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ABSTRACT

THIS KLPORT DESCRIBES THE FORTRAN VERSION FGRAAL OF THE GRAPH
ALGOKITHMC LANGUAGE GRAAL <TECHN,REPORT TR-158) AS IT HAS BEEN
IMPLEMENTED FOR THE UNIVAC 1108. FGRAAL IS AN EXTENSION OF FORTRA^
v. AND is INTENDED FOR DESCRIBING AND IMPLEMENTING GRAPH AL-
GORITHMS OF THE TyPE PRIMARILY ARISING IN APPLICATIONS. THE FORMAL
DESCRIPTION CONTAINED IN THIS REPORT REPRESENTS A SUPPLEMENT TO
THE FORTRAN V. MANUAL FOR THE UNIVAC U08 (Up-4060)» THAT IS,
ONLY THE NEW FEATyRES OF THE LANGUAGE ARE DESCRIBED. SEVERAL TYPI-
CAL GRAPH ALGORITHMS* BRITTEN IN FGRAAL* ARE INCLUDED TO ILLU-
STRATE VARIOUS FEATURES OF THE LANGUAGE AND TO SHOW ITS APPLICABI-
LITY.
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1.

A GRAPH ALGORITHMIC LANGUAGE, F^RAAL, IS DESCRIBED AS IT IS
IMPLEMENTED FOR TH&: UNIVAC 11U8. TH£ LANGUAGE IS AN EXTENSION OF
FORTRAN V.» AND IT IS INTENDED FOR IMPLEMENTING GRAPH ALGORITHMS
OK THE TYPE PRIMARILY ARISING IN APPLICATIONS. THIS RFPORT CON-
TAINS THE DESCRIPTION OF THE LANGUAGE EXTENSION FOR A POTENTIAL
USER* AND IT SHOULD BE USED TOGETHER WITH THE FORTRAN V. MANUAL
FOR THE UNIVAC llQfl (UP-*f060). FGRAAL HA$ BEEN IMPLEMFNTED BY
MODIFYING THE RALPH COMPILER. IT CAN BE CALLED BY

«KiKAAL»<OpTlONS> <SPECIFICATIONS>

WHERE <OFT10NS> AND <SPECIFlCATIONS> AkE AS DEFINED FOR FORTRAN
PROGRAMS.

CHAPTEK 2 GIVES A SUMMARY OF THF SET THEORETIC FOUNDATION OF
GKAAL. CHAPTERS 3-11* CONTAIN THF DESCRIPTION OF THE SPECIAL FEA-
TURES OF THE LANGyAGE. CHApTER 15 SUMMARIZES THE SPECIAL OPERA-
TIONS AND STATEMENTS IN A TABLE. CHAPTER 16 CONTAINS SEVERAL E-
XAMPLES PROGRAMMED IN FGRAAL.
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2. SET IHEOREjlC FOUNDATIONS OP

IN THIS CHAPTER, CAPITAL LETTERS X,S,T, ETC. STAND FOR FINITE
SETS, AND FHF BASK SET OPERATIONS ARE INDICATED BY THE USUAL
SYMBOLS: W (UNlOrg), n (INTERSECTION) , ~ (DIFFERENCE) , AND A
(SYMMETRIC SUM), pOR ANY SET X, THF CARDINALITY IS DENOTED BY |x|,
P(X) IS THE POWER SET, AND WE

(2.1) Pk(X) = {StP(X)| |S| = k} , W = 0.1,..., j'

IN FGRAAL, THE SET OPERATIONS ARE DfeNOTED BY .UN., ,IT.» .DF.
AND .SM., RESPECTIVELY. THE CARDINALITY OF A SET X IS GIVEN BY
THE BUILT-IN FUNCTION SlZE(X).

IT IS i«ELL.-KNOwN THAT UNDER UNION, INTERSECTION, AND COMPLEMEN-
TATION (KM X), P(X) IS A BOOLEAN ALGEBRA WITH THE MEMBERS OF P,(X)
AS GENERATORS. TO OBTAIN ANOTHER ALGEBfcAiC STRUCTURE, LET GF(2)
BE THE BINARY GALQlS FIELD WITH THE INTEGERS 0,1 AS ELEMENTS. THEN
P(X) BECOMES A VEcTOR SPACE OVER GF(2) IF THE SYMMETRIC SUM IS
USED AS ADDITION A^D THE SCALAR PRODUCT IS DEFINED BY

.XS = ̂  FOR X = 0 AND iXS = S FOR X = 1

THE ELEMENTS OF P,(X) NOW FORM A BASIS.

FOR ANY SETS X,Y WE DENOTE BY R(X,Y> THE CLASS OF ALL MQR-
PHISMS

\4/ : P(X) — > P(Y)

BETWEEN THE BOOLEAN ALGEBRAS P(X), P(Y). ANY V4/6B(X,Y) IS UNIQUE-
LY CHARACTERIZED BY THE IMAGE SETS VV{xUP<Y) OF THE GENERATORS
{x} £P,(X) AND

(2.2) yS=ljM'{x}« VS6P(X)

X£S

CORRESPONDINGLY, wE DEFINE L(X,Y) AS THE CLASS OF ALL LINEAR
MAPPINGS

LJ7 : P(X) — >P(Y)

BETWEEN THE VECTOR SPACES P(X), P(Y). THEN, INSTEAD OF (2.2), WE
HAVE FOR ANY ip fe L<X,Y) THE REPRESENTATION

(2.3) <>S
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LtT G BE A GRAPH WITH NODE SET V AND ARC SET A THE Ft F
1«ILNTS OF P(V) AND P(A) CONSTITUTE THE BASIC DATA OBJECTS FOR ALL
OPERATIONS ON G UNDER GRAAL AND THE STRUCTURE OF THE GRAPH IS
DEFINED BY CE«TAIN BOOLEAN OR LINEAR MAPPINGS BETWEEN THE TWO
POivF.K SETS. IN THf REMAINDER OF THIS CHAPTER WE DEFINF THE RAqTC
GRAPH OPEKA10HS PRESENTLY INCLUDED IN GRAAL.

IN FGRAAL. THE NQOE SET V AND THE ARC SET A OF A GRAPH G ARE
HEFERED BY THE MUjLT-IN FUNCTIONS NODES (G) AND ARCS(G), RESPECTI-

AN UNDIRECTED PSEUDOGRAPH IS A TRJPLE G = (V,A,d» CONSISTING
OF A NODL SET V, <\N ARC SET A, AND AN INCIDENCE OPERATOR ~

(2.4) ( I ) 4> € B ( A , V )

]€ P,(V) WP2(V) ,

THUS FOR ANY ARC a , (J){a} 15 EITHER THE TwO-ELEMENT SUBSET OF V
CONSISTING OF THE TWO DISTINCT ENDPOINTS OF a , OR AN ATOMIC SUBSET
OF V, IN WHICH CASE a IS A SELF LOOP. WE SPEEK OF A MULT I GRAPH
IF IN (2.4) THE CONDITION ujj is REPLACED BY - -

uct > >aeP2(v), CUA

THE UNQUALlPrED TERM GRAPH IS USED IF, IN ADDITION TO (,"')» THE
RESTRICTED MAPPIN6 <$> : P((A)->P(V) IS ONE-TO-ONE.

IN FGRAAL> THE INCIDENCE OPERATOR Is IMPLEMENTED BY A RUlLT-IN
FUNCTION, INC<G,S), WITH TWO ARGUMENTS, THE FIRST BEING THE GRAPH
IDENTIFIER, AND THE SECOND A SET OF ARCS IN G. THE VALuE OF THE
FUNCTION IS A SET (OF NODES OF G) AS DEFINED BY (2.2) AND (2.U).

FOR ANY UNDIRECTED PSEUDOGRAPH G = (v,A,(t» THE STAR OPERATOR
IS THE BOOLEAN - ~ - ~ -

(2.5) 6"68(V,A)

WHILE THE STANDAR0 BOUNDARY OPERATOR *3 AND COBOUNDARY OPFRATOP
ARE DEFINED AS THE LINEAR MAPPINGS - -

(2.6) 3 € L(A,V)

AND
(2.7) C$6 L(V,A)



2-3

HENCE » FOR ANY NOQF. AT »**/* IS THE SET OF ALL ARCS OF 6 WHICH
ARE. INCIDENT WITH rJ- . THE BOUNDARY OPERATOR 3 MAPS EACH ARC INTO
THE SET OF ITS TWO ENDPOINTS, PROVIDED THEY ARE DISTINCT, AND
OTHERWISE INTO THE EMPTY SET. FINALLY, <£{w} CONSISTS OF ALL ARCS
INCIDENT wIlH & EXCLUDING ANY SEl F LOOPS.

IN FGKAAL, THE ABOVE OPERATORS ARE IMPLEMENTED AS
FUNCTIONS, STAR(G,T), BD(G,S) AND COb(G,T), EACH WITH TWO ARGU-
MENTS. THt FIRST IS THE GRAPH IDENTIFIER, AND THE SECOND IS A SET,
T OR S» WHERE T Is A SUBSET OF NOUFS OF G, AND S A SUBSET OF ARCS
OF G. THE VALUES QF THE FUNCTIONS /\RE SETS OF NODES OR ARCS OF G
ACCORDING TO THE DEFINITIONS (2.2) AND (2.5) FOR STAR, (2.3) AND
(2.6) FOR BD» (2.3) AND (2.7) FOR COB.

IN A GRAPH G EACH ARC IS UNIQUELY DETERMINED BY THE TWO ELE-
MENT SET OF ITS E,\|DPOINTS, AND HFNCE THE ARCS ARE LOSING SOME OF
THEIR OWN IDENTITY. ACCORDINGLY, IT IS OFTEN EXPEDIENT TO WORK
EXCLUSIVELY WITH THE NODES. FOR THIS WE INTRODUCE FOR A GRAPH
G = (V,A,4>) THE ADJACENCY OPERATOR

(2.8) 0( 6 B(V,V)

THUSr o( PRODUCES FOR EACH NODE «r THE SET OF ALL NOHES u. WHICH
FORM WITH AT THE (DISTINCT) ENDPOTNTS OF SOME ARC OF G.

IN FGRAAL» THE ADJACENCY OPERATOR Is IMPLEMENTED AS A BUlLT-IN
FUNCTION, ADJ«G,S), WITH THE GRAPH IDENTIFIER G AGAIN AS FIRST
ARGUMENT AND THE sET OF NODES OF G AS THE SECOND. THE VALUE OF THE
FUNCTION IS A SET OF NODES AS DEFINED BY (2.2) AND (2.8>.

OTHER OPERATORS ARE POSSIBLE AND KAY BE INCLUDED LATER. EACH
ONE OF THESE OPERATORS CAN BE USED IN PLACE OF 4> TO CHARACTERIZE
GRAPHS OF SPECIFIC TYPE. FOR EXAMPLE* NOTE THAT O( HAS THE PRO-
PERTIES

(2.9) (t ) 0(6 B(V,V)

rj, "Ŷ S V

} IF AND ONLY IF M

IF V IS ANY SET A|sjD THE MAPPING^ SATISFIES (2.9) THEN G = ( V , A »<t>)
WITH

A =

4 > € B ( A , V ) , 4>{a}={uy} IF



IS A wELL-UL'FINED GRAPH wlTH of AS IjS ADJACENCY OPERATOR. WE
CALL (V,o<) THE NOoE FORM REPRESENTATION OF G.

THE DEFINITION op THE VARIOUS OPERATORS ARE EASILY CARRIED
TO DIRECT tO GRAPHS. A DIRECTED PSEUDOGRAPH SHALL BE A QUADRUPLE
G = (V»A, 4>+,<J>-) CONSISTING OF A NODE SET V» AN ARC SET A, AS WELL
Ab A POSITIVE AND A NEGATIVE INCIDENCE OPERATOR

(2.10) 4>+ , 4>_ 6 B < A , V )

<MCX} , <J>- lal£ Pi( V ' ' VcuA

IN OTHER wOKDSr<Ma} AND <M«-} ARE ATOMIC SUBSETS OF P(V) CONSISTING
OF THE INITIAL AND TERMINAL NODES OF a* RESPECT IVELY. IN MANY
CASES* IT IS CONVENIENT TO USE THE COMBINED INCIDENCE OPERATOR

(2.11) <t>£ B(A,V)

4>{a\= <$>+{CL] w ($>_ {a} , Vat A

AS IN THE UNDIRECTED CASE WE SPEAK OF A DIRECTED MULTTGRAPH
IF 4>{>}fcP,(V) » FOR ALL 0.6 A» AND OF A DIRECTED GRAPH (DIGRAPH) IF,
IN ADDITION* $ : P,(A)— > P^ V ) IS ONE-TO-ONE.

THE POSITIVE AND NEGATIVE STAR OPERATORS OF THE DIRECTED PSEU-
DOGRAPH 6 ARE DEFINED BY

(2.12) 6 +eB(V»A)

^(^"Jr^oLfcA j/vf= ̂

^.t B(V»A)

e V

AND WE INTRODUCE ALSO THE COMBINED STAR OPERATOR

(2.13) &€ B(V»A)

6 ̂ ir <5+{*} V 61̂ } >

CONSISTS OF ALL THE ARCS BEGINNING AT «r AND 611*3 OF THOSE
TERMINATING AT THAT NODE.

THE POSITIVE AND NEGATIVE BOUNDARY AND COBOUNDARY OPERATORS OF
A DIRECTED PSEUDOGRAPH ARE NOW THOSE LINEAR MAPPINGS WHICH COIN-
CIDE WITH THE INCIDENCE AND STAR OPERATORS ON THE APPROPRIATE
FAMILY OF ATOMIC SETS:

(2.11) ^ , 9.6 L(A,V)

t A
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V , A

I! IS NATURAL TO QEFINE ALSO THE COMBINED MAPPINGS

(2.lb) 9fc L(A,V)

3{a$ = £̂ a}Aa.4aj, Vat A

Jt L ( V r A )

THUS cHa} IS AGAIN THE SET OF THE E'K'DF'OINTS OF a IF THESE END-
POINTS AKL DISTINCT, AND THE EMPTY SET, IF TH£Y ARE NOT. SIMILAR-
LY , <£H IS ONCE MORE THE SET OF ALL ARCS INCIDENT WITH sv EXCLUDING
ALL SELF LOOPS.

FINALLY, WE DEplNE FOR A DIGRAPH Q = ( V, A , 4>v ,<$, ) THE POSITIVE
AND NEGATIVE ADJACENCY OPERATORS BY THE RELATIONS

(2.16) o( o<_e B(V,V)

3 a. £6̂ 1̂ } , u. = 4?.

V 3 a€ 6. i v} , U. = 4>̂ . \

THEN THE COMBINED ADJACENCY OPERATOR

(2.17) 0(6 B(V,V)

HAS AGAIN EXACTLY THE SAME MEANING AS IN THE UNDIRECTED CASE.
MOREOVER, oĈ . AND c*_ MAY BE USED TO CHARACTERIZE THE INCIDENCE
STRUCTURE OF A DleRAPH. HERE CONDITIONS ( - ) AND U'v ) OF (2.9) HAVE
TO HOLD FQR ROTH «+ AND c^_ , AND (v^) IS REPLACED BY

(>-^Ji) it€o(.+ {^] IF AND ONLY IF AT C of- f ui,-tfu.,ve V
THIS DEFINES THE NODE REPRESENTATION (V»o«:+foC_) OF A DIGRAPH.

IN FGRAALf THE POSITIVE (NEGATIVE) OPERATORS ARE IMPLEMENTED BY
HAVING THE LETTER «P» CN«) IN FRONT OF THE CORRESPONDING BUILT-IN
FUNCTION NAME. FOR EXAMPLE, THE POSITIVE INCIDENCE OPERATOR CORRE-
SPONDS TO THE BUILT-IN FUNCTION PlNC(G»S>» THE NEGATIVE INCIDENCE
OPERATOR TO NINC(G,S).
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VARIABLES, DECLARATION STATEMENTS

THERE AKL FOUR NEW TYPES OF VARIABLES INTRODUCED IN
NAMELY SET-» LIST-, PROPERTY- AND GRAPH-VARIABLES, ALl OF THESE
VARIABLES MUST APpEAR IN THE PROPER DECLARATION STATEMENT. SETS
CONSTITUTE A NLW BASIC DATA TYPE. LISTS ARE DOUBLY-OPFN LINKED
LIST STRUCTURE WHjCH MAY BE USED AS STACKS OR QUEUES. PROPERTY
VARIABLES RtSELMBLe SUBSCRIPTED VARIABLES WITH SET VARIABLES CORRE-
SPONDING TO SUBSCRIPTS. GRAPHS REPRESENT SPECIFIC DATA STRUC-
TURES. ALL OF THEsE VARIABLES MAY APPEAR IN THE ARGUMENT LIST OF A
SUBROUTINE CALL.

3.1. SETS

IN FGRAAL* SETS CONSTITUTE A NEW BASIC DATA TYPE. AN ATOMIC SET
IS A SET CONSISTING OF ONE ITEM, AND ANY SET IS EITHER EMPTY OR A
UNION OF ATOMIC SETS. THE ONLY CONSTANT SET IS THE EMPTY SET. AN
ATOMIC SET CARRIES A SEQUENCE NU^BFR WHICH IS ASSIGNED To IT AT
THE TIME OF ITS CREATION, AND THE MEMBERS OF A SET ARE ORDERED IN
ASCENDING ORDER OF THEIR SEQUENCE NUMBER. ALL SEQUENCE NUMBERS ARE
RETAINED IN AN ELEMENT SEQUENCE? IT IS AN ORDERED INTERNAL STRUC- "
TURE SERVING THE DUAL PURPOSE OF CATALOGING THE ATOMIC SETS WHICH
HAVE BEEN CREATED SO FAR AND OF PROVIDING THE LINKAGE BETWEEN AN
ATOMIC SET ANU TH^ PROPERTIES WHICH ARE ASSIGNED TO IT.

SET VARIABLES ARE DECLARED BY A SET DECLARATION, WHICH CONSISTS
OF THE WORD SET FOLLOWED BY THE LIST OK VARIABLES, E.G.

SET S,T

SETS CAN ALSO BE DECLARED IMPLICITLY, AS ANY OTHER VARIABLES IN
FORTRAN. THE STATEMENT,

IMPLjdT SET (S-W)

CAUSES ALL VARIABLES WHOSE LEADING CHARATER IS IN THE RANGE FROM s
TO W TO BE CONSIDERED AS SET VARIABLES.

THE CREATION OF ATOMIC SETS IS ACCOMPLISHED BY THE CREATE FUNC-
TION WHICH IS DESCRIBED IN THE SECTION U.I.

THE EMPTY SET iS DENOTED BY THE CHARACTER »«' OR BY THE KEYWORD
.EMPTY. ENCLOSED jN PERIODS, A DECLARED SET CAN BE MADE EMPTY BY
THE FOLLOWING SET ASSIGNMENT STATEMENT:

S = S OR S = .EMPTY,

AND CAN BE TESTED IF IT IS EMPTY OR NOT BY THE LOGICAL EXPRESSION
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S .EQ. OR S .NE.

StT VARIABLES MAY BE DIMENSIONED AS OTHER TYPE OF VARIABLES
(HEAL» IIYlEGFK, ETC.), EITHER IN A SEPARATE DIMENSION STATEMENT Oi<
IN THE DECLARATION STATEMENT ITSELF. E.G.

SET R(IO)

DEFINES AN ARRAY CONSISTING OF 10 SETS, R( 1 )t . . . ,R(10) .

LISTS

A LIST IS A DOuBLY-OPEN, LINKED LIST STRUCTURE WHICH MAY BE
USED AS A STACK OR A QUEUE, IT OFFERS A DYNAMIC ALTERNATIVE TO
THE ARRAY FUR THE STORING VALUES OF VARIABLES IN THE ORDER DEFINED
BY THE USER. EACH LIST MUST BE DECLARED BY ITS TYPE (INTEGER,
REAL, BOOLEAN OR SET) REFERING TO THE TYPE OF VALUES THE LIST
CONTAIN. THE LIST DECLARATION STATEMENT CONSISTS OF THE TYPE,
FOLLOWED tfY THE WQRD STAQUE, FOLLOWED BY A LIST OF NAVES, E.G.

INTEGER STAQUE I»J

OPTIONALLY, THE TyPE MAY BE DELETED, IN WHICH CASE, THE TYPE OF
THE LIST IS DEFINED By THE 'NAME RULE*.

3.3. PROPERTIES

A PROPERTY MAY BE ASSOCIATED WITH ANY ATOMIC SET. THE PROPERTY
DECLARATION ESTABLISHES THE TYPE ASSOCIATED WITH EACH PROPERTY
NAME. THE DECLARATION CONSISTS OF THE TyPE, FOLLOWED BY THE WORD
PROPERTY, FOLLOWED BY THE LIST OF PROPERTY NAMES, E.G.

SET PROPERTY S,TREF
REAL PROPERTY CAP,Fl,F2

WHENEVER
TYPES OF
RULE ' .

THt TYPE IS NOT EXPLICITLY
THE PROPERTIES IN THE LIST

GIVEN IN THE DECLARATION, THE
ARE DEFINED BY THE 'NAME

ASSIGNING OR REASSIGNING OF A PROPERTY VALUE TO AN ATOMIC SET
AND RETRIEVING IT, IS DESCRIBED IN CHAPTER 7.
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3.4.

GKAPHS REPRESENT SPECIFIC DATA STRUCTURES TOGETHER WITH CERTAI
OPf-.RATlONS FOR MANIPULATING THEM. THE GRAPH DECLARATION IDENTI-
FIES THE DATA STRUCTURES USED AND THE FAMILY OF OPERATORS AVAI-
LABLE WITH IT. THE LANGUAGE is POPULAR IN THE SENSE THAI, IN
GENFKAL, ONLY SOMg; OF THE POSSIBLE GRApH OPERATIONS ARE USABLE
WITH ANY SPECIFIC GRAPH. FOUR MODULES ARE PRESENTLY DEFINED
THE LANGUAGE :

IN

0
1
2
3

DIRECTED PSEUDOGRAPH
UNDIRECTED PSEUDOGRApH
DIRECTED NODE GRAPH
UNDIRECTED NODE GRAPH

THE PSEUDUGKAPH Is THE MQST GENERAL MOnlJLE ANQ ALLOWS SELF-LOOPS
(ARC WITH THE SAME NODE AS END-POINTS) AND MULTIPLE ARCS (MORE
THAN ONE ARE CONNECTING TWO DIFFERFNT NODES). THE NODE GRAPH DOES
NOT ALLOW SELF-LOoPS OR MULTIPLE ARCS, FURTHERMORE ARCS DO NOT
HAVE AN IDENTITY.

THE IDENTITY Op A NODE OR ARC IS ESTABLISHED bY ASSIGNING A-
TOMIC SETS TO THE GRAPH. THESE OPERATIONS ARE DESCRIBED IN CHAP-
TER 9.

GRAPHS WITH DIFFERENT MODULES MUST BE DECLARED IN SEPARATE
STATEMENTS. THE GRAPH DECLARATION STATEMENT CONSISTS OF THE WORD
GRAPH, FOLLOWED By THE GRAPH MODULE NUMBER IN PARENTHESES, AND BY
A LIST OF GRAPH VARIABLES, E.G.

GRApH(O) G»H
GRApH(3) T

STATEMENTS DECLARE G AND H AS DIRECTED PSEUDOGRAPHS, T AS AN UN-
DIRECTED NODF GRApH.

3.5. VARIABLES AS FUNCTION OR SUBROUTINE ARGUMENTS

ANY OF THE ABOvE DESCRIBED VARIABLES MY BE SUBMITTED TO FUNC-
TIONS OR SUBROUTINES IN THE ARGUMENT LIST, E.G.

SET S» T(10)
GRApH(l) G
REAL PROPERTY LENGTH

CAL|_ SUB(S,T,G,LENGTH)



WHEN A SUBROUTINE. OR FUNCTION HAS THE ABOVE VARIABLES IN ITS
ARGUMENT LIST, IT MUST HECLARE THEM, E.G.

SUBROUTINE SUB(S»T»G,LENGTH)
SET S, TUQ)
GRApH G
REAL PROPERTY LENGTH

THE MODULL NUMBER OF THE GRAPH DECLARATION MAY HE OMITTED IN THE
SUBROUTINE.

J.6. EXTERNAL S£T FUNCTIONS

FXTFRNAL FUNCTION SUBPROGRAMS OF SET TYPE CAN BE USED THE SAME
WAY AS OTHFK TYPE OF EXTERNAL FUNCTION SUBPROGRAMS* I.E. THE TYPE
OF THE FUNCTION MUST BE DECLARED UNLESS ITS NAME IN CONTAINED IN
AN IMPLICIT SET DECLARATION. E.G.

c CALLING PROGRAM

SET SFCT

X =".1. SFCT(Z,R) ...

END"

c FUNCTION PROGRAM
SET FUNCTION SFCT(S,T>

SFCT = ...
RETURN
END
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SE( EXPRESSION

A SFT EXPRESSION Is A R(jLE FOR CREATING, REFERENCING* AND MAN!,
PUL.ATING StlS. EACH ATOMIC SET CARRIES A SEQUENCE NUMBER WHICH Is
ASSIGNEU TO IT AT THE TIME OF ITS CREATION. A SET is A UNION OF
ATOMIC SETS OKDER£D IN ASCENDING ORDER BY THEIR SEQUENCE NUMBER.
ALL SEQUENCE NUMBERS ASSIGNED TO ATOMIc SETS ARE RETAINED IN AN
ELEMENT SEQUENCE. THIS IS AN ORDERED INTERNAL STRUCTURE SERVING
THE DUAL PURPOSE oF CATALOGING THE ATOMIC SETS WHICH HAVE BEEN
CHEATED THUS FAR AND PROVIDING THE LINKAGE BETWEEN AN ATOMIC SFT
AND THE PROPERTIES WHICH ARE ASSIGNED TO IT.

<4,i. CREATION AMD REMOVAL OF ATOMIC SETS

THE SPECIAL FUNCTION,

CREATE (Q)

WITH ARGUMENT ZERo CREATES A NEW ELEMENT WITH THE NEXT SEQUENCE
NUMBER IN THE ELEMENT SEQUENCE AND RETURNS THE ATOMIC SET CON-
TAINING THAT ELEMENT. THE SAME FUNCTION MAY BE USED WITH A LIST
OF ARGUMENT PAIRS;

CREATE (P1,V1,P2»V2»...rPNfVN) (N>0)

WHERE THE PI'S AR£ DECLARED PROPERTY NAMES, AND THE VI»S ARE
VARIABLES OR CONSTANTS OF THE SAVE TYPES AS THE CORRESPONDING
PROPERTIES. THIS VERSION OF THE FUNCTION CAUSES A SEARCH OF THE
ELEMENT SEQUENCE FOR AN ATOMIC SET FOR WHICH ALL THE NAMED PROPER-
TIES EXIST AND ARE PRESENTLY ASSIGNED THE SPECIFIED VALUES. IF A
(COMPLETE) MATCH jS FOUND THE FUNCTION RETURNS THE CORRESPONDING
ATOMIC SET. IF N0 MATCH (OR ONLY A PARTIAL MATCH) OCCURS, A NEW
ELEMENT WITH THE NjEXT SEQUENCE NUMBER IS ADDED TO THE ELEMENT
SEQUENCE wITH THE GIVEN PROPERTIES AND CORRESPONDING VALUES. THE
ATOMIC SET CONTAINING THIS NEW ELEMENT IS RETURNED.

THE REMOVE STATEMENT REMOVES ALL ATOMIC SETS WHICH ARE ELEMENTS
OF THE ARGUMENT S£T FROM THE ELEMENT SEQUENCE, TOGETHER WITH THEIR
ASSOCIATED PROPERTIES, E.G.

REMOVE S

REMOVES THE ATOMIC SETS WHICH ARE ELEMENTS OF THE SET S. IF A
REMOVED ATOMIC S£T IS REFERENCED AN ERROR CONDITION OCCURS.

THE SPECIAL FUNCTION,
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ATOM (1)

WHERE I IS AN INTFGER, CAN BE USED TO OBTAIN THE ATOMIC SET WHOSt
ELEMENT HAS THE G{VEN SEQUENCE NUMPEK I. IF THERE IS NO SUCH AN
ELEMENT, IT RETURNS AN EMPTY SET.

»*.i>. SEf OPERATORS

THE FOLLOWING FOUR SET OPERATORS ARE DEFINED IN FGRAAL :

.OF. UIFFER£NCE (~)

.UN. UNION ( u)

.IT. INTERSECTION (n)
,SM. SYMMETRIC SUM

THFY ARE LISTED IN INCREASING PRFCFDENCE. S.DF.T GIVF.S THE SET
CONSISTING OF THE ELEMENTS OF 5 WHICH ARE NOT IN T. S.UN.T GIVES
THE SET CONSISTING OF ALL THE ELEMENTS OF S AND T, S.TT.T GIVES
THE SET CONSISTING OF ALL ELEMENTS WHICH ARE ELEMENTS OF BOTH S
AND T, S.SM.T GlV£S THE SET OF ALL ELEMENTS WHICH ARE ELEMENTS OF
S OR T BUT NOT BOTH.

4.3. SET FUNCTIONS

SET FUNCTIONS ARE BUILT-IN FUNCTIONS WHICH PKODUCE SETS. TWO
OF THESE FUNCTIONS ARE THF. CREATE AND ATOM FUNCTIONS ASCRIBED IN
SECTION 4.1. OTHER SET PRODUCING FUNCTIONS ARE THE FUNCTIONS
SUBSET ANU LLT (CHAPTER 8>, THE GRAPH OPERATORS (CHAPTER 9)' THE
SET-PROPERTIES (CHAPTER 7) AND THE ELEMENTS OF A LIST QF TYPE SET
(CHAPTER b).

«*.<*. SET-EXPRESslONs

SET EXPRESSIONS ARE FORMED BY THE PROPER SEQUENCE HF SETS,
SET-OPERATORS, SET-FUNCTIONS AND PARENTHESES. THE PRECEDENCE OF
THE SET OPERATORS AND FUNCTIONS ARF AS FOLLOWS (IN INCREASING

ORDER) :

.OF.

.UN.

.IT.

.SM.
SET-FUNCTIONS



t.G. THE EXPRESSION

C R f c A T E ( C ) .UN. S .SM. T ,DF. R

WUULU ME EVALUATED AS THOUGH IT WERE PARENTHESIZED AS FOLLOWS

( CKEATE(f)) .UN. ( S .SM. T ) ) .QF. R

WHEN TkvO OPEHAjORS ARE OF THE SAME PRECEDENCE, THE ONE OF THE
LEFT HAS PRECEDENCE OVER THE ONE ON THE RIGHT, E.G.

S .UF. T ,DF. R

is EVALUATED AS

( S .Dp. T ) .OF. R

PARENTHESES CAN BE USED TO ALTEP THE PRECEDENCE RELATION.

IF A VARIABLE jS USED MORE THAN ONCE IN THE CONTEXT OF AN EX-
PRESSION OR ARGUMENT LIST, AND AT LEAST ONE SUCH A USE Is AS AN
ARGUMENT QF A FUNCTION OH OPERATOR WHICH MODIFIES IT THEN CERTAIN
PROBLEMS ARISE. S£E APPENDIX FOR MORE INFORMATION



b. Stl-KFLATIoNSr LOGICAL EXPRESSIONS

THE FOLLOWING 3 SET-RELATION OPERATORS WAY BE USED TO OBTAIN
LOGICAL VALUF TRUE OR FALSE'.

.EG.

.NE.

.IN.

THE LOGICAL EXPRESSION

S.EG.T

GIVES THt VALUE TRUE WHENEVER THE TWO SETS. S AND T» ARE EQUALr
AND THE VALUE FALsE OTHERWISE. THE LOGICAL EXPRESSION

S.NE.T

GIVES THE VALUE TRUE WHEN THE TWO SETS ARE NOT EQUAL* ANQ THE
VALUE FALSE WHEN THEY ARE EQUAL. THE LOGICAL EXPRESSION

S.IN.T

GIVES THE VALUE TRUE WHEN THE SET <5 IS CONTAINED IN THE SET T
(ScT)> AND THE VALUE FALSE OTHERWISE.

THE ABOVE EXPRESSIONS MAY FOR'*' * SUBEXPRESSION IN ANY FORTRAN
TYPE OF LOGICAL EXPRESSION, E.G.

(I.LE.2).AND.(S.IN.T)

IF A VARIABLE jS USED MORE THAN ONCE IN THE CONTEXT OF AN EX-
PRESSION OR ARGUMENT LIST» AND AT I EAST ONE SUCH USE TS AS AN
ARGUMENT OF A FUNCTION OR OPERATOR WHIcH MODIFIES'IT THEN CERTAIN
PROBLEMS ARISE. SEE APPENDIX FOR MORE INFORMATION.
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t>. LlbT OPERATIONS

-
WtAL STAQUE Q,R

QK » = x :-Q : R : 2.5

0 = X .ET. 0 .F.T. R .ET. 2.5

LISTS APPEARING IN THE CONCATENATION ARE COPIED, E.G.

L = 1 : 2
LL = L : 3

IS EQUIVALENT TO

LU = i : 2 : 3

L = « OK L = .NIL.

AND CAN BE TFSTED By

L .to. ft OR L .EQ. .NIL.

*" ITE" FR°" THERE AKE

FIRST (L)

RETURNS THE FIRST ITEM OF THE LIST L,

IJFIRST (L)

RETURNS rhf FIRST ITEM AND DELETED IT FROM THE LIST L,

LAST (L)

RETURNS THE LAST ITEM OF THE LIST L, AND

DLASr (L)
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RETURNS I HE LAST ITEM AND DELETES IT FROM THE LIST L.

THE IltW RETURNED IS OF THE TYPF OF THE DECLARED LIST L, THUS
If MAY 8L USFIJ IN ANY PROPER CONTEXT (EXPRESSIONS) .

IF A VARIABLE iS USED MORE THAN ONCE IN THE CONTEXT OF AN EX-
PRFSSION OR ARGUMENT LIST* AND AT LEAST ONE SUCH USE IS AS AN
ARGUMENT OF A FUNcTION OK OPERATOR WHIcH MODIFIES IT THEN CERTAIN
PROBLEMS ARISE, S£E APPENDIX FOR MORE INFORMATION.



PROPERTY ASSIGNMENT AND RETRIEVAL

AS STA1EU IN SECTION 3,3r PROPERTIES CAN BE ASSOCIATED WITH
ATOMIC SETS. IN SECTION 4.1, PROPERTY ASSIGNMENT BY THE CREATE
FUNCTION WAS ALRtAOy DESCRIBED.

A SIMPLE PROPERTY ASSIGNMENT IS DONE FOR THE ATOMIC SET X AS

P (X) = £

WHERE P IS A DECLARED PROPERTY AND E IS AN EXPRESSION Qf THF SAME
TYPE AS P (INTEGER, REAL, DOUBLE PPESICION, BOOLEAN OR SET) . IF
THE ATOMIC SET X HAU PROPERTY P ALREADY* THEN THE PREVIOUS VALUE
IS RESET TO THE VALUE OF E. OTHERWISE, THE PROPERTY P IS ESTAB-
LISHED WITH THE VALUE OF E. "

WHEN p(x> is REFERENCED, E.G. AS PART OF AN EXPRESSION. ITS
CURRENT VALUE IS RETRIEVED. WHENEVER THE ARGUMENT SET X IS NOT AN
ATOMIC SETr BUT A SET WITH MORE THAN ONE ELEMENT, THEN THE OPERA-
TIONS ARE PERFORMED IN RESPECT TO THE FIRST ELEMENT OF THE SET.

THE SPECIAL BUlLT-lN LOGICAL FUNCTION,

CHECK (P,X)

HETUHNS THE VALUE TRUE WHEN THE PROPERTY P HAS BEEN DEFINED FOR
THE ATOMIC SET X, AND RETURNS THE VALUE FALSE OTHERWISE.

THE REMOVE STATEMENT WITH ARGUMENT QF A PROPERTY NAME,

P

REMOVES THE PROPERTY P FROM ALL ATOMIC SETS FOR WHICH IT HAD BEEN
DEFINED, THE STATEMENT WITH ARGUMENT P FOLLOWED BY A SET IN PAREN
THESES »

P(X)

REMOVES THE PROPERTY P ONLY FROM THE ATOMIC SETS WHICH WERE ELE-
MENTS OF THE SET x.
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w. BUILT-IN FUNCTIONS

W.I. ELI AND INDEX FUNCTIONS

THE FUNCTION*

LLT (I,S)

WITH INTEtoEK 1 AND SET S, RETURNS THE I-TH ELEMENT OF s AS AN
ATOMIC SET. IF THERE is NO I-TH ELEMENT OF s THEN IT RETURNS THE
EMPTY SET.

THE FUNCTION*

1NDEX (XfS)

WITH ATON.1C SET X AND SET Sr RETURNS INTEGER I IF X IS THE I-TH
ELEMENT OF S. RETgRNS ZERO OTHERWISE.

6.2. SUBSET FUNCTION

THE FUNCTION*

SUBSET ( X , R )

RETURNS A SET OF ELEMENTS WHICH SATISFY THE LOGICAL EXPRESSION B.
X IS A DUMMY VARIABLE WHICH CAN PE USED IN THE LOGICAL EXPRESSION
B.
E.G.

SUBSETC X » (X.IN.S),AND.(DIST(X).GT.O) )

8.3. SIZE, PARITY, COUNT FUNCTIONS

THE FUNCTION,

SIZE (S)

RETURNS THE NUMBER OF ELEMENTS IN THE SET S.

THE FUNCTION,
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P A R I T Y ( S >

RETURNS 2j,RO IF THE Sl2E(S) OS EVEN, R f cTURNS ONE OTHERWISE.

THF FUNCTION*

COUtMy (X)
OR COUNT (0)

K6.TUKNS THE SEQUENCE NUMBER OF THE GIVEN ATOMIC SET X OR RETURNS
THE SEQUENCE Nl.jMB£R OF THE LAST ATOMIC SET CREATED WHEN THE AHGU-
WENT IS ZERO.

.4. DOMAIN FUNCTION

THE FUNCTION*

DOMAjN ( P )

WHERE P IS A PROPERTY IDENTIFIER, nENERATE5 THE SET WH0SE FLfMF
HAVE PROPERTY P DEFlNED. THIS FUNCTION PROVIDES A FASTER OBJECT
TIME EXECUTION THAN THE EQUIVALENT FUNCTIONAL EXPRESSION

SUBSET ( X , CHECK(P,X) )
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GRAPH OPERATIONS

GRAPH OPERATIONS ALLOW FOR THE ASSIGNMENT OF ATOMIC SETS AS
NODES OH ARCS TO A GRAPH, THE REMOVAL OF NODES AND ARCS FROM A
GRAPH, AND 1 HE OBTAINING OF SUBSETS OF NODES OR ARCS OF A GRAPH.

y.l. GRAPH ASSIGNMENT STATEMENTS

THE STATEMENT, ASSIGN, IS USED TO ASSIGN ATOMIC SETS AS NODES
OR ARCS 10 A GRAPH. THREE FORMS OF ASSIGNMENT IS POSSIBLE :

(I) ASSIGNMENT OF AN ISOLATED NODE :

ASSIGN G, x

THE ATOMIC SET X IS ASSIGNED AS A NODE TO THE GRAPH G.

(II) ASSIGNMENT OF AN ARC IN A NODE-GRAPH ;

ASSIGN G, X-Y

THE ATOMIC SETSr x AND Y, ARE ASSIGNED AS NODES TO THE GRAPH G,
AND THE CONNECTION OF THE TWO NODES IS KEPT INTERNALLY.

(III) ASSIGNMENT OF AN ARC IN A GRApH :

ASSIGN G, X-Y, z

THE ATOMIC SETS* X AND Y, ARE ASSIGNED AS NODES TO THF GRAPH G,
THE ATOMIC SET, Z, IS ASSIGNED AS AN ARC TO G.

WHEN THE GRAPH HAD BEEN DECLARED AS A DIRECTED GRAPH. THE ARC
ASSIGNMENT X-Y is UNDERSTOOD AS FROM x TO Y.

IF EITHER OR BOTH OF THE NODES HAVE BEEN PREVIOUSLY ASSIGNED TO
G, THEN JUST THE IJNASSIGNED NODE (IF ANY) AND THE ARC wlLL BE
ASSIGNED 10 G. ,

,2. REMOVAL OF ARCS AND NODES

THE DETACH STATEMENT IS USED TO REMOVE ARCS AND NODES FROM A
GRAPH. THE DETACH STATEMENT HAS 3

(I) EMPTYING A GRAPH
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UE1ACH G

REMOVES ALL FLEETS, NODES AND ARCS* FROM GRAPH G.

(in KEMOVAL of-" ELEMENTS OF A GRAPH

DETACH 0, S

REMOVES THE FLEMENT OF SET S FROM THE GRAPH G IF THEY HAL) BEEN
ASSIGNED AS NODES OR ARCS TO G PREVIOUSLY. WHF_N A NODF OF G is

THEU ALL THE INCIDENT ARCS OF THF NODE ARE ALSO REMOVED.

( III ) KEMOVAL OF ARCS

UETACH G, S-T

REMOVES ALL ARCS FROM G WHICH CONNECT THE TWO SETS OF NODES* S ANr)
T, IN THE GRAPH G. IF THE GRAPH IS DIRECTED, THIS WILL MEAN ARCS
FROM NODES IN S To NODES IN T.

9.3. NQUESr AND ARCS OF A GRAPH

THE FUNCTIONS,

NODEs (G)
ARCS (G)

RETURN SETS CONSISTING THE ELEMENTS WHICH WERE ASSIGNED TO G AS
NODES AND ARCS, RESPECTIVELY.

9.1+. INCIDENCE OPERATORS

THE INCIDENCE OPERATORS ARE BUILT-IN FUNCTIONS WITH ARGUMfcNTS
CONSISTINb OF A GRAPH AND A SET WHOSE ELEMENTS WERE ASSIGNED TO
THE GRAPH AS NODEs OR ARCS. THE VALUE OF THE FUNCTION IS A SET
WHICH IS A SUBSET Op THE NODES OR ARCS OF THE GRAPH. THE FORM OF
THE FUNCTIONS ARE AS FOLLOWS:

OP (G»S)

WHERE G is THE GRAPH NAME, S IS A SET OF NODES OR ARCS OF G ( S MAy
BE A SET EXPRESSION). THE VARIOUS OPERATORS ( OP ) ARE AS FOL-
LOWS:

INC (b,A) A MUST RE AN ARC-SET OF G. THE FUNCTION RETURNS
A SET WHICH IS THE UNION OF ALL NODES WHICH ARE
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BOUNDARY NODES OF THE ARCS IN A.

STAR (G,V) V MUST RE A NODF-SET OF G. THE FUNCTION RE-
TURNS A SET WHICH IS THF UNION OF ALL ARCS
WHICH ARE INCIDENT TO THE NODES IN V.

BD ((,,A) A MUST BE AN /\RC-SE1 OF G. THE FUNCTION RE-
TURNS A SET WHICH IS THE SYMMETRIC SUM OF ALL
NODES WHICH APE BOUNDARY NODES OF THE ARCS IN
A.

COB (OrB) V MUST BE A NODE-SET OF G. THE FUNCTION RE-
TURNS A SET WHICH IS THE SYMMETRIC SUM OF ALL
ARCS WHICH ARF INCIDENT TO THE NOOFS IN V.

ADJ (ti,V> V MUST HE NODE-SET OF G. THE FUNCTION RETURNS
A SET WHICH IS THE UNION OF ALL NODES WHICH ARE
ADJACENT TO THE NODES IN V.

IN CASE OF A NoDE GRAPH G, ONLY THE AQJ OPERATOR IS DEFINED.

IF G IS A DIRECTED GRAPH, ALL THF ABOVE OPERATORS HAVF EXTENDED
OPERATORS BY PLACING P OR N IN FRONT OF THEIR NAMES .*

INC PlNc NINC
STAR PSTAR NSTAR
UO PBD NRD
COB PCOe NCOB
ADJ PAUj NADJ

THF P (POSITIVE) OPERATORS ARE DEFINED SUCH THAT FOR ARCS THEY
GIVES THE STARTING NODES, FOR NODES THEY GIVE THE ARCS WHICH ARE
DIRECTED OUTWARD F«OM THE NODES.

THE N (NEGATIVE) OPERATORS ARE DEFINED SUCH THAT FOR ARCS THEY
GIVE THE tNDlNG N0DES, FOR NODES THEY GIVE THE INCOMING ARCS.
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10. SLl ASSIGNMENT STATEMENT

THE SET ASSIGNMENT STATEMENT IS SIMILAR TO THE FORTRAN ASSIGN-
MENT STATEMENT :

V = E

fcHERE V MUST BE A SET VARIABLE, F t^UST BF A SET EXPRESSION. SPE-
CIAL CONVERSION TAKES PLACE IF v OP E is INTEGER TYPE :

i = E

WHERE I IS AN INTEGER VARIABLE AND E IS A SET EXPRESSION, IS EQUI.
VALENT TO

i = INDEX <1,E)

THE ASSIGNMENT,

V = I

WHERE V IS A SET VARIABLE, IS EQUIVALENT TO

V = ATOM (I)
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11. ITERATIVE STATEMENT

THERE ARE TWO MEW ITERATIVE STATEMENTS IN FGRAAL WHICH ARE
SIMILAR TO THE DO STATEMENT IN FORTRAN.

11.1. WHILE STATEMENT

THE FOR!*' OF THE WHILE STATEMENT IS AS FOLLOWS :

DO ST. NO. WHILE LOO.EXPR.

THE STATEMENT CAUSES THE EXECUTION OF THE STATEMENT FOLLOWING THE
WHILE STATEMENT INCLUDING THE STATEMENT WHICH HAS THE SPECIFIED
STATEMENT NUMBER REPETITIVELY UNTIL THE LOGICAL EXPRESSION HAS
VALUE FALSt.. THE TEST IS DONE BFFORE THE EXECUTION OF THE CONSE-
CUTIVE STATEMENTS.
E.G.

UO iQ WHILE S.NE.S

11.2. FORALL STATEMENT

THE FORM OF THg FORALL STATEMENT IS AS FOLLOWS :

UO sT.No. FORALL V.lN.E

WHERE V MUST BE A SET VARIABLE* E IS A SET EXPRESSION. THE SET E
SHOULD NOT bF ALTERED IN THE RANGE OF THE DO STATEMENT. THE STATE
MENT is EQUIVALENT TO

N = SIZE <E)
DO ST.NO. I = 1»N
V = ELT (I»E)

EXCEPT THAT THE LQOP MAY BE SKIPPED COMPLETELY WHEN THE SET E IS
EMPTY.
E.G.

DO 15 FORALL X.IN.T



12. KEMOVF STATEMENT

THE REMOVE STATEMENT REMOVES ATOMIC SETS FROM THE UNIVERSAL
SEQUENCE, OR KEMOyES DEFINED PROPERTIES OF ATOMIC SETS. THE STATE-
MENT CONSISTS OF THE WORD 'REMOVE t FOLLOWED BY A LIST OF ARGUMENTS
SEPARATED BY COMMAS:

REMOyE S»T PfQ»,..»PP(X).PQ(Y)f ...

THE ARGUMENTS MAY BE:

(1) SETS - THEN ALL ATOMIC SETS WHICH ARE ELEMENTS OF THE SET
APE REMOVED FROM THE UNIVERSAL SEQUENCE?

(2) PROPERTY NAMES - THE PROPERTY IS REMOVED FROM ALL ATOMIC
SEIS WHERE IT HAD BEEN ASSIGNED?

(3) PROPERTY NAMES FOLLOwEP BY SET IN PARENTHESES - THE
PROPERTY IS REMOVED FROM THOSE ATOMIC SETS WHICH
ARE ELEMENTS OF THE GIVEN SET.
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1.3. SAVE, RESEj STATEMENTS

THE SAVE STATEMENT IS USED TO TRANSFER INFORMATION FROM CORE To
AN AUXILIARY STORAGE FILE. RESET STATEMENT IS USED TO RETRIEVE
INFORMATION FROM THE AUXILIARY STORAGE. THE INFORMATION CAN BE
EITHER PROPERTY VALUES* OR A FULL GRAPH.

AT THE PRESENT, THESE STATEMENTS ARE NOT IMPLEMENTED.
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IM. SPECIAL LIBRARY SUBROUTINES

THE FOLLOWING THREE CLOSELY RELATED SUBROUTINES ARF. AVALILABLE

CONTKT(G,S,X)
NODSET(G,X,S)
EXPAND (G,X)

WHICH CAN BE CALLED By STANDARD FORTRAN CALL STATEMENTS.

rh^
JBA°UTlNE CONT«T CONTRACTS A GIVEN SUBSET S OF NODFS OF GRAPH r

INTO A NEw NODE WHICH IS RETURNED IN THE ATOMIC SET X ON SUBSE-
QUENT USAGE OF THE GRAPH, X IS TO PE CONSIDERED AS A NODE OF G,
BUT THE ELEMENTS 0F S WILL NOT BE N0DES OF 6. THt SUBR§UTlNF M^Y
BE CALLED SUBSEQUENTLY , I.E. ONE MAy FATHER CONTRACT ?N ALREADY

-

OF THF PREVIOUS

SUBROUTINE EXPAND EXPANDS THE PREVIOUSLY CONTRACTEO NnnF«; nP
GRAPH G CORRESPONDING TO THE NODE IN A?OMIC SET X X wlLL NO? BE
A NODE OF GRAPH G UPON RETURN.

CARE SHOULD BE TAKEN BY THE PROPER USAGE OF THESE SUBROUTINES,
I.E. EXPANSIONS 0F A GRAPH SHOULD BE IN THE REVERSE ORDER OF ITS
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15. SUMMARY OF OPERATORS AND STATEMENTS

CONSTANTS: R OR .EMPTY
<* OR .NIL.

SET OPERATORS.

= EMPTY SET
= EMPTY LIST

* NAME * MEANING OF R = S .NAME. T

DF

UN
IT

SM

* DIFFERENCE: R Is THE SET OF ALL ELEMENTS OF THE SET S
* WHICH ARE NOT ELEMENTS OF THE SET T.
* UNION: R is THE SET OF ALL ELEMENTS OF SETS s AND T.
* INTERSECTION: R is THE SET OF ALL ELEMENTS WHICH ARE

ELEMENTS OF BOTH SETS, S AND T.

*
*
*
*
*
*
*
*

* ,EQ. * EQUAL RELATION: R is TRUE IF SETS s AND T ARE EQUAL,
* * FALSE OTHERWISE.
* ,NE. * NOT-EQUAL RELATION: R IS TRUE IF SETS S AND T ARE NOT
* * EQUAL, FALSE OTHERWISE.
* .IN. * CONTAINED RELATION: R IS TRUE IF SET S IS CONTAINED IN

* SYMMETRIC SUM: R IS THE SFT OF ALL ELEMENTS WHICH ARE
* ELEMENTS OF SETS S OR T, BuT NOT BOTH.

*
*
*
*
*
*
*
„

*
*
*
*
*

*
*

SET T, FALSE OTHERWISE.
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FUNCTION TABLE.

*
*

*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
4

*
*
*
*
*
*
*
*
*
*
*
*
*

NAME

FIRST
DFIRST
LAST
DLAST

CREATE
CREATE

ATOM
ELT
INDEX

SIZE
PARITY

COUNT
COUNT
SUBSET

CHECK

»PROP
NAME'

NODES
ARCS
INC

STAR

BD

COB

ADJ

* NO.*
*ARGb*

*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*

1

1

*
*
*
*
*

*
*

ARGS.

LIST

ZERO

*
*

*
*
*
*
*

*
*

2N *PRQP.NAME*
*ANp VALUE*

1
2
2

1
1

1
1
2

2

1

1
1
2

2

2

2

2

*
*
*
*
*
*
*
*
*
*
*
*

IN PAIRS*
INT.
INT, SET
AT. SET,
SET

SET
SET

ZERO
AT. SET
SET, LOG

*
*
*
*
*
*
*
*
*
*
*

*PRQP.NAME*
*

*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*

AT. SET

AT. SET

GRAPH
GRAPH
GRAPH,

SET
GRAPH,

SET
GRAPH,

SET
GRAPH,

SET
GRAPH,

SET

*

*
*
*

*
*
*
*
*
*
*

MEANING
* FCT
*TYPE

— LIST FUNCTIONS: —
RETURNS THE FIRST OH LAST ELE-

MENT OF THE LIST, WITH » D « ,
IT ALSO DELETES THE ELEMENT
FROM THE LIST.

— SET FUNCTIONS: —
CREATED ELEMENT AS AT. SET
GIVES AT, SET WITH MATCHING

PERTIES, CREATES ONE IF
EXISTENT.

AT. SET WITH THE GIVEN SEQ.

PRO-
NON-

*
*

* *
*TYPE *
* OF *
* LIST*
* *

*
*
*
*
*

NUMBER*
AT. SET IN SPEC. PLACE IN THE SET*
INDEX NO, OF AT. SET IN THE

NUMBER OF ELEMENTS IN THE

SET.

SFT
TRUE FOR ODD, FALSE FOR EVEN

NUMBER OF ELEMENTS.
MAXIMAL SEQUENCE NUMBER
SEQUENCE NUMBER OF THE AT,SFT
ELEMENTS OF FlRST»DUMMY ARGUMENT

WHICH SATISFY LOG.EXPR.
TRUE IF PROPERTY is DEFINED FOR

AT. SET, OTHERWISE FALSE

— PROPERTY FUNCTIONS:
RETURNS THE ASSIGNED PROP,

— GRAPH FUNCTIONS: — -
NODES OF THE GRAPH
ARCS OF THE GRAPH

*
*
*
*
*
*
*
*
*
*
*

SET
SET

SET
SET
INT

INT
LOG

INT
INT
SET

LOG

— *TYPE
VALUE

UNION OF ALL BOUNDARY NODES OF
THE GIVEN SET OF ARCS.

UNION OF ALL ARCS INCIDENT
THE GIVEN sET OF NODES,

TO

* SYMMETRIC SUM OF ALL BOUNDARY
*
*
*
*
*

NODES OF ARCS IN THE SET
SYMMETRIC SUM OF ALL ARCS
DENT TO THE NODES IN THE

*
INCl-
SET.

UNION OF ALL NODES ADJACENT TO
THE NODES IN THE SET.

*
*

*
*
*
*
*
*
*
*
*
*
*
*
*

OF

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*

PROP*

SET
SET
SET

SET

SET

SET

SET

*
*
*
*
*
*
*
*
*
*
*
*
*
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STATEMENTS

* CATEG. * FORM MEANING

* DECLARATION
* SET X,Y,...
* 'TYPE' STAQUE L,P,.,.
*
* 'TYPE' PROPERTY A,B,...

* *»Y,... ARE SET VARIABLES.
* ' ~

*
*
*
*.
*
*
*
*
*
*
*.
*
*
*
*
*
*
*
*
*
*

*-
*
*
*
*
*

GRAPH G('MOD'),T<'MOD'),
*

. .*
*
*

*
- -. *

UP,... ARE LISTS OF 'TYP£»= *
* REAL, INTEGER, LOGICAL OR SET.*
* A,B,... PROP.FUNCTIONS OF 'TYPE'*

REAL, INT.» LOG. OR SET. *
GRAPH OF »MOD'= *

DIRECTED OR UNDIRECTED, AND *
PSEUDO-,MULTI- OR NODE-GRAPHS.*

G,T,,..

ASSIGNMENT
S=»SET-EXPRESslON»
L— . v • i • v •— » . . » A . l _ « T « . t t

P(X)=«EXPRESSiON»

*
* SET ASSIGNMENT *
* LIST ASG.: X,L,Y,... ARE CONST.,*
* VBLE. OR LIST OF SAME TYPE. *
* PROPERTY «p» ASSIGNED TO ATOMIC *
* SET x WITH VALUE 'EXPRESSION' *

GRAPH
ASSIGN G» X
ASSIGN G» X-Y

ASSIGN G» X-Y,

DETACH G
DETACH G» S

* AT.SET X ASSIGNED TO G AS NODE. *
* ATOMIC SETS X,Y ARE ASSIGNED AS *
* ADJACENT NODES IN GRAPH G. *
* AT.SETS X,Y»Z ASSIGNED TO GRAPH *
* G AS ARC Z WITH END-NODES X,Y,
* GRAPH G MADE EMPTY

DETACH G» S-T
' •» ̂ m^m ̂  ^IMM« ««"<̂ «"» ̂«» •• »̂

ITERATIVE

* ELEMENTS OF SET S ARE REMOVED
* FROM GRAPH G

,*
*
*
*

* ARCS CONNECTING S AND T REMOVED *

DO 'ST«' FORALL X.IN.S
DO »STW WHILE LOG.EXPR.

* EXECUTES STATEMENTS THROUGH ONE *
* LABELED WITH »ST«» *
* FOR EACH ELEMENT X OF SET S *
* WHILE LOG,EXPRESSION IS TRUE *
.* *

* *
* REMOVES SETS S»T FROM UNIVERSE, *
* PROPERTIES A,B FROM AT.SETS *
* WHERE DEFINED. *

*
*
*
*
*
*
*
*
*
*

REMOVE
REMOVE S»T,...,A»B»...

SAVE-RESET

SAVE <I) G»...»P»...
RESET (I) Gt...,P,...

* *
* GRAPHS G,...» PROPERTIES P,.., *
* SAVED ON AUXILIARY STORAGE I *
* RESET FROM AUXILIARY STORAGE. *
.* *
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16. EXAMPLES

IN THE FOLLOWING PAGES» SOME EXAMPLES ARE PRESENTED. ALL THE
PROGRAMS ARE WRITTEN AS SUBROUTINES, THUS DECLARATIONS FOR THE
VARIABLES APPEARING IN THE CALLING SEQUENCES ARE ASSUMED TO BE
DONE IN A CALLING MAIN PROGRAM,

THE EXAMPLES AR£ AS FOLLOWS:

1. READ I. READ DATA FOR GRAPH G
2. READ II. READ DATA FOR GRAPH G
4. SUBGRAPH, ESTABLISHING A GRAPH WHICH IS A SUBGRAPH OF G
5. LINE GRAPH, ESTABLISHING THE LINE GRAPH OF G
6. CONDENSE, ESTABLISHING A CONDENSE GRAPH OF G
7. COCYCLES. CQCYCLES OF GRAPH G
8. SPANNING TRgE, SPANNING TREE OF GRAPH G
9. CYCLES. CYCLES OF GRAPH G
10. CUTS, FUNDAMENTAL CUTS OF GRAPH G
11. SHORTEST PATH, 2-CURECTIONAL SEARCH FOR SHORTES PATH

IN GRAPH G



»•#***
TITLE
+ **»*

^Afi 1% RLAO DATA rOH G^APH G

*************
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SUBROUTINE RDONE(G.IU)

GRAPH G

ANY

AND
NODE
NAL

V * * * * * -.< * * » *

SuUKOui iNt: Aisu-vi^s THAT THE FINST RECORD
M Uf-.lT lU CONTAINS THE SIZES, N AND M, OF

t-iOiJc AND ARC SET, Ai-IQ THAT THEN K RECORDS,
SUPPLIER EACH CONTAINING THRLE INTEGERS.
SUCH IKIPLE IK,I,J) SATISFIES

1 .UE. K .LE. M
1 .LC.. I ,LE. N
1 .LE. J .LE. N

SIGNIFIES THAT THE K«TH ARC HAS THE I'TH
AS: INITIAL, AND TH£ J'TH NOIJE AS TERMI-

VL'HTEX.

i -i * A

SEQUENCE (..SAI'-iT
****** + * **:***#

RtAD SIZES

CKEATE ELEMENT I-'OK EACH NODE AND ARC

OOP TC KEAD TRIPLETS AND
10 ASSIGN THEM TO G

END OK LOOP AWO

SF.T X

READ (IU) N,M

DO 10 L=1,N+M
10 X=CREATE(0)

DO 20 L=I,M
READ (IU) K,I,J

20 ASSIGN G, ATOM(I)_ATOM(J), ATOM(K+N)

RETURN
END



TITLC
******
READ II. HEAD DATA FOR GRAPH G.

^ # * * * » * if * * * * *
SPECIFICATION
*************

THE SUBROUTINE READ(BUFFER) is ASSUMED TO BE
AVAILABLE WHICH ALLOTS THE; INPUT OF VARIABLE
LENGTH RECORD OF BCD WQKOS INTO THE LIST fcjUFFER.
TisE UNDIRECTED GRAPH IS REPRESENTED IN NOpE FORM
Af.'Q IS KiiAD-I-i-J IN TERMS Op PATHSr THAT IS, AS
SEQUENCES OF NODES FCRrilNG PATHS-IN G. TH£ I,\PUT
IS TEWtflNA'IED ivITH A RECORD CONTAINING Th£ SINGLE
WORD 'LAST*.

**************
SEQUENCE CHART
******** !>*^**»

REAO FIRST RECORD

LOOP TO PROCESS RECORDS
*
* GET ELEMENT tflTH PROPER NAME
* I
*** ILLEGAL COMMAMiJ ON COL. 2 ***
*
* YES. ASSIGN ISOLATED NODE

NO, PROCESS PATH

I\EXT PATH

Er-iO OF LO'jP AND PROGRAvi

SUBROUTINE RDTWO(G.NAME)

GRAPH G
REAL PROPERTY NAME

STAQUE BUFFER
SET X,Y

CALL READ(BuFFER)

00 30 WHILE (FIRST(BUFFER) .NE. 'LAST')

X = CREATE(NAME.DFIRSTtBUFFER))

IF (BUFFER .NE. 8) GO TO 10

ASSIGN G. X
GO TO 30

10 DO 20 WHILE (BUFFER ,NE. H)
Y - CREATE(NAM£,DFIRST(BUFFEK))
ASSIGN G, X - Y .

20 X = Y

30 CALL REAO(bUFFER)

RETURN
END



*****
TITLE
>• * * * *

SUBGRAPH

SPECIFICATION
*************

THE SUi3KOUTIf.:E SETS UP ThE SUBGRAPH OF G vjHICH
HAS A GIVE* SET N OF NcDES OF G AS A NODE SET.

SEOUEi\CE CHART
**************

LOOP TO PKOCESS NODES X IN N

GET SET OF AKCS INCIDENT TO X WITH DyNER END NODE IN

s AS ARCS OF SUBG
IS X AN ISOLATED NODE
*
*... YES. ASSIGN IT
* I
* . '.

• * ... NO,
LOOP TO PROCESS THE ARCS IN S

GET OTHEK END NODE, A^D ASSIGN THEM

END OF LOOP 'FOR S

END OF. LOOP AND PKOGHA.V,

SUBROUTINE SBGRPH(G,N,SUBG>

GRAPH G» SUBG
SET N

IMPLICIT SETCA-2)

DO 30 WHILE (N .NE. 8)
X = ELT(1,N)

S = SUBSET(A,(A .IN. STAR(G,X)) .AND. (INCtG.A) .IN. N)))
N = N.DF.X

IF (S .NE. 8) GO TO 10

ASSIGN SUBG, X
GO TO 30

10 DO 20 FORALL A.IN.S

Y = INC(G.A).OF.X
IF (Y.E0.8) Y = X

20 ASSIGN SUBG, V - Y, A

3[) CONTINUE

RETURN
END



*****
TITLE
4****

LINE GRAPH.

*************
SPECIFICATION
*************

THIS PROCEDURE SETS OP THE LINE GKAPH OF G» THAT 15,
THE GRAPH WHICH HAS THE AKCS OF G AS NODES AND IN VjHICH
TWO NODES ARE ADJACENT WHENEVER THE CORRESPONDING ARCS ARE.

•

**************
SEQUENCE CHAKT

LOOP FOR NODES OF G
*
* GET INCIDENT ARCS OF NODE X

LQOp TO PROCESS THE ARCS*
* *
* *
* *
* *
* *
* *
* *
END OF LOOPS

ASSIGN SELF-LOOP FOR SELF-LOOP

ASSIGN REST OF THE ARCS

SUBROUTINE LlNEGR(GiLINEG)

GRAPH G, UINEG

IMPLICIT SET(A-Z)

DO 10 FORALL X.IN.NODES(G)

S = STAR(GrX)
R = S

DO 10 FORALL A.IN.S

IF (X.IN.INC(G.A)) ASSIGN LIN£G» A-A
R = R .OF. A

00 10 FORALL B.IN.R
In ASSIGN LINEG» A-B

RETURN
END
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*****
TITLE
.***** •
CONDENSE GRAPH

SPECIFICATION
*•£ **•.***£*****

THE LIST L IS ASSUMED 1 0 CONTAIN A FAMILY OF SETS
REPRESENTING A PARTITION OF THE NODE SET QF G. THE
PKGCEOljRE SETS UP A CONDENSED GRAPH WHICH HAS THE
MEMBERS OF L .AS NODES AND IN WHICH TWO NODES ARE
ADJACENT iF. THERE IS'AT LEAST ON£ ARC B£TWEEN THE
CORRESPONDING SETS OF NODES IN G. THE PROpERTy R£F
OF THE NODES OF CONG REMEMBERS THE SETS Of L.

•

**************
SEQUENCE CHART
**************

LOOP TO PROCESS THE SETS IN THE LIST
*
*
*
*
END OF LOOP

LOOP TO GET ADJACENCY
*

FROM r.'ODE X
LOOP TO OTHER NODES
*
*

END OF LOOP

END OF LOOPS

SUBROUTINE CONDS(G«L»CONG,REF)

GRAPH G, CONG
SET STAQUE L
SET PROPERTY REF

IMPLICIT SET(A-Z)

DO 10 WHILE (L.N'E.S)
X = CREATE(0)
ASSIGN CONG, X

10 REF(X) = DFIRST(L)

R = &

00 30 FOKALL X .IN. NOOES(CONG)
T = ADJIS.REF <x> >
DO 20 FORALL 2 .IN. R
IF (T.IT.REF(Z) .NE. a) ASSIGN CONG, X

20 CONTINUE

30 R = R .UN. X

RETURN
END

- z
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*****
TITLE
*****
COCfCLES.

*****+**#+***

SPECIFICATION

THIS SUBROUTINE DETERMINES ft BASIS FOR TH£ COCYCE
SPACE OY FINDING THE NOUE SETS OF ALL CONN£CTEO
COMPONENTS OF G.

*»**»*******+* . '

SEQUENCE CHART
**************

SUBROUTINE COCYCL(G»O

GRAPH G
SET STAQUE C

IMPLICIT SETU-Z")

LOOP TO PROCESS COMPONENTS
*
*
*
*
*
*
*
*
*
*
*
*
*
*

INITIALIZE SETS. FOR ARCS AND NODES GgT FIRST NODE
FROM THE LEFT-OVER.

LOOP TO GET ADJACENT NODES IN T
*
*

ENO OF LOOP, NODES OF ONE COMPONENT ARE IN T» TAKE
THEM OUT FROM N.

END OF LOOP

N = NOOES<G>

DO 20 WHILE (N.NE.8)

A = &
T r &
S = ELT(1,N)

DO 10 WHILE (S.NE.8)
T = T.UN.S
A = STAR(G»S>.DF.A

10 S = iNCtGtA),OF.T

c = c : T
2n N r N.DF.T

RETURN
END



SUBROUTINE SPTREE(G.UiTREE)
*****
T I T L E

SPANNING TREE

*************
SPECIFICATION

. *************
THIS SUBROUTINE 'GENERATES A DIRECTED SPANNING TREE
(6KAPH) Iv'TH ROOT U FOR THE CONNECTED COMPONENT OF
C- CONTAINING THE NODE. u.

SEQUENCE CHAKT
!»****<<********

INITIALIZE TREE AND NODE SET s WITH
ARC SET T WITH COBOUMDARY OF U.

LOOP TO PROCESS OUTGOING ARCS FROM NODE SgT S

GET END NODE WHICH IS NOT IN S

AND ADD IT TO S AND ASSIGN IT TO T

*
*
*
*
*
*
*
*
*
*
*
*V

LOOP

*
*
*+

*
*
*
*
*
*END (

T

G

A

*
*
*
**•

}FEND OF LOOP GET NEW SET OF OUTGOING ARCS
* !
EuO OF LOOP

GRAPH
SET U

TREE

IMPLICIT SETU-ZI

ASSIGN TREE, U
S = U
T = C08(G,U)

DO 20 WHILE (T.NE.8)

DO 10 FORALL A.IN.T

W = BD(G»A)
Y = W.DF.S

IF (Y,EQ,(iJ GO TO 10
S = S.UN.Y
X = W.OF.Y
ASSIGN TREE, X - Y» A

in CONTINUE

20 T = COB(GiS)

RETURN
END
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TITLE
.*.*»**

CYCLES

SPECIKICATION

THEE IS ASSUMED TO BE A DIRECTED SPANNING TREE OF
Oi\'E OF TH£ COMPONENTS OF G. FROM THIS SPANNING TREE
THIS SUBROUTINE GENERATES, IN A STANDARD MANNER, A
OASIS FOR THE CYCLE SPACE OF THE PARTICULAR COMPONENT.

CHART
*.*****

GET ARCS OF G WHICH ARE NOT IN TREE

LOOP TO GET THE CORRESPONDING CYCLE OF THESE ARCS
*

*
*
*

if THIS is A SELF-LOOP,THEN THIS is
*

CYCLE

*
*
*

'.., iiut A SELF-LOOP
* GO BACK TO THE ROOT OF THE TREE FROM BOTH END
* NODES OF THE ARC IN A LOOP

* * QUIT LOOP IF THE PARALLEL PROCESS OF THE
* * TWO PATHS MET AT THE BRANCH-ROOT
* * :
* * COLLECT THE ARCS IN S

*
*

* END OF LOOP
COLLECT CYCLE

END OF LOOP

SUBROUTINE FNDCYC(G,TR£E,CYcLES)

GRAPH G»T?<£E
SET STAQUE CYCLES

IMPLICIT SETIA-Z)

X = STAR(GiNOOES(TREE».DF.ARCS(TREE)

DO 20 FORALL A.IN.X
S = A
T = INC(G.A)

IF <SIZE(T>.EQ.1) GO TO 20

DO 10 WHILE (T.NE.&)
T = NCOB(TREE.T)

IF (T.EQ.a) GO TO 20

S = S.SM.T
In T = PBD(TREE.T)

20 CYCLES = CYCLES : S

RETURN
END
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TITLE

,*****
FUNDAMENTAL CUTS

***#*•»*****:**SPECIFICATION
*%»**•********

TKEE is ASSUMED TO BE A DIRECTED SPANNING TREE OF
A COMPONENT OF G, AND FROM TREE THIS SUBROUTINE

IN THE STANDARD MANNER A BASIS Qf THE
Y SPACE OF THE f COMPONENT .

SEQUENCE CHAKT
**************

LOOP FOR ALL ARCS IN THE TREE

*

* LOOp TO GET ALL NODES OF THE SUBTREE INTO S
* *
* *
* *
* *
* tNO OF LOOP GET FUNDAMENTAL CUT FROM THE NODES IN S
* :' •
END OF LOOP

SUBROUTINE FNDCUT(G/TREE»CUTS)

GRAPH G, TREE
SET STAQUE CUTS

IMPLICIT SET(A-Z)

00 20 FORALL A .IN. ARCS(TREE)
S = &
T = A

DO 10 WHILE (T.NE.S)
R = NSDITREE.T)
s = S.UN.R

In T = PCOB(TREErR)

20 CUTS = CUTS : COB(G»S)

RETURN
END
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"TITLE
*****

SHORTEST PATH.

*************
SPECIFICATION
*************

G is A DIRECTED GRAPH IN WHICH EACH ARC HAS A GIVEN
NONNEGATIVE LENGTH. THE 'SUBROUTINE FINDS A SHORTEST
PATH FKOM NODE START TO NODE TERM, AND RETURNS IT IN
THE LIST PATH. IF NO SUCH PATH EXISTS, THg LIST WILL
BE EMPTY. THE REAL NUMBER INF REPRESENTS INFINITY. IT
is ASSUMED TO BE LARGER THAN THE SUM OF THE LENGTH OF
ALL ARCS OF G. THE LENGTH OF THE FINAL PATH WILL BE
IN M. ANQ THIS NUMBER WILL BE EQUAL TO INF, IF NO
PATH EXISTS.
******
METHOD
******

THE METHOD USED IS THE BIDIRECTIONAL SEARcH BY
I.POHL: 81-DIKECTIONAL AND HEURISTIC SEARcH IN

PATH PROBLEMS. TECHN, REPORT CS-13e»
STANFORD UNIVERSITY, 1969.

**************
DATA-STRUCTURE
**************

NODES REACHED FROM START AND TERM, RESPECTIVELY

NODES NOT REACHED BUT REACHABLE ALONG ONE ARC
THE NODES REACHED FROM START AND' TERM, RESPECTIVELY

• •

CURRENT DISTANCE OF A REACHED NOOE FROM START OR
TERM, RESPECTIVELY

CURRENT ARC LEADDING FKOM A NODE OR TO A NOoE WHICH
WAS REACHED

•

MINIMAL DISTANCE TO THE NODES REACHABLE ALONG ONE ARC
FKOM START AND TERM, RESPECT I VEL

FLAG TO SET WHEN THE TWO DIRECTIONAL SEARCH MEET

TEMPORARY VARIABLES

SUBROUTINE SUP&Tn(G >START,TERM»LENGTH,INF,M,PATH)

SET START, TERM
REAL PROPERTY LENGTH
REAL INF, M
SET STAQUE PATH

SET S , T

SET SR . TR

REAL PROPERTY SDlST°, TDlST

SET PROPERTY IN! , OUT

REAL SM1N, TWIN

LOGICAL FLA.G



SET W,X,Y,Z»U
REAL A, 8

SEQUENCE CHART
**************
INITIALIZATION

A FICTITIOUS ARC w is INSERTED WITH LENGTH INF TO
ENSURE THAT THERE is AT LEAST ONE PATH

LOOP FOR BIDIRECTIONAL SEARCH

SDIST(START) = 0.
TOIST(TERM) = o.
s = START
SR = s
T = TERM
TR = T •
SMIN = 0.
TMIN = 0.
FLAG = .FALSE.
M = 0.

W = CREATE(O)
LENGTHCW) = INF
ASSIGN G, START - TERM, w

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*t
*
*
*
*
*
*
*
*
*
*
*
*

*

DO 130 WHILE (.NOT. FLAG)
CHECK WHETHER PATH CAN BE FOUND
*
*.«.
*
*
TES,
*
*
*
*...
*
*
*
*
-•>
*
*
*
*
4
*

*

V

*
*
*

*

NO, CLEAR PATH AND GO TO EXIT
•

t

TAKE NEXT STEP
10

STEP FROM START
COLLECT NODES WITH MINIMAL DISTANCE FROM
THE NOOES REACHABLE ALONG oNE ARC

ADO C(
NODES
NODES
FROM •

20

30
140

LLtCTED NODES TO THE SET OF REACHED
SUBTRACT THEM FROM THE REACHABLE
AND FIND NODES WHICH ARE REACHABLE

HEM ALONG ONt ARC.

IF (M.LT.INF) GO TO 10

PATH = ft
GO TO 170

M = INF
PATH = «
IF (SMIN, GT. TMIN) GO TO 70

00 tO FORALL X.IN.SR
A = INF
IF <CHECK;SDIST.X» A = SDIST(X)
IF iA-M) 20,30,40
M = A
PATH = X
GO TO 40
PATH = X ! PATH
CONTINUE
SMIN = M

DO 60 WHILE (PATH. NE. Si
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*

*
*

*.

*
if

*

*
*

*
*

*
* '

* .

*
*

*
*

*
*

*

*

*
*

*

*

* :
* MEANWHILE CHECK IF OTHER SIDE WAS

x = DFIKSKPATH)

* REACHED
* *
* *
* *

... YES, SET FLAG
«

, SAVE NODE

* * :
* *
»
*
*
*
*
*
*
*
»
* .
» '
*
*
*
*
*

... TRANSFER NODE
;
;

TO THE REACHED SET
50

IF (.NOT.U.IN.TJ) GO TO

FLAG = .TRUE.
U = X

SR = SR.DF.X
S = S.UN.X

50

LOOP TO GET REACHABLE NODES FROM
THIS NODE
*
*
*
*
*
*
*
*
*
*
END OF LOOP

;

60

.

DO 60 FORALL Z.IN.PC08(G
Y = NBD(G.Z)
B = M+L£NGTH(2)
A = INF
IF (CHECMSDIST.Y) ) A =
IF U.LE.B) GO TO 60
SDIST(Y) = B
IN(Y) r Z
SR = Sft.UN.Y
CONTINUE

GO TO 130

,X)

SDIST(Y)

* ..STEP FINISHED, GO FOR NEXT STEP
* . . STEP FROM TERM

* " COLLECT NODES WITH MINIMAL DISTANCE FROM
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

THE NODES REACHABLE ALONG ONE ARC

ADO C
NODES
NODES
FROM

•

LLECTED NODES TO

70

80

90
100

THE SET OF REACHED

00 100 FORALL X.lN.TR
A = INF
IF (CHECMTDIST.X)) A ;
IF (A-M) 80.90,100
M = A
PATH = X
GO TO 100
PATH = X ! PATH

. CONTINUE
TMIN = M

TOIST(X)

SUBTRACT' THEM FROM THE REACHABLE
AND FIND NODES WHICH ARE REACHABLE

HEM ALONG ONE ARC

* MEANWHILE CHECK IF OTHERSlDE WAS

DO 120 WHILE (PATH.NE.B)
X = OFIRST(PATH)

* REACHED
*
*
*
*

* IF (.NOT.(X.IN.S)) GO TO 110
*... YES, SET FLAG, SAVE NODE

1

» :
* :

FLAG = .TRUE.
U = X



16-13

*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

MEANWHILE CHECK IF OTHER SIDE WAS
REACHED
*
*... YES i SET FLAG, SAVE NODE
* :
* :
*... TRANSFER NODE TO THE REACHED SET

X = DpIRST(PATH)

LOOP TO SET REACHABLE NODES FROM
THIS NODE

IF l.NOT.(X.IN.T)) GO TO 50

FLAG = .TRUE.
U = X

50 SR = SR.OF.X
S = S,UN.X

*
*
*

*
*
*
*
*
*
*
*
*
*
END OF LOOP

...STEP FINISHED, 'GO FOR NEXT STEP
STEP FROM TERM

COLLECT NODES WITH MINIMAL DISTANCE FROM
THE NODES REACHABLE ALONG ONE ARC

*
*
*
*

ADO COLLECTED NODES TO THE SET OF REACHED
NODES, SUBTRACT'THEM FROM jHE REACHABLE
NODES, AND FIND NODES WHICH ARE REACHABLE
FROM THEM ALONG ONE ARC

MEANWHILE CHECK IF OTHERSIDE WAS
REACHED
*
*... YES, SET FLAG, SAVE NODE

DO 60 FORALL Z.IN.PCOB<G,X)
Y = NflD(G,2)
8 = Mt-LENGTH(Z)
A = INF
IF (CHECMSOIST»Y> J A = SDlST(Y)
IF U.LE.B) GO TO 60
SDISTtY) = B
IN(Y) = 2
SR = Sft.UN.Y

60 CONTINUE

GO TO 130

70 00 100 FORALL X.lN.TR
A = INF
IF (CHECK<TDIST»X» A r TDlST(X)
IF (A-M) 80,90,100

80 M = A
PATH = X
GO TO 100

90 PATH r X I PATH
100 CONTINUE

TMIN = M

DO 120 WHILE (PATH.NE.H)
X = DFIRST(PATH)

IF C.NOT.<X.Ili.S» GO TO 110

FLAG = .TRUE.
U = X
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17. APPENDIX, EVALUATION OF EXPRESSIONS

THE FGRAAL COMplLER WAS CONSTRUCTED BY AUGMENTING THE EXISTING
RALPH COMPILER FOR THE UNlvAC 1108.

THE RALPH COMPILER ASSUMES THAT NO FUNCTION CAN MODIFY ITSELF
AND THUS TAKES CERTAIN LIBERTIES WITH THE EVALUATION OF EXPRES-
SIONS AND ELEMENTS IN AN ARGUMENT LIST. AN EXPRESSION QR ARGUMENT
LIST IS SCANNED RIGHT TO LEFT AND EACH TIME A FUNCTION IS ENCOUN-
TERED, IT IS EVALUATED. EACH TIME AN OPERATOR IS ENCOUNTERED WHICH
HAS STRICTLY GREATER PRECEDENCE THAN THE OPERATOR TO ITS LEFT* IT
IS EVALUATED* AND PROCESSING CONTINUES BY EXAMINING THE PRECEDENCE
RELATION BETWEEN TH£ OPERATOR TO THE RIGHT OF THE NEWLY EVALUATED
RESULT AND LOOKING FOR A STRICTLY GREATER PRECEDENCE THAN THE
OPERATOR TO ITS LEFT. THUS THE EXPRESSION

F(A) + B * C * D + F(E>

fclLL BE EVALUATED AS THOUGH IT WERE PARENTHESIZED AS FOLLOWS

( ( < F(A) )4+ ( ( B * C )2 * D )3 )s+ ( F(E) ), )6

WHERE THE NUMBER AT THE BASE OF THE RIGHT PARENTHESIS GIVES THE
ORDER IN WHICH THE EVALUATIONS ARE MADE. THIS PARSING ALGORITHM
YIELDS PERFECTLY VALID RESULTS AS LONG AS FUNCTIONS ARE NOT PER-
MITTED TO MODIFY THEIR ARGUMENTS OR SOME GLOBAL VARIABLES, I.E. SO
LONG THERE ARE NO SIDE EFFECTS.

HOWEVER SIDE EpFECTS DO EXIST IN GRAAL. FOR EXAMPLE, THERE ARE
OPERATORS (FUNCTIONS) THAT ARE ALLOWED TO MODIFY THEIR ARGUMENTS*
E.G. DFIRST(L). BECAUSE OF THIS, IF A VARIABLE IS USED MORE THAN
ONCE IN THE CONTEXT OF AN EXPRESSION OR ARGUMENT LIST, AND AT
LEAST ONE SUCH USg; IS AS AN ARGUMENT OF A FUNCTION OR OPERATOR
WHICH MODIFIES IT, THE UNUSUAL ORDER OF EVALUATION USED BY THE
RALPH COMPILER MUsT TAKE INTO CONSIDERATION IN ORDER TO SIMULATE
THE ACTUAL RESULTS.

EXAMPLE 1. LET
L = i : 2 : 3 : u : 5

THEN THE STATEMENT
X = DFIRST(L) - DFIRST(L)

IS EQUIVALENT TO
X = 2 - 1

AND NOT X = 1 - 2» SINCE THE RIGHTMOST DFIRST
OPERATOR is EVALUATED FIRST.

EXAMPLE 2. THE FUNCTION CALL
FuNC(DFlRST(L)»L»DFIRST(L))

WITH THE PREVIOUSLY DEFINED L, IS EQUIVALENT TO
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SINCE THE RIGHTMOST DFIRST IS EVALUATED FIRST,
THE SECOND ARGUMENT IS NOT EVALUATED SINCE
THERE IS NO OPERATOR OR FUNCTION IN IT,
AND THE LEFTMOST DFIRST IS EVALUATED SECOND,
WHICH LEAVES LEAVES L WITHOUT ITS ORIGINAL
FIRST TfcO ELEMENTS.

EXAMPLE 3. EVEN PARENTHESES DO NOT HELP
X = (DFIRST(L)-DFIRST(L»*DFIRST(L)

IS EQUIVALENT TO
X = (3-2)*l

ONE WAY TO AVOID THIS PROBLEM WOULD BE TO BREAK THE EXPRESSION
DOWN INTO SEPARATE STATEMENTS. THUS WE CAN REWRITE EXAMPLE 1. AS

OR

xi = DFIRSTCD
X = XI - DFIRST(L)
X = DFiRsT(L) - XI

(1-2)
(3.1)

DEPANDING UPON WHjCH EXPRESSION WE ACTUALLY WANT. WE CAN REWRITE
EXAMPLE 2 AS

M = L
X =

FUNC(X,M,DFIRST(D)

TO YIELD
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