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THIS NEWSLETTER DISCUSSES THE PROBLEM OF OPTIMIZING CCPIES IN
SETL (Iebe PREVENTING COPICES WrAbRE THEY ARE  UNECESSARY). IT IS
ARGUED ThAT A STATIC APPROACH 1S INSUFFIClENT AND THAT THE USE OF
REFERENCE COUNTS IS KREwUIkED Even  IF Tk OPTIMIZER PROVIDES
MAXIMUM  INFOKMATION. AN EFFICIEMT APPRUACH TO THE MAINTENANCE OF
REFERENCE COUNTS IS DESCRIBED. THE I[NFURMATIUN REGUIRED FROM  THE
OPTIMIZER TO REDUCE COPIES WITH REFERENCE COUNTS IN USE IS ALSO
DESCRIBEL,

lele MOUELS OF REQUIRED COPIES
THE THREE KINOS OF STATEMENTS IN SETL WHICH ARE INVOLVED IN

DISCUSSIUN 0OF COPYING ARE:

1) SIMPLE ASSIGNMENTSs INCLUDING ACQUIRING A VALUE AND MAKING IT
A PART OF A COMPOSITE.

2)  ASSIONMENTS TO SUBPARTS OF A COMPOSITE. WE WILL
CAlLL "HESE MODIFICATIONS.

3) COMPUTATIONS WHICH INVOLVE MODIFYING AN OPERANDe FOR EXAMPLE
A=t wiTH Co

THIS THIRD TYPE wILL BE CONSIDtRED A COMBINATION OF THE FIRST
TWO BY WRITING A = B WITH C AS:

A =0 /% AN ASSIONMENT #/
A WITH C ' /% A MODIFICATIUN %/

THUS WE HAVE 10 DEAL wWITH ASSIONMENTS AND WITH MODIFICATIONS.

THERE ARE Twg CANONICAL WAYS OF IMPLEMENTING OR DESCRIBING THE
COPYING wWHICH MUST Bt PERFORMED AS FOLLOWS:

1) COPY ON ALL ASSIONMENTS. NEVER CoPY ON MUDIFICATIONS.,
2) COPY ON ALL MODIFICATIONSs. NEVER CUOPY ON ASSIGNMENTS.
NOTE THAT SINCE A = H  WITH C InvOoLveES BOTH AN ASSIGNMENT AND A

CUPYs THAT FITntR  OF THESE ARIROACHES LEtAbs TO A COPY IN  THIS
INSTANCE »
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UNDER  THE CONSTRAINT OF IMPLEMENTING COPYING wITH ONE OF THESE
CAMNUNICAL APPRUOACHESY THERE  AKE  PxOOKAMS  whlCH CLEARLY FARE

BETTER wilTH OoMNE AFPROACH Or THE OTHbEKS
(wl<N<lo0) A=gi3 A(X)=B3 » FASTER wWlTH METHOD 2
A=Bj3 (wl<N<luo) A(xi=d;a $ FASTER WITH METHUL 1

AND THERE ARE PROGRAMS wWhERE IT 1S 1MPOSSIBLE TO TELL:
(W1<N<JU) A=B3; (G1<N<K) A(X)=H33 B J>R???

THIS LAST pOSSIBILITIY SHOwS THE DIFF(CULTY OF MAKING A CLEAR
CHUICE BrTwEEN THESE TwO METHODS ON THt bASIS OF THE PROGRAM AT
HAND. MAKING A CHOICE THROUGHUUT - THE 5YSTeM DEPENDS ON  THE
EMPIRICAL QUESTION OF WHICH KIND OF PROGRAM 15> MORE COMMON.

lele REFFRENCE COUNTS

THE CURKENT SYSTEM USES REFERENCE COUNTS TO DECREASE THE NUMBER
OF COPIES REQUIREVD. THERE AKRE SOM: ERROKS IN THE wAY THIS IS
DONEs BUT THESE COULD BE FIXED SO THAT THE SChEME WOULD BE
WATERTIOGHT,

THERE ARE TWO WAYS OF LOOKING AT THE USE GF REFERENCE COUNTS:

1) BASICALLY COPIES ARE DONE O ASSIONMENTS. HOwEVERs THE COPY
IS OELAYFD BY MANIPULATING REFERENCE COUNTS TO INDICATE  THAT
A COPY SHOULD REtALLY HAVE WEEN PERFURMEDe IF IT IS UDISCOVERED
LATER THAT THE CuPY ShOULD HAVE beEbN DONEs THEN IT IS DONE AT
THE POINT OF DISCOVERY.

THUS WE HAVE COPY ON ASSIGNMENTSs BUT WITH A MECHANISM FOR
AVOIDING CoPIES WHICH ARE NOT NECESSARY.

2) BASICA| LY COPIES ARE DUKRE ON MODIF1ICATIONS. HOWEVER,
REFERELNCE COUNTS  ARE KEPT Su  THAT AT THE POINT OF
MODIFICATION IT Is POSSIBLE TO DETECT THE FACT. THAT THE COPY
IS NUT REQUIRED IN THIS CASE,

THESE Twu VIEWS ARE EQUIVALENTy BUT IT IS USEFUL TO DISTINGUISH

THEM WHEN IT COMES TO CONSIDERING ThHt FURTHER EFFECT 0OF THE
OPTIMIZER.,

le3e SHARED bBIT MECHANISM

The HECHANTOM PRUPOSED FOK THE NE W SETL INTERPRETOR
(MON=QPTITZED  VEKSEON)  USES  SHARE BLTS  INSTEAD  OF KREFERENCE
COUNTS.
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THE SHARED RIT IS A REFERENCE COUNT wHICH HAS VALUES OF EITHER 1
oK Oe IT HAS A SIMILAR FUNCTIONM 1O THE U3t OF FULL KEFERENCE
COUNTINGs RUT SINCE 1 IS THE MaXInum vaLuce (ANU MIGHT MEAN MORE
THAN 1 IN FACT)s 1T [5S NEVER PUSsIuvbt TO KEODUCE KEFERENCE COUNTS
(TUKN OFF THE SHARED BIT). ThIs> MeaNs THAT IN A SEQUENCE s

A=08
ACl)
B(l)

oo e

-e oo

1
1
THE SECOND AND THIRD LINES BOTH PExtrORM COPIES WHERE A FULL

REFERENCE COUNTING  SYSTEM  wOULD ONLY NEEL THE SECOND COPY
(ASSUMING NO OTHER uStES UF ThE vaLut Akc ACTLVE).

IN GENERAL THE SHARED BIT MECHANISM MAY CAUSE AS MANY AS TWwICE
THE NUMBER OF COPIES THAT A FULL REFERENCE CUUNT MECHANISM WOULD
REQUIREs 1IN PRACTICE THE NUMBER OF COPIES 1S5 SUMEWHERE BETWEEN
ONE AND TwQ TIMES TH1S NUMBEK.

THE ADVANTAGE OF THE USE OF SHARED sITS IS THAT THEY CAN BE
MANIPULATED VERY - MUCH FASTER THAN REFERENCE COUNTS BY USING THE
FOLLOWING SCHEME .

NORMALLY REFERENCE COUNTS ARE KEPT WITH THE ACTUAL VALUE WHICH
MIGHT GET copltD. THIS IS DONE SO THAT A REFERENCE wHICH BECOMES
DISCONNECTED (BY EIThHtR REASSIONMENT OR COPYING) MUST REDUCE THE
COUNT BY ONEe USING THE SHARED BIT MECHANISMs ThHE COUNT IS NEVER
REDUCED. = THIS MEANS THAT 1T Caf 8t KEPT 1IN . THE REFERENCES
THEMSELVES, SINCE THE SHARED 8ITS ARE NEVER TLSTED ON SHURT ITEMS
AND HAVE NO EFFECTs THEY MAY BE SET WITHOUT TESTING TO SEE
WHETHER AN ITEM IS SHORT OR LUNG.

THE SEQUENCE FOR AN ASSIGNMENT A = B BECOMES:

(SET SHARED BIT OF VALUE SPECIFItR FOR B)
(ASSIGN B TO As IeEe JUST MOVE SPECLFIER)

ON THE IuM 370;_THE INSTRUCTION SEQUENCE IS:

0l (SHARED BIT UF 8) 4 3 e e 4

LM 1’&98
STM 1924A

ON THE CDC 6600s THE INSTRUCTION SEQUENCE IS (ASSUMING THE SHARED
BIT TO BE THE LAST JdIT OF THE SPECIF1lER)

SAl B

Sx2 ui 3 dr tE4r 4 S
IX6 Xl+x?

SAG Al LR X-X-2-0-0 0
SALb A

IN EACH CASEs THE ASTERISKS FLAG THE EXTRA INSTRUCTIONS FOR
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SETTING THrE SHARED blIYT COMPAKED WlTh A STRAIGHT ASSIGNMENT. THE
COST IS SMALL IN TIME AND  Tht RESULTING Cuubk IS STILL SHORT
ENOUGH TU BE GENERATED INLINE.

THIS sEuumce IS TO BE COMPARED wITH SOMETHING LIKE THE FOLLOWING
FOR FULL REFERENCE COUNTS:

(IF A IS SHURT ITEMy GOTOU L1)
(lF REF COUNT OF VALUE OF A = MAXs GOTO L1)
(DECREMENT REFERENCE COUNT OF VALUE UF A)
L1: (IFr R IS SHOUKT 1TEMs GOTO L&) .
(IF REF COUNT OF VALUE OF B = MAXs GOTO L2)
~ (INCREMENT KEFERENCE COUNT UF VALUE OF B)
Les (CoPY VALUE SPECIFIER OF B TU A)
NOT ONLY 18 THIS SEGUENCE MUCH SLOWER AND MOREt COMPLEXs BUT IT IS
QUITE IMPRACTIAL TO OENERATE INLINE COLE FOR SUCH A COMPLICATED
SEQUENCE '
SINCE ThHE NUMBER OF ASSIGNMENTS 1S VERY MUCH GREATER THAN THE

NUMBER UF COPIcS KEQUIRED BY A wrEFERENCE COUNT SYSTEMs THE USE OF
SHARED BITS 1S THOUGHT TO BE mMUCH MORE EFFICIENT.

le4o oLORAL OPTIMIZATION

wk  NOW CONSIDEPR THE INFOKMATION wHICH COULD BE PROVIDED BY A
GLOBAL OPTIMIZATION SCHEME TO HELP RELUCE THE NUMBER OF COPIES.
AN INITIAL APPROACH 1S TO ASSUME ONE OF THE ORIGINAL CANONICAL

SCHEMES TOGETHER WITH AN ATTeMPT TO IDENTIFY STATICALLY THOSE
INSTANCES wHERE COPYING CAN ALWAYS Bk OMITTED.

ASSUMING THE APPROALH OF COPYING ON ASSIONMENTSs THE CONDITIONS
FOR OMITTING THIS CORY AKE AS FOLLUWS:
A =28
COPY CAN UfF OMITTED 1F ANY OF THE FOLLOwWING HOULUD:
1) B IS UEAD
2) THE VALUE B IS ABANDONED BEFOKE A IS MODILIFIED
3) THE VvALUE A IS ABANDONED BEFORE w© 1S MODIFIED
4) THE VALUES OF A AND B ARE BOTH ABANDONED.
AN AdANUED yvaALUE 1IN THIS SENRSE 1S Okt wHICH gECOMES DEAD WITHOUT

BEINOG MUODIPTED UK ShakbD BY ANOTHLEK rUINTERS.
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THESE CURDITIONS 4wt DETECTAnLE bY SUITAsLE FLOW  ANALYSIS  AND
ASSTONMENTS MEETING TheSt CORLITLunS CuuLkb stk FLAGGED.

1F THE APPROACH OF CURYING ON MODIFLCATIONS [S AUOPTtUo’THEN THE
CONDITIONS Fok OMITTING THE CUrY Akt AS FOLLOWSS

FIAY = B
COPY CAN BE OMITTED 1F:

1) THERE 1S NO OTHER LIVE USE OF THE VALUE F AT THE TIME THE
ASSTIONMENT IS EXECUTED.

AGALIN THIS INFORMATION CAN BE OBTALlinedD BY FLOw ANALYSIS AND IN
FACT THIS APPKROACH 1S THE ONE THAIT HAS BEeW eXAMINED IN PREVIOUS
WOKK On COPY OPTIMIZATION IN CONJUNCTION wITh SETL.

NEITHER OF THESE SCHEMES IS SATISFACTORY AS CAN BE SEEN FROM THE
PROOGRAM LXAMPLES GIVEN EAKLIERS

(@1<N<LUD) A=dii A(X) = C

A=B IS NUT AN ASSIGNMENT FOUR WHICH THE COPY CAN BE OMITTED
STATICALLY SINCE IT IS NEEDED SOME OF THE TIME (THE LAST TIHME
THRUUGH THgE LOOP) .

A=B35 (wl<N<lUU) A(X)I=CH5

A(X)=C IS5 NOT A MODLIFICATION FOR wHICH THE COPY CAN BE OMITTED
STATICALLY SInCE IT IS NEEDEL soumt OF Tne TIRE (THE FIRST TIME
THROUGH THE LUOF) .

ALTHOUGH THFsE PARTICULAR  EXAMPLES COULD 8k HANDLED BY SPECIAL
ANALYSLS WHICH OPENEL UP  Tht LUOF TU  TREAT THE FIRST (OR LAST)
ITERATION SPECIALLYs 1T 1S CLEaARLY FOSSIBLE TU CONSTRUCT EXAMPLES
WHERE NU SpEclal STATIC TREATMENT wUULD Bt AUDEGUATE.

17 IS THUS CcLEAR THAT THE SHARcD w©1T MeCHaNISM IS REGUIRED EvVEN
IF  THE OpTIMIZER PROVIUES  THE BEST POSSIBLE STATIC COPY
INFORMATION. wt THEREFORE CUNSIDER THE INTERACTION SETWEEN THE
STATIC COPY INFOKMATION AND Thbt SHAKED BlT MECHANISM.

FOR A FIRST STAobEs LET US SUPPROSE THAT THE OPTIMIZER FLAGS
ASSIOGNMENTS wHERE THE CUPY 1S NOT REQUIRKED (UniobK ThHE ASSUMRPTIUN
OF COPYI®G ON ASSIGIRMENTS)Y AND ALSO FLAGS MUUIFICATIONS wHERE Tht
cory IS NOT KHEUWULRED (UMDER  THL  ASSUMPILION OF COPYING OMN
MODIFTCATIONS) e Wl THeN HAVE THE FOLLOWINGS

FOR ASSTONMENT? IF THE ASSIGNMmENT 1S FLAGGED AS Kol REQUIRIHG
' A COPYs THEN Trt SETTING OF THE SHAKED 8IT 1S
OMITTEDL SINCE 1T COuLD nNOT BE NEEDED. THIS
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M1GHT SAVE A COPY WHICH wOULD OTHERWISE BE
PERFORMED UNLCLSSARILY.

FUR MODIFICATION: IF THE MODIFICATION IS FLAGGED AS NOT
REQURING A COFYs ThEN THt SHARED BIT NEED NOT
BE TESTEDe THIS 1S STRICTLY A LOCAL HELP AND
SAVES ONLY' THE TEST (SinCtk THE RESULT OF THE
TESTy IF  PERFUKMEDs WOULOD ALWAYS INDICATE
THAT NO COPY wAS KEWUIRED).

A MORE SOPHISTICATED SCHEME IS AS FOLLUWS:
FOR ASSIGNMENTSs THE OPTIMIZER DISTINGUISHES THREE CASES:

1) A COPy 1S REQUIRED SINCe ALL PATHS FROM THE ASSIGNMENT
INVOLVE MUDIFYING ONE OF THE VALUES wnILE ThHE OTHER IS STILL
LIVE. IMN  THIS CASEs THE CoPY IS ACTUALLY DONE ON THE
ASSIGIWMENT SINCE THE SHARED ovlT MECHANISM CANNOT PREVENT IT
AND MIGHT CAUSE A SECOND UNECCESSARY CuUPY IF BOTH VALUES ARE
MODIFIED,

-2) A COPY 1S DEFINITELY NOT REQUIRED. AS ABOVEs wE SIMPLY OMIT
THE SETTING OF THE SHARED BI1T.

3) A COPY MAYBE REGUIKED DEPENDING ON WHICH OF SEVERAL PATHS IS
TAKEN (OR THERPZ IS A PATH FOUR wHICH COMPLETE INFORMATION IS
NOT AVaILASLE)e IN THIS CASEs THE SHAKED BIT MECHANISM IS
USED .

1T IS ALSO POSSIBLE TO DISTINGUISH THE THREE CASES FOQOR
MODIFICAT1IONS:

1) COPY 1S NEVER KEQUIRED SINCE ALL PREVIOUS ASSIGNMENTS WERE
TYPE 1) (COPY REQUIRED). IN THIS CaSts THt TEST OF THE SHARED
BIT T0 SEr WHETHeKR A COPY IS ktGUIRED CAN BE OMITTED AND THE
OPERATION PERFORMED wITHOUT A TeSTe.

2) COPY Is ALwWAYS REWUIRED SINCE ALL PREVIOUS ASSIGNMENTS SET
THE SHARELD olTe. IN THIS CASEs THE TEST CAN BE OMITTED AnD A
COPY PERFORMED. . :

3) COPY MAYBE REQUIRED SINCE THE STATE OGF ThE SHARED BIT CANNOT
BE PREDICTED.

leDe RELATIVE vaLut OF INFUKMATION

THERE ARE TwO COMPLLETELY DIFFERENT COPY OPIIMIZATIONS WHICH THE

OPTIMIZEK 1S ThUS CALLED UPUON TO PEFUrM:

1) ANALYLF ASSTONMLNTS
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2) ANALYZE MODIFICATIONS

THE FIKST OF THESE 1S MUCH MOkE IMPURTANT SLNCE THE FLAUGGING OF
ASSIGHMENTS (EITHER BY THE SIHPLE T4wG CASE tMeChAnlSM OK T THREE
CASt MECHANISM) CAN SAVE COPY OPLKATIONS AS wtllL AS SAVING INLINE
COUE FUR ASSTuUNMENT OFERATIUNS.

THE ANALYSIS OF . MODIFICATIONS 1S pUCH LESS IMPOKTANT SINCE AT
BEST IT SAVES SIMPLE TESTS. FURTHERMOREs LT IS UNLIRELY THAT
MOUDLIFICATION OPERATIONS CaArM BE FExkFORMED IN CLINE (v ITH THE

POSSIULE EXCEPTION UF ASSIOHMMENTS Tu TuPLES wrICh ARE KnGaN TO BE
TUPLES) s wHICH MEANS THAT INLINE CODLE wWILL NUT BE SAVED.

MOST OF °  THE EFFORT SO FAR  HAS oGoONe INTO ANALYSIS OF
MODIFICATIONSs IT APPEARS TO Bt MISDIRECTEDL AND A STUDY OF THE
DIFFICULTIES OF PrROVIDING COMPLETE INFUORMATION ON ASSIGNMENTS
SHOULD BE COMMENCED IMMEDIATELY.

lebo LOCAL OPYIMIZATION

IN THE ABSFNCE OF GLOBSAL ANALYSISs wE CAN EXAMINE WHETHER ANY OF
THE REQUIRED OLOuAL INFORMATION CAN BE OBTALNED BY PURELY LOCAL
MEANS USInG INFURMATION AVAILABLE TO THE SEMANTIC PASS.

ONE COMMUIN CASE INVOLVES TEMPURARIES:

IF WE HAVE:

IT wILL OUFTEN Bt THE Cast THAT TEMP IS DEAD AND KNOWN TO BE DEAD
BY THE SEMANTIC PASSe THIS MEANS THAT THIS ASSIGNMENT CAN BE
FLAGGED AS NOT KREWUIRING A CUPY.
ON THE OTHFR HAND

TEMP = Ag

USUALLY DOES REQUIRE A COPY (IN THE SENSE DESCRIBED) .
le7e BASING COMPLICATIONS

THE INTRODUCTION OF BASE SETS wrhbtRE THERE ARE FOINTERS TO AN
OBJECT FROUM QUTISIDE INTHOUUCES AULDITIUNAL CUMPLICATIONS,

A BASE SET CANNOT BE COPIED ON MODIFICATION SINCE THIS WOULD
INVALIDATE POINTEKS TO THE OBJbkCT. THLS MEANS THAT THEt

1=7
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ASSTONMENT ¢
A = B $ B IS A BASE SET

MUST CAUE aN ACTUAL COPY [F A COFPY IS REQUIRED. THIS COPY CANNOT
Bt REPLACED KY THE SHARED oIT MECHANISM.

THIS MaAReS T HE FLAGOING CF £S5SIGMNMENTS wHICH DO NOT REQUIRE A
COPY MOKE MPORTANT 1t THIS CusSks FALILUKRKE  TU FLAG AN ASSIGNMENT
WILL ALwAYS CAUSE Al ACTUAL UbaweEeutD COPY (HN Tre NURMAL CASE IT
CAUSES aty UNMNECESSARY SETTIKG GF Tkt SHARED BIT WHICH MAY OR MAY
NOT CAUSE AN EXTRA CUPY).

IF  THE OPTIMIZER IS EXAMINING MODIFICATIONSs THEN IT CAN TAKE
ADVANTAGE oF THIS KNOwLEDGE AS SHUxN BY THE FOLLUWINGS

A = B3
(PATH 1) (PATH 2)
A wITH X3 A=NL.35 B=NLae}

IF B IS HNOT A BASEs THEN WE HAVE THE FOLLOwING:

A=B3; FLACGED AS MAYbLE HEGUIKING A CUPYy SINCE CUPY WILL
BE REGUIRED ON PATH 1 sul NOT ON PaTH 2. THt RESULT
WILL bt TO SET ITnt shAarbEb ulT.

A WITH X3 FLAGGED AS REGUKING A COPY SINCE THE ONLY PATH IS
FROM A=p.

IF B IS A BASEs THEN WE HAVE:

A=B3 FLAGGED AS REQUIKRING A COPYs SINCE A COPY MUST BE
PERFORMED IF THeERE IS ANY PATH KEGURING A COPY.

A WITH X3 FLAGGED AS NOT KEGUIKING A COPY SINCE THE PATH FROM
A=8B DID A COPY.

THLIS REFINFMENT IS NUT KEQUIRED, ALTHOUGH 1T IS CLEAR THAT IN ITS
ABSENCEs T 1S WISEH TU TReAT Tre (CURY  KREWUIRED) FLAGGING OF A
MODIFICHTION AS (COFY MAY BE weGQUIRED) SINCL THE SHARED uwlIT MAY
Bt. OFF ANu A CORY COULD BE AVUIULD.
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SETL Newsletter # 164A. J.T. Schwartz
April 7, 1976

'Copy on Assignment! Optimization in SETL.

This newsletter responds to NL 164 (by R. Dewar) in
which it is observed that

a. A shared bit is useful even in the presence of
global copy analysis, and inexpensively implementable;

b. The shared bit mechanism essentially dominates the
copy optimization scheme presently under development, reducing
its effect to a modest 'eliminate tests' level;

C. More useful information can be gathered by calculating
assignment- related (or, more generally, 'incorporation'-
related, see below) information.

We shall sketch a method for gathering this information.

v
. . » . . 3
Definitions: A . simple assignment a = x, or a use of x

which makes its value part of a larger composite object
(e.g. a = {x}, or a = <x,y>, or a(i) = x) is called an
ineorporation of x. A potentially destructive use of x, e.g.
a = X with y, is called a (potential) modification of x.

Any incorporation of x (other than the atypical case of
a simple assignment) forms a new object a almost any of whose
subsequent uses is likely either to reference the object x or
to create a reference to x. Thus the shared bit of x will
have to be set on incorporation unless x is close to being
dead at its point of incorporation. Actually, only a some-
what weaker condition needs to be imposed, namély1hat no
incorporation or modification of x can be reached by going
forward from this point, without a reassignment of x being

encountered first.
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This condition can be calculated using essentially the
standard 'live variable' technique. Call a use of x an
miuse (modifying or incorporating use) if it is either a
modification or an incorporation of x; and callx milive
at a point p if there exists a path forward from p to an
miuse which goes through no assignment to x. Then if we
apply a standard 'live' algorithm simply ignoring uses of
x other than miuses, milive information will be obtained.

For the case of a simple assignment, which is symretric
in its left and right sides, the condition that both right and
left hand variables are live should be used.

In NL 164, an additional distinction is suggested.

If at one of its incorporations the variable x is not only
live but lively, in the sense that every path forward from
the incorporation must encounter an miuse before an assignment
to x or a program exit, then it is bégper to copy x at the
incorporation point than to set the sﬁéred bit, since copying
is inevitable and by not setting the shared bit we avoid
creation of an object that may force multiple subsequent
copying. The condition that x be lively can be computed by
an easy algorithm, having exactly the live variable structure,
but dual to it, in the following sense: treat assignment to
x and program exits as if they were uses of x, and miuses of
x as if they were assignments; then apply a standard 'live'
algorithm which will calculate a condition ¢ at each program
point. The boolean negative of this condition c is the
condition that x be lively.

The test-elisions on modification suggested in NL 164
can be made available using the crthis functions in the
following way. Suppose that every assignment has already
been classified as a 'set shared bit' or a 'dont set bit'

assignment.
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Suppose also that immediately following each incorporation,
e.g., a = {x}, at wiich the shared bit must be set, we insert
an auxiliary'special assignment' x = x, and that the crthis
function is computed after these auxiliary assignments have
been inserted. Then, given any ivariable occurence i of x
which may be a modification of x, we look back to all the
ovariables in crthis(i). If all of these will have set the
shared bit of their ovariable, then x needs to be copied
unconditionally; if none of them will have set the shared

bit of their ovariable, the copying can be avoided unconditionally;
and if some but not all of them will have set the shared bit,

then the shared bit must be tested.

Variations in the Presence of Basing.

A set that has been declared as a base cannot be copied
when modified, since all the other oéjects declared to be
based on it must always point to the current copy of the base.
Thus a set declared as a base can never be shared. If a base
set b is incorporated into another object, then copying can
only be avoided if all the objects based on b are dead at
the point of incorporation. It should also be noted that
since the pattern of incorporations which set share bits is
changed (more specifically, diminished) when some of the sets
in a program are declared to be bases, such declarations
can also diminish the set of ivariable uses at which copies

are necessary.






