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is required for every pair of disambiguated refe
ences in SpD. Thus, SpD is worse in terms of co
expansion. However, the additional work neede
by MCB to check overlapping addresses for eve
preload and store may potentially affect the cyc
time. SpD incurs no branching overhead for reco
ery action but requires more machine resourc
than MCB since the total number of operation
executed isalways increased no matter whethe
recovery action is required or not.

Compared with RTD, both MCB and SpD pro
vide the compiler with more freedom for schedu
ing. A limitation of RTD (or any pure software
scheme) is that exception-taking instructions th
depend on any aliasing condition are not allowe
to move above the aliasing check. For instance,
Figure 9(c), I4  and henceI5  cannot be lifted
above the check sinceI4  may cause an exception
if r3  equals zero. MCB and SpD do not have th
limitation because they are based on architectu
that can handle speculative exceptions.

4 Future Directions

Is it necessary to support both kinds of memo
disambiguationin practice? Dynamic disambigua-
tion alone is not enough for two reasons. First, th
may introduce too much recovery overhead at ru
time if out-of-order code scheduling is performe
for all potential aliases. Second, besides depe
dence analysis, static disambiguation is also ve
helpful to other analyses done by compilers su
as constant propagation, reaching definition
dead-code elimination, etc. [1]. In fact, all three o
the dynamic disambiguation schemes useraw
static disambiguators to eliminate as many amb
uous references as possible before applyi
dynamic disambiguation. Our first question is
Can a sophisticated static disambiguator suffice 
practice?

Gallagher et al. [16] and Huang et al. [24] hav
compared their dynamic disambiguators with ra
and perfect (not implementable) static disambig
ators. They report that their dynamic disambigu
tors can bridge part of the gap between their sta
disambiguators and the perfect static disambigu
tor. Nevertheless, we observe that the performan
gaps between their dynamic disambiguators a
s

-

-

the perfect static disambiguator are still quite larg
in most of the benchmarks they presented.

The answer to our first question depends o
how closely a sophisticated static disambiguat
can approximate the perfect one. Landi et al. [2
and Emami et al. [13] report that the average num
ber of locations pointed to by a dereferencin
pointer is about 1.2, where 1.0 should be report
by a perfect disambiguator. Their results impl
that these state-of-art static disambiguators m
eliminate the need of dynamic disambiguation 
the remaining ambiguous data dependences af
static disambiguation have little effect on perfor
mance. Wilson and Lam [35] have a similar claim
according to their results on two scientific applica
tions. More research is needed to verify this clai
in non-scientific applications.

Of course, one should get the most by combi
ing a sophisticated static disambiguator with 
dynamic disambiguator. The problem is that 
desirable dynamic disambiguator requires spec
hardware, which is expensive. Nevertheless, th
would not be a problem if this special hardware 
already provided. This could be the case in sy
tems that already support branch speculatio
Thus, our second question is:How can we achieve
better performance improvement by combinin
static and dynamic disambiguation given that it i
sufficiently inexpensive to do so?

We believe that the key to this question is th
precision of information conveyed from the stati
disambiguator to the dynamic disambiguator. I
particular, the effectiveness of a dynamic disam
biguator highly depends on how well it can est
mate thealias probability of the two references in
question. The constant alias probability approac
used by SpD is obviously not satisfactory. Mem
ory profiling [8] is also an expensive process fo
large programs.
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I1: r2=r1*9
I2: store A=r2
I3: r3=load B
I4: r4=r4/r3
I5: store C=r4

I1: r2=r1*9

I3:
I2:

I2’:
I3’:
I4:
I5: store C=r4

r4=r4/r3

r3=load B
store A=r2

store A=r2
r3=load B

if not alias(A,B) then

else

I1: r2=r1*9
I3: r3=load B
I2: store A=r2

if alias(A,B) then
I3’: r3=load B

I4: r4=r4/r3

I5: store C=r4

I1: r2=r1*9

I3: r3=preload B

I2: store A=r2

I4: r4=r4/r3

I5: store C=r4

check r3, recovery

recovery:

cont: ...

I3’:r3=load B

I4’:r4=r4/r3

I5’:store C=r4

Jump cont

I1: r2=r1*9
I2: store A=r2

I3’: r3.F=load B
I4’: r4.F=r4/r3.F
I5’: store C=r4.F

alias(A,B)

true false

I3: r3.T=load B
I4: r4.T=r4/r3.T
I5: store C=r4.T

(a) no dynamic disambiguation

(c) Aggressive RTD

(b) Conservative RTD

(d) MCB

(e) SpD

FIGURE 9. Dynamic memory disambiguation schemes
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disambiguation enables the compiler to optimis
cally treat “May” and “Unknown” as “No”. The
validity of such assumptions is checked at ru
time. If an assumption is found to be wrong, th
corresponding recovery action will be invoked 
preserve the correct semantics.

A number of hardware- and software-bas
schemes for dynamic memory disambiguatio
have been proposed. Out-of-order execution arc
tectures [22, 26] reschedule memory operatio
based on the known memory addresses at r
time. However, the potential gain by this har
ware-only scheme is small due to the limited si
of the hardware instruction window.

3.1 A Software Scheme

Nicolau implements a pure software disambigu
tor called RTD [32] in the Bulldog VLIW com-
piler [14]. RTD inserts conditional branches t
compare ambiguous memory addresses at r
time. Programs with RTD are scheduled in th
same way as those without RTD by the tra
scheduler. RTD can be conservative or aggress
Conservative RTD has the restriction that ambig
ous memory operations cannot be executed ou
order before the address comparison. Aggressi
RTD relieves this restriction by providing recov
ery code that will be invoked if the out-of-orde
execution violates the semantics. For examp
consider the pseudo-assembly program shown
Figure 9(a). The compiler cannot determin
whetherA andB are aliases, and thereforeI2  must
be executed beforeI3  if there is no dynamic dis-
ambiguation. Conservative RTD allowsI3  to be
executed beforeI2  once it checks thatA andB are
not aliases (Figure 9(b)). Aggressive RTD allow
out-of-order execution ofI2  and I3  before the
aliasing check (Figure 9(c)), whereI3’  is the
recovery code.6

3.2 Hardware-assisted Schemes

Two of the most recent schemes for dynamic d
ambiguation involve hardware assistance. G

6. If A andB are exactly at the same location an
of the same size,I3’  can be replaced byr3=r2 .
-

-

.

f

lagher et al. [16] use a special hardware structu
called amemory conflict buffer (MCB), which is
essentially a small set-associative cache f
recording any incorrect memory operation
detected at run-time. In particular, they focus on
on store/load pairs. For example, in Figure 9(d
the load in I3  is replaced by a newpreload
instruction that will enter the address and width o
B into an MCB entry associated withr3 . When
the store inI2  is executed, the hardware will
detect whetherA is an alias of a location entered in
any valid MCB entry. If it is, theconflict bit of the
corresponding register (r3  in our example) is set.
The new instruction “check ” examines the con-
flict bit of r3 . If it is set, the recovery code will be
invoked.

SpD [24] is another hardware-assisted schem
that is based on guarded execution. SpD execu
the recovery code before it is proven necessa
Operations that can cause side-effects are guard
by the corresponding aliasing check. In Figur
9(e), the instruction sequence fromI1  to I5  is for
the case wherealias(A,B)  is true, while the
instruction sequence fromI3’  to I5’  is for the
false case. Both streams are executed simul
neously (i.e., it is possible thatI3’  is executed
before I2 ). Shadow registers (i.e.,r3.T , r3.F ,
r4.T , r4.F ) are used to hold uncommitted val-
ues. Since SpD does not support shadow memo
the two stores inI5  and I5’  are guarded.

3.3 A Comparison

The two hardware-assisted schemes differ in th
following ways. SpD is a software extension to
guarded execution while MCB represents add
tional hardware needed by speculative executio
[33]. Therefore, MCB is more expensive in term
of hardware. It is difficult to compare their relative
performance since their experiments were done 
two different sets of benchmarks.7 Each scheme
has advantages and disadvantages. MCB asso
ates one piece of recovery code for every pr
loaded register no matter how many stores th
preload has bypassed. In contrast, a copy of co

7. The only common program in their experiments
is “espresso” which has only little speedup in both
schemes.



TABLE 1. A comparison of four recent pointer-analysis algorithms

a. A detailed comparison between Landi et al.’s algorithm and Emami et al.’s algorithm can
be found in Emami’s thesis [15].

Landi et al.a Choi et al. Emami et al. Wilson and Lam

Alias repre-
sentation

complete alias
relations

compact alias
relations

points-to relations points-to relations

Context-
sensitivity

recover context
by assumed
alias sets; par-
tially context-
sensitive

recover context by
last call sites; par-
tially context sen-
sitive

propagate information in
invocation graphs; fully
context sensitive

the same as Emami
et al.’s algorithm

Depth of
indirection

k-limiting context-sensitive
k-limiting

name all heap objects by a
common name heap.
Pointer dereferences
between heap objects are
decoupled

context-sensitivek-
limiting; fields are
accessed in terms of
their offsets in struc-
tures

Target lan-
guage

no type casting,
no union struc-
tures, no proce-
dure pointers

the same as Landi
et al.’s algorithm

can handle procedure
pointers and common type
casting; no union in the
implementation reported
in Emami’s thesis [15]

can handle all fea-
tures in C
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ments of dynamic data structures, while oth
approaches aim to distinguish separate data st
tures from one another. By knowing the aliasi
relationships between individual elements of
dynamic data structure at each program point, 
compiler can perform some valid transformatio
(mainly for parallelization) at appropriate places
the program. To be able to perform an accur
analysis, it requires the programmer to give hi
to the compiler throughannotated data declara
tions wherever the compiler cannot discover t
underlying properties of the data structures au
matically. Recently, Ghiya has extended the pa
matrix based approach to analyze both the dep
dences between disjointed data structures 
those between individual elements of each d
structure [17].

2.4 Summary

We have seen a number of recent algorithms
analyzing pointer-induced aliasing. Beside th
differences in the three dimensions of approxim
tion, they also vary in the target language (all co
sider C-like languages) that they can handle. 
-

-

summarize the important differences betwee
them in TABLE 1.

3 Dynamic Disambiguation

A static memory disambiguator can have fou5

possible answers to an aliasing problem:

• No: never alias.

• Must: alias in every instance.

• May: alias in at least one instance.

• Unknown: cannot determine statically.

Without any run-time support, the compile
must treat “Unknown” as “May” to preserve cor
rectness. However, this may be too conservat
since aliasing may rarely occur or even nev
occur in the “Unknown” case. Dynamic memor

5. Some disambiguators return “Yes” for bot
“Must” and “May” and so they only give three
answers.



main()
{

int **a, **b, **c;
...
h(a, a, f);
h(b, b, f);
h(a, a, g);
...

}
f()
{
... /* no pointer assignment */
}

g()
{
... /* no pointer assignment */
}
h(int **x, int**y, int (*e)())
{

*x = *c;
*c = *y;
(*e)();

}

FIGURE 7. An example showing the differences between two fully context-sensitive algorithms.

int *i, *j;
main()
{

i = f(); /* call-site c1 */
j = f(); /* call-site c2 */

}

f()
{

return((int*)malloc(sizeof(int));
/* the name of this object is O */
}

FIGURE 8. A context-sensitivek-limited approach
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the same PTF. A new PTF is required for the th
invocation ofh because a new value is passed
the procedure pointer parametere.

2.3 Depth of Indirection

Naming anonymous objects is a common probl
for all aliasing analysis algorithms that consid
heap objects. The number of names of he
objects is potentially infinite. A well-known finite
approximating scheme is called thek-limited
approach [25] in which any pointer dereferen
can have at mostk levels of indirection wherek is
a predefined constant. Pointer dereferences w
the same firstk levels of indirection are indistin
guishable. This scheme is used in Landi et a
algorithm [27].

Choi et al. enhance thek-limiting approach by
associating a heap object with the place in the p
gram where it is created. Consider the program
Figure 8. In the originalk-limited approach, the
two objects created at call sitesc1 andc2 have the
same name, sayO, and so a spurious alia
(*i,*j)  is generated. In their context-sensiti
k-limited approach, the first object created has 
namec1O and the second object created has 
namec2O. Hence, under this naming scheme, tw
s

h

-

objects are indistinguishable only if they are cr
ated at the same place with the same context a
have the same firstk levels of indirection.

Wilson and Lam use Choi et al.’s scheme fo
naming heap objects. However, they do not u
field names to access fields within structure
Instead, they access a field in a structure by spe
fying its offset from the beginning of the structure
This solves the aliasing problems caused by ty
casting and union types.

Emami et al. advocate that the analysis of sta
objects and heap objects should be treated as 
different problems. They name all dynamicall
created objects asheap to obtain a safe but impre-
cise approximation of all points-to relations from
stack objects to heap objects and vice versa. Th
preliminary results show that this approximation 
not a problem. More research is needed to exa
ine the accuracy of this approximation.

Hendren et al. have proposed an approach t
is based on thepath-matrix model [21] for analyz-
ing pointer dereferences between heap objects [
20, 21]. A principal difference between thei
approach and those we mentioned above is tha
focuses on the aliasing between individual el



int **a, **b, *c, *d, e;
F()
{

a=&d;
c=&e;
H();

/* P1 */
...

}

G()
{

a=b;
H();

/* P2 */
...
}

H()
{

*a=c;
/* P3 */
}

FIGURE 5. Imprecision in recovering context by assumed alias relations.

int **a, *b, c;
w()
{

a=&b;
f(); /* call-site 1 */

}
v()
{

b=&c;
f(); /* call-site 2 */

}

f()
{

g(); /* call-site 3 */
}
g()
{
/* P1 */
}

FIGURE 6. Imprecision in recovering context by the last call site.
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(*a,b)  and(*b,c)  cannot be true in the sam
context.

2.2.2 Efficiency of Fully Context-sensi-
tive Algorithms

Fully context-sensitive algorithms are desirab
for their preciseness but may need to analyze
exponential number of cases in theory. Emam
al.’s algorithm will reanalyze a procedure wh
the input set of points-to relations is different fro
those that are analyzed before. That is, it will re
alyze a procedure for each of its calling context4.

To achieve full context-sensitivity yet mainta
efficiency, Wilson and Lam propose apartial
transfer function (PTF) scheme for computing th
effects of a procedure on the points-to relatio
The idea is that for each procedure, the input v
ues (i.e., sets of points-to relations) are partition
into a number of disjoint domains. Each domain
given a PTF to compute the procedure’s effects
PTF is applicable to an input value if it falls in th
PTF’s domain. A PTF should be easy to comp

4. Emami mentioned in her thesis that not all co
texts needed to be reanalyzed, but some could 
memorized for later reuse [15].
yet cover a wide range of input values. To achie
this goal, domains are partitioned according to t
initial set of points-to relations and the values 
procedure pointers. The intuition behind this par
tioning scheme is that some input values prop
gated from different contexts are likely to have th
same alias relationships between parameters 
hence can share a common PTF. All the inputs i
PTF’s domain must possess the same values 
procedure pointer parameters because these de
mine the procedures that will be invoked in th
procedure under analysis.

To show the differences between the two alg
rithms, consider the program in Figure 7. Emam
et al.’s algorithm will analyze procedureh three
times since the input sets of points-to relations a
different in the three invocations ofh. Wilson and
Lam’s algorithm will only analyzeh twice. The
input values to the first two invocations fall into
the same domain: {<x,1_x>,<y,1_x>,
<e,f> } because parametersx  andy  point to the
same object1_x  in both invocations. The actua
value of1_x  is not important in this example as i
is not dereferenced inh. Thus, at the first invoca-
tion of h, <a,1_x>  is not included in the
domain. For the same reason, <b,1_x>  is also
not included in the domain of the second invoc
tion of h. Therefore, the first two invocations shar



entry

call

return

i=&j;

call

return

exit

entry

call

return

exit

entry

j=&k;

exit

n1:

n2:

n3:

n4:

n5:

n6:

n7:

n8:

n9:

n10:

n11:

n12:

n13:

n14:

main

f

f

f

f

main

f

g

g

f

g

g

main

f

g

call-
site 3

f

g

call-
site 3

call-
site 1

call-
site 2

main

f

g

call-
site 1

call-
site 2

call-
site 3

(b) a PCG

(c) an ICFG (d) an IG

FIGURE 4. Three program representations for context-sensitive interprocedural
pointer analysis

int **i, *j, k;
main()
{

f(); /*call site 1*/
i=&j;
f(); /*call site 2*/

}

f()
{

g(); /*call site 3*/
}
g()
{

j=&k;
}

(a) a C program
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relations and Choi et al.’s algorithm useslast call
sites to improve their precision.

2.2.1 Assumed Alias Relations and Last
Call Sites

Landi et al. associate a set of assumed alias r
tionsAA with every alias relationAR at a program
point P. AR will hold at P if AA holds at the entry
nodeN of the procedure containingP. To avoid
considering an exponential number of assum
alias relations, they restrictAA to be a singleton.
This may cause imprecision when they recover 
calling context by determining the call sites th
can propagateAA to N in the presence of multi-
level pointers. For example, applying their alg
rithm to the program in Figure 5 will generate 
spurious alias(**b,e)  at either program point
-

P1 or P2 (but not both). The problem here is tha
at P3, (**b,e)  is conditional on two alias rela-
tions (*a,*b)  and (*c,e)  which cannot be
true at the same time. However, since only one
them is able to be recorded as the assumed a
relation for (**b,e)  at P3, the spurious alias
will hold at P1 if (*c,e)  is recorded or atP2 if
(*a,*b)  is recorded.

Choi et al. remember the last call site for ea
alias relation as a means of recovering the conte
The problem with this scheme is that it cannot di
tinguish contexts composed of different invoca
tions except the last ones. For example, for t
program in Figure 6, their algorithm will report th
alias relations {(*a,b) ,(**a,*b) ,(*b,c) ,
(**a,c) } at P1, which is incorrect since



main()
{

int **a, *b, c, d;
/* P0*/

a = &b;
/* P1 */

b = &c;
/* P2 */

b = &d;
/* P3 */

}

FIGURE 2. An example that the points-to relations are more precise

main()
{

int **x, *y, z;
...

/* P0 */
if (z)

{
x = &y;

/* P1 */
}

else
{

y = &z;
/* P2 */

}
/* P3 */

...
}

FIGURE 3. An example that the alias relations are more precise

Program
points Alias relations

Points-to rela-
tions

P0 {} {}

P1 {(*x,y), (**x,*y)} {<x,y>}

P2 {(*y,z)} {<y,z>}

P3 {(*x,y), (**x,*y),
(*y,z)}

{<x,y>, <y,z>}

Program
points Alias relations

Points-to rela-
tions

P0 {} {}

P1 {(*a,b)} {<a,b>}

P2 {(*a,b), (**a,*b),
(*b,c), (**a, c)}}

{<a,b>, <b,c>}

P3 {(*a,b), (**a,*b),
(*b,d), (**a,c),
(**a,*d)}

{<a,b>, <b,d>}
rn
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“main” to node “f” represent the two calls off()
in main() . An ICFG is the union of control flow
graphs for each procedure and a set of call, retu
entry, and exit nodes. Call nodes are connected
the entry nodes of procedures they invoke; e
nodes are connected to return nodes correspon
to the calls. In an IG, each node denotes an invo
tion of a procedure within a particular contex
Each procedure invocation chain (i.e., a context
represented by a unique path in the IG, and v
versa. For example, there are two distinct pa
from node “main” to node “g” in the IG in Figure
4(d) becausef()  is invoked twice inmain() .

The algorithms of Emami et al. [13] and Wil
son and Lam [35] arefully context-sensitive since
they propagate aliasing information along edges
the invocation graph so that every context is d
tinguishable. In contrast, the algorithms of Lan
et al. [27, 28] and Choi et al. [5] arepartially con-
,
o

g
-

text-sensitive in the sense that they merge alias
information from different contexts at the entrie
of procedures and need some ways to recover c
texts at the exits of procedures. Consider again 
example in Figure 4. An algorithm using the IG
can easily find out that S = {(*i,j),
(**i,*j),(**i,k) } holds after call site 2 but
not after call site 1 because(*i,j)  is propagated
to f()  andg()  along a unique path (i.e., call site
2 and then call site 3) and the resultS is then prop-
agated backward along the same path. Howev
an algorithm using the ICFG or PCG will no
know which call siteS should be propagated bac
to by looking at the graph only. Propagating 
back to both call sites is imprecise. To avoid th
kind of impreciseness, partially context-sensitiv
algorithms propagate some auxiliary informatio
in addition to the aliasing information. In particu
lar, Landi et al.’s algorithm usesassumed alias
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Refinements in any of the three dimensions c
lead to more precise approximations at t
expense of time and/or space.

2.1 Representation of Aliases

The representation of aliases in an algorithm de
mines the space requirement, and also affects
preciseness of the algorithm. A representation
aliases can beexhaustive or concise. An exhaus-
tive representation stores every alias pair exp
itly. A concise representation only stores som
basic aliases, and can deduce new aliases f
existing ones by means of dereferencing and tr
sitive closure. Therefore, an exhaustive repres
tation requires more space than a concise one,
the latter approach may take more time to dedu
aliases.

2.1.1 Alias Relations and Points-to
Relations

There are two common forms of representation
aliases:alias relations andpoints-to relations. An
alias relation(a,b)  is an unordered pair tha
states thata andb are referring to the same mem
ory location. A points-to relation<p,q>  is an
ordered pair that states that*p  andq are referring
to the same location. Points-to relations are co
cise. Emami et al. [13] and Wilson and Lam [3
use points-to relations in their algorithm. Alia
relations can be exhaustive or concise. Landi
al.’s algorithm [27, 28] remembers all alias rel
tions at each program point and hence is exha
tive. Choi et al. [5] employ a compac
representation of alias relations that is in fa
equivalent to the points-to representation. To e
our presentation, we use “() ” to enclose an alias
relation and “<>” to enclose a points-to relation.

While points-to relations require less spa
than alias relations, neither representation 
always more precise than the other in the prese
of multi-level pointers. Consider the C progra
shown in Figure 2(a). The corresponding ali
relations and points-to relations at the four pr
gram pointsP0, P1, P2 andP3 are listed in Fig-
ure 2(b). In this example, the alias relatio
(**a,c)  induced by(*a,b)  and (*b,c)  at
P2 becomes spurious atP3. In contrast, for the
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example in Figure 3, the points-to relation atP3
can infer a spurious alias between**x  andz  by
computing their transitive closure.

Note that both of the above problems can 
handled by increasing the complexity of the alg
rithm. The problem in Figure 2 can be avoided 
knowing that(*a,b)  is a “must alias” atP3 and
so is(*b,d) , and hence(**a,c)  is impossible.
The problem in Figure 3 can be avoided by kee
ing track of the path on which a points-to relatio
is propagated along, and restricting that transit
closure is only applicable to points-to relation
propagated along the same path. Also note that
points-to relations are more compact than the a
relations in both examples.

2.2 Context-sensitivity

Recent work on pointer-induced aliasing h
emphasizedinterprocedural andcontext-sensitive
analysis. Interprocedural pointer analysis is ess
tial because the set of aliases is subjected
change across procedures due to pointer ass
ment and dynamic memory allocation. Acontext
of a statementS is the chain of procedure invoca
tions starting atmain() 3 and terminating at the
procedure that enclosesS. Context-sensitive inter-
procedural pointer analysis is used to distingui
different invocations of the same procedure.

Various frameworks for context-sensitiv
interprocedural pointer analysis have been us
These includeProcedure Call Graphs (PCG)
(used by Choi et al. [5]),Interprocedural Control
Flow Graphs (ICFG) (used by Landi et al. [27
28]), andInvocation Graphs(IG) (used by Emami
et al. [13] and Wilson and Lam [35]). For exampl
the PCG, ICFG, and IG for the program in Figu
4(a) are shown in Figure 4(b), (c), and (d) respe
tively.

In a PCG, each node denotes a different pro
dure in the program, and every procedure 
denoted by exactly one node. Each edge denot
distinct call site. Thus, the two edges from no

3. main()  is the first procedure to be called i
every C program.



for (i=0; i<N/2; i++)
{

temp = a[i];
a[i] = a[N-1-i];
a[N-1-i] = temp;

}
(a) array implementation

for (p=&a[0],q=p+N-1; p<q; p++,q--)
{

temp = *p;
*p = *q;
*q = temp;

}
(b) pointer implementation

FIGURE 1. Exchange every pair of mirror elements ofa
r

-
e

in
 
e
n

s
o

 

o
a
y
in
)

is

e
h
c
e

s
b

y
.

e

n
3
e

y,
ns
rk

n
-

. A
in
c-
-
,

a

at

of

y
g

-

The techniques for coping with memory
latency can also be quite different in the two ve
sions. To illustrate this point clearly, let us assum
that a cache block isN bytes in size and each ele
ment ofa takes one byte. For the array version, th
compiler could know that all elements needed 
succeeding iterations are bought into the cache
the first iteration due to spatial locality, and henc
nothing needs to be done to improve locality. I
contrast, for the pointer version, since many com
pilers are not good in performing locality analysi
on pointer dereferences, the compiler may d
more than necessary to tolerate latency, such
emitting prefetches for*q (and*p ) in a software
pipelining manner for all iterations [31].

A number of experimental studies have als
confirmed the importance of memory disambigu
tion [16, 24, 32, 34]. Wall [34] classifies memor
disambiguation (referred to as “alias analysis” 
his paper) into four levels of sophistication: (i
none, (ii) by inspection, (iii) by compiler, and (iv)
perfect. He shows that sophisticated memory d
ambiguation (i.e., “by compiler” or “perfect”) can
increase the amount of exploitable ILP by mor
than 100% over no disambiguation for 18 benc
marks including both non-scientific and scientifi
applications. Experimental results of the thre
dynamic schemes [16, 24, 32] that we will discu
later also show significant speedup contributed 
memory disambiguation over a wide range o
applications.

Memory disambiguation can be done staticall
dynamically, or through a combination of both
Static memory disambiguationis performed by the
compiler, whereasdynamic memory disambigua-
tion is accomplished at run-time through som
additional code and/or hardware. Section 2 com
pares four static disambiguation schemes alo
three dimensions of approximation. Section 
examines three dynamic disambiguation schem
-
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with various degrees of hardware support. Finall
Section 4 suggests a number of future directio
inspired by some experimental results of the wo
reported in this paper.

2 Static Disambiguation

The scope of static memory disambiguatio
includes the aliasing induced by pointer assign
ment and the passing of procedure parameters
significant amount of research has been done 
this area [2, 3, 6, 7, 9, 10, 11, 12, 23]. In this se
tion, we compare four recently proposed algo
rithms for general pointer-induced aliasing [5, 13
27, 28, 35].

Static memory disambiguation determines 
static approximation of the actual (dynamic)
aliases at every program point2 P. There are two
standard approximations: themay-aliasapproxi-
mation returns an estimate of the set of aliases th
will hold at some instance ofP; and themust-alias
approximation returns an estimate of the set 
aliases which hold atevery instance ofP.

The four algorithms can be characterized b
their degrees of approximation along the followin
three dimensions [30]:

• representation of aliases

• context-sensitivity

• depth of indirection

2. A program point is a place between two state
ments.
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Abstract

Memory disambiguation is a technique for remo
ing spurious data dependences that severely li
the compiler’s freedom of code-schedulin
Though dependence tests for linear array ref
ences work well in many scientific application
they are incapable of handlingpointer derefer-
ences, which are very common ingeneral-purpose
applications written in C-like languages.

This paper1 is a survey of several recentl
proposed memory disambiguation schemes t
can handle pointer dereferences. They a
classified as eitherstatic or dynamic. Static
disambiguation uses data-flow analysis to comp
an approximation of the set of memory aliases
each program point. Four static disambiguators 
compared. Some evidences show that they m
have already achieved high accuracy in practice

Dynamic disambiguation resolves at run-tim
any ambiguous data dependences that canno
determined during compilation. A pure software
based and two hardware-assisted dynamic disa
biguators are examined. While they can brid
part of the gap between a raw static disambigua
and a perfect one, there is still room for improv
ment.

Based on our studies, we propose a numbe
future directions to develop memory disambigu
tors of better performance/cost.

1. The IBM contact for this paper is Graham War
ren, manager, TOBEY Compiler Development,
Compiler Back-End Technology, IBM Canada
Laboratory.
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1 Introduction

Determining whether two memory reference
access the same location (often known as themem-
ory aliasing problem) is a critical step in both
exploiting parallelism and improving data locality
Two instructions can be executed in parallel if the
access different locations. On the other hand, tw
memory operations enjoy locality if they acces
the same or overlapped locations. In scientifi
applications, many references are made throu
arrays with linear subscript expressions. Althoug
the aliasing problem over linear subscript expre
sions is NP-complete in theory, it is manageable
practice by a number of dependence tests [18, 2

Nevertheless, the aliasing problem is worse 
non-scientific applications where many referenc
are made throughpointers. This problem has been
intensified as languages that support pointers (e
C, C++) have become popular. Consider the two
program fragments in Figure 1, one using arr
subscripts (Figure 1(a)) and one using pointe
(Figure 1(b)), to exchange every pair of mirror ele
ments of the arraya.

While the pointer version might produce mor
efficient address computation code, the array v
sion is more appropriate for parallelizing compi
ers to generate parallel- and memory-efficie
code. A parallelizing compiler would be able t
detect that for the array version,a[i]  anda[N-
1-i]  of different iterations will never refer to the
same location and hence the loop can be paral
ized (the data dependence ontemp  can be easily
removed by scalar expansion [4]). Howeve
detecting this possibility of parallelization in the
pointer version is still not possible in most existin
compilers.
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