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Abstract

Inheritance is an important concept in object-oriented programming.
The mechanisms provided by many existing programming languages
combine reuse of types and reuse of implementations. These mecha-
nisms often violate encapsulation. Changes to an inheritance hierarchy
affect related implementations.

We separate type and class (implementation) and identify visibility of
attributes and the binding of attributes to names as basic dimensions of
class-based inheritance. To retain encapsulation [12] we state require-
ments to an inheritance mechanism and show how to fulfill them with
an approach to inheritance by aggregation. Initialization is used to
change bindings of attributes.



1. Introduction

Inheritance is an important concept in object-oriented programming
languages. It is used for differential programming, refinement and re-
use. In existing languages inheritance is realized by a special mecha-
nism which ought to fulfill these aspects.

The major advantage of object-oriented programming is the encapsula-
tion of objects. Each object may only be manipulated through interfac-
es. An interface describes the publicly usable behavior of an object and
is thus a contract between the user of an object and its implementor. The
user may at most rely on the contract and the implementor must at least
fulfill the contract. The implementation of an object may be changed
without affecting any users as long as the contract remains fulfilled.
Usual inheritance mechanisms often violate the encapsulation, e.g. by
allowing access to instance variables of a superclass or by visibility of
the inheritance hierarchy.

This paper wants to work out the effects of the concept of inheritance
and we will state requirements to save encapsulation in case of inherit-
ance. One step towards this goal is to separate the notions of type and
implementation. The consequences of this step are separate inheritance
mechanisms for type and implementation.

Under the condition of retaining encapsulation even on inheritance and
separating types and implementations, we will express inheritance be-
tween objects by aggregation and initialization. It is not necessary to in-
troduce a particular mechanism to realize the concepts of inheritance.

Chapter two explains our basic concepts. Chapter three motivates the
separation of type and implementation and shows how to reach this
goal. Chapter four discusses some dimensions of class-based inherit-
ance. From the discussion we deduce some requirements for class-
based inheritance and we present our approach based upon aggregation



and initialization in chapter five. Finally chapter six summarizes our ap-
proach.

2. Basic concepts

We are assuming a class-based object model. In this model objects are
typed and classes are used to create objects. The following paragraphs
describe basic properties of types, objects and classes.

» The concepts to model a problem [6] are expressed by types. A type
specifies the behavior of a concept and abstracts from the details of
a specific implementation. The description of a type at least contains
the signature of the operations. It should comprise a formal specifi-
cation of the abstract behavior. Unfortunately a complete formal
specification is rather complex and not fully under control. There are
approaches to enhance the type by assertions, as in Eiffel [7], or pred-
icates, as in POOL-I [1]. Informal specifications in form of com-
ments may be added.

» Objects have the following properties: identity, integrity, types and
attributes [9]. Integrity means strict encapsulation of the attributes.
Access to the object is only possible by operations (methods). The in-
vocation mechanism like message passing or (remote) procedure call
IS not important for our considerations.

» A class describes an implementation of types and is used to create
objects of these types.

3. Separating Type and Implementation

In most object-oriented programming languages type and implementa-
tion are combined in classes. This approach has two severe disadvantag-
es.



First a type cannot have multiple implementations e.g. aSgpsannot

be implemented by a hash table, an array or a linked list, since a new
class defines a new type. In most object-oriented languages this flaw is
corrected by abstract and concrete classes: deferred classes in Eiffel [7],
abstract classes with virtual functions in C++ [13]. Descriptive classes
proposed by Sandberg [8] are a similar approach. Abstract classes are
degenerated classes which are used to describe a type by omitting the
implementation. Concrete classes provide the implementation and they
must inherit from abstract ones to become a subtype. Thus the abstract
class serves as common supertype of all its concrete subclasses.

The use of abstract classes has some drawbacks. Each class must be sep-
arated into an abstract and a concrete one, otherwise there will be no
way to have multiple implementations subsequently.

Code reuse requires multiple inheritance, because a class must inherit
from its abstract and another concrete class. This causes the usual name
conflicts of multiple inheritance. Inheritance between classes is used to
express type relationships (inheritance between abstract classes), code
reuse (between concrete classes) and the relation between implementa-
tions and a type (between abstract and concrete classes). Fig. 2 illus-
trates these various applications.

type reuse
inherits from Abstract subtyping Abstract

Class A Class B ClassA [ ClassB
type type
subtyping
; , implements implements
impl. _ impl.
subclassing
Concrete Concrete

l—————————————|
Class A code reuse Class B

Fig. 1: Inheritance between classes and
the implied relationships inherits from

Fig. 2: Various uses of inheritance



The second disadvantage is, that the implementation and the type hier-
archy are identical, since inheritance between classes implies subtyping
as well as code reuse (Fig. 1). But both hierarchies may be contrary as
shown by some examples in the literature, e.g. circle-ellipse in [4] or
stack-deque in [12]. This problem has already been identified by Snyder
[11] and Canning et. al. [2]. The hierarchies are separated in the lan-
guage POOL-I [1], since America distinguishes clearly between inher-
itance and subtyping.

We advocate the separation of type and implementation. This leads to
individual inheritance mechanisms on types and on implementation re-
sulting in separated hierarchies. This enables the programmer to change
the implementation hierarchy without being forced to change the type
hierarchy, too. The programmer has more freedom to change implemen-
tations. The relationships between types and classes are each expressed
by their own language constructs and are therefore better coordinated to
specific requirements.

The most obvious effect is an n-to-m relationship between types and
classes. A type may be implemented by several unrelated classes as well
as a class may implement multiple types. The different types of a class
expose separate aspects of its behavior e.g. test and debug interface to
an object, lower and upper service access point to a protocol object or a
separate interface for inheritance. This treatment observes the need-to-
know principle. An operating system may associate access rights with
the different interfaces of a class to install access privileges.

Types and classes are described separately. The language must provide
the ability to link classes with types. The linkage means that the class
implements the type. It must be part of the description of the class, since
it refers to internals of the class. These internals should not be made
public to save encapsulation.



type inheritance
type lgq— | type

implementst t implements

class inheritance
class |ag— " | class

Fig. 3: Inheritance and linkage between classes and types

The separate description of types and classes IS more expensive than
formulating the type together with a class, but using concrete and ab-
stract classes leads to comparable expense. In languages, which have
combined the notions of type and class, all those inheritance relation-
ships which use type and class in the same way are more simple to ex-
press. This is the case when subtyping and subclassing coincide.

In the rest of this chapter we will explain how to link classes to types by
means of an imaginary language.

The first example depicts a ty@Bpt (1a) and a possible implementa-
tion 2Dpoint (1b)L.

la type 2Dpt{

X() - (Real);
Y() - (Real);
PlaceAt( Real, Real ) -0

}
1b class 2Dpoint {

1c support  2Dpt {
1d bind Y to gety, PlaceAt to placeAt;
3
Real cx, cy;
x() - (Real){returncx;}
gety() - (Real) {return cy; }
placeAt( Real x, Real y) S (O{cx:=xcy:=y; }

Example 1

The support-clause (1c) describes the linkage (depicted bynipde-
mentsarrow in Fig. 3) between the class and its types. Operations de-

1 For reasons of readability types and names in type descriptions start with capital all others with
lower case letters. To provide an easy way to refer to the examples they are partially numbered,
e.g. 1a, 2b etc.



fined in the type are bound to operations of the class (1d). If the names
of both operations are the same, an explicit linkage may be omitted as
shown for the operatiox

Multiple and independent implementations per type are simply realized
by writing some classes which support the same type. The2tpss

larPt (2a) is another implementation for the ty3i#pt. Objects of both
implementations may coexist in a single program.

2a class 2DpolarPt {
support  2Dpt;

Real alpha, radius;

x() - (Real)({ return radius * cos( alpha); }
y) - (Real){ return radius * sin( alpha); }
placeAt( Real x, Real, y) - 0{

alpha := arctan2( x, y );
radius := sqroot( X*x + y*y );
}
}

Example 2

Multiple types per class are obtained by multgueport clauses (3c),
(3d). The claspoint (3b) implements a typ8Dpt (3a) and2Dpt (1a).

The two types do not conform to each other in any direction, since the
operationPlaceAt has a different number of arguments. With multiple
types per class it is possible to write a class which implements both

types.

4. Class-Based Inheritance

As depicted in Fig. 3 there are three relations between types and classes.
The linkage between types and classes has been discussed in chapter 3.
The type inheritance is not considered in this paper instead we focus on
class-based inheritance.



3a type 3Dpt{

X() - (Real)
Y() - (Real)
Z() - (Real)
PlaceAt ( Real, Real, Real ) -0

}

3b class point{
3c support 2Dpt { bind PlaceAt to 2DplaceAt; };
3d support 3Dpt { bind PlaceAt to 3DplaceAt; };

Real cx, ¢y, cz;

X() - (Real){ return cx;}
y() - (Real){ return cy;}
z() - (Real){ return cz;}
2DplaceAt( Real x, Real, y) - 0{

CX =X, CYy :=V;

}

3DplaceAt( Real x, Real, y, Real z) - 01
2DplaceAt(x,y); cz := z;

Example 3
This chapter will show some dimensions of inheritance. From Snyder’s
discussion about inheritance and encapsulation, [11] and [12], we infer
requirements for class-based inheritance.

The main dimensions of inheritance are visibility and binding.
Visibility

The attributes of a class comprise both variables and methods. Classes
access attributes by names. These constitute a name space of visible at-
tributes. The name space of a class contains the names of all attributes
defined in the class itself. Classes determine which of their visible at-
tributes become visible to clients.

If the class inherits from others its name space is extended by parts of
the name spaces of the superclasses. It varies in each object-oriented
language which attributes become visible and how they are named.

The set of attributes becoming visible to a subclass ranges from all at-
tributes of the superclasses to the restricted view of a client. In-between



this range there are C++ [13] and Trellis/Owl [10] which restrict visibil-
ity for clients but not for subclasses with the predigatdected All
public and protectedattributes are subclass visible. Other languages
permit the subclass to access all attributes of the superclass.

The construction of the new name space may lead to vertical or horizon-
tal name collisions [5]. Collisions must be solved in any case. A colli-
sion may be an error. One attribute may override another. The conflict
is solved by renaming or by compound names.

A subclass inherits from its superclasses and these may in turn inherit
from other classes. These inheritance relationships form a graph starting
at a root class. In case of single inheritance the graph is linear, in case
of multiple inheritance it is a tree. If instances of the same superclass are
merged it becomes an acyclic graph. The structure of the inheritance
graph has impact on the visibility of attributes in the root class.

The name spaces of a class and its ascendants do not change if it is later
used as a superclass.

Binding

Binding is the relation of names to attributes. We distinguish fixed and
variable relations. Variable bindings are changed by inheritance. The
binding in a part of an inheritance graph is determined by the complete
graph. Often the names are bound to the first occurrence of an attribute
with the same name which is found when the graph is searched starting
at the root class. The name space of a class and thus visibility is infer-
able from the description of that class, in contrary to the binding. The
binding may change if the class is subject to inheritance.

In most languages variable bindings are denoted by keywordselike
meor this. Cook et. al. identify recursive structures with variable bind-
ings [3].



10

4.1 Requirements to Visibility

This section points out some restrictions on visibility to preserve encap-
sulation of classes.

First of all subclasses must interact with superclasses by an interface.
This implies that no direct access to instance variables of superclasses
is possible. Operations must be called instead. Syntactic sugar may be
introduced to recover conciseness and inlining of code to recover effi-
ciency. An interface contributes to retain strict encapsulation and spec-
ifies the asserted properties. It should be possible to expose more or less
details of the implementation. The more details are uncovered the more
difficult it is to change the implementation. The interface should be in-
dependent of the client interface.

Second, in contrast to the type hierarchy the class hierarchy must not be
visible. The type hierarchy must be visible to enable polymorphism and
subtyping. The decision of a programmer to reuse implementation from
classes by inheritance should be as private as other implementation de-
tails. This saves the possibility to change the implementation without
adversely affecting subclasses. The consequence is that classes only
know their direct superclasses. The behavior of the superclasses is for
the subclass like its very own. It is not necessary for the subclass to
know how the behavior of the superclasses is achieved.

The third requirement applies to merging. We refer to [12] and advocate
that shared ancestors should be avoided. A solution of the problem is the
use of “mixin”-classes [12].

4.2 Requirements to Binding

A language must support fixed binding. Otherwise a class would not be
able to prevent inadvertent rebinding of attributes.
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A subclass must be able but not forced to change variable bindings of a
superclass. Consider instrumenting a class through the use of inherit-
ance. Only external calls should be counted. In this case redirection

should not take place because calls internal to the superclass would in-
crement the counters in the subclass. Another problem might be to

count every call. Thus redirection should take place. In most languages

there is no way to express solutions for both problems, since subclasses
may not decide whether or not to change variable bindings.

5. Inheritance by Aggregation and Initialization

The last section stated some requirements to class-based inheritance.
This chapter will introduce our approach to inheritance by aggregation
and initialization and we will demonstrate that it fulfills all demands.

Aggregation is a composition of objects. An object refers to its aggre-
gated objects by instance variables. Aggregated objects are always part
of the aggregating object.

The aspect of visibility corresponds to aggregation. Binding is realized
by initialization. First we consider aggregation and how to fullfil the re-
quirements for visibility. Than we add initialization and show how to
achieve variable bindings with respect to the requirements.

5.1 Interface for Inheritance

Assume a raw port which puts out a character to a hardware. The type
and an implementation is given with (4a) and (4b).

We want to add a method to send a complete string. First of all we in-
troduce a new typRort (5a) which conforms tRawPort and offers an
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4a type RawPort {
PutChar( Char) -0
}

4b class rawPort {
support RawPort;

putChar( Char c) - 0f
o}
}

Example 4

additional methodPutLine. Port is related tdRawPort by theis clause
which expresses type inheritance (5b).

5a type Port{
5b is RawPort;

PutLine( String ) - 0s
}

Example 5

An implementation oPort wants to exploit the existing classvPort.
In the same way as the types are related an implementatamtohay
be related to an implementationRé&wPort. The clasgort (6a) illus-
trates the relation on the implementation side expressed by aggregation.

6a class port{

6b support  Port { bind subtype RawPort to p;}
6¢C RawPort:rawPort p;
putLine( String str) - 0{
for(...){
6d p.PutChar(c);
}
}
}
Example 6

Thebind statement (6b) links all operations of the tigavPort to the
instance variabl@. The invocation of the operatidtutChar on type
Port leads to the invocation @f.PutChar. The instance variable is

defined by its typ&awPort and its classawPort separated by a colon
(60).

The instance variable serves as instance of the “superclaag/Port.
The typeRawPort of p serves as interface for inheritance. In this exam-
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ple it is not different to the client interface. We will see an interface dif-
ferent to the client interface in the next section.

5.2 Invisible Tree Structured Hierarchy

The relationship between aggregated objects and its aggregating object
IS a tree structured hierarchy.

Multiple inheritance is achieved by multiple aggregation and multiple
bind statements. Direct access to a “superclass” is qualified by the name
of its instance variable. Even multiple superclasses of the same type can
be accessed individually.

The name conflicts related to external interfaces are resolvedpby
port clauses. Internal name conflicts cannot occur since attributes of the
“superclasses” are addressed by compound names.

Since a “subclass” accesses a “superclass” only through a well-defined
interface it cannot know its internal structure. The “superclasses” in turn

may use aggregation to realize the specified behavior. But it is not visi-

ble.

5.3 Fixed and Variable Binding

To access an attribute of a “superclass” by the name of its instance vari-
able corresponds to fixed binding (6d). It is not possible to express vari-
able bindings solely by aggregation. Therefore we need a way to influ-
ence existing class descriptions. Variable binding is realized by param-
eters given to initialize new objects.

In our next example we want to enhance the @asisto have a buff-
ered output behavior. The ngwtLine method should have a buffered
behavior too. There is no way to realize that with a new class using an
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instance of clagsort as shown previously and reusing the implementa-
tion of putLine. This is because the implementomait did use only
fixed bindings. For a bufferedort we need a variable binding to
putChar.

A second implementation of the tyPert is given in (7b). It is prepared
for the desired reuse.

7a type Port_Inh{
Init( RawPort ) -0
}

7b class port2( RawPort) {

7c support  Port { bind subtype RawPort to p;}
7d support  Port_Inh;
RawPort:rawPort p;
7e RawPort s := RawPort: self ;
putLine( String str) - 01
for (...){
7f s.PutChar( c);
}
}
79 init( RawPort parm ) - 09
if (parm!=nil)
s:= parm;

}
}

Example 7

Port_Inh is an additional type to clapsrt2 for inheritance. The oper-
ationInit enables the redirection of variable bindings. The keywelfd
(7e) denotes the current instance of cfa@$2. The Variables is con-
nected to the current instance viewed through the interface drayse
Port (7e). By an invocation ahit (7g) the connection &f might be
changed to redirect variable bindings (7).

| init I---| Init | Port_Inh I:I Type
N I:I Class
| putChar k-# PutChar | R P |‘* Putchar | -«—— |nstance of
| putLine I—--| PutLine |
Fig. 4 = Bound to
» -~ Bound to Instance

rawPort RawPort port2 Port
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Fig. 4 shows the dependencies between the related types and classes.
Types are drawn dark, classes light. Thin arrows mean instance relation-
ships, thick lines mean bindings from type to class names. Thick arrows
bind type names to an instance variable.

The clasdufferedPort is now implemented using an instance of class
port2 and redirecting the variable binding (Example 8).

8a type BufferedPort { putChar( Char c) -0
is Port; if (b.Full)
Flush() - () s.Flush;
} b.Insert( c¢);
8b type BufferedPort_Inh { J
Init( BufferedPort ) - 0; flush() - 0{

} for (...){

p.PutChar(c);
8c class bufferedPort( BufferedPort ) {

8d support BufferedPort { }
bind subtype Port

except PutChar to p;} 8e init( BufferedPort parm ) {
support  BufferedPort_Inh; if (parm!=nil)
s:= parm;
Port:port2 p;
BufferedPort s := self ; 8f Port_Inh:p.init( RawPort:s );
Buffer:buffer b; }
}
Example 8

The new class overrides tRatChar operation and implements it with

a buffered behavior. An instance of clgest2 is created to reuse the
implementation ofPutLine and PutChar. To redirect the call of
PutChar in PutLine (7f) the instance of the new class is supplied as pa-
rameter tdnit of p (8f).2

Port_Inh
| - |___| - | | init |---| Init | BufferedPort_Inh
| putChar I—--| PutChar|

|putChar I---| PutChar| -t I p |<'-| PutChar| - I p |<l-| PutLine| _

| putLine jmmmrmt PutLine | | flush [ Flush | Fig. 5

i ;.
f

rawPort RawPort port2 Port bufferedPort  BufferedPort

2 The instance b is omitted from Fig. 5 due to readability.
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The binding ofPutChar in Flush is variable and may be redirected for
reuse. This redirection could be decoupled from the redirection of
PutChar by providing two different parametersitut .

5.4 Decision of Rebinding

A class reusing others may decide to redirect variable bindings or not.
There is no need to redirect all variable bindings. A good example is an
instrumentedPort which counts the invocations ptitChar andput-

Line operations (Example 9).

9a class instrumentedPort( RawPort) {
support InstrumentedPort;
support InstrumentedPort_Inh;

Port:port2 p;
Int putCharCnt, putLineCnt;

init( RawPort parm )
putCharCnt:= 0;
putLineCnt:= 0;

- 0

9b if (parm==nil)
putChar( Char c) - 01 Port_Inh:p.init( nil );
putCharCnt.increment; else
p.PutChar( c); Port_Inh:p.init( parm );
}
putLine( String s ) - 0{
putLineCnt.increment;
p.PutLine(s);
Example 9

Only external calls are counted. The internal calls, the calit@har
in putLine (7f), may also be counted with a small change ofirtite

function, (9b) to (9b").

9’ |f (parm==nil )
Port_Inh:p.init( self );
else

Example 10
Port_Inh

e e e | | init e init | InstrumentedPort_Inh

ini - ni
| putChar I—--| PutChar|
-]
| putChar I—--| PutChar| L_P |4-| PutChar| | putLine I---| PutLine | Fig. 6
| putLine I—--| PutLine | - EI
1 =}

f

rawPort RawPort port2

Port

instrumentedPort InstrumentedPort
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The grey thin arrow shows the change of the instance relationship
caused by a differeimit functior?.

There could be a second parameter to decide which version is to create.
In most languages without changing the implementation of the super-
class only one of the two versions could be built.

6. Conclusion

We showed that there is no need for an extra mechanism to realize class-
based inheritance. Aggregation and initialization in addition to type
based inheritance is sufficient.

The main goal was to save encapsulation even on class-based inherit-
ance. We stated some requirements to achieve this goal and showed that
they are satisfied by aggregation and initialization.

A central aspect in our approach is the interface for inheritance. The
types of aggregated objects serve as interfaces. These could be normal
client interfaces or special ones exposing more implementation details.

The separation of type and class simplifies the programming language
because the relation between type and implementation is more clearly
expressed than with abstract classes.

Inheritance modelled by aggregation and initialization increases the ex-
pressivity. Subclasses could decide to change variable bindings or not.
There could be more than one group of variable bindings which may be
changed individually. This is more powerful than the uselimecha-

nism in existing programming languages.

3 The counters and the operations to get the counter results are omitted from Fig. 6 due to read-
ability.
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Type inheritance and its impact to type conformance will be considered
in further work. In this paper we considered only variable binding to op-
erations (attributes). Additionally variable bindings to classes and types
should be solved and integrated to inheritance with respect to encapsu-
lation.

The use of “mixin” classes to avoid merging is also possible in our ap-
proach. Initialization provides a way to connect instances by redirecting
variable bindings. Thus instances of “mixin” classes may be connected
horizontally. The use of “mixins” will be demonstrated in another paper.
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