the number
of non-inheritance slots they define. Hierarchies
restructured with and without refactoring which
have the same structure are shown together. In
those figures, the first number is the number of
slots without refactoring, and the second is the
number with refactoring.

Tables of simple metrics are presented. The
entries labeled ‘Message sends’ refer to the to-
tal number of potential message sends in all the
methods in all the classes in the appropriate hier-
archy. This metric is used as an indication of the

total code size of the hierarchies. Counting the
number of methods, the number of statements,
or the ‘lines of code’ does not really measure the
amount of code. Such measures are misleading
for large, badly factored methods or statements,
or code written in very long lines. Measuring the
number of potential message sends gives a more
accurate indication of the amount of code.

The entries labeled ‘Overriding methods’ are
the number of methods which override other
methods both from inside and outside the classes
restructured. Having too much overriding, or
methods overridden too often, is an indication of

poor design [Johnson88].

5.1 The indexables hierarchy

This hierarchy includes strings, vectors and se-
quences. A very similar hierarchy was restruc-
tured by the previous version of Guru, and the

The dif-

ferences between the hierarchy restructured by

results are described in [Moore95].

Guru, shown in Figure 4, and the hierarchy re-
structured in [Moore95], are because a newer ver-
sion of the Self system has been used.

The result of restructuring without refactoring
is shown in Figure 5. This hierarchy is not ex-
actly the same as in [Moore95], because of the
differences in the original hierarchy and some mi-
nor improvements to Guru since it was described
in [Moore95].

traits collection

Objects and classes included in

! traits indexable(28)
the restructuring.

traits mutablelndexable(19)

traits traits traits

traits sending(33) byteVector(33) vector(24) sequence(39)

traits string(148) traits
/ \ sortedSequence(9)
raits

traits
immutableString(6) mutableString(6)
traits canonicalString(6)
canonicalString mutableString byteVector vector sequence sortedSequence
0 0) () ) )

Numbers shown in brackets after the object’'s name are the number of methods and
instance variables defined by the object.

Figure 4: The original indexables hierarchy



traits collection

traits mutablelndexable(46)

N

(26) traits traits
\ vector(21)  sequence(39)
traits
traits string(176) byteVector(5) traits
sortedSequence(9)

=N\

traits
canonicalString(14) mutableStrmg(lO)

canonicalString mutableString byteVector vector sequence sortedSequence

(0) () ©) (©) O]

Figure 5: The restructured indexables hierarchy

This
amount of programmer intervention, in that one

restructuring included a very small
method was manually moved higher in the inher-
itance hierarchy. The original hierarchy was then
restructured with refactoring, producing the hier-

archy shown in Figure 6.

traits collection

traits mutablelndexable(60)
(6)

\ traits

(26) traits sequence(64)

\ vector(21)

traits
byteVector(5) traits
sortedSequence(9)

traits string(207)
7\

traits traits
canonicalString(17) mutableString(10)

canonicalString mutableString byteVector vector sequence sortedSequence

©) () O] ®

Figure 6: The restructured and refactored
indexables hierarchy

In this case, there was no manual interven-
tion. It is interesting to observe that the hier-
archy is slightly different to the one produced by
the restructuring without refactoring. An addi-
tional class has been discovered because of the
factoring methods introduced. Furthermore, this
additional class is very easy to understand; it
is the class of vector-like objects, as opposed to
sequence-like objects.

The following table gives some simple metrics
concerning the refactoring and restructuring re-

sults. (Ori = Original, Res = Restructuring with-
out refactoring, RwR = Restructuring with refac-
toring)

‘ ‘ Ori ‘ Res ‘ RwR ‘
Classes and Objects | 17 15 16
Methods 316 | 311 | 390
Message sends 3681 | 3662 | 3622
Overriding methods | 86 72 69

A small problem with replacing the original
objects with the restructured ones was that, be-
cause vector, byteVector, mutableString and canon-
icalString have the equivalent of indexed instance
variables, only their class objects were actually
modified. This has exactly the same effect as if
these objects are modified, as they each have only
one slot defining inheritance from their class.

5.2 The orderedOddballs hierarchy

This hierarchy includes the numbers and boolean
classes. Although Guru was designed to restruc-
ture hierarchies including concrete objects, it can
equally be used when given only the Self equiva-
lent of classes, as in this case. Only classes have
been used, because number objects cannot be
modified; furthermore, nothing would have been
gained by including number objects in the restruc-
turing as they define only one slot for inheritance.

The original hierarchy is shown in Figure 7.
The results of restructuring with and without
refactoring methods are both shown in Figure 8.

mixins oddball Iobby mixins ordered

Objects and classes included

in the restructuring tralts orderedOdd baII(O*)

tralts number(61)

traits lmeger(GO) trans boolean(S)

traits bigInt(78) traits smalllm(59) traits float(62) true(9) false(9)

* traits orderedOddball defines only inheritance and does not include any methods.

Figure 7: The original orderedOddballs hierarchy



mixins oddball Iobby mlxms ordered

traits 0rderedOddbaII(2/2)

traits number(67/7l)

_—

traits integer(62/67)

/N

traits bigInt(69/82) traits smallint(50/50) traits float(51/56) true(8/8) false(8/8)

tralts boolean(4/4)

Figure 8: The restructured orderedOddballs
hierarchy, with and without refactoring of
methods

Notice that there is no difference in the struc-
ture of the hierarchies, only in the details of where
methods are located and how they are factored.
This is not generally true of hierarchies restruc-
tured using Guru, but in this case the hierarchy
can be assumed to have been very well designed
initially, as such hierarchies are well understood,
and it is a small hierarchy, in terms of the number
of classes.

An example of the detailed difference between
the hierarchy restructured without refactoring
and the original is that there were several methods
which had been defined identically in traits big-
Int, traits smalllnt and traits float, for which in the
restructured inheritance hierarchy a single imple-
mentation has been put in the equivalent of traits
number.

In the hierarchy restructured with refactoring
there are more detailed differences. For example,
in the equivalent of traits number, one expression
was factored out from 14 methods, and shared
between them using a factoring method. Some
methods in the replacement for traits float had the
same implementation but different names, and so

their code was shared using factoring methods.

The following table provides some simple met-
rics about the original hierarchy, and the restruc-
tured hierarchies with and without refactoring.

‘ ‘ Ori ‘ Res ‘ RwR ‘
Classes and Objects | 9 9 9
Methods 323 | 301 | 328
Message sends 2539 | 2493 | 2464
Overriding methods | 35 29 29

5.3 The sendishNodes hierarchy

This hierarchy is part of the parse tree nodes hi-
erarchy used in the implementation of Guru.

The original hierarchy is shown in Figure 9, the
restructured hierarchies with and without refac-
toring of methods are shown in Figure 10.

traits parseTreeNode

Objects and classes included

h N traits sendishNode(12)
in the restructuring

traits resendNode(7/10)

7

traits traits traits traits
directedResendN(7)  undirectedResendN(7)  implicitSendNode(39) sendNode(14)

directedResendN(10) undirectedResendN(8)  implicitSendNode(8) sendNode(10)

Node is abbreviated to ‘N’ for some labels

Figure 9: The original sendishNodes hierarchy

traits parseTreeNode

traits sendishNode(9/20)

(617)

traits resendNode(7/10)

traits traits traits traits
directedResendN(6/6) undirectedResendN(6/6) implicitSendNode(34/38) sendNode(13/13)

directedResendN(10/10) undirectedResendN(8/8) implicitSendNode(8/8)  sendNode(10/10)

Node is abbreviated to ‘N’ for some labels

Figure 10: The restructured sendishNodes
hierarchy, with and without refactoring of
methods

The restructured hierarchies are similar to the
original hierarchy, with the difference in structure
due to the discovery of a new class. This class can
easily be understood as the class of all parse tree



nodes which represent expressions that have self
as the implicit receiver (including resends).

The following table provides some simple met-
rics about the original classes, and the classes re-
structured with and without refactoring.

‘ ‘ Ori ‘ Res ‘ RwR ‘
Classes and Objects | 10 | 11 11
Methods 77 |70 | 89
Message sends 490 | 461 | 429
Overriding methods | 37 |29 | 29

6 Discussion of results

The most important feature of the results is that
the structure of the inheritance hierarchies pro-
duced by Guru are exactly as expected for well
designed hierarchies. It is important to remember
that Guru does not use the structure of the origi-
nal hierarchies to guide the creation of the restruc-
tured inheritance hierarchies. The hierarchies
produced are based only on maximizing shar-
ing and minimizing duplication of the features
(mostly methods) of objects and concrete classes.
Any other hierarchies which defined the same fea-
tures for their objects and concrete classes, how-
ever badly structured, would have produced the
same results from Guru. It should be noted that
Guru will produce inheritance hierarchies with
multiple inheritance when necessary; for the three
examples used, single inheritance was sufficient to
ensure no duplication of methods or factored ex-
pressions.

It is interesting that method refactoring has not
had more effect on the structure of the inheri-
tance hierarchies produced. While the approach
taken maximizes the amount of factoring of meth-
ods (within the limitations of Guru), the benefit
of inferring new classes from factoring methods
would appear, on the evidence gathered so far, to
be of minor importance.

A more detailed feature of the hierarchies re-
structured with refactoring was that a high pro-
portion of method refactoring was found to be
inside individual restructured classes, with rela-
tively few factoring methods sharing expressions

amongst methods of more than one class. The ex-
planation for this, given that refactoring of meth-
ods is performed before the final restructured hi-
erarchy is created, must be due to the fact that
methods that will be restructured into in a single
class will tend to have more similarities between
them than methods in different classes.

The largest difference between the original and
restructured hierarchies is in the details of the
location and factoring of methods. The restruc-
tured and refactored hierarchies are an improve-
ment compared to the original hierarchies. In
terms of simple objective measures, the reduc-
tion in the number of potential message sends
in the restructured and refactored hierarchies in-
dicates that the total amount of code has been
reduced, and an improvement in code reuse has
been achieved. Furthermore, as no methods or
factored expressions are now duplicated, but are
defined only once, the restructured and refactored
hierarchies are more consistent than the original
hierarchies.

The results of the previous section show that,
despite the limitations described in Section 3.4,
the system performs a considerable amount of
In the case of the indexables hier-
There
is scope for improvement, particularly in allow-

refactoring.
archy, 77 expressions were factored out.

ing for more refactoring to be possible, while only
performing refactoring which is desirable.

One of the problems of automatic refactoring is
that it can be difficult to understand the mean-
ing of some of the methods automatically created.
The names generated for factoring methods are
unique system generated names which have no in-
herent meaning. These methods can be renamed
by the user, and Guru will rename all sends of
the appropriate message. It can be difficult to in-
vent a short and meaningful name for many of the
factoring methods. To give an indication of the
sort of expressions which were factored out from
the orderedOddballs and indexables hierarchies, a
selection of some of the factoring methods, and
one method which was modified to use a factor-
ing method, are shown below (including too many
brackets, this is one of the features which could



be improved, as mentioned in Section 7):

newMethod651P: a P: res =

(res sign: (sign * (a sign)))
newMethod627 = (-1 = sign)
newMethod659P: d = ((d size) - cByteSize)
mostSignificantDigit: d =

(in d At: (newMethod659P: d))
newMethod636P: digit =

((digit asByte) - ('0" asByte))
newMethod661 = (size 4 1)
newMethod695 = (size: (newMethod661))

The purpose of a factoring method may not be
obvious, unless one fully understands the code.
It is currently impossible for a fully automated
system to determine the purpose of a fragment
of code to decide whether it is worth refactoring
or not, and to invent a meaningful name for the
factoring method. Furthermore, the amount of
refactoring that should be performed can be ar-
gued to be a subjective decision. For example, in
Self some programmers use the expression x + 1,
where others use the equivalent expression x succ.
A possible argument for limiting the amount of
factoring is that some programmers may under-
stand the meaning of, for example, x + 1 more
easily than x succ, and in some cases may have to
find the factoring method that will be executed
in order to understand the code. Furthermore,
it may be very difficult to think of a name for
a factoring method which is understandable, and
at the same time more abstract and preferably
also more compact than the original expression.
For example, the expression size + 1 could be fac-
tored out as a factoring method called sizePlu-
sOne. This is slightly more characters to type,
and is not very abstract. The ideal refactoring
should discover meaningful method abstractions
from expressions, so that the system is easier to
understand, reuse and modify. An approach that
may satisfy both those who prefer as much fac-
toring as possible and those who do not, would
be for the code to be as highly factored as possi-
ble, but for the system to allow expressions to be
shown as if they were inlined in the code, as much
as each programmer requires. To implement such
a facility would, in general, require precise type

inferencing [Agesen95].

The metric used by Guru to decide whether to
factor out an expression is based simply on the
‘size’ of the expression, measured as the number
of message sends, not including references to ar-
guments or local variables. The minimum ‘size’ of
expression that will be factored out has been cho-
sen as the smallest that ensures that replacement
expressions will be smaller than the expressions
they factor out (in terms of number of message
sends); hence the total number of message sends
will be reduced by the refactoring. Detailed anal-
ysis of the results of refactoring several hierarchies
indicates that this metric is not ideal, as many
expressions are factored out which have no eas-
ily understood meaning as method abstractions.
A metric which could be used, that may give a
better indication of which expressions to factor
out, could be the number of times an expression
occurs. Currently, any expression which occurs
more than once is factored out, but it may be
better to factor out certain expressions, for ex-
ample the smallest possible expressions, only if
they occur frequently.

A possible criticism of increasing factoring is
that it will degrade the performance of the code.
However, this is a weak argument, as sophisti-
cated compilers, such as the Self system used for
this work, are able to automatically inline code so
that the amount of factoring at the source level
does not affect the performance of compiled code.

In the sendishNodes hierarchy, some methods
were written in a particular way in order to max-
imize their possibility of refactoring. In partic-
ular, consistency between methods in the order
of expressions, in cases where the ordering does
not matter for the meaning of the expression,
enabled some subexpressions to be factored out
which would not have otherwise been possible.
The existence of a tool such as Guru can influence
the way that code is written. There is possibly a
counter-productive psychological consequence of
the existence of a system such as Guru, that pro-
grammers may become lazy about creating good
code and inheritance hierarchies, because they be-
lieve that the system will ‘tidy everything up’ for



them.

7 Future research

More work is required to reduce the limitations of
Guru’s refactoring. If the system is made capable
of factoring methods or expressions in different
ways, then it will have to be able to decide which
refactoring to use. Similarly, as more factoring
becomes possible, the system will either have to
decide whether a potential refactoring is worth
applying, given that some programmers will not
appreciate too much refactoring, or it should pro-
vide the ability to display source code as if inlining
has been performed, as described in the previous
section. Also, there may be a limit to the amount
of refactoring that can be performed in an accept-
able amount of time.

A drawback of Guru which needs improvement
is that the source code of factoring methods and
methods which have been modified because they
included a factored expression is generated from
parse trees, ignoring the original source code.
This results in the original layout and comments
being lost, and most programmers would prefer as
little disruption to their layout and comments as
possible. In the present system, the source code
generated is not very well formatted; for example
it uses too many brackets.

The speed of Guru for restructuring includ-
ing refactoring of large systems is poor in the
current implementation. Restructuring including
refactoring of the indexables hierarchy took ap-
proximately 8 hours on a Sun Sparc 2. This is
mostly because of details of the current imple-
mentation of Guru, but partly due to the fact
that all methods in a restructuring are refactored
together. While this approach ensures the maxi-
mum amount of refactoring is possible, it is com-
putationally expensive. One way of reducing the
computational expense would be to restructure a
hierarchy without refactoring, and then perform
refactoring on subgraphs of the restructured hier-
archy. This approach would not achieve the maxi-
mum amount of factoring possible, and would not
discover any new classes or inheritance relation-

ships in performing the refactoring. The results
discussed in Section 6 suggest that if the time
taken to refactor a large system were important
then the loss of these benefits might be a reason-
able compromise. However, the limit on the size
of hierarchy which can reasonably be restructured
including refactoring may be reached before the
limit imposed by computational considerations.
This is because of the complexity of understand-
ing a large hierarchy well enough to understand
the effects of the restructuring.

More refactoring could be possible by using
a more sophisticated comparison of expressions
than simply examining their sequence of mes-
sage sends. TFor example, by inlining expres-
sions, superficially different expressions or meth-
ods which have the same effect could be refac-
tored [Ungar94]. Furthermore, if it can be deter-
mined which methods are private (only executed
due to messages sent to self) then these meth-
ods could be removed if all message sends which
cause them to execute are removed through in-
lining. This would allow better refactoring of the
public methods. Similarly, it might be possible to
determine that expressions are equivalent even if
the order of message sends is different. Sophisti-
cated analysis of code is increasingly performed by
optimizing compilers; a refactoring system could
benefit from reusing the analysis of such compil-
ers.

The successful application of Guru to objects
and classes fundamental to the Self system is
a practical demonstration that the restructuring
and refactoring performed do not alter the be-
havior of a system. However, proofs should be
constructed in order to verify that the algorithms
used by Guru preserve the behavior of a system.

8 Conclusions

This paper has shown that automatic restructur-
ing and refactoring can improve the inheritance
hierarchy structure and method factoring of real-
istic examples.

Hierarchies created by restructuring realistic
examples are exactly the structures that should



be expected of good designs, and eliminate du-
plication of methods. The refactoring of meth-
ods improves hierarchies even further by elimi-
nating duplication of the expressions which it fac-
tors out. Eliminating duplication of methods and
factored expressions reduces the total amount of
code (measured as the number of potential mes-
sage sends), improves consistency and increases
code reuse. Further work is required to increase
the amount of refactoring possible, and to pro-
duce more easily understood factoring methods.

Guru does not directly approach the related
problems of (user directed) program maintenance
or program understanding. However, program
understanding may be assisted due to reducing
the size and increasing the consistency of a sys-
tem. Similarly, Guru provides an approach to
perfective maintenance which may simplify user
directed maintenance due to this improved con-
sistency, which makes alterations easier and safer,
as it ensures that a change needs to be made in
only one method, rather than having to make the
same change in many methods.

The structure of the hierarchies produced by
Guru is either the same, or better, than the orig-
inal programmer designed hierarchies, providing
objective evidence that maximizing factoring is
a good design principle. The comparison of an
original hierarchy with its restructured hierarchy
is suggested as a quality metric.

As the system uses only details of code in the
system, rather than knowledge of the problem
domain, the hierarchies and refactoring created
by Guru reflect what actually exists in a system,
which may not be the same as what should exist

in a system.
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A The hierarchy restructuring
algorithm

This section briefly describes the important fea-
tures of the algorithm used for inferring an inher-
itance hierarchy, called the IHI algorithm, for a
set of objects/classes. It is more fully described
in [Moore96].
‘class’ is used to mean ‘object or class’.

To simplify the text, the word

Given a set of classes, each class defining a set of
features (such as instance variables and methods,
without any inheritance links), the ITHI algorithm
infers a hierarchy with no duplication of features,
which includes replacement classes defining or in-
heriting exactly the same sets of features as de-
fined by the original classes. Let O be the set of
classes for which a hierarchy is to be inferred. Let
R be the set of classes inferred.

In order to ensure no duplication of features, a
relation is built mapping each set of all the classes
in O which share a feature, to the set of features
they (alone) share. This requires that features
define equivalence. A set of features may contain
only one feature. Similarly, a set of features de-
fined by only one class requires a mapping from
a set containing that class only, to the set of fea-
tures defined. Such single element sets need to be



constructed for classes even if there is no feature
that they alone define (in which case the set of
features defined will be empty). Each mapping
from a set of classes to a set of features defines
a class in R (with that set of features), but does
not define the necessary inheritance links. Each
mapping from a set containing a single class to a
set of features defines a class in R which directly
replaces a class in O (the class which is the single
element of the set).

To ensure that replacement classes inherit all
the features they need, inheritance links are added
from each class in R which shares features be-
tween classes C, to every class in R which shares
features between a proper superset of C. In order
to remove transitively unnecessary inheritance,
for each class Cin R, for each class D which has an
inheritance link to C (before any inheritance links
have been removed), and each class E which has
an inheritance link to D, remove any inheritance
links from E to C.

The classes in R, and their inheritance links,
are now defined.



