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NAME SPLITTING IS ONE or THE FINAL PHASES OF THE SETL OPTIMIZER. 
IT IS PEHFUHMED AFTER THE TYPE .. FlillJING M!D AUTOMATL DATA 
S TR UC.TURt: ~l: L[CT I GrJ PHASES HA VE COMPIJ r ED ,\ MAP ;1!1') I .. HEPR t I DEF If !ED 
ON V~RIA~L~ UCCURENCES, FOR EACrl OCCURENCE VO, or .. REPR(VO) IS A 
REPR roR vu THAT HAS BEEN SEL~CTEn BY THESE PHASES, COtJJOINED 
WITH ~SER~su~PLJED REPR INFORMATION, 

HO~EVER, THE MAP ot~REPR IS NOT or DIRECT USE TO THE CODE 
GE~E~ATOH, ~HICH DEALS WITH SY!180L TAdLE ENTRIES RATHER THA~ WITH 
CCCUHENC~S, 

Of CO URS~, 1 F ALL .OCCURENCES Of THE SAME VARI ABLE HAVE THE SAr1E 
REFH, THtN hE CAN TRANSMIT THIS REPR TO THE CODE GENERATOR. 
UNf:"OkTUNATt:LY, THi::RE ARE MANY co111-1orJ CAS~S (MAPJLY, BUT NOT 
EXCLuSIVl::LY, IN NON-REPRED PROGHAt1S) WHEP.E THIS IS NOT THE CASE. 
FOR tXAM~L~, CONSIDER 

EXAMPLE 1, 

HEAD X; 
y ;: X + 1; 

OR EVEN; 

EXAMPI..E 2, 

< l) READ x; 
(2) If COflO THEN 
(3) ,..,, 
C 4 > y ·- X • 11 . -
( 5) ~l,D .,, . , 
( 6) f:;l.SE 
( 7) (..,) 

(8) z . - X + t1tl . -
( 9) E::l·JO ., . 

I 

(10) t:NU IF; 

EVEN IF WE FULLY REPR EXAMPLE 2., THE ONLY REPR THAT X CA~J 
HAVE I S TY f-' t: GE ~J ER AL, SO THAT THE ADU 1 T I ('l. JS AT L tr JES C 4 ) AND ( 8 ) 

'WILL BE SLUWc:[J DO\iN DUE TO TYPE CHE:CK~ MID CONVERSI'-'~JS, W)RE.:01/ER, 
IT WILL bt IMPOSSIOLE TO EMIT IN•L!Nt CODE FOR THES~ ADDITIJNS, 
I T I S T H I:: R I:: F U F. E OF I N T E R E S T T O f rn Tt: T HA T 8 Y A NA L V Z I r~ G O C CUR E N CF. S , 
RATH c R THAN V /, R I AGLE S , Ty PE - F 11 l U I II Ii W 1 L L r, EVE AL TH A T 
TYPE<Xl I= X ~T LINE 1) 1= GEN[HAL, TYPE(X4) :: INTEGER AND 
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TYFECXB) i= CHARACTERS, WE CAN THEil MAKE: USE OF THIS INJ:"0~11ATIO~J 
BY SPLITTir~G THE VARIABLE X INTO THREE DirF"ERENT SYMBOL TABLE 
E I H R l E S , . X A , X 8 , X C , H A V I NG T ~H: REP R S G E ~ J f: R AL , P JT E GE R A ND 
CH A RA C TE k S H t: S P E C T I V E L Y , I N T H I S ~i A Y .-J E S EPA R A T E THE ~-J F. C E S S AR V 
TYPE CHECK::; At-JO CONVERSIONS f ROr-1 THE ACTUAL ADD JtJS T RUC TI 0!1S 
(4) AND (8J, AND 7HUS OPEN UP ThE POSSJdlLlTY OF" GE ERATJNG 
EfF IC I ENT CUlJE FOR THEM, HHEN THIS IS DOIIE, CONV[RSIO\JS MUST 
BE MADE ~X~ICIT I~ THE CODE, HE CAN T~Y TO IrJSERT THESE CONVERSIONS 
AT OPTIM~L PLACES BY MOVING THEM OUT Of LOOPS, Ir POSSJ8LE. 

\ 
LET U~ VISUALIZE THESE CONVERSIONS AS ASSIGNMENTS OF ONE SPLlT 
VARJAbLE TU A~OTHER. THE SECOND EXA~PLE WOULD THEREHY BE 
TRANSFORMEU 11;ro iHE FOLLOWING COOE: 

EXAMPLE 2A, 

t<EAD XAJ 
IF COi.JO THEN 

Xl:3 :: XAJ 
. (v) 

ELSE 

Y : = XB + 1 J 
EtJO ... ; 

XC := XA; 
( ... ) 

Z := XC + t1~1 
END v; 

E:Nll IF; 

WE CALL THc TRANSFORMATION rRON (2) TO (2A) -NAHE-SPLITTINGI, 

AIJOTf-iER MW MORE IMPORTAt,iT CASF. Jrl t-JHICH iJAHE SPLITTING IS REOUIHED 
JS THE INS~HTION or tLOCATEt IrlSTRUCTIONS WHICH PUT BASED ELEMENTS 
IHTO THElH BASES. CONSIDER TH~ FOLLOWING EXAMPLE: 

EX.AMPLE 3, 

(1) 
( 2) 
(3) 
( 4) 

X :: X + 1J 
.cl-JU .., ; 
~ WITH x; 

SUPPOSE THAT S4 H/1S THE REPR SET(,.8) CCHOSErl AUTOMATICALLY Of? 
MAf\UALLY), IN THIS CASE IT IS DIS,\DVAi'.TAGEOUS TO REPR P.'lTrl X2 
AIJD X4 A~ ... ~, FOR ONLY THE LAST CREAfEIJ VALUE or Xl HAS ACTUALLY 
ro BE lN~f:HTt:D JrJTO THE BASE~. WE EXPECT THE AUTOMATIC DATA 
STRUC:TURt:: ~f:LE.CTIOrJ PHASE TO COflE UP \-IJTH 01-.REP!HX~) t= IrJTErH:R, 
01-.REPR < X4) z = .. 9 • THE HEUR 1 ::iT IC !JAME SPLITT HIG SH'JULO THE~EFORE 
AIM 10 Tf<ANSfORM THIS CODE nno; 
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EXAMPLE JA, 

XA : = XA + 1 J 
t:NU ., ; 
XH :: XAJ 
~ WITH xs; 

WHERE XA, XB ARE SPLIT SYMBOL TABLE ENTRIES roR X, HAVl~G THE 
R E P R S l N T E lit: f< Ar JO ➔ 8 RE S p E C T I VF. l.. Y , AN D T HE A S S I G r,JI 1 E NT X g : = X A 
ACTU.Al..LY-SlGNIFIES A tLOCATE;i nF THE VALUE OF XA IN 8. SUCH 
A· t-LOCATt::1- COMPUTES A BASE POlf!TER FUR XA, INSERTING IT INTO f1 
IF NECES8AHY, A~D ASSIGNS THIS POINTER TO XB. 

IfJ THE fORt:GOING EXAMPLE, NO MOTION OF LOCATES IS NEEDED. HOWEVER, 
IN THE fULLOWING EXAMPLE 

0 EXAMPlE 4, 

0 

0 

C 

0 

0 

0 

0 

,,,... -
,,.. 

X := X + 1; 
(Y) 

S WITH X1 
E:NU v; 

CODE MOTION IS PROBABLY ADVANTAGEOUS, s1r1cE IT WILL TRA~SFQ~M 
THIS COD~ lN!O 

EXAMPLE 4A! 

XA . - XA + 1J . -
XB . - XA; . -
(.,) 

s WITH XBi 
E:NU ., . , 

WITH SIMlL~H XA ANO XB, 

HAVI~G CONVINCED OURSELVES THAT A NAME-SPLITTING HEC~IANISM JS 
NECE~SAHY, l..t:T US NOW DESCRIBE A rlAME SPLITTING ALGURITHt-1 A~U 
THE ~ONV~RSIO~-HOTION ALGORITHM IT u~~s IIJ DETAIL, 

DEFINITION: LET V BE A PROGRAM VARIA8LE, AND LET R BE A REPR OF 
SO~E Of lT~ OCCURcl.JCES, WE DEFI!lE A SPLIT VARIABLE OF" V WITd THE 
REPR R, AS A PAIR [V, RJ, LET -SPLIT~NAMEt BE THE MAP S~NDI~G 
EACH OCCUHl:::i~CE VO IIHO T~E PAlf: COI~NAME(VO), Oi~REPR(VO) l, ArJD 
LET ;EQRt:PtU UE THE EQU I VALENCI; J<F.LA T 1 ON PlDUCED BY TH IS MA? AS 
A QUOTIENT MAP. 

' roR ~VERY SPLIT VARIABLE or V WE rrJTHOOUCE A NEW SYHDOL TABLE 
EJHHY VA, WITH THC UtJDERSTMJOlf:G THAT IF V IS NOT R:=ALLY SPLIT, 
THEN VA WILL l:lE THE ORIGINAL ErJTHV Of V. AFTER SPLITTII-IG, EACH 
VARIABL.E O~CUl:ErJCE WILL THEt~ t1E HEGARDEU AS AN o~cUHENCE OF 
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AIJ APPROPRIATE SPLIT VARIABLE, AND THE cnnE WILL BE ~IODYFIED 
TO S ~ 01-1 TH I::~ f: S P L I T VA R I AO LES r AT HER TH Ar-J THE VA R I A 8 LES 
ORIGINALLY OCCURIIJG. 

OiJE IMPOHTArH OOSERVATION IS THAT THO SP!..IT VARIABLES OF" THE SAM!: 
ORIGINAL VARIABLE ARE NEVER LIVE SlMUL.TA 1)[0USLY, ANP SO .THEY 
CA~ &HARt ~TURAGE. THIS FACT WILL HE 0SEn ijY THE cOUE GENERATOR, 
AIJD ALSO IH THE NAHE-SPLITTINli ALGORITHM ITSELF". 

THE t:AME SPLITTING ALGORITHtt COrJSISTS OF THE FOLLOWH 1G STEPSI 

S T E P 1 ) PE HF Or, MS ;. C T U A L f JA 1-1 E S PL. I T T I N G A r lD C O L L E C T S A L L L I N ;< S 
6 E T W f:: E r ~ 0 C ~URE N C E S OF A S I N G L t; VA i< I A 8 L. E \W I CH H A VE O E E N S P L I T • 

STEP 2) l ~sE1ns CONVERSIONS AtJD CHECKS I f!TO THE CODE, 

STEP 1) JS P~kFORHED IN A STRAJGHT~FOHWARO WAY, BY ITERATING OVER 
8 F R Of.< , W t1 l: r~ E: V E R W [ E N C OU rn E R A l- I ! J K B E HI E E N T HO O C C U P. E r l C E S W I TH 
D I F Ft: RE N T U l ., R E P R V A L U E S , W E A 11 li Ii [ f'lT A rJ O f"? K P I L E OF SU CH 
L I N K ~ , A ND A U il r~ E I. E N T R I E S T O T HE S Y M :3 0 L T A B L E , J r l'J E C E S S A R Y • THE 
V AR I A 8 L E N Mi t: S A PP E A R I t JG I N O CC UH Et J G f. S A P. c RE P L A C E D 8 Y THE 
NAME~ OF THE CORRCSPONDING SPLIT VARIABLES, 

STEP 2 ) I S MOE E COMP L I CATE D, Af JI), l. I KE Af-l Y OTHER CODE MOT I O ,\I 
/LGOPITHM, HAISES PROBLEMS Of SAFETY AND PROFITAOJL1TY, AS ~~~L 
AS A FEI../ AULJITION,~L MORE SPECIF"lC PRO•lLE! 1S, THE APPH()ACH DESCRIREn 
BELOW AIMS TU ENSURE A 110DERATE LEVEL OF PROFITAnILlTY, 8UT MAY 
~ 0 T f· R O D U C E: U P T I M ;. L C O D E I N S l:: V E H A L E X T R S I I E C A S E S • '1 0 r: E V f: q , I T 
IS RATHEH ~lMPLE, AND WILL GEiffkALl.Y PRU'.JUCE QUITE ACCE?TABLE 
CODE. 

LET VO B!= A Vt\RIAGLE OCCURENCE, fOR WHICH THERE EXISTS 
V01 ➔ SFHOMSVG~ SUCH THAT NOT (VO ,EQREPR V01). TH~ SAFEST 
PLACE TO INSt:P.T A CONVERSIOM/T[;ST OF THE FORM OF VO IS JUST 
BE F OP E T HE Hi S T F UC T I O N C O N T A P JI I .Jli V O , I N D E E D , T H [ T Y P E F I ND ER A ND 
THE AUTOMATIC DATA STRUCTURE !:>EL.ECTION PH~SES FU!JCTION TN 
SUCH A WAY A!:, TO ENSURE THAT THE IIJSTrtUCTION ORIG!'.~ LLY COMTAHIING 
V O , 6 E F OH E ,--i A I i E - S P L I T T I N G , I S E OU I V A L E N T T D T H E r, O N V E R S I O NI T ES T 
t O L LO WE D ~ Y T H E S i, ME HJ S THU C T I Or J ti U T ..J I T H T HE S P L I T V AR I A 3 LE 
REPLACIN~ !h~ ORIGINAL VARIAB~E. 

COt\VE::RSJU~/H:ST lllSTRUCTIONS APE REPRi::SE:JTED IN TIIE F'IMAL CODE 
WE E~,VISAlil:: AS ASSIGN11ENTS OF OrJI:: SPLIT VARIAOLE TO A'JOHIER, 
SJt\:CE: ALL THE: MEMC>:RS OF A GROIJP or VARIAf1LES SPLIT FROM A SitlGLE 
OR l G l r~AL VAH l ABLE SHARE STORAG(;, SllCH Ar~ ASS I l:~!l·l(fJT IS 5 I ~1PL Y A 
cor\Vf:RSIUtl Or THE VALUE SPECIFIED AT THIS CO'~f10N LOCATION (OH 
PERHAPS ~U::;T·i\ TEST THAT THIS VALUE: HAS A DESIRED FOR~!), AND 
A REf-L.A(;~Ml::NT OF THE OLD VAL.UE SP[C IF I ER ii I TH THE N;;~ O'JE, 

~OWEVER, VO MAY HAVE TWO OR MORE OCCURENCES, V01, vo2 ~ AFROMSVO~, 
SUCH THAI VOl, vo2 ARE To.BE REPLACED BY nIFFERENT :"PLIT 
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VARIABLES, SO THAT IF WE INSERT THE CONVERSION JUST 6ErORE VO, 
ITS IVARlA~Lt MUST HAVE A FORM OOtlJNATJNG THOSE OF V01 AND 1/02 
Cl~ lHE TYl""E .. LATTICE SEIJSE), lfl THIS CASF, WE GErJER·'TE A '-JErl 
DUMMY S P L I T VA R I AGLE OF THE VA P. l ALL E OF Va, HA V I tJ G T f~ I S DOM I NAT I NG 
FORM, ANLt MAKE IT THE NAME OF THE JVAKJARLE OF THE COt·JVl:RSI'.JN, 
THIS OPEKATIUN JS EASILY SEEN TO ~OHK PROPERLY, SINCE ALL TrlESE 
SPLIT VAKlAb~ES SHARE STORAGE. 

IN SOME CASES WE ALSO HAVE ANOTHER ALTERIJATIVE; NAMELY• TO PUSH 
THE c.;ONVt:H~lOli UPl·/t.RD TO\.JARnS vo1 AtJlJ VO?, COtJTHJUI,JG TO MOVE 
I T UP W A R 1J UN T I L T f-; E C ON V E R S I O r J 1 T S E: L F C A : J 8 E S P L I T Ir-JT O T W 0 
CONVF::RSlON~ HAVING AS IVARJABLES THE SPLIT VAf<IARLES OF" V01 AIID 
V02 f-ESPt:CTlVELY. THIS IS SHOHI! 11-l THE FOLLOl..JING EX~fvlPLE: 

EXAMPLE ? ' 

f . -' - !S [ 1 , 2 l ~, 
liO TU L1; --

L2 
f I -' - [1,21; 

L1 
PRJfH FC1>: 

HERE F HAS THREE SPLIT VARIABLtS, FA (MAP), FB (TUPLE) ANO 
FCCGE:NEHAL), THE FIRST APPROACH St:ETCrlED ABOVE WILL TRA\ISrORM 
THIS INTU 

EXAMPLE ~A, 

fA I - ~ [1,2) ~J ' -
uO TU L1J -

L2 
~ B ; = C 1 , 2 l ; 

L1 
tC . - FD; ' -
PRINT FCC1); 

WHER~ fD IS A SPLIT VARIARLE Of F HAVING GENERAL TYPE 
(IN THIS PARTICULAR EXAMPLE, fD IS IDENTICAL WITH F~). THE 
SECOND APPKDACH SKETCHED ABOVE WILL T~ANSFORM THE CUDE INTO 

EXAMFLE ~B! 

~ A '= ~ C 1, 2) >. _, 
t C I: FAi 
(;jQ TO Lii 

t2 
Hi . - (1,2]; I • re . - FB; I -

Li 
PRINT fCCi)i 
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HOwEVER, THERE ARE CASES WHERE THE SECO~JD ALTERNATIVE WILL FAIL, 
AS IN TH~ tOLLO~l~G EXAHPLEI 

EXAMPLE 6, 

L2 

L1 

F := ~ [1,21 2!.J 
~o To L1; 

f := [1,2]; 

!. ~ • 

' . ' 1 F --cor;o THEN 
F + S (3,4J ~J 

t:l.!:iE 
- F + [3,4]; 
E:NU IF; 

HERE F HAS ONLY HIO SPLIT VARlAtJL[S FA(M/,r) AIJD FB(TUPLE>, 
B U T , A S C A N 1-3 E: C H r C I\ E D , T H E R E I S i J n P L A C F. I N T H E C O I} E I 'I W H I C H 
WE CAN I N St: RT AN f: X P L I C I T CO ~J VF~; S I OM OF (); J E S lJ CH S P L l T VA R I AHLE 
I NT O ANO T H t: H , W IT H OU T C AUS I NG A P !JS S l t3 L E A 8 0 R T , ~/ H l ~ H 111 G H T NOT 
HAVE occQR~D IN THE ORIGINAL PRllGHAM, 

TliUS, OUH ALGORITHM WILL HAVE TO HAKE USE OF THE FIRST ALTERNATIVE 
FOR AT L~A~T CERThIN CASES, ANn WE PHOPO~[ TO DROP THE SECO'.JU 
AL T Ek NA T 1 V I: A L T O GE T HE I< , F OR T H [ F CJ L LO w PH, R E A SO IJ S : 

A ) S I TU AT I U i~ S SUCH AS THOSE S HO rJ N l r J EX A: 1 P LE 5 • ARE RARE • I '.J 
MOST CA~lS, VO WILL BE LlNKlD ONLY TO OHE SPLIT VARIARLE, ANO 
S rJ I N 5 E K H: D C O r J V E R S I O ~·i S W I L. l~ H A V E A S P F. G I F I C I V A R I A 0 L E A 'l Y H A Y , 

8 ) E V E N W H t N S I T U A T I ON S S UC H A~ T HA T S HO!·' 'J I M E X A M P I.. E 5 , D 0 
HAPPEN, TH[ GAIN FROM HAVIiJC A SPE:CIFIC IVARIARLt IN 1:--.JScHTED 
CON V E H S l O MS ( NOT E T H A T C O f·j V E H S I O I'~ S F R '7 t I T Y PE G [ N t: R AL A R E 
SLOWE k , S l I; C E T HEY If'! VO L VE f.. B r~ Ai 4 CH U rJ THE ACT U I\ L F" 0 t'H1 0 F' 
H◄ E VAHlA.fjLE) DOES rior JUSTIFY THf. SI~:JIF!CANT I''iCREASE IN 
TH E C lJ MI-' L I:: X I T Y OF THE AL GO 1q TH 11 R b..lU I R E D TO I M P L l: M E I J T TH E 
St:: CON 1:,1 A PI" f rn A CH • 

HOWEVER, C~RTAl~l GUITE COMMON CASES DO CALL FOR SOMETflJ'lG LIKE 
OUR SECOND />1-'PROACH. THESE AR[ CASES IN l'HICH ALL occur.ENCES nr 
A VAP.IAl:lLE WITHIN A LOOP HAVE THE SAMt:: Sr>t_IT VAR!/\f3Lf, ;iur S0i1E 
0 F Th EM AH t: ALSO L I ~J KE D TO O CC Uh E ! JC ES OUT 3 I DE TH F: LOOP, HA V IM r, 
A DlFFERt:NT ~F'LIT VARIABLE, IF IIJ Tl-lcSE C!\SES WE LEAVF. CO'JVERSIONS 
ltlSIDE A l.UOP, THCY MAY HAVE TO bE CO\JVEe:'/;IOI-IS f"POM TYPE 
GEt--.EHAL, ANU IN Ai~Y C/1SE THEY \-!ILL IMPLY qEDUnOA!!T T[STS THAT 
A VA fd ABLE IS lJJ THE CORRECT f (if1 M, F HOM THE SEC mJD 1T ER AT I O \J 
0 I H-1 A F D , T HU S , T H E P O S S I G I L I T Y O F I I AK I -~ G T !I E I V A R t A 8 l E O ► A N 
IrJSEP.TEO·cu:,vERSION MORE SPEciric \Htll..E 110Vl1JG COtJV~RS[OIJS OUT or 
LOOPS W 1 LI.. ~ t: TAKE IJ It JT O CO I JS IlH.: HAT I O :~ I '. J OUR AL GO R l T H 11 • 
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AS WITH ANY KIND OF' CODE MOTJOrJ, llOVJ,'-JG A COrJVERSION OUT OF A 
LOOP IS lN GE:r~ERAL NOT SAFE, rnH THE MODIFIED PROGRAM MAY A30RT 
I IJ Cf::RTA 1 N S l TUA TI or-.s IN WH I Cli THE OR l G lrlAL PROGRAM trnULD tJOT 
(E.G. TH~ LOOP HAY OE BYPASSEU), 

EVEN IF 1-IE FOLLOW (AND Ir--;DEED I/E 1-'ILL) THE APPROACH or THE 
STANDARD CUDE: HOTiON PHASE OF THE OPT1MI7.ER (SEE rJL, 197), J.E. " 
ASS U I" E THAT C Ci DE 1·i OT I ON ~: I L L t:H: P [RF O ~MI::') 0 NL Y O I J PROGRAMS THAT 
W l L L RUN l N A S P E C I A L E X E CU T I O I ' M O VE , I N 1~ H I CH O r E R A T I O \JS W I T II 
ll,LEGAL ARGUMENTS DO NOT CALISE A PROG~A'1 ABORT, f?UT PRQOUCE 
AIJ EHROR VALUc, WE STILL FACE A SAFETY PPOBLEM, CHARACTERISTIC 
or A5SIGNME::NTS; N,\MELY • IF' Wt: MOVE A\J ASSlGMMHJT our or A L.DOP 
A I J D I T 1 S l L. L [ G A L , T HE N E V E N I r T HE P ~ O Gr A M O O E S t~ 0 T AO OR T , 
A SS l G N I N Li T H t: E R RO R V A L U E T O T I i E (J V /', R I A F3 t. E W I L L K I L L T H ~ P R l: V I OU S 
VALUE SP~ClFIER or THAT VARIA~LE, WHICH WOULD BE RETAIN~D. ~AO 
THE ASSIGNMENT BEEN LEFT IN THE LOOP, AND THE LOOP NEVER EXECVTED. 
FOR EXAMPl,.l:: I 

EXAMPLE 7, 

HEAD V; 
LENV : = 0; 
_If TYPE V = TUPLE .THEN LErJV r= •VJ END IF"J 

(v 1 := 1 ..• LENV) 
X :: V(l)J 

ENU v; 

IF LEl~V = 0 THEN X := VJ [NO If"; 

A SS U t- I NG T H A T T HE HJ PUT V I S E IT H [ f~ A~~ I : l T EGE R OR A T UP L E OF' 
JlnEr~ERS, THE ABOVE CODE WILL flOT ABU~T, t-Jrn AT ITS END, X /'JILL 
E E A ~ S I G NE U A r; I N"T E G E H V A LU E , S lJ PP O S c TH J\ T T H E T Y P E I 'ff OR '-1 A T I Ort 
SUGGE:STS THAT WE SPLIT V INTO iHHEE ~'-'LIT VARIABLES, VACGE~JERAL>, 
V 8 C T L• P LE ) MW V C C I NT EGER ) , THE C.: O iJ E CAN T ,I EN BE SA F ~LY 
TRANSFORM E 1J l NT O THE FOLLOW I N li CO t1 E : 

HEAD VA; 
~ENV : = 0; 
If TYPE VA= TUPLE THEfl LECJV :: ,vA; END IFJ 

(v I := 1 ..• LENV) 
VB := VA; 
X :: VB<l>J 

E:rHJ "'i 

JF LECJV = O THEN vc 1= VA; X :: vc; END 1r; 

N O T E T H A T T HE A S S I G I~ H ENT V 8 I = V A 1 C A "J ~ l () T A E t10 VE D OUT OF" THE 
LOOP, EVt:I~ IN T~E SPECIAL EXEClJTIOII MUDE DESCRIRFD ABOVE::, FOH 

C I r W E: U O MU V Li: I T OU T , A!~ D V H Ar' PE ; JS T O 8 E A N l N T EGE H , T HE !\J T H I S 
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C Of'. VE: R S 1 ON W I L L R L SUL T I N A N I:: r. RO R VA L U E , ST ORE D A T T HF. C OM '10 t·J 
LOCAllON Of ALL THE SPLIT VARIABLES OF V, SO THAT THE I~TEGER 
VALUE: OF V-IS DESTROYED, AND X HILL 8E ASSIGNED AN SRROR VALUE, 
lfJSTE:AO OF THE INPUT INTEGER VALUE Of V. 

NOTE, HOWEVER, THAT NOT EVERY CONVERSlO~ CAN FAIL. A CO~VERSION 
IS Uf\:CONUlTJOrlALLY SAFE, IF" THr- F"Of/M UF ITS JVARJABLE IS MO~!: 
SPECIFIC.THAN, CR EQUIVALENT TO, THE FORrl OF ITS OV4RJA~LE. 
F OR E: X AMP L. t: " C OM V E R S I ON T O G t: f ! E f U, L I S A l •~ A Y S S A r E J 
COf\VE:RSION. FRGM IiiTEGER TO AN El..Eilf:NT OF 8, WHERE 8 IS A. 3ASE or 
liHEGERS, IS i\UJAYS SAFE, AS HELL AS THE trNERSE CONVERSION, 
THIS SUGuE~TS THAT WE EXTEND THf: TYPE: ORDER TO A ps:-:uno-oRDER 
RELATION (Kc:FLEXIVE, TRANSITIVE, HUT NOT IJECESSAPILY MJTI-SYMnETIHC> 
t- , L E ;I! DE ~ I NE 1J O r,J F OR M S I N T HE f UL LO w I i·J G t-' ;, Y : L E T t T Y_ P E .., 0 r ;t 
DEN O l E T HE F Ur; C T I O N T HA T CO M P U T t:: S T HE T Y P E Or A G I V E ~' r n RM , I r~ A 
fiECUP.SIV!: MANIJER, REPLACING ,tl::l,f.tH:NT .. OF-8ASEt DESCRIPTORS BY 
T HE MO U E . 0 t T HE CO R R E S P O N D trJ G I; A S f. S , T H ei F OP M 1 . L E ~ F O ~ M 2 I FF 
TYPE--OFnOHM2) oornr,ATES TYPE-.OF(rORM1) 1~~ THE STMJi.lflRD TYPE 
LATTICE, -THUS, IT CAN BE EASILY Sf.;EI\J THAT A CONVERSIO~ VA := VBJ 
IS ALWAYS SAtE IFF FORMCVB) ,LE FORM(VA). 

I~ VIEW UF THE CBSERVATIONS HADE IN TYE PRECEEDlrJG PARAGRAP~S, 
WE SrALL USE THE FOLLOWH:G RATl 1ER SIMPLE, THOUGH SOME~HJAT 
WEAK, CR l H:.R 1 0 N Tc, DETER 1·11 NE 1·11 ! l: THE R A CO: J VER S I ON C AtJ 8 E 
MOVED OUT OF A LOOP: 

LET VO B~ A VARIABLE OCCURENCE, LitlKEO BY BFROM TO OTHE~ SPLIT 
V AR I A 8 L E ~ , l F T HE FOL L OH (NG Co 1! lJ l T I ON I S S A T I SF I E D , 

v VOl ➔ BFROMSVO~ t ( OI~REPRCVOl) ,LE QI..,REPRCVO) 
0~ (v V02 ➔ FFRQMSVOl~, OJ~~EPR(V02) .LE UJ-.REPR(VO))) 

THEN A CUNVERSlON TO SPLIT.,tJAMf:(VO), INITIALLY PLACED JUST 
BEFORE THE INSTRUCT I ON CONT A IiJI r ✓ G vu, CArl BE MOVED our OF ITS 
LOOP(S), ·oTHcf<WISE:, IT MUST Rt:IIAltJ AT ITS INITIAL L ·CATID~. 

THE ~EURISTIC BASIS OF THIS APPHUACH MAY 8E STATGD AS FOLLO~S: r,IvEN 
T HA T W E 1J O N O T H A V E A NY M OR E U F T A I L E l) D A T ,\ - F LOW J r J F OR M A T I Or l , l: E MUS T 
A SS U f-' I: T H A T l r A L O O P CO r H A lid 11 li V O I S rrn T E X E CU T E D , T H I=: ~ I T ~ Et~ E M A Y 
MAY bE A-P~TH FROH SOME vo1 ➔ nFROMSVO~ Tn ANOTH~R V02 ~ rr~o:1svn1~. 
WtllCH PA~S~S THROUGH THE TARGET ALOCK OF THIS LOOP ll~TfRVAL>, 
CThE TAH~ET ~LOCK OF AN INTERVAL IS A SPE~IAL BASIC RLOCK, :REAT~D 
BY ThE OPTlMlZER1 WITH THE PRUPERTY T--IAT IT IS Tl-1F. O~iLY 
BASIC BLOCK UUTSIDE THIS INTERVAL THAf IS A PREDE~ESSOR or TH~ 
lflTEkVAL Ht:AU. \.,E CREATE THIS PLOCK 5Ll THAT CODE r10VED OUT OF 
TH l S I I'll t: H VAL CAN A E I N SERT EC I!H O IT > , Ai JO I F \.J E M VE 4 
COt-.VE:RSIOl~ Tu THE FORM OF VO OUT or THAT IfHf:RVAL, INTO ITS 
BASIC 8LUCK, THIS CONVEHSIOtl CAN CUT THE A80VE PATH FRO~ V01 TO 
VO 2 , THU~ , TO BE SURE TH A T r~ 0 If AH i I W l L L P [: DO t J E , \·l E M lJ ST 
BE SL;RE THAT IF THIS COIJVERSILHJ F"AILS, THEN THE CONVERSION TO 
SPL11..,NAM~(VU2), PLACED JUST UEFORE VU2, WOULn HAVE rAILED ALSO. 
COt\DlTlllN (*) IS PRECISELY ECUIVA~E~JT T() THAT ASSERTIOIJ. 
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OIJCE HAVINu GIVEN THE PRECEEDifJG SOLUTIO'.l TO THE SAFETY pqo:3L[M, ~:E 
USE A RATHtk LIBERAL CRITERION FOR PH □ FITkBlLITY, AND ASSUME THAT IT 
IS ALWAY? PttOFITAGLE TO MOVE A COiJVEHSJOr! FROM THE LQQP•PART OF" 
AN INTERVAL TO ITS TARGET BLOCV, 

~DTE THAT THE CRITERION FOR Ptt0FITAUILITV SET BY THE STANDA~D 
CODE MOT 1 0 N PHASE OF THE OP T I M I Z E f~ l S S H?I C TE R , t.. r J D DE MAM D S 
T HA T A C UM PU T A T I O I J 11 US T B E U N C O t J D I T I O -✓ A L L Y E X E CU T E D I rJ S f D E AN 
INTEkVAL, fROVlDED THAT THE LOOP OF TrlAT I~TERVAL IS EXECUTEU 
AT LE:AST ONCE. NOTE ALSO THAT OUH CQDt; ll"HIOIJ CRITEr.":lA ~EFL=CT 
OUR RELUCTANCE TO RE-PERFORM A FULL SGALE DATA-FLOW A~lALYSIS, 
w H I c 1-1 w o u L u ALL o w u s r o s H A R P t r i T HE c.: H I r F R I A o F i-1 o T I o r J , A N o 
IMPROVE lHt: LOCATIOl~-OPTIMIZATIOl-l OF COt!I/ERSIOMS, W!:: ~1Jr.HT 3E 
WILLING io PEr-FoRr1 SUCH AN AtJ/\~.YSIS IF FUTURE EXPF:RlMEMTATION 
\-1 IT H S 1:: T L U P T I M I Z A T I O N R E V E A L S S I r, t J I F I C A '.H I t J E F F I C I t: r,J C I E S I \J T H E 
MOTION 0~ CONVERSIONS, BUT PRES~NTLY IT SEEMS LIKELY THAT OJR 
ALGOHITH~ WILL AC•lIEVE GOOD RESULTS l~ MOST CASES, 

THERt 1s YET ONE MORE PROBLEH THAT THE MOTION OF cONVERSIOt~S 
RAJ SES , IN THE GE 1-J ER AL CASE, IT IS RATHE f" DI FF IC lJ LT TO DE TE~ M HJ E 
A P R C PER R I: PH F OR M~ I V A R I A a L E U F A N I M SI:: R T E D C O r J V ER S I O ~~ 
OPERATION,· LE:T VO 8E SOME VARli\bL[ OCCUt{f:;JCE OF A V RIA8LE V 
l-J HI CH IS L 1 N KE D 8 y 8 FROM TO OT H t: H OCCUR E: r JC ES OF V HA VII-JG 
SPLIT VAHlAtlLES WHICH ARE OlfFf;l~ErJT F•?OM SPLJT-.IJAt1ECVO), SO THAT 
A C O ~; V E R ~ I UN T O T H E F ORM OF V U u UGH T T O r E I r l S E R "!" E D G E F '.) R E V 0 
IS USED,. SUPPuSE THAT OUR ALGUrITfH1 HAS ;JETERl1INF:D TO IIOVE 
THAT CON VE: I-< S I ON TO THE TARGET f~ L. 0 CK u OF SOME I NT F. RV AL HJT 
COt-.TAINING VU, JN COMPLIANCE r-.'ITH All. THE ABOVE CRITERIA OF 
COt-.VERS J UN--l·lOT I ON. THEN THE I VAH I ABLE OF THAT COIJVE~~S I O\J WI Ll. 
H AV E AN O t3 V I U U S F O R M I FF AL L Ur, C lJ n E:: MC ;: S Pl B F" ROM ~ V O ,! TH 4 T C AN 
RE A CH 13 ~1 A V E THE S A M E F OR M , 0 U F~ PR OHL t: M I S TO DE : E R ~ J NE , 
WITHOUT A ~ULL CATA FLOW ANALYSIS, HHIC>-i OCCUREtJCES P~ 
BFROM~VO~ GAN REACH 8, IF vo1 .. hFHO~i~VO~ IS rJOT cOtJTAPJED IN 
I N T , T H E rJ i T h U S T C E R T A I r-; L Y Fi E A C H H , t3 U T I f V O 1 I S I 'J S I D E I 'I T , 
( At-; D S I N C E V U I S I N THE LOOP .. PA 1n Of 1 NT THE P. E \·J I L L r E A T LE AST 
OIJE SUCH OCCUREIJCE), THEN THEHE IS NO SlHPLE CRITERIO:J TO DET[RMltlE 
t-iHETt-;ER vo1 CAr~ ALSO REACH VO THRCJUGH 8, '·IOREOVF.~, THIS OCCJREIH':E 
WILL BE i::tJHt:PP TO VO, ~JHEREAS OTH[H occur.ENCF:S HJ 8FROfl$V02! WILL 
N OT 8 E , A I JU S O , l F W E C A i J N OT I G t ~ 0 f~ E T H E S E I r~ S I D f: L I r i K S I N 
D E T E k M I N HW T HE R L PR OF THE I V AH I Ml LE OF TH E C C rl VE R S I O 11 , W [ H I L L 
AL 1-i A Y S HA V E T O REP R I T A S A G c: I l ER AL T Y PE ., H H I CH I S C E R-T A P~ L Y 
UIIOES l HAl:jL;, 

IT JS RAlHt:1-< DIFFICULT TO F'INIJ A GEtJEr1AL ~!ECESSARY AND SUFFICIENT 
COf\DlTION TO DETERMINE THE /d:;SUlCE OF SUCH Ir-JSID:: LINKS. THE 
CO t\ D I T I ON T HAT OU E AL GO R I nm ~, Il ... L USE C CO. J D I T I O t J C * * ) , SEE 

. B EL O ~n l ~ ~ 0 M £: W H A T P ES S I r, I S T I C , Al JU I S O n L Y SU FF I C I E ~ JT , 8 U T l T 
GIVES AN AlJE::UuATE ,\l~SWER IN MUST CASES, THOUGH IT HAY C•WOSE, l"J 
s OM E RA T HEH H 1\ R E C i\ s E s I A GE~ H: r AL 1 V A r-1 IA P. LE r OR A CO~ J VE ~ s I O \J 
lJ!l~ECESSAR l LY. . 
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LET US NOW SKETCH THE CONVERS I Or~ niSE~T I OrJ PHASE Of THE NAME .. 
SPLITTIN~ ALliORJTHH: 

T HE f I R S T I-' HASE OF T HE AL GO R I T I! M W I L L HA VF. COMPUTE D A ~l OR K P I L. E Of 
OCCUHENCfS THAT A~E LINKED BY BFROH TO DIFFERENT VARIABLES JF 
THE SAME S1-'LlT GROUP, 

(Y VO~ WOHKPILE> 

If VO UOE:S tJOT SATISrY THE SA,ETY COrJDITION (•) THEN 

If ALL VO!~ BFROMSVO~ HAVE TrlE SAME FORM THEN 

cl.SE 

VI := SPLIT~NAME(AR8 RfHOMSVO~); 
El.SE 

VI := [Ol"NAME(VO>, GEtlEHAL]J 
~NU IF; 

INSERT BEFORE THE INSTnUCTION OF VO THE CONVERSION 
SPLIT~NAMECVO) I= VIS 

COMPUTE lrJTSEO, THE SEflUEilCE OF I;iTERVALS COfJTA IN ING 
VO, STARTING AT ITS BASIC HLOCK. 

flND THE LARGEST JNDEX J SUCH THAT INT :: INTSED(J) 
UOt:S l;QT CONTAIN ANY tJCC.:UREtJCi:: I :J THE SET 
S ~01 ➔ BFROMSVO~ t NOT (V01 -E~REPR VO)~ 
ANU 11nsEG(J-1) IS IN THE LOOP-PA~T OF HJT (THAT IS, 
~EADCINT) CAN BE REACHED FROM INTSEQ(J-1) ALONG A 
~AJH WHOLLY CONTAINED IN INT), 

(INT IS COMPUTED IN THO STEPS; FI1ST, FPIO THE LARGEST 
INUEX K SUCH THAT INT!:iF.CJ(t..:) DOES ;JOT COl~TAii'J AMY 
0 C t: UH E N C E I N TH E A 8 0 V E: S E T , T HE ,•J , F I N D T ~ E L: A R G E S T I ND E X 
J ~= K, SUCH THAT INT~(Q(J"l) IS IN THE LOOP•PART OF 
I I~ IS I: O C J ) . SE T I NT : = I NT SE lH J ) , ) 

I f ALL VO 1 ➔ BF" ROM~ VO:! t I MT lJ OE S NOT CO~ IT A HJ VO 1 
t:1AVE: THE SAl1E fORM, ANT) THE fOLLO.~ING COrJOlTIOrJ IS 
SATISFIED, 

( **) ThERE EXISTS M <= ,1, I NTSEQ suc:1 THAT ALL OCCURErJCES 
vo1 .. BFROM~\/0~ THAT Af~E OUTSIDE INT, A.RE COtJTAitH:D 
IH INTSEOCM) BUT tWT PI I 1'HSE::i(M-1) 

THtN 
VI := SPLJT.,NAME(APll (THc ABOVE SET))J 

t:L~E 
- VI := COI"NAHE(VO>, GENERAL]J 
tNU lfJ 
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INSERT AT THE END OF THE TARGET CLOCK OF' INT THI:: 
(;ONVE:f<S I OIJ SPLIT .. NAME ( V()) ; = VI J Ul~LESS THERE 
I S AL f: E A DY S U CH A C O i·i V ER S I O t J 1 N T HA T B LOCK ~ I ~ w H I C ~ 
~A5E BOTH CONVERSIONS ARE MEHGED INTO ONE. 

ENO lf; 
END v; 

L ET lJ S F l R S T JU S T I F Y THE US E Or CD I W I TI O rJ ( * * ) Irl OU P. AL G OR l TH M • 
W E A S SUM t: T H A T T HE A N AL Y Z E D PHO GR ,\ 11 H A S T ii E P RO P E R T Y TH A T A L L 
THE VAR1A8Lf::S ARE IfJlTIALIZED Rt:FOHE THEY ARE EVr:R USED (LOCAL 
V AR I· A 8 LE S AfH: I N I T I A L I Z ED A T T H t: [ IH R Y T n T HF, I R P fW • E DU RE , A NO 
G L CB AL V AH 1 A E:l L E S ,\ T T HE E N T R Y C1 F T HE r-\ A l f·J PR O G R A t 1 ) , T H lJ 5 , A 'J Y 
( ST A T I C ) E: X E c; U T I O i J P A T H L EA D I rH, F RO r·1 T HE PR O Gr. A M E N T R Y TO A USE 
or A VAHIA~LE, MUST CONTAIN A DEFINITION OF THAT VA~lA8LE. 

PROPOSITION: UNDER THE ABOVE ASSUMPTION, LET VO~ WDRKPILE, 
AIJD ~ET lNTSE:C1, IIH BE AS COi➔ PUTED IN TH~ ABOVE ALGURJT~M FOR VO, 
If CQNlJITlUN <*•> HOLDS FOR yo, Til!:N THERE CArJMOT EXIST 
V02,.. BFtWM~VO~ WHICH IS INSIUE J;JT ANO P.EACH£:S THE TARGET 
BLOCK OF lNT, 

PROOFS LcT V BE THE VARIABLE Of VO, 08SERVE THAT THERE EXISTS 
A V•fREE-PATH LEALil·JG f"ROM HE/IDCI1HSl::J(M-i)) TO VO (OBVIOUS), 
BUT lHERt: UOES !JOT EXIST A V•FREE PAT~ LEADING FnOM HEADCINTSEQCH)) 
TO VO, FOR OTHERWISE, BY OUR ASSU11PTION, THERE SHOULD BE AN 
OCCU~ENC~ lN DFfiO~SVO~ OUTSIDE INTSEQCH), CONTRARY !O CO~OITlON 
( **) • 

SUPPOSE TH~ T SUCH V02 EXISTS, IT rOLLDWS THAT AtJY V-FREE PA TH 
F HOM VO 2 T U T Li C I Ni ) ( T HE T A R G ET b l. UC K OF I r,J T > I S C Or J T A I \I E D I N 
INTSE:.Q(M 19 l). HEIJC[, THERE EXISTS SlHIE K <= M .. 1 SUCH THAT THIS 
PATH IS WHULLY COl;TAIMED IN INTSECJCK), ~IJT NOT WHOLLY COMTAlNf:D 
II~ INTSEC:JCK .. l). IrJTSEQ(K) STRICTLY CO\JTI\J'.JS !IJT, BECAUSE TOCl 1IT> 
IS CONTAlNt:D IN 11,TSEQ(K) AND IS ~JOT COilT:dNF.D PJ JrJT. THIS 
IIIPL,IES THAT INTSEOCK .. 1), WHICH CONTAINS JNT, IS IN TH[ LOOP .. 
P AR T OF i N T S c O ( K ) • AL S O , A Y C Of! U l T I ON ( * * ) MJD T HF. D E r I \J I T I On 
or INT, INTScO(K) EXCLUDES ALL OCCURE~CES vo1 ➔ 8FR0MSV1~ T~AT 
ARE l10T t:OHEPR TO VO. THE LAST THO OHSEHVATIONS t0PLY T~AT THE 
11mEx J (;UfJSTl<UCT;::_o BY OUR ALGOHITHM FOR VO MUST BE >= I.(, S3 
THAT lr-JT~E(,J(K) IS CONTAirJED IN, crn EUUAL TO IIJT, WHICH IS A 
COf\TkAOIYTlON. 

Q. E, D. 

REMARK: THIS CONDITION IS EVIDENTLY SATISrIED Ir ONLY O~E 
0 CC U f'. ENC t: 1 r ~ 8 FF O 11 S VO~ I S NOT r OR l: fl H TO VO AND I S OUTS I n E SOME . 
J;JTERVAL CUNTAIHlliG VO At!D ALL UTftEH 0CClJr.ENCES IN nr:-qo•1~vo~. 
TtfIS WILL HAPPEN IN THE QVER~H[LMI~G MAJO~ITY nr CASES. EVEN 
~HEN THI~ l~ ~OT THE CASE, S~Ctl OCCUHENCES ARE MORE LIKELY TU OCCUR 
HI Tt1E SAHt:: LOOP fJESTING LEVEL. Afl;J tlEAR Fi\CH OTHER, SO THAT 
COt\DlTION (**) JS VERY LIKELY TU HOLD, 
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LET l:S NUW SHOW THAT THE CO~IVEPS I OtJ I ~SERT I O~; ALGOR ITHH DOES 
ELIMlNAT~ ALL LINKS BETWEEN DiffERENT SPLIT VARIADL:S, 

THEOREM: AT THE Erm OF THE CONVE:RSJON INScRTION ALG0RIT4M, If 
\.IE Rt:PLA~E THE VAfllABLE (~AMES nv THEI"~ OP.JGINAL, UN~PLIT NA"IF.S, 
A I JO ~ E., CUM I-' U T t: TH i:: 6 FROM MAP , THE r J , FOR EACH OCCUR E rJ C E VO , AM D 
EACH VOl ~ ~~ROMSVO~, vo1 EORErH VO, UNL~SS VO IS Qt TYPE GEN~RAL. 

PROOF I WE: f_"IRST liHRODUCE SEVEP.AL AUXILIARY NOTATIONS THAT wE 
W I L L USE I N T H E PR O OF I L E T US EN U I· l ER A T E '.ff! R K P I L E A S 
~V01, voi •• , VON~, IN THE ORDER IN Wrl!CH OUR ALGORITHM ITE~ATES 
OVER THIS ~ET. LET INTJ BET~~ INTERVAL I~T COMPUTEU AT THE J~TH 
ITERATION (INTJ :: OM IF VOJ IJGf:S IJOT SATISFY<•)), LET CO~JVJ 
DENO i E THE CU Ii VER S ION Jr~ SERT i: lJ INTO T rl E CODE AT THE J-T ~ IT ER AT I O f\J, 
A lJ D L E T U V G .J C R E S P • I V CJ ) DEN O T E: TH E O V A R I A AL E ( P E S P , T ~ E I V Arn A 8 LE ) 
or T~AT ~O~VtRSJON. LET VJ nENnTE THE VARIAALE or yttE OCCURENtE 
VOJ, J ::: l ; .• N. LET tINSIDf:'t O[IJOTE A ~ELATIOM BETWEfN 
IIHEHVALS, SUCH THAT INTA JNSIDf.: IIHH IFF' EACH BASIC 8LOCK OF 
lfHA IS AL::;0 A 8ASIC OLOCK OF ftJTH, Lt:T US ALSO USE THE SAME 
N OT A i I ON . F UR A RE L 1\ T I ON 8 E T 1-1 E EI! V A R I A B L E O CC lJ R E t JC E S A ND 
INTEkVALS, 'DEFINED so THAT IF vu IS A VARIABLE occURE~CE, T~EN 
VO p;s1ot: lNT MEAflS THAT THE UA!:iIC HLiJCK CONTAJr~ING VO IS I\JSIDE 
I N T , t BF RO M ;t - ~i I L L DE NOT E TH E Of> I Ci If J AL B F R OM M A P , A N D ;t i J F. H., 8 F RO II ii! 
W I L L DENO T t: T HE R E - C O M PUT E D M Ar A T TH i: E '.Jn OF THE A L G OR I T H M , 
ASSUM I NG THAT THE OR I G I l~AL VAH I A8LE NAMES ARF. REsror:E D, BUT HI TH 
THE INSEHTtU CONVERSIONS STILL PR[SENT IN THF CODE, 

LEMMA A: H Tl-iERE IS A PATH LEAIJiriG fROM SOME COrJVJ TO ANOTrlER 
OCCUPENCt ijo GF THE VARIABLE VJ, FREE OF OTHER (ORIGINAL) 
OCCUl-'ENCt:S O~ THAT VARIAf3LE, THEN THERF: EXISTS VOP INSIDE I'-JT.J, 
VOP ., Bf HUMS VO~ * BF'ROM~VOJ~ AIW VOP • EOPEPR VOJ, 

PROOF: Il'JTJ /= OM, FOR If" VOJ DOES l~OT SATISFY (,r,), THE::\J NO SUCH 
PATH CAN EXIST. FIGURE <1> BELOW ILLUSTRATES THE SITUATION 

Ct~VJ 

HEAD(INTJ) 

VO 

F'IGURE (1) 

LET Pl 8~ A CYCLIC EXECUTION PATH OF THE FORM HEAD<INTJ) , •• 
VOJ ·•• HEAD(INTJ), SUCH THAT ITS INITIAL SU9PATH FROM 
HEAU(INT~> TU VOJ IS VJ•FREE CSUCd A PATH EXISTS EE~AUSE VOJ IS 
JH THE LUO~•PART OF INTJ, AND GONVJ CAN REACH VOJ THROUGH 
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~EAD( INTJ)), AND LET P2 BE A VJ .. FHEE PAT;~ fROM HEAD< INTJ) 
TO VO. l.cT P :: P1 + P2, P IS fJUT VJ--FREE, FOR VOJ LIES ON IT, 
LET VOP dE THE LAST OCCURENCE OF VJ O'J p (BEFORE vo> I StrJCE 
P 2 I S V J .. f f<t: t: , V OP I S I I~ S I D E 11 ! T J , A N O T HE: T ERM HJ A L SUB P A TH OF P 1 

VOP ••• Ht:AiJCit--iTJ> •• , VO IS VJ .. f"P.EE, HE'.!r.E 
VOP ~ BF~oAsvo~. BFROMSVOJ~, AND HY THE DEFINITION or tNTJ 
VOP .EQRt:PH VOJ. . 

Q, E. D, 

~E NOW PHOCEED WITH THE PROOf OF THE THEOREM, IN THE FOLLOWING 
STEPS 

(1) FOR ~AGH K :: 1 ,,, N, NEW~HFROMSVOK~ CONTAINS ONLY 
OCCURENCt:S ECJREPR TO VOK, JrWt:EU, IF INTK = OM, THEf~ 
~E~ .. bFROMSVOK~ : =:;OVCK~, AND TlllS OCGUREr1cE IS EQREPR TO voi< 
BY OE:FINlTlON. OTHERWISE, BY THE DEFP.JJTION OF HITK, 
EACH OCCUkt:NCE IN NEW-.BFROM~V0~'.2: MUST BF.: [ITHER OVCK, oq Ml 
0 H I G I NA L . 0 c.; CU n E I\ C E O F V K I N S l U £: Ir JT K , E :1 P E P R T O V OK , 0 R A N 
CVARIAt:3Lt: UVCJ OF MJOTHER CONVfRSIOi~, PJSERTED P.ISIDE J\JTK, 
THUS, IT IS SUFFICIENT TO SHOli THAT N~w--r1rROM!!:VQK~ CA~IIJOT HAVE 
Atn t'EMtH:R OF THE FORM OVCJ. lllUEEU, SUProSE THAT THERE EXISTS 
A cor·iVER~iUN cor-JVJ SUCH THAT VJ= VK, COi!VJ IrJSIDE INTK AND 
T HE R l: 1 S A V K - FR E i: P A T H f ROM CO rw J TO V OK , A S l L LU S T R A T E D 
IN FIGURE: (2) BELOW 

CONVK 
~ 

----~H[AD(INTK> 

VOK 

FIGURE(2> 

COtlV J 
,l, 

H ADC P.JTJ) 

(WITH NO LUSS or GENERALITY WE MAY ASSUME THAT N0 OTHER 
COI\V!:RSlOIJ 0 ► VK APPEARS ALO~lU THIS PATH,) WE HAVE; ro c~~ISIOER 
TWO CASE::il f::ITHER VOK NOT Et1Rc::Pfl VOJ, OR ELSE THFSE nccuR~MCES 
ARE E:OREf-lR, FI GUR[ C 2 > ASSUMES THAT CDMV J, AtJD C(HJSt::OUE\JTL Y All. 
IrlTJ, ARt: ~H<ICTLY INSIDE PITK, HO~/EVtR, IT IS ALSO POSSli3LE 
THAT I NT J = 1 IJTK AND cor~v J SliCC~EfJS COIJVK IN THE SAME TARGET 
BLOCK, . 
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Assur,,E FIRST THAT VOK NOT EOREPH VUJ, THF.11, Jr.J TIIE CO~f"tGLJRATION 
or FlGUfH: (2), IT FOLLOWS FR0r1 LEMMA A THAT THERE EXISTS 
VO .. BfRUr1:::VOK~, VO INSIDE H~TJ ArHJ VO EnREPR VOJ, HE"JCE. 
VO I~:SIDE: lNH; AND IS NOT EQRE:PH TO VJK, CONTRADICTH;G 
THE lJEFlNlTiur, OF INTK, A SIMll.AR ARGJMErJT SHOWS THAT T~E 
OTHE~ CONFtGURATION MENTIONED AUOVE IS ALSO lMPOSSIHLE JN 
THIS CAS~, 

NOW, ASSUM~ THAT VOK EOREPR VOJ, l!E CL.A I 1·1 THAT Hl TH IS CASE 
I 1~ T J = I NT~ , I ND EE D, I F' ~! 0 T , T I l f. N OHS f. RV F. FROM F I GU KE C ~ ) 
Tt!A T JrH J MU Si BE HJ THE LOOP PART OF Jr-Jn~, HENCf:, ~y T4E D:F IM IT I ON 
0 F" JI IT J, THE HE 1-1 UST EX I ST VO ➔ t1 F n OM :S VO J:: , VO IIJ S I DI: UH K 
BUT CUTS l lH:: I IH J, AND VO NOT l::C't<EPR VJJ ( FOR IF' jjQ ::;ucH OCCJRENCE 
EXISTS, TH~N THE FACT THAT INTJ IS IN THE LOOP-PART or tNTK 
IHPLlES THAT A LARGER INTERVAL THAtl I~TJ COULD HAVE BFE~ CHOSEN 
JN T ... E J.-,;TH ITERATION or OUR AI.LiORITH'1). IT ALSO rOLLOHS F"ROM 
flGUhE (2) THAT VO ➔ BFRQMSVOK~, UECAJSE VO CAN REA~H vnK 
ALONG TH t: CO r~ CATE Ii AT I ON OF TH t: V K .. FREE PATH LE AD I NG rrrn '-1 VO T 0 
HEADCINTJ) WITH THE TERMINAL SUHPATH OF THE VK-FPEE PAT4 LI\JKIMG 
CONVJ HitH VUK, WHICH STARTS AT HEADCINTJ), BUT VO IS OBVIOUSLY 
NOT f;QRE~R Tu VOK. THIS CONTRAPICTS TrlE Dr:FHJITIMJ 0 ► I\JTK, MID SO 
lfHJ = INTK, GUT IN THIS CASE, SlilCE VOJ r;OREPR VOK, THI: ALGOr?ITHM 
WOULD HAVE: MERGED CONVK WITH COtlVJ, THUS THE ASSERTl_Q~~ IS P~OVEO, 

( 2 ) LE T V O t3 E Ar~ O R I G I N AL O CC UP I:: N C E OF S '1 HE V A R I A R L E V , NOT 
P LA C f: D I tl W OH f: P I L [ • WE CL A I M TI { A T I F' C ON V J I S A N v C tJ i-.J VE R S I O 'J Or 
v, f"P0i1 WHICH, AT THE er~n. OF THf. Al.GOrqTt➔ tl, THERE MAY EXIST A 
v ... FRtE PATH TO VO, THEN THE OUTPUT VA~IARLE OVCJ OF cor1vJ IS 
TO VU, INOt:E:U, IT FOLLOHS FROi'I 1-,EIIMA A TllAT THERE EXISTS 
VOP ➔ BFROM~VO~ SuCH THAT VOP EUHEPR VOJ. HENCE, EI!HER OVCJ 
E QR E PR V CJ , 0 H E L S [ V OJ I S N O T F. {J REP R T O V O , A tl D H E N C E V OP I S r l O T 
EOREPR TU VU, THUS VO HUST INITIALLY rlAVE BELONG TO THE 
WORKPILE, THIS IS A CONTRADICTION, ANO IT FOLLOWS THAT 
NEW ... bf'RUM$V02 CO Ni A INS OtJL Y QCCUREflCl:~ EOREPR TO VO, 

(3) IT NOW Rtl-lAINS TO PROVE THF: THEOREM fOR THE ?VARIABLES 
Of ThE cur.ivERSIONS. LET tVCK H[; SUCH AN IVARIA8L':, lf IT IS 
or TYPE l:iENc:HAL, iHEN THERE IS rJOTIIING TO PROVE. OTHfR~JISE, 
BY T~E 01:::fl~JTION OF IVCK, EACH OCCURENCE IN NEW ... GF'ROHSIVCK~ 
IS EITHEH tUHEPR TO IVCK, OR ~LSE 1s AN nvARIA8LE OF so~E 
OTHER CONVt:RSION. THE SECOND CASE IS ILLIJSTRATED AS F"OLLOWSI 

CQNVJ 
J.. 
HEAD(INTJ) 

cur~vK~ --- i 
J.. VOJ 

--Hl::AU( lllTK) 

J 
VOK 

r IGURE, (3) 
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( HERE: NO R t:: L A T I ON S H I P OF I N CL US 1 O rr f H:: T Wt: E 'J T HE T ;.i O HH E ~ V AL S I S 
IMPLIED, NUTE THAT FIGURE(3) ~XCLUUES THE CASE WHERt CO~VK AND 
CO~VJ ARt 1N THE SAME TARGET flLLICK 1 FOR THIS CASE HAS OEE~ SHOWN, 
IN STEP (1), TO BE IMPOSSIBLE ■) 

SI~C~ VOK CAN BE REACHED ALONG A VK~FREE PATH FROM CONVK, 
I T FfJ L LO ri S F ROM LE MM A A T HA T TH f: k E EX I S T S V OP .. 8 r R U t1 ~ V OK~ 
W H I C h RE A C H E S V OK T H R OU G H C O r J V I': , SUCH T H A T V OP HJ S I DE I \J T J AND 
VOP EOREPR VUJ. HENCE, IVCK eorEPR VOP EQrEPR VOJ EWREPR OVCJ, 
SO THAT Nl::W ... l::lFROH:S I VCK~ I NDC:EU COIJTA PJS n:•JL Y OCCURf:"1CES EQREPR 
TO IVCK, AND THIS CONCLUDES THE PROOF OF THE THEOREM, 

Q. E, D, 

REMARKS& 

(1) OUR .AUjOHITHH IS INTRA-PROCEDURAL IN r-JATURE. THE BF"ROM MAP, 
.-i OW E V ER , I ~ UH E R - PR O C E DU R AL , It i D I C A T I NG f OR E A C H L HJ K T HE 
RC-.PATH(~) THROUGH WHICH THIS l.ltJI\ IS MATERIALIZED, WE SHALL 
IrH ERP HE T ~FROM AS AN INTRA •PHOCEDURAl- MAP, IN THE SA ME WAY AS 
WE DID I~ ~OPY OPTIMIZATION, AS FOLLU~S: 

ASSUME THAT HC-.PATHS ARE COMPACTED, SO THAT COMPLETE CALLS ARE 
DELElED tRUM THEM. LET VO BE A VARIAHLE OCCURENC~ AND 
LET CP, VOll .. 8FROM~V02!, THEN CP, VOll IS PJTERPRE!ED 
AS vo1, JF P = NULL~PATH, ELSt, IF P TERMINATES AT 
A CALL PUINT, CP, V01J IS JrJTEPPRf:TED AS A DllMMY OCCURE:-JCE JUST 
AfTER TH~ ~NTRY TO THE CURRENTLY ANALYZED ROUTINE, A~O IF P 
TERMINATl::S AT A RETURN POINT, [P, VOll IS INTERPPETED AS A DUHHY 
OCCURENCI:: ~UST AFTER THE CORRESPOtiDINli CALLitJG HJSTRUCTION. 

( 2) l'IOTE THAT, THOUGH WE BASE OUR Al,..uOR I THH OtJ U!TERVAL ANALYSIS, 
THE HOUTlN~ ~LOW GRAPH NEED NUT HE RE0UCIGLE (COMPARE WITH COPY 
OPTltllZATIUN, NL.195), FOR EXAllPLE, WrlEN CHECKING CUfJDITION 
<••>• WE-SHALL MAKE USE OF A ROUTINE THAT COMPUTES !HE INDEX 
0 F THE SMALL E:: ST I r: TE RV AL IN I NT SEO, CONT A I IH NG V n AND SOME 
V O 1 .. ~ F HOM~ V O 2! • I F NO SU CH II n ER V AL EX I S T S , THE R OUT Ir-l E ..I I L L 
RE TU k N ~ 1 NT SE: Q + 1 ( TH I S W I L L fl OT HAPPE 1-J , HOWEVER , P l RED UC I 8 ~ E 
FLOW GRAt:'H~), 

(3) OUR ALijORITHH SELECTS THE GENERAL TYPE FOR AtJ IVARIABLE OF 
~ CO~VERSIUN LINKED TO MORE THAIJ ONE SPLIT VARIARLE, THIS IS 
co~E IN UHUER TO SIMPLIFY THE Pf::SCHIPfIOI! OF THE ALGORITH'-f., 
BUT Is i-JOT ALIIAYS THE BEST CHO Ice. FO~ EX AMPLE, I r :'.:>UCH A,\I 
IVARlABLI::: lVCK rs LINKED TO T~IO OCCUR:::NG~s. HAVIrJG THE ~EPRS 
SEl(lNT), SETCCHAR), THEN A BETTER CHOICE WOULD HAV~ BFEN TO 
REFR IVCK AS SETCGENERAL), THIS WILL ~AKE THE CO~IVERSIO\J so~EWHAT 
rASTE:R, 

Ill THIS ALTERl,ATIVE APPROACH, THE FORM or EACH SUCH IVA 1HAGl.E 
IVCK IS COMPUTED AS A OISJUNCTIUfl OF THE qEPRS or ALL OCCURENCES 
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TO W~ICH IVCK IS LINKED, SUCH A DISJU~CTJON HUST SATISF'Y THE 
co~OITION THAT NO CONVERSION HILL HE REQUIRED FROM ''NY or THE 
FORMS OF THE LI rJKi:D OCCURENCES TO THE MOr.r:; GEfJERAL f"ORII OF' 
IVCK (THUS THE DISJUNCTION or ~HAND lNT HUST eE GENERAL, EVEN 
If ~ IS A t:1ASE OF INTEGERS), THE ABOVE THEOREM NOI-J READS AS 
roLLCWS: 

THEOr.EM ~• UNDER THE SAME HYPOTHESIS AS HI THEOREM B, F'OR EACH 
VARI.AALE OCCURENCE VO AtJD EACH V01,. dPU1i1$VO:i!, VO EOREPR V01 
IF VO IS IWT /,N !VARIABLE or Al! IrJSEFHED CONVERSfONi IF" IT IS, 
THEN THE fURM Of VO INCLUDES THAT OF vo1. IN THE SErJSE THAT 
THE ASSI~NMENT tSPLIT~NAHE(VO> := SPLIT~NAME(V01)i- IS A ~O"OP, 

THE PROOt OF THEOPEM C GOES IN MUCH T~E SAME WAY AS THE PROOF 
OF T~EOH~M ~, WITH A SLIGHT HODifICATlON OF STEP (3), 


