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3

Modularity, Objects, and State

Metafairov avamaveTol
(Even while it changes, it stands:still.)

Heraclitus

Plus ¢a change, plus c¢’est la méme chose.

Alphonse Karr

The preceding chapters introduced the basic elements from which pro-
grams are made. We saw how primitive procedures and primitive data-are
combined to construct compound entities, and we learned that abstrac-
tion is vital in helping us to cope with the complexity -of large systems.
But these tools are not sufficient for designing programs. Effective pro-
gram synthesis also requires organizational principles that can guide us
in formulating the overall design of a program. In particular, we need
strategies to help us structure large systems so that they will be modular,
that is, so that they can be divided “naturally” into coherent parts that can
be separately developed and maintained.’

One powerful design strategy, which is particularly appropriate to the
construction of programs for modeling physical systems, is to base the
structure of our programs on the structure of the system being modeled.
For each object in the system, we construct a corresponding computa-
tional object. For each system action, we define a symbolic operation in
our computational model. Our hope in using this strategy is that extend-
ing the model to accommodate new objects or new actions will require
no strategic changes to the program, only the addition of the new sym-
bolic analogs of those objects or actions. If we have been successful in
our system organization, then to add a new feature or debug an old one
we will have to work on only a localized part of the system.

To a large extent, then, the way we organize a large program is dic-
tated by our perception of the system to be modeled. In this chapter we
will investigate two prominent organizational strategies arising from two
rather different “world views” of the structure of systems. The first or-

—
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3.1.1 Local State Variables 219

This view of a system can be a powerful framework for organizing
computational models of the system. For such a model to be modular, it
should be decomposed into computational objects that'model the actual
objects in the system. Each computational object must have its own lo-
cal state variables describing the actual object’s state. Since the states
of objects in the system being modeled change over time, the state vari-
ables of the corresponding computational objects must also change. If we
choose to model the flow of time in the system by the elapsed time in the
computer, then we must have a way to construct computational objects
whose behaviors change as our programs run. In particular, if we wish to
model state variables by ordinary symbolic names in the programming
language, then the language must provide an assignment operator to en-
able us to change the value associated with a name.

3.1.1 Local State Variables

To illustrate what we mean by having a computational object with time-
varying state, let us model the situation of withdrawing money from a
bank account. We will do this using a procedure withdraw, which takes
as argument an amount to be withdrawn. If there is enough money in the
account to accommodate the withdrawal, then withdraw should return
the balance remaining after the withdrawal. Otherwise, withdraw should
return the message Insufficient funds. For example, if we begin with $100
in the account, we should obtain the following sequence of responses
using withdraw:

(withdraw 25)
75 '

(withdraw 25)
50

(withdraw 60)
"Insufficient funds"

(withdraw 15)
35

Observe that the expression (withdraw 25), evaluated twice, yields dif-
ferent values. This is a new kind of behavior for a procedure. Until now,
all our procedures could be viewed as specifications for computing math-
ematical functions. A call to a procedure computed the value of the func-
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3.1.1 Local State Variables 221

balance and then returning the value of balance. In general, evaluating
the expression

(begin (expy) (exp2) ... (exp))

causes the expressions (exp;) through (expy) to be evaluated in se-
quence and the value of the final expression (expy ) to be returned as
the value of the entire begin form.?

Although withdraw works as desired, the variable balance presents
a problem. As specified above, balance is a name defined in the global
environment and is freely accessible to be examined or modified by any
procedure. It would be much better if we could somehow make balance
internal to withdraw, so that withdraw would be the only procedure
that could access balance directly and any other procedure could access
balance only indirectly (through calls to withdraw). This would more
accurately model the notion that balance is a local state variable used
by withdraw to keep track of the state of the account.

We can make balance internal to withdraw by rewriting the defini-
tion as follows:

(define new-withdraw
(let ((balance 100))
(lambda (amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance) :
"Insufficient funds"))))

What we have done here is use let to establish an environment with a
local variable balance, bound to the initial value 100. Within this local
environment, we use lambda to create a procedure that takes amount as
an argument and behaves like our previous withdraw procedure. This
procedure—returned as the result of evaluating the let expression—is
new-withdraw, which behaves in precisely the same way as withdraw
but whose variable balance is not accessible by any other procedure.*

 3We have already used begin implicitly in our programs, because in Scheme the body of
__ aprocedure can be a sequence of expressions. Also, the ( consequent) part of each clause
__inacond expression can be a sequence of expressions rather than a single expression.

L ‘In programming-language jargon, the variable balance is said to be encapsulated within
_thenew-withdraw procedure. Encapsulation reflects the general system-design principle
_ known as the hiding principle: One can'make a system more modular and robust by pro-

 tecting parts of the system from each other; that is, by providing information access only
o those parts of the system that have a “need to know.”
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3.1.1 Local State Variables 223

(W2 40)

"Insufficient funds"

(Wi 40)
10

Observe that W1 and W2 are completely independent objects, each with its
own local state variable balance. Withdrawals from one do not affect
the other.

We can also create objects that handle deposits as well as withdrawals,
and thus we can represent simple bank accounts. Here is a procedure that
returns a “bank-account object” with a specified initial balance:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"Insufficient funds"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(define (dispatch m)
(cond ((eq? m ’withdraw) withdraw)
((eq? m ’deposit) deposit)
(else (error "Unknown request -- MAKE-ACCOUNT"
m))))
dispatch)

Each call to make-account sets up an environment with a local state
variable balance. Within this environment, make-account defines pro-
cedures deposit and withdraw that access balance and an additional
procedure dispatch that takes a “message” as input and returns one of
the two local procedures. The dispatch procedure itself is returned as
the value that represents the bank-account object. This is precisely the
message-passing style of programming that we saw in section 2.4.3, al-
though here we are using it in conjunction with the ability to modify local
variables.
Make-~account can be used as follows:

(define acc (make-account 100))

((acc ’withdraw) 50)
50
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3.1.2  The Benefits of Introducing Assignment 225

(define s (make-monitored sqrt))

(s 100)
10

(s ’how-many-calls?)
1

Exercise 3.3

Modify the make-account procedure so that it creates password-protected ac-
counts. That is, make—-account should take a symbol as an additional argument,
asin

(define acc (make-account 100 ’secret-password))

The resulting account object should process a request only if it is accompanied
by the password with which the account was created, and should otherwise re-
turn a complaint: .

((acc ’secret-password ’withdraw) 40)
60

i

((acc ’some-other-password ’deposit) 50)
"Incorrect password"

Exercise 3.4

Modify the make-account procedure of exercise 3.3 by adding another local
state variable so that, if an account is accessed more than seven consecutive
times with an incorrect password, it invokes the procedure call-the-cops.

3.1.2 The Benefits of Introducing Assignment

As we shall see,\introducing assignment into our programming language
leads us into a thicket of difficult conceptual issues. Nevertheless, view-
ing systems as collections of objects with local state is a powerful tech-
nique for maintaining a modular design. As a simple example, consider
- the design of a procedure rand that, whenever it is called, returns an
integer chosen at random.

It is not at all clear what is meant by “chosen at random.” What we
presumably want is. for successive calls to rand to produce a sequence of
numbers that has statistical properties of uniform distribution. We will
 not discuss methods for generating suitable sequences here. Rather, let
us assume that we have a procedure rand-update that has the property
that if we start with a given number x; and form

x; = (rand-update x;)
(rand-update x;)

&
I
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3.1.2  The Benefits of Introducing Assignment 227

if their GCD is 1. The fraction of times that the test is passed gives us
our estimate of 6/ 72, and from this we obtain our approximation to 7.
The heart of our program is a procedure monte-carlo, which takes
as arguments the number of times to try an experiment, together with
the experiment, represented as a no-argument procedure that will return
either true or false each time it is run. Monte-carlo runs the experi-
ment for the designated number of trials and returns a number telling the
fraction of the trials in which the experiment was found to be true.

(define (estimate-pi trials)
(sqrt (/ 6 (monte-carlo trials cesaro-test))))

(define (cesaro-test)
(= (gcd (rand) (rand)) 1))

(define (monte-carlo trials experiment)
(define (iter trials-remaining trials-passed)
(cond ((= trials-remaining 0)
(/ trials-passed trials))
((experiment)
(iter (- trials-remaining 1) (+ trials-passed 1)))
(else
(iter (- trials-remaining 1) trials-passed))))
(iter trials 0))

Now let us try the same computation using rand-update directly
rather than rand, the way we would be forced to proceed if we did not
use assignment to model local state:

(define (estimate-pi trials)
(sqrt (/ 6 (random-gcd-test trials random-init))))

(define (random-gcd-test trials initial-x)
(define (iter trials-remaining trials-passed x)
(let ((x1 (rand-update x)))
(let ((x2 (rand-update x1)))
(cond ((= trials-remaining 0)
(/ trials-passed trials))
((= (gcd x1 x2) 1)
(iter (- trials-remaining 1)
(+ trials-passed 1)
x2))
(else
(iter (- trials-remaining 1)
trials-passed
x2))))))

(iter trials 0 initial-x))
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3.1.3 The Costs of Introducing Assignment 229

circle above. The desired integral is the area of that portion of the rectangle that
lies in the region. We can estimate the integral by picking, at random, points
(x, y) that lie in the rectangle, and testing P (x, y) for each point to determine
whether the point lies in the region. If we try this with many points, then the
fraction of points that fall in the region should give an estimate of the proportion
of the rectangle that lies in the region. Hence, multiplying this fraction by the
area of the entire rectangle should produce an estimate of the integral.

.~..» Implement Monte Carlo integration as a procedure estimate-integral
that takes as arguments a predicate P, upper and lower bounds x1, x2, y1, and
y2 for the rectangle, and the number of trials to perform in order to produce
the estimate. Your procedure should use the same monte-carlo procedure that
was used above to estimate 7. Use your estimate-integral to produce an
estimate of = by measuring the area of a unit circle. ‘

You will find it useful to have a procedure that returns a number chosen at
random from a given range. The following random-in-range procedure imple-
ments this in terms of the random procedure used in section 1.2.6, which returns
a nonnegative number less than its input.?

(define (random-in-range low high)
(let ((range (- high low)))
(+ low (random range))))

Exercise 3.6

It is useful to be able to reset a random-number generator to produce a se-
quence starting from a given value. Design a new rand procedure that is called

~with an argument that is either the symbol generate or the symbol reset
and behaves as follows: (rand ’generate) produces a new random number;
((rand ’reset) (new-value)) resets the internal state variable to the desig-
nated (new-value). Thus, by resetting the state, one can generate repeatable
sequences. These are very handy to have when testing and debugging programs
that use random numbers.

3.1.3 The Costs of Introducing Assignment

As we have seen, the set! operation enables us to model objects that

have local state. However, this advantage comes at a price. Our pro-

. gramming language can no longer be interpreted in terms of the substitu-
tion model of procedure application that we introduced in section 1.1.5.
Moreover, no simple model with “nice” mathematical properties can be

“an adequate framework for dealing with objects and assignment in pro-
gramming languages.

§MIT Scheme provides such a procedure. If random is given an exact integer (as in sec-
tion 1.2.6) it returns an exact integer, but if it is given a decimial value (as in this exercise)
it returns a decimal value.
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3.1.3 The Costs of Introducing Assignment 231

We first simplify the operator of the combination by substituting 25 for
palance in the body of make-decrementer. This reduces the expres-
onto

((lambda (amount) (-~ 25 amount)) 20)

Now we apply the operator by substituting 20 for amount in the body of
the lambda expression:

25 20)

The final answer is 5.
Observe, however, what happens if we attempt a similar substitution
analysis with make-simplified-withdraw:

| (make-simplified-withdraw 25) 20)

We first simplify the operator by substituting 25 for balance in the body
‘make-simplified-withdraw. This reduces the expression to°

((lambda (amount) (set! balance (- 25 amount)) 25) 20)

Now we apply the operator by substituting 20 for amount in the body of
the 1ambda expression:

et! balance (- 25 20)) 25

we adhered to the substitution model, we would have to say that the
eaning of the procedure application is to first set balance to 5 and then
return 25 as the value of the expression. This gets the wrong answer. In
order to get the correct answer, we would have to somehow distinguish
the first occurrence of balance (before the effect of the set!) from the
second occurrence of balance (after the effect of the set!), and the
substitution model cannot do this.

_ The trouble here is that substitution is based ultimately on the notion
that the symbols in our language are essentially names for values. But as
SOOn as we introduce set! and the idea that the value of a variable can
change, a variable can no longer be simply a name. Now a variable some-
how refers to a place where a value can be stored, and the value stored at
this place can change, In section 3.2 we will see how environments play
is role of “place” in our computational model.

~We don’t substitute for the occurrence of balance in the set! expression because
the (name) in a set! is not evaluated. If we did substitute for it, we would get
set! 25 (- 25 amount)), which makes no sense.
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3.1.3 The Costs of Introducing Assignment 233

~ ‘sion is said to be referentially transparent. Referential transparency is
violated when we include set! in our computer language. This makes

_ittricky to determine when we can simplify expressions by substituting
. equivalent expressions. Consequently, reasoning about programs that use
_‘assignment becomes drastically more difficult.
| Once we forgo referential transparency, the notion of what it means
_ for computational objects to be “the same” becomes difficult to capture
_in a formal way. Indeed, the meaning of “same” in the real world that
~ our programs model is hardly clear in itself. In general, we can deter-
 mine that two apparently identical objects are indeed “the same one”
. only by modifying one object and then observing whether the other ob-
~ject has changed in the same way. But how can we tell if an object has
_ “changed” other than by observing the “same” object twice and seeing
_whether some property of the object differs from one observation to the
~next? Thus, we cannot determine “change” without some a priori notion
~of “sameness,” and we cannot determine sameness without observing the
effects of change.

As an example of how this issue arises in programming, consider the
ituation where Peter and Paul have a bank account with $100 init. There
s a substantial difference between modeling this as

(define peter-acc (make-account 100))
(define paul-acc (make-account 100))

and modeling it as

_ (define peter-acc (make-account 100))
(define paul-acc peter-acc)

_In the first situation, the two bank accounts are distinct. Transactions
made by Peter will not affect Paul’s account, and vice versa. In the sec-
ond situation, however, we have defined paul-acc to be the same thing
as peter-acc. In effect, Peter and Paul now have a joint bank account,
and if Peter makes a withdrawal from peter-acc Paul will observe less
money in paul-acc. These two similar but distinct situations can cause
confusion in building computational models. With the shared account,
n particular, it can be especially confusing that there is one object (the
bank account) that has two different names (peter-acc and paul-acc);
f we are searching for all the places in our program where paul-acc
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313 The Costs of Introducing Assignment 235

Instead of passing arguments in the internal iterative loop, we could
_adopt a more imperative style by using explicit assignment to update
the values of the variables product and counter:

_(define (factorial n)
(let ((product 1)
' (counter 1))
(define (iter)
(if (> counter n)
product
(begin (set! product (* counter product))
(set! counter (+ counter 1))
(iter))))
(iter)))

"his does not change the results produced by the program, but it does
ntroduce a subtle trap. How do we decide the order of the assignments?
_ As it happens, the program is correct as written. But writing the assign-
ments in the opposite order

set! counter (+ counter 1))
set! product (* counter product))

would have produced a different, incorrect result. In general, program-
ming with assignment forces us to carefully consider the relative orders
f the assignments to make sure that each statement is using the correct
ersion of the variables that have been changed. This issue simply does
ot arise in functional programs.!!

The complexity of imperative programs becomes even worse if we
onsider applications in which several processes execute concurrently.
We will return to this in section 3.4. First, however, we will address the
ssue of providing a computational model for expressions that involve
ssignment, and explore the uses of objects with local state in designing
imulations.

'In view of this, it is ironic that introductory programming is most often taught in a highly
mperative style. This may be a vestige of a belief, common throughout the 1960s and
970s, that programs that call procedures must inherently be less efficient than programs
hat perform assignments. (Steele (1977) debunks this argument.) Alternatively it may re-
ect a view that step-by-step assignment is easier for beginners to visualize than procedure
all: Whatever the reason, it ofteni saddles beginning programmers with “should I set this
ariable before or after that one” concerns that can complicate programming and obscure
important ideas.
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3.2  The Environment Model of Evaluation 237

I
x:3
y:5
C D
: II I1I
z:6 m:l
x:7 y:2

A B
Figure 3.1 A simple environment structure.

An environment is a sequence of frames. Each frame is a table (pos-
sibly empty) of bindings, which associate variable names with their cor-
responding values. (A single frame may contain at most one binding
for any variable.) Each frame also has a pointer to its enclosing envi-
ronment, unless, for the purposes. of discussion, the frame is considered
to be global. The value of a variable with respect to an environment is
the value given by the binding of the variable in the first frame in the
environment that contains a binding for that variable. If no frame in the

~sequence specifies a binding for the variable, then the variable is said to
- be unbound in the environment.

Figure 3.1 shows a simple environment structure consisting of three
frames, labeled I, IT, and III. In the diagram, A, B, C, and D are pointers
to environments. C and D point to the same environment. The variables z
and x are bound'in frame II, while y and x are bound in frame I. The value
of x in environment,D is 3. The value of x with respect to environment
B is also 3. This is determined as follows: We examine the first frame in
the sequence (frame IIT) and do not find a binding for x, so we proceed
to the enclosing environment D and find the binding in frame I. On the
other hand, the value of x in environment A is 7, because the first frame

~in the sequence (frame II) contains a binding of x to 7. With respect to
environment A, the binding of x to 7 in frame II is said to shadow the
binding of x to 3 in frame L
. The environment is crucial to the evaluation process, because it deter-
__mines the context in which an expression should be evaluated. Indeed,
-one could say that expressions in a programming language do not, in
themselves, have any meaning. Rather, an expression acquires a meaning
_only with respect to some environment in which it is evaluated. Even the
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3.2.1 The Rules for Evaluation 239

global other variables
env square: -|

(define (square x) l
(*xx))

parameters: X
body: (* xx)

_ Figure 3.2 Environment structure produced by evaluating
(define (square x) (* x x)) in the global environment.

_evaluated in the global envirenment. The procedure definition syntax
_ is-just syntactic sugar for an underlying implicit 1ambda expression. It
would have been equivalent to have used

. (define square
(lambda (x) (* x x)))

which evaluates (lambda (x) (* x x)) and binds square to the re-
ulting value, all in the global environment.

Figure 3.2 shows the result of evaluating this define expression, The
procedure object is a pair whose code specifies that the procedure has
_ one formal parameter, namely x, and a procedure body (* x x). The
environment part of the procedure is a pointer to the global environ-
ment, since that is the environment in which the 1ambda expression was
evaluated to producé the procedure. A new binding, which associates
e procedure object with the symbol square, has been added to the
global frame. In general, define creates definitions by adding bindings
0 frames.

Now that we have seen how procedures are created, we can describe
how procedures are applied. The environment model specifies: To apply
rocedure to arguments, create a new ehvironment containing a frame
hat binds the parameters to the values of the arguments. The enclosing
nvironment of this frame is the environment specified by the procedure.
Now, within this new environment, evaluate the procedure body.

To show how this rule is followed, figure 3.3 illustrates the environ-
ment structure created by evaluating the expression (square 5) in the
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3.2.2 Applying Simple Procedures 241

value.3 Finally, we specify the behavior of set!, the operation that
_ forced us to introduce the environment model in the first place. Evalu-
__-ating the expression (set! (variable) (value)) in some environment
_ locates the binding of the variable in the environment and changes that
_ binding to indicate the new value. That is, one finds the first frame in the
_ environment that contains a binding for the variable and modifies that
frame. If the variable is unbound in the environment, then set! signals
_an error.
_ These evaluation rules, though considerably more complex than the
_substitution model, are still reasonably straightforward. Moreover, the
_ evaluation model, though abstract, provides a correct description of how
the interpreter evaluates expressions. In chapter 4 we shall see how this
_model can serve as a blueprint for implementing a working interpreter.
_ The following sections elaborate the details of the model by analyzing
_some illustrative programs.

32.2 Applying Simple Procedures

‘When we introduced the substitution model in section 1.1.5 we showed
how the combination (£ 5) evaluates to 136, given the following proce-
_dure definitions:

yf,’(define (square x)

(* x x))

(define (sum-of-squares x y)
7 (+ (square x) (square y)))

(define (f a)
(sum-of-squares (+ a 1) (x a 2)))

e can analyze the same example using the environment model. Fig-
ure 3.4 shows the three procedure objects created by evaluating the def-
Initions of £, square, and sum-of-squares in the global environment.
_Each procedure object consists of some code, together with a pointer to
the global environment.

If there is already a binding for the variable in the current frame, then the binding is
changed. This is convenient because it allows redefinition of symbols; however, it also
_means that define can be used to change values, and this brings up the issues of assign-

ent without explicitly using set!. Because of this, some people prefer redefinitions of
isting symbols to signal errors or warnings. :
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‘ 2.2 Applying Simple Procedures 243

"1, which contains no binding for sum-of-squares. Then we proceed
the enclosing environment, i.e. the global environment, and find the
nding shown in figure 3.4.) The other two subexpressions are eval-
ted by applying the primitive operations + and * to evaluate the two
mbinations (+ a 1) and (* a 2) to obtain 6 and 10, respectively.
Now we apply the procedure object sum-of-squares to the argu-
ents 6 and 10. This results in a new environment E2 in which the
rmal parameters x and y are bound to the arguments. Within E2 we
aluate the combination (+ (square x) (square y)). This leads us
evaluate (square x), where square is found in the global frame and
s 6. Once again, we set up a new environment, E3, in which x is bound
6, and within this we evaluate the body of square, which is (* x x).
5o as part of applying sum-of-squares, we must evaluate the subex-
ession (square y), where y is 10. This second call to square creates
another environment, E4, in which x, the formal parameter of square, is
und to 10. And within E4 we must evaluate (* x x).

The important point to observe is that each call to square creates a
w environment containing a binding for x. We can see here how the
fferent frames serve to keep separate the different local variables all
ed x. Notice that each frame created by square points to the global
ronment, since this is the environment indicated by the square pro-
dure object.

fter the subexpressions are evaluated, the results are returned. The
lues generated by the two calls to square are added by sum-of-
ares, and this result is returned by £. Since our focus here is on
e énvironment structures, we will not dwell on how these returned val-
are passed from call to call; however, this is also an important aspect
e evaluation process, and we will return to it in detail in chapter 5.

xercise 3.9
ction 1.2.1 we used the substitution model to analyze two procedures for
mputing factorials, a recursive version

lefine (factorial n)

£(=n 1)

1

(* n (factorial (- mn 1)))))

an iterative version

ine (factorial n)
act-iter 1 1 n))
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3:2.3  Frames as the Repository of Local State 245

lobal
nv

make-withdraw:

parameters: balance
body: (lambda (amount)
(if (>=balance amount)
(begin (set! balance (~ balance amount))
balance)
"Insufficient funds"))

Figure 3.6 Result of defining make-withdraw in the global environment.

/e begin, as usual, by setting up an environment E1 in which the for-
al parameter balance is bound to the argument 100. Within this envi-
nment, we evaluate the body of make-withdraw, namely the 1ambda
xpression. This constructs a new procedure object, whose code is as
ecified by the lambda and whose environment is E1, the environment
) which the 1ambda was evaluated to produce the procedure. The result-
1g procedure object is the value returned by the call to make-withdraw.
his is bound to W1 in the global environment, since the define itself is
eing evaluated in the global environment. Figure 3.7 shows the resulting
nvironment structure.

_ Now we can analyze what happens when W1 is applied to an argument:

/e begin by constructing a frame in which amount, the formal parameter
"w“1, is bound to the argument 50. The crucial point to observe is that
is frame has as its enclosing environment not the global environment,
rather the environment E1, because this is the environment that is
ecified by the W1 procedure object. Within this new environment, we
luate the body of the procedure:

if (>=" balance amount)

“(begin (set! balance (- balance amount))
. balance)

‘M"Insufficient funds")
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3:2.3 Frames as the Repository of Local State 247

. global make-withdraw: ...

1\‘"  env Wi:

II\ Here is the balance
E1 —>{ balance: 100 that will be changed
by the set!.

b_l

% S amount: 50

parameters: amount (if (>=balance amount)
body: ... (begin
(set! balance
(- balance amount))
balance)
"Insufficient funds"))

r Figure 3.8 Environments created by applying the procedure object W1.

make~withdraw: ...

Wi:

1

E1—> balance: 50

parameters: amount
body: ...

igure 3.9 Environments after the call to W1.

pecified by the lambda expression in the body of make-withdraw.'3
We see here why W1 and W2 behave as independent objects. Calls to W1
eference the state variable balance stored in E1, whereas calls to W2
eference the balance stored in E2. Thus, changes to the local state of
one object do not affect the other object.

SWhether W1 and W2 share the same physical code stored in the computer, or whether
they each keep a copy of the code, is a detail of the implementation. For the interpreter we
mplement in chapter 4, the code is in fact shared.
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.
! [

x:2
good—enough?:
El—3 improve: ...

parameters: x sqrt-iter: ...
body: (define good-enough? ...)
(define improve ...)
(define sqrt-iter ...)
(sqrt-iter 1.0)

E2 —3{ guess: 1

parameters: guess
call to sqrt-iter body: (< (abs ...)
)

E3 - guess: 1

call to good~énough?

igure 3.11 Sqrt procedure with internal definitions.

24 Internal Definitions

Section 1.1.8 introduced the idea that procedures can have internal defi-
tions, thus leading to a block structure as in the following procedure to
mpute square roots:

deflne (sqrt %)
(define (good-enough? guess)
(< (abs (- (square guess) x)) 0.001))
(define (improve guess)
(average guess (/ x guess)))
(define (sqrt-iter guess)
(if (good-enough? guess)
guess
(sqrt-iter (improve guess))))
(sqrt iter 1.0))

iOW we can use the environment model to. see why these internal defini-
ons behave as desired. Figure 3.11 shows the point in the evaluation of
¢ expression (sqrt 2) where the internal procedure good-enough?
been called for the first time with guess equal to 1.

bserve the structure of the environment. Sqrt is a symbol in the
obal environment that is bound to a procedure object whose associated
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Exercise 3.11

In section 3.2.3 we saw how the environment model described the behavior of
procedures with local state. Now we have seen how internal definitions work. A
typical message-passing procedure contains both of these aspects. Consider the
bank account procedure of section 3.1.1:

(define (make-account balance)
(define (withdraw amount)
(if (>= balance amount)
(begin (set! balance (- balance amount))
balance)
"Insufficient funds"))
(define (deposit amount)
(set! balance (+ balance amount))
balance)
(define (dispatch m)
(cond ((eq? m ’withdraw) withdraw)
((eq? m ’deposit) deposit)
(else (error "Unknown request -- MAKE-ACCOUNT"
m))))
dispatch)

Show the environment structure generated by the sequence of interactions
(define acc (make-account 50))

((acc ’deposit) 40)
90

((acc ’withdraw) 60)
30

Where is the local state for acc kept? Suppose we define another account
(define acc2 (ﬁake-acpount 100))

“How are the local states for the two accounts kept distinct? Which parts of the
environment structure are shared between acc and acc2?

3.3 Modeling with Mutable Data

Chapter 2 dealt with compound data as a means for constructing com-
putational objects that have several parts, in order to model real-world
objects that have several aspects, In that chapter we introduced the disci-
pline of data abstraction, according to which data structures are specified
in terms of constructors, which create data objects, and selectors, which
access the parts of compound data objects. But we now know that there
is another aspect of data that chapter 2 did not address. The desire to

Spotify USA Inc.  Exhibit 1010 Page 43



Spotify USA Inc.  Exhibit 1010 Page 44



3.3.1 Mutable List Structure 253

_ Figure 3.13  Effect of (set-car! x y) onthe lists in figure 3.12.

its car by the value of y. The result of the operation is shown in fig-
_ure 3.13. The structure x has been modified and would now be printed
as ((e £) c d). The pairs representing the list (a b), identified by the
pointer that was replaced, are now detached from the original structure.!”

"We see from this that mutation operations on lists can create “garbage” that is not part
_of any accessible structure. We will see in section 5.3.2 that Lisp memory-management
systems include a garbage collector, which identifies and recycles the memory space used
by unneeded pairs.
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3.3.1 Mutable List Structure 255

Cons builds new list structure by creating new pairs, while set-car!
and set-cdr! modify existing pairs. Indeed, we could implement cons
in terms of the two mutators, together with a procedure get-new-pair,
which returns a new pair that is not part of any existing list structure.
We obtain the new pair, set its car and cdr pointers to the designated
objects, and return the new pair as the result of the cons.!®

(define (coms x y)

(let ((new (get-new-pair)))
(set-car! new x)
(set-cdr! new y)
new))

Exercise 3.12
The following procedure for appending lists was introduced in section 2.2.1:

(define (append x y)
(if (null? x)

y
(cons (car x) (append (cdr x) y))))

Append forms a new list by successively consing the elements of x onto 'y.
The procedure append! is similar to append, but it is a mutator rather than a
constructor. It appends the lists by splicing them together, modifying the final
pair of x so that its cdr is now y. (It is an error to call append! with anempty x.)

(define (append! x y)
(set-cdr! (last-pair x) y)
x)

Here last-pair is a procedure that returns the last pair in its argument:

(define (last—péir x)
(if (null? (cdr x))

}(clast—pair (cdr x))))
Consider the interaction
(define x (list ’a b))
(define y (list ’c ’d))

(define z (append x y))

8Get-new-pair is one of the operations that must be implemented as part of the memory
management required by a Lisp implementation. We will discuss this in section 5.3.1.
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" 3.3.1 Mutable List Structure 259

set-cdr! should be used with care; unless we have a good understand-
ing of how our data objects are shared, mutation can have unanticipated
results. 20 ’

Exercise 3.15

Draw box-and-pointer diagrams to explain the effect of set-to-wow! on the
structures z1 and z2 above.

Exercise 3.16

Ben Bitdiddle decides to write a procedure to count the number of pairs in any
list structure. “It’s easy,” he reasons. “The number of pairs in any structure is
the number in the car plus the number in the cdr plus-one more to count the
current pair.” So Ben writes the following procedure:

(define (count-pairs x)
(if (not (pair? x))
0
(+ (count-pairs (car'x))
(count-pairs (cdr x))

1)

Show that this procedure is not correct. In particular, draw box-and-pointer
diagrams representing list structures made up of exactly three pairs for which
Ben’s procedure would return 3; return 4; return 7; never return at all.

Exercise 3.17

Devise a correct version of the count-pairs procedure of exercise 3.16 that re-
turns the number of distinct pairs in any structure. (Hint: Traverse the structure,
maintaining an auxiliary data structure that is used to keep track of which pairs
have already been counted.)

XThe subtleties of dealing with sharing of mutable data objects refiect the underlying is-
sues of “sameness” and “change” that were raised in section 3.1.3. 'We mentioned there
that admittinig change to our language requires that a compound object must have an “iden-
tity” that is something different from the pieces from which it is composed. In Lisp, we
consider this “identity” to be the quality that is tested by eq?, i.e., by equality of point-
ers. Since in most Lisp implementations a pointer is essentially a memory address, we are
“solving the problem™ of defining the identity of objects by stipulating that a data object
“itself” is the information stored in some particular set of memory locations in the com-
puter. This suffices for simple Lisp programs, but is hardly a general way to resolve the
issue-of “sameness” in computational models.
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3.3.2 Representing Queues 261

(define (set-car! z new-value)
((z ’set-car!) new-value)

z)

. (define (set-cdr! z new-value)
((z ?'set-cdr!) new-value)
z)

. Assignment is all that is needed, theoretically, to account for the be-
. havior of mutable data. As soon as we admit set! to our language, we
raise all the issues, not only of assignment, but of mutable data in gen-
eral.?!

Exercise 3.20

Draw environment diagrams to illustrate the evaluation of the sequence of ex-
_ pressions

~ (define x (coms 1 2))
(define z (cons x x))
(set-car! (cdr z) 17)

using the procedural implementation of pairs given above. (Compare exer-
cise 3.11.)

3.3.2 Representing Queues

The mutators set-car! and set-cdr! enable us to use pairs to con-
struct data structures that cannot be built with cons, car, and cdr alone.
This section shows how to use pairs to represent a data structure called
a queue. Section 3.3.3 will show how to represent data structures called
tables.

A queue is a sequence in which items are inserted at one end (called
the rear of the queue) and deleted from the other end (the front). Fig-
ute 3.18 shows an initially empty queue in which the items a and b are
inserted. Then a is removed, ¢ and d are inserted, and b is removed. Be-
cause items are always removed in the order in which they are inserted,
a queue is sometimes called a FIFO (first in, first out) buffer.

?IOn the other hand, from the viewpoint of implementation, assignment requires us to
modify the environment, which is itself a mutable data structure. Thus, assignment and
mutation are-equipotent: Each can be implemented in terms of the other.
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y P

a

front-ptr rear-ptr -

|r|°-|——>h|°-|—>|$
[]

Figure 3.19 Implementation of a queue as a list with front and rear pointers.

cient, because in order to insert an item we must scan the list until we
reach the end. Since the only method we have for scanning a list is by
successive cdr operations, this scanning requires ®(n) steps for a list
of n items. A simple modification to the list representation overcomes
_ this disadvantage by allowing the queue operations to be implemented so
that they require © (1) steps; that is, so that the number of steps needed
- is independent of the length of the queue.

The difficulty with the list representation arises from the need to scan
- to find the end of the list. The reason we need to scan is that, although the
_ standard way of representing a list as a chain of pairs readily provides us
with a pointer to the beginning of the list, it gives us no easily accessible
- pointer to the end. The modification that avoids the drawback is to repre-
sent the queue as a list, together with an additional pointer that indicates
. the final pair in the list. That way, when we go to insert an item, we can
consult the rear pointer and so avoid scanning the list.

A queue is represented, then, as a pair of pointers, front-ptr and
rear-ptr, which indicate, respectively, the first and last pairs in an ordi-
nary list. Since we would like the queue to be an identifiable object, we
. can use cons to combine the two pointers. Thus, the queue itself will be
the cons of the two pointers. Figure 3.19 illustrates this representation.
To define the queue operations we use the following procedures,
~which enable us to select and to modify the front and rear pointers of
_aqueue:

(define (front-ptr queue) (car queue))
(define (rear-ptr queue) (cdr queue))
(define (set-front-ptr! queue item) (set-car! queue item))

(define (set-rear-ptr! queue item) (set-cdr! queue item))
: P q q
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front-ptr rear-ptr

I—G -GG

B [

Figure 3.21 Result of using (delete—queue! q) on the queue of figure 3.20.

To delete the item at the front of the queue, we merely modify the front
pointer so that it now points at the second item in the queue, which can
be found by following the cdr pointer of the first item (see figure 3.21):%2

(define (delete-queue! queue)

(cond ((empty-queue? queue)
(error "DELETE! called with an empty queue" queue))
(else
(set-front-ptr! queue (cdr (front-ptr queue)))
queue)))

xercise 3.21

Ben Bitdiddle decides to test the queue implementation described above. He
types in the procedures to the Lisp interpreter and proceeds to try them out:

(define q1 (make-queue))
(insert-queue! ql ’a)
(fa) a)

(insert-queue! qi ’b)
(a b) b)

(delete-queue! q1)
(b)) b)

(delete-queue! q1)
() b)

It’s all wrong!” he complains. “The interpreter’s response shows that the last
em is inserted into the queue twice. And when I delete both items, the second b

 “Ifthe first item is the final item in the queue, the front pointer will be the empty list after
the deletion, which will mark the queue as empty; we needn’t worry about updating the
ar pointer, which will still point to the deleted item, because empty-queue? looks only
t the front pointer.
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table

L= 1

el [9lal

re 3.22 A table represented as a headed list.

We first consider a one-dimensional table, in which each value is
red under a single key. We implement the table as a list of records,
ch of which is implemented as a pair consisting of a key and the asso-
ted value. The records are glued together to form a list by pairs whose
s point to successive records. These gluing pairs are called the back-
ne of the table. In order to have a place that we can change when we
d a new record to the table, we build the table as a headed list. A
aded list has a special backbone pair at the beginning, which holds a
mmy “record”—in this case the arbitrarily chosen symbol *tablex.
ure 3.22 shows the box-and-pointer diagram for the table

To extract informatign from a table we use the lookup procedure,
ich takes a key as argument and returns the associated value (or false if
re is no value stored under that key). Lookup is defined in terms of the
soc operation, which expects a key and a list of records as arguments.
te that assoc never sees the dummy record. Assoc returns the record
hat has the given key as its car.?* Lookup then checks to see that the
ulting record returned by assoc is not false, and returns the value (the
r).of the record.

ecause assoc uses equal?, it can recognize keys that are symbols, numbers, or list
Cture.
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define (make-table)
(let ((local-table (list ’#table*))) .
(define (lookup key-1 key-2)
(let ((subtable (assoc key-1 (cdr local-table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
(if record
(cdr record)
false))
false)))
(define (insert! key-1 key-2 value)
(let ((subtable (assoc key-1 (cdr local-table))))
(if subtable
(let ((record (assoc key-2 (cdr subtable))))
(if record .
(set-cdr! record value)
(set-cdr! subtable
(cons (cons key-2 value)
(cdr subtable)))))
(set-cdr! local-table
) (cons (list key-1
(cons key-2 value))
(cdr local-table)))))
’ok)
(define (dispatch m)
(cond ((eq? m ’lookup-proc) lookup)
((eq? m ’insert-proc!) insert!)
(else (error "Unknown operation -- TABLE" m))))
dispatch))

} Using make-table, we could implement the get and put operations
1sed in section 2.4.3 for data-directed programming, as follows:

"

define operation-table (make-table))
define get (operation-table ’lookup-proc))
define put (operation-table °’insert-proc!))

et takes as arguments two keys, and put takes as arguments two keys
nd a value. Both operations access the same local table, which is encap-
ulated within the object created by the call to make-table.
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4 A Simulator for Digital Circuits 273

here the memoizer is defined as

efine (memoize f)
(let ((table (make-table)))
(lambda (x)
(let ((previously-computed-result (lookup x table)))
(or previously-computed-result
(let ((result (£ x)))
(insert! x result table)

result))))))

raw an environment diagram to analyze the computation of (memo-fib 3).
xplain why memo-£fib computes the nth Fibonacci number in a number of
steps proportional to n. Would the scheme still work if we had simply defined
memo-£ib to be (memoize fib)?

3.4 A Simulator for Digital Circuits

esigning complex digital systems, such as computérs, is an-important
gineering activity. Digital systems are constructed by interconnecting
mple elements. Although the behavior of these individual elements
mple, networks of them can have very complex behavior. Computer
ulation of proposed circuit designs is an important tool used by digital
stems engineers. In this section we design a system for performing
, gital logic simulations. This system typifies a kind of program called
n event-driven simulation, in which actions (“events™) trigger further
vents that happen at a later time, which in turn trigger more events, and
0.
ur computational model of a circuit will be composed of objects that
espond to the elementary components from which the circuit is con-
tructed. There are:wires, which carry digital signals. A digital signal
ay at any moment have only one of two possible values, 0 and 1. There
re also various types of digital function boxes, which connect wires car-
ing input signals to other output wires. Such boxes produce output
gnals ‘computed from their input’signals. The output signal is delayed
y a time that depends on the type of the function box. For example,
nverter is a primitive function box that inverts its input. If the input
gnal to an inverter changes to O, then one inverter-delay later the in-
er will change its output signal to 1. If the input signal to an inverter
nges to 1, then one inverter-delay later the inverter will change its out-
signal to 0. We draw an inverter symbolically as in figure 3.24. An
-gate, also shown in figure 3.24, is a primitive function box with two
puts and one output. It drives its output signal to a value that is the log-
.and of the inputs. That is, if both of its input signals become 1, then
-and-gate-delay time later the and-gate will force its output signal to

Spotify USA Inc.  Exhibit 1010 Page 65



Spotify USA Inc.  Exhibit 1010 Page 66



4 A Simulator for Digital Circuits 275

deflne d (make-wire))
efine e (make-wire))
define s (make-wire))

Ve attach a function box to a set of wires by calling a procedure that
onstructs that kind of box. The arguments to the constructor proce-
ure are the wires to be attached to the box. For example, given that we
an construct and-gates, or-gates, and inverters, we can wire together the
alf-adder shown in figure 3.25:

and-gate d e s)

_ Better yet, we can explicitly name this operation by defining a pro-
2dure half-adder that constructs this circuit, given the four external
es to be attached to the half-adder:

define (half-adder a b s c¢)

let ((d (make-wire)) (e (make-wire)))
(or-gate a b d)

(and-gate a b ¢)

(inverter c e)

(and-gate d e.s)

70k))

he advantage of making this definition is that we can use half-adder
self as a building block in creating more complex circuits. Figure 3.26,
or example, shows a full-adder composed of two half-adders and an or-
ate.”® We can construct a full-adder as follows:

full-adder is a basic circuit element used in adding two binary numbers. Here A and
¢ the bits at corresponding positions in the two numbers to be added, and C;,, is the
rry bit from the addition one place to the right. The circuit generates SUM, which is the
m bit in the corresponding position, and C,,;, which is the carry bit to be propagated to
eft.
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In addition, we will make use of a procedure after-delay that takes a
. time delay and a procedure to be run and executes the given procedure
_after the given delay.
\ Using these procedures, we can define the primitive digital logic func-
tions. To connect an input to an output through an inverter, we use
~add-action! to associate with the input wire a procedure that will be
- - run whenever the signal on the input wire changes value. The proce-
~dure computes the logical-not of the input signal, and then, after one
_ inverter-delay, sets the output signal to be this new value:

 (define (inverter imput output)
(define (invert-input)
(let ((new-value (logical-not (get-signal input))))
(after-delay inverter-delay
(lambda ()
(set-signal! output new-value)))))
(add-action! input invert-input)
?ok)

. (define (logical-not s)
(cond ((= 5 0) 1)
((=s 1) O

(else (error "Invalid signal" s))))

An and-gate is a little more complex. The action procedure must be
un if either of the inputs to the gate changes. It computes the logical-
“and (using a procedure analogous to logical-not) of the values of the
signals on the input wires and sets up a change to the new value to occur
on the output wire after one and-gate-delay.

(define (and-gate al a2 output)
(define (and-action-procedure)
(let ((new-value

(logical-and (get-signal al) (get-signal a2))))
(after-delay and-gate-delay
(lambda O
(set-signal! output new-value)))))

(add-action! al and-action-procedure)
(add-action! a2 and-action-procedure)

?ok)

Exercise 3.28

Define an or-gate as a primitive function box. Your or-gate constructor should
e similar to and-gate.
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4 A Simulator for Digital Circuits 279

define (make-wire)
‘(let ((signal-value 0) (action-procedures ’()))
(define (set-my-signal! new-value) ’
(if (not (= signal-value new-value))
(begin (set! signal-value mew-value)
(call-each action-procedures))
’done))

(define (accept-action-procedure! proc)
(set! action-procedures (cons proc action-procedures))
(proc))

' (define (dispatch m)
(cond ((eq? m ’get-signal) signal-value)

((eq? m ’set-signall!) set-my-signall!)

((eq? m ’add-action!) accept-action-procedure!)
(else (error "Unknown operation —— WIRE" m))))
dispatch)) :

The local procedure set-my-signal! tests whether the new signal value
changes the signal on the wire. If so, it runs each of the action proce-
dures, using the following procedure call-each, which calls each of the
_items in a list of no-argument procedures:

define (call-each procedures)
(if (null? procedures)
k ’done
(begin
((car procedures))
(call-each (cdr procedures)))))

he local procedure accept-action-procedure! adds the given pro-
edure to the list of prbcedures to be run, and then runs the new procedure
nce. (See exercise 3.31.)

With the local dispatch procedure set up as specified, we can provide

he following procedures to access the local operations on wires:>’

These procedures are simply syntactic sugar that allow us to use ordinary procedural
yntax to access the local procedures of objects. It is striking that we can interchange
he:role of “procedures” and “data” in such a simple way. For example, if we write
ire ’get-signal) we think of wire as a procedure that is called with the mes-
age get-signal as input. Alternatively, writing (get-signal wire) encourages us
0 think of wire as a data object that is the input to a procedure get—signal. The truth
{ the matter is that, in a language in which we can deal with procedures as objects, there
no fundamental difference between “procedures” and “data,” and we can choose our
yntactic sugar to allow us to program in whatever style we choose.
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4 A Simulator for Digital Circuits 281

The particular agenda that we use is denoted by the-agenda. The
rocedure after-delay adds new elements to the~agenda:

define (after-delay delay action)

(add-to-agenda! (+ delay (current-time the-agenda))
' action

the-agenda))

The simulation is driven by the procedure propagate, which operates
n the-agenda, executing each procedure on the agenda in sequence. In
eneral, as the simulation runs, new items will be added to the agenda,
nd propagate will continue the simulation as long as there are items
n the agenda: )

define (propagate)

(if (empty-agenda? the-agenda)

’done .

(let ((first-item (first-agenda-item the-agenda)))
(first-item)
(remove-first-agenda-item! the-agenda)
(propagate))))

sample simulation

The following procedure, which places a “probe” on a wire, shows the
imulator in action. The probe tells the wire that, whenever its signal
anges value, it should print the new signal value, together with the
rrent time and a name that identifies the wire:

efine (probe name wire)
(add-action! wire

(lambda ()
(newline)
(display name)
(display " ™)

(display (current-time the-agenda))
(display " New-value = ")
(display (get-signal wire)))))

e begin by initializing the agenda and specifying delays for the prim-
function boxes:
ine ‘the-agenda (make-agenda))
ine inverter-delay 2)
ine-and-gate-delay 3)
efine or-gate-delay 5)
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ine (remove-first-agenda-item! agenda)

1et ((q (segment-queue (first-segment agenda))))
(delete-queue! q) )

(if (empty-queue? q)

" (set-segments! agenda (rest-segments agenda)))))

“first agenda item is found at the head of the queue in the first

e segment. Whenever we extract an item, we also update the current
30

fine (first-agenda-item agenda)

if (empty-agenda? agenda)

. (error "Agenda is empty -- FIRST-AGENDA-ITEM")

(let ((first-seg (first-segment agenda)))
(set-current-time! agenda (segment-time first-seg))
(front-queue (segment-queue first-seg)))))

rocedures to be run during each time segment of the agenda are kept in a
ue. Thus, the procedures for each segment are called in the order in which
were added to the agenda (first in, first out). Explain why this order must
used. In particular, trace the behavior of an and-gate whose inputs change
0,1 to 1,0 in the same segment and say how the behavior would differ
stored a segment’s procedures in an ordinary list, adding and removing
dures only at the front (last in, first out).

Propagation of Constraints

puter programs are traditionally organized as one-directional com-
ions, which perform operations on prespecified arguments to pro-
desired outputs. On the other hand, we often model systems in
ns of relations among quantities. For example, a mathematical model
mechanical structure might include the information that the deflec-
 d of a metal rod is related to the force F on the rod, the length L
the rod, the cross-sectional area A, and the elastic modulus E via the
ation

h an equation is not one-directional. Given any four of the quantities,
an use it to compute the fifth. Yet translating the equation into a

is:way, the current time will always be the time of the action most recently pro-
ed.: Storing this time at the head of the agenda ensures that it will still be available
‘the associated time segment has been deleted.
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m2 m2 a2

TFigure 3.28 The relation 9C = 5(F — 32) expressed as a constraint network.

‘box sets that connector, which then awakens all of its associated con-
straints, and so on. For instance, in conversion between Celsius and
Fahrenheit, w, x, and y are immediately set by the constant boxes to 9,
5;and 32, respectively. The connectors awaken the multipliers and the
‘adder, which determine that there is not enough information to proceed.
Tf the user (or some other part of the network) sets C to a value (say 25),
the leftmost multiplier will be awakened, and it will set u to 25-9 = 225.
Then u awakens the second multiplier, which sets vto 45, and v awakens
‘the adder, which sets F to 77.

_Using the constraint system

To use the constraint system to carry out the temperature computation
utlined above, we first create two connectors, C and F, by calling the
constructor make-connector, and link C and F in an appropriate net-
~work:

(define C (make-connector))
(define F (make-connector))
(celsius-fahrenheit-converter C F)
ok .

The proceduire that creates the network is defined as follows:

(define (celsius—fahrenheit-converter c f)
(et ((u (make-connector))
(v (make-connector))
(w (make-connector))
(x (make-connector))
(y (make-connector)))
(multiplier ¢ w u)
(multiplier v x u)
(adder v y £)
(constant 9 w)
(constant 5 x)
(constant 32 y)
’ok))
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3.5 Propagation of Constraints 289

Now that F has no value, we are free to set it to 212:

(set-value! F 212 ’user)
Probe: Fahrenheit temp = 212
Probe: Celsius temp = 100
done

This new value, when propagated through the network, forces C to have
a value of 100, and this is registered by the probe on C. Notice that the
very same network is being used to compute C given F and to compute
F given C. This nondirectionality of computation is the distinguishing
feature of constraint-based systems.

Implementing the constraint system
The constraint system is implemented via procedural objects with local
state, in a manner very similar to the digital-circuit simulator of sec-
tion 3.3.4. Although the primitive objects of the constraint system are
- somewhat more complex, the overall system is simpler, since'there is no
concern about agendas and logic delays.

The basic operations on connectors are the following:

e (has-value? {connector))
tells whether the connector has a value.

e (get-value (comnector))
returns the connector’s current value.

e (set-value! (connector) (new-value) (informant))
indicates that the informant is requesting the connector to set its value to
the new value.

o (forget-value! {connector) (retractor))
tells the connector that the retractor is requesting it to forget its value.

o (connect (connector) (new-constraint))
tells the connector to participate in the new constraint.

The connectors communicate with the constraints by means of the pro-
cedures inform-about-value, which tells the given constraint that the
connector has a value, and inform-about-no-value, which tells the
_constraint that the connector has lost its value.

Adder constructs an adder constraint among summand connectors al
and a2 and a 'sum connector. An adder is implemented as a procedure
with local state (the procedure me below):
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5 Propagation of Constraints 291

oth have values, then the adder checks to see if perhaps a1 and sum have
vzilues. If'so, it sets a2 to the difference of these two. Finally, if a2 and
sum have values, this gives the adder enough information to set a1, If the
adder is told that one of its connectors has lost a value, it requests that
all of its connectors now lose their values. (Only those values that were
set by this adder are actually lost.) Then it runs process-new-value.
The reason for this last step is that one or more connectors may still have
a value (that is, a connector may have had a value that was not origi-
nally set by the adder), and these values may need to be propagated back
through the adder.

'A multiplier is very similar to an adder. It will set its product to 0 if
either of the factors is 0, even if the other factor is not known.

(define (multiplier ml m2 product)
(define (process-new-value)
(cond ((or (and (has-value? ml) (= (get-value mi) 0))
(and (has-value? m2) (= (get-value m2) 0)))
(set-value! product O me))
((and (has-value? m1) (has-value? m2))
(set-value! product
(* (get-value ml) (get-value m2))
me))
((and (has-value? product) (has-value? ml))
(set-value! m2
(/ (get-value product) (get-value ml))
me))
((and (has-value? product) (has-value? m2))
(set-value! mi
(/ (get-value product) (get-value m2))
g - me))d))
(define (process-forget-value)
(forget-value! product me)
(forget-value! ml me)
(forget-value! m2 me)
(process-new-value))
(define (me request)
(cond ((eq? request ’I-have-a-value)
(process-new-value))
((eq? request ’I-lost-my-value)
(process-forget-value))
(else
(error "Unknown request -- MULTIPLIER" request))))
(connect ml me)
(connect m2 me)
(connect product me)
Tie)
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5. " Propagation-of Constraints 293

efine (make-connector)
(1let ((value false) (informant false) (comstraints ’()))
(define (set-my-value newval setter) .
(cond ((not (has-value? me))
. (set! value newval)
(set! informant setter)
(for-each-except setter
inform-aboiit-value
constraints))
((not (= value newval))
(error "Contradiction" (list value newval)))
(else ’ignored)))
(define (forget-my-value retractor)
(if (eq? retractor informant)
(begin (set! informant false)

(for-each-except retractor
inform-about-no-value
constraints))

’ignored))
(define (connect new-constraint)
(if (not (memq new-constraint constraints))
(set! constraints
(cons new-constraint constraints)))
(if (has-value? me)
(inform-about-value new-constraint))
’done)
(define (me request)
(cond ((eq? request ’has-value?)
(if informant true false))
((eq? request ’value) value)
((eq? request ’set-value!) set-my-value)
((eq? request ’forget) forget-my-value)
((eq? request ’connect) connect)
(else (error "Unknown operation —- CONNEGCTOR"
; request))))
me))

‘The connector’s local procedure set-my-value is called when there
request to set the connector’s value. If the connector does not cur-
ntly have a value, it will set its value and remember as informant
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xercise 3.33

ing primitive multiplier, adder, and constant constraints, define a procedure
verager that takes three connectors a, b, and c as.inputs and establishes the
onstraint that the value of ¢ is the average of the values of a and b.

rcise 3.34
uis Reasoner wants to build a squarer, a constraint device with two terminals
ch that the value of connector b on the second terminal will always be the
quare of the value a on the first terminal. He proposes the following simple
evice made from a multiplier:

define (squarer a b)
(multlpller aa b))

here is a serious flaw in this idea. Explain.

xercise 3.35

en Bitdiddle tells Louis that one way to avoid the trouble in exercise 3.34 is
o define a squarer as a new primitive constraint. Fill in the missing portions in
n’s outline for a procedure to implement such a constraint:

define (squarer ab)
(define (process-new-value)
(if (has-value? b)
(if (< (get-value b) 0)
(error "square less than O -- SQUARER" (get-value b))
(alternativel ))
(alternative2)))
(define (process-forget-value) (bodyl))
(define (me request) (body2))
( rest of definition )

efine a (make-connector))
efine b (make-connector))
et-value! a 10 ’user)

some time during evaluation of the set-value!, the following expression
the connector’s local procedure is evaluated:

or-each-except setter inform-about-value constraints)

w an environment diagram showing the environment in which the above
ression is evaluated.
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