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T H 1 S I~ I: W ~ L ~ T T E R PI~ E SE N T S A N A L li Ci R I TH M f OR I NT E R - P R JC EDU RA L 
DAT A FLOw ANAL YS l S. THE ALGORITHM COMPI Tl:S A MAP tREACHt 
w•tICH IS DtFINED 0~ THE SET lbNTHIES~nr~HfTURNSt 0 7 ALL P~QGRAM 
POIIHS liHfGH LIE EITHER AT Ai'J ENTnY TO A PFOCEDU~E, OR JUST AFTER A 
RE T lJ RN FRO,,~ 0 NE • F O f-1 EACH SUCH I N Si RU C T I O ~J HIST, R :: AC H ( I N ST ) 
JS THE StT O ► ALL PAIRS < 01 , STH > W~ERE 01 IS A 
VA R I A b LE. 0 r.; CU n EI~ C E I N THE PRO u HA ~1, AND ST F. I S A :, ROPER 
;t r~ c.- ST K II'~ li ;t U F FE TURNS A I'• D C ,A. L LS CC F, I L 1 a 7) FOR iH IC H 
T HE R E: l: X 1 S T S A P R n G r1 A M P A T H L E A D I: H.i FrH M T ~ E O C CUP. = N C E 
Ol TO IN~T, FREE OF CCCU~ENCES Of THE ~ArE VARIABL~. 
NOTE THAT~ SIMILAR MAP IS USUALLY COMFUTED FOR EA:::H 
8 A S I C 8 L U C K ! N A P R O G R A t 1 • rl O (·i I: V I: R , S I ~: C E r! E ~ I S H T J 
CO~~ C t NT RAT~ UP O i~ THE INTER· P l·W GE DU t{ AL AS f' EC T S OF T 1 E FLO H 
A t-~ A. L Y S I S , A N LJ S I N C E I T I S E A S Y T O C O M P I T E: T H E R E A ::; H M A P 
FOR ALL TH~ bLOcKS OiJCE wE HAVt: l T F0tf ALL ENTP, I ES AND RETURNS, 
H E I G f,J OF t: ll T HER H~ S T R U C T l ON S T F. M P O R A R I I Y • A NO T HE r~ I M P OR T MlT 
FACTOR TO ~ 01'1 S I DE n I S THE M-10 U t.JT OF SPACE O CC UP I ~ D BY Till S MAP, 
S HOU L D IJ i:s E CO 1-: PU i E D f OR E A C H BAS I C £~ l. 0 C K , A N I S S J E T HA T W I L L 
BE DISCU~S~D LATER. 

WE ASSUftE THAT TH[ PROCEDURE VARIA8LES HAVE ALREADf BEEN DETERMINED 
AND THAT THE CALL GRAPH hAS 1:H:l::!J COMPUTED, WF R[PF?=SENT THE CALI,. 
GRAPH AS A MAP tCALLEDGEt WHOSE ~LEMLNTS ARE THE PAIRS 
< CALL lt-JCi,., HJSTRUCT 1 ON , CALL~tJ..,PfWC:EDUI-E >. 
NOTE THAT THIS MAP IS SINGLE•VALU~U IF T~EFE ARE !J) PROCEDURE 
VARIABLE::i, -Ll:T tHETURNEDGEt tit: THE 11 Vf:RSE OF C4LLEDGE, 

LET US ALSU INTRODUCE THE SET tEXITS~(R-.CALLSt hiICH, IN A SENSE, 
I S C Ci M P Lt t: t: 1n t. R Y TO E fH R I ES., 0 k ... RE TU F1 N S ; I T I S TH F SET OF ALL 
PROGRAM POlNlS ~IHICH LIE IMM~UIATELY BfFORE EITHER A PROCEUJRE CALL 
OR A~ ~XlT FKOM A PROCEDURE, 

IT SHOJLU dE NOTED THAT INTER-PROCEDU~AL DATA rLOW ANALYSIS IS 
HtANiritiFUL\ONLY FOR VARIABU.::> THAT /IPPrAF IN MORE THAN ONE 
pH O C t: DU Rt: • THESE ARE ES SE iH I AL l. Y T II E G I OP t, L VA R I A 8 - ES • ( AND 
POSSIBLY ALSJ THE FOHMAL PAfHMf.TEf'S OF PFOCErURES, IF WE 
M i\ K E T HE Li 1 ., C O l) E r E P H E S E ,n D I ft E C T A SS t UJ!' E r: T S O F A : TU A L 
ARGUMENTS lO-FORMAL PARAMET~riS 8EFORE ft PRCCfDUR~ :ALL, AND 
cORHESPONDl_NG ltWERSE ASSIGtJMf.NTS AFTEr A FETURN F~OM A PROCEDURE.) 

T HU S , T H t l NT E R - P ti O C E DU R A L A L Ci Ok I T H M TI A T ~: E A RE G ) I N G T 0 
CESCR I dE ~J l LL DEAL ONLY w 1 TH fiLCJoAL VAi I Ar:3L ES AND =-oRMAL PARM1ETERS 
Ar lD ~J ILL I 1.1 /~ LJ fd: THE LOCAL VA K I AUL r S, FI G t-'. LOW O tJ, 
THE TERt1 VAR l Af3LE REFERS ONLY A Gl.08/,L VARI ARLE OR A FORMAL 
PARAMf::fEH, 
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OUR ALGORITHM USES THREE MAPS WHICH CAI PE 08TAINEJ BY A STRICTLY 
II JT H A - p R u C t Du R A L A NA L y s I s • T H t: s F. t I A p s A R l: DE r I NE n ) t·l THE s E T 
EXITS-,OH .. C~LLS OR ON THE PROUlJCT OF ENTRl[S-.OR-.RF.TJRfJS WITH IT, 

REACHIN ( lNST ) - THE SET OF ALL VARIA8LE OCCURE~cES 01 IN THE 
PROCEDUR~ OF INST FROM WHICH INST CAN BE 
REACHED VIA A PATH FHEl BOTH o~ OCCURENCES 
OF THE VAHlADLE VLF OI AND OF PROCEDURE 
CALLS A'W RETUHNS, HERE, INST IS A MEM8cR OF" 
E X I T 3 .., 0 R-. C Al-LS , 

PCFP (PRUCtDURE CONTROL FLOW PATHS) - ro~TAI~S ELE~ENTS OF THE . 
F O R ;i t I N S 1 , I N S 2 l ~JH E R E I f-J 5 1 I S I N 
E?NTfdES-.OR-.f~£:TUHrJ~, JIJS2 IS I \I EXITs-.oq ... CAl.LS, 
AND THE~E IS A PATH L[ADING F~OM INS! TO l~S2 
W H I CH I S r RE [ 0 F f RO C f O lJ RE CA _LS A ~JD RE TI JR ~, S, 
THUS, 90TH PJS1 Al D J[-;S2 ARE 1 t-J THE SA'.-iE 
PROCEDURE, 

N OR E A C ri C .1 N S 1 , I N S 2 ) - I S NON - V O I D C NL V I F [ 11 l S L I MS 2 l .. PC F P , 
IT Is THE~ THE SET Of. ALL VARI,RLE NAMES 
SUCH THAT Of~ AfJY PATf, rRCM IilSl TO INS2, t/HICH 
I s F Vi: E (J F p r~ u Cl D u I E C A L L s A r-rn R E Tu R tJ s • TI~ Es E 
VAK1A8LES Af~E llSEo Of,i t;ODIFIED. 

THE ltJTRA-PRUCEDUHA.L ANALYSIS THAT Wlt.l pqooucE TH:SE MAPS 
wILL 11AKI:: USt:: OF !IN iNTRA--PftQCEDUf~AL VfRSIGN OF 8FiOM WHICH IS 
V E R Y C L O S E .. T U T 11 E F I N A L F OR M O F T H I S M f\ P , MOR E P RE :; I S EL Y , LET 
I BE A;~ lVARl;.LlLE OCCUf<E;'~CE It, A PROCECURE P. WE D=FlNE 
AUX.,bFHO~i(f> TO BE THE SET COfJT/,lJiING 
A) Al,L. CCCURc:t,C[S 01 OF lHE SAMl: VAR!Af LF. JN P, FRJH ~~HICH I 

C A N 8 t K E AC h F D V I A A r A T H I- f ~ E l: H O T H OF O THE R O C :; U R ENCE S OF 
THIS VAKIAGLE AND OF PRUCEULJHE CALLS AND RETURIJ3 

8 ) At.. L P U I N T S l N [ N T R I E S .. O i~ .. H f T U R I l S W I T H I ~.J P , FR () M i~ H I C H I CAN 
B~ REAC~EU 8Y A PATH SUBJECT TO THESE SAME CONSTRAINTS. 

THE HJTR~•~RDCEDURAL ANALYSl::i MIGHT AS '..JELL C011BIN= THE COt1PUTATION 
OF Tr'E AUX-..bH~Or: MAP WITH THE COIWIJTATJOI\ OF THE A'.:TUAL BFROM MAP 
OF L O C A L V A R i A 8 L E S , S I N C i: T HE SE C (1 M PU T /1 T I G h S A RE V :: R Y S I M I L A R I M 
NAT lJP E , T O AC H I E V E T H I S :-\ER G li H~ 0 F 8 0 T I CO I' PUT AT t O \JS , W E HA VE T 0 
R E G Mi U A PH O C E !J 1J R E C A L L A S A U S E fJ F A U G L O 8 A L V A R I A 8 L E S t- !·JO FORMAL 
PARAl'.[TEHS Of- THE CALL, AND Rf.CARU A Rf.TIJRf; FROM A PROCl::DURE AS A 
DEFINITION OF ALL THESE VARlAkLES, IN THIS WAY, PRJcE~URE CALLS 
8 EC O I', I:: 1 ! RANS r A Fd:: lH ;a' TO ALL ilJ O t) - li l OR AL, t, u L -PAR Al-1 E T t: R VARI A tl L f: S. 
JT THJS 8[~0,'',f:-S POSSIBLE TU CALCULATE f 0TH MAPS Hi A SI"JGLE 
CO M M O t J /1 L GU R l T H M • ~JO T E T H A T l f·J T H I S A PI R O A C H , PR O C :: O lJ R E C AL L S DO t>J OT 
aF{EAK t:lASI~ i:lLOCKS OR CH:..NGE THl: INTRA-PHOCEDURAL ~LO;..J, 
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L E T US AL SU U E F I i~ E B F R O i1 .. E X I T ( [ V AR , I N S ) > , W HE R E V A ~ I S AN Y V AR I " B LE 
r,.AME At-'P~AKING IN P, AND INS IS AriY POINT IN EXITS-.oR-,CALLS 
WITHIN P, TO HE THE SET CONTAUJING 
A) ALL OCCURl:iJCES 0I or VAR rri P, rR0~1 W~JCH INS C~N BE REACHED 

VIA A PATH FREE bOTH OF OTHER OCC:URHJCES OF VAH AND OF 
PROCEUUKE CALLS AND RETUR~S, 

9) ALL PllJNTS lt-J ENTRIES-.0f·htH:il!RiJS WJTHl~J P, FROM WHIC~~ THERE 
EXIST~ A 1-'ATH LEADING TO PJS, AND SI BJECT TO THIS SAME COI\JSTRAJNT 

IF WE: HJS[:KTcD A DUMMY USE I or VAR AT H:s, TH IS S=T WOULD 3E 
IDENTICAL {U AUX~DFROM(l)) 

JN TERMS Ot lHIS MAP, REACHI~SINS~ IS SIHPLY THE I~TERSECTION 
OF THE StT OF 0CCLJRENCES WIT~ THE UNI0t OF BFROM~E~[T([VA~, INS]) 
T A K E i I O Vi: H A L. L V A lq A 8 L E S V A R W H l C H A P P f A H I N TH E P ~ O C E D lJ RE TH A T 
CONTAINS INS, A!,JD VAR IS A :~EMHEH UF rJf REACH:::PIS1, 1NS2~ IF ANO otJl.Y 
I F B F R O M .., l: X I T ( [ V A R , I N S 2 J ) D O r:: S N O T C O '-l T A I N I N S 1 . 
( SO THAT EVE:KY PATH FRQt·1 I NS1 TU ItJS2 C Ot\T A INS ,\N JcCURENCE 
OF VAF{), 

MOREOV~R, AFTER THE COMPUTATlON OF REA(H, IT IS ST~AIGHT 
F OR I~ AH O T O - C A L C U L A T E T H E A C T U /, L 8 V H OM I A P , I ! ; D E F. f) , l F I 
JS M, lV~klAULE, THEN TO CO\lSTPUCT 8Fr::tM<I> ALL Or.J~ HAS TO 
DO IS TO Dt::U:TE FPOM AUX,dF 1~U 1(( l) 1\LI. I LErlUiTS OF 
EtHRIF.S-.OR:,Rt:TUf;\JS, ANL) REPf_l\C[: {:J.CH ur U:TFD F.U=:'.·lE\JT n~s 
BY TH i:: St: T $ l O I, ~, T R l ➔ R i: AC fl S Hi~?: t V /\ F-: ID CO I ) :: v AR I D < I ) > 
orJE SHOULD ALSO ADJOIN THE NJLL Rc~sT~ING TO EACH JF" THE ORIGINAL 
VARIACLE O~CUREIJCES IN AUX-,dFt<Ol-1(1), 

WE S H /\ L L ALSO RE Q U I RE A t1 A P f:: D lH: S-. FfW 1 · W H I CH RES J LT S FROM A 
DIRECT Pk()t.,;ESsirJG OF THE CAU. GkAPH, IT CO!HAJilS E-F.MEtHS OF' THf: 
FORM { 1N3, [ INS1,FL00 l J , WHERE INS~ EXITS~JR~CALLS, 
JtJS1 ➔ ENTKicS""'oR-,R[TURNS, A,\JD THU~E I~ A DIPECT P~OCEDURE 
BOU IJ I) ARY C f~ 0 SS I f·J G F HOM I i'J S TO !f'J 51 1 F Lf: \.J I S A T R IP - E 
cHARAcTEfqLING THIS CROSSING, Af1D WILL, EVEtJTllALLV 3EC0ME PART or:­
AN RC ... STK l ·~G I 

THE P f·d:: St: t J f FORM OF FLO i'I I S A T R I P LE t If✓ S, 0 , D t R l , t.J HERE 
I N S I S A CALL It~ G HJ ST RU C T I O 1J , G l S THE C /1 L L ED ~RO C :: DURE , 
AND DIH UE~DTES WHETHER Tf~lS FLOW IS A CALL OR A R~TURN, 

HERE JS THI: HECURSIVE OEFINlTIOH OF REACH, HPJTTEN IN TERMS OF 
THESE MAPS: 

REACH SJNST~ = $ COI,[FLOW.]l : [ItJS,(JIST,fL0l-l)l ➔ EDGES ... FRDM, 
Ol .. ~11 ACHIN :SINS~ ~ 

... $ [ 0 I , p R O p .. C O r J C /1 T ( s T R , I L () \•! ) J : [ I N 3 1 , I r~ s 2 ] .. p C F f.i , 
( I f\i S 2 , [ I N S f , ~- l O I·! l l ➔ E PG F. S., F q OM , 
[01,ST~J ➔ HlACHSHlS1?., VARIDCO[) rWTI"J 

NOnEACHSINS1,INS2~ ~ 
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PROP~CON~AT CONCATENATES [FLO~] TO THE PROPER RC-.STRING STR, 
IF ThEY Apt: C0.1'1PATJllLE, WITH THE UNDl::R~TA•JDING THAT IF" THEY ARE 
NOT, THEN !H~ CORRESPONDING PAIR IS NOT INCLUDED l~ THE SET AUOVE. 

LET US EXPLAIN THE A80VE EQUATICN, HE TAVE ALL TRI~LETS 
JNS1, INS~, HJST SUCH THAT IN31, IMST ARE Th ENTRIES ... JR-.RETURNS, 
JNS2 JS 11, 1-:XJTS-.oH-.CALLS, TrilRL JS A I t.1H FPEE OF PROCEDUf-;E CALLS 
AND HETUKrJ~ ~ ROt1 H:Sl TO 1NS2, MlD THEf E IS A DlF;E'.:T PROCEDURE 
8 0 U N l) AR Y C ri O !:> S I N G F R O M I iJ S 2 T O Hi ST , T I Et. T HE O C CU ~ F. N C E S AV A I L A AL F. 
AT 11\iST Af.it:, FlF:ST, THOSE WHICH f:F:ACH [If(F.CTLY If!S2, MODIFIED 
9Y THE Sl!JGU::TOh t\c-.STRii'JG CFLOt-;], ANn, sr::cot,!O, tH)SE OCCUl!::NCES 
W H I C H HE AC ti 1 f.; S 1 , MA Y RE AC H l r,1 S 2 r ROM I N S 1 1-1 I TH O 1. J T BE I NG USE U O ~ 
M O D I f I E D I i~ b E T I✓ E E N , A ~ D ~/ H O :;; E t\ C ., ~ T H I ! G I S COMP A T I 8 L E W I T H 
[FLOW), Wil.H A PRCJPE:RLY MOLIFIEf; HC-.STI 11,G, 

TO DERIV~ A MORE FF"FICIEMT NOU,.PECURSIVE ALGORITHM F"ROM THE 
R f: CUR S I V f: K E L A T I O r J S H I P S rl OW :·J A i3 0 V E , W E US E T HF. U S lJ AL ~/ 0 R K P I L E 
METHOD' LJur< I l\;G THE COMPUT AT I orJ UF REACI , THE Rc.,sr ~ I NGS ARE 
REPRESENlEU As A TUPLE OF FLOW TRIPLES, To MAKE JT EASY TO ?HOCESS 
T HE M , L A l £= ;~ o r J w E c AL L A co '.'1 P r~ E s s t o iJ r~ l u T II' E T o T R I M T H E M D D w r J T o 
A MANAUEA~LE SIZE. 

I T MA Y 8 t CO i~ VE t\J I f: i\) T TO I 1 AKE LI~) r Or A f I t" P LE MF.TH O D TO COMP KESS 
T H E R c ., s I r\ l ri .:_; :; • r H 1 s c A N B E J o n E 1. s r o t L c, :~ s • 
EVERY FLU,/ TH IPL ET ( INS, Q, D I H l IS HAS rl I D TO A K - 3 IT CODE• 
W HE RE K 1 S R A T HE R S M A L L ( 5 6 , S 4. Y ) , I-! I t, L S O R E OU I i E T H A T 
T H E H A S H C U D !:: 0 r [ I ~, S , Q , C AL L l Ar--: D [ I N S , 1 , :-: F T J W I L L 8 E E A C H 
THE lNVEHS~ or THE OTHER, RELATIVE TO A CERTAIN BI~ARY 
o PER AT I o N, -- D l:: r,; o TE u BY + , DE F I r-i t= D o N TH F s ET ~ o , 1 •• , 2 • * K - 1 ~ , 
CA L IKE LY (.;HO I C E FOR THAT OP Et< A TIU t~ I S El TH: r AN E (CL US IV E OR, 
or~ ADD 1 T l O•'l 110DULO 2**K t) THt::ti, f:/1.GH RI. .. sn, Ir~G ST!~ \.I ILL BE NA SHED 
TO THE COD~ [+: J :: 1 ••• +SlHJ CODI CSTf?(J)) 

THIS HASf:iING ALt.OvJS us To PfH:-Ctd ... ClJLAT! ALL THE STAIJDARD OPERJ\TIO~JS 
orJ RC-.STR!i'JGS, AND STORE THEi-1 IrJ St:VEr?ll TABLES, S) THAT ouqJNG 
A N Y F lJ R Tri l r< A L G O R I T H M A L L R C ., S 1 I q ta; 0 PI f~ A TI O f. S , A S , F OR E X A .'1 P LE , 
CHECK I NG FU h CO t 1 Pt. T I G I L I TY , P fU-: P f. P CO\ ( t, T r~ r.: AT I ON , JETER "1 I NAT I ON OF 
J N V ER S t S , t1 A X ! M U M , t1 I N 1 MU M E T C , ( CF , "-11 1 e 7 ) C A N BE P E R F Cl R "-1 E O A S 
TABLE LOOK·U~s. OLiVIOUSLY, SOtH: HH-OHt1t\TIOt~ ~'.ILL 8:: LOST BY StlCt,.1 
A H A S H l N u , f3 U T I F T H E C A L L G ;, 11 P H O F T H F U: F U T PR O G ~ A M I S NO T V ER Y 
C O M P L I CA 1 l: U , ~J E C A N E X P E G T T u f\ f:: T A I N K A T r' E P A CC UP. A T E T R A C E BA CK 
INFORMATION, 

HERE JS A SETL VEnsION OF THE I~TERPROLEDURAL DATA FLOH ALGORITHM 
THAT We ~AVE JUST OESCRIBEDI 
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CONST ~ALL,RET; $ FLOW DIRlCTIUN MNEMONICS 

DEFINE CqMPREACH; 

$ STEP 1, I N I T I A L I Z A T I O N 

EDGES-.ERUM i= NL; 

("INS.., (.;ALLS) 
$ C A L L S I S . T H E SE T o F A L L PR O C i: lJl,i RE C ALL S 

(v~.., ~ALLEDGESINS~) 
lNS1 := ENTRY(Q)J 

$ ENTRY(Q) IS THE ENTRY TO PHOC~ □ URE Q 
~·Low := [INS,0,CALL]; 

$ NOTE THAI [LOW C01JTAINS ALSC> THE r-,f{OGErUFE CAt..LEO 
$ QR RETURNEU FRON, SI~CE IN CA~E or PRO[EruRE VARIA3LES 
$ THE CALLIN~ INSTRUCTION ITSELf IS NOT ~UffICIENT TJ 
$ IDENTI~Y THE CALLEO PROCEDU~c 

~ D GE s ... F n OM W 1 f H t I '.·JS , [ I t ! S 1 , FI O 1~ J J ; 
END YQ; 

END "INSJ 

(vlNS ➔ ~XITS> 
Q :: PROC-.OF(!NS); 

$ pROc-.O~( liJS) JS THE PHOCE:DUi~t.: cu~H!dNII G IiiS 
(v1NS1 ➔ RETURNEDGFSQ?) 

[ L O 1~ : = [ I t, S 1 , Q , R E T l ; 
~ D ~ E S ., F R O M 1-1 I T H l I N S 1 [ I i I S 1 , F"I O ~l] l ; 

END "1NS1; 
ENO "'INSi 

WORKPJLE := NU 

$ I N G E NE R A l., , W O R K P I L E C O :--.I T A I •·~ S tff: ~; Ff? A G I H: T S O F R E A :; H 
$ THAT Wt:R~ NOT YET USED TO UPUATc: THE RFACH AT OTHE~ INSTRUCTIONS, 

(vINS2-, EXITS~OR-.CALLS) 
~ U X R E A C H 1 : = t< E A C H I N 5 I t, ~ 2 ~ ; 

(v[INS3,FL0\✓ J ➔ EDGES-.FIWM ~INS2~) 
WOHKPILE$H1S3?: :: ~ [OI,CFLOi•ll: OI-, AJXREACH1 !'.; 

$ THE INITIAL l:LEMEliTS OF ·r10RKPIL.E (AtJD 1-EACf:) ARF. T1r OCCURE\JCES 
$ IN EACH. Rt:AGHii~~Ir~S2?:, !.JITrl A SJiiGU:TL~ >·;(-.STRING fFLOw], 
$ INDICATING-THE IMtiEDIATELY FOLLO!·/Jf'H; PI OCEDUPE HOLJ\J;JARY CROSSING 
$ FROM I N Si? ~ 0 I N S 3 • THESE MOD H I l: D O CC U f- E ~; C r~ S ARE r~ J W AV A I LA 3 LE 
$ AT INSJ, WHICH IS IN ENTRIES~UR-.R[TURNS, 

1::NIJ "'; 
END "'INS~; 

J REACH :: WDRKPILE; 
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S STEP 2 1 P R O P A G A T 1 0 N USJf\:G W O ~ K P I L E 

(WHILE WURKPILE NE NL> 
[INS1,SOM~) := ARB WQR~PILE1 
REACH~~RAG :: ~ORKPILE SINS1~; 
WQHKPILE LESSF INS1; 

$ EXTRACT Ar~. INST HU C T ION INS 1 w ITH ALL ITS NEW RE AC H EL E 11 ENT S 
$ FROM WORKPIL~. 

(vJN~2 ➔ PCFP SINS12:) 

( "' [ I ~ S 3 , F L OW ] .. E D li l:: S ... Fr~ OM ~ ! N S 2 :! > 
AUXh'F.ACH : = NL J 

$ AUXREACH JS THE NE,✓ REACH F ►~AGME:NT UEII G CONSTRUCT=D AT J"JS3, 
$ I N S 1 - I N S ~ .. HJ S 3 I S T HE F LlH, F f ~ U M T I E L A S T UP fl A f E n I N S T R UC T I ON 
$ INS1 TO THt: NEW Oi~E !NS3 C ROTH Pi ENTI IEs-.OP-.RETU~NS ) VIA P-1S2 
$ C IN EX!TS:,OR ... CALLS ) • ( PJS1, 1ns21 .. PC.FI-' (PPOCEDU~E CONT'<OL FLOW 
$ PATHS), ANLJ 1NS2 LEADS To I'.JS3 HY A 1)If ECT Pf:CCEDU~E aOUNDARY 
$ CROSSING (SEE THE INFORMAL EXPL~NtTION A~OVE), 

(v[OJ,STRJ .. R~ACH-.FHAG 
t V AtH D C O l ) NOT 1 I r-~ 0 f, E /.,CHS It JS 1, I N S 2 2: ) 

$ TAKE THE O y CURE t✓ C ES IN THE O i.. lJ I·/!.: i, CH FI Ac; .. H: NT W HI C i MAY 
$ REACH INS3 

STRl :: PROP.,C0:'1CATCSTR,FLOW); 
$ IF C0MPATlt3L!:, COtlCATENATE [FLOrJ] TO TI!: RIG~JT OF' T~E 
$ pREVlOUS-R~-,STRING, OTHf.:i{WISE HtTUHf~ or-. 

$ 

$ 

IF STR1 NE UM T~~N 
AUXREACH WITH COT,STR1); END JF; 

END v; 

WORl<PILE$INS32': + J\UXREAc• - REACHSJM53~; 
ADD TO THE WORKPILE ONLY NEW OCCURENCES 

R E A C H :5 I N S ;3 ~ + A U X H EA C H ; 
AUGMENT riOl<KPILE C = NEi4 RE,\CHf.S) MW I EA<:F ITSELF AT INS3 

t=NO "'I 
EN~ "'1NS2; 

END WH_ll,,;; 

RETURN; 
END COMPHEACH; 
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DEFINEE ~RUP-..CONCAT<STR,FLOW); 

$ T H I S I !> T H t: PROP E R C ON C A T EN A T I O r·J Vi OUT I I E F OR R C .., ST ~ I NG S 
$ IT RETURNS OM IF THE CONCATE~ATION IS IMPROPER 

$ STR IS A HC-..STRirJG. THAT IS, IT JS A TUPLE OF FLO..J TRIPLES, 
$ WHERE ALL THE: RETURN COMPONEl,TS PRECEEf ALL THE CA-L 
$ C O M P O NI: N T S ;_ - F O R E A C H R C "" S T R l r.i G T HE ~ E C OF R E- S P O :~ D S 
$ A FLOW P~TH IN THE INPUT PROGkAM, SUCH THAT THE C01PONENTS OF THE 
$ ST R I NG Rt: PH ES ENT , I N LEFT TO f·-:t G H T O fHd R , ALL PRO C =DURE CO i·J T RO L 
$ T R A N S F !: R ~ A L O t J G T H I S P A T H , 0 i-1 I T T I r H 1 C Cl I P L ~ T E C ALLS • W E AL S O R E Q U 111 E 
$ THAT A RC-.~TKJNG SHOULD NOT CUiJTAIN THI St-.HE TRAHS='ER TWICE, 
$ FLOW IS-A NEW FLCW COMPONENT TU UE AD[ED TO THE RIGHT HAND SIDE 
$ OF STR, -
$ THIS CONCATENATION IS CALLED PROPER Ir TbE Nrw STRING SATISFIES, 
$ On CA I~ 8 ~ TRANS F Or~ ME D INTO A ~ T P lfj G WHICH SAT IS F I ES.. ALL THE 
$ CONSTRAINT~ IMPOSED ON Rc~STHINGS, 

IF NOT (:Ji= 1 ,., •STR t STR(J)(3) NE: ~.ET> TllE~ 
J : : .i.STR + 1i 

ENO IF; 
$ J IS THE F 1 R Si PLACE IN ST R OF· A CALL ( 0 ~:PON [NT 

TRANSF := [LOWC1:2>; 
OIR := FLOW(3); 

$ SEE EDGE~~~ROM CONSTRUCTION FOR THE STI UCTURE OF r_ow 

BEGIN 
IF OlR EO CALL THEN 

lF CEI :: J ,,, ,STR t STRCJ)C1i2> E~ TR~NSF) THE~ 
RETURN OMJ 
ELSE RETURN STR tt (FLOW); 

~NV IF; 
$ IF A CALL, CHECK IF THERE IS AI...HE/.VY SIC~ A CALL 
$ JtJ STR, lF SO, THEN THE APPr::NDING IS JIFJ1CH:F:. OTH=RWISE 
$ RETURN T~E CONCATENATED STRING, 

\ 

~LS E I F < : I : = 1 , , , .J-1 t S TF < I > C 1 : 2 ) E Q T R MJ SF > TH F. N 
RETURN OM; 

$ JF A RETURN, AND ALREADY APPEARS AS A rETUPN IN ST~ THEN IMPROPER 
ELSEIF C:l :: J ,,, •STR t STR(l)C1t2> EQ TRANSF) 

$ IF IT APPEARS ALREADY AS A CALL 
. - THEN RE TUR,~ ST F. ( 1 : I .. 1 ) ; 

$ SUPPRESS THE END OF THE STRI~G F·~oM THr CALL TO TH~ RETURN 
$ SINCE THIS ENO IS EMBEDDED IN THE COMP! ETF CALL JUST DETECTED 

ELSEIF J > ,srR THE~ 
$ JF 1T uo~s NOT APPEAR IN THE STf{If~Li, Al·D THEFE ARE ONLY 
$ RETURrJS 1N THE STPING, THEN 



UJ 

0 

0 

0 

SETL - 1~7A • 8 

RETURN STR tt [rLDW); 
$ RETURN T~E CONCATENATED STRI~G, 

ELSE RETURN OM; 
$ OTHERWIS~, IMPROPER CONCATENATION. 

!: NU l. F; 
END.I 

END PROP-,CONCAT; 


