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AN ALGORlT~M FOR COPY OPTIMIZATION, UASED ON NL176, 

MICHA SHARH~ 
JULY 11 1977 

THIS COPY OPTIMIZATION ALGORITHM IS A FL.O~! ANALYSIS or tSHADO:..i 
VARIAOLE~1, AS DEFINED IN NL, 176, IT LOCATES THE POTENTIALLY 
oESTHUCTIV~ uses AND INSTRUCTIONS W~IERE SHARE BITS ARE POSSIRLY 
SET, THEN,-BY A STRAIGHT FORWARD T~CHNIQUE WHICH C0HBIIJfS LIV~/ 
DEAD INrOl~MATJOtJ AND CONSTANT PROPAliATlON FOR THESE SHARF. BIT 
VARIABLE::i, WI: MOVE COPIES OUT OF LOOPS, SUPRESS SETTINGS OF SHARE 
BITS, AN~ [l~D ALL UNCONDITIONA~ COPIES AND ~0-COPIES, 

A L T HOU G H I I I S P O S S I 5 L E T O P E HF DR ~1 TH 1 S C OP Y OP T ! M l Z A T I fl 1,1 B Y A N 
JNTERVAL•OKl!::NTEO ALGORITHM, WITH TWO PASSES THROUGH THE Dl~IVED 
SE Q U l: ;~ C E, 1 T - SEEMS BEST TO DO IT 1 N THE ST ii A I G tl T- FOR h t\ RD HAY 
EXPLAINE~ tiELOW, FOR THE FO~LOWING REASONS, 

A) MUCH OF T~E DATA THAT OUR ALGORITHM USES IS ALREADY 
CONTAlN~D JN THE 6FROM MAP, WHICH WAS tNDEED OHTA!NED 
BY SU~H-AN INTERVAL ORIENTEU A~GORITHM, 

B ) I T I S N ~ T C L E AH W H I C H OF THE SE n~ U AL G OR I TH M S ~ii L l 8 E H O R I: 
EF'FIClENT, THE ALGORITHM GIVEN BELOW IS ALMOST Llf~EAR P~ THE 
NU M t:3 Ek U F P OT E IH I A L L Y D E S 'i IHJ C TI V E U S E S , A N D T H E Pn U< V A L 
0 R I EN! E ~ ~LG OR I TH M RE Q U I R ~ S A T I MI: THAT C mJT A rr,; 3 A /,J ADD IT ! 0 NA L 
FACTO~ HOUGHLY PROPORTIONAL TO THE NUMGER or BASIC BLOCKS 
IN TH~ ~HUGRAM, AND SQ MIGHT BE LESS EFFICIENT, ESPECIALLY 
If WE A IH l C IP ATE THE NU rrn ER OF DESTRUCT IV E IJ SES TO BE A 
RATHE~ ~M~LL PORTION OF THE PROGRAH LENGTH, 

C ) 0 UR AL, G ~ R I T H M A L L O W S U S T O PE lff ORM T H E C OP Y OP T ! M I Z A T [ Or· l 
INTER•Pf<OCEDURALLY, THE INTERVAL•OPJENTED ONE IS NOT 
SUITA~Lt: FOR ltJTER•PHOCED;.mAL~ ,\NALYSIS, 

WE F l R S T B ~ G 1 N 8 Y S C A N N l N G T ► 1 b. COD!:: , L O C A T I N G A L L P OS S I 8 L E 
INSTRUCTIONS WHICH MIGHT tDEFINEt OR tUSE;t THE SHARE RtTS. 
A tDEFlNlT~ON;t JS EITHER A VALUE CHEATI~G INSTRUCTION, 
WHICH AS~lLiNS 0 TO THE SHARE GIT OV ITS OVARlABLE (MEANING 
THAT THI~ NEW VALUE IS DEFINITELY NOT SHARED), OR IS A Vt\LUE 
TRANSMIT!ING, RETRIEVING OR EM~EDOING INSTRUCTIO~, SUCH AS A 
S I M P L E A ~ S l G N 11 E N T , M A P R E T R I c \/ A L , S E T I ~~ S f: R T I O N [ T G , , A l. L O F 
WHICH USUALLY ASSIGN t1.t TO THr:; SHARI:: BIT OF ONE OR i'iORE 
or THEIR VARIABLES, MEANING THAT THE VALUE OF THIS VARIARLE 
BECOMES ~H~R~D AFTER THIS INSTRUCTION, 
A tUSEt UF THE SHARE 81T IS A POTENTIALLY DESTRUCTIVE USE 
OF THE CURH~~PONDING VARIABLE, 
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AN ADDITIONAL COMPLICATION ARISES JN THE CASE OF SIMPLE 
ASSIGNMcNi~ AND ASSIGNMENT-LIKE OP~RATIONS SUCH AS ARGIN ANO 
ARGOUT, AN ASS I GNl1ENT X = Y SHOUt,.D Sf::T THF. SH.~RF. fJ IT OF X, 

·urJLESS Y-1? tlOTH DEAD ANO UN~HAREU AT THIS POINT, THE 
ORIGINAL A~PHOACH, SUGGESTED 8Y J. SCHWARTZ IN NL, 176, 
I S TO SE I ! H t: SHARE 8 I T OF X U i~ CO r JD l T I ON Al.LY A T TH I S 
ASSIGNMENT, HOWEVER, THERE ARE TWO Vf::RY FREQUENT CASES FOR 
WHICH THlS--OVER-ESTIMATlON MIGHT PROPAGATE A CONSIDERABLE 
AMOUNT Ot ~NNECESSARY COPY OPERATIONS, 

THE FIRS! YASE CONCER~JS RETURN VA~UES OF FUNCTIONS AND WRITE 
PARAMETEHS, AS CURRENTLY DESIGNED, THE VALUE TRANSFERS FROM T4E 
F OR M A L ~J ~ l } E ? ArHd 1 E T E R S A ~J O T H f.: fH: T UH N V A L U E T O T H E A C T U A L . A R ,; U r-11:: r H S 
ARE PRES~N!EU EXPLICITLY IN THE CODE BY ARGOUT ASSIGN~ENTS 
FOL LO:/ IN~ !H;: CALL, T~➔ E pqfV I 'JUS M'PHOACH WOULD I 11PL Y THAT 
THESf: vALUl.:S ~;Iu. ALW4YS RE JUlJ(,[:D TO BE SHARED, WHEHEAS IN 
MOST CAS~S-THEY ARE NOT, AS THE FOHMAL RETURN VALUE ACTS ONLY 
AS A TRANS~ER MEDIUM FOR THIS VALUc, 

THE OTHER, MUCH MORE FREQUENT, CASf: CONCERNS TEMPORARIES. AI.JY 
EXPR~SSJUN COMPUTATION, SUCH AS A= 8 • C WILL EXPAND 11.JTO 
T = B + g; A= T1 WHERE T IS A TEMPORARY NAME UNICUELY 
REPRESENTING THE COMPUTATION B + C, UNLESS A+ C IS A 
COMMON SQ8~XPRESSioN WHICH WILL LATER BE USED WITHOUT BEING 
R E - DE F I N ~ D < A F T E R T H E C O ~H-1 0 N SU 8 E X fJ f1 l: S S I O ~ J EL I M I:~ A T I O ~ J P H /1 S ~ ) , 
THEHE ! S l~U NEED TO SET THE SHA HE 8 IT OF A, SINCE I tJ THE OTdt:i 
CASES TWILL BE AN UNSHARED (HEING CHEATED JUST NOW} ANO DEAU 
VARI.ABLE A! THE ASSIGNMENT, THE Phl:VIOUS APPtWACH WOULD 
THEREFOR~ lMPLY TfiAT ALL NEWLY CH~ATED VALUES WOULD lMMEDIATElY 
BE JUDGE~ IOsE SHARED, AN ASSUMPTION WHlcH WILL NEGATE MOST or 
THE GAIN~ ~r COPY QPTIHlZATfUN, 

WE SHALL Ti:!EKEFORE TREAT ASSlliNMENTS IN A SPECIAL WAY PJ OUR 
ALGORITHM, CONSIDE:RING ThEM AS PARTL,Y TRANSMITTING, PARTLY 
SETT 1 N l-i ! H ~ ~HARE 8 I T , THAT Mi:: A I~ S THAT WE SHA Ll. SOME T 11-1 ES 
T RA C E T H t: t: A K L I E S T P O I N T S O F SE T T lf JG T HE S H A R [: 8 I T , C RO S S HJ G 
ASSiliNMEt~T~ WHILE DOING SO, 

JN THE F!R~T SCAN OF THE CODE WE CUMPUTE THE FOLLOWING OBJECTS, 

SHAREBIT • A MAP ON OCCURENCES, WITH VALUES O OR 1 IF AN 
O c.; CURE h C E T U R N S OF F O ~~ 0 t l T HE S H A RE E1 I T OF I T S 
V~RlAB~E, AND WITH VA~UE 2 IF THE OCCURENCE IS AN 
O~AHIABLE OF AN ASSIGNMENT fOR WHICH THE lVAqlABLE 
l~ UEAD CANO THEREFORE THIS ASSIGNMENT ACTS AS A 
J~ANSMISSION OF THE SHARE BIT FROM THE !VARIABLE 
TU !HE 0VARIABLE) 1 
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O!H~RWJSE SHAREBIT OF AN OCCURENCE IS UNDEFINED, 
INDlCATING THAT THIS OCGUHENCE DOES NOT AFFECT THE 
St:fAr<E: BIT, 

SHAR~BITUS~ • ALL IVARJABLE OCCURENCES WHICH APPEAR IN 
-A-POTENTIALLY DESTRUCTIVE USE, 

AFTER THIS PRELIMINARY PASS, HE .ITERATE OVER ALL I VARIABLES 
JV WHICH R~PRfSENT A USE OF rHE SHARE BIT OF SOME VARIABLE 
V, FOH EACH ::iUCH OCCURENCE, HE FI!W THE LARGEST GfWSS 
I t H EH V A L . I . C O N T A H! I I! G I V , S U G H T H A T T H E S H AR E 13 I T OF V W A S 
NEVER SET lN I WITHOUT BEING UROPrEn 8EFORE IV WAS REACHED. IF 
I IS THE-ENTIRE PROGRAM THEN NO CO~Y JS REQUIRED, AND WE SET 
C O P Y F L A G ( I V ) T O C O P Y .., I': 0 , I F T H F. ~~ E l S N O S U C H I , T H E iJ 
ElTHf::R A CUPY WILL ALWAYS 8E PEDUikED, IF ALL PHEV!OUS 
OCCUHENCtS OF T•lE CURRENT VALUE OF V SET THE SHARF BIT <AND 
THEN WE ~E! toPYFLAG(IV) To COPY~PkE), OR A RUN TIME TEST OF 
T HE S HA R f: 13 1 T l S I~ E E D E D , A N D T HI: N ~J E S E T C O P Y F L A G ( I V ) T 0 
cOPY~T~S1, I~ ALL OTHER CASES, WE MOVE THE COPY TO THE TARGET 
BLOCK OF I~ HOWEVER, THIS MOVED COPY CAN STILL BE EITHER 
CONDI T ION AL OR UN CON O I T l ON AL, DE PHI DI NG ON WHETHER THE RF WAS 
OR THERE W~S NOT A NEW CREATJON OF THIS VALUE PRIOR TO THIS 
JtJTERVAL! 

IN ORDER TU [IND THE INTERVAL I, WE COMPUTE A SELECTIVE 
TRANSITIVE CLOSURE SET, USING THE 8FROM MAP AND ASSJG~HENTS 
WHICH AC! ~SA SHARE BIT TRANSFER, MORE PRECISELY, WE FIND THE 
SETS OF ALL PREVIOUS OGCURENCES Ol OF THE VALUE OF IV, FROM 
WHICH lV CAN BE REACHED VIA A PATH, SUCH THAT ALL OTHER 
occURENC~s·ot. THIS VALUE Al.ONli THIS PATH no NOT SET THE SHARE 
BIT OF T~IS VALUE (BUT MAY TRANSFER IT FROM ONE VARfASLE TO 
ANOTHER)l {T~IS CAN BE COMPARED TO THE CRTHIS MAP OF THE 
;!SHADOW VA~l~BLE occURENCE;t COHHESPONDlNG TO THE SHAHE BIT OF 
IV) , 

THEN, ~O~ ~A~H OIV INS WHICH SETS THE SHARE BIT, WE DETERMINE 
THE LARG~Sl ~ROSS INTERVAL l HHICH CONTAINS IV RUT ~OT OIV; 
THE MINIMUM OF THESE INTERVALS l IS THE REQUIRED INTERVAL, 

TO DETERMINE WHETHER THE COPY SHOUhD BE CONDITIONAL OR 
UNCONDITIONAL, WE ALSO CALCULATE AN AUXILIARY INTERVAL 11 WHICH 
JS THE SMALL~ST INTERVAL CONTAINIMG IV AND ALL THE PREVIOUS NEW 
VALUE CRt:Al IOr~s OF THIS VALUE, THE: COPY SHOULD fiE co,WITIO~JAL 
IF AND ONLY IF 11 STRICTLY CONTAltJ5 I, Il IS COMPUTED IN A 
SIMILAR WAY JO THE COMPUTATION Of !, 
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A S [ C ON D R ~ L A T t D O PT I M I Z A T I O N , ~/ H I C H l S S O t1 E H HA T M A R G IIJA L , I S . 
TO SUPPIH:S::, A SETTING OF THE SHARE BIT IF THIS BIT IS IJEVER 
r. O Jr Ju T O u t: US f: O , l , E , • THE Rf: I S NO SUH SE Q U E tn POTENT I ALL V c ES Th u C T 1 V ~ US l: 0 f' THE CORRE S PON P I t·J G V ALU E , 

SIi.Ci: Ill Tt:!E A8SEl~CE or ANY Fl,..AG INFORMATION CO~JCERNING 
SHARI: ~ITS, THE CODE GENERATOH WILL NOT TOUCH rHE SMARE 
BITS AT iLL, wE HAVE TO ASSIGN COPY~SET TO COPYFLAG(lV) 
tF ANO ONLY lF THE INSTRUCTION OF IV ESSENTIALLY 
SETS TrlI~ ~IT, AND THERE IS A SU8SEDUENT USE or 
T H E S H AY t t:.11 T Or T H E C OR 1~ E S P O 1 )D It H1 V A L U I: 1 ( f3 Y t S U O S E Q U f: N T t WI:: 
11, F. A tJ A St: Lt: C T I VE TRANS I TI VE CLOS U f? I::, USING THE FF RO l-1 MAP AM D 
SHAFH: HI 1 T RAr~SFEH ASS I GNMEtHS, COMPLETELY ANALOGOUS TO THE 
AOOVE MENTIONED CLOSURE OF BFHUM,) 

r,.OTE T 1lAl lHt: SECOND PHASE 15 lNDEt~E=NDE7~T OF THE FIRST, EVE:-J 
THOUGH CUPlE~ MIGHT HAVE BEEN MOVED OUT OF IflTERVALS ItJ THE 
FIRST PHASt:, WHICH MIGHT HAVt: CHAtlGED THE CRTHIS!~JV MAP OF THE 
SHADOW VAR.1Al::3LES, HOWEVER, IT IS EASIL,Y CHECKED THAT 
A SHARE ~I! ~AS SET PRIOR TO ~XECUTING THE COPY IF ANn ONLY IF 
IT WAS S l: i P 1-q GR TO THE DEST i{ UC T IV r. USE ( U j~ L. ES S IT ~JA S LATE rt 
CROPPED ~E[ORE THIS DESTRUCTIVE USE, IN WHICH CASE WE DO NOT 
CONSlDl:R T~IS SETTING AT ALL>, 

MORE O VE H, 1 T CAN OE SHOWN T ft AT THC: 0 N l.. Y CASE OF INSERT ING A 
REDUNDANT ~OPY OPERATION, 1S THE INSERTION OF TWO IDENTICAL 
cOPY OPE8A "! I UNS I tHO THE T ARGl:T 8LOCK OF THE s~.M(: I NTFRVAL. 
1 N D El: D , l r HJ O C O P y O P E R A T I O I~ S D F T HE S A ME V A R I A 8 LE Ar; E F OU N D 
TO BE lN~EHTTED INTO THE TARGET BLOCKS OF TWO INTERVALS 11 ANn 12, 
THEN ElTHEK 11 = I2, OR NEITHER OF THEM CONTAit--iS THE OTHER, OR IF 
I 1, SAY, CUNT A 11,JS I 2 THEN THE OCCURENCE WHICH J NDUCED THE COPY AT 
THE !:r'-lffH UF 11 IS IN A LOOP•f·HEE: PArn OF 11, BEFORE THE ENTRY nF 
12, SQ T~Ar ~OTH COPY OPERATIONS ARE NOT REDUNDANT, 

WE MIGHT EVEN I MPHOVE TH 1 S OPT I I1J ZA TI ON, SY SUPPRESS I rrn THE 
SETT ING UF THE SHARE BIT, IF rJOl'JE OF ITS SUBSEQUErH USES HAVE 
THEIR CO~YtLAG = COPY~TEST, WHICH MEANS TH~T T~E SHARE 8IT WILL 
NEVER cl[ T~SfED, SJNCE AL~ SUHSEUUENT COPIES OF THIS VARIABLE 
ARE NO~ ~XrLlcIT IN THE CODE, 

FOR THE ~AKE oF EFFICIENCY, ~E INSERT THIS OPTIMIZATION INTO THE 
~AlN ITEHATION OVER THE SHARE HIT USES, SPECIFICALLY, WHENEVER 
HE F l N lJ A LJ St: l-i HOSE COPY FLAG HAS DE F. N SET TO COPY~ TEST , THE \J, A ~JD 
ONLY THE~, w~ EXPLICITLY SET TH~ SHARE BIT OF ALL PRIOR occURENCES 
WHICH ESSENTIALLY SET THIS BIT, 

THE 1MPL~f1~NTATIOI~ OF THIS AL("iORITHM IS VERY STFiAIGHT FORWARD, 
FOR TH~ SAKE or COMPLETENESS WE lfJCLUDE HE~E A SETL VERSION 
OF IT , LAT t:: R HE SHALL G IV E SO r1 E E: X AMPLE S OF COPY OPT I 11 I Z AT 1 0 N S 
THAT A~E C~UGHT HY THIS ALGORITHM, AND SOME TllAT ARE NOT CAUGHT. 
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MODULE C~PYOPJ 

DEFINE CUPY~OPTIMJZE PUBLIC; 
THIS IS lHt: MAIN DRIVING ROUTINE or THIS ALGORITHM, 
IT INVOK§S-T~E FOLLOWING PROCEOUR~S, 

SCAN~SHA~E~ • THE FIRST SCAN THROUGH THE CODE TO LOCATE 
DEFINITION~ ~ND USES OF THE SHARE HITS, 

FlND~coP~E~ ~ AtJALVZING EACH POTENTIALLY DESTRUCTIVE USE 
FOR THE ~EYUIRED COPY ACTIONS, 

SCAN-.S~A~E?()J 

F IN D ~ C ~ Pl ES C ) ; 

RETURNi 
END corv,o~TlMI2EJ 

DEFINE S~AN~SHARES; 

$ FIRST SC~N T~ROUGH THE CQDE TO -~ocATE DEFINITIONS A~D USES OF 
$ THE SHAR~ ~ITS, 

coPn:L~G := NLi 
$ cOPYF'LAG J~ A MAP ON OCCURENCES, PWICATING WHAT COPY ACTION 
$ SHOULD 8~ IAKEN AT EACH OCCUtiENCE, THE RANGE 0~ COPYFLAG 
$ CONTAINS T~E FOLLOWING PQSSI8LE VALUES, 

$ cOPY-.NO,. NO COPY JS RECUIRED, 

$ cOPY ... PHE • COPY BEFORE THE I NSTFWCT l ON, 

$ coPY ... TESI - ~OPY BEFORE THE INSTRUCTION IF THE CORRESPONDING 
$ SHAR~ 811 1S ON, OTHERWISE DO NOT COPY, 

$ cOPY~SET "ScT THE SHARE sir, 

SHAREBlT ;= NU 
$ SHAREBIT I~ A MAP ON OCCURENGES, HAVING THE VALUE O IF" 
$ T HE C O RR i:: S P O i~ D I M G V A R I A 8 L E G (; T S A n E W U 1~ S H A R E D V A L U E , 1 
$ IF THE vALQE OF THE VARIABLE BECOtll::S SHARED AT THIS 
$ INSTRUCTioN, 2 IF THIS Is A SHAHE UIT TRANSFER BY AN ASSIGN~ENT, 
$ AND UNUEtiNEU OTHERWISE, 

SHAREGJTUSE :: NL; 
$ SHAREBITUS~ ls THE SET op ALL POTENTIALLY DESTRUCTIVE USES. 
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(v~ .. ~LUCKS, COOECB,I)) 
$ ITERATE UV~R THE CODE 

UV ;:; li[T ... OVAR(l)J 
$ OV IS TH~ UVARlABLE 

$ 

$ 
$ 

$ 
$ 

$ 
$ 

CA~E O~CODECI) Of 

<·• Ot:3S-.ASSlGN) ; 
JN AN ASSJliNMENT, CHECK IF THE IVAHIABLE IS DEAD 

- }V ;: GET...,IVARS(l)(1) $ tiET THE !VARIABLE 
IF FFROH~IV~ /: NL TH~N 

JF THE IVA~IABLE IS LIVE, THEN BOTH lT AND THE OVARJABLE 
SHARE TH~l~ VALUES, 

SHAREGIT(OV) 1: 1; 
SHAREOIT(lV> := 1; 

tLSE SHAREBITCOV) I= 2; 
INDICATING. A SHARE BIT TRANSFEH (l 1 E 1 THE SHARE BIT OF OV 
SHOULD 8~ ~ET IFF THE SHARE UIT OF IV IS SET AT THIS POINT), 

~NU IF; 

(➔ O~S-.RETRIEVE + QPS-,EXTRAGTS) 
IN A RETHI~VAL OR AN EXTRACTION, SET THE SHARE BIT or 
T H E U V AR _l_ A ti l ~ , 

~H~REBIT(OV) ;: lJ 

( .. Ot_'S...,NEWVAL) : 
$ IN A VAL.~E CKEATIIJG INSTRUCTION, TURN OFF THE SHARE BIT 
$ OF THE OVAKIABLE, 

~HAREBlT(OV) ;: OJ 

(➔ O~S...,DESTRUCT> I 
$ II~ A POTl:1HlALLY DESTRUCTIVE USE, THE OVAHIABLE IS NEVE'l 
s SHAR~o, ~A9JNG A NEW VALUE, lF THE DESTRUCTIVE USE 1s LOCAL 
$ IN NATUR~ (NAMELY, A MODIFICATION or A GROSS OBJECT BY INSERTING 
$ QR DELfT1N~ AN ELEMENT) THEN TlilS ~~EMENT VALUE 8ECOMES SHARED, 
$ IN ANY c~s~, THE SHARE a1T or THE GROSS OBJECT IS "1-USED-t, 

$ 

$ 

$ 
$ 

~H~REBIT(OV> :: OJ 
~HAREBITUSE WITH LARG~-.OHJ(J); 
lF. OPCDDE( I) IN OPS.,lUCA~- THEN 
. . S H A H E B I T ( S 11 A L L. "' 0 U J ( l ) ) = 1 J ; 

ENU ~ASEi 
END v; 

F I ND F OR A ~ L O C C UR E N C E S W HO SE S HA RE 8 I T I S 2 ~H-lE T !-l E r? TH E Y S 4 0 UL 1) 

BE Tf~EAT~D A~ A SETTING OF THf:: SHAHE BIT, OR A DROP, OR BOTH, 
PRcVSEfS := PREVDROPS := NL; 

PREVSETS 1~·THE SET OF ALL PAIRS [OIV,RCS], WHERE orv 
JS AN OV~HIAULE IN A SHARE □ IT TRANSFER ASSJGN~ENT, AND 
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RCS IS A R~..,STRING LEADING FROM A PREVIOUS SETTING OF THE 
SHARE: BIT UF THE TRANSFERRED VAl.,UE TO THIS ASSIGNMENT, 
PREVUROP·I~ THE SAME, EXCEPT FOR A DROP INSTEAD OF A SETTING, 

(~ OIV ➔ DOM(SHAREBIT> t SHAHEBIT(OIV> = 2) 
sEt:N :== s orv ~; 
W08K ;; $ trJULL-.PATH,OIVJ ~J 
(WHJLE WORK/= NL) 

. (SJR,OVl FROM WORKJ 
lV ;= 1VARN(OV,2)J 
~ R ~ V S : = :'5 ( S T f~ 2 , 0 I V l l : ! S T R 1 , 0 1 V 1 l .. 8 F R O M ( J V ) t 

0IV1 NOTIN SEEN AND 
(SiR2 := STR1 CC, STH) /= ERROR~PATH ~J 

~Hl:CKEO := NLJ 
(W~ILE PREVS I= NL) 

(STn2,0IV1] Ff~l)tl PRr:VS; 
CHECKED wITH (STR2,01v11; 
CASE SHARE8IT(OIV1) or 

(OM) ; 
PREVS • S [STR3,0IV2J : [STR0,0IV2] ➔ BFROMCQIV1) 

t (STR3 J= STRO CC, STR2) /= ERRQR..,PATH ~ 
.. CHECKED; 

( 0 ) : 

( 1 ) 

( 2 ) 

PREVOROPS WITH (OIV,STH2]; 
• • 
PREVSETS WITH ~OJV,STR2]; 

SEEN WITH OIVU 
WORK WITH [STR2,0lV1ll 

END CASEJ 
~NJJ WHILE; 

ENU WHILEJ 
END "i 

RETURN; 
ENU SC~t·l,,S~ARES J 

DEFINE FlNU~COPIESJ 
$ MAIN ROU!JNE-~ ITERATE OVER THE USES OF THE SHARE BITS, 

(vJV ➔ S~A~EBITUSE) 

$ WE NOW COrH_:'UTE tNTSEQ ~ THE TUPL,E OF ALL THE INTERVALS 
$ cONTAINING_~v. 

IN!S~Q ;= [B ; <FOR 8 I= INTOV(BLOC~OF(INSTNO(!V))); 
WHILE d /= OM DOING 8 I= INTOV(B))]; 
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INTZ~RU :: OJ 
JNTZERO 1S THE SMALLEST INTERVAL CONTAI~ING IV SUCH THAT 
ALL ZEHO S~TTI~GS (NEW VALUE CR~ATlONS) TO THE SHARE SIT OF 
THE VALU~ ~F IV, DONE PRIOR TU JV, AHE IN THIS INTERVAL, 

INTONE := •INTSEQ + 11 
INTONE I~ lH~ LARGEST INTERVAL CONTAINING IV SUCH THAT ALL 
SETTl~JGS-0[ THE SHARE BIT OF THE VALUE OF IV WERE DONE 
OUTSIDE ur T~IS IIJTERVAL, 

PR~V~ ;: AFRQM(IV) LESS tNU~~..,PATH,IV); 
PRtV~HlTSETS ;; NLJ 

pREV..,BJTSE!S JS THE SET OF ALL PREVIOUS OCCURENCES OF T4IS 
VARIAOLE, WHICH SET THE SHARE HIT, WE KEEP THEM TO INSERT I~ 
THEM tXP~I~ITLY THE COPY.,S!::T .A.CTION, SHOULD A COPY..,TEST ACTlOiJ 
BE RtOUl~EU ~T JV. 

CH~C~EU :: NL; 

(W~ILE PREYS/= NL) 
CSTR,OlV) FROM PREVSJ 
~H~CKED WITH (STR,OIVJ; 

~A~E SHAREBIT<OIV) Of 

(OM) l 

~R~VS + S [STR1,OIVll : (STR0,OIV1] ~ BFROMCOIV) t 

(STR1 i= STR0 CC, STR> /: ERROR~PATH ~ 
"CHECKED; 

( 0 ~ I 
lNTZERO :~ INTMIN(OIV,STR,lNTZERO); 

JNTHlN R~T~R~S THE SMALLEST INDEX I IN INTSEQ SUCH THAT 
I ~ INTZ~RU AND OIV IN lNTSELl<I>, 

( 1 ~ ! 
l_ N I ONE : = I N Tt1 A X ( 0 1 V , S T R , I N T O N E > ; 
PR~V-.BITSETS WJTH OlV; 

INTMAX R~T~RNS THE LARGEST INDEX I IN INTSEQ SUCH THAT 
I S lNTO~E AND OlV NOTJN INTSEO(l), 

( 2 ) ; 
A PRE:VlOUS TKANSFER ASSIGNMENT, CHECK IF THERE IS A RC-.STRI'IG 
LEADING !O THIS ASSIGNMENT PHOM A SETTING (DROP) OF THE SHA~E BIT, 
WHICrl IS CUMPATIBLE WITH THE cu,-mr:rn RC-.STf<ING, IF so, REGARD 
T H I S A SS l G l"i 1-1 f: N T A S A S E T T I N G C D f rn P > 0 r:- T H ~ S H A R E 8 I T , N O T E T H /\ T 
THIS ASS~G~~tNT MAY BE REGARUEP AS BOTH A SETTING AND A DROP 
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JF (~ STR1 ➔ PREVSETSSOIV~, 
STR1 CC, STR /= ERHOR.,PATH) THEN 

INTONE :: INTMAX(UIV,STR,INTONE)J 
PREV.,BlTSETS WITH OIVJ 

~LSEIF <~ STR1 ➔ P~~VUROPSSOIV?, 
STR1 CC, STR /: ~RH □ R~PATH) THEN 

lNTZERO 1= INTMIN<OIV,STR,INTZERO)J 
~ND IF; 

EN1:) ~ASE; 
END WHJ~~; 

$ NOW DETE~M}NE, ACCORDING TO lNTZERU AND INTONE, THE copy ACTION 
$TOBE DONE AT IV, 

$ 

$ 

$ 

$ 

$ 

$ 

$ 
$ 
$ 
$ 

$ 
$ 

$ 
$ 

IF INT~N~ > IJNTSEO THEN 
NO PRIOR S~TIING OF THE SHARE 81T, SO 

cof?YlLAGCIV> := copv-,:✓ o; 

ElSEIF lNTUNE = O THEN 
NO COPY MOTION IS POSSIBLE, CHECK IF CONDITIONAL OR UNCONDITIONAL 
COPY IS kEUUIRED, 

IF tNTlERO /= O THEN 
pRIOH NE~ VALUE CREATION, A CONDITIONAL COPY 

~OPYFLAG(IV> :: COPY~TEST; 
AT THIS ~01NT, PRIOR SETTINGS OF THE SHARE BIT WERE INDEED 
NECESSARY, S~T THEM EXPLICITLY, 

t~OJV ➔ pREV~B!TSETS) 
. COPYFLAG(O!V) ;= CQPY..,SET;J 

EL~E COPYFLAG(IV) := cury ... pn~; $ UNCONDITIONAL COPY 
EN~ l,Fi 

ELSE $ JN THIS CASE COPY MOTtorJ JS POSSlB~E 
CO~YtLAG(JV) ;: COPY~Nu; 
VI 1= ur~NAME(lV)J 
l ;:: INS~TAHG(INTSEQ(!NTONf::),D1"'ASN,(VI,VI]); 

TH IS ROU! l i\JE CHECl<S HHETHER Afl 1 DENT I CAL COPY ASSIGNMENT 
A L R F. A D Y t: X IS T S I N T H E T A ~ G E T f-H .. UC K OF T H I S I N TE f< V A L , I r NO T , 
IT INSERlS THAT ASSIGNMENT INTO THIS BLOCK, AND RETURNS 
THE NEW jN~THUCTlON IDENTIFIER, OTHERWISE IT RETURNS OM 1 

IF I != OM THEN 
l F I N T Z E R O > I iH O NE T H ~ t J 

A NEW VALlJ~ ~REATIQtJ PRIOR TO THIS INTERVAL HEAD, 
A CONDITlOi\JAL COPY, 

... . COPYFLAG([t,2]} ::: COPY..,TEST.I 
A T T H I 5 ~ 0 1. N T , P R I OR S E T r I NG S OF T I l E S H A R E 8 I T W ER E l ND E E D 
NECESSAR~, S~T THEM EXPLICITLY, 
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(vOJV ~ PREV-.BlTScTS) 
COPYFLAG(OIV) := COPY~SET1; 

~LSE $ ONLY SHARE BIT SETTINGS PRIOR TO THIS POINT, 
COPYFLAG(tI,2l) f= COPY~PREJ 

l:ND IF; 
l:NU lFi 

ENO l F J 

END "'IVJ 

RETURN; 
END f lf'-iO-.COPlESJ 

DEFINEf 1NTMAX(OJ,RCS, IND)J 
TH IS FUN c; T f ON COMPUTES THE l. Ar, GEST INDEX I IN IN TSE Q, 
A TU P LE ~ 0 PH A Itn NG ALL L-JT ER VA I, S CONT 1\1 N I NG A CERT A I N 
OCCURENC~, SUCH THAT IS IND AND (OJ,RCSl NOTIN INTSEQ(I), 

BEGIN 

IF IND~ 0 THEN RETURN IND; 
THERE ARI: ALHEADY tBADt OCCURENCES INSIDE THE FIRST 
ORDEH IN!E~V~L CONTAINING THIS OGCUHENCE, NOTHING TO DO, 

ELSEIF n~s /= NULL-.PATH THEN 
THE OCCUH[NC~ IS IN ANOTHER PROCEDURE, 

IF Rr.;S(,.RCS)(1) = RC-.CALL THf.N 
or REACHl:S-TH!S PROCEDURE THROUGH ITS ENTRY, 

- _1 F - I N D > • I N T S E Q T H l N RE T lJ R N ,1, I N T S E Q ; 

~U>E f~Erurrn PJD; 
l;NU IF'; 

E L, :S E - I N T I = 8 L O C K O F C R C S < H~ C S ) C 2 > ) ; 
QTHEHWIS~, Ol R~ACHES THIS PROCEDURE THROUGH A RETURN TO 
SOME CAL[JNG. INSTRUCTION, PROC~~D AS IF OJ OCCURED AT TMIS 
CALLING INSTRUCTION, 

t: Nb _l_ F; 
ELSE I~T :; BLOCKOFCINSTNO(Ol))J 

JtH IS Tt_1E BLOCV. cotHAINING OI, 
ENU IF; 

NOW ITER~T~ THROUGH THE DERIVED SUWENCE AND FIND THE FIRST 
JNTEHVAL IN INTSEn CONTAINING OJ, IF !T IS OF ORDER I > I~D 
THEN RE T ~J H ~ :u W 1 0 THE R I~ t SE RE TU f? N 1 - 1 , 

·,·.·. 
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.(v l ;= l .',, ,i,JNTSEQ) 
INl :: INTOV(INT); 
IF-I~T = INTSEOCl) THEN RETUHN I • 1;; 
IF I = !~D THEN RETURN INU;J 

END "'; 

$ N O Su CH _1_ N I ER V AL , TH E GR A PH M US T OE I R R E D UC I 8 L E A ND 
$ JND MUST 8~ > i!NTSEQ, RETURN THE ~AHGEST INDEX IN INTSEO, 

R E T U rt N • lN f S E O ; 

$ 
$ 

$ 

$ 

$ 

$ 

$ 
$ 

END; 

END lNTMAX; 

DEFINEt lNTMIN(OI,RCS,IND)J 
T H I S F U N G T 1 D N C O 1H' U i E S T H E S /-1 ALL ES T I N DE X I I N I N TSE Q , 

A T UP L t:: (; 0 ri T A I N I NG i\ L L I N T E R V A l~ S C CH JT A p~ l iv G A C E rn A I N 
CCCUHENC8, SUCH TIIAT I~ IND MW [Ul,RCSl IN [NTSEO(l), 
THE F!..01-(IS SIMILAR TO THE PR!::VlOUS ROUTINE,. INTMAX, 

BEGIN 

IF IND> 1INTSEQ THEN RETURN lNDi 
~O WAYT~ tINO A LARGER INTERVAL THAN THE CURRENT ONE, 

ELSEIF R~S /= NULL~PATH THGN 
IF R~SC,i.RCS)(1) = RC~CALL THEN RETURN ,1,INTSEQ + 11 
EL~E-INT :~ OLOCK □ F<RCS<,HCS)(~)); 
EN~ .L F; 

ELSE I~T ;= BLOCKOFCINSTNO(Ol))J 
END lFi 

ITERAT~ OV~R THE DERIVED SEQU~NCE AS BEFORE, RETURN 
THE MAXIMUM OF IND AND THE INDEX OF THE FIRST INTERVAL IN 
JNTStQ CON!AlNING 01, 

(v l := l !•• 'INTSEQ) 
INl :: JNTOV(INT)J 

ENO 

IF - PH ; = l rn s E Q ( I ) THEN 

. - . v, 

l. F I > IN[) THEN RE TU fW I i 
~L!:>E RETURN lfJD; 
t:NU IFJ 
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$ t\ O, SUCH l r-J I E H V A L F O UN D , R E r U i1 I J A N I ND I C A T I O N TH A T 
$ Ol JS OUT UF THE LARGEST INTERVAL {N JNTSEQ, 

' RElUHN-~}N!SEO • 1; 
ENDJ 

E N D I N l Ml_ N ; 

ENO CO~YOPJ 

EXAMPLES ----- .. -... 
1, CONSI~EH THE FOLLOWING SETL CODE FRAGMENT, 

1..1 
L. 2 
L3 

A= 8; 
( ... X ➔ S) 

A WITH X;J 

SUPPOS~ !H~T B JS LIVE AFTER INSTRUCTION Ll, OR THAT THE 
VALUE OF U IS SHARED BEFORE EX~CUTING Ll, THEN OUR ALGORITH~ 
WILL MOVt TH~ COPY THAT WILL HE OTHERWISE REQUIRED nEFORE 
T HE D E S T RU ~ T l V E U S E OF A A T I,.. :s , 0 U T O F T H E L O OP T O T H E 
POINT JUST-BEFORE L2, THIS OPTIMIZATION IS ALMOST IDE~HICAL 
TO THE ttOPY ON ASSIGNMENTt OPTIH[ZATION, SUGGESTED BY 
R, DEWAR-I~ NL, 164, WHICH !S TO CUPY JUST AFTER THE ASSIGNMENT 
AT Ll, O~R OPTIMIZATION IS EVEN SUPERIOR TO THE OTHER O~E, 
SINCE IT INSERTS THE COPY OPERATION AT THE POINT OF MINIMAL 
LOOP-NESTING LEVEL ON THE PATH f"RnM Lt TO L3, l·IHEREAS THE 
cOPY•ON-~S~I~NMENT OPTIMIZATION MIGHT CREATE UNNECESSARY 
COPY OPE8A[IUNS IF, FOR EXAMPLE, ~1 IS CONTAINED IN ANOTHER 
LOOP, 

H OR E O V E R , .l. F B I S DE A D JU S T A r T I:: H L 1 ( A S I.JI L L 8 E T H E C A SE I F 
L1 IS AClUALLY A VALUE TRANSFER FFWM A FOf<r~AL WRITE PARAMETER 
TO AN ACfUAL ARGUl1ENT>, THEN OUH COPY Ot'TlMIZIITIOiJ Dt:PE\DS ON 
THE ~JAY i t( ~/H I CH O WAS C i~ EA H: D I I F AL l. P ~ E V I OU S CREA T I ONS OF 
8 THAT Rt:AL;H-L1 WERE NEW VALUI: CtffATIONS, THEN tlO C()PY WILL 
BE INSERIE~. IF SOME OF THESE Ci~Ei\TIONS YIELD- NEW VALUES AND 
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SOME YIELD SHARED VALUES, THEN WE SHALL INSERT A CO~DJTIONAL 
.COPY JUS! ~EtoRE L2, INVOLVING A TEST OF THE SHARE BIT OF A, 

IF ALL Or !HE:SE Cf?EATIONS YltLD SHARED VAt,UES, THEN AN 
UfJCOND l Tl ONAL COPY ~!ILL BE I l~SEfHED THERE, F 1 fJALL Y, THE 
I f J S T R UC T l O N A T L 1 , 1m I C H PO TE rJ T I A l. L Y H A S T O S E T T H E S ~ A RE 8 I T 
OF A, WILL DO SO ONLY JN THE CASE WHERE A CONDITIONAL COPY 
OF A HAS U~EN INSERTED, 

2, AS FAH AS COPY OPTIMIZATION WITH RESPECT TO LOOPS IS 
cONSID!::R~D; OUR ALGORITHM WILL DO HETTEf, THAN TllE COPY-ON­
ASSIGNMENT ONE, HOWEVER, THERE AH~ SONE CASES OF STRAIGHT­
LINE coot ~ □ PY OPTIMIZATIONS HH]CI! OU~ ALGORITHM WILL NOT 
C A T C H , W H f: i, E A S T HF: O T HER A L G OH I HI 11 W I L L , H O W E V E R , W E R E L I E V c 
THAT THE; [ CASES Af~ E OU I TE RM~ E, 8 l: SI DES, TO DETECT Th ES E 
CASES REYU~R~S A FULL VALUE•FLDH INFORMATION, WHICH IS NOT 
NEEDED F~R OUR ALGORITHM, 

ONE SUCH EXAMPLE IS AS FOLLOWS, 

~:1. t3 . -' - A; 
L2 C -

. . 
' - A; 

L3 ( "' [ X, y l ➔ s) 
B WITH X; 
C WITH y J ; 

SUPPOSE THAT A f!AS BEEN CREATED UEFORE Ll AS A NEW VALUE, 
A N O f H A T I T l S O E A D A F T E H L 2 , DU R A L G O R I T H M l-1! L L I N S E R T 
cOPY OPEHAIIUNS OF HAND C 8EFOHE ~3, BUT ACTUALLY ONLY ONE or 
THEM SHOYLU ~E COPIED, 


