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Abstract

As the application fields of computers are developed, the non-
numerical computation by a computer becomes very important.
Especially the LISP language is used widely in the artificial
intelligence researchers. However LISP processing systems have
several important problems to be solved. One of the most important
problems is that the computing time for getting the solution is
much slower than the case of numerical problems. The main reason
for the slow speed of computation is due to a mismach of the LISP
language and a conventional computer architecture at present. One
of the approach to solve this mismach is to design a machine whose
architecture is LISP language oriented.

This paper presents an experimental LISP machine which is
specially designed powerful enough to implement an efficient LISP
interpreter in microcodes. The LISP processor module and a main
memory module are connected to a minicomputer whose roles are I/O
processing and controls of the system. The LISP processor module
consists of an arithmetic and logic unit, a computer control unit,
a high speed hardware stack, a mapping memory, a field extractor,
and others. The micro-instruction code is made up into a
horizontal type to enable the concurrent operation of the hardwares
and the recursive call at microprogram level can be used. The
interpreter is designed by placing the focuses on improvements of
control structures in the EVAL and the APPLY functions, and on
effective utilization of specially installed hardwares.

Measurements of dynamic performances of the machine were made
during executions of test programs which are prepared for the
LISP contest of IPSJ. The experimental system has been found that
the execution times of the test programs of this system are
shorter than those of any LISP systems which joined the contest.
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34 1. '7‘2/5 1Z 2 1BJE ( combinational delays )

704w T E YVa- LA LYRY. VR, AL UL
0, AET A MLHWIBEEMN. £ F T o 7R = v 1 3
3, R ICH+H-N-o0BRIEI3KKRKMEofe sy . B
Riri RiEn s T it

Table A1-1. Combinational | propagation delays from
rising edje of F3 .

from input STACK 1IMDR* STP  MAP regfile imm. data
to Y- bus (nsec) 254 /8% /79 224 /65 /89

to ALU flag (nsec) 285 2/% 210 255 /1?6 /90
x* TCAR, ICDR

Table A1-2. Combinational set up times from Y-bus .

to set up registers OMDR™ NILtlag STACK reg.file JUMP
3

set wp time (nsec) 20 26 4o &l /8 /9?2
¥ OCAR, OCDR

WIWFi CY CoRatBvv 1> 1 2 ¢ 63,

1

"

STACK = ALU = Y-bus cYce
MAP > ALU = Y-bus : cYc =0
STACK = ALU - Y-bus = JUMP : cYC=2 %
2
1

MAP - ALU - Y-bus » JuMPpP . cYyc =
MAP flag jump cycs=

CYColr#Evwir, HIMEBEEM M@ <428t 3 TET L
ke 8. ALUZA~NL - Y3 Vv o 3t PASOZEFT,

— Al-1 —
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;Pig. 1
;ﬁ L BITA * % &

DEFINE ((

(BIT (LAMBDA
[6:9}
(COND ((NULL (CDR A)) A}
((NULL (CDDR A))
(LIST (CONS (CAR A} (CONS (QUOTE §) (CDR A)))) )
(T (BITL (CDR A} (LIST (CAR A))})) )))

" {BITL (LAMBDA

(x 3
(COND ((NULL X) NIL)
(T (NCONC
(MAPAPPEND (BIT X)
(FUNCTION (LAMBDA
(X)
; PR e e
(MAPCAR (BIT J) (FUNCTION (LAMBDA (L) (LIST L (QUOTE $) K}))) )))

(BLTL (COR X) (APPEND J (LIST (CAR X)))) MM

(MAPAPPEND (LAMBDA
(X FN) )
(COND ((NULL X) NIL) :
) (T (NCONC (FN (CAR X)) (MAPAPPEND (CDR X) FN)))} )))

;FPig. 2
jt %% BITE * * *

CEFINE ((

(BIT (LAMEDA
(&)
(COND ((NULL A) NIL)
({NULL (CDR A}) A)
(T (MAPCON
(BIT (CDR A))
(PROG2 (SETQ A (LIST (CAR A} (QUOTE §) (CADR A)))
(FUNCTION (LAMBDA (B) (G (CAR B)})) )})))))

Fig. 2 (continued)
{G (LAMBDA .

(B)
(COND ((ATOM B) (LIST A))
(T (CONS
(LIST (CAR A) (QUOTE §) B)
(MAPCAR (G (CAR B))

(FUNCTION (LAMBDA (A) (CONS A (CDR B)))) ))))))

)

jFig. 3
;* * * SEQUENCE or SORT * * «

(DE EQUAL (X Y)

(COND ((ATOM X} (EQ X Y))
((ATOM ¥Y) NIL)
((EQUAL (CAR X) (CAR Y)) (EQUAL (CDR X) (CDR Y)))
(T NIL) )}

" (DE APPEND (X 1)

(COND ((NULL X) ¥) (T (CONS (CAR X) (APPEND (CDR X) Y)))) )
(DE SMALLER (X Y) (COND ((GREATERP ¥ X) X) (T.Y)))

(DE MINM (L)
(COND ((NULL L) NIL)
- ((NULL (CDR L)) (CAR L))
(T (SMALLER (CAR L) (MINM (CDR L)))) })

(DE DIFFLIST (A X)

(COND ({(NULL X) NIL)
((EQUAL A (CAR X)) (DIFFLIST A (CDR X}))
(T (CONS (CAR X) (DIFFLIST A (CDR X)))) ))

(DE SEQUENCE (L)

(PROG (U V W) .
(SETQ U L)
(SETQ V (MINM L))
(SETQ W NIL)

A (COND ((NULL U) (RETURN W)))

(SETQ V (MINM U))
(SETQ U (DIFFLIST V U))
(SETQ W (APPEND W (LIST V)))
(GO A) ))

¢ 4 YL ACc¥EWLISIT TER

-

v L.l Dot FEE
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1Fig. 4
1* * * Dpata for sort program * * *

(11 17 3 16 17 3 19 32 22 39 31 38 46 29 9 40 7 31 21 43)

(24 0 35 5 15 43 21 31 0 17 47 26 47 26 32 2 25 28 45 9 2
29 4 6 48 36 28 49 31 3 37 42 20 38 48 44 33 47 31 11 )

(40 36 4 49 9 11 3% 13 8 29 45 11 8 45 1 48 25 17 23 31 230
028 16 41 1 36 9 26 25 16 16 4 30 35 44 45 20 14 49 17 4
21 38 38 36 24 15 27 23 42 39 4 22 44 14 37 38 49 48 )

(44 28 26 46 44 49 42 15 7 5 18 11 04 21 3943221855
36 22 319 35 3871 37 12 36 7 11 1 9 42 24 10 43 15 47
47 8 29 47 16 23 43 44 25 7 11 6 30 2741 23733901 4
10 20 31 48 11 31 31 5 49 0 8 42 29 47 18 )

(29 9 41 18 34 43 0 13 26 38 43 10 24 1 38 16 47 38 5 36 13
5132641 9294405 2345 9 49 14 35 46 49 19 21 0 10 9
9 20 39 1 5.15 42 15 16 3 24 20 47 3 43 33 5 34 5 24 46 14

1511 27 13 31 14 4 49 7 0 32 41 2 40 19 72002017181

42 398 11 41 42 30 49 23 45 6 33 45 )

sFig. 5 .
s* * * PARAY * & *

(DE TARAI (X Y 2Z)
{conD
{ (GREATERP X Y)
{TARAI (TARAI (SUBL X) Y 2Z)
(TARAI (SUBL ¥) Z X)
(TARAI (SUBL 2) X ¥) ))
(ryY)))

;Fig. 6
;ror o TPU program by C.L. Chang * * #

(PROG ()

(DEFPROP XLIST (X1 X2 X3 X4 XS X6 X7) VALUE)

(DEFPROP YLIST (Y1 ¥2 Y3 Y4 Y5 ¥6 Y7) VALUE)

(DEFPROP ZLIST (221 222 223 2Zz4 225 226 2Z7) VALUE) )

(DE RENAME (C XY)
(PROG (VAR Z) .
(SETQ Z ZLIST)
(SETQ VAR (CADR C))
Bl - (COND ((NULL VAR) (GO B2)))
(SETQ C (SUBST (CAR 2) (CAR VAR) C))
(SETQ 2 (CDR 2))
(SETQ VAR (CDR VAR))
) (GO B1) s
B2  (SETQ Z XY)
(SETQ VAR (CADR C))
B3  (COND ((NULL VAR) (RETURN C)))
(SETQ C (SUBST (CAR 2Z) (CAR VAR) C))
(SETQ 2 (CDR 7))
(SETQ VAR (CDR VAR))
(GO B3) ))

(DE INSIDE (A E)
(COND ((ATOM E) (EQ A E))
({INSIDE A (CAR E)} T)
(T (INSIDE A (CDR E))) ))
(DE DISAGREE (El1 E2)
(COND ((NULL E1) NIL)
((OR (ATOM El) (ATOM E2))
(COND ((EQUAL El E2) NIL) (T (LIST El E2))) )
((EQUAL (CAR E1) (CAR E2)) (DISAGREE (CDR E1) (CDR E2)))
({OR (ATOM (C2R E1)) (ATOM (CAR E2)})) (LIST (CAR El) (CAR E2)))
(T (DISAGREE (CAR El) (CAR E2)}) ))
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rig. & (continued)

_ (DE UNIFICATION (El E2)

(PROG (D U D1 D2)

Bl

B2
B3

{COND

((NOT (EQUAL (LENGTH E1) (LENGTH E2))) (RETURN (QUOTE NO))) )

(SETQ D (DISAGREE El E2))

(COND ((NULL D) (RETURN (REVERSE U})))

(SETQ D1 (CAR D))

(SETQ D2 (CADR D)) )

(COND ((OR (MEMBER D1 XLIST) (MEMBER D1l YLIST)) (GO B3)})
(COND ((OR (MEMBER D2 XLIST) (MEMBER D2 YLIST)) (GO B4)))
(RETURN (QUOTE NO)} '

(COND ((INSIDE bl D2} (GO B2)))

(SETQ U (CONS D U))

(SETQ E1 (SUBST D2 D1 El))

(SETQ E2 (SUBST D2 B} E2))

(GO Bl) )

{COND ((INSIDE D2 Dl) (GO B2)))

(SETQ U (CONS (REVERSE D) U)})

(SETQ El1 (SUBST DY D2 El))

(SETQ E2 (SUBST D1 D2 E2))

(GO B1) ))

(DE DELETEV (X Y VAR)
(PROG (VARL TX TX1 X1)

Bl

B2

(SETQ X (APPEND X Y))

(COND ((NULL VAR) (RETURN X)))
(SETQ VARl (CAR VAR))

(SETQ TX X)

{SETQ X1 NIL)

© (COND ((NULL TX) (GO B4)))

(SETQ TX1 (CAR TX)})

(COND ((EQ TX1 VAR1) (GO B3)))
(SETQ X1 (CONS TX1 X1)).

(SETQ TX (CDR TX))

(GO B2)

(SETQ X (APPEND X1 (CDR TX)))
(SETQ VAR (CDR VAR))

{Go B1) ))

Fig. 6 (continued)

(DE URESOLVE (Cl C2 N}

{PROG

BL

B2

B4

BS

B7

(L1 L2 VC1 VC2 X Y SIGN UNIF R RES VAR V1 V2 H HIST TC2)
(SETQ Cl (RENAME Cl XLIST))
(SETQ C2 (RENAME C2 YLIST))
(SETQ L1 (CAR Cl))
(SETQ L2 (CAR C2))
{SETQ VCl (CADR Cl))
(SETQ VC2 (CADR C2))
(SETQ C2 (CADDR C2))
(SETQ X (CAR (CADDR Cl)}))
(SETQ SIGN -1)
(COND ((EQ (CAR X) (QUOTE NOT)) (GO B7)))
(SETQ SIGN 1)
{conD
((NULL C2) (RETURN (LIST (REVERSE RES) (REVERSE HIST) N})) )
(SETQ Y (CAR C2))
(COND ((EQ (CAR Y) (QUOTE NOT)) (GO B2)))
{GO B6)
(SETQ UNIF (UNIFICATION X (CDR Y)))
(COND ((EQUAL UNIF (QUOTE NO}) (GO B6)))
(SETQ R (APPEND (REVERSE TC2) (CDR C2)))
(COND ((NULL R) (RETURN (LIST (QUOTE CONTRADICTION) Ll 12}}))
(SETQ VAR NIL)
(COND ({(NULL UNIF)} (GO BS5)))
(SETQ V1 {CAAR UNIF))
(SETQ V2 (CADAR UNIF))
(SETQ VAR (CONS V1 VAR))
(SETQ R (SUBST V2 V1 R))
(SETQ UNIF (CDR UNIF))
(GO B4)
(SETQ N (ADD1 N))
(SETQ H (LIST N L1l 12 (ADDl (LENGTH TC2)}))
(SETQ R (LIST N (DELETEV VCl VC2 VAR) R))
(SETQ RES (CONS R RES))
(SETQ HIST {(CONS H HIST))
(SETQ TC2 (CONS Y TC2))
(SETQ. C2 (CDR C2))
(COND ((EQUAL SIGN 1) (GO Bl)))
{COND
({NULL €2} (RETURN (LIST (REVERSE RES) (REVERSE HIST) N))) )
(SETQ Y (CAR C2))
(COND ((EQ (CAR Y) (QUOTE NOT)) (GO B6)))

. (SETQ UNIF (UNIFICATION (CDR X) Y))
(GO B3) )})
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Fig. 6 (continued)

(DE GUNIT (S1 52 W C N)
(PROG (L S3 SS3 W1 V U RES HIST M X)

Bl

B2

B3

BS

B7

(COND ((NULL #) (RETURN (LIST RES HIST N))))

(SETQ L (LENGTH (CADDR C)))
(SETQ S3 (LIST (LIST 10000 C)))
(SETQ SS$3 S3)

(COND ((NULL W) (GO 87)))
(SETQ Wl (CAR W))

(COND ((NULL S$S3) (GO B4)}))
(SETQ V (CAR $53))

(COND ((GREATERP (CAR W1) (CAR V)) (GO B3})))

(SETQ U (URESOLVE W1 {CADR V) N))
(COND ((NULL (CAR U}))} (GO B3)))
(SETQ RES (APPEMD RES (CAR U)))
(SETQ HIST (APPEND HIST (CADR U)))
(SETQ N (CADDR U))

(SETQ SS3 (CDR 883))

(GO B2)

(COND ((EQUAL (8UBL L) 1) (GO B6)))

" (SETQ M (CAR W1))

(COND ((NULL RES) (GO B6)))

(SETQ X (CONS (LIST M (CAR RES)) X)) -

{SETQ RES (CDR RES))
(GO BS)

(SETQ W (CDR W))
(SETQ $S3 53)

(GO Bl)

(SETQ L (SuBl L))

(COND ((EQUAL L.1) {(RETURN (LIST RES HIST ll))))

(SETQ S3 X)

(SETQ SS3 §3)

(SETQ X NIL)

(SETQ W (APPEND 81 S2))
(GO Bl) ))

(DE PNSORT (RES)
(PROG (C POS NEG)

Bl

B2

B3

(COND ((NULL RES) (RETURN (LIST (REVERSE POS) (REVERSE NEG)))))

(SETQ C (CMAR (CDDAR RES)))

(COND ((EQUAL (CAR C) (QUOTE NOT)) (GO B3)))

(SETQ POS (CONS (CAR RES) POS))
(SETQ RES (CDR RES))

{GO B1)

(SETQ NEG (CONS (CAR RES) NEG))
(GO B2) })

Fig. 6 (continued)

(DE FDEPTH (C)
(PROG (N U)

Bl

‘B3

B4

BS

(SETQ C (CAR (CADDR C)))

(COND ((EQUAL (CAR C) (QUOTE NOT))} (GO Bl)))
- {SETQ C (CDR (C})

(GO B2)

(SETQ C (CDDR C))

(SETQ N 0)

(COND ((NULL C} (GO BS)))

(COND ((ATOM (CAR C)) (GO B4)))

(SETQ U (APPEND (CDAR C) U))

(SETQ C (CDR C))

(Go B3)

(COND ((NULL U) (RETURN N)))

(SETQ N (ADD1 N))

(SETQ C U)

(SETQ U NIL)

(GO B3) ))

(DE FTEST (RES N4)
(PROG (C U)

Bl

B2

(COND ((NULL RES) (RETURN (REVERSE U))))
(SETQ C (CAR RES))

(COND ((GREATERP (FDEPTH C) N4) (GO B2)))
(SETQ U (CONS C U))

(SETQ RES (CDR RES))

(GO Bl) ))

(DE SUBSUME (Cl C2)
(PROG (2 VAR U)

Bl

B2

(SETQ C1 (RENAME Cl XLIST))

(SETQ C1 (CAR (CADDR Cl1)})

(SETQ Z ZLIST)

{SETQ VAR (CADR C2))

(SETQ C2 (CAR (CADDR C2)))

(COND ((NULL VAR) (GO B2)))

(SETQ C2 (SUBST (CAR 2) (CAR VAR) C2))
~ (SETQ VAR (CDR VAR))

(GO B1)

(SETQ U (UNIFICATION Cl C2))

(COND ((EQUAL U (QUOTE NO)) (RETURN NIL)))

(RETURN T) ))
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Pig. 6 (continued)

(DE STEST (U RES)
“{PROG (R V W X1 Y B)

Bl

B2

B3
BS
86

B7

B8

(COND ((NULL RES) (GO B5)))

(SETQ R (CAR RES))

(SETQ Z (APPEND U V))

(COND ({NULL Z) (GO B3)))

(COND ((SUBSUME (CAR Z) R) (GO B4)))
(SETQ 2 (CDR 2))

(GO B2)

(SETQ V (CONS R V))

((SETQ RES {CDR RES))

(GO p1)

(COND ((MULL V) (RETURN W)))
(SETQ X1 (CAR V))

(SETQ 3 (CDR V))

(COND ((NULL 2) (GO BS8)))
(COND ((SUBSUME X1 (CAR Z)) (GO B7)))
(SETQ Y (CONS (CAR 2) Y))
(SETQ 2 (CDR Z))

GO P6)

SETQ W (CONS X1 W))

(SETQ V (REVERSE Y))

{SETQ Y NIL)

GO BS) }))

(DE CONTRADICT (U V)
(PROG (X1 Y RES)

Bl

B2

{COND {(OR (NULL U) (NULL V)) (nz'mm NIL)))

{SETQ X1 (CAR U))

{SETQ Y V)

{COND ((NULL Y) .(GO B3)))

SETQ RES (URESOLVE X1 (CAR Y) -1))

COND ({EQUAL (CAR RES) (QUOTE CONTRADICTION)) (RETURN RES)))

SETQ Y (CDR Y))
GO B2)

SETQ U (CDR U))
GO Bl) ))

Fig. 6 (continued)

(DE DTREE (Z HIST N1)
(PROG (X TX X1 H M1 M2 M N)

(SETQ HIST (REVERSE HIST))
(SETQ X (CDR 2))
(SETQ 2 (LIST 2))

{COND ((GREATERP (CAR X) (CADR X))

{SETQ X (REVERSE X))

(GO BO)))

BO (COND ((GREATERP (CADR X) N1l) (GO Bl1)))

(SETQ X (LIST (CAR X)))
Bl (COND ((NULL X) (RETURN 2Z)))
(SETQ X1 (CAR X))

(SETQ HIST (CDR HIST))
(GO B2)
B3  (SETQ X (CDR X))
(SETQ H (CAR HIST))
(SETQ 2z (CONS H 2))
(SETQ HIST (CDR HIST))
(SETQ M1 (CADR H))
(SETQ M2 (CADDR H))
(COND ((GREATERP M1 N1} (GO BS)))
B4 (COND ((GREATERP M2 N1) (GO B6)))
(GO Bl)
B5 . (SETQ N 1)
(SETQ M Ml1)
(co0 B7)
B6 (SETQ N 2)
(SETQ M M2)
B7 (COND ((NULL X} (GO B8}))
(SETQ X1 (CAR X))
(COND ((EQUAL X1 M) (GO B10)))
(COND ((GREATERP X1 M) (GO B9))})

B2  (COND ((EQUAL X1 (CAAR HIST)) (GO 33)))

B8 (SETQ X (APPEND (REVERSE TX) (CONS M X)))

(GO Bl1l)
B9  (SETQ TX (CONS X1 TX))

(SETQ X (CDR X))

(GO B7)
B10 (SETQ X (APPEND (REVERSE TX) X))
Bll (SETQ TX NIL)

(COND ((EQUAL N 2) (GO 51)))

(GO B4) ))
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Fig. 6 (continued)

(DE TPU (S1 S2 S3 W N1 N2 N3 N4)
(PROG (S WL TS UL U N X CK WCK V POS NEG HIST Y X1 X)

Bl

B2

B3

BS

B7

(SETQ S (APPEND Sl §2))
(SETQ S (REVERSE §))

(COND ((NULL W) (GO B6)))
(SETQ W1 (CAR W))

(SETQ T5 S)

(COND ((NULL W1) (GO BS)))
(COND ((EQ (CAR W1} (CAAR TS)) (GO B4)))
(SETQ TS (CDR 78))

(GO B3)

(SETQ UL (CONS (CAR 78) Ul1))
(SETQ W1 (CDR wl))

(Go B2)

(SETQ U (CONS Ul U))

(SETQ W (CDR W))

(SETQ UL NIL)

(GO Bl)

(SETQ W (REVERSE 1))

(SETQ N N1)

(SETQ U (CONTRADICT 81 §2))
(COND ((NOT (NULL U)) (RETURN U)))
(SETQ K 1) )

(COND ((GREATERP K N2} (RETURN (QUOTE (S IS NOT PROVED)))))

(SETQ CK (CAR §3))

(SETQ WCK (CAR W))

{SETQ V (GUNIT S1 S2 WCK CK N))

{COND ((NULL (CAR V}) (GO B12)))

(SETQ N (CADDR V))

(SETQ HIST (APPEND HIST (CADR V)))

(SETQ V (CAR V))

(COND ((LESSP K N3) (GO B8)))

(SETQ V (PTEST V N4))

(SETQ V (PNSORT V})

(SETQ POS (STEST S§1 (CAR V)))

{SETQ NEG (STEST §2 (CADR V)))

(COND ((NULL (APPEND POS NEG)) (GO Bl2)))
(SETQ U (CONTRADICT S1 NEG))

(COND ((NOT (NULL U)) (RETURN (DTREE U HIST N1))))
(SETQ U (CONTRADICT POS S2))

(COND ((NOT (NULL U)) (RETURN (DTREE U HIST N1))))
(SETQ S1 {APPEND Sl POS))

(SETQ S2 (APPEND $2 MEG))

(SETQ W (CDR W)) ’

(SETQ Y (APPEND POS NEG))

Fig. 6 (continued)

B9  (COND ((NULL W) (GO B10)))
(SETQ X1 (APPEND Y (CAR W)))
(SETQ X (CONS X1 X))
(SETQ W (CDR W))
(GO B9)

Bl0 (SETQ W (APPEND (REVERSE X) (LIST Y)))
(SETQ X NIL)

Bll (SETQ S3 (APPEND (CDR S3) (LIST CK)))
(SETQ K (ADD1 X))

{Go B7)
Bl12 (SETQ W (APPEND (CDR W) (LIST NIL)))
(Go E1l1) ))
1Fig. 7

;* * *  Nine problems to be solved byvthe TPU program * * #

3 TPU-1
(TPU (QUOTE ((1 (X ¥Y) ((P (G X Y) XY¥))) (2 (XY) ((PX (HXY) Y))))

(QUOTE ((3 (X) ((NOT P (K X) X (K X))))))
(QUOTE
((4 )

XY2Z2UVW

((NOTP X YU) (NOTPYZV) (NOTPXVW (PUZW))

(5 XYZUVW

({(NOTP X YU) (NOTPYZV) (NOTPUZHW (PXVW) )

(QUOTE ((3) NIL))’
5230)

3 TPU-2
(TPU (QUOTE
({1 (X} ({P E X X)))
(2 (X) ((P X E X)))
(3 (X) ((P X X E)))
(4 NIL ((P A B C))) ))
{QUOTE ((5 NIL ((NOT P B A C)))))
(QUOTE
((6
(XYzovw

({(NOT P XYU) (NOTPY 2ZV) (NOTPXVW (PUZW))

(7 xYyzovw

N

((NOT P X Y U) (NOTP Y Z V) (NOTPUZ W) (PXVW))))

(QUOTE ((4) NIL))
7450)
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Fig. 7 (continued)

$TPU-3 :
(TPU (QUOTE ({1 (X) ((P E X X))) (2 (X) ((P (I X} X E)})))
(QUOTE ((3 NIL ((NOT P A E A)))))
(QUOTE
((4
(XYZUuvw
((NOTP XY U) (NOTPYZV) (NOTPXVW (PUZW) )
(5(XYZUVW . _
((NOT P X Y U) (NOPP Y ZV) (NOTPUZW) (PXV W)
(QUOTE ((3) ()
5450)

+TPU~4 :
(TPU (QUOTE ((1 (X) ((P B X X})) (2 (X) ((P (I X) X EINN
(QUOTE ((3 (X} ((NOT P A X B)))))
(QUOTE.
(4
(XYzUuvw
((NOT P X YU) (NOTPYSZV) (NOTPXVW (PU.ZW) )
(5 (XYzZuvw
((NOTP XY U) (NOFPYZV) (NOTPUZW (PXVW))))
(QUOTE ((3) (3))) :
5450)

:TPU-5
(TPU (QUOTE
((L (X) ((P EXX)))
(2 (X) ((P X WX)))
(3 (X) ((P X (1 X) B)))
(4 (X) ((P {X X} X B)))
(5 NIL ((S A})} })
(QUOTE {(6 NIL ((NOT S E)))))
{QUOTE
((7 (X ¥ 2) ((NOT 8 X) (NOT S'Y) (NOT P X (I ¥) Z) (S 2)))
(8 (XYZUVW
{(NOP P XYU) (NOTPYZV) (NOTPXVW (PUZW) )
PBXxYZUuvw :
{(MOT P X YU) (NOTPYZV) (NNOTPUZW (PXVW) )))
(QUOTE ((6) WIL NIL))
9450)

Fig. 7 (continued)

; TPU-6
(TPU (QUOTE
({1 (X) ((P E X X)))
(2 (X) ((P X E X)))
(3 (X) (P X (I X) E)))
(4 (X) ((P {I X) X E)))
(5 NIL ((Ss B))) }))
(QUOTE ((6 NIL ((NOT S (I B))))))
(QUOTE
((7 (X ¥ 2) ((NOT S X) (NOT S ¥) (NOT P X (X ¥) 2} (S 2)))
(B (XYZUVW
((NOT P X YU) (NOTP Y2 V) (NOTPXVW (PUZW))
O (XYZUVW
((NOT P X YU) (NOTPYZV) (NNTPUZW) (PXVHN)) )
{QUOTE ((5 6) NIL NIL))
9450) :

1 TPU-7
(TPU (QUOTE .
((2 NIL ((P A)))
(2 NIL (M A (S C) (5 B))))
(3 (X} ((MXX (53)))))
{QUOTE ((4 NIL ((NOT D A B)))))
{QUOTE .
((5 (XY2) ((NOTMXYZ) (MY X Z)))
(6 (XY 2) ((NOTM XY Z) (DX 2)))
{7 (xY 20
((NOT P X) (NOTM Y Z U) (NOTD X U) (D X ¥) (D X 2)) )))
(QUOTE ((1 2 34) (L 234) (1213 4)))
7450)

; TPU-B
(TPU (QUOTE ((1 NIL ((L 1 A))) (2 (X) ((D X X)))))
NIL (QUOTE
(3.(xX) ((P X) (D (G X) X)))
(4 (X)_((P X) (L1 (GX))))
(5 (x} (P X) (L (G X) X)))
(6 (X) ((NOT P X) (NOT D X A)))
(7 (XY 2Z) ((NOTD X Y) (NOTD Y 2) (DX 2)))
(8 (X} ((NOT L 1 X) (NOT L X A) (P (F X))}))
(9 (X) ((NOT L 1 X) (NOT L X A) (D (F X} X))) ))
(QUOTE ((1 2) (1 2) (1 2) (1 2) (1 2) A 2) (1 2)))
920 210)
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1Fig. 9

rig. 7 (continued) s+* * * pure LISP kernel (slightly modified) * * ¥
3 TPU-9
(TFU {QUOTE ((1 (X) (L X (F X)))))) (DE #APPLY (FN ARGS A)
(QUOTE ((2 (X) ((NOT L X X)}))) {COND
(QuOTE . ({aTOM FN)
((3 (X Y) ((NOT L X Y) (NOT L Y X))} (COND ((EQ FN (QUOTE CAR)) (CAAR ARGS))
(4 (X Y) ({(NOT D X (F ¥)) (L Y X))) ((EQ FN (QUOTE CDR)) (CDAR ARGS))
(5 (X) ({P X) (D (H X) X))) ((EQ FN-{QUOTE CONS))
(6 (X) (tr X) (¢ (WX)))) (CONS (CAR ARGS) {(CADR ARGS)) )
(7 (X) {(p X} (L (® X) X))) ({EQ FN (QUOTE ATOM)) (ATOM (CAR ARGS)))
(8 (X) ((NOT P X) (NOT L A X} {L (F A) X))) )) ((EQ FN (QUOTE EQ)) (EQ (CAR ARGS) (CADR ARGS)))
(QUOTE ((1 2) (3 2) (1 2) (1 2) (1 2) (1.2))) . (T (SAPPLY (#EVAL FN A) ARGS A)) ))
820 210) ] ((EQ (CAR FN) (QUOTE LAMBDA}) :
(#EVAL (CADDR FN) (RPAIRLIS (CADR FN) ARGS A)) )
JFig. 8 ((EQ (CAR FN) (QUOTE LABEL))
) (#APPLY (CADDR FN)
t* * * Expected answers * * *
J— TPU-8 ARGS (CONS (CONS (CADR FN) (CADDR FN)) A) ))))
(6344 ((10 2 6 2)
(6 32464;) {12111 2) (16 10 4 1) ((BQ E T) T)
(§81 (20 12 5 4) - Q7105 1)
(1s1111) (42 2 20 2) (23 178 2) ({(ATOM E) (CDR (#ASSOC E A)))
(CONTRADICTION 1 15) ) (62 2 42 1) (25 16 23 1) ) ((EQ (CAR E) (QUOTE QUOTE)) (CADR E))
(CONTRADICTION 1 62) ) (26 17 9 2) , . ((EQ (CAR E) (QUOTE COND)) (¥EVCON (CDR E) A))
S v (28 16 26 1) (T (¥APPLY (CAR E) (#EVLIS (CDR E) A) R)) ))
((8 4 6 1) }TPU-5 ’ . (32 25 6 1)
21381) (10 6 7 4) (33327 3) (DE #EVCON (C A)
(30 221 1) {14 5 10 2) (47 28 33 1) (COND ((REVAL (CAAR C) A) (¥EVAL (CADAR C) A))
(32 30 7 2) (18 5 14 1) (CONTRADICTION 15 47) ) (T (EVCON (CDR C) A)) ))
(42 3 32 1) . CONT: 8
(55 1 42 1) { RADICTION 3 18) ) . TPU-9 (DE #EVLIS (M A)
(62 55 6 1) ;TPU-6 1(14 2813 {COND ((NULL M) NIL)
(112 5 62 3) - {a1s71) (16 1 14 2) (T (CONS (#EVAL (CAR M) A) (KEVLIS (CDR M) R)}) ))
(130 3 112 1) (19 5 11 1) (17 16 5 1) '
(CONTRADICTION 2 130) ) (23 3 19 1) (18 16 6 1) (DE #PAIRLIS (V E A)
o (152237 1) (19 16 7 1) foonp et M ,
$ TPU~ (169 6 152 3) (20 19 3 1) y
((13 35 4) (186 5 169 1) (23174 1) . . (CONS (CAR V) (CAR E))
(16 2 13 2) (CONTRADICTION 1 186) ) (24 23 8 2) (#PAIRLIS (CDR V) (CDR E) A) ))))
17 1 16 2) ‘ (28 20 24 2) :
(18 17 4 4) }TPU-7 CONTRADICTION 18 28) ) (DE ¥ASSOC (X A)
(23 2 18 3) (13 26 1) ( (COND ((NULL A) NIL)
(2¢ 1 23 2) (16 13 7 3) ((EQ X (CAAR A)) (CAR A))
(30 24 5 4) {43 4 16 3) ) . (T (#ASSOC X (CDR A))) )
(46 2 30 2) (66 4 43 3) :
(56 2 46.1) (7% 3 66 2)

(CONTRADICTION 1 56) } {CONTRADICTION 1 75) )



;Fig. 10
TR

(LABEL TARAI {

e

Pure LISP version of TARAI * * *

LAMBDA
Xy 2
{Conp :
( { (LABEL GRTP
(LAMBDA (X Y)

(COND ((EQ X NIL) (QUOTE NIL))
{(EQ Y NIL) (QUOTE T))
{T (GRTP (CDR X) (CDR Y)))
13))
XY) :
{TARAT (TARAI (CDR X) Y 2)
(TARAT (CDR Y) Z X)

{TARAI (CDR Z) X Y) ))
ry))))
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fdnction / rbutine(*)' count |step(%)
. interpreter | *EVAL 1,347 }
' functions *EVAL1 2,5231J 13.9
/ routines | »ARGEVAL | 5,047| 28.0
(85.2%) *APPLY 673 26.5
| o +EXPR 673 7.4
| VCOND 673 9.2
 system GREATERP | ~ 673| 9.3
| functions SuBl - 504 5.5
(14.8%) o
| defined fn. | TARAI | 673] ---
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function / routine(x) | count |step(%)

interpreter| «EVAL 39,262 }
functions «EVAL] 331,900 9.3
/ routines | «ARGEVAL [390,002} 13.0
(43.7%) *APPLY 15,706 4.2
*EXPR 15,706 1.2
PROG 6,311 9.7
GO 17,049 1.4
RETURN 6,311 0.5
COND 42,360 4.4
system .| SUBST 4,361 17.3
functions EQUAL 12,9741 11.3
(56.3%) SETQ 1 55,320 6.3
MEMBER 6,392 4.8
CAR 43,865 3.2
1 NULL 25,743 2.1
ATOM 19,319 1.6
CDR 22,415 1.6
OR . 12,892 1.5
CADR 9,343 1.2
APPEND 1,210 0.8
LENGTH 4,224 0.7
CADDR 3,744 0.7
LIST 2,936 0.5
EQ 3,569 0.4
CONS 3,379 0.4
others 12,310 1.9
externally | RENAME 2,291 ———
defined INSIDE 1,836 ——-

functions DISAGREE 7,559 -——
UNIFICATON| 2,018 -—
DELETEV 184
URESOLVE 499

GUNIT 4
PNSORT 4

FDEPTH -0

FTEST 0 —
SUBSUME 1,293

STEST 8
CONTRADICT 8

DTREE 1

TPU 1




