


ABSTRACT

ProgrM« with knowladRa-baicS approachM to tha production of
rallahla aoftwara haa baan alow but Intanaa orar tha laat dacada. Froa
Individual afforta, anvlronaanta hava anargad to aupport thaaa
iDvaatlgatlona with toola for knowladga rapraaantatlon and aaarch.
Fowavar, thla aupport taehnologp thraatana to ba ovartakan aa
Invaatlgatora, largalp Inaplrad bp eognltlva aodala, prafar to work with

multlpla rapraaantatlona of ajatana.

Tha blackboard archltactura offara a miabar of princlplaa for
raaaonlng aaongat aany rapraaantatlona of apatana and night prévida a
franawork In which knowladga-haaad progranning could bo aupportod. A
anltabla Intarpratatlen of tha archltactura wat offar tranaparancp to
coaplox raaaonlng procaaaaa and Include a high-level language for

deacrlblng knowledge. In abort tha archltacture nuat be nade aeceaalble

for appllcatlona In the doealn of programing.

Thin thaaln dencrlhan an object-centrad Intarpretatlon of tha
blackboard architecture for knowledge-haaed progranning. Soliitlona are
developed on blackboarda t deacrlbed aa aaaanblagea of obJacta.
Frogrannlng knowladge for particular appllcatlona and atrateglea for
applplng that knowledge are repraaented aa rulaa In a hlgh-lavel
languaga known aa AFFRAL. Rulaa are thenaalvea objecta and occupp tha
blackboard. Thin Intarpratatlon, anbodlad In tha ENCORES apatan, bringa
tranaparancp with a pravloualp unattalnabla flazlbllltp for englnaaring

progranning knowladge.
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aUPTEl 1.

XNT ItODOCT IOM.

Proiiraa« ara auraly ona of tba aoat coaplax artlfaeta of htiaan
roaacalng. Aa atatlc objaeca tbay aro no nora than logicai axpraaalona t
In axaeutlon tbay alaulata our aantal nodal of tba problan donalo. Tot
tbay oftan fall ua. Our «odala and progroMdng knowladga ara aaldon to
Nax«. Ratbar, aa prograanara, ira do not bava tba «antal appargtua to
managa tha coaplaxlty of larga ayataaa (Pamaa8Sal. Prograaa groa to
bocona Prankonatalna «blcb aa no longor ondaratand, ahoao dotalla va

forgat and which dlaobay oa at «111.

Calla for a «ora aclantlflc or anglnaarling-baaed approach (eg-
(Ranrtkandal 169] . tBuxtonUtandal 170]) led to the aaergence of ''Software
PnglnaariIng” aa a dlaclpllno ablch Includaa natboda to atnictura
aoftaare production [So«norvllla82]. Our «odala of the proble« do«aln
mey be recordad aucclnctly ualng hlgb-leval repreaantatlona and «any
«atboda «ay be a«ployad to refina thaae to prograaa. Roaaaer, fonnl
«ethoda of aatabllahlng prograa correctneaa are In thalr Infancy
[PamaaSSb] . Only axperlance of building alallar ayataaa and extenalva
taatlng [PamaaSSc] giva confldanca our aoftwara producta will work noat
of tha tl«a. The giieat for rallablllty «uat taka new dlractlona If
deaanda for coaiplex, reliable ayataaa to ba applied In araaa aucb aa

bnalnaaa, dafance and aadlclna are to ba net.

Macbanlaatlon of eoftirara production la aaen aa one way forward
[*nIxar731. Tba prograa knowladga we aaploy auccaaafully at the anali

acala algbt ba enployad aechanlcally to conatruct large acalc ayateaa If



paga 2
«a can captura and hamaca ehla knowladga.

Taehnlgoac of knowladga-basad cystatu (ag- theca daacrlbad In

(Rayaa-Reth atalH3]) «ay offer a way forward tewarda aachanlaatlon.
obaarwatlona on the deacin of pregraailng ahould give ua

raaaon to pauaa bafero ruahlng to anglnaar thla knewladga. Tha
teehnlquaa noraally find application In doaalna where knowledge la 111-
atrocturad and Inpliclt (NcwalK*]. The prograioilng dowaln eontalna a
larga body of aspllclt knowledge which la richly atructurad. Aq
progranaera wa bring wall rahaaraad nathoda to bear on problaaa ualng a
variety of abatract rapraaantatlena and notatlenc. Thla organlaatlon

aheold be capturad In tha autoaiatlon of aoftware production.

Thla thaala deacrlbaa an attaiqit to daalgn and InplaMnt toola for
rapraaantlng prograaalng knowledge within a particular organlaatlon
known aa tha blackboard architecture. 1t will be ahown that a aultable
Interpretation of the architecture provldea an organlaatlon well suited
to the doMIn of programing j nany abatract and concrete daacriptlona

of aoftwara ayateu say coeslat and programing knowledge aay be

organlaed around theae.

In thla chapter, we deacrlhe knowledge-baaed programing. Introduce

the blackboard architecture and reveal Ita potential for appllcatlona In

aoftware developaent.
1.1. Knowledge-baaed Programing.

Tha early auccaacaa with Intelligent knowledge-baaed system (I1KB8)
coincided with the realisation that large aoftware ayatens could not be

built reliably ( the so called “software crisis”). Therefore efforts to
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apply IKBF taehnlQuat for tha autoaMtlon of aoftwara prodaetion, partial

or othaiirlaa, baro boon Intanaa aaongat tha raaaarch eoatunlty.

Coneomad with tha raproaontatlon and uaa of apoelallaad problaa”
aolwlns oxpartlao, IfW typically find aolntlona by a procaaa of
“awarch”. Tbo apaclfle problaa and knowladga baaa topathar daflna a *
hypotbotlcal *aaareb traa" orar which thla aaarch la conductad

[HIlaaonSO] -

Tha ala of mat knowladgo-baaod approachaa to protraaalng haa boan
to auppert tha aynthoala of officiant ropraaontatlona of fornai
apaclflcatlonat high-lavai foraallaaa In which aoftwara ayataaa can ba
apaclflod abotractly (LlakovS7111aa7S]. Sona of thaao afforta will ba
daacrlbod along with tholr choaan opacification taehnlqua. Clvon tha
Ilaltod ouccaaa of aarly work In thla flald, tho mat paralatont of
thaaa afforta havo glvan nora attontlon to knowlodga rapraaantatlon
laaooa loading to tha anarganca of knowladga-baaad programing

onvlronaanta.

Thaa a now ganaratlon of aoftwara toola which ancoda knowladga havo
anargad. Such toola ara atlll matly at tha roacarch ataga, hava
IInltad applicability and are raportad to havo varloua dograaa of
auccoaa. Tho outlook howovar la optlnlatlc. Thay fall roughly Into four
catagorloa which wa will call tranafomatlon ayataaa, toola baaad on
form! logica, toola aupporting.tho convantlonal aoftwaro Ilfa-cycla and

knowladga-baaod programing anvlronmnta.
1.1,1 Tranafomatlon Syatana,

Tho rula rapraaantatlon of knowlodga haa bacom popular aaongat tba
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wider ITB8 cewwnnlty and aoon found application In the progran doaaln.
It haa been euggeated that prograaa «ay be generated frow fomal
apaelflcatlona by a aapuenee of mlea, each of which are prowably
correct. Thla approach haa been tenwd “Inferential programing”
(ScharllaMcottM]. Without regard to their correctneaa, a wore nodeat
goal la to find the rulea then forwallae then later. Lanat [Lenat821 haa
pointed out that knowledge Bade explicit for uaa In a knowledge-baaed

ayatan can be atudled and fomallaed to new aclence.

Typical of the rule-baaed approach are ayatena In which the rulea
wbolely tranafomatlona (le. each rule takea one progran fragment
and replacea It with another). The hope la that rulea conatralned to

thla fom nay he prowed yalld If the apeclflcatlon language haa a fomal

aenantlca.

Early work on tranafomatlona denonatrated that functional prograna
could he optInlaed by aelectlre application of tranafomationa
fBuratall«)arllogton77J. The Tl and APE ayttena are typical of the

afforta to tranafom apeclflcatlona to efficient repreaentatlona ao our

attention will be confined to thaae.

The Tranafomatlooal Tnplenentatlon (TI) approach to progranning
t=*1**@eIcl Inwolyea refining and optlnlalng an operational

apeclflcatloo of a ayaten written In a high-level language naned CIST

(Balxereib]. The operational apeclflcatlon technique deflnea an
application In tema of an Initial configuration of ohjecta, their

relatlonahlpa and any conatralnta on their behaviour.

Tranefomatlon rulea are applied In a aewi-autonatlc faahlon In
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that th« pregraMMr aaat eheoaa tha cranaforaatlon to apply and tha
eentast In «bleh to apply It. Earllar contaxta in tha davalopaant
aagoanca can ha choaan trom which point tho prograwwar can axploro

variooa altarnatiTo linaa of raaaoning.

An intaraating raault frop tha inwattigationa with Tl ia that
tcanafonMttiona tend to fall into two catagoriaa according to thair
affact on tho prograw. So callad “high-lawal® tranaforaationa raault in
« larga rafinaaVMnt or optlaiaatloa of tha prograa. Exaaplaa ara changing
a control atroctura froa itaratlya to racuralTa or aarglng a nuabar of
loepa into ona. In contract, "low-layol® tranafomatlona ara uaad to
aaaaaga tha prograa to aaat tha apaclallaad applicability conditlona of
hlgb-lawal tranaforaationa. Exaaplaa of loir-larol tranaforaationa am
eoaautlng two adjacent atataaanta or unfolding naatad blocka.
Conaaquantly, thaaa low-laval tmnaforaatlona wara gatharad into a
aaparata aubayaten known aa a "jlttarlng® ayatoa [FlckaaSO] which would

apply than autoawtlcally.

Tha daalgnara of the Autoaatlc Progranalng Expert (APE) (Bartel
etalAl] aada no pmtence at ualng rulea which were provably correct.
Rowawar, tha goal with thla ayaten waa nore aaibltloua in that algabralc
apaclflcatlon of ayataita warn to fom the input and tranafomationa were
to ba choaan and appllad autowatlcally for tho production of LISP

prograaa.

Tha algebraic apaclflcatlon tachnlqua daflnaa tha propartlaa of
opamtlona by gluing aquatlpna mlatlng thaw, at in tha ublqultoua atack

axawplai

pop(new-atack) < arror
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pop(pu«h(alMNnt,«taek)) “ alaaMnt
whara naw-ataek and puah ara cha "eenatruetor' oparatlona for tha atack
typa, and ara eonaldarad prlaltlaa. In praetlea, othar oparatlona ara

daflnad in tataa of tha eonatnictora.

afe takaa auch apaclflcatlona aa Input, paraaa thaai Into an
Intamal LISP fom and than appllaa production miao In a nuabar of
phaaaa to produca LISP prograaa which nlitht aaclafp tha apaclflcatlona.
Tha “functionality® and “axlon® phaaaa apply mlaa which Infar ralawant
propartlaa of tha oparatlona froa thalr algnaturaa and aquatlona.
Palawant propartlaa ara tha "action™ tha oparatlon appaara to aaka on
tha abatract objact; any "aalactlon tritarla®™ uaad to accaaa alaaanta
item abatract objacta; and whathar tha oparatlon la racuralwa. Tha
"rapraaantatlon® phaaa appllaa rulaa which Infar a aultabla
rapraaantatlon for tha abatraet objact baaad on tha oparatlon
propartlaa. Glvan thla cholca of rapraaantatlon tha “cowplla® phaaa
laplaaanta aach oparatlon of tha abatract objact In tarM of thoaa of
tha choaan rapraaantatlon. A “claan-up® and "LISP-phaaa”™ raw>va

Inafflclanclaa and Intagrata tha raaultlng LISP coda.

A larga nunbar of ralaa ara uaad In APE, aoaw of which ara tactical
l.a. aarva to control tha uaa of other ralaa, praauawbly ordering thalr
uaa In tha phaaea daacrlbad abowa. All APE ralea, like thoaa of TI, are
chunka of LISP code, ao the knowledge la only explicit to tha knowledge
anglnaera. Pot only la the knowledge In a poor fora to be foraallaad,
but tha addition of extra rulaa praaenta a problaa i can the anglnaara
recall tha bahawlour of all exlatlng ralaa without reading thalr code?

CI"**rly, hlgh-lewal knowledge repraaentatlon languagaa are naceaaary for
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tha paini«** *eqtil*Itlen of propraiailnit knowladga within knowladga

ba*a*.

Knnp «or* tran*fermtlen nyncaw* hawa baan davalopad owar tha laat
daeada. A ganaral mtrway ef tha*« will ba found In

[PartaebAStalnbniitganSS].
1.1.2 Tool* ba*«d on Syntan* of Logic*.

Anotbar eoMon approach to autoaatlng tha prograMilng of
~Pacification* 1* to ottawpt to ganarata «xacutabla coda within aoa*
iotwal raaaonlng *y*t««. Knowladga 1* rapraaantad a* thaoraw* (rathar

than tuia*) and Tarification of coda to opacification 1* aaaurad.

Thla approach ha* a long hlatory. Craan (Cr««n69] attawptad to
doTolop progran* ualng pradlcata calculu*. Manna and Waldlngar
(NannaWaldlngarS0O] attawptad to combina tranafomatlon rula* with
thaoraw prorlIng In a program aynthaal* ayataw baaad alao on pradlcata

calculu*.

ConatructlTa typa thaory 1* now ahowlng prowl*« [RawlltonSS] for
thl* porpoaa but a* yat no fornai approach to program aynthaal* ha*
racalTod wldaapraad accaptanc*. A difficulty of thl* approach 1* that

unlaa* atrataglc knowladga alao find* a rapraaantatlon and uaa within

tha ayataw than tha aaarch «paca tanda to ha quit« larga.
1.1.3 Tool* aupporting tha Conrantlonal Llfacycla.

Rnowladga-baaad tachnlqu«« ara alao finding application to aupport
ataga* of tha conTantlonal aoftwara llfa-cycla. Intalllgant aoftwara

tool* hawa baan daalgnad to aid tha atagaa of raqulrananta dafinltlon.
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datign, lapIMMitatloo, dabugglng, taatlag and aalatananca. Tha noat
e**i*IM thaaa ayataaa aaploy an abacraet rapraaantation for prograaa
known aa “plana® ftlcMI] which orlglnatad trem a long-atanding affort
to dawalop a knowladga-haaad aupport anwlronaant known aa tha

PrograMr™a Apprantlca (PA) prejact (Rich atal79].

Ptograwa can ba rapraaantad aa plana, daacrlbad aa ataraotyplcal
prograw fragMnta, aaeh of which fnlfllla an ldantlflabia rola In tha
wldar contaxt of coda In which It la found. Plgura 1.1 llluatrataa how a
PASCAL prograa (In thla caaa to raad In nuabars, andlng with "99999",
than output thalr avaraga) can ba conaldarad aa conalatlng of four
plana. A “countar® plan aalntalna a count within a loop, a “running
total varlabla® plan racorda an aceuaulatlon, a “running total loop”
plan Inputa and ausa a aaquanca of aowbara and “walld raault aklp guard®
outputa a valid valta only. Rotlca that tha coda fragwanta daacrlblng

plana tand to Intarlata (ag- with atatawant “Suat-SuaHlaw™).

A knewladga-baaad prograw adltor known at KBEwaca [WataraSS] la a
najor conponant of tht Prograwwar®t Apprantlca projact. Tha ayaten
bulldar can atlpulata. In an Interactive nanner, which plana ahould ba
uaad to conatroct a prograa. The reuaablllty of prograaa In taraa of

pUna haa bean Inveatlgatad by Parker [ParfcerAHendleyS?].
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P10CMM AT«rag«( IMPOT, 00Tm) ;

Counter BEGIN
““““ > Counti>0;
1 SuMinot Eunning Total Loop Plan
i 1 1 1EAD( Haw); <-
Runniing 1 1 WHILE Haw O 99999 DO <---—--
Total 1 1 BECni
Variable J  _——__ >  Siai~Sifli + Haw; <- -
Count !m Count + 1{ |
UAD( Haw); <----—-——-
EMP; Valid Raault Skip Guard
If Count > O THEH BECIH <---
Avg <e Sua/Count; <= -l
HEITELN(C Ats); <--—-
END ELSE <-
VRITELH("no lagal Inputs®); <— j
KD ¢ lo} p ) J

Plgura 1.1 Plana within a PASCAL prograa.

Tha PROOST Bystaa [JohnsonASolowaySS]iJohnaonSA] dabuga PASCAL
prograas and auggaata corractlona ualng a knowledge base of prograa
plana, coaaon faulta and aoae description of the prograaalng problea In
tarns of goals which are known to be attained by these plans. The last
report of PEOUST"s socceas rate was 75Z and the systaa la arallable
coaMrclally. An Interesting feature of PRODST la that the knowledge
base contains both lowlewel transforaatlon rules In addition to tha
plans which do not find as obvious representation as transforaatlona
(because of the Inter-lacing). Lo«*level transfomatlons appear to be

patvaslvc In knowledge-based software tools.

Other tools alasd at supporting stages of the eonventlonal software
Ili*“«ycle are the PIE and SAFE systea. The Personal Infomatlon
ZB™KW""ant (PIE) (GoldstelnAPobrowEl] Is a coda control tool for the

manageaent of avolvlng software designs. PIE aakss use of database
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ey**xxth, ««plorad In artificial Intalllganea (Al) raaaarch, la wMch
altamatlra world rlawa aap ba raproaantad. ( A prototjrpa of one auch
databaoa «pata* «rtll bo daacrlbad in ehaptar 5), SAPE [Balear atal7S]
waa an aabltlooa attaa”t to eonatmet a apata« which would produce
for«al apaclflcatlena, In the GIST languaga, fro« Infor«al
epoolilootlona of a apata«. Succaaa waa rarp ll«lt«d, howarar,
Inwaatlgatlona with 8APE raraalad tha «annar In which conatralnta for a
apata« bacowa dlaparead whan It la apaclflad In an Inforaal notation. A
apata« la reportad which uaaa a knowladga baaa to derla« teata than

locate« and cermet« buga auto«atlcallp [OamhowltttLaaS?].
1.1.A Kncwladga-baaed Programilng Enrlronwenta.

Breadlp epaaklng, the daralopwant of expert apata« ‘aballa™ and
knewladga-baaad progra««lng anrlronaenta hara followed the aaaa
erolotlonarp path. Confidence gained with tha conatructlon of a
fcnowladga-baaad apata« often proopta Ita creator to abetract the control
and knowledge mpmaentatlon achewe within a apata« building tool.
Further intalllgant apata«« can than be built with the«« bp tha

ac”ulaltlon of knowledge fro« mlated do«aina.

A nuabar of knowladge-baaed programing anrlronaenta hara been
conatnictad to aarra aa conranlant teat-bada for building and teatlng
Intelligent tool«. Thaae apatax« often prorlda a hlgh-laral language for

ooAnlaltlon of prograwalng knowladga. In~bullt aaareh procedure« are
< loi>la (or generating tha apace of altamatlra progresa. An eaap-to-
naa language for expmaaing prograaslng knowledge and In-bullt aearch

procedurea facllltata rapid deralopmnt of Intelligent tool«.
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Thr«« «och mvlroaMne« ar* knem to tha author. Tha CHI tyacaa

1Salth otalSS] waa daualopail at tha Kaatral Inatituta, California. CAKE
[KIchSS] la tho lataat product froa tha PA projact. Tha POPART arata«
[WilaBla) la aupportling tranaforawtlonal prograasing at Inforaatlon
and CAKE will bo daaerlhad

Selaueaa Inatituta, alto In California. CHI

hara; aapaeta of Hlla"a work will ba daacrlbad In Utar chaptara.

N« "«1'" fattura of CHI la tha provision of a "wlda apactrun”
languaga, known at V. Tha V language Ineludaa «any of tha eonatrueta of
both aat-orlantatad apaclflcatlon languagat and atructurad languagat.
Alto Included la pattam-aatchlng conatructa which allow tho uaar to
enter trantforaetlon rulet In tha knowledge bate of CHI. Tha ldea la
that both rulaa and apeclfleatlona of arateaa (In terna of tata) can ba

conpllad to officiant foma within a alngle language.

Of particular Intaraat la tha aub-languaga of V (known aa VRL)
which pemlta tha daacrlptlon of tranafonatlona. An exaapla of a
tranafomatlon which will «arge two adjacent conditions la:

rule: "If iA than PC : If OB then Bc*

-> "If fA or Pp then PC"

aynbola pracaded with "P" are pattam-«atch varlablaa and pattarne

ara baaed on tha ayntax of the V language. Predlcataa may ba Included

within the rule to Indicate conatralnta on the aorta that vtrlablea nay

«atch with (eg. “procedura(PC)"). Such pradlcatea are proceaaed ualng a

Nee«riptlon of tha V languaga which raaldet In tha knowledge bate of

CHI.

Wlda apactrua languages provide a alngle rapraaentatlon In which

sratena can be developed. However, thla approach haa Its critics. Wile
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polatad <mt (In [LIndn«yS6]) that "....if yea anpact a aaMntlea

«hteh wlU aaerlba a Manlnp to a protraa eeatalnlng any arbitrary
mixtnra ef thaaa eenatrocta, and tranaforMtlon rulaa which will eparata
batwaan any pair of thaw, than you aspoet toe aneh. Such a le
daalgnabla." He goaa on to aupgaat uao of a aultl-lawal
approach, with aacb lawal hawing Ita own "local fenMllaa" (la. wall

dollwltad ayntax and aawantlca) and Intor-fonella* tranaforwatlons to

prowlda the wapplng of prograao botwoon adjacent lowola.

Oil parwlta anarch through the apace of tranaforwad apoclflcatlona
and Includoa a context aachaiilaa to record altamatlwe roflnananta. The
ayatoa aupporta Salth"a rwaaarch on algerltbw doalgn (SalthSS], and tho
conatructlon of toela for project aanagoMnt and coaninlcatlon aupport

aynthaala of efficient atructuraa for concurrant

cewpatatlon [KIngM],

CAKZ la daacrlbad aa an «iltl-layer anwlronwant which provldaa
raaaonlng facllltlaa for the PregraMor®a Apprwntlca. Eight lawala of
rapraaantatlen era awpleyad, aach with thalr own raaaonlng procaduroa.
The bottow flwa layara of CAKE uaa a predicate calculua raprasantatlon

P>f«tfaw faaturaa. CAKE haa bean conatructad to aupport tho analyaaa,

aynthaala and warlflcatlon of prograaa for the PA, nalnly ualng plana.

The owarall roaaonlng taak la partitioned aaong a nuabar of
apaclallaad raaaonlng cowponenta. Soweral dlotlnct catagorlaa of
roaaonlng can ba attacked with apaclallaad algorlthna : aywbollc
ewalnatlen (of plana), eauallty (Input/output corraapondanclaa),
algabralc propartlaa of oparatora and type Inheritance. Separata layora

axlat for each of thaae klInda of raaaenlng. The author hopaa to gain a
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tvdaetlea of tho centrolUblo olg* of tho roaooalng problo* ooon by oaeh

loyor.

Tho CAKE oystoa could bo tho first of asay tools to prévida aultl-
lorol srehltacturos for knowlodgo**basod progrsaalng. Tho usa of abstract
raprosontstloas, such as pisas, sad Issues of soaoatlc latogrity is

likoly to drlvs rasearchora towards aultl-lavei approaches.

Whilst the autoMtic refiaoMat of hlgh-laval apoclflcatloos would
roproaaat coasldorabla prograss towards autoaatlc softwara productloa
other problaas with foraal speciflcatlooa parslst. They too grow la
***pl**1ty (Corhart4Telowits76]. The software deslgaer caa oaly aasure
that they aeet the requlreaeats by raplaylag thaa uslag rewrltiag or

prototyplag techaiquas [ReadersoaSi].

K*owlodg*”’besed techalgnas way fiad roles la supportlag earlier
deslga stages of systea ceastructloa based on cogaitlve studies of the
deslga process. The aeatal processes iavolvad are revealed froa protocol
aaalyses of daslgaers reportlag their work (AdelsoniSolowaySSI. Each
dasigaer foras a asatal aodel of the deslga la progress where the aodel
is a represeatatloa capable of supportiag aeatal slaulatloas. The aodel
is systaaatically expanded froa abstract levels of representation to

aore concrete foras.

Analysis of the representations in use shows the aeta-plan used by

expert designers contains five distinct phases (see figure 1.2)i first

esports would describe a user view a systea, than they stated various
assuaptloas about the Inpleaontatlon, than they developed aodela of

syscaas at various levels of generality (eg. Infomatlon flow aodala.
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taumpU» ot alaiUr ayataM «orkad on fellowad by tha al>aclflc ayataa ae
hand); flnally tha aaparta «orkad on tha concrata daalgn. Tha
ceapeoanta Ot tha aedal ara davalepad to tha aaaa lavai Ot datali In a
braadth-vlaa faahlon bafora tha naxt lowar-laval Ot rapraaantatlen la
ehoaan. Hotaa or dlapraao aro oftan kapt aa oaeh lavai la «orkad on and

daalgnara «aa alallar daalgn plana far alalUr problaaa.

Rapraaontatlent llaar..«Aaamip-t.”Abatract aodala. . .concrata.eewrap-up
modal lona ot ayata« daalgn

Figuro 1.2 Mota-plan uaad by Export Soft«aro Daalgnara.

1"o*1*dga~baaad aupport toola can aopport tha daalgn procaaa «bara
unaablgooua notatlona axlat or aro dovlaad to doacrlba tha «ork In
progroaa Cag. a tool cantrad on uaa of tha MASCOT daalgn language
[hodgaonSS]) . Daalgnara produce aolutlona aora efficiently If they are
acanalntad «l1th the problaa doaeln, ao «a night expect tha uea of donalo
ePacific knoaladga In autoaMtlc prograaalng toola to aupport aona of the
daalgn procaaa(eg. autonatlc progranning In oli «all logging

[BaratoaSS]) -

Software conatructlon la therefore a highly conplax activity of
«hlch aich la known and nuch la yet to ba dlacovared. Between the aoat
daalgn nodal and the final progran thé conatructlon procaaa la

factored along nany lavala of repraaentatlon to naka thé overall taak
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managaabla.

1.2 Tbha Blackboard Arehltaecura.

Tha blackboard architactura IBrMntLaaaar7S] praacrlbaa an
organlaaclon for koowladga-baaad apatoaa In which aolntlona to coaplax
problaaa Bay ha dawalopad at warloua lawala of abacractlon and tha
knowladgo factorad Into a maibar of knowladga aourcaa which act at thaaa
lavala. Tha archltactora ltaalf la wary abatract but provldaa a ganaral

fraaawork for roproaantlng aany coaplax raaaonlng taaka (Rayaa-RothBS].

Tha "hypothaala and taat™ approach to problaa aolving foraa tha
baala of tha archltacturo which conalata of a aharad data ragion (callad
tha blackboard), a aat of knowladga aourcaa and a control aachanlaa (aaa
figuro 1.3). Tha blackboard la a data baaa which la aharad by tha
knowladgo aourcaa aa thalr coaaunlcatlon aadiua. Containing ruloa and
hypothoaaa which axpraaa tha donala axpartlaa of the ayatan, tha
knowladgo aourcaa raapond to aach othar through obaarvad changaa in the
blackboard. Tha control aachanlaa achadulea oxacutlon of thaaa knowladga

aourcaa.
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Flgura 1.3. Ovartrlaw of Blackboard Arehltaetura.

Other Important featurea of the blackboard architecture are i

(1) "Opportunlatlc® approachea aay be taken to problen eolving. Knowledge
aourcea can decide whether they can contribute anything to the current
prohlen on the blackboard taking advantage of the prevailing altuatlon.

(2) The blackboard la partitioned Into dlatinct Inforaatlon levele, each

conalating of a aet of prlaltlve elewenta for repreaentlng the prohlea
at that level. The eleaenta have a fixed aet of attrlbutea for all
levela of the blackboard. The aequence of levela fom a looae hier-
archical Btructure in which the eleaenta at each level can be deacrlbed
approxlaately aa abatractlona of eleaenta at the next lower level.

(3) Proper acparatlon of available knowledge according to the repreaentatlona
In uae. Vhen we conalder knowledge aourcea to conault with apeclflc

repreaentatlona, we have achieved a levelling In the blackboard ayatea

that haa advantagea In aalntalnlng and underatanding the ayatea.

Originating with tha Raaraay apeech recognition experlaent (Leaeer

etal7S], the architecture wee adopted In other atteapta to interpret
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noiay data aueh aa aooar algnal lotarpratatlon In HASP [HIl atal82],
pretaln eryatallograpliy In CXTSALI8 (Engal«oraUfll77] and acana analyala
(HanaenMlaaaan79]. Ita nan haa baan Invaatlgatad for aultlpla-taak
plannint In tha an ayataa [Hayaa-Koth atal79] and Ita te>«rallty
axploltad In apata* bnlldIng téela aneh aa HEAMAT-111 (EtMn atal82],

ACE (RINiAlallo79] and ART iHINliawSA].

Hayaa-Poth (Rayaa-Roth79] baa auggaatad that aora alaborata

blackboard atmcturaa baaad on a nuabar of abatractlon hlararehlafc
(known aa "planea™) aay ba nacaaaary for aoaa applleatlona In planning.
Craig [CralgSe] haa Invaatlgatad tha dynaalc generation of aueh planea

In hla AIIADME-1 ayataa.

B«tS (BaggSA] auggeata that the arehlteetura la ldeal for
Dlaiel Dlaiaiiiad daalgn; a doawln which aharaa aany charactarlatlca of
aoftwara anglnaaring. Pour klInda of rapraaentatlon are typically uaed
during tha daalgn of a VLSI chip, naaely "foraal apeelflcatlon™ (of 1/0
“floorplan” (daacrlblng groaa phyaleal atructum), "logic
dlagraa™ and "layout” (deaerlblng fine phyaleal atructure). Problaaa of
aerifying layout to apaelflcatlon reat on tha foraallty of tha daalgn
languagoe and tha eorreetnaaa of tha dealgn rulea In uaa. Bagg balleaaa
VLS1 dealgn nay ba autonatad on a four-laaal blackboard aa a procaaa of
tranafomlng circuit apaelflcatlona at higher lavala to thoaa of lower

Iph*vla by action of daalgn rulaa.

Ma notad In tba laat aactlon that naw fornai rapraaantatlona of
ayataaM are advocated for aoftware anglneerlng and nora abatraet

rapraaantatlona aay energa fron cognitive atudlaa of prograanera.

Clearly, uaa of aultlpla rapreeantatlona of ayatOM, Ilka VLSl dealgn.
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1* e cnrrant futuM of meftwaro anglnaarlng. Thla auggaata that
Imroatlgatlona of Ita autoMtlon aay ba flaxlbly aorvad by a knowladga-
baaad prograaalag aavlronaont baaad on tha blackboard arehltoetura. Tha
potantlal of tho archltactura to aupport thaao atudlaa la alao
racognlaad by 8pohmr(8pohror87] wboaa daalgna for a blackboard ayataa
ara at an early ataga, and Slddlgl and Sualga (Slddiglt8ialga86] vho

doacriba thalr cognltlra awdal of aoftwaro daalgn ualng a blackboard

ropraaantatlon.
1.3 Suaaiary.

Aa wo hara aaan, tachnlquaa of artificial Intalllganca hold prowiae
for ralaaalng tha progranwar fron nucb of tba coaploxlty of
Iwplowantatlon thomby laproring ayataa rallablllty. Tha tachnlquaa aay
aran aupport aoftwara daalgn If aultabla foraallaaa can ba found for
daacrlblng ayataaa at tha aarly daalgn atagaa. Cognltlva atudlaa of
daalgnara at work ara ahaddIng light on tha natura of tha nany

rapraaantatlona thay actually uaa.

Tha aurvay of tha knowladga-baaad prograaailng auggaata a nuabar of
princlplaa for daalgnlng a flexible envlronwent for Invaatlgating
knowladge-baaed approachaa to aoftware production. The envlronaent
ahould prorlde a multl-leyal organlaatlon In which ayatana can be
dawaloped at yarloua lerala of abatractlon. Language toola ahould
aupport tha repreaentatlon of prograiwilng knowledge of the dowaln.
Including tha wethoda In uaa. In tha fom of rulaa. The blackboard
architecture auggeata a franework In which thaaa princlplaa can ba

Iwplaaantad.



pat* 19

This thaala daacrlbaa tha Intarpratatloo of tha blackboard
arcblcaecuro manlfaatad in cha DIOOIZS CMnrlroiiaaiit for Conatniecliit or
RoasoBInf with Entlnaarad Software') aystaw. Daolgnad, la part, to
aupport aa Alway raaaareh prejact*, tha anwlreaaant la tha product of a
aacoi” attawpt to adapt tha blackboard archltactura for tha prograMint
dewala. Tha wain laaaon laaraad frow tha flrat Iwplaaantatloa
[McArthnrSS] la that tha archltactuia auat be Intarpratad for thla
purpoaa with accaaalblllty of uvaara In wind. Blackboarda wuat not only
record ceaplax reaaonlnt procaaeaa but reflect thoa In a tranaparant
mannar. Similarly, knowladga of the particular prograaalng domain and
methode of deploying that knowladga should find a paraplcuous
rapraaentatlon In a blackboard system for purpoaea of acqulaltlon and

analyala.

Tha author shares the view of HooralJd [NoorslJST] that tha
blackboard archltaetura la "object orientated” in so far as there la the
ability to Implomant tha levelling of blackboards os abstract data
types. Knowledge sourcaa ara capable of performing operations on these
types or classes without specific knowladga of thalr contents. Thus

objects nay be Inplsnantad as suited.

The author axtands this view of blackboards os aasanblagas of
objects to ancompats tha knowladga sources. These nay also be viewed os
objects which nay be located on blackboarda and act on themselves or
other objects to affect control or Inference. Since the object concept
plays a major role In software engineering, from "objact-centred”
requirements definition [GreenspanSA] and specification
[CoguenfMeseguarSb] to proigranming (ColdbergUtobsonSl], it night also
« This work, entitled MAutdmatlc Progroamlng Ixpert System for la-
plementing Abstract Specifications as Quality Structured Pro-

grams", Is supported by both the Science A Engineering Research
Council under grant CR/C/9604.3 and Alvey oa project /PRJ/SEQ07.
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knovlodgo-baaod prograaning.

Tha roMIndor of thla thaala daacrlbaa tha particular
Itttarpratatlon of tha blackboard archltactura choaan for tha prograaMing
deaaln and Ita I”>laaantatlon In tha ENOOIES apatoa. Slnca both
Intarpratatlon and laploMntatlon Inrolvo cholcaa for tho bUckboard,
knewladi» aourcaa and control Mchanlaa, tha doevaant la atructurad to

highlight thaao cholcaa*

Tho next throo chaptara daacrlba how tha archltactura aap bo
Intorprotad aa tha ganaratlon of objocta In certain claaaaa bp tha
action of othor objocta. Tha genaratlaa procaaa and conaon claaaaa uaad
to conatruct blackboarda, aro daocrlbad In chaptar 2. Knowladgo of
particular prograaalng doaalna aap bo repreaanted aa rulaa of APPEAL (A
Plaaaant Prograaalng-axpartlae Acqulaltlon Language'), which ara
thaaaalTos objecta aa daacrlbed In chaptar 3. Slallarlp, control
knowladpo aap ba rapraaented aa APPEAL rulea, aa ahown In chaptar A. In

each diaptar we relate thaae coneapta to pravleua work.

Tha EMCOBS apataa aabodlee theae ldeaa. laplenanted In PKOLOC for
tha mi7 Intarprotar, the apatea la currentlp running under ONIX* Veralon
7 on tha dapartaant®a PDPI1/70. Chapter S daacrlbea a blackboard
manageaMnt apataa laplaawntad la PROLOG. APPEAL rulaa are coapllad to an
latamal fora for officiant ayaluatlon aa ahown In chaptar 6. Control la
offoctod bp a atMll PROLOG prograa whoaa parforaance la analpaad In
chaptar 7. FlInallp, chaptar 8 coaparea ENCOBS with the authora

* DIl la a raglatarad tradeaark of ATAT In the USA and othar
countrlea.
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CHineR 2.

A BLACNOARO STRUCTDIE FOR EMGINEKRUIG 80FTHARE.

In this ehaptar wa will show that proRraa dawalopaant «ay ba
rapraaantad on a blackboard as a process of object ganaratlon. Tha
stmetura of thaaa objects, thalr co— on classaa and ralatlonshlps, In
tha author®s choice of blackboard stroctura, are described. It will be
shown that this blackboard structure la likely to reflect the
dewelopaent process «ore transparently than those structures In other

blackboard systems.

PrograMing, Ilka «oat coaplex processes, yields to a “divide and
conquer® aoalyals, fro« which we gain principles for Its representation.
In the next section we show that progra««lng can be understood as a
design activity. Software development. Ilka the dealgn of VLSI chips,
can be decomposed to a sarlas of small steps, each reflecting a single

design decision. Thus programming, like VLSl dealgn (as studied by

BaggtRaggSA]), nay be represented formally within a blackboard system.

The blackboard structures available In some system building

envlronnanta are then studied. This analysis provides criteria for

choosing a blackboard structure for knowledge-based programming and a
yardstick from which to compare the author"s choice of structure. Tha
components of this structure are described and we show, with use of an
axampla blackboard which night bo generated during the automatic

programming of an algebraic specification, that the development of the

Inplenantatlon la transparent.
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2«1 PrlnelplIM for Roprooontlng Prograa Dorolopaont.

Wo first Intreduco eencapto for factoring tha sofnara dovalopaant
procasa Into eaallor unlta which nap ba rapraaantad forwillp In a

knowladga-basad systaa.
2.1.1 Rtap-wlaa Raflnaiwnt

A kay principia la tha fomal usa of atapwlaa raflnaaant [Ulrth71].
Tha Idaa In atapwlsa raflnaMnt la to atart with an abstract description
of tha syotaai undar dawalopMnt which night ba callad looaaly a ,
"specification®. At aach stap a part of this spaclflcatlon la
decoaposad or raflnad Into aora detailed parts as a result of a single
design daelslon. For axaapla, one night choose an afflclant data type
for another, or optlnlsa sons algorltha. Tha stap results In a naw,
usually, nora efficient spaclflcatlon of tha systan which Is rafinad In

turn.

Typically there exist altematlTe raflnanants that can ba applied
to any partially refined specification. Thoy glaa rlaa to a trae-shapad
"search space® where each noda of this tree represents a aore or lass
raflnad specification with the root representing tha Initial
mP*dflcatlon (Snlth ataUS]. Arcs hatwaan nodes reprassnt reflnanants.
Altamatlwa raflnanants are raprasantad by the directed arcs fron a noda
to tha nodes representing tha reflnenants of that node. For axaaple,

l«wvas of tha tree night mprasant prograas In the target language.

Tha process of synthesising coda from a given specification can ba
Tlawad as a search through this tree for a leaf represantlng a prograa

with satisfactory parfomanca characteristics. Subtrees represent
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favll1IM of pregraas that ahara a enaaon harltaga (aaquanea of daalgn
daelaloaa) and, that, havo coaaon charactorlttlea. Thla fact it aaaful

In eenatnictlng haurlatlea for guiding tha starch.

It nap bt difficult to foratoa tho affactt of a tarlat of datlgn
daclalont. If a partially radaflnad tpaclflcatlon hat unaccoptsbla
charactarlttict, than tha tynthotlt procott should back up and txplora
anotbar toquanco of raflnaaantt. If tha opaca of poatlbla
Inplanantatlont la largo onotigh, than a prograanar will not ba abla to
aanually axplora aany altamatlraa. For this raaaon autonttlc gaarch
within a knowladga-batad tystan nay find battar Inplanantatlont of a

tpaelflcatlon than can hunant.
2.1.2 Moltl-lowal Organisation.

Wa arguod In tha first chaptar that uta of nultlpla rapretantatlent
of tyttons play a najor rolo In tha datlgn of toftwara tyatant. (0g-
Adalaon™t ratultt, pago 13). Thus a second principle for rapreaenting
software dawelopnant la tha use of a nultl-leral organisation to clearly

dilstlngulah tha reprasantatlona used In tha tpaclflcatlon of the tystan.

In general, reflnanants of a specification will result In a naw
spaelflcatlon of tha aystan at a nora concrete larel of rapreaantatlon.
Figura 2.1 Illustratas how the raflnonant process night be recorded on a
blackboard with lawalllng aultabla for the various rapretantatlont under

dowalopsiant.
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FISur* 2.1 Pregraa OaralopMat oa a Blackboard.

Tha feraallaatloB of aeap-wlaa raflaaaant within a aultl-laval
orgaolMtlon prowldaa thraa laportant factorlaatlona of tho prograamins

procaaa i

(1) Tbhara la tha faetorlaation of tha prograaalng procoaa
Into foraulating apaeiflcatlona and laploacntlng thaa wla raflnaaanta.

(2) Thara la tha factorlaatlon of reflneaanta and apaclfleatlona
according to tha rapraaantatlona In uaa.

(3) Hhan roflnaaanta ara rapraaantad axplicltlr, thara la a faetorlaatlon
of prograaalng knowladga. Since different aaquancaa of reflneaenta

teault In different laplaaantatlona of tha aaae Initial

apaelflcation, a ralatlwalp aaall nuabar of raflnaaenta aay be able

to coapactljr encode a wlda range of iapleaentatlona.

Depending on tha levala of abatractlon aaployad within a blackboard
apataa, aoaa raflnaaanta nay generate eqalwalent apeclflcatlona within a
alngle lewel. Local optlalaatlona or decoapoaltlona nay be dealred. Por

exaaple, prograaa oftan hava to be naaaaged or “conditioned®™ to neat the
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triggarint eeadltlens of kiMwladg« aourc«« [WHl«d2b]. Cat«torl«a of
roflaoMiit eon bo doflood according to tholr offocto at tho aocao or
adjacent lorola, aa propoaod by Bogg. HowoTor, now dafinltlona aerro no
pnrpooa otbar than to confnaa. The torn "raflnoaant® la taken here to
meon that which generetea any new apeclflcetlon regardleaa of the

repraaentetlone In uae.

Kaflnaaenta can be ferealleed In teraa of nilea that aebody a
alngle dealgn declaton and which generally hare the effect of rewriting
one piece of code Into another. Theaa mlea will conatltute th"

knowledge oourcea of the blackboard ayatea.

Since prograaa nay be altered by raflnenenta, Inforaetlon will be
retracted dnring the detrelopaent proceae. Thua, by definition, the
reoaonlng proceae will be "nonnonotonlc™ end hare the character of
knowledge-baaed planning or dealgn [TataSS]. In contreat, aonotonlc
ayateaa reeaon wholly by aaaertlng new Infomatlon (eg. for dlagnoala or

Interpretation).
2.2 Blackboard Stmeturea ewallable In ao<ae Syate™ Building Toola.

Of Interaat here ere the date atructurea awallable In aone
genaral-purpoee enwlronaanta for building blackboard oyatea. At

alnINuB, theae anwlronaenta provide toola to build blackboerda wltht
(1) The dealred levela of ahatractlon.
(2) Suitable date eleaenta to deacrlbe partial aolutlona.

(3) folntera both within and acroaa blackboard lavela to aodel the

logical oupport between theea eleaenta.
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(4) Teels 1O represent dewiln knewledge ee knewledge eeureee.
(5) Teels te represent end spply strsteglc er centre! knewledge.

The teels end dsts structures te build blsckbesrds ere ofF Interest here.
Knowledge representstlen In these systssw will be described In Inter

chspters«

There here been three well-docusented stteapts to sbstrsct the
blsckbosrd srchltectuie In systew building envlronaents. The RKAXSAY-
211 designers tKrasn etsl82] provided s flexible envlronasnt based on s
relstlonsl dstsbsse end In which sephlstlcsted control reglwes could be
represented. In contrsst, the AGE systen [NIl«Alello79] wee designed to
provide greet flexibility for representing cowplex ressonlng tssks by
virtue of tls provision of miasrous softwere cowponents fro« which
various blsckbosfd systeas could be constructed. The AFT Oyotom
tWillls«s84] brings sophlstlcsted architectural features not found In
the other systeas. Probably “state of the art® (no pun Intended) In
blackboard technology, the AKT systea Is available conaerclally. A
brief description will be given of REARS8AT-I111, ACE and AFT. Particular
attention will be given to those concepts which were Influential In the

author”s tiiolca of blackboard structure.
2.2.1 PEAFSAT-II11.

®4K84Y” 111 Is a doaaln-Independent fraaework for building
knowledge-baaed systaaa. Founded on a relational databane, the language
of which la called. APS [GoldBsn78), HEAFSAT-111 aakes use of a context
aechanlsn such that contexts play a key role In the reasoning aechanlsas

node svallable to an application.
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muUAT-111 gaMrataa a traa of eontaxts during Infaranca Ilka
thoaa of figura 2.2. Each context la ganaratad by tha action of a
knovladga sourea and contalna tha Inforaatlon contrlbutad by that rula
to tha aaarglng aelutlon. Wharo morm than ona knouladga aourca la
appllcabla, altamatlxa contaxta ara ganaratad on altamatlaa branchoa.
Infomatlon which raaalna unchanged la Inharltad from father to daughter
contexts and modlflcatlons ara recorded as sets of assertions and/or
retractions. Thus HEARBAT-ZII1 allows reasoning along Independent paths,
which nay arise both frew a choice aaong several cowpetlng knowledge

soorcas and frow a choice aaong seeeral conpetlng partial solutions.

Iloot Context
1 Context IContext 2 |

J Rd
213 ITontext 2. D

Figure 2.2. A Context Traa (boxes contain asssrtlons; discs rettaetlons).

The underlying AF3 database Is used by an application progran as a

repository for a domain schaaa, representation of partial solutions and
pending actlTltles. HFA88AT-111 supports the representation on the

blackboard of graph structures. Tbsse consist of t

(D “Units™ which sra structured nodes of the graph, lapleaented
directly as AP3 objects hsving a specified type. AP3 types have a
hierarchical class structure, thus access can be restricted to a

given blackboard level slaply by using type-restricted AP3 database
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ratrlarala.

(2) T“Kolaa™ an laballad area linking unita and ara rapraaancad aa
typed ralatlona In AF3. Typa-raatrletad ratrlarala of rolaa allow
auppraaalon ot detail along ehoaan dlaanalooa when axaalnlng tha

blackboard. Role am placad In elaaaaa, callad “roleaata®, which

ninle tha lawalllng of blaekboarda.

2.2.2 ACE (Attanpt to Canarallaa).

Tha ACE projact la daaerlbad aa an attanpt to provide a "aoftwara
laboratory™ In which ayatan bolldera can exparlnent with a nuabar of
alternativa problaa-aolving tachnlgnaa applied to their particular
applleatlona. Intamatlng featuma of ACE are Ita daacriptlon of Ita
blackboard data type and Ita library of aoftware eonponanta fron which
varlooa aaareh tachnlquea or knowladga mpmaantatlon acheawa can be

Inplaaantad.

ACE provldea a concKm rapmaantatlon for blackboarda aa a network
of data elaaenta, known aa a "hypothaala atructure”, built upon a
databaaa package known aa UNITS [StaflkIR]. Tha atructuml detalla of
ACE blaekboarda follow cloaely the deaerlptlon of tha arehltectum

espounded by Era«n and Laaeer [EmanALeaaerTS] and conalat of three
eowpenentai
(1) “Rypotheala elewenta*, are a naaed aet of attribute-value paira.

Eleaanta are armngad In lévala, each deacrlblng partial aolutlona

at a level of mpmaentatlon.
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(@ Kaowladg« aeareaa aatabllah polntara (known aa “llInka®) from
olananta which actlwatad It to now alanonta which ara tonoratod.
Tha llidca tharofora nodal tha logical aupport batwaon alananta and
cona In two aarlatlaa t "azpactatlon lInka® aro dlractod to now
alananta fron alananta daacrlblng nora abotract raproaantatlona,
and nodal daductlaa or thaoratlcal aupport fron aboaa; “raductlon
IInka® ara dlractad to now alananta fron lowar-laral olanonta and
nodal Inductlwa or aaldontlal aupport fron bolow. LInfca can ba
further catagorlaad aa "AMD" or "Ok" to nodal aupport baaad on

boolaan conblnatlona of alonanta.

(3 A aaparata atructura, known aa a "ebangaaat®", racorda aunnary
Infomatlon of raeent changaa on tha blackboard and la updated aa
Infaranca procaada. Tha changeaat la uaad by the control nochanlan

of ACF to nalntaln focua of attention within tha ayatan.

Figure 2.3a ahowa a poaalbla alanent fron an application of ACE to
cryatal atnicture Intarpratatlon, known aa CKTSALIS (Engelnora4N1177].
Such an alenant nay ba generated In tha hypotheala atructura depleted In
Figure 2.3b. In thla figure "r" label raductlon Ilnka and "o-,
azpeetatlon llnka.

Rypotheala Laaal: ATOMS
Hypotbeala alenant nanat ATOI™NIO Molaeula |

Inferred attrlbuta-ralua palrat
Aton.nana  Sulfur

Location (12.3 13.6 24.2) auppr#to

Fartof (OR CT814 CT817)

Bonded to HEME-1

Bondtype Hydrogen atoirl  ator2 ator3

Figure 2.3 CKTSALIS Hypothaala Elanent (&) and Structure (b).
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2.2.3 AKT ( Autoaacle Kaatenlnt Tool).

Tho ART oyotoa Ineludos < ttuabor of odraneod foacuroo not found In
ACE nor REARBAT*"111. Flrathlir. tachnlouaa of truth Balntonanca ara
Incorporatad In ART to gnldo tho aocarch procoaa bp poraltting aalactlvo
~ek-up to aarllar atatas OF tha blackboard. Soeondlp. a ganaral piirpoaa
mnn-aaehlna Intarfaea haa boon darlaad for tha apatoa baaad on tha

eoncopt of “ylowpolnt™.

A aedal of truth aalntananca hat boon doyalopad for tha apatan bp
WIlllaao. It can bo uaod bp laballlng cartaln clavaca of ART lulaa aa
aaauaptlona froa which a nuaibar of altamatlva llnaa of raaaonlng can
follow. Aa Inforanca procaoda along ona of thoto altamatlwaa a
altnatlon of atalowata or contradiction night ba datactad. Rathar than
back-up to tha prarloua atata at Which tho loot rula appllod, tho apatan
can backup aalactlwalp to tha point whoro aaauaptlona wora awdo.
Baaantiallp, roaaonlng baaad on guottwork la glran an osplliclt

rapraaontatlon.

Tha “wlawpolnta® nachanltn of ART prowldaa a graphic pratantatlon
of tha raatonlng procaat at anp tlaa tha conaultatlon la auapandad. Tba
uaar can paruaa a network of wlowpolnta, within anp alngla laval of the
blackboard, where each wlewpolnt la prcaanted aa a bos containing data
deducad bp esecutlon of a rule. Sinllar to the contexta in figure 2.2,
each Tlewpolnt Inharlta data fron Ita ancaator. If not retracted hp

application of tha rule. Ratractlona are annotated to each ylewpolnt.

Froa anp glyan wlawpolnt, the uaar can locate ylawpolnta at other

blackboard lewala bp following “pathwapa®™ which link conalatant
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dtacriptleoa of partial aolutlona at adjacant blackboard larala.
Pathwaya Ilidclng any rlawpolnt at tha hlghaat laral to ona at tha loiroat

laaol can ba acanaad to gira a "total vlaw™ of tha anarglng aolutlon.

Tha Tlawpolata Mchanlaa aarvaa aany purpoaaa aloca It can ba uaad

tot
(1) tamal arronaona daductlona and thua aid rula dabugglng.

(@) tamal tha altamatlm llnaa of roaaonlng balng onplorad along

altamatlm branchoa of tha alawpolnta atructura.

(3 tamal fora abatract or apoclallaad daacriptlona of a viewpoint on

adjacant blackboard lamia.
(4) Traca tha cowplata damlopnant of tha aolutlon.

In all othar raapacta, AIT aharaa aocaa of tha baat faaturaa of AGE
and PEAtSAT I11. A furthar bonua la that a claar dlatinctlon la nada
batwaon uaaa of tha ayata« for plan-hasod roaaonlng (non-aonotonlc) and
analytic (aonotonlc) raaaonlng. Purthar, tha rulaa for conblnlng both
typaa of maaonlng (albalt at dlffarant) blackboard lamia ara mda

claar.

Tha blackboard atructuraa available In thaoa thraa ayatau can ba
analyaed along a nuaibor of dlnanalona to datatalna thalr aultablllty for

appllcatlona In knowladgo-haaad prograanlng i

(1) Dapandanca on underlying rapreaantatlona. The thraa ayataaa. In the
aaquenca daacrlbed, ahow Incraaalng uae of data atructuraa Intended

to reflect the raaaonlng procaaa to uaara. Blackboarda of HEAKSAT-
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111 ar« mdaratood antlraly lu taraa of tha data typaa of tha
niidarlyliic paekaga. &CE uaaa frasallko atnicturaa [MInakyTS] «hlch
ata coMoe In Al work.

AIT blackboard eoaponanta ara not only aataphora for oaoryday
eoBcapta (ag- "alawa® and T"pathaaya®) bot ara alalbla through a
graphical Intarfaca. Thara la claar advantaga In daacrlblng
blackboard atrocturaa la taraa that ara faalllar to latoadad uaors

of tha ayataa.

naa of coataxta. REAMAT-111 aad AIT both prévida a coatigtt
aachaalaa for roaaoalag aaongat altaraatlvaa; llaka of ACE aodal
logical Bupport batwaaa alaaaatt dlractly. Conaldar tha raaoltlag
chaaga la blackboarda of thoaa ayataaa by oxacutloa of a rola. Both
nAI8AT-111 and ART aatabllah a alagla link to alaaaata la tha aaw
contaxt. Ail tha alaaanta which trigger tha kaowladga aourea la ACE
aira Unkad te ail aaw alaaaata ganaratad. For thla raaaoa polatara
ara llkaly to ba profuaa la ACF blackboarda, Inforaatlen la
altoraatlva llaaa of reaaeolag laaa vlalbla aad conalataat
raaaealng aera difficult to aanaga. Coataxta aodal logical aupport
acoaoalcally aad vlalbly aa daaonatratad by tha auccaaa of the ART

Tlawpolata aachaalaa.

Uaa of laharltaaca. ART aalotalea different graph atrocturaa to
aodal aonotealc reaaonlag and non-aonotonic raaaonlng. For
appllcatlona la dealgn tha uaer haa to acan back through tha tree
of vlawpolata, taking nota of ratractloaa on the way, to aacertaln
all laforaatlon laharltad to tha viewpoint of Intaroat. Tha

vlawpolnt aachaalaa la tharofora laaa convenlaat for non-aonotoalc
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rMMatng. la eoatraac, tha aloMata of ACE ar* vitlbla "In toto",
altheu” tha andarlylng UHIT8 packaga nay aoka uaa of Inharltanca.
Ona nay tharofera concluda that Inharlunca ahould ba an
Inplonantatlon foatuta for appllcatlona In programing
(particularly aa program ara larga atructurad objacta). It ahould

ba oaoldad In tha blackboard atructura as praaantad to uoara.

(4) Uaa of truth aolntananco» Truth mIntananco tachnlguat can sano
conaldorabla duplication of effort and thorofora my" find a rola In
knewladga-baond programing (ag- In CAKE, paga 12). RovaTar tha
tachnlquaa ara difficult to Inplonant wall so no attanpt has baen

mda to Incorporata thm within tha author"s blackboard structura.

2.3 An Objact-cantrad Blackboard Structura.

Tha concept of objact playa a kay rola In tha author®s
Intarpratatlon of tha blackboard archltactura. Ail descriptions of a
proprm under davalopmnt or knowladpa to affect thls dawalopmnt ara
raprosantad as objacta. Objecta hawa an ldantlty and attrlbutas, llka
the alanants of ACE. Ail objacta ara considerad to raalda In a stack and

hawa tha followlng propartlasi
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(1) thr, or tbolr «ttrlbatoa, may bo la tho eluo GLOBAL.

GLOBAL ebjoeta, or thoaa actrlbotaa la GLOBAL, do eot ehaaga thalr
raloaa Aurlag preblaa telvlag.

(2) agjr ebjact aot la GLOBAL baloega to oaa or aoro CONTEXT elataaa. Each
CONTEXT daacrlbaa a partial aolutloa to tha problaa aftar hom rula
la appUad.

(3) aaeh CONTEXT baloaga aaeluBlaaly to a claaa of LEVEL. LEVELS hara a ««i-
aad praeadaaea. Coataxta la hlghar pracadaaca larala rapraaaat aora
abatract daacrlptloea of oaa or aoro coataxta at lowar pracpdaaea
larala.

(A) aaeh laral baloaga axelualToly to a BLACKIOAIU) elaaa. BUekboarda ara
oaad to doaalop aolutloaa to probloM. A dlatlagulahad blackboard, kaowa
aa tha DONAIN blackboard, la uaad to daralop prograM. (Aaothar blackboard,
kaoaa aa OONTIOL, plapa a Mjor rola la probla« aolrlag aad la daaerlbad

la chapter 4).

Blackboarda ara eoaatructad ualag LINKS (la. polatara) of two

aortat

0) ABSTBACNON llaka ara dlractad batwaaa two eoatoxta oa adjaeaat
lawala of a blackboard. Tha eoataxta ao llakad provide eonalatent
deacrlptloaa of a partial aolutloa, albeit at differeat levala of
datali. Caaaratad with tho eoataxt to which they ara directed, they

aodal aupport aeroaa blackboard lavala.

(2) BEriNEHFHT llaka are directed batweaa two coatexta oa aay alagla
lavai of tha blackboard. Caaaratod with tha eoatext to which they

polot they aodal logical aupport aaoagat local optlalaatloaa of a
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profrui« Object* *r* not lidi*rlt*d along tbaa* link*, howavar th*
ralatlonahlp* aacabliabad bjr abatractlon link* ar* Inharltad down

thb* llnaaga (until a naw abattaetlon link 1* aatabllahad).

Thaa* claaoa* and link* fulfill alnllar function* to conponant* of
ACE, ART and HEARSAT-111. OBJECTS, COWTEIT8 and LEVELS haw* obwloua
countarparta In thaa* ay*t*M. Th* concept of OBJECTS raalding In a
atack 1* both a faatut* of the Interpretation and lig>I*aantatlon
(daacrlbad In chapter 3). Tha atack. Ilk* th* changaaot of ACE, la used
to nalntaln focua of attention In th* ayataa. ABSTRACTION link*
function llka tha pathway* of ART. Ha haw* not, a* yet, conaldarad th*
addition of blackboard “plan**" or nultlpla abatractlon hlorarchloa to

our blackboard atructur*.

2.4 Software Dawalopaant a* Object Canaratlon : an axaapla.

To glw* Bubotanc* to thaa* ldea* w* preaant a snail axaapla of a
blackboard which alght be used In the autoaatlc programing of an

algebraic specification of a systaa to a functional prograa.

2.4.1 Algebraic Specification of a Stack.

Readers will recall that tha algebraic specification technique
parnlts the precise, fornai definition of tha functional bahawlour of
abstract objects as sets of algebraic aquatlona. Figura 2.4 la an
axaapl* for a alapla atack, axpraaaed In tha HOF, functional langiiag*

(Buratall atalsO]. (My coanants ar* enclosed with "/*._.*/%).
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modul* myataekt

pabcypa atackt /«"ataek™, la tha ebjact balag apaelflad*/
ptibceoat pep,tep,aapt: ,poah,iiairatackt /*eparatleaa of "atack/*
typaoar alphas /«"alpha® la a typo Tarlabla*/

data atack(alpha)— aawatacfc4+pttah(atack(alpha)#alpha)s
/«"noMtaek®™ and “"poah® eonatrnct atacka«/
doe pep i acaek(alpha) -> ataek(alpha); /«operation algnaturaa«/
doe top I ataek(alpha) -> alpha;
doc anpty t ataek(alpha) > truoal;
—  pop(nawatack) <> undaf; /«operation axlona«/
— pep(pnah(a,ltaa)) <m a;
—  top(nowataek) <> ondef;
—  top(puah(a,lton)) <- Itan;
— anpty(newataek) <m trua;
— anpty(puah(a,ltan)) <- falaa;

Figaro 2.4 Algebraic Spoclfleatlon of a Stack.

Eaaantlal iMInta to bo noted In this exanple aroi

(1) Tha "atack™ objact la not rapraaantad by any axpllclt data

straeture.

(2) Equations with “dec” ayabol daacrlba the operation "slgnaturea®,

that la, the Input aorta and output sort of each operation.

(@) The r"atack®™ object la defined via Its operations, the nsanlng of

which are lapllelt In the azloaa.

(4) Operatlona "nawstaek®™ and “puah® build etacks and are thus called

the “eenatructor® eperatlona.

(3 An axloa axlata for each ofieratlon applied to each constructor

operation, with result shown right of "<e® synbol.

(4 Synbol “undef® noans the application of tha operation Is undeflnsd
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(7) Th» "ttaek®™ typ* !e eoapoaad of «laMiita of a typa which la
unapoelflod. The apaelfleatlon la aald to bo "paraMtarlaod® and
tha type warlabla, "alpha® way ba Inatantlatad to tha ehoaan typo

of tha alawant.

2.4.2 tapraaantlng tha Problaw.

Choleo of lavala ahould ba convanlant for tha application. Por
axaapla, tha prograamlng of tha atack opacification night ba conductad
convonlantly on a thma lavai blackboard. Tha abatract datatypo la
daacrlbad by Ita oparatlona which In turn arc daflnad by Ita axlona or
agnatlona, thna tha lavala night ba nanad DATATTPE, OPEIATIOIf and
EqOATiaR raapactlvoly. (Thla cholca of lavala alnpllifloa tha dlacuaalon
and laada to a alnpla daconpoaltlon of tha problan but dooa not

danonatrato tha fnll powor of abotractloo).

Tha progrannlng of tha atack opacification can ba approachad In tha

following nannart

(1) Analyaa tho axlona to charactarlaa tha action aach operation nakaa

with roapact to tha abatract ohjact (In tha atyla of APE, paga 5).

(2) Chooaa repraaanting typa(a) for tha abatract object baaad on thla

analyala.

(3) Cenerata aanatlona which relate operatlona of tha abatract object

with thoaa of tha repreaentlng typa(a)-

C*) Tranafom theaa new a~tlona to aquatlona of tha functional

progran.
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Tha fear atapa fora a aataplan for aolring thla preblaa. Stapa 1 and 2
are aaeantUlly thoea takan la tha AR ayatoa Full datalla of atapa 3
aad 4 ara aarad for later chaptara, aufflea to aap that they follow a

precadara raeoMaadad bp Kapur aad Srlraa [Kapur4Srlaaa89].

la a fully autooatle ayatoa tha atapa would ba aeeowpllahad by
kaowlad]a aeureaax ladaed, tha order of the atapa deacrlba a atratagy
for oolalag tha problaa aad oay alao ba rapraaaotad by kaowledga aoureea
to affaet thla ordar. Tha rapraaaatatlon of thla kaowladga foraa tha
aubjaet of tha aazt two chaptara. For tha aoMat, wa Illuatrate how tha

aelutlen would unfold on tha blackboard.

2.4.3 A "Snapehot™ of tha Blackboard.

Flgura 2.5 Illuatrataa how a thraa-laaol blackboard wight look
after tha flrat three atepe have hoan taken with tha "top®™ operation.
Tartlcal llnaa depict tha ABSTRACTIOM llInka; horizontal llnaa the
IHREKITANCF llInke. Each box la a CnFTEXT. Tha blackboard would ba
Inltlallaad with tha root contazta ahown at tha DATATTFE and OFEKATXOH

larala. Tha thraa now contexta ahown would raault frow thoao atapa.
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Figura 2.S. Blackboard for Autoaatlc Programing.

Ideally, thla blackboard would ba ahown via a graphical Intarfaca, like

that of ART. At aacond beat, a liat of each contezt"a contenta night ba

obtained. Including a daacrlptlon of the linke to and fron It. In either
caae, the devalopnent of the progran can be followed at each level of

repreaantatlon.
2.3 Sumary.

Soae princlplee wore developed for rapreaantlng prograanlng within
a knowledge-baaed ayatew. In particular It waa ahown that Begg-a
deecrlptlon of design within a aultl-lovel organisation can be adapted

for prograamlng since It Is essentially a design sctivity.
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H* amI~Md th* blackboard atcuecaraa uaad bjr aaa dosaln-
Indapandanc blackboard ayataaa. Thla aaalyaaa sbowod that thara la
adrantata In chooalns a atructora which raflacta tha raaaonlng procaaa

ualag concapta faalllar to tha uaar.

Tha objact coneapt la faalllar to tha aoftwaro anglnaarins
coHNialty and ahould fora tha baala of a blackboard atructura for
knowladga-baaad prograaalng. Ona auch atructura, that In tha author*a
Itttarpratatlon of tha blackboard archltacturo, waa daacrlbad and an

axaapla glaon to llluatrata Ita tranaparancy,

Althou”™ tha ceaponanta of tha author®a blackboard atructura ara
aaaantlally theaa adoptad In tha AKT ayataa, thay ara plaead antlraly
within a claaa hlararchy of ebjacta. Tha blackboard atructura of tha
AXIADIIK-1 ayatoa [Cralg86] la daacrlbad la taraa of objacta and claaaaa,
bowaaar tba ayataa doaa not oaa contaxta and tha objact concapt la not
raportad at eantral to tho uaar Intarfaco. Tha author la unawara of any
othar blackboard atructura, batldat hla own, which glraa coaparabla
preadnanca to tha objact concapt aa a daacrlptlaa aid to Ita Intandad

uaara«
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aurrk» a.

AM OBJrCT-ClirmD LAMCaACE FOR REPRESEMTIHC PROCRMiaMC KMOWLEDGE.

Th* rapraaantatlon of prograMlng V.iMwladg« In knowladga-baiad
epntMM praaants apaclal diffleultlaa. In aany doaalna, axparca hava
eellaetlena of tarw vMeh daflna kay eoncapta, objaeta or ralatlonahlpa
within thalr apaclallaa. A knowladga anglnaar can fraquantly ancoda thla
knewladga aa alwpla pattarna of ayaihola for those terms. In some
pattam-dlrectad Inference syatam. Prograamers hava their own
definitions and Jargon but the focus of their activity la normally on
prograaa - objects which hava elaborate structure and syntax.
Conae”uantly, any rapraaentatlon language for axprasalng prograaalng

knowladga must also Include acme natalanguaga facility for describing

programs.

One such rspreaantatlon language, known as APPEAL, la described In
thla chapter. An attempt haa bean made to reconcile many ragiilrements In
the design of this language. Some of these requirements appear to be
contradictory. Of particular concern was the need for accessibility. An
earlier repreeentatlon language, designed for use with the blackboard
architecture, was not hullt with acceas In mind iMcArthurSb]. As a
result It was difficult to use. Experience gained in building a
knowledge~basa (McArthurSS), suggested that knowledge acquisition was
difficult enough without the added task of translation to an obscure
language. The title chosen for the new language, "A Pleasant Progrannlng
Expertise Acquisition Language™, reflects the high priority given to

eaae-of-uee In Its design.

The chapter proceeds as follows. Soma requirements for representing
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prograMlag kneirladg« art daaerlbad. Wa than ravlaw aoaa languagaa
daralopad for ua# with aeftwara toola. Wa will ana that tha daalgn of
hlgh-lawal languagaa within flaxlbla anwlronaxnta la now eo«on at tha
outaat of najor Inraatlgatlona of knowladga-baaad prograawlng. Thaaa
anwlronawnta fraquantly uaa an Intamal rapraaantatlon for both prograaa
and progranwlng knowladga which bringa afflelonep with aoaM dagroo of
Indapandanca froa tha particular programing language In uaa. Ona auch
rapraaantatlon, baaad on attributed traaa, will be daacrlbad. Finally,
AFFEdL, a rule-baaad languaga for aanlpulatlng objacta of the aort
daaerlbad In tha laat chapter la daaerlbed. 1t will be aaan that APPEAL

aharaa the beat faaturea of other repraaentatlon languagaa.
3.1 kaqulreaanta for Kapraaentlng Programing Knowledge.

Knowledge repraaantatlon la now raealving greater attention aa a
topic of raaaarch In Ita own right. Theae Inyaatlgatlona focua on the
rapreaantatlon and organlaatlon of knowledge Into a coherent atrueture
which eapturea the aaaantlca of aocae allce of reality while being

underatandabla by Ita daalgnera [Creanapan etalAS].

Kule-baaed repreaentatlona hawa attracted noat Intereat fron Al
Invaatlgatora following their aucceaaful uae In the MTCIH ayataa
[ShortlIffe76]. 1t baa been ahown that rulea can be uaed to repreaant
atrateglc knowledge [DawlaAOa], aupport explanatlona of conaultatlona
(ClaneeyP3], tutor atudenta (SleewanAl), rapreaent knowledge Induced
within nachlne learning eyataoM (Bundy etalSS)[BoyleBS]. and be uaad

with wany typea of aearch atratagy (NIlaaonAO][DawlaAKIng76].

Deaplte the popularity of rulea for repragentlng programing
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knnrladp* In th* TI, AR and (VI arstan (daaerlbad In ehaptar 1), othar
rapraaantatlon achaaaa hava baan uaad. Tha ROUST trataa (paga 9) haa
knawladga of pregraa plana rapraaantad within fnnan (MinakyTS]. Tramm»
ara objact rapraaantatiena with "alou” in which attribota infonwtion
ia bald. Slota aap ineluda pointara to othar fraaaa and fraquantly to a
fraaM which daacriboa tha claaa to which the objact balonga. Raaaoning

ia aiaulatad bp attaMting to "fill-in" wiaaing alot infotaation.

Rogardlaaa of rapraaantation achona choaon for an application, one
ragoiraa a fonul languM* to daacribo the knowladga. Thera hava baan
attaapta to daaign ganeral-purpoae repraaantation languagaa (eg. RIX,
daacrihad in (Baratow atalS3)). Howarar, thaaa do not appear to be uaad

for applicationa in programing.

The dacoapoaition of prograaaing to apacification and thair
rafinaaant, daacribad in tha laet ehaptar, praaenta ua with tha problaa
of repreaanting reflnaaanta. Inveatigatora in tha knowledgo-baaed

programing field offer a nuaber of auggaationa for repreaanting

programing knowladgai

(1) Repraaent raflnaaenta aa rulea. The Reatrel Inatltuta raeomend
uaa of nilea for repraaanting reflnenenta [Snlth atalSS]. Each rula
ahould awbodp one deaign daeialon and ahould ganarallp hawa the
affect of rewriting fragmnta of coda. They auggeat that the
language for exp”~MIng raflneiienta aiake uae of Bctalanguaga
expF*aaiona, where the warping parta of the pattern ara repraaentad
bp matawarlablaa. Prevtiae and conelualon parta of aueh nilea will
he inatantlated whan mtchad agalnat aultabla program and affect

coda auhatltutlon.
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Tha daalga of tha eoaiponaiit of tha V languaga uaad to daaerlbo
nilaa la batad on thaao princlplaa. (An axanpla of aueh a rula la

tlaan on paga I1).

Oaa a languaga-ladapandant rapraaantatloa. Prograaaara produca
prograaa axprasaad In tba langiiaga ayntaz which thay ara fanlllar.
Tha knowladga anployad, howarar, coaprlaaa chat of aoftwara doalgn.
algorlchaa and ota of prograiwlng languaga conatnicta which could
ba uaad with a claaa of languagaa, not Juat tha languaga with which
tha progranMr la faalllar. For thla raaaon. Rich [RIchSl],
r«efl«Mnda that knowladga rapraaantaclon ahould ba Indapandant of
particular languagaa. Tha “plan® rapraaantaclon of prograna,
Introducad by bin. ahowa proalaa aa balng a languaga Indapandant
~«PtaaanCatlon. Coda fragnanta daacrlblng plana can ba aappad Into
cloaaly ralatad languagaa glvan a praclaa knowladga of chair
axacutlon sodala.

Conaldar. tha frana daacrlhlng tha "acntlnal~procaaa~raad-whlla”
plan ahown In figura 3.1. Tha "tanplaca® alot daacrlbaa tha fom
PASCAL coda, Inplanancinp thla plan, ahould take. (Tha "T*" aynbol
will natch any PASCAL atatenanta and la a placa holdar, otharwlaa
"T" pracadaa natararlablea. SUHGOALa In tha tenplata ara goala that
nuat ba Inplanancad ualng ochar plana.) Tha tanplata could ha

raplacad with alnllar natalanguaga axpraaalona for othar langiiagaa.
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(Plan-Daflaltion SantIml-Proeaaa-taad-Whlla

Ceeatanta (tStop)
Varlablaa (TInput)
Taavlata ((S0BGOI0. (Input TiInput))
(MULE (TInput O TStop)

(x ECU

t

(SuUBCOia (Input TInput))))))

Plgura 3.1 Fraaa dascrlblng a Plan.

(3) Daa a rapraaantatlen which 1« "rararalbla®. Anothar tntarasting
faatura of plana, aa daaerlbad by Bleh, 1« that tbay haw« go
particular orlantatlon toward« prograa analyala or aynthaala.
Miatawar thalr Intandad uaa In an application, they can ha uaad
rawvaralbly. Pa racoananda thla faatura for any rapraaantatlon

achaaa.

To thaaa raqulraaants, wa add that tha rapraaantatlon ahould ba
Pow*rful, In that knowladga froe nany application« to progranilns ahould
find thalr capraaantatlon la It. Tha rapraaaatatlon languas« by which
progranalns knowladga la axpraaaad ahould ba paraplcuoua to all uaara of

a ayataa, not juat tha knowladga anglnaar.

Howawar, tha raqulraaant for paraplculty appaara to ba at odd« with
tha raoulraaant for languapa Indapandanca. Wa aaw that rulaa ezpraaaad
In tha V languaga of CHI appear particularly accaaalbla but thla I«
bacauaa rula pattama ara haaad on tha ayntax of the application
language. Muat progran knowladga ba axpraaaad In tamo of abatractlona
(eg-plana), which are potentially language IndepandantT Thla dllenaa
night ba raaolwad by conpllatlon of knowledge fron friendly

rapraaantatlona (which una T-1lka pattema) to Internal repreaentatlonn
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«Mch ara languata indapandaat er petantlally so.

Sines a eoasldarabla maibsr of rola-basad systaas baos baan built
ooar tba laat datada, tharo ara nany rola Unsuagas fraomwhich ona aay

draw cencapts for dasigning a laoguaga. A briaf survey will dascriba

thosa which hava influencad tha design of APPEAL.

3.2 Knowladga laprasantacion Langoagas in acaa Systan Building Tools.

Efforts to abstract knowladga-basad systans for usa in other
doaains hava given particular attention to the design of i«ng.i® «t for
representing knowledge. Sosm of these efforts will he described with
axanples of rules, «any of which am drawn or InspImd fron a survey of
such tools tWatarMnUUyas-PothSS] and a co”™Mrlson based on their
application to the aanagawent of spills of toxic liquids

[Johnaon&JerdonSS].

One language which greatly influenced the author®s work is ARL
(Abbmvlated Rule Language), tha Min language tool of EMTCIN (Extended

MTCIN (Van Malle etal79]), tha anvironaent abstracted froa MYCIN.

3* « terse, stylised, but easily undarstood language for
writing rulaa. Described as being slallar to a shorthand sosie doaain
«*P*tts use to sketch out rules, it uses slapla operators to relate
P*taaatem and their values in both prsaise and conclusion parts. Figum
3.2 shows a rula which alght be used in an application, built with
EMTCW, to advise on the aanagaaent of toxic liquids. Nota the symatry
of rules arising froa the dual use of for matching (in rule

premises) and ganeratlng data (in rule conclusions).
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If MM “ MATniio, AWD
colour " eoloarlaaa AMD
elaaa " acid AMD

ph-ralua < 3
than toxicity “ haaardooa

Figaro 3.2 Exanpla of AFL mia.

AML Includoa coaatnicta for ballding rula antacodanto fro«
arbitrary Boolaan coablnatlona of pradleataa of aaaoclatlTo triplaa (la.
objact-attributa-valua triplaa). ronjunctlon aod diajunction of, triplaa
la aehlarad ualng AMD and OR raapactlraly. Pradleataa, Including
natation, can ba appllad to thaaa eonblnatlona of trlplaa and tha uaar
can atlpulata an altamatlaa eonaaquant (ualng tha ELSE conatmet)

ahould tha mia antaeadant ba falaa.

To aeeoModata uncartalnty, a “eortalnty factor® My bo aaacelatad
with owary aaaoelatlTo tripla In EMTCIM. Thla nuabar, a nonullaad
probability, rangaa fro« -1 (whan tha tripla la falaa) through taro (nho
opinion) to -fl (unquaatlonably tma). A eartalnty factor My alao ba
aaaoelatad with oaeh ARL mia for tha pnrpoaaa of updating tha cartalnty
of tha eonaaquant la tha light of awldanca from tha antacadant according

to eartalnty-thoory forwlaa of MTCIP [Shortllffa and BuchananTS].

RAS (Knowladga Aequlaltlon Syata«) la a knowladgo onglnooring
anrlronMnt abatraetad fro« PROSPECTOR, a conaultatlon progra« dawalopad

for dlagnoalt pmbloM that arlaa In «Inorai axploratlon IDuda atal79].

Tlawod abatractly, tha mia languagoa a«ployad by EMTCIN and RAS

am wary al«llar. Rula antacadanta and conaaquanta My ba arbitrary



p«g« 49

BeelMn coablnatloM Ot propositional atataaonta. HowoTar tbaaa
atataaanta ara a ganarallaatlen of objact-attrlbuta-aalua triplaa to
aaaantle natworka In which hypothatlcal worlds may ba daaerlbad
[Handrix7S]. Thla allows a statoaant to rapraaant a altuatlon Involving

n-ary ralatlona aaong any nuabar of objaets.

To aeeeaaodata uncartalnty, KAS aasoclatas a probability valla with
avary stataaant. Thla nuabar aaasuraa tha dagraa to which tha statawant

la currantly ballavad to ba trua.

Tha probability of Boolaan coahlnatlons of atataaanta ara coaputad
using Zadah"s rulas for fusty sots (ZadahbS]. Using thasa foraulas, tha
probability of a hypothasls that la daflnad at tha logical conjunction
(AMD) of savaral placas of avldanca aquals the wlnlaua of tha
probability values associated with this evldanca. Sinllarly, a logical
disjunction (OK) of evldanca placas Is assigned a probability value

equal to the naxInun of these values.

Each rule Includas two nuaerlcal strengths used to update the
probability of Its consequent through the use of Bayes® Pule (Duda
atal7A]. The first one Is used If the antecedent la deterwlned to be
true, while the second Is used If the antecedent la detemlned to be

When the probability of the antecedent Is sonewhere between zero

and one, an appropriate Intaraedlate rule strength Is used.

An example of a rule In the language described for KAS la shown In
figure 3.3. Such a rule night be used by a diagnosis progran advising
on the best strategy for locating a spill (EI) of soma toxic liquid. The

neasures of rula sufficiency (eg. 500) and necessity (eg. 0.3) are both
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ratio« of prohablllclaa and tha flrat aay ba arbitrary larga. Tha uaar
=*praa«oa bar cartalnty about tha aotacadaot on an arbitrary “3

(dafinltaly abaant) to 5 (dafinltaly praaant) aeala.

If (0» (AMS (conpoaad-of EIl oil)
(alia-of El largo))

(AMD (conpoaad-of El acid)
n (ph-aaluo-of EIl atrong))

than (to dagraa 500,0.3)(prlorlty-of El trgancy)
Flfora 3.3. Eaanpla of rula In languaga of KAS.

OF85 la a rula-baaad profraMlng languaga (PorgyMlJ daacandad fron
aarllar OPS lansuagaa daaltnad for Al and cognltlra paychology
application«. Tha languaga Incorporatoa ganaral purpoaa control and

rapraaantatlon achanaa.

OP83 proTldaa a alngla. global data baae callad “working naaory*
conalating of “vactora® (llata of synbolte Taluoa) and/or objacta with
aaaoclatad attrlbuta-walua pair«. A typical attrlbute-valua al«Mnt
(with carata dlatlngulahlng attrlbuta naaaa fron valuaa) night look
1lka,

(KATERZAL *MAME H2SOA “OOUW™* COLOORLESS *CUSS ACID),

akatanant daacrlhaa P2SOA aa a coloiirlaaa acid.

Elananta In working nanory nay vary dynanlcally whan OPS5 rulaa are
appllad. Such mlaa conalat of Boolean conblnatlona of “pattama”™ In
tha antacadanta which are partial doacrilptlona of data elananta.
Tarlablaa (aynbola ancloaed with angle brackata) In pattama ara natched
with conponante of tha data alanant with nultlpla oecurrancaa of a

varlabla halng bound to tha aane value.
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tul« conaagamts My MARB < imr dmta «iMiaiic and add It to worfclng
W320ry; RZMO7R ona or aera alaaanca fron vorklng Baaory; MODIFT ona or
Mora aubolaaanta of an axlatlng aloVant or NRITE Infonutloo on cha usar
tarMlcal .

An axaapla of a rula In tha languaga datcrlbed for OP85 la ahown In
figura 3<A« Thla rula nay ba uaad In a aplll nanagaMant dlagnoatlc
applleatlon bulle «Ith OPSS and la nanad "‘bawara-colourlaaa-aclda”. Tha
aetlon of tha rula vlll ba to awdlfy tha aubalanant of tha pattam

matehad and haalng attrlbuta "atatua* to taka tha naw valUa “hadardoua“.

(P "bauara-colourlaaa-aclda”
(metarlai “nana <MAT> “colour colourlaaa “elaaa acld “atatua <X»

(HODIFT “atatua haaardoua)

Figura 3.4 Exaupla of rulo In OPSS languaga.

Sinllarly, afforta to abatract the blackboard archltacturo and,
mora recently, knowladge-baaed aoftwara toola aa ganaral-purpoae
anvlronnenta, give language devalopnent particular attention. Sona

conblnatlon of language concepta froa thaaa dlaparata ayateaa arc

necaaaary for our purpoaaa.
3.2.1 Languagaa for Blackboard Syatana.

Cnvlroraienca baaed on the blackboard architecture provide toola to
rapraaent knowledge aourcea aa rulaa. Thaaa range fron alnpla pattem-
matchlng facllltlaa. In the caae of FPAFSAT-111; a language for
daacrlblng rulea and conatralnta. In the caaa of ART; to a library of

rula evaluation algorlthna. In ACE, by uae of which languagaa nay ba
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caatM bullt for particular applleatlona.

Each knovladga sourea of HEAMAT-111 (paga 27) la LISP coda, which
caa ba thought of aa a larga gralaad production rula. It conciata of :
(1) a triggering pattam or pradlcata whoaa prlaltlwaa can ba AP3 fact
NemPl**** coupoaad with AMD and OK oparatora and arbitrary LISP
pradlcataa;

(2) Inaadlata coda which aaaoclataa InforMtlon with tha Inatantlatlon
of tha tuia whan trlggarad;
(3) a body which la run by tha control nachanlan In tha trlggaring

eontaxt with thaaa Inatantlatad warlablaa.

Por axaupla, a Raaraay-111 knowladge aourca frou an application to
adwlaa on pollution naoagaawnt night look llka tha rula of figura 3.5.
Rota that tha rula antacadant and conaaquant conprlaa pattarne of
triplaa with nlxad-caaa aynbola raproaanting warlablaa. Thla KS will
*A*Sat on the dlacovary of a cauatlc and volatila pollutant. Tha KS

~ody will asacuta at a vary high priority and aand an appropriata

warning to tha uaar.

(daclara-KS Uam-Cauatlc-Volatlla (Matarlal Obaarvatlon Obaarvar)

Triggart (AMD (MATCKIAL Obaarvatlon Matarlal)
(CMEKICAL-ATTRIMm! Matarlal CAUSTIC)
(CHEMICAL-ATTKIIHJTE Hatarlal VOLATILE)
(OBSERVEK Obaarvatlon Obaarvar))

Schad-lavali Eaargancy-Laval
Action! (OOWFUNICATE Obaarvar

"Vamlng:" Matarlal
" la cauatlc and volatll1a-DON"T BREATHE ITt™))

Figura 3.5. Exanpla of HEAP.SAT-111 knowladga aourca.

Tha languaga of ART uaaa alnllar pradlcataa and pattarne aa
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1@*MAT-111, bat la tjotactlcally togarad to raoova nuch of tha
brackating. Botb REAMAT-111 and AIT paratt rafaranea to apaelflc
eentaxta (daacrlbad aa trlawpelata In AIT) and tha rapraaantatlon of
canatralnta®« CoMtralnta ara aata of pradlcataa whleh auat not aueeaad
In a contaxt» Contaxta whlch do not eonplp wlth conatralnta ara
¢i*===J contradlctory or falaa and ara "polacocad”, that la, raawTad fron

tha oaarch proeaaa.

An axaapla of a eonatralnt In tha languaga daacrlbad for AIT la
giron In figuro 3.6, Thla eonatralnt praranta conaldaratlon of lino aa a
troatrant for acid aplllo. Rota that AIT blaekhoarda ara rapraaantad
wlth oao of franca and "SehoM™ Indleataa that attrihataa of tha "aplll*®

objaet ara to ho natchad.

(DafContradlictlon [Ilna-troatnant-on-alkall
"Una doaan™t noutrallaa alkali™
(Schona aplll
(natorlal alkali))
(Schono aplll
(nontrallaa Una)))

figura 3,6. Exanpla of an AKT conatralnt.

In eontroat, a knowladga aourca of ACK conciata of a laballod aat
of tulaa uhlch aro conaldarad to bolong togothor and doacrlba a largo
ehonk of knowladga. Aaaoclatod wlth aach K8 ara a eoraon procondltlon

of tha tulaa and othor Infy rnatlon halpful In gulding thalr aalactlon.

SIneo ACE alananta aro larga frana-llko atrueturao (ag. eoa figura
2.3a, paga 30), tulaa ara uaod to add now alananta, nodlfy axlatling

alananta or oatahllah llnka In tha hppothoala atructuro. Rula pronlaaa
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ara arbitrary LISP pradlcataa tet rula eonelualoaa aay bava ona or aora
PROPOSE atataaanta of fora,

PROPOSE <Chaagatrpa> <Raaa> <Llat of Attrlbuta-Valua Palra>
abaro "Changatypa”™ la ADD or MODIFT aad "Maao® la tha alaaant"a
ldaatlty. lha attributo palra daaerlba a aaw alaaant, for addition to

tha hypothaala atnictura, otharwlaa thay daaerlba altaratlona for

aodlfylag an alaaant.

Eaaluatera can bo aaaaablad for rulaa having elauaaa Jolnad with
boelaan oparatora ADD, OR and HOT, with evaluation baaad on thlo logie.
Altamatlvaly, evaluation can ba baaad on aocaa aubaat of elauaaa of a

rula praalaa aueeaadlng, aa for tha EXPERT ayataa tWalaaWullfcowakl79].

Per axaapla, tha knowladga that ""Oli apllling Into water eauaaa a

ahaan' would ba repreaantad with tha rule of figure 3.7.

(SVALDE "niSOnVER DESCRIPTION LATEST) - “SHEEN

(PROPOSE change.type MWIPT
hype-ale«ient “"DISCOVER
attribute-value (INITIAL-ID FOIL)
auppert DISCOVERT
event.type 0OA3
eeanent If a ahaan la obaarvad,
then oil nay have bean aplllad)

3.7. Esaapla of an ACE knowledge aouree.

Theae languagaa ara uaad to reprceent knowladga of unatructured
objeeta In uemm doaaln. Slnea prograna ara larga atnieturad objecta,

languaga featuraa for natehlng and generatlng progran fragnenta ara

raqulrad.
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3.2.2. Languaga« for Rapraaantlng Prograaalng Raowladga.

Cantraa with long tarn rataareh prograaBoa In knowladga-baaad
prograaalng placa haaay aaphaala on dsTAlopBAnt of roproooncotlcMi
languagaa. Tha V languaga and POPART (Producar of Paraara and Ralatad
Toola) wara davalopad at Kaatral Inatltuta and Infonatlon Sclancaa
Inatltuta, raapactlwaly. Both V and POPART ara, proparly, toola
aupportlng languaga davalopaMnt. Howavar, both Includa conatructa for

rapraaantlng prograaalng knowladga, and wa daacrlba thaaa hara.

Kn<nrladga la rapraaantad at rulaa In both tha rula aub-langiiaga of

T and POPART. Plgura 3.8 ahowa aqulwalant rulaa (to raaova a radundant
conditional) In tha aynCax daacrlhad for thaaa languagaa. Othar

alallarltlaa arat

(1) AIll tranaforaatlon rulaa ara glvan an unlqua nana to facilitate

direct aelactlon and application by uaera.

(2) Both uae netalanguaga expraaalona, baaed on the languaga of the

progran being aanlpulatad.

(3 Both uaa an Intamal rapraaentatlon for prograna based on

attributed treea of an abatract graiMr.

(*) Matayarlablea ara uaed to natch with varying parts of tha prograa.
Such varlablaa have form *8<ldantifler>" In VRL, or
"I<Sort><ldentlflar>" In POPART where "Sort® conatralna tha natch

to specific constructa of the progranning language.

(5) Synbols of tha abstract grannar can ba used with netalanguage

<*pr*aaloaa to constrain the watching to particular constructs of
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th* prograMInR languapa. Thaaa ayabola ara uaad within

matararlablaa In POPART and uaad aa pradlcataa In VRL.

(6) Pattam aubatltutlon In contazt la acblavad by uaa of tha “Match®

ceaaand In POPART. Pattama, conjolnad with a alngla In VRL,

raaulta In a alnllar aaareh through tha coda for aatchaa.

(7) Tha aztant of tha pattam aubatltutlon can ba quantified. POPART
®@***@" "Raplaca~All" la uaad to Indicata that all occurroncaa of
matchlng coda la to ba replaced. The unlweraal quantifier, V, la

available In VRL for thla purpose.

rula roplaca-wlth-alsa(sl) connand ReplacaWlthElsa0
“If false than Rs also Rsi* begin
* stataaent(RSI) Match If false
-> than IStataaant
«81 alaa IStatawant#
Replace IStstanant#
and
(@ VRL Rula (b) POPART Rule

Figura 3.8. Equivalent rules In two representation languages.

We see that these languages use pattern substitution as the basis
of their description. Token strings, and patterns based on these, are a
{mmlller rapreaantatlon to the prograaaer but are too Inefficient to
provide a basis for a aachlne lapleasntatlon. Representations based on
abatract dascriptloos of programing languages can provide this
efficiency whilst being potentially language Independent. Attributed
trees are the current choice of the CHI and POPART designers (although
future versions of CHI will use Internal descriptions based on logic

(HestfoldRAI).
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3.3. Ab Attrlbutad-traa rapraaaatatlon for Prograaa.

An attrlbutad-traa rapratantatloB of prognuaa, batad on an abatraet

«=" ba uaad to rotalo prograa atructura. Nodaa of tha traaa

@R PR wlth aorta of conatruct daflnad for tha prograocailng languaga.

Tatolnala ara tokana of tha aurfaeo apotax.

For oxaopla, tha HOPE atatoaant,
"dac top 1 ataek(alpha) -> alpha;*

can ba raproaantad by tha troa of figura 3.9 baaad on tha abatraet

apntax daflnad In figura 3.10.

.algnatura.

\
“out_typa

i
typa_conatructor tppa aar
L}

"atack*® of tppaa “alpha*
typajrar
4
“alpha*

Flgura 3.9 Ahatract Syntax Traa

1. algnatura «> aa_opar x oparatlon,
aa_In : In_typoa,
aa”out ! out_typo.

2. oparatlon <> at~ldantlflor t Id.

3. In_typaa “> aa Tlat t a»q pt el_typa.

*_ out_typa -> aa_typa tcl typa.”

5* «m cO"liiltlva typavar * typa axproaalon
typo_conatructor .

Figura 3.10 Sanplo of Abstract Syntax for HOPE.



pa(« SS

Thl« abstract syntax la daflnad using a notation, known as IDL
(Nastor Staisi], which la wall aultad for dafinlng traa structucaa. An
IDL statawant daflnas tha sort of soaa progran construct by usa of an
<Quatlon with tha sort to ba daflnad on tha laft**hand~alda and a nunbar

of attrlbutas on tha rlght-hand-slda.

Each attribute Mist be of tha sort spaclflad aftar tha colon. In
our axawpla, a signature sort has thraa attrlbutas (dascandent nodas)
EemeS "aa_In" and "aa out®. Each attribute la either
constrained to ba a spaclflc sort (eg. asjBpar oust ba an "operation”
sort)} or a sort froa som class (eg- tha attribute of "out typa"™ aust
n froa tha class “cl_typa®); or nay awan be a saquenca of sorts

(eg- "In_typaa®" aust bo a saquance ("aaqjof") sorts froa class

“cl_typa“).

Cl«»««* «« daflnad In IDL stataMnts using tha syabol and
Includa a list of axcluslTc sorts (ag "cl_typa"™ aust ba althar a
“cl_prlaltlaa®™ or "typawar®™ or a "typa_coostructor®). (Nota that the

character la used to Indicate disjunction In this axaapla).

Abstract syntax trass are now used In a variety of advanced
«@** tools. They provide a convenient Intenaedlate representation
within caapllers. Coda generators can ba written for particular
hardware while tha parser la reused. For axaag>la, DIANA (Coos6Hulf831 la
an abstract syntax daflnad for tha ADA language. APPENDIX-C contains an
abstract graawar for a useful subset of the HOPE language In this

notation.

attorta have bean aiade to translate prograns of one language Into
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enethar languag* «aklin uaa of abatract ayntax traaa (ag» ADA to PASCAL
(Albraebc atalSO]; and FORTITAM to ADA [Slapa«Vallla83]). fnmn
eonatraeca of tha two languagaa abould have eoMon ayntax daflnad for
than. Tranalatlon of othar languago eonatrueta irtU Involva a procoat of
tranaforvaclon. Abatract ayntax traaa art languaga Indapandant In ao far
aa thay prévida a convanlant rapraaantatlon for a cora of conatructt

fro» any partlcnlar data of broadly alnllar prograailng languagca.

Poaarful adltort uaa traa rapraaantatlona of prograna to hlda
datallt of tha coda whllat uaara aatabllab tha atructura [Lablang82].
Such toda ancouraga top-down daalgn and hava baan Intagratad In
ewlron»anta aueh aa MEMTOR (LangSS]. Tha authora pravloua rula
Itnguaga uaod attrlbutad traa rapraaantatlona dlractly. Prograna warn
tranaforaad aa traaa utlng taaplataa which Include aatavarlablaa for
matcblng aubtraat. Por axaaple, the taaplata
“tlgnature(oparatlon(0),In,0ut)", would natch the tree of figure 3.4
binding "top®, “oot_typa(type_var(alpha))® and
" In_typaa(ttypa_conatructor(ataek,of_typa([typa_var(alpha)1))])" to
varlablaa 0, Out and In retpactlyaly. Howavar, the language desandad

knowledge of the abatract graanar and tha bracketing waa painful In uta.
3.4. APPEAL (A Plaatant Prograanlng-Rxpertlte Acqulaltlon Language).

Wa aaw In tha laat chapter that prograna are rapreaented on tha
blackboard aa aaaaablagaa of objacta. Tha author"a rapraaentatlon
languaga, APPEAL, la object-centred In that raflnenanta are repraaantad
with rulaa to generate objacta.” Theta nilat are thanadvaa objacta and
nay ba located on a blackboard. (Wa will tea In tha next chapter that

APPEAL rulat can addraaa thanaalvaa).
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APFEAL iBcludaa eoastructa for Batching objaeta and matching coda

within ohjacta. A nunbor of asaaiploa of AFPEAL rulaa ara glvan to
Illoatrata thaaa language faaturaa ualng tha HOPE language and ataek
axaapla of tha laat chaptar. After ahowlng rulaa to aanlpulata objacta
within a elogia blackboard level, wa ahow rulea to nanlpulate objecta on

multipla lavala.

3.4.1 APPEAL Rulaa for uaa with a alngle rapraaaotatlon.

Knowladga-baaed toola generally require lowlavel tranafamatlona
to maaaage or condition prograna Into atataa which will match other
rulae. Lot"avel tranaformatlona typically regroup naated axpreaalona.
Figure 3.11 ahowa rulaa for (&) commuting tama, and (b) aaaoclatlng

tarma to be added In an expreaelon.

For example, the axpraaalon "(xfyHc® might be tranaformed to
"(ytx)+a" by action of rule 3.1la, or "rf(y+a)" by action of rula 3.11b.
(Kota that matching la performed on atructural componente of programa

and not arbitrary partltlona of tokena).

If an aquatlon(lg haa If an equatlon(l) haa
4 4 code - * A+ B+0C -~
then an aquatlon(l) haa then an aquatlon(l) haa
4 code - "_»-A__* 4 code - _(AeB+C "
(@) Commuting tenu (b) Aaaoclatlng tema

Figure 3.11. So loi“level tranafomatlona.

APPEAL rulaa conalat of a number of teaplatea of objecta In either
left-hand or right-hand aldea. The generic fora of each template la

"<OBJECT>(<IIEFCRRN(X NO» haa* <Attrlbute-Value Palra>.
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Om of oxlatoatUl gaantlflora "a" or "an" la optional. Every object haa
a apaelfle Identity aa Ita "nane” attribute but need not be uaed t local
reference nuabera (In bracketa) denote the aaae object In the context of
the rule. Attribute valuea are acceaaed by equatlona t

"<ATTKZBOTE VALOE> - <AP?EAL BCPIESSIOIO".

Portlona of code nay be located or aubatltuted by the uae of
pattema within alnfla quotaa. Syabola with Initial capital are
pattem-Mteh warlablaa. If pattema are alao encloaed within the
wildcard ayabola, " ", than code will be aatched and aubatltutad In

context.

Uae of local refarenca nunhera outwlth, and AXL-llke ayntax withlft
object tanplataa, provide alallar ayntax to daacrlbe rule praalae and
concloalon parta. Kulaa have a ayaaetrlcal appearance and no further
daacriptor la needed to esphosloo thot A BodlflcAtlon to obJoctA is
Intended (aa for ACE rulea). Slellarly, objacta In rule conclualona, not

referred to In rule prenleea, are to be added to the blackboard.

More chan one object nay be natched or (enerated by an APPEAL rule
at any given blackboard level. Figure 3.12 abowa two tranafomatlona
which have a wore algnlflcanc effect on functional equatlona. FOLD
replaceo code Matching a function body with a call to It t DNPOLY)
perfome the reverie tranafomatlon (Imt note that It la not the reverie

of the FOLD rule). Rope aynCax la apparent within the progran pacteraa.

For exanple, the aquation "-~f(xX«xf2;" night be cmnafomad by

FOLD to — F(O)<»g(x)+2j" In conjunction with — g(X)<“x;".
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an a”“uatlond) hat an aquaclon(l) hat

coda m  -lhtl<»E*pr; "' coda - " ~LhaK-Rhtl;"

an aquattoa(2) haa Rhal - * J>p(X)__*"

coda =  Lha2<«Wia;" an aquatlfiiCR) baa

tha - = E*pt_ ~ coda - Op(X)<-Rha2:*
aquat7fin(2)-fiiaa ogoatloo(l) haa

Rha - = ulei -~ Xhal - *_Rha2 *

coda -Lha2<-Hia; " coda - "~Lhtl<"Ohal;"

@ Fou) (b) DHFOU)

Figura 3>12 Som HIlgbar lavai TranaforMtlona.

Aftar cach tranafotMtlon la road by tho ayato* a tabla la
prasantad of pattam-Mtch varlablaa and tha aorta of tha abatract
ayntax thoy will Mteh. Tho uaar than haa throa optlona i althar accapt
thoao aorta, forco a raparaa of tha rulo (ag- to parta a pattam
aarlabla to Mtch with one paraMtar Inataad of a Hat of paraMtara) or
noM nora apaclflc aorta which tha pattam varlablo wuat Mtch with.
Thla procedura, wa noM TYPE OUALIFICATION, allona tha uaar to rasolva
aAlgultlaa arlalng frow pattama which hava nota than ono
Intorprotatlon. Tha Mchanlaw Introducoa uaa of Intamal datcriptlont
of tha prograMing language and fulfllla tha aoM function at the uae of

tort Infonutlon la VRL and POPART rulea.

For exanple, once tha APPEAL editor haa read tha FOLD
tmnaforiMtlon, the table of figure 3.13 la preaented to the usar. Sorta
ataoclatod with each rarlabla are the noat general which can be Mtchad,
given tha pattem la which varlablea were foud. If ha repllea “yea"
than the Mtavarlablea would Mtch with tha aorta ahomn. Typing

"reparae™ will change thoaa varlablaa Mtchlng aaguancaa of aorta
(eg-paraMitar Hata) to aoM alngla aort. Tha final cholca la to antar
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mara opacifie aorta to bo motehod by tho rarlabla.

Varlabla Match Typa
Lhal aaquaaea_ef el_axprasolan
™pr el_axproaaloii
Lht2 ocaiquaiica of cl_axpraosloa
Kho el_aapraaaloa

Figura 3.13 Tabla of Varlablas aod Matehing Typos.

Matching and substitution with all oecurrancas of objocts or coda Is
schlsTod with usa of tha unlvarsal quontlflor "all”. For oxoapla, tho
rula In figura 3.14 Is a Torsion of INSTAHTIATIOM usad to substltuta
soaa Torlablo ldantlflar with anothor throughout an aquation. Similar
to "laplaco-all® In FOF4KT, tho "all® construct Is usad In this rula to
signify that substitutions will ba nads avarywharo tha pattora Is
loeatad In tha aquation. A rula nay also bo quontlflod oTor all objacts
la sons blackboard contort using syntax “all <OBJECT>(s) hava". Note

also usa of aogatlon with koyword "not™ In figura 3.14.

For axas™la, tha aquation — f(X)<>xf2; " night bo trsnsfomod by
INSTANTIATICN to *— F(y)<“y+2}" In conjunction with aquation ™—

h(yX-s;'.
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It an aquatlond) has

coda - OpKXX-Rhal;*
allOthal - = X )
an adaatloa(27~haa
coda - -~>p2(Y)<«*ha2; "
not( T >X )

th* aquatlend) haa
alKlthal - = T 9
coda m Oipr(T7<“Wial ;*

Pltura 3.14 Taralon of IRSTAIimATION In APPEAL.

Rafarrilns co tha atack axaapla of tha Uat chaptar, tha rnlaa thua
far daacrlbad ean ba oaad co tranafora aquatlona ralatlnt oparatlona of
tha abotract and rapraaantInff typaa (ao callad "abatractlon aapplnga®)
to aquatlona of an laplonantatlon. tafarring to tha aquatlona In figura
2.S (paga 40), "b(top(nl))<>top(h(nll));" can ba tranaforaad wlth tha
axloaa to tha aquation of tha laplaaontatlon In tha followlng aaquanca:

hCtop(nl1))<> top(h(nll)

<e top(nowatack) by DNPOLO
<- undaf by DHPOLO
<* h(arror) by POU)

PInally drop "h" both aldoa,

"— top(nll)<a arror;".
3.72 APPEAL Eulaa for uaa wlth aultlpla raproaantatlona.

IVo final axaaplaa of rulaa ara glran to Illuacrato how a
ropraaantatlon alght ba choaan for ao abotract objaet apaclflad
algobralcally. Tha APE ayataa (paga 5) attaapta to charactorlaa tha
acclona of oparatlona on tha abotract data typa (og."atack®) than

chooaaa a data typa wlth a alnllar aot of oparatlona aa tha
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r*pre««otatlofi. Op«ratlena typically raad, «rrlca, dalata or taka othar
aetlena with raapact to alaMnt* at aoM location within an abatract
objact and thaaa can ba Infarrad by pattam-Mtehlng. Flguro 3.1S(a)
Idantlflaa KEAD"a oparatlona. Plgur* 3.1S(b) la a rula borrowed frow tha
APE ayataw to ehoooa a linked Hat at a rapraacntatlon. Note that that*
rulaa wuat watch with objacta on wore than on* blackboard lawal and chat
pattern "D(P)" will natch with "ttack(alpha)®" for the aCack data type

(aae figure 2.5, page 40).

If a datacype(l) haa If a dacacypa(l) haa
A type - *D(P)" A type - "D(P)"
A an oparatlon(l) haa A all oparatlon(a) hare
A algnatora m “dec Op:Sortf">P; * A algnature -
A Sort* - A aetpoan m front
then an oparaclund) liaa than an objact(l) haa
A action ““ raada A rapraaent - "al_llat(F)"
(@) READS rula. (b) Chooalng a rapreaantatlon.

Plgur* 3.15. Exanplaa of APE rule* In APPEAL.

A fornai definition of tha ml* language In Extended Backua-Naur
Pom la glwan In figure 3.16. Raadcrt are renlnded chat the netaaynbola
have th* following naanlng T "1 can bo raad a* "or"; "{...} anelo**
lean* which nay b* repeated or not be preaanc; encloa* acrling
11tamia. laminala "objecc-claaa® and "progran-tyntax® are th*
blackboard level nan* and token atrlnga of th* application language,

raapactlvaly.
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ral* m "If’ ptMla* "than’ coBcliMlen.

praalM « ebjaet-taaplata (-6+ objaet-taaplac«}.

eonelaaloB " obJaet-tMiplac« (" 6" ebjact-taaplata).

ebjact-taaplata ““ unlvaraal-taavlata | axlatantlal-taaplata.

uBlaaraal-taaplata = nniTaraaI—qmtlflar objaet-elaza

E )" "bara” elausaa«

axlataotlal-taaM ata m ax ||tlal—qmtlflar ebjact-elaaa
objact-rafne "baa’" elausaa.

elavaaa " '6" clauaa (6" claoaa)

oalaaraal—oi'aal itlflar “ “all”

axlatantl qaantlf ar « "b"i"an"|
ebjact-rafno - (: "
clauaa ’ prograa ‘e e axpraaal on |

all(’ prograa - axpraaalea ') 1
"not(" prograa - axpraaaloo' N
prograa ““ objaet-attributa 1 aacaaartabla.
axproaalon T pattom ]t pattam
pattam “ prog (paccam) 1
a (pattam}.

ftgura 3.16 EBMP Oaflnltlen of APPEAL Syntax.

This daflnltloo axeludaa axtanalona of tba APPEAL languaga uaad to rafar
to or control tbo application of, APPEAL nilaa. laauaa of control and

Ita rapraaantatlon ara addraaaad In tba naxt cbaptar.

Seaa raqulraaanta of a rapraaantatlon for progranalng knoaladga
vara notad. Tha rapraaantatlon abould bo baaad on rulaa wblcb uao
pattama to affact coda aubatltutlon. Tha rapraaantatlon ahould bo
languago Indapondant and nautral wltb roapact to analyala and aynthoala.
Tha aotbor®a prior axparlanca of nalng rulaa wltb progranning toola
auggaata that tbay abould alao ba accoaalbla and powarful anougb to
ropraaont aany prograaailng problaaa. Rulo rapraaantatlona ara alao
attractlwa giran tba accunulatad axparlenca of tbalr uaa In knowladga-

baaad ayatana and tbalr potontlal for Mcblno-drlvan axplanatlon.
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tMchins mnd laaralng.

A atadjr of aoM rapraaantatlon lanpiagaa ahowad that languagaa
aalng aatalaiiRaaKa aapraaalana to aateh tofcan atrlaga of prograM «ora
paraplcuooa. Thla la not aurprlalng glTon that prograaaliig langoagaa
prévida tha baala of coaMonleatlon of prograaa batwoan prograaaara and
tholr aachlnaa. Abatract daaerlptlona of prograna noad not ba pronlnant
In aoch rapraaantatlon languagaa alnea rulaa can ba eonplled to an
Intamal fora which la potontlally language Indapandant. Ua notad alao
that aeaa languagaa aueh aa AXL hava alnploi eaay~to-uaa ayntax for

daaerlblng rula pradlcataa.

Tha APRAL languaga haa bean daalgnad to neat thaaa raqulrananta
and Ineorporata the bast faaturas of the rapreaantatlon languages
studied. Sane equivalent languaga constructs of TRL and POPART are
adopted, particularly the uaa of netalanguage expressions to effect code
substitution. However, APPEAL Is unique in Its treataent of prograns as
objacts. Dsa of ARL-llke syntax within locally nuabered tenplatas give
tha languaga a synnatry not obaerved In TRL nor POPART. In no othar
knowledge representation language, known to the author, are constraints
on watching sorts of natavarlablas expressed by a separate process to
presarva sysaatry. The synnetry of som transfomatlon rules Is
apparent when expressed In APPEAL and they could be evaluated for the
purposes of analysis or synthesis. Again, use of the object concept
brings transparency to the representation with no loss In

sophistication.
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CHAPTEX 4.

A TASK-OlInITATED OOMTIIOL MECHAINSH FOR PROGRAM REFIHEMERT.

Th« dlaetplIM of meftwaro anglntarlng not only prorldas hlgh-loTol
notatlona for daaerlblng tyataaa but nuaaroua Mthoda for conatrueting
ayatoBt ualng thaaa. Matboda cowplatnant our knowlodga of prograanlng
“*p*clflca* by proTlding a fraaowork In which to order problaa aolving
actlTltlaa. Coneomad with atratagy or control, aathoda bring afflclancy

to prograaalng and. In addition, raduca tho acopa for orror»

Tha roproaantatlon of atrataglc or control knowladga within
knewladga-baaad aoftwara toola appaara to ba particularly ralawant.
According to Vila [WIla82b], "Enoraoua chalna of prlaltlwa
tranaforaatlon appllcatlona ara nacaaaary to optlalaa avan tha aoat
triwlal apaclflcatlon.” Tha application of raflnoMnta auat ba
controllad, alnca *"for raallatlc appllcatlona, anormoua nuabara of
tranafonatlona, tranaforMtlon appllcatlona, Intaraadlata prograa

ate., auat ba daalt with oulckly. Thla aakaa alaa tha aoat

crucial problaa to ba aolwad."

Wa notad In ehaptar 1 that application of low-laval
tFanaforaatlona, to condition prograaa for aajor raflnoaent, haa aparltad
particular attention (ag. In PPOUST and TI). A difficulty la that theaa
tranaforaatlona can ba applied to prograna In a Multitude of vaya (eg-
conaldar tha aany poaalbllltlaa for coannitlng, ra-aaaoclating or ra-
8latrlbuting tema of expreaalon *2x+3(y+x)"). Thua nany prograaa nay ba
generated from any glvan progran, or In tree-aaarch tema, tha

“branching factor® (HllaaonSO] la high.



paga 69

Tha cholea of control nachanlan for our Intarpratatlon of cha
blackboard arehitaetura ahould, charafora, ba orlancatad tawardt cha
rapraaantatlon and uaa of control knowladga. Of particular coneam la
Chat thla knowladga ba axpllelt and accaaalbla within a blackboard

A hlgb-lawal, objaet-eantrad languaga waa dawalopad for
axpraaalng prograawlng knowladga. SInllar alna ahould gulda ua towarda a
uaahla languaga for axpraaalng control In a knowladga-baaad programing

anrlronnant.

To bagln thla chapear, wa exaalna aona rapraaantatlona for control
knowladga In knowladga-baaad ayatana. Attanpta to control uaa of
MTCIR"a nadlcal knowladga baaa for purpoaaa of explanacién and tutoring
hawa baan particularly fruitful of ldaaa. Slnca control knowladga la

to donaln knowladga, tachnlquaa for repraaanting tha
fomar nlrror thoaa uaad with donaln knowladga. tlaa of rulea la tha
favoured approach. We deacrlbe thaae efforta and aubaaquant work to

prévida knowladga-baaad control within blackboard ayatana.

Hitherto, dealgnera of knowledge-baaed progrannlng toola have
tended to uae any device avalUbla within thalr ayatena to control the
aaareh for aolutlona. However, tha relevance of control laauea to tha
progrannlng donaln la clearly aeen by Wile who haa developed a language,
known aa PADDLE, for repraaantlng atraCegle knowladga of prograomlng. Vie

exanlna thla languaga cloaaly.

Tha author®a Interpretation of the blackboard architecture la
conplate with a cholea of control neehanlan. A control nachanlan haa
been daveloped which uaea four elaaaea of object. Kethoda are

b o ahaiaia] kil | aeta of control rulea, each expreaaed via an extended
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APPEAL languag«. Control nilaa ganarata nacworfca of objacta daaerlblng
"taaka®" within a aaparata control blackboard« Taaka ara uaad to dlract
actiTltp on tha doaaln blackboard. Control will ba aaan to be azpllclt
and accaaalbla ualng awthoda, control mlaa, taaka and a control

blackboard.
A_l1 Knowledga~baaad Control In aoaa Knowladga~baaad Spatawa.

Much of tha pioneering work In repraaentlng control knowledge waa
alaad at Inprowlng tha afflclencp of MTCIN and naklng Ita hnowledga baae
evellabla for other purpoaaa. Va axawlne tha control aachanlaMi of two

dewelopaanta of MTCm t tha TEIIESIAS and NEOHTCIN apatawa.

The reallaatlon that atrateglaa are eaaantlallp hierarchical
motlratad Inraatlgatlona of their rapraaantatlon In blackboard apatana.
Tha concept of "control blackboard®™ Introduced for RFAXSAT-111, la taken
further In OPM, whara a general-purpose control iMchanlsn has bean

developed.
4.1.1 TEIRESIAS.

Explicit rapraaantatlon and use of control knowledge has bean
lo~alIMtad bp Davis (DavisSOal, In the Telrealaa spstea. He suggaats
that Its rola Is to decide which knowladga (of MICIil) to Invoke next In
a situation whara amra than ona chunk of knowladga nap ba applicable.
Paced with a eat of altematlvaa, posslblp so large that axhaustlva

Invocation bacowea Infeasible, soaa decialon wuat ba nade about which

should be chosen.

Davis represents control knowledge as “sMtarulea® which have tha
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followlnt prep«rtl««i

(1) Thiay rafIM tha «t of oppllcablo doaaln ml«*. Tha aat la prunad
or raordarad to Indlcata cha prafarrad mlaa to bo appliod. (Vlawad
In traa-aaareb tarM, matarulaa althor pnina tha aaareh apaea or

raordar branchaa of tha traa).

(2) Thay contain daacriptlona of doMIn mlaa. Hatamlaa aaloct anongat

applleabla do«aln mlaa by rafarring to thalr propartloa.

(3 They ahould ba aneodod In eonatmeta accoaalbla to tha prograa.
Furthar, If a unlfom aneodlng aehatM la adoptad for both control
and doaaln knowladga, than tha aano accaaa, Infaronco, acqulaltlon
and axplanatlon procaduroa, davalopad for doaaln mlaa, can ba

oxtandad to aatamlaa aa wall.

(4) Thay nay alao raaaon about control at tha notalarel. That la, tha
ayataai mtrlaaaa tha Hat (L) of donaln laaal mlaa. Bafora
Invoking theaa. It chacka for a Hat (L") of flrat ordar natamloa
to mordar or pmna L. But bafora Invoking thla. It chacka for
aacond ordar aatamlao to prune 1/, ate. Pacuralon atopa when there
la no mla aet of tha next higher order, and the procaaa unwlnda,
each laval of atrateglaa advlalng on tha uaa of tha next lower

level.

In an elaboration of (2), Davla auggaata that netamlaa aelact
aaongat plaualbly uvaaful donaln level mlea by direct axaiilnatlon of
thalr content. Tha technique, naaad “content rafaranelng” [DavlaBOb],
raqulraa that tha aource coda of doaaln mlaa ba axanlned at execution

tine. That la, the aatamla "goea In and looka"™ for tha relevant
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eharactarlatic in th«a* tvim . Tha tachalgaa la particularly aultad for
larga, arolulDg knowladga baaaa alnca now Mtarulas and domain rulot can

ba addod without rovlawlng all axlating rulot.

In eontratt, raforonea to rulot wla "axtamal dotcrilptort®™ (lo.
***e*# ealn affoctt, tldo offoctt, otc.), attachod to thom, compromloot
tho ability of tho knowladgo bata to accoi odato changot. Aftar a domain
lowtl tula haa boon adltad, for Inataneo, wo would hawo to chock all tho
matatulaa raforring to Itt daacriptort to ontura all tuch roforancat art
appllcabla to tho rawlaad rula. Similar problama arito with tha
modification of matarulat. Furtbar, tho tot of oxtomal dotcriptort It

potontlally largo and difficult to doflno a priori.

Motatulaa bring both a conceptually cleanor organltatlon and
conceptually claarer uae of ttrateglc knowledge. Dawla arguot,
"__motarulta offer a meant of axpllclt ropratantatlon of tha dacltlon
crlitarla uted by tho ayatom to teloct Ita courae of action. Subtacuent
“playback™ of thlt criteria can prowldo a form of explanation of tha
motlwatlon for tyatem bohavlour. That behawlour la alto more eatlly
modified, tinea tho Information on which It It baaed la both clear
(tinea It la explicit) and rotrlovablo (tinea It la accetalblo).
Finally, more of tho tyttent behaviour boeomoa open to examination,

~apaelally by the ayaton itaolf".

Metamlet are, howevar, deficient In a number of reapecta. Flrttly,
thlt ropreaantatlon vlawa ttrateglaa wholly at operatlona on domain
rulat. Thua "foeut of attention® on particular partial aolutlona cannot
bo controlled. The ayaten cannot be directed to work with contexta or

data Itema worthy of attention. Secondly, metarulea generally encode
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“find" ttratagla* for ooltrliig omm prohlaao. kMIn rulot ttnd Co bo

roflnod bjr Mtoruloo in o rogulor foohlon Irroopoetloo of cho portieulor
problo«. Both llaltotiono nako tho roprooontotlon infloxlblo and

uarooponolTO to now data orlolng during inforonea.
4.1.2 NEONITCHI.

Tho oia with REOMTCIM woo to rteonfiguro tho knowlodgo boao of
MTCm (including tha motaknowlodgo eontributad by Daria) for application
to tooehing [ClaneaybUtaingarSl]. Howavar, Clancay found tha" knowladga
too narrow for thia purpoao. ftathor, it waa nocaaaary to articulato tha
hdorarehical organiaationa of knowladga and aaarch atratogiaa that

hoMna found uaoful.

Of intaraat hora, ia MBOMTCIM"a control mochanioa, doacribad aa
*_.forward. non-anhauttlra raaooning of a opaca of hypotboata that aokoa
it raaoon aora Ilka a huaan”. Tha dlagnoatlc atratagy of MTCIN,
Nenalad by protocol analyala of nodical axporta. it racaat aa a taak
poaing actlTlty. REOHrciN"a atratagy it atructurad in tatM of "“taaka",
which corraapond to aatalavol goala and aubgoala. An ordarad colloction
*7 matatulaa conotltutaa a procoduro for achlaving a taak. NEOMTCIN

uaaa hlararchlcal Mtarulaa with tha following propartloa <

(1) Mataruloa ancoda wathoda of achlarlng taakt by invoking ochar

taaka, or Invoko tho baao-lavol Intarprotor to apply aaloccad

dooMIn ruloa.

(2) Tha Mtarulao aaaociatad with a caak nay doacrlbo cho aoguenca of
atapa uaod to achiava tha took (in which caaa tha appllcablo ruloa

ara appllad onco in ordar.)
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(3 Naurulas rapraaanc alcaraat« atrataglaa for aehlaalng tha goal
(la «hleh caaa tha prafaraatlalljr ordarad rulaa ara ameutad untll
tha goal of tha taak la achlaaad). Figura 4.1 (froa (Raalliig

atalM)) ahowa aa abatraetloa ef a taak aad Ita aatarulaa.

FRBFI0aS T4SK
~aehlarad hy
PKEF100S MglAI1JU

larekaa
TAS
n ""a
' aatarulaa I
LLLIiTURMITSat
1 w
[ExaBlaai hypothaala Hat Apply lareka ethar
1 raeaat ftadtaga Beaaln tadka

ralea

Figura 4.1 Abatraetioa ef a taak aad Ita aatarujaa.

(4 Tha rulaa for a giran taak ara traatad aa a pura production ayatea
(la. thay ara rapaatadly triad la ordar, ratumlng to the head of

tha Hat when ona auecaada, atopplng whan no rula aucceeda or an

and condition la true).

(5) Tha aaln uaa of thla feature la to allow refocualng whan new data
chaagaa tha atata ef the aearch apace, aa well aa non-aidiauatliTe

conalderatlon of hypothaaaa.

RFOMTCIN"a control aachanlaa offera a nuaber of adwantagea orar

that of TEINZSIASt

(1) The taak atructura gaaaratad by NEOMTCIN natanilea la an aapHclt
rapraaantatlon of the daclalena, or plan, for problaa aolrilng alnca
application ef aaloctad doaaln rulaa la conditional on taaka

gaaorated. go auch plan la ganerated by TEIRESIAS aatarulaa.
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(2) REOHTCIN"t MtarulM can ba uaad to fecua on particular objacta In
tha brpothaala opaca (la aaarch traa). Thua doBaln rulaa can bo

dlroetad to iforfc with a particular part of a problaa.

(3 Aa a corollary of (2), and tha faaturo which ratuna aatarula
Invocation to tha band of tha Hat, onca tbo hypothaala opaca la
chantod, tha atratagy can raact opportunlatlcally to proalalng now

data.

(A) Slnca aataruloa ara uaad to Invoko doaaln rulaa dlractiy, not all
tulaa may ba triad. Thorafora a aolutlon aay navar ba found

(glvan adoquata doaaln knowladga) If tho atratagy la Inadaquato.

laplaaantatlon datalla of NEOMTCIN"a control wachanlan ara akatchy
but aatarulaa appaar to bo Indaxad with aota of doMIn rulaa. Thua rula
dopandancloa, of tha aort frownod on by Davla, will ba In axlatonca.
Tha rofocualng bahawlour of tha control aachanlaa raqulros that tha
aystaa fraquantly aova Ita attention aaong altamatlwa aathoda of
achlarlng a taak. Thla auggaata that tho taak atructura bo rocordad

ualng a contaxt aachanlaa. Thara la no Indication that MEOMTCIN uaaa

ona.
A.2 Knowladgo-baaad Control In aocaM Blackboard Syataaa.

Tha control aachanlaa of ACK la factored Into a nuabar of atapa.
Syata« bulldara aaaaable a control fiechanlaa for thalr particular
application by aupplylng rulaa or coda to guido control In aach atop.

The four atapa of tha cycle am;
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(1) A raeanc ehanga In tha hypethaslt atruetura la chosan aa focua.

(2) A knowladga aourea la aalaetad which has Its praeondlclon

aatlaflad.

(3) Tha aetlwatad knowladga aourca la ancntad or "flrad®, raaulting In

a ehanga to tha hypothasls atructora.
(A Plnallp, a tast la aada to dataralna If tha solution la found.

An ACE-l1lka control aehaaa was adopted In tha author®sprawloua
blackboard systaas. A rula Intarpratar was supplied to Inplaaant kha

third stap; hooks were prowlded to attach coda for the first, second and

last steps.

Control Is effected In REAISAT-111 using a "scheduling blackboard®.
Scheduling knowladga sources establish priorities, recorded as units,
for salaetlng Instantiations of knowladga sources. On each cycle, the

highest priority knowledge source Is asacutad.

OFM, a aultlpla-task planning systaa, was designed to Investigate
the explicit representation and use of control knowledge within the
blackboard architecture. A aodal of control iRayes-RothSSI was developed
for the systea whereby knowledge sources, representing control
knowledge, could generate a plan on a control blackboard for guiding the

davelopaant of the solution on the doaaln blackboard.

Solution elaaents are generated on a six-level control blackboard.
These describe the priorities that should be given to applying certain
rules (both doaaln and control), to certain alaaents, at periods during

the problaa solving process. Figure 4.2 lllustrates the control
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blackboard OF OVN with horlaoneal axla roprasaattiit tiaa (In control
cyclas) davotad to tha problaa. Tha natworfc of alaaanta doscrlbo an
*Mf«t«ti®« hlararchy of tanks on those lavols such that PROBLEM
aloMots SMarlsa tha problaa to ba soltrod; STimCT alaaants doscrilba

taaaral tul”~Haasi POCttS alaaants dascriba larols of the doaaln

blackboard which should racalwa attantlon dnrint cartaio problaa-solwlnp
oplsodaa; POLICT slaaants dascriba miss or doaaln olaaants which should

racalws attantlen dorlng particular cyclas; AGENDA and KSAR alaaants

daacrlba Instantiations of ruins and which of thasa find, nsp-actlwalr.

Abstraction Lswol

PtOiLBF
S8TIHIATKT

poem

POUCT

ACKNOA

SCNEDOLED-UAR

2 3 4
PROBLEM SOLVING CTCU — >

Plgura 4.2. Tbs Control Blackboard for Controlllnt OPM.

Tha control cycla Is astabllshad by thron knowladta sourcas acting

In rota. An AOFMDA-UPDATER finds ruins which can bo Instantlatad with
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ncaat blackboard ebangaa and racorda thaaa Inataatlatlona (alae known

aa "aetlaatlon raeorda® or "MAM®) la a Hot at tha AGENDA lawal of tha

control blackboard. A aocond knowladga aourco, tha 8CHEDOLER, aalacta
an activation ualng an avaluatlon function Invoked with Infomatlon

contalnad In aloMata at tha FOCD8 and POLICT laval for that period of
problan aolving. Flnallp, an IHIEXPRETEK axacutaa the activation and
racoHa It at the loweat, SCREDOLED-MAK, level with polntara to

raaoltlng changaa on either blackboard.

The control nodal la ganaral purpoae and highly adaptive. Control
rolaa can change tha prlorltlaa uvaad for their own selection during
problan solving (la. new strategies can be triad If no solution Is
Since control rulas

em-flIBg or tine to find one Is running out).

change agendas, structures vitsl to the systans own control, OPM Is a

salf-progrannlng systan. Control rules can also Induce new plana based

on obaervatlons about which rules actually produce solutions.

abstract of tha control nechanlsns so fsr studied. Its

adaptability and power derives fron nanlpulatlon of Its own data

structures. PUns generated on the control blackboard are recipes for

nodlfylng agendas.
4.3 PADDLE j A Language for Controlling Progran Kaflnenent.

PADDLE Is a language for expressing the optimisation strategy (or
FANNP**"* gtmeture”) to be pursued In transforming s specification
to an Implementation [HIleSIb]. The development structure, applied to a
specification to produce an Implementation, gives rise to a "program

development®™ which Is a formal document explaining that leplementatlon.
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Thoa PATOLE la net only uaad to control tha optlnlaatlon procoaa but
alao record the deeelepMnt in a fern that can be replayed on other
<P*@lilcatlone or. If peeelble, chenged to ecconnodate other

epeciflcatlona.

PADDLE le uaed for etmctorlng goala which ceptnre the etrateglea
and dealgn declalona aada In tha InplaMntatlon. To be oaeful euch goal
atractorea are paraaaterlaable. A goal nay be defined ualng a "‘coMand"
atatanent. Like procedurea of atnictured languagea, connanda conalat of

- a aet of paranetera and a body.

Goala nay be Inwekad within the body of coManda ualng tha

following neehanloM to conwey dapendanclea between theat

(1) aequantlal dependency (le. coapoaltlon) la axpraaaad by encloalng
the aequance of goals or stuba within a begln/end pair.
For asawple, “begin firatgoal; eacondgoal end."

(2) stuba are placeholdere for other goal structures. Their reflnenent Is
defined with use of the raaarwad word “by", (eg- “nystub
by <PADDLF coNund».

(3) Coal Independence Is Indicated ualng the "and" raaaread word.
For exanple, "A and 1" declares that goal A My be achlewable In
parallel with goal B.

(A) goal choice la Indicated by enclosing a list of goals

**e choose frow ...and” construct. The IwpleMntor decides In

each situation what the appropriate aelectlon should be.
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(3) Conditional atroeturaa, axprataad with tha "flrat of" eonatruet,
la naad to aako autoaatle choleaa. For axaapla, "flrat of A;B;C and",
will try aach goal In torn until ona of A, B or C auccaad,
thla balng alao tba ona choaan.

(A) Bapatltlwa Goala am aatabllahad ualng a loop goal atructum that
anablaa tba body to ba axaeutad (aehlavad) rapaatadly. Por axaapla,
“whila A do (B, 0" will rapaatodly amenta B and C while A auecaada.

(7) laama of goal atruetoma ara “prlaltlva® coaaanda to amenta

tranafomatlona on program.

Tha ovamll mdal of prograa mnlpulatlon naad by PADDLK la aa
followai them la at all time a apaelfleatloo/prograw affaetad by
PADDLE axpraaalona. Thla apaelfleatlon/pmgma, together with tha

Be*! atmetumia), form tha data and eontrol portion of the
an~f~aat PADDLE mehlna"™ atata. Tha damlopmnt atmetum la applied to
an Initial atate to produce a new atata. That application la a
ralatimly atmlghtforward Interpretation of tha damlopmnt Unguage aa
though It Itaalf m m a programing language. In partleuUr, It la a
dapth-fImt, laft-to-right tme travaraal of tha goal atructum

rapmaentad by tha demlopmat.

PADDLE goal atructurea therefore raaeable tha taak atructuma
generated within MEOMTCIN. Romwar, there la no pmwlalon within PADDLE
to foeua tha tmmformtlon proceaa on particular portlona of tha
apaelflcatlon. According to Wile, thla ahortcoalng haa given rlaa to

armm when attaapting to replay damlopmnta on apaelflcatlona.
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4.4 A TaM-oriImtatad Iteeh*iilra for Blackboard Control.

Tha laaua of aecaaalblllty datamlnad tha cholea of eoneapta (froa
tha abo«o control aochanlana) to ba Inelodad In tha anthor®a control
machanlaa. An objaet-eantrad control nachanlsa vaa darlaad with tha
«»e**11 ala of Incorporating “"davalopaant atnicturaa®, alallar to

Wll«*«. within a flaxlbla taak-orlantatad fraaawork auggaatad bp

MBOMraN .

Tba abllltp to focua, prowldad by tha MEOMFfCIN aaehanln, la
attraetlwa for our purpoaaa. Tha taflnoaant proeaaa. aa anrlaagad In
ehaptar 2, will producad a traa of apaelfleatlona (aaa figura 2.2, paga
23) on tha blackboard. Thiia control knowladga ahould ba uaad, not only
for aalaetlng tha raflaaaant(a) to apply, but alao aalact the

apaelfleatlon to raflnad naxt.

Hhlla tha OPM control aachanlaa Ineludaa all thaaa faaturaa and
mora, lta uvaa of Intamal data atructuraa, nltlgataa agalnat Ita
eoaplata adoption. Explicit rafaranca auat ba nada to data atrueturaa
aupportling control (ag. rula aetlwatlona, agandaa, awaluatlon functlona
and control eyclaa). Thaaa atrueturaa ara ganarally unfaailllar to
aoftwara anglnaara. In eontraat, control la aada accaaalbla If fraaad

antlraly In taraa of obJacta contributed by uaara.

Agandaa arc alao Inapproprlata glvan that tha branching of anarch
**««« 4a llkaly to ba wlda. (Conaldarabla awaluatlon will ba nacaaaary
fill agandaa at aach atap). Dlract, non“ndtauatlwa application of

doMIn tulaa, at aidilbltad by NEOMTCIN and PAIFFAILE, la daalrabla for our

purpoaa.
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8*«ie object* of the oothor™* control Mchanlaa or* thoroforo

control mI**« Sisco took otructuroa, r*prs*antin( problos-
molvinp ploBo, or* hlorarehteal, they aro conranlontly recorded on a
control blackboard. Control rulos, raprosontlns otratoglc knowlodg*.
both manorat* and osacoto tanks on this blackboard. Ha dascrlbo tha

blackboard and control rules with tholr assecUtod object classas.
1.4.1 The Control Blackboard.

Tho basic olaaant of tha control blackboard la tho task. (Like
Clancay, wn bslloun tha concept cenuoyad by word “task®™ Is nor* familiar
to donaln anports than that of "goal”. It Is also nor* ganoral sine* It
can conmy tha notion of "action to bo taken®). Lika olonanta of tho
domain blackboard, tasks ham an arbitrary number of attributs* (ona of
which Is tho "nana®). Thay can bo usad to record Information
appropriate to tha particular problon, so mimic tho paranatorlsatlon of
P400LB goal structuro*. Flans for applying programming knowlodgo

consist of task* In ths following class**:

(1) OOIfTEXTS. LIk* goal composition In PADDLE, all tasks In a eontaxt
must ba achlawod. (Thors Is iw construct to Indicate that tasks are

adilemble In parallel).

(2) LEVELS. This class distinguishes the leml of representation within
the aggregation hierarchy of tasks. Like lemle of the donaln

blackboard, they ham a name and precedence.

(3) OORTWH. BLACKBOARD. Conslstli:g of one or more levels, the control
blackboard also records the dsmlopment structure. No fixed

1*72114ng Is In force (as with OPH), but Is chosen for convenience.



However, uie beteowwoot level (lowest precedence) Is nsasd “rule”

end Is considered to be the dowln knowledge bese.

For purposes of sccess snd unlfotnlty, esch donsln rule Is
considered to be en object with ettrlbutes which depend on the
pertlculsr doneln blsckhosrd In use. Fech ettrlbots describes clsuses
of the rule Intsnded to notch with, or set on objects st s given level
of the densln bleekboerd and the nanlng convention Is “<LEVnjfikMZ>-
conds® or "<UIVBUIdVE>-aetlons® reapoctlvelp. For exanple, the*slnple
rule of figure 3.11la (page dO) contains a single clause In each
attribute “equatlon-conds® and “equation-actions®. Other attributes of

this rule (eg- “object-eonds®) are anpty lists.

Task structures are nalntalned using tho ssm ABSTIACTION and
1IFIHMIfr links as available for the donaln blackboard. Abstraction
links are directed fron a context on one blackboard level, to a context

fhs next lower level. They Indicate daeonposltlon of tasks between
the contexts. Task reflnenent noraally takas this fom, thus UFmEMZMT

links will be used rarelp.
A.4.2 Frogrannlng Methods.

FrograMIng nethods are represented as sets of control rules which
both ganarate the task structure and axecuta tasks contained therein.
Rather than Index donaln rules with tasks (as for NROMTCIN), we have
adopted TEIBSIAS*® technique of content referencing to detamlne doMIn
rules to be applied for sone task. There Is therefore two flavours of
control rules T TASK CEMEKATOIS are used to grow the task structure;

TASK EXECDTOIS are used to apply doaaln rules to couplets sons task.
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Th* aadarlyln« «t«ck orguilaatlcm pUya a kay rola In thla control
maelianlaa. Beth proforontlal erdarlnp of control rulaa and ayatan focua

la achlaaod aalng It.

Slaca APPEAL waa daalgnad for aanlpulatlns ebjacta and rulaa am
aNJaata, It la «all aultad for oapmaalng control knowladga.
MatalanriaBo oxpmaalena, within APPEAL control ruloa, am uaad to
aaiaaaaca APPEAL doaaln rulaa by thalr contant. (Minor oxtanalona am
nacoaaary la APPEAL ayntax to daacrlbo rule conponanta and Inveka rule

application).

Tha autoawtlc programilag problan daacrlbad In chapter 2 (paga 36)
can ba uaad to llluatrata tha mpmaantatlen of «athoda by APPEAL rulaa.
A four atop nataplan for InploMnting the atack apaclflcatlon waa
daacrlbad (paga 3B). In brlaf, wa ham to chamctarlaa the oparatlona.
chooae rapreaentlng typea for the atack, generate apeclflcatlon rulaa

epamtlona of tha atack to thoaa of the repmaantatlon, than

tranafom thaaa to aquatlona of tha Inplanentatlon.

Tha TASK CENEKATOKS of figure A.3 (&) and (c) will grow a taak
atmeture on a four-laml control blackboard with lamia naaed PROBLEM,
8TRATE6T, TACTIC and of courae IDLE. (Rota that taaka ae ganaratad will
net ba pamnaterload alnce taak naaaa alone are uaad. Thla alaple
axaaple la choaan for clarity but nota that chaining of rulaa togathar

N nana la not In tha aplrlt of tha blackboard archltactum).

Tha taak ganemtora of flgum 4.3 (b) and (d) daacrlba an
altamatlm nathod for aolwlng the pmblen, naaaly, that of puraulng a

"blind" dapth-fIlmt anarch. Rota that tha altamatim atrataglaa
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axpraaaaS lo rulaa 4.3(a) anS (b) alale tha "ehooaa froa" eonatruet In

PADDLK. Pnrthar, goal axacutlon la alallar If tuia 4.3(a) la higher In

tha ataek.
If a pmblaad) haa ITf a problaa(l) haa
6  naaa>la >laaant_objaet 4 naaa - laplafMnt_obJaet
then a atmtegpd) ~ than a atratagpd) haa~
6 naaa = analpaalmpraaant 4 naaa m tryanynila
@ ®)
If a atmtagpd) haa IT a atratagpd) haa
6 naaa “ analpaelmpmaent 4 naaa m tryanprule
than a tactlcd) haa than a taetlcd) haa
6 naaM “ fIndaetlona 4 naaa “ dapthflrataaareh
« a tactle(2) haa
6 naaa “ repmaant (S)
6 a taetlc(3) haa
4  n«M - laplaaant

0

Figure 4.3 Taak Ganaracora of altemaclTa aethoda.

Control rulaa which are taak esecutora both apeclfy tha doaialn
objaet(a) that ahould racalye attention and tha fora of doawln nilea
that alght be applied. Aa a ataek organlaation la aaplopad. tha flrat
aatehlng tranaforaatlon rule will ba triad with tha aoat recent watching

object added to the ataek.

Matalanguaga axpraaalona ara uaad CO rafaranca thaaa rulaa bjr uae
of pattema Intended to aatch elauaaa In tha ralawant attrlbute. Por
asaapla, thé pattern, " action - raada__la to ba found In tha

“oparatlon-actlona® attrlbute of mie 3.15(a) (paga 63) ao It wlll be

trlad bp mia 4.4(b).

The “dapth-flrat™ aethod (la. mlaa 4.3(b),(d) and 4.4(b)) alght ba
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MIlad an unlforMd aathod for flndIn« a aolutlon. Only If no eyclaa of

Idonclcal contonea ara pamlttad and no randoaly naaad objacta

*111 tha anarch ba axhauatlT*. Rovavar, raflnaaant ganarally

raqulraa objact ganaraclon at naw blackboard lavala ao thla will ba
difficult to arranga. Tbha rula of figura 4.4(b) night dlract dapth-flrat
aaarch on tha oparatlon lavai, but olalUr taak axacutora will ba
nacaaaary for othar lavala of tha doaaln blackboard which uaa
axpraaalona guarantaad to natch all rolavant donalo miao.
If a tactlc(l) haa
“dapthflratanarch

an oparatlon(l) haa
algnaturo = S

a tactlc(l) haa

naaa - flndactlona a rulad) haa

an oparatlon(l) haa oparatlon-conda»”__algnatura>8

action m unknown that tryrula(l)

a rula(l) haa

oparatloir-actlona>"_ actlon>A
n  tryrula0)

B ADANAS

th

[

(O]

Figura 4.4 Ezaaplaa of taak axacutora In aleamatlva naehoda.

4.4.3 Control Cycla of tha APPEAL nachlna.

Tha control cycla of eha abatract APPEAL nachlne attanpts to

conblna tho dapth-flrat, laft-to-rlght trac eravaraal of tha PADDLE

aachlna with the rafocualng behaviour of MEOMTCIN. Rather than enploy a
pure production ayaten of Individual control ruloa, aa In NEOMTCIR, wa
uaa a alallar organlaatlon with aeta of control rulea, where rulaa In

aach act take thalr action at a glvan level of tha control blackboard.

Tha Intention la that tha control “drlvaa® tho generation of taaka on

of daacandIng procadanca. Taak azacutora then change the doaaln
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blackboard and tha ejrela raatarta.

A eoatrol eyclo ao laplcaantad alghe work with ona aathod (tha
prafarably ordarad control rulaa) bafora conaldarlng anothar. In
practlca. It haa baan nacaaaary to aagMnt thla procadura bp allowlnt
back up to prarloua lavala If taak ganaratlon falla» Without back up,
tha apataa attanda to an altamatlva nathod bafora tha flrat la fully
axplorad. Purthar datalla of tho control cycla ara raaarvad for chaptar

7, whara a fornai daacrlptlon will ba glvan.

Figura 4.S ahowa tha nat of taaka that night ba craatad In a
control blackboard by tha rulaa of figura 4.3. Tha currad lina
Indlcataa tha ordar In which taaka racaTva attention after the donaln

blackboard la altorad.

LBVIL COImOL BIACKBOARD

FROIUM

STMTBBT

TACTIC

Figure 4.5. Control blackboard fbr Frogrannlng Tool.
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In eontraat to tha control of OPM, cho nodal daralopad hara for
applleatlona In programing la not auitad for nachina loamlng of rulaa
or raprogramlng Ita own control atmcturaa. Control rulaa ara
conaldorad to axlat ootwlth tha blackboarda and do not rafaranca aach
othar. Nenathalaaa, ona aort of opportunlan, proTldad within OPM, la
e««ll«hla by alrtua of tho control cyclaa rafocualng bahaalour. Tha
ayntax of APPP” la axtandad for ospraaalng control knowladgo with tho

grawwar rulaa of figura 4.6, which replaca correapondlng rulaa of

figure 3.16 (page 66).

conclualon = object-towplata (*'6" objecc-taaiplaca} |

"tryrula™ objact-rafno.
prograa m objact-attrlbuta | natawarlabla 1 rule-attribute,
rule-attribute - objact-claaa "-conda" | objact-claaa "-actlona".

Figura 4.6. SupploMntary grawMr rulea of APPEAL.

4.5 8u

It la dealrable that a knowledge-baaed programing enalronmnt
provide a rapraaontatlon for atrataglc knowledge (D given the enonlty of
aaarch traaa. We aurvayed rapraaentatlona for control knowledge uaad In
tha wider body of knowladga-baaad ayatau. Many concepta can be drawn
~tow theaa ayatana In the dealgn of a control aechanlaa for knowledge-

baaed programing within a blackboard ayaten.

Tha prlaary aln In tha daalgn of thla mehanlaa la that It be
accaatlblo for knowledga-baaed control by aoftwara onglnaera. Thua a
guiding principle In tha daalgn waa that only objacta contributed by tha
engineer he uaad to expreaa control. Tha abatract control nodal adopted

In OPM waa therefore not adopted In tote, gather, concapta conpatlbla
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with this principia, aueh aa coacant rafaranclng, control rulaa, caaka
and a nultl-laral blackboard, prévida a franawork for a naw control

machanlan.

A noval control nachanlan lor knowlod(o~baaod prograaalng within
blackboard ayataM waa daacrlbad. Thla la tha flrat control achoM for
blackboard ayatana known to tha author which pamlta knowladgo-basad
control of aaarch and opportunlan wlthmit uaa of agondaa. Nor la tha
author awaro of any blgh-laval knowladga rapraaantatlon languAga for tiao

In blackboard ayataaw which paralta content rafaranclng.

Tha naw control nachanlan la coaipatlbla with tha objact
rapraaantatlona davalopad for other conponanta of tha blackboard
archltactura. Indeed, the object daacriptlon of rulaa derlaad for
content rafaranclng bringa unlfomlty to thaae repraaantatlona. Tha
language for axpraaalng donaln knowledge la of ljaiadlata uae for
daacrlhlng control knowledge and tha control blackboard nlrrora the

problea-aolving behaviour of the doMIn blackboard.
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aupm 5.

A PROLOG IMPLEMEIITATIONI OF THE ILACRIOAIU) ARCHITECTURE.

In thin ehaptnr a PROLOG Inplaaantatlon of tha blackboard
ardiltactura la daaerlbad. Slnca tbara bava baan fow aetaapcs to usa
PROLOG aa tho li~laMntatlon lannuaga of a blackboard ayataa. tbla
effort la llkaly to ba of acadaalc Intoraat ao a datallad account la

of iba daalgn. Aa an laplcaantatlon of tbo arcbltactura (rathar
than an Interpretation for a particular application) thla aoftwara la
daoltned to hava wider applicability. Tbua tba nanaganant of blackboarda

principal coneam, not tbe repraaantatlon of knowledge aourcaa
nor aaarcb atrateglea alnce a warlaty of tbeaa can be Interfaced to tha

ayate«.

The blackboard nanager of EHCnhpES la a coavlete re-laplementatlon
of tha author®a earlier work [McArthurSS]. Tbe prewloua ayatew waa
dealgnad with tha aaauaptlon that nany aophlatlcated reaaonlng proeaaaca
could be recorded with networke of fraae-llke objecta, alaUlar to thoae
of the ACT ayaten (aee page 29). However, polntera were too denae In
AGE-l11ke networfca and It waa difficult to aanage alternative llnea of

reaaonlng.

Tha Bultl-attrlbute objacta of ACE are alao too "large-grained® for
reaaonlng with large atmetured ItaM auch aa program. He do not wlah
to record prograaa In their entirety every tlae a aaall change la nade.
Rather, bladcboarda ahould find a rapreaentatlon aa anall-gralnad data
unlta and Include an Inharltanee aechanlaai for aconoalcal atorage of

Inforaatlon.
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Details of tho AXT ayataa (too paga 31) Inaplrad tha currant work«
A elaar dlatlnetlen la aada In AKT batwaan aonotonle raaaoolng (for
analytical applleatlona) and non-aonotenle raaaonlng (for appllcatlona
In daalgn). A aochanlaa la alao Includad for locating conalatant
daaerlptlona of partial aolutlona at dIffaront blackboard larala. Tha
ayatoa daaerlbad hara naaa alallar ropraaantatlona for non-aonotonlc
roaaonlng but no attaapt haa boon aada to rapllcata AXT"a truth

aalntananca aachanlaa.

Tha ehaptar prorldaa a bottoa-up daacrlptlon of tha laploaantatlon.
Tha naxt aactlon dlacuaaaa tha aajor daalgn cholcaa and problaaa facod
by tba knewladga anglnaar whan chooalng PtOLOC aa tha laplaaantatlon
languaga for Urgo IKB8. A PtOLOC tool la daacrlbad which paralta
aodular doualopaant of Urga ayatoM. Aa tha blackboard data typa la
coapoaad froa a nuabor of alaplar typaa, thaao alaplar typaa ara
Introduced bafora tha blackboard aanagar ltaalf. Finally an Intarfaco
to tha aanagor, known aa ACSTS (“Acoulaltlon Subayataa®), for defining
klaekhoard achaaaa, la deacrlbed, aa la the conatructlon of
configuration toola for particular appllcatlona In knowladgo-baaad

prograaalng.
5»1 PPOIM and Knowladga-Baaad Syateaa.

PMLOC la a daclaratlwe languaga baaed on predicate logic
[Kowalakl79). The languaga prowldea conatructa for nanlpulating
ayabollc data atructuraa and a powerful pattam-oatch facility baaed on
unification (KoblnaondS). Kacont publication of nunaroua language texta
(nratko86] (SterlIng4Shaplro86] teatlflea to PROLOC"a growing popularity

and awerganco fro« the reaaarch laboratory for aarloua conaiarclal uae.
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Kvaloatlona of PROLOC aa a languaga for building HCB8 bava baan
pobllahad la raeant yaara [naMond80][CUtUMeCaba82]. Atta™>ta to
laplaMnt ganaral-porpoaa blackboard ayatoM In PROLOG ara raporcad by
(Jenaa atalM) and [RoordaljS?]. TVo approachaa to ayataa daalgn ualng
PROLOG aro dlaeamlbla i tha flrat sight ba tarsad tha “logie
programing approach®; tha aaeond, tatsad tha "aysbelle programing

approach” .

Tha logie programing approach la to raproaant knowladgr aa rulaa
In tha elanaal fora anpaetad of all PROLOG proeadoraa and uaa tha
thaorm proving avaloatlon of thaaa rulaa with tom query to perfora tha
aeareh. Tha raaultlng back-chaining of PROLOG rulaa la alallar to tha
taareh behaviour of the MTCW ayataa (8hortllIffo76]. Indaod, facllltlaa
to provide explanation [RaaaoadUergotRl], and queatlon tha uaar
[8argot83] about aubgoale , have been devalopad to effeetlvaly tranafora
PROLOG Into an expert ayatea ahell ( for exaapla, the APES ayataa

[Hamond831) .

The ay”~lle prograaalng approach la to Ignore tha nlcatlat of
logic programing, for which PROLOG la In any caae deficient, and write
PROLOG ayatam In tha atyla of LISP. Knowledge la rapraaentad aa aoae
appropriate PROLOG data atructura and an Infaranea angina, ualng aocaa
choaan anarch mthod, la written. Thla approach la typically uaad where
the formt of PROLOG clauaaa la Inappropriate for encoding doaaln

knewladga, or where goal-dlractad anarch la not daalrad.

Tha ayabollc prograaalng approach la preferred for PPOLOC
laplamntatlona of tha blackboard archltaccora. A mjor conalderatlon la

that tba blackboard ahould ba a global data atructura. Tha logic
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procrMBInt approach frowns on tha alteration of global data and would
raqulra that tha structura raprasantlng tha blackboard ba pasaad to
virtuallp arery procaduro as a parawotar. Tha synbollc pregraialnt
approach also pamlts tha fleslblllty of knowladga raprasantatlon and

anarch strategy Inherent In tha archltactura.

Another preblew arises with PROLOC whan attanpting to use It for
AppAx*Eester large aystews. With fow anceptlons, aost PXOLOC aystens do
not support the "nodule” construct. Sows substitute was rsqufrsd so a

PROLOG tool has bean desalopod which pamlts overlaying of snail
prograas written In the connon or “core® PROLOG [ClocksInOielllshlll].
This tool Influences considerably the PROLOG writer"s style of
pregraanlng so It Is briefly Introduced as a prelude to the description

of the blackboard Inplenentatlon.
3.2 HODOLP : a Tool for Constructing Large Modular PROLOG Systsns.

Tha MOIWLE tool provides a naans for stating usage dapendanclas
botwaan softwara coaiponants and a naans of loading or unloading a

coaponant with all Its dependents, further, loading or unloading can be

Invoked at runtlne for tha purposes of overlaying. A full treataent of

the MODOLE Is given In APPEUDIX-A.

In brief, MODULE requires that each PROLOG nodule has an assertion
aa to tha pradlcataa "anportad®, or available for use In other nodules,
and assartlons naalng nodules that are “uaad™ by this nodule. Modules
**an *nNa fomat of Plgum 3.1. Note that tha nodule nans Is synonyaous

with tha nans of the file on which tha nodule resides.
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npert«HODIrLE [+4%e> [<FmICTO»I(AIITYI),2MICI02(ANITT2),.>)).
asaa(0«nD E> TRt .
aaaa&««nOL% El/%\\) >,<6TWEQ2 M@?ﬂ%iﬁ
«aas(<NODCU NMS!><OTfIEX MODVLBIi».

<FKILOG O0DB ABBOCIATFP WITH nmrTORI>.
0101QC CODE ASSOCIATED WITH FImCIOE2>

X %00

Flgura 5.1. Mcxhila Fornat.

To oaa tha tool, MDDOIX la flrat consultad Into tha FEOLOG
voikspaca. A aodula (and Its dapandsnts) can now bo loaded with ths
*ry.

" load ([<HODOLE NAME>]).".
Tha coda In fila "<MODOLE MA»IE>" will ba “consultad® as will all othar
filas which ara usad by thasa. ate., until tha cowplata sourca of tha

application Is "consultad® or loaded.

The coda for an application need not all reside In tha FEOLOC
workspace at once. The "load™ procedure aay be called fro« within the
body of SOM FFOLOC procedure at run-tlnc thereby loading further code
dynawlcally. Calls way be Mde to this new code followed by a call to
“unload®™ with tha naaed wodulaCs). All the predicates will be

>f*cted” but the workspace Is not freed until we backtrack past the
first "load” call. This Is achieved by enclosing the “calling® code In a
axprks*Eresfall " loop. A “uses® assertion Is not reoulred to

raforenee a wodule which Is ouarlayad.

Figure 5.2 Illustrates how "aodulel™ way ouarlay and execute the

code of “woduloa®, followed by the code In “woduleS®. Notice that any
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data eooputad by "modula2® aay ba raturnad <= an asaartlon whieh la
ratractad by tha calllog procadura. Thla axanpla la trlalally taall but
o~<Flaylng la affactlaa il tha aodulaa ara larga aubayataaa and tha

PROLOG wetfcapaca la Inadaquata.

/* coda for aodulal */
axpert(aodalal, (proeaaal (0), go2(l), go3(D])-
proeaaali- go2(Ratult), goSUatult).
ge2(laault)t-rapaat,
( ratraet(ek2(Raault));
(lead([aodula21l), procasa2. unload([aodula2]”, fall)).

go3(Raault)s-rapaat,
( ratraet(ok3);
(load([Mdula31l), proeaaa3(Raault), unload([modula3]),fall)).
/a coda for modulo2 */
axport(aodttla2, (proeocaa2(0)])-
procata2i-aaaarta( ok2("proleg la fah")).
/a coda for modulo3 a/
axport(aodulo3, [procaaa3(1)])-
procoaa3(Raaolt)i-wrlta(Raault), aasartaCoM).

Flgura 3.2. Orarlaylng Modulaa.

Adalttadly, uaa of tha "aodula® tool laada to a coding atyle that
daparta aoMwhat fro* tha atyla advocatad by logic prograaailng purlata.
Rowavar. tha advantagaa of thla tool are : largo ayatena aay ba
conatructad froa aaiall rauaabla aoftware cooponenta which can be
Individually teated and preferably written aa abatraet data typea or
algorlthao "oalng™ theaa; and that PROLOG appllcatlona aay ba run on

machlnaa that aavaraly raatrlct tha PROLOG workapaee.

Kith tha addition of uaar aupplled rulea, a prototype tool hullt
with ERCORZS will be a vary large PROLOG ayaten. During one conaultatlon
with a tool (daacrlbad In chaptar 8, page 132), a large language paraer

(aoM 200 PROLOG clauaea) la overlayed, before the naln conaultatlon
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eoftran («beat 300 elauMs) la loadad« Tha b m Il addraaa apaca of tha
DEC PDPII/70 eaimot aceo— cdata both prograM togothar, which taatlflaa

to tho offaetlTOiMaa of Cha MODOLE tool.
S.3. MDLTIPACT8 t A Tool for Managing Triplaa In Mulclpla Databaaaa.

Tha baale unit of Inforaatlon In EROOHZ8 la contained In anall-
gralnad atmetoraa known as "facta". Thla unit la unlwaraal In ENCODES
In ao far aa blackboarda, blackboard achanaa and aron knowladga baaaa

nltinntaly find thalr rapraaantatlon aa facta.

Modnla NDLTIFACT8 waa daaalopad fro* a PDOLOG prototype of the FACT
machlna daaalopad at Strathclyde Dnlweralty (KcCregorCMalonaSIl. Doth
ayataaa record Inforaatlon aa A-tuplaa of the fore,

<FACTID>,<SnBJECT>,<DELATION>,<OBJECT>.

Hhareaa FACT nalntalna theae labelled triplaa In a alngle databaae,
MDLTXFACTS aalntalna tha* In aultlple databaaaa with uae of a
auppla*sntary triple to designate each fact"a database ownership. Both
syate*s require the scha*a describing the datahase(s) to be represented
as facts and peralt deduction of facts not aapllcltly recorded by

propagating certain properties of a sat ower each naaber.

MILTIFACTS has prorad a useful tool for building other couples data
types usad In ENCORES. The couplets coda la glvan In AFPENDIZ-B. Hare we
d*««Flbe the ualn operations and thalr beharlour using an esanplar
database describing staff uaubarahlp of our departuant. Tuples
describing facts find an (obrlous) assartlonal represantatlon and are
malntalnad In a stack organisation with usa of FKOLOC prilultlras

"aaaarta®™ and “rotract®. Fact Ildentifiers are returned by operation
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"B«xt_faet™ and ara PROLOG tataa of fora "f(<IimCEIt»".

Th

a aalB eoBatructor oparatioB la "IBaart facc™ which takaa alx

paraaatara of fora,

laaart_fact«000» , <DBASEID>, (<PA(TID>,<8UBJECT> ,<IUXAnOI 1> ,<OBJECT>]).

Tha oparatloB adda a fact to tha datahaaa according to tha walua of

CODE« P
Botaall

@

®

ACno la thao InataBtlatad i waluaa of othar paraaatara ara
y anppllod. Poaalbllltlaa ara i

CODE haa walua "rula®. Tha fact to ba addad la part

of tha databaaa achaaa. TQ? ayataa racorda thla by laballlng tha
fact aa a *aa<aBtlc rulo*.

ag- goal, IBaart fact(rula,_,[ ,acadaBlc,claTar wlth,aubjact]),
raaulta 1o two bow aaaartloBa balBg puahad on tha atack,

fact( f(2), f(1), la a,aaantic rula).

fact( (1), acadaBlc,clavar wlth,aubJact).

Ha can now add othar facta naalng apaclflc acadaalca aa

balng good at apaclflc aubjacta.

CODE haa walua “axpllclt". Horaal uaaga la lapllad ao

an ldantlflar for tha databaaa nuat ba auppllad. For asawpla,
wo Bight add facta to a dlatlngulahad databaaa known aa “global*
with goala,
Inaart_faet(axpllclt,glohal,(_,ca_lacturar,la_a,acadoBlcl),
Inaart_fact(@jtpliclt,global, (,coBputar_aclanco,la_a,aubJact]).
The raault will ba now aaaartlona,
fact(f(6),f(S),In_dhaaa,global).

fact(f(5),coBputor_aclaBca,la_a,tubJoet).

fact(f(4),f(3), 1B _dbaaa,global).

fact(f(3),ca_lactorar,la_a,aeadaalc).
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Hetle* that MpplIMMatary tuplat ara eraaead to daalgnata ownarahlp
ot facta In particular databaaaa. Thaso doslpnatlena alena pamit
ovnarahlp to wiltlpla databaaaa without duplicating tho fact. For
axaapla tho goal,

Inaart_fact(oxpllclt .othordh, [_,eois utar_aclanca, la_a,auhjact]),
raoulta la ona aaaartlon halng addod,

fact(f(7),f(3), Injdhaaa,othardh).
Thla faaturo undarllaa tho baalc Inharltanca nachanlaa of nora conplax

data tppaa which will ba Introducod shortly.

Further aat monborahlp ralatlona can ba addod auch aa nanaa of
Individual lacturara and acadanlc topics. Tha sonantlc rula than pamlta
antry of facts such as "chic, clavar_wlth, fomal_apaclflcatlon”. Tha
r««dar nl”~t anqulra If all "cs_locturars® are clevar at a topic, say
prograaalng, than nuat facts linking ovary Individual to tha topic bo
InsartadT Fortunately tha ratrlaval maehanlsn assuaes facts aro
universally quantified IF either subject or object are sets and tha fact

la In tha "global” database.

Tha retrleval oparatlon, “fatch faet", has tha fom,
fatch_fact(<OODE>,<DBASEID>, (<FACTID>,<8UBJECT>,<IELATIOM> ,<OBJECT>]).

Moat cead>Inatlon of hound and unbound paraneters ara allowad wlth

tha cali to thls oparatlon. Two forws of rotrleval nay ba usad

dependlng on tha valua of tha flrst paraawter.

(@) CODE has valua “tula®.

Tha bIndIng of tha flrst paraaater to "rula® Is usad to retrlava

a fact whlch Is a sanantle rulo. Note that thls fom of ratrlaval

Is Ignorad If CODE Is uninstantlatad.
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(b> cone hM valu* "«xpUett"”.
Katrlaval la baaad In alapln unification «rtth facta which vara
asplicltly Inaartad. All paraaatara which warn unbound bacowa
bound and ona can Imnelca failure to fetch further natchaa.
For axaapla the goal, iatch_fact(a*pllclt,_,{ ,chlc,la_a, J),
aucceada aa,
fatch_fact(a*pllclt,global,[f(20),chlc,la_a,ca_lacturar)).
(c) CODE baa walua "Implicit".
Suppoaa wa have laauad the goala,
Inaart_faet(aapllIclt,global,(_,ca_lacturar,clavar_wlth,prograw«ingJ),
fatch _fact(Inpliclt,_, (_,chic,elavar_wlth,programingJd),
Iha ratrlaral aecbanla* aaarcbea for a act which Includaa “chic”
aa MBbar than attaapta to find an explicit fact In databaaa
“global® ralatlng thla aat to "prograanlng”. The fact wa Juat
Inaartad aatlaflea thla aaarch ao fatch_faet auccaada with,
“chlc,clawar_wlth,programing”.
The aaarcb through aat aaabar relatlona racuraaa to any depth ao a
larga nuabar of facta can be laplliclt In the databaae.
Oaa of aultlpla databaaaa and cartaln raatrictlona on tha ratrleval
aachanlaa are tha only aignlflcant dlffarancea between MDLTIFACTS
and tha alaplar FACT aodal.
If tha value for CODE la left unbound than both explicit and

Finally,

laplliclt ratrlaval are utlllaad in tha aearch.

Other oparatlona provided by HDLTIFACTS allow delation or atorage

of facta. For axaapla, “delata fact® will raaova the fact aupplled aa

pamatar froa tha naaad databaae provided It la not daalgnated aa

belonging to another databaaa. Otharwlaa the dealgnatlon la Juat
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Th* p*rfera*Bc* of MDLTIPACTS con b* tunad to tlw particular
application. Th* achoaa (anaantlc rula*) ara noraallp chochad hafor*
oparatlona ara paralttad to accaaa th* datahaaaa, howauar, goal
“chackInt(off)" will atop thaa* taata and accaaa tlaaa will laprow*
notlcaably. Sat aaabar ralatlona nap alao ba owlttad If chackIM la off.

ParforMnc* alao lwprowaa If all facta ar* Inaartad and fatchad

aspuUcltlj.
5.1 OOMTUT-PRAHE j Maintaining World Tlawa.

Medula “contaxt-fraaa®" contain* oparatlona to aanag* aata of facta,
each of which prewldao an Indapandant daacrlptlon of tha world balM
modallad. Slallar to th* ART “wlawpolnt™, aach contast-fraaa daacrlba*

partial aolutlon to a problaa ganaratad In tha ceuraa of problaw
aolwlng. Tha aodul* uaaa tha MULTIPACTS aodul* and prévida* oparatlona
fo record certain Inforaatlen about contaxt*frawaa auch aa pointer*

between thaa or whether they rapraaant an arronaoua daacrlptlon of a

problaa.

Contaxt-fraaa* ara rapraaantad aa Individual databaao* In
MULTIPACTS. Operation* of thla type tab* paranatara which ahould be
Ilata of triplaa 1*. fact ldantlflar* ar* not uaad. Context fraaaa ara

durIM prohlaa aelving and record th* aaarch apace which haa
baan explored. Th* aanagar of auch a aaarch apac* will b* Introduced

after W* exaadne com operation* of COMTEXT-PRAME.

Moat of th* operation* ar* alapl* extrapolation* of MULTIPACT

operation* In that they racuraa through a Hat of facta. Invoking a
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1®XkTIFACT oparatioa ea aach eycla. For asaapla, tha coda of

Pof_*ira»a®, ahom in figura S«3t makaa uaa of "lInaart fact™»

pot_efraM(Cfraaald, [FaeclKaatfaeta]) i-
IDaart_fact(axpllelt,Cframid, [FaccldlFaet] ),
put_efraaa(Cfraaald,Faatfaeta).

pat_cfraM(_,(I).

Figura S.3» Coda of put_cfrana.

Oparatlona "eateh_efraaa®™ and “raCractjcfraaa”™ uaa alnllar eodd with
oparatlona "fatch_fact™ and "dalata_fact® raspoctlvaly. Contaxt fraaas

bara an Idantlflar which la a FPOLOC tara of tha fora “cf(<IwrECEII>)",

ganaratad by oparatlon "naxt_cfraaa”.

Vharaaa "aatch_cfraaa® attaapta partial aatchaa of Hata of facta,
operation "gat_cfraaa®™ ratrlawaa all facta In a context fraae. Thla
oparatlon (ahown In figure 3.4) aakaa uaa of fact Idantlflara to

prohibit ratrlaval of tha aaae fact «ora than onca.

gat_cfraaa(Cfraaald, [Factlkeatfacta].Found)
fotch_fact(axplliclt,CfraaMld, [FactldlFact]),
not( neabor(Factld,Found) ), t,
get_cfraae(Cfraaald.Raatfacta, (Factldl Found]).
gat _cfraae(, [1.)-

Figure 3.4, Coda of get_cfrane.

Tha oparatlon la Inwokad by a goal auch aa "gat_cfrane(cf(l),Facta,]])".-

Oparatlon “copy cfrana® alnply coplaa facta fron one context frana
to another. Since MDLTIFACTS racorda one copy of a fact only, tha
affect of “copy cfraae® la to dealgnata each fact of the flrat context-

ifaea aa belonging to the aecond context-fraaM. Father than uaa
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"tac_cfr«M®™ thM “put_cfraM®, th* co«« of figura 5.5 !e lutar.

eopyjefrauCCfraaaldl ,Cframld2) i-
fateh_faet(as]|)llelt,Rfra«al4l.[ Iface]),

IMart_fact(axpllelt.CrraM1d2,T iFactl),
fall. ~
copy_cfrau(_,_)-

Figura 5.5. Coda of eop]r_efraaa.

Zaportaac aata-Inforaatlon ara fathar”aughtar ralatlonahlpa
batwaan eontast-fraaat, aanagad wlth oparatlona aueh u “ralacd_cfraMa*®

(figura 5.6).

ralata_efraMa(Fatbarcf .Daughtarcf)t-
IBaart_fact(a*pliclt,global,t_,Fatharcf, In_dbua,Daughtarcf]).

Figura 5.6 Roda of ralata_fraMt.

A eoBtazt-fraao ean ha "polaonad”, la. lahallad u Invalid, uslng tha

polaon_cfraM oparatlon (figure 5.7).

polun_cfraaa(Cfraaald) i-
IMart_fact(a*pliclt _global,(_,Cfraaald, l1i_polaoud,trua) ).

Figura 5.7. Coda of polaon_efraao.
5.5 O0OOHJECIDIZ8 s Contaxt**sansltlva Databaaa Kanagar .

Tha OOHJECTURES aodula la a tool to gaurata plana for alnpla HCBS
applleatlona In daalgn or robotica. Modallad on tha databaaa aanagar
daacrlbad for COMRITKI [McDarvott6SuaaMn72], OONJECTUItES Ineludaa a
eontoxt aachanlan for unaglng tha apaca of altoniatlva aolutlona to tha

daalgn problaa.

Tha «adula uy ba uaad within nyataam whara pian davalopaant la
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raprasmtad aa daca-dtraetad applleatlOB of knowladga aourcaa which
altar aon-dacoapeaaMa atata daaerlptloiia of tha problaa. Each
daaerlptlon raaldaa In a databaaa known aa a COHTEXT. COKJECmES
malntalna a traa of such contazta llka thoaa of figura 2.2 (paga 28).
Whara aora than ona knowladga aourea la applleabla tha ayataa ganaratas
altamatlwa aub-eentaxta on altamatlwa branchaa. Tha data atruetura la
alallar to tha nat of wlawpolnta aalntalnad bjr tha ART tool. Stata
daaerlptlona which raaaln unchanged ara Inharltad froa father to
daughter contaxta and aodlflad daacrlptlena ara representad aa aata of

aaaartlona and ratractlona.

Tao Mthoda of laplaaantlng Inheritance of Inforaatlon for tha tree
atructura are poaalble In taraa of tha data typaa Introduced earlier.
Trade offa are econoay of storage waraua coaputatlonal coat of
ratrleral. A context-fraae nay describe each node of the tree and
Include facts which describa both added and retracted Inforaatlon.
Altamatlwely, ona can slaply copy facta not retracted to tha new
database of tha sub-context. Tha first aethod Is amre sparing of storage
but note that all Infonatlon In a context Is only found by searching
back to tha root of tha tree taking note of retractions along tha way.
Ho explicit retractions are recorded by the second aethod and access to
all context Inforaatlon Is possible with ona call of "get cfraaa”.

fTonavar, aoro tupias designating ownarshlp aust be propagated.

Tha application doaaln dictatad usa of the second design aathod for
two reasons. Firstly, prograas are large structured objects tharafora
facta describing prograa structuras are likely to require auch aora

store than tuples designating ownarshlp. Tha storage cost of propagating



pas* 104

tha lattar tharafera la net coaparatlvalr high. Sacondlp, low-layal
tranaferaaeloiia ara typically raaaralbla ae aubcontaxta ara llkaly to ba
me»eratad which ara ldantlcal to an ancaatral contaxt. Such cyclaa ara
laaa coatly to datact with tha aacond aathod of Iwplaaanting Inharltanca

and can ba nada aucoa«tlc.

Tha ART tool appaara to hawa Inharltanca laplawantad along tha
Ilnaa of tha firat aathod. As a conaacuanca, tha knowladga baaa wuat
Includa axpllclt knowladga aoureaa to datact and allalnata cyclaa. Thla

raqulraaant would conflict with tha Intandad aasa-of-uaa of ENCORES.

A CONTEXT la tharafora rapraaantad dlractly as a contaxt-frana and

oparatlona racordlng ralatlonahlpa hatwaan franas can ba usad to hulld

tha traa atructura.

Iwportant oparatlons of CONJECTURES facilitata saarch through tha
traa. Tha root contaxt la lahallad by an assartlon of fora
"la_root_contaxt(<RO0T>)". Oparatlon *supar_contaxt® (figura 5.8)
locataa ancaatral or child contexts according to tha bindings of Its
paraaatara. Tha super context la tha Inaadlata ancestor or father

contaxt of Its daughter, or ancestor of this father.

mupar_eentaxt(Tather,Daughter)t-ralatad_cfranasCFather,Daughtar).

supar_eentaxt(Ancestor ,Oaughtar)t-
~ ralatadjefraMs(Ancastor,Father),

super”~centaxt(Fathar,Daughtar).

Figura 5.8. Code of aupar_context.

Tha aaln constructor oparatlon, *sprout_contaxt®, takas three

paraswtars as follows.
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oproat_eeBtxt«FATRKR> <Mnn)AlinRTeit> <rACn.
Th« flrat paraMCar ahenld ba bound with tha Idantlflar of tha eontaxt
froa which tha now dau«htar eontaxt la halng aproutod. Tha third
P«r*Mtar ahould contain a Hat of facta to ba ratractad eonjolnad with
a Hat of facta to bo addod, both llata balng aaparatad by tha trlipla,
" laatfaett,ratraetod,tma". Boom of tha facta to ba addad (contalnad In
P«r>a«tar PACTS) aay ba Inharltad froa thoaa of tho fathar contaxt.
Oporatlon “put_efraaa®, which uaaa "Inaart_faet", anauroa no duplication
takaa place. Tha operation alao aearchaa for an ancaatral contaxt
Identical to the new daughter and “polaona® tha daughter If thla la tha

eaaa to prewent eyeloa fomlng. Tha coda la ahown In figure 5.9.

aprout_eontaxt(Cxt.Nawext,Pacta)t-
next_efraaa(lfewext),
relate_efraawa(Cxt.Newcxt),
gat_cfTa»a(Cxt.Oldfacta,[j),
/* procaaa ratractlona If any */
(( appand(Ratractlona, ((laatfacta, retractad, trueliNawfacta] .Pacta),

dalate_all(Retractlona,Oldfaeta, Inherltance) );

/* no ratractlona *

(Rawfaeta m Pacta,

Inharltanca “ Oldfacta)),
appenddnherl tanca,Newfacta ,Cxtfacta),
putjcfraaafHawext,Cxtfacta),

/* Bow check no eyclea ara foralng */
(( aupar_eontext(Supercxc,Hewext),

gat_efraaa(8uparcxt,Cxtfacta, (j),

polaon_efraaa(Nawcxt));

true).

Plgura 5.9. Coda of aproutjeontext.

Oparatlona "append™ and “delata all® are alapla Hat procaaalng
op«r*tlona to Join two llata and raamwve all alawanta of one Hat froa

another, reapaetlwely.
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Rotle« that "aproutjeentaxt™ naad not taka account of oarliar
ratractlona «hon baektracklnt throu«h tha ancestral chain alnca
Inharltanea la laplaaontad as propasatlon of fact lahals. Tha code la
designed for slapliclty and In the Interests of getting a working
ey*f**» Mora coaplaz laplasantatlons «ay check for subsuaiptloo nora
efficiently, however extenelve testing and cowparlson of these was

beyond the scope of the current work.

The nein retrieval operation of CONJECTURES Is “fatch confext®
which takes a sat of partially Instantiated triples and searches for a
mateh In soae context. Operation “natohjcfrane® Is used to locate as
many facts as possible la tha context. Any renalnlng triples nust be
matehed In tha global database If the retrieval is to succeed. OF
course, the context nust be valid la. not poisoned. Figure S.10 shows

the code of “fetch context”.

fetch_eontext(Cxt,Facts) I-
~ match_efrsae(Cxt,Facts,Restfacts),
not( polsonad cfraBe(Cxt) ),
match_efraae(iiobal,Restfaets,[1).

Figure 3.10. The code of fetch context.

OORJECTURES Is used In ENCORES to nalntsln prograas under
developnent at any one level of a blackboard. 1f conponents of the
(ag- modulas, routines, declaration parts or prograa bodies) sre
distributed aaongst a nuaber of attributes of soae blackboard object
then those attributes, not changed by a reflneaent, will be Inherited.

Attributes should therefore be chosen with econoay of store In alnd.

Further, wore then one root context nay be created by the action of.
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APPEAL rulaa at any ona lavai of a blackboard. Tho raadar aap anqulra
how prollfaratlng daaerlpciona of ayatoM at varloua blackboard lavala
aro ralatad. Row doaa ona aovo batifaao blackboard lavala co locata

conalacoBC abatract doacrlptlona of raflnad prognmaT

3.6 ABSTRACTION i linking Intar-laval acato doacrlptlona.

Tha ABSTRACTION nodulo provldaa oparatlona for tha nanagananc of
polntara linking any two contaxca on adjacent blackboard lavala which
raproaant conalacant doacrlptlona of tha plan at any ataga of Ita
doveiopnant. Tha polncera provide a baala for raaaonlng at varloua
lavala of abatractlon : any contaxt daacrlblng a problaa atata on a low
level of the blackboard nay hava nora ahacract doacrlptlona on higher
levala and cho contaxta deacrlblng thoaa can ba located by aearchlng

along tha polntara. We therefore nane tha polntera ABSTRACTION LINKS.

Lika the father-daughter polntera uaad by (mTECTURES, abatractlon
IInka are directed froa the context which triggered Che knowledge
aoorce, to the new context which It generated. LlInka can be directed up
or down blackboard levala j the fomer are repreaanted aa facta with
relation "abatracta_to", the latter by facta with relation

“apeclallaaa_to".

Hlghar-leval contexta ueually repraaenc najor atagaa la the
davalopnanc of a plan. Each hat a nore detailed deacrlptlon anongat
contaxta on a lower blackboard level. Rather Chan have a conpiate aet of
abatracclon llnka to each, a alnglo link la aalnCalnad to Che flrat
lower context only, for econony of atorage. Thla link la conalderad to

ba Inherited by Ita deacandenta. Conpucatlon coat of retrieval la traded
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fot eeenoajr of «toro, oo oot earprlolnglr tha ratrlatal oparation la
mora coaplax and ancodaa nilaa for locating llnka along any blackboard

lavai .

Constructor oparations slaply Insart tha appropriata ralatlons In
tha global databasa of MULTIFACTS. Oparation “put abatractlon® (Ffigura

9.11) rocorda vortlcally dlractad links.

put_abatractlon(Abstractcxt,Spaci«.Lcxt) t-
Insart_fact(azpllicltiglobal,
(_>>paclalcxt.abstracts_to.Abstractcxt] ).

Figura 5.11. Tha coda of "put_abstractlon.

Oparatlra "put_spaclallsu®™ works sinllarly but uaaa ralatlon
"spaclallsaa_to". Oparation "lIsjabstractlon® datarulnaa If ona contaxt
la an abatractlon of anothor by saarchlng for althar an *abstracta_to"

or "apaclallaat_to" ralatlon.

Oparation “valldjabatractlon® (figura 3.12) encodaa tha rulaa for
saarching through tha polntars to locata aora abstract (or apaclallsad)

dascriptlons dascrlbad by othar contaxts.
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/* Valld abatnetloM can ba found bjr folewlDg tha llnka dlractly*/
valld_abatraetlott(AbataCa,8paeatata)t-
la_abatraetlo«(Abatata,8pacatata) .
/*AlcaniactTaly, dtia can aaareh aaongat daacandanta*/
/*a eeacaxt at ana and of an abatraetion Ilnk */
valld_abatraetlon(RIgharcxt»Lovarcxtl)t-
la_abatraetlen(ltigharext ,Loirarextl),
aupar_eontast(LoMrexcl tLo«nrexc2).

[* 1b acaa elreuMtaneaa, raaaonlng aay hava baan earrlad*/

/* en at a Mghar laval wlthent ragard te lewar-leTel eoataxta. */

/*The reflnad daaerlptlena at hlghar laxala ara atlll aaanaed */

/*to ba abatraetlona Ol tha laat lotMr-latral deacrlption.*/
xalld_abatractlen(HI™rcxt2 »Lowarcxt) t-

auper_“eentaxt(Hlgharextl ,RIgharext2),
la_abatraetlan(l11gharcxtl ,Lo«ercxt).

Flgnra 5.12. Tha cede Of "tralld abatraetion”.

Tha validity of tha rulaa mat on tha aaauaptlon that raflnaaanta acting
at a alngla laral of rapraaantatlon ara uaad to ganorata aqulvalant

prograna.
5.7 Tha Blackboard Manager of EMOOIES.

Tha blackboard data type of EROItII8 la a multl-laxol databaae In
which traaa of tha aort aanagad by cnHJFCIUBES ara found at each level.
An Important point about raaaonlng within blaekboarda la that. In
theory, Inferencea nay be drawn both Iron and to nany of theaa levala,
at any one tine, by tha action Of knowledge aourcea. 8oae alapllfylng
aaeunptlena have been nada about theae procaaaea to contain the
eonplexlty of the Inplanantatlon. Tlratly, given Infomatlon to ba
natehad on varloua blackboard levala, we aaaune that retrieval can be
performed down daacandling lavala anongat contenta which are valld

abatraetlona (aa defined above). 8aeondly, we aaaune that available
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knowlcdg« can b* factorad Into knowladga aoureaa, aach of which will

eonorata objocta at ona lowal only.

Beth tha ratrlawal and eonatruetor oparatlona of tha blackboard
type taka paraaatora which ara palra of contoxt-lewel Idantiflara.
Operation "natchjblackbeard” parforaa ratrlawal glran Inforaatlon aa to

iba laat context and lowol wharo facta ware found and tha levai where

renalnlng facta are yet to be natchad. The elauaaa needed to retrieve
facta which are rulaa or In contenta at the aaae or adjacent blackboard

lavala are ahewn In figuro S.13.

/*Kulaa are blackboard objecta and are natchad*/
/*In a databaaa naned “rulaa®™ on a level naaed “nile".*/

«atch_blackbeard(_, trulea,rule].Facta)t-
~ t, match_cfraae(rulea.Facta.ti).

/*IT retrieval la to be perfomad at tha aaae level where the *1

/*prevloua aet of facta were aatched. than a aearch *t
/*1a aedo In tha aaae context*/
aatch_blackboard([RIghercxt.RIgharlavel].(Cxt.Level] .Facta) t-
RlgherlevalaLavel . Hlghercxt"xt.
fotch_contaxt(Cxt.Facta).

/*Motaally. the next group of facta are to be notched on a */
/*lower blackboard level*/
natch_blackboard([RIgherext.RIgherlavel]. [Cxt.Laval].Facta)s-
val ld_abetractlon(RIghercxt.Cxt).
fatch~contaxt(Cxt .Facta) .

Figura 5.13. The code of “natch blackboard”.

The reader ahould note that the treataent of rulea aa objecta
contintan to a low level of laplenentatlon. The Internal repreaentatlon

of rulaa will be daacrlbed In the next chapter.

The naln conatructor oparatlon. “aodlfy blackboard®. takea a Hat

of context-level palra. which triggered a knowledge aouree. and a Hat
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of MW facta with tha lavai on which thay aro to ba raeordad. A naw
eontaxt la goMratad with appropriato llnkagaa froai thaaa trlggoring

eontoxta. Figura S.14 ohowa tha coda.

IT ona of tha triggering eontaxta waa at the aaM lavai aa tha
context to ba gaMratad, then wo xuat retract pravloua valoea of object
attrlbutaa fro« tha father context which are receiving naw valuea. Thla
la dona alaiplp by unbinding tha valuea of each fact, then appending the
let, with triple "laatfacta,retracted,true” to the Hat of facta.
Operation “aproot_eentext” «akea theae ratractlona trom those Inherited

fro« the father context.

List preceaslng operatlona, "select”™ and “appandjall®, select
elo«ents trem lista and eonjolns Hata of Hata, reapectlvely. Operatlon
“putjabatractlons™ cyclea through eaeh of thée trlggering context-level
palre and eatabllsbea an abatractlon link In thé appropriate direction

far each.

Aaother eiause for “«odlfyjblaekboard™ appllas where all trlggering
eontexts ara at a dlfferent lavai fro« that where new faets are to be
recordad (le. tha "select” goal abova falla). In thls casa a new reot

eontaxt la establlahad.
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a tritmarliit coataxt la on aaaa lavai aa that to ba ganaratad*/

modIfyjblaekboarddrigextlavala, (Hawext .AtUvalj .Facta) i-
aolaet([Cxt,Atlaval].Trigextlavala. laatcxtlavala). I,

twbiad_Facta(Facta .Unbomidfacta),
appaad_all ([nBboundfaeta, [[laatfaeta.ratractad.trua]]-
Facta] -Naiifaetllat),
apreat_cootaxt(Cxt, I lowext,Noirfactliat),
pvt_ahatractleaa(KaatextlaTala, [Nawcxt.Atlaval]), .
/* Caaa, ganarata a nov root contaxt */.
medlfyJblaekboardCTrigcxtlavala, [Nawcxt.Atlaval].Facta)
la_root_eentoxt(Rawext.Facta).
P«>0ObaTractloi>a(TrtgcxtloTala. (Nawxct .Atlaval] ).

Figura S.U. Tha coda for "modifyjblaekboard”.

A furthar blackboard operation, “writejblackboard*. outputa all
eoataxta for a given blackboard aa tablaa of facta aaparated by thoaa
facta repreaanting pointera between thaw. The operation provldea an
interfaca to tha blackboarda and la a prlaltlva veraloa of tha

“vlewpolnta aechaalan® of AKT.

S.8 ACSTS t Acqulaltlon Subayatan.

ACST8 la a friandly interface to receive blackboard achewaa fron
«mew_ Inforwatlon can be entered about blackboarda. levala, objecta
and attrihutaa. ACSTS recorda tha Infomatlon aa aeaantic rulaa and
aet-aa”rahlp relatlona in MDLTIFACTS. Invoked with FROLOC goal,

"acaya®. the tool reaponda aa followai

Acaya (Acqulaltion Suhayataa)
Level 1 of control blackboard

Claaa of object i

Tha near entara tha naae of the object claaa (which la alao the nan* of

tha top level of the control blackboard). Foaalbllitiaa are "problaa®.
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of "l«ctlc™. AC8T8 raminda tha uaar that tha flrat attrlbuta
of aky objact la asauaad to ba Ita dlatincolabad “nera” attributa.
Sobaaguant attribotaa, and patalaalbla Taluna for aach, ara than
raguaatad fren tha uaar. lanponding with and-of-flla (aof) ehareetar,
eenplataa tha antrp of attrlbutoa and thalr walld Taluna. AC8Ts than
proesada to quory tha uaar about tha naxt lomnr laTal of tha blackboard.
Sinllarly, aof eauaaa axlt fro« thla and ACSTS rapaata tha aaguanca for
dafinltlon of tha doaaln blackboard. Eaaantlally, achaaa Inforaatlon la
raquaatad of claaa—aubclaaa hlararchloa In a cyclic «annar.

AC8T8 racorda achana Information aa aat-aa«b«r ralatlona and
of chocking procoduraa auppllad by tha uaar. For oxanpla,
tha dlalogua to daflna tha domain blackboard uaad In figura 2.S (paga

dO) would procaod aa followa (uaar ropllaa am undarllnad):

Lotol 1 of domain blackboard
claaa of objacti datatypa.
(attrlbuta 1 of datatypa la Its nam)
attributo 2 of datatypa s Zfo.
Talld Talua of typa : pndlcata(la_aat).
Thoaa roaponsos moult In tha following facts balng addad to tha

databaaa.

fact( f(ll), datatypa, laTol of, domain).

fact( rasy, datatypa, laTol_nun, 1.

fact( rqsy, datatypa, typa, Is_aat).
Tha laat of thaaa Is a samantlc rula (othara am global facts). If
chocking of now facta la parmlttad during tho consultation, Htn.TIFACT8

wint Inroko procadum "lIs_ast" with a slngla paramotor, tha Talua to ba
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chaekad. Usar« autt aaaura aueh procaduraa ara avallabla la tha PROLOG

vetfcspaea.

At tha naxt lavar lavai, that of OPERAnOM, AC8T8 vili pUea all
valid valuaa of tha "action®™ attributo In a aat for ehackln« purposaa.

Por axavpla, tha dlalogua,

Lavai 2 of dosala blackboard

claaa of objact : oparation.
(attributo 1 of oparatlon la tha nasa)
attributo 2 of oparatlon t action,
valid valla of action t raada.

valid valu6 of action t dalataa.

vili raault In aaaantlc rula,

fact( f(21), oparatlon, action, actloii-val)
and aat-aovbar ralatlona,
fact( f(23), raada, la_a, actlon val)

fact( f(2S), dalataa, la_a, actlon_val).
3.9 Blackboard Configuration Toola.

In ganoral, a blackboard ayatan ualng tha aanagaaont aoftvaro vuat
ha auppllod to paraa problaa atataMnta to objacta; dlatrlbuta thaaa
objacta aaongat an Initial configuration of tha blackboard; raaaaaabla
objacta of tha aolutlon and finally output thla In a aultabla fom. Por
our purpoaaa, thaaa toola vuat tranalato program to and froa tha traa
rapraaantatlon (daacrlbod In aactlon 3.3, paga 37). Thorafora
conatructling configuration toola for an application of ENCORES Involvaa

voiklng vith abatract daacrlptlona of a prograanlng language.
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APPENDDC-D daaerlbaa tha eoaatruectoa of a languaga paraar, in
ra0l0G, to raad uaor auppllad prograaa and raturn an abatract ayntax
craa. Paraara ao built alao intarfaea to tha APPEAL languaga coapilar
(aaa naxt ehaptar) for paraing APPEAL aatalanguaga axpraaaiona. Parao
tmaa ara dacoapoaad and inaartad in tha blackboard by a uaar auppllad
routlna which aaaarta thaa aa FACTS (ag> ualng procedura
“m@i*y_kl«ckboard®). Tha traa rapraaantlng tha aolutlon la raaaaaablad
on coaplatlon of a conaultatlon by uaar auppllad aoftwara. Source code
la regenerated ualng a tool known aa a “pretty-printer® auppllad for tha
application. APPEMDIX-E deacrlbaa a tool available «lthln ENOOgES which

can ha uaad to coaplle pretty-printara.

In contraat, once knowledge acqulaltlon la underway, tha engineer
woika with toola aupportlng friendly objact-cantrad dascrlptlone auch aa
tha APPEAL editor. Thla engineer need rarely be burdened with abatract
deacrlptlona of ayatoM and preferably be a aaparate Individual fron the

peraon who undertook the configuration of the application
S.10 Sunnary.

The bUckboard nanager of ENOORES la coapoaad frou nany alnplar
data typea. Contaxta are nanaged by tha CONJECTUDES tool at each
bUckboard level. Operatlona of the ABSTtACTION data type provide
Inter-level llInkagea between contexta. Nodea of thla network are aeta of

managed by the CONTEXT—FRAME data type iialng operatlona of the
MDLTIPACT tool. All theae abatract data typea are aeparate fllea of
PROUXS pradlcatea, or "nodulea®, which are loaded together ualng tha

MONTLE tool.
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Thaaa téela are uaad wlchln ENOORES aa followa. Tha AC8TS aubayataa
racorda blackboard achaaaa aa faeca ualng eparatlona of MDLTIPACTS. Ilo
particular, facta which aro aaaantlc rulaa record walld waluea for
object attrlbutea. If the checking goal of MDLTIPACTS la not aaaerted
to be "off" (page 100) than cheeking of wany blackboard entrlaa will be
perferaed aa they are added to the blackboard (le. rulea are affectively
debugged at luntlae). However, perforaanee of the ayatea falla
draatleally with theaa chaeka ao aeaantlc rulea are aoldoa uaad. Tha
blackboard operatlona are uaed during the evaluation of APPEAL rulaa.
Rule praalaea are tranalated to rotrlevala uvalng "aatchjblackboard";

rule eonelualona are tranalatad to Invocatlooa of "aodlfy_blackboard”.

The next chapter ahowa how thaaa tranalatlona are aade.



paga 117

CHAPTER 6.

APPEAL LAMGUACE IMPLEMENTATION.

APPEAL ralai ara tntamlad to ba a traaiparant rapraaaiitatlon for
prograaaliig knowladga and thla tranaparancjr la baaad on aaa of pattami
of tba faalllar atrlng rapraaantatlen of prograai. Ai waa polntad out In
chaptir 3, hewarar, attrlbutod traa ripraaantatloni of pmgraaa
facilitata aora afflelant pattern «atehlng. If afflelaney la to roaaln a
goal, than APPEAL miai auit alio find an Intimai rapraaantatlon baaad

on attrlbutad traaa.

Tha ganaral utility of APPEAL mlaa darlvaa froa tha pmrlalon of
aatararlablaa and thla ganarallty auat ba ratalnad with thalr Intamal
raproaantatlon. Ona approach la to coapllo aach mia to a aat of tma-
aatchlng and -ganaratlng taaplataa In which warlablaa now hava tho rola
of aatchlng with tmoa. Rowavar, tma rapmaantatlona of program
Includa typa Informtlon which la abaant or Inaxpmaalbla In prograa
pattami. Thua wa augmnt APPEAL with a mchanlra, namd TTPE
QOALIPICATION, by which tha knowladga anglnaar can Inpoaa conatmlnta on

tha mtchlng typaa of mtawarlablaa.

Tha Intamal rapmaantatlon of mlea and thalr avaluatlon auat alao
taflact thalr mpmaantatlon aa blackboard objacta. In particular,
control mlaa my mfaranco attrlbutaa of domln mlaa, ualng pattami
baaad on tha APPEAL languaga. laplamntatlon of thla tachnlqua, known aa
“contant mfaranclng®™ (paga 71), Involwaa conplax tmda-offa of acono”
of atom varaua afflclancy of mia mtrlowal and avaluatlon. If mlaa
am dacoapoaad to collactlona of objact-attrlbuta-walua triplai. Ilka

othar blackboard objacta than mforanclng la afflelant but ratrlawal and
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aaaaably of rolao for araluatlon wlH bo qulto eoocly. Altomotlvoly, if
n»loo find o roprosontotlon oo IntoKral units than rafarancInn will ba

eoaplax and costlp.

Finally, tha products of nils ayaluatlon and axoeutlon ara not only
now blackboard objects but also Instantiations of rules thansalyas
knoun as “rule activations®). Thass nay also bo rseordod for ths
purpose of praventlng rules executing In an ldentical Banner nore than
once. More laportantly, these records provide a trace of the software
developBsnt within the systea and provide the raw aaterlal for
Iwvestlgatlona of explanation In knowledge~based prograaBlng. The

possibilities are discussed further In chapter s .

The following sections of this chapter describe how these Issues
were addressed in the lapleaentatlon of the APPEAL language. Rules, like
other blackboard objects sre reducible to facts, of the sort managed by
<TOLTIPACTS. The coapllatlon process Is then described. The object
description of rules provides a natural hierarchy of abstract data types
along which tha coapllatlon process Is factored. The pattern matching
facilities of PROLOG sre suppleaented with two operations to effect
pattern matching with llata and trees. Evaluation code for both control
and doaaln rules take a alapla fora. The representation and management
of activation records of rules will be sketched as will a tool for

editing APPEAL rules.
6.1 Internal Representation of APPEAL Rules.

Bach APPEAL ruls la compiled to two facts : one containing the rule

prealae, the other, tha rule conclusion. The facts are PROLOG assertions
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of tha fora aanagad by HULTIFACTS. Figura 6.1(a) la a rapro<hictlon of

tha FOLD tranaforaatlon. Figura 6.1(b) ahoaa tha two facta coapllad froa
thbla tula. Tha tara atructura of thaaa aaaartlona ara aapandad and

Buabarad (aa la tha AFFtAL atataaaata) to halp oaplaln hoa eoaponanta of

tha rula ara coapllad.

1 ft an aquatlon(l) haa

6 coda - LhakK-Wial ;"
§ an aquatlon(2 ) haa
6 coda - "---"Nha2<-IUia2:"
A tha2 - lhal_"

Mn aquatlonri) haa
6 lha2 - * Lhal -
6 coda - "~Lha2<-Kha2;"

@

R “E"? gl ng 13

a(Eﬁo aTaqn L

7*
3* & o aN(L2,02) ]
9 tranafora(Kl g2,rha2(2),Traa) 1 D-

10. fact( F(12), rula(l), actlona, (

rara(( aquatlon 2) ,(*2,rha?],
i (o .a?mﬁ';s.fgs iy
13. [E2,00da, E%)] 11)-
(©)

Figura 6.1. Extamal(a) and Intamal(b) fotM of an APPEAL tula.

A Mjor problaa arlaaa with tha traatwant of varlablaa within

PFOLOC. Moot laplawantatlona of tha languago conwart uaar auppllod
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varlablaa to ao tntanial fora which la uaad conalatantly within a alasla

PtOUX: clauaa. If tho elanaa la daeoapoaad and written to another

medltm than thla eonalataney la loat. Thua when APPEAL mlaa aro

eewpllad to PROLOG aaaartlona, ao«e Inforaatlon auat bo locludod with

thoao ao that appropriata warlabloa In aaeh aaaortlon can bo nodo

Idontlcal whon tha rulo raaaaaablod. Proforablp, thla entra Infomatlon

ahould not only provide a aeana of IInkInt varlablea but alao Include

tho uaer-oupplled apabola.

Thla

@

@

(©)

Q)

Figure 6.1(b) ahowa tha two facta cowplled froa the APPEAL rule.

repreaentatlon can be underatood aa followas

Each fact la a triple with aubject of fom “rulo(<H»" where H la

the rule nuaber.

One fact haa relation “"conda®, the other "actlona®™ to Indicate that
they contain the condition part and action part of the rule,

reapectlvely.

Both facta have objecta which are Hata of PROLOG tenaa, the flrat
of which haa functor "vara®. Thla tana contalna Inforawtlon for
linking ldentical varlablea In both facta and for reproducing the
original aynbola for the wetavarlablea. Raaelnlng tema are the

coaplled Inatructlona.

All wetavarlablea uaed In the appropriate rule part have an entry

In the “vara® tarn conalatlng of a pair i the flrat alewent la the
PROLOG variable aubetltuted by the ayatew; the other the original

aynbol with Initial letter lower-caae. Thua we aae, for axaaple,

that natavarlabla "Lhal® In linea 2 and 7 of figure 6.1(a) glvea



®
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ri** to «nCriIM "<?K)LOC VAR>, lh«I>" In «ach "aara®™ tara (llnat 2
and 12 ef figura 6.1(b)). Tha tro antrlaa ara onlflad on

raaaaaiAlj of tha mia. Tha PROLOG aarlahla aubatltutad tot tha
Mtaaarlabla In aach faet la noraally diffarant and la eartalnly

raad dlffarontly whan fatta ara Input fro« aaeondary atora.

Tuo dIffarant objacta fra« tha elaaa of oquatlon ara «atchad by
thla mia. Each haa a apaclflc nana but no rofaronca la aado to
In tha mia. Rafaranca la IndImct by uaa of mfamnca
nuabara (ag- Ilnaa 1 and 3, flgum 6.1(a)). Varlablaa ara
Introdncod tot tha noaaa of thaao objacta and aach glvaa rlaa to a
palr In tha "rara® tara of tha fora "<PtOLOC VAIt>,aquatlon«M»®,

iritan N la tha rafaranca nuabar.

Othar tmtm In tha objact of aach fact ara althar thma-aloaant
Hata or goala. Tha foraar ara toaplataa for aatchlng facta In aocaa
blacfcboard contaxt; tha lattar procaduraa aatabllah furthar

condltlona or tranafora thaaa fatta.

IndImct mforancaa to objacta by nuabara (ag- lina 1,figura

6 .1 (@) gira rlaa to taaplatoa for aatchlng alaaants froa tha elaaa
of objacta. Statoaanta of fora "an <OBJECT>«ItXFI10» haa® and “all
<OBJPCT>(a) barn® eoapllo to tanplato " (X,la_a,<OBJECT>) " pmeadad

by oyabol "a®" or "all® aa appropriata, (ag- lina S,flgum 6.1(b)).

Rafamneaa to objact attrlbutaa, aueh aa “coda”™ (lina 2, flgum
§ .1 (@))- ara coopllad te toaplataa tot ratrlaulng tha appropriata
faet uhooo objact unlflaa wlth tha traa tanplato coapllad froa tha

prograa pottam (Una ¢ , flgum ¢ .Kb)).
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(9) APPEAL atatawBta for locados «'d tranaformlns a portion of coda
(=8 llnaa 5 and 7 of figura 6.1(a)) gira rlaa to a "tranafora”
procedura call In aach fact (llnaa 9 and 13, figura 6.1(b)). A call
to a aarlaat of thla procadura, naaad "tranafom_all®, la co”~llad
«hora tha APPEAL otataMnt haa tha fora
"all«ATI*IBOTE>-"__<PATIEIUI>__")". Tha functlona of both
“tranafora®™ and “tranafora_all® oparatlona will ba daacrlbad
ahortly. Both ara uaad to aanlpulata traoa on both aldaf of tha
rula and Infomatlon la paaaad ualng an antry In tha "rara® tara

(ag- Ilnaa 4 and 12 , figura s .1 (b)).-

Tha tula ahoan la a doaaln rula but control rulaa haro an alaoat
Idantlcal fora Intamally axcapt that pattama, to bo aatchad with

doaaln rulaa, ara coapllad to Hat oparatlona. (Hético that tha Intamal

rapraaantatlon of rulaa la baaed on Hata, not traaa).

Other facta arc coapllad for tha rula, boaldoa thoaa ahown In
figura 6.1(b). Two daalgnata tha rula aa belonging to databaaa "rulaa®,

fact( f(1l), f(o),In_dbaaa,rulea)

fact( (13), F(12),In_dbaae,rulaa).
Otbara record tha object claaa (la. bUckboard larel) on which tha rule
acta,

fact( (14), rula(l), acta pn, aquation)

and the blackboard on which the rule wakea Ita contribution,

faet( f(16), rula(l), ko_ef, doaaln).
6.2 Coapllatlon of APPEAL Hulea.

Tha object deacrlptlon of rulaa proddea a natural deconpoaltlon of
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coBclualea parta for tha purpoaaa of coapllaclon. Both parta

of tha mia can ba conaldarad aa aata of objaet taaplataa (ag- llnaa I-
2> 3-S, and 7-B, figura 6.1(a) daacrlba thraa taaplataa, tuo to ho
matchod with aquatlona, ona to gaaarato an aquation). Each taaplata la
aaon to eonalat of a quantlflar (og- "a","an” or "all) with tha objact
claaa, followad hy APPEAL elauaaa which aecoaa attributo or aatawarlabla
valuoa. Thua oparatlona for aanaglng ruloa can ba groupad round alx data

which wa cali mia. obJoct taag>lataa. obJact tawplata, ~antlflar,
elauvaaa and clauaa. Furthar, aach typa nap ba progransad aa a aodula

(@0 Chaptar 3,paga 93).

Tha eeaplata coda of thaaa wedulat la too larga to raproduea hara
but tha eowpllatlon procaaa la eharactarlaad. Each data type haa
oparatlona to paraa APPEAL tokana and aaaawbla tha co”llad
Inatraetlona. Figura 6.2 ahowa tha tppa hlorarchp and nanna of ralavant
oparatlona aaaoclatod with aach tppo. Tartlcal arrowa doplet tha flow of
control during eonpllatlon : tokona ara paaaad down paralng oparatlona
of aach tppa: Inatraetlona ara aaaanblad aa control raturna to hlghar-

latrai tppaa via tho conatractor oparatlona.
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AMTKACr DATA TT?E OPEIATIOM8
nil« raadjnila
conaTr rula

objaetjtaaplat«« mrtad_ebjaet_taMplatat
eonatr_obJa?e_taaplaecaa

ebjact_taaplata raa4_ebjacc_taaplata
coaatr_objaet_taaplata

quantiflar paraa_quantliflar
conatMquantlflar

elaocaaa paraajelauvaaa
const? elaosas

elanaa parBa_elausa
eonstr eiausa

Figura 6.2. Aula Coaponont Typas and chair Oparatlona.

Tha aost lapertanc eonsuawrs ef tokans ara oparatlona

"parsa_quantlFlar® and "parsa _elauaa®. Tba foraar craacas two-alaaant

lista of tha fora,
<(oAImNEI>, (x,is_a, <objkct- class>]

for aatehlng Inataneas of objaecs bolonglns co tha appropriata class

(ag- lina 3, figura 6.1(b)). Oparatlon “parsajelausa” parsas APFEAL

stataaants wlchln tha objaet taaplato bp ealllng tha parsar of tha

application languaga wlth cokana of prograa pattams. Thls parsar ause

parsa tha pactam to a traa taaplata and ratum Inforaatlon on tha typas

aatauarlablas wlll aateh wlth ualng thls taaplata. Oparatlon

"parsa_elausa”™ chan ratums thraa-alaaant Hata of fora.
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(X, <ATTUBOTE> ,<TIKE_TRIirLATE>]

(o= |1 ®* flint® s »1(b)) with tha matehlDg typas of aatawarlablaa»

A dIffleolty with paralni prograa pattarna la that tanarally nota
than ona paraa la poaalbla. Pot axaapla. In tha pattata of lina 2,
filata 5 .1 (@), watawatlabla "lhar will ba aubatltntad by a ttaa-
utehltti warlabla which will watch with “cl_tha_a*pt® (la. any
azpraaalon found on tha tl]ht-hand-alda of an aquation). Aa naad In linn
S, filata 6.1(a), tha aaaa Mtawarlabla would pataa to natch any HOPE
conattact daflnad by tha abattact irannat. Typa natchlni conattalnta on
e»twnrithU» noot ba conalatant whan tha conpllad Inattuctlona ata
aaoanblod frooi dlffatant otatonanta of tha tula. Pot thla raaaon, tha
typa Infotnatlon tatutnad by opatatlon "pataa elauaa® la accunulatad and
chnckad at all ntaiaa durlni tha oanonbly of tha Inattuctlona.
Inconalatanclaa fotca bocktracklni to find alternativa paraaa of

pattarna until tha natchlni typaa of natavarlablaa ara identical.
6.2.1 Inplanantatlon of Typa Qualification.

The conattuctor oparatlona append the reaultlni Hata of
Inatructlona to]othar with Idantltloa of the orlilnal aetavarlablea and
thoaa varlablaa aubotltuted by PROLOG. Infornatlon of natchlni typaa of
* 11 natavarlablaa la then praaanted to tha an|lnaar aa a table at tha
final ntoia of conpllatlon. Tha natchlni typa aaaoclated with each
varlabla la tha neat lanaral typa raturnad by tha paraer for all
oecurrancaa of tha variable In tha tula. Tha an|lnaar can now Inpoae
anr* apaclflc typaa for natchlni with aalacted natavarlabloa. Thla
proceduta, nonad TYPE QUALIPICATIOR, raoulta In furthar conatralnta for

netehlng the tula repraaantad oa furthar PROLOG ionia to ba aaaonbled
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with th* InstructloM.

For asaapla, unqo«lIfl«d varUbl* “Miai® will watch any right-
haad-alda axpraaaleii whan tha rula la paraad, but If tha antlnaar
quallflaa tha watching typa of thla warlabla to ba "coodjcUuaa®, than
only "If__~than_* awpxaaalena will ba watchad alnca goal

“tl>cond_clauaa(_,_) " la appandad with tha Inatructlona.

Tha uaar can alao forca a raparaa ao that certain watara™lablaa
vUl natch alngla Inatancaa of typaa rathar than aaquancaa of typaa. For
awawpla, pattern "Op(Farawa)® within a rula night paraa auch that
warlabla “Farawa®™ will natch a aaquenca of type "cl_lha_a*pr® (la. any
*~Maalon found on tha loft-hand-tlde of aquatlona)« At typo
qo*i 12 t eatlon tha englneor can forca a nunbar of altamatlve parane of
tha rula by laaulng goal “raparne”. Ona alternativo will bo a paraa of

"Parana® to natch with a alngle occurronca of type “cl_lha_a*pr-.

Whan typa qualification la conplata, the final Inatructlona an
ccnpllad to the two facta and aaaerted In tha FROLOC workapace by
operation "put _rule”. No other record of the original APPEAL atatananta

ranaln t ENCORES worka antinly with tha conplled fora of rulaa.
6.2.2 Inplanentatlon of Content Raforenclng.

APPEAL rulea are conalderad as objacta with a aet of attrlbutoa for
tha purpoaea of content nfaranclng. Each rule haa two attrlbutaa for
*1+17 object claaa on tha blackboard where It contrlbutaa Ita knowledge.
Each attribute contalna a Hat of clauaea fron object tanplataa of tho
rula and each has a nana of forn, “<OBJECT-CLA88>-<PART>". where PART

tAas value "tonda®™ or “actlona® Indicating that clauses are fron the
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eondIcloii or action part ef tho tuia. For axaapla, tha tuia of figura
§ .1 (@ haa two actrlbutoa neao<< "aquaclon-conda® and “aquatlen-aetloaa”.
Attrlbutaa aaaeelatad wlth othar ebjact claaaao (If any) ara anptp

Hata»

Control ruloa, «hlch ara taak oneutora, roforanca donalo nilaa
wlth atatananta of tho fom,
() a rulo(l) haa
<OUECT>-<FAJtT> - "_ <F«IE*1ll>__*©
thon trprolod)
vhoro tha FATTEMI la Intondad to natch wlth AFFEAL atatananta. For
axanplot pattom “coda " Anp" ean ha uaad to natch wlth althar tha

“aquatlonpconda® or “aquatlon-actlona® attrlbutaa of tha rula In figura

§ .1 (@)-

Sinca tha Intamal rapraaantatlon of rulaa la baaad on Hata,
objact tanplataa for notching othar rulaa ara conpllad to rula ratrlawal
and Hat notching oparatlona. For axanpla, tha APPEAL atatanant,

aguatlon-conda = *_ coda = A®F__*
will bo conpllad to Inatructlona,

a, [k, 1B_a,rulo], (R,conda,C], [K,actlona,A],

appand(_, ((X,la_a,aquation) lotharlnatructlona],C),

Batch_llat(Otharlnatructlona, - ,[X,coda,Anp],~])
whara tha flrat thraa triplaa aro uaad to ratrlawa faeta conprlalng tha
rula (auch aa thoaa of figura 6.1(b)). Tha appond oparatlon locatoa
Inatructlona aaaoclatad with tha ralawant objact elaaa (ag."aguation®)

within tha ralawant fact (og. that with ralatlon “conda®). Operation

“"natch Hat" locatoa the Inatmctlon which accaaaaa tha ralawant



PM* 128
<tiribtC* («g. "ceda”).

Debar blackboard objacta aap ba aatehad by eha eaak axacutor bafera
ralaa ara aeught which.aateh tha pattam. Thus tha pattam aay ba partly
iBStaatlatad whan witchliit with tha rula takas placa. Sinca aatching is
basad on unificatioo, tha rula itsalf will bacowa partly instantlatad.
Thus contane rafarancing as inplawantad hara not only natchas rulas but

spacialisas thaa to tha particular situation whora thay ara to ba triad.
6.2.3. EHOOREs " Paetam-nacch Oparationa.

Oparation "mateh list™ axtanda tha paetam-natching propartiaa of
unification for natching alaaants within lists. It can ba usad to unify
a singla tara with anothar whara both contain wariablas. For axaaplo,
goal T"nateh_list((typaTar(A),typaTar(B)]1,[T1,72])" succaads binding T1
to “typawar(A)" and T2 to “typawar(B)". Tha aacond paraaatar nay includa
tha syabol, with variablas to bind than to partitions of lists.
For axanpla, tho goal,

aateh_list([1d(pop), Id(puah), id(top)), [ld(1),— ,X,~]>
will bind 1 to "pop® and X to "[ld(push),id(top)]". A solitary — *
synbol will natch with any partition. For osaapla, goal

natch_l1st([1d(pop),d(push),ld(top)], (id(1),—-D
will Just bind 1 as bsfora. Oporatlon "transfom® is a Torsatlla
pradleata for both constructing and natchlng FBOLOC tarns anbaddad

within FIOLOG tama. Slnca syntax traas ara raprasantad as PROLOG tarn

stmeturas, “transfom®™ can bo usad to transfom prograas.

Tha oparation takas four paraaatars of fom,

transfom ( <REW8OBTBKE> ,<MEWTBXE>_<TREE-$ FBCI1>,<OLDmE>)".
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Cl*«ii « trM In tha fourth paraaator, a aaareh la aada to find a
daaeandant traa which aatehaa tha traa apaelfleatlon In tha third
paraaatar. Tha daaeandant traa la than aubatltntad for tho traa (lran
In tha flrat paraaatar. Tha tranaforaad traa la ratomad In tha aacond
parsaatar. For axaapla,
tranafora( tTpa_e<matruetor(quaua), Nawtraa,

t pa_eonatnietor(ataek). In_typaa([typa_eonatructor(atack)]))
will hind Nawtraa to "In_tppaa([ typa_eonatructor(quaua)])”. slallar
oparatlon, “tranafora_all®, would aafca tho auhatltutlon In all

daaeandant traaa which aatehad tho opacification.

An IntaraatIM faaturo of “tranafom®™ la that It funetlona
Idontleally If waluat, auppllad to tha flrat pair of paraaatara. ara
Intar-ehantad with tho laat pair. Thla ayaaatry la aaplolc*® 1* APPEAL
roloa for offacting tranaforaatlona. Traa taaplataa, eoapllad froa
prograa pattama, ara aatchad and aubatltutad with a labal In tha rulo
praalaa. Tha now coda la auhatltutad for tho labol bp tha tranafora call
coapllad froa tho rola conelualen. Tho varlahla bound to tha laballad
troa In tho rula praalaa haa to bo unlflad with tha warlahla
raproaantlng tho aaaa traa In tha conclualon whan tha rula la
raaaaaablad. Entrlaa In tha "rara™ tarn onauroa thla takaa placo (ag-

Ilnoa A and 12, flgura 6.1(b)).

6.3 Evaluation of APPEAL Rulaa.

HDO hava aoan that rulaa find an Intamal rapraaantatlon which la.
In neat roapacta, Ildantlcal to that of othor blackboard objocta. Aa a
eonaaouanca, a alnglo pair of ovaluatlng routlnoa aarva to procaaa tha

praadaa and conelualon parta of both control and donaln rulaa. Ona
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evaluator, eontalnad tn aodula "lha_aval®, attaapta to aatlafy tha rula
praalac« Ttia othar, in aodula "rha_aval®, aMcutaa tha conelualon part
of tba Inatantlatad mia. Both avaluatora accana objacta ualns

oparatlona of tha blackboard aanagar.

Bafora avaluatlon, tha two facta contalninc tha coapllad
Inatractlona of tha mia ara ratrlavad and tha appropriata antrlaa In
thair "var® tana ara unlflad ao that varlablaa ara asaln conalatant.
Tba conatmctor oparatlona can now ba uaad In ravaraa (by virtue of tha
ravaralblllty of tha "append” operation) to dacoapoaa thaaa Hata of
triplaa and goala to thoaa aaaoclatad with aach object taaplata.
Evaluation tbarafora raducaa to aatchlnf and ganaratlng facta within tha

blackboard and Invoking built-in procaduraa auch aa "aatch_llat™ and

“»anafora”.

For tha aoat part, avaluatlon conalata of aatchlng and ganaratlng
facta within a alngla blackboard. Howavar, tha particular control
aachanlaa davalopad for ENOOBEs (daacrlbad In chapter d) raqulraa that
~ach doaaln rula ba azacutad aa a raault of evaluating a control rala
which la a tank axacutor. Tha praidaa of azacutora auat aatch with
objacta of both control and doaaln blackboarda (ag. taaka, mlaa and
prograa objacta). Alao tha conclualon part of an azacutor la tha alngla
atataaant "tryrala®, where tha mia to ba triad la that doaaln mia
aatchad by tha praalaa of tha azacutor. Each avaluator than, auat
Includa coda to handle two eaaaa< ona for evaluating »ak azacutora, tha

othar for evaluating tank ganaratora and doaaln rulaa. Again, tha coda
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of Mch It lartt to w* daterlba thalr bahtvlour.
6.3.1. Evtinttion of Rult Praalaat.

Pradletta "tMt_obs«et taapl«tat®, within aodult "Iht_tYtl~,
dttaralnat If a aat of objaet tawplataa froa a rula praalaa can ba
matebad within aeaa contant of a blackboard. Giwon contant and
blackboard Idantiflart, with tha liadt of coapilad inatroctlona froa tha
praalaa, it procaaaaa thaaa inatructlona rocuralvaly and ratuma
raaalnint Inatructiona which cannot ba aatchad. Each epcla, in oaaanca,

conalata of Firm atapat
() Inatructlona coapilad froa tha firtt object toaplato ara antractad
(@) thaaa ara dacoapoaad to tha quantifier, fact taaplataa and poalt

(3) thaaa fact taaplataa ara aatchad with tha flrat ralavant objact

within tha blackboard contant

(¢ ) tha goala ara now Invokad (in which yarlablaa will now ba partly

Inatantiatad)

(3) if quantification waa univaraal then rapaat atapa (3) and (4) for
all other objecta in tha contant.
Backtracking ia pamlttad at all tinea to pamlt tha predicate to
auccead. Alao, due to tha fleniblllty of binding variablaa within
PBOLOG, if no blackboard content la initially auppliad than ona

will ba found for the pradlcata to auccead.

Ewaluatlon of rule prenlaaa for taak ganaratora and doaain rulaa la

atraightforward uvalng thla pradlcata. Beth natch with objecta within a
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minti* blackboard ao a alngla laroeatloa of "toaC_abJaet taaiplatos®™ with
tha laattuctloeo coeatltatlag cbalr prtaiso coi”lataa tha araluatloa.
Dcaaia rulaa hawa a eontaxt choaao for thaa (gjr a caak aaccutor),
wbaraaa a eontaxt has to ba found for awaluatlat task t«o*ratort. Tha
moat rocaotlp ganaratad tasks will ba usad to astabllah this contaxt

sines tha undarlylng orgaolsatlon of ths blackboard Is a stack.

The praalsa of task aaaeutors has tha fora.

If «CASK OBJECT> A <DOMAIH OBJCCT(8)> A <IOLZ OBJECT> ..
tharafora awaluatlon consists of aultlpla Invocations of
“tast_obiaet taaplatas™ to tha control, doaaln than control blackboard

raspoetlvslp, until all ths coapllad lutructlons am proeasssd.
6.3.2. Evaluation of tula Conclusions.

Fradleata "tr7_rula®, wlthln nodulo "rhsjival®, procsssss tha
conclusion part of AFFEAL miss. Tha noraal caso la that objacts aro
ganaratod on tha blackboard to rapmsant tha conclusiéon, howavsr task
omeutom concluda that a donala mia should ba triad In a ehosan
contaxt. Tha two casas am proesasad by two dlstlnet elausss of
“tryjrala®. A furthar eiausa la Includad te check meords of mls
aetlvatlons pmvlously sxacutsd to snsum that tha mia Instantlatlon

currantly bslng proesasad haa not baso encountamd bafore.

Tha ccapllad Instmctloas froa tha conclusién part of task
gsnsratem and donala rulas cenalst of faet taaplatas and foals, sona of
whleh wlll hava baso Instantlatad durlag pmnlsa avaluatlon. Fradleata
"try_mls™ tdees thls llst and tha eontaxt(s) In whleh tha pmnlas of

tha mls was satlsflad. Cesia am saparatpd fron faets and Invokod
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eoaplating th« liwtatitlatloii of facta (ag. with traaaforaad traaa).
Oparatlea "aodifyjblackboard® (chapter 3, paga 111) la new called with

thaaa facta and contenta»

The conclualon part of teak enacutora la precaaaed In a alaple
manner. Since the cowplled Inatructlona daacrlbe the donaln rule to be
triad, "tir _rule” alnply Inwokaa both the prenlaa evaluator and Itaelf

with the doaeln rule and the context where It la to be tried.

If *tir _rule® falla then backtracking Into the prenlae avalnator la
petnlttad to find an alternative Inatantlatlon of the rule. On each
eccaalon "tri_rula® auccaeda, the uaer la Inforaed which rule fired and
the record of Ita activation la atored In a fern which will now be

deacrlbad.
6.4. tecorda of Rule Actlvatlona.

An activation record of a rule conalata of three Itane of

Infomatlon:

() the nunber of the rule which wae fired

() the blackboard contenta In which the rule waa activated

() the Hat of Inatantlated fact tanplatea and goala of the rule
conclualon.

Thla Inforaatlon la deened aufflclant to raconatltute an

Inatantlated fore of the original APPEAL rule.

Actlvatlona are recorded aa facta within MDLTIFACTS. The three

Itene of Infomatlon are alnplp lunped Into a alngle PROLOG tarn and
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dapMltad In « daub««« ara«! "aetvna®. Oparatloos "put _actyn® and
"sat_aettm” ara aaalUbla to aanaga thla databaaa. AH aetlvatlona
contain ground PIOLOC frmm, ao eha proMan of unifying two tacM.
nalthar of which atrilctly aubouaas cha otbar, la awoldad. Tha
rapraaantatlon la Inalagant but actlwatlona currantly hawa a alnor rola
within EMOORZ8. Thalr uaa la conflnad to avoiding mpatltlona of tha

aaaa Infaranca.
6.3 Tha APPEAL Editor.

Tha Boat laportaot tool of EHCOEES la tha APPEAL adltor. Eulaa ara
antarad via a frlandly Intarfaca which proapta for each clauaa of rulaa

In turn. Tha adltor paraaa and cotgillaa thaao clauaaa, praaanta tha

tabla of aatavarlablaa to tha uaar for typa qualification than finally

raaulting facta In MDLTIPACTs .

Invoked with goal “raad_blackboard_rulaa®, tha adltor ragqueata
antry of control rulaa flrat and raiUnda tha uaar of the rule nunher.
Control rule 1

1 ft

Tha uaar entara tha flrat atatoMnt (eg. "a tactlcO) haa"). Tha editor

"1 *., to raidnd the

preapta for tha next atataMnt with the anparaand.
uaar that all APPEAL clauaaa are and"ad together. Tha uaer antara and-
of-flla (aof) to conplate antry of the rule praalae. Tha adltor now

PA@*P** them . Stataaanta of the rule conclualon ara now antarad
In a alallar faahlon to thoae of the praalae. If paralng of theaa
clauaaa falla at any point than tha uaar la Invited to enter the rule

again corractly.
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Tha Mf eharaecar eoivlataa aatrjr of eha rula aiul typa
gaallfleatlen bailns. A tabla libo that of Figaro 3.13 (pago 63) la
prooootad aad tha usar raapoada along tha llnoa daacrlbad In paga 62.
Tha adltor nov pre~pta for tha naxt control mia but tha uaor can atart

antry of donalo miao Qr raapoodlng with aef.

Tha currant APPEAL adltor pamlta antry of rulaa only. Dalatlon of

miao or pamoal of tha knowladga baao la accoig>llahod with uaa of

ITOLTIFACTS oparatlons. Chaptar ¢ (pago 198) doacrlbaa adltor*functlona

which night ba Incorporatad la futura woralona of EROOUS.
6.6 gunaary.

A nunbar of conplax laauas aro addraaaad In tha laploMntatlon of

tha APPEAL languaga. In particular, an Intomal raproaontatlon for
appeal mina haa baan choaan which haa proTod a good co™>ronlao In toma
of acon<My of atora and afflclancy of ratrlaval and avaluatlon. Tha
ropraaoatatlon la alw>at ldantlcal to that of othar blackboard obJacta

giving unlfomlty to tha rula avaluatlon aoftwam. Tha raproaantatlon

ovorcoma ahortcowlnga with PhOLOC"0 traatnant of varlablaa.

y""'af*7 of rulo pronloa and conclualon porta haa boon

anploltad to factor conpllatlon aaongot a hierarchy of co™>onant data
typaa. Tha aana data typoa facilitata daconpoaltlon of the mia during
avaluatlon. PKOLOG"a Inharant backtracking haa baan axploltad In both

tha coapllatlon and avaluatlon aoftwara. APPEAL mlaa can ba both

paraad and avaluatod In all pooalbla wayo.
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CRAPTEK 7.

IMPLEMFHTATIOR OF THE BASK-fFIaEHTATED COHTKOL HECRAMISM.

Th« tire b««le ebjaet« of ceetrel In EMOOIE8 «r« control ml«« and
tank«. Chaptar A daacrlbad hoir Indlaldiial control rulaa ara coapllad
and aaaluatad to ganarata hlararchleal taak atmcturaa. In thla «hort
chaptar wa daacrlba tha control cycla of EMCOIIE8 and «hoir, with an
anaapla, hew It can taka adwantaga of opportnnlatlc atrataglaa for

prohlaa aolwlng.

Tha control cycle la aalntalnad hy an algorltha which dlracta
actlwlty on tha contml blackboard. Mot only auat It control tha
ganeratlen of taak atmctura(a), but alae aucuta thaa in a dapth-flrat,
laft-to-riI~t nannar alallar to that adopted for PADDLE goal atmcturee
Ne**xNR' P*E* Clearly «one acopa la offered In tha daalgn of
auch an algorlthw. On« can cowblna growth of the taak atmcture with

«acutlon, or attanpt to grow tha taak atmctura conplately before
executing It. The algorltha daacrlbed hare takaa the foraer approach

tharafora one laplaaentatlon of the control achana deacrlbed in

chaptar 4.

To begin thla chapter, the control cycle 1« daacrlbad Inforaally

fafaranca to the aolutlon of a alapla block~atacking problaa. The
problaa flnda frequent uaa In daacrlptlona of knowladga-baaad planning
(ag- (MIl«aon801(Warren74][St«rlIng8A](rowal«kl79]). Thla aarma better
than any programing exanpla alnca the doaaln knowladga baaa of thma
ralaa deaa not dletract froa control leauaa. It alao prowlda« greater
Inalght Into the operational datalla of the control aechanlaa;

particularly the role of tha atack organlaatlon for backing up and the
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nfocuslns b*h*Tloor of tho control cyclo. Wo ohow hmr o slnplo dopch-
flrot otratogy taka* adaantaga of thaaa bac3r-up procaaaaa. than ahow hov
an opportunlatlc otratagy cakaa adrantaga of rafoeualng to narroir tho

aoareh eonaldorably.

A fotMI doaerlptlon of tho control cycla followa. Tho control
algorltha la axproaaod cogantly la PKUXi. ginca BFOORES waa flrat
conatructod a Mchanlaa alnllar to tha "changoaat™ of ACE (paga 30) haa
boon addad which will Incroaaa tha offlcloncy of aaarch for uninforMd

aaarch atrataglao anch aa dapth-flrat. Wa daacrlbo Ita I™iloMntatlon.

7.1 Tha Control Cycla of ERCOIES t Aa Inforwl Daacriptlon.

Tha control cycla of EHOOEES la baaad on a puro production ayataa

(1lka tha control Mchanlan of WMMFCIK, paga 73), but la aodlflad tot

with nultlpla atrataglaa. Control ruloa way ganarata
altomatlwo taak atructuraa for a glwan problaa daacriblng
altomatlwa aathoda of aolwlng It. Tha algorlthn attagtta to

axacuta oaa taak atructura oidmuatlTaly bafora trying anothor.

(2) Work with nultlpla lawala of ropraaantatlon. Slnca tha taak
atructura(a) ara factorad Into loTola of abatractlon within tha
control blackboard, dapth-flrst asacutlon la aaaurad by rafocualng

on auccaaalToly lowar lawala.

Tha control MchanlaB takoa advantage of ENCORES® atack
organlaatlon to drlva tha Infaranca procaaa. Control rulaa will ba fddad
to tha atack with prafarrad nathoda at tha top. At tha heart of tha

control algorltha la a pore production ayataa, that la, a loop
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conalaclng of two eowponantat
(D) If find aoltttlon than TnuORATE,
@) find flrat applleabla control rula on the ataek and apply It,

wham no rula la pamlttad to anacuta la an ldaatlcal nannar nora than

onea.

Tha prohlan with thla alapla algorltha la that It will ganarata
taaka In a hraadth-wlaa faahlon whara nora than ona traa of taaka can bo
*>e control aachanlan to work with one pUa bafora
trying othara. It la alao polntlaaa to taat for a aolutlon until tha
doMIn blackboard haa changed. (HKgFIfCIM*a control aachanlan ratuma

eelactlon to tha head of tha Hat of rulaa only whan tha aaarch

apaca haa changed and uaaa a rula to algnal taralnatlon).

Tha control algorlthn of EHCOKES owarcowaa thaaa problana with a
loop which only taata tha blackboard for a aolutlon aftar a taak

anacutor haa flrad, and only taata rulaa for applicability which

ganarata taaka on auccaaalToly lower lawala of the control blackboard.

Tha control algorltha la tharafore a loop containing stapa:
(D If find aolutlon than TERNIHATE
(2) aaka tha FOCD8-LEVBL tha topaoat lawel of tha control blackboard,
(3) If find an appllcabla control rula which acta on the FOCUS-LEVEL
than apply It,
(A) If a taak axecutor haa flrad than rapaat fro* ona,
(5) focua on next lower lewal,

¢ ) repeat frow (3).

Tha control nodal haa four dlatinctlwe featuraa arlalng froa uae of
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thla «lgerlthat

@D

@

©)

O]

It la highly dlractad In Ita uaa of knowladga aourcat. Salactlon la
aatahUahad hafora rulaa ara actltratad, not aftar, at with othac.
control aoehanlawa. Ritla actlwatlona arc not cacordad In an aganda
(priority quaua) t If tha aalactad rula la applleabla than It la

laawdlataly anaeotad.

Prowlalon for hack-up la aaaantlal. Altamatlva objacta nay ha
ganaratad which aaat tha taak apaclflcatlon. Othar doaaln objacta
and/or doawln rolaa alght natch tha control rula currently driving

Infaranca.

A kay proparty of tha control algorltha la that It fatchaa control
rulaa froa top of ataek on aach cycla. If high priority control

rulaa (lax thoaa ganaratlng prafarrad plana) occupy top-atoat
poaltlona of tha atack than tha algorltha will attanpt to flra
thoaa flrat on aach cycle« Soaa will ha taak axacutora, poaalbly
highly opportunlatlc In thalr apaclflcatlon of doaaln objacta to bo
aatchad. If not axacutabla during aarly cyelaa of tha control
nachanlaa, tha axacutlon of othar taaka (of poaalbly othar plana)
nay craato tha doawln objacta which will now trigger than. Thua tha
refocualng behaviour of tha algorltha anaurea that work will
continue with high priority plana whanavar poaalbla and that the

aearch la enhauatlve.

Aa a conaequenea of (1), back-up In the control aachanlaa la quite
coatly« All rulae have to ha activated with provloualy conalderad

objecta until one activation la found which genarataa new data« In
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contrast, tha control aachanlsn of OPM naad not araluata rulos
again during back-up. Slnca all actlratlona of OPM rulos hava boon
racordad In an aganda (aa doscrlbad In pago 77), tha systa« naod
only aalact tha naxt actlratlon and axacuta this.

Zssantlally, tho conputatlooal coat of rapaatad nils aaaluatlon
during back-up la tradad for tha dlract application of rulas In
ENOOKZS. Such a trada-off la Justlflad for tha prograaalng doaaln
alnca saarch traas tand to wlda (as arguad In chaptar 4 paga 68 )

and nils araluatlon costly.

A final raaark about tha control algorlthn la that backtracking
aaongst tha stapa (spaclflcally, stops 3 to s ) should ba paralttad as a
corollary to faatura (2). If no backtracking wars allowad, control night
pass to othar plans bafora all altamatlvas for tha first ara pursuad.
Thasa points «111 ba aada claar with an axanplo bafora tha eomplata

algorlthn la praaantad.
7.2. An Esaapla i Opportunistic Stacking of Blocks.

For an Illlustration of tha control nsehanlsn applied to a alnple
block-stacking problan, consldar an Initial configuration of blocks
dascrlbad by figure 7.1(a). Let tha configuration datcrlbed In figure

7.1(b) he the goal state.

This classic problan la often used In discussions of goal-dlractad
planning aystans with rafarence to the problan of “Interacting

subgoals®. Conaldari If tha goal la daconpoaed to subgoals “put B on C*

and “put A on B", tha first Is not possible, while the latter leads

furthar fron a solution. Sophlatlcatad dsalces hare bean Introduced
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within goal-dlraetad apata to ovarcoaa thla Ilnltatlon (ag-

[8acardotl74][TataSS]) -

Tha prohlaa night ha rapraaantad within a alngla lawal donaln
blackboard with lawal naaad BLOCK. Each BLOCK haa two attrlhutaa t “on®
which naaaa tha object on which tha block alta and “clear”, a boolean,

oaad to Indicate If no object la atackad on tha block.

fm) (hi

Figure 7.1 Initial State (a) and Coal Stata (b) of Blocka.

Tha only oparatlona pemltted are (a) nova a block off another
block onto table . (b) noun a block off tha table onto another block
and, (c) nowa a block fron one atack of blocka to another. Thaae
operatlona (properly nanad “oparatera™) can be rapreaantad In the APPEAL
language aa the three rulea of figure 7.2. Mote that tha waluea of both
“clear” and "on" hawa be adjuatad when wo nova blocka. The rilght-hand-

aldea of rulea record thaaa adjuatnenta.
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IT block(l) haa
IT bloek(l) has 4 clear - true
IT block(l) has 4 clear < true 4 onmT
t clear " true 4 on m table 4 block( ) has
4 on - X 4 block( ) haa 4 naas “ T
» blodc( ) has 4 naae m T 4 block(3) has
4 paaa " X 4 clear m true 4 naaa - Z
than block(l) has then blockO) haa 4 clear = true
4 on “ table 4 one-T then block(l) has
4 block( ) haa 4 block( ) haa 4 onmZ
4 clear = true 4 clear = false 4 block( ) has
4 clear * true
4 block(3) has
4 claar= false

@ ® ©

Figure 7.2 Three Operators of the Blocks Knowledge Base.

Th« kiMrladg« b««« 1« eoaplat« «h«n «« specify th« control roglMi
or strategy to b« «nployad wh«n soarchlng for a solution. Figura 7.3
«boire three rules which describe depth-first search using classes and
attributes daflnad within the blackboard schaas. They find application
with a four level control blackboard having level« PROgLKM, FOCDS,

FOLICT and ROLE as described above.

Note that depth-first search can be specified for this axawple

slncei

(1) Ho new objects are generated. There are always three blocks A, B

and C.

(@ Duplicate configuration of blocks are Ignored by the systaa (since

they are "poisoned”.
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IT polley(l) haa
t on m any
IT problea(l) haa If focua(l) haa 4 block(l) haa
4  naae m atackabc 4 nane > block ( onmX
than  focua(l) haa then pollcy(l) haa 4 rula(l) haa
4  name - block 4 on e any 4  block-eonda*"__ oiiaX_

than tryrula(l)

Figura 7.3. Control Kulaa for Dapth-flrtt Saareh«

Tha rapraaantatlon la coaplota whan wa Inltlallaa tha control
M*ckboard with a problaa with tingla attributo "naaa®" hawing walua
"atackabc®, and thraa BLOCK objacta doaerlblng tho Initial configuration
(figura 7.2a). A apaclflcatlon of tha goal atata, -figuro 7.2(b), la

alto naodad to anaura taralnatlon.

With roforanco to tha tlx atopa of tho control algorltha. It ahould
ba claar that:
(@ tha focua and policy objacta ara gonaratad, than tha taak axacutor
of flgura 7.3(c) la applied. No attonpt la wade to gaiMrata other taaka.
(b) tha taak oxacutor aatchaa tha flrtt block and appllat tha flrat

rula (alnca all blocka ara "on" aoaathlng and all oparatort have

thla la thalr precondition.
(©) on aubaaquant cyclat the algorltha acana down lawala of the control
blackboard. No new tatkt can be generated ao the executor la applied
again. The laat block generated will now bo aatched alnca It la top of

atack.

(d) aa block configuretlona are generated which are Identical with
encaatral conflguratlona they are “polaoned”. The executor will natch
with the laat non-polaoned coi\flguratlon on the next cycle (la. wa hawa

back-up) .
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All eonflguratloiia ua* tha aaaa thraa bloeka, ao tha aaarch la

axhauatlva. Figura 7.4 daaerlbaa tha raaultlng aaareh traa. Up to 30
bleefc eonflguratlona aay ba ganaratad bafora tha goal configuration la
found. Altamatlaa ordarlnga of donalo rulaa nay ganarata tha aolutlon
(by ehanca) within a anallar aaareh trac. Thua tyatan parforaanea tanda

to vary wldaly with thla unlnfomad aaarch nathoda.

Figura 7.4. Suparpoaltlon of Saarch Traaa (X > polaonad).
Dapth-flrat Saarch  --———- Opportunlatlc Saarch)

Conaldar how a "Infomad® atratagy, that la a control raglna that
tafcaa account of apaclal faaturaa of tha problan to narrow tha aaareh,
night ha rapraaantad. Nota that tha configuration whara all blocka ara
on tha tahla occura fraquantly In tha aaarch. Fron thla configuration
ona can attain tha goal by alnply putting h on e than a on b. Thla
opportunlatlc atratagy can ba rapraaantad by tha rulaa of flguro 7.S

which ara added to tha knowladga baea (la. atack of rulaa).
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IT feeut(1) hM IT poller(l) has If pollejd) haa
( naa* “ block « on-e onmb
thon peUer0O) haa « all bleek(a) hava block(l) has
b eo>e « on - tabla naaa = b
« pollCr ¢ ) haa « a rulad) has on > e
* aa'" b b blocfc-actlona“™__on” a rula(l) has
than tryrulad) b block-aetlons>"_jon*b_

than trynilad)

Figura 7,3. Rulaa Raprasantlng Opportunistic Stratagj,

Tha control algorltha dlaplaya the following bahavlouri

d) tha two now policios ara ganaratad flrat but nona trlggor a task
axacutor slnca tho naeaasary block configurations ara not natchad.

(2) backtracking panlttod batwaon ataps (3) and (4) of tha algorlthn
ra”“rta attantlon to rulas of tha unlnfomod atratagp. Tha axaeutor
of this stratagp flras ganaratlng a naw configuration of blocks.

(3) tha control naehanlaa trias to applp axaeutora of tha opportunistic
stratagp again.

(b) tha prawlous two atapa ara rapoatad until an unataekad configuration
la ganaratad, thoraaftar tha oxocutora of tha Infomad stratagy
drilwa tha aoarch towards tha goal configuration.

Tha aaarch traa anacrlbad by dottad Unas In figura 7.4 rasults. Nota

that rula 7.5(b) Initially put a on c. Tha task was not fully spaelflad,

howawar, alnca tha saareh la axhaustlva, tha Intandad configuration (la.

b on c) was soon ganaratad.

Tha blocks axaaplo Illustratas a nuabar of points about ENCORES®
control maehanlsnt
(¢ ) opportunistic atrataglas nay ba conblnad with unInfornad atrataglaa,

(2) taaks naad not bo fully apoclflad. Tha control nachanlsn will back
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up to gwMrat* all altarnatlTMm,

(3) tha control algorltha ganarataa taaka of ona plan bafora

accandIng to anothar,
(4) tha ordar of control mlaa In tha atack la critical (ag.- If tha
mlaa of tha Infomad atratagp wara antarad bafora othar control
rnlaa, than tha lattar will naka no contribution to a aolutlon.
points also apply to applications In knowladgo-baaad progranalng

sInco "nathods® ara raprasantad as groups of control rulas lll"a thoaa of

figuras 7.3 and 7.3.
7.3. KROOUS™ Control Algorltha.

Tha control algorltha, Ilka ENOOICS Itaalf. la laplaaantad In
PROLOG. A slnpla loop, writtan In tha procadural stylo dascrlbad In

chaptar 5, aatabllahaa tha control cycla. Tha usar nay supply a

pradlcata, "now_found®, to datact and ratum tha solution. Tha coda la,

Infar(Solutlon)t-t,
rapaat,
( now_found(s olutlon);
( ( hypothoslsa(scan,l), /*nust changa domain blackboard*/
fall)).

If no clausas for pradlcata "now_found® ara suppliad, tho loop will

apply all rulas aahaustlwaly.

Tha “hypothoslsa®™ prodlcata ancodas staps 2,3,3 and ¢ dascrilbad

aarllar. It auccaads by asking ona changa only In tho doaaln blackboard.
Tha first paranatar takoa walua "scan®™ or "backtrack®™ to Indicate that
It should display tha scanning bahsTlour of a pura production systan or

"eeoktrack during certain staps of tha cycle. Tha second paraaetar Is tha
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anabar of tha control blackboard laval racalTlng attaotlon for tha

tanaratlon of taaka. Conaacutlaa nuabara ara aaaoclatad with daacandlng

lawala.

Tba pradlcata only auccaada whan tha IDLE laval of tha control
blackboard la racalving attantlon and a taak axacutor haa flrad,
hypotbaalaa(_,Lavalnua)t-
gat_laval(nila,Lavalnua, control),
gat_rula(control ,rule(Naxtrula),
ganarata_objacta(control ,Naxtrulo,_, ), t.
whara "gat_rula® ldantlflas tha laval nuabar aa balng that of RULE.
Procadura "gat nila" ratrlavaa mlaa according to the blackboard and
laval whara thay aaka thalr contribution. Aa uaad abova, "gat_mla® will
ratum tha naxt taak axacutor. Procadura “ganarata_obJacta® Invokaa tha
lha- chan rha- avaluatora In an attanpt to oxocute tho rula,
gonorato_obJacta(Blackboard,Rula,Pocuacxc,Rulaactlvatlon);-
appllcabla(Blackboard,Rula,Pocuacxt,Rulaactlvatlon),
try_rulo(Blackboard,Rulaacclvatlon), L.
Rota that backtracking la paralttad within and batwaen chaaa two clausaa

until a caak axacutor la found and flrad.

A aacond clauaa of "hypothaalaa™ atcanpta to ganerata taaka on
daacandIng lavala, backtracking If naad ba, until a caak axacuCor la
flrad. Tha coda la,

hypothaalaa(_,Lavalnua)i-

gat_laval (Lavalnana,Lavalnun,control),

Lavalnana rula,

gat_rula(control,Lavalnaaa,Haxcrula),
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.- Br«t*_obJ*ct«(control
Roxtlorol la Lotolimb + 1,
h7pothosliBa(backtraek,NMtloTal)
In contrast, tha following clausa allows attantlon to focus on
descending lawals until a control rula Is found which will firs,
hr pothaslsa(scan,Larolnui)t-
gst_rula(Lawolnaaa,LaTolnua,concrol),
Lawalnaas \> rule, Raxtlaval Is Lawal 1,

h1 pochaslss(scan,HaxtlsTol).

Tha control algorltha finds easy asprosslon In PROLOC, glran tha
language®s daclaratlva ssaantlcs and In-hullt backtracking. A rendering
of the algorltl« In an lwpsratlra language would be correspondingly

obscurs.
7.4. An Ewent List for Onlnforaed Search Strataglas.

Since ENCORES doss not record rule activations In an agenda. It Is
nacsssary to ansar« that no blackboard object racalves the systaas
attention If It cannot contribute to the generation of new objects.
Objects In duplicate contexts should not racelva the systm®s focus
again so the context Is poisoned, that Is, renoved fro* further
consideration. With tha dapth~flrst search nethod described above,
another such possibility la presented. All possible rules nay have bean

previously tried with an object.

It Is not desirable that such objects be poisoned; they nay yet
eetre to trigger a rule In conjunction with another focused object. A

list of such objects Is therefore nalntalned by the systea. Each object.
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or "aroBt®, la laballad aa "eloaad”™ and tha ayacaa wlll aot focua on It
in futura. Thaaa Ubala ara eurrantlr Uplaaantad aa PIOLOG aaaarclona
(not PACrs, aa daaerlbad In aactlon 5.3, paga 96). Tha uaafulnaaa of
thla davlca raaalna to taatad ulch ataabla progrannlng problaaa and

knowladga baaaa (uhara tha wldth of aaarch traaa aap rondar unlnfonad

aaarch uaalaaa In anp caaa).

Tha control cyclo «aa daacrlbad both Infomally and fomally. A
alnpla bléde atacklng axanpla waa uaod to explain tha Interplay of the
atack organlaatlon and rafocualng «lth back-up and opportunlatic

atrateglaa.

Direct application of rulaa nInlnlaaa tha coat of rule araluatlon
at each Inference atap. Rowayer, back-up la coatly alnea the eyaluatlon
A rapaatad. Tha control nechanlan tharafora dIffara fron that of
OPM «here agandaa are uaad to record all rule actlyatlona «1th focuaad
objacta. One night alao «law thla difference aa an Inplanantatlon
feature whara tha rule actlyatlona of IWCORgS are auppllad on
a proceaa alnllar to laxy a«aluatlon of functional prograna

[HenderaonR0] -

Certainly unlta of tine, auch aa “control cyclaa®, play no role In
the repreaantatlon of control knowladga In toola built with ENOORZS. Pot
thla reaaon we auggaat the control nechanlan nay only find application
In other non-tine critical donalna where aearch treea tend to be wide
and where the Uyerlng of the bUckboard archltactura can be exploited.

One auch donaln nay be VLSI dealgn.
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aUPTEK 8.
BLACNOAID-BASED 80FIH«E EHVIMOIIMEMT8 : PDTO«E DIKECTIOIIS.

Th* Ffinal ehaptar skatchaa aoaa futura dlraeclona of this work. In
particular to orareocao Inada”clas obaarrad with EMOOIES and axtand tha
Intarpratatlon of tha blackboard archltactura to aupport conaantlonal
prograaalng aathoda. It will ba ahown, In both eaaaa, that tha kay to
battar programing aupport llaa In Intagratlng aora Inforaatlon within

blackboarda.

Tha aoftwara and tools dascrlbad In chaptars S to 7 c<«prlso
EROOKK8, a prototypa anwlromwnt for taatlng and danonatratlng tha
concapta of chaptars 2 to 4. Intandad as a "laboratory" for
Invastlgatlng knewladga-basad programing, tha systm haa not, as yat,
saan any hard usa. Rowawar, attaapta to raprasant tha knowladga anbodlad
In tha author®s prarlous blackboard anvlronmnt within ENCORES, suggests
wa now hawa a aora transparent systm for acquiring and using
Pragfaaalng knowladga» These efforts hawa also reraalad mny directions
In which ENCORES can ba laprowad, both as an Interpretation and

laplemntatlon of the blackboard architecture.

One proalsling direction Is the design of explanations for users of
tha enwlronmnt. Sam Insight my ba gained on tha application of
knowledge to a particular problaa by wlewlng the net of contexts - If
one Is faalllar with the knowledge basa. However, casual users of a
tool built with ENCORES will gain little Insight frow this Informtlon.
Rather, they will damnd som explanation of how tha tool solved tha

particular problan. Fortunately, a rich variety of explanatory form my
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b* coapoaad froa th* t«ak «truecur« and rula actlvatlona nalncalnad by

EKOORE8. Som of thaaa poaalbllltlaa will bo akatchad.

Knowladga baaad toola, Ilka thoaa daacrlbad In chapear 1, nay In
futura raduta cha rola of, or awan allalnata» cha huaan asoné froa
aoftwara daaalopaanc. Until than, larga ayatOM will bo built with not
ono, but Mny asporta eooparatlng within aoM aoftwaro projact. If chaaa
Individual afforca can ba Intagracad In an affactlva nanntr chon choro

leee gcopa for arror and tho aoftwaro product will bo aora rollabla.
Contrai to thla Intagratlon la tha MIntananca and conaunlcatlon of all
raeorda concomlng cha aoftwara ayatoa. Such a data baaa auat ba
raalllanc In tha faca of changing roqulreMota and ba tha hub around

which project aaabara contributo to ayaten davalopaent.

Software omrlronMnta, known as Incagratad Projact Support
EnviroiiMnta (IPSEa), aro under davalopMnt which aro Intended to
lha tooling and Inforaatlon recording noada of aoftwara projacta
[McOarnldSS]. Thaao anvlronMnta are axpacted to evolva through threa
ganaratlona i each auccaedlng generaciéon offarlng battor Integration of
InforMtlon and tooling by being baaad on a sore flaxlbla data modal.
Tha data nodal for the third ganaraclon la not defined but auac aarva

knowledge-baaed aa well aa conventional toola (MgnanSA].

To begin thla chapter, wa report Initial axperlence of knowledge
anglnaarlng within ENCORES. Som problaM encountered have stimulated
Idaas for extandIng tha Intarpratatlon of the blackboard archlcacture
and Improving Its laplaMntatlon within ENCORES. Tha potential for
supplying explanations to users of ENCORES will ba briefly explored.

TIMIly, 1t will ba shown that an objact-cantrad blackboard night ba
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ua«d to Floxlbly merra tho rocording noodo of an adranead IME and. In

addition, Intagrato knowladgo-baaod prograanint toola.
8.1 Knowladga Englnaarlng with Eneoraa i aowa Initial osparloneaa.

Tho woih doaerlbod In thla thaala waa aotloatod. In part, to
aupport tho antOMtle prograiBIng of algahrale apoelfleatloiia (aaa
footnote, pago 19). Slnea thla work began, thla Inweatlgatlon haa taken
new dlrectlona. ThoMa (Tho«aa87] haa put the aeleetlon of repreaentlng
*Tpr* algebraic apaelflcatlona of abatract data tppea on a aora

footing. Tha apeelfleatlona are analyaed In teraa of graph
atnseturaa which aodel tha behawlour of their operatlona. Efficient

repreaentlng typea can than be choaen.

Tha ropreaantatlon toola of EMOOEES cannot refarenca graph
atructurea directly, ao tha ayataa waa taated with tha aaall knowledge
baaa deweloped with tha author"a prarloua enrlronaent [McArthur86]. The
ceapleta knowledge baae la reproduced In APTERDIX C. Thla choice waa
appropriate glean that the current iapleaentatlon leaeaa little PROLOG
workapace on the deealopMnt autchlna (DEC PDPI1/70) to aearch for
aolutlona. Deaplte thla conatralnt It haa been dewonatratad that
EROOIES orarcoaea the ahortcoalnga ohaereed with tha author"a earlier

blackboard ayatew.
8.1.1. Prellalnary Evaluation of ENCORES.

* eyataa way be evaluated along a nuaber of dlaanalona. One can aak

the following of a ayataa building tools
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(D) = th* knowladt* rapnaantatlen aehaM adaquata or doaa It aaad to
ba axtandadT

(@) la It aaar fer «taara to Intaraet wlth tha aratanf

(3) What faellltlaa and eapabllltlaa do uaara naadt

(4) la tha ayataa raaponaa elaa adaquataT

Ultlaataly, '"..cha baat way to aaaluata a ayataa la to gat It bolle,
tum It orar to frlandly uaara, and aollclt and raapond to thalr

2oadbaek*[Caaehnlg atal83].

Tha eontaxt of tha Alray prolact In which thla raaaarch took placa
affordad tha naana to obtaln faadbaek and ao arriva at an Infornai
avaluatlon of ENCOIES. Tha author®a flrat attaapt to prévida an
anvlronnant In which knowladga baaaa for autonatle progranalng eould ba
accuNilatad and Caatad brought a nagatlva raaponaa fron tha projact

taan.

Spaclfleally, ay eollaagoa, Muffy Thoaaa, waa glvan datalla of tha
rula languaga and aakad to aopply aona tranaforaatlon rulaa for
Inaarclon In tha knowladga baaa. Ma. Thoaua auppllad criclelaa but no
rulaa. Tha languaga was daaerlbad aa tortuous In tha astraaa and tha

procass of progran transforaatlon on tha blackboard opaqua.

At this point (lata 1986) WF suparvlsor, Charlas Rattray auggastad
that 1 conduct a wldar survay of tha rasaarch lltaratura and daalgn
anothar blackboard-basad anvlromMnt for knouladga-basad programing,
thla cIM with cha goal of aaaa-of-uaa to lea Incandad uaara balng
paraaounc. Tha clarity with which blackboards and prograaailng knowladga

can ba daacrlbad In tha ART (paga 31) and CHI (paga 11) aystma.
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raapaetlTvlj, pointed eho way femard. Tha Alray taan alao gained a
*essee™* gaalatant, Jean Melnneai whoaa duty waa to aedlate batwaen tha
**~*+*nl1*nlly oplantatad Ma«x Thoaaa and nyaalf« Thua Jean waa In tha
perfect pooltlon to prorrlda feedback on EMOORES to mMm whllat tranalating
tha autowatlc prograanlng dawolopoaent aodel of Ka. Thoaaa to the

prototype knowledge haaa.

laplawentatlon of tha APPEAL language waa conpleta In lata 19*7.
Jean Mclnnaa waa given tha InltUl taak of tranalatlng tha oarller rule
eat collected for SPECTRE Into APPEAL rulaa. Faadback waa now poaltlva t
ke language waa daacrlbed aa being wuch aaalar to uae than tha old
languago. Purthor, tha APPEAL rule Hat waa paaaad round other Mabara
of tha project tea«. Each Maher reported the Intent of thane rulea

being clear froa thalr reading.

Confident In the uaa of APPEAL, Ma. Heinnea haa gathered and la
taatIng a ruin aat which can autoMtlcally create tha apaclflcatlon
=fnlaa aaaoclated an algebraic apaclflcatlon (auch aa thoae at tha
EOUATIOK level In the blackboard of figure 2.3, page 40). Thla effort

haa ravealad probloM with EMCORES which will be deacrlbed ahortly.

Alao llatlnga of EHCORES hlackhoarda were paeaed round the project
teas and nawbera Invltad to gueaa which progran tranaforMtlone had
place. Again, them waa little difficulty reported on

Interpretating thane llatlnga.

Tha new choice of blackboard cowponenta Inprova knowladga

engineering aupport alncat
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Blackboards ara «ora tranaparant and ertanlaad aora aconoaleallr.
Moat of tha blackboard of figura 2.5 (paga *0) haa baan ganaratad
(In a llnaar rathar than graphical fora) using the APPEIkL rulas
daacrlbod in chaptars 3 and 4. Tablas dascrlblng contaxts claarly
distinguish altamatlTa llnaa of raasonlng. Assoclatad PKOLOC
aasartlons, dascrilblng llnkagas, raaaal ralatlonshlpa batwaan
contaxts at adjacant blackboard larals. In contrast, tha author”s

proTlous aystaa prasantad blackboards as lists of assertions such

datatypad, stack, typacontr(stack,of typas(typaTar(alpha)),unknown).
top* elIBnatora(ln_typas(typacontr(stack,typarar(alpha)),
out_typa(typaTar(alpha))), unknown).
opo* t™on(24,top,algnntura(ln_typaa(typaconatr(atack, typayar(alpha)),
out_typo(typaTar(alpha))), raads).
whara aach assartlon dascrlbas an object and Inner terw are values
for an ordered sat of attributes. Alternativa Unas of reasoning
ware opaque In such assertions as were tha prograaa under
devalopaent (fro* their attributed tree representation).
Conalstent descriptlona of prograas at different blackboard levels
ware difficult to discern (using tha ACE>llke pointers In the "and”

and “or" tarns).

Tha APPEAL representation language la aora accessible. Tha exaaples
of APPEAL rulas given In chapter 3, ukan fron the knowledge base
of tha previous aystaa, have bean coaaunlcatad raadlly to
colleagues In the project taan and antarad to EN(»kES via tha

editor described In section 6.5, page 134. Although this editor la
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(oo dalatlon or Tlawlat ot mloo Is posslblo),
seqalsltlen of prograsBIng knowlodgo Is aueh laprorod. Ths spiawtry
of APPEAL rulss, lad to tho quick dlscoTory of an altamatlTs fora
of tho fold transforaatlon. In contrast, knowladga basas had to ba
praparad at fllas of PROLOG assartlont for tha prarloua spstaa,
with aach aasartlen roqulrlag painful brackatlng both to
dlffarantlato clausa atructura and trao-aatchlng taaplatas

contained theraln.

(3 Control knowladga Is axpllclt and aoro partplcuout In tho now
*T*t**« 3 four stap aataplan for daualoplng algobralc
specifications (dascrlbad In section 2.A.2, page 38) was readily
NepPAaaaiad with tha APPEAL rules shown In chapter 4. In contrast,
control knowladga had to ba prograaaad dlractly as PROLOG coda In
tha prwlous syatea; this code being one “step®™ In Its ACE-llke

control cycle.

Thus we are now In the position to answer the first two questions
posed at the beginning of this section. The knowledge representation
la superior to that of the author"s previous blackboard systeas.
Although too early to clala that It Is “adequate*, we are assured that
It provides a foundation for our subsequent Investigations of

knowledge-based prograaalng. Ease-of-use has been achieved.

Certainly, further tools can be added to Increase the utility of
the systsa. Soas of these will be described In ths next section. Ifintll
a davalopaent aachlna Urger than a POP la avalUbls further tooling
auat wait. Slallarly. tha response tlae (of the order of 10 seconds to

each rule) will ba laproved readily with a larger nachlns with no
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edjuataant to tha aoftwara.

8.1.2. Problaaa and Furthar Work with EHOORES.

Haw prebloM laowitably praaantod thaualvoa. For oach blackboard

coaponont, thaaa aroi

@

&)

Frotraaa cannot bo dacoapoaad whan daacanding blackboard lowala.
Tha blackboard of figure 2.S (paga 40), to prograa tha atack
opacification claarly roToala thla problaa. Glvan a cholca of
rapraaanting typo (tha alngly linked Hat), all oparatlona of tha
«fack auat be related to thoaa of tha choaan type with tha
generation of apaclflcatlon rulea In a alngla context at the
aquation lawel of the blackboard. Thla la not expraaalble In a
alngla AFFEAL rule. One would prefer to uae rulaa to both generate
and aubaequantly tranafom one apaclflcatlon rule at a tlaa. Such
an approach would glee rlaa to a root context for each operation
and each would be treated aa altematlva apeclallaina of tha
epacification. Decoaipoaltlon of progreaa ouat be repreaentad
explicitly within tha blackboard atructure. Inforaatlon nuat be
aaaoclated with abatractlon llnka to ahow that the context haa been
dacowpoaed (eg- ualng tha "AHD®" IlInka of ACE). In our atack
problen, thla would pemlt each apeclflcatlon rule to be
tranafoiwed aeparately Into tha aquation of the inpleaenutlon, yet
<11 mey "= collected wla link Information to aaaenble tha final

program.

The APPEAL language doee not contain conatructa to effect

decompoaltlon. AFFEAL waa daalgned with a alnloRin of conatructa
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for olapliclty of UOO. In support of tho anondod blackboard
atruetura autsaacod In (1). APPEAL night bo anUrgad to nako
oxpllelt rafaranca to eontaxts (Juat aa axpllett rafaronca to
“vlavpelnts® la paralttad In tha rula language of ATT). Ona night
alao Introduea quantification ovor aubsats of objects In a context,

for axanpla, with a "for each®™ construct.

It la not possible to aalact objects for focus on tha basis of
their order la tha stack. Consider tha represantatlon of braadth-
~**e] anarch with usa of control rules. One night Inaglne a rule of
fom.

IT an <OBJECT> has

8 <ATTItIB(nT> - Any

A all rule(s) have

* <OBJECT>-conds - "__ <ATTmBOTE>-Any *

then tryrula(s)
night be adequate. However, for this fom of search we wish to
apply rules to each naw object generated In sequence. Since the
first generated la not top of stack and we do not know Its
Identity, we cannot accesa It. Again, explicit reference to

contexts nay be one approach to this problen.

The construction of parsers for languages of an application la
difficult. In tha currant systan, a parser nust be written In
PtOLOC to convert both program and APPEAL netalanguage expressions
to Internal tree representations (see APPENDIX-D). Since
metavarlables and their watching typea wust be gathered, the code

does not take tha slaple fom (of a definite clausa grannar) as



pas* 139

oaad ta tha praTlou* ayataa. Purthar. all poaalbl* eonflfuratlena
of pregraa eonatructa and aatavarlaUaa auat b* aatlclpatad, thua
***e patfaara ar* larga PFOLOC prograaa« Cod* to handla axpraaalona

with lafla oparatora la particularly tortuoua to writ*.

Th* CHI ayataa (paga 11) oaarcoMa thaa* problaaa by incorporating
all daacrlptlona of an application languag* within th* knowladg* baco.
Both Internal (abatract ayntax) and axtamal (para* ayntax) daacrlptlona
ara explicit and aecaaalbl™ within th* ayataa. Slallar daacrilptlona
alght be retained In th* GLOBAL area of EROORBS" blackboard*. Paralng
and pretty- printing of language axpraaalona night than b* acconpllahad
with ganaral purpoa* cod* within th* ayatan and th* burden of paraar

writing ranowad.

Minor problana aria* with ENCORES, th* parfornane* prograa, due to
th* anali PROLOG workapac* afforded within th* DEC PDPI1/70. ACSYS, th*
APPEAL editor and tha eonaultatlon aoftwar* auat b* run at aaparat*
prograaa. Th* najor progranalng taak outatanding la tha enhanceaant of
th* APPEAL editor for th* nanagaaant of nathoda, that la, aett of
control rulaa with a pr*-a**Igned priority. In th* current

control rule* nuat b* entarad In a atrlet order : lowaat

priority rule* (repreaentlng a nethod) flrat and hlgheat priority rule*

laat.

In addition to thea* particular problana, it ahould be noted that
th* fundaaental problea of tranafomlng a prograa froa one foraallaa to
another renaln* unaolwed. APPEAL rule* nay be uaed to change certain
conatructa of a prograa froa on* languag* to another but th* reeultlng

Interaedlat* atat* of th* prograa nay be aaaningleaa (aee Wlle"a
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«klrttd thla problw by worblng antlraly In th*
HOPE Ungoag* for tho aback axaaplo. Ona alght approach thla problaa by
applying aata of APPEAL ruloa togachar or aaploy "taaporary blackboard
apaca®™ (a concapt wa will dlacuaa ahorcly) to racord Intaraadlata

raaulta. Tha probla« awalta furthar raaaarch.
8.2 Esplanatlona for Knowladga-baaad Prograaalng.

Tha taak atructura racordad In tha control blackboard and tha
racord of actlwatlona of APPEAL nilaa alght bo uaad to coopoao a rich
“"mrloty of axplanatlona to uaara conaultlng a tool built with ENCORES.
Tat ouch warloty la nacaapary. for according to Raallng (Haallog
atalSA], "..axplanatlona ahould not praauppoaa any partlculdk uaar
population...ahould ba Inforaatlwa... ahould ba concrata or abatract.
dapandIng on tha altuatlon...ahould ba uaaful for tha daalgnar. aa wall
aa tha and uaar...and ahould ba poaalblo at tha lowaat loval of
1@ 0*"oot« Hlghar lowol axplanatlona can latar ba gonaratad by owltting

datalla balow tho approprlata lawal”.

Such a warlaty la poaalbla within a blackboard anvlronnent by
Tlrtua of tha rich atructurlng lwpoaad on tho aaarch troa and knowladga

aourcaa. Soaa poaalbllltloa for axplalnlng how a prograai waa dawalopod

with uao of blackboarda arat

(1) Traca tha daralopaant of objocta and rulaa which gonaratad thaw
along any ona lawal of tho donaln blackboard. With rafaranca to tho

blackboard for davaloplng tho atack apaclflcatlon (flgura 2.5, pago

40) and tha daacriptlon of Ita tranaforaatlonal davalopwant (pago

64), tha Bight raapond to quary "HOW — top(nll)<-orror:with.
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to "— h(cop(nlD))<«topCh(ntl))t" wa appllad tuia,
If an aquatlon(l) haa (actlratlon of unfold rula, paga 62)
6 coda - "— h(top(nlX-topth(nl));*
6 top(b(nll) - "__h(nll)_J
6 an aquatlon(2) haa
6 coda “ "~-h(nl)<>noirataek; "
than an aquatlon(l) haa

6 top(nowataek) “ " _nawatack
6 coda “ hCtop(nl I))<na«ratack; *
hCtop(hl DX 'nairatack; * va appllad mia, atc.,
*1th tha aquation In tha quarp balng coneludad at tha and of thla
Chain. Ona night alao offor an axplanatlon In tana of najor
doalgn daclalona Ukan at hlghar blackboard lavala (ag.®a alnglp

lIlInkad Hat waa choaan aa tha rapraaantlng typo®).

(@) Traco tha aaquenca of dovalopnant of ohjacta and ruloa which
than at all lavala of tha donalo blackboard. Explanatlona

night ha pnaontad aa for (1), but nota that a vary larga chain la

Ilkaly to roault.

(@) Traca tha aaguanca of taaka along any ona lavai of tha control
blackboard. With rafaranco to tha control blackboard of figuro 4.5
(paga 87), tha ayatan night roapond to quary "HOH —
top(nlIX>arror; " with

wa did tha following!
appllad 6 donalomica to conpiatatactic  “flndactlona”,
applied 1 donalomiao to conpiatatactic  “rapraaant”,

appllad 5 donalomiao to conpletatactic  "Inplanant”.
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(6) Traea tha daTalopMot of taaka on all lavala of tha control
blackboard. Explanaclona aight ba praaantad aa for (3) ao

ravaallng tha coaplata prograaalng aathod that was uaad.

Othar poaalbllitlaa ara offarad with quarlaa at to how apaclflc
taaka war# achlavad. lha dosalo rulaa uaad alght than ba qootad. A aora
ganaral approach alght ba to usa aa “axplanatlon achaaa® auppllad by tha
uaar. This alght taka tha fora of a tripla,

"<gLAOCBOA«D>,<IXVn, (a»,<mEPOmi>", whara "IEVELiS)" naaa tha.claaaaa
of objacts of Intaraat which la to ba tracad with ralavant rulaa
pratantad with a *milLZPOItM® of “actlvatad®™ or "non-actlvatad®™ aa

tpaclflad.

During a particular consultation with ENCOIE8 tha usar night
Intarrupt tha daaalopaant to anqulra “why" a particular nils la balng
utad. Explanations to thla query nay ba conpoaed by a ravaraa procaat to
that datcrlbad for “how™ type quarlat. Kula activations nay ba ratracad

or tha task structure ascended to conpoaa a rich variety of

explanations.

Finally task structures, recorded within ENCORES, nay thaasalves be
fruitful objacts of study. One aotlvatlon for developing the PADDLE
language (see chapter ¢, page 7R) was to Investigate whether
devalopnents, recorded within PADDLE goal structures, night bs rarun on
slalUr specifications, possibly aftar soaa aodlflcatlon. Since tha
task structures of ENCORES are factored along abstraction levels of the
control blackboard, one night factor thalr study along thasa levels.
Portions of tha task structure on different levels nay be rarun on

sinllar problens to detemlne tha leva! of detail on which It requires
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8.3 A Blaekboard-baaad Intagratad Projaet Support EnTtronaant.

Plrat and aaceod gaaaratton IPSE*a hara uaad tncraaatnglp alaborata
data aodala (fllaa and ralatlenal databaaa, raapaetlyaly) aa thalr
foundation, ao «a night anpaet a alallar laap In aophlatlcatlon of tha
Sata nodal undarlplng tha third ganaratlon. In chaptar 1 wa arguad that
tha blackboard arebltaetora proaldaa a flaxlbla franawork for
applleatlona In knowladga-baaad progrannlng. Kara wo argua that tha
algnlflcant faatoraa of tha arehltaetora nap alao aarra tha racording
naada of an adwanead aopport anwlronnant. Thu* tha archltactura ahould
ba eonaldarad a atrong eandldata a* tha awolutlonarp ataga on trhleh a

third ganaratlon IPSE nap ba aat.

In tha following aactlons 1 daaerlba tha faaturaa of tha blackboard
archltactura which naka It an attractlva franawork for an IPSE; daacrlba
how both currant and knowladga-baaad tool* night ba Intagratad within a
blackboard-baaad IPSE; and flInallp ahow how a ganaral-purpoaa hunan

conputar Intarfaca nap ba davalopad for auch a aupport anwlronnant.
8.3.1. Adapting tha Blackboard Archltactura for an IPSE.

T« "wiltlpla ai”~rt" nataphor cownonlp uaad to daacrlba tha
Blackboard Archltactura auggaata how It nap ba adaptad for uaa within an
IPSP. Plgura 1.3 (paga 16), dapleta the blackboard a* a databaaa on
which partial aolutlona to aona Al problan can ba rapraaantad. Tha
knowladga accwulatad fron hunan axpart* In tha donaln la nodallad In a
tttwbar of ao callod “knowladga aourcaa®™ which react to, and propoaa

further partial aolutlona. Tha flrat atep In adapting tha nodal for an
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IPSE 1* tlaply to tako tho «otaphor aa tha raallty : tha blackboard will
racord tha aoftwara ayataa undar dawalopaMnt, and aoftwara anglnaara
(tha biiaan azparta) will aaka thalr contribution to tha blackboard with

uaa of aoftwara toola«

In chaptar 2, wa ahowad that blackboarda can ba uaad to racord a
procraa undar dawalopMnt. Purthar, thla Infonutlon la convanlantly

factorad along a oumbar of dlaanalona alnca:

Tha ABSTRACTIOn LEVELS of tha blackboard dlatingulah tha

rapraaantatlona of of tha aoftwara ayataa In uaa.

(2) ALTEENATITE SOLUIIunS ara aodallad within tha natwork of alaaonta
at any ona blackboard lawal. In othar worda, an axpllclt anarch
apaca la aanagad, prafarabljr ualng aoM CONTEXT MECHANISM (aa

arguad on paga 33). Of thaaa factorlaatlona. It la not difficult

to ahow how ABSTEACNOH and a CONTEXT MECHANISM nay bo axploltad by
an IPSE. Tha advantagoa of ualng a particular Intarpratatlon of tha

archltactura (ag- baaad on objacta) will bo daacrlbod lator.

Tho concapt of abatractlon la wary poworful In Al work and la
particularly attractlwa for recording ayatoa dovalopaent In an IPSE. In
aactlon 1.1 (paga 2), wa daacrlbad ao«o of tha high lowol
rapraaantatlona Introduced In aoftwara anglnaaring for daacrilblng

aoftwaro ayataaa. Syataa daalgn typically procoada through aultlpla

ropraaentatlona, aach of which ahould ba dlatlngulahad.

Conaldar a poaalbla blackboard for a aoftwaro project ahown In
figure 8.1. Infotaatlon about tha dawolopaant aay ba rocordod at tha

“lawal® ofi
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(1) IEPDIIEHEHI8 = OocuMnta at thla lavai would outllna eoaatralnta on tha
ayataa lwpoaad by Cha diane.
(il) 8UMTSTEM. Major daalgn daclalona night ha racordad In docunanCa aC
thla lavai.
(11i) IMTERFACE SPECIFICATIOH. Fornai apaclfleatlona of lowar lavai nodulaa
would ha racordad at thla lavai.
(lv) MODULE. Inplanantatlona of tha abova apaclfleatlona would ba racordad

bara.

Mota that tha figura uaaa a alnllar daeonpoaltlon of blaekboarda to
tha objaet elaaaaa and llnkagaa aa tha blackboard atrucCura advocacad In
chaptar 2. Kagardlaaa of tha particular blackboard atructura In uaa,
taehnlquaa of Inharltanea can ba utlllaad In tha Inplanantaclon of tha

atructura co optlnlaa data atoraga.

Such a blackboard for aoftwara davalopnanc would ba axpactad to

downwarda® aa work procaadad fron daalgn to Inplanantaclon.
Projaet taan nanbara eoncamad with najor daalgn daclalons will ganaraca
docunanca at uppar lavala of aueh a blackboard. Prograanara or auConaclc
tranafotnatlon toola would ha axpactad co ganarata docunanta ac tha
)do**ac lavala. Thua tha racording of ayatan davalopnanc at dlffarant
af abatractlon provldaa a elaar danarcaclon of ayatan datalla to
naat tha naada of both Individual raaponalbllltlaa and cha appropriata

aoftwara toola which aarva than.

A prlnary eoncam In tha davalopnanc of arehltacturaa for IKB8 la

tha nanaganant of aaarch anongac altamatlva aolutlona to Al problana.

Iha aoftwara projaec taan la alao typically confrontad with nany
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eltaraatlT* daslpi and laplamaacatloa cheleaa aoM of which will ba
axplorad. Thua aa IMS arehltaetura that aalntaliia data rapraaanelng
altaraatlwa choleaa aay flaalbly aarwa tha raeordlng naada of software

anglnaara and tha nanagaMant of aaarch apaca for HCBS toola»

Contaxt-aanaltlwa data aodala Ilka thoaa of COHNIvnt
tMcDar*)ttMuoanan72] and ART (paga 31) opan naw opportunltlaa for
malntalning Intagrltr «»d rauaablllty of dociaants pertaining to tha
software dawalopaant process. During davalopaant nora than ona design or
i*pl#*antatlon nay ba considered and thasa nay be recorded In separata

linked to the sane nother docunent. One of tha
eoapatlng docunents will ba chosen for tha next stage of systan
dewalopnant but tha ethers should not ba dlacarded. On subaequant
debugging or nalntenance aarllar docunants and the decisions they
contain nay be rewlsed and the rejected docunanta nay now seen nore
attractive aa tha basis for a revised software developnsnt. Earlier

decisions or speciflcatlons should be both recorded and ba reusable.
8.3.2. Integrating Conventional and IMS Tools.

IESEs should transcend conventional tool anvlronsMnts, such as that
of UNIX [KemlghantPlka84], In the nanagenent of docunants pertaining to
a systen developnent to ensure Integrity and ease of usage by project
staff. One can view such docunants as describing a “state” of tha

history of Its davelopnant. A high level of Integration of
both docunants and tools can be achieved la a blackboard-based IPSE In
which software tool usage Is seen as the exanlnatlon or generation of

new "states”™ of tha software systen.
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Iha llnkasat or polntors uaad to eonatruct tha taarch graph for an
m s application can bo oaad In a blackboard-baaad IPS! to both aodal
tha tlao darolopaaat of aoftmro docuaantt and tholr dopandanclot. Ha

tliat EMOOIES uaaa throa foraa of linkage to aodali

(@) an ABSTIACTIOH of aoM prorloua auta on a lower blackboard lavai,
(b) a SPECIALISM of aoM prevloua atata at a higher blackboard lavai,
(c) a UPIHEMEin of aoM pravloua arata at tha aaae lavai.

A blackboard-baaed IPSE sight aaplop alsllar polntera betwaan dos uiMnta

which ara both accaaalbla to, and ganarated tram tool ocaaga.

PInallp, careful conaldaratlon auat ba glvan to tha rapraaantatlon
of doeuMnta thoMolvaa to anaura tha hlghaat lavai of Integration of
aoftwara toola. Por anaspla, aourca coda docusanta coapoaad In any

language alght be rapraaantad aa attributed troaa of an abatract
tfasaar . Such a lapreaantatlon haa bean awployad auccaeafuly In
aoftwara davalopMnt anvlronMnta with an Integral aulte of context-
~e@abtlva toola (ag.-MENTOR [LangSS]) and knowledge—baaed progravilng
anvlronMnta retiring efficient pattem-Mtchlng ag. CHI (page 11) and

EHOORES.

6 parapactlva of aoftwara docunanta aa atatea daMnda that we
dlatingulah conventional toola for tha analyaea of docuMnta fros thoaa
uaad to change thou. Dae of browaera and dabuggara, for exaaple, would
not change tha blackboard. Editora, conpllera and word-procaaalng toola
will generate new or sodlfled docuMnta and tha IPSE ahould extend tha

blackboard ualng tha aort of polntara daacrlbad above.

DocuMnta In aoM fonial language may be retained Internally an
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<ttributad trcM and téela axpacting thla rapraaancatlon, auch aa a
editor and arntactle dabagtaVi ahould Intograta wall and

praaant a coanon Intarfaco to the near. Purault of a eenaon wa loada to

axeltlng poaalbllltlaa «han «o ralea our alghta beyond a alngla

deeuaant. Saetton 8.3.3 outllnaa one aueh peaalblllty.

The choice of apaciflc blackboard for a project will reflect the
daeelopaent paradlga in oae by the project tea*. Aa fomal aathoda cone
into eider uae we night expect the ragnlrenenta and apeclflcatioji
decuaanta on upper blackboard lerela to be ezpreaaed foraally and thua
~ aaanabla to aanipulation by the context aenaltire toola dlacuaaed
abeeo. Heweear, the aoat axcltlng poaalbllltiea are opened by conblning

naa of fotMl nethoda eith 1US toola.

Linfcagea, of the aorta daacrlbed above, nay be need to nalntaln
Integrity of atata Infomatlon during aearch by a knoeledge-baaed ayaten
aa well aa deacrlbe docunant hietory in an IPSE. However, we nuat bo
careful to dietinguiah uae of "blackboard apace® for docunenta which
will be conaldered pemanent fron the aearch apace that night be needed

by an individual knowledga-haaed or tranafomatlon tool.

Kecent raeaarch on dlatributed blackboard environnenta
(Cotfcll16Leaaer63] haa Introduced the concept of "local blackboard
apace” for aeparato uae by an intelligent agent. The ainllarltlea to
conventional concepta of “workapace®™ and virtual nanory ahould be
obvloua. In general, the blackboard echona choaen to daacrlba the
arrangenent of docunanta la an IPSE will not be aultabla for
repreaentlng atata Infomatlon uaed by an H»S tool euch ae that

anployed with EHOOBES. Thua a blackboard*baaed IPSE nuat naintain
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tMperary atoraga and poaalbly apaelfle blackboard aehaa«a for tha
latagratlon of IKB8 toolax (fa ahould nota howavor Chat tha blackboard

managaaaat aoftwara can both aorra tha »SE and Indlrldual IMS toola.

Tha aorta of knowladga-baaod aoftwara toola that alghe ba
lacorporatad In auch an IPSE «ora daacrlbad In aactlon 1.1 (paga 2).
Toola «ara daacrlbad «hlch ara daalgnod to aaalat tha prograaaor produca
or aalncaln aoft«aro along conTontlonal llnaa. All auch toola
aanlpulaclon of a aoarch opaco and could bo Inplaaantad «ichln a,
blackboard arehltoctura. Moat howo«ar ara raaaarch prototypaa raqulring
conaldorabla da«alopMnt bofora thap «111 ba gonarally uaaful. Ona
axcaptlon la tha PIE arata* (ColatalnABobro««!], «hlch doaa not uaa a
knewlodga baao but offara tachnlquaa for aalntalnlng altamatlva

«aralona of aoft«ara ayatana ualng eontoxt aanalcl«a databaaaa.

Tha adoption of fonai nathoda for aoft«aro davalopaant offara, not
only praclalon of ayaca* apoclflcatlon, but alao tha poaalblllty of
aotoaacle tranaforaatlon co axacutablo coda, 8e*a auch cranafonatlon
ayatana «ara daacrlbad In aactlon 1.1.1 (pago 3). Nona of thaaa ayatau

y** ganarplly uaaful. Rachar, raaaarch auat continua «Ith tha
tranafornatlonal approach for aocaa yoara, probably aupportod «lth
auvlrooBonta auch aa ENOOIES. Tot, In anticipation of auccaaa In thla
ondoaTour, ono sight aanalbly adopt an archlcactura for an IPSE In «hlch
Hf«nafor*atlon coola *ay ba roadlly Incorporatad with uaa of cha aort of

knowlodga ropraaantaclon toola darolopod for ENOOSES.
S.3.3. A Gonaral-purpoaa mi for a Blackboard-haaad IPSE.

In tha prawloua aactlona «a ha«o aaan that by racordlng cha
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daTalepMnt of an Infotawtlen ayataa on a blackboard va li“oao a rich
atmetnrtnt on tha docuMotatloa which la In aanjr ways noval, lathar
than davalop a plathora of now aoftwaro toola to taka advantaga of thla
atruetnro an atta”t ahould ba nada to alapllfy and eoablna tha aany

fnnetlona that night ba anvlaagad Into a ganaral purpoaa nanmaehlna

Intarfaea (Mil).

Ha propoaa that docuaonta ba racordad aa objacta within a
blackboard aa propoaad In chapter 2 and that thla ba opan to vlap by
IP8C uaara (net anbjact to accaaa raatrlctlona) through window
aanagaaant aoftwaro. Further, each aeftwara docunant nay be viewed In
MFa or lean detail. Such an Kfl cenblnaa tha obJact*cantrad
repraaentatlon within EMOORES, tha "vlewpolnta® eoncapt of the ART
eyntan and tha detail hiding® eoncapt of ayntav~lraetad aoftwara

teola.

Tha advantagaa of ART"a viewpoint neehanlaa ware daaerlbad In
chapter 2 (page 32) and am adopted In EROORES®™ ohjaet-eentrad
blackboard atructum. An Interface built round theaa objecta night ba
pemaad to mvaal errenaoua uaa of a tool or knowledge aouree, reveal
alternative veralona of a progran that night ba developed, reveel nore
abatract or apaelallaad veralona ofa progran, or trace the conplete

hlatory of the aoftware developannt.

Syntax-directed toola naka uaa of tha attributed tree
rapraaantatlon of aoftwara to aaalat tha progrannar reveal tha atructum
of her coda. Hot only night tha outer atructum of a eoftwam docunent
ha revealed whllat Inner detalla am hidden, but the Inner atructum nay

aleo ba Inconpleta, thua encouraging good atructurlng during Ita
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ceepoeltlen. lha aaaantlal point la chat troa craToraal and eoapoaltlon

aro tha ondarlying oparatlena parforaad by auch toola.

KInea both tha nacoork oi docoaanta In a blackboard-baaad IP8B and
Individual aoftwara docuaanca am gmph atruecuma, no grant difficulty
la foraaaan la cba dovalopaant of aoftwara to pmaant any portion of
althor through a window. A alngla coaaand aat sight coablna aany
poaalbla funeclona and accaaa alona sight ha provldad hy a faw

oparatlona ralogacad to a saehanleal aid auch aa a "souaa”.

Tha blackboard archltactum tharaforo offara atcmctlva faaturoa
for an advancad aupport onvlronsanc. Softwam anglnaarlng haa Incroducad
sathoda and toola to aid prograssarn produca axpllclt, forsal
daacriptlona of ayatasa at oach phaaa of thalr activity. Slnca thaaa
daacrlpclona am hlamrchlcal, mflactlng thalr origina In tha
progmssing cmft, thay ahould ba racordod for projact uaa In a aupport
anvlronsant with a hlamrchlcal archlcactum. Tha blackboard
arehltactum la both hlararchlcal and highly flaxlbla ao coaiandling

Itaalf aa cha data nodal on which to basa an advancod IPSE.

Although our anphaala ham la uaa of a donalo blackboard to mcord
aoftwam davalopaMnt, usa of a contml blackboard la an IPSE la also
worthy of Invaatlgatlon. Such a blackboard sight ba uaad for posting
sanaganant daclalons or mcordlng pragmas mgardlng tha procass of cha
softwam davalopsant. Of particular Incamsc la procass Infomatlon
ragardIng sacurlty and accasa, tool uaaga and sehadulaa of activity on

tba dosalo blackboard.

Finally, 1t should ba obsarvad that this IPSE proposal la largely
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eoaecraad with Isgaaa of archltactun and man-wachina Intarfaea. It la
not orlontatad to tha uaa of particular dowolopaant aathoda or toola. In
eontraat, the work of Cottaa and Jonaa ICottaa atal.KS] aaaka to dawalop
an advanead aupport onrlronaant eantrad on tha uaa of tha Vienna
Dawalopaant Kathod and aaaoclatad toola. Tha propoaad work la aeon aa
bolnt eloaaat to tha IPSE 2.5 projact [Snowdon atal.SS] which alao alaa

for a product which la s*o«rlc and will aarva a wlda ranfa of project

manascMnt and anglnaarlnt naada.
8.4 Suaaarr

Iha final chapter rawaaled aoaw owaralghta In tha Interpretation of
tha blackboard architecture and auggaatad fukthar appllcatlona of
blackboarda for tha prograaalng doaaln. Tha concapta aabodlad In ENCORES
ware ahown not to be parfact. Tat thla waa Inawltable : not all uaaa of
a knowledgc-baaad prograaalng anrlronaant can be foreaean.
Inatnnantatlon M»Yy yat be added to a laboratory for Inwaatlgating
knnrladga-baaad programing aa naeda arlaa. Sam new naada are clear t
the blackboarda and knowladga rapraaentatlon language mat aupport

dacowpoaltlon of contexta and blackboarda mat Incorporate

8ooerlptlona of tha application languagea In uaa.

Tha proopacta for dellwarlng explanatlona In aupport of knowlodga-
programing ara exciting. A rich warlaty of explanatory form
~ Inwaatlgatad. Tha taak-orlantated control acham, dewlaad
for REOHTCIN for the purpoaoca of tutoring and explanation, la captured
In another fora In ENOORPS. Thua tha ayatm la an axcallant toat-bad,

not only for knowladga-baaad programing, but alao atudloa of tutoring

and explanation In tha programing domln.
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It ha* baan raportad (PolaM«) that Kaatral Inatltut* now wlaw
ayatoB aa a apringboard to an advaaead aupport anylronaant« So
too haa th* author®* axparlanc* with WOOSB8 baan Inaplring. Howawar,
th* Uyarad arehltaetur* of EHOORE8 hold* graatar proalaa for

aneeapaaalng aora of th* aoftwar* daralopaant procaaa.



APPENDIX-A.  MODOLE t A tool for doroloplng largo PROLOG Syatoas

aa aata of aaall aodulaa.

Tha MODULE tool panidta largo PROLOG agatoM to ba dayolopad aa
aata of om Il aoftaara eocigeofianta. prafarably vrittan aa abatract data
algorltlwa uvalng thaaa. Tha eoaponanta, or aodulaa, «ay ba
ovarlayad tbaa paraltting larga ayataaa to ba run on «achlnaa which
would noimally offar Inaufflclant worfcapaea (ag. alcroa, DEC PDP).
Nodulaa which ara altarad «ay alao ba atorad ao that PROLOG databaaaa

may ba wrlttan back to atora aftar updating.

Tha tool raqulraa that tha PROLOG coda for a ayate« be wrlttan In a

«tyla. Tha coda «uat confon to the following:

(1) All «odulaa wat hawa an aaaartlon aa to tha Hat of predlcataa It
contalna : thla la the “export Hat". The aaaertlon ahould have the
for,

export(<PILENAME>, [FUNCTORI(<APITTI» . ... FUHCTORN(<ARITTN>))).
Note that tha file naxe of the code la treated aa the «odule na«e.
The FUNCTOR"a are the PROLOG procedure naaea and the ARITT"a are

Integera for the nuaber of paranetera of each procedure.

(2) Each aodula «uat hava aaaartlona aa to the aodulea which It uaea.
If calla are aade to procedurea In theae aodulea. The aaaertlona
have the fora,

uaea( <FILENAME> ,<USEO-MI)DULEI>) .

uaea(<FILENAME> ,<nSCD-MN)ULE2».

eenelCreee

Th« Cool contalno chroo procoduroo which conprloo an abstract data
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typ* en thar™* aodulat. Tbt "loal”™ proctdura eenaults aodulaCa) fro« flla
(if not alraatfy eenaultad) and eonaulta (racuralvaly) all «odulaa utad
by It (than). Tha “unload™ precadura ratracta all pradleataa In tha
naaad «edula(a) and all pradleataa fro« nodulaa It naaa (if no othar
medula naaa tha«). Th# "atora® procadura wrltaa tha coda of a alngla

modula back to tha flla nana Including tha axport and uaaa aaaartlona.

Tha "load®™ procadnra can ha uaad to conault a co«plate PPOLOC
<T*tan to tha PROLOG worfcapaca. Tha uaar flrat conaulta tha tool* Itaalf
to tha wockapaca than laauaa tha quary "load((OfODVLB-IFAME>])". If tha
coda of MDOETLE-RAHE la tha calling coda of the ayate« than tha co«plete

ayate« will be loaded.

Modulaa are otrerlayad by ualng tha "load®™ and “unload® procedurea
it«« within PROLOG procaduraa. Powawer, «odulea are not overlayed by
alaply laaulng a "load” call, then at a later point, leaning a “unload”
call. Tha workapace la not freed until backtracking prograaaea back
beyond tha original "load"™ call. Thla backtracking can be forced by

ancloalng tha calling coda Inalda a "repeat....fall." loop. Aa all

warlahlaa uaad aa paraaetara to tha owarlayad code beco«e unbound due to

backtracking, reaulta «uat he returned via aaaertlona fro« the overlayad

modula(a). If tha overlayed code la uaed for Ita aide effecta only then
*«** aaaartlon «uat atlll be «ade to algnlfy that It waa aucceaaful. In
ao«e PROLOG nyate«a, a call to the garbage collector will alao be

neceaaary after the “repeat™ atatenant (for enwple, thla la "trincora®

In tha BO-7 Interpreter). Tha body of procedurea which overlay a nodule

will have tha fom.



r«p«at,
(r«trect(<ASSEItTION( OF RESULT»;
(lead ([<HNPDLE-NA»1E>],
<CALL8 TO PFOCriJORFS I nnmT,E>,
unload ((OFODOLE-NAHE>]),
fall)
)-

*atora”™ procadura. If uvaad In tha aaaa aannar aa “unload®, *111

*rlta tha coda back to tha file correapondln( to tha file nana. (Note

that tha cede for "atora®™ haa not bean taated axtenalvely).

Tha code for tha three procaduraa la given with aultahla coanantarr

hale*.

/* "load” overlaya nodulaa, and all nothilaa which are uaad by It, */
/* and all aodulaa oaad In turn ate. A check la nada to aee If any*/
*o**ula la already loaded, eg load([nodl,ikK>d2]), overlaya theaa*/

/= 2 wodulea, and all nodulaa which they uae. */

/* caae, enpty Hat */

loadd)):-1.

/*caaa, nodule already loaded (alnce Ita predicate Hat found)*/

load([ModuleiReata]) t-
export(Module, ),

.
load(Reata) .

/*caae, nodule not already loaded */

load([ModuleiReatn])t-
eonaolt(Module),

load child noda(Module),
loadTRaatnT.
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/= MM, Fatal arror If cannot load aodula */

load([Modulal_]1)t-nl, wrlto(yodula), wrltaCnlaalng), abort.

/* "load_cMId_w>da" takaa aaeh "uMt«aod>.<uMd-fN>d»" aaaartlon*/

for tha glTon ~nod® aodula and calla load for aacb “uaad**vod™*/

load_chlld_«oda(Modula)
uMa(Modala,Chlld),
load([Child]), /*only auccaada onca*/
fall.

/*caaa, and fall loop*/

load_chlld_aoda()-

/* “unload”™ raaovaa all pradlcataa aaaoclatad with a nodula*/

/* (aa plTon In “axport™ pradlcata for tha aodula) and ranovas*/
/+ Bodulaa utad In turn by thla ona provldad no otbar aodula*/
/* uaas than. */

/* ap. unload([nodl,aod2]) raaovaa all pradleatat In thaaa two*/

/* and all pradlcataa In aodulaa uaad by than*/
/*caaa, aapty Hat*/

unload(D):-1I.

/* caaa, aodula to unload*/

unload([ModulalRaat]): -
ratract(asport(Modula,Pradllat)),
[#
ratract_prada(Pradllat),
ratract_uaad(Modula),
Ne

unload(Raata) -



/*eai«, «rrer If unload falls*/

unload([Modl_[)t-

nl, wrlta(unloadarr),

vrita(Mod),

abort.
/= “ratract_uaad” unloads »odulas that ara uaad by aodula*/
/* balng unloadad (provldad no othar aodula la uslng thaa) */
ratract_uaad(Hodula)t-

~ratraet(ttsas(Modula.Daadnod)),
not(usaa(Othar»od. i ;sad«iod) ),

¥n=?ad((nBadaod]), /*succaada onlr ona way*/
all.

/* casa, and fall loop*/
ratract_uaad() -

/* "ratract_prads" ratracta nodula pradleatsa and those*/
/* poBSIbly ganarated by It (locai varlablas) */

/* ag. ratract_prada((f(2),g(1),h(3)1) ratracta 3 pradleatsa*/

/* with arlty 2,1,3 raspvly*/

/*eaaa, all ratractad */

rstract_prads(Q)j-1-

/* casa, ratract naxt pradleata*/

ratract_prada([TarBt*ast])t-
Tar»-. . (Func,Ar],
functor(Pradhaad,Punc,Ar),
ratractall(Pradbaad),

rétract_preds(Past).

/*"atora* takas axport«m>d>,<pradllst» assartlon and urltaa*/



A«

/* pradleatM back to atora, Incl. aaaoclatad “axport®™ and*/
/* “uaaa®" aaaartlooa. Mothlnt 1* ratractad. Traataant of now*/
/* aodula “aaralona® not yet laplaaantad, thua oaonrrltaa fila*/

eee otor*(«y»od), puta pradlcataa of "ayaod” back In filo ayaod*/
/* eaaa, aodula atoraga aa noraal */

atora(Modula)i-
talUnc(Outpat), tall(Modula).
oxport(Modula,Pradllat),
wrlta(axport(Modula,Prodllat)),
wrlta("."), nl,
atora_uaaa(Hodula),
atoTa_proda(Pradllat),
told, tall(Output).

/* eaaa, aodula not found*/
atora(Modula)i-
told, tall(uaar), nl,
wrlta(orronatora), wrlta(Module), abort.
/* *atora_prada® wrltaa oach pradlcata of Pradllat back*/

/* back to fila Modula*/

/* eaaa, all wrlttan*/
atora_prada(n)t-1.

/* caaa, atora a pradleata */

atora_proda( [Tomlkaat])
Tarn-. . [Pune ,Ar],
futteter(Pradhaad,Punc,Ar),
*n ta_prad(Pradbaad),
>

atora_prado(Paat) .

/*"atoro_uaaa* wrltaa “uaaa® aaaortlona for Modulo back */

/* to tha flic with nawa Modulo */



mter«_u*M (Modal®) i-
ttM*(Medui* ,DMdood),
wr 1t*(aMa(Medal™* ,V**daod) ),
*riex("."), nl,
fall.

/* caa* and fall loop */

acora_aa*a( ). m

/*"wrlt*_pr*d® aor* aalaetlv* than "Hating".*/

/* ag. wrlt*_pr*d(f(X)) «rrltaa clavaaa with haad “f(X)"*/

wrlt*_pr*d(Pr*dhaad)t-
cUa**(Pr*dhaad,Pradbodr )t
wrlIt*(i-(Pr*dh*ad,Pradbodr)),

writ*("."), nl, fall.
/*eaaa, and fall loop </

writ*_pr*d().-
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APPEHDIX— MILTIFACTS i A Tool for Manalilij] Aasoelatlvo Triplo*

In Multiplo Daeabaooa.

Th* doto nodal uood within MOLTIFACTS la an axtanalon of that

dawalopad for tha FACT nachln* (at* auction 5.3, pa(* 9i). Th* baule

unit of data la a laballad tripla (known a* a "fact") daalgnatad aa

balonping to a particular databaao. Itatrloral of data (daductlvo or

aaaoelatlwa) way b* apaclflod for a particular databaaa or a 'global’

data araa fro« which oat propartla* «ay ba propagated.

Th* tool 1* laplanantad In FtOLOC aa a aodula (of th* aort
Nee*fib*d In AFFERDIX-A). Each fact la rapraaantad a* two aaaartlon* of
forni

faet(<Factld>,<8ubj*ct>, <R*latlon>,<ObJact>)
and, fact(<Oth*rld>,<Faetld>,1n_dbaa* <Dbaa*-1d>).

Th* following operation* (with algnaturea) nay be uaed to nanag* th*

FACT data type:

next fact(<Faetld>)

n*w_7acta

ch*eking(<8tatua»
ch*ek_faet«Dbaa*ld>,<8ubl*ct>,<K*latlon>,<0bJ*ct>)
mIt*_fact%<TabTaI>,<Factld>,<SubJ*ct>.<1t*|at|on>,<0bJ*ct»
f*teh_faet(<Cod*>,<Dbaa*ld>,<Frotofact>)

In**rt_fact«Cod*> ,<Dbaa*ld>, <Faet>)

dal*t* fact(<Cod*>, <Dbaa*ld>, <Frotofaet>)
r*ad_faeta«FIll*>)

where 'Frotofact' la a partially Inatantlatad fact. Th* PROLOG cod* for

the** procedure* follow* (with aultahla coMiantary).
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txp«rt('tooWMlIclfaetdb'.(D«(t_facta).iMw facca(0),ehack faet(4).
irrlta_fact(5),eliacklngO),f«tch_fact(3),Inaart_faet(3),<Jalata_fact(3)J).

raturna a ldantlflar for tha tiaxt fact« */
I*  Jfe***~ malntalna a coontar (of fora 'laat facta<IMTECEIt»') */
/ which It updataa ao foralng an Idantiflar of for» 'f(KHITEGEIt»' */

naxt_fact(f(Factld))t- ratract( laat factOl) ),
Factld la IHl, -~
aaaarta( laat_fact(Factld) ).

naw_facta* raworaa all pravloua facta and raatarta tha fact countar </

naw_facta:-
~ ratract( i « c t ( _ , ),
ratractC laat fact(MT),
fall.

»"»Jivetaf- asaarta(laat_fact(0)),

/= 'chack_fact«Dhaaald>,<8uhJact> <lItalatlon>,<ObJact»" -/

/* “ttat aach fact tripla la conalatant with tha aawantlc nila */
/ In which tha ralatlon la daflnad (with tha axcaptlon that aat -/
/= natftarahlp ralatlona and databaaa labala ara acaunad to be valid). </
/* caaa, checking haa bean awltchad off */
chack_fact(_,_,_,_)i- nochack, 1.

/* caaaa where checking excluded a/
chack_fact(_,Mawhar,le_a,Sat)t-1. !
c»'«ck_fect(_,Factld, In“dbaaa,Dhaae)i - 1.

/= norMI caae, 'Subject’ and 'Object' auat be aleawnta of aeta -/
/[* #ect of a unary ralatlon la not -/
/= checked (eg. 'fact(ll,rain, Wet t a/

chaek_fact(Dhaaald,8ubJact,Kalatlon,OhJect)t-
fatch_fact(rula,_, | .Seat.Relation,Oaat]),

fatcb_fact(_,Dhaaald,t_,8ubjact,la a,Saat]).
(Oaat-trua; fatch_fact(_,glohal,f_7objact,la_a,0aatj)).

/* ehacklng(<Statua»' uaea flag 'nocheck' to awltch checking on/off */

chaekling(en)t-ratract( nochack ).
cbacklng(on).

chacklng(off) t-nochack.
chacklng(off)t-aaaarta( nochack ).

/* 'f«tch_fact«Coda>,<Dbaaald>,i<Factld>,<8ubJect>,<Ralation>,<0blJact»)' =/
/= ratrilavaa a fact fron tha MJITIFACTS databaae. Facta nay be </

/* rapraaantad explicitly (In which caaa ratrlaval la aaaoclatlve)) or */
/ laplicit (In which can« It is dsductlss) using sst properties */



/* CAM, Tfateb a saaantlc rula */
fateh_faethoda,_, |(Id.SubJaet.Kaution ,Objaec]) :-
m- 1ula,
faet(l1d,SubJaet,,KaUtlon,ObJacc),
(, 1d,la_a,aaaaatlejrula).
/= eaaa, afflclant ratrlaval of axplielt facta uhara thara */

/* thara la a partial apaelfleatlon of fact datalla */

fatcb_fact(a*pliclt Bbaaald tFactld,8ubjact, lalatlon,ObjactJ)«-

noarar(Ralatlol
cback_fact(DbaaaId, Subjact ,KaUt loo ,0 bJact),

fact(Factld,8ubjact,Ralatloa,Objact),
faet(_,Factld, In_dbaaa,Dbaaald).

/= caaa, afflclant ratrlaral of oxpllelt facta woara thara . */
/* 1a no partial apaclflcatlon of fact datalla

fatch_faggs?églgl%, (1): I/,gl’ooaal d,tFaetld,8ubjact,Ralatlon,Oblact)t-

/* polntlaaa call "cback fact™ */

f«et(_,Factld, In_dbaaa,Dbaaald),
factCractld, 80b|act Falatlon ,0bJect).

/* caaa, aat aaabar raUtlon laplicltly daflnad by a bullt-In  */
/* pradlcato. For oxaapla, "fact(..4,la a,Intosar)” bacoaaa "Intagar(4)" */

fatchb_fact(lapliclt, .[_,Elak,la a,Sattaat])t-
atoaOattaatT, Frad Tsattaat,Elaa], call(Prad).

/* caaa, daductlya ratrlaral of aat/auparaat ralatlooa */
fatcb fact(lapliclt,Dbaaald, 1 ,Sat,U a,Suporaat])t-

fatch fact(a*Pllclt Dbaaald,C,Sat, la_a,Farantaatl),

Tu«tehyTaetC ~Slperset])«

/* eaaaa, daductlra ratrlaval by propagation of aat propartlaa */
eaca, aubjaet la raUtad to objoet vblch la a act In aoM */
/" daductlTa rula

fatch faet(lapllelt, Dbaaald ,8ubjaet, Ralatlon ObJaet))t-
gapfact(lula, , [}t ), 2

fatcb fact(a*pllclt gTobaI D, Sa7 Kalatlon ,0bJact)),
/m 8 Ta aaaantle 4 D la daAlctIya rula Idantiflara’ >/

Fre* 1*«t( »Dbaaald, t_,8ubjact, la a,8atj).

/* caaa, aubjaet aat la raUtad to olaaanta of objaet aat In */
/* a daductlra rula

fatch fact(lapllelt global , .Subjact,Felalion,objactJ)t-
fatch fact(rula,_ ,fs, ,Rautlor,J
fatch fact(a*plicit, Tobal D Subjact Kalatlon,Sat]),
fatch fact(_,global [ ,0bjact.la a,Sat]).



/= c«a«. «iMsat of rabjoet act la ralatad to aleMnt of objacc */
/* aat by a dodnctlTo rnla

fatch_fact(lppllelt,Dbaaald,[ ,8ubJact,*8latloo,0bJactJ):-
fate faet(nllafS, "Falatlon, J),

facch_faet(axpllelt.global.[D.iatl._Kalatlon.SatlJ).
fateh_fact(_.Dbaaald.[_,>abJoct.la a.Satll).
fateh_faet(_.global. t_,0ObJact.la_a78at2J).

/= @+ Frct«Coda>.<Dbaaald>. g<FaetId> -<8ubJact>-<I»alatlon> <ObJact>])'*/
/= adda facta to tha databaaa If tbay ara not already thara.

/= caaa. fact la a aaaantlc nila Indicated by Code ‘rule’ */

Inaart_fact(Code[V .SubJact.ReUtlon.Object]) i-
Coda — rule. 1.
~eegrtai fact(B.8ubJact.»alatlon.0ObJact) ).
na*t_fact(M). aaearta( fact(M.B.la_a.aaMntic_rula) ).

/* caae. fact already explicit or deductible In acow databaaa

Inaart_fact(Coda,Dbaaald.Pact)i-
fateh_fact(Coda.Dbaaald.Paet).
le

/* caae. fact explicit In another databaae ao label alao In thla databaaea/

Inaart_fact(axpliclt.Dbaaald.lPactld.Suhjact.»alatlon.ObJact)):-
fatch fact(axpliclt. Othardb iPactld.SubJact,Palatlon,OblJect)),
Dbaaald - Othardb. I. naxt_fact(F).
aaaerta( fact(P.PactId In_dbaae Dbaaald) ).

/* caaa. check for validity than Inaert a now fact and Ita databaae label a/

Inaart_fact(axpllclt.Dbaaald. (Id.8ubJect.Ralatlon.ObJoctl)f-
«=’es«p_1aet(Dbaaald.8ubjact,Ralatlon.ObJact),
"e»'-'m«‘(l«». eeaarta( factdd.SubJact.Ralatlon.Objact) ).
naxt_fact(ld2). aaaarta( fact(ld2.1d.In_dbaac.Dba8eld) ).

/* *'alata_(act(<Code>.<D 0 actld>,<SubJact>,<Ralatlon>.<ObJact>l)'a/
/* raaovaa éactg froa tha Mﬁ;ﬂpm databaae a/ y

I* caaa. ruMve a aeaantlc rule (tlgnlfled by value 'rule' In <Code>'a/

Ne|*** j*ct(Code,_. [Pactld.SubJact.Relatlon.ObJect))
Coda — rule. L.

ratract( fact(Pactld.Subject.Pelatlon.ObJaet) ).
ratraetC fact(_.Pactld.la_a.aanantlcjrule) ).

caaa» explicit fact balonga to another context ao Juet reaove
/* datahaaa label



d*lat«_faet(«zpllclt,Obai«ld,(Id,8ubj«et.ltclatlo(i,Ob jce tl)i-
fateb faet( Cr)llclt Dbaaald, (1d.8ubJact,Ralatlon.ObJaee)),,
faetCfld.In_dbata Gthardb).
Dbaaald ' Othardb, 1,

ratraet( faet(_,1d,la_dbata,Dbaaald) ).

/* casa, dalata aspllclt faet and aaaoelacad databata labai */

Nel**«_i*et(«*pllelt,Dbaaald,tld,8ubJact,*alatl<m,0ObJactl):-
fatcb_fact(a*plliclt,Pbaaald,rid,SubJact, lalatlon,ObJactd),
ratraet( faet(ld,8ub}aet,Ralatlen,Objaet) ),
ratraet( fact(_.ld,In dbaaa,Dbaaald) ).

/* "vrlta_faet(TabTal,Factld,8ubJaet,Ralatlon,ObJact)” *!
/* alnply wrltaa out tba eontanta of a faet. Nota tbat </

/= If tha Objaet® la an abatract ayntaz trae tban the */

/= appropriate prattp~printer la callad (wlth goal “pp®) */
/* eaaa, cbeek raloa la an prograa */
vrita faet(TabTal, Id,Sab,Ral ,0bJ)i-

fatch fact(rula,_,[ < Ral.lajaatJ), |1, tab(Tabval),

wrltaT fact( ).wrlta(Td),wrlta(","),wrlta(Sub),«rrita(","),
«rnta(Ral) ,wrlta(®,"). pp(_-ObJ.Tabval),wrlta(* )9),nl, 1.

/* care, valno la unatructutad object >/

wrlta_fact(TabTal, 1d,80b,»al ,0bJ) -
tab(Tabral). wrlta(ﬁet(ld 8ub,Ral ,0bJ)), nl,I.



APFEHDIX-C.  FOPK ABSTRACT SYNTAX nSFINIinON.

An abatract ayntax la daflaad for tha HOPE Unguata balew In a

fotMlla* rary alnllar to m . Tha syntax can ba undaratoed by studying

thba AST glTsn In APPEHDIX-F for tha stack .odula of figura 2.4 (paga

37). Nota that I usa tarsar ldantlflars for sorts than thoaa dascrlbad

In tha flguras of chaptar 3 (pagas 57 and ii). Hara 1 distinguish sorts

of axprasslons which wlU ba found on tha laft- and rlght-hand-aldas of

HOPE aquations with ldantlflars *cl_fnaxpr® and “cl_rhsaxpr®,

raspactlaaly (not slnply "saquanca of cl_axprssslon®). Bacall also that

1 usa tha aynbol for disjunction In grasawr rulas defining classas.

moduJa m> as_aodhaad : mod Id,

as_dacla t daclaratlons.
daclaratlons <> as_llIst t saq of cl dads.

cl_dscls i:- datatypas * Inports * typavara * export _ops *

signatura “ syntax * constructors * oparatlons * agn.
datatypas -> as_lIst : aaqg of adt_Id.
Inports > as_llIst : saq of adt_ld.
*TParars “> as_lIst : saq of typavar.
export_gps «> as™llIst : aao_of opar_Id.

syntax -> as_fIx i cl_flIx,
* sa”of opar_Id,

prae < Intagar.



M- Infix * poatflx * prefix,

eonatructora -> aa_llat t aa”of algnatura.

C2

/* folloirtn* la a dumy "aort” to help prettyprint of "data”™ atatOMot*/

*'_typ*e "> aajllat : aeqjof cl_type.
operatlona -> aa_llat i aa<i_of algnature.

algnature <> aa op j oper_lId,

ee_ typ«*pr « typexp.

*TP**p aa_llat t aeq of el_type,

typout T el_type.
cl_type I:m typeeonatr * cl_prlaltlve “ typevar * nil.

typeeonatr <> aa adt : adt Id,

* ae”of cl_type.
cl_prlaltlve : :- nun * char “ truval.

egn m> aa_lha 1 cl_fnexqpr,

«a_rha 2 cl_rhae]cpr.
cl_rhaexpr 22- cl_fnexpr * cond * abatract * laebda.
cl_fnexpr 22- var_Id * cl_llteral * func.

func -> aa Id 2 oper_Id,

aa_paraiM 2 paraea.

P*fe*a > aa_llat : acq of cl_fnewpr.



*1_11***»1 »«m nua_llt * cb«r_l1t * bool_llt.

cond <> aajiair : pair,

t el_rh««xpr.

pair <> a«_If : cl_fneapr,

ea_than i cl_ili««xpr.

abstract m> aa_In t el_fnaxpr,
aa_abatact : cl_rbaaspr,

aa_la > el_rhsaapr.

nua <> Told.
char => void,

tmral <> void.

“od id -> Ix™ayarcp : ayabol_rap.

var_Id <> Ixjtyarop : ayabol_rap.
opar_Id -> Ix_ayarap : ayiri)ol_rap.
adt_Id —> Ix_ar «rap tapmbol_rap.

typavar m> Ix_ a7 arop : ajrabol_rap.

cbar_ll1t = Ix_ayarap s ayBbol_rep.

“> Ix_ay»rap : aymbeljrap.

ouB_I1t <> Ix_nu«rap : mnbor_rap.

C-3



APPEMDIX-D. Construction of Longusgo Parsers for uso with ENOOIES.

The construction of Isnguaga parsers In PHOLOC Is brisflr described

In this appendix, particularly the lexical analysis phase which la not

described adequately In the PtOLOC Ilterrture. sUn exaaples of code

frow the HOPE parser of of a tool built with ENCOBES Is glTsn.

Two papers describe the construction of coaqillers of prograailng
languages 1~>lewnted In PBOLOG. The paper by Warren [WarrenSOj

describes hew the syntactic-analysis and code-generation phases of

cowpllatlon can be coded. The paper by Colnerauer [ColMrauerlS] glees

a coaplota but eery terse treatMnt of coapller writing using a
unfanlllsr dUlect of PBOLOC. Indeed, the treatnent la so terse that
code for a conpller of a PASCAL type language la presentad lo two Al
pages M The lexical- and syntactic-analysis phases of Colwaraucr”s
coapller ware translated and adapted to produce parse trees of HOPE

using the abstract syntax of APPERDIX-C.

The language parser wust serve two purposes. It wust parse

speclflcatlons/prograns Into the Internal tree representation and mat

also paras wataiangoage expressions to tree teaplates. This latter

function cowpllcates the syntactic analysis phase as we shall see.

Osera norMIly prepare (syntactically correct) specifications on
file as tha parsar does not perfora type checking nor does It Interface
to an editor. The Ffirst section of code seta tha standard Input of

PBOLOG to this Tfile,
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gat_apact- ««k
*MIofTi*«), mee(?), Inputapac,
eeMrtadnputek), ecan, aaa(Ma). I.
aak_Inflla(r)t-al, wrlta(CInputfllai®), raad(P).

PtOLM paraara ara larga prograaa and ara orarlajad, ao wa g,at aaaart

tha atoa "Input<A® If tha paraa la aueeaaaful»

paraar bullda an abatraet ayntax traa (AST) of cha
apaelficatlon In thraa phaaaat flrac all tha aourea charactara ara
aaaanhlad In a Hat; tbla la than tranaforaad Into a Hat of tdkena by
tha laxlcal analyaar ; finally, an AST la conatruetad from thaaa tokana.

Proeadura "lInputapae” calla precaduraa for thaaa threa phaaaa,

Inputapaet- nl, put('$™),
raadln(Modula),
laxanal (Modula, Tokanllat),
paraa(Traa,Tokanllat,_,TarInfo).

Procadure “raadln® gathara charactara of tha aource program but
dlacarda axtra apacaa and carriage ratuma. Punctuation aynbola ara
glean token naMa. Intagar tokena and ldantlflara ara ancloaad by
functora "Int" and "Id" raapactlealy to Incraaae the efficiency of

ayntactlc analyala. The coda la,

readln((LID]t-1,

getnonap(K), puncn((K],L), readreata,It).
getnonapgxgt—getO(X), X-32, X-10. /*apaca, line feed*/
getnonap(X)t-getnonap(X) -
puncn(’-"7,ailnu) I-1.
puncn('t",col)t-t.
puncn('.",dot)t-1.
puncn(';",aeml)t-

- ... other punctuation...

readreat(aof,[])t-1. /* cntl-x la and of Input */
raadraat(blank,n)t-!, raadlnfP).

raadreat(P, (MIn])t-gatO(L), puncn((L],H), readreat(M,n).

Tha laxlcal analyaar gathera charactera Into tokena of tha language



D-3

which ar« than rapcaaantad aa PFOLOC atow. KaMInla« apacca ara

dlacardad. Tha coda la,

laxanaKModula .Tekllat) t-tekana(Tokllat ._,Hodulla>.
tokana([UIX],V3,V0)t-tokan(U,V1,T0),!,apaca(V2,VI),tokana(X,v3,V2).
eokana([],V0,V0).

apaca(Vo, (blank|V0]) .

apaca(V0,\V0).

A tekan way ba a atrlng of dlglca which ara conwartad Into an Intagar.
Altamatlaaly, a tokan nay an alphanuaarlc which la althar an ldantlflar
or a raaarwad word of tha Ungoaga. (Tha following coda uaaa raaarvad
worda of ROPE)« A PROLOG warlabla In tha Input atraan (frow a
matalanguaga axpraaalon) la ratumad aa tarw "war«TAEIARLE»" whara
VARIABU la tba ldantlflar with Initial lattar lowar caaa (ag. X"

bacoaaa "aar(x)").

tokan(Int(X),VIl, [K|Raatl)j- diglt(r), !,
diglta(D,Vl,Raat), todaclaal([R]u].X).-

tokan(war(T),TO, [KIXaot))«-lattar(_,K,Eok), I,
alphanuna(0,V0,Raat),na«a(Y, [KoklU: ).

tokan(T,TO, [X]Raat])t-lattar(_,r,Rok),!,alphanuaa(U,V0,Raat),
X>(KoklID], chacktok(X,T).

tokan(K, V0, [R]VO]) -

diglta((K1D], VO, (KIRaat])t-dlglt(P),dlglta(n,VO,Rcat).

digltadJ.Vv0.V0).

diglta(K)t-Integar(X), K>A7, R<5R.

/*"todaclwal® returns an Intagar glvan a Hat of digits*/

todaclaal ((Onas],X)i-X Is Onas -AR, L



tod*eIMI([R]T] ,X)i-N li H - 4«, tod«claal(T,W),T«na '« H * 10,
X la Tana 4-W.

alphani»a((r.ofc|D) «\V0, [KIKaac])t-alphamai (r. ,Kofc),alphamiu(U,VO0, I>aat) .

alphanima(n ,T0,T0).

alphamoi (K,Kek)t-lattar(_,K.Xok), 1,

alphanua(X,K)i-dight(X).

ehaektek (String.Tan):-raaarvad(String.Tara), t.

ehacktek(Strinc,14(Atoa)) : -Daaa(AtMi ,8crins).

raaaraadCBodula™ ,aod) t-1.

raaanrad (‘'data’ .data)

raaarvad(’'dae",dae)t-1.

eoliCee

/*all lattara ara eonaartad to lowar caaa*/

lattar(loi»,K,X) t-IntagarCX) ,X>96 ,X<123,!./*a,b,c. .a»/

lattar(cap,K.KD)t-1Dtasar(K),KI la X+32. /*A,B,C,..ZV

Srntaetle analpala eonaarta tha tokan Hat Into an AST. Furthar,
mataaarlablaa (racordad within "aar® taraa) glaa rlaa to a Hat of
triplaa t aach tripla raeordlng tha uaer auppllad Identlflar, tha PROLOG
Idantlflar aubatltutad and tha aatehlng aort of tha aarlabla (datarnlnad
by tha paraa). ASTa ara rapraaantad aa naatad PROLOG tana, with Innar
tana rapraaantlng attrlbutaa of aorta. Matavarlablaa In tha token Hat
Fiy* rlaa to PROLOG rarlablaa In tha paraa tree for watching tha

appropriate cowponanta of prograna.

A procedure ahould exlat for each aort of the abatract ayntax In
«y**f*ctlc analyaer. Clauaea of the procedure nuat cover all poaalble

valuaa of the aort. Including a uaer aupplled aetavarlable.
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Each precadur* builda an AST In tha flrat paraaatar glvan tha
tokanllat In tha aacond paraaatar. Ranalnlng tokana ara ratumad through
tha third paraaatar and aatavarlabla Infomatlon through tha fourth.

For axaaplo, giran tha BOFE typo axproaalon

"ataek(alpha) -> atack(alpha)*
It will ba paraad to AST (a coaponant of tha traa In figuro 3.S,paga
52),

t7poxp([t7poeonatr(adt_ld(ataek), [typavar(alpha)J)),

typaeonatr(adt_ld(atack), (typarar(alpha)l) )

giran tha following coda.

/* typaap -> aa_llat : aaq of cl_typa,
/* typout 1 cl_typa. *t

paraa( typaxpd ,8),Tokana, VO .Vartypaa)
aa({ of (eljtypa,l ,Tokana, (alnu, rarr IVI1,Vartypoal),
claaa(cl_typa,8,V1,V0,Vartypaa?),

appand(Vartypaal ,Vartypaa2,Vartypaa) .
/= cljtypa 1! - typaconatr * cl_prinltlra “ typarar * nil */
claaa(cl_typa,X, [rar(V)1V0J, Vo, [IX,cl_typa,rar(V)1 ]).

claaa(cl_typa,Typa,Toka,VO ,Vt): -
(Typa-typarar(l); Typa-typaconatr(l,0)),

paraa(Typa,Toka,VO0,Vt).

elaaa(cl_typa,l,Toka,VO,Vt)i-

elaaa(cl_prlaltlra,l,Toka,V0,Vt).

paraa(typarar(T), [1d(T>]Vv0],VO,[D)i-
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typ«van(L),
mnb«r(typavar(T) ,L).

/* el_prilaltlTa ii- mn * ch«r * trural. -/

eUM(el_]>rialtltr«,ma, [mm]VvO0],VO,n).
eUaa(cl_prlaltlT«,ch«r, [ehar O] ,VO, [D)-

el«aa(el_prlalclTa, truyal, ttnival [VOJ,VO0,[D)-

/* typaconatr -> aajeonatr t adt Id , aa llat i aag of cl_typa */

paraa(typaeonatr(adt_ld(llat),P), (1lat, lhrac| Itaacl ,VO,Vt)t-
elaaa(el_typa,P,Kaat,VI,Vt),

V1l < [rbraclVO].

paraa(trpaeonatr(adt_lda),P),Tokana,V0,Ve)i-
paraa(adt_Id(l),Tefcafia,Raat,Vtl),
aaq_of(cl_typa,P,Paat,V0,Vt2),
appaod(Vvcl ,vVe2,Vt).

paraaCtypavard), I1d(1) MO] ,V0,1]).
paraa(typayar(l), (yar(V) NO],V0, ([1,typa»ar,yar(\)1D)-
paraa(adc_ld(1),(1d(1) 1vo],vo,A)-

paraa(adt_Ild(l), [yar(V)|Vv0],Vo, [(I1,typavar,var(M)1D)-

Aa auch paraara ara larga PPOLOC prograM thay aar ba baat
orarlayad» Tha tool bullt for oor Intraatlpatlona of autoantlc
prograaalng haa a paraar orarlapad in thraa aaetlona t tha coda of tha
lasleal analyaar, ayntactlc analyala of algnaturoa and analyaia of

axloaa ara hald In thraa aaparata aodulaa. Structurad languagea, auch aa






APPEMDU~E« purine >A Tool to Coapllo Pratty-printori*

Tho PKTTTC tool coitilic a pratty-printar in PIOLOC coda glvan a
dafIDltloa of tha abatraet ajmtaz of tho laaguaga In ona fila and a aat
of ptatty-print rulaa In anothar fila» Tha abatract ayntaz ahould bo
daflnad by atataMnta Ilka thooa of APPEMDIX-C. which la road by tha

Ot aaaartlona* A notation haa boon davalopad for tha
opacification of pratty-print rulaa. Tha following am a notching aat
of print rulaa in thla notation for tho abatract ayntaz daflnad

APPEHDIX-C, Again, thaaa atatananta ara tmatad aa PROLOG aaaartiona.

nodulo — > »"nodulo " , aa_nodhaad,
nl, aa dacla,";",nl, »"and;",nl.
daclaratlona — > aa_llat i dallnlt([S9,10]).-
datatypaa — > »"'pubtypa " , aa llat i dolInlt(","™).
Inporta — > »"uaaa"™, aa_llat t dalInlt(’,").
typavara ~> »'typavar ', aa_llat i dallnlt(",").
azport_opa — > »"pubconat " , aa llat : dallnlt(",™).
ayntaz — > wrlta(aa_flz), aa llat tdallnlt(",wrlto(proc).
conatructora — > »'"'data ', aa_llat-tlalgnatumiOl,typazp(TIn,To)),
algnatura(02,typozp(TIn2,To2))11,
cl_typa(To), " — opar_1d(01), In_typaa(ln_typaa(TIn)),
opar_1d(02), In_typaa(ln_typoa(TIn2)).
/* print rulaa for dunny aort "In_typao* - holpo print of "data” atatanant*/
— > aa_llat - [nlll.
In_typaa — > "(**, aa_llat » dallnlti"#"),
oparatlona — > aa_llat t dalInlt((S89,10]). /* ";<CR>" V

algnaturo — > »"'doe " 1", ao_typazpr.



typtp — > , typout.
typ«xp — > aa_U*t : dallide("#"), " -> ", typout.
typaconatr— > aa_llat-(BIl), aa adt.
typaeonatr — > aa adt, aa_llat t dallalt(',™),
nua — > "bub™.
char — >"char™.
tniral ~>"trural".
agB ~> »" — ", aa lha, " <- ", as_rha,
paraaa — > aa_llat>[BIl].
PcraM — > (", aa llat t dallBIt(",'). ")".
fuBc ~> aa ld~(epar_td(plua)], aa_paraaa>(paraM(tA,B])],
'Ce, el_faaxpr(d), *W', cl_fBaxpr(B), ')"-
foBc — > aa_ld, a8 paraaa.
= > writa(lz_avarep) .-
char_lIt — > *rita(Ix 8yarap) -
hool_IIt — > writa(lx 8yarap).
eoBd —> aa alaa>twold), aa palr.
eoBd ~> aapalr, " alaa ", aa alaa.
pair —> "I ", aa If, " thoB " , aa thao.
opar_Id — > wrlta(Ix_ay«rap).
mod_Id — > wrlta(lx_ayBrap).
adt_Id — > wrlta(lx_ayarap).
typaxar — > wrlta(Ix_ay«rop) .

Tar_Id ~> wrlta(Ix _syiirap).

Tha BotatloB caB ba uBdaratood aa follom:

1. Each, mla la a atataaant of how tha traa with noda Batching tha
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~ort on tho loft-hand-oldo of tho o™bol ahould bo printod.
Tbo nodo It printod In aeeerdaiico with Inatructlona for printing
ralawant attrlbutaa found on tho rlght-hand-alda of tha rula.

IT ona or noro attrlbutaa am not nontlonad on tha rlght-hand-alda
do not eontrlbuta to raganaratlon of aourea coda.

Stringa batwaan doubla-quotaa ara alepljr printad (ag- "I1f”).

An "Indantatlon Indas®™ la nalntalnad by tho pmttj”printar whan
printing.

Tha "»" aynbol bafom a atring or attrlbuta raaulta In a punbar
of apaeaa (that of tha Indas valUa) being output bafore the atring
or value.

”»K"™, wham “N° la aona Integer reaulta In the Indentation Indas
being Increased by “II". Conversely, "<<N" results In the Indas

being decreased by "H".

. An attribute naaa on the MS mans tha value of tha attrlbuta

should be pmtty-printed.
Instmctlons of tha fom “wrlte(<ATTRIB(m; NAME»*" rasult In tha
value of the attrlbuta being printad. That la, the attribute la

SOM tarwlnal value of tha tme.

SoM dellalter nay be specified to separate the output of
attributes which consist of a sequence of values. For esaaplc,
“aa_llat® : dell«lt(",")".

Conditions aay be placed on Che value of an attribute before the
print rule will be obeyed (eg. "aa_llst>[nll]"). Conseouently,

there uy be wore then one
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Instructions to direct then to the relevsnt print rule.

Instructions hsve the for* <SOm(<COMPONENT>).

For exsnple, "ss_lIst>nslRnsture(01 ,typexp(TIn,To))1],
out_type(To), oper(Ol), In_types(TIn)".

The ststcMnts descriMnp the sbstrsct grsfi>sr end the pretty-print
rules sre supplied to the PRFTTYC tool for the conpllstlon of the
pretty-printer. Suppose the syntsx ststenents of AppendIx-C sre held In
file nsned "syntsx, snd the print rules shove sre held In file “prules”.
Then the pretty-printer Is slaply cosiplled by “consulting®™ the p“pjmrc
tool Into the PROLOG systesi then entering the query “prettyc.”. The
dIslogue proceeds ss follows (user replies sre underlined);

Velcove to the pretty-printer coapller

Nsae of Lsngusge t h™ .

Piles MIntslned In directory hope/

Enter pretty-print rules. Fsne of File T prules.

Enter syntsx rules. Nsm of File T syntsx.

ConpllIng pretty-printer....

gew pretty-printer for hope Isngusge written on file hope/pretty
ye.



APPzmn-r. complete absteact stmtax tmis Or stack module.

A e««pl«ta AST for tha tUck aodula la glvan balow. Hoda nanaa ara
baaad on tha abatraet arntax glvan In APPEMDIZ-A and tha traa wax
eonatroetad ualng tha HOPE paraar daacrlbad In APPEMDIZ-D. Thla AST la

In tha Intamal rapraaantatlon uaad bjr tha apata« but haa baan prattp-

printad for clarltp.

a»dula(
aod_ld(anpatack),
daeiaratlent((
datat™aa((
adt ld(ataek)]
azport_opa([
~ opar_ld(pop),
opar_td(top),
opar~ld(anptp),
opar_ld(puah),
opar~ld(nawataek))

tppavarad
tppavar(alpha)l
conatnictora([

algnatura(

opar_ld(nawataek),

tppasp(

[nill,
(tppaeonatr(
adt_ld(atack).
Itpparar(
alpha)
1
D)
)

algnatura(

opar_Ild(puah),

type«p(

[tppaconatr(
adt_ld(atack),
rtppiivar(
alpha)
1
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APPKMbIX-e. appeal Daaerlptlon of Prototjp« Kagwladita Baaa.

Thla appandlx eollaeta tha rulaa aecuaulatad durine our aarltar
Work wlth 8PFCTRE [McArthurflS] but daaerlbad in tha APPEAL languaga. Tha
raadar la raalndad that our approaeh to tha Alray raaaareh projaet (aaa
footnota, paga 19) la balng raappralaad. Thua tha knowladga baaa
daaerlbad bara 1. no «>ra th.n a "froaan® prototypa, 1. Ineoi,lata and
raqulraa furthar taat on apoclfleatlooa of "llnaar® objacta (aueh aa

ataeka. quauaa ate.) for whleh It waa daalgnad.

Tha xwlaa ara daalgnad to analjraa oparatlona than chooaa aoM
rapraaantlng typa. Spaelfleatlon rulaa (llka thoaa of figura 2.5, pfg«
40) wlll ba addad aanually to tha bUekboard bafora balng tranaforwad to

tha aquatlona of tha laplaaantatlon (by tha procaaa daaerlbad In paga

64).

Many of tha following APPEAL rulaa hawa bean daaerlbad In aarllar
chaptara. Somt rulaa, aueh aa tha flnd-dalataa-oparatlon rula, will ba
found In [Bartal atalSl]. All tha eontrol rulaa ara to found In
aaetlona 4.4.2 (paga 83) of tha thaala to art not dupllettad hara.
Furthar acqulaltlon and araluatlon of control knowladga wlll not taka
pUea until a Urgar doaaln knowladga bata la In placa. Whara
coMntary la naeaatary to axplaln tha bahawlour of rulaa. wa anclota

thla within “/*__...._. al».



/* Kal« M M le "ftnd-raada-oparatlea”.

*/

/* Thl« nil* diff«ri a 11ttU to that ahom la figura 3.15a, paga 65.*/

/* Extra pracendltloM ara addad to chock that tho action of tha

/= operation haa not boon aatabllahad (to Incraaao offlcloncy) and

/* chack that tha oparatlon la aaaoclatod with tha data typo to bo
loplononted (for caaoa wbora Inforoatlon on nora than ona data

/= typa la recordad on tha blackboard).

If a datatjpod) haa

*  typo m "D(F)"

4 an oporatlon(l) haa

4 action m unknown

4 algvturo - “dac Oop_t iMorta —> P;”
4 Inaorta m " p(p)

than oporatlon(l) haa
4 action = roada

/* Rula la flttd-nullary-coMitr

If a datatypo(l) haa

4  typo - "D(P)"

4 an oporatlon(l) haa

4 algnatura “ "dac Op tnil -=> D(P);"
than oporatlon(l) haa

4  action - croatoa

/* Rula naM la flInd-conatructor-oporatlon

If a datatypo(l) haa
typo - “D(P)”
an oporatlon(l) haa
action <« unknown

algMturo.- “doc Op2 1 Inaortal -> D(P);"

an oporatlon(2) haa
a tlon " raada

'dec op : IMorta2 -> out2;"
an a ua Ion

“ Op(Patt) < R -
Patt - " _Op2(Parana)___
than oporatlon(l) haa
action m coMtructa
aetpoan = front

-/

-/

*/
*/
*/
*/
*/



/* lui* MM le ftnd-wrlt«*-op«racloiit. */
/= (Is*4 te dlatinculsh prlaltlve cenatruetor oparatlona */
/= fr<M othar 'wrltaa' oparatlona bjr praaanca of azloM */
/* dafiniat thaaa lattar oparatlona. a/

If an oparatlon(l) haa

1 algnatnra - “dac Op : Inaorta -> D(P);'
action ” eonatrueta

1 an agnatlond) haa

* asloa “ Opdha) <« Mia; "
than oparatlon(l) haa
t action “ wrltaa

/* *ula naao la fInd-dalataa-oparatlen

it a datatppa(l) haa
« typa - "D(P)"
t an oparatlon(l) haa
t action < cenatructa
* alcnoturo “ “dac Opl j In -> D(P);"
( an oparatlen(2) haa
t action “ unknown
* algnatura - “dac Opl : In2 -> D(P);"
T an aquatlon(l) haa
* aalon - " K>p2(Opl(Pama)) <e Rha;"
* Pama - " _Ma__*
than eparatlen(2)~hiaa
t action « dalataa

/* Rula nana la fInd-taata-oparatlon

If an OMratlon(l) haa
( action w unknown

T algnaturo = “doc Op Inaorta -> truwal;"
than eparatlon(l) haa
4 action - taata

C3



T* Kala aaaa la aet-freat-eparatloBa */
/* Abaanea of racuraloo Indleataa that tha oparatlon -/
/* takaa Ita affact at tha front ef tha abatraet objact */

If an eparattoa(l) haa
t aetpoaa “ unkaoim
b alclMtara “ "dac Op t In -> Ont; *
( an agnatton0) haa
* axlea m Op(Patt) <- Kha; *
t not( Iba ™ * Op(Paru) ©)
than eparatlenCTT haa
t aetpoan m front

/* Pula naaa la ehooaa™al-llat

/* 1T all oparatlona of objaet act at tba front of tha
/* objaet than rapraaant wtth alnply llnkad Hat.

/* Rota obrloua praeondltlon to Incraaaa afflclancy
/* ovar tha alapla fora of figura 3.15b, paga 65.

If a datatypaO) haa

6 typa - “D(P)"

6 rapraaant < “unknown(P)*

6 all oparatlon(a) bava

6 algnatoram _D(P)._"

6 aetpoan = front *~

than datatypa(l) haa

6 rapraaant m "al llat(P)"
/* lula nana la ehooaa-rapraaantatlon */
/* Mora ganaral fom of anora rula. */

/* Chooaa rapraaantatlon baaad on alallarlty of baharlour */
/* of Ita oparatlona to thoaa of apaelflad objaet. 4

If a datatppad) haa
typa - "D(P)”
rapraaant m “unknown(P)"
all oparatlon(a) bava
aetpoaa m End
algnatura = - DG
a datatypa(l) tiia
typa - "C(Pe)”
all oparatlon(a) bava
aetpoaa “ End
algnatura m = C(Pe) *~
atatypa(l) TLaa
rapraaant m "C(P)"

AABADdDADNDNMNOD>

thal
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/* Kul* naa* 'm fold

If «B «quatlond) has
4 coda “ "-~Lhal <" Expr; *
4 an aquatlon(2) haa
4 coda - "— Nha2 <- Rha; "
4 Bham * Enr "
than aquatxon(2) " ITaa
4 Xha e ", Lhal -~
4 coda - "MLhaT <- Rha; "

/= Rula ta unfold

an oquatlond) haa

coda m "— thar <- Rhal;"

Rhal - *0p(X)__"

an aguatlon(?) haa

coda - -0p(X) <- Rha2;"
aquatlond) haa

Rhal - *,Rha2__*

L1

coda - LhaK» Rhal;"

/= Rula nana la Inacanclatal (for alBRla paranatara)

If an aquatlon(l) haa

4 coda “ "— OpKXX™ Rhal;*
4 alK Rhal - "_X_ *

4 an aquatlond) har”

4 coda - -0p2(T)<- Rha2;*
4 not (T -X)
than aquatlon(l) haa

4 all(Rhal - = T
4 coda - "-—-OpTTYK* Rhal;*

*/
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