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SETL NEWSLETTER NO. 209 

AUTOMATIC DATA STRUCTURE CHOICE. 

E.SCHONBERG 
MARC rl l 7, 1 97 8 • 

THIS NEWLETTER OUTLINES THE DESIGN OF THE ALTQMATIC DATA-STRUCTU
RING MODULE CURRENTLY INCORPORATED IN THE OPTIMIZER OF THt SETL 
COMPILER. ALTHOUGH SEVERAL ASPECTS OF THIS DESIGN HAVE BEEN 
CONSIDERABLY REVISED ANO MODifIED, IT IS PRESENTED IN UNRE-
TOUCHED FORM, FIRST TO SERVE AS A SHORT INTRODUCTION TO Trlt USL 
OF BASES FOR AUTOMATIC DATA-STRUCTURING, AND SECOND, AS A BACK
GROUND FOR M.SHARIRtS RECENT NEWSLETTER ON THE SUBJECT CSETLNL.203 
WHICH DETAILS SEVERAL MAJOR IMPROVEMENTS TO TrlE SCHEME PRESENTtD 
HERE • 

THE LAST PHASE OF THE SETL OPTIMIZER SELECTS APPROPRIATE REPRE
SENTATIONS FOR THE SETS ANO MAPS APPEARING IN P USER PRGGRAM • 
THESE REPRESENTATIONS ARE DEFINED IN TERMS GF BASi SETS. WE 
RECALL HERE BRIEFLY THE MEANING AND SIGNIFICANCE OF BASE SETS, 
AND THE RUN-TIME ADVANTAGtS THAT FOLLOW FROM THclR EXISTENCE • 

A BASE SET, OR BASE FOR SHORT, IS AN AUXILIARY OBJECT, IN 
TERMS OF WHICH PROGRAM VARIABLES CAN BE DESCRIBED • 
THREE BASIC FORMS ARE USED f □ k THESE DESCRIPTIONS; 
A) IF BIS A BASE SET, THEN AN OBJECT X MAY Bt SAID TO BE AN 

ELEMENT OF THE BASt, I.E. TO rlAVE THE MOOE (~B> ; 
B) A SETS MAY BE DESCRIBED AS A SUBSET OF THE BASE, I.E. AS 

HAVING THE MOOE ~~B~ • 
C) A MAP F MAY BE DESCRIBED AS HAVING THE BASE B FOR ITS DOMAIN, 
I.E. HAS HAVING THE MODE : MAP(~B) *• <HERE AND IN WHAT FOLLOWS 
THE ASTERISK IS USED TO RlP~ESiNl THt GcNERAL MODE> • 
IN EACH CASE, X, SAND F ARt PKOGRAM VARIABLES APPEARING 
IN OPERATIONS WHOSE EXECUTIJN ~ILL BENEFIT FROM THE EXISTENCE 
OF THE BASE B. 8 lTStLF IS NOT A PROGRAM VARIABLE : IT DOES NOT 
APPEAR IN ANY EXECUTABLE lNSTRUCTlON OF TrlE P~O~RAM. ITS VALUE 
IS DETEKMINED AT ALL TIMlS ~y THt VALUES OF T1f. OSJ~CTS wHlCH 
ARE BASED ON IT. FOR EXAMPLE, WH~NfVER THf VARIASLE X RECEIVES A 

VALUE WHICH CANNOT Bt ASCERTAINED TO BE AN EL~MtNT OF B, TrltN 
THIS VALUE IS INSERTED INTO THE REP~ESENTATlON OF B, THEREBY 
MAINTAINING THE VALIDITY OF THE BASIN~ RELATION X : ~B ; 

BASES ARE USEFUL FOR SEvc~AL REASONS : 

A) FIRST AND FOREMOST, THtY PROVIDE ACCtSSING McCHANISMS INTO 
BASED OBJECTS, WHICH ARE FASTER AND SIMPLER lHAN THE STANOA~O 
HASH-TABLE SEARCHES WHICH APPLY TO UNBASED SETS ANL MAPS. THE 
RESULTING GAIN IS TWOFOLD : EXECUTION OF MANY StTL PRlMITIVt 
OPERATIONS IS FASTER, AND CODE FOR THEM IS SUFFICIENTLY SIMPLE 
TO BE lMITTED AS ON-LINE MACHINi CODE • 

8) THE REPRESENTATIONS UF BASED OBJECTS ARE MORE COMPACT THAN 
THOSE OF UNBASED OBJECTS. 
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C) ITEM B) HOWEVER, IS ONLY TRUE IF BASt0 OBJECTS (SETS ANO 
MAPS) ARE DENSELY DEFINED 0VEk THt C0RRESP0N0lNG BASES, I.E. IF 
SUBSETS OF THE BASE, OR DOMAINS OF DEFINITION OF BASED MAPS, 
HAVE A CARDINALITY COMPARABLE TO THtT OF THE BASE ITSELF. OTHER
WISE, STORAGE ALLOCATED TD THE BASE MAY BE ~ASTED TO SOME DEGRtt 
AND ITERATION OVER SPARSE BASED 0~Jf.CTS MAY BE ACTUALLY SLOWER 
THAN ITERATION OVER UNBASED REPRESENTATIONS OF THE SAME OBJECTS. 
TO BYPASS THE COUNTERPRODUCTIVE EFFECTS OF BASING SPARSE OBJECTS 
SPECIAL -SPARSE- REPRESENlATI0NS CAN BE SPECIFIED FOR PROGRAM 
VARIABLES. THESE REPRESENTATION ALL0w THE EXECUTION OF SETL 
PRIMITIVES WITH AN EFFICIENCY WHICH IS INTERMEDIATE BETWEEN THAT 
ACHIEVABLE WITH A BASED REPRESENTATION, AND A COMPLETELY UNBAStD 
ONE; STORAGE UTILIZATION IS COMPARABLE TO ThAT OF THE CORRES
PONDING UNBASED REPRESENTATION • 

THE USEFULNESS OF BASES ARISES FRCM THE tXISTENCE OF -BASE 
POINTERS-; AN OBJECT WH!Crl 1S AN ELEMcNT OF A BASl IS lN FACT 
REPRESENTED BY A POINTER INTO A BLOCK IN THE BASE, WHICH HOLDS 
INFORMATION RELATING THAT OBJECT TO COMPOSITES (SETS AND MAPS> 
WHICH HAVE THE SAME BASE. (SEE NL.180 ON THE RUN-TIME DATA STRUC 
TURES OF SETL) • OPERATIONS ON BASEG □ aJECTS MAKE USE OF THESE 
BASE POINTERS ,INSTEAD OF RECR~ATING THtM BY A HASHING 0PERATi0N 
AS IS THE CASE WHENEVER AN UNtiASED OBJECT IS ACCESSED • 
FOR EXAMPLE, THE TEST (X INS> CAN BE PERFORMED EASILY IF X AND 
SHAVE A COMMON BASE, AND X HOLDS THEREFORE A POINTER INTO THAT 
BASE. OTHERWISE, THE HASH-SEARCH NECESSARY TD LOCATE X IN THE 
HASH-TABLE REPRESENTING CIN UNBAStD FORM) THE SETS, WILL CREATt 
SUCH A POINTER, 8UT WILL NOT PRtStRVE IT BEYOND EXECUTION OF THt 
INSTRUCTION WHICH CREATED IT. THE PROCESS OF FINDING USEFUL BAScS 
AMOUNTS THEREFORE TO MINIMIZING THE NO. OF eASE POINTERS GENERA-

TED DURING PROGRAM EXECUTION • 

IT IS IMPORTANT TO NOTICt IN THIS CONNECTION, THAT A BASt 1S 
USEFUL ONLY IF AT LEAST T~0 C0MP0SITt OBJECTS ARE BASED ON IT, 
BECAUSE THEN THE BASL POINT~RS HfLD BY ONE CAN BE USED TO ACCESS 
THE OTHER. IF A BASE IS SIMPLY THE ~ □ MAIN OF A MAP 
(AND NOTrllNG ELSE) THEN N0TrlING lS GAlNcD BY ITS EXISTENCE, 
BECAUSE THERE IS NO wAY TO GlNERATE EL~MENTS OF THAT DOMAIN 
WITHOUT RECALCULATING THE C0~RESP0NDING BASE POINTER. THE SAME 
IS TRUE IF THE ONLY OBJECTS SUPP0RTLD BY A BAS~ ARE A SET AND 
ITS ELEMENTS. IN THIS CASE TrlE BAS[ IS IDENllCAL wITH THE BASED 
SET .IT IS USEFUL TO SAY TrlEN THAT TH~ S~T IS lTS OwN BASE. 
WE CAN EXTEND THIS REMARK BY SAYlNG THAT IN A PROGRAM WITHOUT 
BASES, EACH SET AND EACH MAP IN THb PROGRAM rlAS ITS OWN BASE • 
CHOOSING USEFUL BASES, (MANUALLY BY MEANS OF DECLARATIONS, OR 
AUTO~ATICALLY), AMOUNTS TO MEkGING THESi INDIVIDUAL BASES INTO 
SHARED ONES, WHICrl SUPPORT ~ASED RlPKESENTATlDNS FOR SEVERAL COM
POSITE OBJECTS AT A TIME. C0NCElVABLY, THl PRJCESS MAY LEAD TO A 
SINGLE -UNIVERSAL- BASE, lN TtKMS Of WHlCH ALL PROGRAM OBJECTS 
ARE DEFINED. THIS HOWEVER MAY RESULT IN wASTcFUL STORAGE ALLO
TI0N (SEE REMAkK Cl ABOVE ) • □ Ne OF THE CRITiRIA IN CH0OSIN~ 
BASES MUST THEREF0~E BE TO OBTAIN WHE~EVER PuS~lBLE DENSE DEFl-
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NITIONS FOR BASED OBJECTS. THIS MEANS THAT THE PROCESS OF BAS~ 
MERGING MUST BE A CAUTIOUS ONE, UNDlkESTIMATING RATHER THAN OV~R
ESTIMATING THE AMOUNT OF OVERLAP BETwE~N OBJECTS. 

THIS REMARK IS OF PARTICULAR IMPORTANCE wHEN CHOOSING BASES 
FOR THE FORMAL PARAMETERS Of A PROCEDURE. IT IS REASONABLE TO 
POSTULATE A SIMILAR BASED STRUCTURE FOR EACH ACTUAL PARAMETER, 
BUT IT IS SAFEST TO ASSUME A DIFFfR~NT BASE <OR S~T OF BASES> 
FOR EACH POINT OF CALL (SUBJECT TO POSSIBLE MERGING IF EXAMINA
TION OF OTHER PARTS OF TrlE PROGRAM SUGGtSTS IT). THIS REMARK 
WILL BE EXPANDED IN WHAT FOLLOWS. 

THE PROCESS OF AUTOMATIC DATA-STRUCTURING CAN NOW de SKiTCrlcD. 
INPUT TO IT IS THE MAP -TYPES- CREATED BY THE TYPEFINDER, 
WHICH MAPS VARIABLE OCCURR~NCES INTO THt TYPES WHICH THEY 
ACQUIRE AT RUN-TIME. DATA-STRUCTURlhG IS ONLY POSSI~LE IF TYPc
DETERMlNATION 1S COMPLETt ANO UNAMBlGUOUS. IF TYPcFINDING IS 
UNABLE TO DISTINGUISH BETwcEN SETS AND MAPS, OR BETWEEN SETS AND 
TUPLES, THEN AUTOMATIC DATA-STRUCTU~ING IS hOT FEASIBLE. 

THE COMPLETE PROCESS CONSISTS OF 7 DISTINCT PrlASES : 

PHASE l INTRODUCES A BASE FOR EACH SET AND MAP IN THE PROGRAM. 
ON THE ASSUMPTION THAT IN MOST PROGRAMS ALL OCCURRENCES OF A 
GIVEN VARIABLE HAVE THE SAME MODE, THIS INITIAL BASING IS CHDScN 
FOR VARIABLES INSTEAD OF OCCURRENCtS • MOkE PRtCISELY, ALL OC
CURRENCES OF A GIVEN VARIABLE WHICH ARE CHAINED BY -FFR □ M- RECflVE 
THE SAME BASE. 
THE OUPUT OF THIS PHASE IS THE FOLLOWING : 

IA) SB : A SET OF BASES. TrllS SET WILL BE DECRlMENTED ~y 
SUCCESSIVE PHASES OF THE PROCESS, B~T NO Ntw BASES WILL BE GE
NERATED AFTER THIS PASS. 

1B) MODE : A MAP FROM VARIA8Lt OCCU~RENCES TO MODi DESCRIPTORi. 
THESE MODE DESCRIPTORS rlAVE THE SAMl FORMAT AS TYPE DESCRIPTORS, 
BUT INCLUDE THE TYPE -ElrMENT OF BASE- AND TrlE CORRESPONDING 
BASE NAME. THIS MAP IS MODIFifD AND REFINED BY SUCCESSIVl PriASES 

PHASE II PROPAGATES THE IN1T1AL BASING CrlDICES ~y EXA
MINING EXTRACTION OPERATIONS, AND MtRKING THOSE OVARS 
WHICH ARE KNOWN ELEMtNTS □ f BASES, eY Vl~TUE JF HAVJ~G BEEN 
RETRitVED FROM BASED SETS, MAPS OR lUPLtS • 
OUTPUT OF THIS P~ASE IS THE SET -BASE~ELMTS- ~HOSE MEMBERS 
ARE PAIRS [OVAR, BASE]. THIS SET 1S FUKTHER uPOATED 
IN PHA~E V AFTER :LOCATE- INSTRUCTIUNS HAVL BEEN G[NtRATlD. 

PHASE lII MERGES THE BASES CREATtD IN THE PR~C~DlNG PHASE, BY 
DECLARING AS EOUIVAllNT THE BASES OF !VARIABLES OF THE SAME 
INSTRUCTIGN. IN ADDITION, THIS PHASE GENERATES Trlc BASE 
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INSERTION OPERATIONS wHICH ARE CONSISTENT WITrl THE POSTULATED 
BASING RELATIONS OF COMPOSITi OBJECTS IN THE PROGRAM. THESE IN
SERTION OPERATIONS APE GENERATED BY EXAMINI~G ALL OPERATIONS OF 
INCORPORATION (-WITH-, MAP STORAGE, ETC) ANO BY DECLARING THE 
INCORPORATED ITEM AS BEING AN ELEMENT OF THE CDRRtSPONDING. BASE. 
THIS MEMBERSHIP DECLARATION IS THEN ENFORCED BY EMITTING BASE 
INSERTION OPERATIONS FOR ALL VARIABLE OCCURRENCES WHOSE VALUE 
MIGHT BECOME THE VALUE OF TYE INCORPORATED OBJECT • 

THE OUPUT OF THIS PHASE IS T~OFDLD 

IIIA) RSB : AN EQUIVALENCE kELATlON OVER se. ~ACH EQUIVALENCE 
CLASS CORRESPOhDS TO A SINGLE ACTUAL BASE. 

IIIB) SLI : A SET OF -LUCAT~- INSTRUCTIONS WHICH MUST BE INSERTED 
IN THE CODE TO ENFORCE THE ~HOSf.N BASED PRtPREStNTATIONS. THE 
ELEMENTS OF SLl ARE PAIRS : ( or, B ] OF ~ARIABLE OCCURRE~CES 
AND THE BASES INTO wHlCH THEY ~uST Bt INSERTED • 

PHASE IV MERGES THE BASES ACCORDING TO THE EQUIVALtNCE 
RELATION RSB, AND EXAMINES ~ACH RESULTING BASE TO SEE WHETHER 
IT ACTUALLY SUPPORTS M □ kE THAN ONE COMPOSITE BASED OBJECT • 
IF NOT, THEN THE BASE IS USELESS, ANO THE CORRESPONDING 
-LOCATE- INSTRUCTIONS IN -SLl- CAN BE OtLETED • 

PHASE V OPTIMIZES ThE PLACEMENT OF THE -LOCATE- INSTRUCTIONS 
GENERATED IN PREVIODS STtPS. THIS AMOUNTS TO PERFO~MlNG A 
TYPE OF FORWARD COD~ MOTION 0~ THESE INSTRUCTIONS. THE NEED FUR 
SUCH CODE MOTION IS (LEAR FROM THt FOLL □ wlNG FRAGMENT 

(vX P $) Y = Y + 1; END v; •••••• Z = F(Y) ; 

• THE APPEAKANCE OF Y JN A MAP KETRlEVAl OPEKATlON SUGGc~TS 
THAT IT SHOULO BE AN EL~MlNT UF THE (BASE) DOMAIN DF D~FlNl
TION OF F. A -LOCATE- INSTkUCTlON PLACtD AT Trlt POlNT OF CKtA-

• TION OF Y WILL HOwt.VE~ GcNtRATt A NLMBtR OF USELESS 8ASE POINTtKS 
BECAUSE ALL OF THEM ( CORRt$PONDING TO SUCCtSSIVt VALUES OF 
YIN THE LOOP) EXCEPT THE L4ST ONE ,RE DEAD (!.E. REDEFINED 

• BEFORE THEY AkE USED AS BASi POINTERS) • PHAS~ IV MO~ES L □ CATi 
INSTRUCTIONS OUT JF SUCH LOOPS, AND PLACES THEM ON ENTRY TO Trli 

INTERVALS WHEkE TH~Y ARE ACTUALLY ~~lUtD • • 
• 

• 

PHASE VI COMPLETES THE DESCRIPTION CF THE MCOcS 8f EACH VARlA6Lc 
OCCURRENCE, AND WHENEVER POSSIBLt FOLDS THES~ MODES INTO A 
SINGLE M □ DE FOk EACH VARIABLE, 

PHASE VII REFINES THE BASING CrlOIClS , BY SELECTING LOCAL, 
REMOTE OR SPARS~ REPktSE~TATIUNS FOR BASED StfS ANO MAPS • 
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THE TEXT THAT FOLLOWS IGNOKtS A NUMBER OF COOING OETAlLS.Trlt 
COMMENTS WHICH ACCOMPANY THE CODE FRAGMENTS ARt IN ANY CASE 
LESS OBSOLETE THAT THE CODE ITSELF • 

$ GLOBAL VARIABLES. 
$ ------ ----------

VAR AMBIG, 

MODE, 

SB, 

CL--MODE , 

REALB, 

IS-.FORMAL, 

CAN--DROP, 

SLI , 

RSB, 

BASE-.ELMTS, 

SBASEDON ; 

$ AMijJG IS FLAG THAT INDICATES TrlAT 
$ THE TYPEFINDER LEFT SOME TYPE AMBl
$ GUITY, AND NO STRUCTURING IS 
$ POSSIBLE: • 

i MAP fkOM □ CtU~RENCES TO TH~IR MOUES. 

$ SET OF BASES • 

$ MAP FROM INITlAL MODES TO OCCUR-
i RENCES. EACH SET OF OCCURRENCES IN 
$ CL-.MODE(MODE) RECEIVES THE SAME 
li FINAL MODE • 

$ MAP Uh S~ : FRJi EACH BASE TO ITS 
$ tOUIVALENCE CLASS • 

$ MAP ON SB. INDICATES THAT A BASE 
$ SU~PORTS THE FORMAL PARAMS OF A 
$ PROCd.dJRf. 

$ MAP ON SB. iNGl:ATES THAT BASt 
$ SUPPO~TS ONLY 1 OBJECT. 

$ SET Of -LOCATE- INSTRUCTl □ NS • 

$ EQUIVALENCE RELATION OVER SB, 

$ SlT OF OCCURRRE~ClS WHICH ARE KNOWN 
S TO Bl lLEMENTS JF BASES • 

I MAP FROM 6ASES ro SETS AND MAPS 
$ ~HICH ARE BASED ON THEM • 
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$ THE FOLLOWING MACROS MANIPULATE MODE UtSCRIPTOKS• MODE DES
$ CRIPTORS HAVE THE SAME FORMAT AS TYPE DESCR1PTORS, BUT lT IS 
$ CONVENIENT TO DEFINE MACROS THAT CAN BE APPLIED DIRECTLY TO 
$ VARIABLE OCCURENCES • 

MACRO MGTYP(VAR) ; G~OSSTYP(MODE(VAR)) E~DM ; 

MACRO MLTYP(VAR) ; LtNTYP(MODE(VAR)) ENDM j 

MACRO ELMBASE<SET> . BAScNAM(COMTYP(MDDE(SET))) ENOM ; 
' 

MACRO DOMBASECMAP) ; BASENAMCDOMTYP(MODE<MAP)l) t NDM ; 

MACRO RANBASECMAP) . BASENAM(RANTYP(MODE(MAP))) ENDM ' 
, 

MACRO COMBASE(TUP, N> ; BAStNAM(CTYPN(MODE(TUP), N)) ENDM 

PROCEDURE AUT □~DATA; 

AMBIG := FALSE ; 

MODE := SB := RSB I• SLI := SBAStDON := BASE~ELMTS :=NL; 

GENBASEC> ; 
GENBELMTS C > ; 

; 

• GE.NLOCS() ; 
MERGEBASt:C); 
t1nVELDCS<) ; 

• UPDMODESC) ; 
REFINE() ; 

• END PROCEDURE AUT □ ~DATA ; 

PROCEDURE GENBASE ; 

• $ THIS PROCEDURE GENERA.TE:$ A 9ASi:: FUR c:ASH lNCt>i<NATlON OF A ScT 
$ OR MAP. AN INCARNATION AS USED Htkt MEANS A StT OF OCCURRRENCcS 
$ OF A GIVEN VARIABLE, wHICrl AR~ llhKEO av THE CHAINING fUNCTlLlN 

• $ -FFROM-, AND CAN THEREFORE BE EXPECTED TO rlAVt THE SAME SASl~G. 

• 
I. 

$ THE FREQUENTLY USED INSTRUCTION 

$ S : = S WI TH X ; 

$ MUST BE SP~CIAL-CASED, BECAUSE THl TWO 0CCURRENC~S Of S Ak~ 
$ NOT LINKED BY -FFROM- AS CURRENTLY DlFINED. NEV~RTHELlSS 
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$ IT IS DESIRABLE TO GIVE BOTH THE S~ME BASING. TrllS 
$ IS DONE IN THE CODE BELOW. 

$ IN THE SAME FASHION, GLOBAL OPERATIONS SUCH AS SET UNION 
$ AND INTE~SECTION SUGGEST THE SAME BASlNG FOR THE □ VARIABLE 
$ AS FOR ITS IVARIABLES. FOR SUCH INSTRUCTIONS wE ALSO PRO
$ PAGATE FROM !VARS TO □ VARS • 

$ TO FACILITATE THE ADJUSTMENT OF MODES OURlNG PHASE V, IT IS 
$ CONVENIENT TO ASSUME THAT TUPLES AKE ALSO BASED, I.E. THAT 
$ THEIR COMPONENTS ARE ALSO ELEMENTS OF SOME BASE SET. THE TUPLE 
$ ITSELF NEED NOT BE MARKED AS BEING A BASED JBJECT. INTROOUCTlON 
$ OF SUCH dASES IS HARMLESS, BECAUSE lF NO COMPOSITE OBJECTS 
$ END UP BEING BASED ON THEM, THEY WILL Bt D~OPPcD DURING THE BASt 
$ MERGING PHASE • 

(vB~BLOCKS, FORALLCODE<B,1)) 

OV := GET~ □ VARCI) ; 
IF MODE(OV)/=OM THEN 

CONTINUE; 
END IF; 

NEWM := GENBMOOE(OV) ; 
MODECOV) := NEWM; 

$ VARIABLE ALREADY EXAMINED. 

$ IF THE VARIA&LE IS OF PRIMITIVE TYPE, OR IF TYPE-FINDING 
$ YIELDED INCOMPLETE INFORMATION, ThcRE IS NO MOO~ INFORMATION 
$-TO PROPAGATE. 
$ IF DV IS A -kEAD- VARIABLi, THtN lTS TYPE IS T~G, BUT ~E 
$ WILL WANT TO GENERATE AN APPKOPRIATL BASED MDDt (IF ov rs 
$ IN FACT STRUCTURED) FOR TrlE IVARIAbLES CrlAlNED ro IT. THIS 
$ IS DONE IN THE LOOP THAT FOLLOWS. 

IF PRIMITIVE(GROSSTYP(NEWM)) 0~ OPC □ Dl(l) /= Ol~R~AD 
THEN CONTINUE ;; 

$ TrlE MODE DESCRIPTOR FOR OV HAS NOW BEEN BUlLT. P~OPAGATi 
$ IT TD LINKED OCCURRENCfS OF THt SAME VARIABLl. 

MOOECOV) := NEWM ; 
WORK := FFROM~OV~ ; 

(WHILE WORK/=NL) 
CP, OI] FROM WORK; 

IF MOOE(OI)/=OM TH£N CDNTlNut ; END IF ; 

If NEWM /= T~G THEN 
MODE(Ol) := NEWM 

$ GENBMOOE YLELDEO A BAScO MOOE 
;; $ PROPAGATE IT • 

ELSE 
MODECOI) 

END IF ; 

$ OVAWIABLE AAS READ.TRY TO FIND MOD~ 
:= GENBMODE(OI) ;$ FOR !VARIABLE, 
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IF MODE<OI> /= T~G THEN$ CONTINUE PROPAGATING. 
WORK+~ [NNP, 01] : [NP, OlJ~FfKOM~Ol~ ~ 

(NNP:=p .CC NP) /= ERROR~PATH ~ ;; 
$ NOW TRY TO PROPAGATE FROM lVAk 10 OVAR, FOR OPCODES 
$-WITH-ANO -LESS-. 
IF rs~rVAR(OI) AND (( or~□ P(Ol) ~ ~01~wITH, 01~LESS, 
Ql~LESSF ~ AND ARGNO(OI>=2) 

$ OR FOR UNION, INTERSECTION ANO THE LlKt. 
OR □ P~ □ I(OI) ~ ~Ql~ADD, Ql~SUd, Ql~MULT, Ol~M □ D~) 

THEN 
WORK WITH [P, □ I~OVAR(Ol)] ; 

END IF ; 

END WHILE ; 
END vB; 

$ NOW CREATE THE MAP CL~M □ OE. THIS MAP 15 USED DURING THE LAST 
$ PHASE OF DATA-STRUCTURING, WHtN SELECTING LOCAL VS. REMOTl 
$ ATTRIBUTES FOR BASED REPRESENTATIONS. ALL OCCURRENCES WHICH 
$ APPEAR IN THE SAME CLASS IN CL~MODE RECEIVE THE SAME ATTRlBUTt • 

CL~MODE := INVERSE MODE; 

END PROCEDURE GENBASt ; 

FUNCTION GENBMOOECV) ; 

• $ THIS FUNCTION GENERATES A BAS~D MOOE UESCRIPTOk FOR VARIABLE V, 
$ USING AVAILABLE TYPt !~FORMATION ON V. lf TrlE TYPE lNFOKMATlO~ 
$ IS INCOMPLETE, THE FUNCTION KtTURN5 T~G • 

• T rs TYPES~V~ ; 
IF E~GROSSTYPEtTP) : [-, TPJ ~ T? > l Trl~N 

• AMBIG := TRUE ; KtTURN f~G; tND IF; 

V~TYPE := (ARB T) (2) ; 
• NEWM r= (GROSSTYP<V~TYPE)l ; $ TEMPLATE FJ~ MODE OESCRlPTO~. 

CASE GROSSTYP(V~TYPE) OF 
CTSET): COMTYPCN~WM) := [TELMT, OM, ~ASE:=NEWAT] ; 

• SBASEDONS8ASt~ WITH or~~AME(V) ; 
SB WITH BASE ; 

• 
• 

CTMAP): COMTYP(NEWM) := [TKNT, (]J ; 

DOMTYP(NEWM) := [TELMT, OM, BAStl:=NEwATJ ; 
RANTYP(NEwM) := [TtLMT, GM, BASt2:=NEWATJ ; 
SBASEDON(BASEl~- ~ITH OI~NAM[(V) ; 
SS+ S6~SEl,fASb2~ ; 
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(TUNT) : COMTYP(NEWM) := (TELMT, OM, BASE:=NEWATJ ; 
SB WITH BASE ; 

(TKNT) : COMTYP(NEwM) :=CJ; 
(vl := 1, •• =COMTYP<V~TYPE>>; 

CTYPN(NEWM,I) :• CTELMT, OM, BASE:•NEwATJ ; 
SB WITH BASE ; 

ENO v; 

ELSE $ MUST Bt PRIMlTlVE TYPE. 
NEWM := V--TYPE; 

END CASE ; 
RETURN NEWM ; 
ENO FUNCTION GENBMDOE ; 

PROCEDURE GENBELMTS; 

$ AT THIS POINT, ALL STRUCTURED OBJECTS HAVE BASES ASSIGNED 
$ TO THEM. WE NOW EXAMINE EXTRACTION OPERATIONS, AND MARK 
$ THOSE □ VARIABLES THAT ARE KNOWN TO BE BASE ELEMENTS. THlS IS 
$ DONE BY INSERTING THt PAIR (OVAR, BASE] IN THE SET BASE--ELMTS • 
$ THIS INFORMATION IS USED WHEN GfNERATING BASl INSERTION OPS 
$ IN THE NEXT PHASE (SEE lNSERTLOCS). IT ALSO OBVlATES THE 
$ NEED FOR -CRTHIS- ~HEN ENFO~ClNG BASING CHOICES : 
$ BFROM INFORMATION· IS SUFFICIENT. <SEE GENLOCS AND RELATED 
$ ROUTINES) • 

(vB ~ BLOCKS, FDRALLCODE(B,I)) 

• • •••• 

• 
• 
• 
• 
• 

• .. 

$ NOW PROPAGATE KNOWN BASt MEMaERSHIP WHICH IS T~ANSMITTED 
$ BY SIMPLE ASSIGNMENTS • 

W OR K : = B A S E .., E L MT S ; 
(WHILE WORK/= NIL> 

[V, BJ FROM WORK; 
(v(-,IVJ~FFROM~V~t □ l~ □ P(lV) = 01-.ASN) 

WORK ~ITH [OI~ □ VAR(IV), BJ; 
dASE..,ELMTS WlTH [ □ I--OVARCIV), BJ ; 

END v; 
END WHILE ; 
END PROCEDURE GENBELMTS; 

PROCEDURE GENLOCS ; 

$ THIS PROCEDURE ENfGRCES THE 3A51N~S 0~ CJMPJSlTi oaJiCTS, BY 
$GENERATING-BASE lNStRTlON- ( -LOCATE-) INSTRUCTIONS FOR All 
$ VARIABLE OCCURRENCES WHICH MIGHT b.L INCORPO~ATfU INTO A 
$ COMPOSITE OBJECT. FOR EXAMPLE, THl I~STkUCTIO~ : 
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$ Sl := S WITH X; 

$ LEADS TO THE BASING RELATION : 

$ X : ~B ; 

$ WHERE BIS THE BASE PREVIOUSLY ASSIGNcD TO THE VARlABLE OCCUk
$ RENCE Of S. TH1S BASING R~LATION FOR X IS ENFORCED BY EMITTING 
$-LOCATE-INSTRUCTIONS FOR ALL THE OCCUKRENCES lN BFROM~X~, I.e. 
$ FOR ALL OCCURRENCES WHOSE VALUcS BECOME TME VALUE OF X IN 
$ THE COURSE OF PROGRAM EXECUTION. THESt -LOCATE- INSTRUCTIONS 
$ ARE NOT INSERTED INTO THE CODE, BUT KEPT IN THE SET -LSI-, fOR 
$ THE FOLLOWING REASONS : 

$ A) THE BASES BEING USED AT TrllS STAGE AKE NOT TrlE ACTUAL SAS~S 
$ WHICH WILL APPEAR AT RUN-TIME. ACTUAL BASES WILL EMERGE SUBS~-

• $ QUENTLY AS EOUI\IALENCE CLASSES OF THt: oASt NAMES INTRODUCED Su 
$ FAR • 

• 
• • • 
• 
• 
• 
• 

$ B) SOME BASES MAY EVENTUALLY PROVf USELESS, BECAUSE THEY SUPPJkT 
$ ONLY ONE COMPOSITE OBJECT, 1N wrlICH CASE ALL -LOCATE- INSTRUC-
$ TIDNS INTO THEM MUST Bt OkOPPtD • 

$ IN THE PROCESS OF ENFORCING BASING RELATIONS, EQUIVALENCE RcLA
$ TIONS EMERGE AMONG BASES. IF AN OCCURRENCE· DCRX, WHICH 1S AN 
$ ELEMENT OF BFROM~X~, HAS ALREADY RtCtlVfD A LOCATE lNSTRUCTluN 
$ INTO SOME BASE BX, THEN INSTEAD OF GENERATI~G A NEW LOCATE 
$ INSTRUCTION INTO B, wE EQUIVALlNCt BAND BX. TrlIS IS DONE BY 
$ SIMPLY ADDING THE PAIR CB, BX] TO THE RELATION RSB; lT 
$ INDICATES THAT BAND BX AkE TO fl CJNSlGERiD AS TWO NAMES Of TH~ 
$ ACTUAL BASE AB, (WHICH wlLL EMERGl AS THE REPRESENTATIV~ OF 
$ THE EQUIVALENCE CLASS TO WHICH BAND BX oELONG) • 

$ CERTAIN INSTkUCTlONS INDICATE SJMlLAR EQUIVALENCING OF &ASES 
$ WITHOUT GENERATING LOCATE INST~UCTlONS : SET UNION, lNTERSECTl □ N 
$ AND THE LIKE, INDICATE TdAT THtIK ARGUMtNTS MUST rlAVE TrlE SAMc 
$ BASE. THE CURRENT PROC~OURE ALS~ USES SUCH INSTRUCTIONS TO dUlLU 
$ THE RELATION RSB. 

$ IN ORDER TO SIMPLIFY THE MOOE ADJ~STMlNl PrllSl, THE ARBITkAKY 
• $ BASING$ CHOSEN FOR TUPLE COMPONENTS ANO FOR THf RANGE OF MAPS 

$ IN THE PRECEDING PHASE, AR: P~OPAGATtu uU~IN~ Trlt PKtSENT 
$ PHASE, IN EXACTLY THE SAME ~AYS AS SET ELEMENTS. OPERATIONS GF 

• $ INCORPORATION, I.E. TUPLE ASSIG~MtNTS, ARE TREATED AS MAP STORES 
$ ANO THE SAME BASE (QUIVALcNCING PrUCEDUKc IS USED IN ALL CAStS • 

• • 
• 
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(vB~BLOCKS, FORALLCODE<B,l)) 

[DV, IVl, IV2J = ARGS(I) ;$ UNPACK lNSTRuCTlON. 

CASE OPCODE(l) OF 

$ FIRST CONSIDER OPERATIONS WHICH O~Lf EQUIVALENCE BASES, 

IF MGTYP(IVl) NOTlN ~TSE1, T1UP, TMAP~ THEN 
CONTINUE v; $ MUST BE PRIMITIVE TYP~. 

ELSE 
MERGEOBJ(IVl, IV2) ; 

END IF ; 

$ SET INSERTION AND MEMBt~SHIP OPS : 
$ EQUI~ALENCE BASES FOR COMPOSITE oeJECT, AND GENERATE 
$ LOCATE INSTRUCTION FOR S~COND ARGUMENT, 

IF MGTYP(IVl)=TSET OR MGTYP(lVlJ=TUNT THEN 
PROPElMT<IVl, 1V2) ; 

ELSE 
$ THE MAP CASE : M WlTH [X,YJ IS TKEATED BY EQUIVA-
$ LENCING THE ASSIGNtO BA~ES Of X, Y w1TH THOSE OF M 

PROPELMAP(IVl, IV2) ; 

END IF ; 

$ MAP RETRIEVAL OPERATIONS. 
(Ql~ □ F, 01~ □ FA, 01~ □ FB) : 

$ 

IF MGTYP(!Vl)=TMAP THEN 
PRuPOfMAP(IVl, 1V2) ; 

END IF ; 

SINGLE-VALUED STORAGE OPS FOR 
(Ol~SOF, Ol~LESSF) . . 

IF MGTYP<IVl)=TMAP Trlt:N 
PROPSOFMAP(OV, IV 1, IV2> 

ELSE 
PROPSUFTvP(O\/, lVl, IV2> 

END IF ; 

MAPS AND TUPLE:S. 

; 

; 

$ MULTIVALUED STORAGE : F~X~ = S ; TRtATS THE RIGrlT-HANO SIDE 
S DIFFERENTLY, A~D REQUIRES A ~EPARATE PKOCEDURE. 

(Ol~S □ FA) : PRDPSOFAMAP(OV, IVl, IVZ) ; 

ELSE 
CONTINUE V 

END CASE ; 

i OTHLK OPCUDtS A~f NOT tXAMIN~D. 
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END vB; 
END PROCEDURE GENLOCS ; 

PROCEDURE MfRGEOBJ(Vl, V2) ; 

$ THIS PROCEDURE EQUIVALENCES THE BASES OF COMPOSITE OBJECTS wHlCri 
$ ARE !VARIABLES OF THE SAME INSTRUCTION. 

BFl :a BFROM~Vl~; 
BF2 := BFROM~VZ~ ; 

IF IS~GLOB( □ I~NAME(Vl)) OR IS~GLOB( □ l~NAME(VZ)) THEN 
$ MERGE THE BASES OF ALL ITEMS IN BFROM~Vl~ ANO BFRDM~V2~ • 

MERGE<CBFl+BF2)WlTH V2, Vl) ; 
ELSE 
• • • 
ENO IF IS~GLOB; 
END PROCEDURE MERGEOBJ ; 

$ THE REMAINING SUBSIDIARY PROCEDURES TO GENLOCS 
$ ARE VERY SIMILAR IN STRUCTURE, A~D WILL NOT Bi DETAILED HERE • 

PROCEDURE MERGECVARSET, OEJ) ; 

$ THIS PROCEDURE EOUl~AL~NCtS THE BASlS JF ALL OBJECTS IN VARSET 
$ TO THE CORRESPONDING BASES OF OBJ. lF OBJ IS A SET OR H-TUPLf, A 
$ SINGLE BASE FROM EACH OBJECT IS INVOLVED. If lT IS A MAP, THEN 
$ DOMAIN AND RANGE BASES ARE tOUIVAltNCtD S~PARATELY. FOR KNO~N 
$ LENGTH MIXED TUPLES, ON~ dASE PlR CDMP □ Nf~T IS INVOLViD • 

IF MGTYP(OBJ) ~ ~TSEl, TUNT~ THEN 
• (vOI P VAR5ET) EQUIVCtLMBASt(Ol), LLMbA5cCD6J)) ; END v; 

ELSEIF MGTYPC □ eJ>=TMAP THtN 
{vOI P VARStT> 

• EOUIVCDOM3ASECDI), OOMBASE<OBJ)) ; 
EQUIV(RANdASE(Ol), ~A~8ASE(UBJ)) ; 

END V; 

• 
• 
0 

• 

ELSEIF MGTYP(OBJ) = TKNT TrltN 
(vOI P VARSET, IX := 1 •• ,MLTYPlCBJ)) 

EQUIV(COMBASE(OI, Ii>, CUMBA~ECOBJ, lX}) ; 
END V; 

END IF ; 
END PROCEDURE MERGE ; 
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PROCEDURE EQUIV(Bl, B2) ; 

IF Bl /= OM ANO B2 /= OM TrlEN 
RSB WITH (B1, B2l ; 

END IF ; 

END PROCEDURE EQUIV; 

PROCEDURE INSERTLOCSCVARSET, BASll ; 

$ THIS PROCEDURE GENERATES -LOCATE- INSTRUCTIONS, INTO -BASE-, 
$ FOR EACH VARIABLE OCCUR~ENCE IN V~~SET, 1F AN ELEMENT OF 
$ VARSET HAS ALREADY REC[lVcD A -LOCATt- INSTRUCTION, DR IF 
$ IT IS KNOWN TO BE AN ELtMENT OF A BASt (BASE~tLMTS(V) 
$ NOT NIL) BY VIRTUE OF PREVIOUS EXTRACTION, THEN ITS OLD BASE 
$ AND THE NEW BASE ARE EQuIVALENCLO. 
$ THE LOCATE INSTRCUCTIONS ARt INSERT~D INTO THE GLOBAL MAP -LSI- • 

(vOI ~ VARSET) 
IF (81:= SLI(OI) /= NIL) OR 

ELSE 

(81:= BASE~ELMTS(OI) /= NIL) THcN 
EOUIV(BASE, Bl); 

SLICOl) := BASE ; 
END IF ; 

END V; 
8 END PROCEDURt INSERTLOCS ; 

• 
• 
• PROCfDURE MERGEBASES ; 

$ AT THIS POINT, THE SET OF BASES SB, A~D THE EQUlVALiNCE MAP 
• $ RSB HAVE BE~N BUILT. WE NOW ~ □ MPL~Tl THE D~SCkIPTION OF THE 

• 

• 

$ ACTUAL BASES WHICH WILL APPiA~ IN THE FINAL MODE DESCRIPTORS. 
$ THIS IS DONE IN THREE STEPS : 

$ A) THE EOUIVALENCE CLASScS IN SB ARE BUILT JUT OF RSB. ANY 
$ MEMB~R OF EACH EOUIVALENCt CLASS IS CHOSEN AS A REPRlSENTATlVc 
$ OF ITS CLASS~ AND A MAP -kEALB- I~ DEFINED FROM EACH BASE TLl 
$ THE REPRESF.NTATIVE OF llS CLASS • 
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$ THE MAPS -SBASEDON- ( FROM BASES TO BASED OBJECTS) AND SLI (FROM 
$ VARIABLE OCCURRENCES TO THE BASlS INTO WHICH THEY ARE lNScRTED> 
$ ARE N □w FOLDED SO THAT ONLY REAL BASES APPEAR IN THEM. 

$ 8) THE MODES OF BASES ARE Dt:TtRMlNED. THIS IS DONE BY EXAMINING 
$ THE MOOE OF ALL OBJECTS WHICH ARE INSERTED !N EACH BASE BY MEANS 
$OF-LOCATE- INSTRUCTIONS, AND PERFORMING THE DISJUNCTION OF ALL 
$ THEIR MODES. THIS PROCESS WILL ALSO UNCOVER RELATIONS AMONG 
$ BASES, FOR EXAMPLE THAT Bl HAS ELEMENTS OF MODE [PB2, PB2 ] • 

$ THIS PROCESS WILL UNCOVER FURTHER EQUIVALENCES BETWE~N BASES • 
$ASA RESULT, THE STEPS A) AND B) MUST BE ITERATED AS LONG AS 
$ THE SET OF EQUIVALENCES RSB IS ~OT tHPTY, 

$ C) USELESS BASES, WHICH ONLY SUPPORT ONc CD~POSlTE OBJECT AND 
$ ITS ELEMENTS, ARt FLAGGED AS SUCH • 

$ THE BASE MODES DETERMINED !N THIS FASHION ~ILL BE USED WHEN 
$ COMPLETING THE MODE DESCRIPTION OF VARIABLES. WHENEVER TrlE MODE 
$ DESCRIPTOR (~B) APPEARS, IF 8 IS A USELESS BASE, WE REPLACE 
$ THIS DESCRIPTOR BY THE MODE OESCRIPTOP FOR THE BASE llEMENT OF 
$ B. IT IS FOR THIS PURPOSE THAT TUPLtS A~D MAP RANGES WERE GIVEN 
$ FICTICIOUS BASES : THEIR MODES CAN NOW bE USED TO DETERMINE 
$ FULLY THE MODE OF UNBASED OBJECTS, WITHOUT HAVING TO PERFORM A 
$ COMPLETE TYPEFINDING ANALYSIS ANtw • 

(WHILE RSB/-=NL> 
EQUIBASES() ; 
MODEBASES() ; 

END WHILE ; 

OROPBASES<) ; 

END PROCEDURE MtRGEBASES ; 

PROCEDURE EQUIB~SES; 

$ THIS PROCEDURE BUILDS THE EOUlVALE~Cc CLAS~ES JF BASES OUT OF 
$ THE EQU!VALENCE RELATION RSB. THE ALGORlTHM USE$ TrlE STANDARD 
$ SPANNING TREE TECHNIQUE DESCRIB[D IN KNUTH, ALGORITHM 2.3.3~. 
$ EACH CONNECTED TREE CORRESPONDS TD ONE EQUIVALENCE CLASS. WE 
$ TAKE THE BASE AT THE ROOT OF TH~ TREE TO BE THE REPR~SENTATIVf 
$ BASE FOR THE CLASS, AND ~E CREAT[ A MAP -REALB- FROM TH~ ORI
$ GINAL BASES TO THEIR REPRESENTATIVES. THIS 1AP IS THEN USiO 
$ TD UPDATE -SLI- (LOCATE INSTRUCTIONS> AND -SBASiDON- (FROM 



I ,. 
l! . ~~ 

;~ 
• 

• t1 ·. ll 
• 
• 
• 
• 
• 
• 
• '~ -' • 

"' 

• 
• 
• 
• 
• 
• 
• 
0 

• 

SETL - 209 - 15 

$ BASES TO BASED OBJECTS) SO THAT ONLY THE REAL BASES APPEAR. 
$ THE ALGORITHM USES THE AUXILIARY MAP -PARENT- WHICH POINTS 
$ UP IN THE SPANNING TREE BiING BUILT, AND TH~ FUNCTION -ROOT
$ WHICH FOLLOWS THE LINKS IN PARENT TO THE TOP OF THE TREE • 

$ THE SET OF BASES -SB- IS REDUCED EVERY TIME THlS PROCEDURE 
$ IS INVOKED. THE MAP -REALB- IS HOWEVER DEFINED OVER ALL BASES 
$ WHICH HAVE BEEN INTRODUCED IN THE PROGRAM. ITS RANGE IS, AT EACH 
$ STEP IN THE PROCESS, SOME SUBSET Of SB, WHICH AFTER CLEANUP 
$ BECOMES THE FULL CONTENTS OF THE NEw SB • 

• • • 
$ THE SPANNING FOREST IS NOW BUILT. THE ROOT OF EACH TREE 
$ IS CHOSEN AS THE REAL BASE CORRESPONDING TO ~ACH EQUlVALENCi 
$ CLASS. WE MAP EACH ORIGINAL BASE INTO ITS REAL ONE. 

(vB ~ SB) REALB(B) :s ROOT(PARENT, 8) ; ENO v; 

$ UPDATE REALB FOR BASES WrllCH HAVE BEEN cQLIVALtNCED IN PRE
$ VIOUS PASSES, AND DO NOT APPEAR ANY MDRt IN SB • 

(vB P DOMAIN REALB t B NOTIN SB) RtALB(B) := KtALB(REALB(B)) ; 

$ UPDATE THE -SSASEDON- MAP, BY TAKING THE L~l □ N OVER ALL MEMBERS 
$ OF EACH EQUIVALENCE CLASS. 
(vS ~ SB) SBASEDON5REALB(B)~ + S8ASEDON~B~) ; END v; 

$ UPDATE THE SET QF BASE INSERTIONS, TO MENTION . □ NLY RlAL BASt~. 

SL! :=~[ □ I, REALB(BJ ] : [OI, BJ P SLI~ ; 

$ DO THE SAM£ FOR BASE~ELMTS, 

BASE~ELMTS := S [JI, REALB(S)J : [01, BJ~ BASE~ELMTS~; 

$ DISCARD THE tOUlVAl~NCE ~ELATIO~S JUST PROCESSE0, AND KEEP 
$ ONLY REAL BASES IN SB. 

R SB : = NL ; 
SB :~ RANGE REALB ; 
END PROCEDURE EQUIBAStS ; 

FUNCTION PDOTCMAP ,NODE) ; 

$ FOLL □~ THE -NODE TO PAR~NT- MAP TO THE kOOT OF THE TREE, 

(WHILE MAP(NODE)/=NODE) NODt := MAP(NODc) ; cND wHILE; 
RETURN NODE; 
END FUNCTION ROOT ; 
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PROCEDURE MODEbASES; 

$ THIS PROCEDURE EVALUATES THE MODE OF THE ELEMENTS OF ~EAL 
$ BASES, BY TAKING THE DISJUNCTION (IN THE SENSE OF THE TYPE 
$ CALCULUS) OF THE OBJECTS LOCATED IN THEM. THE INVERS~ OF -SLI
$ MAPS EACH BASE INTO THE INSERTED OBJECTS, AND IS THE DRlVlNG 
$ STRUCTURE OF THIS PROCtDURE. 

$ THE DISJUNCTION OF Two TYPES MAY LtAD TO FURTHER fQUlVALtNCE 
$ RELATIONS AMONG BASES, REQUIRING ANOTHER MERGING PASS • 

$ IT IS CONVENIENT TD DISREGARD THE SET NATURE OF BASES, ANO 
$ DEFINE THEIR MODE AS BEING THE MODE OF THEIR ELEMENTS. THIS 
$ SIMPLIFIES THE CODE BELOw. 

$ FOR BASES WHICH BELONG TO THE (QUIVALtNCE CLASS OF A GIVEN 
$ REAL BASE, THE MDDL IS OF COURS~ TrlAT OF THE REAL BASE. THE 
$ THE MAP -REALB- MAPS EACrl SASE INTO ITS REAL REPRESENTATlVE • 

SLI~INV := INVtRSc SL! ; 

(vLOCSET :• SLI~INV~BASE~) 
MODECBASE) := .MODEDIS : MODt[LOCSETJ ; 
END v LOCSET ; 

$ NOW PROCESS THE OLDER bAStS, WHICH DO NOT FIGURE IN SB. 

(vB ~ DOMAIN REALB t B NOTIN S9) 
MODE(B) = MOOECR~ALB(B}) ; 

END vB; 

END PROCEDURE MODEBASES ; 

FUNCTION Ml ,MODEDIS M2 ; 

$ THIS PROCEDURE EVALUATES THc DISJUNCTION CF TWO MOOc DESCRIPTORS 
$ THIS PROCEDURE DIFFE~S FROM TH[ ONE OF T~E SAMi NAME IN TH~ 
$ TYPEFINDER, 1N THAl IT HANDLES -ELEMENT Of 3A~E- DESCRIPTORS • 

$ AT THIS POINT, SUCH MODES APPEAP ONLY AS EMBEDDED IN OTH~k DiS
$ CRIPTORS SUCH AS ~PB~, (p~J, ANU MAP(PBl)P82 , THt VARIABLES 
$ BEING INSERTED INTO BA~E5 HAVE ~OT YET RECElVEO THE MODE : PB • 
$ THE RULES FO~ DISJUNCTION Of ~UCH M □ DlS ARE. A~ FOLLOWS : 

$ A) THE DISJUNCTION OF DlFFERENT GRDSSTYPES YIELDS -GENERAL-. 

$ B) THE DISJUNCTION uf TwJ SETS YlELDS fHE SEl WrlOSc ~LtMtNTS AKt 
S THE DISJUNCTION OF TH~ k£SPLCT1Vl tlEM£NT □ ~SCRlPTORS OF LACH • 
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$ C) THE DISJUNCTION OF TWO -tLEMENT OF BASE- MODES YIELDS AN tLE
$ MENT MODE, AND HAS THE SIDE-EF~ECT OF EOUlVALENClNG THE TWO 
$ BASES. 

$ THE REMAINING RULES FOR TUPLES AND MAPS CAN BE GLEANED FROM 
$ THE CODE THAT FOLLOWS • 

IF GROSSTYP(Ml) /= GROSSTYP(M2) THEN RETURN TG~N ; 

ELSEIF ISPRIM(GROSSTYP(Ml)) THEN RETURN Ml; 

ELSEIF GROSSTYP(Mll=TELMT THEN 
• IF REALB(Bl:=BASENAM(N1Ml))/=REALB(tll:=BASENAM(M2)) TrlEN 

EQUIV<Bl, B2) ; 
END IF ; 

• RETURN Ml ; 

tLSE $ COMPOSITE MODES. 
• DISM := CGROSSTYP(Ml)J ; $ TEMPLATE FOR NEW DESCRIPTOR. 

• • • 
• 
• 
• 
• 
• 
• 
• 
0 

• 

CASE GRDSSTYP(Ml) OF 

CTSET, TUNT) : COMPTYP(DISM) := COMTYP(r.l) .MODEDIS 
COMPTYP(M2) ; 

(TMAP) : CDMTYP(DISM) := [TKNT, (JJ ; 

DOMTYP(OlSM) := DOMTYP(MLl .MODEDlS DOMTYP(M2) ; 
RANTYP(D!SM) := RANTYP(Ml) .MUOEOlS RANTYP(M2} ; 

(TKNT) : COMTPTYP(DlSM) := [TMTUP, []] ; 
(vIX := 1 ••• LENTYP(Mll) 

CTYPN(DISM, IX) := CTYPN(Ml, IX) .MOO~DIS 
CTYPN(M2, IX> ; 

END vIX; 
END CASE; 

RETURN DISM ; 

END IF ; 

END FUNCTlON Ml .MOOEOlS M2 ; 

PROCEDURE DROPBAStS; 

SANY BASE WHICH SUPPORT A SINGLE COMPOSiT OdJfCT CAN IN PRlN
$ CIPLE BE DROPPED, BECAUSE TrlE~E IS NO US FUL wAY TO ACC~SS lT) 
$ BASE POINTERS. THIS PROCcDUKE FLAG$ SUCH BAStS, ANO DELtTtS 
$ INSERTION OPERATIONS WrlIC~ ~EFtR TO THEM~ 
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• • • 
END PROCEDURE DROPBASES ; 

FUNCTION SUBSTMO(OBJ) ; 

$ THIS PROCEDURE UPDATES MODE DESCRIPTORS, By RtPLACING REFERENCES 
$ TO DROPPED BASES BY THE MOOc DESCRIPTORS FOR THt CORRESPONDING 
$ BASE ELEMENT. IT 15 A STANDARD RECURSIVE SUBSTITUTION PROCEDURE • 

$ THIS PROCEDURE ALSO REPLACES BASr. NAMES BY Trlt NAMES OF THEIR 
$ REPRESENTATIVES, SO THAT THE UPDATEu MOOE CJNTAINS ONLY REFE-
$ RENCES TO REAL BASES • 

$ □ BJ CAN BE AN OCCURRENCE OR A 8ASt. 

M := M □ DE(OBJ) ; 

• • • • 

END FUNCTION SUBSTMD; 

PROCEDURE COMPDMODES ; 

$ THIS PROCEDURE BUILDS THE MODc OF UROPPED BASfS. TrlE PURPOSE OF 
$ INTRODUCING DUMMY BASES FOR TUPLES AND fOR THE RANGE OF MAP~ HA~ 
$ BEEN TO USE THESE BASES AS MARKERS FOR POSSIBLY COMPLEX STRUC-
$ TURES WHICH MAY THEMSELVES bi BASlD. TrllS~ MARK~RS ARE kcPLACEO 
$ BY THE CORRESPONDING STRUCTURES BY MiANS OF PKOCEDUkE -SUBSTMO
$ AS DESCRIBED ABOVE. AN IMPORTANT AND FREQUENT CASE WHERE THIS 
$ MECHANISM IS USEFUL IS THAT OF MULTIVARIATE MAPS.THt OPERATION i 

$ F<X, Y) := Z; 

$ EXPANDS INTO UNIVARIATE ~ETRilVALS AND STORAGES, 

$ 

$ 

$ 

T : = F ~ X~ ; 
T(Y) := Z ; 
F~X~ := T ; 

$ WHICH GENERATE THE BASINGS 

$ 

$ 
F 
T 

MAP~r+Bl~r+B2 
MAP(r+B3)r+B4 
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$ AND ALSO PRODUCES LOCATE: INSTRUCTIONS 

$ 82 WITH T ; 
$ B3 WITH y ; 
$ B4 WITH z ; 

$ IF F IS ONLY USED AS A BIVARIATE MAP, THEN 82 WILL EVENTUALLY 
$ BE RECOGNIZED AS DROPPABLE, AND AFTER DETERMINING THAT THE. 
$ OF B2 IS . MAP(r+B3)r+B4 THE FINAL MOOE FOR F WILL BE . . , . 
$ F . MAP5r+Bl~MAP(r+B3)r+B4 ; . 
$ WHICH IS THE DESIRED DESCRIPTOR. 

$ THE PROCEDURE BELOW ITERATES OVfR Tri~ MODES Of OROPPABLE 
$ BASES, UNTIL THEY CONTAIN ONLY REfERENCES TO PRIMITIVE TYPES 
$ AND TD BASES ~HICH CAN-T 8t OROPPtD. 

WORK := ~ B r+ SB t CAN~DRDP(B) ~ ; 

(WHILE WORK/= NL) 
B := ARB WORK ; 
MOOE(B) := SUBSTMDCMODt(B)) ; 

IF (vBA r+ BASEA(MODE(B)) t BA NOTIN wOKK ) TrlEN 
WORK LESS B; 

END IF ; 
ENO WHlLE; 

RETURN; 

MODi: 

~ ENO PROCEDURE CDMPOMODES; 

PROCEDURE MDVELDCS ; 

• 

$ THIS PROCEDURE MOVcS -LOCATt- I~STRUCTIONS OUT OF LOOPS WHEN
$ EVER Trlc BASt POINTER WHICH IT GENERATES IS NOT ACTUALLY USED 
$ WITHIN THE LOOP.THE FOLLOWING CASE 15 TYPlCAL : A VAR!AolE X lS 
$ KNOWN TO BE (r+B) ; BFROM5X~ INCLuOt:S TrlE FOLLOWING OCCURRENCE 
$ OF X 

(vl == 1 •• 100) X := X + Y; tNO v; 

$ THE PROCEDURE -GENLOCS- ~Ill HAVf l~SL{T~D l LO~ATE lNSTRLCTlJN 
$ WITHIN THE LOOP, FOR THE □ VA~IABLt X T~ER~!N. TrllS IS CLEARLY 
$ I NCO RR EC T, BE C AUS E EACH S iJ CH VAL U E tJ F X, < E ~ C t PT THE L AS T ON£ 
$ IS NOT USED AS A BASE ELEMENT : ITS BASt POINTER IS DEAD. TrlE 
$ PROPER PLACE FOR ThE LOCATE INSTKUCTIGN IS OF COURSE ON EXIT 
$ FROM lHE LOOP. THE PROClOURE BELOW SYSTEMATIZES THIS PROCESS. 
$A-LOCATE- l~STRUCTION CAN BE MOVED OUT OF AN INTERVAL IF NJ 
$ USE IS MADE OF THE BASE POINTER WHlC~ IT GfNtRATlS, wIT~IN ITS 
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$ OWN INTERVAL. THIS CAN BE ASCERTAINED BY FLlLL □ Wl~G -bFROM-
$ OF THE (PREMATURELY) LOCATED VARIABLE. IF ~E RtACH AN OPERATION 
$ WHICH USES THE BASE POINTER WITHIN THE INTE~VAL THEN THE ~LOCATE 
$ CANNOT BE MOVED. lF THE USE APPEARS IN SOME SUCCESSOR INTERVAL, 
$ THEN IT MUST BE ADVANTAGEOUS TO MOVE THE -L □CATt- OPERATION TO 
$ THE HEAD OF THAT INTERVAL • IN SCANNING -BFROM- WE BUILD A MAP 
$ -MOVETO- FROM VARIABLE OCCURRENCES TO TARGET INTERVALS. THIS MAP 
$ ANO THE ENTRIES IN -SLI- FOR WHICH -MOVETO- IS EMPTY, ARE THEN 
$ USED TO PERFORM THE ACTUAL COOE lNStRTIONS. 

$ THE APPROACH JUST SKETCHED 1S CLUMSY AND CAN PROBAdLY BE 
$ REPLACED ALTOGETHER BY USING THE NAME-SPLITTING TECHNIQUE 
$ DESCRIBED IN NL.***• WE SrlALL THERlFORE OMIT All SPECIFICS 
$ OF THE CODE FOR THIS PHASE • 

END PROCEDURE MDVELOCS; 

PROCEDURE UPDMODES ; 

$ THIS CONSTITUTES THE FlFTrl PrlASl Of THE DATl-STKUCTURlNG PROCtSS 
S THE FINAL MODES OF REAL BAStS HAVE BtEN DETERMINED. Wt ADJUST 
S ACCORDINGLY THE MODES OF OCCURRLNC[S. THIS IS OJNE IN THREE 
$ STEPS : 

$ FOR COMPOSITE OBJECTS, FOR wrllCH BAS~O MODES rlAV~ BEEN GENERATED 
$ AT THE BEGINNING, wE ADJUST THESE MODtS USING THE PROCEDURE 
$ SUBSTMD, TO REPLACE REFERENCES TO DROPPED 3ASES BY TrlE MODE OF 
$ THEIR ELEMENTS. 

$ FOR ATOMIC VARIABLES, THE ONLY POSSIBLE MODlflCATlON TO THEl~ 
$ PREVIOUS TYPE IS THAT THEY MAY HAVt BiCOME ELEMENTS OF A 
$ BASE. THIS CAN ONLY HAPPEN IF THEY RlCEIVE TnElK VALUt BY A)
$ SIGNMENT OR BY EXTRACTION. FOR □ VARS, THE LNfORMATION IS 
$ ALREADY AVAILABli IN BASE~ELMTS, AND CAN 8c UStD TO ~ET THE 
$ CORRECT FINAL MOOE • 
$ FOR IVARS, WE MUST EXAMINE BFROM TO DlTERM1NE WrlETHE~ AN 
$ -ELEMENT OF BAS~- MODE kiACHES THfM. 

UPDMCOMPS () ; 
UPDMDVARS() ; 
UPOMIVARS<> ; 

RETURN; 

ENO PROCEDURE UPDMODES; 



• 

• 
• 
• 
• 
• 
• • • 
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PROCEDURE REFINE; 

$ THIS PROCEDURE APPLIES THE HEURISTICS DESCRIBED IN THE C.A.C.M 
$ PAPER, TO CHOOSE BETWEEN LOCAL, REMOTE AND SPARSE R€PRESEN-
$ TATIONS FOR BASED OBJECTS. AT THI$ POINT, THESE HEURISTICS 
$ AMOUNT TO THE FOLLOWING : 

$ A) A BASED OBJECT SHOULD BE SPARSE IF IT IS TO Bt ITERATED 
$ UPON, UNLESS WE CA~ SHO~ THAT THE OBJECT IS ACTUALLY IDENTICAL 
$ WITH ITS BASE.THE ROUTlhE -ID~T □ ~BASE- SPOTS SUCH IDENTITIES 
$ IN SOME IMPORTANT CASES • 

$ B) IF NO ITERATION IS PERFORMED ON AN OHJECT, BUT IT IS 
$ SUBJECT TO ALGEdRAIC OPERATIONS (Uhl □N, INTERSECTION, ETCl 
$ OR IS PASSED AS A PARAMET~R, ASSIGNED AND USED DESTRUCllVELY, 
$ OR INSERTED INTO A LARGER OBJECT, THEN IT SHOULD BE REMOTE • 

$ Cl IF ONLY DIFFERENTIAL UPDATING OP~RATIONS ARE APPLIED 
$TOAN OBJECT, ANO IT IS NEVER TRANSMITTED TO ANOTHER BY 
$ ASSIGNMENT, INSERTION OR CALL, THEN IT CAN HAVE A LOCAL 
$ REPRESENTATION. 
$ THE MAP CL~M □ DE IS THE STRUCTURE THAT DRIVES THIS PROC~DU~c. Trlt 
$ OCCURRENCES IN CL~MODE(MODEl Ake EXAMlNED IN TERMS OF THE JPtKA
$ TIONS WHICH APPLY TO THtM, AND A SINbLE CHOICE (LOCAL, REMOTt, 
$ SPARSE> IS MADE FOR ALL OF THEM, THUS PRECLUDING ANY MODE 
$ CONVERSION, (WHOSE EXPENSE WE DO NOT KNOW YET HOW TO EVALUATl) • 

• CONST SPARSE, REMOTE, LOCAL ; END ; 

(vCLASS z= CL~M □DECMODEl) 

• 
• • • • 

• END PROCEDURE REFINE ; 

• 
• 
• 
• 
0 

• 
• 


