
L
e
cture

2
6
:
I
nte

rpre
ta

ting
S
ch

e
m
e

A
S
ch

e
m
e
inte

rpre
te

r
is

e
sse

ntially
an

e
x
te

nsion
of

th
e
calculator:

•
A

com
pone

nt
know

n
as

th
e
read

er
(s
c
h
e
m
e
r
e
a
d)

re
ad

s
S
ch

e
m
e
val-

ue
s
(atom

s
and

pairs).

•
S
ince

S
ch

e
m
e
e
x
pre

ssions
and

program
s
are

a
sub

se
t
of

S
ch

e
m
e

value
s,

no
furth

e
r
parsing

is
ne

ce
ssary.

•
A

function
s
c
h
e
m
e
e
v
a
l
e
valuate

s
S
ch

e
m
e
e
x
pre

ssions.

–
A
tom

s
are

its
b
ase

case
s.

–
F
or

function
calls,

it
use

s
a
function

s
c
h
e
m
e
a
p
p
l
y,

as
for

th
e

calculator.

L
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od
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R
e
a
d
ing

•
T
h
e
proje

ct
ske

le
ton

d
e
fine

s
a
class

B
u
f
f
e
r
(in

b
u
f
f
e
r
.
p
y),

w
h
ose

purpose
is

to
take

se
que

nce
s
of

tokens
(strings)

and
concate

nate
th

e
m

into
a
single

se
que

nce
in

w
h
ich

one
can

e
ith

e
r
look

at
and

,
if

d
e
sire

d
,
re

m
ove

,
one

toke
n
at

a
tim

e
.

•
T
h
e
se

se
que

nce
s
of

toke
ns

com
e

from
a
m
e
th

od
t
o
k
e
n
i
z
e
l
i
n
e
s

w
h
ich

b
re

aks
se

que
nce

s
of

strings
into

toke
ns:

>
>
>
f
r
o
m
s
c
h
e
m
e
t
o
k
e
n
s
i
m
p
o
r
t
t
o
k
e
n
i
z
e
l
i
n
e
s

>
>
>
f
r
o
m
b
u
f
f
e
r
i
m
p
o
r
t
B
u
f
f
e
r

>
>
>
L

=
t
o
k
e
n
i
z
e
l
i
n
e
s
(
[
"
(
d
e
f
i
n
e
x
"
,

"
(
+

y
3
)
)
"
]
)

>
>
>
b

=
B
u
f
f
e
r
(
L
)

>
>
>
b
.
c
u
r
r
e
n
t
(
)

’
(
’

>
>
>
b
.
r
e
m
o
v
e
f
r
o
n
t
(
)

’
(
’

>
>
>
b
.
r
e
m
o
v
e
f
r
o
n
t
(
)

’
d
e
f
i
n
e
’
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sch
e
m
e
re

a
d

•
F
inally,

th
e
function

s
c
h
e
m
e
r
e
a
d,

w
h
ich

you
w
ill

com
ple

te
,
pulls

to-
ke

ns
off

a
B
u
f
f
e
r
until

it
h
as

a
com

ple
te

S
ch

e
m
e
e
x
pre

ssion:

>
>
>
f
r
o
m
s
c
h
e
m
e
t
o
k
e
n
s
i
m
p
o
r
t
t
o
k
e
n
i
z
e
l
i
n
e
s

>
>
>
f
r
o
m
b
u
f
f
e
r
i
m
p
o
r
t
B
u
f
f
e
r

>
>
>
f
r
o
m
s
c
h
e
m
e
r
e
a
d
e
r
i
m
p
o
r
t
s
c
h
e
m
e
r
e
a
d

>
>
>
L

=
t
o
k
e
n
i
z
e
l
i
n
e
s
(
[
"
(
d
e
f
i
n
e
x
"
,

"
(
+

y
3
)
)
"
,
"
(
d
e
f
i
n
e
y

4
2
)
"
]
)

>
>
>
b

=
B
u
f
f
e
r
(
L
)

>
>
>
s
c
h
e
m
e
r
e
a
d
(
b
)

P
a
i
r
(
’
d
e
f
i
n
e
’
,
P
a
i
r
(
’
x
’
,
P
a
i
r
(
P
a
i
r
(
’
+
’
,
P
a
i
r
(
’
y
’
,
P
a
i
r
(
3
,
n
i
l
)
)
)
,
n
i
l
)
)
)

>
>
>
s
c
h
e
m
e
r
e
a
d
(
b
)

P
a
i
r
(
’
d
e
f
i
n
e
’
,
P
a
i
r
(
’
y
’
,
P
a
i
r
(
4
2
,
n
i
l
)
)
)
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A
pply

•
T
h
e

inte
rpre

te
r
function

s
c
h
e
m
e
a
p
p
l
y
(
f
u
n
c
,
a
r
g
s
)

h
as

th
e

e
f-

fe
ct

of
allow

ing
one

to
construct

and
e
valuate

function
calls.

•
A
sid

e
:
In

Pyth
on,

w
e
’ve

b
e
e
n
w
riting

f
u
n
c
(
*
a
r
g
s
)
to

ge
t
th

e
e
ffe

ct
of

a
p
p
l
y
(
f
u
n
c
,
a
r
g
s
)
in

ord
inary

program
s.

•
A
sid

e
:
it

is
m
ad

e
availab

le
to

S
ch

e
m
e
program

m
e
rs

as
th

e
b
uilt-in

function
a
p
p
l
y:

(
d
e
f
i
n
e
L
’
(
1
2

3
)
)

(
a
p
p
l
y
+

L
)
=
=
=
>
(
+

1
2
3
)

=
=
=
>
6

)

•
s
c
h
e
m
e
a
p
p
l
y
itse

lf
h
as

tw
o
case

s:

–
E
ith

e
r
f
u
n
c
is

a
prim

itive
,b

uilt-in
function,in

w
h
ich

case
,its

cod
e

is
part

of
th

e
inte

rpre
te

r,
or

–
f
u
n
c
is

a
use

r-d
e
fine

d
function,

in
w
h
ich

case
its

cod
e
is

store
d

in
it

as
a
S
ch

e
m
e
e
x
pre

ssion,
and

is
e
valuate

d
b
y
e
v
a
l.

•
S
o
th

e
re

is
a
“re

cursive
d
ance

”
b
ack

and
forth

b
e
tw

e
e
n
e
v
a
l,

and
a
p
p
l
y.
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E
va

lua
tion

for
S
ch

e
m
e

•
S
im

ple
e
x
pre

ssions
are

e
valuate

d
as

for
th

e
calculator.

•
A

S
ch

e
m
e

e
x
pre

ssion
consisting

of
a
num

b
e
r
sim

ply
e
valuate

s
to

th
at

num
b
e
r.

It
is

self-evaluating.

•
A

function
call

(
E

0
E

1
·
·
·
E

n )
is

e
valuate

d
b
y
re

cursive
ly

e
valuating

th
e
E

i
and

th
e
n
using

s
c
h
e
m
e
a
p
p
l
y.

•
B
ut

S
ch

e
m
e
h
as

a
num

b
e
r
of

oth
e
r
case

s
to

h
and

le
.

•
A
sid

e
:

A
s
for

s
c
h
e
m
e
a
p
p
l
y,

th
e
e
valuation

function
for

S
ch

e
m
e

is
also

availab
le

to
S
ch

e
m
e
program

m
e
rs,

in
th

e
form

of
a
function

e
v
a
l.

•
E
.g.,

(
e
v
a
l
(
l
i
s
t
+
1
2
)
)
and

(
e
v
a
l
’
(
+
1

2
)
)
prod

uce
3
.
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E
va

lua
tion

of
S
y
m
b
ols

•
In

S
ch

e
m
e
e
x
pre

ssions,
m
ost

sym
b
ols

re
pre

se
nt

id
e
ntifie

rs,
w
h
ich

w
e
d
id

not
e
ncounte

r
in

th
e
calculator.

•
O
b
viously,

w
e
ne

e
d
m
ore

inform
ation

to
e
valuate

a
sym

b
ol

th
an

just
th

e
sym

b
ol

itse
lf.

•
F
ortunate

ly,
w
e
alre

ad
y
know

w
h
at’s

ne
e
d
e
d
:
an

environm
ent.

•
T
h
us,

to
e
valuate

a
S
ch

e
m
e
e
x
pre

ssion,
w
e
w
ill

ne
e
d
b
oth

th
e
e
x
-

pre
ssion

itse
lf

and
th

e
e
nvironm

e
nt

in
w
h
ich

to
e
valuate

it.

•
A
s
it

h
appe

ns,
e
x
actly

th
e
sam

e
kind

of
structure

as
in

Pyth
on—

e
nvironm

e
nt

fram
e
s
linke

d
b
y
pare

nt
pointe

rs—
is

w
h
at

w
e
ne

e
d
to

inte
rpre

t
S
ch

e
m
e
.

•
T
h
is

is
b
e
cause

S
ch

e
m
e
use

s
ne

arly
th

e
sam

e
scope

rules
as

Pyth
on

d
oe

s.

•
E
arlie

r
d
iale

cts
of

L
isp,

h
ow

e
ve

r,
use

d
a
d
iffe

re
nt

kind
of

scope
rule

.
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S
ta

tic
a
nd

D
y
na

m
ic

S
coping

•
T
h
e
scope

rules
of

a
language

are
th

e
rule

s
gove

rning
w
h
at

nam
e
s

(id
e
ntifie

rs)
m
e
an

at
e
ach

point
in

a
program

.

•
W

e
call

th
e

scope
rule

s
of

S
ch

e
m
e

(and
Pyth

on)—
th

ose
th

at
are

d
e
scrib

e
d
b
y
e
nvironm

e
nt

d
iagram

s
as

w
e
’ve

b
e
e
n
using

th
e
m
—
static

or
lex

ical
scoping.

•
B
ut

in
original

L
isp,

scoping
w
as

d
ynam

ic.

•
E
x
am

ple
(using

classic
L
isp

notation):

(
d
e
f
u
n
f

(
x
)

;
;
L
i
k
e
(
d
e
f
i
n
e
(
f
x
)

.
.
.
)
i
n
S
c
h
e
m
e

(
g
)
)

(
d
e
f
u
n
g

(
)

(
*

x
2
)
)

(
s
e
t
q
x

3
)

;
;
L
i
k
e
s
e
t
!
a
n
d

a
l
s
o
d
e
f
i
n
e
s
x

a
t

o
u
t
e
r
l
e
v
e
l
.

(
g
)

;
;
=
=
=
>
6

(
f

2
)

;
;
=
=
=
>
4

(
g
)

;
;
=
=
=
>
6

•
T
h
at

is,th
e
m
e
aning

of
x
d
e
pe

nd
s
on

th
e
m
ost

re
ce

nt
and

stillactive
d
e
finition

of
x,

e
ve

n
w
h
e
re

th
e
re

fe
re

nce
to

x
is

not
ne

ste
d
insid

e
th

e
d
e
fining

function.
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E
va

l
a
nd

S
coping

•
D
ynam

ic
scoping

m
ad

e
e
v
a
l
e
asy

to
d
e
fine

:
inte

rpre
t
any

variab
le
s

accord
ing

to
th

e
ir

“curre
nt

b
ind

ing.”

•
B
ut

e
v
a
l
in

pure
S
ch

e
m
e
b
e
h
ave

s
like

norm
al

functions;
it

w
ould

not
h
ave

acce
ss

to
th

e
curre

nt
b
ind

ing
at

th
e
place

it
is

calle
d
.

•
T
o
m
ake

it
d
e
finab

le
(w

ith
out

tricks)
in

S
ch

e
m
e
,
one

m
ust

te
ch

ni-
cally

ad
d
a
param

e
te

r
to

e
v
a
l
to

conve
y
th

e
d
e
sire

d
e
nvironm

e
nt.

•
H
ow

e
ve

r,
for

th
e
proje

ct,
w
e
ch

e
at

and
arrange

to
h
ave

th
e
e
nvi-

ronm
e
nt

m
agically

passe
d
into

our
prim

itive
S
ch

e
m
e
e
v
a
l
function.
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R
e
m
a
ining

C
a
se

s

•
W

e
’ve

d
e
alt

w
ith

function
calls,

num
b
e
rs,

and
sym

b
ols.

•
T
h
is

le
ave

s
only

th
e
special

form
s.

•
A
ll
spe

cial
form

s
lists

ind
icate

d
b
y
th

e
ir

first
sym

b
ols:

(
q
u
o
t
e

E
X
PR

)
;

E
a
s
y
:
r
e
t
u
r
n

E
X
PR

u
n
c
h
a
n
g
e
d

(
l
a
m
b
d
a
(A

R
G
S
)

E
X
PR

)

(
d
e
f
i
n
e

ID
E
X
PR

)

(
d
e
f
i
n
e
(ID

A
R
G
S
)

E
X
PR

)

;
S
a
m
e
a
s
(
d
e
f
i
n
e

ID
(
l
a
m
b
d
a
(A

R
G
S
)

E
X
PR

)
)

(
i
f

E
X
PR

E
X
PR

-IF
-T

R
U
E
E
X
PR

-IF
-F

A
LS

E
)

(
b
e
g
i
n

E
X
PR

1
...E

X
PR

n )
;

E
v
a
l
u
a
t
e
a
l
l
E
X
P
R
i
,
r
e
t
u
r
n
l
a
s
t

(
c
o
n
d
(

(C
O
N
D
-E

X
PR

1
V
A
L-E

X
PR

1 )

(C
O
N
D
-E

X
PR

2
V
A
L-E

X
PR

2 )
.
.
.
)

(
a
n
d

E
X
PR

1
E
X
PR

2
...)

(
o
r

E
X
PR

1
E
X
PR

2
...)

L
ast

m
od

ified
:
M
on

A
pr

3
13

:5
8
:4
0
2
0
17

C
S
6
1A

:
L
ecture

#
2
6

9

L
a
m
b
d
a
a
nd

F
unctions

•
In

th
e

inte
rpre

te
r,

e
valuating

th
e

lam
b
d
a
spe

cial
form

re
turns

a
value

of
som

e
type

for
re

pre
se

nting
functions.

•
Its

conte
nt

is
d
ictate

d
b
y
w
h
at

s
c
h
e
m
e
a
p
p
l
y
w
ill

ne
e
d
:

(
l
a
m
b
d
a
(A

R
G
S
)

E
X
PR

)

–
T
h
e
list

A
R
G
S
.

–
T
h
e
b
od

y
E
X
PR

.

–
T
h
e
pare

nt
e
nvironm

e
nt:

T
h
e
e
nvironm

e
nt

in
w
h
ich

th
e
lam

b
d
a

e
x
pre

ssion
or

d
e
f
i
n
e
th

at
cre

ate
d
th

e
function

value
w
as

e
valu-

ate
d
.
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O
th

e
r
S
pe

cia
l
F
orm

s

•
H
and

ling
th

e
oth

e
r
spe

cial
form

s
is

pre
tty

straigh
tforw

ard
:

•
T
h
e
i
f
form

is
typical:

to
e
valuate

(
i
f

E
X
PR

E
X
PR

-IF
-T

R
U
E
E
X
PR

-IF
-F

A
LS

E
)

–
E
valuate

E
X
PR

.

–
If

re
turne

d
value

is
false

(#
f),

e
valuate

E
X
PR

-IF
-F

A
LS

E
and

re
-

turn
its

value
.

–
O
th

e
rw

ise
,
e
valuate

E
X
PR

-IF
-T

R
U
E

and
re

turn
its

value
.
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T
a
il-

R
e
cursion

•
T
h
e
inte

rpre
te

r
so

far
use

s
re

cursion
to

ge
t
S
ch

e
m
e
re

cursion.

•
D
oe

sn’t
w
ork

for
long

ite
rations

(stack
m
e
m
ory

ove
rflow

).

•
F
or

e
x
tra

cre
d
it,you’llh

ave
th

e
ch

ance
to

com
ple

te
th

e
tail-recursion

optim
ization,

w
h
e
re

tail
calls

use
(in

e
ffe

ct)
ite

ration
inste

ad
.

•
F
inally,th

e
re

are
m
any

possib
le

sugge
ste

d
e
x
te

nsions
for

th
e
fun

of
it

(no
e
x
tra

cre
d
it

is
guarante

e
d
:
w
e
w
ant

you
to

sle
e
p
som

e
tim

e
).
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