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THIS NEWSLETTER PRESENTS AN ALGORITHM [OR INTER-PRICEDURAL

DATA FLOW ANALYSIS, THE ALGORITHM COMPI TES A MAP ZREACHZ

WHICH IS DEFINED ON THE SET ZENTRIES~OF-~KETURNSZ 0T ALL PROGRAM
POINTS WHICH LIE FITHER AT AN ENTRY TO A PROCEDURE, OR JUST AFTER A
RETURN FRON ONE. FOR EACH SUCH INSTRUCTION INST, RZACH(INST)

IS THE SeT OF ALL PAIRS < 0l , STR > WFERE 01 IS A

VARIABLE OUCURENCE [N THE PROGURAM, AND STF 1S A 2ROPER
zRC-STRINGZ UF FETURNS AwnD CabLL$S (CF, IL127) FOR WHICH

THERE EXISTS A PROGRAM PATH LEADING FRCM THE OCCURINCE

0l TO InST, FREE OF CCCUKENCES OF THE SAME VARIABLE,

NOTE THAT A SIMILAK MAP IS USUALLY COMFUTED FOR EAZH

BASIC BLOCK IN A PROGRAM, HCOWEVER, SINCE WE WISH T2

CONCENTRATE UFCi THE INTER=PRUCEDURAL ASFECTS OF THE FLOW
ANALYSIS, AND SINCg IT 15 EASY TO COMPITE THE REAZH MAP

FOR aLL Thk BLOCKS ONCE WE HAVE 1T FOR ALL ENTRIES AND RETURNS,
WE IGWORE UTHER INSTRUCTIONS TEMPORARIIY. ANOTHER IMPORTANT
FACTCR TU CONSIDER 1S THg AMUUNT OF SPACE CCCUPIED Y THIS MAP,
SHOULD 1T BE COMPUTED FOR EACH GASIC 2. OCK, AN ISSJE THAT WILL
gE DISCUSSED LATER,

WE ASSUNME THAT THC PROCEDURE VARIABLES HAVE ALRCADY BEEN DETERMINED
AND THAT THE CALL GRAPH nAS gEEN COMPUTED, WE REPRISENT THE CALL
GRAPH AS 4 MAP Z#CALLEDGE# WHOSE ELEMINTS ARE THE PAIRS

< CALLINGAINSTRUCTION ; CALLEU~PROCEDUIE >,

NOTE THAT THIS MAP [S SINGLE=VALUED [F THEFFE ARE NJY PROCEDURE
VARIABLES, LET #RETURNEDGEZ HE THE ]I VERSE OF CALLEDGE,

LET US ALSU INTRODUCE THE SET ZEXITS~CR-CALLS#Z WAICH, IN A SENSE,

IS COMPLEMENTARY TO ENTRIES~OKARETURNS; IT IS THE SET OF ALL
PROGRAM POINTS WHICH LIE IMMEDIATELY BEFORE EITHER A PROCELJRE CALL

“OR AN EXIT FROM A PROCEDUYRE,

IT SHOJLU BE NOTED THAT [NTER-PROCEDURAL DATA FLOW ANALYSIS IS
MEANINGFULONLY FOR VARIABLE> THAT APPIAR IN MORE THAN ONE
PROCEDURE, THESE ARE ESSENTIALLY THE Gl OFAL VARIAB-ES. ( AND
POSSIBLY ALSJ THE FORMAL PARAMETEPS OF PFOCEDURES, IF WE

MAKE THE Gl-COUE REPRESENT DIRECT ASSIILNFELTS OF ACTUAL

ARGUMENTS 10 FORMaL PARANETERS BEFORE A PRCCFDURE ZALL, AND
CORRESPONDING INVERSE ASSIGNHMENTS AFTEl A FETURN FI0M A PROCEBURE.)

THUS, THE INTER-PROCEDURAL ALGORITHM TFAT WE ARE GJING TO

CESCRIBE WILL DEAL ONLY WITH GLUBAL VAI'TA3LES AND “ORMAL PARAMETERS
AND WILL JGNURE Tig LOCAL VAXKIABLES, FIOM LOW OHN,

THE TERNM VARIABLE REFERS ONLY A GLOUBAL VARIARLE OR A FORMAL
PARAMETER,
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OQUR ALGORITHM USES THREE MAPS MHICH Cal FE OBTAINED BY A STRIGTLY
INTRA-PRUCEDURAL ANALYSISG, THESE NAPS ARE DEFINED I THE SET
EXITS-0R~CALLS OR OoN THE PRODUCT OF ENTRIES-~OR-RETJRNS WITH IT,

REACHIN ( INST ) - THE SET OF ALL VARIABLE OCCURENCES 01 IN THE
PROCEDURE OF INST FROM WHICH INST CAN BE
REACHED VIA A PATH FREE BOTH 0T OCCURENZES
OF THE VARIABLE V (F Ol AND OF PROCEDURE
CALLS AND RETURNS, HERE, INST IS A MEMgzR OF
EXIT3-0R~CALLS,

PCFP (PRUCEDURE CONTROL FLOW PATHS) = (CONTAINS ELEMENTS OF THE
FOR# [ INS1,INS2 ) VWHERE [INS31 IS IN
ENTRIES=OR-RETURNE, THS2 IS IV EXITS-~QR~CALLS,
AND THERE IS A PATH LCADING FROM [NS1 TO INS2
WHICH IS FREE OF [ ROCEDURE CA-LS AMD RETURNS,
THUS, BO0TH InS1 AFD INS2 ARE IN THE SAME
PROCEDURE,

NOREACA ( INS31 , INS2 ) = IS HON=VOID CHLY IF [1USL,INS2Y = PCFP,
IT Is THEN THE SET OF ALL VARIARLE NAMES
SUCH THAT ON AflY PATE FRCM IHSL TO INS2, “HICH
IS FREE OF PROCEDUIE CALLS AND RETURNS, THESE
VARIABLES ARE USED 0K VODIFIED.

THE INTRA<PRUCEDURAL ANALYSIS THAT WILL PRCDUCE THZSE MAPS

WILL MAKE USE OF AN INTRA~PROQUCEDURAL VERSICN OF BFI0M WHICH IS

VERY CLOSE TU THE FINAL FORM OF THIS MAP. MORE PRECISELY, LET

I BE AN IVARIABLE OCCURENCE IN A PROCELURE P, WE DIFINE

AUX~BFROM(L) TO BE THE SET CONTATNHING

A) ALL CUCURENCES 01 OF 7THE SAME VARIAELE IN P, FRIOM WHICH 1
CAM Bt REACHED vIA A PATH FREE BOTH OF OTHER QOCZURENCES OF
THIS VARTAGLE AND OF PRUCEBURE CALLS AND RETURNS

B) ALL PUINTS [N ENTRIES-OR-RETURIS WITHIN P, FROM WHICH I CAN
BE REACHED BY A PATH SUBJECT TO THESE SAME CONSTRAINTS,

THE INTRA-PROCEDURAL ANALYSTS MIGHT AS WELL COMBINZ THE COMPUTATION
OF THE AUX~BFRON MAP WITr THE COMPUTATION GF THE AZTUAL BFROM MAP
OF LOCAL VARIABLES, SINCZ THESE CUMPUTATIGNS ARE VIRY SIMILAR IN
NATUPE, TO ACHIEVE THIS MERGING OF BOTI COMPUTATIONS, WE HAVE To
REGARD A PROCEDURE CALL AS A USE OF ALL GLOBAL VARIABLES AND FORMAL
PARAMETERS OF THE CALL, AND RECARD A RETURK FROM A PROCEDURE AS A
DEFINITION OF ALL THESE VARIABLES. IN THIS WAY, PRICEDURE CALLS
BECONE #TRANSPARENTZ TO allL NOK=-GLORAL, NOL-PARAMETER VARIASILES.

IT THUS BELCOMES POSSIBLE TO CALCULATE {OTH MAPS IN A SINGLE

COMMON ALGURITHI. NOTE THAT INW THIS AP RCACH, PROCIDURE CALLS DO wOT
BREAK QASIC BLOCKS OR CHANGE THE INTRA-PIOCERURAL “LOW,
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LET US ALSU DEFINE BFROM=EXITCIVAR,INS)), WHERE VAR IS ANY VARIABLE
NAME APPEARING IN P, AND INS IS AHY POINT IN EXITS~0OR~CALLS
WITHIN P, TO BE THE SET CONTAINING
A) ALL OCCURENCES QI OF VAR [IlI P, FROM WHICH INS CAN BE REACHED
VIA 4 PATH FREE ELOTH CF OTHER OCCUREMNCES OF VAR AND OF
PROCELURE CALLS AND RETURNS,
B) ALL POINTS It ENTRIES~ORARETURHS WITHIN P, FROM WHICH THERE
EXISTS A PATH LEADING TOQ INS, AND SI.BJECT TO THIS SAME CONSTRAINT
IF WE INSERYED A DUMMY USE I OF VAR AT IKS, THIS SZT WOULD B8E

CIDENTICAL TO AUX=BFROM(1))

IN TERMS OF THIS MAP, REACHINSINS> IS SIMPLY THE INTERSECTION

OF THE SET OF OCCURENCES WITH THE UMIOI OF BFROM~EXIT(IVAR, INS])
TAKEN OVER ALL VARTABLES VAR WHICH APPfAR [N THE PR0CEDURE THAT
CONTAINS NS, AWD VAR 1S A MEMBER UF HOREACHSINSY, INS22 IF AND ONLY
1F BFROMAEXIT(IVAR, INS2)) DOeS NOT CONTAIN INS{

(SO THAT EVERY PATH FROM INSL TU INS2 COKRTAINS AN JCCURENCE

oF VAR), '

MOREOGVER, AFTER THE COMPUTATION QF REACH, IT IS STRAIGHT

FORWARD TO CALCULATE THE ACTU4L RFROM | AP, ILDEEDN, IF 1

1S AN IVAKITAGLE, THEN TO CONSTRUCT BFRUMOI) ALL OHZ HAS TO

DO IS TO DeLETE FROM AUXAZFRUHCTY ALL [ LEHENTS OF
ENTRIES~URRETURNS, AND REPLACE Ealn UfLETED Ey JEMENT INS

BY THE SET < [0],5TR) » REACHSINSZ VAFID(OI) = VARID(1) 2

OHE SHOULD ALSO ADJOIN THE NJLL RC-STRING TO EACH IJF THE ORIGINAL
VARTABLE OUCURENCES IN AUXaBrran(l),

WE SHALL ALSU REQUIRE A MAP EDGES-FROI WHICH RESJLTS FROM A
DIRECT PROCESSING OF THE CALL GRAPH, 1T COMNTAINS E-EMENTS OF THE
FORM [ IN3, [ INS1,FLOW 1) ¢y WHERE INS o EXITS-JR~CALLS,

INSL1 » ENTRIES-~OR-RETURNS, AND THERE 1S A DIPECT PROCEDURE
BOUNDARY CHOSSING FKOM INS TO INSL, FLOW IS A TRIP.E
CHARACTERTZING THIS CROSSING, AND WILL EVENTUALLY 3ECOME PART OF
AH RC~STRING,

THE PHRESENT FORM OfF FLOW IS A TRIPLE [ INS, 0, DIR ), WHERE

INS IS A CALLING INSTRUCTION, € IS THE CALLED PROCIDURE,

AND DIR DENOTES WHETHER THIS FLUW IS A CALL OR A RZTURWN,

KERE IS THt: RECURSIVE DEFINITION OF REACH, WRITTEN IN TERMS OF
THESE MAPS

REACH SJNST2 = < [QI,(FLOW]) *+ TINS, {11 ST,FLOM)Y » EDGES-FROM,
01 = REACHIN SISz 2

+ < [O1,PROP-CGHCAT(STR,HLOW)) 3 [IN31,INS2] =+ PCFfi,
{INS2, [INST,FLOW)) - EDGES~FROM,
{01,STR] » KEACHSINSI2 ¢ VARID(OIY NOTIN
NOREACHSINSL, INS22 2
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PROP-~CONCAT CONCATENATES [FLOW) TO THE PROPER RC~STRING STR,
IF THEY ARt COMPATIBLE, WITH THE UNDERSTA4UDING THAT IF THEY ARE )
NOT, THEN THE CORRESFONDING PAIR IS NOT INCLUDED IN THE SET ABOVE,

LET US EXPLAIN THE ABOVE EQUATICN, WE TAKE ALL TRILETS

- INS1, INSZ, INST SUCH THAT IN31,INST ARE Ik ENTRIES-JIR-ARETURNS,

INS2 1S 11 EXITS~0OR-~CALLS, THLRE IS A I ATH FFEE OF PROCEDURE CALLS
AND RETURHNS FROM INS1 TO INSZ, AMND THEIE IS A DIGECT PROCEDURE
BOUNDARY CROSSING FROM INS2 TO INST, THEN THE OCCURENCES AVAILARLE
AT INST Akk, FIRST, THOSE WHICH REACH TIKaCTLY IMS2, MODIFIED

gY THE SINGLETON Ke-~STRING (FLOW), ANR, SECOND, THISE OQCCURZNCES
WHICH REACH IKS1, MAY REACH [MNS2 FROM INSL WITHOUT BEING USED OR
MODIFIED [N BETWEEN, AND HWHOSE KCASTRIIG IS COMPATIBLE WITH
[FLOW), W]TH A PROPERLY MOLIFIEND RC-STI IKG.

TO DERIVE A MQORE EFFICIENT NON=RECURSIVE ALGORITHM FROM THE
RECUKRSIVE RELATIONSHIP SHOWH ABOVE, Wg USE THE USUAL WORKPILE
METHOD, DURING THE COMPUTATIUN UF REACI, THE RC~ST3IINGS ARE
REPRESENTEV AS A TUPLE OF FLOW TRIPLES, TO MAKE [T EASY TO PROCESS
THEM, LATER ON WE CALL A COMPRESSION RCUTIFE TO TKIM THEM DOWN TO
A MANAGEARLE SIZE.

IT MAY Bt CONVENIENT TO MAKE USE OF A SIMPLE METHOD TO COMPRESS
THE RC-STRING3. THIS CAN BE uUlE AS FollLOws,

EVERY FLOW TRIPLET [INSsQ,DIR] IS HASHID TO A K - 31T CODE,

WHERE K IS KATHER SHALL ( £ 6+ SAY), Y1 ALSO REQUIIE THAT

THE HASH CUDE OF [INS,Q,CALL)} ARD [INS,3,2FT) WILL BE EACH

THE INVERSt OF THE QTHER, RELATIVE TO A CEKTAIN BIVARY

OPERATION, DELOTED BY +» DEFINED ON THE SET € 0,1 ... 2¢*xK - 1 2,
(A LIKELY CHOICE FOR THAT OPERATION Is EITEED AN EXCLUSIVE OR,

OR ADDITION MQODULD 2#*K,) THEMN, EaACH RU-STEING STR WILL BE HASHED
T0 THE CODE (s J 1= 1 ,,. ¢STR) CORI(STECI))

THIS HASHING ALLOWS US TO PRE-CALCULATE ALL THE STANDARD OFERATIONS
ON RC-STRINGS, AND STORE THE# Il SEVERAL TABLES, S THAT DURING

ANY FURTHEH ALGORITHM ALL RCASTRING OPLERATIONS, AS, FOR EXAMPLE,
CHECKING FUK COMPATIBILITY, PROPER CONCATEMNATION, DJETERMINATION OF
INVERSES, #MAXIMUM, MINIMUM ETC, (CF., Nl 1€7) CAN RC PERFORMED AS
TABLE LOUK~=UPS. ORVIOUSLY, SOHE IWFORMATION VILL X LOST BY SUCH

A HASHING, BUT IF THE CALL SiAPH 0OF THE INFUT PROGRAM 1S NOT VERY
COMPLICATEUY, WE CaN EXPECT TO RETAIN RATKEP ACCURATE TRACE BACK
INFORMATION,

HERE IS A SETL VERSION OF THE INTERPRDUEDUKAL DATA FLOW ALGORITHM
THAT WE HAVE JUST DESCRIBED!
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CONST CALL,RET; $ FLOW DIRECTION MMEMONMICS
DEFINE CUMPREACH;

STEP 1, I NI TITALI ZAT]ON
EDGESWERUH ] = NL;
(VINS = CALLS)

CALLS IS THE SET OF ALL PROCEDURE CALLS

(vQ = CALLEDGESINSY)

INS1 = ENTRY(Q);
ENTRY(Q) ]S THE EMTRY TO PROCEDURE @

FLOW = [INS,Q,CALLI;
NOTE THAT FLOW COUTAINS ALSO THE FROCEDUFE CALLED
OR RETURNED FROM, SINCE [N CASE OF PROCELUKRE VARIASLES
THE CALLING INSTRUCTION [TSELF IS NOT SUFFICIENT T2
IDENTIFY THE CALLEpD PROCEDURE

EDGES~FROM WITH [IAS, [IMNSL,FLOWN}]s

END vQi
END vINS3}

(vINS =+ EXITS)
Q 3= PROC-OF(INS)3
PROC-OF (INS) IS THE PROCEDURE CUNTAINIIG [0S
(vINSL » RETURNEDGESQ2)
FLOW ¢= [INS1,0.,RETI}
EDGESAFROM WITH (IWS, [11S1,FIOWY);
END “INSY;
END vINSS

WORKPILE 3= NL;

IN GENERAL, WORKPILE CONTAING MNEW FRAGIENTS OF REACH

THAT WERE NOT YET USED TQ UPLATE THE REACH AT OTHER INSTRUCTIONS,

(vINS2 + EXITS~OR~CALLS)
AUXREACHY 1= REACHIN <InS22;

(vIINS3,FLOW) = EDGES~FROM <INS23)

WORKPILESINS32 iz < [O],(FLOKIY : O -+ AJYXREACH1L 23

THE INITIAL ELEMENTS OF WORKPILE (AND FFEACH) ARE THE QCCURENCES
IN EACH REACHINSINGS22, WITH A SILGLETUN BC-STRIMNG [FLOW],
INDICATING THE IMMEDIATELY FOLLOMIMG PI OCEDURE BOUNDARY CROSSING
FROM INSZ2 TO0 INS3. THESE MODIFItD OCCUFENCES ARE NOJW AVAILABLE

()

()

N HAAR A

AT INS3, WHICH IS IN ENTRIES~UR-RETURNE.
END v;
END v ]NSZ;

REACH 3= WORKPILE:
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STEP 2, PROPAGATION USING WOIKPILE

(WHILE WORKPILE NE NL)
{INSL,SOME] := ARB WORKPILE;
REACH=FRAG := WORKPILE S$IHS12;
WORKPILE [LESSF INS13
EXTRACT AN INSTRUCTION INS1 wITH ALL ITS NEW REACH ELEMENTS
FROM WORKPILE,

(VINS2 + PCFP SINS12)

(vIINSI,FLOW) + EDUES=FROM <INSZ2)
AUXHEACH t= NL}

AUXREACH IS THE Niw REACH FRAGMENT BEIIG CONSTRUCTZD AT INS3.
INSL = INSZ = [INS3 IS THE FLOW FROM TIE LAST UPDATED INSTRUCTION
INS1 TO THE NEW ONE INS3 ( BOTH It ENTIIES-0R-RETUINS ) VIA INg?
( IN EXITSA0RACALLS ). [INS1,1HS2] » PCFF (PROCEDURE CONTROL FLOW
PATHS), AND INS2 LEADS TQ I483 HY A DIFECT PRCCEDURE 30UNDARY
CROSSING (SEE THE INFORMAL EXPLANATION AEOVE),

(v{0],STR) =+ REZACH-FRAG
t VARIDCOL) MOTIl NOREACHSINSL, INS22)
TAKE THE OCCURENCES IN THE OLD REACH FI AGHENT WHICH MAY
REACH INS3
STRL1 = PROP-CONCAT(STR,FLOW);
IF COMPATIBLE, COMCATENATE [FLOW) TO THE RIGHT OF TME
PREVIOUS RCASTRING, OTHERWISE RETURN ol.
IF STR1 NE OM THEN
AUXREACH WITH (01,STR1); END IF3
END v;

WORKPILESINS3> + AUXREACH = REACH<SIM3I3D;
ADD TO THE WOURKPILE ONLY NEW OCCUREHNCES
REACHSINS3> + AUXKEACHS
AUGMENT WOKKPILE ( = NEW REACHES) AND | EACH ITSELF AT INS3
. END v
END YINSZ;
END WHILE;

RETURN;
END COMPREACH;
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DEF INEF PRUP~COHCAT(STR,FLON);

THIS IS THE PROPER CONCATENATION HOUTJIE FOR RC-~STRINGS
IT RETURNS OM [F THE CONCATEWATION IS IMPROPER

STR IS A RC-STRING. THAT 13, IT IS A TUPLE OF FLOA TRIPLES,
WHERE ALL THE RETURN COMPONENTS PRECEEL ALL THE CA-L

COMPONENTSy FOR EACH RC~STRING THERE (ORRESPONDS

A FLOW PATH [N THE INPUT PROGKAM, SUCH THAT THE CO4YPONENTS OF THE
STRING REPRESENT, [N LEFT 10 KIGHT ORnPIR, ALL PROCZIDURE CONTROL

TRANSFERS ALONG THIS PATH, OAITTING COIPLETE CALLS. WE ALSO REQUIRE

THAT A RCASTRING SHOULD NOT CUNTAIN THI SAME TRAMSTER TWICE.,
FLOW IS A NEW FLOW COMPQONENT TO BE ADIED TO THE RIGHT HAND SIDE
gF STR,

THIS CONCATENATIOK IS CALLED PRUPER IF THE NFW STRING SATISFIES,
OR CAN BE TRANSFORMED INTO A STRIHNG WHICH SATISFIES, ALL THE
CONSTRAINTS IMPOSED ON RC=~STRINGS., :

IF NOT (2J 3= 1 ,., #STR * STR(J)(3) NE KET) THEVN
J iz STR + 1;
END IF;
J IS THE FIRST PLACE IN STR UF-A CALL (OMPONENT

TRANSF $2 FLOW(1:2)3
DIR iz FLOW(3); -
SEE EDGES~FROM CONSTRUCTION FOR THE STIUCTURE OF F._OW

BEGIN
IF DIR EQ CALL THEN .
IF (21 =2 J 4oy ¢STR ¢ STRCIN(1:12) EQ TRANSF) THEN
RETURN OM: '
EL.SE RETURN STR *tt ([FLOW):
: END IF;

IF A CALL, CHECK IfF THERE ]S ALREADY SICKF A CALL

IN STRy IF SO, THEN THE APPEADING IS IFFRCOFEFR. OTHZIRWISE

RETURN THE CONCATENATED STRING,

)
ELSEIF (21 8= 1 ,4s J=1 * STF(IN(1:2) EQ TRANSF) THEN
RETURN OM:
IF A RETURN, AND ALREADY APPEARS AS A [ETUPN IN STR THEN IMPROPER
ELSEIF (21 = J 4,4y +STR *t STR(I)(112) EQ TRANSF)
IF IT APPEARS ALREADY AS A CALL
THEN RETURN STR(131-1);
SUPPRESS THE END OF THE STRING FEOM THr CALL TO THZ RETURN
SINCE THIS END IS EMBEDDED IN THE COMPLETE CALL JUST DETECTED
ELSEIF J > +STR THEN
IF IT DOES NOT APPEAR IN THE STRING, AlD THEFE ARE ONLY
RETURNS IN THE STRING, THEN



!

W v 9 9 @

&2

O v O © @

O W v W e O

v W

o W

SETL = 187A - 8

RETURN STK ¢t [FLOW);
$ RETURN THE CONCATENATED STRING,
ELSE RETURN OM;
$ OTHERWISE, IMPROPER CONCATENATION.
END IF3
END;

END PROP-CONCAT;



