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APSTR/\CT

Li st-process ing systems have each al lowe-i use of orly a

single size and configuration of list cell. This paper describes

a system which allows use of arbitrarily many Iifferent sizes and

configurations of list cell, possibly not spDecified until run

t i me.



1. Int roduc t ion

Li st-p rocess in sys en (e. LISP 1. (1 , ? L ' 12] )

have each al lowed Use of only a single size an conf inurat on of

list cel l. (1) Th is pae r describes a syst e wh ich al Ious use of

a rb i t ra r il y many d if fe rent s i z's an: conf ia rat ions of 1 s t

cell s, possibl y not spec i r ut f i until run tie.

Pul tiple s i zes and conf i a rat ions of 1 is t cel Is a re

impo rtant i r many app 1 i ca t ions whi re the cn tu ral1 quat La of ia ta

are not homogeneous in si zr an i format. For exampie, an

al geb raic interpreter m irht record the fol lowi n info rmat ion

about each variable known to it:

ref e rence count

va l ue

p r in t name

pointer to hash-table entr'y

The inte rp rete r .i i:;ht al so hanl e float ina-po int numbe rs as

objects. Now, if only a single cell-size is allowed, then cither

f loat in-po int numbe rs oil 1 be rep resented vi ith ext ravapant waste

of space, o r va r i b es will each be cba ined out into seve ral

(1) The aborted LISP 2 systelI 11 was to have all oIe mu LIt iA

cell sizes and conf i 1urat: ions, but only with a bit of "'systems
p ro- ramm ing . . . beyonr' the doia in of the ave rage user" 5,. 7]

support irna each type of cel .
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srial ler cells, with conconitant waste of both s)ace (for spurious

po inte rs 1 ink ing the cel l s) and t i e (fo r fol 1o.i in, the s:u r ious

pointers).

I t w ill appea r (Sect ion 2 hlo) tht 1 ist-t rac ing is the

pr iTary ohstacl e to iml ementat inn of 1 ist-p rocss in syst-s

w ith nul t i l Ie s i zes an cor f itu rot ior s of c 1 1 s Sect ins 3 n 

4 lescribe a techn iaue for 1 ist-tracin- in such sy'st-s . (1

The rema ine r of te pa-e r is 7eral l]y tuto riol, r2o at ing

the 1 ist-t race r of the earl ier sectior s to exist in isr,l and

So Lut i on s i n 1 t st-p race ss i n .

2. The Impo rtance of L ist Trac in:

Any 1 ist-process ing system must p rov iIe means fo r oht in in

s ingl e 1 1ist cel l s f rum f roe sto ro-e (nucel 1 ), fo r se L t ir; and

exam i ing the content s of the var ious f il ds of a ivn 1 iS t cel 1

(set/look), and to r retu rn i n - 1 isuseId1 ist st ructir- to f re

sto rae (e ra sel i st). thc r sc rv ices arc gene rl 1ry def ied in

te rms of these p r imi t ives. (2)

(1) Afte r develon ir th is techn icu4, the autho r bro r.a re of
the somewhnt re1ated iork of . ",arsal 1 .

(2) Iere c r i b o, s rv iccs rot related to 1 i rocessin7 arc
no rod. Fo r exami l , n1 srll pr rt !, of LIP is r-lv nt;

most of LI )P is concerne w i funct ir -i jl tcat io , ritlmot ic,
an othi r e.,t raneous c r v ic-s



2.1 ucell

Cbta iinc cellc f ro fron so ra- is a r lot ivel

wecl l -unde rsto i roCl e , eV L. n cf 1 s o) n,) re ic Ln iz

must be cel ive re. [6, in ach t rai Li

1 ist-a rccess ing system, ti se rv ice is erav i2d u it-ji

funct ion; (1) in iodrn, :enr .-pu rcoe pro rai iel 5,

run-t i[e rout ines are necessar ily prov ided to perform this

service. (2)

2.2 Set/lIoo

Set t in:; and exani in ing the content s of f il Is w it! in 1 ist

c els has ,eve r been even a coe-ot iizat In r-)1e, In eacb

t rad it ional 1 i rt-orocess in' syt v , t,er are set t Fuct inn

and] an exc i' ing funct ion for eacl f inl of the stn r 1 ist

cei. ( ) A'!!n' a nt tyoe of c1l tosuch a sy.t :is

a incc a Fe'.tno re settin an' r-.am ii Funct is to 11 (

1 ibrary

(1) E__ ., cons in LISP a n n c rel i L I

(2) E. The rout ins sJo rt in ALL C/TE statements in L/ [2t
or the F!'EE ( s ic) rout ic in A [11]

(3) In LIP, for e ai1I , the nrn1-r of fielis is t.lo, so tve

sy !stei providrs t,o exarn inn un tio , - (car an c!r) an! tlo
sett ing f inctio ( rlaca and rpIa c ).



In systems iohe 1d. i t in , od rn ee r l -urposc ir;n7uaies,

these num erows b ilt-in funct ions are not nece sry. cs in

based-st ruc tu re lc1a r t ins(1) w th it); n suc 1 an -ares, f iml s of

arbitrary 1 ist cel Is I' be r- f7 rence by inemi c narns, and

accessed by in-1 inn code.

2.3 Frasel ist

Pet U rni i Isuse 1 ist-st ruc tu!r- to f rr st) roae must e

pe rnfo rmed by som' vam r a t ion of cnn (o r both 13y ) of ther

fcl l or,ina tr o mer thovr:

2.53.1 Gara e c ll ctin 9

'hen free sto roe is i n short swpply (or, as

i , when i t i s unde s i ral 1 y sca t o r-ei) , t race

all i st-st ruc tu rr' accessi ic pro ram', o1. rh I n

all cel is touc"ed. Then scan the ent i re reon of t

ieow rv f rom wih ich cell s a re take. Du riur t is

scan, plac wun,a rko (= inaccess ile) ceIls or t`e

f ree-s to rage 1 ist, an reove th na v rs frol

marked ce is.

(1) Th is ter-inolo;;' is that of PL/i. Use rs of /\E or of SAL
declare conponents.
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2.3.2 Piscar'-Scannin: 1

hen i p iece of 1 ist-st ructu r- is -i sca r-z-

by a use r ) ro -ra, t race th rouah th is st ruc tu r

and- return all of the c1 ls involve in it Lo frec

sto rage. I\s a ref inement (as in a12] ), allow

cel 1 s to hol d ref rnrce count s, an re i rn

su!)st ructu rs to f roe sto ra;e on 1y when they ar e

no lon-er sharrcd as subst rmctre by non- iiscar I!

structur s.

E i the r of these methods requ i res a a rce Aiu re 1- r

t rac ing th rough a 1is t st ructu re. (1) Such a procedua ur s t

be abl e to accept a po irter to a ccl 1 C an), us ir th is

po inte r, to explo re ,_ idient if'yin;g all of the other cel i s

ih ich have C as 1 ist-parent . The race i r- must rot he

n is 1d by the p resence in C of i rrel evI n t f i1 Is canta in int

float in-po nt numbers, fi a- its, or ote r non-aHr- I-s

The 1 ist-t rac in racedu r is the on y essent ial

1 ist-p r.cess ing se rv ice h ich is not rout in]l y v I ib

(I) The a ri, inal SL I P imp ementat i s roa, Ds the t race
out th inly and d iscent inguousl y in t i . TI is is in
pleas ing acco rIance with the ennng ri ci le hi
favo rs sniooth, cnt inual apl icat ion of ene r-y . The total
effort is the same, however, and the info nation ner:ed hy
the p rocedu re i s unch n ;



(0)

m::ode r g;ei;e ral -pu rpose

3. Po i nte rs and ypr I 'nfo rmat ion

Even thouh ch t ra it na 1 is t-11racss i: y u

allous on v a s i.l size of- cell, no ts by . ith o'1 a

s ingrl e typ! of cel 1 In L! 2 , I r I ml , the re: ar ato

and non-ato-s. In L P, thLrI arc he a rs an n-heal rs.

ven a po inter to a cell ,the type of must he

computale . In early impementat ions, th is necesrry type

irfo ra t io was rnco r' in isl f.

In r are r ,cnt isleetc1i>ns, t-e typ irn r :tio is

carrinr in the ointer to C. This use of rich inters

reflects two develoca cnts iI 1i st- roa ss! n : im l.ic nttn

3.1 I nd iate va lus

If an a:o ic atum can be e xpresIed inc's fe: bits as

an adress, (1) then it is morn eff icint to co'y u a

datum than to handle it inl i rctly. But if " inters"

sonet ins contain im iL:te data instaL of a Iresses, h en

(1) Truth values and smal -Iacnitud' inte-ers exemnl iy such
da t a.



po inte rs mus t al so conta ir t ypo info ra t ion to cha r,ctce r ize

the data they hold.

3.2 V i rtu1 nemo ries

Aue ry in0 type- ifornat 0o is a comar 1 ist- roCss in:

opertion. (1) I n v i rt ual-e ry system, where me: o ri

ree rences may b costly, it is OCofnloc1 1l to :lc

type- info mati n in the p' ite rs, so that r, -rIF ncs to te

cell s nce) not e ma c.

4 I Eleme,-nta r L ist- Trac ng P rocen re

I.1 Def in it ions

.1.1 A wo rd is a uan t it y of memo ry suff ic int L' hold

an address.

4.1.2 A pointer is a two-tco r o ct cons ist in of a

type-code and an a dress.

4.1.3 A cell Is st of one o r m1o rn cort ivuous : r's

in memo ry. The rcui r-. ent of conti u ity" is i. 1asel only so

that a single address some'.o: spcif is the whole cell.

(1) E.;., the functions atom, nuierp, fix, etc. in LISP,
or namtst in SLIP.
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m. A word i n a cell C may b user

(a) to:'"etIer .- ith the next wor, in ,_ to

conta in a -o in te r, a r

(b) to conta i the a rerss of anothe r cel u

or

(c) to conta in i is (e. . a float inr-, O i1t

numbe r) wh ich a r ne L he r the typre-codC of a

po inte r (as in (a)) no r the ad ress of a'not-e r

cell L (as in (b))

4.1.5 Two cells C and C' a reof the same Lve if an!

onl y if

(a) they are of enual si z'' an!

b) fo r each o ri in v caith ctrespo

wo r c' in C,

( i) if 1 taken togethe r w i h

next wo r1 in _ conta is a ;o in te r, then

so do the co rrespond ing w rs in __'_.

( i i) if W contains the adI russ of

another cell 1 r then ' conta ini the

add r-ss of a cell ' wh ich is of the

sai type as D.

(iii) if 4 cota ir s bits whI are

neither the tyae-code of a o inte r nor

t r nd in;.
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the acid rrss of anothe r cell D, thII so

does U'.

4.1.6 Two o ir,t.rn o it to cl is of tce sane type if

n I on y if they conto in the s ane type-codle.

4.2 Templates

Cl 1 -type I can he desc ried th a tC:apl ate of +

wo rs, where n is the nu. r of we rhs in each cell of typr

T.

(a) !o rd , conta ins n

(b) For 1 K i < n,

( i ) I f wo rs i anl i+-1 of each cell oF type T

conta in a ao inte r, then uo r i of the tol ate

contains E,_ a constant isft re nt fro n

ty pe-cole

(ii) If w rd _i of each cel] of typ 

conta ins the a ress of a cell of tye T',

weri i of the te ~ ate contains tue tyC-Co of

( i i i) If wo rK I of arv' rell of type-

coitais bits w-ic r noit er t! typ-co of a

a0 inte r r r the a rs of anot re cl 1 , t



wori i of t!e te 2late contaisZ cntl

1 i cf% rent f ro P an f rol ;y ty -co)ie.

4.5 The Key Id ea

In o rdc r to al low a 1 ist-t rac in;; pro -ra t t rac- a

li st structure cont irin ce lls of type T, the pr ri must,

f rom te po inte r to a cell of type T e abIe to find the

template fo r cal 1s of type T. T!e s iipl e, isin , centrol

ilea of tH is papr is

The type-co f r ccl s of type T may he tTe

arHress of the teiplate for cel l of tyoe T.

. The Al -nrith

A list-tracing rocedurr is ris l1y' here in a :str

fo na of PL/ 1. As ivan, this araca .ur, r-trces sI,r'!

subst ruc t r s, loops irref initrl: o n rnt rnL t rutc i r:s,

and i s h i::bly r-c rs i v e

1 ist_scan: proce r- ( type co e, cell_a 11 ross, f);
ecla re ( type._code , cr Il a Idress) a r ss,

f exterrl et ry(a1i ross, a r-ss);

/* App y the f c tion 'f' to every call of tc l
st ructure whose root is a cell of type ' tyoe _cod'at
locat on 'cell _aress */

decIar, cl I wor(n) a ress based (cel a ross),
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1 tet lte be (typeco!),
2 n i,

2 te wor(r.) a r res,s

i local ft o d,

(P, Z) ex e n lane s
i=1;

do while (i n);
if tem plat_wo r'(i) = Z tren

/* Co r respond invT ,;rA in the col 1 isa
h it- attern hi roes not sec ify a
l ist-hild of the c'lrl In ot r to r Is, te
c rrespon i r of t' cr ll 17 i rrl 1 vant
to 1 is t-t rac in.

= i+1 /* S-ip past th i rre lvant o rI */

else if termIlat ord(I) = then
/* Co rrespond ing lo r iin the cell is a

type-code, and the fol lowing w.ord in the cell
is an ad r-ss. Toaethe r, those s o ifc a

list-child of the cell.

do;
cal I 1 ist_ scan(cel l) n. c r(i) ,

cel _ o rA( i+1), F);
i = i +2;

en-I;

el se
/* Co r respond in, w i ir: t!c cel l is the

addrs s of a 1 1st-cL ild cell .Coc ty'e is

given by this word in te temrlate.*/

cal 1 1 ist scan( t ewl ate 'o r l i)
cll _worAi), rF);

i = i+1;
ene;

end1;

cal I f(tyoecod, ccl 1 _a'rss);
re t u rn;
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end 1istscan;

5. Some Elahorations of the Elementary Procedure

5.1 Irned iate Data (cf. Sect ion .1 above)

As shown in Sect ion 4.4 a'ove, the & elenta ry procedure

almost allows te lates with n = 0. The only necessary

change is to nake the call of f con it ional uaon n > 0.

For added eff ic iuncy, of cou rse, the loop coul he

el aho ra ted so as to avo id spu rious sel f-cal 1 s fo r p rocess ir

of descendant pointcrs which contin immediate iato in the

place of addresses.

5.2 Classes of Types

Certa in operations at h inher levels of the systei ian

involve classes of types. For exarqlc, numers, arrays, ar

varinhics are al1 "atoms" to LISP. It way he usefui to ad

a word of flag hits to each te"plate so that classes of

types may he easily dist inguishe!.

5.3 Re-entrant Lists and Shared Suhst ructure

The clementary procedure will1 exert rdun ant effort on

shared suhst ructu re, and it will exert unhourni ffa rt on
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reent rant 1 ists. Sometines these cases may ho avo ined by

using simplified tenplates; at other L imes, markinz ./ill e

necessa ry.

5.3.1 S i1pl if i: ! Tcnpla ate s

above,

not o rd

3y the dnf in it ion of reent rant imp1 ic it in ect ion M.

0 aany st ructu res a re reent runt even though t'ey "oul -!

ina r iI y be so esc r iM 4 . Fo r exp >13 a, cons i" r a n,,,

Sin ah ich o inta rs a r- m e K ack4 - o i nt- rs, -s

SucK a structurq is its oYn l ist- ra2icnil , n

for au rnoses of t e U l'eentary ernu r.

st ructure

in SL!P.

reent rant

Th is supe rf ic i.

traditional systems since

always been sens ile e

pointers. To estahi 13

back-po inter no rds of t

to Z ( " t P i s is not a

co r respond ing aq rds i

ad resses.

rae.t rancy

hand-tailore

nouh to fol

th is r'st

he appropria L

n a Press"),

n the c"l 1 s

i s

a 1

ri

te

not not ie: In

ist-tracers havr

only onc seL of

n 10; 1n ra, n

Clates cap Ke set

even though the

do roil 17 cn itP

5.3.2 iarking:

Qhen true re"nt rnncy is nosr I 1, Ohe 1 ist-t ruc ip

proccur, -inst mark traccd 1 ists so tOct Key arc not rice!



a in as the i r oun 1 is t- ! (scen 'ant s.

A!s i rabl e to avo iA re undat

suhst ructu ro.

Mn rK i "

t rnc i

c~1 :se

51. 2 A

5.5.2.1 It may h appn tint c Ills e ccrtainW

types o re neve r the roo t s of r--n t rant ar sha rc

structures. Cells if thesc types nee! never be

ma rked.

5.3 .2 2 If the I ist-rAcer is iakinq use of

narking, it uill interrozate a it in the tc yla te

to see if th is ccl I shoul d he ma rne i.

5.3.2.3 If cells of this

arked, then the location of the

deternined. The locat ion nay ho se

(e.z., any cell hich is oarke! is

first wo r) or hy the prsence of

(1 iKe P an i Z) in the co rrns'on Air n

template.

type shouil he

ma r must he

t KY convent in

n red in its

snncial coe

uo rd of LhNe

I f th is cel I is al rean y na rI:e!, then the 1 ist-t race r

retu rns. Otherwise, the I ist-t rmce r oarKs this cell andI

traces its substructure.
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Each use of a ;ia ir in 1 is t -t race r Iay need to L !e

fol lowed by a 1 ist-t race to reset the ma res. \l tc rnatcly,

if a b road f iel d is used fo r mar> in, then each; t race can

use a new it-pa tte rn (say, consecct iv in te e rs) as the

ma rk. (1)

5.3.3 reference Counts

The use of refre nce counts for sto r. e manac em ent i
is forrmally similar to the use of mari,in-. In part icular,

the cons ierat ions of pararas 5.r.2.r1-3 ar all

appl icabl e to ref e rence count s.

5.4 Linear Lists

L inear 1 ists a ru coo in ist-pracs s in

appl icat ions. In other ords, i t is comol fo r (a3c cell of

a i;iven type to ut il i ze a iven io rd fo r the a iros of

another cell of the same type. To id icate the end of the

list, a d s t I c t i v 1 i t - p at te rn (enz., al1 zero) s usea

It may he economi cal to use a h it in the teml ate to

ind icate that the assoc iated cl I s a roe n'era of 1 inea r

1 ists. The-n, the 1 ist-t rnce r can use a ih-spre 10oo

instea of a sel-call for each cell of incar 1 ist.

(1) This tech ni ue is due to Plart Ric-a rs.



5.5 Other Special Cases

I n ce rta in ampl icat ions, the 1 ist-t rac inj p ro - ran m v

need to take account of idiosyncrwtic "rwo rtir s of cr rta in

cell -types. For exampl e r, suoose that a 1 ist-scannr i

Kcinv used to scan A iscar ' structu rs (Section 2.3.2

above) in an algebraic intr rrote r uh ich ircludics cll sf

type variable. ne of these cells should 4 ratur:AK to f r.

sto rage ohl V if

(a) its refe rence count hrs one to zo ro, an

(5) t|e re i s no value assoc iate I w ih t is ov riahl .

Sone vari a les may additional 1 y W spec il ly protectp l frx1

d isappearance.

The interpreter may have al l of the va r iabl e ccl 1

cha ine to an ient iF inr hash tablP. If i is so, t1 n

when a var ia cel l is to be rptu rr ! to f re stD ra e, the n

hash-table chi must e patcp.

Thr various act ions of t is oxw :l a m i At ll r

t r i -nrere by a b it in the t" Wat oF ccl Is of zy e

va riahl e. W if F i ec alout 1V i th is so rt of

appl ication-dependent info raat ion to the 1 is t -p rocess in::

routines may he offset by the ar uments of Sect ion j bclou.
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,. 1on-Tecu rs ive Li st -cann in:

In some cnv I ro n rn ts, it 'nill ' sctono ical to r ir itc

the l st-scanner so as to va i r-cu rs ive calls.

6.1 Local Stach in

If :no ry usa c e as a stach is avai la l , va

recurs ive call of t s 1 st-scanner can ': rA ace ih

" us" operation of tn sointar ar runtt. Thn the

1 st-scanner cde is all s rroi'na 1 l); iai takes

point,rs from the stach unt il t' stac!' is ty

6.2 The Deutsch-'chorr-aita 'l7 rita

If1 a

technique 2'

app r'p r lato.

thC scannIe I

sCan.

of

is not available, e

eutsch, h orr, ri t'ai

The Deut sch-Scho rr-Ja ite ( ) t

1ist its l f:r teno r r 'r r to ra i it r i

6.2.1 The Al o ri t

Cons i,e r a 1 t st ructure cons ist la ( in a rt) of a

rrandlaa rent cel 1 , a a rent cel P, a c c l C. To

scan cel 1 f,_ tho 1 i t canner n s

(1) rt is cred ited to them i' [ . 417.



(a) the type of r, a

(b) the a M ress of L,. an 

(c) an indx whi cY 'ill r e r v-over the orls

of C.

Tke DSU list scanner also reaaners t'1s- *'t-a f- r c.l _.P

!hen the -21 1 i st-scinne r r-tu rns to r- ro C, it Lus t

(a) 1iscard its da ta cone rn in and

(b) rep ace its data concern in y its 'iata

concern ,_ , an,

(c) sonehow rop ace its-a La conc rrn irn 1; f by

the co rresponl in data concern in a 

These data concerning ' are r,trieved fron a rd of

cel 1 P, whe re they n rI r to re I ren the DP scnne r ,as

about to move f ron P down to C. The Lor I used for these

data is s imply that io rd of P contain i r the addres of

S ince the data corce rn irg C a r- hept a I e a ith in the [

p rog ram do r ing o;- ra t ions on C co-nt iiois Lo r-c of rhese

data in P is not essent il. f cou re, these ' 'ta nust he

resto red to P pon retu rn f r-n - befo re they a re

"d isca rded" as sug-estnd j s t abIov .



6.2.2 App l icabi1 it y of the Alorit'm

The DSU scheme nay requi re that a spa re n r , o t too e

p resent in every cell . Th is is so because al thou;;b th roe

data (type, address, ani internal indx) concerning the

g randpa rent cell must ho tenpo ra riy sto rd in the parant

cel 1 , on1y one datum (add ress ) conce rn ir;; the ch il cel1 om

be there to be ovenritten. At best, the chilA ccll will

have been identif ied with two words (type and aliress), an I

the grandparent's internal index will still be homeless.

In practical cases, there are f recuently a faw extra

bits availahle in each cell. It iKht ha noter, moreover,

that the internal index may be r-presentaV1l with as 1 ittlc

as one bit; th is was its S i nn in t'e o r i inal P.3

inl enentat ion.

7. On Suh rout ines and Techn ical Commun icat ion

Kost of the var ious 1 ist- 2re ss in;; techn iues

lescribed above have been iAinente fot use in

algehraic interpreter. The interpret r uses cells of seven

different sizes and about fifty Iifferrnt types. Tb is

paper, instead of he inj wholly devoted to Aiscussion of the

underl ying techniques, might have mo r- conce rne itsel f wliW
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the ro2ul 3r i zan t ion, ca 11 in:;-sdq uncs, r othe r b cK-Vox

etil s.

T! is tec, n i-u -o ri-nted-

v i C.I about t'e 5tate of ro

i st- roces in I las ,n r n

we ro not int r s ted in t

then, afe', nar-c yea rs ;;o,

into rnal techn it~ucs of

oIsc r it

) - ro toiinte rna 1

t:'-ey 7<

fl not ic --

iOn is te resul t of

,\,Ue i , - ry r rv
-n1oi t iont. rU r ive

To'y, the techn ius once use ory ci Lh in

Spec ial ists' flotin-p) i rout in U rC cC le in-i h

everyone. S imila r1 y, 1 i L rocess ig col is today :re

often t i o red than ro off th c2 rc.

The 1 ist in -lovers, no) d.out, 'uld be0 in touch i

th autho r no ettr iat ho i.

AcInow .'csct

The atior is in ter to Pr. J. oses for is

encou ro:etent, to C. t r: I '. Suss nT f r l''ir

covinents onan rly] 'r t, ,. to Prof. Arti r Evans, Jr.,

fo r bri: ing tho r f . rsel 1 an :art in

Richards to the author's attention.
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