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tAlias analysis for Fortran is less 
ompli
ated than for programming languages withpointers but many real Fortran programs violate the standard: a formal parameteror a 
ommon variable that is aliased with another formal parameter is modi�ed.Compilers, assuming standard-
onforming programs, 
onsider that an assignmentto one variable will not 
hange the value of any other variable, allowing optimiza-tions involving the aliased variables. Higher performan
e results but anything mayhappen: the program may appear to run normally, or may produ
e in
orre
t an-swers, or may behave unpredi
tably. The results may depend on the 
ompiler andthe optimization level.To guarantee the standard 
onforman
e of programs and to maintain the referen-tial transparen
y in order to make program analyses exa
t and program optimiza-tions safe, pre
ise alias information retrieval at a reasonable 
ost, espe
ially thedetermination of overlaps between arrays are studied in this paper. Stati
 analysesand 
ode instrumentation are used to �nd all violations of the prohibitions againstaliasing in Fortran 
ode. Alias violation tests are inserted only at pla
es where it
annot be proved stati
ally that they are useless in order to redu
e the number ofdynami
 
he
ks at run-time. A spe
i�
 memory lo
ation naming te
hnique is usedto 
ompa
t representation and enhan
e the pre
ision of alias analysis. Modi�
ationson the dependen
e graph 
reated by aliasing are also studied to show the impa
tof aliases on some program optimizing transformations. Experimental results onSPEC95 ben
hmark are presented and some related issues are also dis
ussed.Key words: Alias, dummy aliasing, veri�
ation, optimization1 Introdu
tionAliasing o

urs when two or more variables refer to the same storage lo
ationat the same program point. Alias analysis is 
riti
al for performing most opti-mizations 
orre
tly be
ause all the ways a lo
ation, or the value of a variable,may (or must) be used or de�ned must be taken into a

ount. Compile-timealias information is also important for program analyses, parallelization, ver-i�
ation, debugging and understanding.
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Nguyen and IrigoinThe sour
es of aliases vary from language to language. Intrapro
eduralaliases o

ur due to pointers in languages like LISP, C, C++ or Fortran 90,union 
onstru
t in C or EQUIVALENCE in Fortran. Interpro
edural aliases aregenerally 
reated by parameter passing and by a

ess to global variables, whi
hpropagate intrapro
edural aliases a
ross pro
edures and introdu
e new aliases.Alias analysis 
an be 
lassi�ed by its formal 
hara
terization [16℄: may ormustinformation and 
ow-sensitive or 
ow-insensitive analysis. The may alias in-formation indi
ates what may o

ur on some path through a 
ow graph, whilethe must information indi
ates what must o

ur on all paths through the 
owgraph. Flow-insensitive information is independent of the 
ontrol 
ow en-
ountered in a pro
edure, while 
ow-sensitive aliasing information dependson 
ontrol 
ow. Furthermore, interpro
edural alias analysis 
an be 
lassi�ed
ontext-insensitive or 
ontext-sensitive. The 
ontext-insensitive approa
h 
an-not distinguish between di�erent 
all sites of a pro
edure. The informationabout 
alling states is 
ombined for all 
all sites and the resulting informa-tion about return states is returned at all return points. By 
ontrast, the
ontext-sensitive approa
h 
onsiders interpro
edurally realizable paths [18℄ bymaintaining the relationship between pro
edure 
alls and pro
edure returns.In Fortran, parameters are passed by referen
e in su
h a way that, aslong as the a
tual argument is asso
iated with a named storage lo
ation, the
alled subprogram 
an 
hange the value of the a
tual argument by assigninga value to the 
orresponding formal parameter. So new aliases 
an be 
reatedbetween formal parameters if a same a
tual argument is passed to two or moreformal parameters, or between a formal parameter and a 
ommon variable ifan a
tual argument is allo
ated in a 
ommon whi
h is also visible in the 
alledsubprogram or other subprograms in the 
all 
hain below it. Restri
tions onasso
iation of entities in Fortran 77 (Se
tion 15.9.3.6 [4℄) state that neitheraliased formal parameters nor variables in the 
ommon blo
ks may be
omede�ned during exe
ution of the 
alled subprogram or other subprograms inthe 
all 
hain. If these rules were enfor
ed by 
ompilers, aliases would be
reated only in few ways and be dete
table exa
tly at 
ompile-time. Mostly,they would not impa
t data dependen
e analysis and the optimizations basedon it.However, established programming pra
ti
e often violates the Fortran 77standard. Compilers should follow pra
ti
e at least to some degree so as not topla
e the burden of alias analysis on the programmer. This 
an 
ause programsto produ
e results depending on optimization levels and programmers endup using di�erent optimization levels for ea
h module of an appli
ation. A
ontrived example of su
h aliasing is:PROGRAM ALIAS SUBROUTINE SUB(X,Y)INTEGER I,A(5) INTEGER I,X(5),YDO I = 1, 5 DO I = 1, 5A(I) = 2 X(I) = Y*X(I)ENDDO ENDDOCALL SUB(A,A(1)) END2



Nguyen and IrigoinWRITE(*,*),AENDThe assignment to X(1) in the �rst loop iteration modi�es Y whi
h is loopinvariant and stored in register. With the Sun WorkShop 6 FORTRAN 77 5.1
ompiler, the output is 4 4 4 4 4 instead of 4 8 8 8 8 if the optimization level isgreater than 2 and the modules are 
ompiled separately. Some Fortran 
om-pilers su
h as OpenVMS, DEC Unix, Ultrix and AIX from IBM have an optionto assert the presen
e of aliases between dummy arguments (Fortran termi-nology for formal parameters). If this option is sele
ted, program semanti
srequires frequent re
omputation on dummy arguments and 
ommon variablesthat insures 
orre
t results but optimizations are inhibited. By default, noaliases between dummy arguments and 
ommon variables exist. One 
alledmodule 
an be 
ompiled with the dummy aliasing assumption and the othermodules with the opposite setting to improve performan
e. The no-aliases as-sumption should only be used for sour
e programs that stri
tly obey Fortran77 rules for asso
iations of variables, but how 
an the programmer know forsure if there are aliases between dummy arguments and 
ommon variables ornot? As mentioned in a study 
omparing the diagnosti
 
apabilities of Fortran
ompilers [5℄, no 
ompiler provides this standard violation 
he
k, one of themost 
ommon Fortran pitfalls. Only For
he
k, a 
ommer
ial Fortran veri�erspots violation on aliased s
alar dummy arguments as run-time error.The most diÆ
ult problem in Fortran alias analysis is to 
ompute exa
tlythe overlapping memory lo
ations between arrays. Overlapping for arrays inan EQUIVALENCE statement is known at 
ompile-time be
ause the subs
riptexpressions are integer 
onstant expressions. But in the 
ase of parameterpassing, su
h as in:SUBROUTINE SUB1 SUBROUTINE SUB2(V1,V2,N1,N2)REAL A(100) REAL V1(N1), V2(N2)CALL SUB2(A(I),A(J),M1,M2) ENDENDthe worst-
ase assumption is: the whole arrays V1 and V2 are aliased. But, iftwo intervals [I; I +M1� 1℄ and [J; J +M2� 1℄ 
an be proved disjoint, V1 andV2 are not aliased, and so optimizations 
an be applied in SUB2, if this is theonly 
all to SUB2. Furthermore, V1 and V2 
an overlap, but if all the writtenarray elements in SUB2 are proved not to be in the overlapping se
tion, therestri
tion on asso
iation of entities in Fortran is not violated.Our alias veri�
ation relies on three steps. Firstly, interpro
edural aliasesare 
omputed for whole program. Se
ondly, this information is used to de
idestati
ally if the program violates the standard restri
tions on alias or not.When the information is not known at 
ompile-time, tests are added to 
he
kviolations at exe
ution time. Thirdly, to avoid false alarms, the impa
t of vio-lation is studied. If the new data dependen
e ar
s due to aliases are redundantwith existing paths in the data dependen
e graph, the aliases have no impa
ton optimization. The �rst two steps are implemented in PIPS, Parall�eliseur3



Nguyen and IrigoinInterpro
�edural de Programmes S
ienti�ques [15,14℄, the third step is used for
ase studies for this moment.The paper is organized as follows. Se
tion 2 dis
usses some related work.Se
tion 3 des
ribes the interpro
edural alias propagation and Se
tion 4 theinterpro
edural alias veri�
ation. Se
tion 5 studies empiri
al results on alias
he
king on SPEC95 CFP ben
hmark, as well as the impa
t of these aliaseson dependen
e graphs. Finally, Se
tion 6 presents 
on
lusions and ideas forfuture work.2 Related workA lot of work about alias analysis has been 
arried out during the past 25 years.Alias 
omputation is usually divided into two parts [16℄: alias gatherer andalias propagator. Sin
e the sour
es of aliases vary from language to language,the alias gatherer is a language-spe
i�
 
omponent whi
h is provided by the
ompiler front end. Meanwhile, the alias propagator is a 
ommon 
omponentthat performs a data-
ow analysis using the aliasing relations dis
overed by thealias gatherer to 
ombine the aliasing information at join points in a pro
edureand to propagate it to where it is needed. The various alias analyses o�erdi�erent trade-o�s between the 
omputational 
omplexity and the a

ura
y.Pointer alias analysis algorithms use varying degrees of 
ow-sensitivity,
alling-
ontext and alias representation and are empiri
ally studied in manyresear
hes. However, pointer analysis is not in the s
ope of this paper. Aliasanalyses for programming languages without pointer su
h as Fortran 77 aredis
ussed earlier in the literature [7,6,1,9,10,8℄. These analyses deal withaliases arising from the renaming e�e
ts at 
all sites in languages with 
all-by-referen
e formal parameters and they are formulated as a data-
ow analysisproblem. The stati
 
all graph of a program is built and used to �nd thepotential aliases at every pro
edure entry point. Banning presents in [6℄ analiasing analysis that follows parameter binding 
hains through the programin a depth �rst fashion to 
ompute all possible aliases. Cooper and Kennedy[10℄ improve the alias analysis 
omputation time based on the fundamental in-sight that signi�
ant advantages 
an be a
hieved by separating the treatmentof referen
e formal parameters from the treatment of global variables. Theiralgorithm requires O(N2 +NE) steps, where N and E are the number of nodesand edges of the program's 
all graph, respe
tively. However, these methodstreat arrays as atomi
 obje
ts. This granularity is not �ne enough and im-poses too stri
t alias restri
tion on programs. A more sophisti
ated analysisof arrays might produ
e useful information about the o�sets and patterns ofoverlap in a program. Su
h an analysis is implemented in PTRAN [1,13℄ 
om-piler. When an array is involved in an alias, it determines, when possible, thedi�eren
e in starting address between the aliased variables. These o�sets areused in dependen
e analysis by linearization between aliased arrays. In [13℄, apre
ise interpro
edural array analysis (FIDA) is used to avoid the 
onservative4



Nguyen and Irigoinaliasing assumption and to improve the number of parallelized loops.However, to our knowledge, no work has been done for the veri�
ation ofrestri
tions on alias use, spe
ial for array variables. This veri�
ation is 
rit-i
al for 
ode safety, debugging and maintainability (referential transparen
y)be
ause allowing writing on aliased variables may result in unpredi
table be-haviors and make optimizations impossible. A
tual 
ompilers 
ould dete
t theviolations dynami
ally but run-time 
he
ks are still a overhead and they 
an
at
h only those violations that a
tually happen during a parti
ular run. Theobje
tive of this proje
t is to 
he
k the whole program, to generate a minimumnumber of tests by using pre
ise alias information for both kinds of variables:s
alar and array variables, and then to study the e�e
t of alias violation onother program analyses and transformations, su
h as dependen
e analysis.3 Interpro
edural alias propagationANSI Fortran 77 standard [4℄ de�nes several ways to 
reate aliases and they aremostly dete
table exa
tly during 
ompilation. The EQUIVALENCE statement isused to spe
ify how two or more entities in the same program unit to sharestorages units. The e�e
ts of aliases 
reated by EQUIVALENCE statements arepurely lo
al and stati
ally determinable, as long as the equivalen
ed variablesare not also in 
ommon storage. The COMMON statement asso
iates di�erentvariables in di�erent subprograms to the same storage. Determining the fulle�e
ts of variables in 
ommon storage requires interpro
edural analysis asfor aliases 
reated by parameter passing. When a pro
edure is 
alled, anasso
iation is established between the a
tual arguments and the 
orrespondingformal parameters in the 
alled pro
edure. The formal parameter has thestorage lo
ation of the a
tual argument by this invo
ation.Formal parameters may be
ome aliased in several ways. Two formal pa-rameters are aliased if a same a
tual argument is passed to both of them. Also,if a global variable is used as a
tual argument and a variable aliased to theglobal variable is passed as another a
tual argument, the two 
orrespondingformal parameters are aliased. In addition, formal parameters aliases 
an bepassed through 
all 
hain, 
reating more aliased formal parameters. A globalvariable 
an only be
ome aliased to a formal parameter in a routine in whi
hit is visible and only by its being passed as an a
tual argument to that formalparameter.To 
ompute aliases, we introdu
e a memory lo
ation naming te
hniquethat allows a 
ompa
t representation of address of variables.Ram variable has an address (or a storage lo
ation) in some memory spa
ethat is linked to a 
ommon or to a pro
edure. An address is spe
i�ed by anarea and an o�set. A variable in a 
ommon blo
k is stored in an area whosename is global to the whole program. A lo
al variable is stored in a stati
or dynami
 area of the pro
edure whi
h is the s
ope of the variable. Ea
hvariable is lo
ated in its area by its o�set. The size of a variable in its area is5



Nguyen and Irigointhe amount of memory spa
e expressed in numeri
al storage unit or in 
hara
-ter storage unit, a

ording to Fortran standard. The number of storage unitsof a variable is de�ned by its type (integer, real, logi
al, double pre
ision or
omplex, ...). The size of an array is the number of elements multiplied by thenumber of storage units of its element. An array has Qni=1 di elements wheren is the number of dimensions of the array, di = ui � li + 1 is the size of thei-th dimension in whi
h li and ui are respe
tively the 
orresponding lower andupper bounds.Formal variable does not have its own address. But when it is asso
iatedwith an a
tual argument, it will have the storage lo
ation of the a
tual argu-ment. This a
tual argument in turn may be a formal parameter of the 
urrent
aller and in this 
ase, we have to go up the 
all site 
hain until we rea
han a
tual argument whi
h is a ram variable. So depending on the 
all path,di�erent storage lo
ations are asso
iated with one formal variable.When an array is passed in a CALL statement, the starting address of theformal array is 
omputed using the base address of the a
tual array, and thesubs
ript expression if an array element is passed. The subs
ript value expres-sion of an array element determines the order of that element in the array. AsFortran language allo
ates array in 
olumn-major order, the subs
ript valueof an array referen
e A(s1; s2; � � � ; sn) is 1 +Pni=1 �(si � li)Qi�1j=1 dj�. Note thatQ0j=1 dj = 1.The basi
 idea for 
omputing interpro
edural aliases is to follow all thepossible 
hains of parameter bindings at all 
all sites. The 
all graph is tra-versed in invo
ation order that pro
ess a pro
edure before all its 
allees, andalias information is a

umulated in
rementally from the main program. Inour interpro
edural tool PIPS, ea
h analysis is performed only on
e on ea
hpro
edure and produ
es a summary result that will be used later at 
all sites.For ea
h pro
edure, storage lo
ations of formal parameters of its 
allers havealready been 
omputed. This information is available in the database of PIPSand is used to 
ompute addresses of the formal parameters of the 
urrentpro
edure. Our analysis is a 
ontext-sensitive analysis sin
e it distinguishesamong di�erent 
alls of a pro
edures by storing the 
all path that produ
esthe alias. The alias propagation algorithm works as follows:Algorithm 1 For ea
h pro
edure P and ea
h 
all site C to P:Let ai be the ith a
tual argument in the argument list of C, we 
ompute allpossible addresses of the 
orresponding formal parameter fi whi
h is a 3-tupleof area, o�set and 
all 
hain. Normally, we have:� area(fi) = area(ai)� o�set(fi) = o�set(ai) + subs
ript value(ai(s1; ::; sn))� 
all 
hain(fi) = fCg, if the alias is 
reated by only one 
all, orf
all 
hain(ai);Cg, if the alias is 
reated through 
hain of 
alls.By separating the treatment of formal parameters from the treatment of global6



Nguyen and Irigoinvariables, we have the following 
ases:Case 1 Alias between formal parameter and 
ommon variable:� Alias 
reated by only one 
all: if ai is a 
ommon variable and visible in Por in at least one 
allee (dire
t or indire
t) of P, add a new address for fi.� Alias 
reated through 
hain of 
alls: if ai is a formal variable of the 
urrent
aller and by retrieving already 
omputed information for ai in this 
aller,ai has a 
ommon area that is visible in P or in at least one 
allee (dire
tand indire
t) of P, add a new address for fi.Case 2 Alias between formal parameters:� Alias 
reated by only one 
all: if ai is also passed to other formal parametersor there are other a
tual arguments that are in a EQUIVALENCE statementwith ai, we 
an divide the argument list into groups of same or equivalen
earguments. A new address is added for ea
h 
orresponding formal parame-ter, all parameters in a same group are in the same memory area. Spe
ially,for the same argument 
ase, although ai 
an be a formal parameter of the
urrent 
aller, we 
an use a spe
ial area ALIAS_AREA_i, where i is an unique
ounter for di�erent group of same arguments.� Alias 
reated through 
hain of 
alls:� If ai and aj are formal variables of the 
urrent 
aller and by retrievingalready 
omputed information for ai and aj, they have same area fromtwo in
luded 
all 
hains (to assure the alias happens), add a new addressfor ea
h 
orresponding formal parameter.� If ai is a formal variable of the 
urrent 
aller and by retrieving already
omputed information for ai, it has a same area with other a
tual ar-gument that is a 
ommon variable, add a new address for fi and a newaddress for the 
orresponding formal variable of the 
ommon variable with
all 
hain equals to fCgThen, the o�sets of fi are translated to the frame of P by using the globalvariables information and the bindings between a
tual and formal parameters.If one o�set 
annot be translated, we repla
e it by an unknown expression andthe alias veri�
ation phase will treat this 
ase di�erently, as it is dis
ussed inthe next se
tion 2To illustrate the alias propagation, 
onsider the following 
ode:1 PROGRAM MAIN SUBROUTINE SUB1(V,N) SUBROUTINE SUB2(V1,V2,L)2 COMMON /COM/ W(50) REAL V(N) COMMON /COM/ W(50)3 REAL A(100),B(50) READ *,M REAL V1(L),V2(L)4 CALL SUB2(W,B,50) IF (2*M.LE.N) THEN DO I=1,L5 CALL SUB1(A,100) CALL SUB2(V,V(M+1),M) V1(I) = V2(I)6 END ENDIF ENDDOEND ENDThere are two 
all sites: CALL SUB2(W,B,50) from the main program (line4) and CALL SUB2(V,V(M+1),M) from pro
edure SUB1 (line 5) that 
an 
ause7



Nguyen and Irigoinaliases. The �rst 
all makes the formal parameter V1 aliased to the 
ommonvariable W. The area of V1 is COMMON:COM, a global name to the whole program.Its o�set is W's, whi
h is equal to 0 (the o�set is 
ounted from 0, not 1). The
all 
hain is only the pro
edure 
all to SUB2 in the main program, denotedby {(MAIN:#4)}. In the se
ond 
all site, the array V is asso
iated to twodi�erent formal parameters V1 and V2. The area and o�set of V1 and V2 are
omputed from those of V and the subs
ript values in the pro
edure 
all. Sowe have: area(V1)=area(V2)=ALIAS_AREA_1; offset(V1)=0, offset(V2)=4*L;
all_
hain(V1)=
all_
hain(V2)={(SUB1:#5)}So for ea
h pro
edure, the propagation phase produ
es a 
ompa
t andpre
ise alias information that is used in the next phase to 
he
k the restri
tionon aliased variables.4 Interpro
edural alias veri�
ationWe enfor
e the Fortran standard about the restri
tions on asso
iation of enti-ties (Se
tion 15.9.3.6 [4℄). In Se
tion 17.1.3 [4℄, two variables, array elementsor substrings are asso
iated if their storage sequen
es are asso
iated. The as-so
iation between a
tual and formal argument implies asso
iation of storagesequen
es when the a
tual argument is the name of a variable, array element,array, or substring.In fa
t, there is no mention of the asso
iation of two arrays. Arrays 
anbe treated as units, that is, if two formal array parameters or one formalarray parameter and one global array variable are aliased, assignment on anyelement of any array is forbidden. This granularity is not �ne enough be
ausewe may not write on the really aliased elements, whi
h identify the samedatum. So we need a more exa
t de�nition of the so 
alled writing violationon aliased variables in a subprogram.De�nition 4.1 A 
all 
hain 
auses an alias violation of formal parameter(of 
ommon variable) in a subprogram if following this 
all 
hain, there existstwo di�erent formal parameters (a 
ommon variable and a formal parameter)sharing storage units that are de�ned during exe
ution of the subprogram.One important assumption for alias veri�
ation is related to the absen
eof bound violations in the program. Note that if the storage sequen
es of
on
erning variables are disjoint, they will share no storage unit. Therefore,we have:Lemma 4.2 In a subprogram, if the storage sequen
es of all formal parame-ters (if the storage sequen
es of all formal parameters and those of all 
ommonvariables) allo
ated by the exe
ution of a 
all 
hain are disjoint, there is noalias violation of formal parameter (of 
ommon variable) 
aused by this 
all
hain.The next two lemmas show the 
ondition of alias violation that dependson writing or not on the overlapping se
tion of two aliased variables.8



Nguyen and IrigoinLemma 4.3 In a subprogram, if the de�ned sequen
e of every formal param-eter (every 
ommon variable) is disjoint with the storage sequen
es of all otherformal parameters allo
ated by the exe
ution of a 
all 
hain, there is no aliasviolation of formal parameter (of 
ommon variable) 
aused by this 
all 
hain.Lemma 4.4 In a subprogram, if there exists a formal parameter (a 
ommonvariable) whose de�ned sequen
e is not disjoint with the storage sequen
e ofanother formal parameter allo
ated by the exe
ution of a 
all 
hain, there is analias violation of formal parameter (of 
ommon variable) 
aused by this 
all
hain.The alias veri�
ation on ea
h pro
edure of the program is de�ned by thesethree lemmas. Pro
edures with no formal parameter and pro
edures withformal parameters but no possible alias (
al
ulated by the propagation phase)are ex
luded. To 
ompute the de�ned sequen
e of a variable in a pro
edure, weneed information about write e�e
ts of statements on this variable. In general,the exa
t e�e
t is only known at elementary statements su
h as assignments,be
ause of di�erent 
ontrol paths. However, to redu
e the number of analyzedpairs of aliased variables, we 
an use the summary e�e
t of a pro
edure onits formal and 
ommon variables. This is an over approximation of the exa
te�e
ts and by using this information, if a variable is never de�ned during thepro
edure exe
ution, we do not have to treat it.By a 
all 
hain, two formal parameters or one formal parameter and oneglobal variable maybe aliased if and only if they are in the same area. So forea
h may be aliased pair where at least one of them is present in the summarywrite e�e
ts of the pro
edure, the following tests are performed:Algorithm 2 Che
k for alias violation between two variables:Case 1. If the o�sets of both variables are known, depending on the type ofvariables: s
alar or array, di�erent 
he
k 
ases are performed. As a matter ofspa
e, we only des
ribe the most 
ompli
ated 
ase: both variables are arrayvariables. Let o1 and s1, o2 and s2 be the o�set and size of the array a1 anda2, respe
tively.� If o2 + s2 � o1 or o1 + s1 � o2 is evaluated true, a

ording to Lemma 4.2,there is no alias violation.� Else, without loss of generality, suppose that some elements of a1 are de�nedin the pro
edure. For ea
h statement that has write e�e
t on a1, let r1 be thesubs
ript value that determines the position of the de�ned array element.� If r1 < o2 or r1 � o2 + s2 is evaluated true, a

ording to Lemma 4.3, thereis no alias violation.� Else, a

ording to Lemma 4.4, insert before the 
urrent statement:IF (
ag1 :AND: ::: 
agn :AND: (o2 � r1) :AND: (r1 < o2 + s2)) STOP messagewhere 
agi is the 
ag inserted before the 
all site i in the 
all 
hain tomark if the exe
ution rea
hes the 
urrent statement or not. If one 
lauseo2 � r1 or r1 < o2 + s2 is known to be true at 
ompile-time, it 
an be9



Nguyen and Irigoinremoved from the test 
ondition.Case 2. If at least one o�set is unknown be
ause it 
annot be translatedto the frame of the 
alled pro
edure in the propagation phase, the simplestsolution is to generate dire
tly 
he
ks for these variables. We 
an insert beforeea
h statement that de�nes a variable, for example a1, the following pro
e-dure 
all: CALL ALIAS CHECK(message; a1; r1; a2; s2) where r1 is the subs
riptvalue of the written element of array a1, s2 is the size of the se
ond variablea2. ALIAS CHECK(
har �message; void � p1; int � i1; void � p2; int � i2) is a Cfun
tion that takes the base address of two variables, the referen
ed elementof one variable and the size of the other to 
he
k if there is alias violationon the referen
ed element or not. This 
he
k is expensive be
ause no stati
analysis is performed. We improve the algorithm by trying to 
he
k for aliasviolation in the frame of the dire
t 
aller of the 
urrent pro
edure if possible.The pro
ess is:� Compute the o�set of ea
h variable in the 
aller's frame:� If the variable is a 
ommon variable, its o�set in the 
ommon blo
k doesnot 
hange and is returned if the variable is visible in the 
aller. Otherwise,an unknown expression is returned.� If the variable is a formal parameter, we return the o�set of the 
orre-sponding a
tual argument plus the subs
ript value of this a
tual argu-ment. In fa
t, this is the value before the translation step in the propaga-tion phase. If the o�set of the a
tual argument is unknown be
ause thea
tual argument is a formal parameter of the 
aller and information is lostsomewhere earlier in the 
all 
hain, we return an unknown expression.� If both o�sets 
an be 
omputed in the 
aller's frame, we repeat Case 1, butea
h time the size or the subs
ript value is needed, we have to translateit from the 
urrent pro
edure's frame to the 
aller's frame, by using theglobal variables information and the bindings between a
tual and formalparameters. Tests inserted before ea
h statement de�ning a variable in the
urrent pro
edure are of form:IF (
ag1 :AND: ::: :AND: 
agn) STOP messageand test inserted before the dire
t 
all site is of form:IF ((o2 � r1) :AND: (r1 < o2 + s2)) 
agn = :TRUE:where 
ag1; � � � ;
agn�1 are 
ags set before the n� 1 higher 
all sites in the
all 
hain.� If the translation is not possible, or one o�set is unknown, we have to returnto the dire
t 
he
k version. 2In Se
tion 3 example, no alias violations are 
aused by CALL SUB2(V,V(M+1),M)be
ause there is no interse
tion between [0:4*L-1℄ and [4*L:8*L-1℄. However,there are alias violations when writing on V1(I) that is aliased with an elementin W. The 
ode is instrumented as follows:PROGRAM MAIN SUBROUTINE SUB2(V1,V2,L)COMMON /COM/ W(50) COMMON /COM/ W(50)10



Nguyen and IrigoinREAL A(100),B(50) REAL V1(L),V2(L)COMMON /FLAGS/ FLAG(1) COMMON /FLAGS/ FLAG(1)LOGICAL FLAG(1) LOGICAL FLAG(1)FLAG(1) = .TRUE. DO I=1,LCALL SUB2(W,B,50) IF (I.GE.1.AND.I.LE.50.AND.FLAG(1)) STOPCALL SUB1(A,100) "Alias violation on V1,V2, line 4 of MAIN"END V1(I) = V2(I)ENDDOENDThese alias 
he
ks are expensive be
ause they are left inside loop. It 
anbe optimized by safely applying 
ode hoisting sin
e our instrumented 
odedoes not violate the standard anymore.5 Experimental ResultsWe use the SPEC CFP95 ben
hmark [11℄ that 
ontains 10 appli
ations writtenin Fortran. They are s
ienti�
 ben
hmarks with 
oating point arithmeti
 andmany of them have been derived from publi
ly available appli
ation programs.We are not interested in tom
atv whi
h is a single pro
edure program. Forthe other 9 ben
hmarks, the number of routines in a program varies from 6 to105, the number of pro
edure and fun
tion 
alls is in the range from 5 to 243.Table 1 summarizes relevant information for all ben
hmark in SPEC CFP95.Some array de
larations 
on
i
t with alias analysis. The assumed-sizearray de
laration (Se
tion 5.1.2 [4℄) with an asterisk as the last dimensionand array de
laration with a �nal dimension spe
i�ed as 1 (ugly assumed-sizearray in GNU terminology) prevent the 
ompiler to know the size of the arrayin the 
alled routine. These kinds of de
laration may 
ause spurious arraybound violations, inhibit program analyses su
h as array bound 
he
king, usedbefore set analysis, program debugging, et
. Unlike other 
ompilers that ignorethese assumed-size arrays, we deal with this by applying array resizing [3℄ to�ve ben
hmarks, applu, turb3d, apsi, fpppp and wave5, where assumed-sizede
larations are used. The array resizing phase tries to �nd out automati
allythe proper upper bound for the one and assumed-size array de
larations. Ituses the relationship between a
tual and formal arguments from parameter-passing rules: the size of the formal argument array must not ex
eed the size ofthe a
tual argument array. New array de
larations in the 
alled pro
edure are
omputed with respe
t to the de
larations in the 
alling pro
edures. Codes areinstrumented to pass the array des
riptors 
orresponding to ea
h pro
edure
all. 100% of ugly and assumed-size arrays are resized.The numbers of inserted 
ags, tests, 
he
ks and the 
ompilation times inse
ond for alias veri�
ation are reported in Table 1. Codes with generated
he
ks are then 
ompiled and exe
uted using the standard input data forSPEC95 ben
hmarks. 6 out of 10 ben
hmarks violate alias rules: hydro2d,mgrid, applu, turb3d, apsi and wave5. As tom
atv has only one routine, thereare 
ertainly no aliases for this ben
hmark. swim and su2
or are proved to be11



Nguyen and IrigoinTable 1SPEC95 CFP: number of lines, routines, 
alls; number of inserted 
ags, tests,
he
ks and 
ompilation times; alias violation resultsProg. Lines Rou. Calls Flags Tests Che
ks Time Violat. AR DGtom
atv 190 1 0 0 0 0 0 Noswim 429 6 5 0 0 0 1 Nosu2
or 2332 35 166 0 0 0 14 Nohydro2d 4292 42 98 8 12 0 9 Yes *mgrid 484 12 23 0 0 10 1 Yes *applu 3868 16 27 6 6 0 8 Yes *turb3d 2101 23 111 60 156 13 10 Yes *apsi 7361 96 190 23 194 2945 92 Yes *fpppp 2784 38 27 0 0 250 30 Nowave5 7764 105 243 36 334 495 98 Yes *free of dummy aliased variables by our analysis. fpppp is instrumented with250 
he
ks, generating 2% exe
ution slowdown and has no alias violations forits standard input.Two kinds of alias violations appear in 6 ben
hmarks. The �rst 
ategoryexists in apsi and wave5 : assumed-size arrays are resized with new dimen-sions that are too large with respe
t to a
tual array a

esses. Consider theillustrating example:REAL WORK(1000) SUBROUTINE RUN(X,Y,Z,L)CALL RUN(WORK,WORK(L+1),WORK(2*L+1),L) DIMENSION X(*),Y(*),Z(*)Be
ause Fortran uses the 
olumn-major s
heme of storing arrays, the ad-dress in memory of a given array referen
e is 
al
ulated from the base ad-dress of the array and the subs
ript value (Se
tion 3), whi
h do not involvethe last dimension. The upper bound 
an be left unspe
i�ed, and the 
om-piler does not know the logi
al size of the formal array in the 
alled rou-tine. The physi
al size in the 
alled routine is the size the array has in the
aller. We only have to ensure that referen
es to elements do not go pastthe end of the a
tual array. So with array resizing, we infer new de
lara-tions: DIMENSION X(1000),Y(1000-L),Z(1000-2*L). These de
larations are
orre
t with respe
t to the standard but they may be too large for a
tual arraya

esses in the 
alled routines. The interse
tion between the storage sequen
eof array X, 
omputed from the array size, and the de�ned sequen
e of array Yor Z are not empty. So false alias alarms are raised be
ause the a
tual a

essesof array X are not taken into a

ount. To 
ope with this problem, we 
oulduse another approa
h for array resizing based on array region [3℄. It gives in-formation about the set of array elements a

essed during the 
ode exe
ution.In this 
ase, array de
larations are sharper and redu
e greatly the number ofalias violations. However, it is not always possible to 
ompute the array re-gion, due to non-linear expressions, indire
tion arrays, the la
k of stru
ture ofprograms... A good programming pra
ti
e is to pass disjoint array se
tions to12
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SUBROUTINE FCT(UNEW,UTRA,UOLD)

PARAMETER (MP = 402, NP = 160) 

DIMENSION UNEW(MP,NP), UTRA(MP,NP), UOLD(MP,NP)

DO 100 I = 1, MQ

DO 100 J = 1, NQ

S1            DZ1(I,J) = UOLD(I+1,J) − UOLD(I,J)

S2            AZ1(I,J) = UTRA(I+1,J) − UTRA(I,J)

100  CONTINUE

DO 200 J = 1, NQ

DO 200 I = 1, MQ

200  CONTINUE

DO 400 J = 1, NQ

DO 400 I = 1, MQ

400  CONTINUE

END

UTRA(I,J) = UTRA(I,J) + DZ1(I,J) − DZ1(I−1,J)

UNEW(I,J) = UTRA(I,J) − AZ1(I,J) − AZ1(I−1,J)

S1

S3

S4

S2UNEW = UTRA

UOLD = UTRA

Df

Do

Da

S4

S3

Df

Da

Da

Df

Da
Da

Fig. 1. Dependen
e graph of a 
ode fragment from hydro2dthe 
alled routine, i.e DIMENSION X(L),Y(L),Z(L). This motivates us to usethe alias information to derive proper array de
larations, a problem not onlyin Fortran but also in other programming languages su
h as C and MATLAB[3℄. The se
ond 
ategory of alias violation in
ludes real violations be
ause twos
alar variables or two array elements have exa
tly the same memory lo
ationand one of them is written; but the legal s
hedules are not 
hanged by thesealiases. As explained in [2℄, a transformation preserves the semanti
s of theprogram if the 
ontrol and data dependen
es are respe
ted. Any ordering-based optimization that does not 
hange the dependen
es of a program isguaranteed not to 
hange the results of the program. We take as example apie
e of 
ode from hydro2d where 
alls to subroutine FCT make two formalparameters UNEW and UTRA aliased. As shown in Figure 1, the new datadependen
e ar
s (dashed ar
s) 
reated by the alias between UNEW and UTRAare redundant with existing paths in the dependen
e graph. So we 
an provethat all ordering-based optimizations for FCT are safe. If UOLD and UTRA werealiased, an anti-dependen
e ar
 (dotted ar
) would be added between S1 andS2, 
reating a new s
heduling 
onstraint. So the alias between UOLD and UTRAwould 
ause a real alarm.To sum up, although the standard spe
i�
ation is violated by some pro-grams, we did not �nd any aliasing problem in the SPEC95 CFP ben
hmarks.This is no surprise sin
e these ben
hmarks are well-debugged.6 Con
lusionOur alias analysis is 
ow- and 
ontext- sensitive and gives eÆ
ient and pre
isealias information. This information lets us avoid the worst-
ase assumption13



Nguyen and Irigoinabout aliases and do program analyses more exa
tly. For example, withoutalias information, the used before set analysis 
an give false results be
ausewe risk to initialize some variables by aliasing without knowing that. Ouranalysis 
an be applied to other programming languages with 
all-by-referen
eme
hanism.We developed algorithms to 
he
k for violation of aliasing rules in Fortran,an option whi
h is missing in most 
ompilers. Violations are dete
ted notonly for s
alar but also for array variables. This standard 
he
king is usefulto debug 
ode, to help programmer to 
orre
t errors in order to gain perfor-man
e by applying optimizations safely. On
e alias 
he
ks are generated, theinstrumented 
ode will respe
t the standard about aliasing, other te
hniquessu
h as 
ode hoisting, partial redundan
y elimination, indu
tion variable op-timization 
an be used to optimize the generated 
ode. The 
orre
tness and
ompleteness proofs of our algorithms 
an be found in the te
hni
al report[17℄.Our experimental results show that the SPEC95 CFP programs do notsu�er from e�e
tive aliasing errors. They also show that a

urate alias dete
-tion depends on array resizing and dependen
e graph analysis, and that aliasanalysis 
annot be fully evaluated with standard ben
hmark. Experiments onless debugged 
odes are ne
essary. We applied the analysis to a large s
aleindustrial appli
ation, about 100.000 lines of 
ode, and found several potentialbugs.An important perspe
tive is that the alias information itself 
an be used toresize array, also an array de
laration problem in other programming languagesu
h as C, MATLAB and APL. Another future work is to study automati
allythe e�e
t of aliases on the program dependen
e graph. When aliases 
reatemore dependen
e ar
s, the analysis should be able to tell if these ar
s modifythe existing dependen
e graph, so the aliases have impa
ts on optimizationor not. The PIPS software and do
umentation as well as our alias 
he
kingimplementations are available on http://www.
ri.ensmp.fr/pips.Referen
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