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Abstract 

This t.hcsis introduccs thc notion of procednral abstraction in a rclational database 

system. Pro('('dures arc trcated as special forms of relations, and called computations. 

Lilr.c rclatiolls, a computation is dcfilled ovcr a spt of attributcs. Subsrt of at

trihutes can he dcfiucd éI.<, input attributcs and t.h<, rcmainillg attributes are output. 

I3eyond t.he notioll of proccdures that. a prnccdnr<' can have ol1ly one set of input and 

output paraUH'teH'" complltations are symmetIic: a comput.ation may have a number 

of diffpreut snbsd,s of input attrihl'ltes. 

Complltat.iolls ean be rc('ursiv(' and call('d by other ('omputations. 

SÜtt<,s an' illtlt)dll('ed [0,0 t hat computations cau rcmember values from previous 

cvaluHtion aw 111sc t.hrll1 in llf1xt ilolvocat.ions. Statcful computations may be instan

tiatcd to have lU'W l-ictl'i of st.atcs. 

1'1lis Hu'sis cOlltaÎns thc d<'sign and implclllcntation of a parser for compiling 

wmp1ltations as wdl as op<,nd ion:; to evaluate thcm. AlI operat.ions are coincident 

with J'plational algebra, a set of operations for manipulating relations . 
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Résumé 

Cette thi~se introduit la not.ion d 'abst.ract.ion pl"o('~duralc dans un systi'lll{, dl' ha..<;(' 

de données relatioucU{', Les procpdlll'(,s sont t.rait.p(,s ('0111111(' d{'s fortlH's spt-cial<'s d(' 

relations et elles SI mt nOlllnH~<'s computations, 

De même que I,·s rdations, ulle comput.atitm l'st d{>fini(' snI' llll c'll.semhle cl'a t.t.rihut.s. 

Un 8ous-cns(,lllble d'attributs l)('ut être d~filli C01l1l,lt' dps attributs d',['uh{>p t't lt's at.

tributs qui rrsten1. réprcscntmt la sort.it'. Au (h'là d{' la notioll d<, procfdur<,s, une 

procédure 11(' pouvant avoir qu 'li Il ensemble d{' paramNl {'s d '(,lltr(.p pt cI<, sortic" lc'8 

computations sont symétriqu<,s: uuc computat.iou p<,ut avoir un llo1llhl't' clitfc'l'('nt.s dc' 

sous-enscmbll's d'attributs d'mtléc. 

Les computations peuvent rtr(' léClllsiws pt, app<,lc'('s par d'auh'('s computations. 

Les états sont illtrodui ts pour q\lC ks COlllpntat ions puifo.f,('n~. f,C' ra pp('lc'r ks val!'\Il's 

des évaluat.ions pn5cédentes d. l('s utiliHPr dam; (l('s illvocations ultfl ic'un's. Lc's compu

tations étatiques peuvent êtr(' in&talltis~("s pU\'1' avoir dps nouwltUX !'llS('lllbh's cl'C;Lats. 

Le contenu de cette thès<, ind tiH la cOllccption pt. 1 'im plant.at.ion d '\In Hnaly",c'Hr 

lexical pour la compilation <ks cOlll}>utaUolls ainsi (l'H' (ks opc'ratiollH pO\I1 1<'\11' 

évaluation. Toutes IC's opérat.ions coillcident aV<'(' l'alg<'hre l'datimlpl, \lll ('llsl'lIlhl(' 

d'opérations pour la manipulat.ion des relations . 
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Chapter 1 

Introduction 

This th<'sis dOCUllH'uts the implclllmtation of computation, a notion of procedural 

ahsf,raction, in a rdational database system [3i]. Tht.> work was do ne by extt.'nding 

Rdzx, a n')atiol1al databa.<,e syst(,lll dcvelopcd at !vlcGill. 

Computations providc a lll('chauism of storiug pro('('dures or pieces of programs 

ill a d?ta)m,s('. 011(' can thell use computations to evaluate data in th<, dat.abase. 

Additionally, computat ioul'! arr trcatcd as special forms of relations. Operations 011 

computations ar(' d(':;,igll('d to coillcidr wit h the operations on r('lations in Relix. 

1.1 An overview of the relational mode! 

Aft.('r E. F. Codd fiIS~, illtrodl\(wl the rclational database modcl in 1970 [10], mllch 

r('l"\('areh in tht' aH'a of l('lational dataha.",c systems has thrivcd broadly and rapidly. 

R(':,wélrch lws h('('11 dOll(' in thr COlltcxt of: 

• dat ahasp d('sigll [9, 19, 20]; 

• illl plt'IJH'ut atioll teclllliqu('s [46, 44, 36]; 

• datahasp thcory [31J; 

• C)lH'ry languages [48, 26]; 

• COl1C\llTPIH'y ('outral [18, 27]; 

1 
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• distributecl clatabases [8]: 

• dat.ahase machines [23]. 

Before Wf' go iuto dctails, wC' shaU rlarify SOlllP t('rlllillolo~y ht'n'. 

The word domam 111eaus set of valucs. For eXélmpl(', tht' domail, of stlldt'llt idpll

tifiers is the set of aU possihl(' stucl<,ut idpntifi('rs. 

Suppose Dl, D2' ... , Du an' domains. R is a l'dnfwn ou t h('s\' u dOlllains if it IS a 

set of Il· compone nt data, th(' tirst compout'ut of whi('h is a valllt' on D\, tlH' sP('()lId 

cOmpOl1ellt flO111 D2' and so on. In otll<'l' words, tll(' r<'latioll n i:-. ft slIh:-.d of Il\(' 

Cartesian product Dl x D2 x··· X DII' \V(, smt! that tlH' d('!lH'(' of n is Il. 

A namc is givcll 1.0 cach of th(' Il flolllaills of a }'p!atioll t.o 11'1<'a:-.(' IISl'l:-' fWllI l't'

memberillg the clolllaill ordcrillg of th(' Idation. Thpl'>p nallU' .... ail' calh'd 1 Il(' atf7'1lmff'.'i 

of the relation. One cau l'der to any domaill of a n'lation hy its attrilmt.p. 

Each cl(,lllf'llt of th(' set of ll-compolH'lü dat.a is :-.aid to 1)(' a fUl'lf' of tll(' !p!at.ioll. 

A tuple can Iw thollght of as the mappiug of ft l'Id. of attrihlltl's 1.0 a spI (If vaillps. 

A relation must H't ain th(' following prop('l'ti('s: 

• Each attIibute is lluiqup amoug all attrihutps of th(, lelation. 

• AU tuples are dist.inct from 011<' auot.her. 

• The ordering of tnples is llnimportallt. 

For example, suppose wc waut to kpep tlH' information of 1->t.llrl('uts who (\1(' n'gis

tered in a course. Studcnt idpntifiC'rs and 11a111<'S, which an' cliviclt'd iutn two fidds 

lastl1ame and firstnalllC', are r('(·oHlcd. A n'latioll, St1Ulr~nt, of t.h(· st Ucll'llt. ll'(,ol'ds 

may be represcllted in table for111 as in Tabl<' 1.1. 

Wc may pcrceive a relation as a table. An attrihut(, is ('cluivalput, 1.0 t.lu· t.\f If' 

of a column. A tuplc is equivalellt to a row or n'C'orel. HC'lP, fitlLuL, [w;trut7TW, and 

firstname are attributcs of the relation Shulcnt. 

(stujd: "9300435" , lastnamc: "Smith" , firstllHUlC': "Hoy" ) 

is a tuple of the relation Student . 

2 
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stu..id lastname firstname 

9300435 Smith Roy 

9213G51 Whitc Adam 

9204560 Ford \Vat.son 

9102214 Lce Sandra 

9380009 Warrant Roger 

9011137 Pinn Michael 

Figure 1.1: An example of a relation 

In the rclationalmodel, relat.ions are the only data structures that users perceive. 

The work of organisillg data in storage is taken care of by database management 

systPIlls (DDMS). 

1.1.1 Operations on relations 

In ord{'r to mallipulate data, w<, nrcd a set of operations. In the relational model, 

this is ('allpd rdational algebra. Sincc Codd's original publication in [11], a number 

of variat.ions of rdational algPl)ra have bccn proposed; for example, in [35]. 

Codd origillally defiuf'd two groups of four operations each. The first four oper

ations an' hadit.iollal s<,t op<'rations-union, intersection, difference, and Cartesian 

product. Thf' s('colld OllCS an' sppcial relational operations-select, project, join, and 

dividc. All 0lwratiollS take l'<'latiolls as opcl'allds and return a relation as result. 

Union takes t.WO l'dations whi('h are of the saIlle degree (say n) and for every i 

(i=I,2, ... ,n) t.he jlh domains of the two relations arc thc same; and rcturns a relat.ion 

t.hat is Cl'l'at(·d l~y ('Opyillg tuplps from it.s operands, and eliminating duplicatc tuples. 

Intc7'scctum takcs two compatiblr relations, a'5 in the union oprrator; and returns 

a r .... at.ion ('out ainiug ollly t hos(' tllples t hat appear in both operands. 

Diffc7'cnœ t.akf's two eompatihlr relations, as in the union and intersection opera

t.ors; and l'<'t\1l'llS a l'dation (,olltaining t.hos{' tuples that appear in t.hc first operand 

but Ilot in t.ll<' sl'colld o}>el'and . 

Cartcswn p1Y.)duct takcs twn l'('!atiolls; and retu1'1lS the relation that contains aIl 

3 
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tuples gellcrated by cOlllbillillg rvrry pail' of tllph's, 011<' frOllll'ach of the two op<'rHllds. 

Selection takes a relatiol1 and a condit.ion; aud n't.nrllS a suhsrt. of tlI(' n'lat.ion 

contains those tuples of the oprrand that satisf)' th<, coudit.iall. 

Projection takes a relation and a list of attrihnt('(s); aud rt'turu~ a r<,latioll of thr 

specified attributc(s) that contains aH tupl<'s of th<' op<'l'ém<l with duplicntt' t.Uph'H 

removed. 

If we think of a relation as a table, a scll:'etioll is an ('xtract.ioll of t IH' l't'lat.ion in 

the horizontal way and projection is an rxtract.iou in t.ht' vertical way (with dllpli('nt.<' 

rows removed). 

Join takes two relat.ions and a condition; and r<,hlnlS a n'lat.ioll consist.s of nH 

possible concatellated pairs of t.uples, Olle from e(\('h of t.h<' two OP<'l'éUl<ls, SUdl t.hnt. 

the condition is truc. Join is rquivalpllt to thr st'!<,ct.ion on t.h<' ('oudit.ion of tl!<' 

Cartesian product of the two opprallds. 

Diviswn t.akes two rrlations. One is a dividl'lld of m+n attlÎhlltt's. TIl(' otlH'r is a 

divisor of n attributes, which are also ddiued ou thr divid<'lld. The 0IH'rator ('ompareH 

sets of the n attributeb of the divid<,ud on the saIlle valm' of tll(, III athill\1t(,s tn tlH' 

set of aU tuples of the divisor; and rct.Ul1lS a rdat.ion of tupl<'l; of t.lIt' 111 attrihllt(,H 

whose set of the n attrihlltes cover aU t.uples of tht' divisor. 

Details on relational algebra can b(' found in [11, 36, 15, 16, 14]. 

1.2 Research trends in database models 

The first paper on the relatiollal modrl was illtrodllced hy Codd in 1970 [10]. III 

1979, Codd publishcd the extrl1<!pd r('lationalmocld RM/T [12]. He' wrot(, a ho ok 

describing what he called Vrl'sion 2 of the lllod('l in 19DO [14]. TIw f(l~Üllr(,H in t.h(' 

relational model have becn incH'ased flOm "uint' !->truet1ll'al f('atun'H, 1,11r('(' illt<,!:~rit.y 

t'eatures, and eighteen mallip1l1ative featurcs" in t.ht' RM/T lllocll'i (1'(.[('1'1'(,() in [17]) 

to "18 classes of features" in thr Ver!->iou 2 [14]. 

The use of database systems has grown rapiclly. Nowaday:-, I}('opl(' n'quil'f' dataha.'if' 

systems to store and manipuléltc Hot only tahl(,élll format of data; hut alsn part.!. of 

text documents, programs, maps, or diagrams [7]. A pplieatiolls of datahruwH vary 

from business applications to sC'iruec / engineering applieatioll!-> such a."i cornpllt('r-aicl('cl 
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design (CAO), computer-aided manufacturing (CAM); office information systems 

(OIS); grographical information systems (GIS); and hypertext/hypermedia. One of 

the needs of the latter types of applications is the ability to store and manipula+e 

complex data structures. The> relationalmodcl, unfortunately, because of its simple 

data stl'lH'ture, has bccn claill1<'d to uot support complex objects. Furthermore, in 

IIlOHt romulcr<:Îal rc1atiollal database systems, data is retrieved or updated through 

databasr languagPH, such as SQL. 1 Oatabase languages, particularly SQL, lacks the 

cOTnputational cOrTlplctcnc.'i8 [4]. That means tlw languages cannot perform aIl com

putations, such ru, l'('c\ll'sion and looping that cau be done in ordinary programming 

langllag<,s. To COHuter this problcll1, the datahase languages are embeddcd in host 

languagps, such as Pascal, PL/l, C, etc. Whcn a program l'caches a database com

IllBUd, it passes the ('ommand to the database system for evaluation and the result 

is returned back to variables in the main program. Zdonik and Maier criticised this 

approach led to "the impcdance mismatch between t.he dat.a manipulation language 

(OML) of thC' databasC' and the general-pm'roHe language in which the rest of the 

application is writtcll" [1). 

In thr following two sections, we look at two approaches of database models that 

have becn proposea to solvp the above problem. We then discuss our approach in the 

last. section. 

1.2.1 Object-Oriented models 

Reccntly, t.he eOllcept of object-orientation has bccn flourishing in many fields of 

compnü'r sciellce. Among thcl1l arc objcct-oriented analysis (aOA), object-oriented 

dcsign (000), object.-oricnted program111ll1ing (OOP), and object-oriented database 

managPJllCIlt sySt.t'lll (ODDMS). OD13MSs are, more or less, influenced by the concept 

of OOP. W<' bricfly disc\lsS tht' COIH'('pt of OOP here. 

A progralUIllillg language is considel'ed an OOP language if it t>mbodies the fol

lowillg COllCf'ptS: 

1 SQL, stands for Structurl'd Qu(>ry Language, origilU\lly pronoullced se-quel, was first defined 

by Chamb('rlin and ot!a('rs at the IDM Rescarch Laboratory in San Jose, California (cited from (15) 
p.95.) 

5 



• 

• 

• Classes and objects 

A class cont.ains dat.a and operations 011 data. Opt'rations arr call('d mrtluxls 

in OOP terminology. 011(' can use a class hy d('claring a nallU' belonging t.o 

that clé\.'3S, This process is called instlmtilltion. The lléUlH' h('('OllH'S an ob.il'cl of 

the class. Theoretically, one ean aceess tlu' data of an ohje('t, ollly hy ralling 

methods provided by thp dé\.'is of the obj('('t. 

• Class hierarehies 

A class can derwe data and operations from oth('r class('s. For ('xamplf', pl'rsons 

and studCllts havc thc followillg comlllOll propprt.ips: na11H', agl', and Sl'X. How· 

ever, students may have some additiollal Slwcific propl'ri i<'s, s\lch as st.\ld<'1lt. 

id and major. In OOP, classps snch as pt~rSOllS an' calh'd parent clas.~()s; and 

student.s are called subclasses. Sllbclasscf> may d('lÎw ilOt. ollly COlllmOIl dat.a 

elements but also operations on data from pau'ut. clé\.'iSes. Th\s nH'chauislII if! 

called inheritance. A class can b(' a subclass of its pan'ut class and, at. tlH' SélllU' 

time, a parcnt of oUler clé\.'ises. The relationshipR t.lH'll fonn é\.<; hil'nuThical t.1'('I'H 

of classes. The bellefit is wc cau l'cuse data and Olwrations of IHu'é'ut. dm·;fj('fj 

without rewriting them in subclasses. Any chang('s ou opl'rat.ions nrl' macl(' 

in the parent classes ouly, illstead of iterat.ively makiug challg('s to t.lH' HéUlle 

operations in several subclass('s. 

• Overloading and late biudillg 

In fact, the concept of ovrrloading is not ncw and has b(,(,l1 us('cl in ordillary 

programming )anguagrs for a long time. Til<' examplc is tll<' op('rator phlH 

(+). When we write two statements, say, 3 + 4 aud 3.5 + 4.2, t.hc' language 

distinguishes the plus opcratol's of thcse two statclllcnts. Tht' fin.,t. plus 01H'rator 

is an "integer" plus Lut thr latter is a "rc~l" plus that aH' tot.ally diffpn'ut. from 

the implemel1tation point of vicw. Howevcr, \I[o,('rs do 1I0t haw to ff'alis(' that. 

In OOP, the conccpt. is applicd morc gcncrally, Wc cau haw two IHpthods with 

the same name. For examplc, we can have a print () method in class 'lut(!r!(:r aud 

the same llame in class rml; comparcd with a prinUllt{) for prillting int('w'rH 

and another print..real() for l'cals in ol'dinary programmillg laugllag(!s . 
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Gcncrally, ODOMSs arc the database systems that allow data to s+ore beyond 

tableau format of the rt'lational model. It can deal with complE'x data structures as 

in programming languages. Another possible way of thinkillg of ODDMSs is as an 

oor with pcrsistm'\, data, in the S<'llRe that data in the programs lives beyond the life 

of programs. The ability to manipulate data and pcrfor111 computations within one 

single systrlll is the stlOng point that is claimed to solve the problem of the impedance 

mismatch Iwtwecn data manipulation languages (e.g., SQL) in the relational model 

and ordinary programming languages. 

Although ODOMSs have some advantages oV<'r relational database management 

systems (nOI3MSs), no standard spedfication in ODDMSs has been defined j as 

Codd's original pa]>er [10] contrihutcd to RDDMSs. Varieties of research proto

types and coml1lrreial products are donc or underway. Among these ale Encore [49], 
EXODUS [6], Gell1sf.onc [5], Iris [21], O2 [4J, ObjcctStore [29], Versant [47J. 

1.2.2 Extended relational models 

Anothcr direction of the rcsearch in database models is to extend the relational 

databa...,c systellls to support complex objects. We diseuss an example of this ap

proach. 

POSTGRES is an cxtclldpd rclatiollal database system developed at University of 

California, I3<,rkelcy by Stonebraker and his team. The system was extended from an 

original rrlational database system callcd INGRES. Some of the goals of POSTGRES 

w('re [42]: 

• Support complex objects 

• Allow IWW data types, l}('W operators, and new aeeess methods to be inclucled 

in the DOMS 

• Support. triggcrs a.nd mIes 

• Makc as fcw changes to t.he relational model as possible 

The query language llscd in POSTGRES is POSTQUEL. It is a modification of 
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QUEL,2 the original qucry languag(' uscd in INGRES. 

POSTGRES allows users to use C fuuctions in C}ucry ('olllmands in ordpr t.o copp 

with complex qncries. For {'xample, a query "Gd, t.he uaUH'S of st.ud(\ut.s whosl' final 

grade is A" may be writtcll in POSTQUEL (41] as follo\Vs: 

RETRIEVE (Stlldel1t.Nanw) 

WHERE grade(St.ud(,ilt.1ll1dtcrm, St.Udcllt.fillal) = 'A' 

Here, gradrO is a C function tha.t reqnir('s t.wo paramct.(\rs, midt(\rm mark aud 

final mark; and r('tmus thf' grade. 

This may &olve t.h{' problelll of comput.at.ional iucompld,plH':-'s of tlH' l('lntlollnl 

model. In addition, sinee POSTGRES is st.ill has('d ou tll<' cou('('pt of th(' n'lat.iollal 

model, it implies t.hat on(' who has hr('ll familial' wit,h tll(' l('lat.ioual lIlodd lllay 

capture the idca in a shortcr t.ime than start lcarnillg on a IH'W IllO(!<'l. 

1.2 . .3 Procedures as relations 

The approach in this thrsis gCIH'ralises th{' notion of proecdllral abst.raction in orcli

nary programming languag{'s as a special fOll11 of relat.iom; and adapts t.!H' (·xist.ing 

operations on l'dations t.o silllulat.e 1,11<' ones on pro('( cimes. W(, I-lhall fin;1. illt.rodul·(' 

the concept of domain algchra, which spal ks 0111' approach. 

Domain algebra is a f,('t of operations t,hat. métniplllat.e t.he attlihut.(·s of H·lat.iolls. 

The mechanism of domain algebra allows 011(' to }>prfofm opNat.ions aIllOUg at.hilmt(·s 

of the same tuple and on the same attrihlltes ov('[ a set of t,llpks. For pxampl<" a 

relation Mark has threr at.trihute~ - st1ud, rnidtcrm, and jiunl. Sllppmil' w(' want 

to compute the total mark of eé\ch studcllt, which is tlH' slllllmat.ioll of t.ht' miclt,('rm 

mark and the final mark. Wc may write dOWll the formula of t.he t.ot.al mark as lH'low: 

total = ml,dterm -\- fi1lal 

PRTV [45] treated the above formula as a relation of infinite t.uplps 011 three 

attributes, total, midterm, and final. Wc might. then use the natllral join of the 

2QUEL, derived from QUEry Language, is an implcmcntat.ion of th .. r .. lational ('akuhlH, a {'(JUil

terpart. of the relation algcbra. ([151 p,209) 
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rdation Mark and the abov<, r<,lation to perform the computation of the attribute 

total. 

Obvic)JJs]y, \H! cannot store a relation of infinite tuples explicitly. It mm,t be a 

1Jirtua[ relation. M<,rrctt suggl'strd t hat, illstead of f0I1111ng those tluee auributes 

as a virtllaI Iplatioll, we may conf>idcr fotal as a vz'dual attribute defined on t.he two 

attrihllt('f>, rnùlt,'!-rm and final. The valuc of total can be actualised 0n any relation 

containing th(1 attrilmtc's mùltcrrn and final by llaming the attrihute name in a pro

jc,etioll. [.,};6] 

1'11('1'(' an' two types of operations in the domaill algr'bra-horizontal and vertical 

0I)('ratiolls. Th(' horizontal opl'ratiolls arc uscd to ~l('scrih(' the rclationship within a 

tllph'. The' rdatiollship can !>(' any arit.hmctic expressions, a.'5 the exampl(~ of total 

ah ove , boolc'élll e'xpre~f>ions, or conditional expresf>ion (if-theu-clse). 

T11(' ~UmllH1.t.il)ll lllight bl~ a simple l'xample t.o demonstrate vertical op<,rations of 

domaill algd)ra. SnppoH{, w(' want to Hum the final mark of aH stud('nts. TIH' formula 

may be' writtpll as: 

S1/'/11-j"111al = red + of final 

wh<,l'(' red illdicatcs a recluction olwrat.ioll and the operator + is one of many oper

aton; thai. cau be specifiee!. \Vhru Sll11Lfinal is actualised, its vaInc is equal to the 

rpsult. from t.h<, + opC'wtioll of t h<e valllcs in the attribute final of aU tuplps. 

Alt.hollgh the domaill alg('bra aUows computations over attributes of relations, it 

do('s not provid(' tlH' it('ratioll llll'('hanism such as do-while st.atemC'ut. Om approach 

is t.o lllOVP hock to the 01 igillal i(ka of Vil tuaI l'dations in PRTV. Wc (kscribc com

putations among athihntes a .. <; sp(·cial relations, caJled r;omputations. At.triblltes of 

l'('lat.ion8 ]><'1 fonn a:-; paralllet.Ns of computations. 'Wc simulatc the iteratioll mecha

nism hy allowillg cOlllputations t.o l"aIl thcmsclves r<,cursivcly. Moreovcr, we extend 

op('l'atio1l8 on relations ('.g., s<,lrrtion, projection, join) to computations to simulate 

the' callillg operation. 

W{' a180 inhod\u'{' st.at<.'s, a notion of persistent data element in ODE MS, into 

computations. States are inac('pssiblc but cau be' updated via op <,rations on com

putat.ions. Mon'over, wc borrow the concept of instantiation in OOP jODBMS to 
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generate new copies of states. This leads to a limit.('d fonu of ohj('('t, idellt.ity [25} t.o 

distinguish instantiations. 

1.3 Thesis outline 

This thesis is divided illto fiw chaptel's. Chapt.('l' 1 provid('s an OVNVÎ<'W of UIP l'p

lational mode! as weB as re8('arrh trends in ot.h('l' datahati(' lll()(h'ls. \V(' ('Bd wit.h 

the motivation of our app1'Oa('h. Chapter 2 illtl'odu('Ps tlH' gt'IH'ral (·OlH·('Pt. of R('lix. 

Chapter 3 is the user's mauual, which shows t.hl' sylltax and SPllHIllt.Ï<'S of ('OllllHl

tations, operations on computations, as weB as ('xamplps. Chaptpl' 4 disCUHS('S th .. 

implementation details. Chaptpr 5 is the conclusions. SOlll(' proposaIs for fllt.1ll'P work 

are aiso present.ed in the last. ('hapt.('l' . 
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Chapter 2 

An overview of Relix 

Relix is bricfly descrihcd in this chapter. The purpose is to provide enough back

grouud for rcadcrs to be able to undcrstand the rest of the thesis. Therefore, we 

will prcsent, only a subsct of Rclix cOll1mallds which relate to this work. Section 2.1 

illt.rodll('cH t.he ("ouccpt of Rdix and some basic commands. Section 2.2 drscribes the 

rclational illgl'lmL Sectiou 2.3 c!cscribes the domain algcbra. Rcadcrs should beur in 

mimI that there is 110 intention of plcselltillg an thc dctails of Relix in this thesis. 

The (,olllpide rt'fer('ncc of Relix can be found in [28]. 

Ta avoid any confusion, the following convention is applied throughout the rest 

of the th('siH: 

• The boldface style is us('d for rcserved words. 

• The typewri ter font is used for program output, examples, or commands that 

one typps in. 

• Auythillg clldoscd in a pair of angle brackets « ... » is a label which one has 

to substitute with son1(' sequence of characters. 

• Anything cndosed in a pair of single quotes (' .. .') is to he typed as it is. 

• Anyt.hillg eudosed in a pair of square hrackets ([ ... ]) is an option al word or 

phrase . 
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• The symbol 'l' is an alternation notation. One cau use UH' wOl'ds/phra.'l('s on 

either side of 'l'. 

2.1 What is ReUx? 

Relix, which stands for Relatioual dat.aba..<;e on Unix, is tht' intt'q)l·('tl'r that a(·(·('pt.!:! 

relatiollal algebra and domain algcbra statclllents as descrilH'd in [3G]. It ha.'l ht'(,ll 

developed undcr tht' ALDAT projcct at McGill UniVl'uiÏty r-;iu('(' 1986. TIll' maiu 

purpose of developing Relix is for use as an ('X}H'lÏllH'ntal v('r:-.iOll t.u dl'IllOllstrat(' th(' 

concept of the rclational database mode!. 

The language used in Relix is divided into two main ('atl'I!,orips clomain algl'bra 

and relation al algebra. As implied by t.heir IHunes, domaiu all!,phra is a :-.d of o})('r

ations on domains; and relational algebra is on l'{'lations. lu tlH' interactive lllode, 

Relix gÏ\-es the prompt '>' whellevcr it is rcady to n'ct'ive input from tlSNS. 

2.1.1 Domains and relations 

In order to create a relation in Relix, one has to cxplicit.ly ('l('ate tht' domains t.hat 

the relation is dcfined on. Domains cau be auy of tlH'se five atmuic typl'S hOO!PRUj 

two types of integcr, short and long; ont· t.ype of fioating point, J('al; and string. 

Ta create a domain, use the followillg sylltax: 

domain <dom-name> <dom-type>; 

For example, 

> domain stu_id intg; 

> domain lastname strg; 

The first statemellt t.ells Relix to creat.e a domaill stu_id of typ<' iut.(·g(·l'. The 

second one is to create a domain lastname of type string. However, if the clomain 

already exists and has another type, there art' two po:-.:-,ihlè aetion:-.:-

1. An error mc~sage is gell(,l'ated if the dOlllaill is Il:-,('d by auy l'dations ancl/or 

other domains, or, 

2. An old domain is overwrittell by the llCW one. 

1'0 create a relation, use the followillg sylltax: 
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relation <rcl-namc>( <dom-list» ; 

For cxamplc, 

> relation Student(stu_id, lastname, firstname); 

Relix will creatc a relation Student that has three attrihutes, namely, stu_id, 

lastname, and firstname. AlI the above attrihutes have to be created as domains 

})('fore tlu' relation is creatcd. 

Wc shaH note that, in Rclix, any relation of degree 1 is called scalar relation. We 

can perforlll [o,calar operat.ions, such as addition, on scalar relations. [38] A sin.o'pton 

scalar rdat.ion, which cOlltaillS only OIl(' tupIe, may he viewed as a single value. This 

conccpt pcrmit.s us to use lclatio!ls in arithmet.ic and other expressions, which wc will 

('xploit in chapter 3. 

2.1.2 Basic commands in Relix 

• show domains or a domain 

Syntax 

sd! 

or 

sd!!<dom-llame> 

Description 

Relix will show t}u' name, type, and ot}wr information associated with an 

domains in the system or a particular domain. 

Example 

>sd! , lastname 

• show relations or a relation 

Sylltax 

sr! 

or 

sr!![<l'el-llamc>] 

13 



• 

• 

Description 

Relix will show the uame, degrec, and othel' l'clah'd information of aIl l'('la

tions in the system or a particular relation. 

Exarnplcs 

> sr!! Student 

• show details of relations or a relation 

Syl1tax 

srd! 

or 

srd!![<rel-narne>] 

Description 

Relix will show aU thr dornaillS defined on aU relat.ions in t,1U' syst,('1ll or n 

particular relation. 

Exarnples 

> srd!! Student 

• print a relation 

Syntax 

pr!!<rel-narnc> 

Description 

Relix will p1'Ïnt aH data in the spccifird l'<,lation. 

Exarnples 

> pr!! Stud9nt 

• delete a domain 

Syntax 

dd!!<dorn-narne> 
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Description 

Relix will delete the spccified domain. 

Examples 

• delete a relation 

Syntax 

dr!!<rcl-name> 

Description 

Rclix will dclete the specificd relation. 

Examplcs 

> dr!! Student 

• quit 

Syllt.ax 

q! 

2.2 Relational algebra 

Rrlational aigebra is a set of 0lwrations on relations. Operands and results of rf'la

tiouai algd)ra are always rplations. The rclational algebra in Relix is an extension 

H('t. of Codd 's origillall'C'lat.ional algcbra [10, 11 J, proposcd by Merrett [35J. 

Two rdations are used cl.'I cxamples throughout this chapter: 
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Student(stu_id, lastname, firstname) 

------ -------- ---------
9300435 Smith John 

9213651 White Adam 

9204560 Ford watson 

9102214 Lee Sandra 

9380009 Wan:ant Roger 

9011137 Pinn Michael 

Mark(stu_id, assignrnent, midterrn, 

------ ---------- -------

9011137 25 18 

9102214 17 13 

9204560 23 10 

9213652 21 18 

9380099 28 17 

9300345 27 16 

Sorne relational algebra operations arc: 

• assignment 

Syntax 

<rel-name> (- <l'cl-expression>; 

Description 

final) 

45 

32 

20 

40 

35 

44 

Relix will creatcs a llew relation of the !lame 011 th(' l('ft hand siclf' hy C'opyillg 

an the attributes and data frOlll the relation on the right hand sicl(~. 

Examples 

> New~ark (- Mark; 

• increment 

Syntax 
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<rel-ORme> <+ <rel-expression>; 

Description 

Relix will appends aIl but the duplicated tu vIes of the relation on the right 

hand sid(' to the relation on the lcft hand side. Both relations must be defined 

on the same set of attributes. 

Exampl<>s 

Suppose there is a relation Studentl that has the following tuples: 

Studentl(stu_id. lastname. firstname) 

8905412 Roy Patrick 

9213651 White Adam 

9102214 Lee Sandra 

8730027 Muller Kirk 

The statement 

> Student1 <+ Student; 

will givc the following reslllt to the relat.ion Student1. 

stu_id lastname firstname 

8730027 Muller Kirk 

8905412 Roy Patrick 

9011137 Pinn Michael 

9102214 Lee Sandra 

9204560 Ford Watson 

9213651 White Adam 

9300435 Smith John 

9380009 Warrant Roger 

relation: "Studfmt1" has "8" tuple(s) 
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• selection 

Syntax 

where <selection-clause> in <rel-expression> 

Description 

Selection is an operat.ion that selects the t.uples in t.he relation t.hat. satisfy 

the condit.ion in the selection clause. The result. of the sel('dioll opt'ratioll is 

a relation that can be used in any operation where a relat.ion ('xpn'ssion is 

required as an operand, e.g., in the assignm<'llt st.at<'ll1Cllt.. 

Examplcs 

> smith (- where lastname = "Smith" in Student; 

The result is 

lastname firstname 

9300435 Smith John 

relation: "smith" has "1" tuple(s) 

• projection 

Syntax 

'['<projection-list>')' in <rel-expression> 

Description 

Projection is an operation that extl'acts the subset of attribut(,s specifi('d in 

the projection list of the relation. The result is a relation that can h(' plR('('d 

wherever a relation expression is requircd as an opcralld. 

Examples 

> stu-name <- [firstname. lastnameJ in Student; 

The result is 
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firstname lastname 

Adam White 

John Smith 

Michael Pinn 

Roger Warrant 

Sandra Lee 

Watson Ford 

relation: "stu.name" has "6" tuple(s) 

• T -selector 

Syntax 

'['<projection-list>']' where <selection-clause> in <rel·expression> 

or 

<rel-narne>'{' <valu('>',' <value>',' ... 'l' 
Description 

T-s<,lcctor is a combinatioll of selection and projection. 

The second syntax is called positional notation. One can supply values for 

attributes as if the attributes were ordercd in thc sarne way as when the relation 

was declared. Any posit.ions of attributes that lcft blank are output. Compared 

to the original T ·sclector syntax, the unsupplicrl attributes arc equivalent to 

the projection list; and the supplied attl'ibutes are the selection clause. The 

notation is quite limit('d bccaus(' it allows users to express selection clauses 

which use the equal sign and t.he AND op ('rat or only. 

EXRmples 

> 3rd_year (- [lastname] where stu_id < 9200000 in Student; 

The ('xample shows that the relation 3rd.year contains all tuples of the 

attribut.e lastname with stu.id less than 9200000. 

> Lee' s.id (- Student{, "Lee" ,"Sandra"} 
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The ab ove example shows the cOlllmalld that suppli('s the valuc "Lc(~" and 

"Sandra" for the attributes lastname and firstname l"cspert.iw'ly of t.llt' re

lation Student. The position of the first attribute, stu_ld is l(,ft blallk to 

designate the output attl'ibute. The equivalent version of the <,xampll.' is 

> Lee' s_id (- [stu_id] where lastname = "Lee" and 

• J.l-join 

Syntax 

firstname = "Sandra" in Student 

<rel-expression> 'l' [<dom-list» <p.-join-op> 

[<dom-list.>l '1' <rel-expression> 

Description 

J.l-join is a family of join operations that. combine two relations by op('ratiollfl 

on sets, e.g., union, intersection, and diffel'('nre. Two of thelll arC' uwnt.ion('d: 

- natural join is an operation t,hat. cOlllbines tuples of t.he t,wo l'datiolls 

that have eqllal values 011 the join attriblltcs. Wc used t.he k<'yworcl ijoin, which 

cornes frorn intersection join, or uatjoin t.o represent natnral join. Forrnally, 

we ean define the naturai join of R(V,V) and S(X,Y) on thr join aUribllt(,s V 

and X as 

R [U i j oi n X) S = {( 11, v, x, y) 1 (u, 11) E R aru/ (x, 11) E S (f n fi 1t = x} 

- union join is an operation that is a union of the set of tupl(,H from the 

natural join, with the tupics from the relations of both sid('s t.hat an' not ('quaI 

to eaeh othcr in the join attriblltcs, expanch'd the mi!>billg attrihut<,s hy the 

De null value. l Union joill is reprc!'elltC(~ hy the keyword ujoin. W(, forrnally 

define the union join of R(U ,V) and S(X,Y) as 

R [U ujoin Xl S = R [U ijoin Xl su left 1Ving U 1'ir,ht wmg 

left wing = {( li, v, DG, De) 1 (u, v) E R andVy( (?l, y) fi. S)} 

right wing = {(DC, DG,x,y) 1 (x,y) E S andVv«(x, v) fi. R)} 

1 De stands for "don't care", a special value that describes irrelevallt information [36J 
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Examplcs 

> RijoinS (- Student ijoin Mark; 

The result is 

stu_id lastname firstname assignment 

9011137 Pinn Michael 25 

9102214 Lee Sandra 17 

920~560 Ford Watson 23 

relation: "RijoinS" has 113" tuple(s) 

> RujoinS (- Student ujoin Mark; 

The result is 

stu_id lastname firstname assignment 

9011137 Pinn Michael 25 

9102214 Lee Sandra 11 

9204560 Ford Watson 23 

9213651 White Adam DC 
9213652 OC OC 21 

9300345 DC DC 27 

9300435 Smith Roy OC 
9380009 Warrant Roger OC 

9380099 OC DC 28 

relation: "RujoinS" has "9" tuple(s) 

. . 
• lT-Jom 

Syntax 

<rel-expression> Ir' [<dom-list>] <lT-join-op> 

midterm 

18 

13 

10 

midterm 

18 

13 

10 

DC 

18 

16 

OC 

DC 

17 

[<dom-list>] 'l' <rel-expression> 

Description 

final 

45 

32 

20 

final 

45 

32 

20 

DC 

40 

44 

DC 

DC 

35 

lT-joill is a family of join operations that combine two relations by set corn

parisolls. Three of them arc discussed here: 
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- inclusion (sup or div) of R(U,V) in S(V) is au opcrat.ion that. gives 

a relation RsupS(U) such that the sets of V of t.he sltmc valuc \l in R arr a 

superset of the set of V in S. 

- natural composition (icomp) of R(U,V) and S(V) is an olwration that 

gives a relation RicompS(U) such that S0111(' elC'IlH'llts of t IH' scts of V of t.hc 

same value u in R are clements of the set of V in S. In faet., il. is a l'('laUon t.hat 

comprises an attributes but tbe join attribllt.es of R [1) o III ] S. 

- separation (sep) of R( U ,V) in S(V) is an operat.ion t.hat. giv('s a rdat.ion 

RsepS(U) such tbat. thc sets of V of the saul<' value II in R hav(' no dNlH'nt t.hat. 

belongs to the sct of V in S. 

Examples 

To demonstrate the D'-join, two relations are givcn. 

Register(student. course) CompSci(course) 

------- ------ ------
Smith CS100 CS100 

Smith CS202 CS202 

White CS100 CS208 

White C5202 

White C5208 

White MA100 

Ford MA100 

Lee CS202 

Lee MA100 

Suppose Register is a relation of the courses t.hat. studcnt.H arc r('giHt,('red 

in, and CompSci is a relation of an t.he courses given by Computer Sri('ll<~C 

Department. The question "Filld bt.udellt.s who arc rcgistered in ail t.ll<' rOllrRCH 

given by Computer Science Departmellt?" is writtcn 8S: 

> RsupS (- Register sup CompSci; 

22 
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Register 
(student, course) 

Smith CS100 } Smith CS202 CompSci 
(course) 

White CS100 

White CS202 { CS100 

White CS208 
CS202 

CS208 
Whit~ MA100 

Ford MA100 } 
Lee CS202 } Lee MA100 

Figure 2.1: Set comparisons hetween two relations 

In Figure 2.1, the four sets on the left hand side are tuples of the relation 

Register grouped on th(> salUe value of attribute student. The set on the right 

hand side contains tuples of the relation CompSci. The inclusion operation picks 

th<, students whosf' set of courses arc a superset of the set of courses on the right 

haud side. 

The result is: 

student 

White 

relation: "RsupS" has 1/11/ tuple(s) 

The question "Find students who arc registered in sorne of the courses given 

hy Computer Scienc(' Departmellt?" is writt,<,n as: 

> RicompS (- Register icomp CompSci; 

The nat,\ll'al composit.ion operation does the intersection between the four 
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sets and the one on th(' right hand si de and picks t.h{' St,Ud{,llt.S whos{' frsult 

from the intersection ar{' uot empty. 

The result is: 

student 

Lee 

Smith 

White 

relation: IRicompS" has "3" tuple(s) 

The question "Find st.udents who are r<'gist('r('d in none of t'll(' rOIll's{'s givell 

by Computer Science Depart.ment?" is wl'Îtt{,ll as: 

> RsepS <- Register sep CompSci; 

The separation operation does the intersection and pi('ks th{' stlldf'nt.s whose 

results from the intelsC'ction arc empty. 

The result is: 

student 

Ford 

relation: "RsepSII has "1" tuple(s) 

In general, the second operand may have SOlU{' attributes thaï. an' not the at

tribut es of the first operalld. The a-join betwrrll R(U,V) and S(V,Y) is dOlH' by 

grouping sets of V of the same value u in R (say U) and sets of V nf thp same value 

y in S (say Y); compariug each of sets in U to each of sets in Y according t.o tlU' ('on

dition of the a-join (e.g., superset, llon-cmpt.y intersection, empt.y intpni('('tioll); and 

returning a relation on attriblltes (U ,Y) of the tuples that satiHfy th<, ahovp ('ondition. 

2.3 Domain algebra 

Besides creating a domaill by dcclarillg its type as in section 2.1.1, orw (~an huild 

a new domain by cxpressillg the domain as operations on cxisting domaim; in the 

system. This mechanism is callcd domain algebra [361. 
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The syntax of the command is 

let <dom-name> be <dom-expression>; 

Relix will crcate a domain name associated with the domain expression. Domain 

expressions ean he written in one of the following types: 

• scalar operations 

This is the sirnplest type of operations. Basically, the expressions deal with 

arithrnetic operations; the conditional expression-if-then-elsej and constants. 

Dclow arc sorne examples. 

constant domain 

let one be 1; 

let myname be "Joe"j 

let TRUE be true; 

Note that true is a reserved word representing the boolean value "true". 

Thc capitalised TRUE is a domain name. 

unary opcrators 

let FALSE be not TRUE; 

let debt be -incomej 

billary opcrators 

let mark be assignment + midterm + final; 

let total_interest be principle * time * interest-ratej 

COl1ditiol1al expression 

let grade be if mark> 50 then "Pass" else "Fail"; 

predcfincd functions 

let area_triangle be sqrt(a**2 + b**2 + c**2) 1 2; 

Notc t.hc arca of a triangle if the length of the three sides of the triangle 

are a,b and c is a half of the square root of the summation of the square 

of each side. Herc sqrt is a predefillcd function . 
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- type casting 

let l_intg be (long salary); 

Here, salary is a domain of type l'cal. The ncw domain, Lintg is d('fin~d 

to he a long integcr that has a value equivalcnt to salary . 

• reduction 

Suppose we want to find a summation of an attrihutc in a n'lation. Wc nced 

a mechanism to process values acl'OSS tupl('s of t.he n'latioll. Mel'1'cU. (,8.11('d this 

mechanism the vertical operations [36]. 

Simple reduction produrcs 8. single result from the valucs of a11 tupl('s of a 

single attrihutc in the relat.ion. Thc sylltax is 

let <dom> be red <op1'> of <dom>; 

For example, 

let sum be red + of mark; 

let cnt be red + of 1; 

The first statcment expresses the domain sum as a summation of domain 

mark. The second is the summation of thc constant 1. 

• equivalence 

Reduction can a180 produccs a llumber of diffcrcllt reslllts from different sets 

of tuples in a relation. Instead of calculating from aU tupl('s, wc group tupleR 

into different sets by sperifyillg the "grollpillg" attl'ihutcs. TIl<' syntax is 

let <dom> be equiv <opr> of <dom> by <doll1-liHt>; 

For example, 

let sum_by_type be equiv + of product by type; 

The statement gives the summation of the domain product of the Rame value 

of the domain type . 
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• functional mapping 

Functional mapping pcrforms the accumulation of' the operator specified by 

the "ordering" attributcs. The syntax is 

let <dom> be fun <opr> of <dom> order <dom-list>j 

For example, 

let accum_prod be fun + of pro du ct order year; 

• part.ial functional mapping 

Part.ial functiollal mappÎng Îs a fUllctional mappiug cOlltrolled by the "group

ing" attributcs. The syntax is 

let <dom> be fun <opr> of <dom> order <dom-list> by <dom-list>j 

For example, 

let acc_prod_type be fun + of product order year by type; 
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Chapter 3 

User's manu al 

We devote this chapter to the detail of computations. Section 3.1 pxplains t.ltf' (·Oll(·t'Pt. 

of computations. Section 3.2 introduces a sp(lcial typ<, of ('omputatiolls that hav(l 

hidden states. Then we propose the op('ratiolls on ('omputations in s{'dioll 3.3 and 

formally describe the gralllll1ar and SPlllalltics of ('omputatiolls in s(,('tion 3.4. W(, {'u<l 

the chapter by showing SOlUe ('xamples. 

3.1 Basic concept of computations 

The notion of computations eovers thrcc a.r;pcct,s: 

• it represents procedural abstraction; 

• it is symmetric; 

• thercfore, it is close to tht' li~tion of cOllstl'aints as in [43]. 

For example, a ('onstraint vel = dist/time ('xpn'sscs a rclatiollship })('tw{'('n vc

locity, distance, and thne, a fundamental physic law. Th(, computation is 
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conap Displacement(diat. time, vel) is 

def vel = dist / time; 

vel <- d1st / time 

aIt 

dist (- vel * time 

aIt 

time (- vel * dist; 

Herf', Displacement is the name of the computation. Dist. time, and vel are 

attributes. 

The body of a computation bf'gins aCter the keyword is. We say that computations 

repn's('ut pW('{'dural abstraction hccallsc each computation contains algorithms for 

evalllating tlw vahH's of ~llb~ets of attributf's, Wh(,l1 values are supplied for the rest 

of th!' attrihlltes. ThC'sC' algorit.lulls, which we caU blocks, are altC'rnative forros that 

('xpl'ess auy attribute(&) ta br dplived from the l'pst of attributes. \Ve do not propose 

rncchallisllls to cufol'ce cOllsist!'lI('y of those blocks: it is up to users to write code for 

cReh block and to rC'late thcl1l t.o Olle anotlH.'r. 

A special t.ype of blocks callcd prcdicate clause defines t.he constraint of a com

putation. It begins with thr kr)'word def followf'd by a boolean expression, which 

is us('d wlH'n OU(' sllpplies values for all attriblltf's of the computation. The output 

valm' is the rl'sult of C'valuatillg the bool('an expr('ssion, which is a boo\ean value. 

In this cxample, the btat.eUH'ut. 

def vel = dist / time; 

is thr pr('dieat.c clanse of the computation Displacement. Wh en one supplies valucs 

for aH t.hf' at.t.ributC's, the ahov(' statellH'nt is cvaluated and a result. of boolean value 

is l'ct.urned. 

Ol'dillary blocks are separatcd from one allothcr by the keyword aIt. Blocks may 

coutain OUt' stat,c.'lllrut. or a Ht'qllCncr of statements. 

In thil' l'xê\mpk, C'ê\ch block of the computation Displacement contains only one 

st.atrlll('ut. Tht' filst hloek is llscd WlH'1l one supplies values for the attributes dist 

and time. Tht'll, the valuc of t.il(' attribute vel is computcd by the statement in the 

block and rl'tul'lH'd as an output attribute. In the same manncr, if one supplies values 
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for the attributes vel and time, then the vahl(' of th(' att.ribuh' dist is compntt'd, 

by the statement in the second block, and r<'turHrd. Thl' t hinl hlock is ust'd wlH'n 

one supplies values for thr attrihutes vel and dlst. 

Computations are sYIIlllletric. A computat.ion can has mon' t han 011(' spt of iuput. 

attributes. This concrpt nutkrs computations go l>('yon<1 th(' not ion of pl<)('E'dul"('s or 

functions that each procNlure has only OlH' sd of illpllt and out.put panUlIPtf'rs. 

We can repr('sent the typ(' of the ab ove COlllplltatioll as tht' unioll of tlH' t.ypl' of 

the prcdicate clause and thl' t.ypes of t.he blockH aH follows: 

(dist:real X time:1ml X lIcl:1'cal) -. boolmn 1 

(dist:real X t'lme:real) -. lIel.Tcal 

(time:real X vd:r~al) -. dist."7"cal 

(dist:real X lIel:real) -. time."1'cal 

Technically, whcn OUl' supplies Vahll'S for aUrihntl's, th<' systl'lll s('arclH's for t.IH' 

correspondiug type, picks up 1.11<, block of that t.yp<' and evaluatps th(' pn'dicatp cluus(' 

or the statclllents in the block. For exampl(" supposr OlH' suppli('s valtH's for dist 

and time. The system will find the type 

(dist:real X t'l1ne:real) -. vcl:1ml 

and evaluate the value of vel. Likewise, one lllay supply vahl<'s for time and vel. 

This time, the type 

(time:rcal X vd:real) -. dzst:rcal 

is searched and the value of dist is eWtlllat<'d llsillg th<' 1'Itat('lIH'ut in th" hlock 

correspouding to the type. In eontra.o.;t, if one ~uppli('s only a valu(' for dist, t.h .. 

system canl10t evaluate becallsP th .. type 

dist:real -. (tzme:real X vel:real) 

is not defined in the computation and ail ellor IlH'HHag(l is r .. tunH~d. 

Merrett suggested that we cau think of com}>utatiollH a.o.; ('ompn'Hr.wd fOflllH of 

relations (37). For the purpOS(' of ill1l1'ltratioll, Ipt ilS éI .. "f>IIIlU' t Il(' c!olJHLillS of the 

three attributes of the ab ove ('xample an' positlV(' intl'g('n,. TIH'II W(' may WI HI' t.1H' 

computation Displacement as a relation of infillÎtp tllp!('S al-> b('low: 
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Displacement(di.st. time. vel) 

1 1 1 

2 1 2 

3 1 3 

2 2 1 

4 2 2 

6 2 3 

From the ab ove format, wc may simply imagine that if one supplies values for any 

two attributes, the pro cess of getting the answer is the table lookup algorithm. In 

Relix, it is the T-sclector. For example, the statement 

> R (- [vell where dist=6 and time=2 in Displacement; 

will return a sealar relation of one attribute, vel, that has one tuple of value 3 to the 

name R. 

This implies that. the T-selector can be applied to computations as weil. Further

more, Relix provides the posit.iollaillotation, which is somehow closer to the notation 

of calling a procedure. Hs sylltax may he easier to understand than the general 

T-sclector syntax when applied t.o computations. For example, the statement 

> R (- Displacement{6.2.}; 

is equivalcllt. t.o the above T -sclect.or example. Likewise, the syntax allows the last 

COlllma to be omitted whenever the last attribute is an output attrihute. Therefore, 

w<, cau alRo wri tc as below: 

> R (- Displacement{6.2}; 

The statclllcut 

> R (- Displacement{.2.3}; 
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will cause the computation Displacement to ust' the block of t.ht' st.at.<'llwut 

dist <- vel * time. The result relation from the cvaluat.ion t.hat has a t,npl(' of 

the attribute dist of the valup 6 will be assigneo to t.he relation R. 

3.2 Stateful computations 

Readers may not.ice that computations discussed in the prcvious section art' pur<'ly 

functional. In other words, a computation will giv<> th<, same answ('r if one supplies 

the same values for the same set. of input at.trihut.t's no matt.t'r how mi\lly tilll('S 

slhe evaluates it.. In this section, we illtroduce anoth('r t.Yl't' of comput.at,iolls ca.llt'd 

stateful computations. They are computations t.hat. have hiddpn st.af,('s. TIH'sP st.at.es 

are persistent and affect the out.put in next invocations. 

For example, a simple statcful computation, an accumulator 

> comp Accum(no#:seq, in, total) is 

total <- old total initial 0 + in; 

The seq keyword, as in no#: seq, states that. t.he attribllte no' is a scq7t(~ncin!J 

attribute. Its function is to dcsignate the order of t.llpl('s in relations joining wit.h 

stateful computations. As a matter of fact, wc do not u('('d scqu<,n<'Ïllg nt.t.rihut,(,s in 

any operations on computations ('xccpt the natural join op('ration. At. t.his moment, 

readers are tiSked t.o thillk of ally sequcncing attrihutc as an extra 11llused att,ribllte 

in stateful computations. 

The old keyword, as in old total, introduces a stat.eful variahle, It. is Rutomati· 

cally updated by copying t.he value from the variable of the same IlalUe o.t the (md of 

the evaluation.1 

The keyword initial sets the following constant as an initial valuc to tlH' stat,dlll 

IThis mode of evaluation is correspondent to t.he slmultaneou" mode in 140], whkh ail stat(,H 

are updated in parallel at the ('nd of the {'omputation. Allother possihle 11l{)(1(' of ('valuation is the 

successive mode, whicb the value of a valÏable is updatt'd to its htatcflll variah)r illlllU'diatc·)y aft('r 

change (by the assignment statement), Thehe may apply to methods of fiuding solution nf lin('ar 

equations: the simultalleous mode applies to the Jacohi it('rative lll(·thod and the su(·('('toiHivf' modf' 

to the Gauss-Seidel iterative method, 
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variable name that places before it. (The above expression will be parsed as (old 

total initial 0) + in.) 

Below is an example of an eval1lation of the computation Accum .. 

> R (- Accum{300}; 

will give a tuple of the attribute total of the value 300 to the relation R. 

Repeatedly, wc enter the command again, 

> R (- Accum{300}; 

Now, the valu<, is 600. 

The r(~sIIlt is 600, instead of 300, bceause the output attribute total depends on 

Ilot only the input attribute in but al80 the stateful variable old total, which has 

the value 300 at the time before the second execution. 

3.3 Operations on computations 

Operations on computations are designed to be similar to the ones on relations. We 

ev('n reuse two commallds on relations: delete and prÎnt. 

The commancis ou computations are: 

• delete 

Sylltax 

dr!! <comp-name> 

Examples 

> dr!!Displacement 

Description 

The commalld deletes a computation. Any computation that has been called 

with instantiation by other computations cannot be delcted until its calIers have 

bren deleted. We will ciiscuss more 011 the calling mechanism in the next section . 
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• print 

Syntax 

pr!!<comp-name> 

Examples 

) pr! !Accum 

comp (no#:seq, in p total) is 

total (- old total initial 0 + in; 

Description 

The commalld prints the body of a computation 

• show 

Syntax 

sc! 

or 

sc!!<comp-name> 

Examples 

) sc! 

Displacement(dist:real, 

[dist time vel ] -) [] 

[dist time ] -) [vel ] 

[time vel ] -) [dist ] 

[dist vel ] -) [ti.me ] 

time:real, vel:real) 

Accum(no#:long,seq, in:long, total:long) 

[no#,in ] -) [total] 
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> sc! !Accum 

Accum(no#:long,seq, in:long, total:long) 

[no',in] -) [total] 

Dpscript.ioll 

The commalld shows the types of aU computations in the system or a par

ticular comput.ation. 

The statCl1lC'llts on computations are: 

• create 

We discuss the syntax and semantics of the computation in the next section. 

• assignment 

Syntax 

<ncw-comp-llame> <- <comp-expression>; 

Examplcs 

> NewDisp (- Displacement; 

Description 

An assigmncllt creatcs a ncw computation with a name on the left hand side 

(LHS) by copyillg the body and hidden states, if any, from the computation 

011 the right hand side (RHS). The operation fails and an error message is 

givcll WhCll thp name on LHS has already beell uscd. This is different from the 

assigulllC'ut on relations. The LHS name will be overridden in the assignment 

statpmrllt on rp}atiolls whether it has already been used or not.2 

• instantiation 

Syntax 

2Thc differ('lll'c of the assignllleut operator on computations and relations is a design decision. 

Wc protcct tht' ('ase that OIlC may J08(' his/her work wht'n a computation is accidentally overridden. 

Tht' cost we pay is the flexibility of asSiglliug to auy name freely, as in t.he case of relations. However • 

ou(' lIlight assigll a computation to Rn already used nalll(' by dcJetillg tbe name first. 
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new <comp-name> 

Examples 

new Accum 

Description 

An instantiation takes a computation as an opl'l'Cmd and el'('atl'S a IH'W ('011\

putation by copying the body and hiddell stat.es, if auy, from t.h(' operalld. 

However, the hidden states of the re~mlt comput.ation an' n'spt. t.o t.llt'ir init.ial 

values. An instantiatioll can be placed whrrewr a comput.at.ion expn'ssioll il' 

required, e.g., in the assigllllU'Ut statement. 

NewAccum (- new Accum; 

• T-selector 

Syntax 

'l' <projection-list> ']' where <selection-clause> in <COlll}H'xpn'ssion> 

or 

<comp-expression>'{' <value> ",' <value>',' ... '}' 

Description 

T-selector is a mechanislll of evaluating a computation hy Hllpplyillg vaillps 

for a subset of attributes and rcceivillg the values of the r('st as [('SUltfi, which 

are always relations. When using the first sylltax, it. is aUow('cl to IIS(' ollly the 

equal sign (=) and AND operator in the selectioll clause . 

• natural join 

Syntax 

<comp-name> (ijoin 1 natjoin) <rel-l~xpressioll> 

or 

<comp-name> 'l' <attributc-list> (ijoin 1 natjoin) 

<dom-list> 'J' <rel-expressioll> 
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Dt'scription 

Wc only considcr the natural join operation between a computation and a 

relation. The operation behaves as if the relation were fed in tuple by tuple to 

he evaluatcd in the cornputation. The out.put is a relation whose attributes are 

the union of the attributf's of the computation and the attributes of the input 

relation. 

In statcful computations, differcllt orders of tuples fed in may lead to differ

ent outputs. Wc solve thc problcm by introducillg a set of attributes used as 

sequenciug attributes, for example, the attribute no# in th(' computation Accum 

in the previous section. Thcll, before the ('valuation step, wC' sort the input re

lation on the scquellcing attributrs. In the case where thcre is more than one 

tuplC' on the same scquC'llcing attribute(s) only the first tuple is evaluated and 

the rcst arC' ignored. 

3.4 FormaI syntax 

Wc illustratc the formaI syntax of computations in this section. The syntax will be 

givcn in llNF (llackus-Naur Form). We give the description before the syntax and 

thf'll show SOUle ,--xamples. The' convention of the llNF is briefly summarised below. 

llNF contains a set of fl\l('s. A l'ule comprises its llame ellclosed in a pair of angle 

brackct « .. », au assiglllllf'nt. (::=), and its defillit.ion. A definition can be written 

as the ('ombillatioll of the following syntax: 

• A mle's Ilamc, which r('[C'rs to its dcfinit.iol1. 

• Symbols C'ucloscd in a pair of single quotes (' .. '). This means the symbols are 

to be t.ypl'd as they arc. 

• Symbols (\nclosC'd in a pair of square brackcts {[ .. n. This means any one of the 

symbols is uscd. 

• Symbols ellcloscd in a pair of curly brackets ( { .. }). This means the symbols are 

opt.iollal. 
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• The metasymbol 'l', which is an altc1'l1atioullotat.ion. One can use t.he symbol 

on either side of 'l'. 

• A pair ofround brackets (( .. », which is a grollpillg notatiou. 

fil The metélsymbol '*', which meaus the symbol beforc it. may apIH'ar zero or 

more timcs. 

• The metasymbol '+', which means the symhol before it. lllay appear mu' or 

more times. 

• The metasymbol '-' app('aring iu a pair of square brackcf,s. This Încli('at.l's 

continuous ASCII-orùerillg symbols, c.g., [O-Dl is eqnivalcllt. t.o [0123456789]. 

3.4.1 Identifiers 

An identifier is a combinat.ion of any lcngth of characters, digit.s or tlU' symhols 

undersrore (_), numbcr sign (#) anù single quote ('). Howevcr, in t.he implc'IlH'ut.at.ioll, 

the length of any identifier is limitcd to 80 charadcrs. 

Syntax 

<identifier> ::= ([a-zll [A-Zli [0-911 [-# '])+ 
Example 

a, Anne, dist, Oeq34, a_book, a', ci, scqno#, _ualllC 

3.4.2 Types of variables 

There are five types of variables or constants in computations. 

Syntax 

<type> ;:= 'bool' l 'boolean' l'short' l 'intg' l 'intcger' l'long' 

l 'real' l 'float' l'strg' l'string' 

'bool', 'boolean' are uRed to ùcsignatc boolean type. 

'intg', 'integer', 'long' are for long intcger, which is in the range of -2147483648 

- 2147483647 . 

'real', 'fioat' are for floating point. 
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'short' is for a short intcger, which is in the range of -32768 - 32767. 

'strg', 'string' is for a string variable or constant. 

3.4.3 Constants 

A constant. can be 

- a bool<'atl constant, 'truc' or 'faIse'; 

- a 11ull valuc constant, 'de' (don't care) or 'dk' (dOll't know)j 3 

- an intcgcr numberj 

- a floatillg point number; 

- a string, any sequel1(,c of characters within a pair of double quotes (" "). 

A floating point number ean be written in the exponentiai form (the exponentiai 

part. artel" t.he charactcr 'e' or 'E' attaches to a hase part). We can aiso specify the 

type of constants by attaching the type after the constants separated by a colon (':'). 

Lastly, an integer Humber is aJways considercd type 'long' unless any other type is 

specificd. 

Syntax 

<constant> ::= <bool...mllst> { ':' <type>} 

1 <nulLconst> { ':' <type>} 

1 <intrger> { ':' <type>} 

1 <floating> { ':' <type>} 

1 <string> { ':' <type>} 

<booLcol1st.> ::= 'true' l 'faIse' 

<nuILconst> ::= 'de' l 'dk' 

<sign> 

<intl'ger> 

<floating> 

<real> 

::= [-+] 
::= {<sign>} ([0-9])+ 

::= {<sign>} <real> 

::= ([0-9])+ '.' ([0-9])* 

1 ([0-9])* '.' ([0·9])+ 

1 [0-9] '.' ([0-9])* <expon> 

3IIdon't ('ar(''' and "don 'e know" are special values that des('ribes the status of irrelevant infor

mation and missillg data respe(·tivt'ly. [36] 
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<expon> ::= [eE] <il1teger> 

Examples 

boolean constants: true, false 

null value constants: dc, dk 

long constants: 12, -34, 56789022 

floating point constants: 1.2, -3.5, 10., 0.5434, 1.2c2, O.5E-3 

string constants: 

short constants: 

"Tom". "Hello worM!", "#$@!*&%" 

134:short, -470:short 

3.4.4 Stateful variables 

Stateful variables are d('fined by statiug the k<'yword old 1)('1'01"<' id('llt.iti(,fS. Dot.h 

attributes and local variables can b<, stateful. Stat('ful variahl('s may he illit.ialiH('cl. If 

there is more than one initial vaInc d('fined, ollly the' tirst initial vaIne is lls('d and a 

warning message is issued. Statcflll variahles without. initial vahH's an' s('t, t.o ch'fault. 

initial valuf's ('false' for bool<,an type, 0 for nu III ('rie type, aud uull string for string 

type) with a wal1ling message. 

Syntax 

<state-var> ::== 'old' <identifier> { <initial> <constant>} 

<initial> ::= 'init' l'initial' 

3.4.5 Expressions 

An expression can be recursivcly d~fincd as 

- a constant; 

- an identifier; 

- a stateful identifier; 

- any of unary operators followillg by an cxpr<,ssion; 

- any of binary operators with two expressions; 

- conditional expression (if-then-cIse); 

- grouping expression with round brackct ( ... ); 
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- predcfined functions with an expression; 

- type casting; 

- computation calling. 

Syntax 

<expression> ::= <constant> 

1 <identifier> 

1 <state-var> 

1 <unary-op> <expression> 

1 <r>xpr('ssioll> <hinary-op> <expression> 

l'if' <exprrssion> 'then' <expression> 'else' <expression> 

l '(' <expression> ')' 

1 <functioll> '(' <expression> ')' 

l '(' <type> <expression> ')' 

1 <computation-call> 

<unary-op> ::= '+' l '-' l 'l' l 'not' 

<hillary-op> ::= <compare-op> 1 <arith-op> 1 <logical-op> 

l'min' l'max' l 'cat' l 'also' 

<compare-op> ::= '=' l '1=' 1''''=' l '<=' 1'<' l '> ' l '>=' 

<arith-op> ::= '+' l '-' l '*' l'j' l '**' l 'mod' 

<logical-op> ::= 'and' l '&' l 'or' l 'l' 
<function> ::= 'abs' l 'isknown' l'round' l 'ceil' l 'floor' l 'sqrt' 

l'ln' l'log' IlloglO' l 'acos' l 'asin' l 'atan' 

l'cos' l'sin' l'tan' l 'cosh' l 'sinb' l 'tanh' 

The unary opemtors are plus sign ('+'), minus sign ('-'), and negator ('not' 

or 'l'). AllY expression which follows the plus or minus 5ign must be number type 

(intcger or float.ing point). 011(' which fo11ow8 the negator must be boolean type. 

The binary operators are 

• Comparisoll opcrators : '=', '",=' or '1=', '<', '<=', '>', '>=' . 

• Arithmetic operators : '+', '-', '*', '/', ,**, (exponentia.tion), 'mod' (modulus 

operator). The operands must be number type (integer or floating point). 
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• Logical operators: "and' or "&', "0 1" or 'l'. The opel'ands must Il{' bool('an t.ype. 

• Concatenation opel'ator ("cat'). The operat.or takes two expn'ssiouR of st.ring 

type and concatenates them tog(~th<'l'. 

• Maximum operator ('max'). The operatOl' rompan's t.wo ('xprrSsio1l8 and 1'('

turns the gl'eatel' cne. Th(' expressions can br tyP(' l'pal, loug, short. or Ht.ring. 

• Minimum opel'ator ('min'). The operatol' dops the HanH' a.c.; t.li(' maximum 01>

erator but returns the lesser on('. 

• Mlllti-valued operatol' ('also'). This op('rat.or n'tnrmi hoth ('xpl't'ssions. Us('d 

in the assignment stat<'llwnt., it l'et.Ul1lS multiplc' vahws to th(' nallH' ou t.1U' Ipft, 

hand side of the assignmcnt. op<'l'ator. For <,xample', an illV<'l'c.;e' of UU' fUIlct.ioll 

abs() is 

> comp InvAbs(x.iabs) is 

iabs (- x also -x; 

The variable iabs Willl'eturll two values, x and -x. 

To avoid ambiguity in the' order of the operators, wc defill<' thr pn'cC'd('ucc and 

associativity in Table 3.1. 

The highrr the position of t.he o}wrator in the tabJ(·, th(· highC'r Hs onlc'r of prc'ce

dence is. For cxample, an expre'ssion 3 + 5 * 4 * *3 = 34 & 15 < .) will 1)(' iut.('rpr('tC'cl 

as ((3 + ((5 * (4 **3)))) = 34)&(15 < 5). 

The condi tional expression (if- t.hCll-elsC) n'qnin's thrcc exprpssions. if-c'xpr(,Hsioll 

must be boolean type. thell-expre::.sioll and <'!::.c-expn'ssionmust he' ('ompat.ihll' tYPf'R. 

There are 17 predefincd f\lndions: 

- absO l'etUl'llS au absolute vaInc of the expressio1l. 

- isknown() l'etllrns 'truc' when t.he expref,sion is auy value but. Ilot 'clk'. 

- round() returns the' grcat.C'st. illt.C'g{'f t.hat ]efifi thall or ('quaI to the ('xprC'Hsion. 

- eeilO returns the Icast illt('gN that gr<,ater thau or cquai t.o HIC' f'xpn·!;Hion . 

. floorO rctUl1lS the greatest iutC'ger that lChs thall or ('quaI to t.lu' (lXpn'HHioIl. 

- sqrt() retUl1lS the positive' squa.re root of th(' cxpresHioll . 

- InO or logO returns the logarithm to the llatura] ba.,<,c of t.he (lXpreHHion. 
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Operator Associativity 

'old' (unary-op) 

'initial' non-associative 

'not', 'l' (unary-op) 
,**, right-assoriative 

,*, '1' 'mod' left-assoriative 

'+' '.- , lcft-associative 

'max' 'min' left-a."isociative 

'cat' left-associative 

'=' '!=' '",=' non-associative 

'<' '<=' '>' '>=' -
'&' 'and' left-associative 

'1' 'or' left-associative 

'also' non-associative 

Table 3.1: Pl\~cedencc aud a.'isociativity of operators 

- 10glO() r('t11ms the logarithm to ba.c;e 10 of the expression. 

- acosO, asinO, atanO rrturn inverse cosine, inverse sine. and inverse tangent 

functions of the expr('s~ioll. 

- cosO, sin(), tanO return cosine, sine, and tangent fuuctions of the expression. 

- coshO, sinhO, tanhO r('turn hyperbolic cosine, hyperbolic sine, and hyperbolic 

tangent functiollS of the ('xpression. 

3.4.6 Calling a computation 

As with functions and proccdnr<,s in traditional programming languages, computa

tions ('an 1)(' callecl by othe1' computations, In fact, we use the positional notation 

to {'mbody computation calling. The lcturn value must be a singleton scalar rela

ti(lll. which is imphcit.ly tn'ated as a variable in c1mputations. A computation can 

r<,cursively call itsclf as weIl. 
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Syntax 

<computation-caB> ::= { 'new' } <idcut.ifiN> '{' <act.ual-pal'ams> '}' 

<actual-params> ::= <cmpty> 1 <expression> 1 <adual-parculIs> ',' 

1 <act.ual-params> .,' «'xprcssion> 

<empty> ::= (' ')* 

For example, a computation that computrs thr fart.orial. 

> comp Factorial(n,fac) is 

fac (- if n=O then 1 else n * Factorial{n-l}; 

Supposc onc c11tcrs the COlllllHtnd 

> R (- Factorial{3}; 

The computation Factorial will assigll the value 3 t.o n and t.ry t.o ('valuélh' t.lU' 

value of fac. The proccss of l'valuation may look like a dowllward rakulatioll in t.1H' 

table below. 

11 fac 

-------

3 3 * Factorial { 2} 

2 2 * Factorial { 1 } 

1 1 * Factorial { O} 

0 1 

Finnlly, the computation Factorial stops at. n=O and rctllflls thl' vahlP of fac 

upward to its caller. The final rcsult is a rrlation of an attriblltp fac. whiC'h has OIW 

tuple of value 6. 

One shollld he carcful whcn callillg statl'flll computations illsicl~ ot.lH'r ('01111>11-

tations. Suppose wc want to use the computation Accum in s(·C'tion 3.2, which is a 

stateful computation, to reprcsput a storage with a capaeity of 100. A C'olllput.ation 

IsFull is written to report the status of thc f,torag(' whetlH'r if. is full or Ilot. 

> comp IsFuIl(no#, in, mesg) is 

mesg (- if new Accum{no#,in} ( 100 then "r'm full!" 

else "1 need more."; 
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Here, the ('omputation Accum is said to be called with instantiation, With the 

k('yworcl new, the computation 1sFull will instantiate a hidden state from the one 

in Accum and reset to the initial value when it is declared. After that, we run the 

statclIH'nt 

> Mesg (- IsFull{O, 68}; 

The relation Mesg will have a tuple of the attrihute mesg of the value "1 need 

lIlore,". Note that the value sllpplicd to the attribute no# in t.he above T-selector 

statcment can be any value and there is no effcct on the result sinee it plays the role 

of sequPl1cing attrihute ollly in tll(' llatllral join operation. 

In contla. .. t, if the kpyWOld uew is missing in the declaration of t.he computation 

IsFull a.s below: 

> comp IsFull(no#, in, mesg) ia 

mesg (- if Accum{no#.in} < '.00 then "l'm full!" 

else "1 need more."; 

Every time we perform any cvaluation (eithcr T-selector or nat.ural join) on the 

computation 1sFull, the original state in Accum det.ermilles the result of the expres

sion Accum{ no#, in}. For exampl(', wc run t.he statement 

> R (- Accum{O, 40}; 

Assume that. the statcful variable in is originally O. Arter the abovc statement, 

th(' stat,eflll variahle ln in Accum is 40. Then we fun the statement on the latter 

version of 1sFull a.''; ('xactly as the above one. 

> Mesg (- IsFul1{O, 68}; 

The statelllPnt updates the statcful variable in in Accum to 108 and returns the 

valm' 'Tm full!". This lllight llot the expcctcd answer. 

Forward reft'n'Iu'(' is allow('d iu calling computations. In othpr words, computa

tions tan b{' called hy ot11<.'l' computations befor<.' their declaration. The called names 

are kept withollt checkiug their ('XistCllCC durillg the compilation process, They must 

il(' ('l'<,ated, how{'vcl', befof(' the l'valuation (T-sel<.'ct.or or natural join) of the calling 

eomputatiolls. or au error is r<.'portcd. 
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However, the principle of forward referenc<, does uot apply to tht' ra."<, of ('al1illg 

with instantiat.iou. Because we necd to installtiatl' a11 the st ates from t h(' raUt'cl 

computations in the compilation process, we n'quire tll<' call1'd complltatiolls to havf' 

been declared. 

3.4.7 Declaration of computations 

A computation can be created by usillg the following sylltax: 

< com pu tatioll > 

<new-comp-name> 

<attributes> 

<body> 

<predicate-clause> 

<block> 

<single-stmt> 

<cornpound-stmt> 

<local-vars> 

<vars-type-list> 

<variable-list> 

::= 'comp' <u<,w-comp-llamc> <at.tribut<,s> lis' <body> 

::= <idel1tifipr> 

::= '(' <idcntifier> {':' 'sPq'} (',' <idmt.ifier> {':' 'Sl'q'})* 'l' 
::= {<predkate-clallsr> } <hlock> ('ait' <hlo('k> )* 

::= 'def' <expression> ';' 

::= <singlr-st.mt> 1 <('ompollud-stmt> 

::= <identifier> (- < expression> 

::= '{' {<local-vars> } «single··st.lllt> ';')+ '}' 

::= 'local' <vars-type-li!o.t> (',' <vars-typ<,-lh;t> )* ';' 

::= <variablr-list> '.' <t.y}>r> 

::= <id<'lltifipr> (,,' <id<'lltifipr> )" 

<new-comp-name> must he unique amollg tht' set of relatioll and ('omputation 

names in the system. 

<attributcs> is a list of domaill names represPllting thp attrihllt('s of tlH' compu

tation. The optional keyword seq ifi used to show that th(' desigllated attrihut,(· is a 

sequencing attribute. 

<body> contains at most oue plcdi('ate cIallfie, which is dehigllatecl by tll<' kpyworcl 

der followed by a booleall exprpf,sion and (l i>emieololl (';'), alld al. h'H.r.;t. 011f' hlcwk. In 

the case of more than one block, the blocks af(' separatt'd hy tlH' k('ywc)f(l aIt. 

<block> can be Olle statCllwnt or sequences of st.atcmcllts. 

<single-stmt> is an identifier followed by thr a..,~igllmrnt opc'ratm ('<-') and an 

expreSSIOll. 

<compound-stmt> comprises an optiollal <lor.al-vars> which is thC' df'claration 

part of local variables, and scquenccs of statrmrllts; within the curly brackc't, 
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The declaration of local variables starts with the keyword local followed by sets 

of variahle names, a colon (':'), and a type with f'ach set separatcd by a comma (','); 

and cnrls with a scmicolon (';'). Variables used in the staternents of any block must 

be eit.her local variables of that block or attributes of the computation in which the 

variahles bclollg to. 

3.5 Examples 

Note that wc assume aIl attl'ibut.es' names used in the foIlowing computations have 

alrcady bren declal'cd as domain names with proper types before the derlaration of 

computations (e.g., domain pi real;). 

3.5.1 Constant computation 

Here is an cxamplc of dcclaring a constant computation, Pi. Using the positional 

notation without attl'ibutf', the computation Pi returns a constant. 

> comp PHpi) is 

pi (- 3. 141593; 

> result (- Pif}; 

> pr! !result 

pi 

3.141593 

relation: "result" has "1" tuple(s) 

Const.ant computat.ions may be called in other computations. Here is an example 

of a computation to cOlupute the arca of ch'des that uses the computation Pi as a 

constant. 

> comp CirArea(radius J area) is 

area (- PiO * radius * radius; « use the computation Pi » 
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3.5.2 Integer division 

The example below shows a computation for illt(\ger division. Tl\(' purposP is to show 

that computations may have ll1or~ than one output attribut~. 

The computation IntD i v tak~s two input att.ribut(\s, di v idend and di vider; and 

returns two output attributt,s, quotient and remainder. 

> comp IntDiv(dividend. divider. quotient. remainder) is 

{ 
quotient (- dividend / divider; 

remainder (- dividend mod divider; 

} ; 
> result (- IntDiv{34. 3}; 

> pr!!result 

quotient remainder 

1~ 1 

relation: "result" has "1" tuple(s) 

3.5.3 Multi-valued computation 

Computations may return more than Olle value tü the same attrihut,(\.4 For example, 

the computation SqRoot returns both positive and llcgative l'Oot. 

> comp SqRoot(n. root) is 

root (- sqrt (n) also -sqrt (n) ; 

> result (- SqRoot{24}; 

> pr! !result 

root 

-4.898979 

4.898979 

relation: "result" has "2" tuple(s) 

4Some limitations applied. Sec details in section 4.5.2 

48 

• 



• 

• 

iteration 1 2 3 4 5 6 ... n 

a 1 1 2 3 5 8 ... Fib(n) 

b 0 1 1 2 3 5 .,. Fib(n-1) 

Table 3.2: The values of a and b 

3.5.4 Recursive computation 

To dcmollstrate rccursivc computations, we consider fillding the sequence of Fibonacci 

numbers, in which cach uumbcr is the sum of thc prccedillg two st.arting with 0 and 

1 : 

0,1,1,2,3,5,8,13,21, '" 

The Fibonacci numbcl's cau be defilled as follows: 

{ 

0 if n = 0 

Fib( 71) = 1 if n = 1 

Fib(ll-l) + Fib(1l-2) oth{)rwise 

Wc may computc the Fibonacci llumbel's by au iterative method. Let us use a 

pair of intcger a and b, initialiscd to 1 and 0 rcspectively. If we repeatly apply the 

parallcl assigulllellt 

a+-a+b 

b 4-- a 

The valucs of a and b will be as in Table 3.2. [2] 
Wc apply this mcthod to the computation Fiblter. The computation calls itself 

r(,clUsiw'ly ulltil it l'caches the stoppillg condition and returns the value back to its 

parcnt. 

> comp Fib(n,fib) is 

fib (- Fiblter{l,O,n}; 

> comp Fiblter(a,b,count,sum) is 

sum (- if (count=O) then b else Fiblter{a+b,a,count-l}; 
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Suppose Num is a relation of the numbers 1 t.o 10. Vve may g('lu'rat,(' t hl' first. tl'n 

Fibonacci nmubcrs by joinillg Fib wit,h Hum. 

> pr! !Num 

n 

o 
1 

2 

3 

4 

5 

6 

7 

8 

9 

relation: "Num" has "10" tuple(s) 

> FirstTenFib (- Fib ijoin Hum; 

> pr!!FirstTenFib 

n fib 

0 0 

1 1 

2 1 

3 2 

4 3 

5 5 

6 8 

7 13 

8 21 

9 34 

relation: IFirstTenFib" has "10" tuple(s) 
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DDDOD Vin 

01 

02 

Figure 3.1: Wave forms of the 3-bit counter 

3.5.5 Stateful computation 

Wc use the frequellcy divider as an example of stateful computation. The output 

togglcs Whcllcvcr the input changes its state from l(truc) to O(false). In Figure 3.1, 

Vin and 00 are the input and output signal rcspectively of the frequency divider 

circuit. 

Wc can build a 3-bit COlllltcr using thl'ee frequency dividers as in Figure 3.2. The 

comput.at.ion forms of t.hc frequcncy divider and the 3-bit counter are 

> comp FreqDiv(time:seq, vin, vout) is 

vout (- if (old vin initial true=true and vin=false) then 

not old vout initial false else old vout; 

> comp Counter(time:seq, vin, 00, 01, 02) is 

{ 
00 (- new FreqDiv{O. vin}; 

01 (- new FreqDiv{O. oo}; 

02 (- new FreqDiv{O, ol}; 

} ; 
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-- ------------.-

Vin 
- 1--

freq freq freq 
div div div 

02 01 00 

Figure 3.2: Diagram of th<, 3-bit count.cr 

Suppose we have a rclation Pulse which rcpr<,scllts thc wav(' fonn AS in Vin 

in Figure 3.1. The natural joiu bct,weCll thc rclation Pulse and t.lw computat.ion 

Counter gives the output attribut<,s 00, 01, and 03 corr('spoudillg tu t.lH' wave fonn 

in Figure 3.1. The foUowillg is an output. in the fonn of a r('lation. 

> result <- Pulse ijoin Counteri 

> pr! !result 
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time vin 00 01 02 

0 true false false false 

1 false true false false 

2 true true false false 

3 false false true false 

4 true false true false 

5 false true true false 

6 true true true false 

7 false false false true 

8 true false false true 

9 false true false true 

10 true true false true 

11 false taIse true true 

12 true false true true 

13 false true true trilE! 

14 true true true true 

relation: "result" has "15" tuple(s) 

To cnsure that the computation Counter begins counting from zero. We should 

us(' the statemellt 

> result (- Pulse ijoin new Counter; 

The keywold new will instantiate a new connter in which aU states are reset to 

their initial values, regal'dless of any states remaining from the previous execution of 

th(' computation Counter. 

3.5.6 The role of instantiation 

Inst.ant.iation plays a very important role on stateful computations. Statements with 

and without Ut(' keyword new may lead to totally different results. Examples are 

two following T-scl{'ctol' statcUlents 011 the statcful computation Accum in section 3.2. 

Dm' with an instantiat.ioll as 
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> R (- nev Accum{92}; 

will always give the result 92 to the relation R becausr the T-srlrct.or is d01l(' by «'X('

cuting a new instance of the computation Accum, which has Hs own st.at.(' n's('t t.o t.he 

initial value of the corresponding state in Accum. Thc other withOllt. nn illstnntiat.ion 

as 

> R (- Accum{92}; 

will depend 011 the last status of thE.' hiddcll stat.e in Accum . 
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Chapter 4 

Illlplementation 

This chapter is about the implcmcntation of computations. Section 4.1 overvirws the 

implcmrntatioll of Relix. Section 4.2 describcs how computations are represented. 

Algoritlullf; for cach operation on computations arc given in section 4.3. Thcn, in 

section 4.4, wc explain the fmICtions of the parser, which pcrforms the syntactic and 

s(>mantic ch('cking. Section 4.5 is the detail of t.he cxecutor uscd in the evaluation of 

comput.ations lU the T-selcctor and the naLmal join operations. 

Sect.ion 4.6 present.s the nll'ehanislU of concurrcncy control. 

4.1 Implementation of ReUx 

Relix consist,s of two main modules: a parscr, grneratcd by Lex [30] and Yacc (24]; 
and an illt<'rprrtcr, which is a C program. The parser performs syntax checking and 

gen('ratrs illternH'diatc eodcs. The intcrprctcr branches to particular C functions 

corn'spolldillg t.o the illtcrmcdiatr rodes. 

Earh relation is stOlwl in a UNIX file whose name corresponding to the name of 

the r('lation. Duc to UNIX limitations, relation names must he unique in the first 

fourt(,(,ll charartel's, rvell t.hOllgh Wiers l11ay name relations up t.o 80 characters. 

Datahast's, which are collect.ions of relations, are equivalent t.o UNIX directories. 

Each dataha~(' has it,s OWll data dictionary. Therefore, relations of the same name in 

diffef('llt. dat.abascs are IlOt. relatcd to each other and may repIescnt. different thïngs . 

Dat.a dictiollary, information about domaills and relations, is kept in the form of 
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relations. We caH these relations system relations. Dat.a dictiollary contai us t.hft'c 

system relations: . dom, . rei, and .1'd, 1 which ston' informa t.ion of dOllUtlllS, rl'lat ions, 

and relationship betwccn relations and domains respt'ctiVl'ly. \\Tl' disCIl8S ouly tht' 

system relations. rd since it is relat.cd to the implt'llll'iltat.ioll of computat.ions. Thl' 

relation . rel is defilled as follows: 

. rel (. reLname:strg, .so7'Lstatus:short, . mnk:sh07't, ,ntu]Jlcs:lony) 

Each relation defined on ReUx ha. ... a tuple in relation ,rel, illcludillg ,1Y~l itsplf. 

Attribute . r'cLllame stores t.he relat.ion lHUUl'S. ,SorLstatus and . mnA: tell Rclix t.hnt 

whcther the rclat.ions ale Rort.ed or Hot, and on how mall)' att,rilmtt'H. ,Nt1tl)l(~s illdi

catcs how mally tuplcs arc in tht' n'latiOlw, 

When wc Rtart Rclix, aIl system lclations an' load('d illt.O clata struct.l\l'I'S iu llU'lll-

ory. Rclix performs aU operatiolls directly on th(' dat.a :-;t.l'Uct1ll'('H and Ilpdal,('s Hl(' 

data back to the systcm relations whcncver the ùata iH dlang('(l. 
.< 

The main flow of Relix can be SUlllllHUiscd as t.he following aigoritlllu: 

1. Load system relations into data struct ures. 

2. Wait for input from users. 

3. Parse the input and generate illtel'lllediate coùes. 

4. Execute the intermediate codes. 

5. Update system relations if ncccssary. 

6. Go to step 2. 

4.2 Representation of computations 

Computations are implell1Clltcd a.'l special fOl'lllS of relatiolls, A eomputatioll is rcp

resented as thrce compOllclltS: 

1 In Relix convention, names hegin with pel'Ïod (.) al'e system lIames . 
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1. A source file--a fil(' of the same name as the computation contains the source 

code of computation. 

2. An i-code file-a file of the name Il.<comp-name>.ic'', which <comp-name> 

is replaced hy the actual computation name, containing intermediate codes 

gcuerated in the px('('utablc format in Relix. 

3. [nt(~rf(U'e mformation- its dC'claratioll, type, local and stateful variables are 

k('pt in the form of tupl('s in system relations. 

Au ('xample of a computation Rpar that computes the resistancc r _par of two re

sistors ri and r2 COllllC'ct('d in pataUd is used for the purpose of illustrat.ion through

out tItis spdioll. The eomputatioll Rpar is writtcn as below: 

camp Rpar(rl,r2,r.par) is 

def ilr_par = l/ri + 1/r2; 

{ 

local x: real ; 

x (- ri + r2; 

r_par (- if x=O then 0 else ri * r2 1 Xi 

} 
aIt 

{ 

local x: real; 

x (- r2 - r_par; 

ri (- if x=O then 0 eI~e r2 * r_par 1 x; 

} 

aIt 

{ 

local x: real; 

x (- ri - r_par; 

r2 (- if x=O then 0 else r1 * r_par 1 x; 
} ; 

57 



• 

• 

The computation Rpar cOlltains four blocks: th<, J)l'('dicatp <"laus<, , whkh is thl' 

boolean expression after the keyword def, and thr{'(' seqUI'Ill'(,S of :-:tatf'llH'nt.s gnmpl'd 

within the brackets separated by th(' kt'ywol'd ait. Noft, that tht'I'(' Ul'l'cl lH' no hra('kl't. 

jf a block contains only one stateuwnt. 

4.2.1 Source file 

Source files are kept only for the }>U1'pose of hUlllélll l't'adillg. Thpy do not.hing in 

the execution proces8 of computations. We gelleratc a S()\ll'('l' fih' hy illtN('('pt.illg aIl 

characters tbat. users type in Wll<'ll they ('l'pate a comput atioll. TIH'1l w(' ('lilllilla!.(' 

the name of the computation in the sourcc fil(' to mak(' it anonymous. Th(, SO\ll'('(' 

file of the computation Rpar will look like this: 

comp (rl,r2,r_par) is 

def i/r_par = l/rl + i/r2; 

x (- ri - r_par; 

r2 (- if x=O then 0 else ri * r_par / x; 

} ; 

Note that th<, name Rpar in the first line was l'liminat('(l. Tlu' advhntagf' of t.1lt' 

anonymity, whieh we will sep later, is we can simply ('opy t.IH SOI1l'('t' tilt' from th/' 

original computation to the IH'W computation in th(' a.<;SigullH'ut and t IH' il\,~t.alltiati()11 

operations. 

4.2.2 I-code file 

I-code files plny a certain l'ole in the exccution of com}>lltatioIlH. Conc('ptllally, tlH'y 

are sequences of lllnemonic ('odes for a stack machin('. For ('xamplc', dH' i-('oc\(' 

push-name tplis Relix to push its op<'l'and onto thf' ~ta('k. TIlt, i-('uclp plus t,t'IIt; 

Relix to pop two clements from the st a('k, do il plus 01>/'1 atioll, and pm,h tJU' [(·sult. 

back to the stack. Wc diseuss the dctails of i-code in sPctÎOll 4.4 amI 4.,), 
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4.2.3 System relations 

Each computation has its eutry in relation . rel. The .sorLstatus of any computation 

is I;('t to a constant CMPTN JlTATUS (equals 16 in the current version) to be distinct 

froIll othf'f types of relatiolls. The .rank and .nht1Jles are set to RELlX_VOID (the 

status illdieates the llnu~ed state, which equals -3). 

In addition to the relation . r-el, five system relations are designed to keep in

formation related to computations. Table 4.1 illustrates the relations' names, their 

attributes and their functiolls. 

The syst(lll1 relations contain information of the computation Rpar are shown: 

.comp(.comp_name, . dom_pos, .domJlame, .type, .seq_attr) 

---------- -------- --------- ---------
Rpar 0 r1 1 0 

Rpar 1 r2 1 0 

Rpar 2 r_par 1 0 

. comp_type ( . comp_name, . block, . block_type, . code_offset) 

Rpar 0 7 0 

Rpar 1 3 154 

Rpar 2 6 360 

Rpar 3 5 570 

.comp_local(.comp_name, .block, . var -name, .type) 

---------- ------ ---------
Rpar 1 x 1 

Rpar 2 x 1 

Rpar 3 x 1 

Relation .mTn]J contains information of attributes, their positions, and their types. 

The type is rl'pr('s,~nted as a short int,eger which can be deciphered as in Table 4.2. 

Relation .co7n1Uype contains information on types of computations, which is dif

{(>reut {rom the types of attributes above. To avoid any confusion, we call the types of 
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.comp Attribute information 

(.comp_lla11le : strg, computation nalUe 

.dom_pos : short, position of attribute, hegins at. 0 

.d011l_11ame : strg, attribute llalllt' 

. type: short type of aUri hu tt' 

.seq_attr : short) sequellcÏllg aUrihute st.atlls 

.comp_type Type of computation 

(.comp_uame : strg, computat.ion BalUe 

.block: short., seqll('nCe llllmh<'r of block, l)('gins at, 0 

.block_typr: long, t.ype of hlock 

.code_offset: short) offset of int<'l'Ill('(liate cocl(' in UH' .ie file 

.compJocal Local variable 

(.comlL.l1anH' : strg, ('omputation 11a111e 

.block: short, sequrllcc numlwr of hlock 

.var_ualne : strg, local variable nam(' 

.type: short) type of variahle 

.comp-state State variable 

(.comp_llamp : strg, computat.ion HaUle 

.block: short, scquellCC' number of hlock 

.instance: short, sequen('e IlIl1111wr of instaure 

.vaLl1ah'<' : st.rg, state variahle llallle 

.type: short, type of variahle 

,iuit .. val : 5trg, initial valu(' in ASCII sortahl(' format 

.acLval : strg) current value' in ASCII sort,ahle format, 

.comp_depelld Depelldpllcy of stateful comput.ation 

(.calling : strg, caller 

.called : strg) receiver 

Table 4.1: System relations of computations 
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Type Code 

bool 0 

l'cal 1 

string 2 

short 3 

long 4 

Table 4.2: The codes reprcsentillg types of variables 

computations as computation types. We number each block of code sequentially start

ing from zero. The prcdicate clause is optiollal. It must be the first. block (block 0), 

howcver, if it. ('xists. Computations that have no prcdicate clause will start running 

tlw block lllllubcr of ordinary blacks from 0, not 1. In the case of the computation 

Rpar, the predieate clause is considcrcd block 0, The code for computing the attribute 

r _par hlock 1, and so on. It is Ilot difficult to s('(' that the computation type of Rpar 

18 

black 0 : (rl :real x r2:real x r_par:real) - boolean 

black 1 : (d.Tml X r2:real) - r_par:real 

black 2 : (r2:real x r_par:r('(Ll) - rl :real 

block 3 : (rl :rcal x r_par:real) -. r2:real 

Wc rt'pres('nt. the computat.ion t.ype informat.ion in att.ribute .block_type as a long 

illteger (32 hit.s) and lllark th(' bit correspollding ta the position of input attributes. 

Output attribut.es arc t.h(' complt'mcnt. of input. attributes. For example, the posi cians 

of r1, r2, and r-par an' 0, 1, and 2 respcctivcly. The computation type of block 0 

is 2° + 21 + 22 = 7, of block 1 is 2° + 21 = 3, and so 'on. With this method, we limit 

t.he numlwr of at.t.ributes in any computation to 30. Any constant computation will 

haV<' thr comput.ation type t'quais 0 (no input attribute).2 

TIl{' attribut.r . code_offset illdicatcs the offset of illtermediate codes in the i-code 

filt'. For examplt" the code of black 2 begills at byte 360 of the i-code file . 

28('t' an t'xalllplt' in s('ctioil 3.5.1 
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Relation . comp_local keeps the information of local variables of ('ac11 hlock of COlll

putations. As shown abovc, each block of the computat.Ïoll R_par has itH own lm'al 

variable. Even though thc variable names, x, are the same; the)' f('pr('s('ut. diff('l"t'llt. 

positions of storage. 

Another example is raised to delllonstratc tht' content. in tht' t,wo rel1laillillg sy~t.t'lll 

relations, .com1J_stute and .comp_dcpcnd. Herc is a computat.ion r('pre!->('Iüs 1\ hUllk 

account. 

comp Acct(no#:seq, dep, bal) i8 

bal (- old bal initial 0 + dep; 

No# is a sequcncing attribut.e. The result of bal is calculatt'<1 hy adding t.h(' d<,

posit (nep) to the balance (old bal) A new account. is defined by inst.ant.iat.ing t.ht, 

computation Acct. 

comp NewAcct(no#:seq, dep, bal) is 

bal (- new Acct{no#,dep}; 

The system relation . com1Lstate that keeps the information of stat<'ful variahlt,s 

of both computations is shown: 

. comp_state 

(. comp-Ilame, . block, . instance •. var _name •. type, . ini Lval, . act_val) 

Acct 

NewAcct 

-1 

o 
o 
1 

bal 

bal 

3 

3 

-00000 

-00000 

-00000 

-00000 

Stateful variables are recorded in the relation .com1Lstute. TIH' cOIllput.at.ion Acct 

has one stateful variable, bal. The value -1 in the attrilmte . block nu'alls tlw l1allH' 

is a stateful variable of an aU riblltc. The valur 0 in the attrihute . mstmu;(~ lIH'ans 

the variable is dcclarcd directly in Acct. The attrihlltp .imLtml and .m;L1Jftl k('('p t.1H' 

initial and actual values of bal, repre~entcd in ASCII soda/lle f017nat (t1w ff)rmat 

used in Relix that trallsforms nUlllhcrs into fix('d-lellgth strillg!-> so that tllf'Y ('an hl' 

sorted by using ordinary string sOlting fu 11 ct iOll ). Dot.h values an' M't to tlu' valuc 

after the keyword initial, whieh is zero. Initial valurs are Ilot ('hang('cl aft('r t.he 
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declaration of computations but actual values may be updated when computations 

are executed using the T-selector or the natural join operation. 

The computation NewAcct does not declarc any stateful variable explicitly. How

ever, it instanttates astate by calling Acct with the keyword new, which means 

NewAcct will create a new s('t of stateful variable(s) by copying from t.he one(s) 

of Acct and reRettillg the actual value( s) to th(' initial value( s). TWe also say that 

Acct is an instance of the first block (. block=O) of NewAcct. A tuple in relation 

.comp_state records the stateful variable bal bclollgs to the first blo{'k of the compu

tation NewAcct. The value l in attribut.e .instance mcans t.he st.at.e is rlerived from 

the' first instance of the block. 

Here is anot.her cxample. Suppose we have a fixed-size buffer of 2048 bytes. We 

want to write a computation that returns a status TRUE if it successfully adds certain 

bytes of data into the buffcr and does Ilot overflow; and leturns FALSE otherwise. 

The computation NotOverflow is 

comp NotOverflow(no#:seq, bytes, result) 

{ 

local size:intg; 

size (- old size initial 2048 - bytes; 

result <- if size < 0 then false else true; 

« Comment:set the value of "size" back if not successful » 
size (- if Bize < 0 th en old size else size; 

} ; 

The information of stateful variables of the computation NotOverflow will be: 

. comp_state 

( . comp-name ,. black, . instance, . var _name, . type, . ini t_val, . act_val) 

NotOverflow 0 o size 3 -02048 -02048 

The valut' in the attribute .block is 0 because the stateful variable size belongs 

to the first block. The value in the attribute .instance is 0 because size is directly 
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~ l ~ + 
level of instantiation 

L3 L2 Li Lü 

1 1 ~ instance number 

F F F F f -

Figure 4.1: The detail of the attribute .instance 

declared in the block, not deriv('d from installtiating oth('r comput.at.ions as in th(' 

case of the computation NewAcct. 

Formally, the attribllte .blod: indicates the scopc of stateful variahlps. It ('quaIs 

-1 when the name is a state of an attribute. Ot.h(·rwise, it ('<tuaIs t.ll(' blc)("k Ilum\)('r 

of the block in which the llallW is a local statc. 

The attribute . mstance equals 0 if the statl'ful variable is d('clan'd iu t,1U' hlo('k 

(with the keyword oId); or imhcates the lellel oJ m:;tantintwn aud tJu: WSlanCf! Hum·· 

ber, which is the llumber (startillg from 1) indicating tht' or(}t'r of apIH'aral1<'(' of the 

instance within the block. In this casr, the four half-1Jytc's of .ULslmtCt! support four 

levcls of instantiation, cRch with instauC'e llllluhcrs from 1 to 15(F)- S('(' Fig1lfl' 4.1. 

In the example of frcqucllcy dividcrs and a countc'f in Hcction 3.5, t.ilt' C'omputation 

FreqDi v is stateful. The computation Counter, whic.h iH a 3-bit count,l'r, IlS('S thr('(~ 

frequency dividers. Th{' instan<"C nUlubers of those tlu·ee FreqDi vs an' l, 2 amI 3 

respectively accordillg ta the order of their appearan<:cs in th(' cod('. TIl(' 1 ('V<'I of 

instantiation is LO above becausc the states come from the computation FreqDivH 

which w{'rc installtiated. 

Suppose we write another computation TwoCounter which us('s two 3-hit ('Ollut('rfi. 

Similarly, the instance llumbers of thos(' two Counters are 1 and 2 f('SIH'ctivdy. The 

level of instantiatioll, however, is LI ahove since the statt's are Ilot from t.1U' Counters 

but the FreqDi vs which were instautiated by the Counters. 

The system relation . comp_state of the ahovc computations are (the valucs of the 
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attriblltc .instance are shown in hexadecimal): 

. comp_state 

(.comp~ame •. block •. instance •. var_name,.type,.init_val,.act_val) 

---------- ------ --------- --------- ----- --------- --------
FreqDiv -1 0 vin 0 1 1 

FreqDiv -1 0 vout 0 0 0 

Counter 0 00Û1 vin 0 1 1 

Counter 0 0001 vout 0 0 0 

Counter 0 0002 vin 0 1 1 

Counter 0 0002 vout 0 0 0 

Counter 0 0003 vin 0 1 1 

Counter 0 0003 vout 0 0 0 

TwoCoun ter 0 0011 vin 0 1 1 

TwoCounter 0 0011 vout 0 0 0 

TwoCounter 0 0012 vin 0 1 1 

TwoCounter 0 0012 vout 0 0 0 

TwoCounter 0 0013 vin 0 1 1 

TwoCounter 0 0013 vout 0 0 0 

TwoCounter 0 0021 vin 0 1 1 

TwoCounter 0 0021 vout 0 0 0 

TwoCounter 0 0022 vin 0 1 1 

TwoCounter 0 0022 vout 0 0 0 

TwoCounter 0 0023 vin 0 1 1 

TwoCounter 0 0023 vout 0 0 0 

Tht' valucs 0001, 0002, and 0003 of the attribute .instance in the tuples where 

.comp_ulIme= "Couuter" refer to the first, second and third instance in the code of the 

(·omput.ation Counter l'C'spectivcly. The values 0011,0012, and 0013 (in hexadecimal) 

in t ht> tllplcs wht'rp . C07nluwme= "TWoCoullter" l'eft'l' to a11 instances instantiated by 

the fil'st inst.ancr in the code of the computation TwoCounter. The values 0021,0022, 

and 0023, similarly, rcfer to aIl instauces from the second instance of the computation 
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TwoCounter. 

The last system relation, .comp_dc.pend, stores drprudencirs b('t.w('(ln st.at('ful com

putations. The attribute .calling and .mllcd st.orl' thp nanH' of th(' calling ('ollllm

tat.ions, or caller; and t.he computations beillg callpd. or rcceivcr r('r-;p('('tiwly. The 

purpose is t.o keep consistency of states and i-cod('s l){'twe('n rall('rs and r('('('i"t'r:>. 

The rcceivers cannot be del<'ted because aIl st.at.ps of tilt' caIl('!" w('n' g('llt'fat('d 

based on the states and i-codps of the receiv<'l" found al. tlH' tÏlup tlU' ('1\,l1{'r was 

compiled. If the states and i-codes of t.he n'rciver we}'(' ('hallg('d, or disapp('an'claftt'r 

this, it might causr inconsist.ency in the st.at.ps of tht' rall('r whm ('X('('ut.illg t.hl' i-('od('s 

in che receiver. 

The situat.ion is differcnt in non-statt'ful computations. As tlu'y do not. havI' 

hldden states, wc lleed uot. to kccp the d<.'pclldcncy as in th(' cast' of st.at{'f1l1 ('OlllPU

tations. Therefore. wc allow non-stat{'ful comput.ations to IH' dd('tpd fl't'ply, without 

considering the depelldencies bct.wecu computations. This impli<,s t.hat t.il(' prilu'iple 

of forward reference is applicd ta non-statefnl computat.ions but not statt'ful compu

tat.ions as we have rnentioned in section 3.4.6. 

Below lS the data in relation .comp_depend for t.he ahovl' exampl<'s . 

. comp_dependC.calling, .called) 

NewAcct Acct 

Counter FreqDiv 

TwoCounter Counter 

4 .. 2.4 Data structures 

For reasons of efficiency, wc load the information in the system r('lations to IIH'lIlory 

whenever wc start Relix. Ilelow arc the data structur('s used for storillg HU' infor

mation (written in C with comments bracketed hy 1* and * /) and thpir d('H(·ript.ioIlH: 
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typedef struct _sym { 1* corresponding to .comp and .comp_local *1 
cha.r name[MAX_ID]; 1* .dom-name or .var-name *1 
short type; 1* . type *1 
short status; 1* . seq_attr, not used in .comp_local *1 
short offset; 1* .dom_pos, not used in .comp_local *1 
struct _sym *next; 1* ptr to next element *1 

} SYM_TYPE; 

The strurture SYM_TYPE is llsed to store computation attributes or local variables 

in a siugle-liuked list. Hame and type are for the name and type of attributes or 

variables. Sta:cus is currclltly uscd to indicatc the sequcllcing attribute if sct to 1, 

otherwise O. Offset indicatC's the position of attrilmtes as well as their address of 

storagc W}Wll il. is bcing cxcclltC'd. *Next points to the next elemC'nt in the list. 

typedef struct _state { 1* corresponding to .comp_state *1 
unsigned short instance; 1* .instance *1 
char name [MAX_ID] ; 1* . var_name *1 
short type; 1* .type *1 
ACT_VAL_TYPE *ini t_val, 1* . init_val *1 

*actuaLval; 1* .actuaLval *1 
struct _state *next; 1* ptr to next stateful var *1 

} STATE_TYPE; 

The stl'llcture STATE_TYPE is for sto1'Îllg stateful variables. It is a single-linked list 

like SYM_TYPE. *Init_val and *actuaLval arc for initial and actual values which 

arc stored in the ASCII sortable format. 

typedef st ru ct 

long 

short 

SYM_TYPE 

STATE_TYPE 

st ru ct _black 

} BLOCK_TYPE; 

_block { 1* corresponding to .comp_type *1 
btype; 1* . black_type *1 
code_offset; 1* .code_offset *1 
*local; 1* ptr to a list of local var(s) *1 
*state; 1* ptr to a list of stateful var(s) *1 
*next; 1* ptr to next block *1 
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The structme BLOCK_TYPE storcs information rt'lat.('d t.o blocks. Btype stor('8 tIlt, 

type of the block whitc code_offset stores thc offspt. of i-cod('s hl th(' i-cod(' fil('. 

*Local and *state are pointers to lists of local variabl('s and stat('ful local variahl('s 

respecti vely. 

typedef struct _cmp { 1 * parent of the whole structure *1 
char name [MAX_ID] ; 1* .comp_name *1 
SYM_TYPE *fparam; 1* ptr to a list of comp attr(s) *1 
STATE_TYPE *atate; 1* ptr to a list of stateful attr(s) *1 
BLaCK_TYPE *block; 1* ptr to a list of block(a) *1 
boolean completed; 1* compilation flag *1 
struct _cmp *next_in_bucket, 1* ptr to next comp in the bucket *1 

*next_in_table; 1* ptr to next computation *1 
} CaMP_TYPE; 

The structure CaMP _TYPE is the parcnt of thc wholt' St.ruetlll'<'S. Name is th(' IliUll(' of 

computations. *Fparam and :+.state are pointers to list.s of attrilmt,('s and t.1H'il' st.at,('s 

respectively. *Block points t.o a list of blocks. Completed is uspd in th(' compilat.ion 

process and sct to TRUE WIH'l1 t.he computation is su('ee~sfully COIllpil(·d. 

A global hashillg t.able and a global lillk('d list are provid('d for computations. 

Every computatiou in Helix must have an cut.ry in tlH' hashing t.ahl .. and liuk to t.he 

linked list. \Vhen two or m01(' computations hav(' th(' saIlle hash valu(', W(' solw th(' 

collision by forming thcm as a singlc-lillked list. with th(' pointpr *next_in_bucket. 

*Next_in_table links aIl thc computations in R('lix t,ogcther a.<; a list.. W(· will n>f('l' 

to the hashing tahle and the linked list as computation l}()ol and c01fl.lmtatioTt List 

respectively. 

The computation pool is uscd whcn searchillg for a eomput.ation hy it,!; lHUIU' and 

the comput.ation list for scqucntial trackillg from t.h(' bcgiulling of Hw list to t.h(' (!Ild 

wh en writing the information of all computations hack to the systf'm ff'latioIlH . 
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typedef struct _dp { 1* corresponding to .comp_depend *1 
char calling[MAX_ID],I* .calling *1 

called[MAX_ID]; 1* .called *1 
struct _dp *next_calling, 1* pointer to the next caller *1 

*prev _calling, 1* pointer to the previous caller *1 
*next_called, 1* pointer to the next receiver *1 
*prev _called; 1* pointer to the previous receiver *1 

} DEPEND_TYPE; 

The structure DEPEND_TYPE stores the dependency infol'mation in the system re

lat.ion .comlul(~]Jcnd. Calling and called are the Hallles of callcrs and receivers 

l('s}wctiv('ly. *Next_calling and *prev_calling fOlln a doublc-linkcd list on the 

d{,!>f'uclf'uci('s of the saille hashillg key OIl their callrl's. So are *next_called and 

*prev _called OH tl}(' l'c('pivers. 

Two global hash tahles arc implemented, onc for the callers, referred to as the 

call(!7' pool and t.he otIler for t.he rcceivers, the rccc'/'vcr pool. We can scarch by hashing 

any l'(,('('iwr's ImllH' Whl'll w(' wallt. to ch<:'ck lwforc the dcletion whct.her the receiver is 

('all('d hy oth('r wmputat.ions. Similarly, wc caIl search by hashiIlg the caller's name 

wh PlI w(' want. to ddpte aIl the caIler's depelldencics, one of the tasks whilc the caller 

if> !)('illg d<,lt>t.('(l. 

The f<'aSOIl W(' impll'lllcllt the stl'llcture DEPEND_TYPE as double-linked lists illstead 

of sillgl<,-lillked lists is, whell wc llpdate a pointer in one list, wc nccd the backward 

link of the ot.hel' list to llpdat<, the poillt<:'r in that. list. 

4.3 Implementation of operations 

We imph'lll<'llt o!>t'l'atiolls 011 computations the same as the program flow we have 

lll<,ut.ion('d (tt. t.hc end of scction 4.1. Commands and statcmellts arp translated into 

S('qU('llC('S of illt,('l'mcdiat,<, CO(}<'8. TheIl, the interpJ'<,ter executes the intermediate 

cocl('s. TIl<' algoritlull for <'(teh operation is shown below: 
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• create 

1. If the name is ah'early uspd, the operation fails. 

2. Create au eutry in the relat.ion pool (the ha."h table for relatiolls). 

3. Create an cutry in the computation pool. 

4. Liuk the entry to the cOlllputation list. 

5. Create a file with the sétme nallle as thC' CGlllputat.Îon, U8('(1 aN n Bonn'p 61('. 

6. Crcate an i-code file. 

7. Perforrn the compilation of the int('rnwdiatp ('odt's (cId ails ill sp('\ iOll ",...l). 

8. Write the generatcd intel'mcdiate COd('8 iuto tlH' i-cod(' 61('. 

9. Write the source program iuto the S01ll'l'(' fil(' . 

• show 

1. If users do Dot supply the lléUIH' thcn sC't pointer ptr to tht' lH'gilllling of 

the computation list., ot.herwisc sC'arch au NItry in th(' comput.ation pool 

that contains the computait.on uamc. 

2. Set pointer ptr to that cntry, and set flag onlyone to TIlUE. 

3. Display the followillg information of tll(, C'omputation pointl'd hy ptr 

- the name of thc computatio11 

- the name, ty!><'. and S('(lU('lH'illg st.atlls of the at.trihllt.es 

- the comput.at.ion type of eaeh hlock 

4. If ptr is uull or onlyone=TRUE tlH'l1 stop, otherwise Illove ptr 1,0 IU'xt 

entry and go to st.ep 2 . 

• print 

1. Seal'ch an entry in the computation pool that has tll<' sallU' naul<' ru; Hu' 

computation. 

2. Print the content.s of t.he file of the sarne name . 
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• delete 

1. If the nalllc appcars in the receiver pool thel1 the deletion fails. 

2. RpmoV<' the cntrÏ<'s that the nallle is the ('aller from the caller pool. 

3. Ulllink the eorresponding IJomtcrs in the reeciver pool. 

4. R(\tllOV(, the (-,lltly from the l'dation pool. 

5. D('lete the ~ource file and the i-code file. 

6. SC'aI'Ch for an entIy with the same name in the computation pool. 

7. Free *fparam, tstate, and *block aSHorÏated to th<, entry. 

8. Set the' name t.1) Hull string. 

9. Ulllillk the cutry from th<, computation list. 

10. R('move the ('1lt.ry from the computation pool. 

• assignment 

Not.e t,hat. wc calI t.he Hallles on the left and right hand side of the assignment 

op('nlf.or a!-i LHS and RHS rpspectively. 

1. S('arch RHS ill th<, cOlllputation pool. If the uame is not found then the 

aSHip,nmcnt fails. 

2. Se'ar('h LHS in the' n'lat.ion pool. If LHS is found (has been named to a 

t'('lat.ion or a computat.ion) thCll t.he assignment fails. 

3. Cn'ate' an ('nt.ry of LHS in the computation pool. 

4. Lillk t.he cut.ry to the' ('ompu t.at.ion list.. 

5. COllY *fparam, *state, and *block frolll RHS to the ones in LHS. 

6. Copy t.he SO\11('C mp and i-code fil{' from RHS tu LBS. 

',~. If RHS is a call('!' in t.he callpr pool, gCllcratc the same dependency infor

mation with the nall1e of RHS changes to the nalllC of LHS. 

• instantiation 

Iust.aJltiat.ion do es the sall1(' thillg as the assig11ll1ent but. copying the illit.ial 

valucs to the actllal values in all stateful variables. 
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• T-selector 

We implcmcnt the computat.ion eXl'cutor as a stack mé\chilH'. TIH'rt, an' tlm'(' 

types of storage in t.he st.ack m(lchiup: Co<l(' SegllH'ut for storing code, Data 

Segment for storing data, and Stack Sl'g,Ull'ut. as thl' st.ark of t he' nmdlÎlIt' (dl't il Ils 

in section 4.5). T-selcdol' is on(' of th(' two olwratiollS t.hat. use tlw ('X('cutOI' 

(The otller is t.he nat mal join). 

Aigori tllll1 

1. Determine the cumputation type from input. attribut,{'H. 

2. Search the block COIT('spondillg to th(' (·ompnt.at.iou t.YP('. 

3. Save ClUTent stat.us of the stack llH\,chÎlH'. 

4. Load t.he internwdiate cod('s of the' block iutn Code S('gnH'ut.. 

5. Allocate storage for élIl t}l(' local variahl('s in Dat.a S('guH'uL 

6. Create an eutry for t.1H' out.put lelatioll. 

7. Set aB st.oragl's in Data Segment to the' \lnillitia1i~l'cl st,atus (hy s('Uillg t.11I' 

type ta RELIX_VOID). 

8. Load the vaInc of thc input attributc,s into Dat.a Segn)(\llt. 

9. Perform the cxecutinn. 

10. Appcud the output attributcs fro111 Dat.a S<,guH'nt as a t,11]>1<, of the' output. 

relation. 

11. Free storage of all the local variable., in Data SegllH'ut. 

12. Restorc currcnt status. 

13. In the case wlH're the output rclatioll has more' thau Olle tupl(' (SOIl1(' may 

be gcneratcd by the i-code mul t-val frolll t.he lIlulti-vahU'd ('XI)I'('sI-lioll), 

project the relation over its domains to eliminate the possibll' dllplicatl' 

tuples. 

14. Rct,urn the name of the output relation . 
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• natural join 

1. Determine the join attributes. 

2. If the computation is stateful thcn detcrmine the sequencing attributes of 

thc rclation. 

3. Search the block COITf'sponding to the type of the join attl'ibutes. 

4. Swap the scquell<'Ïng attributes, if any, to be the tirst clements of the joïn 

att,ribntes. 

5. Proj<'ct tlw relation over the join attributes (by swapping the sequE'ncing 

attributes to th<, tirst, the projection will implicitly sort th(' output relation 

on the sequencillg attl'ilmtes). 

û. Savc CUl'l'Cllt status of the stack machinf'. 

7. Load the illtcrnw(liate codc of the block into Code Segment. 

8. Allocate storag<' for aIl the local variables in Data Segment. 

9. Creat(' an cutry for t hp output relation 

10. Repeat step 11-17 untilno more tuples. 

11. Fctch a tuple from the input relation. 

12. If the computation is stateful and the scquencing attribute is the same as 

the previolls tu pie th(,ll go to step 17. 

13. Set aIl storages in Dat.a Segment ta the unillitialized status (by setting the 

type ta RELIX_VOID). 

14. Load the value from thr tuple iuto Data Segment. 

15. Pcrform t11(' (\XCcutiOll. 

16. Appelld the output attrilmtcs from Data Segment as a tuple of the output 

relation. 

17. MoV(' to uext tuple. 

18. Fret' storage of aIl the local variables in Data Segment . 

19. R(\store current status. 
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20. Project the output. rclation t.o eliminat,e the possiblc duplirat<' tllph's. 

21. U-join the projected output relation wit.h the' original input rdation. 

22. Return the output l'dation from tlll' join olwrat.ion. 

4.4 The parser 

When users declarc a comput.ation, Hclix will ('h('ck th<.' syllta.."{ of tlH' C'Oluputatiou 

and perform ::.emantic analysis. Thr syntax analyst'l' is d011(' by mo(lifying t.ht' l'ml't'ut. 

grammar of Rclix, which is gcu('ratrd by Lpx [30] and Ya('(' [24], llsillg t.hp ~ral\lllllU' 

we described in s('ction 3.3 and 3.4. In this S(!('t.iOll w(' lllainly dÎ!';(·lIss t h(· S('\llant ie 

analyscr of t.he parser. 

The funct.ions of thc scmantic analyser arc; 

1. Variable declaration-attribut.cs, local variahles, st.at('fnl variahlc's. 

2. Type checkillg-check the correctncss of t.ype of cxpn'~sions, 

3. Comput atioll t.ype illfcrcncr -- iufcr the computation type of ('HelA hlo('k fwm 

the expression withill the block. 

4. Generat.c intermcdiatc codes and store in an i-rodc file for ('xc'('utioll. 

5. Determine the bcginlling position of intcrlllediate codes of pil,ch hlc)('k in tlU' 

i-code file. 

6. Determine the dependency of the caller ;Uld the reccivm' in tllC' eaRP of statdlll 

computations. 

If a compu tation is sYlltactieally correct il, 8<''1\1('11('<' of intermC'diatC' ('Oc\PH is g«ll

erated. We follow the principle of the postfix notation intcrmediate ('ode in [{plix [28]. 

For example, an expression 

a (- b + C 

will give a sequencc of illtermetliate codes as follows: 
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push-name a 

varaddr 

push-name c 

var 

push-name b 

var 

plus 

assign 

From the above illtcrmediate codes, wc do the type checking. computation type 

inferc:'ucc:', and g('Ilcratc a morc compact version of illtermediate ~odes to be krpt in 

an i-cod(' file for the pUl'pOSt:' of cxccution (Wit.hin this section, Wc:' calI this type of 

int('l'mc:'diat,p ('Od<'8 as run-tzme i-codes to be distinct from the 011('S created by the 

syntactk :tllalys<,r). 

AHHUI1H' that (L and carl' attributes, bis a local variable. The run-time i-codes 

gr!1('rat('cl hy the SPlllalltic analyser are: 

push-'addp a 

push-para c 

push-locl b 

plus 

assign 

VVe augment six killds of "push" to designate the type of the name after it. 

Push-para and push-locl, as in the ab ove example, mean the following name is 

an attrihute and a local variahlr l'f'spcctivcly. PU'3h-spar and push-sloc mean a 

st.at.cful vClsion of hot.h typt's. Push-addl and pUtlh-addp, used in the assignment 

stah'lll<'llt, t,pll t.h<' t'xeclltor to push th<, al!chefis of IIH' variable illst('ad of value. 

Wl' omit th<' discu~si()l1 of tht' type chceking Sill«' wc reuse t.hp code fol' the type 

chccking in domaill algebra [28J. 

TIl(' (,OIIl}>lltat.ioll type of hlocks, whiclt is rcprcsmt('d as a long intcg<'f marking 

bits COl'\('sponding to t lIt' po:-.itioll of input at.t.rihlltrs. is determmed as follows: 

• th(> computation type of tht' predicatc claus(:' is a bit string mm'king aIl positions 

of attribllt,<,s (aIl attrilmtes arc cOllsidrrrd input). 
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• the computation types of otIlcr blocks are it('rativdy illf(,lT(,cl from th(' d('}l<,n

dency (Dr) valuc of variables in statellH.'nts in t h(' bloeks. Th<, algorithm is 

1. At the beginnillg of the block, set DP valll(, of aU att.rihllh'H Ilnd local 

variables to RELIX.VOID (lIllUst'd status). 

2. In eaeh statement, set the DP valuc of th(' variabl(' on tht' LBS of t.ht' A,<;

signmellt operator to the bit operation "or" of Hl<' weight., which is (h'fhwd 

below, of aH operands of th<, expression on tlH' RHS. 

- The weight of any constant is O. 

- The weight of any statcful variahl<, is O. 

- The wright. of any attrilmte is 2(IJO.~,,,O") WlH'll position is t.ht' ord('r of 

the attributc in the computation if its DP valuc is RELIX.VOID or 

its DP valuc othcrwisc. 

- The weight of any local variabl<, is its DP val m'. If tilt' OP valut' if! 

still RELIX_VOID thcn crror. 

3. At the end of cach statclllellt, if thcl'<' is any attlibut.p that O('('ll1'S on bot.h 

LHS and RHS of the A,<,sigllmcllt opt'rator tll('ll error. 

4. At the end of t.he block, do the bit. olwra.tion "or" of aIl t.1H' OP vahlPH of 

aU attributes. Tll<' IPf->Ult is thc computation type of tlw hlo('k. 

5. If the computation is stateful, mark t.he bit. of t.hp COlllptJtatioll t.ypf' eor

rcsponding to the posit.ion of tht' fj{'(I'\('ll('iug attrihut.PH. 

The examples bclow show how thc abovc algol'ithm wOl'ks. Notp that. W(' IlS(' the 

symbol 'l' to l'eprescnt thc bit ope rat or "01''' • 

comp Exl(a,b,c) is 

def a=b+c <== rfhe type is 2° 1 2 1 1 22 = 7 (aIl attribllt('H). 

a (- b+c; <== The OP valuc of a is 21 (position of b) 

1 22 (positioll of c) = 6. 

The' typc is thc DP vainc of a = 6 . 
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comp EX2(a,b,c) is 

{ 

local temp = intg; 

temp (- b+l; 

a (- temp+c 

also b-c; 

} ; 

{:= The DP value of temp is 21 (position of b) 

1 0 (constant) = 2. 

{:= The DP value of ais 2 (the DP value of temp) 

1 22 (position of c) 

1 21 (position of b ) 1 22 (position of c) = 6. 

The type is the DP value of a = 6. 

comp Ex3(a:seq,b,c) is 

{ 
b (- old b initial 0 - c; <== The DP value of b is 0 (stateful variable) 

1 22 (position of c) = 4. 

}; The type is 4 (the DP valu(' of b) 

comp Ex4(a,b,c) is 

{ 

local temp: intg; 

a (- b+l; 

c (- temp+a; 

} ; 

1 2° (position of a, a sequcncing attribute) = 5. 

{:= The OP value of a is 21 (position of b) 

1 0 (constant) = 2. 

{=: The DP value of c is the DP value of ternp 

(RELIX_VOID-llnintialised local variable). Error!!! 

comp EX5(a,b,c,d) is 

{ 

a (- c*10; 

b (- d/2; 

} ; 

.;:= The DP valur of a is 22 (position of c) 

1 0 (constant) = 4. 

Ç= The DP value of b is 23 (position of d) 

1 0 (constant) = 8. 

The type is 4 (the DP value of a) 

18 (the DP value of b) = 12 . 
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comp Ex6(a,b,c,d) is 

{ 
a (- c**2; 

} ; 

comp Ex7(a, b) i8 

a <- a+bj 

<== The DP value of a is 22 (position of c) 

1 0 (constant) = 4. 

<== The DP value of b is 4 (t.lU' Dr vallH' of a) 

1 23 (posi tion of d) 

1 0 (constant) = 8. 

The type is 4 (tIlt' D P val m'of a) 

112 (the DP vallH' of b) = 12. 

<== The DP value of ais 2° (posit.ion of a) 

1 21 (posit.ion of b) = 3. 

Error!!! a occurs in bot.h LHS and RUS of 

thE' assig1ll11<,ut opcrator. 

4.5 The executor 

The executor is uscd for cvaluating computat.iolls in t.hc T-sP}edor and 1 h(' llat.ural 

join operations. It comprises storagcs, an cngiuc, and fOllr point.('rs. TIH'l'{' an' 

three typrs of storages: Code Srgmeut, Dat.a SpgllH'nt. aud Stack SPglll<'llf, TIl(' four 

pointers arc CS, DS, sr and Ir. cs and DS poiut tn Hu' h('gilllling of illt(,l'I\H'diat(' 

codes in Code Spgment; and of at tl'ihut,(·fo, and local valÎa.hlph St.OI ap,t' III Dat.a SPgUU'Ilt. 

respectivcly. sr point fi to t.he t op of staek in St.Hek Segmcut. IP }>OÎllI.H ln t })(' pm;il 1011 

of intermediate code which is bdng ('x('cutet! in Code SegllH'ut.. WllI'll Ill(' PX(·('IIt.or 

starts, the' cugine srquclltially f(·telles the iuterllH'cliat.c ('()(I(· at t.}u· !>lJhi t iOll w}j('z (' 1J1 

points, advallccs Ir to thc n('xt illt,e1'lll<,diatc ('od<" IH'rforlllH tlH' algOl it hm (U'('()l'dillg 

to the inh'nnediatc code uut.H it. rcachcH thc stop cOlllllland. 

4.5.1 The storages 

Code Segment is implemcllted as an array of charaders. Data Sf'gnH'ut. and St.a.<'k 

Segment are implcmentcd 3..0;, al1'ays of ACT_VAL_TYPE, the Htmdu('(' that k('('pH 
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any type of data ab a single clement. The advantage is we do not have to deal with 

th(~ probl('m of varyiug lengths of differcllt types of data, i.e. l byte for boolean, 2 

hytes for short, 4 bytes for loug. TIl(' djsadvantage is wc pay the cost of spending 

more mcmory. The ACT _VAL_TYPE structurc is written in C as below:3 

typedef struct { 

short v_type; 1* type of data *1 
short v_short; 1* storage for short *1 
long v_long; 1* storage for long *1 
real v..real; 1* storage for real *1 
char *v_string; 1* pointer to string storage *1 
short v_buffer; 1* don't use *1 
boolean v _bool; /* storage for boolean *1 

} ACLVALTYPE; 

4.5.2 The engine 

Bcre arc the actions the ellgillc pcrforms for each i-code: 

• push-para and push-locl 

- Read thc ncxt string from Codc Segment. 

- 'Il'cat it as an attribntc's or a local variable's name. 

- Filld its addrrss. 

- Push its value from Data Scgmcnt outo Stack Segment . 

• push-apar and push-sloc 

- Read the next st.ring from Codc Segment. 

- n'Pat. it as a stat.t'ful attribut("s or a statefullocal variable's name. 

- Filld its actnal value from the data dictionary. 

3 Artually. tht, !Jtrurturc has alrcady bccn u'!cd in Rclix for othcl' purpost's. We adapt it to use 

in th(' executor . 
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- Push the value onto Stack Segu1<'nt. 

• push-adrp and push-adrl 

- Read the next string from Code Sl'gnH'ut.. 

- Treat it as an attribut("s or a local variabl("s name. 

- Find its address and push onto Stack Srgu1<'nt.. 

• push-name (already used in Rdix) 

- Read the next string from Code S('gnl<'ut.. 

- Push th<> name as a string ont.o Staek Segnl<'ut. 

• push-count (alrcady used in Relix) 

- Read t.he next string from Code SegllH'nt. 

- Translate ta a short illt.cgcr and push outo Staek Scgu}('ut.. 

• unary operators, type casting, fUllctiollS 

- Pop one value from ShlCk Segmcnt. 

- Perform the evaluation Recording to the operatOl' ou th<> value. 

- Push the l'l'suIt onto Stack Spgmcnt.. 

• binary operators (comparison, lugical, aritillnetic, concat.pllat.ion, maximum, 

minimum operatOl's) 

- Pop t.wo valu{'s from Stack Segment. 

- Pet'fOl'm the evaluation according to the operator on t11(' vahU's. 

- Push the rl'sult outo St.ack Segment.. 

• ternary operators or if-thell-cl~c 

- Pop if-value from Stack Seglll('Iü. 

- If if-value is TItUE, exl'cute the i-code of theIl-clause and then skip the 

i-code of else-clause. 
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Ot.herwise, skip t.he i-code of then-clause and execute the i··code of cIse

clause. 

• constant opcrators 

When users use any constant value, Relix will generate a string form of that 

constant followillg by a constant operator. For example, a constant 3 will be 

trallslat.t'd into 

push-name -00003 

long 

A const.ant opcrator cau he any of the following operators, boolean, short, 

long. real aud string. The actions of the opcrators are: 

Pop a coustant in thr fonn of charactcr string from Stack Segment. 

Pt'rfonu the conversion of the constant to the type specifed by the operator. 

Push the result. back to Stack Segment. 

• assign 

Pop a value from Stack Segment. 

Pop an addrrss. 

Set the value to the storage in Data Segment pointcd by the address. 

• mult-val 

This ('o1l1111él,ud if! g(>llerated from the multi-valucd expl€ssioll. Since we repre

s{'ut ally variable as an clrllH'ut in Data Segment., it is impossible that a variable 

eau hold lllllitiph' valucs. What W(' do is writ.<, t.he value to the output relation 

aft.('l' thl' {,\'élillatioll of each val ur. This Illrthod of implementation leads to a 

f('w limitations ou t.he lllult.i-vailled expression:-

1. No local variable ean be assigncd from any l11ulti-valucd expression. 

2. Guly oue lllu1t.i-valucd C'xpressioll is allowed in any block and must be in 

t.IH' la~t statclllC'llt of t.he block. 
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3. The computat.ion with llluiti-valm'd ('xpression rlinllOt. bp (,1\11('<\ illsidp 

other computations. It must he cxccuted at t.ht' Relix prompt. ouly. 

4. No llluiti-valurd expression is used in thl' conditiollall'Xl)l'('ssioll (if-t.hl'u

else). 

The actions are: 

- Pop a value from Stack Segment. 

- Pop an addl'ess. 

- Set the value to the storage in Data S('gmcllt poillted hy t.hr addn'ss. 

- Push the address back t.o Stack Segnwllt. 

- If the cxeclltioll is not. from Relix, ('l'l'or. 

- If the addrcss l'('fers to a local variabl<" <'11'0l'. 

- Otherwisc, crcatc a tupie of aIl tll<, output attrihutes and npppnd t.o t.lU' 

output relation. 

For example, the statemellt 

x (- sqrt(y) also -sqrt(y); 

will have the intermediate codes as 

push-adrp x 

push-para y 

sqrt 

mult-val <== Write the value to the storagc in Data S\'gUH'ut; 

push-para y push the addn'ss baek; 

sqrt write a11 th~ output aUrihllf,('s as a t.upIe'. 

unary-minus 

assign 

haIt 

<== Write the value to the storage in Data S('gIl1Put. 

<== Write the output attrihllt,('s as allOtlu'f t,lIple. 
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• filler (used in right-partial-fit to indicate an output attribute) 

- Push an ullintialised data onto Stack Segment. 

• new 

- Set the "llew" flag to TRUE (to be used in right-partial-fit). 

• right-partial-fit 

This command indicates callil1g a computation. The actions are: 

- Pop a short illt.cger indicating the llumhf" of attributes. 

- Pop values as llMlly tinH's as indicated by the Humber of attributes. Assign 

t.he values to the correspollding addresscs in Data Segment. 

- Pop the called cOluputation's name. 

- Save currellt status by pushillg the CS, DS and IP pointers onto Stack 

Segmcnt. 

- Set, CS t.o the end of current code, DS to the end of current data, and IP 

to CS. 

- Load t.he called computation 's illtel'llH'diate codes. 

- Perform the execlltiol1 on the illtermediatc codes. 

- Rcstorc prcvious st.atus by poppiug the old IP, DS and CS back from Stack 

Segment. 

- Push the rcsult out.o Stack Segment. 

The diffcrellt. \WLW('Cll t.lw cxecntioll whell "new" flag is TRUE and FALSE 

is all the statC'ful variables that arc refefrcd to withill the execution are the 

calling computation's WhCll the ftag is TRUE and arc the callcd computation's 

ot1Wl'wisc. 4 

We do Ilot support llested callillg. For example, 

a (- COMP1{ ... J COMP2{ ... } }; 

4 As in rXl\mp!rs in section 3.5.6 
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is not allowed. Altel1latively Wl' Cl'c&.tf' a local variable to hold t.h(' l'('Slllt. of 

COMP2 and thell use the variable as a paraull'ter in COMP1. 

temp <- COMP2{ ... }; 

a <- COMP1{ ... , temp }; 

• haIt 

- Update stateful variables from its non-statt'ful variables of t.lH' saUH' lUUllf'. 

- if the execution is from Relix prompt, write the output nt.tl'ihllt.<,s t.o t.llt' 

output relation. 

- Stop the exccution. 

4.6 Concurrency control 

Relix was designed ta be a llluIti-uscr datahasc system. TIH'l'efon', ('OIl('nrrPlH'y ('011-

trol was one of the fUllctions that Relix cllco\lntel'ed. Comput.atiOll:-i, t.o lu' built as 

parts of Rclix, certainly have to follow it.s schelllp. 

When a user st arts Relix, data dictiollaly in the' fonn of syst,('JU Il'lat.iolls Iln' 

copied luto data 8tl'uct.nrps in III l'lllOl'y. At tlH' SaIUP tillH', if anot hN m'iPr staI't.H 

ReUx, another copy of the <lat a dict.iouary i8 IH o\lJ;ht \lp. To cOllt.wl t II(' (,olIsistl'w'y 

of several copies of data dict.iouary in lllPlllOlY and th(· syst{,lIl l('lat iOIlI->, whidl an' 

ordinary UNIX files, !l{'lix }>lOpagateH chaug('s in data dif'tlOlIaly t.o t.Iu' rlz1T('1'i:nf.inl 

files. Every time él,UY rü'lix process Ilpdat<,s th(' data dicti()l1aIY it writ.(,s tll(' Ilpdatill~~ 

contents into thc differ{'utial filps. J3dOIf' Cx('cuting ct COIUlilaIHl, ('W'lY fll'llX pl(J('('SH 

checks the diffcreutial files and updat('s it:-. OWll data dietio!lary in tlI1'IlI01'J' fWIII Hw 

differcntial files. To cover tht' cOlleurr('IlCY cout 101 of COluputat.ioIlH, tlH' IIloclifi('alioh 

of the original differclltial filcs is dOllc to hupport thc! dldllge of tlH' data clic! iOllary 

of computations. 

In any clitlcal section, like Writillg to the diff('n'utial file's, Rplix implf'IIH'IIt,{·c\ a 

semaphore as a UNIX file. Any Relix procehs that wauts to gel. iuto n crit.ical sf'cHoll 

has to delctc the semaphore file correspollding to the critieal H('ction amI ('ff>at(' thp

same file back whcn it leavcs. 
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Thl' prohlf'1ll of lockiug is also considered. There arc two kinds of locking

<,xclllsive lock (X-lock) aud shared lock (S-lock). Exclusivp lock on any ohject guar

autcf'S thaf HO otlH'r IHOCPhS cau a('('eSb th<, ohject <,xcept the one which ha."l locked 

tll<' ohj('cL ShéU('d lock al10ws other IHocesses to ac('css hut uot updat<, the object. 

For (~Xarl1ph'l iu Rplix, the u'latioll I)('illg delet<'d is lo('kcd cxclllsivply so that no other 

prOC('hS {'lm llliluipulate th(' Iplatioll. Rplix impknwntcd the lockillg mechanism usillg 

a writ(, <\llPl}(' all(l a n'ad queue. 

To f'('qU(lst au (lxcluf>ive lock on ally object: 

- Rl'p<,at waitillg \lntil the obj<,ct is not. in eit.her the write or rcad queue. 

- Put the ohjeet in the write queue. 

To n'qlH'f>t a f>harcd lock ou ally ohject: 

- Rppeat waitillg until tIl<' abject is Ilot in the write queue. 

- Put tIlt' ohject, III thp recul queue. 

To 1'ele(-\s(' au exdusiv(' nI' shared lock: 

- Takp t.he obj('d, ont of the write or read queue. 

To illlpklllmt, tlH' lockiug JlleChallislll for comput ations, we reuse the Olle in Relix 

siu('(' computatiolls are sppciai cases of rrlat.ions. Howcver, wc create a new set of rcad 

and writ(' q\lPlI(,~ f(n st.atdul variahles. The lockillg of thebc variablcs is prrformrd 

s('paratply l~lll<'(" in the' sam\' opPIatiol!, thcy lllay 1 ('quirc the type of locking rliff('fcllt 

frolll t.l1<' compn tabou t hey belollg to. Tahl(' 4.3 shows the tyP(' of locking l'cquirrd 

in CéU li 01 wwtiOll. 

We abo illlpleil!Pllt t IH' (,OUClllTCIU'y C:Olltrol of (lat.a from relation . cornp .. depend 

(dl'P('lHI('lH'y iufo1'llJ:l tioll l)('tW('('ll statcful comput ations). As Illcntiol!('d beforc, the 

("Ita is l()(l(lt'd into t,wo global haHh t.ables, célllcr poo] alld rccciwr pool. Wc considcr 

tlH'S(' t,wo pools cu, a 1>illgie ('llt kal s!'('t.ion using the bCllmphOle mechanism. Only 

<Jll(' pl'lH','S,", ('(lU ('llt!'l thl' (Titienl f\('('tiOll nt ft tillle. \Vp aL ... o }>wp(lgat.e the changes 

of d(')H'IH lf'w'Y III fo 11 Il a t ion to a diff(')'('ut.ial file. For (,xaIllplf', afl <'1' [,}H' ddd ion or 

('l'('ation of éluy ~t a ternI ('Olllpnt atioll, WP wri t {' t h(' changeh of th(' dqwudellcy infor

matioll, if auy, tn tllf' ditft')('utial tile. The11, ot.h('1' HelIx pror('ss('s willllpdate their 

OWll dq)('lHl<'llcy i llformat ion (in llH'lllory) frol11 t.h(' diffcrcllt.ial file . 
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Operation Type of locking 

Declaration X-Iock 

Print S-loek 

Delete X-Iock 

Assignmcllt / X-lock 011 tll(' new cOlllput.at.ion, 

Installt.iation S-lock on the computatioll 

T-selcctor 

llon-st.ateful S-lock 

stateful S-lock on the (·omput.atioll 

but X-Iock ou aIl st.atC'ful variahll's 

Join 

non-statcful S-lock 

statcful S-lock on the comput.ation 

but. X-lock on aIl st.atef1l1 val'iahlf's 

Table 4.3: Types of lockiug 011 operatlOlls 
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Chapter 5 

Conclusions 

5.1 Conclusions 

Computations have bcen bnilt to rcpr('s('nt pro('('dnrai ahstractiou in Rf'!ix. TlU'y 

are special forIlls of relations. Op('ratiollS on l'dations can apply to comp1\t.ationH 11.'1 

weIl. Two of the operations in r<'lational f.Igebra [3G] , T-fo)('lect.or mul Iwtural join, 

have been implemcnted. 

With the T-sclcctor operator, wc sllpply vahH's for a sll1>8('t of attrihlltps mul gl't, 

the complement of the attributes as a rermlt. The llatllraljoin IH'tW('Pll a COlllp1\t at.iou 

and a relation is thonght of as s1\pplyiug a set of tllpl<'H from HU' l('latiou for input. 

attributes of the computation. Each tn}>l(' is ('qllivalf'ut to ('(teh Bd, ofvahH'H Wf' Hllpply 

for in thc T-sclector. TIl(' re~mlt of thc uatmal joiu i~ a spt of tuph's in wlli('h ('ach is 

equivalent to the output tuple l'('tllrllS froUl th(' T-sl'l<'dor. 

Furthcrmore, we introducc hiddell st.ates ln computations. TIJ('y an' iIliU'(,f'HSihJf' 

states associatcd with attri1mtes or local variahles, which al'(' aut.omat,Îcally Ilpclaf,(·cl 

from thcir counterpart at the end of the ('xecutiou of computations. TIl(' lll('('hallislU 

of states allows us to rClllcmber previo\ls stat('s and n'usp th(,Ill in tlU' IU'xt round of 

executions, for examplc, the balallee in a hank ac(,oullt, or }>n'violls SOIIlt.iollH of UU' 

iteration mcthod in solving IÜH'ar equation. 

Statefui computations cau also hc installtiat(·d to givc llew statf'flll eOwplltatiolH; 

with aH states rcset to thcir initial values. These states are in<!('IH'llclput of original 

computations' statcs. 
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In tlH' Ilatural joill betwcen statcful computations and relations, wc found that t.he 

orcIer of tllpll'f, in thl' relatioll affect cd the re~mlt of states. Thcrcfore, we introdured 

,'j(:qucnr:znq uttn/JUtes to impost' an order on tuplcs. Evcry stateful cOItlputation must 

have' SOllH' attrilmtes which serve as sequencing attributes to dcsignate the order. 

Thi~ work is an rXI)(>rilllelltal system of building computational objccts in a rela

t.ional datahase ~ystem. \V(, lwlieve that relatiollal datahasc systems can h(' extended 

to ('ovcr the prohkm of computatiollal incomplctenrss, 011(' of many points that are 

c1airned as a wl'akncf,s in [4]. 

The strong point of the relatiollal algehra is it gives a highcr ahst.raction of oper

ations OH data. Whell wc use the relation algebra with computations, wc retain this 

pl'opcrty without losing the power of the operations. 

5.2 Future work 

ThC're ar{' lllauy fedtures to be furthC'r explored in the context of computations. Sorne 

of them are prcscnted hcre. 

5.2.1 Natural join between computations 

SUppOSt' we have two computations, Cl (a:intg,b:intg,c:intg) and C2( d:intg, e:intg,b:intg). 

The' computation types of Cl and C2 are: 

(a:intg X b:intg) -+ c:intg 

and 

(d:intg x e:intg) -+ b:intg 

f(lspectivl'ly. Cl natjoin C2might have the at.tributes (a:intg,b:intg,c:intg,d:intg,e:intg) 

and the followillg comput.ation type: 

(a:intg x b:intg) -+ c:zntg\ 

(d:inlg x c:intg) -+ b:intg 1 

(a:intg x d:intg x e:intg) ..... c:intg 
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The last part of the above typ<, call1es frolll tlH' faet that w(' ('11Il dl'rivp tll(, 

attribute b from the attributcs d and c. That llU'allS, in th(' IH'W computationl't'l·mlting 

from Cl natjozn C2, wc cau input ('ith('r a and b; or li and e; or a.li and (' to gl't. thl' 

rest of the attributc~' as tll(' output. 

This il1tcrpr<'f,ation S{'('lllS 111or(' COlllplicatp when dt.her Cl or C2 is t lU' union of 

morr than one comput.ation t.ype. For examplp, suppoSe' th(' computntion type' of Cl 

has been chang('d ta: 

(a:intg x b:intg) ---+ c:intg 1 

(a:intg x c:intg) - b:intg 

Can we do the substitution of the first part of thp computat.ion type of Cl wit,h tlU' 

computat.ion t.ype of C2 and leave the second part. as it. is'? TIH'll tlH' ('(Illl put at.iOll 

type of Cl natjoin C2 will be: 

(a:intg x b:zntg) ---+ c:intg 1 

(d:intg x e:intg) ---+ b:intg 1 

(a:intg x c:intg) ---+ b:intg 1 

(a:intg x d:zntg x e:intg) ~ c:intg 

Moreover, how do wc illtcrpr<,t the natural join of two stat,<,ful (·omplltat.Îolls'! 

Here is one alternative. 

Suppose there arc hiddell states in the joilliug computations. 

" If no state at the COllU11011 attrihutes, thcn copy aH stat('s to tIu' l'I'Sltlt, compu

tation. 

- If there arc states at the joÏu aUributes ami the valtH's of ail st.af,l'S are ('quaI, 

copy those values into the result computation. 

- If there are states at the join attributes but the value of any state il" Ilot ('quaI, 

the operation fails. 

5.2.2 Other join operations 

We may think of the llatural composition bctween two computations as a fuudionai 

composition. If f and 9 arc functions that f: a ~ band 9 : c ~ (1 th<,n tht' fuudiollal 
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compositioll g 0 f : a -+ d is applicable if and only if the domain b is ('quaI to the 

clomaill c. For example, thc computations Cl and C2 are: 

comp C1(a, b, c) is c (- a+b; 

comp C2(d,e,b) is b (- d*e; 

The computation C3, which is Cl icomp C2, will be: 

comp C3Ca,c,d,e) is 

{ 

local b:intg; 

b <- d*e; 

c <- a+b; 

} 

Thpll, the computation type of C3 will be: 

(a:intg x d:znlg x e:zntg) -+ c:intg 

Wc hav<, not y<,t found any uscful interpretation for oUter join op<,rations, sueh 

as union join, diff<'l'{'ut join, or other type of a-joins in the context of computations. 

How('wr, Mcrl'Pt t did give RonH' intercstillg intcrprctations of thcse oprrators in [37]. 

5.2.3 Successive mode in stateful computations 

As wC' haV<' lllclltiollrd in chapt('rs 3 and 4, states in statcful computations can be 

updatC'd in two mod('s: simultaneolls mode, which has been implemmted, and suc

('C'ssiV<' lllOC!t'. Stat.es arp upclatcd simultancously from thcir nOll-stat.cful variables of 

the sauH' naIlles al the ('ud of th(' ('valuation of computations in the simultaneous 

mode. Altpl'lIatrv<'ly, in t.he ~uc(,{,sf,iv(' mode, stat.eR arc updated immediatcly at their 

changC' aJt('r t 11(, ('x('('ut ion of a.<;Siglllll<'llt st.at.el11cnt.s. 

An imph'lllputatioll of tll(' succ('~sivc mode may be done at two levels: 

1. At. tht' synt.a.etie It'vel, wC' provide a ncw command to toggle the running mode 

of st.at.eful comput.at.ions, c.g, sim and BUC for the silllultaneous and successive 

modp l'<'spectiV<'ly. \Vc lllay also set the simultaneous mode as the default mode. 
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2. At the implel11entation 11'\'('1, illstead of updatillg a11 statt'flll variahh's at tIlt' 

i-code haIt! W(' update the statc variahle of t.he rhaug('d valm' at th<' i-('()(\t> 

assign. 

5.2.4 Shared states in conlputations 

Suppose wc have a computation which l'('pn's('llts a storage or a IlWIIlOl'y ('(,Il. A 

statcful variablc is uscd in the computation to )(' t.he Htoragl' t,o k('('1l a vaI1l(" Hay, lUI 

illtcg('r. Thcre are two op('ratiollS on thiH computatiou: n'ad t.hl' valu(' in th(' stOl(lg(' 

and write a value to tht' storag('. ThiH illh o(h1<'('s a probl(,Bl of ~ha\'lllg a Ht ateflll 

variable by two operations, which CéllIllot 1)(' sol\'('<1 hy sim ply dpdat in)], Iwo Ht aldut 

computations for th!' op<,ratiollS, rend and wntc, 

We may solve the abovc probl(,lll by cxtC'nding comput.at.ions as follows: 

1. Computations aIe tr<,ated as orctillary typc. a computat,ion ('cUI ))(' »a.,,:·;('<1 Hl'I IL 

paramcter. 

2, Statcful variablcs ('an bc ('xplicitly d('clared. 

Thcn, thc storage may be writtcn as b('low: 

domain i integer; 

domain c comp; 

comp storage(i, c) is 

{ 

local old i initial 0 

old i (- c{i} 

aIt 

i (- c{old il; 

} 
comp write(j,i) is 

j (- i; 

comp read(i,j) is 

i <- j; 

ISee section 4.5.2 

intg; «declare a stateful var » 
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Wh Cil wc supply a value and a computation name for the attribut.es i and c 

resprctively, the computation storage use tlH' block 

old i (- c{i} 

From th(' abovr stat<'lllcllt, wc cau infer that the type of computation c is 

intg ~ mtg 

Theil, the typc of the block is 

(i:intg x c:(int,q ~ intg) ~ </1) 

The symbol </1 rC'pr('sellts no rcturnillg value because wc keep the value of old i within 

the comput.ation. 

In the ~mlll{, llléUllH'r, the block 

i (- c{old i} 

will havi' thc type 

c:(intg -+ intg) ~ i:intg 

To writc a valuc, say 10, to a storage, we type 

sU (- new storage{10."write ll
}; 

To r<,ad the vahl<' of the storag<' st1, we type 

i (- stl{." read"}; 

5.2.5 Array of instances 

Suppos<, W(' IH'('d to installt.iatc a hUlldrcd of bank account from the computation 

Accum2 at t.he sallW t.iul<'. It is a tedious t.ask to do thcm one by one. A way to do 

t.hat. is to haw computations as an attributc in a relation. The relation may have 

oth<,l' at.tributes llsl'd as an idrlltifirl' of a computation in each tupie. 

For <,xamp}<" a statelll('Ut. 

2S('(' page 32 
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Acct_arr <- new Accum on acct-no[101 .. 200] ; 

may gencrate a relation AccLarr that has two attributps: (aect..llo:illt,g, A('('\llu:mmp) 

with each tuple is an illstml('p of the ('om}1ut.atioll Accum idrut.ifi('cl Ily th(' \'a1l\(' 101 

to 200 on the attriblltr acct~o. 

Suppose we deposit $1000 to a particnlar ac('ount., say ac('Ll1o 150, it cau ))(' (tOlU' 

by typing 

bal (- Acct_arr{150}{O,1000}; 

In faet, we may haV(' more than one idellt.ifipr at.t.rihut.(, and tlU' vahu'!-j on id('u

tifier attributes maj IlOt. be continuons. For cxamplr, wp may ('1'('1\1.<' H n,lat ion of 6 

instances of computation by th(' followillg syllt.ax: 

inst_arr <- new StateComp on Idl[l .. 3], Id2[4,89]; 

In this case, the idcllt.ifiers will be the combillat.ioll of th(' vahws from t.he' aU rillllt,(·s 

Idl and Id2, Le., (1,4), (2,4), (3,4), (1,89), (2,89), and (3,89) . 
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