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order, Interpreter-based language which allows one to manipulate programs
as data. It differs from most current dialects of LISP in that it closes
all lambda-expressions in the environment of their definition or declara-
tion, rather than in the execution environment. This has the consequence
that variables are normally lexical ly scoped, as in ALGOL. However, in
contrast with ALGOL, SCHEME treats procedures as a first-class data type.
They can be the values of variables, the~~eturned values of procedures, and
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and the components of data structures. Another difference from LISP is that
SCHEME is implemented in such a way that tail-recursions execute without net
growth of the interpreter stack. The effect of this Is that a procedure call
behaves like a GOTO, and thus procedure calls can be used to implement iterations,
as in PLASMA. • •

- Here we give a complete Buser manual ” for the SCHEME language. Some features
described here were not documented in the original report on SCHEME (for instance
particular macros). Other features have been added, changed, or deleted as our
understanding of certain language issues evolved. Annotations to the- manual
describe the motivations for these changes.
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• Ab~tract:
~~~ ‘T,~.>SCHEME is a dialect of LISP. It is an expression-oriented, applicative

order , interpreter-based language, which allows one to •anipulate programs as
- 

. 
• data. It differs from most current dialects of LISP in that it closes all

lambda-expressions in the environment of their definition or declaration ,
rather then in i~he execution environment. This has ‘the ‘consequence that
variables are normally lexically scoped , as in ALGOL. However, in con trast
with ALGOL, SCHEME treats procedures as a first-class data type. They can be 

- 

-

the values of variables , the returned values of procedures, and components of
data structures. Another difference from LISP is that SCHEME is implemented
in such a way ‘that tail-recursions execute without net growth of the
interpreter stack. The effect of this is that a procedure call behaves like a

• GOTO, and thus procedure calls can be used to implement iterations, as in
PLASMA . .~~ ~~~~~~~14ó1e -we- gt4 ~ complete ~~ser manual~~ for the SCHEME langua~e4 Some

~~~
- 

features described 1,ere were not documented in the origj
~~L 

report on SCHEME
(for instance particular macros). Other features hairs bsoi~ added, changed, or
deleted as our understanding of . certain language issues evolv.d~. Annotations
to the manual describe the motivations for these changes.

Keywords: - LISP. SCHEME, LISP-like languages, lambda-calculus, environments ,
: lexical scoping, dynamic scoping, fluid variables, control structures,

• macros, extensible syntax, extensible languages
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A. The Representation of SCHEME Procedures as S-expressions

• 
- SCHEME programs are represented as LISP s-expression~. Th. evaluatorinterprets these s-expressions in a specified way. This specification

constitutes the definition of the language.
The-definition of SCHEME is a little fuzzy around the edges. This is

[ • because of the inherent extensibility of LISP-like languages (Note LISP Is a
Ball of Mud). We can define a few essential features which constitute the
“kernel’ of the language, and also enumerate several syntactic and semantic
extensions which are convenient and normally included in a given

— implementation . The existence of a mechanism for such extensions is a part of
the ‘kernel of SCHEME; however, any particular such extension is not
necessarily part of the kernel.

For those who like this sort of thinp, here i-s the BNF for SCHEME
programs (Note LISP BNF}:

<form > ::- <non-symbol atom> (identi fi er) I <magic> I <combination)
(identif ier > ::— (.toml c ’ symbol > 

-

<mag ic) ::. (lam bda-expreSs ion >

I ( QUOTE (s-expression) )
1 

-

~~ 

(IF < orm) (form) <form) ) - 
- 

•

‘- —--‘ - - . (IF (form> <form) )
I (LABELS C (labels h it> ) <body> ) - 

-

- (DEFINE <ident ifier) (lambda .expres,ion) )
(DEFINE < Identifier> ( <identifier l ist > ) <form) ) 

-

I (DEFINE ( <identifier ) (identifier list) ) <form) ) - ,

I (ASET ’ <identif ier) (form) ) -

I (FLUIDSIND ( (?luldbind list) ) <form) ) -

I (FLUID (identifier> ) -

(FLUIDSET ’ (identifier) (form> )
I (CATC H < identifi er> (form>

<S yntactic extension> -

(lambda -expression> ::— (LAMBDA ( <identifier list) ) (body))
(identifi er li st> :~~— (empty> <identifie r) (identifier list>
<body> :— <form>
(labels list) ::— (empty>

( (identi fier > <lambda -expression) ) (labels list)
(fluldbind list) :. <empty> I ( <identifier> (form> ) <fluidb ind list>

- - (combination> ~~ — ( <form list> )
<form list) ::— (form) (form) (form list)
(syntactic extension> ::— ( <magic word> . (s-expres s ion > )
(magic word> : :- <atomic symbol) - ‘

<non-symbol atom) — (number) <array> (string )

S 
- Atoms which are not atomic symbols (identifi.rs ) evaluate to
themselves. Typical examples of ato.s~arp~j iuabeij, ~rrays ngs
(character arrays). Symbols ar~ r ed ai id~httfies~s o’~r var 1 .

---5 - - 
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may be lexically bound by lambda-expressions. There is a global environment
containing values for (some) !re. variables. Many of the variables in this
global environment initially ‘have as their values primitive operations Such
as, for example, CAR , coos, and PLUS. SCHEME differs from most LISP systems in
that the atom CAR i~ not itself an operation (in the sense of being en
invoceble object, e.g. a-valid’firat argument to APPLY), but only has one as a
value when-considered as an identifier.

- Non-atomic forms are divided by the evaluator into two - classes:
combinations and ‘magic (special) forms’. The BNF given above is ambiguous;
any magic form can also be parsed as a combination. The evaluator always
treats an ambiguous case as a magic form. Magic forms are recognized by the
presence of a “magic (reserved) word’ in the car position of the form. All
non-atomic forms which are not magic forms are considered to be combinations.
The system has a small initial set of magic words; there is also a mechanism
for creating new ones (Note FIJNCALL is a Pain).

A combination is considered to be a list of subforms. These subforms
are ‘all evaluated. The first value must be a procedure; it is applied to the
other values to get the value of the combination. There are four important
points here: - 

-

S •

- 
(1) The procedure position is always evaluate4 just like any other 

,
.— -

~

position . (This is why the primitive operators are. the values of global ‘......~
identifiers.), - 

-

(2) The procedure is never ‘re-evaluated’ ; if’ the first subform fails to
evaluate to an applicable procedure, it is an error. Thus, unlike most
LISP systems , SCHEME always evaluates the first subform of a combination
exactly once .

(3) The arguments are all completely evaluated before the procedure is
applied; that is, SCHEME , like most LISP systems, is an applicative-order

H 
, 

language. - Many SCHEME programs exploit this fact. S

(4 )  The argument term4 (and procedure form) may in principle be evaluated
in any order . This is unlike the usual LISP left-to-right order. (All
SCHEME interpreters implemented so far have in fact performed left-to-right
evaluation, but we do not wish programs to depend on this fact. Indeed,
there are some reasons why a clever interpreter might want to evaluate them
right-to-left, e.g. to get things on a stack in the correct order.) -
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B. Catalogue of Magic Forms

B.1. Kernel Magic Forms -

- The magic forms in this section are all part of the kernel of SCHEME,
and so must exist in any SCHEME implementation. -

(LAMBDA ( <identi fier list> ) <body> ) 
S

Lambda-expressions evaluate to procedures. Unlike most LISP
systems, SCHEME does not consider a lambda-expression (an s-expression

- 
whose car ‘is the atom LAMBDA) to be a procedure. A lambda-expression only
evalua tes to a procedure. A lambda-expression should be thought of as a
partial description of a procedure ; a procedure and a description of it
are conceptually distinct objects. A lambda-expression must be ‘closed’
(associated with an environment) to produce a procedure object. Evaluation
of a lambda-expression performs such a closure ope stion.

The resulting procedure takes as many ~trguments as - there are
identifiers in the identifier list of the lambda-expression. When the
procedure is eventually invoked, the intuitive effect is that the

(i evaluation of the procedure call is equivalent to the evaluation of the
(body ) in an environment consisting of (a) the environment in which - the
lambda-expression had been evaluated to produce the procedure, plus (b) the

— 
- pairing of the identifiers of the <identifier list> with the arguments

supplied to the procedure . The pairings (b) take precedence over the
S environmrnt (a) , and to prevent confusion no id’~ntifier may appear twice in

the (i~~~.. . if i er list). The net effect is to implement ‘ALGOL—style lexical
- - scopiitg (Naur], and to ‘solve the funarg problem’ [Moses].

(IF (predicate > (consequent ) (alternative >)

This is a primitive conditional operator. The predicate form is
evaluated . I.f the result is non-NI’. (Note IF Is Data-Dependent), then the
consequent is evaluated, end otherwise the alternative is evaluated. The
resulting value (if there is one) is the value of the IF form.

(IF <pr edicate > <co nsequent ))

As above, b~t if the predicate ivaluatss to NIL, then NIL is the
value of the IF form. (As a matter of style, this is usually used only

O when the value of the IF form doesn ’t matter , for example, when the
consequent is intended to cause a side effect.)

- ~~~ —‘ ~~~~ - —-— ‘ -‘-—-~~~ - — -•-
~~~~~~~~~~ —~~~
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L
(QUOTE <s -exp ression >)

As. in LISP, this quotes the argument form so that it will be passed
verbatim as date; the valuf of this form is <s-expression) . If a SCHEME
implementation has the MacLISP read-macro-character feature, then the
abbreviation ‘~oo may be used instead of (QUoTE P00).

(LABELS C <l abe ls list) )‘(body) )
where <labe l, list) : :— (empty> I ( <identif ier> (lambda -expression> ) (labels list>

This has the effect of evaluating the (body> in an environment where
all the identifiers (which, as for LAMBDA, must all be distinct) in the
labels list evaluate to the values of the respective lambda-expressions.
Furthermore , the procedures which are the values of the lambda-expressions
are ‘themselves closed in that environment, and not in the outer
environment; this allows the procedures to call themselves and each other
recursively. For example,’ consider’ a procedure which counts all the atoms
in a list structure r ecursively to aU levels , but which doesn ’t count the -

‘Nils which terminate lists (but NILS in the car of a list count). In order
to perform this we define two mutually recursive procedures, one to count ‘ - 

-

‘the car and one to count the cdr,, as follows:

(DEFINE COUNT
- (LAMBDA (I.)

- 

- (LABELS ((COUNTCAR
(LAMBDA (L)

(IF (ATOM 1) 1
- (+ (COUNTCAR (CAR 1))

(COUNTCDR (COR L))))) )
(COUNTCDR

- (LAMBDA (L)
(IF (ATOM L)

(IF (NULL L) 0 1)
- 

- 
- C. (COUNTCAR (CAR L))

- (COUNTCOR (COR L)))))fl
- (counTcoR L))))

(We have decided not to use the traditional LISP LABEL primitive In
SCHEME because it is difficult to define several mutually recursive
procedures using only LABEL . Although LABELS is a little more complicated
than LABEL , it is considerably more convenient. Contrast this design
decision with the choice of Ir over the more traditional coon, where the
definitional simplicity of ir outweighed the somewhat greater convenience
of coNo.) 

——4- -—“— ____.——-——-__—— .‘_—-._—_-—‘.- ___ ‘—-b__ S_ - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ . .. •‘ 
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t 
-

B . 2 .  Side Effects -

These magic forms produce side effects in the environment.

(DEFINE (Identifier) <lambda-exp ression> )

- ‘ 
This is used for defining a procedure in the ‘global environmen t’

permanently, as opposed to LABELS , which is used for temporary procedure
definitions in a local environment. DEFINE takes a name and a lambda-
expression ; it evaluates the lambda-expression in the global environment
and causes the result to be the global value of the identifier., (DEFINE may
perform other implementation-dependent operations as well, such as keeping
track of defined procedures for an editor. For this reason it is the —

- preferred way to define a globally available procedure.)

(DEFINE <identifier ) ( (identifier h it> ) <form list >
(DEFINE ( <Identifi s r) <identifier list > ) (form list) )

These alternative syntaxes permitted by DEFINE are equivalent to:

• 
- 

- - (DEFINE <identifier)
( LAMBDA ( <identifier list> ) - , 

-

(BLOC K <form list) ) ) )  
-

where BLOC K is a syntactic extension defined below. For example, these
three definitions are equivalent:

- (DEFINE CIRCULATE (LAMBDA (X) (RPLACD X XP)
(DEFINE CIRCULATE (X) (RPLACD K K))
(Dt FINE (CIRCULATE K) (RPLAC D K K))

These forms are provided to support stylistic diversity. -

(ASET’ <identifier> <form>)

This is analogous to the LISP primitive SETQ. For example, to
define a cell (Smith and Hewitt], we may use *stT’ as follows:

0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘ -- - . -- - S~- .-• . ‘ 5 5 fl~~
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(DEFINE CONS-CELL - - 
-

(LAMBDA (CONTENTS ) - 
-

(LABELS ((THE -CELL -

- 

- - 
(LAMBDA ($56) -

‘ 
- 

- 
(IF (EQ $56 ‘CONTENTS?) CONTENTS

(IF (EQ $56 ‘CELL?) ‘YE S
(IF (EQ (CAl MSG ) <-)

- 
- 

(BLOCK (ASIT’ CONTENTS (CADR $56))

- - THE-CELL) -

5 - (ERROR ‘~ UNRECOGNIZED MESSAGE - CELL I
$56 -

-: 
- ‘WRNG-ryPt-ARB)))))’))

- 

THE-CELL))) 
- 

-

Note that ASET ’ may be used on global identifiers as well as locally bound
identifiers, (Note ASET Has Disappeared). - 

-

8.3. Dynamic Magic 
-

- These magic forms- implement escape objects and fluid (dynamic)
variables. They are not a part of the essential kernel. For a fur ther
explication of their semantics in terms of kernel primitives, see
( Imperative]. - -

(FLUIDSIND ( <fluidbind list) ) (form>
where <fluidbind list) ::= <empty) I ( <identifier) <form) ) <fluidbind list>

Th is ‘evalua tes the <form) in the environment of the FLUIDBIND form,
with a dynamic environment to which dynamic bindings of the identifiers in
the <fluidblnd list> have been added. Any procedure dynamically called by tho
form , even if. not lexically apparent to the FLUIDBIND for., will see this
dynamic environment (unless modifiod by further FLUIDS IIWS, of course). The
dynamic environment is restored on return from the form.

Most LISP systems use a dynamic environment for all variables. A
SCHEME which implements FLUIDBIND provides two distinct environments. The
fluid variable named roo is completely t?nrelated to a normal lexical
variable named FOO - (Note Global Fluid Lnvjron ent), and the access
mechanisms for the two are distinct.

(FLUiD <identif iar) )

- 
The value of this form is thi value of the (identifier > in the

current dynamic environment. In SCHEME implementations which have the
MacLISP read-macro-character feature , (FLUID P00) may be abbreviated to .Foo.

~ 

• ,4-~-5 5•-5 •_-5~~ --. - 5’ - ’ - - -5 -.-- ’—- - - --5-~~-5~~— -.-- - - . - • ~.
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- Stee le and Susimin 7 The Revised Report on SCHEME

(FLUIDSET’ <identifier> (form)

The value of the fo rm) is assigned to the (identifier ) in the curren t
dynamic environment. 

- 

-

(STATIC (identifier>)

- The value of this is the value of the lexical , identifier; writing
this is the same as writing j ust <identif ier> (Note What Good Is It?).

(CATCH < identifier> <form) ) -

This evaluates the’ form in an environment where the identifier is
bound - to an ‘escape object’ (Landin) (Reynolds]. This is a strange object
which can be invoked as if it were a procedure of - one argument. When the
escape object is so invoked, then control proceeds as if the CATCH
expression had returned with the supplied argument as its value (Note —

Multiple Throw). -

If both CATCH and FL U I DB IN D are implemented, then their semantics are
- 

- L) intertwined. When the escape object is called, then the dynamic
environment is restored to the one which was current at the time the CATCH
form was -evaluated (Note Environment Symetry).

For a contorted example, consider the following obscure definition
of SQRT (Sussnan’s least favorite style/Steele’s favorite; but see

5’ (SCHEME]): 
-

(DEFINE SQRT
(LAMBDA (K EPSILON)

• ((LAMBDA (APIS TAG GO)
(CATCH RETURN

• (BL OCK
(CATCH N (ASET’ TAG I i ) )  ;CREATE PROG TAG
(IF (( (ASS- (-S (*5 ANS APIS) K)) EPSILON) ;CAPIGE

-

- - . 
(RETURN API S)) ;POPJ

(ASET ANS ( f /S  (+5 ( 1/5 K APIS ) APIS) 2.0)) ;MOVEM
(60 TAG)))) ;)RST

1.0

NIL

(LAMBDA (F) (F NIL)))))

This example differs slightly from the version given in (SCHEME]; notice
the forms (RETURN APIS) and (GO TAG).

As another example, we can define C THROW function, which may then
be used with CATCH much as it is in MacLISP (Moon] (except that in MacLISP
the tag is written after the body of the CATCH, not before):

~ i~ L4_. ~~~~~~~~~~~~~~~~ — ‘~‘ -‘P’ 
~~~~~~ —~~ — _ ~~~~~~~~~ — — -~ — ~~~~~~~~~~~~~~~~~



— C ’ ~~~~~ ’.’ flr 
~~~~~~~~~~~~~~~~~~~~~~ ~~ww-.’n w~~” ~~~ “‘ 

““fl _
“‘ r- ’~~~T ’  --

~~~~ 
—
~

_--.. — -w— ~

Steele end Su,smen 8 The Revised Report on SCHEME

(DEFINE THROW (LAMBDA (TAG RESULT) (TAG RESULT))) -

An example of its use- -

- (CATCH LOSE

- 
j 

‘ 
- (MAPCAR (LAMBDA (X) (IF (NINU5P K) (THROW LOSE NIL) (SQIT K)))

-

- - 
- ‘ NUNLIST))

-

‘ 
Indeed , note the similarity between THROW and the definition of GO in the
first example. -

‘

I 

~~~~~~~~~~~~~ ~~~~~~-——-~~ 
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C. Syntactic Extensions -

- SCHEME has a syntactic extension mechanism which provides a way to
de f in e an identifier to be a magic word, and to associate a function with that
word . The funr.tion accepts the magic form .ss an argument, and produces a new
form ; this new form is then evaluated in place of the original (magic) form .

. This is precisely the same as the MacLISP macro facility.

— - C .1. System-Providec Extensions

Some standard syntact ic extensions are provided by the system for
S convenience in ordinary progranerin~ . They are distinguished from other magic

words in that they are semantically defined in terms of others rather than
L being primitive (Note FEXPRs Are Okay by Us). For expository purposes they

are described here -in a pattern-matching/production-rule kind of language.
The matching is on s-e xpression structure, not on character string syntax , and
take s advantage of the definition ‘f list notation: (A B C) -

(A . ( B . (C . NIL))) .  Thus the pattern (x • r )  matches (A B C), with x • A and
r - (B C) .  The ordering of the ‘productions’ is significant; the first one
hich matches is to be used.

( BLOC K X 1 X 2 .. . x,~)

(BLOC K x )  ~~ x 
-

- 
(BLOC K x ’ . r) —. ((LAMBDA (A B) (B)) x (LAMBDA ( )  (BLOCK - r)))

— 
BLOC K sequentially evaluates the subfonas from left to right. For
example: -

(BLOCK (ASET ’ K 43) (PRINT K) (+ K 1))

returns 44 after setting K to 43 and then printing it (Note BLOCK Exploits
Applicative Order). -

(LET ( ( v 1 x 1) (v
2 x2) . . . (V ~ x~ )) . body)

• —, ( (LAMBDA - (v 1 v2 :.. Vn) (BLOCK • body)) x1 x2 
-

LET provides a convenient syntax for binding several variables to
corresponding quantities . It allows the forms for the quantities to appear
textually adjacent to their corresponding variables. Notice th at the
variables are all bound s imultaneously, not sequentially, and that the
initialization forms x, may be evaluated in any order. For convenience,
LET also supplies a BLOC K around the forms constituting its body.

-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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(DO ((v 1 x1 ~~~ 
• . .  (v ,~ x,~ se)) (test . done) • body)

—‘ (LET ((A l (LAMBDA ( )  x 1))
(81 (LAMBDA (v 1 . • v,,) 

~~~

(A n (LAMBDA ( )  X
e

) )
(Bn (LAMBDA (v1 ... v,~) n”- - (IS (LAMBDA (v 1 •. .  v,~) test))

(DPI (LAMBDA (v 1 ... V )  (BLOCK . done)))
(GD (LAMBDA (v 1 . .. v1,) (BL OCK . body))))

(LABELS ((LOOP

(LAMBDA (21 • . .  Zn)

(IF (TS zi • . . Zn)

(ON Zi ... n)

(BLOCK (all zi ... Zn)
(LOOP (Bi 21 . • Zn)

(Bn Zi . • • Zn)))))))
(LOOP (Al) . • .  ( A n ) ) ) )

This is essentially the MacLISP ‘new-style’ oo loop (Moon). The variables
v .  are bound to the values of the corresponding x~ , and stepped in parallel
after every execution of the body by the s~ (by “step’ we mean ‘set to the
va lue of” , not “increment by’). If an s .~ is omitted, v1 is assumed; this
results in the variable not being stepped. If -in addition is omitted,
NIL is assumed . The loop terminates when the test evaluates non-NIL; it is
evaluated before each execution of the body. When this occurs, the done
part is evaluated as a BLOcK .

The complexity of the definition shown is due to an effort to avoid
conflict of variable names , as for BLOCK . The auxiliary variables M, 81 ,
and z-i must be generated to produce as many as are needed , but they need
not be chosen different from all variables appearing in x~~, s , body, etc.

The iteration is effected entirely by procedure calls. In this
manher the definition of DO exploits the tail-recursive properties of
SCHEME (SCHEME] [Imperative].

As an example , here is a definition of a function to find the
length of a list ’:

(DEFINE (LENGTH K)
(DO ((Z K (CDR Z))

(N 0 (s N 1)))
‘ ((NULL Z) N)))

- The initializations forms x 1 may be evaluated in any order, and on
each iteration the stepping form s,~ may be evaluated in any order. This
differs from the MacLISP definition of DO. For example , this definition of
NREVERSE (destructively reverse a list) would work in MacLISP but not
necessarily in SCHEME :

‘- ‘ -‘-5— 
,
~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I~’i~’~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- 
(DEF INE NREVERSE (K)

(DO ((A X (dR A)) 
-

(B NIL (RPLAcD A B)))
((NULL A) B)))

This definition depends on the co~ occurring before the RP~ACD. In SCHEME
we must instead write:

(DEFINE NREVERSE (x)
(00 ((A K (PROG1 (COR A) (RPLACO A B)))

(B NIL A))
((NULL A) a))) -

where by (PR0G 1 x y) we mean ((LAMBDA (P Q) (BLOCK (Q) P)) x ( LAMBDA ( )  y) )  (but PROG 1
is not really a defined SCHEME primitive).

Note also that the effect of an ASET ’ on a oo variable does not
survive to the next iteration; this differs from using SETQ on a DO
variable in MacLISP .

(ITERATE name ((v1 ‘i~ 
• . .  (v 1~ en ) )  . body ) -

—5 (LABELS ((name (LAMBDA (v1 . ..  v~) (BLOCK . body))))
(name 

~ 
... e1))

This defines a looping construct more general than Do. For
example, consider ’ a function- to sort out a list of s-expressions into atoms
and lists: - 

-

(DEFINE COLLATE -

• (LAMBDA Cx)
(ITERATE COL

( ( Z  K ) (AT OMS NIL)  (LIS TS N I L ) )
- (IF (NULL Z)

- 
(LIST ATOMS LISTS)

- _ ( IF  (ATOM (CAR Z))
(COl. ( d R  Z) (CONS (CAR 2) ATOMS ) LISTS)
(C04. ( d R  1) ATOMS (CONS (CAR 2) LISTS ))))) ) )

We have found many situations involving loops where there may be more than
one condition on which to exit andfor more than one condition to iterate ,
where oo is too restrictive but ITERATE suffices. Notice that because each
loop has a name , one can specify from an inner loop that the next iteration
of any Outer loop is to occur . Here is a function very similar to the one
used in one SCHEME implementation for variable lookup: there are two lists
of lists, one containing name s and the other values.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- 
- (DEFINE (LOO~UP NAME VAR S VALUES) -

( IT E R ATI MAJOR-LOOP -‘

- ((VARS-BACKBONE VANS)

‘ 
( VALUES-BACKBO NE VALUES))

- (IF (NULL VANS-BACKBONE)
- 

- NIL
= 

- 
- (ITERAT E MINOR-LOOP

- ((VARS-RIB (CAR VARS.BACKBONE))
- (VALUES-RIB (CAR VALUES-1ACKBONE)))

- (IF (NULL VARS-RIB)
(MAJOR-LOOP (CDR VARS-BACKBONE)

• (cOR VALUES-BACKBONE))
- (IF (EQ (CAR VARS-RIB) NAME)

- S VALUES-RIB -

‘

(MINOR-LOOP (CON VA NS-RIB)
- (CON VALUES .RIB))))))))

(We had original ly wanted to call this construct ioo~, but see
(Note FUNCALL is a Pain). Compare this with looping constructs appearing in
(-Hewitt).) -

- It happens that I TERATE is a misleading name; the construct can
actually be used for recursion (‘true’ recursion , as opposed to tail—
recursion) as well. I-f the name is invoked from a non-tail-re~ursive
situation , the argument evaluation in which the call is embedded is ~~~
aborted . It just so happens that we have found ITERATE useful primarily to
implement complicated iterations. One can draw the rough analogy ITERATE

LABELS : : LET : LAMBDA. 
-

(TEST pred Tn alt)

-4 ((LAMBDA (P F A) (IF P ((F) P) (A)) )
pred
(LAMBDA ( )  Tn) -

(LAMBDA ( )  a l t ) )

The predicate is evaluated; if its value is non-NIL then the form Tn
should evaluate to a procedure of one argumen t, which is then invoked on
the value of the predicate . Otherwise the alternative sit is evaluated.

This construct is - of occasional use with LISP “predicates’ which
return a ‘useful” non-NIL value . For the consequent of an IF to get at the
non-NIL value of the predicate, one might first ~ind a variable to the
value of the predicate , and this variable would then be visible to the
alternative as well. With TEST, the use of the variable is restricted to
the - consequent. -

An example:

(TEST (ASSQ VARIABLE ENV I RON MENT) —

k-i-’ 
_

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “ ~~~~~~~~~~ --
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CON
(GLOBALVALUE VARIABL E)) -

Using an a-list to represent an environment, one wants to us. the cdr of
- the result of ASSO if it is non-NIL; but it it is NIL, then the variable
was not in the environment, and one must look elsewhere.

- 

(COND (p 1 - - - .  ~~ - en )) -

(COND) —5 ‘NIL -

P ’S 

— 

- 
(dO ND (p) • r) -4 ((LAMBDA (V N) (IF V V (N))) - ;

-5 - p

= - (LAMBDA ( )  (CORD - r))) -

- 

- (COND (p —> f) . r) -4 (TEST p T  (CORD - r))
- - (CONO (p - e) - r) —5 (IF p (BLOCK - e) ( CORD - r))

This CORD is a superset of the MacLISP CORD. As in MacLISP singleton
clauses return the value of the predicate if it is non-NIL , and clauses

--with two or more forms, treat the first as the predicate and the rest as
constituents of a BLOCK , thus evaluating them in order. -

- The extension to the MacLISP CORD made in SCHEME is flagged by the
(. - - atom ~>. (It cannot be confused with the more general case of two BLOCK

constituents because having the atom • as the first element of a BLOC K is

= I not useful.) In this situation the form i following the, •> should have as
o - its value, a function of one argument; if the predicate p is non-NIL , this

function is determined and invoked on the value returned by the predicate .
This is Useful fcr the coimnon situation encountered in LISP:

(CO ND (( SETQ IT (GET K ‘PROPERTY)) ( HACK IT))
J -

- which in SCHEME can be rendered without using a variable global to the
‘ CORD: -

( COR D (( GET K ‘PROPERT Y)
—) (LAMBDA ( IT) (HACK IT))) 

‘ 

-

or , in this specific instance, simply as:

‘ ( COND ((G ET K ‘PROPERTY) .) MACK) 
-

_ _ _ _ _ _  

~~~~ —~~~~~~~~~~~
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(OR x 1 x2 . .•  X~~) -

4 ‘ (OR ) -4 ‘NIL
(OR x ) - x  -

(0* x . r) —5 (CORD (x)  (T (OR • r)))

This standérd LISP primitive evaluates the forms x ,~ in order, returning the
first non-NIL value (and ignoring all following forms). If all forms 

- -

- 
produce NIL, then NIL is returned (Note Tail-Recursive 0*).

(AND x
1 

x1 - . - x~)

(AND) —5 ‘T
( AND x)  —, x -

-\ ( AND x - r)  -4 (CORD (x (AND - r ) ) )

This standard LISP primitive evaluates the forms in order. 
• 

If any form
produces NIL , then NIL is returned, and succeeding forms are i~nored . If
all forms produce non-NIL values, the value of the last is retur ned (Note
Tail-Recursive AND). - -

(AMAPCAR T x 1 x1 - - - x~~)

-4 (DO ((FN V ) 
-

‘ 
(Vi x 1 (CON Vi ))

- 

, 
- (-V2 x 2 (COP V2))

- (Vn ~~ (COP Vn))
(Q ‘NIL (CONS (EN (CAR V i) (CAR VI) - - - (CAR Vn )) 0)))

((ON ( NULL V i) (NULL V2) . . .  (NULL Vn))
(NREVERSE 0)))- . 

-

AMAPCAR is analogous to the MacLISP MAPCAR func tion. The func tion r , a
function of n arguments, is mapped simultaneously - down the lists x 1, x

~~
,

~., x,~; that is, ~ is applied to tuples of successive elements of the
lists. The values returned by I’ are collected and returned as a list.
Note that APIAPCAR of a fixed number of arguments could easily be written as
a function in SCHEME. It is a syntactic extension only so that it may
acconrodate any number of arguments, which saves the trouble of defining an
entire set of primitive functions AMAPCAR1, AMAPCAN2, ... where AMAPCARn takes
n4~1 arguments.

( )

-- ~~~~~~~
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- 
(AMAPLIST f *~ x

2 
• - .  x,~)

—4 (D0 UFN T)
(V i *1 (CON V i))

- (V2 *2 (CON V i))

- 
, 

(Vi’. x
i’. 

(COP Vn))

(0 ‘NIL (CONS (FR Vi Vi ... Vi’.) 0)))
- ((OR (NULL V i) (NULL Vi) .. (NULL Vn))

• 

‘ - 
- (NREVERSE 0))) -

AMAPLIST is analogous to the MacLISP MAPLIST function . The function v , a
function of n arguments, is applied to tuples of successive tails of the

- lists. The values returned by I are collected and returned as a list.

(AMAPC T *1 • ..  x,~)

—4 (Do ((FN T ) - -

(Xi x~ (CDR X i ))
- 

- 
- (Xi x

~ 
(COR K2))

L 
- 

- (Xn x ,~ (CON Xn ) ) )
‘ ((OR (NULL K i )  (NULL K2) . - .  ( NUL L Xn) )

‘Nh )
(EN (CAP Xl )  (CAR X2) - . - (CAR Xn)))

AI4APC is analogous to the MacLISP MAPC function. The procedure f, a
procedure taking n arguments, is mapped simultaneously down the lists X i,
*2, ..., 

~~; that is, r is applied to tuples of successive elements of the
lists - Thus AMAPC is similar to AS4APCAR, except that no values are expected

- from F; therefore r, need not be a function, but may be any procedure.

(PNOG var l’$st s
~ ~ 

-

- 
- The SCHEME PROG is like the ordinary LISP PROG . There is no simple
way’ to describe the transformation of PROG syntax . into SCHEME primitives.
The basic idea is that a large LABELS statement is created, with a labelled
proce~dure (of zero arguments) for each PROG statement. Each statement is
transformed in such a way that each one that ‘drops through’ is made to
call ‘the labelled procedure for the succeeding statement; each appearance
of (GO tag ) is converted to a call on the labelled procedure for the

— statement - following the tag; and each appearance of (RETURN value ) is( ) repleced by value .
- Practical -experience with SCHEME has shown that ~ oe is almost

o never used. It is usually more convenient just to write the corresponding
LABELS directly. This allows one to write LABELS procedures which take

F I  _ _ _ _
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arguments, which tends to clarify the flow of date (Imperative].

The rest of this section ( Ji’SUBRs) applies only to the PDP-IO NacLI8P
implementation of SCHEME. 

- 

- 
-

FSUBRs ‘

As a user convenience, the PDP-lO MacLISP implementation of SCHEME
treats FSUBRs specially; any FSUBR provided by the MacLISP system is
automatically a SCHEME primitive (bu t user FSUBRs are not). Of course, if
the FSUBR tries to evaluate some form obtained from its argument , the
variable references will not refer to SCHEME variables. As a special case,
‘the SCHEME syntactic- extension AANRA~~ALL is provided- to get the effect of
the MacLISP FSIJBR ARNA~~ALL..

C.2. User-Provided Extensions

A SCHEME implementation should have one or more ways for the-user to
extend the inventory of magic words. The methods provided will vary from ~~implementation to implementation. The following primitive (sc.is*c) is provided
in the PDP-l0 MacLISP implementation of SCHEME. -

(SCI4M*C n.m. pattern body)

- After execution of this form, a syntactic extension keyed on the
atom none -is defined . When a form ( none - rest ) is to be evaluated, rest is
matched against the pattern, which is a (possibly ‘dotted’) list of
variables . The body is then evaluated in en~ environment -where the
variables in the pattern have as values the corresponding parts of rest.
This should result in a form to be evaluated in place of the form
( nan., - rest). -

The body is not necessarily SCHEME code, but rather code in the
— same meta-language used to write the evaluator. Iii the PPP-10 MacLISP

SCHEME implementation , the body is MacLISP code.
As an example, here is a definition of TEST: 

- 
- -

.

- (SCHMAC TEST (PRED FR ALT) -

(LIST ‘(LAMBDA (P F A) (IF P ((F) P) (A))) 
-

PPFD -

(LIST ‘L AMBDA ‘()  FR )
(LIST ‘LAMBDA ‘() ALT)))

The body. of a SCHMAC almost always performs a complicated constng-up of a program structure . Often one needs to make - a copy of a standard

- ~~~~~~~~~~ - - 
~—— -5 ‘
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structure, with a few values filled in. To make this easier, SCHEME
provides an ‘unquoting quote’ feature. An expression of the form •

~~
,.

expres s io n) is just like ‘(s-expressi o n) , except that sub-expressions preceded
by “ , ‘ or ‘g’ represent expressions whose values are to be made part of (a

— copy of) the s-expression at that point. A ‘.‘ denotes s imple inclusion , - :
while “e’ denotes ‘splicing’ or !segment’ inclusion. (Compare this with
the treatment of lists with embedded forms in MUDDLE (Galley and Pfister],
which in turn inspired the i’ syntax of CONNIVER (McDermott and Sussman),
from which SCHEME’s • syntax is derived.) Using this, one can define TEST
as follows: 

-

- - (SCHMAC TEST (PPED FR ALT)
- 9(LAMBOA (P F A) (U P ( ( F )  C) ( A ) ) )  •

- ,PRED - 
-

(LAMBDA ( )  .FN)
(LAMBDA ( )  .ALT)))

Similarly, LET can be defined as: -

- 
(SCHMAC LET-( DEF NS . BODY) -

- ‘((LAMBDA .(MAPCAN ‘CAP DEFNS )
( — - (BLOCK . .flOOY))

•(MAPCAN ‘CADR OEFNS))) -

‘ 
- 

- 
One could also write (BLOCK BBOOr) instead of (BLOC K -. ,SOOY)..

Notice the use of (MACCAN ‘CAR bEERS) rather than ( AMAPCAR CAR DEFNS), and
‘ - 

recall that, as stated above, the body of a scNnAc is MacLISP code, not
SCHEME code . Consider too this definition of co*o :

(ScMMAc CORD CLAUSES
(CORD ((NULL CLAUSES) ‘‘NIL)

- ((NULL (COAl ciAUSES)) ‘ 

-

‘ 
- ‘((LAMBDA (V N) (IF V V N))

,(CAAR CLAUSES)
(LAMBDA ( )  ~CORD . .(CD* CLAUSES)))))

( (E Q ’(~AOAN CLAUSES) ‘—> )

‘(TEST (CAM CLAUSES) ,(CADDAR CLAUSES) (CORD - .(CDN CLAUSES))))

- 
(T ‘(IF •(CMR CLAUSES )

(BLOC K - ,(CDAR CLAUSES))
- -

‘ - 
(CORD - .(CDR CLAUSES))) )))

I

We have used CORD to define coRD! The definition is not cj rCS’aar , however ’;
the MacLISP COR D is being used to define the SCHEME coNo, an indeed the two
have slightly different semantics. The definition would ‘eve been circular

- had we written (CORD (v) (N)) instead of (IF V V N), for the latter is part of
the generated SCHEME code .

-5 - - -  - - -5-~~~~~~~~~- on
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(MACRO name pattern body ) - 

‘ 

—

This is jt ,st like SCHMAC, except that body is SCHEME code rather
than MacLISP code . While macros defined with sci*~*c run only in a MacLISPi.pleme*tàt ion Of SCHEME, those defined with MACRO should be completely
transportdble. (We described scmi*c first to emphasize the fact that macros
are conceprtuall9 part of the interpreter, and so conceptually written in
the meta-lenguage. It so happens, however, that SCHEME is a good mete-
language for SCHEME, and so introducing this meta-circularity provides no
serious problems. Contrast this with writing P1./I macros in PL/I’)

The example of defining CORD using scNp~ac above would be circular if
we changed the word sciui*c to MACRO. However, we can avoid this by avoiding
the use of cowo ifl the definition :

(MACRO CORD CLAUSES
( I F  ( NULL CLAUSES) ‘ ‘NIL -

(IF (NULL (COAR CLAUSES)) -

‘( (L AMBDA (V N ) ( IF V V P))
.(CAAR CLAUSES)
(LAMBDA ( )  (CORD - .(CDR CLAUSES))))

(IF (EQ (CADAR CLAUSES) ‘.)) - — -

- ‘(TEST .(CAAR CLAUSES) -

- ,(CADDAN CLAUSES ) -

- 
- 

- (COND - .(COR CLAUS(S)))
‘( IF ,(CAAR CLAUSES)

- (SLOC% - ,(CDAN CLAUSES))
- (CORD - ,(CDR CLAUS(S)))))))

We strongly encourage the use of MACRO instead of sc~ri*r in practice
so that macro definitions will not be dependent on the properties of a
specific implementation.—

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



‘.~~~ I ~~
Stee l e and Sussmen 

- 
The Revised Report on SCHEME

~). Primitive SCHEME Functions

All the usual MacLISP SUBRs are available in SCHEME as procedures
which are the values of global variables. The particular primitives CORS , CAN,
CON, ATOM, and EQ are part of the kernel of SCHEME! Others, such as •, • ,

f / ,  - , EQUAL , RPLACA , RPLACD , etc . are quite convenient to have .
Although there is no way in SCHEME to write a LEXPR (a function of a

variable number of arguments), MacLISP LSUBRs are also available to the SCHEME
user. One may wish to regard these as syntactic extensions in much the same
way AMAPCAR is; for example, LIST may be thought of as a syntactic extens ion
such that :

(LIST) —5 ‘NIL
- ‘ (LIST x - r) —, (cONS x (LIST - r))

Below we also describe some additional primitive functions provided
with SCHEME. Their names do not have any special syntactic properties in the
way that the magic words for syntactic extensions described in the previous
section do. However, they do deal with the underlying implementation, and so
could not be- prograimned directly by the user were they not provided as
primitives.

(
The following primitive functions (PNOCP and ENCLOSE’) are pal’t of the

kernel of SCHEME. -

(PROCP thing)

- 

- This is a predicate which is true of procedures , and not of
- anything else. Thus if (PROCP x) is true, then it is safe to invoke the
value of x. -

- More precisely, if PROCP returns a non-Nh value, then the value
describes the number of. arguments accepted by the procedure. For SCHEME
procedures this will be an integer, the number of arguments. For primitive
functions, this may be implementation-dependent; in the PDP-lO MacLISP
implementation of SCHEME, PROCP of an LSUBR returns the MacLISP APGS
property for that LSUBR. If an object given to P10CC is a procedure but
the number of arguments it ‘requires cannot be determined for some reason,
then PROCP returns T. -

(E.RCLOSF. fnvep envrep) - -

(j ENCLOSE takes two s-expressions, one representing the code for a
- procedure , and the other representing the (lexical) environment in which

the procedure is to run. ENCLOSE returns a (closed) procedure which can be
invoked .

‘ ~~ ‘~~~~ - —~--‘-— ~~~~~~~ ~~~~~~~ 
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The representation of the code is the standard s-expression
description (a lambda-expression). The representation of the environment
is an association list (a-list) of the traditional kind:

((van - va lue l ) (var2 . va !ue2) . .. )

NIL represents the global lexical environment. -

This description of ENCLOSE should not be construed a~ describing
how the implementation of SCHEME represents either environment -or code
internally. Indeed , ENCL OSE could be as simple as CONS, or as complicated as
a compiler. All that ENCLOSE guarantees to do is to compute a procedure
object given a description of its desired behavior. The description must
be in the prescribed form; but the result may be in any form convenient to
the implementation , as long as it satisfies the predicate PROCP (Note
EVALUATE Has Disappeared) (Note S-expressions Are Not Functions).

As an example , we can write APPLY using ENCLOSE. One way is to
generate a lot of names for the arguments involved: -

(DEFINE APPLY 
- - 

-

(LAMBDA (FR ARCS) 
- 

-

(LET ((VANS (AMAPCAR (LAMBDA (X) (SENSY1I)) ARCS )) -

(ENVAR (6ENSYM)))
((ENCLOSE ‘(LAMBDA () ( ,PNVAR IVANS)) -

- (CONS (CONS F NVAR FR)
- ( AMAPCAR CONS VANS ARCS)))))))

Here a procedure which will call the procedure r~ on the required number of
arguments is enclosed in an environment with all the variables bound to the
appropriate values. For those who don’t like GENSTh, here js another way to
do i t :  

- 
-

-

(DEFINE APPLY
(LAMBDA (FR ARCS) -

(Do (( TAIL A ‘(CON ,TA IL))
(REFS NIL (CONS ‘(CAR •TA IL) REFS))
(COUNT ARCS (CON COUNT)))

((NULL COURT) -

- ((ENCLOSE ‘(LAMBDA (F A) (F O(REVERSE REFS))) NIL)
FR ARCS)))))

In this version we create a series of forms (CAN A), (CAR (CON A)) ,  (CAR (CON
(CON A ) ) ) ,  ... to be used to access the arguments . (In a way, these are
distinct names for the arguments in the same way that the gensyins were for
the first version.) The values FR and ARCS are passed in ’ as arguments to
the enclosed procedure, rather than giving a non-NIL environment
representation to ENCLOSE .

As another example, we define a function called 0LAMBOA:

- - 
-
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(DEF INE (‘LAMBDA VARS BODY)
(ENCLOSE ‘(LAMBDA .VARS .$OOY) N I L ) )

- - 
- 

Writing (‘LAMBDA ‘(x Y) ‘(Foo V x-) ) is just like writing ( LAMBDA (X Y) (F® V X ) ) .
However , if there are any free variables in the supplied body, then ‘LAMBDA
will cause them to refer to the global environment, not the curren t one .
We cannot in general simulate LAMBDA by using ‘LAMBDA, because SCHEME
(purposefully) does not provide a general way to get a representation of
the current environment.. We could, of course , require the user to give
‘LAMBDA a representation of the current environment, but this hardly seems
worthwhile.

The following primitive functions allow for multiprocessing. We do
not pretend that they are “right” in any senSe , and are not particularly
attached to these specific definitions. They are not part of the kernel of
SCHEME . (Their primary use in practice is for bootstrapping SCHEME by
creating an initial process for the top-level user interface loop.)

There are no primitives for process synchronization, as we, have no
good theory of how best to do this. However , in the PDP-lO MacLISP
‘implementation of SCHEME we guarantee that SUBRs and LSUBRs execute in an

‘— uninterruptible fashion ; that is, such functions can be considered “atomic”
for synchronization purposes . The user , is invited to exploit this fact to
invent his own synchronization primitives (Note EVALUATE IUNINTENRUPTIBLY Has
Disappeared). 

-

(CREAT E!PROCESS proc) 
-

- This is the process generator for multiprocessing. It takes one
argument , a procedure of no arguments. I f  the procedure ever terminates,
the entire process automatically terminates. The value of CREATE !PROCES S is
a process ID for the newly generated process. Note that the newly created
process will not actually run unti,l it is explicitly started . When
started, the procedure will be invoked (with no arguments), and the process
wil l  run “in parallel” with all other active processes. -

(STAR T IPROC ESS procid)

Th is takes one argument , a process Id, and starts up or resumes
that process, which then runs.

0 -

—--~ -~~~~~ -- —

- - ~~~~—--—-- - -~~~~~~~~~~~~~~~ -~~~~~~~~-.~~~-~- - - - - - - - , -
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(STOP!P ROCESS proc id) - - - 

‘ ‘ 
-

Thi5 also tqkes a process Id , but stops the process. ‘The stopped
process may be continued from where it was stopped by using STA RT IPROCESS
again on it , The global variable “PROCESS” always contains the process id
of the currently running process; thus a process can stop itself by doing
(STOP IPNoC~ss “PROCFSS”). -

(TERMINATE ) -

This primitive stops and kills the process which invokes it. The
process may not be resumed by S1~~~’rROCESS. Some other process is selected
to run. If the last process is terminated , SCHEME automatically prints a
warn ing message , and then creates a new process running the standard SCHEME
“read-eval-print” (actually “read—stick (LAMBDA () .)  around—enclose in top-
level envi ron ment— invo ke—prj ntø) loop.

An example of the use of TERMINATE :

- 
( TERMINATE )

~

----- -

~ 

-.---‘-~~--- -‘---- - .  
_ _

&-_ _ _ -~~L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

- 
~~~~~~~~~ ~~~~~~~~~~ ,!t



— ~~~ w—’—----—-~--------—— ~~~~~~~~~~ -
~~~ ~~~~~~~~~~~~~~ ‘ — ‘~~~~ “~~~~~~

,- _,. 
- 

~~~~~~~~~~~~~~~~~~~~~~~~ - — --, - ~~~~~~~~~~~~~~ ,•~~~
-
~~~ _

Steele end Sussman 23 The Revised Report on SCHEME

Notes 
-

- (Note Notes Are In Alphabetical Order)

(ASET Has Disappeared)

The more general primitive ASET described in [SCHEME] has been
removed from the SCHEME language . Although the case of a general evaluated
expression for the variable name causes no real semantic difficulty (it can
be viewed as a syntact ic extension representing a large CASE statement, as
pointed out in [Declarative]), it can be confusing to the reader .
Moreover ,’ in two years we have not found a use for it. Therefore we have
replaced ASET with ASET’, which requires the name of the variable to be
mod ifIed to appear manifestly. -

We confess to being “cute” when we say that the name of the
- primitive is ASET ’. We have not changed the Implementation at all, but
merely require that the first argument be quoted. The form (ASET’ FOO BAR)
is parsed by the MacLISP reader as (ASET (QUOTE F®) BAR). Of course, a
different implementation of SCHEME might actually take ASET’ as a- single
name . We apologize for this nonsense .

(Bloc K Exploits Applicative Order} 
-

The definition shown for BLOCK exploits the applicative order of
evaluation of SCHEME to perform this (Note Normal Order Loses) . It does
not depend on left-to-right evaluation of arguments to functions! Notice
also that in

(BLOCK x - r) —+ ((LAMB DA (A B) (B) )  x (LAMBDA ( )  ( BLOCK . r ) ) )

there can be no conflict between the auxiliary variables A and B and any
variables occurring in x and r. It is thus unnecessary to choose variables
different from any others appearing in the code. In this respect this
definition is an Improvement over the one given in (Imperative]. This
trick (which is actually a deep property of the lexical scoping rules) is
uced in a general way in most of the definitions of syntactic extensions:
one wraps all the “user code’ in lambda-expressions in the outer
environment , passes them in bound to internal names , and then invokes them
as necessary within the internal code for the definition.

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ —~~~~ — — -——— -— —-- -- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ 
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( Environment Symmetry)

One may think of an escape object as being “closed” with respect to
a dynamic environment (and here we mean not only fluid variables but the
chain of pending procedure calls) in much the same way that an ordinary
procedure Is closed with respect to a lexical environment. Just as a
procedure cannot execute properly except in conjunction with a static
environment of the appropriate form, so an escape object cannot properly
resume control except In a dynamic environment of the appropriate form.

(EVALUATE Has Disappeared) -

The EVA LUATE primitive described in (SCHEME) has been removed from
the language . We discovered (the hard way) that the straightforward
implementation of EVALUATE (evaluate the given expression in the c u r r e n t
environment) destroys referential transparency. We then altered it to
evaluate the expression in the top-level environment , but were still
disturbed by the extent to which one is tied to a particular representation
of a procedure to be executed.

We eventually invented an ENCLOSE of one argument (a lambda—
expression), which enclosed the procedure in the top-level environment.
This allowed one to remove the dependence on representation by making a
procedure , and then to pass the procedure around for a while before
invoking it. We had no provision for closing in an arbitrary environment ,
because we did not want to provide the user with direct access to
environments as data objects. The excellent Idea of allowing ENCLOSE to
accept a representation of an environment v ;  suggested to us by R. P1.
Fano.

(EVALUAT E !~JN INT ERRUPT 1BLV Has Disappeared)

The EVALUA TE ’UNINTE RRUPT IBLY primitive described in (SCHEME) has been
removed from the language . This primitive was half a joke, and we have
since discovered that it had a serious flaw in its definition, namely t h a t

- the scope of the uninterruptibility is lexical. This worked in our limited
examples only by virtue of the fact that SUBRs were atomic operations. In
gene ral , this primitive is worse than useless for synchronization purposes.
Synchronization is clearly a dynamic and not a static phenomenon . We have
no good theory of synchronization (primitives for this were included in

— L SCHEME] primarily to show that it could be done , however kludgily) , and so
have defined no replacement for EVALUATEIUNINTERRUPTIBLY. We apologize, for  any
confusion this mistake may have caused. - 
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- (FEXPRs Are Okay by Us) 
-

While the syntactic extensions are defined in terms of other
constructs , they need not be implemented in terms of them. For example , in
the current PDP-1O MacLISP implementation of SCHEME, BLOCK is actually
implemented in the same way IF and QUOTE are, rather than as a macro in
terms of LAMBDA . This was done purely to speed up the interpreter. The
compiler still uses the macro definition ( though w~ could change that too
if warranted). The point is that the user doesn ’t have to know about all
this.

It is somewhat an accident that magic forms look like procedure
calls (see also (Note FUNCA LI,. Is a Pain)): a name appearing in the car of a
list may represent either a procedure or a magic word, but not both . (We
could , for example , say that magic forms are distinguished by a magic word
in the cadr of a list , thus allowing forms such as (FoO :‘ (‘4 FOO 1)), where

Is a magic word for assignment. PLASMA (Smith and Hewitt] allowed just
this ability with its “italics’ or “reserved word” feature.) Thanks to
this accident many LISP interpreters store the magic function definition in
the place where an ordinary procedure definition is stored . A special
marker (traditionally EXPR/SLJBR or FEXPRIFSUBR) distinguishes ordinary
functions from magic ones. - This allows the lookup for a magic word
definition and an ordinary value to be simultaneous , thus speeding up the
implementation ; it is purely an engineering trick and not a semantic
es sence . However , this trick has led to a generalization wherein QUOTE and
COND are regarded as functions on an equal basis with CAR and CONS ; to be
sure , they take their arguments in a funny way — unevaluated — but they
are still regarded as functions. This leads to all manner of confusion ,
which has its roots in a confusion between a procedure and its
representation .

It is helpful to consider a simple thought experiment. Let us
postulate a toy language called “Number-LISP” . Programs in this language
are written as s-expressions, as usual ; the kernel primitives LAMBDA , IF ,
LAB ELS, etc. are all present. However, the primitive functions CONS, CAR ,

and COR are- absent; one has only .
~~, - , ‘, /1 , and ‘. QUOTE Is !i2!~available; the only constants one can write are numbers .

Now Number-LISP can be used to perform all kinds of arithmetic , but
it is clearly a poor language in- which to write a LISP interpreter. Now
consider the magic form processors and syn tactic extens ion func tions for
Number-LISP . They are procedures on s-expressions or functions from s-
expressions to s-expressions which transform one form into another.
Whatever processes IF or LABELS or BLOCK is clearly, not a Number-LISP
procedure , because it must deal with the text of a Number-LISP procedure,
not just the data to be operated on by that procedure . The IF-processor (a
“FEXPR ”) for Number-LISP must be coded in the meta-language for Nunber-
LISP , whatever that may be.

Now it is one of the great features of ordinary LISP that it can
serve as its own meta-language . This provides great power , but also
permits great confusion. If the implementation allows mixing of levels of

- ~~~~~~~~~~ — - - , - ~~~~~ ,-b
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definition, we must keep them .,eparate in our minds. For this reason we
don ’t mind using the “FEXPR hack” to implement syntactic forms, but we do
mind thinking of them as functions just like EXPRs.

(FUNCALL is a Pain )

The ambiguity between magic forms and combinations could be
eliminated by reserving a special subclass of lists to represent
combinations , and allowing all others to represent magic forms . For
example, we might say that all lists beginning with the atom CALL are
combinations. Then we would write (CALL CONS A B ) rather than (CONS A I). One
could then have a procedure named LAMBDA , for example; there could be no
confusion between (LAMBDA (A)  (B. A)) and (CALL LAMBDA (CALL A) (CALL B A ) ) ,  as there
would be between (LAMBDA (A)  (B A ) )  as a combination and as a magic form
denoting a procedure . Notice that CALL is intended to be merely a
syntactic marker, like t~ e~ or U, and not a function as FUN CALL is in
MacLISP (Moon].

If this CALL convention were adopted , there could be no confusion
between combinations and other kinds of forms. Not all expressions would
have meaningful interpretations; for example (FO0 A B) would not mean
anything (cer~tainly not a call to the function coo, ‘which ‘would be written
as (CALL FOO A a)). The space of meaningful s-expressions would be a very
sparse subset of all s-expressions, rather than a dense one. Pt would also
make wrtting SCHEME code very clumsy. (These two facts are of course
correlated.) Combinations occur about as often as all other non-atomic
forms put together ; we would like to write as little as possible to denote
a call. As in traditional LISP ,. we agree to tolerate the ambiguity in
SCHEME as the price of notational convenience . Indeed , this ambiguity is
some-times exploited; it is convenient not to have to know whether AMAPC AR
is a function or a magic word.

This compromise does lead to difficulties, however. For example,
we had wanted to define an iteration feature:

(LOOP n~~e varspecs body)

Unfortunately, there is a great deal of existing code written in SCHEPIE of
the form :

(LABELS ((LOOP (LAMBDA ... (LOOP ...) ...))) -

(LOOP...))

because ioo~ has become a standard name for use in a LABELS procedure which
implements an iteration (see , for example, our definition of Do!). If Loop
were to become a new magic word, then all this existing -code would no
longer work . We were therefore forced to name it ITERATE instead (after
verifying that no existing code used the name ITERATE for another purpose!).

I~ IIIEii&..A , ..r - .  .‘—~ ~~~~~~~~~~~~~~~~~ 
.&. .. ‘a ’a~ - - - 
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U

.

There would have been no problem if all this cod. had been written as:

(LABELS ((LOOP (LAMBDA . . .  (CALL LOOP . . .)  . . . ) ) )

‘ (CALL LOOP . . . ))  ‘ —

To this extent SCHEME has unfortunately, despite our best intentions,
• - - inherited a certain amount of referential opacity.

(Glo bal Flu id Env ironmen t) 
- 

-

There is a question as to the meaning of the global fluid
environment. In the POP-lO MacLISP implementation of SCHEME, the global
lexical and fluid environments coincide, but this was an arb itrary choice
of convenience influenced by the structure of MacLISP. We reconvsend that
the two global environments be kept distinct. -

(IF Is Data-Dependent)

We should note that the ‘ usefulness of the definition of IF
explicitly -depends on the particular kinds of data types and the particular
primitive functions available; we expect to use IF with primitive
predicates such as ATOM and EQ. This is in contrast to other kernel forms

• such as LAMBDA and LABELS expressions, whose semantics -are independent of the
data. -

- We erred in (SCHEPIEJ when we stated that a practical interpreter
. - must have a little of each of call-by-value and carl-by-name in it. The

argument was roughly that a call-by-name interpreter must become call-by-
value when a primitive operator is to be applied , and a call-by-value
interpreter must have some primitive conditional such as IF. We did
mention the trick of eliminating IF in a call-by-name interpreter by
defining predicates to return (LA MB DA (K Y) K) for TRUE and LAMBDA (K v) Y) for
FALSE , whereupon one typically writes:

((. A 5) (do this if TRUE) <do this 1? FALSE))

but noted that -it depends critically on the use of normal order evaluation.
What we had mot fully understood at that point was the trick of

simulating call-by-name in terms of call-by-value by using lambda-
expressions (our use of it in the TRY!TWO!ThIPJGS!IN!PARALLEL example
notwithstanding!); this trick was described generally- in (Imperative]. A
special case of this trick is to define the primitive predicates in a call—
by-value interpreter to return (LAMBDA (K Y) (K)) for TRUE and (LAMBDA (K Y) ( Y) )
for FALSE . Then one can write things like:

~~~~~~~~~~~~~~~~~~~~~~
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((.A B)

(LAMBDA ( )  (do this if - TRUE>)
(LAMBDA ( )  (do this if FALSE>))

and so eliminate a call-by-name-like magic for. such as IF. One can make
the dependence of the conditional on the primitive data operations even . ¶
more explicit by defining predicates not to return any particular value,
but to require two continuationsu as arguments of which it will invoke
one :

(— A B  
-

(LAMBDA ( )  <do this if TRUE>) 
-

(LAMBDA ( )  <do this if FALSE))) -

We were correct when we said that a practical interpreter must have call-
by-name to some extent in that there must be some way to designate two
pieces of as yet uninterpreted program text of which only one is to be
evaluated. We simply did not notice that LAMBDA provides this ability, and
so a separate primitive such as IF is not necessary. We have chosen to
retain ic in the language because it is traditional~ because its
implementation is easy to understand, and because it allows us to take
advantage of many existing predicates in the host language in the PDP-lO
MacLISP implementation .

(LISP BNF)

These rules refer to th. following rules for LISP s-expressions:

— - (atom ic s~ixbol > ::. (al phsn~~erit st ring) (latter ) (sl phani~ er t c string )
(alpha nume ric str ing) : : — (empty> <*lØsnumsric charact er) (alphanum eric stri ng>
<alphan umeric c haracter > ::— <litter> (“Igit> I / <character)
< letter) : : _ A I g l . . . I y I Z I * I $ I % I . . .  

-

<digit> ::.O I 1 ~~ 2 1 3  ~ 5 I l l ?  I I I S
<number) ::- <VERY imp lementation dependent)

<str ing> ::— • <character str ing >
(-character string > : : —  <empty > (l iteral character > <cha racter string >

- 
<litera l character > ::— (any character except • or /> / (character)

(In the PDP-lo MacLISP implementation of SCHEME, we use the character for
another purpose because PDP-lO MacLISP does not have a string data type.
We mention strings only as a familiar •xample other than numbers of an
atomic data type other than identifiers.)

In addition , we assume the usual interchangeability of list
notation and dot notation for s-expressions: (A S C ) e (A - (S - (C . NIL))).
Thus the pattern ( <magic word) - <s .expr •sslon> ) may match the list (COWO (A B)
(T C)). It is the s-expression representation we care about, not particular

—~~~~~~~ —
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character strings . -

(LISP Is a Ball of Mud ) 
- 

-

LISP is extensible in two ways. First , there is the simple ability
to def ine new func tions; these are used in a way that is both
syntactically and semantically identical to built-in primitive functions
like CAR . This is in contrast to “algebraic” programing languages, wh ich
either make an arbitrary syntactic distinction between addition, say, an d a
user function, or wander into the quagmire of extensible parsers. Second,
there is- a uniform macro facility for transforming one syntactic form into
another; this facility is based on internal data structures rather than
external character-string syntax.

Joel Moses (private comunication) once made some remarks on the
differwice between LISP and API, which we paraphrase here: “API is like a
diamond . It has a beautiful crystal structure ; all of its parts are
related in a uniform and elegant way. But if you try to extend this
structure in any way — even by adding another diamond — you get an ugly

kludge . LISP, on the other hand, is like a ball of mud. You can add any
amount of mud to it (e.g. PIICRO-PLANNER or CONNIVER) and it still looks
like a bell of mud!”

(Multiple Throw) 
- 

-

- 
A full implementation of SCHEME allows this to work even if the

CATCH has already been “returned from” ; that is, the escape object can be
used to “return from the catch” several times. However, we allow the
possibility that an implementation may allow the escape object to be
invoked only from within the execution of the form inside the catch. (This

• is essentially the restriction that MacLISP makes on its CATCH construct
(Moon].) This restriction permits a stack discipline for the allocation of
continuations, and also greatly simplifies the flow analysis problem for a
compiler (RABBIT]. 

-

(Normal Order Loses) 
-

Our definition of sioc~ exploits the fact that SCHEME is an
applicative-order (call-by-value) language in order to enforce sequencing.
Sussman has proved that one cannot do a similar thing in a normal-order
(call-by-name ) language:

-~~~_—
-—

~~~~~~~~~~~~~~~~~~~~~~~~ 
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Theorem: Normal order, as such, is incapable of enforcing sequencing
(whereas applicative order is) in the form of the BLOCK construct.

(Informal) proof: The essence of (BLOCK a b) is that a is evaluated
before b, and that the value of b is the value of the BLOCK (or ,
more correctly, the value or meaning of the BLOCK is indep.ndent of

- 
a; a is executed only for its side effects). Now we know that it
(BLOCK a ~

) has any value at all, it can be found by using normal
order (normal order terminates if any order does). Now suppose

— that the computation of a does not terminate, but the computation • —

of i, does. Then (BLOCK • b) must terminate under normal order ,
because the value of the block is the value of b; but this

- contradicts the requirement that s finish before b is calculated .
- - QED -

This is an informal indication that normal order is less useful (or at
leazt less powerful) in a programing language than applicative order. We
also noted in (SCHEME ] that normal order iterations tend to consume, more
space that applicative order iterations, because of the buildup of thunk
structure. Given that one can simulate normal order in applicative order
by explicitly creating closures (Imperative], there seems to be little to
reconigend normal order over applicative order in a practical programaing
language. -

a

(No tes Are in Al phabet ical Order)

The note-s are ordered alphabetically by name, not in order of
reference within the text. 

-

(S-expressions Are Not Func tions) 
- •

Recall that a lambda-expression (i.e. an s-expression whose car is
the atomic symbol LAMBDA) is not itself a valid procedure. It ‘is necessary -

to ENCLOSE it in order to invoke it.
Moreover , the particular representations we have chosen for

procedures and environments are arbitrary. In principle, one could have
several kinds of ENCLOSE, 

•each transforming instances of a particular
representation into procedures. For example, someone might actually want
to implement a primitive ALGOL-ENCLOSE , taking a string and a 2-by-N array
representing code and environment for an ALGOL procedure:

(ALGOL-ENCLOS E lnteger pro cedure f act(n); valu e n; iMeger n;
fact :• if n.O then 1 else n’fact(n-l) -

NULI.ARRAY)

H. 

. 

H - - 
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lb  
-

This could return a factorial function completely acceptable to SCHEME. Of
course, the implementation of the primitive ALGOL4II~LOSt would have to know
about-the internal representations of Procedures used by the implamentation

- 
of SCHEME; but this is hidden from th. user.

. 

Similarly, one could have APt-ENCLOSE , BASIC-ENCLOSE , COBOL-ENCLOSE.

FORT-RAN.UCLOSI, RPG-ENc LOSI

(Tail-Recursive AWD } - - 

• 

.

- The definition of AND has three rules, not only for the same
reasons OR does, but because AND is not a precise dual to on. on, on
failure, returns NIL, but AND does not just return non-NIL on success . 

, 
It —

must return the non-NIL thing returned by its last form. 
- 

—

(Tail-Recursive on) -

We might have defined on with only two rules:

- 
(OR ) —‘ ‘NIL
(OR x . r) -4 (CORD (x) (T (On - r)))

However , because of the way on is sometimes used, it - is a techn ical
conven ience to be able to guaran tee to the user thbt the last form in an OR

- is evaluated without an extra “stack frame’; that is, a function called as
‘ the last form in an on will be invoked tail-recursively. For example: -

- (DEFINE NOT-ALL-NIL-P
(LAMBDA (X)

- 
(LABELS ((LOOP 

-

-~~ - 
(LAMSDA (Z) -

- (OR (CAR Z) (LOOP (COP Z ) ) ) ) ) )  -

- - (LOOP X))))

executes iteratively in SCHEME, but would not execute iteratively if the
two-rule definition of on were used.

(What Use Is It?) -

- 
()  We should perhaps say instead that ldentlfier is- treated the same

as (STATIC (identifier )). The STATIC construction is included in SCHEME
primarily for pedagogical purposes, to provide symeetry~ to (F L U I D
<id .nt$fier)). The fact that lone atomic symbols are interpreted as lexical

~~~~ ——— —~~ —
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variables rather than dynamic ones is in some sense arbitrary. Some
critics of SCHEME (personal comunications] have expressed a certain horror
that ‘there are two kinds of variables, perhaps imagining some confusion in
the interpretation of simple identifiers. We can have as many kinds of.
variables as we like (though we have so far discovered only two kinds of
any great use), as long as we can distinguish thea. In SCHEME we
distinguish them with a special marker, such as STATIC or FLUID; then, as a
convenience , we prescribe thet simple atomic symbols, not marked by such a
keyword , shall also be interpreted as lexical variables, because that is
the kind we use most often in SCHEME. We could as easily have defined
-simple symbols to be interpreted as fluid variables. or for that matter as
constants (as numbers and strings are). We could also have prescribed a
different method of distinguishing types, e.g. ‘all variables beginning
with I, J, K, L, N, or N shall be fluid”. (This is not as sil-ly as it

- sounds. A fairly wide-spread LISP convention is to spell global variables
with leading and trailing •, as in ‘too’, and some programers have wished
that the compiler would autGmatically treat variables so spelled as
SPECIAL.) Indeed, given the read-macro-character facility, we effectively
have the syntactic rule “all variables beginning with • shall be fluid” .
We have settled on the current definition of SCHEME as being the -most
convenient both to implement and to use . -

Compare the use of syntactic markers and read-macro-characters to
the constructions <GYAL x> ~ • ‘global value of x” and (LVAL X> •X -
wiocal value of x” in MUDDLE (Galley and Pfister]. Indeed, in MUDDLE a
simple atomic symbol is regarded as a constant, not as an identifier.

All this suggests another solution to the problem posed in (Note
FUNC ALL is a Pain) (the confusion of magic forms with combinations). The
real problem is distinguishing a magic word from a variable. Let us
abbreviate (STAT IC- FOO ) to sF00, just as (FLUID roo) can be abbreviated as •FOO .
Then (SLOOP A B ) .  would have to be a call on the function tooe, an d not a
magic form. Similarly, we could write (MAGICWO RD COND) instead- of CORD, and
invent an abbreviation for that too. This all raises as many problems as
it solves by becoming too clumsy; but then again, maybe it isn’t asking
too much to require the user to write all magic words in boldface (as in
the ALGOL reference language) or in italics (as in an early version of
PLASMA (Smith and Hewitt))...
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