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INTRODUCTION

RIAS has been fortunate in obtaining informally a copy of the
LISP system tape, as developed at MIT by Prof. McCarthy and his co-
workers. This has permitted us to do a certain amount of experimenta-
tion with LISP as a programming language, and evaluate its performance
with respect to other systems, such as SOS, or FORTRAN, In some ways,

such a comparison is a little one-sided, since both the latter systems

are much more elaborate than LISP, and consequently permit the solution

of problems which would not be attempted in LISP, Nevertheless, LISP
emerges as a surprisingly powerful language for all its simplicity in
being based on a vocabulary of only five instructions. It not only
has had considerable merit as a pedagogical tool, for teaching the
essence of programming with respect to a readily comprehensible
programming language; but as well shows considerable versatility with
respect to some more serious problems which would require considerable
programming effort in either SOS or FORTRAN, As in any system, grow-
ing skill shows the way to circumvent many of the inadequacies of the
system, which at first sight seem to be very serious flaws. In some
instances, certain errors to which the system is prone have been
turned to advantage, and exploited to obtain some rather nice results.
An example is the LISP page plotter (which still contains a dis-
concerting abundance of commas), which was inspired by the pages of
"wallpaper'" which one frequently generates by having tried to take
CAR of an atom.

This manual is intended as a supplement to the LISP PROGRAMMERS
MANUAL which accompanied our system tape, and is a collection of a
number of LISP functions which have been found either interesting
and/or useful, Some of the description concerns the mechanics of
the MARTIN monitor system, since the LISP tape had to be modified
to take into account the lack of an on-line card reader for MARTIN'S
IBM 7090, and the incompatibility of the original clock routine; but
the general reader will easily spot and ignore the few paragraphs of
discussion given to this question.

For the most part, the manual has been prepared by the students

of the RIAS Summer Institute in Computer Theory. We are extremely
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pleased to acknowledge a considerable amount of advice and assistance,
thanks to which we have had the opportunity to use LISP; we particularly
thank Wayne Wiitanen and Steve Russel for assistance in obtaining the
tape and advice in its use, as well as Solis James, who by his interest
and encouragement greatly speeded our procurement, development and

understanding of the system.

HAROLD V. McINTOSH

BALTIMORE, August 18, 1961.
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BUILDING A LIBRARY OF LISP FUNCTIONS

Although it is possible to modify the LISP tape so that it
will contain the definitions of additional functions, it is not
advisable to do so, save for functions of the most basic and ele-
mentary nature. The reason is that although a problem area may
have its useful specialized functions, if one is to adjoin to the
tape all the functions from a variety of areas, he has filled it
with what will be dead weight in any one problem, as well as in-
creasing the chances of conflicting function names and the like.

The format of LISP is somewhat inconvenient for the usage
of library functions, since one expects to surround the function
definitions with DEFINE ({ ... )). The parentheses so required
lend an assymmetry to the first and last functions to be defined.
However, this problem is easily remedied by keeping two cards,

imprinted with, respectively,

DEFINE( ((BEGIN (LAMBDA () NIL))
(END (LAMBDA () NIL))))

By then confining all other function definitions to a
separate card (or cards), they may be easily selected from a
library collection, and inserted along with any freshly defined

functions similarly prepared, between the BEGIN and END cards.
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SUBMITTING A LISP PROGRAM

The program deck for submitting a LISP run consists of the

following cards:

#* an ﬂORHnL HALT OCTAL 1300 L | %ISP

* FEH PLQCE LISP BINQR? TAPE ON TAPE UﬁtT Bn? ‘ ISP

£ §PRQTCH TﬁPE ON TAPE UNIT B-& ISP

* FEM ‘ DpTPUT Mé? BE HMON TORED BY DEPRE)SING SHITCH 3. %lﬁP

€ CHE PR ;1—1 T o= It*:ﬁn T TH. MCIRTODERT S By
p :

k'] U U ] U U

Teswn BBV RZ ARV NN g

GGBﬂEODUGOGGBﬂPUQBBBQBQG‘QGUSUGQBUO'0"'QUG
2348 8 2% 14206 ¢
11 117 1321????11?“]‘111

11l
22221212
333333

1

'aﬁaaﬁnu@nmwpﬂmm'm: ngf nsuoo
15 ke & LJ)‘C]‘

\ ﬁnﬁ1m1?nvn 51111 ! R
YQ[; 2004k 2121iz*¢¢af%i% 22222

»¢533333333333433*33*33333333333@533333
wl'} < 444444444444444454444@44&44444441444444
55-|“555555555b5555555555 555555q§at3555;; 555555
% 6 6 6 QO ssasseﬁsuasa&afessssvssfrfs"s ismgss 68666
§71711117111717179 777777767777ﬁ t7;77777 17ff7f7*;7777777717
gsmaam?sMesMasmawaanausamaussnsmasﬁ Ql&”!sz}uaﬁwawszmsuan
3998999 aslsssssesessssvsssssesss%gggg 99999

SENNRIFQOOQ AGK QRN IB06162CIB46585 67885 H R

27222322

3333333

d44444 444424244 4444444

5555855 555555855
666666

111111

§999699898594889999595¢89999999939399993¢9
VI3 a56788 IUMBETE SR A2BHBBTBHITLBULE

6. One card load tape button simulator

7. One of the overlord cards; SET, TST, or MLT

8. The body of the source program

9. Stop card STOP DIINNINNINIINMIDMD

10. Items 4-5-6 may be repeated as often as desired (up to 100)
1l1. FIN card

TEM 5383
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The five primitive LISP functions




THE FIVE PRIMITIVE LISP FUNCTIONS

LISP is a programming language, constructed entirely from

three functions and two predicates. Out of these, or their com-

posites, all program functions will be made. These five functions,

together with examples of their use, are listed below;

1.

3.

S5e

(ATOM X) is a predicate which takes the value TRUE only when
the expression X is an atomic symbol. If X is a list, or

anything but a single atom it will assume the value FALSE,

(EQ X Y) is defined when one of the two expressions X or Y
is an atom, and is TRUE if they are identical; otherwise it

is FALSE,

(CARL) If L is a list; L = (A BCD ...), then (CAR L)
applied to the list = (A), If L is not a list, (CAR L) is
undefined, and will give a page full of commas if attempt is

made to print the results.,

Examples; If L = (X Y) (CAR L) =X
L=(XY ZW) (CAR L) = X
L=(((X7Y) ZW) (CAR L) = (X Y)
L= ((X71)) (CAR L) = (X Y)
L is atomic (CAR L) is undefined

(CDR L) If L is a list; L = (A B C ...), then (CDR L) will
yield (B C ...).

Examples; If L = (XY Z W) (CDR L) = (Y Z W)
L= (XY) (CDR L) = (Y)
L = (X) (CDR L) = NIL = ()
L= ((XY) 2 (CDR L) = (2)
L is atomic (CDR L) is undefined

(CONS A B) If B is a list, then (CONS A B) is a list, whose
first element is A, and whose remaining elements are the
elements of B, If B is not a list, (CONS A B) is technically
a list, but will cause bizzare behaviour by the print routine.

Examples; (CONS X NIL) = (X)
(coNs (x) (Y¥)) = ((X) ¥
(CONS (CAR' L) (CDR L)) = L when L is a list.

It will be found, upon writing programs in LISP, that composites

of CAR and CDR are necessary and can get very lengthy. These can be

| —
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abbreviated in the following fashion; (CAR (CDR L)) can be written
as (CADR L), and similarly; (CAR (CAR (CAR (CDR L)))) becomes
(CAAADR L), and (CDR (CAR (CDR L))) becomes (CDADR L). By applying

various composite functions to the expression (X (A B C) D)

get the following results:

(CAR L) = X

(CDR L) = ((A B C) D)
(CADR L) = (A B C)
(CAADR L) = A

(CDADR L) = (B C)
(CADAR L) = B

(CDDADR L) = (C)
(CAR (CDDADR L)) =
(CDR (CDDADR L)) = NIL = ()
(CDDR L) = (D)

(CADDR L) =D
(CDDDR L) = NIL = ()

L, we







The programming functions
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THE PROGRAMMING FUNCTIONS

While the basic elements of LISP are the five previously
discussed functions, there must also exist a set of programming
functions to enable one to write logical programs. These are

discussed below:

(DEFINE ((N; E;) (N3 Ep)...))

DEFINE is one of three ways, in addition to LAMBDA and LABEL,
by which a function may be defined in LISP. DEFINE has as its
argument a list of pairs, which may be of unspecified length. Each
is composed of a name Ni and an expression Ei by which it is to be
defined. This allows the function name to be treated as an atomic
expression in defining other functions, and its LAMBDA expression
need not be continually repeated.

One can use DEFINE to define recursive functions without the use
of LABEL, since DEFINE assigns the name of the entire expression
properly. It is important to note that the argument of DEFINE is a

single list, and to therefore use thé proper number of parentheses.

(LAMBDA (X Y ...) E)

LAMBDA is a special form used in defining expressions. It has
two arguments, namely a list of arguments, and a sample of the
function, E. LAMBDA is necessary when the arguments comprising the
example are hopelessly mixed, and we must make unambiguous which of
the dummy variables in the argument list corresponds to a given

occurence of the variable in the sample.

(LABEL A E)

LABEL is a special form used in the definition of recursive
functions. It has two arguments, one the name of the function, and
the other the expression defining the function. This is to allow
usages of A within E to be interpreted as standing for the function

as a whole.

[

| S—
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(COND (Ky Fy) (Kg Fg) ...)

COND is a special form used in function definitions. It is a
function of an indeterminate number of arguments, each of which is
itself a pair, consisting of a predicate and a function definition.

A function defined with the aid of COND is evaluated by con-
sidering the list of pairs in sequence. For the first predicate Ki

which is true, the function is defined as F Thus COND is a compact

i.

way of making a conditional function definition. Each F, may in its

i
turn be defined in terms of COND, and thus one may make explicit use
of the conditional. For each Ki’ we may assume all its predecessors
to be false. At least one predicate must be true, otherwise one will

get an error return. Usually Kn is T. and covers the remaining case.

(QUOTE X)
QUOTE is a function of one argument whose value is that argument.
Its principle use is to introduce atomic symbols into a source program,

which would otherwise be undefined, or possibly be interpreted as

further functions;if they corresponded to the name of a function already

defined.

(LIST X Y ...)
LIST is a function of an unspecified number of arguments whose
value is simply the list of its arguments.

(LIST X Y 2) = (X Y 2)
(LIST (X) (Y)) = ((x) (Y))

whereas (coNs () (1)) = ((X) Y)
thus (LIST (CAR L) (CADR L)) = L
whereas (CONS (CAR L) (CDR L)) =L

when L = (X Y)

(EQUAL X Y)

EQUAL is a predicate which takes the value true if end only if
X and Y are identical. It is gotten by applying EQ to all components
of X and Y, to see if they are made up of the same atoms, similarly

arranged.
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(AND X Y ...)

AND is a predicate which is a function of an unspecified number
of arguments, one or more. It takes the value true if all its
arguments and false otherwise. However, it is not quite the same as
the ordinary "and", since its arguments form an ordered set and need
not be commutative. This is because the list of arguments is examined
in order from left to right; if one is found to be false, AND takes
the value false, if none are found false, the value is true. Thus,
any argument may assume its predecessors are true, with a consequent
economy realizable in specifying the arguments. Thus, a series of
more restrictive predicates may be listed, by specifying only the
additional conditions in each successive argument. Rearranging such

a sequence may allow some of the argument to be undefined.

(R X Y ...)

OR is a predicate which is a function of an unspecified number
of arguments, taking the value tru? if any one is true, and the value
false only if none are true.

Since, like AND, its arguments are examined in order, economy
may be achieved iﬁ the writing of amy one argument by assuming that
all its predecessors are false, since otherwise it would never be
examined. Since some of the arguments may be undefined in some cases,
as well as the possibility of such an assumption, it is not a com-

mutative function of its arguments.

(NOT X)
NOT is a predicate which is true if its argument is false and

false if its argument is true.

(NULL L)

NULL is a predicate whose argument is a list. It takes the
value if and only if its argument is the atomic symbol NIL. Since
NIL is not entered explicitly, but indicated by an address zero,
one is safest in assuming that NULL is true when L is empty. An

atom does not form an empty list.

NIL is an atomic expression used to signal the end of a list. It

[ SSR——
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does not appear in output, but is used in the source language to
terminate a list. For instance, (CONS X NIL) will produce the list
(X); NIL itself if printed, (). The predicate NULL takes the value
T when applied to NIL; that is, a list is null when its only element
is NIL.

The use of NIL permits the comstruction of arbitrary lists in

the context of a framework which is essentially binary.

T is an atomic symboel, indicating the value true of a predicate.

The machine output represents T by a blank.

F is an atomic symbol, indicating the value false of a predicate.

The machine output represents F by the symbol ().




k-
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The constructive functions
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MAPCON

I,

MAPCON is a function which applies a given function to
every element of a given list and lists the results,
MAPCON is predefined in the LISP system and does not need

to be redefined.

II. This function has two arguments; the first is a list, and
the second is a function., MAPCON creates the new list by
using the function APPEND (rather than CONS, as in MAPLIST).

FUONCTION

I. FUNCTION is a function which defines its argument as a
function to the computer. FUNCTION is predefined in the
LISP system and needs no redefinition.

I1I. FUNCTION has one argument, which it defines as a function,

S——;

[
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APPEND

-

I. APPEND joins two lists to form a new single list by
placing the second at the end of the first, APPEND

"
‘

- is part of the LISP system and need not be defined in
a program. (If atoms are used, the value of APPEND

B

is the first atom.)

! II, Examples.

APPEND
((PARITY o Xo (XoYsZsX) )y (SUBSET,(AeB,L)s(AR4ELD.E)))

(PARITY y X9 {XyYpZsX)ySUBSITo(AyByC)lyl{AR4ByD,E))

: APPEND
| { +(A,B,C))

- (%, 8,0)

{_ APPEND
{(AyB,C),(D,E,F))

T TRYBCyDyEF]

sk
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LIST

I. LIST is* a function whose resulting value is the list
which is its argument, It is a part of the LISP
system and need not be defined in a program.

Any number of variables may be used.

II., Examples.

LIST
{(ELEMENT 9 Xy ({XsY)) )y (SUCSET o ({Xp¥Y)) o ((XyYpZ)))y (PARITY X, ({XsY))))

((ELEMENT'Xv((X.Y)f)s(SUbSET.((X.Y)),((XpY,Z))).(PARITY,X,((X:Y))))

LIST
( + » )

TLISYT T
(LAY, (B),(C))

AT TBY, (TTT

~ LTST
{AgByCyD,yE)

“(A,8,C,D,E

[S—
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MAPLIST

I.

I1.

III.

MAPLIST

MAPLIST is a function which applies a given function to
every element of a given list and lists the results. This
function is a part of the LISP system and does not need to

be redefined.
This function has two arguments; the first is a list and
the second is a function. (The new list is created by the

basic function CONS.)

Examples.

{LFUNCTION. (LAMBDAG {Xal) o (ELEMENT o (XalYaXeZ))1)) ), {FUNCTION,
LLAMBDAL () (TRUTHVALUELP))) )

{ TRUE, TRUE)

MAPLIST

(((E'S;E)p(H.T'E)'(IpB'C))p(FUNCTION.(LAMBDA.(L)'(ENGLISH.L))))

(((H.T.E).(E.SpE)'(I.B,G)).((IgB'G))p )
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(FORALL L P)

I. FORALL takes a value of true if property P is true for

every element of L and a value of false otherwise.

II. FORALL is a predicate having two arguments; (L P) where
L is a list of any length.
P is a property.
(NOTE) When applying FORALL a special form of writeup

is required, This is shown below,

III, Machine definition.

(FORALL (LAMBDA (L P)
(COND ((NULL L) T)

((P (CAR L)) (FORALL (CDR L) P}))
(T F))))

IV, Examples.

FUNCTICN APPIY(F, X, 02) HAS PETa CNICaro, ARSUMELTS
(LAMBDA, (L) (FORALL, L, (FUNCTION,CPEPLTT)))
(((Ay3,C)(D,EF)a(Gutty[)]))

END CF APPLY, VALUF 15 ...
() TRoG Lvownro, gy vug veescwee v oy

EUNCIICN  APPLY(F,X,p) HAS GECH eNfcRpy, AR-UMELTS,
{LAMEDA, (L) o (FORALL L, (FUNCTION,OIPDPLTT) Y
({lA354C) e (D T) g {FaGatki)) )

EnNC CF APPLY, VALUE 9

FRACIE | 5,00 INILT AJPEARES o ()
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(FORSOME L P)

I. FORSOME takes the value true if a specified property holds

true for any element of a given list.
II. FORSOME is a predicate having two arguments; (L P) where
L is a list of any length.

P is a property to be checked for.

III, Machine definition.

(FORSOME (LAMSDA(L P)

(COND ((NuLL L) F)

(tp

(CAR L)) 1)

(7

(FORSOME (CCOR L) P)))))

IV, Examples.
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(FORODD L P)

I. FORODD is a predicator which takes the value true if and only if
a given predicate is true for an odd number of elements of a given

liste

II. FORODD is a function of two arguments: (L P)
L is a list of lists.

P is a predicate.

I1I. Machine definition,

{FORODD (1 AMRDA (] P}

(COND ((NULL L) F)
((P_(CAR L)) (NOT (FQRODD (CDR 1) PI))
(T (FORODD (CPR L) P)))))

IV, Examples.

FUNCTION APPLY{FeXyp) HAS BEEN ENTERgD, ARGUMENTS..
“FORODD ~
{UtA4B) s (A)y (AgBsC) )y (FUNCTION, (LAMBDA, (L), (ULTRATRIPLET,L))))

END OF APPLY, VALUE js ...

t TRuéE Livoicatas BY WME JUBLEINCS IR THE ()]'

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..

FORODD
{{LA)AyC)y(BsC)y(ByB))y (FUNCTION, {LAMBDA, (L), (EQUAL, (CAR,L),(CADR,L)))))

END OF APPLY' VALUE ls LX)

TALSE |, S iwca Twele aptcaecso o )

FUNCTION APPLY(F,x,P) HAS BEEN ENTEREDs ARGUMENTS..

FORODD

((CA¢B) o (AsA) 9 (CyD) 9 (EsF) )y (FUNCTION, (LAMBDA, (L), (EQUALy (CAR,L)y (CADR,L}))))

END OF ApplLY, VALUE IS ...
)

TRUE  {(wowcardy 6y ThE fREsEale e> Two L) )




(ELEMENT X L)

(-
L I. ELEMENT checks to see if a specified element is on a
~ list. If it is ELEMENT takes the value true, other-
{. wise false,
L“ II. ELEMENT is a predicate having two arguments; (X L) where
X is a specified element.
L' L is a list of any length which may or may not contain X.

(‘ 111, Machine definition.

: (ELEMENT (LANMPDA (X L)
| (COND ((NULL L)} F)
s {(EQUAL X (CAR L)) 1)
(T (ELEMENT X (CDR L))))))

Iv, Examples

] ' A FeXsP) H NTERED, ARGUMENTSe«
! ELEMENT
L LTAy Ol oIy TA,B) 1)

END CF APPLY, VALUE IS ...
[ ) TEUS  Las wowatis @4 Il vedscaty o ()]

FUNCTION APPLY(F,X,P) HAS BECN ENTERED, ARGUMENTS..
( ELEMENT
L (A,1{A,B),C,01))

FALIE [ Bamed THELSE WRPCARS We ()

FUNCTION APPLY{F,X,P) LAS BEEN ENTCRED, -ARGUMENTS..
. ELEMENT
( T TAs RS+ ApL A0 70)

L END OF APPLY, VALUE IS5 ...

{ ) Tl LAd Mo asfu &n imd 2L ded ¢F () )
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(SUBSET S L)

I, SUBSET takes the value true if all the elements of the
first argument are contained in the second element,

false otherwise.

II, SUBSET is a predicate having two arguments; (S L) where
S is a list.
L is a list.
(NOTE) If S is empty SUBSET will treat it as being con-
tained in L and take the value true.
SUBSET uses the function ELEMENT,

III, Machine definitions.

{SUBSET (LAMETZA (S L)
(COND ((NULL 5) T)

( (ELEMENT (CAR 3) L) (SubBSZT (CDR S) L))
(T_F)))) S

IV. ‘Examples

TTSUBSET
{ slAJN,) Y T,HyT,N:G))

“SUBSET
(LAY, (A,B,C))

t)

SUBSET o
((A,B’.(ApX,Y,Z, %))

'
S

| ——




(SUCHTHAT L P)

I, SUCHTHAT is a function which lists the first element in a given
list for which a given condition is true.

II. SUCHTHAT is a function of two arguments: (L P)
L is a list of lists

P is a prodicatg. In examples for proper form to use in
designating P,

If no element of L has property P, then there is no result.

III. Machine definition

(SUCHTHAT (LAMBDA (L P)

{COND ((NULL L) NIL)
((P (CAR L)) (CAR L))

(T (SUCHTHAT (CDR L) P)))))

Iv. Examples.

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..

SUCHTHAT
{((AsBsC)y(AyByC)) o {(FUNCTION, (LAMBDA,(S), (ULTRATRIPLET,S))))

END OF APPLY, VALUE IS ...

{AyB,C)

FUNCTION ApPPLY(FsXsP) HAS BEEN gNTERED, ARGUMENTS..

SUCHTHAT
(((AsA) s (AyB) ), (FUNCTION, (LAMBDA,(S), (EQUAL, (CARyS)y (CADR,S)))))

END OfF APPLY, VALUE IS ...

(A,A)

FUNCTION APPLY(F,X,P) HAS BEEN ENTEREDs ARGUMENTS..

SUCHTHAT
{{(A;B)s{AgB)) s (FUNCTION, (LAMBDA,(S), (ULTRATRIPLET,S))))

END OF APPLYs VALUE IS ...
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(POSSESSING P S)

I. POSSESSING picks out all the elements of a given list

with a specified property and puts them in a new list.

II. POSSESSING is a function of two arguments; (P S) where
P is a specified property to be checked for.
S is a list of any length.
(NOTE) The value of POSSESSING is an empty list if ap=-
plied to an empty list.

I11I, Machine definition.

(POSSESSING (LAMBDA (P S)
(COND ((NULL S) NIL)

((P (CAR S)) (CONS (CAR S) (PCSSESSING P (CLUR 5))))
(T _{POSSESSING P (CDR S5}))))))

IV, Examples.

FUNCTION APPLY(F,X,P) HAS BEEN ENVEREDs ARGUMENTS,,

POSSESSING

((FUNCTION, (LAMBDA,{S), (EQUAL,(CAR,S),{CADR,yS)})),((A,A)},(A,B)))

END OF APPLY’ !ALUE IS see

{(A,A))

FUNCTION ApPLYI{F¢XsP) HAS BEEN ENTERED, ARGUMENTS..

PUSSESSING

({FUNCTICN, (LAMBDA, (S), {ULTRATRIPLET,S)))s( (A, 4B)slAy 4B}y (A,

ENp OfF APPLY, VALUE IS ...

“TTA, +BY, (A, ,BY,TA, LBY)

FUNCTION APPLY{FyXsP) HAS BEEN ENTERED, ARGUMENTS..

TPUSSESSING
{{FUNCTION, (LAMBDA, (S), (ULTRATRIPLET ,S)) )4 ((A4BsCysD),{A,B)))

END OF APPLY, VALUE IS ...

{{tAB,L,U7]

- “




(TRUTHVALUE P)

I. TRUTHVALUE is a function which tests whether another
function is true or false, and according to the out-
come prints TRUE or FALSE,

II. TRUTHVALUE is a function of one argument; (P) where
P is the property to be tested.

III. Machine definition.

(TRUTHVALUE (LAMBDA (P) (COND (p (QUOTZ TRUE)) (T (QUOTE FALSE))D))

Iv, Examples

(LAMBDA, (XyL) o (TRUTHVALUE, (PARITY,X,L)))
(VL (A, Q) elV,V), })

FALSE

(LAMBDA, (S,L )y (TRUTHVALUE, (SUBSET,S,L)))
C((VyRsT) s (As( 9X)yVaReleZ))

TRUE

(LAMBDA,(X1L)1(TRG}HQALUE,(ELEMéMTQX’C))L

FALSE




(SINGLET L)

1. SINGLET is a predicate which takes the value true if its argument
is a list containing one element. Otherwise it takes the value
falsee

II., SINGLET is a function of one argument: (L)
If L is a 1list containing one element, SINGLET is true.
If L is nil, or atomic, or contains more than one element,

SINGLET is false.

III. Machine definition.

(SINGLET (LAMCDA (L) (AND _(ULTRASIMGLLT L) (NULL (CDR L))1)))

IV, Examples.

FUNCTION APPLY{FyXysp) HAS BEEN ENTERED, ARGUMENTS..
SINGLET

({A))

_END OF APPLY, VALUE ;S
)

see

- =
VRUE L Aas wwotat2e @y TaS dgaEac: er ()]

FUNCTION _APPLY{F,X,P) HAS BEEN ENTERED, ARGUMENTS,,
SINGLET
({A,B))

END -_O_E APPLY' VALUE ls o0

FALSE  S.uee twdis ae2Calay nay ()

FUNCTIQON ApPPLY(FsXsP) HAS BEpN ENTERED, ARGUMENTS..
SINGLET
{A)

ENp OF APPLY, VALUE IS ...

TALSE  Siaed TAE2Z APeeA2as oo ()

'
| S




(DOUBLET L)

I. DOUBLET takes a value true if the list has exactly two
elements on it. A list on L will be regarded as a single

element.

—

II. DOUBLET is a predicate having one argument; (L) where
r- L is a list of any length.

III. Machine definition.

(DOUBLET (LAMEDA (L) (AND (ULTRADOUCLET 1) (NUIL (CDDR 11))))

L< IV, Examples.

L_ FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
DOUBLET |

( ({Ay8)) ’

{' - END OF APPLY, VALUE IS ...

() TUIS LA MDA TIn B YHE JWECReE o2 ()]

L- FUNCTION APPLY(FsXsP) HAS BCEN ENTEREC, ARGUMENTS..
DOUBLET
{“ (((A3B),(C,D) )

END OF APPLY, VALUE IS ...

- { ) TECE A5 \nowaTSY 3y TS SIle&neT e () ]}

— FUNCTION APPLY(F,X,P) HAS BCEN ENTERED, ARGUMENTS..
DOUBLET
({A,B8,C})

END OF APPLY, VALUE IS ...

TALSE S 00T XHC4E AVPdadcd we (Y
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(TRIPLET L)

I.

II.

III.

(TRIPLET

TRIPLET takes a value true if there are exactly three

elements on a list, otherwise its value is false,
TRIPLET is a predicate having one argument; (L) where
L is a list of any length.

(NOTE) A list on L will be regarded as a single element.

Machine definition.

(LAMBDRA (L) (AND (ULTIRATRIPLTT L) (NULL (CODUR L)))))

IV,

Examples.

TRIPLET

UTAYO,L7)

END COF
()

APPLY, VALUE IS ...
TECE  [as wowared 3y We ¢Lcscace ¢» () )

FUNCTION APPLY({F.X,P) HAS BEEN ENTERED, ARGUMENTS..
TRIPLET

((AyB))

END OF

i

APPLY, VALUE IS ...

FALSE | S 8e3 TW22E agacadcy oy ()

2 Xy H N ENTERLD, ARGUMENTS..

TRIPLET

(1A, (BsL) o010}

END COF
()

APPLY, VALUE IS ...

TZoe  TAS YAATEy By THa 23Scare cr ) )
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(ODDPLET L)

I. ODDPLET takes a value of true if there are an odd

number of elements on a list and false otherwise.

II. ODDPLET is a predicate having one argument; (L) where
L is a list of any length.

III. Machine definition.

ODDPLET ‘
({A2(B,C),D))

ENp O APPIY, VALUF IS ...
() TRYUE [ As (M0 cATED B4 THE Pabtience oa () ]

CDDPLET
(A

END OF APPLY, VALUE S ...

() TRue [as WO ATED 34 THE fdesewmed o () ]

ODDPLET
({A,B))

END OF APPLY, VALUE IS ...

TALSES  SIMCE THEAC "APPGATYD No ()
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(ULTRASINGLET L)

I. ULTRASINGLET is a predicate which takes the value true if a given

list contains at least one element.
II. ULTRASINGLET is a predicate of one argument, L.
L is a list. If L is null or an atomic symbol, ULTRASINGLET
takes the value false.

III. Machine definition of ULTRASINGLET.

(ULTRASINGLET (LAMEDA (L) (NOT (O (ATOM L) (NULL 13)))1)

' Examples.

FUNCTION APPLY(F,X,P) HAS BEEN TNTER[EDs ARGUMENTS..
ULTRASINGLET

((A))

END OF AppLY, VALUE IS ...

(1 TRueE [Aa3 qvwaten Ty G fidsexcd ov () )

FUNCTION APPLY(F#Xyp) HAS BEEN ENTCREP, ARCUMENTS..
ULTRASINGLET

(A)

END OF APPLY, VALUr 1S ...

FALYE | B.10eZ taces afvedley a9y O

FUNCTION APPLY(F,x,P) HAS BEEN ENTERED, ARGUVENTS..
ULTRASINGLET

((A,B))

END OF AppLY, VALUE 1S ...

() TR0z las mo.watrc By THE frewewed 2 )

FUNCTION APPLY{F,X,P) HAS BEEN ENTZRCD, ARCUMENTS..
ULTRASINGLET

((A,(BC,T)))

END OF APPLY, VALUE IS ...

(O TRuE [ A> wvwarss QY rhe fuasewed oz () ]

L .



rﬂﬁ
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(ULTRADOUBLET L)

I. ULTRADOUBLET takes a value of true if a list has two
or more items. A list contained in L is counted as a

single element.

11, ULTRADOUBLET is a predicate of one argument; (L) where
L is a length of any length.

III, Machine definition.

(ULTRADOUBLET (LAM3DA (L) (NOT {OR (ATOM L) (NULL L) f(hult (CDR L)2)1)))

1v. Examples.

FUNCTION APPLY(F,X,P) HAS BEEN ENTERCD, ARGUMENTS..
ULTRADCUBLET
t{A,B,C,TT

END OF APPLY, VALUE IS ...

) TROE [ ds @0aareo ¥1 TAC 023sdwes e (3]

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
ULTRADOUBLET
(({A,B8),(C,DI))

ENC OF APPLY, VALUE IS ...

) TRu& (A wdwaTea B TME ¢vesdwee c® () )

FUNCTION APPLY(F,x,P) HAS BEEN ENTEREDs ARGUMENTS..
ULTRADOUBLET
(({A,B)))

FAnE TaWLT THASLT AsPeaded we L)




(ULTRATRIPLET L)

I. ULTRATRIPLET takes a value of true if a list contains
more than two elements, and a value of false otherwise,
A list contained in L will be treated as a single

element.

II. ULTRATRIPLET is a predicate having one argument; (L) where
L is a list of any length.

I1I, Machine definition

(ULTRATRIPLET (LAMBRA (L) (AND (ULTRADCDUBLET L) (NOF (NULL (CODR L)I))))

1v, Examples.

FUNCTION APPLYiF,X,P) HAS BEEN LCNTERED, ARGUMENTS. .
ULTRATRIPLET |
(LA4B,CoC))

END CF APPLY, VALUE 1S ...

( ) Tioe Y_:Q; 1 MO eATEY BY TSI O eant w2 () )

FUNCTION APPLY(F,X,P) HAS BEEN ENTCRED, ARGUMENTS..
__ULTRATRIPLET

((A,B))

END CF APPLY, VALUE IS ...

FALS @ | BIRLE THEZE AevEALTy Mo ()

H i "X' N R Jy AR i oo
ULTRATRIPLET
tTA(B,L),U)])

ENU CF APPLY, VALUE IS ...

() TEug Las mowarde 31 Tw0 Peasawcs o 1))
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(INTERSECTION L)

I. INTERSECTION makes a list of all elements common to
all the given lists

II. INTERSECTION is a predicate of one argument; (L) where
L is a list of any number of lists.

I111I. Machine definition.

(INTERSECTION (LAMBDA (L)
(COND ((NULL L) (QUOTE UNIVERSAL))

{T (POSSESSING (FUNCTION (LAMBDA (U) (FORALL L (FUNCTION (LAMDDA (V)
{ELEMENT U V)I))I)I)) (CAR 1 )3))))

IV, Examples.

FUNCTLON APPIY(F,X,P) HAg BEEN ENTERED ARGUMENTS.
INTERSECTION
(((AaBeCo,A,D) (A, R, A,F})])

END QOF APPly, VALUF IS ..
{A,B,A)

INTERSECTION
()

END OF APPLY, VALUE IS ...
UNIVERSAL

FUNCTLON APPLY(F.X Py HAS BEFN CNTERED QBGIIMF"!IE
INTERSECTION

(( +(A+B,C)))
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(UNION L)

I. UNION makes a list of any items which are on all the

given lists,

II. UNION is a predicate of one argument; (L) where

L is a list made up of any number of lists.
III., Machine definition

(UNJON (1 AMBDA (1)

(COND ((NuLL L) NIL)
((NULL (CCR L)) (CAR L))

(T (UNION (CONS (ACCUMULATL (CADR L) (ZAR L)) (CD2R LI

IV, Examples.

FUNCTION APPLY(F,x,P) HAS BEEN ENTERED, ARGUMENTS..
UNION
({{AyCoTsXoUsBysH) g (THE,CysByXyZsHsR)))

(RyZyEyA;Cy T XsUyByH)

FUNCTION APP F o A
UNION
(((A;,ByCoDIEFs({RsS))s(YsAsC»GsBaR2S)))

END OF APPLY, VAJUE 1S ...
(SeR9yGyY9A,B,CeDsE4F,4(RyS))




(DELTA L)

I. DELTA makes a list of all items which are on an odd

number of lists.

II1. DELTA is a predicate of one argument; (L) where L

is a list made up of any number of lists.

III, Machine definition.

(DELTA (LAMBDA (L) (POSSESSING (FUNCTION (LAMEDA (U)
(FORODD | (FUNCTION [LAMBDA (V) (FIFEMFNT 1 V13))31))

(UNION L) )))

IV, Examples.

(((A,C,A4CyD),(B,CH0,E,F,5)) )

END QF ApplY, VALUE [S ...
(GyF4CeAyA)

FUNCTLON APPLY(F,X,P) HAS prEN eNTERED, ARGUMEMISe.
CELTA
(((A,ByA,C4D), (A,BsC,D4ELD)))

END CF APPLY, VALUE IS ...
(E)

FUNCTION APPLY(F x,P)} HAS BELN ENTCZREDR, ARGUMENTS |
DELTA
{ )

END QF Appir Y, VALUE IS
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(COMPOSITE A B S)

I. COMPOSITE checks to see if there exist doublets (X Y)
contained in list A and (Y 2) contained in list B, Y
being an element of list S. If there exist such doublets
COMPOSITE forms a new list of doublets (X Z) made up of
the first element of the doublet contained in B.

II. COMPOSITE is a function of three arguments; (A B S)
where
A is a list of doublets
B is a list of doublets

S is a list of atomic symbols

JII. Machine definition.

(COMPOSITE (LAMBDA (A 8 S)

{POSSESSING (FUNCTION (LAMEDA (U) (FGRSOME 5 (FUNCTICON (LAMLDA
(AND (ELEMENT (LEST (CAR ) V) A) (ELEMTINT

(v)

(LIST v (CADR U)) B)I))I)))) (KARTESEIAN S S))))

1V. Examples

CCMPOSITE .
[LUT02) 0 (358) 4 (5,6)3(748))4((9492(8y8)y(T47)4y(646))
2019253, Uy596979859))

((546)917,8))

COMPOSITE
({{A:D)» (C'D)J(El,f),r_f_s_z_'_‘LL'((HJI’U_.:_(_CLLCLLLLELFJ

lfl_Ebj_zi_l_L ( D- D , nLﬁxC)J_Lﬁ_gﬁ_b_LA_LAl_’WJ—G’ H) -’

((AyB)y [CeD) g (EyF)a(GeH))
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(COMPOSE L S)

I. COMPOSE forms the composite of all the elements of a

list with a second list.

II. COMPOSE is a function of two arguments; (L S) where
L is a list of sublists of doublet sub-sub lists.
S is a list of atoms.
(NOTE) If L is an empty list the value of compose will
be an empty list; if a singlet list, the value will be
that singlet list.
This function uses the function COMPOSITE.

I1I. Machine definition.

(COMPCOSE (1 AMPEA (1 S)

(COND ((NULLL L) XNIL)
((NULL (COR L)) L)

(T (COMPCSE (CONS (CCMPCSIIL (CAR L) (CADR L) 3) (CRR2 L)) Sy




[
i

k1~

(KARTESIAN X Y)

I, KARTESIAN forms all the possible pairs of the

elements contained in two lists.

1I. KARTESIAN is a function of two arguments; (X Y) where
X is a list of any length.
Y is a 1list of any length.

I1I, Machine definition.

(KARTESIAN (LAMBDA (X Y)
MAPCON X (F T1¢! M
{LIST (CAR U) (CAR V))))))))))

IV, Examples.

FUNCTION APPLY(FeXsP) HAS BEEN ENTERED, ARGUMENTS..
T KARTESTAN

({1911 )g(wynpu,8,8))

END OF APPLY, VALUE IS <.e
(("*,'}]o"g(’g*’o(lg')g(‘g',g(]g‘),(l.’)v(]9*)'("‘)1“"19("*,'

(‘t"v‘l",.“")y“.")

FUNCTYION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS,,
KARTESTAN
((As +B)s(1y 424 +3))

_ _END _QF Ap LYs VALU S ..
ol )olAy J2(As2)e Ay JolAg3)ol s1)el o ol 32)90 5 Yol ¢3)s(Bs1),

(By 14(Bs2)3(By }y(Be3))

 FUNCTION APPLY(FyXsP) HAS BEEN ENTEREDs; ARGUMENTSss
“KARTESIAN .
((192¢3)9(AsBsCyeDsE))

END OF APPLYy VALUE IS ...
(CTogA) o E19BY o (19CY o (T13D) 3 (T1oE) 3 (24,A)4(24B)y(2,C)e(2:4D)s(2,E)9(3,A),

ECI N E I E I EN L
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(KARTESIAN* X Y)

I. KARTESIAN*, when applied to a list, will create a new
list, in which each of the elements of a second list
be appended, in turn, to each of the elements of the
first 1list. This function would be used to add another
element (or set of elements) to each of the pairs
created by KARTESIAN.

II. KARTESIAN* is a function of two arguments; (X Y) where
X is a list of any length.
Y is a list of any length.

III. Machine definition.

(KARTESIAN® (LAMBDA (X Y)
{MAPCON X NC ! AMB D¢ i
(APPEND (CAR U) (LIST (CAR V)11 ))

—_— - - B o v

Iv. Examples.

FUNCTION APPIY(F.xo P} HAS BFEN FNTFPED, ApGUMENTS
KARTESIAN®=
(((1:2)2(3,U4),(5,6))4((T¢8)s(2,10),(11412)1)}

END OF APPL Y, VALUF [S ..
((142,(748))45(1, 2.(? 10)) (1525011, !“)),(3 4, (7 d)).(3gb (9 lO))v

(3589 (11912))905:65(758))9(5:69(99100)9(5060011,1200)

FUNCTECN  APPLY(F,XsP) HAg CETN ENTIRID, ARPCUME \TJ..
KARTESTIAN®
LT 2T (30U) 9 (D9 1) (343))40%))

END OF APPLY, JALUE LS »..
((‘HL*T;(B.M*).(S,1.*),(3..3.*))




- (CARTESIAN* L)

I. CARTESIAN* takes a list of any number of sublists, which
in turn may contain sublists, and creates a new list of all
possible ordered combinations of sublists where the first
element of a resulting sublist is from the first sublist
given, the second element of the resulting sublist is from

the second sublist given, and so on. The resulting sub-

lists contain partially nested sub-sub lists.

{~ II. CARTESIAN* is a function of only one argument; (L) where
L is a list divided into sublists which may be divided
L_ still further.
(NOTE) If there are no sub-sub lists, the new list is

created only of the elements of the first sublist.

[ —

I1I. Machine definition.

. (CARTESIAN® (LAMBDA (L)
‘ (COND ({(NULL L) NIL)
L ((NULL (CDR L)) L)
(T (CARTESIAN® (CONS (KARTESIAN® (CAR L)(CACR L)) (CDDR L))I))))

‘ iv. Examples.

. FUNCTION APPLY(F,X,P) HAS BEEN ENTEREDs ARGUMENTS..
| CARTESTANS
- ((({AsB) o CoD) g (ESFI )y ({GaH) o T1pK)p KoL) )g(QuMoPrVoZ)))

END QOF APPIY, VAMUE IS ...
[ {({AsBe{GoH) 3Q) 9 (AsBs(GeH) s M)y [AyBs (GoH) P}, (A By {GoH) V)9 (AyBe(GyH),Z), .
L C{TeK)oV) g (AgBy (L oK)9Z) g (AyBy (KoL )pQ)y(AgBy(KyL) M)y AyBo{KoL)yP)y(AyBy(Kyl.
Jo(CoDg{GeH) sP) g {CoDe(GeH) 4 V) {(CyDy {GyH) 9Z) 9y (CyDs (TI4K) Q) {CsDy (I4K)yM),f~
(KoL) 4Q) 9 (CyDy(KyL)oM) o (CyDp(KyL)sP)9{CsDy(KyL)sV)g(CyDo(KyL)yZ)y(EWF,
Yo (EoFs(GoH) 9 Z) g (EsFs (I oK) g Q) o lEsF o {TIoK)sM)y{EsF (I oKYaP)olEoFo(1,K),V)y.
- (K'L,'P,'(E’F,(K'L,'V)'(E’F'(K'L,'Z,))




(CARTESIAN L)

I. CARTESIAN takes a list of any number of sublists, which in
turn may contain sublists and creates a new list of all
possible ordered combinations of sublists where the first
element of a resulting sublist is from the first argument
sublist, the second from the second argument sublist, and
so on. The resulting sublists contain appended sub-sub
lists, which differentiates this function from CARTESIAN®*.

II. CARTESIAN is a function of only one argument; (L) where
L is a list which may be divided into sub-lists which may
be divided still further,
CARTESIAN uses the function KARTESIAN and CARTESIAN®*,

ITI, Machine definition.

(CARTESIAN (LAMEDA (L)
{COND ((NuLL L) NIL)

((NULL (CDR L)) L) ‘
{T_(CARTESTAN® (CONS (XKARTFSTAN (CAR_L) (CADR t)) (CDUR LI¥INI))

IV, Examples.

CARTESIAN
((0152) 9 (358)3(5,6)(74+8)))

(00703250704 (153951819 (T239657) 5015346580, (1,4,5,7),(1,4,5,8]
1('1“'617)1(ltuibts)l(Zisler)!(213!508,l12'3'6!7)!‘2'3’6;8)
1029495, 7)312,435,8)5(24Ly6,7)(2,826+8)))

CARTESIAN
fLlAB)s(CaD)))

(({A4C)y(A,DI,(B,C),(B,00))




(AMONG X L)

I.

II.

III.

AMONG is a function that checks a list for a specified
element. If it does not find the element on the list
it adds it on at the end, creating a new list consist=-

ing of the old list plus the new element.

AMONG is a function of two arguments; (X L) where

X may be an element or a list.

L is a list of any length.

(NOTE) 1If the element X is present on L the function
takes the value of X.

AMONG uses the function ELEMENT,

Machine definition.

(AMONG (LAMBDA (X L)

(COND ((ELEMENT X L) L)
{T (CONS X L)))))

IV,

Examples

———s -

AT CM My Caly T aCalial,f)

AMONG ™"
_ (XeXyY,2))

Iy

AMONG

((A,8,C),(D,0,F)!

T {(AVBeCloCaCoF1

AMONG
Xy )

(x)



(REMOVE I L)

I. REMOVE takes the first occurrence of a specific item
off a given list. If I is an element of a list con=-
tained in L it will not be removed., If I is not an

element on L, L remains unchanged.

II. REMOVE is a function of two arguments; (I L) where
I is an item, the first occurrence of which will be

removed from L.

L is a list of any length.

III, Machine definition.

(REMOVE (LAMEDA (I L)
(COND C(NULL 1} NIt

((EQUAL I (CAR L)) (CCR L))
(T (CONS (CAR 1) (RFEMCYEL [ (CDR 1 ))}Y)Y)

IV, Examples.

FUNCTIDN APPLY{F+XyP) HAS BEEN ENTERED» ARGUMENTS..
REMOVE
(Xe TABo¢Se(CyDYoEgFpDsGsH))

END OF APPLY, VALUE IS ...

+B43, 1D) sEoFDeG,yH

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
REMOVE
(Dy tA1B s (CsD) 4EpF oDy GyH) )

END OF APPLY, VALUE IS ...
(AyB,(C40)yE,F,G,yH)

FUNCTION APPLYIFsXsP) HAS BEEN ENTERED, ARGUMENTS..
REMOVE
L +(AsBy +C,yD))

END OF APPLY, VALUE IS ...
(As8,C,0)




PR

(EXPUNGE I L)

[
I. EXPUNGE will remove every occurrence of a given element
from a. given list.
II. EXPUNGE is a function of two arguments; (I L) where
I is' an element which may or may not be included on the
list L.
L is a list of any length,
[‘ (NOTE) EXPUNGE will not remove an occurrence of I
- from a list contained in L.
Lo III. Machine definition.
l (EXPUNGE (LAMEDA (I L) (PCSSESSING (FUMCTION (LAM3DA (U)
(NOT (EQUAL T u)))) 11)))
o IV, Examples.
L ~FUNCTICK APPLY(F,X;PJ TIAS BEEN ENTERED, ARGUMENTS..

EXPUNGE
(A LA ByA,L,A,010)

[ "END OF APPLY, VALUE (S5 ...
L. [(ByC4D)

‘ FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
" EXPUNGE
(Ag((AoB),A:C'A'D)’

{({AsB8),C,C)

FUNCTION APPLY{(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
EXPUNGE
{(A,B)s ({A,B),A,Cy(A,B)}))

END CF APPLY, VALUE IS ...
(A,C)




(COLLECT L)

I.

II.

II1I,

COLLECT regroups a list so that any reoccurrence of an

element is made immediately after its first occurrence.
COLLECT is a function of one argument; (L) where
L is a list of any length which may or may not have

repeated elements,

Machine definition.

(COLLECT (LAMDDA (L)

(COND ((NULL L) NIL)
((ELEMENT (CAR L) (CDR L)) (CONS (CAR L) (COLLECT

{CONS (CAR L) (REMOVE (CAR L) (CDR L))))))

(T (CONS (CAR L) (COLLECT (COR L))I))))Y

IV, Examples.
FUNCTICN APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
COLLECT

((A,8,0,A,A,C,4B,E,C,8))

END OF APPLY, yALyE IS ...
{AyA,A,B,B,8,D,C,C,E)

FUNCTICN APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..

COLLECT

{{AyBy,(A,B)Y,C3A,C,B))

END OF APPLY, yALUE IS ...
(AyApByB, [A,T),D,C}

d
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(ACCUMULATE L M)

I. ACCUMULATE will make a list of distinct items from
two lists, providing one of the original lists is

itself a l1list of distinct items.

II. ACCUMULATE is a function of two arguments; (L M) where
L is a list which may contain any number of distinect
or non-distinct elements.
M is a list of any number of distinct elements.
(NOTE) Any element on L which is not on M is placed

on Mo
I1II, Machine definition.

{ACCUMULATE (LAMBDA (L M)

{COND ((NuULL L) M)
({ELEMENT (CAR L) M) (ACCUMULATE (ChR L) ¥))

(T (ACCUMULATE (EXPUNGE (CAR L) (CFR L)) (CONS (CAX L) #1)n

RS

Iv, Examples

FONCTION APPLY(F,X,P) HAS BEEN ENTECRED, ARGUMCNTS..
ACCUMULATE
TTAYByCHhUT 9Dttt gyAU) )

ENU GF’APPLY' VALUE IS LI
(CyByDyE,FyA,D)

FUNCTION APPLY{F,X,P) HAS BEEN ENTERLD, ARGUMENTS..
ACCUMULATE

{{A;ByCsDyBsC)y(DyE,F,A))

END OF APPLY’ VALUE IS * o e
(CyByDyE,F,A)
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(ORDER X Y L)

I, ORDER takes a value of true if X is on the list
and Y is not or if X and Y are both on the list and
X comes before Y, It takes a value of false if X is

on the list, or if Y comes before X,

II. ORDER is a predicate having three arguments; (X Y L)
X is an element which may or may not be on the list.
Y is an element which may or may not be on the list.
L is a list of any length, in general ardered from
smallest to largest. However, this is merely a

convention and is not necessary.
I1I. Machine definition.

[ORDER (LAMBDA (X Y |)

[

not

where §

{(COND ((NULL L) F)
((EQUAL X (CA2 1)) T)

({EQUAL Y (CAR L)) F)
(Y (ORDER X Y (CDR 11))}))

IV. Examples.

—FUNCTION APPLY(F.X,PY HAS BEEN ENTERED, ARGUMENTS..
ORDER
(AyB,(MEPyA,S,T,B,yR))

END OF APPLY, VAIUE IS ¢+0

() Taeuc

I I TR R N S It B

FUNCTION APPLY{F,X,P) HAS BEEN ENTERFD., ARGUMENTS..
ORDER

(AyBo{MEPyB,SyA,T))

END OR ApptY, VALUE IS ...

FALLE  S.ned “AGIT APICARGU Ne ()




S
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(LEXORDER X Y L) -51-

I. LEXORDER is a predicate which takes the value true if, for the first

pair of non-equal corresponding elements in two given lists, the

element of the first list precedes the corresponding element of the

second list in the corresponding element of a third given list.,
Otherwise it takes the value false.

LEXORDER utilizes the lisp predicate ORDER.

II. LEXORDER is a predicate of three arguments: (X Y L)
X is a list
Y is a list
L 1is a list of lists.
If X or Y or L runs out of elements before a value true has
been given, the predicate takes the value false.

III. Machine definition of predicate LEXORDER

[LEXORDER (LAMPDA (X Y 1)

(COND ((NuLL L) F)
{(NOT (FQUAL (CAR X} (CAR Y))} (ORCTR (CAR X) (CA2 Y) (CAR 11)1})

(T (LEXORDER (CDR X) (COR Y) (CDR £))))))

IV, Examples.

FUNCTION APPLY(Fy.XsP) HAg BEEN ENTERED, ARGUMENIS..
LEXORDER

(O 5A)y 0 4BYy({Ay )9 (AyB)y(CyDyZ),4Q,P))

END OF APPLY, VALUE IS ...

() TRuE [0S mpcaT@d By THE Pcsexed of () )

FUNCTION APPLY(FyX,P) HAS BCEN gNTERED, ARGUMENTS..
LEXORUER

({TAyB)9yCyDyT) s ((AyB)CyloP),({A,B),CyCyE))

END OF APPLY, VALUE IS ...

CALSE  wiMee THEIc Wecaaed wo ()




(MINIMUM L O)

I. MINIMUM selects the smallest element on a given

list according to a second list.

II. MINIMUM is a predicate of two arguments; (L O) where
L is a list from which the smallest item is to be chosen
O is an ordered list of any length of the form:
LN ‘ ‘ “.Q *
(X5 X5 XB’ X ) such that X, X, x3 X_
(NOTE) If no element of L is on the list O, MINIMUM

takes as its value the last element of L,

III, Machine definition

(MINIMUM (LAMPCA (1 ()

(COND ((NULL L) NIL) ((NLLL (CDR L)) L)

{(ORDER (CAR L} (CADR 1) ) (MINMNIMU (CONS (CAR 1) (CODR 3 31) o1y

(T (MINIMUM (CDR L) G)))))

| RS—
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(RANK L 0)

I. RANK rewrites a list so that its elements are ordered

from smallest to largest, according to a second list.

II. RANK is a function of two arguments;

(L 0) where

L is a list of any length and not necessarily ordered.

0 is an ordered list of the form (Xl, X5, x3, cee Xn)

< <
such that Xl X2 X3

‘... xn.

(NOTE) List O need not contain all elements of L.

If it does not, those elements of L which are not

listed on O are considered larger.

III, Machine definition,

{RANK  (LAMBDA (L 0O) (COND ({NULL L)

(RANK (REMOQVE (MINIMUM | G)

{CDR 1))

NIL) (I (CONS
01))11))

(MINIMUM

L O)




(EQUIVALENT X Y L)

I. EQUIVALENT takes the value true, if two specified
elements are contained in a sublist of a given list,

false otherwise,

II, EQUIVALENT is a predicate of three arguments; (X Y L) where
X is an element
Y is an element
L is a list which may have sublists.
(NOTE) EQUIVALENT uses the function ELEMENT,

IIT.Machine definition.

(EQUIVALENT ({LAMBDA (X Y 1)

(COND ((NULL L) F)
((ELEMENT X (CAR L)) (ELTMENT Y (CAR 11)))

(T (EQUIVALENT X Y (COHR L)) ))

IV, Examples

 EQUIVALCNT
.,fuLZ,L(,:_S’ut(."?'S,' ,6))

()

EQUIVALENT
e sy ) eA, Beii))

()

EQUIVALENT
(IX) 9 (Y )y {AyXsYoC))

EQUIVALENT
[XsYolXsAyByyC))




(TRANSPOSE L) -55=-

I, TRANSPOSE takes a list in the form as is produced by REASSOCIATE
and makes a list whose elements are in the inverse order of the

elements of the given list.
II. TRANSPOSE is a function of one argument: (L)
L is a list of the form REASSOCIATE for which the CDR of

each CAR is atomic. Otherwise an error results.

III. Machine definition

O
| .

(TRANSPOSE (LAMEDA (L)
(COND ((NULL ({CDR L)) L)

(F (CONS (CATR L) (TRANMNSPOSE (CAR L)))))))

Iv, Examples.

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENIS..
TRANSPOSE
(({{(A)4B),C),yD))

=

END OF APPLY, VALUE IS ...
{DyC,B,yA)




(PREPARE L)

I. PREPARE makes the first element of a given list a
singlet sublist of that list.

II. PREPARE is a function of only one argument; (L) where
L is a list of any length, which may or may not contain
other lists.
(NOTE) If the given list is an atom, empty or a singlet

its value will be an empty list.

III, Machine definition.

(PREPARE (LAM3DA (L)
(COND ((OR (ATCM L) (NULL L) (NULL (CDR L))} NIL)

(T (CONS (CONS (CAR L) NIL) (CDR L))))))

IV, Examples.

FUNCTION "APPLY(F,X,P) HAS BEEN ENTLREDs ARGUMENTS,.
PREPARE
T8, »81)

END oF ApplLY, VALUE 1S ...
((A), +8)

FUNCTION APPLY(¥,X,P) HAS BLEN ENTCRED, ARGUMENTSe.
PREPARE
(TTA,BY,C,0,L1)

END OF APPLY, VALUE [S ...
({(A,8)),CyD,E)

FUNCTION APPLY(FsXy,P) HAS BEpN ENTERED, ARCUMENTS..
PREPARE
[{ ,%))

ENC CF APPLY, VALUE IS ...
({ )y»)

O




i
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(REASSOCIATE L)

I. REASSOCIATE is a function which makes a list having two elements
by consecutively grouping the elements of a given list into lists.

II. REASSOCIATE is a function of one argument: (L)
L is a list. If L contains two or less elements, the

result is L. Otherwise see examples.

III. Machine definition

(REASSOCIATE (LAMBDA (L)
(COND ({NULL (CODR L)) L)

{T (REASSCCIATE {(CONS (LIST (CAR L) (CADR L)) (CDDR L))))))i

IV, Examples.

FUNCTICKN “APPLY(F,x,P) HAG BEEN ENTERLDs ARGUMENTS..
REASSOCIATE

({TA,B),CoC050)

((E{A4B),C)4C),E)

FUNCTION APPLY(F,X,P) HAS LEEN ENTERED, ARGUMLCNTS..
REASSOCIATE

((#,A,B))

END GF APPLYs VALUE IS ...
({=,A),8)

FUNCTION APPLY(F,X,P) HAg GLEN ENTERED, ARGUMENTS..
REASSOCIATE

(A, Z), (P, Q) ))

END OF APPLY, yALUE IS ...
((AyZ),(P,C))




(INVERT L)

I. INVERT is a function which rearranges a given list to the reverse order.

INVERT uses functions PREPARE, REASSOCIATE, TRANSPOSE, and ELEMENT,

II. INVERT is a function of one argument: (L)

L is a list.

III. Machine definition,

(INVERT (LAMBDA (L)
({COND ({NULL (PREPARE L)) 1)

(T (TRANSPOSE (REASSOCIATE (PRIZPARL L)))))))

Iv. Examples.

FUNCTION APPLY(F,X,P) HAS BELN ENTERED, ARGUMENTS..
INVERT

(0 4#))

END OF APPLY, VALUE IS <..
{=, )

FUNCTICN APPLY(FsX,P) HAS BEEN ENTLRED, ARGUMENTS..
INVERT

(A, +8))

(By »A)

FUNCTION APPLY(F,X,P) HAS BEEN ENTECREDy ARGUMENTS..
INVERT

(LUA,B),CyUsED)

END CF APPLY, VALUE IS5 «..
{E4DyCy (A4B))




fr———y

—

0

(UNIFORM L M)

I. UNIFORM takes the value true if all the even terms of a list
are the same as a given term. The list must have an odd number
of elements and at least three. Otherwise it takes the value
false.

UNIFORM uses the predicates TRIPLET and ULTRATRIPLET.

II. UNIFORM is a predicate of two arguments; (LM) where

L is an odd list

M is the given term to be tested against the list.

I1I., Machine definition.

(UNIFORM (LAMEBDA (L M) (OR (AND (TRIPLST L) (EWUAL (CAVR L) M))
(AND (ULTRATRIPLET L) (EQUAL (CAPLR L) ™) (UNIFGRM (CODR L) M)))))

IV, Examples.

FUNCTION APPLY(FsX,P) HAS BEEN ENTERED, ARGUMEN[See«

UNIFCRM
{{Ay~9¢By—9Co—9Dy—»Es—,F)y~)

END OF APPLY, VALUE IS ...

) TRUE (lap icaTan By M PEEIENES e vwe ()]

T PLY X
UNIFORM
((Ay—3Bo®gCy—9Dypu Ey—sF),s—)

ENp O APPLY, VALUE IS ...

CALSE  SIMCE TAGLE @Aelealdey Mo ()
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(ALTERNATE L)

I. ALTERNATE makes a list consisting of all the odd terms

of the given list.

II. ALTERNATE is a predicate of one argument; (L) where
L is a list of any length.

III, Machine definition.

(ALTERNATE (LAMBDA (L)

(COND ((NULL L) NIL)
((NULL (CDR L}) NfL)

(T (CONS (CAR L) (ALTERNATE (CDDR L)))))))

1v, Examples.

N A F CNTLR GUMT -
ALTERNATE
({A4B,C,D4E,FsG,H))

END OF APPLY, VALUE IS ...
{A4CyE4G)

ALTERNATE
(AR C ol CoFoG))

END QF APPlY, VALUE 1S
(AyCyEsG)
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(REALTERNATE L M)

I. REALTERNATE places one atom (element) or one list

after each of the members of another list.

II, REALTERNATE is a function of two arguments; (L M) where
L is a list with any member of elements
M may be either an element or a list.
(NOTE) If L is a list of only one element the new list
will contain only that element, If L is an atom the

function will not be carried out.

III, Machine definition.

(REALTERNATE (LAMBDA (L M)
(COND ((NULL L) MNIL) ((NULL (CDR L)) L)

(T (CONS (CAR L) (CONS M (RZALTERNATE (COR L) M)M)N)))

Iv, Examples

REALTERNATE
((RYI,A4S) M)

(RpMypI9MyAyM,8S)

QEALTERNATE
(MRITVAS T, (1,0, V)T

(RiferQM)vI.(IrB.M),A,(I,B,M),s).
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(ENGLISH L)

I.

II.

III.

ENGLISH is a functien which rearranges a list so the
first element of the original list will appear, in a
new list, following each of the other elements of the

list,

ENGLISH is a function of one argument; (L) where

L is a list of any length, the first member of which
is to appear after each of the other members.

(NOTE) ENGLISH will not work if applied to a list

containing less than two elements.

ENGLISH uses the function REALTERNATE.

Machine definition.

(ENGLISH (LAMBPTA (L) (RCALTERNATLC (CCR L) (CAR L))

Iv.

Examples

ENGL LSH

TTAWBy NN S ) )

(BqA,N,AQNQA,S)

—




ey
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(POLISH L)

I.

II.

III.

POLISH takes an algebraic expression in the ordinary

English notation with only one operation, and rewrites

it in POLISH notation (with the operation first, fol-

lowed by its operands).

POLISH is a function of only one argument; (L) where
L is a list of any length (at least three terms with
an odd number of terms. If this holds true, and all
the even terms are the same, POLISH places one of the
even terms at the front and lists the odd terms fol-
lowing. If the requirements are not met POLISH just
lists L.

Machine definition.

(POLISH (LAMBDA (L)

{COND ((AND (ULTRATRIPLET L) (OQUDPLLT L) (UNIFORM | (CADR L))}

(CONS (CADR L) (ALTERNATC L))) (T L1)))

IvV.

Examples.

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..

POLISH

({Ay—9Bo—=3Ce—9yDo—oE))

[—sAsByCWCHhE)

FUNCT§ON APPLY(F,X,P) HAS B | Y

POLISH

((Ay—9By»,Co—pDy—3E))

END OF APPLY, yALUE IS ...

(Ag~9sBy#yCy—3Dy—E)




(POSTPOLISH L)

I. POSTPOLISH will change an algebraic expression in english
notation containing only one operation to postpolish form,

with the operation following all its operands.,

II. POSTPOLISH is a predicate of one argument; (L) where
L is a list of any length having an odd number of terms
with the even terms the same.
(NOTE) If the list L is even, or if the even terms are not
identical, POSTPOLISH just lists L.

I7I. Machine definition.

(POSTPOLISH (LAMBEDA (L) ‘
(COND ((AND (ULTRATRIPLCT L) (COCPLET L) (UNJFCORM [ (CADR L)))

(APPEND (ALTERNATE L) (LIST (CADR L)))) (r L1

Iv, Examples.

FUNCTION APPLY(Fy,X,P) HAS BEEN ENTERED, ARGUMENTS..
POSTPOLISH
((A1°QBO"Cv‘1DQ’QE))

END OF APPLY, VALUYE IS ...
T]'B’t'U.E'-)

FUNCTION APPLY{F,X,P) HAS BEEN ENYERED, ARGUMENTS..
PCSTPOLISH

{({A;—sBo®yCo—yDp—5,E))

END OF APPLY! YALUE [S see
(Ay=9Bo2y,Cy—9yDy—,E)
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(HOLLERITH)

I. HOLLERITH is a function which lists the hollerith characters
available in lispe.

II. HOLLERITH is a function of no arguments: ( )

III, Machine definition

({HOLLERITH (1 AMBDA () (1 1ST

{QUOTE 0) (QUCTE 1) (QUOTC 2) (QUCTIL 3) (QUOTE 4) (QUOTE 5

(QUOTE 7) (QUCTE 8) (QUQCTE 9) (QUOTE A) (QUOTL B) [QUOTF C

(QUOTE E) (QUOTE F) (QUCTE G) (QUCTE H) (QUOTL 1) (QUOTE J
: IE_M LUOTE N1 LQUQ JUQTE P GUQTE

) (3UOTL 6)

} (QUCTE D)

) (2UOTE K)
o

(QUOTE Z) (QUOTE =) (QUOTE () (QUCTLC =) (QUOTE )) (QUOTE =) (QUOTL )
{QUOTE $) [QUOTE ) (QUOTE -—) (GUOTE +) (QJQUOTE {11)1})

IV, Examples.

FUNCTION APPLY{F,X,P) HAS BEEN ENTERED, ARGUMENTS..

RULLERITH

END OF APPLY, VALUE IS ...

i (Ut|g203.ﬁo5’6g7,899:A18'CnD'E9F'G'H9IpJgK'LbﬂpNgooprpR.SQTu

UsVeRae X9 YsZo—y s=0l Ve8saa—sts )
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(INTEGERS)

I, INTEGERS is a function which lists the decimal numbers,
from O to 60

II, INTEGERS is a function of no arguments

11I. Machine definition

(INTEGERS (LAMBDA () (LIST
(QUOTE Q) (CUCTE 1) (CUQTC 2) (CUCTIE 3) (GUOIF 4) (QUOTIF %) (JUOLL 4)

(QUOTE 7) (QUOTE 8) (GUCTE 9) (QUOTE 10) (QUCTC 11) (LueTD 12)
{QUOTE 13) (QUCTE 14} [CQUCTE 159) (LUOTIF 146) (LUOTIF 17) (CUCIE 18)

(QUOTE 19) (QUOTE 20) (QUGTE 21) (QUCIE 22) (GQUCTZ 23) (GUCTE 24)
{QUOTE 25) (QUCTE 26) (2UCTE 27) (QUCIF 28) (oUu0lr 29) {oULIE 30)

(QUOTE 31) (QUCTE 32) (QUOTE 33) (QUOTTZ 34%) (QUOTE 35) (JLGTC 36)

— (QUOTE 37) (GQUOTF 38) (QUCITE 39) {(QUCTF 40) (L UOY: ul) {(QLCTIT u2)

(QUCTE u43) (QUCTE 44) (QUGTIL 43) (QUCTE 46&) (GUOTE 4T7) (2UCTLC we)
(QUOTE 49) (QUCTE 50) (CUCTE 51) (CUOTIS 52) (LUDT- 53) (QUODIE 34)

(QUOTC 55) (QUCTE 56) (WUCTE 57) (QUOTZ 58) (LUCTS 59) (QUCTE 60))))

IV. Examples

FUNCTION APPLY(F¢XyP) HAS BEEN ENTERED, ARGUMENTS..
INTEGERS

END OF APPLY, VALUE IS ces
{09 192939Uy5,697,8y

2 132935, 3
El 52 h3 uu,us “6 h? MB,“?.SO.SI'SZ 153954,55




(BINARY L)

I. BINARY is a function which changes an octal number (that is, a

number to the base 8) to a binary number.

I1I. BINARY is a function of one argument: L is a list of octal digits;

that is, L is an octal number in list form.

Notice that each octal digit takes up three binary digits. This

is, of course, because 8 is the cube.

I1I. Machine definition of BINARY.

(BINARY (LAMBDA (L)
(COND ({NULL L} NIL)

((EQUAL (CAR L) (QUOTE 7)) (CCNS (GUOTZ 1) (CONS (QU0TE 1)
(CONS (QUOTE 1) (BINARY {CDR L)1) )))

( {EQUAL (CAR L) (QUOTE 6)) (LGNS (2UOTE 1) (CONS (QUOTE 1)
(CONS (QUOTE C) (BINARY (CUR L))))))

((EQUAL (CAR L) (QUOTE 5)) (CZONS (QUCTE 1) (CCNS (QUOTE C)
{CONS (QUOTE 1) {BINARY (CDR L))))))

((EQUAL (CAR L) (QUOTE u)) (CZONS (QUCTL 1) (CONS (QUCTE C)
(CONS (QUCTE () (BINARY (CDR L¥)))))

((EQUAL (CAR L1 (GQUCTE 3)) (LGS (GUOTC ©) (CGNS (QUOTE 1)
(CONS (QUOTE 1) (BINARY (CDR L))))))

({EQUAL (CAR 1) {QUOCEL 2)) (LONS (CUSTS 0) (CONS {GUOEE 1)

{CONS {QUOTE 2) (BINARY (CDOR L)) ))
{({(FQUAL {(CAR 1) (QUCIE 1))y (roMSs (CUCSTIC o)y (coqys (eloI= D)

(CONS (QUOTE 1) (BINARY {COR L)) ))
((EQUAL (CAR 1) (JUDTE 0)) {CONS [QUOTE 0) (COHNS {LQUDIC )

(CONS (QUOTE ) (BINARY (CDR L)} N)))

IV, Examples.

FUNCTICN APPLY{F,X,P) HAS PEEN CNTEREC, ARCUMENTS..

BINARY
((11)

ENC CF APPLY, VALUE IS ..

{(CeOs 1)

FUNCTION APPLY{F,X,P} HAS BEEN ENJTERED, ARCUMENJS..

BINARY
((143,7421)

ENC_CF APPLY, VALUE IS ...

(CoOpl90ys191,T41,1,0,1,0)



(TALLY L M)

I, TALLY is a function which "counts" a binary number, by forming
a list which contains the same number of NILs as are in the given
binary number,

II. - TALLY is a function of two arguments: (L M)

A. L is a list whose elements are the digits of a binary
number. In other words, L is a binary number in list form.

B. M 1is a list. It may contain only an atomic symbol and NIL
for simplicity. However, if M is an atomic symbol, wallpaper
will be the result of TALLY. (See examples)

M is interspaced between the nils of the resulting list of TALLY.

(See examples)

III, Machine definition of TALLY.

(TALLY (LAMBDA (L M)
(COND ((NULL L) M)

((EQUAL (CAR L) {QUOTE 0)) (TALLY (CDR L) (APPEND M M)))
((EQUAL (CAR L) {QUOTE 1)) (TALLY (CDR L)

{CONS NIL (APPEND M M)))))))

Iv, Examples.

[——
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(TALLYCOPY L M)

[- I. TALLYCOPY is a function which lists as many elements from a given

list, starting at the left, as there are elements in a second given
L listo

[ II1. TALLYCOPY is a function of two arguments: (L M)
M is a list, and
{ L is a list, where list M contains at least as many elements
as list L.

. If list L contains more elements than M, TALLYCOPY will print out
list M and then add NIL's until the new list contains as
many elements as are in list L,

If either M or L is an atomic symbol, TALLYCOPY will take the
value of M,

r—

III. Machine definition of TALLYCOPY.

—

(TALLYCOPY (LAMBDA (L M)
(COND ((NGLL 1)} NIt)
(" (T (CONS (CAR M) (TALLYCOPY (CDR L) (CDR M))))1)))

Iv. Examples,

FUNCTICN APPIY(FoaX,P) HAS BFFN FNTFREC, ARCUMENTS..

) TALLYCCPY
{ . LLULAyBYC) g (CHEHP))yCyHyD),(A,B))
L_ ENC CF _APPLY, VALLE 1S ...
(AgBrl )y )
[ FUNCTLION  APPLY(F#Xsp) HAS BCEN ENTZREps ARGUMINTS,.
) TALLYCOPY

{A, 1{B4sC)eDyE))

=

[“ END OF APPLY, VALUf [S ...

- ({B+CY,yD,E) o
- FUNCTION APPLY(F,X,P) HAS S3EEy ENTESLDs ARGUMENTS. .
L TALLYCOPY

((Ay (ByC)yE),HQ)

END OF AppLY, VALUL IS ...
- Q




(TALLYCOMPLEMENT L M)

I. TALLYCOMPLEMENT is a function which eliminates as many elements
from a given list as are contained in a second given list, and

prints a list containing those elements remaining in the first
list.

II. TALLYCOMPLEMENT is a function of two arguments:

M is a list, and

L is a list, where the number of elements in M is greater
than the number of elements in L.

If L ontains more elements than M, a list of nils, equal to the
difference in the number of elements of L and M, will
result.

If L or M is an atom, there is no result.

If L and M-contain the same number of elements, there is
no result.

III, Machine Definition of TALLYCOMPLEMENT

(TALLYCOMPLEMENT (LAMBDA {L M)
{COND ((NULL 1) M)

(T (TALLYCOMPLEMENT (CDR L) (CDR M))))))

Iv. Examples.

FUNC N__APP F P AEN
TALLYCCMPLEMENT

{{A3sByCYC,E) ,(E,FyG,H))

END CF APPI Y, VYALUF IS ...

1
FUNCTION APPLY(F P) HAS NTE
TALLYCCMPLEMENT

((A¢BsCIy(EyCoHyJyK))

ENC OF APPLY, VAJUE S ..
(JoK)




——
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(ORDINAL L)

I, ORDINAL is a function which makes a list of nils, the number of nils

in the list is equal to the value of a given binary number.

ORDINAL is useful where some sort of counting device is necessary,
as in INTERVAL.

II. ORDINAL is a function of one list, (L)

L is a binary number in list form.

ORDINAL takes advantage of the fact that TALLY of a binary number with
NIL yields only the total number of nils added by the definition;
the nils of the APPEND function reduce to nothing.

So for each zero preceding the binary number, nothing is the result;
for each one in the binary number, one nil is added to the list
and the preceding value of the list is doubled =~ that is,
literally multiplied by two.

III. Machine definition of ORDINAL.

(ORDINAL (LAMEDA (L) (TALLY L NIL)))

CROINAL
((130,1))

ENC CF APPLY, VALUF S ...

( T *r 9 )

FUNCTICN APPLY(F,x,P) HAS DEEN ENTTRFC, ARCUMENIS..
CROINAL

((1,0,1,C))

ENC CF APP} Y, VALUE [S ...

( P * 2 7 9 ? P ® 9 )
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(INTERVAL X Y)

I, INTERVAL is a function which lists the decimal numbers which lie
between the decimal counterparts of two octal numbers, starting
with the smaller number and ending with one less than the larger

number.,

II. INTERVAL is a function of two arguments: (X Y)
X is an octal number in list form and
Y is an octal number in list form.
The value of Y is greater than the value of X. If X is greater
than Y, there is no result.
The values of Y and X are limited to less than or equal to 6010,
or 748, due to INTEGERS.

III. Machine definition of INTERVAL

(INTERVAL (LAMDDA (X Y) (TALLYCOMPLEMINT (CRCINAL (EINARY X))
(TALLYCOPY (ORDINAL (BINARY Y)) (INTEGLRS)))))

Iv, Examples,

FUNCT Y , s ~
INTERVAL

({1, 7),(2,1))

EnDC CF APPLY, VALUE 1S ..

(Ge10,11,12,13,14,15,1¢)

FUNCTION APPLY(F,X,P) HAS BEEN ENJERED, ARGUMENTS..

INTERVAL
((7521,(£,2))

ENC_CF_APPLY, VALUE IS ...

_—

S




(REPEAT X I)

ey

I. REPEAT is a function which makes a list containing a given list repeated

as many times as there are elements in a second given list.

o

( II. REPEAT is a function of two arguments: (X I)
B X may be anything - a nil, an atomic symbol, or a list.
[ I is a list
[ III., Machine definition of REPEAT.
L.
(REPEAT (LAMBDA (X 1)

[ {COND ((NULL I) NIL)
L (T (CONS X {REPEAT X (CDR I}))))))
E. IV. Examples.
: 7 FUNCTION APPLY(F4X,P) HAS BEEN ENTERED, ARGUMENFS..
L REPEAT
. (T, (1,1, 1,1,1,1))
- .
i
{ (Z9Z24242,2,1)
|

FUNCTION AppLY(FsX,P) HAS BLEN ENTERED, ARGUMENTS..
) REPEAT
,i { "A'B'C,DyEyF))
{_
- ENp O APPLY, VALUE IS ...

i | I k] )

{, FUNCTION APPLY(F4Xyp) HAS BCEN ENTERED, ARGUMENTS..

REPEAT
((130)2(Z4XsPsQyRyT42Z))

END OF APPLY, VALUE 15 ...
((150)401,0),01,0)40(1,0),(1,0),01,0),(1,0))

———

[ FUNCTION APPLY{F,X,P) HAS BEEN ENTERED, ARGUMENTS..
- REPEAY ‘
{0 o Jo{AyBy(CyD),E,F))

END OF APPLY, VALUE Ig ...
L U0 9 o0 o 290 o Tol » 19U o 1))
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(SUCHTHAT¢ L P Al A2)

I. SUCHTHAT®* is a function which takes a given value (or applies a
given function) if there is an element in a given list for which
a given property is true. Otherwise SUCHTHAT* takes a second
given value (or function).

II. SUCHTHAT® is a function of four arguments: (L P Al A2)

L is a list of lists.

P 1is a predicate to be tested on each element of L.

Al is the value SUCHTHAT* takes if P is not true for any
element of L. Al may be a list or it may apply a
given function to L or any of its parts.

A2 1is the value SUCHTHAT* takes if P is true for some
element of L. It, too, may be a list or function.

See lisp function DETIZE 1 for a good example of how SUCHTHAT*
can have functions for arguments Al and A2.

III. Machine definition

(SUCHTHAT= (LAMBDA (L P Al A2)

(COND ((NuULL L) A1)
((P (CAR L)) A2)

(T (SUCHTHAT= (CDR L) P A1 A2)))))

Iv. Examples.

FUNCTION APPLY({F,X,P) HAS BEEN ENTERED» ARGUMENTS,,
SUCHTHAT=
_ ({tAyByC) o (A9ByC) )y (FUNCTION, (LAMBDA,(S), (ULTRATRIPLET,S)]}),

(PREDICATE-FALSE),{0K))

END QF ApplLYs VALUE IS ..,
(oK)

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
— SUCHTHAT=
(({{A,C) D)y ((A,C),D) ), (FUNCTION,(LAMBDA,{S), (EQUAL,(CAR,S)»(CADR,S)))),

(PREDICATE-FALSE), (0O}

END OF APPLY, VALUE IS ...
T YPREUTICATE=FALSE]
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-
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(SUCHTHAT®** L P PUNCTION)

I. SUCHTHAT** is a function which takes a given value (or function)
if and only if there exists an element in a given list for which
a given property is true.

II. SUCHTHAT** is a function of three arguments: (L P PUNCTION)
L is a list of lists,.
P is a predicate to be tested on each element of L,
PUNCTION is a list or function which is the value of
SUCHTHAT®** if predicate P is true for some element of L.

III. Machine definition

{SUCHTHAT=*= (LAMBDA (L P PUNCTIOV)
(COND {(NULL L) NIL)

((P (CAR L)) (PUNCTION L))

(T (SUCHTHAT=*=* (CDR L) P PUNCTION))) ) )

Iv. Examples.

FUNCTION APPLY(FsXsp) HAS BEEN ENTEREps ARGUMENTS..
T SUCHTHAT=+
__(1(AsB+CoDIy[AsBsCyDI )y (FUNCTION, (LAMBDA, (S), (ULTRATRIPLET,S))),

(FUNCTION, (LAMBDA,(S),(LIST, (QUOTE.'*)-S)))I

END OF APPLY, VALUg IS coe
“‘"((ﬂgc D,"AQFC'D) ))

FUNCTION APPLY(F,x,P) HAS BEEN ENTEREDs, ARGUMENTS..

SUCHTHAT =s
(CCAQA) s (AyB) ) (FUNCTION, (LAMBDA,(S), (EQUAL, {CAR,S), (CADR, SN,

(FUNCTIONy (LAMBDA, (S) 4 (LIST, (QUOTE,#su%),S)1))

END OF AppPLY: VALUE IS ...
[wems, ((A,A), (A,B)))

FUNCTION ApPPLY{FeXsP) HAS BEEN ENTERED, ARGUMENTS..

T SUCHTHATs&
{{{As8)4(AsB))y (FUNCTION, (LAMBDA,(S), (ULTRATRIPLET,S))),

(FUNCTION:(LAHBDA:lS)o(LISTa(QUOTE:'*!:S))))

ENp Of APPLY, VALUE IS ...




( DETERMINANTIZE L DIMENSION)

I. DETERMINANTIZE is a function which sets up a square matrix of a given

size, and assigns values of O or 1 to each matrix element; a value of

1l is assigned only to those elements designated in a given list.

DETERMINANTIZE utilizes the lisp functions DETIZE, TALLYCOPY, ORDINAL,

BINARY, and INTEGERS.

II. DETERMINANTIZE is a function of two arguments: (L DIMENSION)
L is a 1list of lists. The elements of the elements of L are

decimal numbers, whose values are limited to equal to or

less than 6010, due to INTEGERS. The first element of each

element of L indicates the column and the second indicates
the row for each value of 1 in the matrix or determinant.

DIMENSION is an octal number in list form. It designates the
size of the matrix.

The first row and the first column of the matrix are the zeron
row and column, so the element of L which gives a 1 in the
top left hand matrix element is (0,0),

IXII. Machine definition of the function

(DETERMINANTIZE (LAMECA (I CIMENSION)

(DETIZE L (TALLYCOPY (ORDINAL (BINARY UIMINSION)) (INFEGERS))
(VALLYCOPY (ORDINAL (BINARY DIMENSION)) (INTFGERS)IIILI

Iv. Examples.,

FUNCTIQN APPLY(FyX,P) HAS BEEN ENTERED, ARGUMENTS..
OETERMINANTIZE '
(00191900 902+290)9034390)9(lolte0)y(545¢0)5(646)),(7))

END OF APPLY‘ VALUE IS s ee
‘(OtOoO’CIOQOQO’.(09110'0'0'0.0)’(0'01110'0'090,1(010,09110,010)0

(010'0.0.1.0,0).(010.0,0.0,l.O).(O.O,O.O.O,U.lH

I—)

[



[

R
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(DETIZE L X Y)

I. DETIZE is a function which applies the function DETIZE 1 to a given
list for each element in another given list. SEE DEFINITION OF
DETIZE 1.

DETIZE utilizes the function DETIZE 1.

II. DETIZE is a function of three arguments: (L X Y)
L is a list whose elements are ultra-doublets. DETIZE is
concerned only with the first two elements of each element
of L.

X is a list. Each element of the product has as many elements

as does Xe.

Y is a list. There are as many elements in the product as
there are in Y.

III. Machine definition of DETIZE

(DETIZE (LAMODA (L X Y)

(COND ((NULL Y) NIL)
(¥ _(CONS (DETIZE] L X (CAR Y)) (DLITIZE L X (CDR Y)ININN).

Iv. Examples.,

FUNCTION APPLY(F,X,P) HAS LEEN ENTERCD, ARGUMENTS,,
DETIZE

M-TTTO.N.E),(I.H'C)'(T.Q,I),(F'O,R)),(C,T.I,F),(N.ﬁ.R,G))

END CcF APPLY, VaALUg IS ...
((1'0701(;)1(01]']10)1(0!111'0’1(0'01011))

TTTFUNCTION TAPPLY(F,X,P) tidg BEEN TNTEREC, ARCUMENTS..
DETIZE

P

(TTA, B CY s (D CsF V9 {GCaHy 1)) s (AsByGle (8)) o

END CF APPLY, VALUE IS ...
{({1,0,0))



(DETIZE1 L X B)

I. DETIZE1 is a function which checks to see if the first two elements
of any of the elements of a given list are equal to the corresponding
element of a second list and a given element, respectively. A value

is assigned, according to whether the elements are equal or not,
DETIZE) wutilizes the function SUCHTHAT*

II. DETIZEl1 is a function of three arguments: (L X B)
| L is a list of lists. No matter how long the lists of the
elements of L are, DETIZEl considers only the first two
elements of each element of L.
X is a list,
B may be an atomic symbol, or a list, according to whether
or not the second element of each element of L is a list

or an atomic symbol.

A value of 1 is assigned to each element of X for which there exists
in L an element whose first element is equal to the element of
X and whose second element is equal to B.

Otherwise a value O is assigned to the element of X. The number of
elements in X determine the number of values assigned in the

product.

I1I. Machine definition.

(DETIZCY (LAM20A (L X Z)

{COND ((NULL Xx) NIL)
(T _(CONS (SUCHTHAT® L (FUNCTICN (LAM3DA (L) (AN

CQUAL (CAR L) ({CAR X)) (CQUAL (CATR L)} £)Y))) (QUCTZ 0) (QUOIF 1))
(DETIZEY L (CDY X} R)))ID)

Iv. Examples

CFUNCTION™ "APPLY(F,X,P) HAS BLEN CNTIRLED, ARGUMENTS..
DETIZEN

TR BT 3 TC, D) 3 (AsC) 2 (GBI s (DB g (LaF)a (JsC) ) g (Ay 74 ¥yCyDyuad) i)

- Ehﬁ iCF APPLY, VALUF IS * o

{1,0,0,1,1,0,1)

{
L)

[ )
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Specialized functions and their satellites




THE LISP FUNCTION DISPLAY

DISPLAY is a function of three arguments:

(DISPLAY L X Y)
The first of these, 1, is a list of triplets:
L = ((xl,yl"l)’ (x2’y2,‘2)’ ooc)
where the members of the triplet have the following significance:

Xy is the x-coordinate of a point to be displayed

¥ is the y-coordinate of a point to be displayed

‘i is a character to be displayed.

Xy is measured across the page, and is a decimal number. A page will
accomodate 57 characters across its width, since the margin is re-
served for the printer, and alternate characters are commas. In
addition, a special symbol is used at the end of a line to correct
for the odd number of spaces available.,
Yi is measured down from the top of the page; as many lines may be
displayed as the memory capacity of the computer allows.
Both Xy and y; are measured from zero.
A character may be attached to a list of coordinates by using the
LISP function KARTESIAN*, viz:
(KARTESIAN* L (LIST (QUOTE *))).

The second argument X is an octal number giving the length of the
rows. The digits of this octal number must be listed, viz:

X = (3,7).
The length of a row may range from 18 to 708.
In a similar fashion the third argument Y gives, in octal form

the nupber of rows which the display is to contain.

L




—
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—
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(DISPLAY (LAMBDA (I X Y)

(DISPLAY1

(APPEND (ORDINAL (BINARY (LIST (QUOTE 7) (QUCTE 3))))

L

(TALLYCOPY (ORDINAL (BINARY X)) (INTCGERS))

(TALLYCOPY {ORDINAL (GINARY YJY (INTEGERS)) =

{TALLYCOMPLEMENT (ORDINAL (BINARY X)) (ORDINAL {(BINARY (LIST

(QUOTE 7) (QUOTE 1)))))

(TALLYCOMPLEMENT (ORDINAL (GINARY X)) (ORDINAL _(BINARY (LIST

{QUOTE 7) (QUOTE 11)))1))N))

ADISPLAY] (LAMBDA (I X Y ROWFND PAGFFND)

(COND ({NULL Y) PAGEEND)

{T (CONS (APPEND

(DISPLAY2 (POSSESSING (FUNCTION (LAMBDA (X)

fEQUAL (CADR X) (CAR Y)))) L) X Y)

(APPEND ROWEND (LIST (QUOTE =%))))
(DISPLAYY L X (COR Y) ROWEND PAGELND))))))

(DISPLAY2 (LAMBDA (L X Y)

{COND ((NULL X) NIL)
(T (CONS (SUCHIHAT++ | (FUNCTION (1 AMBDA ([}

(AND (EQUAL (CAR L) (CAR X))

({EQUAL (CADR L) (CAR Y)))))

(FUNCTION (LAMBDA (L) (CADDAR L))))
_{DIsPLAY2 | {CDR X) ¥)))3})
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FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
— DISPLAY

('(,911')'('12""(2"")1(2'2")'(3'3")r(utuv*)n(5|5'.)’(616").(3'U9=))1(110,0(1'0))

GC. STAT. ENT. TIME 000000 MARK TIME 000000 EXIT TIMg 000000 PODL DEPTH= 37 IR4 ON POL= 11 GARBAGE= 12634

GCa STIAT.

END OF APPLY, VALUE IS ...

{ s o & s 3 s 3 3 3 3 s 9 s 9 o 9 & 3 8 & 3 & . G . b ", o 9

+———4——+ - r—r— -
-( ?2 ® 2 ®* 9 ¥ FR ® ¥ 9 P P P R P OP * 7 ¥ T ? 2 P P P ® ¥ P % PP ¥ U ¥V T OO OY OV OPRP OGP O P P P R P P O® OV R O P P OO OO ¥ "‘)'
[ %%y, o o 2 3 -9 % 2 $ 2 2 3 2 3 9 2 3 3 ¢ 2 5 2 % B 0 0 5 ¢ 0P
( '.’.' * 7 f 7 F ¥ O® 2 P 9 * 0 B P P P P P P P P P O P P OV S P P 9 P P ¢ B P P P O® 2 9 P P P R OV O OV OO OO OO OGP OO Y "‘),
{ s o 9% o 3 9 8 s o 9 3 5 & . B B S B s B S B s s s e B St b >t oo ~— » - — k),
( ’ 0 '='.' ? 9 ¥ ® P ? 9 °® T ¥ P ¥ P P T 9 P P P P P % B 9 P S P R 9 P P ¥ G OO O OB P 2 P 9 % 9 ® O P 9 OV OGO OGP P O "*)'
{ o 2 o o 9%y o s 3 3 3 3 3 3 o 3 3 9 s 9 s 3 s 3 9§ 9 o 3 3 T . $ s s . s & e B P s G s st o " s e o o o—p —o BB},
( 1] vy 9 L ." T ® 9 9 2 v 9 L 2 L B ] L 2 P 2 7 9 3 £ 7 9 . 1 ] | . L ” ® 2 % 2 ¥ % 0 1 L . 4 r 0 2 7 ® 9 ? ’ '.')'
{ s o 3 o s o 9 8 o o 3 s 9 s 3 s s 9 3 s 3 s 3 s & s s o B S B B & & S 3 5 o S B 8 » & & s o s @ *—————0—8 o R},

'I"”'I"""'l"""’lll!l"""'i""""i"',

FUNCTION APPLY(F.X,P) HAS BEEN ENTCRED, ARGUMENTS..

(LAMBDA.(L.M.N).(DISPLAY,(KARTEJ[ANi.L.(L[ST,( QUOTE,#)) )y MaN))
1,1),(1,2 1,3 Y 5

3)+(844),(84+5),(3, 6).(8 71y (109239 01C,3)5010,5)901045)9(10486)9010,7)5(11,7),(12,7),(13, 7).(1“,7).(16,!).(16 2)9(1643),(
16,4),(16,5 1645 16,7 7 —
24,7),025,3),(25, h)p(25 5)902546)4(2641),126,2),1(26, 6):(27 1)902742)4(2746)502853)15128,4)43(2895)9(2846)5(2996)5(29,T),!

1s1 31 1,3 3 S
379509 (3797) 9 (U1,2) 5 (uT93)(UT,6)3(42,1),3(02,3)5{U2,T)5(L351)3(83,4),(03,7)o(UUy 1)y (bL, 4 {ULUyT),(85,2)5(85,5),(U5,6),(
U722 (75 1) o (UT733) o (6Usb) o (6U3T)e(6522)5(6623)2(6652U8)2(6695)2(67,6),(08,1)2(68,1))4(6,00,1(7))

2 » 13 H 13 ] 3 '] $ v * 12 1 12 ’ ¥ ¥ 2 1 1 * ) 3 ' * ¥ + * ’ ¥ 1] r 9 1 ¥
* I + PR : oot e s a aRR),
* * * ¥ * ¥ t ] » ? L 4 ¥ L A Q"‘)'
. B 2 AN SO 3 s P 3 k. P YIS JUE SO SUY WO ;‘!). .
y v e v ' ' vor s v o v aEED,
¥ [ B x ' P T SRS A I
' [ ¥ ’ ' A L A R
' oy s i P T TR L
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DETERMINANT

DETERMINANT is a function of one argument, which is a list of
the rows of the determinant which is proposed to be evaluated. Matrix
elements of the determinant should be given in polish notation to .be
consistent with the evaluated form of the determinant. The reduction
is done by the method of Gaussian elimination, and no attempt is made
to recognize a zero matrix element occuring as a divisor unless it is
explicitly zero. Some rudimentary simplification is made when a zero
or a one occurs explicitly. The method is not recommended without

some additional simplification for complicated determinants,
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OBJECT LIST NOW IS ...
(AL 4444, 44, QUXL , X*, EXPGO2,NEGATIVE, MINUSGO1,MINUSGO24 MINUSGOR, 0P, MINUSGOL ,ZEROGO1,ZERQGO2,2LROGO,EXPGO, MINUSGO, DERIVAT

IVE,LN,COS,SIN,DERFUN,DIFF0,ZEROBEGONE,DIFFERENTIATE  ILLEGAL,DIFF1,DIFF2,2»,+,DIFF,DETERMINANT,ABSDET,/,CCRECUCE,#,MULT
IPLIER, -, DIFFERENCE,RELSIGN, REDUCE ; NONZERO, ENGL ISH,POLISH,DOUBLET,TRIPLET,PF,VAR,FORM, SEARCHF,T1,UF,FF,DF,COMPSRCH,BNECV

+SELECT,CSETQ,CONC,CDDDDR,CDDDAR ,CDDADR,CDDAAR,CDADDR,CDADAR,CDAACR,CDAAAR,CADDDRyCADDAR, CADADR y CADAAR,CAADDUR, CAADAR,CA

AADRoCAAAAR, VALUE yARGUMENTS, TERRIBLYUNIQUEPROGRAMVARIABLE yUNTRACLIS, TRACLIS,PROPERTY,ITS,HAS, TRACI, TRACLISER,UNIRACT,PR

OPER, INyDEFINITION, TRAC2,NAME ,FN,TRAC1,M,8,SELECT2,RCMP1,0F , PROPERTIES,PRINTPROP ,PROG24PRINTL1,D,UsMAPCARsWAY s JsMAKCELR
s PICKyRyEQUALSyNO(ATOMIC,FORMATQ ,FORMATP,P,TPXDD303A,S,FIQZOIR NyFORMAT yAS, TOyGIVENy WAS,V0,CSET,CONCI,DEFINE,DEFLISH,ZD
EFLIS1,PRO,L,0BoDEF1,A;AND, APPEND,APPLY , APVALAPVAL 1, ATOM,ATIRIB, 091929354y 5+69738¢9¢10,11,12,13, 14,15, 18,CAR, LN, ,,COM
PTRAC,CONDyCONSsCONST,CP1,COPY,COUNT,DESC,EQ,EQI EQUALyERRORLEVAL JEVLIS,EXPR,CXPI,FyFEXPRyFIX,FLC,FSUBRZFUNARG, FUNCTICN

+GENSYM, GO, INST, INT INTERNyLABEL ,LAMBDA,LIST,LOAD,LOC,LOCQ,(sMAKENU,MAKEOByMAP yMAPCON,MAPLIST,~1,-2,MINUSsNCONC, NFLVAL,
NIL ¢NFWL yNOT yNULL ¢NUMBERyOBLIST,O0R,PAIR)PAUSE yPFALPLByPLUSyPNAME sPOWERyPROCTyPRINTPRIN2,PROGPROP,GUCTEJREAC,RECIPHRE
CLAIMyRPLACA,RPLACDyRPLACW,RETURNy) s SASSOCySEARCHSETySETQsSPEAK,STOPySUBySUBRySUBLISySUBST ¢ SUM,SYMBCL,T,TLSTI1,TEST2,TE
ST3,TESTh TIMES, TRACE, TSFLOT ,UNCOUNT ,ADD,ALSyARSyBSSyCLACOMLDOQsLXALXDyPAX,PDXyPXDySTAySTO,STDSTQeSXDpTIXy TNXyTNZHTR

ApTSXoUXHyTXI o TXL,TZE,ATOMI,EQU1yNULLT4BINEXP,FUNCoTEMF,TEMPAC MUy 3ARG2,$ARG 3y $ARGL g SARGSy $ARGO ¢ SARGT ¢ BARGIy 2t 142, »

,151’*3.I+51CAAR'CDAR.CADR'CDDR.CAAAR-CAADR.CADAR.CADDR.CDAAR.CDADR,CUDAR,CDDUR.$CPPI.SENPDL.%NOPDL#I.£FREE.S?RUUI.SONE;

$2ZEROyXyY,2,COMPILE,COMP2,COMPAT ,DEFF3,GET,NCMAP,SAP,REMPROP, INTEGRATED 709 COMPILER~INTERPRETER LISP 20 OCI 60 }

AT THE TONE THE TIME WILL BE eeee 0/ O 000.0 ... BEEP ...

'FUNCTION APPLY{F,X,P) HAS BEEN ENTERED, ARGUMENTS..

{(CTRIPLET, (LAMBDA, (L) s (COND,{ {ORy (ATOM, L)y {NULL yL )5 {NULLy CCOR, L))y (NULLy (CODRoL)) ) 4F )y (T, (CONDy { (NULL, (CODDRoLY) 9T )4 (T

#»F111))), (DOUBLET, (LAMBDA, (L )y (COND, ((OR, (ATOMsL ) (NULLyL ), (NULLy(CORyL)))sF), (T, (CONDy ((NULLy{CDDRyL}) o U)o (TyF) )00yl

POLISHy (LAMBODA,{L )y {CONDy {{TRIPLET L) 4 (LIST,(CADR,L)»(POLISH,(CARyL) ), (POLISH, (CADDR4L}}) )}, ((DOUBLET LYo {LIST,(CAR,L)

_POLISHo{CADRGL) ) )1y (Tol))))o (ENGLISH, (LAMBDA, (L), (CONDy [ (TRIPLET, L) (LIST, (ENGLISH,y (CAUR,L)),(CAR)L} o (ENGLISH, (CADDR,L)

1)) o ( (DOUBLET L) o (LISTy(CARyL)» (ENGLISH,y (CADR,LY))) 5 (THyL))}))))

END OF APPLY, VALUE IS ...
(TRIPLET,DOUBLET,POLISH,ENGLISH)

" AY THE TONE THE TIME WILL BE eeee 0/ O 000.0 ... BEEP ...

FUNCTION APPLY{(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
DEFINE

({{NONZERO, (LAMBOA, (L) o (COND, { {NULL, (CDRsL) ), (CARyL) )y ( (NOT, (EQUAL, {CAAR, L)y (GQUOTE,0)) ), (CAR4L)) (T, (NONZERO,(CCR,yL))))
)V o (REDUCE, (LAMBDAy {LoM) o (COND, { {NOT, (EQUAL, (CAR,1L)¢M)), (CONS,(CAR,L ), (REDUCE, (CDR,L)M))),(T,(COR,L))II))(RELSIGN,y (LAM
BDAs (LoM) o (CONDo { TEQUAL » (CAR L) oM)3T) o (T, (NOT o (RELSIGNy (CORyL)3M)))))) o (DIFFERENCE, (LAMBDA, (LoM), (CONDy [ INULLyL)yNIL),(
_ LAND, [EQUAL, (CAR,L), (QUOTE,0)), (EQUAL, (CAR,M), {QUOTE,0))), (CONS,(QUOTE,0), (DIFFERENCE, (CDR,L),(COR,M)I)), (({EGUAL,(CAR,L

Yo {QUOTE0) ), (CONS, (LIST ¢ (QUOTEy~) 4 (CARyM) ), (DIFFERENCE, {CDR4L )y (COR M) ) ) )¢ [(EQUALy (CARyM), (GWUOTL,0) ), (CONS,{CAR, L), (DI
FFERENCE, (COR,L )+ (COR¢M) )} ) )y ({EQUAL, (CARyL) ¢ (CAR,M)) ¢ (CONSy (QUOTE,O0),{DIFFERENCE, (COR4L) o {CDRy,M)) )} (T, (CONS,(LEST,(QUD

TEe~) o (CAR,L) 4 (CAR M) ) ¢ (DIFFERENCE {CORyL) s (CDRyM) 33 1))}, (MULTIPLIER, (LAMBDA, {L,A)y (COND, { {INULL,L),NIL), ((OR, (LQUAL A,
QUOTE,0) ), (EQUAL,{CAR,L), (QUOTE,0)))4{CONS,(QUOTC,0) {MULTIPLIER,(CDR,L)oA)) ), {{EQUAL,A, (QUOTLE,1)),L), ((EQUAL,(CAR L),

QUOTE, 1)) /(CONS A, (MULTIPLIER) (COR,L),A)) )4 (T, (CONSy (LISTy (QUOTE,#) A, (CAR,L)), (MULTIPLIER, (COR,L),A}}}))), {COREDUCE, (L

__AMBDA,{LoR)y (CONDo [ {NULL L) NIL) ({EQUAL, (CAAR,L),(QUOTE,0))+(CONS, {CDAR,L),{COREDUCE, {COR,L),R))),(ICQUAL,{CAAR,L),(CA

RyR) )9 (CONS, (DIFFERENCEy (CDARyL) » (COR¢R) )y (COREDUCE s (CORyL ) 4RI ) ) o (T, (CONS, (DIFFERENCE, (CDOARy L) (MULTIPLIER, (CUORyR}4 (LIS

__T+(QUOTE, /)y (CAAR,L )y (CARyR))) ), (COREDUCE,(CDRyL)»R)))))), (ABSDET, (LAMBDA, (L) (LIST, (QUOTE,*), (CARy (NONZCRO,L) )y (DETERM

INANTAKCOREDUCE.(REDUCE.L.lNONZERO L))y (NONZCRO#L))}))))» (DETERMINANT, (LAMBDA, (L), (CONDy ( {NULLyL) ¢NIL) o LINULL,(CDRyL)) oI
CAARSL) )4 [ (EQUAL, (CARy (INONZERO,L }) s (QUOTE,0) )4 (QUOTE,0) )y ( (RELSIGN¢L o (NONZERG)L) )y (ABSUET L))o (T, (LIST,(QUOTL,~),(ABSDE

TeLININ

END OF APPLY, VALUE IS ...

_(NONZERO,REDUCEyRELSIGNy DIFFERENCE,MULTIPLIER,COREDUCE,ABSDCETI,DEVERMINANT)
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AT s E au SR A S A A A A A e
_AY_THE TONE THE TIME WILL BE .o.. 0/ .0 000.0 ... BEEP ...

.FUNCTION APPLY(FyX4P) HAS BEEN ENTERED, ARGUMENF . . .

T DETERMINANT

~LL10,A9B)9(0,CeD)2(0+ELFI)) S O -
END _OF APPLY, VALUE IS ... = . e _.
0
AT _THE TONE THE TIME WILL BE swee_ 0/ 0 0000 .oo ESLEP 0o .. A

AT_THE TONE THE TIME WILL BE eeue 0/ 0

FUNCTION APPLY({F,X,P) HAS BEEN ENTERED, ARGUMENTS.. _ B __FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTSes
DETERMINANT DETERMINANT
{11090 1090010090100 . . (LGAApA), (A A A) (A,A,A))) e e
__END OF APPLY, VALUE IS .aa . . . e END OF APPLY, VALUE IS e I o
(=, ]v("v("‘v1))) {*yA,0)
AT THE TONE THE TIME WILL BE ...g",QL_Q-_LUMQQQQLL&_QEER_LLL,ﬂ L
FUNCTION APPLY(F,XsP) HAS BEEN ENVLCRED, ARCUMENTSe. .~~~ ) R
DETERMINANT
(((Kg090,y0) g (KyKeKpK)yp(M30505J)2(A2B,CsD11) e
e e . AT _THE TONE_THE TIME WILL BE eees_ 0/ 00040 oo BEEP o.os
_END OF_gg9Ly, VALUE IS e.o e o e e b FUNCTION APPLY(FyX,P) HAS BEEN ENTERED, ARGUMENTS..
(= (%9Ky (=4 (#y(— vCo (%4 (74B7K) 1K) ), I DETERMINANT :
. B ‘ N (((AyByC)y(0,040)4(DyF,F))) o o
AT _THE TONE_THE TIME WILL BE eese .0/ Q. _000.0 ora BEEP nna . 3

ARGUMINT Sa e . ..

___FUNCTION _ APPLYLFyX,P)_ HAS BEEN ENTERCD,.
DETERMINANT
(meoohlom&LﬂQ& DARRS

END_
(%4A,

E.&__Q_APFMJ yALUE IS R I R,
(#yKol®gAy(—4Dy(#,(/,4C, A).C))))

o R S et 1 4 i e 8t - e e s

OF APPLY, VALUE IS +..
(- '("'("En(’v(/,o A, B)).O)))



________ 1 1 . e

AT_THE TONE THE TIME WILL BE eeee 0/ 0. _000,0 s20 BLEP o

....FUNCTION APPLY(Fo¢X4P) HAS BEEN_ENTCREDy ARGUMENYSaa . o e
DETERMINANT

AL l=9AB s LAMBDA) 3B 090¢02B) s (By (—3 ANy LAMBDA) 28+02030)3(02Bs{~eABsLAMBDA) 3B3020) 30020285 (=3sAN,LAMBDA) 2B20) s (0+Cs0sByl-9gA __ __ ___
ByLAMBDA) 4B) y (B40,04CyBy (—yAN,LAMBDA))))

END OF APPLY, VALUE IS ...

A%y (=9 AB,LAMBDA) g (84 (~y (=9 AN, LAMBODA) 5 (%4 (/ 4By (~sAB2LAMBDA) ) »B) )y (#5(—y(=yABSLAMBDA) s (#4( /4By (—y(—yAN,LAMEDA) 4 (5, (/y0, (=
’ABQLAMBDA))'B”)'B),’(‘g(‘v(-'ANvLAMBDA)v(*v(/731(-1(‘1ABILAMBDA,'('0(/081(‘!(—0AN'LAMBDA))(’,(/'Bt(‘vAanANEUA))98)))

2B)))sB)) g (%, (=g (~yAByLAMBDA) g (%5 (/ 4B (=2 (=2 ANy LAMBDA) s (®s (/oBal-2{=yABsLAMBOA) s %y (LsBs (=3 (=2 ANsLAMEDA) s (#s(/sBs(~y0by. ._. ..
LAMBDA))oB)))QB)))'B)))QB)),(-’(—,(—,('v(‘y(‘vANfLAMBDA)'("(/1Bv(‘QABQLAMBDA,)va))'(*l(/i("(*t(/151(_1AB'LAV50A))'E))

2 =g (9 ANSLAMBDA) g (%5 (/9 Be (= 9ABsLAMBDA) ) 4B) ) ) 2 (=2 (29 (/2Ba{—»ABsLAMBDA) ) ¢BL) ) )al®g (/s l—s(#s (/s (=s{%a{/sBsl=-sAL2LAMIDA) )y _
B))t(’v(-QAN'LAMBDA).(‘o(/nBv(‘nAB'LAMGDA))vU)))vB))-(‘v(‘vAarLAMBDA)'('1(/!81(‘7("AN1LAMBDA)1(*1(/181(‘VABpLAMBnA,)vB

__LlllglllLL:AijJi!'Bl(:’LTIAN,LAMBDA)l‘.'Ll'Bli:lABlLAM&QAlllﬁlllJJ:JifjijJBJi:JAﬁJLAMBuAlJLBLLL)1)]L!'LL;J:¢(£;114I:JJJ» e e
’ (/' ("' ("'(,'Bl (""AB'LAMBUA, )'B))'(_g(—yANyLAMBDA), (*' (/vB' (’QABQLAMBDA))'B)))!B))t ("' (—,AB, LAMBDA): (" (/tB' (-'("A“'LA

~MBDA) 2 (2, (/9Bs{=sABeLAMBDA)) »B)))2B)))aB))al=s (=2 ANSLAMBLA) s (%3 (/ By (=g (=oABsL AMBDA) o (%, (/ By (=g (~g ANl AMODA) (2o /aiiyd
"AavLAMBDA’,QB’))tB)))vB)))r(_’('v(/va(—t(‘vABvLAMBDA)O('v(/)Br("("ANVLAMBDA)Q('r(/181(-'ABOLAHBDA))rB)))rﬁ))))(‘,(

29 (/aBa (=9 (= s ANSLAMBDA) s (#2 (/sBy (=2 AR, LAMBDA))B)))a (s (%e (/2B (~sABLAMBDA))sB1IIIY)) ) g (2o (/g(-gBolugllol=pln,(/yol-p(n
'] (/» ("9(”(/18.("AB'LAMBDA) )sB) )1(-'("AN'LAMBDA)p("o (/+48, (‘,AB:LAMUDA))’B)))’B‘, )1("' ('9AB'LAMBDA)'(*'(/QB' (-9 {-yAN, LA

_MBDA) 2 (%, (/583 (=2AB2LAMBDA))+B)))20)))sB))s =y (-aANsLAMBDA) s ( ¥y (/3Bol=s(=sAB,| AMHDA) s (24 (/4Byl=g (=g ANol AMRDA) (ool lqiigl
"AB'LAMBDA) )13’))18)))9B)))'B))1(-| (—'AB'LAMBDA) l("y(/'l’:'(—y (-QAN'LAMBDA)'(.'(/QBQ(" (’QABQLAMBDA)1('9(/.07(‘1(‘9A“’LA

WwMBDA) » (#4{/sBe(~sABsLAMBDA))3B)))8)))13B)))aB)))al=eBal®s(/s3s(=s(=3ANsLAMBOA) (%o (/oRal=y(=sAHsl AMBDA) o (%, [/ bisl~y(~4A
N'LAMBDA)'("(/’B'(",AB'LAMBDA),'B) ’ )16) ) ).B))).(’v("p(/oay (‘.(‘pAB'LAMBDA) ] ("(/lBl ("’ ("1AN9LAMBDA,'(*Q(IQB'(-fAB.LAMa

_DAY)B)))aB)))al=-a(#s( /2By (s (-9 ANsLAMBDA) s (%2{/sDBs{=2AB2LAMBDA) ) 4B))) s~y (#e(/eBel-sABsLAMBDA) )82 3300 030)) .
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DIFFERENTIATE

DIFFERENTIATE is a function of two arguments. One of thenm,
the first, is a function to be differentiated, and the second, is
the variabkle with respect to which differentiation shall take place.
The first argument must be given in the form of a list, with paren-
theses and multiplication indicated explicitly in ordinary english
notationy,no more than two symbols connected by an arithmetic sign.
The result is simplified slightly in that redundant zeros, factors
of one, and the like are suppressed.
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APPLY OPERATOR AS OF FEBRUARY 10, 1960

""AT THE TONE THE TIME WILL BE eee. 0/ 0 000.0 ... BEEP ...

READ IN LISTS ...
DEFINE } . S e .
({(TRIPLET, {LAMBDA, (L), {CONDs{ {ORs {ATOM,L )y INULL L) o (NULL¢{CDRsL)) o (NULL,(CDDRyL)))}oF) (T4 {CONDy ((NULL,y(CDDDRsL)},T)
+F1)1))), {DOUBLET, (LAMBDAy {1 )y (CONDy { {OR,y (ATOMyL) o (NULL 4L )y (NULL,(CDRyL)))¢F)o (T, (CONDy {((NULL,(CDORoL)) o T)y(TsF))))),
POLISH, (LAMBDA, (L) s (CONDo{ {TRIPLET L) o {LIST, (CADRyL)y (POLISH,(CARsL) ) (POLISH,(CADDR,yL))) ), ({DOUBLET, L) s (LIST,(CAR,L
POLISH (CADR, L)1)y (To0))))y (ENGLISH, {LAMBDA, (L), (COND, ({TRIPLETV,L),(LEST, (ENGLISH,(CADR,L}),(CAR,L),(ENGLESH,{CADDR
1)), ({DOUBLET, L), (LIST,(CARyL) o (ENGLISH, (CADRsL)) 1)y (T4L3)1})}))

-— -

o -~

DEFINE

( { (NONZERO, ( LAMBDA, (L) 5 (COND s { (NULL y {COR,L) ), (CAR,L) Do { {NOT, (EQUALy(CAAR,L),(QUOTE,0)) ) {CAR L)), (T, (NONZERQ,(COR,LIII)
)}y (REDUCE, (LAMBDA» {LsM)» {COND, { (NOT, (EQUALy (CAR,L)yM) ), (CONS, (CAR, L}, (REDUCE, (CDR,L) M) ) ), (To (CORGLIII) )4 (RELSTGN, (LAM
BDA, (LyM) o (COND, ( {EQUAL o (CARSL) 9M) 5T ), (T, (NOT, {RELSTGNy (CDR,L),M)1))) ), (DIFFERENCE, (LAMBDA, (LoM), {COND, { (NULL,L),NIL)
" {AND» (EQUAL s (CAR,L) s (QUOTE0) )y (EQUAL ¢ {CAR, M) (QUOTE,0)1 ) (CONS, (GUOTE,0) 5 (DIFFERENCE, (CDR,L), (COR,M) 1)) 4 ((EGUAL s (CAR,L
)2 {QUOTE0)) 5 (CONSy (LIST o (QUOTEs—), (CAR, M) ), (DIFFERENCE, (CORyL) o (CORsM) 1)) o { (EQUAL s (CAR M) o (WUCTE,0)) ¢ LCCNS, [CARsL ), (DI
FFERENCE, (CORoL) s {CORy, M) )) )y ({EQUALy (CARyL) s (CAR,M) ), (CONS, (QUOTE 40) 5 (DLFFERENCE , (COR,L), (CDRyM) ) 1) 4 (T4 (CONS, (LIST, (QUC
TEo=10 (CARsL ) (CARgM)) ¢ (DIFFERENCE o (CORyL) o (CORyM)13))) ), (MULTIPLIER, (LAMBDA, (LyA)y (COND,y ({NULL,L)oNIL) o ((ORy (EGUAL 44, (
QUOTE.0))s (EQUAL s (CARoL) s (QUOTE40)) ) ¢ (CONSy (QUOTE 00y (MULTIPLTIER, (COR,L)4A)) ), ((EQUAL A, (QUOTC 1)) 9L )¢ LIZGUAL, (CAR, L), (
QUOTE 1)) 5 (CONS yAs (MULTIPLIER, (CORoL)yA) 1), (T, (CONS, (LYST, (QUOTE,®) 4As (CAR,L)), {MULTIPLIER, (COR,LY4A)) 1)), LCOREUUCE, (L
AMBDA, (LyR) s (CONDy (INULL s L) ¢NIL) ¢ ( {EQUAL  (CAAR,L), (QUOTE,0)), (CONSy (CDAR,L), (COREDUCE s (COR,L)yR)) 1y ( (EGUALy (CAARSL) 4 (CA
RoR) )y {CONS, (DIFFERENCE, (CDAR,L) o {CDRyR) )y (COREDUCE (CORyL)4R))) 4 (T, (CONS, (DIFFERENCE (COAR,L) 4 (MULTIPLIER, (COR,R) 4 (LIS
To(QUOTE/) s (CAARL) o (CARoR) ) 1)y (COREDUCE (CORyL)sR) V1)) )y CABSDET, (LAMBDA, (L), (LIST, (QUOTE %), {CAR, (NONZERU,L) ), (DETLRM
INANT, { COREDUCE 5 (REDUCE s Ly (NONZEROoL ) )y (NONZERO,L)11)) )y (DETERMINANT y (LAMBOA, (L)} 5 (COND ¢ { (NULLyL) gNIL) s (UNULL, (CDRyL}), 1
CAARSL) ) s { (LEQUAL s (CAR, (NONZEROsL 1) (QUOTE,0) ), {QUOTE,0) ), [ (RCLSIGN,Ly (NONZEROoL) )y (ABSDET L) 1y (T (LISTy (WUOTEs=),{ABSDLC
TLL))NN)

DEFINE

{((DIFF, (LAMBDA, (LyX) s (COND, ({ATOM, L) {CONDy { {EQUAL 9L ¢X)» (QUOTE 4 1)}) (T {QUOTEL0) 1)), ((TRIPLETyL), (CONDy ({EGUAL, (CAR,L),
(QUOTE;#) ) o (LIST, {QUOTE,+) o IDIFF, {CADRyL) 4 X)» (DIFF,(CADCR,L}yX)) ) ( (EQUAL, (CARWL }, (QUOTE,—)),(LIST, (QUOTE,-)(UIFF, (CAD
RoL) 9X) o (DIFFo(CADDR,L) 9 X})}) s (LEQUAL 4y {CAR,L) ¢ (QUOTEy#) ) (LISTy{QUOTE,+),(LIST,{QUOTE,*),(CADR,L),(DIFF, (CADDR,L),X)),(L
ISTy {QUOTE,»), [DIFF, (CADR,L) ¢X) s {CADDR,L))}), ({EQUAL,{CAR,L), (QUOTE,/)), (LIST,{QUOTE,/),{LIST, {QUOTE,~)y(LIST, (QUOTE,*)
2 (DIFF, (CADR,L) yX) 9 {CADDRyL) Vo (LIST, (QUOTEy %)y {CADRyL)}» (DIFFy (CADDRSL) yX})) o (LIST, (QUOTE,##), (CACDR,L), (WUOTL,2)})),((E
_QUAL, (CARyL)» (QUOTE,#%*) ) o (LIST,{QUOTE, %), (CADDR,L),(LIST, (QUCTE, %), (CADR,L),(LIST,(QUOTE,~),{CADDR,L), (GUOTE,1))))), (T
e (DIFF2,L4X)))) o { IDOUBLEToL) o {CONDy ( (EQUAL ¢ (CAR L) o {QUOTE,—) ) o (LISTy(QUOTEy~) 9 (DIFF, (CADRyL) ¢X))) o {To(DIFFT,LoX)))),(T,
_(DIFF24LsX))))) 4 (DIFF2, (LAMBDA,{LyX) 4 (LEST, (QUOTE, ILLEGAL,FORMAT)oL))), (DIFFERENTIATE, (LAMBDA, (L, X),y [ENGLISH, (ZEROBEGON
Eo (DIFF, (POLISHeL)eX}))))))

"DEFINE
({{DIFFO, (LAMBDA, (L ¢XyDERFUN) o (LIST, (QUOTE,*),DERFUNy {DIFF, {CADRyL) 3X)) )1, (DIFF1, (LAMBDA, (LX) (CONDy{ (FLUAL, (CAR L),
UOTE,EXP) )y (DIFFOoL ¢ Xy (LISTe (QUOTE,EXP ) (CADR, L)1) )5 { {LEQUAL, (CAR, L)y {QUOTE,SIN)} , (DIFFO,L X, (LIST, (QUOTE,COS), (CADR,L)
2
)

Q

)
) )y {{EQUAL, [CAR,L) 4 {QUOTE,COS) )y (DIFFO,L ¢ Xo (LISTy (QUOTEy—) 4 (LIST,{QUOTE,SIN) ¢ (CADRGLII}) )} o ((EQUALo(CARSL), (QUOIELZLN)),(
DIFFO Lo Xy (LISTo{QUOTE,/) » {QUOTE 1), (CADRGL)))) o[ Ty (DIFFO Ly Xy (LISTy(LIST,(QUOTE,DERIVATIVE),(CARyL)},(CADRyL))I})I)))

‘DEFINE

(((ZEROBEGONE, {LAMBDA, (L) ¢ (COND, { (EQUAL,» (MINUSGO, (EXPGOy (ZERCGOsL))}oL),L ), ( Ty (ZEROBEGONE, {MINUSGO, (CXPGOy (ZERCGU,LI)))
IBRRER)

DEFINE

( {{ZEROGO2, ( LAMBDA, (L) (LIST, (CAR,L), (ZEROGO, (CADR,L )}, {ZEROGO, (CACDR,L)13) ), (ZEROGO 1y (LAMBDA, (L) o {LISEs (CAR,L), (ZERQGO
s (CADR,L) 1170, (ZEROGO (LAMBODA, (L) (CONDy ( (TRIPLET L)y (CONDy ( (EQUALy (CAR,L )y (QUOTE %) )y (CONDy ( (CQUAL s (CADR,L) 4 (QUOTE ,0G))
+ (QUOTE,0)), { [EQUAL, {CADDR,L ), (QUOTE,0) )y (QUOTE 01y ( (EQUAL , (CADR L) » (QUOTE 1)) 4 (ZEROGO, (CADDR L)) )y ({EQUAL, (CADDR, L), ¢
QUOTE, 1))y { ZEROGOs [CADR, L)1) s (T (ZEROGOZ2,L) 1)), ( (EQUAL, (CARyL) s (QUOTE /) ), (COND, ( (EQUAL y (CADRsL ), (QUOTC 01 )y (LUOTE,0))
( (EQUAL o { CADDR,L )¢ (QUOTE 4 1)) 4 {ZEROGO, (CADR, L)) ) 4 (T4 (ZERCGO2,L)) ) ) ¢ { (EQUAL, (CARWL ), (QUOTE,+)) 4 (CONDs ( (CQUAL, (CAUR,L) 4 (QU

OTE,0)) s (ZEROGOy (CADDR, L)1), ( (EQUAL s (CADDR L), (QUOTE 010, (ZEROGO, (CADR, L)1)y Ty (ZEROGOZ oL 1)) )y ( (EQUAL, (CAR,L) 4 (QUCTE,~)
)+ (COND, ( {EQUAL 5 (CADR L) » (QUOTE0) ), (LIST, (QUOTE,—)y (ZERCGO, (CADDR L)) 1), ( (EQUAL 5 (CADUR L1 (QUOTE0)) 4 (ZERCGG, (CADR, L))
)y (T, (ZEROGOZ,L 1911, (T, (ZEROGO2,L 1)) ), ((DOUBLET,L 1, (COND, { (AND, (EQUAL s (CARsL )y (QUOTE 9=, (EQUAL s (CADRsL )4 (QUOTE 011 )4 (w
UOTE, 01,4 (T, (ZEROGOT,L)) 1), (T4L))))))

SRR U D NN S SN SR NSO SR SR L L ? L .
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DEFINE

(({MINUSGOL, (LAMBDA, (LsOP) o {LIST,0P, (MINUSGO, {CADADR,L)) 4 {MINUSGCOy (CADDR4LI)} )1y (MINUSGORy (LAMBDA,IL0P)(LIST,0P, ({MINU
SGO (CADR4L) )y IMINUSGO, (CAR, {CDADDRS L)) ) ) )}, (MINUSGO2, {LAMBDA, (L) o (LIST,{CARsL) s (MINUSGOy {CADRyL) )y (MINUSGO, (CADDR,L)))
)19 (MINUSGOT, (LAMBDA, (L) o (LIST,y {CARsL), (MINUSGO, (CADRyL})))), (NEGATEIVE, (LAMBDA, (L) y{CONDy { (EQUAL 4L, (QUOTE,#)) 5 (LUSTE,~)
1o (CEQUAL L,y (QUOTE»=)) o {QUOTE,#) ) (ToL))))y {MINUSGO, (LAMEDA, (L), (CONDy ({TRIPLET L)y (CONDy ({ORy (EQUALy [CAR, L)y (LULTE,#))
o+ (EQUAL, (CARyL}, (QUOTE,/)) ), {COND, ( {AND, (DOUBLET,{CADR,1L)), (CQUAL ¢ (CAADR,L}, (QUOTE,~))) o (LIST, (QUOTE,—), (MINUSGOL,L,(CA
ReL)))Ys L{AND, (DOUBLET, (CADDR,L) ) (EQUALy (CAADDR,L)» (QUOTEs~))) o (LISTo{QUOTE, =)y {IMINUSGORyLy (CARSL) D)), (T, (MINUSGO2,L))
1) o ((OR, {EQUAL, {CARsL )y (QUOTE,+) )4 LEQUAL, (CAR,L), (QUOTE~1)),(COND,y ( {AND, (DOUBLET, (CADR,L)), (EQUAL,y (CAADR, L), {uUCIE,~)])
Yo (LIST,y (QUOTE,~)y (MINUSGOL Ly INEGATIVE, (CAR,L) 1))}, {(AND, (DOUBLET, (CADDRyL) ), (EQUALs (CAADDRsL )y {QUOTEs=))), (MINUSGORyL
o+ INEGATIVE, (CARyL})) ) (T, (MINUSGO2,L)))), ({AND, (EQUAL, (CAR,L),(QUCTE,*#)), {DOUBLET, (CADDR,L) )y (CGUAL, ({CAADDR,L )y [4UOTL,
=))1) o (LISTs (QUOTE /) 9y (QUOTE, 1) 9 {(MINUSGORyL+ (CARGL)}) )T, {MINUSGO2,L))) )}, {({DOUBLET,L),{CONDy ((AND,{EQUAL,(CAR,L),(QUOTE

DEF INE

(((EXPGO, (LAMBDA, (L), (COND, { (TRIPLET,L), (COND, ( (AND, (EQUAL, (CAR,L), (QUOTE +=11¢ (EQUAL » (CADDR,L) 4 (GQUOTE, 1000, (COND, ( (CGUA
Ly (CADR,L) ¢ {QUOTEL10)), (QUOTE,9) ), { {EQUAL, (CADR,L ), (QUOTE,9) ), {QUOTE(8) ), ({EQUAL  ({CADR,L) 4 (QUOTE,8) ), (QUOTE, 7)), { (EQUAL
» (CADR, L)y (QUOTE ¢ 710, (QUOTE6) )y ({EQUAL s (CADR,L )4 (QUOTE5) )y (QUOTE5) ), ( (EQUAL, (CADR,L) ¢ (QUOTE,5) 0 (QUOTE %))y ( (EQUAL
CADR, L)+ (QUOTE, %)), {QUOTE,3) ), { (EQUAL, (CADR,L), {QUOTE,3)), (QUOTE,2) ), ( {(EQUAL, (CADR,L), {QUOTE,2)), (QUOTE,1)), L{EQUAL, (CA
DRy L)+ (QUOTE, 1)), (QUOTE, 01, ({EQUAL, (CADR,L ), (QUOTE, 0) )¢ (QUOTCy (=9 1) 1), (T, (CONS, (CAR,L),(CONS, (CXPGO, (CADR, L)), (CDDR,L)
11))) st {tEQUAL, (CARyL), (QUOTE y##) ) (CONDy { (EQUAL » (CCADR,L ), (QUOTE 4 1)), (CUOTE, 1)), ( (EQUAL, (CADDR,L), (QUOTE, 1)), {EXPS0,(CAD
RyL) )y ((TEQUAL, (CADR, L), (QUOTE, 01, (QUOTE,0) ), ( (EQUAL y (CADDR L)y (QUOTE,0) )y (WUOTE 1)), (Ty (EXPGO24L) 1))y (T4 (EXPGO2,L))))
v+ ({DOUBLET,L )y (LIST,{CAR,L), (EXPGO, (CADR, L))} (ToL))) ), (EXPGO2, (LAMBDA, (L), (LIST, (CAR,L) ¢ (EXPGO, (CADR,L)) 4 (CXPGO, (CADD
R, )

DIFFERENTIATE
ALEXQ"V)'X,

DIFFERENTIATE
((X.—.Y).Y)

"DIFFERENTIATE
Xy +sY) g X)

DIFFERENTIATE
({Xe2sY)yX)

DIFFERENTIATE
({Xs/4Y)yrY)

DIFFERENTIATE
{(Xyns,3}),X)

DIFFERENTIATE
((SINy(X®y®,Y)),Y)

DIFFERENTIATE
{IQUXLyX) g X)

DIFFERENTIATE
(({epdot o tyt el t),(+444)y(4)),¢)

DIFFERENTIATE
(((((R"'(x""S),'.'Y"*’Z,'l'(((Rl'OY)'-'X),"(x'\}'Y)))'x)

(LAMBDA, (L), (ENGLISH, (ZEROBEGONE, (DETERMINANT,L) ) )}
(U0l gAsL) g 150500 sl Vg (—pAgl)p14s0)9 (0919 (—pAsL)y1)s(0,0,1,(-43AL,L))))

sToP

AT _THE TONE THE TIME WILL BE eee. 0/ 0 000.0 ... BEEP ...
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AT THE TONE THE TIME WILL BE ....” 0/ 0 000.0 ... BEEP ...

FUNCTION APPLY{Fy,X,4P) HAS BEEN ENTERED, ARGUMENTS..
DEFINE

(((DIFFs (LAMBDA, (LoX) s {COND¢ { (ATOMyL )y {CONDy { (EQUAL gL ¢X)y (QUOTE 4 1)) 5 (T (QUOTE,0) 1)), ({TRIPLET4L) s (CONDy ( (EQUAL» (CAR,L),
(QUOTE ¢ ) o (LIST,{QUOTE,+)y (DIFF,({CADR,L)yX), (DIFF, (CADDRyL) X)) )y ( {EQUAL {CAR,L ), (QUOTE,-)) {LIST, (QUOTE,-),(DIFF,(CAD

RelL)oX) s (DIFF, {CADDRyL) X)) ) o ((EQUAL y (CARGL )y (QUOTE»*) ) (LISTo(QUOTE s #) o (LIST,(QUCTE,#), (CADR,L),(DIFF,(CADDRyL) X))o {L
ISV (QUOTE,#), (DIFF, (CADRyL ) yX)y ({CADDR,L))) ), ({{EQUAL, (CAR, L), (QUOTEL/)) o (LIST,{QUOTE,/) o (LISTL{QUOTE,—),(LISV, (QUOTE,®)

v (DIFFy (CADR L)y X) g {CADDRyL) ) (LEIST o (QUOTE %)+ {CADRyL )y (DIFF, (CADCR,L)yX))) o (LIST,(GUOTE, »##),(CADDR,L},{QUOTLE,2)))),((E

QUAL, [CAR,L) ¢+ (QUOTE,##)) o (LIST, {QUOTE,*) s (CADDR,L) 4 {LIST, {QUOTE,#%), (CADR L), (LIST,(GUOTE,=~)y(CADDRyL) o (QUUTE, 1)) ), (T

s (DIFF240L X)) ) ) { (DOUBLET,L )+ (COND, ( (EQUALy (CAR4L)» {QUOTE,s—) )y (LISTy(QUOTE,—) s (DIFF, (CADRyL)$X)) ) o (To(DIFFI4LaX})))5(T,
(DIFF2yL X)) 1)) o {DIFF2,) {LAMBDA, (LX) (LIST, (QUOTE, ILLEGAL ,FORMAT) 1)) ), (DIFFERCNTIATE, (LAMBDA, (L ,X), {ENGLISH, (ZEROBEGON_
Es (DIFF, (POLISH,L)},X)2)))))

END OF APPLY, VALUE IS ...
(DIFF,DIFF2,DIFFERENTIATE)

" AYTHE TONE THE TIME WILL BE .... 0/ 0 000.0 ... BEEP ... —

" FUNCTION APPLY({F,XsP) HAS BEEN ENTERED, ARGUMENTS..
DEF INE

"{UTOTFFO, (LAMBDA, (LyXoDERFUN), (LIST, (QUOTE ,# ) ,OERFUN, (DIFF, (CADR, L) 4X) 1)), (DIFF1, (LAMBDA s (LyX) s (CONDys ( {EQUAL, (CARSL),

Q
)
)Y TTEQUAL, (CAR, LY, (QUOTE,COS) ) s (DIFFO,L ¢Xy (LIST, (GUCTE,—), (LIST, (QUOTE,SINY,{CADR,L} V) 1), ((EQUAL(CAR,L), (QUOTE,LN)), I

{
UOTESEXP) ) o (DIFFO,LoXo (LIST, {QUOTE,EXP), (CADRyL))) )4 ({EQUAL, (CAR,L) y (QUOTEySIN)}) o (DIFFO,LoXs (LIST¢(QUOTE,COS), (CACR,L)
1]
DIFFO,L o Xy (LIST,{QUOTES/) s (QUOTE 4 1) 4 {CADRyL)))) o (T, (DIFFOsL s Xy (LIST,(LIST,(QUOTE,DERIVATIVE),(CARsL}),(CADR,L))}IIIII)

END OF APPLY, VALUE IS ...

(DIFFO,DIFFY)

AT THE TONE THE TIME WILL BE esss 0/ 0 000.0 ... BEEP ...

" FUNCTION APPLY(F,X,P) HAS BE
DEe T » Xy EN ENTERED, ARGUMENTS..

{ (L{ZEROBEGONE, (LANBDA, (L), (COND

11119 .((EQUAL.(MlNusco.(ExPco.(ZEREEB?LY)).L).L).(i.(zERerGONE.(MxNusco.(Expco.TitRoco.L))))

END OF APPLY, VALUE IS ...

{ZEROBEGONE) .

[E— [S—' SR [ [G— i
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AT THE TONE THE TIME WILL BE weee 07 0 000.0 ... BEEP ...
“FUNCYION APPLV(F,X,P) HAS BEEN ENTERED, ARGUMENTS..
DEFINE

“T{TTZEROGOZ, (LAMBDA, (L) s (LIST,(CAR,L)» (ZEROGO, (CADR,L 1) 4 {ZEROGO, (CADDR,L)) )1 )y (ZEROGO 1, (LAMBDA, (L) oILISTs (CAR,L) s (ZEROGO
o (CADRyL) 1)) ) (ZEROGO (LAMBDA, {L ), (COND, ({TRIPLET,L) 4 (COND, ( (EQUAL, (CAR4L ), {QUOTE,#}), (COND,y ( {EQUALy {CADR,L),{QUOTEC,0))
~ S TQUOTE,0) ), [{EQUAL, (CADDR, L), (QUOTE,0)), (QUOTE,0))y [ (EQUALy (CADR,L )y (QUOTE 1)) (ZEROGO (CADDR,L))) s ({EQUAL, (CADDR, L) s
"QUOTEol)),(ZEROGO.(CADR.L))).IT.(ZEROGOZ L)))), L{EQUAL, {CAR¢L) ¢ [QUOTE,/)), (COND, ({EQUAL, (CADRyL), (QUOTE,C) ), (LUDTEL0)),
(TEQUAL, s {CADRG L))V o (Ty (ZEROGOZ, L)V ) )+ { (EQUAL,y (CAR,L) 9 (QUOTE,+1) 5 (CONDy { _EQUALy (CADRSL) s (QU
OTE.O)).(zERoco.(CADoR.L))),((EQUAL.(CADDR L)+ (QUOTE,0)) 4 (ZEROGQOs (CADRsL)) )y {Ty (ZEROGO2,L 1)) ) ( {EQUAL s (CAR,L) 4 (QUOTE y-)
“Yo TCOND, L VEQUAL, [CADR,L Y, (QUOTE,0)), (LIST, (QUOTE,~) (ZEROGO, (CADDR,L) 1)), { (EQUAL 9 (CADDR,L ) (QUOTE$0))s {LZEROGOy [CADR,L})
Yo (T (ZEROGO2,L)))) o (T, {ZEROGO2,1 1)) ), ( {DOUBLET oL}, {COND, ( (AND, (EQUAL,y (CARyL) s {QUOTE,~)), (EQUAL, (CADR.L).(QUOT&.O))) (Q
"UGTE_UTT_IT (ZEROGOT, LTI N, (T, L1 )))

TEND OF APPLY, VALUE IS ...
(ZEROGO2, ZEROGO1,ZEROGO)

AT THE TONE THE TIME WILL BE eeese 0/ O 000.0 ... BEEP ...

FUNCTION APPLY{F,Xo,P) HAS BEEN ENTERED, ARGUMENTS..
DEFINE
((IMINUSGOLy (LAMBDA, (LyOP), (LIST 0P, {MINUSGOs (CADADR,L) ), {MINUSGO, (CADDR4L)))) ) (MINUSGOR, {LAMBOA,(L,0P},(LIST,0P,(MINU
 SGO, (CADR,L) )y {MINUSGO, {CAR, (COADDR,L))) )]y {MINUSGO2, (LAMBDA, (L) (LLIST, (CARyL}, {MINUSGO, ([CAGR,L} ),y {MINUSGO, {CADDRyL)))
))y (MINUSGO 1o {LAMBDA, (L) s (LIST,{CARyL), (MINUSGO, (CADRyL) 1))} ), {NEGATIVE, {LAMBDA, (L), (CONDy ( (EQUAL Ly {QUOTE,+)), (QUOTE,~)
) ({EQUALsL s (QUOTE,—)), {QUOTE,#) )4 (ToL))))y (MINUSGO, (LAMBDA,y (L), (CONDy ((TRIPLET,oL),{COND, ((OR, (EQUAL, (CAR,L),{QUOTE,*))
o (EQUAL ¢ {CAR,L) ¢ {QUOTE/))), (COND,y ( (AND, (DOUBLET, (CADRsL ) )y (EQUAL (CAADR,L) y{QUOTEs=))) s (LIST, (QUOTE,—), (MINUSGOL,L,(CA
RelL)))Y, ({AND, (DOUBLET, (CADDR,L) )y (EQUAL » (CAADDR,L ), (QUOTE,~)) ), (LIST, (QUOTE,—)y (MINUSGOR,L, (CAR,LY))) (T, (MINUSGO2,L))
")), {(OR, (EQUAL, (CAR,L) ¢ {QUOTE,+) ), (EQUAL, (CAR,L), (QUOTE,~))), (COND, { ({AND, {(DOUBLET, {CADR,L) ), (EQUAL, (CAADR,L ), ( WUOTE,~-))
Y lLIST(QUOTE,~—) s (MINUSGOL oL (NEGATIVE, (CARyL))1)) )¢ {(AND, (DOUBLET,{CADDRyL)} ), (EQUAL,+ (CAADDR,L), (QUOTE,-)) ), {MINUSGOR,L
"o (NEGATIVE, [CARsL))) ) (T4 (MINUSGO2,1L)))), ((AND, (EQUAL, (CAR,L)},(QUOTE,#%)), (DOUBLET, (CADDR,L) ), (EQUAL, (CAADDR,L), (QUOTE,
~3))o{L1ISTy(QUOTE,/), {QUOTE, 1), (MINUSGOR,L, (CAR.L),))'(T,(MINUSGOZ.L)r))'((DOUBLET.L)'(COND.((AND.(E&UAL.ICAR'L)v(QUOTE
+=) Y, (DOUBLET, (CADR,L) ), (EQUAL, (CAADR,L), (QUOTE=))1), (MINUSGO, (CADADRyL} ) )4 (T, (MINUSGO1,L))))o(T4L)))))) )

" END OF APPLY, VALUE IS ...
{MINUSGOL yMINUSGOR , MINUSGO02, MINUSGO1,NEGATIVE ,MINUSGO)
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" "AT THE TONE THE TIME WILL BE eeee 0/ 0 000.0 ... BEEP ...

FUNCTION APPLY{F,X,P) HAS BEEN ENTERED, ARGUMENTS..
DEF INE

T{T{(EXPGO, (LAMBDA, (L), (COND, ({TRIPLET,L), (COND,{ {AND, (EQUAL, (CAR,L)y (QUOTE,~) ) (EQUAL s {CADDR L) s (GUOTE41))),{CONDy{ (EQUA

Lo (CADRy L),y (QUOTE,10)), (QUOTEs9)) s ({EQUAL, (CADR,L),(QUOTE,9)),(QUOTE,8)),((EQGUAL, (CADR,L),(QUOTE,B) ) LQUOTE, 7)), ((CQUAL

~ o (CADRyL) 4 (QUOTE,71), {QUOTE+6) ) o L LEQUAL ¢ (CADR,L) 4 (QUOTE,6) )5 {QUOTEs5)) 3 { (EQUAL s (CADR,L) 3 (QUOTE¢5) )y {GUOTESU4) )y { [TCUAL,
CADR,L) o {QUOTES%) ) (QUOTES3) ), ( ({EQUAL, (CADR,L), (QUOTE,3)) (QUOTE,2) )}, { (EQUAL, (CADR,L), (QUOTE,2)),(QUOTE, 1)), ({EQUAL,(CA

ﬁﬁ;t)o(QUOTE 1)) (QUOTE«0) )y ({EQUAL o (CADRyL) s (QUOTE+0)) s (QUOTE,(-91))) (T, (CONS, (CAR,L) o (CONS, LEXPGO, {CAUR,L) ), (COUR,L)
11))) o L {EQUAL, ({CARoL )¢ (QUOTE,=#)), (COND, ({EQUAL y (CADRyL ), (QUOTE, 1)), (QUOTE, 1)), {(EQUAL, (CADDR,yL), (QUOTE, 1)), {TXPG0O, (CAD

RyL11), {(EQUAL, (CADR,L), (QUOTE,0) ), (CUOTE,0) )y { {EQUALy (CADDRyL) ¢ (QUOTE0) ), LQUOTE, 1)), (T, (EXPGO2,L)))) 4T, EXPG02,L))))
¢ ((DOUBLET L) o {LIST, (CARyL) s (EXPGOs (CADRyL)))) o (T4L)))) o (EXPGO2, (LAMBDA, (L) o (LIST,(CAR,L}, {EXPGO,(CADRyL)),{ZXPGO, (CADD

ReyLIININY

"END OF APPLY, VALUE 1S ...

(EXPGQO,EXPGO2}
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AT THE TONE THE TIME WILL BE eeo. 0/ O 0C0.0 ... BEEP ...

FUNCTION APPLY(F,XyP) HAS BEEN ENTERED, ARGUMENTS..
DIFFERENTIATE '
((X.—.Y).X)

END OF APPLY, VALUE IS ...
1

AT THE TONE THE TIME WILL BE .... G/ O

000.0 ... BEEP ...

FUNCTION  APPLY{FoX,P) HAS BEEN ENTLCRED, ARGUMENTS..
DIFFERENTIATE

((Xe—e¥)o Y]

END OF APPLY, VALUE IS ...
(~» 1)

AT THE TONE THE TIME WILL BE <... 0/ O

"~ FUNCTION APPLY(F,X,P) HAS BEEN ENTERED,
DIFFERENTIATE
({Xy45¥),X)

ARGUMENTS. .

000.0 ... BEEP ...

END OF APPLY, VALUE IS ...
1 o

=
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"AT THE TONE THE TIME WILL BE ve.w

0/ 0 000.0 ... BEEP ...

" FUNCTION APPLY{F,X,P) HAS BEEN ENTCRED, ARGUMENTS..

DIFFERENTIATE L o __

((Xo/9Y) oY)

" END OF APPLY, VALUE IS ...

(=9 (Xy/y(Yyen,2)))

AT THE TCONE THE TIME WILL BE .ov. 0/ O 000.0 owe BEEP ...

FUNCTION "APPLY(F,X.P) HAS BEEN ENTERED, ARGUMENTS..
DIFFERENTIATE
((Xo".3)'x)

. END OF APPLY, VALUE IS ¢0e e

(3emy(X,n2,2))

AT THE TONE THE TIME WILL BE weo. 0/ 0 000.0 eoe BEEP w..
"FUNCTION APPLY(F,XsP) HAS BEEN ENTERED, ARGUMENTS.. )
DIFFERENTIATE -
((SIN'(X‘Q‘.Y”'V)

END OF APPLY, VALUE IS ... ""

((COS’(X".QY))"‘!XV}) 77777 _

AT THE TONE THE TIME WILL BE .... 0/ 0 000.0 . BEEP

- ceoe

FUNCTTON "APPLY(F,X,P) HAS BEEN ENTERED,
DIFFERENTIATE
((Xy®y¥Y) XD N -

ARGUMENTS..

END OF APPLY, VALUE IS ...
Y

AT THE TONE THE TIME WILLU BE eee. 0/ 0 000.0 ... BEEP ee.

FUNCTION APPLY(F,X,P) HAS BEEN ENTCRED, ARGUMENTS..
DIFFERENTIATE
{{QUXL,y XY ¢ X)

END OF APPLY, VALUE 1S ...
(IDERIVATIVE,QUXL) X1 _

! i ) i . i



94

AT THE TONE THE TIME

WILL BE eeee 0/ 0 000.0 ... BEEP ...

FUNCTION APPLY(F,X,P) HAS BEEN ENTERED, ARGUMENTS..

DIFFERENTIATE

THTTT Ry g (Xenug3) )o@ Y) g #9Z) 979 {UIRy=3Y) g=sX) g2 {Xp+,Y))),oX)

GC. STAT. ENT. TINME MARK TIME EXIT TIME PDL DEPTH= 101 IRNW ON PDL= 29 GARGAGE= 13305
GC. STAT. ENT. TIME MARK TIME 000.0 EXIT TIME 000.0 PODL DEPTH= 59 IR4 ON PDL= 17 GARBAGE= 13309
GC. STAT. ENT. TIME 000.0 MARK TIME EXIT TIME PDL DEPTH= 90 IR% ON PDL= 26 GARBAGE= 13239
GC. STAT. ENT. TINE MARK TIME EXIT TIME 000.0 PDL DEPTH= 79 IR4 ON PDL= 23 GARBAGE=_ 13237
GC. STaT. ENT. TIME 000.0 MARK TIME 000.0 EXIV TIME PDL DEPTH= B0 IRH ON PDL= 23 GARBAGE= 13048

END OF APPLY, VALUE IS ...

(((((R.'.(3,!.(X.l-.2))).-.Ylg-.(((R.-'Y)'—'X)".(X.+.Y))).—.l(((R.l.(X.!!.S)).*.Y).+.Z).-.(((R.—.Y).—.X).—,(X.O.Y)))).
JoallUiRy=9Y)s=oX) g2y (XstyY)),yne,2))

AT THE TONE THE TIME WILL BE <..-.

o, o ooo.o LA A J BEEP LR N ]

FUNCTION APPLY{FyXyP) HAS BEEN ENTERED,

DIFFERENTIATE

ARGUMENTS..

((legtotptotot)olse)o(s4424),5(4))4+)

END OF APPLY, VALUE IS ...
CUILLEGAL s ({4 ¥ptytptyt)(#4)y(4428),(+)))
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THE TOWERS OF HANOI

The Tower of Hanoi is a classical puzzle in which one has
a set of discs, whose radii are progressively larger, and having
holes in the center by which they may be stacked onto a peg. Given
three pegs, A, B, C, with all the discs stacked on one of them,A,
say according to their increasing size, the object of the puzzle
is to transfer all the discs to peg B. However, only one may be
moved at a time, but it may rest at any peg, so long as a larger
disc is never placed above a smaller disc.

Although it would be a more challenging problem to design
a LISP function which would seek out a means of solution, we shall
contend ourselves with an analysis of the solution, and describe a
LISP function which will effect it.

The problem is rather easily solved for a small number n
of discs. For n=1, the disc is moved directly from peg A to peg B.
For n=2, the small disc is stored on peg C, permitting the large
one to move to peg B, and the small disc is then placed on top of

it. For n=3, the sequence of moves is

A B C
small I B [ '
middle - c él
small = C o | 7
large - B 2
small I A : =
middle - B — ! !
small —= B _

However, for larger n, the problem deserves more careful thought.
Let us suppose that there is a solution to the problem, and that
we have progressed to some stage in this solution. There will be
at most three disces exposed on the top of any pile, and of these

one will be larger than the other two, and hence cannot be moved




without violating the rule. Of the two remaining the larger can
move to the top of the largest disc, while the smaller has free
choice of the other two pegs. Thus there are never more than three
moves available.

If the smallest disc was moved on the previous turn, there
is no need to move it again, for otherwise one turm could be saved
by moving it directly to its final resting place. 1In this way we
see that the small and the large disc must alternate turmns, for
otherwise the moves would undo the move of the previous turn.

In fact, we see that if we regard the three pegs A, B, C,

as forming a circle, the smallest disc will consistently move in

one direction, say counterclockwise, every other turn. In a similar

fashion the second disc will always move clockwise one place each
fourth turn, the third disc will move counterclockwise every eighth
turn, and so on. .We may then summarize the solution in a chart -

a sort of braid diagram in which the turns are shown vertically

and the pegs horizontally. A liné for each disc informs us of its

location at each turn:

[S—
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A somewhat different series of diagrams may be used to show
all the possible states of the puzzle and not just its most direct

line of solution. For one disc, we draw a triangle:

A

C B

The vertices represent peg which may contain the disc, while the
edgesrepresent legal moves. For two discs, the problem reduces to
that of one disc when the large disc is not moved, and thus we set

up three triangles to represent the states of the small

A

C

disc when the larger is fixed. We name the triangle by the location

of the larger disc, the vertices by the location of the smaller disc.
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We may connect these triangles to show the legal moves possible
for the large disc. For example, the large disc may move from reg A

to peg C when the smaller is on peg B.

A

A

C B
C A A B

The process may now repeat, as we add more and more discs to the

problem. In each case we take three diagrams for n-l discs. When
all but the largest discs are on any one peg, the largest disc can
move between the remaining pegs, which shows how the three diagrams

may be joined at their corners.
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The Tower of Hanoi is solved by the LISP functions HANOI AND
HANOI% together with certain of their satellites. The satellites are
used to determine which peg the smallest and next smallest occupy, as
well as whether the move is odd or even and whether the problem is
solved. HANOI AND HANOI*themselves cause the alternate moves of the
smallest and intermediate disc, and the function is recursive because
HANOI is defined in terms of HANOI* of suitably rearranged arguments,
and conversely. The recursion terminates when HANOI* has an acceptable
set of arguments, and the steps of the solution may be presented by
TRACLIS. The puzzle itself is represented as a list of three lists,

each of which enumerate the discs on one of the three pegs.

HAROLD V. McINTOSH
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APPLY OPERATOR AS OF FEBRUARY 10, 1960

AT THE TONE THE VIME WILL BE eeeo 0/ 0 000.0 ... JEEP ...

'READ IN LISTS ...

DEF INE

( ( (ORDER, (LAMBOA, (XYoL}, (CONDy ( (NULLyL) 4F) o ({EQUALy Xy (CARSL))oT), ((CQUAL Yo (CAR,LY) F )y (T, (ORDER,Xa Y, (COR,L)))D)) . (EXP
UNGE, (UAMBDA, (1oL )y (COND s ((NULL,L) ¢NIL) ¢ ((EQUAL ¢ Ly (CAR,L) )y (EXPUNGE, [y (CORyL1)) 4 ( Ty (CONSy (CARyL) 4 (EXPUNGT 914 (CURSL)))))
)1+ (ACCUMULATE, (LAMBDA, (LoM) 4 (COND s ( (NULL L) oyM) o ( Ty (ACCUMULATE, (CXPUNGE y (CAR L)y {CORyL)) 5 (CONSy (CARyL) 4 (CXPUNGE, (CAR,L)
yMYYYD)) 75 (ELEMENT, (LAMBOA, (X2 S) s (COND, ((NULL +S)sF )y ( (EGUAL + Xy (CARsS) )y T34 (T4 (ELEMENT ,Xs (COR»S) 11100, (COLLEC I, (LAMGDA, (
L) o (CONDy ({NULL L) oNIL)y ((NULL s (CORoL)) L)y { (ELEMENT, (CARyL) s (CORoL) )y (CONSy (CARSL), (COLLECT ,(CONSy (CAR,L), (RCHMOVE, (CAR

L)y (CORGLIIIII Y 5 (T5 (CONS, (CARyL) g (COLLECT, (CDR, LIV ))) )y (REMOVE, (LAMBDAy (XyL )y (CONDy ( {INULL L) 9 NIL) o { {EQUAL X, (CARyL) )y
(CDRyL)) 4 (Ty (CONS,(CAR, L), (REMOVE,X, (COR,L))))IIIII)

DEFINE

((UTERMINAL, (LAMBDA, (L) y (COND,y ( (OR, {AND,y (NULLy (CAR,L) )y (NULLy(CACRyL)) )y (AND,y (NULLy (CADR,L) )¢ (HWULLy (CADDRyL)) ),y [AND,y (NU
LLy (CADDR,ZL) ) INULLy (CARyL)I)) 9T )y (TyF))) )y (MCOIANy (LAMBUAS (AyBoCoM)y (CONDy (L (NULL,A)y (CONDy ((ORDLRyByCoM)98) s (T4CH)),((
"NULL B8, (COND, (TORDER,CyAyM) yC) o (T4A)) )y ({NULLyC),(CONDy {{ORDERyAyByM)yA)g(TyB)))y({CRDER,AyG4M), [CONDy{({ORDER,B,CyM) 4B
)9 L{ORDERJA9yCoM)9C)o(TyA))) o (To(CONDy((ORDERJAyL M) 9A)s ({ORDCERBsCoM)pC)y(TyB))))D), (OUD,y (LAMCDA, (XyM)y (COND,y ( (EGUAL 4 X,
T(CARGMY Y T4 (T, (NOT, (ODD9 Xy (CORyM))))) ) ), (STACK, (LAMBDA, (L) y (CONDy{(NOTy {NULLy (CAR,L)) )y (CARHL)) 4 {{NOT,(NULL,(CADR,L)))
2 {CADRy L))o (T (CADDR,L)))) )y (HANOIy (LAMBDA, (L) (CONDy ((ELUAL y (CAR, (STACLKyW)) s (CAAR,L) )y (HANOI#, (LIST,(CDAR,L), (CADR,L),
(COPS+ (CAAR, LYo (CADDR, L)1) ) ) o ({EQUALy (CAR, (STACK,G)) o (CAADRyL))y (HANCI*, (LISTy{CONSy (CAADR,L)y(CAR,L)), (CDADR,L),{CADDR
1))y LIEQUAL, (CAR, (STACKyQ)) o (CAADCRSL) )y (HANOI®#, (LISTy (CARWL), (CONSy (CAADDR,L)y(CADR,L) )y (CDADDRoL)I)) D)) )y (HANOL®, (L
“AMBDA, (L), (COND,y ((TERMINAL,L)yL), ( (EQUAL, (MEDIAN, (CAAR,L)y (CAADR,L) ¢ (CAADDR,L) ¢ {STACK,Q))y{CAAR,L)) 4 (CONC,y{(CDD, (CAAR,L
) o (STACK,Q)) o (HANOY o (LIST, (CDARyL)y (CADR,L)y (CONS,(CAAR,L), (CADOR,L) I} ), [Ty (HANOT,(LIST,(CDAR,L),(CONS,y(CAAR,L),(CADR,
Y3 (CADDR, L))V V) )4 ((CQUAL, (MEDTAN, (CAAR,L) y (CAACR,L )y (CAACDR L)y (STACKyw) )y (CAADRGL) )y (COND, ((ODDy (CAACR,L) 4 (STACKyW))
o (HANOI 4 (LIST,{CONS, (CAADRoL )y (CARyL) )y (CDADR,L ), {CADDRSL))) )9 ( Ty (HANOL(LISTo(CARGL), (CUOADR,L),(CONS,(CAADR,L), (CADUR,
LI, (TEQUAL, (MEDIAN, (CAAR,L )y (CAADR,L) s (CAANDDRyL) s (STACK,Q) )y (CAADDR L) )53 (CCNDy ({ODDy (CAADDR,L) 4 {STACKyw) )y (HANGI,

(LIST,(CARyL) s (CONSy (CAADDR,L) 9 (CADR4L) ), ({CDADDRYL)II) Vo (Ty (HANOL,(LEST,y (CCNS, {CAADDR,L)y (CAR,L)) o {CACR,L),(CCADDR,L))))
mnn

TRACLIS
((HANOI,HANOI*))

HANOI
({ » »(AyByC,yDyE)))
((Qef{ » +(AyByCoDyE))))

sTopP”

AT THE TONE THE TIME WILL BE .... C/ O 000.0 ... BEEP ...
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FUNCTION APPLY{F4,XyP) HAS BEEN ENTERED, ARGUMCNTS..
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HANO1I
{{ ¢+ o(AyByC,yD,E)))

(TQy T » +s(AsBsC,D,ENI T

{ARGUMENTS,0F yHANOI )

{ARGUMENTS,0F ,HANOI #)

{ » #{AyByC,4D4E))

({BsCyD)5 (E),(A))

(VALUE,OF ,HANOT #)
( +(AyByCyDyE), )

{ARGUMENTS,OF ,HANOI #)
{ »(A),({B,CyD,yE))

{ARGUMENTS,0F ,HANOI )

_{{CyD)o{ByE),(A))

{VALUE,OF yHANOI)

(ARGUMENTS, OF yHANOI )

{ARGUMENTS,0F (HANOI )

((B)»(A)},(C,yD,sE))

({CyD),{AsB,E), )

(ARGUMENTS,0F HANCI =)
({A48), 4(CyD,E))

( ARGUMENTS,0F,HANOI)

{ARGUMENTS,OF yHANOI )
({D),(A,ByE),(C))

(ARGUMENTS,OF ,HANCI #)

{(A,B),(C)y(DyE})

{({AyD),({ByE),(C))

{ »(AyByCyDsE), )}

{VALUE,OF ,HANCI =)
{ +(AsByCyDyE)y )

{ VALUE , OF yHANOI )
{ +{AsByCyD,E)y )

{VALUE,OF yHANOI %)

(ARGUMENTS,0F ,HANOI #)
((B),(C)y(AyD,E))

(ARGUMENTS,0F,HANOI)
(tA,D),(E}o(ByC))

( »(A,B4,CyDyE), )

{ ARGUMENTS,0F ,HANOI )

(ARGUMENTS,0F ,HANOI =)

{ +(BeC)y(A,D,E))

({(D)s(E)y(A,B,C))

{ARGUMENTS,0F yHANOI #)
{ +(AyByC)y(D,E))

{ ARGUMENTS0F HANOI)
{ +{DsE)s(AyB,sC))

{ARGUMENTS,0F yHANOI)

{ARGUMENTS,0F ,HANOI =)

(VALUE, OF ,HANOI)

{_+{A,B4C,D4E), )

(VALUE,OF ,HANOI »)

{ '(A'B'C.D'E,' )

{VALUE, OF ,HANOI)
{ +»(AyByCyDyE)y )

((D),{A,8,C),(E))

{ +(A,DyE),y(B,C))

(VALUE,OF ;HANOI =)

{ARGUMENTS, OF HANOI #)
{{A,D)y(BsC),(E})

(ARGUMENTS,0F,HANOCI)
({(B),(A,D,E),(C))

{ +(A,BsCsDsE)s )

(ARGUMENTS,0F 4HANCI )

(ARGUMENTS,0OF yHANOI &)

(VALUE,OF ,HANOI)
‘ [ ] (A.B'C,D'E,' )

((A4sD)y(C)e(B,E))

{{AsB),(D,yE),(C))

(VALUE,OF yHANOI %)

{ARGUMENTS,0F yHANQOI )
{{D),(C}y(AyB,E))

{ARGUMENTS,OF ,HANOCI)
{(A4B) 4 (CeDyE)y )

{ +(AyByCyDyE),y )

{ARGUMENTS,0F,HANOI)

{ARGUMENTS,0F yHANOI %)

{ VALUE, OF ,HANOI)
{ '(A'B'C'D'E)' )

((CyD)y 4 (A,B,E))

{{B),{CeDyE),(A))

{VALUE,OF yHANOI =)

"TARGUMENTS,0F 4HANOI #)
(iglglllA"‘B’E’,

(ARGUMENTS,0F HANOI)
{ +{ByCoDyE),(A))

_(ARGUMENTS,OF HANOI )

(ARGUMENTS,0F,HANOI %)

( +{AyByCsDsE), )

(VALUE,OFQHANOI)
( '(A'B'C'D'E)' ,

({BsCyD)y(A),(E))

( :U\'B'C,D,Eh )

(VALUE,OF yHANOT »)

(ARGUMENTS$OF,HANOI =)

((AyB4C,yD)y S(E))

(VALUE,OF ¢ HANGI #)
{ +(A,ByC,D,E), )

( +(AyByCyD,E)y )

(ARGUMENTS,0F,HANOI)

({A,B,CoyD1,(E), )

{ VALUE, OF ,HANOI )

{VALUE, OF ,HANOI)
{ o»{AyBoC,DsE), )

{ s TAyB,CyD,EDy )

(VALUE, OF yHANOI»)

1 s(AsByCyDeE), )




(VALUE,OF ,HANOT)
( ’(A’BQC'D'E)' )

(VALUE,OF yHANOI =)

{ +(A,8,CyDyE), )

(VALUE,OF,HANOI)
( s{AyB,y,CyeDyE), )

(VALUE,OF yHANOI #)

( '(A’B’C’D'E" )

{(VALUE,OF ,HANOI)
( 9{AyByCyDyE)y )

(VALUE,OF yHANOI*)

{ +{A¢ByCyDyE),y )

(VALUE,OF ,HANOI)
{ »{AyByCyDyE)y )

(YALUE,OF ¢4HANOI ®=)
{ _9{A,B,C,yD,E)y )

(VALUE,OF ,HANOCI)

{ +(A,ByC,yDyE), )

"(VALUE,OF ,HANGCI *)
{ _2(AsBsCyDyE)y )

{VALUE, OF,HANOI)

{ +(A,B,C,D4E), )

{VALUE,OF yHANO]I =)
{ o{A,B,Cy,D,E)y )

(VALUE,OF yHANOI)

{ 9{AyByCyDsE),y )

~104-

END OF APPLY, VALUE IS ..

{ 2(AyByCyDeE)y )

L.
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COFLEXLIST

A flexagon may for our purposes be considered as a list
of length two; a special case of a pat, which is a list of
length two or greater or an atomic symbol. Lists of length
zero can not be handled by COFLEXLIST; list of length one are
reduced to atoms during the course of operation; and are there~‘
fore more consistently not used as pats. A typical flexagon
then has the structure (A, B) and a typical pat the structure

A or (Bl,...,Bn), where A and B are pats (lists or atoms).

We define three distinct operations which are performed
upon flexagons, called ROTATE, FLEXR, and FLEXL. These opera-

tions are essentially characterized by:

ROTATE : (A, B) - (B, 4)
FLEXR s (A, (Bl, 32,...,Bn) ) = (Ba,...Bn,A). Bl)
FLEXL :

(A, (BlyeveyB 1y B) ) =( (AL uueyB ) B)).

n=1"

These operations all maintain a constant cycliec order of the
atomic symbols (which are called "leaves" in flexagons) of which
the flexagon is ultimately composed, independent of the list
groupings indicated by parentheses. The representation of the
flexagon structure is consequently called the flexagon's con-
stant order (CO).

The convenience which accompanies the constant order
representation is somewhat offset by the fact that it introduces

an ambiguity in the order of the sides showing in the flexagon.
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When the flexing process is examined in the actual flexagon,
it is seen that each flex reverses the direction of the con-
stant order relative to the left-hand pat, as indicated by the

following diagram:

FLEXAGON

PAT STRUCTURE
DOTTED ARROW SKELETON
SHOWS DIRECTION tLEX co= (A,(c,B))

OF READING THE

co. e~ co= ((AB),C)
/. N, FLEXED

(o4
g ) [ALL PATS invERTED]
/ o ~

The direction of reading the CO will clearly also be
reversed by a rotation as well.

It can be seen that FLEXR and FLEXL are dual in this
same respect; one counts the leaves in one direction, the
other in the other direction. Essentially, the parity in-
volved is between reading up or down through the first of the
two given pats. This parity is reversed each time the flex-
agon is flexed or rotated, and in the program COFLEXLIST is

recorded by an auxiliary atomic symbol, T or F, which is paired




o

with the current flexagon structure. The initial value is

given as that corresponding to FLEXR, As FLEXR is performed,
the parity indication is changed to that for FLEXL, etc. The
coordination of the three operations is handled by the opera-
tion FLEX. It will be noted that FLEXR and FLEXL always move
as many subpats as possible away from the second pat; this

type of flexing opens up the way to consequent flexing deeper

within the flexagon subpat structure, so to speak; that is, Bn

will always immediately become a pat in its own right. This

type of flexing héa been called O-cut flexing or following O-cut
cycles. It is also a part of the operation of the generalized
Tuckerman traverse, which exhibits all of the flexagons O-cut
faces with maximum efficiency and gives significant insight

into the problem of building paper flexagons. It is this traverse
of a flexagon which is given to be COFLEXLIST. To perform the
traverse, we simply flex whenever possible, then rotate if flexing
is impossible. The function FLEX prescribes this order of events,
as well as making parity changes.

This program CO-FLEX is a LIST of constant-order-represented
flexagons. The list is surrounded by an additional pair of paren-
thesis and followed by two parenthesis, so: ( ), which complete the
apply triplet for COFLEXLIST. The function COFLEXLIST itself only
checks to see if any flexagons remain to be flexed, and adds each
finished flexagon. When all the flexagons have been flexed,

COFLEXLIST terminates its list with the word "FINISHED".
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The function OPERATE stores the given initial value of
the CO for each flexagon and checks after each operation to
see whether the new CO structure is the same as the first, If
so, the traverse has been completed and OPERATE gives as its
value the function FAKE, whose value is the words "NEXT,
FLEXAGON", listed with the last CO structure.

The functions LEFT and RIGHT compute (Bl"°"Bn-1) and
(Bn)’ respectively. The value of each function is a list,
splitting the old list just before its last term.

FLEXR and FLEXL actually do somewhat more than we have
indicated; they list the new CO structures computed along with
a list of the flexagon sides actually showing at the beginning
of the operation just completed. The current sides showing are
not indicated, since there can scarcely be much ambiguity here
and to give them would require undue complexity. The sides
shown are the value of the function SIDES, which takes the first
leaves to the left of each pat, which are given by the function
1E, and orders them according to the current parity indication.
The sides showing are then assumed to be given by these first
leaves; that is, each leaf is assumed to bear the name which,
in the actual paper flexagon, would be carried by what is, in
the CO, the left-hand surface of that leaf as we view the CO on
the page. At any rate, this gives a quick characterization of

the faces which are revealed.,

|
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- As far as output, we receive the final value of the function

L

|

{” COFLEXLIST at the program's end. Furthermore, we trace (using
TRACLIS) the values of the function's FAKE, ROTATE, FLEXR, and

[ FLEXL, to indicate what happens when flexagons are changed and
within each flexagon. Each of these functions includes in both

[ argﬁment and value the current CO structure, Furthermore, argu-

r ments of all four and the value of FAKE end with the current

parity value, though this is printed out as a blank space, since

(— it is indicated by one of the special characters T and F. Values

of FLEXR, FLEXL, and ROTATE end with the list of sides showing

‘*ﬁ

at their commencement, in order from top to bottom.

,_4
i
i

L ANTHONY CONRAD

‘7

o
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START TIME 17.41 DATE (7/05/61 I CARD = CHK 01-12%  7550-000-27350 MCINTGSH
REM A CCNRAD
REM PLACE LISP? LINARY TAPE GN TAPL UNIT B=9
REV SCRATCH TAPE ON TAPE UNIT i-0
REM CUTPUT MAY LT MONITCRED CY CLPRLUSSING SwlTCH 3.
REWM NCRMAL HALT  CCTAL 1300 -
REM NOTE... DONT INCLUDE REMARK CARLS [N LISP SiCTION OF DECK.
REM THE FLEXAGONS ARC ENTERGD I A LIST AT THE R0 GF THE PRGG
REN RAM DECK I CONSTANT GRCCR FORM, wlITH PARENTHLSES INMCICATE
REV NG THC THUMULHOLE STRUCTURE. THIS LIST IS SURRCUNGED BY A
_________ REM PAIR OF ADDITiONAL PARENTHESTS ANU FOLLCWED 0Y AN EXTRA
REW PAIR, THUS<w. (). LCAVES NAY BE REPRESENTED BY ANY ATOMIC
REM SYMBOLS. EACH WwILL 3L INTERPRETED AS THL LEFTHAND SICE OF
REM THAT LEAF A5 IT APPEARS IN THC CONSIANT ORDER. [NDIVICUAL
. REM LEAVES ARE NOT SURRCUMDED 8Y PARENTHLSCS. CUTPUT FGRMAT..
REM (CURRENT C.G.5TRUCTURE 5 SIDES PREVICUSLY SHOWINS ).
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APPLY OPERATCR AS OF FEBRUARY 10, 1960

AT THE TONE THE TIME WILL BE ..., C/ O O00CeD e« EEEP ...

DEF INE

(TULEFT, (LAMBDA, (L) (CONDy (ONULL 4L ) o NIL) » (CATOMsL ) yNIL) o ({NULLy (CCRyL))sNIL) (T, (CONS,{CARSL), (LEFT,(CDRoL)I}}))))o(RIGH
To(LAMBDA, (L) (CONDy ((INULLyL)oL) s ((ATOMyL) 9L )y ((NULLs(CDRyL)) L), (To(RIGHT,(CDRyL)})))),{SIDES, (LAMBDA,{X)y {COND,{{CADR

2 XV s TLTST, TTE,TCADAR G X)) 5 (VE s XTIV ) s (T, (LISTo {TE4 XY 5 (TE,) (CADAR X111 1)) ), (ROTATE, (LAMBDA, (X1, (LI1ST s (LIST, (CADARs X1y (CAAR, X
)) o [SIDES+X)))) o (FLEXR, (LAMBDA (X) 4 {LIST,(LIST, (APPEND, (CDADARyX), (LIST, {CAARsX)) )y (CAADARy X)), (SIDES,X))) ) (FLEXL, (LAM

“BDA, UXY, (LIST, (LTST, (CONS, (CAAR, X) , (LEFT, (CADAR,X))) 4 (CARy (RIGHT, (CADARy X)) ) V5 (SIDES+X) 1)), (FLEX, (LAMBDA, (X), (COND, ( (AT
OMy (CADARX) ) 9 (LISTy (CAR, (ROTATE4X) ) o {CONDy ((CADR9yX)9F)s{TsT}1)) ), ({CADRyX) g ({LIST, (CARy (FLEXRy&)),F))y{To{LIST,(CARy(FLE
XLy XTToTT101) ), (FAKE, (LAMBDA, (XY, (LTSTy X,y (QUOTE,NEXT)y {QUOTE,FLEXAGON)}) ), (OPERATE, ({LAMBDA,(CO,5T0)y (COND, { (EQUAL,CO, (CA
RySTO) )y (FAKE,STO)) o (T, (OPERATE,COs (FLEX,STO)))))) s (1E, (LAMBDA, (X) 3 (COND» ({ {ATOMy X) g X) 9 {To { VE, (CARX)) )} ) )y (COFLEXLIST,(

’ ’ ' oLy (QUOTE,FINISHED) )y (T (LISTy (OPERATEy (CARy L)y (FLEXy {LIST,(CAR,L)4T)) ), (COFLEXLIST,(CDR,L)))))

1))

TRACLIS

(TFLEXR, FLEXL,ROTATE,FAKET)

COFLEXLIST
(LUU142)43) g (Ry(Py((ByG)p Y90 )s ({(T796)5(9,8))p{550(291)5(U33)))) s {(AyByC)ollToUsV)y(GalINsyOys(RyQueP))gMylHy(KyJdygIdyl)

ToSTaIDWE4FIT Ty (TTT 293004590971 9265 (13, TU,15,16,(234224217205319,18517)324325)512,11310,9)48)5((1e2¢3o8)o((18,((21,22),
(16917,18519,20)915) )9 (T o8By ((11412513)4(9410)))9(546)))9{{2,AAARGH) 3 (3, {(HELP,1),(1,HELP),(2,HELP))})}))

STOP

AT THE TONE THE TIME WILL BE .vo.. 0/ O 000.0 .+« BEEP ...




OBJECT LIST NOW IS ...

(HELPyAAARGH 25,24, 17, 194204219229235169269E319KyHyQeC oGy FINISHED,COFLEXLIST,COyGPERATE yFLEXAGON,NEXT yFAKEyFLEXy FLEXLoF
LEXRyROTATE, 1FySICESyRIGHTyLEFT,PF4VAR,FORM,SEARCHF,T1,Uf,FF,DF,CCMPSRCH,BNDV, SELECT,CSETG,CGNC,CDDDDR,CDDDAR,yCDDADR,CD
DAAR,CDACCR,CDADAR,CDAADK yCDAAAR,CADDDRyCADDAR, CADADR,CADAAR,CAADUR,CAADAR,CAAADR,CAAAAR, VALUE , ARGUMENTS, TERRIBLYUNIQUE

PROGRAMVARIABLE yUNTRACLIS, TRACLIS,PROPERTY, ITS,HASy TRAC3, TRACLISICyUNTRACTyPROPERyINyOLFINITION, TRAC29NAMEFN, TRACT9MyB
s SELECT2,REMP1,0F ,PROPERTILS yPRINTPROPyPROG2,PRINTP1yCyU,MAPCARyWAY » JyMAKCBLRyPICKyR,H,EQUALSyNO,ATOMIC,FORMAT(UyFORMATP,P

s TPXDO303A,S,FTQZOIRy Ny FCRMATyASyTOsGIVENy WAS V9 04CSET9CUNC14CEFINEyDEFLIST,DEFL1S19PROyL+OByNEF14A9ANDyAPPEND,APPLY,AP
VAL APVAL 14 ATOM)ATTRIB 10919213+ 4+5969748,72,10,11,12,13,14,15,18,CAR,CURy»,COMPTRAC,COND,CONS,CONST,CP1,COPY,COUNT,DESC,

EQyEQV,ECUAL y“RRORYEVAL EVLISIEXPRYEXPT 4 F ,FEXPRyFIXyFLO9FSUCR,FUNARGyFUNCTIONyGENSYM,GO ) INSTINT, INTERNoLABELyLAMBDA,LI
SToLOADyLCCyLOCQy ( yMAKENU,MAKEOB yMAP yMAPCON,MAPLIST 9y~ 15—y MINUS NCONCyNFLVAL NIL yNFWLyNOTyNULLy,NUMBER,OBLIST,0R,PAIR,PA

USE PFWL,PLByPLUS,PNAME, PCAER,PRDCT,PRINT,PRIN2,PRCG,»PROPyQUCTE,READ,RECIPRECLAIMyRPLACA,RPLACD,RPLACK,RETURN,),SASSOC
» SEARCH, SET,SCTQ,SPEAK,STOP,SUB, SUBR,SUBLISySUBST+SUMySYMBOL 9Ty TCSTT1,TEST2,TEST3, TESTH,TIMES,TRACE, TSFLOTyUNCOUNT,ADD,A

LSsARSyBSSyCLA,COMyLOQyLXASLXDyPAXyPDOXPXDySTAySTO9STOsSTQeSXDy TIXyTNXyTNZyTRAJTSXy TXHy TXTI yTXLyTZESATOMI,,EQTT,NULL1,BIN
s EXP¢yFUNC,TEMF,TEMP,AC My $ARG2,y $ARG3y BARGU y $ARGS ) $ARGHy $ARGT s $SARGEy %+ 1 #4+2, 243, 444, %+5,CAAR,CDAR,CACR,CDDRyCAAAR, CAADR

s CADAR,CACDRCDAAR,CCANRyCODAR,CDNOR,$CPP 14 $ENPDL, $NOPDL+ 1, $FREE, $FROUT y SONEy $ZEROyXyY,2,COMPILE,COMP2,COMPAT,,DEFF3,GET

__oNOMAP,SAP,REMPROP, INTCGRATED 709 COMPILER—INVTCRPRETER LISP 20 GCT 60 )

AT THE TCNE THLE TIME WILL BE eeee 0/ O 000.0 see BEEP ...

FUNCTION _APPLY(F,XsP) HAS BEEN ENTCRED, ARGUMENTS..

DEF INE
(((LEFT, (LAMBDA, (L) 4 (COND ((NULL9L) NIL), ((ATCM, L) ,NIL), ((NULL,y(CCR,yL))yNIL)y (T, (CONSy(CAR,L),(LEFT,(CDRyL)))))))o(RIGH

To(LAMBDA, (L) (CONDy ((NULLoL)4L) g (LATOMy L)L)y (A{NULL,)(CCRyL) ) gL )y (To(RIGHT, (CORyL)I)))) 5 (SIDES, (LAMBDA,(X)y (COND,((CADR
o X) g (LISTH(TE, (CADARy X)) g (1E 4 X)) )9 (T (LISTy (1ES4X)y (12, (CADARyX)))))) )y (ROTATEy (LAMBDA, (X) o (L1ST,(LIST, (CADARyX) s (CAAR,X

)) o (SIDES X)) ) ) o (FLEXR, (LAMBDA, (X) 3 (LIST,(LIST, (APPEND, (COADARyX) 3 (LIST,(CAARyX) ) )y (CAADAR, X)) (SIDES,X))) )y (FLEXLy (LAM
BDA,y (X) g (LISTH(LIST,)(CONSy (CAARyX) y (LEFT,(CADAR+A))) 9 (CARy (RIGHTy (CAUARyX)))) 9 (SIDES,X))) )y (FLEXy (LAMBDA, (X), (COND, ( (AT

OM, (CADARyX) )y (LISTy (CAR, (ROTATE X))y (CONDy ((CADRyX) sF) 9 (TyT))) )y ((CADRyX) 9 (LIST, (CARy (FLEXR X)) F)) (T, (LIST, (CAR, (FLE
XLoX))9T))))) o (FAKE (LAMBDA, (X) 9 (LIST o Xy (QUOTEZNEXT) 3 (QULTE,FLEXAGON))) ) » (OPERATE,, (LAMBDA, (CO,STC)y (CONDy ( (EQUALSCO,(CA

ReSTO)) » (FAKE,STQ)) 5 (Ty (CPERATE2COy (FLEX,STO))))) )9 (1L (LAMBDA, (X)y (COND o { (ATOMyX) 9 X) o (T (1E,(CARsX)))))) o (COFLEXLIST,(
LAMBDA, (L), (COND, ((NULLsL) gy ({QUOTEZFINISHEU) ) 4 (T, (LIST, (OPERATE,) (CARG L)y (FLEXy(LISTy(CAR,L)»T))) 2 (COFLEXLISTy (CDRyL)))))

M)

geND OF APPLY, VALUE IS ...
(LEFT RIGHT,SICES,ROTATE JFLEXRWFLEXL FLEX,FAKE,CPERATE, 1E,COFLEXLIST)




—

—
|
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" FUNCTION APPLY(F,X,P) 1AS BEEN ENTERLC,

COFLEXLIST

ARGUMENTS. .

((((1 2)93) s (N (P LLLGY (Y00 ) ) (UUT746)509,8)) 455 0(2,1)5(U43)))),

w2l 2)),|L.II.10 9198) 9 (1142, 354), ((14,((21,22),

((A B39C)e ((THUyV)s (G

d LINSC IRy QeP) )M,y (Hy (KyJdyI)ytL) ’vS)y(P EsF)) )y
"(((‘ ?1_J’!+ 5 6 7)126'(‘5",0’13'161(1.31(_?'(] 201‘() ]8']7)

1530 4 (7409 ( (1141

2413

)2 (7+10)) )4 (526))),(0(2

(33 ((HELP 3 1) o (1, HELP), (2,HTLP))))))

» AAARGH)

(ARGUMENTS,0F ,RCTATE)
(((1,2),3),0 )

(VALUE,OF ,ROTATE)
{((3,(1,2)),(3,1))

(ARGUMENTS,CF,FLEXL)
((39(142)), )

(VALUL,0F,FLEXL)

(((3,1),2

)y(J,1))

{ARGUMENTS,0F,ROTATE)
(((3,1),2

Yy O M)

{VALUE,CF,ROTATL)
(12,03, 1115 (24 30)

(ARGUMENTS,0F,FLEXL)
(25 (341)), )

(VALUE,COF,FLEXL)

(((243)41),(2,3))

"(ARGUMENTS,0F,ROTATE)
(((2,3),0),( )

(VALUE,CF,RCTATE)

0, 12,300, (1,2))

(ARGUMENTS,0F,FLEXL)
({14(2,3)), )

(VALUE,OF yFLEXL)

(((1,2)43)5(01,2))

(ARGUWENTS, CT 4 FAKE)
L01,2),3)50 )

{VALUE,CF,rAKL)

L T1,2),3), ))4NEXT,FLEXAGON)

(16417,18,19,2001,




(ARGUMENTS,OFyFLEXR)
IRy (Py ((ByGIy(Y,C)1) )yl ))

(VALUE,OF ,FLZCXR)

(LTU(BsG),(Y4C)) 4R, P)'(P R))

(ARGUMENTS, OF ,ROTATE]
CLLLIBYG) 4 (Y40 ) 4RI 4P),y )

(VALUE,CF ,RCTATE)

((Py ({(ByG)y(Yy40))4R)I)4(EyP))

(ARGUMENTS, OF ,FLEXR)
(P, LL(B,G), (Y,00),R)),( ))

(VALUE,CF,FLEXR)

(IR,P)» ((B4C)5 (Y40)) )y (B,P))

- (ARGUMENTS,CF,FLEXL)
LLIRYP) ((B4G)s(Y,4C) )y )

(VALUE,OF,FLEXL)

{{UIRyP)(ByG))s(Y,0))5(RyB))

“(ARGUMENTS,OF 4FLEXR)
({CIR4P),(B3G))s(Y,0))y( )

(VALUE,CF,FLEXR)

(L{O0, LIR4P)I,(B3G)))»Y),(YsR)]

(ARGUMENTS,OF yRCTATE)
(LL05 ((RyP),(B36))),Y), )

(VALUE,Of ,ROTATE)

(LY (0s ((RyP)+(B,G)I))»(CgY))

(ARGUMENTS,OF ,FLEXR)
LY, (04 ((RyP)4(BsG) )]y ( )

{VALUE,OF ,FLEXR)

TTTUTIRYPI 2 (B3GY) oY) 9C) 2 (GyaY))

(ARGUMENTS,0F ,RCTATE)
({I{I{RyP)+(BsG))sY)yG)y )

{VALUE,CF,ROTATC)

(0, {{R,P), (B,G)), Y))-(Rv ) )

(ARGUMENTS,0F,FLEXR)
({0 ({(R4P)4(RyG))yY))p( )

(VALUE,OF,FLEXR)

TTY, 00, (R, PY, (B,G) ), (R,0))

S ——————

TARGUMENTS,OF,FLEXL)
(LEY,0) 3 (IR, P) 4 (B4G)) )y )

(VALUE,CF,FLEXL)

(TTTY 002 (RyPII 4 (ByG))a(Y,R))

- TARGUMENTS, CT ,FLEXR)

(CCLY,C) 3 (RyPI) 5 (ByG) )y 1))

(VALUE,OF,FLEXR)

UG, {Y,0),(RyP}) ),

C),ByY))

(ARGUMENTS,OF ,RCTATE}
4G4 (1Y4C) s (RyP))) 4B, )

(VALUE,CF,ROTATE)

(IBy(Gy({Y40)+(RyPII)I)H(GyB))

- (ARGUMENTS, OF,FLEXR)
((B (G, ((Ye0)a(RsP)I))H( ))

(VALUE, OF ,FLEXR) ,
((C00Yy0)4(RyPII,BISGI,(GpE))

(ARGUMENTS,0F,ROTATE)

((C{(Yy0) 4 (RyP))I4B)4G)y )

(VALUL,O0F ,RCTATE)
((Gy ({(YsC)s(RyP))9yB)),{Y,G))
-

{ARGUMENTS,0F,FLEXR)

((Gy(((Y,C)»(RyP))yB))y( ))

(VALUE,OF ,FLCXR)

((UB4G)y ({Y,0) 4 (RyPI))4(Y,G))

(ARGUMENTS,0F,FLEXL)

(({ByG)y((Y4C)y(RyP))),y )

{VALUE,OF,FLEXL)
((0(BsG)s(Ys0)) g (RyP))4(ByY))
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(ARGUMENTS,0F,FLEXR)

((L(ByG)y(Y4C))y(RyPI)o( )

(VALUE,OF s FLEXR)
({(Py((ByGly{Ys0))),R},(R,E)) .

(ARGUMENTS,0F,ROTATE)

(((Py{(B3G)ye(Ys0)))yR)y )

"(VALUE,OF,ROTATE)

((Ry(P,{(BsGI»(Y,C)))Ig(P,R})

;!ARGUMENTS,OFtFAKE)
({Ry(Pr({ByGle(YeCl)1)ol })
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CANNIBAL PROBLEM

There are three types of logical problems solvable by a
computer. The first of these involves the programming of a direct,
step-by~step solution such as the Tower of Hanoi and Chinese Ring
Puzzle. The second is to examine all the possiblilities at a given
step and find the one that is correct. The last involves making a
decision between several probable solutions and requires a more
complicated scheme.

The well-known Cannibal Puzzle is in the second class of
problems. It is as follows:

On the bank of the river are situated three man-eating

cannibals, three white hunters, and a small boat. The hunters hold

the cannibals as captives and wish to transport them across the river,

However, there are several stipulations. First, the boat holds only
two people. Secondly, only one cannibal can row (in addition to the
hunter), and lastly, at no time can there be more cannibals with the
absence of hunters) since the cannibals would then eat the white men.
The problem is to get the six men across the river in a finite
number of steps.

Solution: Let "A" stand for the white hunters
Let "C" stand for the cannibals unable to row
Let "R" stand for the cannibal who can row
ILet "B" stand for the boat

Move Left Bank Boat Right Bank
AAABCCR

-
1) AACR BAC

2) AACR & c

3) AAA BRC c

L) AAA B'R cc

5) AR BAA cc

6) AR BA C AC

7) AC B AR AC

8) AC BAcC AR

9) cc B A A AR

10) cc B'R AAA

11) c BRC AAA

12) c B'R CAAA

13) BRC CAARA

14) AAABRCC
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For a computer to solve the puzzle, it would have to know

precisely the same amount of data as a person plus an ability to

recognize patterns. The essence of the whole problem centers

about those two things.

1)

/2)

- 3)

L)

5)

6)

-7

- 8)

9)

10)

11)

12)

13)
14)

15)

16)

Since the problem can be solved recursively, it is well
adapted for LISP.

The various functions defined are as follows:

Element -~

Subset -
Same¥ -
Same -
Member -
Doubletrip

Remove -

Erase -
Count -
Divide -
Divide -
Pare -

Reverse -

Reverse -
Eggreat -~

Transfer

to determine if an atomic is a member of a list
or not (predicate)
to determine if a list is composed of a larger
list (prediaate)
a predicate to determine if two lists are
identical-regardless of permutations
a predicate to determine if two lists of lists
are the same regardless of permutations
a predicate to determine if a 1list of lists
is an element of another list of lists
- a predi ate to determine if a list has exactly
two or three members
takes the first occurance of an atomic symbol
of a list
removes each element of one list from another
counts the number of times a particular symbol
is used in a list (function)
function to prepare a list of all possible pairs
and singletons from a given list
a particular function that adds "B", the boat
to each of the lists of divide
a function that takes a given element and pairs
it with each element in a list
a function to put the last item on front a list

a function to interchange a list of lists of two

members ((A B) (C D) (D F)) = ((BA) (DC) (F E))

a predicate to tell if a given list has as many
or more members as another list
a predicate to determine whether or not a boat-

load is legal or not by the rules of the problem
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17) Sail - makes one boatload from
to the right.

18) Sail* - makes one boatload from
to the left.

The problem works as follows:

Given the list (A A A B C C R) on the

function "Divide'" makes a list of all

are gone through one-by-one to see if

the left side of the river

the right side of the river

left side of the river, the

the possible moves. They

they are legal ("Transfer"),

then tested to see if, given this particular situation, the same

move has been made before. It does this by examining ('Member")

a list made of all previous moves (4th argument of Sail and Sail¥*. ‘

If the move is legal and has not been made, then Sail and Sail*

make the move and the other takes over. This process repeats until

the one entire sextet is moved across the river.

Bob Yates
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DEFINE

(SAilL+ (LAMBDA (L M N P)

(COND ({(NyLL N) NIL)

({NULL M) (SAIL (CADADR P)

(pIVIDE (CADADR P)) (CAADR P) (REVERSE P)))

({OR (NOT (TRANSFER (ERASE (CAR M) L) (CAR M) N))

{MEMBER (LIST (ERASE (CAR M) L) (APPEND (CAR M) N)) P))

(SAIL* L (CDR M) N P))

(T (SAIL (APPEND (CAR M) N}

(DIVIDE (APPEND (CAR M) N))

(ERASE (CAR M) L)

(REVERSE (CONS (LIST (ERASE (CAR M) L) (APPEND (CAR M) N)) PIIN))))

{SAIL (LAMBDA (L M N P)

(COND ((NULL L) NiIL)

((NULL M) (SAIL#= (CADADR P)

(DIVIDE (CADADR P))

(CAADR p) (REVERSE P)))

({OR (NOT (TRANSFER (ERASE (CAR M) L) (CAR M) N))

(MEMBER (LIST (ERASE (CAR M) L) (ApPEND (CAR M) N)) P))

(SAIL ¢ (CDR M) N P))

(T (SAiL# (APPEND (CAR M) N)

(DIVIDE (APPEND (CAR M) N))

(ERASE (CAR M) L)

(REVERSE (CONS (LIST (ERASE (CAR M) L) (APPEND (CAR M) N)) p)))))))

(EQGREAT (LAMBDA (L M)

(COND ((EQUAL L MY T)

(I(NULL M) T) ((NULL L) F)

(T (EQGREAT (CDR L) (CDR M))))))

(TRANSFER (LAMBDA (i M N)
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[

(AND (ELEMENT (QuOTE B) M)
{DOUBLFTRIP M)

—10p (I EMENT (QUOTFE A) M)

(ELEMENT (QUOTE R) M})

—_(OR (NULL (KOUNT (QUQTE A) 1))

—(EQGREAT (KOUNT (QUOTF A) 1)
_[APPEND (KOUNT (QUOTF C) )

(KOUNT (QUOTE R) })1})

—{or (NULL (KOUNTY (QUOTE A) Nj))
{EQGREAT (KOUNT {(QUOTE A) N)
__(APPEND {KOyNT (QUOTE C) N)

(KOUNT (QUpTFE p) NI

(OR {NULL (KOUNTY (QUOTE A) (APPEND L M)))

_(EQGREAT {(KOUNT (QUOTE A) (APPEND | M))
—(APPEND (KOUNT (QUOTF C) (APPFNp L M))
(KOUNT (QUOTE R) (APPEND L M)))))

(OR (NULL {(KOUNT (QuOTE A) (APPEND M N)))

{EQGREAT (xQUNT (QUpTE A) (APPEND M N))
(APPEND (KOUNT {(QUOTE C) (APPEND M N))

(KOUNT (QUOTE R) (APPEND M N)J)))))))

(ERASE (LAMBDA (1 M)

{CoND ((NULL M) NjpL) C((NULL L) M)

(T _(ERASE (CDR L) (REMOYE (CAR L) M))))))

{(DIVYIDE (LAMBDA (L)

(COND ((NULL L) NIL)

{(ATOM L) (LIST L (QUOTE B)))

(r_{(MAPLIST (DIyIDE= (REMOVE {(QUQTE B8) L))

(FUNCTIpoN (LAMBDA (L)

{cONS (QUOTE B) (CAR LIIN)IIN))

(DIVIDE= {LAMBDA (L)

({COND ((NUgp L)} NIL)

121




(CATOM L) (LIST (LIST L )))
(T (APPEND (PARE (CAR L) (CDR L))
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(DIVIpDE®* (CDR L)))))))

(PARE (LAMBDA (x L)

(COND ((NULL L) (LIST (LIST X)))

({ATOM L) (LJST (LIST X Lj))

(T (CONS (LIST x (CAR L))

(PARE x (CDR 1)1})))1})

(ELEMENT (LAMpDA (X L)

(COND ((NULL L) F)

({EQUAL x (CAR L)) T)

(T (ELEMENT X (CDR L)}))))

(REVERSE (LAMBDA (L)

(COND {(NyLL L) NIL)

({ATOM ) L)

(T (CONS (REVERSE# (CAR L))

{REVERSE (CDR L)))))))

(REVERSE#+ (_AMBDA (L)

{cONp ((NULL L) NIL)

((ATOM L) L)

(T (APPEND (CDR ) (LIST (CAR L}))))))

{SAME (LaAMBDA (L M)

(COND ((AND (NULL L) (NyLL M) T)

{(OR (NULL L) (NULL M)) F)

((SAME= (CAR L) (CAR M))

(SAME (CDR L) (CDR M)))

(v FI)))

(SAME= (LAMBDA (L M)

(AND (SUBSET L M) (SUBSET M L))))

(SUBSET (LAMBDA (S L)

(COND ((NULL S) T)




L ( (ELEMENT (CAR S) L) 128

|
L (1)
(REMOVE (LAMBDA X L) ‘[QND eenNidrs L)Y NILY

f ) A 3 b e

- ~{{EQUAL X (CAR L}} (CDR L))
[ AT (CONS (CAR 1) (REMOVE X (CDR 11)131))1)])

i _(ULTRADOUBLEY {LAMBDA (L)
L {COND {(NULY ) F) ((ATOM 1) F) C((NULL (CDR L)) F) (T TD)})

=
f ‘

AMEMBER (L AMBDA (I M)
_(COND ((NULL L) T) ((NULL M) F) ((SAME | (CAR M)} T)
B (T {MEMBER 1 (CDR M}}))))
Lﬂ AxkOUNT (LAMBDA (X L)
{COND ({NULL L) NIL)

——
i .

_({EQUAL X (CAR 1))
g (CONS (QUOTE 1) (KOUNT X (CpR L1}}))
- (T _(KOUNT X (CDR L))))))
[W (END (LAMBDA () NIL)))) ()
. TRACLIS ((SAIL)) ()
[‘ TRACLIS ((SA1L=)) ()
[ SAIL ((A A ABCCR) ((BAA) (BAC) (BAR) (B A) (R C)
- (B CR) (BC) (BR)) () ({laaapCCR) (1)) ()
{; sTop }RREBDEBBBRRAA)

FIN
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READ IN LISTS ...
DEFINE _ R , L
CC(SATL®, (LAMBDA, (L ,MyNyP )y (COND ({NULL,N),NIL}, {{NULLyM), (SAIL,(CADADR,P), (DIVIDE, (CADADR,P))s (CAADR,P)sP) ), ((OR, (MEMB
_ERy (LIST, (ERASE. (CAR,M) 4L ), (APPEND, (CARyM)yN).)4P), (NOTy (TRANSFER, (ERASE s (CAR M) oL )y (CARsM) yN) 1) s ASALL #sL s (CORsM) sNsP))s
(T, (SATL, (APPEND, (CAR, M) yN), (DIVIDE, (APPEND, {CAR,M) 4N} )y (ERASE, (CAR M) 4L )y (REVERSE y (CONS (LISTy (ERASE, (CAR,M)yL) s (APPEN
Dy (CARGM)I4NI)4PI))) )]y {SAEL o (LAMBDA, (LyMyNyP)y (CONDy L{NULL L) s NIL) y ( (NULLsM) o (SAIL®, (CADADRsP)s {DIVIDEs (CADADRsP)) s (CA
ADRyP)4P) )y ((OR, (MEMBER, (LIST4 (ERASE s (CARyM) L} o (APPEND, (CARsM) ¢N)) 4P}y (NOTo ( TRANSFER, [ERASE s (CARsM) 9L)» (CARsM) yN)) )4 (S
o AL L (CORyMIyNoP) )y (Ty (SAIL®y {APPEND, (CAR M) ,N), [DIVIDE, (APPEND, (CAR M) N} ), (ERASE+ ({CARaM)sL )y (REVERSE L ICONS,fL ISTL(FR .
TTTASE, (CAR, M), L1y (APPENDy (CARs MY sN))oP)11) 1))y (EQGREAT o (LAMEDA (L M)y (COND s ( (EQUAL Lo M) s T)y CINULL o M) T3 (ONULL L) sF )y (T4t
EQGREAT , {CDR,L) 4 {CDR,M)))))) 4 L TRANSFER, ( LAMBDA, (L yMyN) o (AND, (ELEMENT , { QUOTEB)4M), (DOUBLETRIP,M), (OR, (ELEMENT, { QUOTESA)
+M)y (ELEMENT, (QUOTE,R) M) )4 {ORy (NULL, (KOUNT, (QUOTE4A) 4L ) ) (EQGREAT, (KOUNT, {QUOTE 4A) oL )y (APPEND, (KOUNT ¢ [QUOTEC) L)y (KOU
NT, (QUOTE,R) L)) ) )y (ORy (NULL 4 (KOUNT, (QUOTE,A) ¢N)), (EQGREAT s {KOUNT, (QUOTEA)sN) o (APPEND, (KOUNT s (QUGTE+C) oN) s (KOUNT, {QUOL _
E+R)oNID D), (OR, (NULL, (KOUNTy (QUOTEsA)y (APPEND,L,M)) ), (EQGREAT, (KOUNT, ({QUOTE 4A) ¢ (APPEND L M) ) 5 (APPEND, (KOUNT» (QUOTE,C)
APPEND,L,M) )y (KOUNT, {QUOTE R}y [LAPPEND,LoM)))) ), (ORy INULL y (KOUNT , (QUOTEA) » (APPEND Mg N) ) )5 (EQGREAL S (KQUNT

RO ! ? {QUOTEL.A)o (APP
END oM, N))g(APPEND {KGUNT, (QUOTE,C)y {APPENDyM,N} ) » (KOUNT o (QUOTE R) o (APPENDsMyNI}})))) ), (ERASE.(LAMSDA.(L M)}, (COND, ((NULL

ToLy (QUOTE,B)) 1+ (T, (MAPLIST, (DIVIDE®s (REMOVE, (QUOTE, B).L)).(FUNCI[ON.(LAMBDA.(L).(CONS.(QUOTE,B).(CAR L1111, (DIVID
_E®y (LAMBDA, (L) (CONDy { {NULLyL) ¢NIL) o ({ATOMyL) o (LISTo(LISTyL)) ), (T (APPENDs (PARE (CARyL) ¢ (COR,L) ), (DIVIDE®, (CDR,L)1))1])
Ty (PARE, (LAMBDA, (XyL ), (CONDy ( (NULLoL) o (LISTo (LISToX))) o ({ATOMsL) s (LISTo(LIST,XeL)))y(Ty(CONS, (LISTyXs (CARsL) )y (PARE X,y (C

DRyL)))))))y (ELEMENT, (LAMBDA ¢ (X L)y {COND, ( {INULL yL) ¢F )y ( {EQUAL 4X5 (CAR,L) ) oT) (T, (ELEMENT s X2 (CDRsL

+ (L) 4 (COND, ( (NULL sL 1 #NIL )5 CCATOM,L) L), (T, (CONS, (REVERSE#y (CARyL) )y (REVERSEs (CORsL)1)))) ), (REVERSESs (LAMBDA, (L) (COND (
(NULL L) NIL) o {(ATOMsL)gL)y ( Ty {APPEND, (CDRyL ) (LISTy(CAR,L))) D)) ), (SAMEy (LAMBDA. (LyM)ys (CONDy ( (ANDe (NULLsL) s (NULL M) )oT)
s (CORy (NULL L)y (NULLyM) ) 4F)y ((SAME®, (CAR,L)s (CARsM) )y [SAME, (CDRyL ) (CORyM))) o {ToF)) ) ), (SAME®, (LAMBDA, (LsM), (AND, (SUBSET
sLyM) o {SUBSEToMyL))) )y (SUBSET, (LAMBDA, (SyL), (CONDy ({NULLS) T )y ({ELEMENT; (CAR3S) oL ) ¢ (SUBSET 2 (COR.S) s (REMOVE, (CARsS) L))
Yo (T4F) 1)), (REMOVE, (LAMBDA, [XsL )y (COND s { (NULL L) oNTL) o ( {EQUAL Xy (CARsL) ) p (CDRoL) )5 (T4 {CONSy (CARsL)y (REMOVE, Xy (CDR,L})))
1))y (ULTRADOUBLET y (LAMBDA, (L), {COND, ({NULL L) +F) o ( (ATOMyL) F) o ( (NULL o (CDR,L))3F)p(TyT))) )y (DOUBLETRIP, (LA

s (CORy (ATOM, L)y (NULL,L )¢ (NULLy (CORs L)) ,F) 4 ( (OR, (NULL, {CDDR 4L ) )y (NULL, (CODDR4L))) s T )5 {T¢F))) ), (MEMBER, (LAMBDAy (LsM), (CO
NDy ( (NULL oL 5 T) ¢ (INULL M) 4F) ¢ ( (SAME 4Ly (CAR M) )y T) o (Ty (MEMBER Ly (CORoM)) )3 ))y (KOUNT, (LAMBDA, (X5L ) s (CONDy ( (NULL L) o NIL) s (
(EQUAL X, (CAR,L)) 4 (CONS, (QUOTE, 114 (KOUNT 4 Xy (COR,L) )1 ), (T, (KOUNT, Xy (CORs L)) 1))y (ENDy (LAMBDA, ,NIL))))

TRACLTS T ) T S o
((SAIL))

TRACLIS
({SAIL=))

SAIL

({AgAsAyByCoCoRIo(IByA,A)y(ByA,CIy(ByA,R)9(ByA),(ByCyC)lo(ByCyR)9(ByC)s(ByRI}y o (((AsA2AsB,CoCoRY, JoffA2AsAsBCII(R.C))
))

STOP
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FUNCTION ~APPLY(F,X,P) HAS BEEN ENTERED» ARGUMENTS,.
SAIL

[

((AyAyAyBsCoICyRY 4 ((BoAgA) 4 (ByAyC) o (ByAyR) 9 {ByA) s (BoeCosC)y (ByCyR)y(BsCIs(ByR)IDy 5 (((AgAgAsBsCrCoR)y Dol (AsAsAsBsC)s(RsCI)

wooo

_{ARGUMENTS,0F ySAIL)
{AyAyAyByCyC4R)
_U(BeAsA) 5 [ByAsC) g (BrAsR) 4 IBgA)y(ByCyC)s(ByCyR) o (ByCIy{BsRY)

LUUAALA4ByCoCoR)y )0l (A1A,A4B4C),(R,C)D)

_ARGUMENTS,0F,SAIL)

(AyA A¢B,CsC,R)
((ByACI9(ByAsR) 9 {ByA)9{ByCoClg(ByCyRIH(B,yC)y(B4RI)

LUUAJAsAsByCoCoRIy )l (AJA4A,B,C),{R,C))) s
(ARGUMENTS,0FySAIL«*)
(ByA,C)
({ByA,C)o(ByA)y(B,C)) =
(AyA,CyR)

(((ByAVC) 5 (AsALCIRI)o( 4 (AyAsAsBsCoCoRID S (IRyC)o(AsAsAsB,CI))

(ARGUMENTS,OF ,SAIL®)
{ByA,C)

({ByA)y(B,C))

(A, A,C,RY
(((BoACIs(AsAICIRII o[ 4 (AsA,AIBCyCoRII,(IR,CI,(A,A,A4B,C)))

(ARGUMENTS,0F,,SAIL)
(ByA,A,A,C4R)

((B'A'A)'(8{515?11§1£JQJ!(§1A7Br!(§!A1!(?!A?A)[!B(ﬁlp 9{ByAsR) ¢y (ByA) gy IByAsC) g (BoAyR) ¢ (ByA) 4y (ByCyR)5 [ByC),4(ByR))

mwy T
(B yAs AL A, CoRY S ICI) o L(AIAICIR) 4 (ByASCI) o (LAIA;A2BICICoR)y 1o (LAIALA,BsC)HIR,CID)

GC. STAT. ENT. TIME 000000 MARK TIMg 000000 EXIT TIME 000000 _PDL DEPyH= _ 50 IR ON PDI=

14

GARBAGE=

14487

"TARGUMENTS, OF ,SATL)
(ByA,AyA,CyR)

(lEQA’A)Q‘B'A'c'l(B'AIR)'(BlA):(B'AIA)'TB'A'C,}lalA'R)l‘BIKTTXB'AIC)'(B'KIR"‘BQA"‘B'C'R)'(BIC)I(B.R),

(C) e . _

(TTB AT A A CoRI Gy (CI ) o ({ATA,CoRY 4 (ByAYCY Y s (T{AGAZAyB,CoCeRYy Vs ({AgAsAsByC)s(R,CII)

(ARGUMENTS,0F,SAIL)
(BeAsAsAyC,yeR)

{TByAsC) s (BoAsR) 9 (ByAY s (ByAgA) g (BoAygCI g (ByAgR) y (ByA) g (BpAyC) o {BoAsR),(BsA)y(BsCoR)y(BsC)ls(BsR))
(c)

({{ByAyAsAgCyeRIZ{C) )y ({TA)AyJCeR) 3 {BsAsC) )y ((AAyAyBsCyCoR)y )9 ({AyAyJA4B,C)s(R4C)))

" CARGUMENTS,OF,SAIL)
LP'AﬁA'AICrR)

T(TB AR s (ByA) o (ByAsAY g (ByAyC)y (ByAyR) g (ByA) y (ByA,C)y(ByApR) o {BsA)y(ByC,R),(B,C)s(BysR))
(¢)

(({ByAsAsAsCoRI g (C) Vs {TAJA,CeR) o {BeAsC) )y ((A,A)A,ByCyCosR)y )y ({AgA;A,B,C)s(R,C)))

" (ARGUMENTS,O0F,SATL)
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(ByAyA A,C,R)

_—%MMMAMW%MhJMhJMf&M&MthMMMM R —

e ({4 BeAp A AL RIG(CI ) g L LA AC R4 (BpAsC) ) o {(ApALALBICoCoRIe 1o (AsApABoL)elRHLI))

—  (ARGUMENTS,OF,SAIL) B

(ByAsAyA,CyR)

LofBoAsClo(BsAgR) o (BoAlg(BpAsC)y(BeAsR)s(BeA)olBoCoRIolBoCIo(BRY) — S—
(c)
— (({BoAsAGA CoRIG(C) Yol (A4AQC IR {BeALC)) o ((ApAsAsBololoRls JollAsAABaCl IR,CIIY

({ARGUMENYS,0F , SAIL)

(ByAyAyA,CyR)
(1B AC) o (BeAgR)G(BoA) o (BeAC)a(BaAsR)(ByA),(BeCoRILI(BeCl,y({ByR))

(c)
e ([(BoAsAgAsCaRIGIC)) o ((AAQC 4RI (BeAGC)) ol lAsAeAeBeloCoR)g JollAAMABWLY IR,CYYY

. GCe SyAT.  ENT. TIME 000000 MARK TIMg 000000. EXIT TIME 0000y POL DEPyH= . 163 IRL ON PDL=— 49  GARBAGE= 14326

(ARGUMENTS,0F,SAIL)
(BeAoA.A.C.R)

((ByAgR)y(ByA) o (BoAeC) 9 (BsAyR)9(BsA)9(ByCyR),(B4C)y(ByR))
(C)

(((BsAyAsA,CoRYIpIC)) g (({AgAgCoR) ¢ (ByAsC)) g ((AsAsAsBsCoCoR)s )y ({AyAgAsBsC)yg(RsC)))

(ARGUMENTS,OF y SAIL)
{BeAsAsA.CaR)

({ByA)y(BoA¢C)o(ByAyR)9(BosA)9(ByCyR),(ByC)y(ByR))
(c) e

(({ByAyAyAsCoR) 5 (C))g((AsAgCoR) 3 (ByAC)) o (ApAsAsBsCyCoR)y )o(({AyAsAsBsClslRyC)I))

(ARGUMENTS,0F,SAIL)
— (BsA.A,A,CsR)

(‘B'A.c).(B'A'R"(B'&j'(BICDR)'(B'C,'(B'R))
{c)

(({ByAsAsALCoR) 4 (CI) o {(AyAJCoR) 4 (ByAsC)) s ((AsAsAsBaCaCoR)y Dol lAyAgAsBaC)y(RyCI))

(ARGUMENTS,O0F,SAIL) - o )
(ByAyApAsCyR)

((ByAgyR) ¢y (ByA)y(ByCyR)4(ByC)y(BoR))
)

{U(ByAsAsAsCRY 9 (CI ) [{AyAsCoR) g (ByAsC) )y ((AgAyAyBeCsCoR)y 13 ((AyAgA,ByCle(RyCI))

(ARGUMENTS,0F,SAIL)
AByA,A A CyR)

{(ByA) g {ByCoR)y(BsC)y(ByR))
1c)

(CUB A AgAsCoRIo(CI ) ((AZASCoRI 4 (ByAsC) ) o ((AyAsAeBsCoCyR)y 1ol (AyAgAyBoC)o(ReCI}I)

(ARGUMENTS,0F,SAIL)
(ByAsAyA,CyR)

((ByCyR)»(ByC)y(ByR))
(C)

(((ByAsA A, CoRI(C) ), ((AyAgCoR) 9 (ByAyC) )y ((AyAgAgBaCoCaR)y )y ((AyAAByCI,IR,C)))

GC. STAT, ENT. TIME 000000 MARK yIME 000000 EXIT TIME 000000 PpL pePTH= 160 IRy ON PDL= u6

GARBAGE= 14219

(ARGUMENTS,0F ySAIL®*)

(BeCyRyC)




——

“TARGUMENTS,0F ,SAIL®)

R L L2
((BeCoR) 9 (BsCoClo(BeCIlo(BsRsC)y(ByR),(B,C))
(AgAsA) A
(({ByCyR,C)y(ApA, A))v((C)o(B.A A AeCy R),’(lB,A C).(A,A.C.R)).( '(A A Ay BpC CnR)) ((R C).(A A A B C)))

(ARGUMENTS,0F4SAIL®)
(BsCoR,HC) R I e . - e
((ByCyC)y(ByCIy{ByRyC)o(BeRIZ(B,C))

(AyA A o J
((({BeCoRsCIo({ApAgA)) o {(C)o(BsAsAgAsCoR)IIo{(ByAsC)y(AyAgCoRI) ol o(A,A, AvBQC.C'R))'((R'C)'(A,A A.B'C)))

(ARGUMENTS,0F ,SATL®)
(ByC,yR,C)

((ByCIy (BsRyCI4(ByR),4(B,C))

(AyA,A) o e

T(U(BoCoReCI s (AgAA) )y ((C) s (ByAgAgAsCoRI) o ((ByALC)s(AsASCaRI sl 5 (AsAsAsByCyCaR)) s ((RyC)y(AsAsAsBsC)))

_{BeCoRsC)

((ByRyC1,(B,R),(B,C))
{AyAyA)

(((a CoReCIo(AgAgAY ) o ((C) s (BrAsAsAeCoR)I ) 4 ({ByAyCly(AgAsCsRIV s »(AyAsArBsCsCoRI Vo ((RsC)ly(ApAsAsBsC)))

(ARGUMENTS,OF ySAIL®)
_(ByCyRyC) .
{(ByR)4(ByC))
(AyA,A)

(U{BeCyRsCI sy [AgAsAl )y ((C) s (BsAgAyAsCsR)) s ((BeAsC)slAsAsCyRI Vo ( 3 (AyAyAyB4CoCyR) )4 ((R4C)y(A)A,A,B,C)))

"{ARGUMENTS,0F,SAIL)
(BeRyAsALA)

((BoRyA) 3 (ByRyA) g ({ByRyA) 3 (ByR) g (ByAyA)y(ByAyA)y(ByA)y(BeAyA),(B,A),(ByA))
( C' C ) [ T — - [ —— e e e m s e —
(U(8B,R, ;i:ly;(C'c”y((A'A'A)'(B'C.ROC))0(‘B!A'ADAOCIR).(c)’t((A!A’c.R,l(B'A'C))1((AOA|AIBIC’CIR)' Yy ({AgA AyB,C),(R,C)

.....r

(
)

(ARGUMENTS, OF , SAIL)
(BeRyAyA,A)

((ByRyA) 4 (ByRyA) 9y (ByR) s (BsAyA) s (ByAsA)y(ByA)s(ByA,A)(ByA),(B,A))
(c,C)

((0ByRyAIAIA) o 1CHCI) s (1A ALA) 1 (BICORIC)) o ((ByAyAsAyCoR) o (C))y (A AYC,R) ¢ (BaApC)) s ((ApAsAsBiCsCaRls )y ((AsAsAsBaCle(RC)
))

“GC. STAT, ENT. TIME 000000 MARK TIME 000000 EXIT TIME 000000 PpL pePTH= 198 IRy ON PDL= 56 GARBAGE= 13939

(ARGUMENTS,0F,SAIL)

(ByRyAsA,A)

((ByRyA) s (ByR)y(BoAsA) g (ByAsA) s (ByA)s(ByA,A)e(ByA)y(ByA))
(CyC)

{((ByRIAGAIAI(CoCI) o ((AsAsA) 4 (BsCoReCI) ol (ByAsAsAsCoR) ¢{CH)y((AsAsCoR)»(ByAgC))p((AgAsAsBsCyCoR)s )pll{AsAsAsB,C)a(R,C)
))

{ARGUMENTS,0F,SAIL)

{BoRyAGAWAY
C(BeR) g (ByAyA g {ByAgA) o (BaA) g (ByAsA) g (ByAl)y(ByA))
(CyC) . I e
CO(ByRyAG A AY g€, CY )y (TAyAsAT s (ByCoReCI Dy ((BoAyAgAgCoRI o (CI) s ({AsAsCoR) p(BsAsC)) g ({AsArsArBrCeCoRIs DollAsAsAsBsCly(R,C)
))

{ARGUMENTS,0FSAIL)
{ByRyAyA,A)
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((ByAsA) 4 (ByAgA) g UBoA), (ByA,A), (B A) o (BsA))
 (Cl.C) B e L

(({ByRyAsAsAY,(CoC) )y (A, A, n.(s c.n cn.ue ArhisC m.lcn.uA AC, "R14 (B, A.cn.uA AyAsBsCoCoR)s JollAsAsAsBaCly(R,C)
—

— . L(ARGUMENTS,0FSAIL=) o [ . e
[(ByAsAsC,C)
i LB g AgAY g {BoAgC) o (BgAgC) s (BeA) o (BeApCle{BrAsC)y(BoA)o(BeCol)o(ByClelByC)) . T T
{RoA)
2CoReCLoLAQALA) ) 9 (UL ) o ({BpAJALAsCyRI) 3 (4BAC) o lALALCoRI)pl o lAsAASBHLH LRI
)2 lL{R4CI o (A A,A,B,C)))

(ARGUMENTS,0F,SAIL®)

(BeAsA,C,oC)

((BeAyC)ly(BoAsC)y{ByA)y(ByAyC)e(B,A, C)c(B:A)o(B C'C).(B Cle(B,C))
—— {R,A) IR -

(((ByAsA, CoC).(R-A)’o((C.C).(B,R A.A.A))y((B; .R.C).(A.A A)) o ((C)y(ByAyA, A.C.R)).((B AyC)y(AyA, C.R))'( .(A.A.A ByCsCoR)
e {R4CI e {AsAsAsBsL)) ) e U ———— -

o GC. STAT. _ gNT, TIME 000000 MARK TIME 000000 ExIy TIME 000000 pDy DEpTH= . 250 fR4 ON PDL= 72 GARBAGE= 13782..

(ARGUMENTS,0F 4 SAIL)
_ (BsAsCsRsA) . . . e el [,
((ByAeC)o(ByAoR), (BQA.A).(B.A)'(B CoR) o (B,yC,y A).(B C) (B ReyA) 4 (B, R)O(B'A’,
(A.C) — . I
(({ByA,CyR, A) (A C),.((R A)'(BlA' 'C C))p((B R'A'A'A)'(C C))'(‘AnA'A).(B C'R C))p((B A A'AoC R)p(C)).((ApA'C R)y(ByA, C)
_____JJJLAJAAALBLQAC:BlanIALlAaAnAnﬂJCl:iR;Cl)l

o (ARGUMENTS,0F.SAIL) e .
(ByAyCyRyA)

I {(BsAsR) s (BeAsA) s (BgA)y(BsCysR)9{BeCsA)p(B,C),(BRsA)4{BsR),(B,A)) I e
(A,C)

o ML (BeA2CeR2A) 2 (A C)) 2 ({R2A) 0 (BeAsAsCsC))s((BsRsAsAsA)2(CeC)) o ({AgAsA)s(BsCoRyCI1) g lIBoApAsAsCoR)o (L))ol ReAaC R)o(BaALC)
Jol{AyAsAyByCyCyR)y Jp (A A A4BeC)y(R,C)))

(ARGUMENTS,OF ySAIL®)

(BeAsRyALC)

({BeAgR) 4 (ByAyA) 4 {BsA, C’O(B'A)O(B'R A)y (BeRyC) o (ByR) o (B, A C)y(B A)y (B,C))
(CeA)

(((ByAyR,A,C),(C, A’)o((AtC,n(BoAvC R.A))'((B A A CyCIy(RyA)),L(I(C, C).(B.R,A A, A)).((B CoReC)ly(AgAJA) )4 ((C)y(ByAyAgAyCyR)
D)o ((ByAsC)y(AgAgCeR) ) o (A, A AyB,C,C,y R))t((RoC)l(AJAlA131Cl)L .

(ARGUMENTS,0F,SAIL®) - .
(ByAyRyA,C)

N (B._'_?J__LL!_B_I_.LC_.’_I_(_.J_A_L!J BaRoA) s (ByReC)lo(BaR)2(BaA2C)la{(BaA)a(BaC))

(CoA

((({ByAyR)A)CI9(CyA) ) g (LAyCYy(ByAsCrRyA) )9 ((ByAyAsCsC)p(RyA)) 9 (1CsC) o (BaRoAsA»A)) o ((BsCoRsC)o(AgAsA) ) ((C)s(BgAgAgAsCyR)
YJo((ByAyC)olAgAgCoRI Vo s {AyAgAyBeCoCyR)I Iy ((KyCIo(AyAgA,B,C)))

(ARGUMENTS,0F ySAIL®)
— (BsAsRyA,C)

((BeAgC)o(BoA) g (ByRyA) s (ByRyCIy (ByR),(B,A, C),(B, A)'(B c))

(CeA) R B .

(((ByAsyRyA,C)y(C, A),t((A’C)|(B'A'C'R A’)'((B A A'C C) (R A))y(LC,C), (B, R,A'A’A))'(la C, 2C)y (AsAyA) )y ((C)o(ByAyAyAyCyR)

Jol(BoAyCloe(AgyAsCyRI )9l o (AyAgAyByCyCeRI I, ((RyC)Ip (A A,A,B,C)))

GC._STAY. ENT. TIME 000000 MARK _TIME 000000  EXIV_TIME 000000 _PpL OEPTH=_._ 275 IRy ON PDL=_ 79  GARHBAGF= 13511

(ARGUMENTS,0F SAIL)




e,y ——— S [amean " r"_‘ " e O [t [eams —— [ — ——— S —— {-———Mﬁ
o o 129 o

{B,A,C,C,A)
C ((BeASC) s (BeAsC) gy (BoAyA) 9 (BgAY 9 (ByCoC)lo(ByCyA) (B L) (BeCrA),(B,C)al{BrA)). ~ S e

(ReA)

L LUIB Ay CyCaA) 3 (RYyAIIJLIC A) 3 (ByAgRyA9C)) g ((ByA9CoRyA) (A9 C)) 9 ((RyA)s(B2A5A2CsCL)a({BsRsA»ALALsL{CaC))al(AA,A) IB,CaR,C)
JoliBoAyAgA,CyRISIC)) o[ {AgA9CoRI[BeAyC) )y ({A/AJAsBsCyCoR)} e Yol (AyJA4A,B4C)y{R4C1}))

T(ARGUMENTS,0F ,SAIL)
(ByAgCyC,A)
((ByAgC) o (ByAgA) g (BoA)s(BeCyC)y{BoCoA)olByC)o(BoCoA)ol{BeCIalBA))

_ {RyA) S
(((8, A C.C A).(R A)).((C A),(B,A R.A C)l, (B.A,C.R.A)'(A.C)).((R.A).(B.A.A,C.C)).((B Ry A A A).(C C)).((A AgA)y(BsCyR,yC)
Do ({ByAyAJAYCoRIZ(C)) g (LAsAGCoRY»1BAsC)) o ((AyAgAyBICyCoRIe )1 {AAsAPBaCIaIR,C))) .

 (ARGUMENTS,0F ,SAIL)
{(BeA,CyC,A)
AUByAgA) g (ByA) g (ByCpC)y(ByCrA)p(ByC),y(ByCyA)s(B,CHs(BsA))
(RyA)
(({ByAsCyCeA) g (RyA)) 3 {({CsA) o (ByAyR,AJC) I, ((BeAyCyRyA)2{A,C)),((R,A),(BsA,A,C,C))
)

( . (1BaRoAsAsA)2(CaC)) o ((AsAsA)s(BsC R C)
Yo UUByAL AgAgCoR) 4 (CI )y ((ALASCIR) 4 (ByAsC) )y ((AJA AsBsCoCIRYs 19 ({AsAsAIBIC)o(ReCI))

]
)

" (ARGUMENTS,OF ,SAIL®*) B
(ByAsAsR,A) - i B

({BsAsA) g (ByAsRY s (BoAsAls (BaAlg(BsAsR)y(BoAygA)y (BsA)s(BsRyA)y(BoR)s(ByA))

(CyC) L o e
({(ByAsA Ry A)¢LC,CI )y (TRsA) ¢ (ByAgCoCoA) )y {({ByAReAIC)o(CoA) )y ((AIC) o (BeAgCoRIAN) o ({BsAsACyC)lelRyAI) o ((CoClo(ByrRoAsASA)
1o ((BoCyRyC) s (AgAgA)) g ((C) g (ByAsAgAsCaRI g ((ByAsC)y(ApApCoRIDgl 3 (AgAyApBsCyCoR)) o ((ReC)s(AsArAs65C)))

(ARGUMENTS,OF ySAIL®)
(BsA A R,A)
 ({ByAsR) 4 (ByAsA) 2 (ByA) s (ByAyR) 9 (ByAsA)y (ByA),(ByRyA),(B,R),(B,A))
(CeC)
s, AW@ sReA) 4 1L C)) g (IRA) 4 (ByAsCyCyA) )y {{ByA,RyAGC)o(CyA)),((A c; (5 eApCoRyA) )y ((BpAyAyCyC)alRyA)) s ((CeClalBsRsAAA)
( 3y (A ALALBICoCoR) Vg ((RyC) g (AyAgAyBeC)))

Vo UI{BCoRCYy (AyAsA)) o (IC) o (BsAsAsAyCyR) Iy LIBsA,C)olAJA,CoR) ),

GC. STAT. ENT. TIME 000000 MARK TIME (00000 ExIT TINE 000000 Pwadngngm 341 IR4 ON POL= 99 GARBAGE= 13242

({ARGUMENTS,0F,SAIL=»)

“{ByAsA,R,A)
_((B'A'A,'(BIA,I(B AeR)y(ByA,y Ay (ByA) s (ByRyA), (B, yRIp(BA))

{CysC)

(((ByAyAyRyAIo(C,CI) g {(RyA) 9 (BeAsCyCoA)) gy (IByAsRyAIC)o(CsA)) s ((AyC)y(BsAsCoRyA) ) ((ByAyA,CyC) (R A)) o ((CsC)s(ByReAsA,A)

Yo ({BeCaRIC) s (A AgA) ) o ((C) o (ByAyAgAgCoRI Vo ({ByAyCly (AQACyRI) gl , (AyAyAyB,yCy C.R)),((RgC)p(A AyAyB,0)))

" (ARGUMENTS,0F,SATL®)
_{ByAgA,RyA) }
{TBoA)y (BsAsRY s (ByAsA) s (ByAY s (ByRyA) 4y (ByR), (B,A))
(CeC) i ) o o e o e L
(B ATA R A4 (CoCI) s LIR,A) 3 (ByAyCoCyA) )y ((ByAyReAyCIo(CoA)) g ({AC) s (ByAsCoR, AN, ((ByAyAgCyC)ye{RyA)Io{{C,C)y(ByRyA,AyA)
Vs ((ByCoRyCIvIALAJA) )9 (1C) s (BoAsAsyACoRI I 1(BIAVC) o (AVAWCIRI) S 4 (ApAsAsBsCyCyRID 9 ((RsCIy(A)A,AyB,C)))

(ARGUMENTS,OF y SAIL®)

(BeAyA,R,A)

(UBeAyR) 9 (ByAsA) o (ByA) o (ByRyA) o (ByR)4(ByA))
(CeC)

(LIByAyAgRgA) 4 (CHyCI Do ((RyA) 3 (BoApCyCsA)}) g ((ByApRyACI o (CsA))yLIAC)y(ByAyCyRsAY) 9 ((BgAyAsCsC)(R3A)I}4((CsC)y(ByRyA,AA)
T e L{BICoRICY g (A ALAYY  L(CH, ({ByAgAsAsCoRIDy ((ByAsClo{AsACIRI Ial o (AsAsAsByCoCsRY ), (R, C).(A,A AyB,C)))

UARGUMENTS, OF , SATIL®)
(BeAsAsRyA) .
({ByAsA) ¢ (ByA)y (ByRyA),[ByR),(ByA)})
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(COC)

e AU AB o AgAsR A 4 (CoCI o LIR9A) 9 (BoAsCoCpA) ) o L(ByAyReAsCIpIC,A) )5 ((AsC)o{BoAsCIRIA)) o (UB9AgAICoCIoRIAIIH(IC,Cl o ByRyALALA)
Yo l(BsCyRyCIo(ApAysA) ) ((C)y (B.A A.A Co R)).((B AyC)y(A,A,C, R)).( 1 (AyAyAyByCyCyRI )y ((RyC)s(AsAsA4B,4C)))

(ARGUMENTS'OF:SAILC)

L (BeAsAsRA). . . e . e e S R
((ByA), (ByR, Al'(B'R)o(B A’)

1C,C) e I N .

(((BoA AyRyA)s(CoC)) o ((RyA) o (ByA,C, CoA)).((B A R A C)'(C A))o((A C)y(B.A C R A),t((B A A C C).(R A)).((CpC)'(B R,A. .A)

BoAsClolAsAsCoRYIIal o LlAsALAPBaLoloR) )9 LR4 LI LAPAGAL B LI

——— (ARGUMENTS,0OF ,SAILs) e e [
(BeAyAsR,yA)

o ((BeR4A),(B4R),(ByA)) L I .= ———
(CsC)

(L tBsAAsRA) (L)Y ( IRy A) s (ByAgCoCoA)) o ((ByAgReAGCIGIC, ALY {LAC) o BoAsCoReAIL o ((ByrAsAsCol)alRG AV G{(C,CLlolBoROAJALA)L
Jol{BsCoRyC) o (AgAgA) )y [{C) o (ByApAgAsCoRI Iy I (BeAyCIly(AsAgCoRI Iy »(AyAsAyBsCyCyRI I o ((RyC)y(Ay3AyA48,C)))

GCe STAT. ENT. TIME 000000 MARK TIME 000000 EX[T TINE 000000 POL DEPIH— 370 th ON PDL' 106 GARBAGE= 13115

I ARGUMENTS.0F.SAXLe®) BN
(ByAyAyRyA)
___ U(BsR)e{BsA))__ - e e
(C,C) '
o (((BsAsAsRsA) 4 (CeC)) o ({RyA) s {BeAsCeCoA)) s ((BsAsRsAsC){CyA)) o {(AC) o (BgAgCeReA)) p((BgA)AsCoC)o(RAI)(IIC,CIlo(ByaRyA4A,A).
Jol(UByCoRyC)Iy (AgAgA) )y ((C)y(ByAyAgAyCyR) )y ((BeAsC)o{A9gAyCoR)II sl »(AsAyAgByCyoCoRIIS((RyC)y(ApA,A,BsC))) .

(ARGUHENTS.OF!SAIL)

(BsRyC,C)
((ByRyC)y(ByRyC)I s (ByR),(ByCyC)y(ByC),y(B,yC))
(AgA,A) .

‘((B.R'C'C,O(A'A'A,’ ((CyC)y (B, A A.R A)) ((B|A'C C.A)'(R A),.((C'A)l(BIA.R'A c),'(‘BIA'CORIA,!(AOC))0(‘R’A)'(BOAOA'CDC)
e (BRyApA A) 2 (CpCI) o ((ApAyA) p{ByCyRyC)I Vo ((BsApAgAgCoR)(CI) 2 ((AsA2CaR)2§B2ALCY) s ((AsAsAsBeCoCoRIo )2lfAsA2AB,C)s(RaC
)

S |
)

(ARGUMENTS,0F,SAIL»)
(ByRyCyAyA,A)
((ByRyC) o (ByR,y A"(B 'R A).(B.RpA’ (B R)o(BpC,A),(B.C.A),(B,C A)o(ByC)ly(BoeAeA) o (ByAyA)y(ByA)y(B, AgA)p(B'A)'(B A))

() e e e e e e e e e e

((IByRyCoAsAsA) o (CI)p((AsAgA) g (ByRyCHC)Ip((ByAyAsRy)A)9(CoC)) 3 ((RYA)y(ByAgCoCoA)) o (IBsAyRoyA3C)y(CeA)) o ((ALC)o(ByAyCyRyA)

)9 ({ByAsAsCoClo(RyA) )9 ((CoC)y(BoRyAgAgA) )y ((ByCoRyC)plAgA9A) ), ((C)y(ByAsA)AsCsR) )2 ((BsASC)p(ApsAsCoRI) ol »(AsAsAsBsCaC,R
1)) o ((RyCIy(AyAyAyByC)))

(ARGUMENTS,0F ,SAIL®)

(ByReyCyAjyAsA) —
((BsRyA) 4 (ByRyA) 4 (ByRyA),(ByR)y1ByC, A)'(B CgA)v(B.CpA"(B Clea(ByAyA) gy (ByAgA)y(BoA)y(BeAyA)y(L,A),(ByA))

(c)

({(ByRyCyAsALA) S {C)I) o ((AJAQA) s (ByRyCHC))p((ByAyAyRyA) 3 (C,CI) g ((RyA) g (BoAgCyoCoA)) o ((BsAsRyAJCIo(CyA))o({A4C)o(ByAsCoRyA)

Vo {(BoAsAsCoClo{RyA))y({CsC) o (BsRsAyAJA) ) y((ByCyRyCIy(AyAy)A)) 4 ((C)y(ByAyAyAyCoR) )9 ((ByA,C)p(A)AsCsR))o( »(AsAyA,B,C,CsR
)19 ((RyC)y(AyAsA,B,C)))

GC. STAT. ENT. TIMg 000000 MARK TIME 000000 EXIT TIME 000000 PDL DEPTH= 361 Ir4 ON PpL= 103 GARBAGE= 12897

(ARGUMENTS,0F ySAIL®)
(ByRyCyAyAyA)
({ByRyA)» (ByRyA) g (ByR) g (ByCoA) g (ByCyA)y(BeCpA)p(ByC)y(BsAyA),(BoAyA)p(BsA)s(BesAsA)e(BsA)s(BsA))
C)
2 A

(C)
(((ByRyCoAgAA) {C)) o ((AyAWA)»(BsRyCyCI)y((ByAyAyRyA)p({C,C))y((RyA)y(BoAsCyCoA)) o ({BsAsR,A,C)pt
1), ((C),(B.A.A AyCoR) ) g ((ByAyC)ly(AyAyCyR)I D)ol »(AyAyAyBsCyCHyR

Yo UUByAyAsCyClo(RYAI )9 ({CoCI o (BoRyAyApA) )y ((B,CyRyCIyo(AyA

o - L L ¢ L ( ‘ S G N N GO S
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))y L{RyC),(A,A,A,B,C)))

" (ARGUMENTS,0F , SAIL=) B )

_{ByRyCoAyAsA) B L
({ByRyA) g (BgR)y(ByCyA) s (BeCoA)o(BsCoA)9(ByC)o(BsAsA)y(BoAyA),(ByA)y(ByAsA)y(BygA),(B,A))
(C)

TUC(BIR I CyAsAsA o (CI ) g ({AsAgAY o (BoRoCoCI I g ((BrAsAgRA) g (C,CI )y ((RyA) g (ByAsCyCyA)) g ((ByAsRyAsC)y (CyA) )y ((AgC)o(BsAsCoRsA)
1o ((ByAyAsCoClo(RyAY) 9 ((CyC)y(ByRyAyA)A) )y ((ByCoRsCIo(AsAyA) )y ((C)y(ByAgAgACoR) )2 ((BgACIp(AsAsCoR))p( »(AsA,A4B,C,C,R

>~7))' ( (ﬁv'C)-;(A.A;"A'B'C) 1)

(ARGUMENTS, OF, SAIL®)

(ByRyCyrA,A,A) o -

((ByRY g (ByCoA) g (ByCyA)p(BeCoA)g(ByC)o(ByAyA)y(BeAyA)(BoA),y(BysAsA)s(ByA)y(B,A))

(C)

((TBRyCrAVASAYT» (C) )y ((ASA9A) g (ByRyCoCI) o ((BoAgAgR)AI 9 {CsC) )y ((RyA) g (BoAgCoCoA)) s ({ByApRyAyC)o(CyA))y{{A,C)y(ByA,CoR,A)
Yol (ByAgyACyCIlo(ReAI) g ((CyC)p(ByRyAyAJA) )y ((BsCoRoCIo(AAWA)) o ((C)p(ByAsApAJCoR) ) ({ByAC)(AyACoRIDpl (AL A,A,BsC,CHR
1) (IR, C), (AyAgAsB,yC)))

GC. STAT.  ENT. TIME 000000 MARK TIME 000000 EXIT TIME 000000 PDL DEPTH= 415 IRW ON PpL= 119  GARBAGE= 12795

{ARGUMENTS,0F,SAIL)
(B,R,C)
{(ByRyC)y(ByR)y(B,C))
(CyrAsAyA)
({{ByRyCIy(CoAsAgA)) g ({C)o({ByRyCyAsApA) )y ({ByRyCyCIs (ApAgA)) 4 ((CyC)y(ByAsAsRyA)) 3 ((ByAyCyCylA)(R,A))((C,A),(ByA,RA,C)
)'(‘B'A'C'R'A)'(A'C))l((R.A)'(B,A'A'c'C, ,'(‘B.RQA,AQA,.(C'C))g((A,A.A’.(B'C)R'C)).((B"'A,AQC'R),‘c)),‘(A'A.CQR)'(B'A'C
) s (LA AgAyByCyCyR)y D)o {(AyAyAyB,C)y(R,C)))

(ARGUMENTSyOF 4 SAIL®)
" {ByR,yC,yCyAsA,A)
((B'R'C"(B.RQC,Q(B.R'A)’(B.R.A’g‘soR'A)p(B'R’Q(BQC.C"‘B.C'A)n(B,CtA)'(BQC.A).lﬂ.C)I(B|C.A),(B,C'A),(B'C'A)J(B'C)'(B.A
“2AY, (B A AT, (B, AV, (ByA,A),(B,A), (ByA))

(TTBRYCHCoAgAgAly Vo ({CoAsAsAY 9 (BoRyCI Do ((ByRyCyAsApA) o (C)) o ((AJA,A)y(ByRyCsC))((ByAyAgR1A) 9 (CsC)) s ((RyA)y(ByAyCoCoA)
Jo(IBgAsRyA CIo(CyA)) o ([A9C) 9 (ByAsCoyRyA) )9 ((ByAgAyCoCIy(RoA) )4 ((CsCIs(ByRyA9AIA) )9 ((ByCyRyC)9g(AgyA)A))((C)y(ByAyAyA,C,R
Y s TTB, A, Cl o TAJAgCoR) Vol »{A,A,A4ByC,CyR))y((RyC)y(AyA,A,B,C)))

~ [VALUE,OF ,SATL®)

{VALUE,OF,SAIL)

{VALUE,OF,SAIL®)

(VALUE,OF ySAIL#*)

(VALUE,OF,SAIL®)

(VALUE,OFySAIL®)

[VALUE,OF,SAIL®)

(VALUE,OF,SAIL)
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THE CHINESE RING PUZZLE:

ITS SOLUTION IN LISP

The computer, of course,
is incapable of analyzing, and

therefore actually solving, the

puzzle. In defining the puzzle
to the computer, therefore, it is

necessary to include all such analysis.

When this is done the computer is able
THRE  RING Pvzzig to mechanically perform each step
under its particular conditions,
according to rules.

The most obvious rule in the solution of the ring puzzle is that
only the successor of the first ring left on can be removed, unless
the first ring is ring A. As the object of the puzzle is to remove
all of the rings, this rule makes it soon apparent that one must work
toward removing the last ring (G)first, and work forward to A. To
remove G, F must be left on and rings A through E removed. 1In order
to do this, W must be removed, which means D must be left on and rings
A, B and C removed. This means that C must be removed by leaving on
B and removing A. It is obvious that every other ring, starting with
the ring to be removed, must be removed first in order to remove the
ring in question. Two cases exist, therefore, one when the number of

rings is even, and one when the number of rings is odd. To discover
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whether the list of rings which remain on is even or odd, the
predicate EVEN is used. The value is true if the list is nil,
and if it is not, the predicate NOT EVEN is performed on CDR of
the list.

Because of the primary rule of the puzzle and its dependence
on the succession of the rings, two more functions of the analytical
type are needed. One of these is a predicate which is true if a
certain element is the successor of another given element according
to a reference list, and the other is a function which chooses from
the same reference list the successor of a given element. The first,
called SUCCESSOR, works by testing the equality of the first element
and CAR of the reference list. If this is true, it goes on to test
if the second element is equal to CADR of the reference list, If
this is true, then the value is true, if not, it is false. If the
first element is not equal to CAR of the reference list, the predicate
operates on CDR of the reference list. The second function, called
CHOOSE goes through the reference list, comparing each element to
the given element by means of the predicate SUCCESSOR until it finds
one which equals the given element.

The functions which provide for the actual movement of the rings
on and off are REMOVE and REPLACE. REMOVE compares a given element
with each element of the list from which it is to be removed, re-
buildiﬁg the part of the list it has already run through by means

of the function CONS. REPLACE is used only to replace the second

- L L
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element in its correct place according to a reference list in
another list.

‘The function which combines the others to perform the solution
is CLOVIS, CLOVIS is a function of three arguments, all of which are
lists. The first is the list of "on" elements, (M), the second is a
list of "off" elements, (N), and the final list is a reference list
of both on and off elements in the same sequence they would be if
all rings were on (1l). The function is divided essentially into
three parts. The first of these is a conditional NULL fqnction
which ends the solution as soon as the list M is empty. The remain-
ing portion is a test by EVEN to discover whether the list M is odd
or even. If M is even, there exist the two possibilities that CADR
M is the successor of CAR M according to L, or that it is not. If
it is, then CLOVIS is repeated on a new list M made up of CAR M and
CDDR M, a new list N made up of REPLACE of M in N, and the old list
L. If CADR M is not the successor of CAR M, the function CLOVIS is
repeated with a new M with the successor of CAR of M replaced, a
new N with a corresponding removal made, and the list L. 1If the
original M is ODD and CAR M equals CAR L, then CLOVIS is repeated on
CDR M, the list N with CAR M placed in fromnt of it, and the 1list L.
If CAR M does not equal CAR L, CAR L is added to the beginning of M
and removed from N and CLOVIS is repeated. It can be observed that
this takes into consideration all of the cases necessary to solve
the ring puzzle. In order to observe each step as it takes place,

it is necessary only to use TRACLIS to track CLOVIS.

PETER CONRAD
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READ IN LISTS ...
DEFINE

ZZZEVEN,ZLAMBDA' LU,QCOND ZZNULLyLUvTUIzrvbNOT ZEVEN, ZCDR:LDEUUBED ZSUCCESSORoXLAMBDAvXX Y,LDgZCONDpZZNULL,Lu.Fu 22EQ,Z

R.LD,X,LH,%C\‘&'LEU,oT ZCHOOSE X, %CDR,LUnOuon, QEMOVE'&LANbDA.zX LH,ZCOND ZZNULL'LD NXLD ZZEC.XpZCAR'LUDyZCDR.LUB ZTvZC
QNS , ZCAR, L1, YL M y +Z2EPLACE 5 ZCOND » X INULL y NI, ZLIST, ZCADR, MOnn , TZEQ, SCAR, MO, TCAR, L0, 3CO-
NSy BCADR, My ity §T, 3CCNS» CAR NOy $REPLACE , $CDR, NTy M, 3COR, Lunnnonn et nenig, <C OND , TINULL yMo,NILo,3ZEVEN,M

-0 BCONDs BESUCCESAGR o LADR MU, ZCAR $ MO, LA, ZCLOV IS ReMO, ZREPLACE ¢NoMoLln,lug,3T,CLOVIS, SCONSICAR, MO, IC
ONS, ZCHOOST y ¥CAR MU, L1, 5COR, MODU, LRENOVE y 2CHOOSE , ZCAR yMA, L0y NG, LOriam , T, XCOND, 3%EQy SCAR, MO, SCAR, LOn, $CLOVI S, 2ZCDR, Mo, ZCO
NS s ZCAR, MO, i1, | OO, 3T ZCLOVIS, SCONS, ZCAR L O MO, %CDR NI, LOnnonnn , ZEND, ZLAMBDA, JNIlLnonn

TRACLIS
FECLOVISOn

CLOVIS

sIoP
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UBJECT LIST W5dw IS «as
- B L ENGy LoV b oy b R LAL £ REMGH £+ LHBO Oy 5 U0 OE SRy EVEN, PF VQR'?G*”y$EARCHFT4lvUFvFFrGFyCOMQSRCHyBNDVrSELEGI,GSEIQ,GQNC,m

COLDNR,CDEDAR, LT JA:}'LUVAM&yLUAD{\':rkrN{ COAALRRGCDAAAR,CATDDRG,CATDAR CADACR s CADAAR, CAACDRyCAADAR,, CAAACR,CAAAAR, VALUE A
ROUMENTIS oI ERAL LY } i B ARG -RAMY Skt By b v i b g B R - LS mzln” TNy b LSy HA S FRAC S+ TRACLISER Sy UNIRAC I, PROPER L INLDEEINLIION

rRACLyhdA ALy Fy TRAL Y s g sl LECT2 o MP L, Ll PROPERTIES,, PR ‘”J'\'\)P, )RC‘QJH)RV\HP‘yCvUvNAPCAR!WAYthMAKCBLR:PICKQR|[QUALSqNOyA
~FOMIC ) FURMAT Gy FCAMA TR 3 ¥y IR XD L3634 y 5y F Tl Mgy FORMAT 3 ASy 1O GIVIEN S NAS o VG COET 2 CONC Iy DEFINESDEFLIST,DEFLIS1,PRO,L,0OB,DEF .
19 Ay ANDy APPE ATy AP LY,APJHL,&PVALI,slu ATTRA I s L2930l D0y 7y 3,910 1 412,013,108, 15,18,CAR,COR, 4 +COMPTRAC,COND,CONS,CON
SlwcP‘rGﬁpyvvvb14¢+x;QWivﬂiﬂlwguuNhyr&ﬁbhjiJMliyJL;QTEXPR CXPTy Fg FEXRPRy FIA g FLOyFSUBRSFUNARG y FUNCTION »GENSY M, G0 INST o INT -
 FHTERN G LALE Ly LAMBUA LIS Ty LUAD  LUC LUl Wy 3y MARERU y MAKECE y MAP Gy MAPCONy MAPL IS Ty~ 13 =2 yMINUS y NGONC o NFLVAL , NIL o NFWL oNOTGNULL N

*“'UMéE‘RW‘iL‘avy SO INBE N WIS - 1 S "?'..3L gt ’31 TS 258, U 'I‘ ROAERREDGT g RRENT ‘WIEg?stJi‘gyuﬂf‘Q,QiLnTr'DFAI‘””YDC("!D'Dﬁf't AIM'QDI AFA'QDI ALD.

s RPLACHW, (E‘[L,\‘,[]'JHJQUC’)LAX\(:HCQ T,JE].;JPLQH\,JTLO SL«A ¢ SULR,SUBLIS s SUBSTy SUM,SYMEOL s Ty TESTT  TEST2, TEST3, TESTULTIMES, TRA
CESTSFLOT 20w OuNT » ALL 3 AL o 9ARB LD 2 LLAPCOR LUy b XAy LXC s PAX  POXy PAL O T AL STO s STE s STL e SXE s TIX s INXp TINZ o TRAGTSX e TXHZTXT o TXL o T
ZELZATOMY Dby wULL Yy ST ig b AP FULC s TEMF,TIMP AL, “g,saR:?,%ARSj.;aRsu,aaqcb.LARca,sARcr,sARGe,»al,.gz,ggj,.gu,.gs,CAAR,CDA
RoLADRLLD \h'%AAAifbﬂmbﬂfwAQAhqaﬁw%%ybHAA\ybhépwybpﬁa‘ycaipr JOPPL S SENPOLySNCPOLE 1y 3FREESSFROUT » SONE» $2ERD9 X9 Y42 3 COMPILE
gCCMPQ COMPAT S DOFF S, 00Ty LUMAPy SADP fACMPROP,, INTIORATED 709 CUMPILER-INTERPRETER LISP 20 CCT 60 o

FLNCII(M APDPLY SF y X, P HAS LUCEN
DEFINE . - -
TLGEVEN, (,L,\"'u'?u, JLLA' ngin..,uuLL Lily T, LT.«,%&JT",‘VCJ,}CN’Q Ltoooonun, $5LCCE5S5CR,TLAMBDA, EX, Y, L0, %COND,Z‘%\!ULL,LB,FB,ZZEQ,S

ENTERED, A%uu’uﬂ). .

LARGLOZ YO $EEUAE ZEER 0403 LU p Xy Jily BT, FOLU ST, Z5UCCESSURy Xy Yy 0URR,L0nnnnn ZCHOCSE » ILAMBLA L ZX L0, ZCOND, 2ESUCCESSCR4ZCAD .
R,LB,X,LD,%CATK,LHH,¢!,xQHQOJE-XQZCDR.Luuﬁﬁuﬂgﬁﬁfﬁovf,%LAMﬁCAgYX;LU,@CuwDy%%NULL Loy NILO, TREQ Xy BCAR LD, BCDR, Lun, %7, %C
QS+ BLAR 4Ly LREMUNE X pobiniRg b BIL L L2 ERL AL E Wl AMAZOA TN 3 Mg L2y TOOND 3 L NLLL o N LI ST L ZLADR , MOn W STEQ+ ZCAR MO, ZLAR L LI, 2CH

NSy ZCADR p My 51ity oT 3 0G5 LCAR p I, SRTIPLACE » 2CDR, i1, M, $COR, Lunnonn o , (Ekomumsenmemiliig , = cono, ZINULL MO, NTLO, ZZEVEN, M
N S00HND, ZLLUlTESLUR S0ADR S MO, SCAR pMiTy L e olLUVISyLCONS LCAR MR, 2C00R, MO0, SREPLACE s Ny Ma L 0, L0u, ZT,2CLOVISZCONS»SCAR WM, 2L
ONS» BCHOUS » SUAR y MUy LB,y aC DRy MOOH, RZREMUEVE y LCHUCSE y CCAR MOy LUy NIy Lty BT, 5CUNC, 390Gy 2CAR, M, $CAR, LOO, zcgovxs,zcog Mo, 3CO

A NSHBCAR g ML il g LIty LT o WL UVLS "’(I"}’-7' ZOAR LI W MU, So0R s NOyLBHOOLEOn, S0, SLAMBIDA, sNILOOOO

END--OF-ARPLY , JALUE. L3 —
ZEVEN,SUCLCES J\JQ,\.HLLJE REMOVE,REPLACE, CL"VIS.[&DD
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ARGUMENTS. .

zzA’ B'c, D'E, F'GB’

1 ZA,B,CyDyE,F,Gan

—ZARGUMENTS, CFE,CLOVISI
ZARGUMENTS,0F,CLOVISH ZAsByCsDoFy G
_RA,ByCoDrEsEoGn | _ZEm
ZAyB,C4,D,E,F,Gn
—%A,B,C,D,E4F, G
TARGUMENTS,0F,CLOVISE
—ZARGUMENTS,0F,CLOoviso | ZA,C,DyFyGnn
%B,C,D,E,F,Gu ZByEU
2An _Z04B4C,D,E,F,Gn
ZA,ByCyDyE,F,0G0
—2ARGUMENTS,OF,CLOVISO
ZARGUMENTS,0F,CLOVI Su C,0,F,Go
—28,D,E,F,GO ZA,B,E0
ZA,Cn TA,B,CyDyE4F,y50
—YAp By LoD E,E, 50
TARGUMENTS,0F,CLOVISO
ZARGUMENTS,O0F,CLOVISH 2L LF GO
TA,B,0,E, F,5D ZA,B,D,ED
zca _ZALBLCyDLELE,GU
ZA,B,C4D,E,F,0n
- ZARGUMENTS, GF,CLOVISO
TARGUMENTS,0F,CLOVISO $A,C,F, GO
ZA, D, ELF, GO 2B,D,Fn
zB'Cn zA)B'C'D'E’F'Gﬂ
_RA,BL,C,DE,\F G .
TARGUMENTS,0F,LLOVISH
ARGUMENTS , GELCLOVLS A BLCLF. G
ZD4+E,F,Gno ZD,ED
ZA,B,.Cn —ZA B C 0, F,F G
2ZA,B,C,D,E,F,50
ZARGUMENTS,OF,C1 OVIS
ZARGUMENTS,CF,CLOVI SO ZB,C,F,Gn
0, E.GI -2A,D,EO

2A,B,C,ED
—2A,B4CyDyE4Fa G

AR ENTS . GF.oCl I
2A,D,F, GO
28,0, 0
ZAsByCysDsEsF,5G0

TARGUMENTS,0F,CLOVISH
_2A,BeC,F G~~~ 0

ICE
—RD,B,C,D,E,F,Gnn 0

_Z2ARGUMENTS,GF,CLOVISH
ZB ,D,F,GHo

—2A,C,Fn
TA,B,Cy,D,E,F,GO

TARGUMENTS,GF,CLCVISD
_ZB,LL,0,F, Gox 0000
ZA,EO
—ZA B e CyD,EaFaGn

ZAyB2CyDyE4F4GD

ZARGUMENTS, 0F,CLOVI ST
ZB,F,GO

ZA,CyDyED
28,B,C D E,FyGnn

—ZARGUMENTS, OF,CLQVISQ
TAyByF,Gn
2C,D,.En

ZA,8,C,D,E,F,(n

ZARGUMENTS,0F,CLOVISO
ZALFEL.GH

¥B,C,4D,EQ
_2A,B,CeDyF,F,G

_ZARGUMENTS,0F,ClOVISO
2F GO

_ZA.B,C,D,FO
ZA,ByCyDyE4F,GO

ZARGUMENTS, 0F,CLOVI SO

En

2A,B,CyD,E, GO
_2A,B,CyDrE 5, Cu

—BARGUMENT S OF,LLOVISTH
TA,Fn

—2B+(C4D,E, GO
zA,B|C1DyEprGU

ZARGUMENTS,0F,CLOVISTO

- ZA,B,FEn
ZC,DyE, GO

~2A,B,C, D, E,E,5n
—TARGUMENTS,OF, CLOVISO
zBpFU

G
ro

zA,B:CyDyE,F;GU

ZARGUMENTS, OF ,CLOVI SO
$B,C,FEn

LA A

%A'D' E'Gu
ZA4B 4L D, ELF,Gn

—ZARGUMENT S, 0F LLOVISH
zA'BgC'FD
Z0,E,GO

ZA,B,C4DyE,F,G0

ZARGUMENTS,0F,CLOVISH
TA,CLF

$B,D,E, GO
ZA4B,C, D, E,F,Go

FARGUMENTS,QF,CLOoVISH
IC,Fao

——z-A"R:n:F:GU
XA,B,C.D.E,F,GH

TARGUMENTS, OF,CLOVISD

2L 4D ED

TA,B,E,Gn
_%A,B,C,0,C,F, GO

_ZARGUMENTS,OF,ClOVISD
ZA,C,C,Fu
ZBLE, GO
TA»B2CyDyEsF,yGo

TARGUMENTS,0F,CLOVISH
24,B8,C,D,Fo
ZE,Gno

_ ZALB.CyD,E,F,Go




—

r—

[

— o

..159_
_ZARGUMENTS,GE,CLOVISa | —ZARGUMENTS,QF,C10V1Sn
Z84,C40,Fo ZC+D,E,FO Z8,En
ZALEL, GO —3A+B450 ZA,C,0,F,G0
TA,B+CyD,E,F, G %A,8,C4D,E,F,GO 2A9B1CyDEaFyG0
TARGUMENTS,OF,CLOVISH ZARGUMENTS,0F,CLOVISH GC. STAT. ENT. TIME
2B.D,FO ‘ L ED
ZA,CHE GO ZA+8,D,Gn
A B C oD ELELG 2A+8 Dy EpE,on ZARGUMENTS,OF,Cl OVISH
2B4C,HEQ
—XARGUMENTS,0F,C10VISH | _ZARGUMENTS,OF,CLOVISO —2A4,D,F,GO
2A,8,0,Fn ZA4C,E,Fn ZA,8,C,D,E,F,Go
2L £ 4,60 -2B,D,Cn
2A15'C101E9F16n 2A181C707E'F'Gu zARGUMENTS'OF'CLOV[Su
2A,8,C,EI
TARGUMENTS,0F,CLOVISH LARGUMENTS,0F,CLOVISH 2D,F,Go
—ZA,D,FO —ZA,B,C L E,FN ZA,B4C4D,E F,Gn
2B,C,E, GO 20,60 .
—ZA,BaCeDyFaF,G0 |  ZA4ByCoDyE4F,Gn —ZARGUMFNTS,QF ,CLOVISa
YA, C,En
—ZARGUMENTS,O0F ,CLOVISO | —ZARGUMENTS,OF,CLOVISO ZB,D,F,Ga
2D, FOo EBsCyEyF ZAsByCyDyE,F,Ga
28484 L4E, GO ZA, D4 G
ZA,B,CyDyEyF,yGn ZA,8,C,D,E,F,5n gARGUMENTS,OF.CLOVISU
C.EDO
ZARGUMENTS,0F,CLOVISH ZARGUMENTS,0F,CLOVISH ZA,B8,D,F,Go
IDLEL,FO 2B,ELEN —Z2A,B,CaD,F,F,GO
ZA,8,C,Gno ZA,C,D,GO
ZAGBLC DL ELELGn 1  TABIC, D,E.F,Gn | —_ZARGUMENTS,0F,CLOVISH
IC,DyE1 :
ZARGUMENTS, QF .CLOVI ST TARGUMENTS. . OF . CLOVLSH ZA.8,E,G0
ZAloiEiFn zA'B'E'Fu 2A187C,D,E’F,Gn
2B 4L .00 2L D, G0
ZA,B,C,4,D,E,F, G0 2TA¢BCyDyEF,0G0 ZARGUMENTSOOF'CLOVISB
_2A,C,D,Fn
ZARGUMENTS,0F,CLCVISH ZARGUMENTS,0F,CLOVISO iB,F,Co
ZALB,D,ELEn _ZALELEn SB2BaC.D,FL,F, GO
ZC,Gn ¥8,CyD,6O
ZAB,C,D,F,F,Gn | _ZABLC,D,F,E,Gn | - RARGUMENTS,QF,C1OVISH
v ZAQB,C'D'EE
ZARGUMENTS.OF,Cl OvIsh ZARGUMENTS,O0F, CLOVISH 2F,.GO
¥8,D,E,Fn ZE,FO ZA,B,CyDyE,F,Gn
—ZALL GO ZAeB,CyDyGHL 00
ZAyByCsDyE4F,GO %A,B,C,D,E,F,Gn ZARGUMENTS, OF,CLOVISH
¥B,C.,D.Fn
ZARGUMENTS,0F,CLCOVISH TARGUMENTS,0F,CLOVISH XA F, GO
zﬂ_r¢n:F:Fﬂ ZFD zAIBlClDlEIF.GB
ZA,GD ] - zA,B,C,D,F,GU(‘ "
: IB,D,EX
ZARGUMENTS,OF . CLOVISH _ZARGUMENTS OF,C1LOVISO _¥A,C,F,GO
ZA,B,C,D,E,Fu %A, ED ZA,B,CyD,E,F,GD
y 4091 _2B,C,D,F, G 000
ZA,B8,CyD,E,F,Gn ZA4ByCyDyE4F,GH ZARGUMENTS, OF,CLOVISH
_ZA,B,D,Fo
ZARGUMENTS,0F,CLCVISH ZARGUMENTS,0F,CLOVI SO ZC,F,GO
FALL DeELFOD 1 _ZA.B.FO — A 9B LDy EyF G -
B, GO . 2C4D,F,Gn
ZAs By CeD, FoFoGO | —2A,8,C,D,E,F,Cn1




—ZARGUMENTS,0F . CLOVISI
ZA,D,ED
28,C,F, G0
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ZA,B,C,D,E, F,Gn

ZARGUMENTS,0F,CLCVISO

20.E0

ZA,8,C,F, GO
—ZA4B2CeDyESFGnn

—RARGUMENTS,0F,CLOVISO
%Dno

—ZAsBelsEWFeonn
ZA,B,C,D,E,F,Gn

ZLARGUMENT S, O0F,CLOVISO
A, DI
ZByCyEF,yGO

XA WBNC,D E,F, GO0

—2ARGUMENTS,0F,CLOVISO
ZA,8,0D0
!r:F'F:ﬂﬂ
%A,8,C,D,E,F,Gm

ZARGUMENTS,0F,CLCVISO
_%B,DnO

ZA,C,E,F,Gm
— %A+ BeCsDoE4Fen

—ZARGUMENTS,OF . CLOVISO
¢8,C,Do
ZALELFa GO
ZA|B'C'D'E1F1GU

ZARGUMENTS, GF,CLOVISO

ZA. B, C.DO

ZELF,GO
—ZA4B,C,DE,F, G

—ZARGUMENTS,0F,CLOVISO
ZA1C9DD
ZBLELF,.GO

ZAprC,D, E,F, Gno

ZARGUMENTS,CGF,CLOVISH
$C.DD
2A,B,E,F, GO

zA,B,C,D;E,F’Gﬂ
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¥ARGUMENTS,0F,CLOVIST

A, Cno

2B8,D,E,F,GnO
—ZABGCyDyE,FQaG

_ZARGUMENTS,Q0F,CLOVISO
%A,B,Co

~ZDyEWFGx 0
BAsByCyD,E,F,GO

ZARGUMENTS,0F,CLOVISO
%8,Co

ZAsDyELF,GO
_ZA,ByaCyD,E,F, G0

—2ARGUMFNTS,OF ,Cl OVISO
ZBo

—2A,C,CeE,F, G
ZA,8,C,D,E,F,Cn

ZARGUMENTS,0F,CLOVISH
ZA.BI

2CyD,E,F, GO

ZA,B84CyDyE,F,5

ZARGUMENTS,OF,CLOVISH

ZA3B»CyDyE,F,5I
XA B LoD L F G

'
—

S
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The LISP Function FLEXAGON

Flexagon is a function of a list of sublists. The list is the

[
{

- sign sequence for a single-cycle flexagon of any cycle, G. The sub-
[J lists are the individual signs of the sign sequence, and must consist
of +'s. Thus for a cycle eight flexagon, - must be written as
[ +++++++, == S ++++++, etc. The function comstructs a leaf for each
sign of the sign sequence according to the following scheme:

[ The hinge positions around a class G leaf are represented by
a sublist: (Position O, Position 1, Position 2, e...., Position G-1).

The symbols I, b, and X where present in such a list designate re-

spectively the positions of the input-hinge, the output-hinge, and
r the unused edges. These sublists comprise a list of the leaves in
t, their position in the unit as read from top to bottom. Since for
’ single-cycle flexagons each leaf is hinged to the one next below it,
L, the § of one leaf will be in the same position as the I of the next
on the 1list.
[W To process a sign sequence for a single cycle flexagon, each

sign must be made into a list of +'s. Thus +3 = (+,+,+), etc.
These sublists must be strung together into a sign sequence list, S.
Thus the sign sequence +2 =1 -2 +1 +1 becomes ((+4+), (+4+4+94)y (+4+,+),
(+), (+)).
The following functions are used to evaluate FLEXAGON:
Element

r——ﬁ/———r~———‘

Prepare

Reassociate

Invert

Compare (L,M) - predicate - T if Lis null or { M is length

[ F if ML

- Sub (X,L,M) - function - L and M are lists; X is an atom - subtracts

- the length of L from the length of M and makes a list composed of X's

equal in length to this difference.

Dummy (X,L) - function - L is a list - Creates a list of X's equal in
length to L.

Remove (I,L)

Leaf (E,L) - function - E is a sign sublist of the sign sequence list

L. The function creates a leaf list with I in the ‘zero position and

® in the O+length - of - E position.
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Rrot (L) (right rotate) - function - L is a list - The last item of
L is removed and placed at the beginning of the list.

Lrot (L) (left rotate) - function - L is a list - The first item of

L is removed and placed at the end of the list,

Orient (V,U) - function - V and U are leaf lists. V is oriented
with respect to U in the sense that it is right rotated until its
I postion coincides with the ¢ position of U.

Hinge (E,L) ~ function - E is a leaf list; L is either null or is

a list of leaf lists - If L is null, the result is a list with one
element E. If not, E is oriented with respect to the first member
of L and then inserted at the beginning of L.

Construct (L,M) - function - L and M are identical sign sequence
lists - This hinges all the leaf lists together in reverse order
from the final flexagon list.

Flexagon (S) - Makes a flexagon out of sign sequence list S.

D. Hartline

—

|

.
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* CHK 01-12€& 7550-CC00-2735¢C MCINTQOSH L
* REN L HARTLINE L
» REWN PLACF LISP FINARY TAPE CN TAPE UNIT B-7 ]_4;} L
* EN SCRATCH TAPE CN TAPE UGMNIT B-B L
» RCV CUTPUT NMAY £C MCNITCRED 23Y CCPRESSING SWITCH 3. L
* REN NCRNMAL HALT CCTAL 1CC L
*55 3 & 170 $XN— 76 INM / 12 3

TST L

TST L

DEFINE ((L

(FLEXAGCN (LAMCDA (S) L
(INVERT (CCASTRUCT (INVERT S) S3))) L
{CCNSTRUCT (LAMDDA (L M) {(CCNC L
(I{NULL (CCR L)) (CCTNS (LEAF (CAR L) M) NIL)) L
(T (HINGE (LEAr (CAR L) M) (CCNSTRUCT (COR L) M)))))) L
(HINGE (LAMBDA (F L) (CCND L
{(NLLL L) (CCNS E NIL)) L
(T (CCNS (CRIENT T (CAR L)) LIN))
(CRIENT (LANMBLA (V U) (CCANT
((NCT (CLENMENT (CUCTE C) L)) (QUOTL EAD2))
{(EQUAL {CULCTE C) (CAR L)) V) L
(T (CRIENT (RRCT V) (LRCT U))))))
(LRCT (LANMECA (L) L
(APPENC (CLR L) (CCNS (CAR L) NIL)IID)) L
{RRCT (LANPCA (L) L
(INVERT (LRCT (INVERT L))
{(LEAF (LANELCA (F L) : L
{APPENC (CCNS {(QUCTE [) {(REMOVE {CUCTE X) (CUMMY (QUOTE X) E))) L
(CCNS (QUCTE C) (REMOVE (CUCTE X) (SuUf (QUCTE X) E LN M) L
(REMCVE (LANBCA (I L) (CONT L
((NULL L) NIL) L
((NCT (EQUAL I (CAR L))) (CONS (CAR L) (REMGVE I (COR L)) L
(T (CCR LYY L
(CUMMY (LAMBDA (X L) (CCND L
((ATCV L) (QUCTE gADT))
((NULL L) NIL) L
({NULL (CCR L)Y (CCNS X NIL)) L
(T (CCNS X (DULMMY X (CER L))
(SUB (LAMCCA (X L M) (CCND L
(UNCT (CCNFPARE L ™)) (SUB X (SuB (CAR L) ¥ L) ™)) L
((NULL L) (CUMPY X ¥)) L
[T (SLB X (CDR LY (CCR M)1)1)11) L
{CCVPARC (LAMITA (L M) (CCNC L
((NULL L) T) L
(INULL ™) ) L
(T (COMPARE (C™2 L) (CCR ¥))Y))) L
( INVERT (LAMSCA (L) (CCND L
(INGLL (PREPART L)) L) L
(T (TRANSPCSE {(REASSCCIATEL (PRIPARE L)1) L
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(TRANSPCSE (LAMRCA (L) (CCNDC
LINUSL (CRR 1)) 1)

{T (CCNS ({CACR L) {TRANSPCSE (CAR L))

(REASSCCIATE (LAMEDA (L) (CONC
{(NULL (CCCR 1)) 1)

(T (REASSCCIATE (CCNS (LIST (CAR L) ({CACR L)) (CCCR LI)ID)))

{PREPARE (LAMBCA (L) (CCND
{(CR (ATCFM L) (NULL 1)) NIL)

(T (CCNS (CCNS {CAR L) NIL) (CCR L}))}D))

{TRUTEVALUE (LAMBDA (P) (CCND
(P {QUCTE TRUEI))

(T (QUCTE FALSE)))))

(ELEMENT (LAMRCA (X L)} (CCND

_(INULL L) F)

((EQUAL X (CAR L)) T)
(T (ELEMENT X (CDR LJ)J)))})

(ENC (LAMECA () NIL)))) ()

(LAMBCA (L) (TRUTHVALLL (ATOM B C)}y O
(LAMBDA (L) (TRUTHVALUFE (ATCM ()
{LAMBCA (L) (TRUTHVALUY (NULL Yy O)

(LAMBCA (L) (TRUTHVALUE (NULL

(LAMBCA (L) (TRUTHVALUT (NULL
(LAMBDA (L) (TRUTHVALUE (NULL

==~
- e~
' |t vt [t S
et [t et [

LRCT ({(A P C T)) ()
DuUMMY (X ()) ()

DUMMY (X (A B C D (E FX)) O)
CCMPARE ((A B C) (L M ND)) ()

CCMPARE ((RP S T U) (V W X Y)) ()
CCMPARE ((A B C D EF) (MNO)) L)

(LAMBCA (L M) (TRUTHVALUE (COMPARE L ¥V ) (LM NCH ()

1}) (A B C
(LAMBDA (L M) {(TRUTHVALUEF (COMPARE L M)}) ((R S T y) (VW X Y)) ()
{LAMBCA (L M) (TRUTHVALUE (CCMPARE L M))) ((A B CCDEF) (MNCH ()
Ste (X (A (B C) DY (IMNLMR ) O

SUB (X (+ + #) ({+) (+ +) (+ + +; (+))) ()
SUB (X {+ + + + + +) ((#) (+ +) (+ + +) (+))) ()

SUB (X (A B C) (MXNCP «RS) L)
REMOVE (A (R ¥ A C A L)) ()

REMCVE (A (1)) 1)
LEAF ((+ + +) ((+) (+ + +) (+ +) (+ + + +) (+))) ()

PREPARE ({A B € D)) ()
PREPAREC ((A B)) ()

PREPARE ((A)) ()
PREPARE (())

REASSCCIATC
REASSCCIAIE

B CD)) ()

REASSCCIATE
TRANSPCSE ({

A

A B C)) {)
A BY) ()

{

B
)y BY C)Y DY) ()
)y )

RRCT ((A B C

(
({
(
({
(
INVERT (ta B C
C

CRIENT (1]
CRIENT ((I

x| > X
x| >

—| —
T |~

ORIENT (1
HINGE ({I x X 0 X

oo 4]
O WX

O >x
T XX
~— | -~
~ |

()

[ S—
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CONSTRUCT (L{+4) (+ + +) (+ +) (+ ¢« 4+ ¢) (#))) () 145_
FLEXAGCN (({(+) (+ + +) (+ +) (+ + + +) {(+))) ()

FLEXAGCN (((+ 4+ « + ) (+ + +) (+) (+ + +))) ()

FLEXAGCN (({+) {(+) (+) (+) (+))) ()

FLEXAGCN ({(+) (#) (+ #) (+ + + #) (+ +))) ()

FLEXACCN {([(+) (+ +) (+#) (+ + +) (+ + +)})) ()

FLEXAGCN (({+ + +) (+ + #) (+ + +) (+ + +) (+ + +))) ()

FLEXAGON (((+) (+ + +) (+ + +) (+ + + + + + +) (+ + + +)

{(+) (+ +) (+ + +))) ()

(LAMBLCA (X L) (TRUTHVALUE (ELEMENT (X L
(LAMBEA (X L) (TRUTHVALUE (ELEMENT (X L

HINGE ((I x X C X} (I X 0 X X))} ()
STCP 1)))31)1)1))) ) ))

FIN
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FUNCTIGON APPLY(F,X,P) HAS BECN INTCRCD, ARGUMLCNTSe«
FLEXASGUN ‘
(U)o (#) g (+) e (+)y(+)))

TTEND OF APPLY, VALUE 15 ... T
((Iv'O'X'x)x)'(XDI'O'x'x)1(x1x’l'01x)'(X’X'X’['O"(O'x'X'xtl))

FUNCTIUN APPLY(F,X,P) HAS CFEN ENTERED, ARGUMENTS..

FLEXAGON

TTUF Ty THF T (F 4 F T, (Fa ¥, 8] ,(+,+1])

o




i
i

1 ¢ i i i i
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+2

FUNCTIGCN APPLY(F,X,P) HAS SSEN ENTERED, ARGUMINTS..

FLEXAGTX e e
({l) (4, 4), (#) (44,4 ),{(++,+)))

ENDCF APPLY, VALUE 1S ... R o T
((Iicixvxtx)t(xvl’XlC1X)s(XngXy[yC)y()(y/(yO,Xyi’v(O,XyI,K.X))

o ‘fU’NIVfT'OT\T'"’TFI"["YﬂTXTP T HAS BULCH ENTERED, ARGUMEINTS ..
FLEXAGGON

(TF F Ly F ), (F  Fy F s (FyF, ¥, (F,F,F),(+,+, %77

END CF ApPLY, VALUE IS ...
((I,’X'XQG'X)'(X'O'X'['x) 1()('[yXyXyO)p(X,XoG,X,I),(01)11117(,)())




FUNCTICNKN APPLY(F,X,P) HAS DEEN ENTEZREDs ARCUMENTS,..
FLEXAGLUN
(((+)|(+1+’+)9(+'*)+)1(+9+'+!+l+1+l+)1(+!+’+!+)'(*)'(*'+),(+;*'*)))‘

END OF APPLY, VALUE IS ...
l(l'U,K'X,Kyj'nyzlﬁlK_!I,X'Xpuyxnﬁ_)1(X1X1X1X1I'X!x10)1(X!X)X'x'xfxtovz’1
(X,X,U,;(,X,X,I,X),XX,Y,I',—O';X,X,R,X) '—(X'XQX’I’X'O'XOX\)'(C'X'X'X'X’I'XQX’)

e

L L L.

f
[ S—

. L

L




(Not including special functioms or
their satellites)

ACCUMULATE
ALTERNATE
AMONG

ATOM
BINARY

CAR
CARTESIAN
CARTESIAN*
CDR
COLLECT
COMPARE
COMPOSITE

Composites of CAR
and CDR

COND
CONS

DEFINE

DELTA
DETERMINANTIZE
DETIZE
DETIZE1l
DOUBLET

ELEMENT
ENGLISH
EQ
EQUAL

49
60
45

17
12
6

67

6
i
k3

6
48
4o
39

EQUIVAIENT
EXPUNGE

F
FUNCTION
FORALL
FORODD
FORSOME

HOLLERITH

INTEGERS
INTERSECTION
INTERVAL
INVERT

KARTESTIAN
KARTESTAN*
IABEL
LAMEDA
LEXORDER
LIST

MAPCON
MAPLIST

NIL
NOT

ODDPLET




ORDINAL

POLISH
POSSESSING
POSTPOLLSH
PREPARE

QUOTE

REALTERNATE
REASSOCIATE
REMOVE

SINGIET

SUCHTHAT
SUCHTHAT*
SUCHTHAT**

TALLYCOMPLEMENT
TALLYCOPY
TRANSPOSE
TRIPIET
TRUTHVAIUE

ULTRADOUBLET
ULTRASINGIET
ULTRATRIPLET
UNIFORM
UNION

-150-

RERS

13

70
69
25
30
27

33
32

59
37
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