Objects

It was amazing to me, and it is still amazing, that people could not imagine what the
psychological difference would be to have an interactive terminal. You can talk about it on a
blackboard until you are blue in the face, and people would say, 20h, yes, but why do you need

that?°. .. We used to try to think of all these analogies, like describing it in terms of the

difference between mailing a letter to your mother and getting on the telephone. To this day |
can still remember people only realizing when they saw a real demo, say, @Hey, it talks back.
Wow! You just type that and you got an answer?

Fernando Corbat é(who worked on Whirlwind in the 1950s)
Charles Babbage Institute interview, 1989

So far, we have seen two main approaches for solving problems:

Functional programming
Break a problem into a group of simpler procedures that can be composed
to solve the problem (introduced in Chapter 4).

Data-centric programming
Model the data the problem involves, and develop procedures to manip-
ulate that data (introduced in Chapter 5, and extended to imperative pro-
gramming with mutation in the previous chapter).

All computational problems involve both data and procedures. All procedures

act on some form of data; without data they can have no meaningful inputs and

outputs. Any data-focused design must involve some procedures to perform
computations using that data.

This chapter introduces a new problem-solving approach known as  object-ori-

ented programming . By packaging procedures and data together, object-orien-  object-oriented
ted programming overcomes a weakness of both previous approaches: the data ~ programming
and the procedures that manipulate it are separate.

Unlike many programming languages, Scheme does not provide special built-
in support for objects. 1 We build an object system ourselves, taking advantage
of the stateful evaluation rules. By building an object system from simple com-
ponents, we provide a clearer and deeper understanding of how object systems
work. In Chapter 11, we see how Python provides language support for object-
oriented programming.

The next section introduces techniques for programming with objects that com-
bine state with procedures that manipulate that state. Section 10.2 describes

1This refers to the standard Scheme language, not the many extended Scheme languages pro-
vided by DrScheme. The MzScheme language does provide additional constructs for supporting
objects, but we do not cover them in this book.
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inheritance , a powerful technique for programming with objects by implement-
ing new objects that add or modify the behaviors of previously implemented
objects. Section 10.3 provides some historical background on the development
of object-oriented programming.

10.1 Packaging Procedures and State

Recall our counter from Example 9.1:
(de®ne (update-counter! ) (set! counter (+ counter 1)) counter)

Every time an application of update-counter! is evaluated, we expect to obtain a
value one larger than the previous application. This only works, however, if there
are no other evaluations that modify the counter variable. Hence, we can only
have one counter: there is only one counter place in the global environment.
If we want to have a second counter, we would need to de®ne a new variable
(such as counter2, and implement a new procedure, update-counter2!, that is
identical to update-counter! , but manipulates counter2 instead. For each new
counter, we would need a new variable and a new procedure.

10.1.1 Encapsulation

It would be more useful to package the counter variable with the procedure that
manipulates it. Then we could create as many counters as we want, each with
its own counter variable to manipulate.

The Stateful Application Rule (from Section 9.2.2) suggests a way to do this: eval-
uating an application creates a new environment, so a counter variable de®ned
an the application environment is only visible through body of the created pro-
cedure.

The make-counter procedure creates a counter object that packages the count
variable with the procedure that increases its value:

(de®ne (make-counter)
((lambda (count)
(lambda () (set! count (+ 1 count)) count))

0))

Each application of make-counter produces a new object that is a procedure
with its own associated count variable. Protecting state so it can only be manip-
ulated in controlled ways is known as encapsulation .

The count place is encapsulated within the counter object. Whereas the previ-
ous counter used the global environment to store the counter in away that could
be manipulated by other expressions, this version encapsulates the counter vari-
able so the only way to manipulate the counter value is through the counter ob-
ject.

An equivalent make-counter de®nition uses a let expression to make the initial-
ization of the count variable clearer:

(de®ne (make-counter)
(let ((count 0))
(lambda () (set! count (+ 1 count)) count)))
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Figure 10.1 depicts the environment after creating two counter objects and ap-
plying one of them.

Global Environment
make-counter

counterl (_—® )

counter2

env: ® params: 0
Application Env 2 body:

Application Env 1

et (count 0
(lambda ()

(set! count (+ 1 count))
count))

énv:m params: () env:m params: ()

body: bOdV

(begin (set! count (+ 1 count) | | (begin (set! count (+ 1 count)

count)) count))

Figure 10.1. Environment produced by evaluating:
(de®ne counterl (make-counter))

(de®ne counter2 (make-counter))
(counterl)

10.1.2 Messages

The object produced by make-counter is limited to only one behavior: every
time it is applied the associated count variable is increased by one and the new
value is output. To produce more useful objects, we need a way to combine state
with multiple behaviors.

For example, we might want a counter that can also return the current count
and reset the count. We do this by addinga messageparameter to the procedure
produced by make-counter :

(de®ne (make-counter)
(let ((count 0))
(lambda (messagé
(if (eq? messageéget-count) count
(if (eq? messageéreset!) (set! count 0)
(if (eg? messagenext!) (set! count (+ 1 count))
(error "Unrecognized message")))))))

Like the earlier make-counter , this procedure produces a procedure with an en-
vironment containing a frame with a place named count. The produced proce-
dure takes a messageparameter and selects different behavior depending on the
input message.

The messageparameter is a Symbol. A Symbol is a sequence of characters pre-
ceded by a quote character such as ' next!. Two Symbols are equal, as determined
by the eq?procedure, if their sequences of characters are identical. The running
time of the eq?procedure on symbol type inputs is constant; it does not increase
with the length of the symbols since the symbols can be represented internally
as small numbers and compared quickly using number equality. This makes
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symbols a more ef®cient way of selecting object behaviors than Strings, and a
more memorable way to select behaviors than using Numbers.

Here are some sample interactions using the counter object:

> (de®ne counter (make-counter))
> (counter 'next!)

> (counter 'get-count)

1

> (counter 'previous!)

& Unrecognized message

Conditional expressions. For objects with many behaviors, the nested if ex-
pressions can get quite cumbersome. Scheme provides a compact conditional
expression for combining many if expressions into one smaller expression:

Expression :1) CondExpression

CondExpression::) (cond CondClauselList)
CondClauselList ;1) CondClause CondClauseList
CondClauselList :1) e

CondClause 1) (EXpression pregicateEXPressionconsequent

The evaluation rule for a conditional expression can be de®ned as a transforma-
tion into an if expression:

Evaluation Rule 9: Conditional. The conditional expression ( cond)
has no value. All other conditional expressions are of the form ( cond
(Expressionp; Expressiong;) Rest) where Restis a list of conditional
clauses. The value of such a conditional expression is the value of the
if expression:

(if Expressiony; Expressiong; (cond Rest))

This evaluation rule is recursive since the transformed expression stillincludes a
conditional expression, but uses the empty conditional with no value as its base
case.

The conditional expression can be used to de®ne make-counter more clearly
than the nested if expressions:

(de®ne (make-counter)
(let ((count 0))
(lambda (messagé
(cond ((eg? messageéget-count) count)
((eq? messagereset!) (set! count 0))
((eq? messagenext!) (set! count (+ 1 count)))
(true (error "Unrecognized message"))))))

For linguistic convenience, Scheme provides a special syntax else for use in con-
ditional expressions. When used as the predicate in the last conditional clause
it means the same thing as true. So, we could write the last clause equivalently
as (else (error "Unrecognized message")).

Sending messages. A more natural way to interact with objects is to de®ne
a generic procedure that takes an object and a message as its parameters, and
send the message to the object.
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The ask procedure is a simple procedure that does this:
(de®ne (ask object message (object messagg)

It applies the object input to the messageinput. So, (ask counter 'next!) is equiv-
alent to ( counter 'next!), but looks more like passing a message to an object than
applying a procedure. Later, we will develop more complex versions of the  ask
procedure to provide a more powerful object model.

Messages with parameters. Sometimes it is useful to have behaviors that take
additional parameters. For example, we may want to support a message adjust!
that increases the counter value by an input value.

To support such behaviors, we generalize the behaviors so that the result of ap-
plying the message dispatching procedure is itself a procedure. The procedures
for reset!, next!, and get-count take no parameters; the procedure for adjust!
takes one parameter.

(de®ne (make-adjustable-counter )
(let ((count 0))
(lambda (messagé
(cond ((eg? messageéget-count) (lambda () count))

((eq? messageéreset!) (lambda () (set! count 0)))
((eg? messageénext!) (lambda () (set! count (+ 1 count))))
((eq? messageéadjust!)
(lambda (val) (set! count (+ count val))))
(else (error "Unrecognized message"))))))

We also need to also change the ask procedure to pass in the extra arguments.
So far, all the procedures we have de®ned take a ®xed number of operands. To
allow ask to work for procedures that take a variable number of arguments, we
use a special de®nition construct:

De®nition ::) (de®ne (Name Parameters. Name res) Expression)

The name following the dot is bound to all the remaining operands combined

into a list. This means the de®ned procedure can be appliedto nor more operands
where n is the number of names in Parameters. If there are only n operand ex-
pressions, the value bound to Name res;is null. If there are n + k operand expres-
sions, the value bound to Namenrestis a list containing the values of the last k
operand expressions.

To apply the procedure we use the built-in  apply procedure which takes two
inputs, a Procedure and a List. It applies the procedure to the values in the list,
extracting them from the list as each operand in order.

(de®ne (ask object message args)
(apply (object messagé args))

We can use the new ask procedure with two or more parameters to invoke meth-
ods with any number of arguments (e.g., > (ask counter 'adjust! 5)).

10.1.3 Object Terminology
An object is an entity that packages state and procedures. object
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The state variables that are part of an object are called instance variables. The
instance variables are stored in places that are part of the application environ-
ment for the object. This means they are encapsulated with the object and can
only be accessed through the object. An object produced by ( make-counter ) de-
®nes a single instance variable, count.

The procedures that are part of an object are called methods. Methods may pro-

vide information about the state of an object (we call these  observerg or modify

the state of an object (we call these mutators). An object produced by ( make-
counter) provides three methods: reset! (a mutator), next! (a mutator), and get-
count (an observer).

An object is manipulated using the object's methods. We invoke a method on an
object by sending the object a message. This is analogous to applying a proce-
dure.

A classis a kind of object. Classes are similar to data types. They de®ne a set of
possible values and operations (methods in the object terminology) for manip-
ulating those values. We also need procedures for creating new objects, such as
the make-counter procedure above. We call these constructors. By convention,
we call the constructor for a class make-< class> where < class> is the name of
the class. Hence, an instance of the counter class is the result produced when
the make-counter procedure is applied.

Exercise 10.1. Modify the make-counter de®nition to add a previous! method
that decrements the counter value by one.

Exercise 10.2. De®ne a variable-counter object that provides these meth-
ods:

make-variable-counter : Number ! VariableCounter
Creates avariable-counter object with an initial counter value of 0 and an
initial increment value given by the parameter.

set-increment!: Number ! Void
Sets the increment amount for this counter to the input value.

next!: Void ! Void
Adds the increment amount to the value of the counter.

get-count: Void ! Number
Outputs the current value of the counter.

Here are some sample interactions using a variable-counter object:

> (de®ne vcounter (make-variable-counter 1))
> (ask vcounter 'next!)

> (ask vcounter 'set-increment! 2)

> (ask vcounter 'next!)

> (ask vcounter 'get-count)

3
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10.2 Inheritance

Objects are particularly well-suited to programs that involve modeling real or
imaginary worlds such as graphical user interfaces (modeling windows, ®les,
and folders on a desktop), simulations (modeling physical objects in the real
world and their interactions), and games (modeling creatures and things in an
imagined world).

Objects in the real world (or most simulated worlds) are complex. Suppose we
are implementing a game that simulates a typical university. It might include
many different kinds of objects including places (which are stationary and may
contain other objects), things, and people. There are many different kinds of
people, such as students and professors. All objects in our game have a nhame
and a location; some objects also have methods for talking and moving. We
could de®ne classes independently for all of the object types, but this would
involve a lot of duplicate effort. It would also make it hard to add a new behavior
to all of the objects in the game without modifying many different procedures.

The solution is to de®ne more specialized kinds of objects using the de®nitions

of other objects. For example, a student is a kind of person. A student has all the
behaviors of a normal person, as well as some behaviors particular to a student

such as choosing a major and graduating. To implement a student class, we

want to reuse methods from the person class without needing to duplicate them

in the student implementation. We call the more specialized class (in this case

the student class) the subclassand say student is a subclass of person. The reused subclass
class is known as the superclass so person is the superclass of student. A class superclass
can have many subclasses but only one superclass. 2

Figure 10.2 illustrates some inheritance relationships for a university simulator.
The arrows point from subclasses to their superclass. A class may be both a sub-
class to another class, and a superclass to a different class. For example, person
is a subclass of movable-object, but a superclass of student and professor.

Figure 10.2. Inheritance Hierarchy.

2Some object systems (such as the one provided by the C++ programming language) allow a class
to have more than one superclass. This can be confusing, though. If a class has two superclasses and
both de®ne methods with the same name, it may be ambiguous which of the methods is used when
itis invoked on an object of the subclass. In our object system, a class may have only one superclass.
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many different objects with a small amount of code.

10.2.1 Implementing Subclasses

To implement inheritance we change class de®nitions so that if a requested
method is not de®ned by the subclass, the method de®ned by its superclass will
be used.

The make-sub-object procedure does this. It takes two inputs, a superclass ob-
ject and the object dispatching procedure of the subclass, and produces an in-
stance of the subclass which is a procedure that takes a message as input and
outputs the method corresponding to that message. If the method is de®ned by
the subclass, the result will be the subclass method. If the method is not de®ned
by the subclass, it will be the superclass method.

(de®ne (make-sub-object super subproc)
(lambda (messagég
(let ((method (subproc messagg))
(if method method (super message))))

When an object produced by ( make-sub-object obj proc) is applied to a mes-
sage, it ®rst applies the subclass dispatch procedure to the message to ®nd an
appropriate method if one is de®ned. If no method is de®ned by the subclass
implementation, it evaluates to (  super message, the method associated with the
messagein the superclass.

References to self. It is useful to add an extra parameter to all methods so the
object on which the method was invoked is visible. Otherwise, the object will
lose its special behaviors as it is moves up the superclasses. We call this the self
object (in some languages itis called the this objectinstead). To support this, we
modify the ask procedure to pass in the object parameter to the method:

(de®ne (ask object message args)
(apply (object messagé object args))

All methods now take the self object as their ®rst parameter, and may take addi-
tional parameters. So, the counter constructor is de®ned as:









overrides
When the method is invoked on a subclass object, the new method will be used.

For example, we can de®ne a subclass of reversible-counter that is not allowed
to have negative counter values. If the counter would reach a negative number,
instead of setting the counter to the new value, it produces an error message and
maintains the counter at zero. We do this by overriding the  set-count! method,
replacing the superclass implementation of the method with a new implemen-
tation.

(de®ne (make-positive-counter )
(make-subobject
(make-reversible-counter)
(lambda (messagé
(cond
((eq? messageset-count!)
(lambda (self val) (if (< val 0) (error "Negative count")

)
(else false)))))

What should go in place of the ...? When the value to set the count to is not
negative, what should happen is the count is set as it would be by the super-
class set-count! method. In the positive-counter code though, there is no way
to access the count variable since it is in the superclass procedure's application
environment. There is also no way to invoke the superclass' set-count! method
since it has been overridden by positive-counter .

The solution is to provide a way for the subclass object to obtain its superclass
object. We can do this by adding a get-super method to the object produced by
make-sub-object:

(de®ne (make-sub-object super subproc)
(lambda (messagég
(if (eq? messageget-super)
(lambda (self) super)
(let ((method (subproc messagg))
(if method method (super message)))))

Thus, when an object produced by make-sub-object is passed the get-super mes-
sage it returns a method that produces the super object. The rest of the proce-
dure is the same as before, so for every other message it behaves like the earlier
make-sub-object procedure.

With the get-super method we can de®ne the set-count! method for positive-
counter, replacing the ... with:

(ask (ask self "get-super) 'set-count! val ))

Figure 10.3 shows the subclasses thatinherit from counter and the methods they
de®ne or override.
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Negative count
> (ask poscount 'get-count)
0

For the ®rst ask application, the next! method is invoked on a positive-counter
object. Since the positive-counter class does not de®ne anext! method, the mes-
sage is sent to the superclass, reversible-counter. The reversible-counter imple-
mentation also does notde®ne a next! method, so the message is passed up to its
superclass, adjustable-counter . This class also does not de®ne a next! method,
so the message is passed up to its superclass, counter. The counter class de®nes
anext! method, so that method is used.

For the next ask, the previous! method is invoked. Since the positive-counter
class does not de®ne aprevious! method, the message is sent to the superclass.
The superclass, reversible-counter, de®nes aprevious! method. Its implemen-
tation involves an invocation of the adjust! method: (ask self 'adjust! 1). This
invocationis done onthe self object, which is an instance of the positive-counter
class. Hence, the adjust! method is found from the positive-counter class imple-
mentation. This is the method that overrides the adjust! method de®ned by the
adjustable-counter class. Hence, the second invocation of previous! produces
the @Negative count® error and does not adjust the count to 1.

The property this object system has where the method invoked depends on
the object is known as dynamic dispatch . The method used for an invocation
depends on the self object. In this case, for example, it means that when we
inspect the implementation of the previous! method in the reversible-counter
class by itself it is not possible to determine what procedure will be applied for
the method invocation, ( ask self 'adjust! 1). It depends on the actual self ob-















