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Abs t rac t :  An  ex rens ion  o f  L i sp  ca1 led  HL ISP  ( f o r  Hash -L rSP)  i s  desc r i bed '

Two features cal led monocopy and assoccomp ( for  Associat ive comput ing)

and two data types H-molecules and associat .ors are added to L isp '  The

f ree of dupl icat ing gopies a*ot9_l-*ofe.t1es. H-molecules are l ike non-

atomic L isp data in  other  respects-  An associator  is  a L isp cel l  which

associates an H-molecular  key wi th a value of  any data type-  Associators

are l ike atom headers in  other  respects '  Ef f ic ient  a lgor i thms for  coPY-

ing ord inary l isp data in to l { -molecules and for  per forming basic  set

operat ions "". t  "r@ti i f t  tn.  number of steps required being propor-

t ional  to  the number of  per t inent  L isp cel ls  are g iven'  In  the assoccomp

feature,  the value of  prespeci f ied funct ions is  associat ive ly  ret r ieved

whenever the value has been evaluated before for  the same funct ion for

the same argumenc/s and ff th" "t1"" it t"-"i

o thervr ise i t  is  evaluated as usual .  Assoccomp provides a systemat ic

method for  increasing the ef f ic iency of  some ef fect ive a lgor i thms which-

are inef f ic ient  when evaluaEed by convent ional  methods '  A non-paging

vi r tual  memory scheme, enabl ing a col lecEion of  L isp funct ions and H-

molecular  data amount ing to several  t imes larger  than the pr imary storage

capaci ty  to be used in a s ingle L isp progl :am'  is  presented '  A hash codi 'ng

scheme wi th a dynamic garbage col lect ion capabi l i ty  and some other

a l g o r i t h m s c r u c i a l f o r t h e i r n p l . e m e n t a t i o n o f H L l s P a r e d e s c r i b e d i n

d e t a i l .

K e y  w o r d s  a n d  p h r a s e s :  L i s p ,  H a s h  C o d i n g '  G a r b a g e  C o l l e c t i o n '

Assoc ia t i ve  Re t r i eva l ,  v i . r t ua l  l l emory ,  E f fec t i ve  A lgo r i t hm-  E f f i c i en t

A i . g o r i t h r n -

T

i

in  an Extended L isP
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g 1 .  I n t r o d u c t i o n
( 1  

a  a n d  t h eA t  t h e  1 9 7 3  P r o g , r a m n i n g  S y m p o s i u m , ' ^  S a t o ,  N o z a k i ,  N o s h i t i

a r r t l r o r  p roposed  a  t r ash  cod ing  scheme fo r  1 i sp ,  t r h i ch  r ' r i l l  be  re fe r red

to as monocopy l isp for  convenience'  In  monocopy l isp,  the 
Snt i :g ige

storage area r* ,as a lso to be used as a hashing area so as to e l i rn inaCe

t t re  c rea t i on  o f ,  dup l i ca t i ng  cop ies  o f ,  S :exp ress ions  a t  a  reasonab le

ope ra t i ng  speed  w i thou t  us ing  ex t ra  s to rage  space  fo r  hash  tab les ' The

ob_ject ives of  morrocopy l isp vrere che savi .ng of  s torage space and

a c c e l e r a t i o n  o f  c h e c k i n g  f o r  e q u a l i t i e s '

For  example,  consider  the in ternal  data st ructures created by the

fo l low ing  two l i sP funcEions :

b t  I n  ;  x  ;  y  ]  =  [ n c l - + c o n s  [ *  ;  y ]  ; T - + c o n s  I b t  I n - 1  ; x ; y ]  ; b t  I n - 1  ;  x ;  y ]  I  l

c t  I  n ;  x  ]  y l  =  [n< ] . - *cons  Ix  ;  y  ]  ;T+ l  [  [  z  ] '  ;  cons  I  z  ;z ) ) [c t  In -L  ;x  ;y ]  I  J

t  [3; ,A;  e] :

t [2;A; tsJ:

(  A .B ) : :

F ig . ' l  A  B ina ry  T ree  and '  Monocopy  S t ruc tu res

I i g - 1  s h o w s  b t [ 3 ; A ; B ]  a n d  c c [ 3 ; A ; B ] .  A l t h o u g h  L h e  t w o  i n t e r n a l

s l - rucEures are qui te d i f ferent ,  Ehe t l to  are regarded egual-  in  l isp '

N a m e l y ,  e q u a l I b t  I n ; A ; B i ; c t [ n ; A ; B ] J , = T  f o r  a l l  i n c e g e r s  n '  N o t e  t h a t

(') n*l
t he  recu rs i ve  de f i n iE ion  o f ,  equa l * t  " t "  r e fe renced  2 ' ^ '  

^ -1  
t imes  du r i ng

t h e  e v a l u a t i - o n  o f  t h e  a b o v e  e q u a l .  W h i l e  b t I n ; A ; B ]  c o n s i s t s  o f  2 n - l

c e l l s ,  c t [ n ; A ; B J  c o n s i s t s  o f  n  c e l t r s  ( n = 3  i n  F i g ' 1 ) '  W h i l e  t h e r e  a r e

4  < l r r p l i c : i t i n g  c o p i e s  o f  t h e  S - e > : p r e s s i o n  ( A .  B )  a n d  2  c o p i e s  o f

( ( A - B ) . ( A . B ) )  i n  b r [ 3 ; A ; l i l ,  t h e l i e - i . s  n o  d u p ] i c a t i o n  i n  c t [ 3 ; A ; B ] -

q

n

l:

I

(((a.e).(a .B)).c):



rn  monocopy  l i sp ,  t he  c rea t i on  o f  dup l i ca t i ng  cop ies  r vas  t o  be

e l i m i n a r e < l  b y  m o c l i f y i n g  t h e  s y s t e m  s u b r o u t i n e  f o r  c o n s ,  s o  t h a t

b t I n ; A ; B l  r + o u L d  h a v e  c r e a t e d  t h e  s a m e  i d e n r i c a l  s t r u c t r r r e  a s  c t I n ; A ; B ]

r . ,or- r lc i  i - rave.  
' ihus,  saving 

. i r r  
s t .orage f  ron 2n-1 cel ls  dor . rn rcr  n cej . is

w o u l d  h a v e  r e s t r l t e d  i n  t h i s  s p e c i f i c  c a s e .  T h e  r e s u l r a n t  i n t e r n a l  d a t a

s t r u c t u r e  o f  t h e  e x e c u t i o n  o f  m o n o c o p y  l i s p  f u n c t i o n s ,  b t [ 3 ; A ; B i ,

c o n s [ b t [ 2 ; A ; B ] ; c l l  a n d  c o n s [ ( A . B ) ; c ] J  w o u l d  h a v e  b e e n  a s  s h o w n  i n  F i g . l

t o  t h e  r i g h t .

The recurs ive ly  def ined equal  tdas to be replaced by the non-recurs ive

b a s i c  f u n c t i o n  e q  s o  t h a E  e q f b t [ n ; A ; B ] ; c t [ n ; A ; B J J = f  f , o r  a l l  i n r e g e r s

n. speeding up of at  least a factor of 2t*1-1 wourd have resulted in

the evaluat ion of  equal  in  th is  speei f ic  case.

In th is  PaPer,  ideas incubated by monocopy,  l isp are fur ther  extended

and resul ts  of  an actual  i rnplementat ion are g iven.  Al though the satrenes

to  be  desc r i bed  wou ld  be  app l i cab le  t o  o the r  p rog ramming  ranguages  as

r . re l l ,  l i sp  i s  used  as  t he  base  l anguage  fo r  c l a r i t y  and  s iu rp l i c i t y .

For  convenience,  the language to be descr ibed is  ca l led HLISP ( for

f l ash -L i sp ) .  HL ISP  i s  an  ex tens ion  o f  L t rSP ,  wh i ch  i s  a  spec i f i c  d ia lec t

o f  l i sp  and  i s  compa tLb le  w i t h  o the r  l i " p " (2 '  
( 3  

r . ,  i t s  mosE  essen t i a l
-

features.  unless sEated otherwi .se,  funct ions and terms are to be

understood as the same as in  the L isp 1.5 *ar . r "1(2.

Names  o f  f unc t i ons  spec i f i c  t o  HL ISP  sha l l  s ta r t  f r om the  l e t t e r

t t h t t .  Th i s  t u rns  ou t  t o  be  a  cons i s ten t  conven t i on , .  s i nee  no  func t i on  i n

L i s p  1 . 5  s t a r t s  f  r o m  t t h " .

E
E ig
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i
I
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Def i r - r i t ions of  the basic  HLISP funct ions are g iven in 52 wi th s i rnple

examp les .  An  a lphabe t i ca l l y  o rde red  l i s t  o f  HL ISP  func t i ons  i s  a l so

gi r ren in  the r \ppendix,  which would serve as a shor t  form manual .

I n  93 ,  a  copy  a lgo r i t hm to  be  used - f r : equen t l y  i n  t t L ISP  and  fas t

a lgo r i i hms  fo r  bas i c  se t  oPe ra t i ons  a re  desc r i bed '

I n  54 ,  a  syscem fea tu re  ca l l ed  assoccomp ( fo r  assoc ia t i ve  comPut ing )

i s  p resen ted .  Th i s  f ea tu re  i s  be l i eved  to  g i ve  a  reasonab le  compromise

to be ret r ieved f rom a table.  This feature would prov ide a systemat ic

method f ,or  speeding up some reeurs ive a l .gor i thns r . rh ich are ef fect i 've but

inef f icient. when ".r"I*r"t.d by conventional methods' '

An imptrementation, of ItI;trSP is described in 55 and a non-paging

v i r t ua l  memory  scheme i s  desc r i bed  i n  56 .

t? .  I I L ISP  Ob jee ts  and  Bas i c  Func t i ons

In  I I L ISP ,  t he  ob jec t s  v i s i b l e  f r onn  the  use r  a re

fo l lou ' lng f  ive.  types:  L( for  L isp)-molecules ' '  I { ( f ,or

assoc ia to rs ,  heade rs  and  bas i c  i n tege rs  as  sho t ' r n  i n

e lass i f ied  in to  the

tlash) -moLectrtr.es '

F i g . 2 .

be t t reen  the  cho i ce  whe the r  a  f unc t i on  i s  t o  be  compu ted
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H L I S P
T e r  m

L - ( L i s p - )

M o t e c u l e

H- (Hash- )

M o l e c u l e
Associator Header

Basic

I  n teger

H 0 -

C  e t t

H l -

C e l t

P r i m e

Pr ed i cat es conspfxJ hconspfx l hassocp txf headerpD0 i n t p  t x l hopo'ch1p oc

t t  tPooiect  
? Y e s N o N o Y e s Yes Onl.y for

System Use.

I  n v i s i b  I e

f ro rn H LISP

User .

a tomfx l N I L N I L T T T

molecule fxl T T N I L N I L N I L

hp fxl N I L T T T T

hdotpfx l N I L N I L T T N I L

car /  cd r

v a l u e /  k e y

DIAGRAMS

c a r  c d r "ca r  cd r car

value

c d r

key

car  cdr

vatue key

ot:
A,B,X1A,--..

car  cdr

o t
c  t  t r - L r - l

0 , 7 , 2 , -  -  -

Examp les  o f  D iag rams

N I  L :

' N [ '  a n d  ' L '

a re  charac ter  ob iec tsH e a d e r  o f  a t o m

Assoc ia t  o r  o f ( E N G L I S H . I ) :

Assoc ia to r  o f  (GERMAX- lCH)  :

F ig .Z  c tass i f  i ca t i on  o f  HL ISP Ob jec ts ,  P red ica tes  and  D iag rams  '
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As indicated in  the top two l ines in  F ig-  2,  each type is  respect ive ly

i d e q t i f i e d  b y  p r i m e  p r e d i c a t e s  c o n s P ,  h c o n s p ,  h a s s o c p ,  h e a d e r p '  o r  i n t p .

Fo r  examp le ,  f o r  L -mo lecu la r  x ,  consp [ " ]= f  and  the  va lues  o f  t he  rema in -

i . ng  f ou r  p red i ca tes  a re  N IL -  The  o the r  t t do  t ypes ,  H0 -ce11s  and  
t1 : " . { " '

a re  i nv i . s i b l e  f r om the  use r -  They  rep iesen t  i nacC ive  f ree  s to rage  ce l l s

LISP rnakes use of  L--molecules,  headers,  and b1: . :_ar" !9g" I . - "nfy-

L -mo lecu les  a re  t he  same as  non -a tom ic  (mo lecu la r )  da ta  i n  o the r  l i sps -

Headers  a re  f unc t i ona l l y  equ i va len t  t o  a tom heade rs  o f  L i sp -1 .5 .

T ru th  va lues  o f  some  o the r  t ype  p red i ca tes ,  a tomIx ] ,  mo lecu le I x ]=

n o t [ a t o m [ x ] L  h p [ x ]  a n d  h d o t p [ x ] ,  a r e  g i v e n  i n  F i . g .  2 .  J u s t  l i k e  c a l l i n g

HL ISP  ob jec t s  x ,  r ono t r i c t ,  a tom[x ]=T r  s imp ly  a toms '  r ' r e  ca l l  ob jec t s  x ,

f o r  s rh i ch  hp [x ]=T ,  HP 's  o r  HP-ob jec t s .  S i ra i l a r l y '  we  use  the  te rm

HDOTP 's  o r  HDOTP-ob jec t s -

Di .agramming of  data st ructures has been very help iu l  for  understanding

the  p r i nc ip les  o f  l i sp .  I , I e  sha l l ,  t he re fo re ,  d i ag ram HL ISP  ob jec t s  as

shown  i n  F ig .  2 .  Excep t  t he  i nsc r i p t i on  o f  sma1 l  b lack  c i r c l es  f o r

i den t i f i ca t i - on  o f  H -mo lecu les ,  assocJa te rs  and  heade rs ,  t he  oLhe r

conven t i ons  o f  d i ag ramming  a re  t he  same as  i n  L i sp - l . 5 .  No te  t ha t  s i nee

headers represenL LISP atoms,  a header can e i ther  be d iagrarnmed as a 
-

header cel l  in  case the in ternal  data st ructure is  to  be shot+n or  s imply

as an aEomic symbol  in  case there i .s  no such need-

In  t he  p resen t  ve rs ion  o f  HL ISP ,  . l i ke  i n  o the r  l i sps ,  t he  i n te rna l

rep resen ta t i ve  o f  any  HL ISP  ob jec t  x  i s  an  i n tege r ,  SaY  i  and  we  wr i t e

i= r r [ x ]  i n  t e rms  o f  a  f unc r i on  m  ( fo r  mach ine ) .  Excep t  f o r  bas i c

i n t e g e r s ,  i  s p e c i f i e s  a n  I I L I S P  c e l l  w h i c h  a c t u a l l y  c o n s i s t s  o f  t w o

a r r a y  e l e r n e n t s ,  m c a r I i J  a n c ]  m c d r I i l -  B a s i c  i n t e g e r s  a r e  r e p r e s e n t e d  b y

r r o n - e x i s t i n g  a r r a y  : r d d r : e s s e s -  A c t u a l l y  i n  t e r n s  o f  s y s t e m  c o n s t a n t s

and are t reated in  55-
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m a x h ,  m o d u l e ,

i  r e p r e s e n t s

1 n

i z e r o = m [ 0 ] ,  i - e . ,  i z e r o  i s  t h e  i n t e r n a l  r e p r e s e n t a t i v e  o f  t h e  b a s i c

i n tege r  0 .  The  sys tem cons f  an t ,  l u ro< iu l c l  se t s  L l t e  n rax in t t t t r t  abso l t r t c

magn i tude  o f  bas i c  i n tege rs  t r h i ch  can  be  hand led  d i rec t l y  by  t he  sys tem '

I n t e g e r s  o f  g r e a t e r  m a g n i t u d e s ,  r a t i o n a l  f r a c t i o n s ,  f l o a t i n g  p o i n t

numbers -  and  so  on  a re  rep resen ted  d i f f e ren t l y  f r om bas i c  i n tege rs  and

they  a re  t o  be  hand led  by  su i t ab le  HL ISP  func t i ons  o r  sub rou t i nes .  On l y

bas i c  i nEege rs  w i l l  be  C rea ted  i n  t h i s  pape r .  The  sys tem cons tan t  maxh

spec i f i es  t he  max imum add ress  o f  t he  a r rays  mca r  and  tg_ t .  Hence ,

i f  i <maxh ,  i  r ep resen ts  an  HL ISP  ob jec t  accompany ing  an  HL ISP  ce11 .

Fo r  i den t i f y i ng  t he  t ypes  o f  an  HL ISP  ce l l .  f l ag  b i t s  (accua l l y  t he

s ign  b i t s )  i n  t he  ca r  and  cd r  pa r t s  o f  t he  ce1 l  a re  used  as  one  wou ld

imag ine  f rom Che  d iag rams  i n  F ig .2 .  Ano the r  me thcd  i . s  g i ven  i n  55 .

t l -mo lecu les  a re  s im i l a r  t o  o rd ina ry  l i sp  ce l l s  (L -no lecu les )  excep t

the  fo l l o t r i ng  po in t s -

cons  and  func t i ons  con ta in ing  cons  ( ] 1 ! !  append  e t c ' )  c rea te  L -

m o l e c u l e s  b u t  n e v e r  H - m o l e c u l e s ;

hcons,  def ined as the f ,o1loru ing,  is  the only basic  funct ion which

c a n  c r e a t e  a n  H - m o 1 e c u l e :

hcons I  x ;  y ]  = t  t  p I  "  I  I  hp I  y I  -mhcons Ix ;  y ]  ;T-+cons [  *  ;  y ]  I '

A  non-HP-ob jec t ,  i .€ . ,  3o  L-molecu le '  may or  may no t  have a  dup l i ca t ing

L-mo lec r r l a r  o r  H -mo lecu la r  copy .  On  the  o the r  hand '

n e v e r  h a v e  a  d u p l i c a t i n g  H P - o b j e c t '  I f  e i t h e r  x  o r

H P - o b j e c t ,  t h e  v a l u e  o f  h c o n s [ " ; y ]  i s  a n  L - m o l e c u l e

t o  e n s u r e  n o  c l u p l i c a t i n g  H P - o b j e c t '  O n l y  i f  b o t h  x

an I IP-object  sha1l

min int=maxh+l ,  izero=maxh*module and maxint : izero4module- I ,

a  bas i c  i n tege r  i - i ze ro ,  i f  m in in t< i<max in t .  Hence ,

y  rep resen ts  a  non -

as  a  resu l t  o f  cons

and  y  rep resen t  HP-

- 1 -
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ob jec t s ,  t he  sys tem func t i on  mhcons Ix ; y ]  g i ves  an  H-mo lecu la r  va lue  to

h c o n s I x ; y ] .  T h e  f o l l o r u i n g  g i v e s  a n  e f f e c t i v e  p r o c e d u r e  f o r  m h c o n s I x ; y ] :

Sea rch  th ro r rgh  a l l  HL ISP  ce l l s  f o r  an  H -mo lecu le  w i t h  add ress  i ,  such

L l r a ' . -  m I x . l = m c ; r r I i l  z r n d  m I y l = m c c l r I i l ,  I f  f o u n d  i  i s  r i r e  r e s u l t ,  o t h e r r . / i s c

take  an  i nac t i ve  f r ee  s to rage  ce l l ,  t he  j ch  say ,  make  a  ne t t  H -mo lecu le

h y  t h e  s u b s t i C u t i o n s  m c a r I j ] : = m I x ] ,  m c d r I j ] : = m I y ]  a n d  r e E u r n  j  a s  t h e

resu l t .  Ac rua l l y ,  t he  speed  o f  t he  sea rch  th rough 'ope ra t i on  i n  t h i s

procedure is  improved by us ing a hash coding,  scherue.  which is  descr ibed

i n  9 5 .

hconspp Ix ; y ] - [ hp IxJ  i  
no l t l  i \  ( n .o t t t [ * ; y ]  i s  p resen t ) ->

p rog2  [  se rq  I  xas i c le  ;hcons  [ " ;  y ]  I  ;T  J  ;T+Uf l l

T h i s  i s  t h e  p r e s e n c e  p r e d i c a t e  f o r  h c o n s [ * ; y ] .  I n  c a s e  h c o n s [ x ; y ]  i s

present  as,  an L l -molecuie,  the value o i  *agide is  seE aside co

che  a l ready  exs i s t i ng  hcons [ * ; y ] .  hconspp  ne i t he r  c r -ea tes  a  nev r  H -

mo lecu le  no r  a  new L -mo lecu le -

The  ca r  and  cd r  pa r t s  o f  an  assoc ia to r  w i l l  be  ca l l ed  respec t i ve l y

the ye.Lue. . . rd kuy par ts  here inaf  ter  so as-  to �  s ' t ress thei r  meaning rather

t l r a n  a  s p e c i f i c  i m p l e m e n t a t i o n  ( c f .  F i g . 2 ) .  A n y  H P - o b j e c t ,  s a y  x '  c a n

have  aC  mos t  one  assoc ia to r .  I f  x  has  an  assoc ia to r ,  t he  con ten t  o f

t he  key  pa r t  o f  t he  assoc ia to r  i s  u r [ x ] .  No "  HP ' "b j . " " t " '  i : .

shal l  never  have associato-rs-  Hence,  the content  of  the key par t  of  an

associato. r  is  necessar i ly  an HP-object .

For  an HP-object  x ,  the value of  a funet ion hassocfx] ,  is  the

associ ,ator  of ,  x .  S imi lar ly  to  hcons,  the fo l lorv ing g i .ves an ef  fect ive

p roced t r re  f o r  hassoc [xJ :  Sea rch  th rough  a t r ]  $L ISB  ce t r ] s  f , o , r  an  assoc ia to r

r . , i r h  a d d r e s s  i  s u c l i  t h a t  m [ > : ] = m c d r I i ] .  I f  f o t r n d  i  i . s  t l r e  r e s u l t ,

o t l r e r r . r i . s e  t a k e  a n  i n a c t i v e  f r e e  s t o r a g e  c e l X ,  E h e  j t h  s a y ,  m a k e  a  n e w

-8 -



a s s o c i a c o r  b y  s u b s L i t u t i o n s  m c a r [ j ] : : d 0  a n d  m c d r [ j ] : = m I x ]  a n d  r e t u r n

a s  t h e  r e s u l c -  s p e e d i n g  u p  b y  h a s h  c o d i n g  i s  d e s c r i b e d  i n  5 5  a n d  d 0

a  sys fem cons tan f  wh i ch  s tands  fo r  unde f i ned  va lues -  The  con ten t  o f

v a l t r e  p a r t  o f  a n  a s s : o c i a t o r  c a n  b e  a n y  H L T S P  o b - j e c t  o r  d 0 .

d z e r o p [ x ] = [ h d o t p I x ]  / ,  ( t h e  v a l u e  o f  x  i s  d 0 ,  i . e - ,  u n d e f i n e d ) - + T ; T + N I L I

j

i s

the

I

I
I
I
I
fi
Ig
a

i s  t he  p red i ca te  t o  check  fo r  dO va lued  HDOTPTs .  The  pseudo  func t i on

dze ro [ x ]=x ,  i n  va lue ,  se t s  t he  va lue  o f  x  t o  d0  i f  x  i s  an  t iDOTP,

otherw ise  i t  has  no  e f fec t .

hassocppIx ] '= [no t Ihdotp t " t  ]V  (assoc ia to r  o f  x  absent ) -+Nl i . ;

s e t q [ * a s i d e ; h a s s o c [ z ] l *  f d z e r o p [ * a s i d e ]  *  O ; T  * 1 1  l

Th is  i s  the  presence pred ica te  fo r  assoc ia to r  o f  x .

F o r  a n  a s s o c i a t o r  a ,  e v a l u a t i o n  o f  s e t [ a ; v ]  s e t s  v

pa r t  o f  a .  Conve rse l y ,  hva lue [a ]  g i ves  t he  va lue  pa r t

in to the value

o f  a  as  i t s  va lue ,

i n  case  a  i s  d0  va lued ,  i t  i s  r ega rded  as  an  e r ro r .

Headers are s imi lar  to  associators, .  The above explanat ions of

associators a l l  ho ld for  headers as wel l  by changing the word "associator"

i n to  "heade r "  and  the  func t i on  names  hassoc /hassocp /hassocpp  i n to

heade r /heade rp /heade rpp .  HL ISP  u t i l i zes  heade rs  f o r  assoc ia t i ng  t he
-

p r i n t  names  o f  l i t e ra l  a toms  w i th  i t s  va lue  ( c f .  heade r  o f  N IL  i n  F ig .2 )

and  fo r  assoccomp to  be  desc r i bed  i n  54 .  I n  t h i s : cespec t  heade rs  may  be

terrned system associators.  In  the present  implementat ion of  HLISP, headgr

is  a pure system funct ion and is  not  expl ic i t ly  exposed to the user  in

o rde r  t o  avo id  poss ib le  con fus ions  and  con f l i c t s  be tween  the  sys tem and

the  t r se r  p rog rams-

As  an  examp le  o f  t he  use  o f  assoc ia to rs ,  t he  da ta  s t ruc tu re  r . r i t h

tu ro  assoc ia ro rs  i n  F ig .2  can  be  c rea ted  by  execu t i ng  t he  fo l l o r . r i ng

- 9 -



\

L ISP  p rog ra rn  (=  s tands  fo r  t t de f  i ns t r  3pd  === ,  f o r  t t t he  va lue  i s t t ) :

maked  i c  I  x  ;  y  ;  u  ;  v  ]  =se t  I hassoc  Ihcons  I x ; y  ]  ]  ;  hcons  [ . r  ;  v  ]  1  ===  ( I ' | \KEDIC)

maked ic  I  ENCLI Sl l  ;  I  ;  CEI I I IAN ;  ICH ]  === (CE&\AN '  ICH)

m a k e d i c  I G E R ] I A N ; I C H ;  E N G L I S H ;  I  I  = = =  ( D N ( ; L I  S H  '  I )

The  concen t  o f  r h i s  m in iaEr r re  d i c t i ona ry  can  be  re t r i eved  assoc ia t i ve l y

i n  t he  f o l l ow ing  t raY :

r e a d d i c I x ; Y ] = [

h c o n s p p I x ; y ] * [ o n e p I h a s s o c p p [ * a s i d e ] l * h v a l u e l ' r a s i d e l ; T - + N I L I ; T - * N I L I

=== (READDIC)

readd ic IENGLISH] I l= -=(GERI 'AN' ICH) ,  readd ic IGER] IAN; ICt i l  === (ENGLISI I ' i )

readd ic [ENGLISH; IcH]  == i  61 t r ,  readd ic [ENGLISH]HEl '  === 'NIL '

SuPPose the i . tem introduced bY

makedic IENGLISH ;YOU;GERMAN ;DU] === (GERI'IAN'DU)

is  to .be  canceL led  fo r  some reason.  Th is  i s  done in  nhe fo l low ing  way ' :

de le ted ic  [ * ;y ]  =dzero [hassoc  Ihcons  Ix ;y ]  ]  ]=== (DELETEDIC)

r le le ted ic I I ] IGLISH;YOUI  === (ENGLISH.YOU) ,  readd ic IENGLISH;YOU]  === l { f l "

-ro*



I t  wou ld  be  wor th  no t i ng  t ha t  t he  e f f ec t  o f  l i s t  s t ruc tu re  a l t e r i ng

pseudo  func t i ons ,  r p laca ,  r r r l acd  e t c .  mus t  be  p roh ib i t ed  f r om rewr i t i ng

>- )€-t lP -ob jec t s  t o  ensu re  t he  dup l i ca te  copy  f ree  (o r  t he  monocopy )  f ea tu re

o f  t he  F IP -ob iec t s -  r n  o the r  wo rds ,  H -mo lecu la r  ce r l s  and  the  key  pa r t

o f  I IDOTP 's  mus t  be  rega rded  as  rewr i t e  p ro tec ted  read  on ry  s to rage .

The garbage col lector  only  are a l - lowed to rec la im them into the inact ive

f ree  s to rage  s taLe -  Th i s  re t r r i t e  p ro tec t i on  f ea tu re  has  the  the  fo l l os r i ng

f r i nge  bene f i t .  r p l aca  and  rp lacd  and  the i r  de r i va t i ves  (nconc  e te . )  a re

ve ry  use fuL  fo r  w r i t i ng  e f f i c i en t  a lgo r i t hms .  On  the  o the r  hand ,  unexpec ted

a l t e ra t i on  s f  da ta  s t ruc tu res  i nc lud ing  s -exp ress ion  p rog rams  o f t en

causes  p rog ram bugs  wh ich  a re  d i f f i cu l t  t o  l oca te .  I n  HL ISP ,  da ta  no t

to be rewr i t ten can.be represented as HP-obJects.  Unexpected data aLtera-

tion r.rould result in the printing of eriror nessages and/.or errorset

t r e a t m e n t s  - .

F. Motoyoshi  pointed out  that  type predicates hconsp,  hassocp,  and

headerp can be def ined in terms of ,  the corresponding presence predieates

in  t he  fo l l ow ing  way :

t err soc p I x ] = [ hdo tp I x ]+ [ hassocpp I hkey [x J, ],-+eq I xa s-ide ; x ] ;T-+NIL I ; T.+NIL I .

I t  i s  imposs ib le ,  howeve r ,  t o  exp ress  p resence  p red i ca tes  i n  t e rms

o f  oEher  f unc t i ons  exeep t  hnex t [ ] r .

B
ifl
if,
$
t
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q 3.  I lonocoPY Algor i thms

An  imporcan t  HL ISP  func t i on  l ggP ]a  can  be  de f i ned  as :

h c o p y  [ * ] = [ h p  I x ] - , ' * ; T . + h c o n s  I h c o p y I c a r I x ]  ]  ; h c o p y I c d r  I x ]  ]  ]  ]  .

One  may  use  L ISP

speed or  for  some

to  c rea te  some  da ta

o the r  reason  a r l d

fE-(lp,y. gives an HP-obiect eqtral f,-o x

s t ruc tures  by  us ing  L- rno lecu les  to r

then sr . r i tch to hcopied data so as to u t i l i ze  t he  speed  i n  check ing

equa l i t i es  among  the  da ta '

I f  t h i s  hcoPy  were  aPP l i ed

cons i s t i ng  o f  n  L -mo lecu les ,  i t

hcopy .  Thus ,  Ehe  execu t i on  o f

ra the r  sma l l  va lue  o f  n ' "

In  order  Eo remedy such a hazard the fo l lowing funct ion,  rp lach

( " rep1ace  H" )  cou ld  be  used  i ns tead  o f  hcoPy '

rp lach Ix  ]  = [hp I  x ]+x ;T+hcons I  rp laca I  x  ;  rp lach I  car  I  x . ]  I  I  ;

r p l a c d I x ; r p l a c h I c d r I x ]  1 l  I  l .

This pseudo funct ion would replace the contents of  L-molecules in  ( the

sub -s t ruc tu res  o f )  x  by  t he i r  
t ' hcop ies t t '  So  tha t  t he  execu t i on  t ime  fo r

any data st ructure x would b.  pt"p" t t i " " . l  f f ie  number of  l ; -moleeules

r g " . T h i s r e p l a c e m e n t t . r o u l d b e u s e f u l i f s u c h s i d e e i f e c t s w e r e t h e

in tenr ion  o f  the  user .  But  i f  no t ,  another  hazard !  Th is  can be  remedied

b y k e e P i n g r e c o r d s o f t h e r e p l a c e m e n t s m a d e d u r i n g t h e e x e c u t i o n o f

r P l a c h a n d b y r e s t o r i n g E h e o r i g i q a l d a t a b e f o r e c o m P l e t i o n . F o r m a c h i n e

language implementat ions the system push dor , rn s tack can be used for  such

reco r< l i ng .  I n  t he  f o l l ov r i ng  de f i n i t i on  o f  hcopy l ,  a  1 i sL ,  Pds  ( f o r  Push

I to t rn  S rack )  i s  used  i nsLead '

h c o p y l I x ] = p r o g [  [ p d s ,  r e s u l t ] ;  s e t q I r e s u l t ;  r p l a c h l [ * ]  J  ;

A  I n t r l 1  [  p d s l - ] r e t u r n I r e s u l t  ]  I  :

t o  t h e  d a t a  g t r u c t u r e  c t [ n ; A ; B ] '

wou ld  resu l t  i . ,  2 t *1 -1  recu rs i ve  ca1 l s  o f

hcopy would become impract icable even for

- r ? -

I

l !
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l l
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I
t

I
I
L: l

H

H

r p l a c a I c a r I p d s ] l  ;  c a d r I p d s ] l  ;  r p l a c d I c a r I p d s ]  ;  c a d d r I p d s ] l ;

s e t q  I p d s ; c d d d r I p d s ]  I  ; g o I n ]  l

r p l a c h l I x  j = p r o g [  [  ] ;  I h p I x ] - ' r e t . t r n t x l  I  ;

s e t q  I  p c l s  ;  c o n s  I x  ;  c . o n s  I  c d r  I  x  ]  ;  c o n s  I  c d r  I  x  I  ;  p d s  ]  I  I  I  ;  r e t u r n  I

h c o n s  I r p l a c a I x ; r p l a c h l  I c a r t * ]  I  I  ;  r p l a c d  I x ; r p l a c h l I c d r t x ]  I  l

T l re  exec .u t ion  t ime o f  hcopVl  i s  p ropot t iona l  fo  t l re  nurnber  o f

m o l e c u l e S  i n  x  a n d  t h e r e  i . . s  n o  l r ; r z a r d o u : :  s i d t ' t : f f c ' t ' t : ; . l n y  n x l r e

] 1 1

L_

T h e  f u n c t i o n  e q [ h c o p y l [ x l ;  h c o p y l [ y ]  I  t : i r e ' c k s  t l r e  e < 1 u a l i L y  o l '  x  a n d

y,  r . r i th  the execut ion t ime being proport ional  to  the number of  L-molecules

in  x  and  y .

We sha1l  a lso make use of  the fo l loru ing funct ion which g ives the

l i s t  o f  hcop ied  l i s t  e l emen ts  as  i t s  resu l t :

mapcarhcopy Ix ]=mapcar [x ;  funct ion Ihcopyl ]  l

= [nu1 l [ * ] * x1T -+cons  Ihcopy l  I ca r  I x ]  I  ;mapca rhcoPy Icd r  [ x ]  I  I  I  -

t r l e  no r . r  d i scuss  the  app l i ca t i on  o f  t he  mono iopy  fea tu re  t o  t he  bas i c

se t  ope ra t i on  un ion  wh ich  i s  de f i ned  i n  L i sp - l ' 5 (2  " " '

uni.on Ia ; b ] = (a ;, I U1 = [ nu11 [ a ] *U ; member I car I a ] i b I *unj-on I cdr Ia J ; b ] ;

T - , c o n s  I c a r  I a ]  ;  u n i o n I c d r  I a ]  ; u ]  ]  ]

member [*  ;  y ]  = [nul l  [y]*y ;  equal Ix ;  car I  y ]  ]  *T ;T-+menber Ix ;  cdr ty]  I  l

G iven two l i s ts  a  and b  v r i th  N.  and NO e lements ,  the  execut ion  t ime.o f -

un ion  is  p roporE iona l  to  N" -No,  s ince  N" .Nb re f ,e rences  are  made o f  equa l

to check for the equal i ty among the elements. In case many of the elements

are non-atomic(molecular),  use of hcopied elements would great ly speed

up  the  equa l i t y  check ing  ope ra t i ons .

FurEher improvements can be at ta j -ned in case the e lements are pre-

so r ted .  No te  t ha t  t he  i n te rna l  r eP resen ta t i ves  o f  HP-ob jec t s  es tab l i sh

a  p e r f e c t  l i n e a r  o r d e r ,  t o  b e  c a l l e d  H - o r d e r '  a m o n g  H P - o b j e c t s -  N o w ,  l e t

Flt

ie

r
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g!_fg!, be a function rqhich aligns the HP-objects in a given list in the

a s c e n d i n g  H - o r d e r .  F o r  e x a m p l c ,  a l i g n t ( A f S ,  8 3 ,  ( A - B ) r )  ; f u n c c i o n I h l t p ] l =

( 8 3 ,  ( A - B ) 9 ,  A l 5 )  w i r h  s u f f i c e s  i n d i c a t i n g  t h e  i n t e r n a l  r e p r e s e n t a t i v e s

at  the  momenC o f  evahra t ion  o f  a l igg  For  a l ign ,  the  we l l -kno t ' ;n  sor t -

merge a , lgor i th rn  i s  to  be  r rsed,  wh ich  a l igns  n  e lemenf  s  r . r i t t t  the  execut ion

t imc be ing  propor t ioned to  n . log , rn  in  the  r , ro rs t  case.  I f  bo th  e lements

irr  l ists a and b are al igned in the ascending H-orcler,  union can be

real ized as a merge algori thm, of which the execrrt ion t ime is proport ional

to N"*NO. Thus, $/e obtain the fol lowing algori thm tr i th the predicate

ltjg being given as a functional ar.gument:

union I  a ;  b ] ,=merge [al ign [mapcarhcopy Ia J ;  f  unc t ion I  hl tp ]  I  ;

al ign [mapcarhcopy [b ] ,  ;  f  unct ion I  hl tp ]  I  ;  f  unct ion I  hl tp ]  l '

raerge Ia ;  b;  p]  = [nu11 [ai+b ;nutr1 [b]+a ;

p Icar [a]  ;  car [b ]  J+cons Icar [a ]  ;nergeIcdr [a ]  ;  b ;  p I  I  ;

p  I c a r I b ] ; c a r I a ]  l * c o n s I c a r I b ] ; m e r g e I a ; c d r t b ]  ; p l  l ;  '

T ->cons  Icar  [a  ]  ; inerge  Icdr  Ia ]  ;  cdr  [b ]  ;p  I  I  l

a l i g a [ a ; p ] = [ n u 1 1 [ a ] - + a ; T - + c a r I s o r t I s o r t  2 l a ; a ; p ]  ; p l  I  l

so r t  I x ;pJ=[nu ] . t r  [ x ] r  ; i  nu lL fcdr  [x ]  ]+x ;

T - > s o E t I c o n s I m e r g e I c a r I x ]  ; c a d r I x ]  ; p l  ; s o r t  I c d d r [ * ]  ; p l  I  ; p l  l

s o r 1 2 [ x ; y ; p ] = [ n u 1 I I c d r [ y ] J , + l i s t [ * ] ; p [ c a r : [ x ] ; c a d r [ y ] l * s o r t 2 [ x ; c d r t v ]  ; p l  i  -

T + c o n s I s o r t l [ x ]  ; s o r t 2 [ c d r : I y ]  ; c d r I y ]  ; p l  I  l

so r r l  I rn ]=  leq  [x  ;y l * l i s t  I  car  Ix ]  I  ;T+cons  Icar  Ix ]  ;  sor t l  l cd r  [x ]  I  I  l

In case the given l ists a and b are already al igned in the ascending H-

order,  al ign is clesigned to give the result  with the execut ion t ime being

l i s t  o f  merge is  a l ignedproport ionatr to Na+l lb, .  Note that the resultant

i n  t h e  a s c e n d i n g  H - o r C e r -

T h u s .  t h e  e x e c r r t i o n  t i m e s  o f  t h i s  a l g o r i t h m  i s  p r o p o r t i o n a l  t o

!'

H

r
l
l

t

t
t
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I
I
i
i
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N +N. in  case one can consistent lY
A D

t he  p rog ram and  i s  P roPor t i ona l  t o

a l i gnmen t  i s  necessa rY -

use  l l - o rde red  1 i s t s  l - l r r o r rghouE

N" '1oBrN"+Nn ' l oB rNO in  case  p re -

T h e  H - o r d e r  m a y  a l s o  b e  t e r m e d  s u b j e c t i v e  o r  r e l a t i v e  o r d e r ,  s i n c e

n o  o b j e c t i v e  o r  a b s o l u t e  o r d e r  i s  s p e c i f i e d  b y  t h e  u s e r  o f  u n i o n .  T h e

H-o rde r  i s  a l so  re la t i ve  i n  t ha t  t he  spec i f i c  H -o rde r  t o  be  es tab l i shed

among  HP-ob jec t s  depends  upon  the  en t i r e  s ta le  o f  t he  f r ee  s to rage .

Neve rEhe less ,  t he  monocopy  fea tu re  w i t h  t he  re rv r i t e  p ro tec t i on  mechan i sm

es tab l i shes  a  cons i s ten t  H -o rde r  du r i ng  t he  execu t i on  o f  an  H I , ISP  p rog ram,

and th is  is  just  what  is  needed for  che present  scheme-

I {hen preal ignments are needed,  rhe fo l lowing a lgor i thm, of  r^rh ich

Lhe execut ion t ime is  a lways proport ional  to  Nr*Nb,  is  more recornendable:

union Ia ;  b  ]= f  [  [ "  ]  ;b indq [  [u ;  rerndup Iu]  ;  NILI  I  I rnapcar Iappend Ia ;b ]  ;

funct , ionI I  [  [ " ]  ;hassoc [hcopy tv ]  I  I  I  l

remdup Iw] = [nu1l [w]*l{lr.; nvalue Icar [r.r] l-+asm6up I cdr ttt t ;

set  [car  [wJ ;T] -+qens[hkey Icar [w]  I  ;  remdup Icdr  [ rs ]  I  I  I  '

An  examp le :  ( ( - .A )  i s  t he  assoc ia to r  o f  A .  c f .  p r i n t  i n  Append i x )

u n i o n [  ( . \ ,  ( A . B )  )  ;  i B ,  ( A . B ) )  ]

= r e m c l u p t  ( ( .  . A ) ,  ( .  .  ( A . B ) ) ,  ( . . B ) ,  ( . .  ( A . B ) ) )  l = ( A ,  ( A . B ) , B )

The in i t ia l  argument  to remdup is  the f . is t ,  u  of  associators of

hcop ied  e le rnen ts  o f ,  append [a ;b ] .  The  va lues  o f  t he  assoc ia to rs  a re

in i t ia l ly  a l l  NIL and are set  to  T r . rhen the per t inent  e lements are

enl is ted in  the resul t  so as fo remove dupl icat ing enl is tments

Othe r  bas i c  se t  ope ra t i ons  such  as  i n te rsec t i on [ x ' y ] : xny ,

s e t d i f  f e r e n c e [ x ; y ] = x / l  1 y r  s u b s e t p  [ x ; y ] =  [ x  9 y * f ; f + N I L ] ,  e t c .  c a n  b e

i rnplemen red s j -mi lar lY.
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54.  The AssoccomP (As€eciat ive Comput ing)  Feature

Th i s  sys tem fea tu re  o f  HL ISP  may  bes t  be  exp la ined  by  examp les '

Many  ma themat i ca l  f unc t i ons  a re  cha rac te r i zed '  de f i ned  o r  eva lua ted  i n

re rms  o f  r ecu r rence  fo rmu las .  These  fo rmu las  can  be  d i rec t l y  t r ans la ted

into l isP funct ions such as

( 4 . f )  f U * [ n ] = [ n = G ] f b O ; n = 1 - + f b 1 ; T - + u [ 6 6 * [ n - l ]  ; f U * [ n - 2 ]  ; n l  I  a n d

(4 -  Z)  g*  [n;n]  = [m=G>c0 ; rn=n+cl  ;T-+v [c*  [  n-1 ; rn]  ;  c*  [n- l  ;m- l  ]  ;  n  ;ml  I '

These  a lgo r i t h rns  a re  e f f ec t i ve ,  i . € - ,  t he  f esu l t s  a re  ob ta ined  even tua l l y

for  a l l  in tegers n2m)0,  prov ided that  u and v a luays y ie ld some values

(syrnbol ic  or  numer ical )  for  g iven arguments.  In  the specia l -  cases

f b 0 = f b 1 - c 0 = c 1 = 1 ,  u [ x ; y ; z J = v [ x ; y ; z ; w ] = x * y ,  ( 4 . 1 )  a n d  ( 4 . 2 )  g i v e  F i b o n a c c i

numbers fb[n}  and b inomial  coef f ic ients e[n;ur ]  respect ive ly .  These

algor i thms,  however,  are known to be notor iously  inef f ic ient '  The reason

for  th is  can be expla ined s imply by the d iagrams shown in F ig.3-

Zl--+ ? t3 ;11-----> c [2 ; 0]
tt/
I [z;t ]--+c[1;0]

'cl3;2)---2912 ;{J----->cfl;QJ

tr,,,rC L I ; U
rlz
ELz;il

t  he  Evat t - ra t ion

a Brruomtn l

of

C o e f  f  i c i e n t -

ftCai#Ibtzl
,,t/ \Y --
Yorgr--->l{ll- j-q!q
v
infa___--+f bta]_
I

\y
f btll

R ecurs i ve

a  F i b o n a c c

R e f e r e n c e s  i n

I  Number  and

+f b[0] cLlr;

F i g . 3
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These d iagrams show the recurs ive referencc made by the funct ions for  the

g i v e n  a r g u m e n r / s -  F o r  e x a m p l e ,  f b t 4 l  r e f e r s  f b [ 3 ]  a n d  f b [ 2 ] ,  f b t 3 l

r e f e r s  f b [ 2 ]  a n d  f b [ l ]  a n d  s o  o a -  F o r  b o t h  f b  a n d  c  t h e  r e f e r e n c e

c l i ag ran rs  a re  L r i na ry  t r ees ,  end ing  a t  l eaves  where  the  va lues  o f  t he

Iunc i i o r r  e . . . : r , l t l a fC  fo  1 -  S ince ,  f - b  a .nc l  c  a re  c l e f i nec l  SO as  to  S { rm  up  the

1 ' s  o n  t h e  J - e : r v e s ,  t h e r e  m u s t  b e  f  b I n ]  a n d  c I n ; m ]  I e a v e s  r e s P e c t i v e l y '

S ince  the re  a re  one  l ess  b ranches  than  l eaves  i n  any  b ina ry  t r ee '  t ha

to ta l  number  o f  r ecu rs i ve  re fe rences  and  the i r  asymp to t i c  f o r rns  f o r

large n and m=o/Z (which maximizes c for  g iven n)  are g iven respect ive ly  by

n* ' l  - r?

r f  b  I  n  ] = 2 .  f a [  n  ]  - 1 = Q .  B g 4 .  ( 1 .  6 2 ) n * ' ,  r c  I n ]  = 2  -  c  I n  ; m ] - 1 = 2 " '  
-  

/  l Z t t n .

These  resu l t s  a re  i ndependen t  o f  t he  cho i ce  o f  f unc t i ons  u  and  v  and  o f

t he  va lues  fbQ,  f b l ,  c0  and  c l .  Because  o f  such  exponen t i a l  exp los ions

in  rhe  execu t i on  t ime ,  t he  recu rs i ve  a lgo r i t hms  (4 .1 )  and  (4  -2 )  a te

regarded impract ica l  and faster  ( recurs ive or  non-recurs ive)  a lgor i thms'

such as

( 4 . 3 )  f b I n ] = f b 3 [ 1 ; 1 ; 1 ] ,  f b 3 [ i ; j  ; k ] = [ n 5 i - + j  ; T + f b 3 [ i + l ; j + k ; j  ]  I '

a re  usua l l y  used  i ns tead

Such  exp los ions  a re  acEua l l y  caused  by  t he  repea ted  eva lua t i on  o f

t he  same func t i on  f o r  t he  same a rgun ten t / s ,  as  i n  t he  cases  o f  f b [2 ]  and

c [ 2 ; 1 ]  i n  F i g . 3 .  I n  h a n d  c a l c u l a t i o n s ,  t h e  h u m a n  c o m p u f e r  r . r o u l d  a v o j d

such repet ions by mernor iz ing the previous resul ts .  The assoccomP feat i re

may be regarded as a mechanized ver :s ion of  such a computat ional  procedure '

The pseudc funct ion assoccomp is  syntact ica l ly  the same as r race

anr j  takes arb i t rary number of  funct ion names as i ts  arguments '  I t  may be

rega rded  as  an  i ns t rucL ion  fo r  t he  sys tem to  t abu la te  f unc t i ons  and  make

use  o f  t t r e  t abu la ted  va lues  wheneve r  poss ib le .  Ac tua l l y '  execu t i on  o f

a s s o ( : c o m p I f b ; c ]  = = =  ( F B  C )  s e t s  a n  a s s o c c o m P  f l a g  o n  t h e  d e f i n i t i o n s  o f

f  b  r r n d  c - ,  s i m i l a r l y  t o  t h e  c a s e  o f  t r a c e I f  b ; c  ]  = = :  ( F B  C ) '

fl

I

- L 7 -
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rn  case  o f  a  t r aced  func t i on ,  t he  sys tem wou ld  p r i n t  "THE ARGUMSNT

oF F l l  I s  2 "  upon  en te r i ng  t he  eva lua t i on  o f  f b [2 ] ,  and  r ' r ou ld  p r i n t

, , .1- l l l . l  VALUI OF l -B IS 2"  upon complet ion.  The e!p!S!enE- t rorks s imi lar ly '

upon  en te r i ng  t he  eva lua t i on  o f  f b [2 ]  t he  sys tem makes  an  assoc ia t i ve

sea rch  fo r  whe the r  f b [2 ]  has  be  eva lua ted  be fo re '  I f  t h i s  i s  t he  case

the  p rev ious  resu l t  i s  r e t r i eved -  o the rw ise  t l ' r e  sys tem eva lua tes  f b t2 ]

by  mak ing  use  o f  r he  e f f ec t i ve  p rocedu re  
!+ . r l  

and  s to res  t he  i n fo rma t i on

necessa ry  f o r  poss ib le  f u tu re  re t r i eva l  upon  comp le t i on '  Fo r  assoccomPed

n a r g u m e n t f u n c t i o n g ' t h e s y s t e m u P o n e n t e r i n g t h e e v a l u a t i o n o f g r . l i t h
: ! * * *

a c t u a l  ( e v a l e d )  a r g u m e n t s  a a " ,  . . . , 8 r ,  f i r s t  m a k e s  k = h c o p y [ ( g  '  t l

: k  : t  - - - - - -  c ^ *
an_ l  " r r ' * ) ] .  Heade rs  a re  used  i n  assoccomp fo r  assoc ia t i ve  re t r i eva l .

Na rne l y ,  t he  sys tem nex t  does  the  fo l l oo ing :

Ionep I  headerpp Ik ]  l+hvalue [*as ide ]  ;  zerop Iheaderpp I  k ]  l+error  I

ggscyclrc DEFrNrrioN ASSOCCOMpg I ;T-+set [header Ik] ;-applv [e; (ar "r lo) ]  l

Note that  prograrnmi.ng errors caused by cyel - ic  def  in i t ions,  such as

f b I n ] : I n < 1 - + 1 ; T + f b [ n ] + f I n - 1 ] ] ( f b t n ] i n t h e d e f , i n i t i o n o f f b [ . ' ] ) ,

are  de tec ted  by  rnak ing  use  o f  d0  va lued  heade rs '

Thus,  the assoccomp feature r lould remedy Ehe exponent ia l  t ime

e x p l o s i o n h a z a r d s o f L e n e n ( : ( ) r r r . l t - € l r e d i r r r e c u r s i v c a l g o r i t h n r s s t t c l r a s

( 4 - l )  a n d  ( 4 - 2 ) .  A c t u a l l y  i n  t h e  F i b o n a c c i  c a s e '  f l ; [ n ]

HL ISP  sys tem '  t he  f i r s t  eva lua t i on  o f  f b [20 ]  '  wh i ch  has

200  t imes  fas te r  and  re -

us ing  assoccomp.  These  f i gu res

made  i n  t he  sYs tem '  esPec ia l lY

o n

t o

thc  p r ( , senc

compute

f b [ 1 9 ] ,  f b [ 1 8 l  - - -  f b t f ]  a n d  f b [ 0 ] '  w a s  m a d e

e v a l u a f i o n s  o f  f b [ 2 0 J ,  4 0 0 0  t i m e s  f a s t e r  b y

, - v i l l  be  f u r the r  improved  by  l eve l  ups  to  be

b y  t h o s e  i n  t h e  h a s h  c o d i n g  s r r b r o u t i n e '

- l -B-



I n  t he  b inomia l  case  (4 -2 ) ,  t he  assoccomp fea tu re  wou ld  a l so  have

the  fo l l ow ing  mer i t s  i n  compar i son  to  o the r  me thods .  F i r s t l y ,  Ehe  use

o f  t h e  c l o s e  f o r m  f o r m u l a  c I n ; m J = n ' ( n - 1 )  -  -  -  ( n - n r t - l ) / m l  f o r  m c n / 2  c o u l d

y ie ld  ve ry  l a rge  i n te rmed ia te  resu l t s  and  a  soph i s t i ca ted  mu l t i p rec i s i on

a r i t hme t i c  f t r nc t i ons  o r  sub fqu t i nes  wou ld  be  needed ,  ruh i l e  t he re  i s  no

such  need  i n  assoccomped  (4 .2 ) .  Second l y ,  i n  rnany  app l i ca t i on  o f  t he  b inomia l

coe f f i c i en t s  many  d i f f e ren t  coe f f i c i en t s  wou ld  be  used  repea ted l y .  The

assoccomp wou ld  soon  p rov ide  a  comp le te  t ab le  f o r  a l l  such  coe f f i c i en t s .

A .  Nozak i  sugges ted  tha t  f o r  many  numbers  i n  comb ina to r i cs '  S t i r l i ng f s

number and the partit ion number for example, no closed form formulas are

known and they are to be computed by recurrence formulas.  The assoccomp

scheme would be usefu l  in  such cases.

The assoccomp scheme should not be regarded as a universal. remedy

for  speeding up any arb i t rary computat ions.  F i rs t  of  a l l  for  many basic

operat ions,  i t  wouLd be faster  to  comPute rather  than t ry ing to ret r ieve

the previous resul ts .  In  the present  HLISP, therefore '  assoccomp on

basic bui l t  in  funct ions are a l l  neglected.  For  user  def ined f ,unct ions '

i t  i s  t he  p rog ra inmer t s  p re roga t i ve  t o  se lec t  t he  f unc t i ons  t o  be

assoccomped  fo r  t he  bes t  resu l t -

There can be a storage explos ion hazard in  the assoccomp scheme,

s ince headers used in the scheme consumes f ree storage.  In the present

HLISP, in  case the ord inary garbage col lector  (GBC) fa i ls  to  rec la im

enough f ree storage space,  a subrout ine cal led the grand garbage col lector

(GGBC) is  ca l led for .  GGBC cancels a l l  headers used in assoccomp and

re tu rn  t hem to  t he  f ree  s to rage .  When  th i s  t akes  p lace ,  t he  assoccomped

f r rnc t i on . s  a re  comp t r ted  acco rd ing  to  t he  e f f ec t i ve  bu t  no t  necessa r i l y

e f f i c i en t  o r i g i na l  a l go r i t hm -  T f .  t he re  i s  a  reasonab le  sPace  i n  t he

In
lt

K

H
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storage,  the headers of  the f requent ly  used assoccomped funct ions would

be reconstructed and the system wotr ld  soon regain the speed.  I f  there

i s  r - ro t  enough  space  fo r  assocconp  heade rs ,  t he  compu ta t i on  wou ld  p roceed ,

ma in l y  by  t r s i ng  t he  e f f ec t i ve .  ( b r r t  i ne f f i c . i en t )  o r i g i na l  a l go r i t hn .

Methods used for  reducing the volume of  mathemat ica l  tables would

also apply to ggsegtemg. For  example,  the fo l lowing def in i t ion for

c [n ; rn ]  wou ld  haLve  the  s to rage  requ i remen ts ,  i n  mos t  cases '  by  sub jec t i ng

ci only Lo assocccmP

c I n ; m l : [ m c n - m + d I n ; r n ] ; T - + d [ n ; n - m ] ,  d I n ; u r ] = [ m = G > l ; T - + c I n = 1 ; m ] + d [ n - 1 ; m - 1 ] ] '

Reading of f i les (drums or disks) would provide another interesting

example.  Let  f i le [x ]  be a pure funct ion of  wtr ich the value is  the S-

expression read f , rom the f i le  f rom the entry  speci f ied by x.  The

assocconp feature appl ied to f i le  would br ing the most  f requent ly  and

recent ly  used data in to the h igh speed storage enabl ing them to be accessed

fas te r  upon  reuse .

Among numerous other  possib i l i t ies,  appl icat ion to associat ion l is ts

( )
wou ld  be  wor th  no t i ng -  Assoc ia t i on  l i s t  schemes ,  p rov ided  by  f unc t i ons ' -

a s s o c [ x ; a ]  a n d  p a i r l i s [ x ; y ; a ]  o r  t h e  s i m i l a r ,  a r e  f r e q u e n t l y  u s e d  i n

I i s p p r o g r a m s ' i n c l u d i n g t h e L i s p - l . 5 s y s t e m i t s e l f . T h e a s s o c c o m p -

appl ied to assoc or  the s imi lar  would prov ide a logical ly  consistent

scheme for i  speeding up the ret r ieval  of  data f rom associat ion l is ts .

This would be par t icu lar ly  ef f ic ient  when Che associat ion l is t  is  deep.

I t  raould be in terest ing to apply th is  scheme to the A- l is t  o f  L isp-1.5

and to compare and evaluate the per formances-

-20-



5 5 -  A n  I m P l e m e n t a t i o n  o f  H L I S P

T h e  m o s t  c r u c i a l  f e a t u r e  o f  I I L I S P  c o n s i s t s  i n  t h e  h a s h  c o d i n g

scheme fo r  acce le ra t i ng  t he  s to rage  sea rch  p rocedu res '  Bes ides  the  f l ag

b i t  m e c h o < ]  ( c i . F i g - 2 ) ,  L - m o l e c u l e s  c a n  b e  i d e n t i f i e d  b y  s e P a r a t i n g  c h e

s to rage  a reas .  Nan te l y ,  i n  t e rms  o f  a  sys tem Cons tan t  m inh ,  x  i s  an  L -

c e t l  ( L - m o l e c u l e ) '  i f  m [ x ] = i c m i n h ,  o t h e r w i s e  x  i s  a n  H P - o b j e c t '  I n f l e x i -

b i t i ry  i -n  Ehe number of  L-  and H-cel ls  avai lable to the user  is  Che draw-

back  o f  t h i s  me thod .  I t  seems  i nposs ib le  t o  sh i f t  t he  va lue  o f  m inh

dynamical ly  dur ing the execut ion of  HLISP programs'  especia l ly  i f  the

H-o rde r  f ea tu re  ( c f .  93 )  i s  t o  be  used .  Neve r the less ,  t h i s  me thod  was

employed in the f i rSt  vers ion of  HLISP and rv i l l  a lso be expla in here

because  o f  i t s  s imP l i c i tY -

The scheme employed is  essent ia l ly  a rehashing method.  t r t  makes

use  o f ,  rwo  Lypes  o f  i nac t i ve  ceL1s  H0  and  H l  ( c f . -F ig .2 )  t o  a l ' t r ow  f , o r

dynamical  cancel la t ions i .nvoked by the GBC (garbage coLlector)  '

HO-cel1s are inact ive cel1s wi thout  conf l ic t  and Hl-cel t rs  are-

those  w i th  con f l i c t ,  i . e . ,  ce l l s  wh i ch  has  been  rec la i .med  by  GBCwh ich

had  been  ac t i ve  ce l l s  i n  con f l i c t .  The  fo l l o r v i ng  g i ves  an  a lgo r i t hm

f o r  m h c o n s  ( c f .  5 2 )  -  -

mhcons I x ; y ] =prog t I i ; j ; k] ; i : =hashcons [x ; y ; k] ;

A  I h O p I  i ] - + g o I D ]  ; h l p I i ] * g o I B ]  ; e q h c o n s p  I x ; y ; i ] + r e t u r n I i ]  I  ;

i  : = r e h a s h  I i  ; k ]  ;  g o I A ]  ;

B  j : = i

C j  :  = rehashI j  ; k ]  ;  IhOpI  j  } *go  ID]  ;eqhconsp Ix ;y ;  j  t+ re tu rn  t j  ]  I  ;  eo  IC ]  ;

D  m c a r I i ] ; = m I x ] ; r n c d r i I i ] : = r n I y ] , ; n h o = n h o - 1 ; I n h o < m h O + g b c [ ] J ; r e t u r n t i l l

eqhconsp I  x  ;  y  ;  i  ]  =hconsp t  i  1  \  
(mcar  I  i  l=m t "  1  )  

A  
(mcdr  I  i  ]  =n '  I  v  I  )

\
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g
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,  l r t r e re  hashcons  maps  the  t rao  t IP tS ,  x  and  y ,  on to  t he  H -a rea  ( i - e . ,  i

such  tha t  m inhc i cmaxh )  ;

_Le- l - lg ! !  maps i  in  H-area onto H-area wi th the maximum per iodic i ty ,  i .€ . ,  the

per iod is  equal  to  the s ize of  the H-area,  nhash=maxh-minh*1 and k is  a

var iable of  r . rh ich the va- lue is  in i t iaL ized by hashcons and advanced by rehash

in  o rde r  t o  improve  the  c lus te r i ng  cha rac te r i s t i cs '

The fo l lowings are the s implest  hashing and.  rehashing funct ions wi th

ra the r  poo r i  c l us te r i ng  cha rac te r i s t i c  because  o f  neg l i gence  o f  k :

hashcons I x ; y ; k] =renai nder I m I x ] +m I y ] ; nhash I *minh

rehash t i ;kl = [ i=maxh+minh ; T+i+1]

The speed and other  per formances cr i t ica l ly  depend upon the choice of

these funct ions.  The best  choice,  however,  largeX'y depends on the

repe r to i , r e  and  the  re la t i ve  speeds  o f  t he  mach ine  i ns t ruc t i ons .

hasso .c  and  heade r  can  be  imp lemen ted  s im i l a r i y  t o  mhcons '  Fo r

h t r sca ,  hashcons  i n  mhcons  i s  t o  be  rep laced  by  hashassoc [x ; k ]  wh i ch

maps  x  onco  the  H-a rea ;  eqhconsP ,  bY

e q h a s s o c p I x ; i ] = h a s s u e p I i l f l  ( f , , f . . - V I i ] = m I x ] )  a n d  r h e  l i n e  s t a r t i n g  f r o m  D ,

by  subs t i t u t i ons  desc r i bed  i n  F2 .  As  seen  f rom mhcons ,  H l - ce l l s  can  be

reused but  they can not  serve as terminals of  the rehashing cyc le '  Only

H0-cetr Is  serve as terminals.  I lence,  the average length of  hash-rehash

c y c l e i s l - / p o = n h a s h / n h 0 , v r h e r e n h O i s t h e n u m b e r o f H 0 _ c e 1 1 s a n d p 0 i s

thei r  f ract ion among H-cel ls .  I , , ' �hen nhO becomes less than a system

eons ran r ,  mhO=minp0 .nhO,  t ^ t i t h  n inpO=0 .2  i n  t he  P resen t  HL ISP ,  GBC i s

ca l l ed  so  as  t o  p rese rve  the  speed  o f  t he  hash ing  p rocess  by  keep ing

l / p ( t < 5 - O .

T t re  GBC p roceeds  i n  t he  f o l l og ing  s teps .  The  e f f ec t  o f  GBC on  L -

I
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molecu les  a re  t he  same as  i n  o t t r e r  1 i sps "

G l .  I l a r k  ( a s  i n  o t h e r  l i s p s )  a l l  c e l l s  r e f e r r e d  f r o m  a c t i v e  s y s f e m

reg i s te rs ,  f  r om the  sys tem pushdo r . / n  s tack  auc l  f  r om non -d0 -va lued

I I D O T P ' s  -

GZ .  Change  a l l  unmarked  H-ce l l s  ( i nc lud ing  H0  and  H1-ce l1s )  i n to  H0 -ce11s -

G 3 .  U n m a r k  a l 1  H - c e l 1 s -

G4.  Execute the fo1lor . r ing,  r . rh ich changes H0-ce11s in conf l ic t  in to Hl-cel ls .

h0 toh l I  J=p rog  [  [ ' t hnex r ;  i ]  ;

A  I n u l 1 [ h n e x t [ ]  l * r e c u r n I N I L ]  I  ; i : = h a s h a l l [ * h n e x t ; k ]  ;

B  I i = * h n e x t - + B o I A ]  ; h O p I i ] - ' s e t h l t i l  I  ; i : = r e h a s h t i ; k l  ; g o I B ]  l

,  whe re  hasha l l t j ; k ]  g i ves  t he  hash  number  o f  HP-ob jec t  j  and

se th l I i ]  changes  the  H0-ce l l  i  i n to  an  H l - ce l l .

G5.  A step to be added in 56 to improve per iormance.

G6.  Cal l  GGBC i f  the number of  l lO-cel ls  rec la i* . l  r "  insuf f , ic ient .

An important  feature of  th is  dynamic hash coding scheme consist  in

the  fac t  t ha t  t he  f r ac t i on  o f  H1 -ce l l s  p I  does  no t  g row  beyond  a  ce r ta in

l . imi t  whi .ch is  about  0.16 in  the presenl  systern.  This was f i rs t  ver i f ied

by s imulat ion and a more deta i led anatrys is  wi l l  be g iven in a separate

r t .
reDorc (4 .  Thus ,  abou t  647 "  o f  H -ce l l s  a re  ava i i ab le  as  ac t i ve  ce l l s  

-

and about 36"/" are reserved for the hashi-ng process: . The actual saving

in storage spaee ef fected by the monocopy feature is  about  3O to 4O7"

depend ing  upon  the  na tu re  o f  t he  p rog ram.  Thus ,  t h i s  sav ing  i s  app rox ima te l y

o f f se t  by  rhe  hash ing  ove rheads -

A ferv comrnents would be suf f  ic ient

As  i nd i - ca ted  i n  t he  append i x ,  s i r n i l a r l y

does  no t  t r se  t he  A - l i s t  o f  L i sp - l  - 5 (2  -

for  the rest  of  implementat ion.

( a
t o  L i s p - l . 6 t - ,  t h e  p r e s e n t  H I ; I S P

The  BCP (B ind ing  con tex  go inCer )
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mechan ism in  L i sp - I -6  i s  no t  used  e i t he r  f o r  t he  sake  o f  speed  and

s imp l i c i t y ,  wh i ch  i s  ra the r  essen t i a l  f o r  v i r t ua l i z i ng  t he  pushdo t rn  s tack

to  be  desc r i bed  i n  56 .  The  two  fea tu res  i n  wh i ch  the  use  o f  r he  A - l i s t

i s  e s s e n t i a l  i n  L i s p - l . 5  a r e  f r e a t e d  a s  i n  t h e  f o l l o w i n g -  O p t i o n a l

f r eez ing  i s  used  fo r  quo t i ng  f unc t i ona l  a rgumen ts  and  a  s i ng le  va r i ab le

: t f exp r  i s  rese rved  fo r  FEXPR 's  ( c f -  Append i x ) -  The  l . i b ra ry  f , unc t i ons

syntax or  rsernpi le  would g ive warnings to apPearance of  unfrozen f ree

va r i ab les  i n  f unc t {ona l  a rgumen ts  and  to  t he  use  o f  t he  va r i ab le  * f exPr

in  p laces  o the r  t han  i n  t he  de f i n i t i on  o f  FEXPR 's .  The  heade r  o f  an  a tom

d o e s  n o t  h a v e  a  P - ( P r o p e r t y - )  l i s t  ( c f .  F i g . 2 ) .  P - l i s t  f u n c t i o n s  ( a t t r i b ,

plop, gS!, fSrnlleg) are implemented similarly

de le ted i c  a f  92 ,  bu t  t he  sys tem does  no t  make  use  o f  t hem fo r  t he  sake

of  speed.  Each SUBR or  FSUBR is  g iven a unique code number,  which is

used as an index of  a computed goto jump ( in  FORTRAN terminology)  for

dec iphe r i ng  i t  i n  a  s i ng le  s tep .  EXPR 's  a re  i den t i f i ed  by  LA I IBDA o r

LABEL and FEXPR's,  by FEXPR. In case of  pure in terpretat ion,  SUBR- and:

FSUBR-name atoms are supposed to have the corresponding code nurnbers in

Che i r  va lue  pa r t s .  syn tax  wou ld  g i ve  r va rn ings  to  t he  use  o f  t hese  names

as l -  or  prog-var iables.  -9-qo-nPa19.  r - rould t ranslate these names into the

code numbers and would make var ious shor t  cuts.  The forn (EQ (CAR X)

(QUOTE PLUS) )  r vou ld  be  scomp i l ed  i n to  ( -9503 ( -9499  X ) ( -9466  PLUS) ) ,  wh i ch

sho r t  cu t s  t h ree  re fe rences  to  t he  a r ray  mca r  ( c f .  F ig -2 ) .  I n  case

i c l i o rna t i c  comb ina t i ons  o f  bas i c  f unc t i ons ,  such  as  eqq '  a tomcar '  eqqca r

(e_q  w i th  t he  l s t  a rgumen t  quo ted  and  the  2nd  a rgumen t  ca red ) ,  e t c - '  a re

bu i l t  i n ,  t he  f o rm  above  wo t r l d  be  scomp i l ed  i n to  ( -9570  PLUS X)  '

I i LTSp  i s  t u l l y  coded  i n  FORTRAN fo r  t he  sake  o f  mach ine  i ndependence -

t i and  r ccomp i l i ng  o f  t he  ob jec t  codes  was  ve ry  re t . i a rd ing  fo r  a  sma l l

t o  maked i c .  r eadd i c  and

-  z t+ -



machi-ne r . r i rh  a poor ly  opt imized compi ler  ( in  FACOII  27Ol2O wi th 16 KI . l

16 b i t  t rords,  the spee<- l  r , ras dotrb led and cocle . length,  halved)  -  For  a

la rge r  mac6 ine  r . u i t h  an  op t i r n i zed  comp i l e r ,  (FACO| I -230175  r+ i ch  192  KW

3 6  b i t  r . r o r c l  s ) ,  h i t r t < i  r e c o m p i L i n g  r . ' a s  h a r d l y '  n r t ' a r r i n g F u l .

96.  A Non Paging Vi r tual  } lemory Scheme in I i I - ISP

By  v i r t ua l  memory  i n  t h i . s  sec t i on ,  i t  i s  mean t  sehemes ,  l og i ca l l y

i nv i s i b l e  f r om Ehe  use r ,  wh i ch  u t i l i . ze  t he  seconda ry  s to rage  (d r i um o r

d i . sc  t o  be  ca l l ed  " f i  l e "  he re ina f te r )  as  an  ex tens ion  o f  t he  p r i .mary .

s to rage  ( co re  o r  IC ,  t o  be  ea l l ed  " co re "  he re ina f te r )  -  Co re  pag ing

schemes ,  occas iona l l y  rega rded  synon ) rmous  to  v i r t ua l  memor ies ,  w i l l  no t

be  cons ide red  he re .

Vi r tual izat ion of  the system pushdown stack is  s imple and a lmost

t r iv ia l -  When the stack in  the core over f lows,  the stack is  "pushed

do r . rn "  ha l fways  i n  t he  co re  and  the  bo t tom ha l f  i s  saved  i n  t he  f i l e .

When the stack in  the core underf  lo i , rs  (or  is  over-PoPuped) ,  the br : t tom

h a l f  o f  t h e  s t a c k  i n  c o r e  i s  r e s t o r e d  f r o m  f i l e -  T h e  o n l y  P a r a m e t e r  t h e

o f

of,
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\.r-" 
t

system designcr  has ro select  is  the s ize of  the stack to be p laced in

core so as to keep the f i le  read/r . r r i te  overhead t imes below a reasonable

1eve1 .  1KL I  wou ld  bc  su f f i c i en t  i n  mos t  cases '

S to rage  fo r  H -mo lecu les  i s  v i r t ua l i zed  i n  t he  f o l l ow ing  way :  An  HDOTP

is  ca l l ec l  a  F l l ,EP  i f  r l r c  va l r re  pa rL  con ta ins  a  spec ia l  numbe i  ca l l ed  t he

f i l e  add ress -  Ac tua l l y  i n  t e rms  o f  sys tem cons tan ts  max f  and  m in f=max in t * I ,

a  s y s t e m  p r e d i c a t e  f i l e p  i s  d e f i n e d  a s :

f  i . l ep  I x ] : hdo rp  t x  l l  (mLn f  <mcar  I  x ]  <max f  )

A  f i l e  a d d r e s s  r e p r e s e n t s  t h e  ( d i r e c t  o r  i n d i r e c t )  a d d r e s s  i n  t h e

f i 1e ,  whe re  an  H-mo lecu le  has  been  f i l ed ,  i n  a  S -exp ress ion  fo rma t ,  by  t he

GGBC. Whenever a FILEP is  evaled (by the eval  par t  of  the system or  by

hva t rug ) ,  t he  H -mo lecu ie  co r respond ing  to  t he  f i l e  add ress  i s  recons t ruc ted

in core and the value par t  of  the FILEP is  replaced by a pointer  to  the H-

rnol .ecule reconstructed.  This f i le  address and the poinEer are regis tered

in  a - tab1e  ca l l ed  t he  " f i 1e  reco rd r r ,  wh i ch  i s  used - to  P reven t  t he  GGBC f rou r

spending unnecessary f i le  space and t ime in repet i t ive ly  ref i l ing the same

t{- rnolecule.  (Note thaE the contents of  H-molecules are never  aLter :ed ' )

The GGBC, cal led f rom the last  s tep G6.  of  GBC'  proceeds in the

f o l l o w i n g  s t e P s :

GGl .  Cance l  a l l  heade rs  used  i n  asgoccomp (c f '  94 ) '

GGZ- For  each i tem in the f i le  record,  exchange the f i le  address and the

con ten t  o f  t he  ca r  pa rL  o f  t he  H -mo lecu1e .

GC3. Replace the val r re par ts  of  HDOTP}S and values in  the pushdot ' rn s tack

by  the  f i l e  add resses ,  i f  t he  va lues  rep resen t  H -mo lecu les  w i t h  f i l e

add resses  i n  t he  ca r  pa r t s .  Th i s  s tep  e f f i c i en t l y  re f i l es  H -

mo lecu les  wh i c l r  have  been  f i l - ed  be fo re -

R e . s t o r c  t l t e  c a r  p a r t s  o f  t l - m o l e c u l e s  f r o m  t h e  f i l e  r e c o r dcc4

- 2 6 -



G G 5 -  C a r r c e l  a I I  f  i l e  r e c o r d s

GG6-  F i l e  l { - no lecu les  i n  t he  va lue  pa r t s  o f  HDOTP 's  and  i n  t he  pushdown

s tac l c  and  rep lace  them by  the  co r respond ing  f i l e  add resses -  Th i s

s i c t )  c rea tes  ne r . , r  f i l es  o f  l l -mo lecu les  i . ' h i ch  have  no r  been  f i l ed

I
t
I
i
;
l
t
tr
I

f"

d
*
il

H
G G ] .

G 5 -

b e f o r e .

C a l l  G B C -  I f  s t i l l  n o t  e n o u g h  H o - c e l l s  a r e  r e c l a i m e d  t h e  e x e c u t i o n

o f  t he  HL ISP  p rog ram i s  t e rm ina ted -

In  t he  f i f t h  s tep  G5-  i n  GBC,  i t ems  i n  t he  f i . l e  reco rd  w i t h  po in te rs

t o  H 0 -  o r  H l - c e 1 l s  a r e  ( a n d  m u s t  b e )  c a n c e l l e d -

S ince  sequen t i a l  add ress ing  i s  su f f i c i en t  f o r  i he  f unc t i on ing  o f  f i l e

r e c o r d s ,  t h e y  a r e  s E o r e d  i n  t h e  f i l e  w i t h  a  s m a l l  b u f f e r  i n  c o r e -

In  o rde r  t o  f u l l y "u t i l i ze  t he  v i r t ua l  memory  scheme,  t he  s tanda rd

de f i n i t i ons  o f  f unc t i ons  o r  l i b ra ry  f unc t i ons  a re  l oaded  i . n  t he  f i l e

together  wi th the HLISP system. L lhen a d0-valued atom is  evaled or hvalued,

the  sys tem sea rches  fo r  a  s tanda rd  de f i n i t i on  i n  t he  f i l e ;  I f  f ound ,

de f i n i t i on  i s  w r i t t en  i n  t he  co re  as  an  HP.  ( I f  un found ,  an  e r ro r - )

s tanda rd  de f i n i t i on  o f  de f i ne  o r  scomp i l e  g i ves  hcop ied  resu l t s .

The  v i rLua l  memory  has  enab led  the  use  o f  co l l ec t i on  o f  f unc t i ons

amoun t i ng  to  seve ra l  t imes  l a rge r  t han  the  f ree  s to rage  caPac i t y  i n  a  s i ng le
<

HLTSp  p rog ram w i thou t  any  d i f f i cu l t y  o r  comp lex i t y  a t  a  reasonab le  ope ra t i ng

< \
speed' /  -  This  would be meaningfu l  for  appl icat ion areas of  l isp,  rvherein

programms become very large to obta in resul ts  of  any s igni f icance whatsoever

The  monocopy  and  the  rewr i t e  p ro tec ted  fea tu res  o f  H -mo lecu les  a re

cssen t i a l  f o r  t he  p resen t  v i r t ua l  memory  scheme.  Des ign  o f  a  l og i ca l l y

coas i s ten t  anc l  r easona l> l y  e f f i c i en t  v i r t ua l  memory  scheme fo r  l i sp  da ta

s u b j e c t e d  t 6  a r b i t r a r y  u s e  o f  r p l a c a  a n d  r p l a c d  ( L - m o l e c u l e s  i n  H L I S P

t e r r n )  s e e n s  t o  t r e  a n  o P e n  p r o b l e m  w i t h i n  t h e  a u t h o r ' s  k n o t r l e d g e -

the

The
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In the present HLISP, if the L-rnolecular data explodes during the

execut ion of  a program, the program has to be rev ised.  Making hcopies of

some L-molecular  data not  subjected to rPlaca or  rp lacd would work in  some

c a s e s .

The  p resen t  GGt iC  takes  a l I  conce i vab le  neasu res  to  rec la im  the

greatest  nurnber i  o f  f ree storage cel ls  in  a s ingle stage.  f t  may be a

bet ter  s t rategy to break i t  down into three stages as fo l lorvs and proceed

to Lhe next  s tage only i f  i t  fa i ls  to  rec la im enough H0-ce11s;  The Is t

t he  re f i l i ng  (GG2-4 . ) ,  t he  2nd  the  new f i l i ng  (GG6. )  and  the  3 rd  t he

cance l l a t i on  o f  assoccomp heade rs  (GGl - )  s tages -

-28-



97 .  Conc lud ing  Remarks

H a s h  C o d i n g  i s  p r a c t i c e d  i n  m a n y  l a n g u a g e  p r o c e s s o r s ,  i n c l u c J i n g

( 6
l i s p \ ' ,  f o r  m a [ c h i n g  s t r i n g s  o f  s y m b o l s  i n  i d e n t i f i e r s .  H L I S P  m a y  b e

r e g a r d e d  a s  a  s t r a i g h t f o r r v a r c l  e x t e n s i o n  o f  s t r c h  p r a c i i c e s .

U s e  o f  t h e  s i m p l e s t  p o s s i b l e  d a t a  s t r u c c u r e - - t h e  b i n a r y  t r e e s - -

and  the  ab i l i t y  t o  de f i ne  o r  boo ts t rap  the  sys tem in  t e rms  o f  a  ve ry

few  bas i c  f unc t i ons  a re  t he  cha rac te r i s t i c  f ea tu res  o f  l i sp -  I n  o rde r

to  comp ly  w i . t h  t h i s  ph i l osophy  o f  l i sp ,  t he  b ina ry  assoc ia t i on  o f  keys

w i th  va lues  has  been  emp loyed  i n  HL ISP  because  i t  seems  to  be  the

s imp les t -  I t  shou ld  be  poss ib le  t o  e f f i c i en t l y  rep resen t  more  comp lex

assoc ia t i ve  s t ruc ru res ,  such  as  t hose  used  i n  LEAP(7  fo r  examp le ,  i n

terms of  b inary t re"es and b inary associators.

The preseat  HLISP' f ,unct ions do not  aLlow for  c i rcu lar  l is t  (1oop

or r ing)  argunents-  Endless recurs ion would resql t  in  most  cases as

in many l isp funct ions.  Genera i - i :zat ion of  the present  I IL ISP scheme to

t rea t  more  gene ra l  Cypes  o f  i n te rna l  da ta  s t ruc tu res  i n  a  1og i ca l1y

cons i s ten t  manner  wou ld  be  an  i n te res t i ng  t heme.

The author  would l ike to thank l t1essrs.  l { .  Terashi rna,  Y-  Kanada,

F .  I l o toyosh i ,  T .  Gun j i  and  K .  I sh iha ta  o f  t he  g radua te  schoo l  o f  t he

Facu l t y  o f  Sc ience ,  Un i ve rs i t y  o f  Tokyo  fo r  imp lemen t i ng  and  tes t i ng

ou t  t he  p resen t  HL ISP  sys tem.
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APPI'NDIX

The  fo i l ow ing  i s  t he  l i s r  o f  bas i c  HL ISP  func t i ons  and  L . ISP

f u n c t i o n s  s u b i e c t e d  t o  e x t e n s i o n  o r  r n o d i f i c a t i o n  i n  H L I S P .

a p p t y { f n ; x l  T t r e  r h i r c l  a r g u m e n t  ( A - l i s t )  o f  L i s p - l - 5  i s  d e l e t e d '  s i n c e

t h c  p r : e s e n t  H L T S P  d o e s  n o t  u s e  a n  A - 1 i s f  ,  s i r n i . . l a r l y  t o  L i s p - 1 . 6 .

a s s o c c o m P I f r ;  - - - ;  f - ]  f ' r ' ,  f -  a r e  f u n c t i o n  n a m e s '  t : f '  $ 4 ''  n '  . t '  n

a t o n r I x ]  a s s o c i a t o r s  a r e  r e g a r d e d  a s  a t o r n s '  c f '  F i g - 2

L r _ " 4 t * ; y ; z l = a p p l y [ 1 i s t [ L A M B D A ; x ; y ) ; z l -  
x  m u s t  r e P r e s e n t  a  l i s t  o f

H D O T P ' s ,  y  a  f o r m  a n d  z  a  l i s t  o f  H L I S P  o b j e c t s -  I f  l i s t  z  i s

sho r te r  t han  l i s t  x ,  z  i s  rega rded  as  i f  t he re  q te re  ex t ra  l i s t

e l enen ts  N IL -  Assoc ia to rs  and  heade rs  a re  t r ea ted  equa l l y '

b i n d q [ x ; y ; z ]  S a m e  a s  b i n d  e x c e P t  i n  t h a t  y  i s  q t r o t e d '

b i n d q [  ( a , S , C ) ; ? l u s [ a ; b ; c ] ;  ( 1 ,  2 , 3 ) l  i s  t h e  s a m e  a s

r  [  [ .  ; b ;  c ]  ; p l u s l a ; b ; c l  I  I 1  ; 2 ; 3 7 = 6

These  func t i ons  a re  used  to  t r - b i nd  the  va lues  o f  HDOTP 's  resu l t i ng

frorn the evaluat ion of  x  wi th e lemenis of  z ,  dur i ing the evaluat ion

o f  f o rm  y .  The  fo rmer  va lues  o f  t he  HDOTP 's  a re  res to red  ( f r om

the pushdorun stack)  upon complet ion '

c a r [ x ] ,  c C r [ x ]  x  m u s t  b e  a  r n o l e c u l e ,  o t h e r r v i s e  a n  e r r o r -  U n l i k e  i n

Lisp 1.5 car  and'  cg l  ean not  go beyond (atom) header is  and

assoc ia to rs .  To  go  beyOnd ,  use  hkey ,  h . ; aLue  o r  dze roP  i ns tead '

cons l x ; y ]  x  and  y  can  be  any  HL ISP-ob jec t .  The  resu l t  i s  a lways  an

L-molecu1e.

9o-n-ePtxl  TYPe Predicaie for

-d_gg l " t " l  ,  dzeroP[x ]  Undef ine

L-mo lecu les .  c f , -  F ig -2 -

and  p red i ca le  f o r  unde f i ned s 2c f

i s  de le ted  fo r  t he  same reason  as in  app l ) r .
9yg![el '  The second argr ' rment
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e j l l x ; y ]= [m [x ]=m[y ] *T ;T *N IL I  Checks  eq t ra l i t y  o f  i n te rna l  r ep resen ta t i ves .

- e g g " ! [ x ; y ] : I h p t * ] : f h p l v l * e q I x ; v ] ; a t o m [ * ] ' i o t o * [ v ] * N r L ;

e q u a l I c a r  I x ]  ; c a r I y ]  l - ' e q u a l I c d r  I x ]  ; c d r  I y J  ]  ; T + N r r , l

c : l sc  bo th  x  and y  a re .HP 's ,  g . - t l s !  reduces  to  non- recur .s ive  eq

v i r t u e  o f  t t r e  f i r s t  c o n d i t i o n a l -

. f exp r  FEXPRTs  a re  de f i ned  as  i n  t he  f o l l o r , r i ng  examp le  f o r

de f  i ne  [  [  f o r  ;  f  exp r i  [  [ nu11  [ * f  exp r  ]  tN t t ,  ;  eva l  I  ca r  [ *  f . *n t  1  I

T + a p p l y I o r  ; c d r [ * f e x p r l  ]  1  I  I  I  l

Name ly ,  f exp r I t f o rm> ]  i s  syn tac t i ca l l y  rega rded as a <funct ion> and

l is t  o f  arguments.the value of  * fexpr  is  l -bound to the unevaled

c f .  5 5 .

. . . ,  t . ,  * r '  . .  -  '  x n  ( o P t i o n a l )  a r e  t h e  n a m e s  o f  f r e e

i n  t h e  f u n c t i o n a l  a r g u m e n t  f n  t o  b e  f r o z e n .  c f .  5 5 .

f u n c t i o n I f n ; x ,  i
I

I n

by

o r .

+T i

var iables

hassoc [xJ /hassocp[x ] /hassocppIx l  )c rea ter / type  
pred i ,ca te /p resence pred ica te

hcons  Ix :  y ]  /hconsp ' [x l  /hconspp Ix  ;  y  ]  i f  o t  " r roc ia  ro rs '  H-moleeu les

I
l r e a d e r [ x ] / h e a d e r p [ x ] / h e a d e r p p l " l  _ j a n d  h e a d e r s .  c f  .  5 2  a n d  E i g - 2 .

hcopy  [> r ]  ,  hcopy l  Ix ]  c f  .  5  3  '

h c i o t p I x ] = ' h a s s c c I x l \ '  t . e a d e r I x ]  c f  .  F i g . 2 -

hkey Ix ]= [hdotp Ix ]+(key  par t  o f ,  x )  ;T -+er ror  [HKEY]  ]

E x c r a c t s  t h e  k e y  p a r t  o f  H D O T P I s .  c f .  F i g . 2 .  
-

.h! !pt* ;  y I  = [m Ix ]  .m [Y]*T ;T-+NTL l

Siur i lar to lessp- I t  rvorks on internal represental ives. For

b a s i c  i n t e g e r s ,  t h e  r e s u l t  i s  t h e  s a m e  a s  l e s s p .

-brrg*t- t l=*hnexr in value- Advances Che value of *hnext to the next H-

molec t r l c ,  assoc ia to r  o r  header  in  s to rage.  A11 ex is t ing  headers

e x c c p L  N I L ,  f o r  e x a m p l e ,  a r e  p r i n t e c l  o u t  b y  e x e c u t i n g :  P r o g [ [ * h n e x t ] ;

A  I n u l l F r n e x t I J ] - , r e t . r r n [ N I L ] ; t r e a d e r p [ * h n e * t J + p r i n t [ * h n e x t ] l ; g o l A l l .

t s p - [ x J  c f .  I . ' i g , . 2 .

-A2-
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a v

h v a l u e [ x l  E x t r a c t s  t h e  v a l u e  o f  H D O T P ' s '  c f '  5 2  a n d  F i g ' 2 '

majgelbqo.g l lx)  c f  .  q3 '

p r i n t I x ] , g { g { [ x l P r i n t w i t h o r $ t i t h o u t l i n e t e r m i n a t i o n '

The key par t  of  headers are Pr inted as the p-name of  l i tera l  atoms as

in  o the r  l i sps .  Assoc ia to rs ,  L -mo lecu les  and  H-mo lecu les  a re

Dr in ted  as  i n  t he  f o l l ow ing  examp les :

pr in r  Ihassoc  [ ]qcons IENGLISH; I ]  I  I  p r in ts  ( .  .  (ENGLISH. I ) )  w i th  do ts ;

p r in t [cons [ENGLISH; I ] l  p r in ts  (  ENGLISH .  I  )  w i th  ex t ra  b lanks ;

p r i n r I h c o n s I E N G L I S H ; I ] l  p r i n t s  ( E N G L I S H . I )  w i t h o u t  e x t r a  b l a n k s .

m [ x l : ( I n t c r n a l  r e p r e s e n t a t i v e  o f  x )  '

f  r t n< :  t  i ons  i n  l l - e : :P rcss ions  '  c f

I s  used  to  exPress  sys tem

9 2 -

nust be an L-mo1ecu1e, otherwise

can be  any  HLISP ob jec t .  c f .  E2-

be an HDOTP. y can be anY HLISP

setq and q€Elg are synon)rms. cf -

r p l a c a [ x ; y l ,  r P l a c d [ x ; Y ]  x

v

s e t [ x ; y ] = y  i n  v a l u e .  x  m u s t

In  HL ISP  se t  and  cse t ;

an error

ob j  ec t

5 2 .
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