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INTRODUCTION

progress In Art'ffhtal In elltgencs
t

haa traditiona IY
t

been
aOcompanled by advances fn s~eo @I ~uwopq prcwammhl tecbn sue? and
langua9e8, VlrtuailY all of this develwment hag been cpoentra$ed
In langurges and system8 orIented to .)lat brooessln& As the efforts
Of Arttflolal Inte'jlleenoe ;es@0fuhers beUan to turn ?;bm PU?OIY
SYmbOllc Problems towaid Interaction with the real
features of algebiajo language8  beoamo de&able, There

wbti’& Oertajn
Ware 8Wehl

attempts(notably LISP2 and FORMULA ALGOL) tb combine the best
features of both kinds of language, At the same tfme, dllal9ners  of
a)0ebraio I an9ua9@8 began to Include feature8 for non-numeifoa!
computation, No new general Purpose language wIthout 8Om0 8Wt Of
list prooe8slnQ fact IltY ha8 been suggested for 8eVOraj yoais, We
have f~llowsd  a tack somewhat d\ffer@nt  from either of these fn ihe
desl9n  Of SAIL and in Its 8Ub8eaUOnt  modfffoatlons,

The rtartlng point fcr the deve l.oQment of SAIL Wa8 the kG39n!red
neeci for a language IncorPOr~th symbolfc and algebraic
eapabiUties, c&marjIy tcr Hand-Eye rwearoh, The $cblems are
somewhat slmllar to those in Computer Graphic8 and one of bs had Just
developed a language, LEAP t% fo*
attempt to hOne8tlY eva uate altecnat Ve taohn_oues, we
the assoctative prccee8 ng feature8 0 3

such a ‘PI IOationr',
0

Ahk an
dscldrd that

LEAP were the WaY tb 90 There
a're Important diffei9noe8 between LEAe and the firat SAIL, (Drfmar!lu
In Input-output, string manipulatjon,  and ~molemrntat~on 8 buf: these
differences are nit relevant here, 1% Is essent’fa  IY th 3 system  foit
t h e  PDP-$0 whtch 'is olstributrd bY OCCUS a n d t 8 brlng Used to;
Artlflclal Intelligence and other researoh In a number of
labcratorles,

Thl
s

origlnal SAIL met Our need8 for @bout tWoJ4k.s  bhre. &eauir nB
8ef Ok48 change, then we began to face the* problem o $ tbutt na
together a hand-eye system whloh War, much bigger than tht_available
malt7 memory and which did not lend lt8elf $0 a statlo 0vsr)au
StruWJre, Our solutlbn Involve8 a number of language additions
whfch faollltate the treatment of Job? under the tlme-shaifna syqtem
as a set of oooperat\nO seauentfal orooesse8r and,has b@eo de8crlbed
In WC The three maln addlttons WS$@  I a monftor for ubef control
and -debugging, a shaiad data daoj IkQ and the fntrbduct!on of
mess&V Procedures, The ghared data fro!llCY mpkasuee of .the sscbnd
relccatlon regfster oi- the POP-10 to allow Job8 to aOoeS8 a common
glcbal data area in a natural and effiolent manner, The me8saOe
orocedures are the majn meohanlsm for asynchronous ocmmunlcat~on and
oontrol between Jobs, A message orooedure 18 a drooedurr In bne Job
whtch can be invoked from anothur Job, Cbntrol ln~o~matlon
assoclatrd with the lnvocatton oan Provide the e!fect oi
subrcUtlnes~cOrOUt~nes~para~l~l proce8ses,event8, and a varletY of
other dIscMines, These multf-tasking modfiloatlona to SAIL have
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rnabled re8earCh@r$ tb
?
saomb)e and modify large oolleotlons of Jobs

4th a mlnlmum ambunt o attent‘fop to eystem p;oblemsc

A nuflbq
seoond

of factors ,haVO
set of

faCflItI0s of
maJor modf~f~!~~~n~*":~t  'gAI:y ""';K: ~~'[$~w~~~~~n~

the second SAIL war. ioen
within a single Jbb a s

to,bcl, at lea& 4s usegul .
they we~e

abflitY to arsemble I
bolnt Of faotng On8 0 t

i$e
aoros,pr Jobs, In addTt$n, the

oolleotlbnr of iout!rpq brought ufl ,to ibe
the o$e o@obl~# of Ap$lflo'l?l fntal lgsnoe - -

what Is the right atwuenoe
?
otlo?r for oarrYhg out q g qn taskt

h a Parttlrular  @nV]&Vn8Wt
oooular

Th s $trateW problem 1s ou;jentjY vary
and I8 the drfCI!ng forge behlnd rrllin)y. of )t e rpqnt

develoDment fn langurgeg fbr Attlfitbf I 1n~ell~#onoo, Obi,v ow of the
problem is somewhat unbrthodox anal ms ! Its some dlsouuslbn,

Problem 8
fraught

lvlns foi an entity wbloh deals with the rrai ,&Id 1s
wP th uncertafnty,,  thr #tats of We wOrld gqn not ,sqrrumed tp

be known - \n fact, one of the maln goab of i 8tWcrg qwat br to
galn enough informatibn to oarry out

t
'he task, Ap .

arWs In resout~e --iilboatlonr  even f an exh#u$t va aQarch oi {het
dd!t!oa&i r;'rob'l'em

envfronment will yield a solution, !t may not dO+so
~o9to Consfdsratbns  bf thfs sort !

t an aoqptable
cause u3 bra V 9w ,*tp 3) ratsay

Problem as inherently involving numsrioal estfmatas bf plobabi ltles,P
OOsts# etc @ A comolete dlsoussion of thesrr l.ssuo# 18. beybnd she
scope  of thls paps; but the recant SAIL mbdlfloattbns
tnfluenced by our modil of the stcatew dioblrm,

have baen

i/r reoent language work
Programs for

has b en
the oonstruct on0

intended to fro\1 tat@. the design
and exeoution o I strategies for

lnteractlon 4th the ;sal world, The taoll:It\es ape help
B

a$pi'ted tb
other problemsr but we will oonoentrate
However the language deglgn

on the? or pInal theme,
effort W&S oonoerned with rxBand!ng ihe

power of SAIL as a general ouropse lai;iQuaOa a8 oddbred ii6 drveloPha
8 9Peclal purpose sysiem, one orttloal deq!gr! oon&aln$ was that ihe
features not ontail large hldden overbadq or w&eo/rbt, dsgrade ihe
Rerformencs of Prog;ams not maklng use of vthm, wo, belL eve we hR?e
found a set Of features whjoh m e e t  oup d@sl&n Qdb, the ma or
addltlons aret ba&raokln& proOedyr0 vai ableu,0 Jmatah no
PrOCedUres, and a general multl+asklng  f@ofl~tY,

STAlE:SAVING AND BACKUP

In order to try seve& dfffwent alt rnatlve qtgnt gles fi 1s .
neaesssry to SaV8 the ourront  state 0 t the oomvUtat t
fjrst attempt does not suooeedr We mu “baok UP

on, .thvrr, if h
ffeg

of the
other alternatlves',  We may rlsp suitoh

'Lend try gn?
betwean rltrpatlyes,

oontlnufng wlth on0 only unttl It no IongeC soem ihr moat Ii~omIslng~
but r@talnlng the bpiion of rssumtng .lt Irfar If the, oth8r
alternst?ves do not o;ove to be 8atbdactorY,  Another tochnlaue used



In prosrammIng non? qete~mlnlst~c algorithms 8 parallel PrOcbss~9r will
be dlsouased later tn thts pap+

~~nt~~:e:~?~~~~m~~:at* of a SAIL oimoutatton fnoludes ihe ouirant
the input and outout whloh have been tscluestsd,

the contents of thk LEAP assocfatbe  store and the confe& ,:of all
variables, New SAIL has features whfoh will hold handle the last of
these componentst the aontants of vailables,

We n;i;;lly do not want to have the v 1~0s of all vrrrl
up'@ we swltoh batwesn altecnrt ves,0 One reason ?

alternative to oommunloate ocbrta

bl:i,;"a krs -
3 9't s

often useful for On9 I n ~ieoas of
InformatIon It has acgufred t o  tM@ other altsrnatfves, This
InformatIon 1s usuajly saved fn oertaln vaglables, If we baqkud thbsq
vatfables, we lose the jnformatfon, AhOther roaaon for nbt backihg-uo
all VarIablea 1s that often only a small subso* w\lI have meanlnq @o;
more than a stng/o qliarnatfvr, and It h wry costly  io baok ud
IaWJ amounts of data whtoh may jot ba ;alevant fir the other
altern4tIve9, The;eiaie We h a v e  fnplsmrntrd  ~4~s d supdnb ihe
values of specIff-e ve;\ab(es and then restoring them at a 'iatei time,

their values,

we save the contents bf varIablea by means Of REMMBER statem@Mb

REMEMBER hJ,rC33) IN rcontsxtl1

This Sta;wwat ljould
oontext

save the In ihe
cOntWtlT If

values f I J )) a C 3 3 ff
any 0 ? t;l,;; I(V1I;iableq had been

brevlously saved fn "contexW% tba old values Would b4 loit,

An alternate form oi the REMEMBER stafement Is;
e REMEMBER ALL IN oontoxtil
The current value 0i each varfable whloh harr bosn iemembared in
"context1 1) would reolace the ~41~4 that was DrclviouslY &c&d ihere,

TheIREsTORE  statement a)30 has two forms, The first has an argument-
I ista

RESTORE (J,aC33) FROM contextll

the apbopriate  variables,



The other form of the RESTORE statwnwt 1st

RESTORE ALL FROM conte%tI

This woul
t! I

estate the
named con ex ,

oontents of all variables ‘saved wlthin the
. .

These new fea ures seem to provide the most Important
tstate-saving w thout the large overhead imposed bY

lepres oP,

0; tnoremental
autom t c baokuD

of the entire state state-savfng as impyemented fn
.

some other programming sYstems,
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LEAP

.

SAIL conta'ns a n44sbcr atlvr data a
for syrrbol'o tComputat,ons,
runtlme subroutfnes for
asso~iatlons, . .

l An Itern fs slmflar to a LISP atom* tams may be dWar@d b;.obtained
during eweout'on from a PO01 Of.
Items may be stored in var'ablea (

tams bu uafna the function NOi,

e(erW7ts of lists a)
C#mvars), be mambsrs 01 sttj,.,,,be

be assoofrted together to form tr Plear ~ass~datbns)  w'thfn the assoddh!@ store,

A set '8 an unorder d oolleotion of d'stinot items, Items may.be
inserted Into set var able8 by0 "PUT! rtatenents and ramovsd f70m set
variables by "REMOVE" statements set exp;rssions m a y  a('30 be
assfened to set varlabhs, J’hs s mtilest setI e%dros8f'on Is o+ the
form!

(rternl, Item28 km3 00 1

wh'ch represents ihe set oonslstln of the denoted iiems, Mbie
oomplioated set eicc+sslons InvolvI'no et
subtractton and fnterseot'on  are also t d@d’,

funttlona, ,sgt union,
ProV Sat;8 arc) stor,@y in a

oinonlcal Internal ?oirn whfoh al,lqws us,to oaiiv gut suoh.opera$lhns
4s 'nteraeotlon, un:on and 0omPanlroh In a tfme PrOdOrtlonal to the
lengths of the sets Involved,

Sets are def'o'ent 'n some l ppl'c tlons, though, because they are
Unordered, Thus we could not @asi 11 try dlff'erent 4lternrtlWS in
order of their expected utflfty, To remedy this, as we'l,,ar provide a
meohan'sm for oreation of parameter lists to lnte~cmtlveiu called
Rrac@dUr@s (sea PROCEDURE VARIABLES below), SAILnow oantalns a d&a-
type 081 led "I 'st", A I'fst 1s sfmply &n ordered seauenoa of ltoms An
ttm may aooear more than on08 WI hln‘ a j'at,
'nolude 'nsert'ng 4nd removing SROO~~ I o Item8 frkm a I t

lqtqo+iatfbni
st varfsbls by

Indexed PUT and REMOVE statements, List vai;iablss may 41~0 b e
asstgnsd '1st e%pregsjOns, the s'mp'est  of whfoh fs of the iorml

.
Ult@rnl,  Itemil, Item3 ,,.)I

Triples
oonslder$ 'I

ordered three tUpl@s of items8
T
nd, may thrmse'l'vas be

terns and bocrur Tn sub8esUent assoo at'onr,
to the agsoolatlve s&s by sxeout'ns MAKE statements,

They 4re added
for exrmplrj

MAKE uss 8 plan1 E task11



The three Item GomDofGJnts Of an assocfatlon are raferod to a s  ihe
“attr lbute”, the “ob Jeep, and the t;~olue’* re&wtjvelY,  AssOcTatibns
may be removed from the store by using ERASE statements such asl

ERASE US8 @ Plan1 z AN’fJ .

Each item other than those reDres@dn~  assodatlons  may hay@ a DATUM
whkh  Is a  s c a l a r  0; array of a n y  SAI data-tyde, The data-type  of a
OATUM ray be checked during axeout on, OATUMs are used flu0 as
variables, For examples

i)AT$l(tt) + 5;

would cause the datum of the item @qtf) to be replaced with ?%

SAIL contatng  a oof!?Qlpthe ma r0 faoWtv.whkh allowg
F

suerh  thiags
8s string substitution and oond tlonal COmPilatton,  As 1s the cUs$om
of many SAIL DrOSrWfVlers  1 we wi(I use the macio Vet to stand for the
atrf ng DATUM", Thus the above wamole wauld adDear as1

PROCEDURE VARIABLES

It Is aulte natural tn an In erDret@p to a lo
bragram generated seouenc1es o t aotlons’, This Is':,: ~;;o,:~:~%%,;~
for artlfklal inte'ilTgenc9 aoPlicat\ons and is not sad/h made
avaIla% for compiled programs, In new SAILI the generation of such
secwnces 1s fac!Il&ied by a DrooedUV variable mechanfsm which  fks
in @ita nloely with the assoclath search feature3 of $he language,
These procedure variables are created a t iuntfme from items by
statements of the f&m

M ASSIGNWltem exdressfon>,<orOcedure  soeo!ficatton>)

where

. <DroWdUre soecff!cat!on> :V <procedure  I d >  1
DA~UM(<ptooedure  item eXcw3ssiOn>)

For instance,

ASSfCN(xxx,baz)

would oause the datum bf hem XXX to contain a descrbtfon of baz,
together with a DOfnter to bar’s current environment, Sfm? larlb iha
statement



would cause YYY to be mad8 Into a orooedure Item oontalnfna the same
InformatIon a s that in ix%,

In addItlon to dynamfcail
would also llke a conven ent way to dvnam!oallu sdeoT

awo~fyl~g what prorr@du;e
t 7~

exeouio, bns
an argument

list f0r a OroOSdu;S call, Thlr faalllts, is Prodded by thr APPLY
meohsnIsmr

APpLYMrooedu;e aoec~~loat)on),Cargumrne  1istW

whsrs (argument 11si > Ia any SAIL list and
sroosdure has no poramstsrse For sxamDl@,

may bs omftted i f  the

APPLYUoo)
AppLY(afxxx],listi)
ApPly(~(APPLy(~yy)~,((x,y,%~~~

APPLY t h e  jjsms In t h e  argument Ifat, togsthei2 wb? <he
snvlron%! Informat\&n from the proocrdure km (or irom $hs qurynt
snv I ronrrsnt, 1f ‘thf procedute 1s named e#dJioltW to,_make t h e
aporoprlate Procedure call, if th@ oall@d oroosdurs DrOdUOeS a
value) that value w'il} bs rsturnsd as the vaIue of APPLY,

Prooedure Items oe;mlt a great deal of f/exfbilttY, FoF ln6tanoe,
the user can say th‘fngs like

FOREACH x 1 x+actjons A usesx3fastenlna do
BEGIN
APPLY(a(xlL((boardl,board2)))1
IF tog,thsr(boardl,boasdZ) THeN GO ?O dbneitt
END!

doneltt

This would searoh ihs sat "a0
been asserted to bs UsSfUl for !

f0rW for ny qp*soaedurrs w
astoning thtngS [OgSthSr unt P

'teh have
I sfthet

Ohs Ilst 1s exhausted 6'; ths task is sucOSS8fUllY 8OmOlStSd’.

MULTIPLE PROCESSES

The control structub of SAIL was o&\nallY ve;y,muoh like 4hat o?
Ale01 60 -- t h a t  1s to say  b l o c k  struotured r(nd brooedurg brWentsd.t
Although this struoiuie 1s adsauate for many p~OblrmS, there are &me
68383 In whloh ii Is unoomfortab(Y r?strloifv@, fn hand-sre
aOPl10atlon3r for Instanoe, thepe (ire freauently modul@s bf obde
whtch are more or less mutually Indedrndent bui that wish to all On
sach Other for var TouS 9esv1oe3, StmflarlY, one may w $h ta9
investigate several pos$ibi@ stratWh8 at one@, with the tesults of
ens comoutatlon o9;hads tnfluenoing the oou~se oi othe;s; In such



ba9esr it is much more  natural to thlrik of (and wrhe)
!ndependent

thasq modups
a3 CO"rO"tlneS or ProOesses rather t h a n  ,ps nested
Procedure oal Is, to some extent, message p;ooedures orovtded  t h e
deslr8d facilitbs, with each Job aCthI as a s8Daiat8 D~oO8ss~ This
3olutiDn has SOIll iather s e v e r e  &awbacks,  stnoe the overhead
inVolWd I n  3wltChhJ oontrol from Process t o  proOeQs a n d  fn
fnterproce3S communfcatfon Ia so high that close lnteraotlbn  beCOm8s
Pr0hlbftlvQ)y Qxpens!vQ, One of o u r  goal8 In orovidlng  new oont;ol
faCttltt8$ Was t0 make Possible th8 close cooderat!on of many small
to mQdlum sized Drocesses w’tthin  a Awle Job whhout lm6osfng an
8XOQ3Sh8 overhead efther 0 PrOcsdural PrboFams Or on
users Of the shiny new nil this, W8 w a n t e d t o  retah
th3 block structure rule3 Of Alool, shCe th838 rUiQs ipQ p8n8 ally
famlliar to Drogrammers and DroVlde a useful means ot det8hI nlns'r
which data 1s to be shaied,

malntafned  for that ourpose h the stack, When a mocedura 1s to be
called a s  an 1 ndeoendent ~rocess~ a “DrOC3s3~ routine first gets
space for a new stack, It then sets UP approartate Process gontiol
variables fn the new staok area anti In the Qa;8ntqv, Flnal)'~, ihe
ProcQdurQ IS fnvoked uSlng the new stack, when thls p;ooedure 1s
entered, 1 t wll I set up Its statlc IInk bu looking baok along ihQ
static c h a i n  o f  the callb process unttI it finds an aciivatfon of
It3 Pxlcal parent, Thus, different prowsse3 WI I I' hai8 data
belongIng  to their common ancestocs,

Mana of the applications whkh we have conside&d do not p3rmft us t o
Predict Just how many SUbPrOGesSQS a Drocess might wish to sOaWn 3f
reoulrQ that seve;a I DrOO85383  be Instantiated using the same
br,ocQdurQ on dlffeient data8 ThBf8fOr3, we have chosen to “nanem
PrOCeS30S by assianhg them to LEAF ttem3, rather Wan bu usfna
procedure names or some soc)cla( d a t a tYDe c a l l e d “ProcQs3f’, This
approaoh has the added advantage of al lowlng complex 3t;uCtUrQs Of
DrDceSS83  to be bufjt up Using the mechanbms of L E A P , New drOCeSs8s
are c&ated by statements af t;he form1

SPROUT(<ltQm expresslon>,<PrOc3durQ  callh<oatlons>)

where the item sp3ci/Ied  by <Item expression>
BrOCeSS name, the <&OcedUr8 call> tQ(Is what thls process is

1s to be used ;; ;;e

and (oPtIons> IS 8n Integer which fS u s e d  t0 SDSCffy hsw certai:,
ProCQsS attrlbutes  ate to b8 set UP, (If the <ostfons> i3arametQr  fs
omItted or onl,v 5artfat lY spsclfiedr SAIL WI 1 I pcov!da defadt

9.



vah8sL For Instan e, a procredurs ta nail twb board8 together mtuht
00ntaln 6~ 3ewmoe I 0 ke

iTEM pLp2,03;
t . .

4PROUT(pl,gjab(hlndl,h~mm~r)It
SPROUT(p2,Qjab(hand2,nal  IF11
SPROUT(~3,lookat(tvl,boards))t
t

JOIN((olrp2,~3))I
ooundfhamme ;,nail,boards)b

In this case I Orab(handlrh;$Wr)
otab(hand2,nall)

would bcr rieoy$@d a8
exeoat@d as

&Qo,SS ii,
would P~ODfmS

lookat(tvl,board8).  would be eneoutod a s  pibolrsr 03,
02 8, and

oreatlng them oontfnuas on its way down
The DpOOOSS

to th@ JOIN siatement, In
Beneralr

JOINMset>)

OausQ the process @ieOuting it to be auupsnded untlt all ihs
DrOc~s~es named lpy the <dot> have bimfnrt@d, ThUS
pound(hammer,?all,bbards)  will n o t  be polled until ~1, h and 03
have all tsrmlnated, 10 our WafnPlo~ both SPRQUT(rd ~rotl)s~e~ nnd {he
Qdglnal ~rooesa Would the6rdoa~lly fun, in oa~,al(el, I n  fact, this
Is not Dosrrlble with a &We, pfooo3gor, InrrWrd, th(b SAi iuntlms
system lnoludes a ro~sdul@r that daolde8 vlJ!'Oh pioorss t s to be
Oxecuted at rny given Instant, Eaoh droosss 18 &en a p~kltu and
time quantum and may be in one of toui srtatrsi 6mdng~,  flr8adY~q
(l,r, runnablo), Qu8d@nd@dH, or ?ts;m(nqtod", Thq schadul@r, which
1-s Invoked either by p olook !nWrrgr@f or lqy rn ?polfc\t.cll by the
&Vh Uses a simple round robin a)iaor]thm to djstr\but@ 88rV co ambnst
the highest orior!ty ieady pr&1)888sn

When-a proo@ss is SpRoUTrd, th@ 8Yatrm  asdQn8.k
~rloilt~ and

standard defauli
unlsss ths User SP@O fl@s0 otherwire by

sp0rfWrlate opttons,t'me auant$ SPROUTdd'.p;oors8 ugyrllY. broomss $he
running orooess, while ih8 SPROUT[ng brooass &WvC8 to badY status,
Unle8s some other odt!on 1s rWoff.led, For lngt(Lnee,  suddbso ~8 hcve
some prooedure
at randOll! for

flWand#r" whjch aeatmhe8 a d@t# b@8* ok tha mW~;[ ~;~I~
pOt8ntl~lIY  USdUl ob~Qct8. th0n we t

something liker
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fhe Current Process would oontlnue to and
IanwIsh In
suspended,

,eadY status until everytkik of': iherf
Wandered would

DrIO;Ity had been

P~OC~SSOS may be susoended or terminated vla .

SUSPEND(<process  lt8m exDcsssjon>)

and

TERMINATEfCDrocess  Item 8xpr@ss!on>)

which do just what qne mleiht exDect, Stmt iarly, SAIL PrbvId8s sYsiem
functlDrs f o r  changing  g prOo@ss’S prfOrftY Ot Quantum,

Co-pJttne StY 18 jnts~aotlans are facllltated by the use of the
RESUME construct:

%*RESUME((.D;OOOS~  ltsm expresslon>,Creturn  value>,<odtions>1
Where Coptlons> 1s aoajn oPtIonal, The usual 8fht of RESUME Is ta
baUs@ the curr8ntlY running Drooess to b e  susdended a n dthe DrDcys
SDec!fled by <DrOCeSs item exoresslon> to beokme runn!ng, If the
Prwess b8ln9 rsgumad had sUsa8nd86 itself by means of a resume
statement, then lt will receive <return Yalue> a s  the va(uo of' iha
RESuME, For Instance,

PROCEDURE tbo'l,getter(fTEMVAR tool,tYPe)l
BEGIN
ITEMVAR tool1
FOREACH tooI 1 tooI 6 tOOl,bOx h tYPe@tooiztool:tYoe  DO

RESUME(CALLER(tH1S,PRocESS),too()l
ENDI

a
~RROUTctocNEU,tool gstterfscrewdrlver),SUSREND,HfM)
DO 3dcRESUME(to,NIt) UNTIL f\t3(3d,sCr8Wl)r

TERMINATEftg);
* :

In this case, the tool g8tter DroO8ss "tg*'  ~11 I b8 inftla ised and
lmmedlately suspended, Then, the RESUMEGtu,NfC) will wake t t UD+tD *
find one sor8Wdrl&, wh'tch Will be assigned to ltemvar Qd" bY the
RES~ME(CALL~R(THIS,pRCCESS),tool), (THIS-PROCESS and
~ALLER(<orocld>) are syst8m 3uPDlled routkves that return ih? firocess
Iterrs for the GUrr8ntlY running process and for: the prooesg that last
awakvVd proc833 <D;o&>, r83P8PtiV8(Y,)  Later on, W8 Wll] dtgcus? a
somewhat cleaner solutfon, u3fng matohlno DrOoedUres, to the Droblem



usw for this Illys r
,ommuni,atlon fa,il t 8 offt

t’fon, We will also show how the, htsrdtooass

8
th;B langpge may be used to handle the

nroblem of what to do f tool,getter  fun8 out bf tOOlJ,

FOREACH STATEMENTS

The standard way of srarohh the “LEAP assbolattve rtbrn Is the
FOREACH etatement, A FOREACH statement conskts of a 'tbjndk I fgt"
of ttemvars, an V@assoclatlVe oonte,xt 1) and a statement to be iterated,
Consider the followfng example,

FOREACH gDID)c I pqrr)nt @ c S D 4 parent l d 3 ad DO
MAKE grandoarent 0 G Et go/

In this example tha, bfnding-lfst cons'lstr of the tcemvars '(PD'% ?k
" c " 8 The associative obntsxt consists of two ~*el8ment!V~ Qarent 2 c
E pff, and "oarwit a D 3 gp", The strtemsnt tb be iterated ts the
MAKE st.atement,

Ipltlallu all three 'ftemvais ace ?unboundr( That Is, theY gre
considered to have--ho ltsrn value, Sfnoe rc~t’ and *'ow are unbbund, the
e(err.ent “parent @ c 3 p” represents &n assodath aearoh', The LEAP
Interpreter is tnstiugted to look for t&lea oontatnlna q@darrnt'* as
their attrlbute On fIndIn such a trfOl,s, the fnterpreie; assians
the obJect and' value c0mnPonents t‘o '1 0 *' and ‘1 p w rQ&eotfvtlY, We
coirtinue to the next plemrnt "parent 9 P Z gpv’,  In this elemp$ therq
IS onlY one unbound ltemvarr 'vgpvf,b!f 1s not unbound evan though ft
Is in the binding llsi beoause It was bound by a preoedfng el'eme&
A search is made io; iilples with Var(IntP a$ th@lr a$tr,‘fb,tr  and the
current bindfns for Vrp" a s If sych a triple.. 1,s found,
Its value comc3onent Is

their ob!;.I;,
bound to and the MAKE stapment fs

executed, After eiecutton of the MAKE staCsment, the LgAFJ
Interpreter will f’back upVt and attemC)t to fhd another biqdkN for
WgPo and then eXe&e the MAKE statam(lnt agaIn', When the nte&e&
falls to find anothpr b'tndlng, fft basks UP to the areosd nQ rlment
and trYs to find Other bindings for vl~O and WV, Ffnal IY when all
triples matoh!ng the Pattern of the first elqmrnt have been tried,
the executfon  of the FOREACH statement 1s oomplete,

Sn old SAIL, FOREACH e,lements oond ted of dth@k
B

tr\dle.searchssr
set mWbershtp, or boolean 8XDress on@ not deoOndant on unbound
l&4rWirs, Only tr'fole gearohes and
bind an unbound lt@mvar,

set mrmbrrshld wera al lbwed tb

New S IL
mote We,%

oontal s 4 new way of b nd n
Procedure

whfch
4 making

may have Z8rO
Is L!en/'KTlPi:  “W~~a~%~~~~~~~~

or more BINDIlYG(wr tten as
formal prramaters, these Parameters are not neoessaillu bbund at thi
the the procedure is called, If the Procedure oannot !fnd blndings
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for its unbound BINDING parameters, it FAIL
I

causing
interpreter to baok up to the preVloUs element w ihln the

the l. AP
asioojat veF

context  o f the FOREACH, ff it SUCCEEDs, b'lndlnas for Che unbound
Parameters will be returned, The matching prooedure Is aotuallv
SPROUTed  a s a GoroutVne DfOC@ws, ..SUCCEED and FAIL are essentla'lly  .
forms Of RESUME which &urn oontrol to the oaller with the values
TRUE and FALSE respeotlvely, FAIL also causes the matohlno prooedure
brocesa to be TERMINATEd, When tbe
,,baokui% it 1s merely RESUMEd, Thus,

matohho procedure 1s called by .
the antlie envfronment fn te;ms

of the procedure's local variables, staok, etc., is the same 8s when
the Procedure executed the previous a~ccessful  beturn,
DrOcedWe fMY contfnue from ttje point at whloh :t

'"y,;:"o;;;g

Seneratfng  new bindIngs fop Its unbound oarameiers, In many r@sDsatk
matching  prooedures a;e similar to the IPI.+ ,q enerators,,

P
whloh have

apoeared fn varied io;ms in other Problem-solv na languagee,

TO aid in the
determine If

bin
8’
fna ODeratIons we have

a 3DeC fio parameter le unbound
drovided. dredlcatestb
for this urtl of the

procedure, We also have introduos a new form of the FOREACH statement
which oonditionai'ly adds ltemvars to Its binding list, cbns 'f de; <he
the foilowing example of the new formt.

The binding Ii
were unbound, st P

f the FOREACH Woul
m IarlY f t wou 1 d eon af~‘~~~~ I “~~p”1:~ ofIyt,t~~  1”‘gfgi::

were unbound, fThe action of the match'ng Proced%e  1s to f'lnd a &of
if the tool Is unknown but the type Ia knownt find the Woe if ihe
toal is k n o w n but the type i s  n o t ;  verify that the tobl 1s o f  the
reaulrsd type If both are known1 or search through the
return tool,tool,~Yos oalrs If neither tool nor type 1s

t&box and
known, The

actual semantics fs determined by which, If skhar, of the parameters
are bound,

Unfortunately in general, matchfng procedures with more than a single
cmtentlall~ unbound parameter are not so easy to code, The user may -
have to DrOVtde UP to 29N different code secauenoes to handle Che
various aombinations of N BINDING Itemvars,

TO illustrate one class
consider the follow'fng

of uses of
Droblem,

m tch’fns
We we 9 t

Prooedu;es I et .,UB
ven a set of erube shaoad

b(ocks of varying sites and are reaussted to hick a subset of ihe
blocks such that when stacked they 4ii form a tower of a &en
height, Assume that we wfll represent a cube bY an item whose datum
is the hefsht of the cube, We may easl IY solve this droblem by usIns
a recursive proceduks ,,findl,,,



RECURSIVE BOOLEAN PROCEDURE find1 (SET bsot, INTEGER dlif!
REFERENCE SET arm);

BEGIN INTEGER ITEMVAR newb;
FOREACH newb 1 newb 6 bset A (Qfnewb) 5 diff) 00

IF (a(newb)  1 diff) v findl(bsatl(newb)rdt~f-~~~ewb),ans)
THEN BEGIN PUT newb IN"answerjREtURN(TRUE) END;

RETURN(FALSE)I
END;

However,  now let us consider a siiahtjy differant problem, Suppose we
wish to simUitg$teoUs(y  bUtId two tOWni; from 8 8hQi@ @‘Q;t Of

P
i?okst

Calling fff'indlq* twice, first with the enth arst of blocks or ior
the first tower 1 then with the

5
emafnh blocks fb; the se&d, wfll

not work, Though there  gay 8% at many possl~l~  rubsats whioh wli i
four the flrat tower, rrfindlff wi 1.1 always return the sync
though it is possfbje to conatruet the secrond tower

one epn
bnlY If a

diffepte subset bf the blocks were chosen 6 the first t&h FOG
exempie, if the set ai blooks consisted of sizes 1, 4, and 5 and wq
were to construct tbwers of heights 5 and 4, flhdlp9 Would oonatruct
the first tower using biooks 1 and 4 and thus be unable tb oonstruct
the seaond tower,

NOW let US see how we quid use matoh'fng prOCe@Ures to iw,;oome this
or'oble% Let us wr:te the matching piocedure t0 SOiW a slnaie towe;
problem Cl3,

MATCHING PROCEDURE fjnd2 (SET trsetk INTEGER height;
3 SET ITEMVAR arWr

BEGIN
RECURSIVE PROCEDURE aux (SET 311 INTEGER diff)t
BEGIN INTEGER ITEWAR new 1

FOREACH  nQWb 1 newb 6 S ! h (Oh@wb+ s diff) DO
M BEGIN PUT newb IN Uans)i

IF (a(hewb) II djffj THEN SUCCEED
ELSE ~ux(gi-(newb),d~f~~a~newb~);

REMOVE newb FROM b(ans);
ENDI

FNO I

ans + NEW(O)1 COMMENT new item, The empty set is datum
aux(bset,height);
FAIL;

END!

TO aall the
statement:

matching prooedure We would aimPlY have a FOREACH
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FOREACH ans 1 find (biook @t&@[ght,@ns)  D O
or ntsetf7 iz (an8HS

ThlS is oleariY eaujvalent to the solution given abave tbi qqfindi.",
However now Oonslder the two towec..0asetl

FOREACH a slrans2 1 ffnd2(blockse ,heiohtLanslM
fPnd2(bloFkJet=a(ansI),h~  ghtLnns2)t DO

printsets(s(ansl),s(ans2))1

This will find a golutlon If any sxi
Solution to the first tower, it ia 9

ts, because if after finding a
i!)PosSibie t0 find solution to

the Second Droblem, we backuo and ffnd a different s&Ton to thd
first tower and then try the Seoond again,

An interesting bettieen the Programs for
V I nd2”

distinctton
maY be found, Notice that VkdY only returns to

rlf J ndt” and
its Gal IV

after Vnw~ ndi ng'@ the reoursion, thus allowing the answer set to be
constructed as the ;e&slon Is being Vnwound v within a ~ucoessful
call, with *IfI na'p, however, the prooedure may n;@turnff 0; suocaeql
while It Is sttll deeoly nested in recursion and thus the answer set
must be constructed before the next reourstve call of gVaux~~ 1s made,

We ewfslon that matching
relattOnsr serV0 a s

P
0
rooedu w~!B~~I,$ u ad to- slmulatgy:

enera 0rs 0 F 8 rat@gieSfl as!i
slffp!y ald In the o&d ng of comDleX assoolativa cOnteXts,

INTERPHOCESS  COMMUNICATION

Ql
comPllcated systems 3uch a s  t h e

ere are maw GooPerath  Processes ~b%~o,r:' ;::dw5;~d $~/+m~ow;;6:
a mechanism py whfch an OcOurrenoe in one prooess can In? lueoce ihe
flow of oontrol In o ther PrOoeSseS, Such ocouknces frma&ti'Y fail
Into several bask gr0UPsr with OerhaPs sOmo distingufshfna
Jnformatfon associated with each oricurrence ot a given tyde, In
aesignlng interorocess communication tacilitles for SAIL we wanted to
make it easy for the user to distlngufsh among happening8 bf the same
general type and to define for himself Just how each tYo@ 1s to be
handed, We have chosen an Wvent" mechanfsm which is pailv 5
fairly general message DrooeSSor, Any I tern may be used as an “event  ’
not Ice", or message, and each tYDe  O f event fn a d;oQr~m 'ts
reDresented  by an item, With eaoh Such event tyw, SAIL asSociat@s:

1, A "notIc QU@Ue" of
type,

items which have been VaugedqV for this event

2, A "kaft queue" of brocesses which are waiting for an event of this
type #

3, Procedures far TanTbulating the ~8~8s~



The two essentla) act'fons asmclated wlth any event type a;e

CAUSEMevent  type>,<notfoe kern >,<optlons>)
and

INTERROGATE(<event type>doptions>)  ..

where, as elsewhere, (optfans> may be left out if the de?auti case IS
desired, L

The statement

CAUSE(typel,ntc)

would cause SAIL to look at the watt cwue for tYm1, If.),hs quaua
fS mPtY# then " n t c " would be put into tYPel's notice queue,
otherwise, a Process wou I d be removed from the Walt auQUa and
reactivated, wtth "ntc" ag the awaked Item,

If a process executes the statemsnt

then We first Itern \n the notfce aueu0 for ~Ypell. would b iemoyed
fror the queue and assigned to itemvar Itmv, If the queue t s emfeY,
then itrv WuJd be set to the s~acfal item NIc, If a Drbcess wants
to bait for an event of a given type, it may do so, as In

tn this case, tf the notIce aueue is empty, then the prooess will be
suspended and put onto the wait Queue for typelr

SiW larlyr

causes the event notice to be retained in thQ notiue Weue for tYPr1,

T& w e n t mechanysm should prove uscaful i n
apWcatlons in whjch orocesses  are sprouted to

prebl$m folvhs
constder di ferent

actions, An !9 0 r 1) node in a goal Veer for example, might be
represented by

t
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SPROUT(p3,screw(suc0~vt,boards))r
wlnne *INTERROGATE{
FOREAEH p 1

UcwtdAIVi
PC(P%RP 1 ,p3) A P#vinnQ; DO TERMINATE(p);

When a branch discovers that It has QucceQdQd, 12: c a n exaouta 8
statement IIke

which hould
7
nnounce

less sUcoess UI
success and CausQ

brothers.
fts Parent t0 te;mfnatQ Its

lZZ;n;i give us
made to

a meaps by which some disooveiy ade by bn0 dro
Vnstick" some othet process wh ch hasT gotten 'i

z3;

trouble, Lets consider our tool getter again,

PROCEDURE tool,gsttQr(lTEMVAR tool,tYv)l
BEGIN
ITEMv4-P too 1 I
FOREACH tool 1 tOol~tOOibO% * tYPQQtOO/%oOltYPI 00

RESUflE(cALLER(THIS PROCESS)rtooOl
DO toolqNTERROGATE(tEol-found,WAIT)

UNTIL tYPe*too(~tbo(,tYPel
RESUME(CALLER(THIS,PRocESS),tool)i
END;

E f the F RCA Hhen too P 1
gt

,ge ter wtt
ement fail8 to ft
I be suspended un F?

a tool, of the coirQ& the.
I gomo grocess aau80s an evsni

of type tool-found, using the an ttem reo~qsentine tool as the event
notice, Suppose that our proo00s "wanderer" h@s iTnally gatten @
chance to run (Wgrything of higher Dr!or!tY be!nS stuck) and that ft
does, In fact, Stumble across a sorQwdr\Ver, which it knows to be a
kina of tool, It mfght then do somethlna like

GAKE typeQthfngfscrQwdrfveri
P UT thing IN tobl,boxi
c~USE(tool,found,thlng,TELL,EVERY~NE~DONTSAVE~~
:

This would cause evgry prooe s w a i t  ng o n
s I

the.0
be awakened, (If no DroCO93 s Walt boll the not ce will7

ent Yoo.l-jOurW tb
ng$ bQ saved

on the notlca aueue,) Thts Would wake up whomever called taol,Wtter,
which Would then see If lt oan use the "?hIng,f,

17



to waft for an 00 u&nce withln a Qlvrn set of events,
work very well, $ 'i

this doesn't;
nCB an attcsmot to wait  for on8 event tYDe wtll keep

the other types from befng seen, Therefore, SAIL allows a process to
ask about a get or lfst of event types d!r@ctly, a3 fn

used, hOpOSe the 8tatemWt

eata~t o ii;m %otfc% Whloh was caused ae an event ofreturns t ge
as Its va 148 D Then 08

EVENT-~YeEonotf~~~atastropho will be made by the system,
assoclnt onY

Thus
some h "n: 7t P N

eto D-r&am an "and w node wIthin drboess "fooff m?ght be

~PROUT(Dn,lookat(tvl,boards,suoevt~fa~tevt))~
FOR I c i STEP 1 until n DO

BEGIN
p~INTERROCATE(((faflevt,suoevt)),WAIT)I
IF EVENT~TYPE.pZfailevt  THEN

BEGIN
MAKE fal lur8~GauSe@flOo~bl
FOREACH p t D * ((I&p2 ,,,,,Dnl) DO TERMINATE(DH
CAUSE(fOos,fallure-eventrtoo);
SUSPEND(fool;
END;

END;
CAUSEV'oos-successyent~foo)t

Werer it Is assumed that eaoh prooess is tg take
makIng “1 If0 Or death,' declslons resuardlng  a n y

W?DObs'fb'f lltY io;
subarotesses,  An

SoOn Ias one of the 'pf reports falluih foo will termfna&
qpchj i drent' (whose amolnted
Own fal(Urs, f

asks hap become Dqlnt!eW
pll Its

and sUsDend ftss f,
reDOFt its

If alI the pi redort suocess~ then
fo0 Will do likewise,

Events ray be used together wlth m
t
tohfno Droc8du;es to do,dbfer;ed

updating, as ts shOwi? by the follow ng examph#,  A matah~ng Drocedure
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may want to make SOme ohanoe to the data base only If the ;est of the
ass0clatlve conte><t ot the FOREACW succeeds. A a!mdle w@Y of
ImcMm~ntlng this Is to have the mrtoh/no prooOdu;e spawn a drocess *
which will do the uddatfng, thf
the @vent ~111 only be oausrd 3

prbo@es wl II go into eveni Walt, and
f the entfre assoclatiV0 &tent Ot

the FfJREACH sucoe@da, Conefder the fcllowlng gut it-by-assootatlcp .
Prcgram, For each member of the ausDOct li8tr We fih3t 8ee If, He fs
really undesirable by checkln
enough rr:oney to b&!be us we y 'I

his bmnk account, If he diern'jt have
II put another blaokmaik fn $hF file of

,

anyone who has any apsbolatlon with him, unless that derscn's 0nlY
assoclatlon wfth his IS as an informer (In wh\oh caw thr itnk will> be given a Vegat~ve~~ black mark). )Jhen a perrron gets 5 bi'ack m&k8
he then becomes a SU3D8Cte

SET badguYs; LIST sU3DeCti
MATCHING PROCEDURE llnkod(BlNDINC  IWWAR i)J
BEGIN

PROCEDU RE UPDATEl
BEGIN INTEE'ER ITEWAR y,fI
WHILE TRUE DO
BEGIN fcINTERROGATE(l~nk~dakrllAlt)l

PUT x IN badguYs
Q(f)-8(f)-21
FOREACH y 1 ANY l X E Y DD
BEGIN Q(y)-@(y) + 1;

IF a ( y )  L 5 T H E N  P U T  Y I N  SUSDect  AFTER  -1

END;
END)

END1

I TEMV4R
t*NEWl S bk OUT(t,uDdatO)l
FOREACH x 1 it 6 SlJSD@Dt 00

e SUCCEED;
TERMINATE(z);
FAIL;

END;

COMMENT main pr&oedur@  ewecutlcnj
FOREACH DerSOnr fink 1 IInk~d~DB~8Onl~~Wb(llth~d~~80~~<~'b~S~

b tnforms&s;sonSflnk DO
BEGIN CAUSE(linkedok,flnk)I



Thls slmpp axample dbes of tour~e not reallY 6eou!~o e!thst matoh~ns
oroc@dur@s or the event meoh4nfsm

t
0 oaudl. the uodctlng, h,ut $hs

technfoue It ttlust;ates should be qu.te valurblo In more oomolloated
situations,

where tybel Is the event typ@ and new~oaus@,&o and n@w,\r&p;oo  ar~
Procsdurs items bound to the sub8tltut@ btoWdur83, These procedutes
will be pun as %tbmJcff operations,  @nd will be al lowtd to fini h
wi tllout InterruWon, In owtlcular, any CAUSE@ or ,ohagoes 7 n
broCW~ status requsstegi by suoh pi Pioo@dura n!il not ayi;W;l,~ tgke
blace Urrtll after the prooedurr eXlt8, Thla nlntekuat 1 turns
out to be quite usgful and perm\ts bnre to wpita lnteriudt handlers
that look at a poilge of some event, do what thW can6 and than
either Just return or else cause rrr event that will trigger abme
StroWer condftIon,

20



..*,.



CONCLUSION

Each of the
mrtlcular

f@ature drsoribed In thfs DaDer was fntended t' 8 I've
Pro

oractlQal  exoer 0
0famm n

B
problems, We have nbt yet had suf 10 entP 0

enae w th the new wrtem $0 say with cri;ialnty  that
thea are the the &hi ones, Tham fs a groat drllrl of work on t h e s e
aroblems In SWttrtRJ laboratorfes and“ new issues are bqltya rafpd
f+auentlY, W@ db feel, howavei, that the ba lo
here WI prove useful and f

-solut:bnr puggestsd
that thaY do s gnllfoantly e%tsnd ihe

caPabIlities of Alabl-l'fk8 languages,

~~~Lt~lgx Pk de&f sd fn this oapo’ was beijva dbna, tbe;e has alsb
luant  ef art at the Stan ord A, J,Lqb to D~O&M a n@w$

LJSP system UJSP 7 0 )  which alao lno udls orovlslbns i%r multidie
DyOCeS~OS, baoktracking,  and other slm !ar featuras',t We ,would llke
to thank the authors bf thla effort, Horqos fnoa,
Oavld Splth for several Interesttrio oonve cratlbns abput
Although the aDDiOaoh they have t a k e n F I
Oursr these talks &6vfdsd us wltb s@Mrrl UsofUl
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