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Abstract

Avoiding unnecessary remappings at run-time by
means of a strategic placement of distribution as-
signments (DAP) is a major means for improving
the run-time efficiency of data-parallel programs on
distributed-memory architectures. Recently, we pre-
sented a novel and aggressive intraprocedural algo-
rithm achieving this by eliminating partially redundant
and partially dead distribution assignments. Here, we
show how to enhance this approach interprocedurally.
Surprisingly at first sight, it turns out that a straight-
forward adaption of the intraprocedural approach fails
because central properties being valid for the intrapro-
cedural case do not carry over to the interprocedural
one revealing severe anomalies. After discussing the
essential differences and analogies of DAP in the in-
traprocedural and interprocedural case, we show how
to overcome these anomalies in order to arrive at
a powerful and flexible approach for interprocedural
DAP (IDAP). As in the intraprocedural case we get
a hierarchy of IDAP-algorithms of varying power and
efficiency supporting user-customized solutions. First
practical experiences underline its importance and ef-
fectivity.

Keywords: Data-parallel languages, High Per-
formance Fortran (HPF), (dynamic) data redistribu-
tion, (interprocedural) data-flow analysis, optimiza-
tion, (interprocedural) partially dead/redundant as-
signment elimination.

1 Motivation

Data-parallel languages like High-Performance For-
tran (HPF) [4], Fortran D [5], and Vienna Fortran [18]
allow to adapt the mapping of arrays to varying com-
putational kernels or varying processor workloads at
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subprogram boundaries and with redistribute/realign
directives. In order to model the different sources for
data remappings uniformly, we introduce distribution
assignments which establish an association between an
array and a distribution. They are generated by the
compiler whenever a remapping of an array takes place
[14]. Distribution assignments can be very expensive
because usually big amounts of data have to be moved.
Avoiding them where possible is of crucial importance
for achieving high performance on distributed memory
architectures.

In [10] we recently presented a novel and aggressive
approach for intraprocedural distribution assignment
placement (DAP) which reduces the number of remap-
pings by repeatedly applying partially dead code elim-
ination (PDCE) and partially redundant assignment
elimination (PRAE). This is necessary in order to fully
exploit the second-order effects (cf. [17]) of PDCE and
PRAE. However, performing DAP for every procedure
separately can prevent beneficial optimizations, a fact,
which was also pointed out in [7] showing that inter-
procedural compilation is needed for generating highly
efficient code.

This is illustrated in Figure 2. It demonstrates the
power of our IDAP-approach, which results from prop-
erly combining interprocedural PDCE and PRAE (for
short: IPDCE and IPRAE) by means of a typical exam-
ple showing the benefits of moving distribution assign-
ments across subprogram boundaries. The dummy
array of subroutine F'2 is prescriptively mapped in a
column-wise manner onto the processors. According
to our basic code generation strategy, the caller es-
tablishes the mappings requested by the callee [14],
i.e., two distribution assignments are inserted in F'1
just before and just after the call of F2 in order to
establish the column-wise mapping and to restore the
original one. The point of this example is that the
second remapping is partially dead because it is only



used along program continuations satisfying the condi-
tion of the branch statement in the main procedure P.
Interprocedural PDCE succeeds in moving this remap-
ping from F'1 to the main program and, subsequently,
out of the loop to its only use site inside the branch
statement. As a side-effect, the elimination of this par-
tially dead distribution assignment turned the other
one to be partially redundant within the loop. Thus,
as a second-order effect, interprocedural PRAE hoists
this remapping from F'1 to the caller and places it
just before the loop. Together, this reduces the num-
ber of distribution assignments executed at run-time
dramatically. The optimized program is free of any
partially dead and partially redundant distribution as-
signment. Moreover, this example illustrates another
important feature: the mapping which has to be re-
stored after a subroutine call is usually run-time de-
pendent as it can be called in different contexts. As
PDCE places assignments in more specific contexts, it
eases as a side-effect the problem of determining the
restoring mapping at compile-time, which is demon-
strated in Figure 2 where restore has been replaced
by (block, ) after assignment sinking.
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Figure 1: Measured run-times for the program of Fig.
2 on a Meiko CS-2 with 16 processors.

In addition to illustrating the power of our IDAP-
approach, Figure 2 also reveals the conceptual analogy
of interprocedural DAP to its intraprocedural coun-
terpart (cf. [10]). This suggests that the concepts
underlying intraprocedural DAP carry over straight-
forward to the interprocedural setting. However, as
we are going to demonstrate, there are essential dif-
ferences between the intraprocedural and interproce-
dural setting. As a consequence, successful IDAP re-

quires more than just enhancing intraprocedural plac-
ing techniques. Most important, the optimality re-
sults applying to intraprocedural PDCE and PRAE (cf.
[11, 12]) are impossible in general in the interprocedu-
ral setting. Moreover, the strategy of moving assign-
ments “as-far-as-possible”, which leads to optimal re-
sults in the intraprocedural setting, can exhibit severe
anomalies in the interprocedural setting. However, we
will show how to overcome these anomalies. As in
the intraprocedural setting we arrive at a hierarchy of
IDAP-algorithms of varying power and efficiency fit-
ting a user’s individual needs.

Practical experiences. In order to demonstrate the
effectivity of IDAP, we measured both the original and
the optimized version of the code shown in Figure 2.
Subroutine F'2 sweeps over the columns and calculates
a new value for A(7, j) by looking at the neighboring
elements A(i—1, j) and A(i+1, 7). Choosing a column-
wise mapping, no communication and synchronization
is required within the sweeps. It is assumed that in
the main program array A is distributed by (block, ).
For both versions we measured the execution time of
the do-loop of the main program with subroutine F'1
containing only function call F2. For the optimized
version, we added also the time required to restore the
mapping of array A, i.e., we measured in our test the
worst case behavior assuming that the then-branch is
always executed. The results are shown in Figure 1.
We ran our tests on 16 processors of a Meiko CS-2
distributed memory architecture with the MPI mes-
sage passing library. The performance measurements
of Figure 1 demonstrate the importance of this kind of
optimization for varying problem sizes and iterations.
The dramatic improvement achieved is not surprising
in the light of average remapping times (cf. [16]).

Related work. Remapping analysis has been ad-
dressed by several researchers. Hall et al. [7] stressed
the importance of interprocedural compilation and
presented techniques for hoisting remappings out of
loops and eliminating dead remappings. Contrary to
our approach, the more general problem of eliminat-
ing partially dead and partially redundant remappings
is not considered. Coelho et al. [3] describe an opti-
mization which reduces the communication amount
by removing useless remappings and taking advan-
tage of replications to shorten individual remappings.
The elimination of useless remappings is based on a
remapping graph which is presented at an intrapro-
cedural level. Optimal in their sense means that for
a given remapping, a minimal number of messages is
sent over the network. However, they do not use code
motion in order to reduce the overall number of exe-



(a) Basic distribution assignment generation.

! internal subprogram
subroutine F1

- no remap, no A
dist(A) :=(*, block)
call F2(4A,N)

! main program
program P
real A(N,N)

! assumed: A = (block, x)
do iter=1,MAXITER dist(h) :=restore

call F1 - no remap, no A
end do end

if (cond) then
end if
end

! 4nternal subprogram
subroutine F2(X,N)
real X(N,N)
'HPF$ distribute X(*,block)
do j=1,N
do i=2,H-1
X(i,j)=X(i,j)/2.0 + (X(i-1,j)+
+ X(i+1,3j))/4.0
end do
end do
end

(b) Result of interprocedural DAP based on interprocedural PDCE and PRAE.

! internal subprogram
subroutine F1

- no remap, no A
call F2(4A,N)

- no remap, no A

! main program
program P
real A(N,N)

! assumed: A = (block, x)

dist(A) :=(*,block) end
do iter=1,MAXITER

call F1
end do

if (cond) then
dist(A) :=(block, *)

end if

end

! 4nternal subprogram
subroutine F2(X,N)
real X(N,N)
'HPF$ distribute X(*,block)
do j=1,N
do i=2,H-1
X(i,j)=X(i,j)/2.0 + (X(i-1,j)+
+ X(i+1,3j))/4.0
end do
end do
end

Figure 2: Illustrating the power of interprocedural distribution assignment placement.

cuted data remappings, which is the central topic of
this article. Palermo et al. [15] present several remap-
ping analyses and transformations including reaching
distribution analysis and making implicit remappings
at subprogram boundaries explicit. Motion of data
remappings, however, is not considered.

Several researchers applied techniques based on
partially redundant expression elimination (PREE) for
communication optimization. Gupta et al. [6], e.g.,
applied PREE-techniques to available section descrip-
tors in order to perform a variety of communica-
tion optimizations. Agrawal et al. [1] focused on
the problem of interprocedural placement of commu-
nication schedules. Kennedy et al. [9] developed a
communication placement framework based on PREE-
techniques which supports constraint-based latency
hiding. None of the above approaches combines code

hoisting (PRAE) with code sinking (PDCE) techniques.

Structure of the article. After presenting our pre-
liminaries in Section 2, we discuss the essential differ-

ences and analogies of intraprocedural and interpro-
cedural DAP in Section 3. Central is then Section 4,
where we introduce a natural and sufficient constraint
C for avoiding anomalies during interprocedural as-
signment motion (Section 4.1), present our hierarchy
of IDAP-algorithms (Section 4.2), and discuss their al-
gorithmic implementations (Section 4.3). Finally, we
draw our conclusions in Section 5.

2 Preliminaries

We consider programs II as systems (my,..., Tx)
of (mutually recursive) procedure (subprogram) defi-
nitions, where each « € Il has a list of formal value
and reference parameters, and a list of local vari-
ables. The procedure m; is assumed to denote the
main procedure of II and therefore cannot be called.
mp up to m, are the procedure (subprogram) declara-
tions of II. For simplicity we assume that different
declaring occurrences of names use different identi-



fiers and that there is no (static) subprogram nest-
ing except that m; encloses w2 up to m;. The vari-
ables of the main program are thus global variables of
the subprograms, and can be accessed by them. Pro-
cedures are represented by means of directed edge-
labeled flow graphs G = (N, E,s,e) with node set
N, edge set F, and a unique start node s and end
node e, which are assumed to have no incoming and
outgoing edges, respectively. Edges e € E represent
(ordinary) assignments, distribution assignments of
the form dist(A) := “HPF-mapping”, subprogram
calls, and output operations of the form out(t) forc-
ing all operands of term ¢ to be alive. Distribu-
tion assignments are generated by the compiler when-
ever a remapping takes place (cf. [14]). They uni-
formly denote distribution changes occurring through-
out the program caused by subprogram calls or by re-
distribute/realign directives. Unlabeled edges are as-
sumed to represent “skip”. Programs Il are then rep-
resented as systems S=4 (G1,...,G) of flow graphs
with disjoint sets of nodes N; and edges F;. Finally,
Eean C E=4 U{E;|i € {1,...,k}} denotes the set
of all edges of S representing a subprogram call.

3 Intra- vs. interprocedural DAP
3.1 Optimality of PDCE and PRAE

As recalled above the effect of DAP relies on the
combined effects of PDCE and PRAE (cf. [10]). Con-
ceptually, also PDCE and PRAE are composed of two
elementary transformations each: admissible assign-
ment sinkings (AS) and dead code eliminations (DCE),
and admissible assignment hoistings (AH) and redun-
dant assignment eliminations (RAE), respectively.

Intraprocedurally, both PDCE and PRAE can be or-
ganized optimally, i.e., for every argument program I1
there exists a program Il,,;, which is “globally best”.
ITop: can effectively be constructed, and it is better
than any other program in the set G of programs deriv-
able from IT by sequences of admissible assignment
sinkings and dead code eliminations, or assignment
hoistings and redundant assignment eliminations, re-
spectively. Note, a program G’ € G is better than
a program G € G if and only if the number of as-
signments executed on each path in G’ is less or equal
to that in G”. Assignments remaining in II,,; after
PDCE or PRAE, respectively, cannot be eliminated fur-
ther without changing the branching structure or the
semantics of the program, or without impairing some
program executions (cf. [11, 12]).

Interprocedurally, a globally best program exists
neither for PDCE nor for PRAE in general. In general,
there are incomparable minima only as it is demon-
strated for PRAE by the program II of Figure 3. Note
that there are only two programs being “significantly”
different and “better” than II, which are displayed in
Figures 4 and 5. Both TI’ and TI” are “better” than
IT, but themselves are incomparable with respect to
this relation. This can easily be checked by means
of the table below summarizing the number of assign-
ments executed in the three programs.

Program paths via o
“left” path | “right” path
I 2 1
11K 1 1
m” 2 1
Program paths via 4
“left” path | “right” path
I 3 2
I 2 2
m” 2 1

3.2 Moving “as-far-as-possible”

Intraprocedurally, the strategy underlying the sink-
ing (hoisting) of assignments is moving them as-far-
as-possible because this maximizes the potential of
dead (redundant) code without affecting the program
semantics or performance (in terms of statements
executed). In essence, for sinkings (hoistings) this
means moving assignments to program points hav-
ing a successor (predecessor), where placing an oc-
currence would affect the program semantics or per-
formance. As recalled above, intraprocedurally this
strategy leads to optimal results.

Interprocedurally, the very same strategy can ex-
hibit severe anomalies. This is demonstrated by the
program of Figure 6. Note that all distribution assign-
ments are totally live. Thus, IPDCE does not have any
effect. Note further that the distribution assignment
in m4 is necessary, i.e., it is not partially redundant.
Considering the occurrences of dist(A) := cyclic(k),
the application of the as-far-as-possible hoisting strat-
egy followed by an elimination of redundant assign-
ments results in the program of Figure 7.} Since 73 is
also called by subprogram sy, dist(A) := cyelic(k) is
blocked in 74 at the second call of 73 because moving
it inside 73 would affect the performance of program

!In Figure 6, the dashed lines indicate the distribution as-
signments which justify the new locations marked by crosses.
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executions calling w3 via m3. On the other hand, the
occurrence of dist(A) := cyclic(k) just after the sec-
ond call of 73 in 74 together with the occurrence in s,
allows us to hoist the distribution assignment through
w3, and to place it in front of the second call of w3
in m4. Precisely the same applies to the first call of
73 in w4 and, finally, dist(A) := eyclic(k) is placed in
m1, where hoisting stops. Unfortunately, this transfor-
mation increased the number of executed distribution
assignments for subprogram 74 (in fact, the number of
distribution assignments can be increased arbitrarily
by adding new subprogram calls of w3 in m4).

We remark that the anomalies above only show up
for “global” assignment patterns, i.e., for patterns,
where the scope of all variables is global. For assign-
ment patterns involving local variables “mixed” sit-
uations as above, where movability of an assignment
across a procedure call is justified in part by assign-
ment occurrences inside the caller and occurrences in-
side the callee cannot occur as they refer to different
variable incarnations. This will be important for the
construction of our IDAP-algorithms (cf. Section 4.1).

3.3 Uniform handling of assignment pat-
terns

In general, both distribution and ordinary assign-
ments must be taken into account in order to exploit
the full power of DAP because ordinary assignments
can block the motion of distribution assignments pre-
venting thus their elimination (cf. [10]). Intraproce-
durally, all assignment patterns (ordinary and distri-
bution assignments) can be handled uniformly, i.e.,
the admissibility of a specific sinking (hoisting) strat-
egy does not depend on the assignment pattern under
consideration.

Interprocedurally, “recursive” assignment patterns,
i.e., assignment patterns, whose left-hand side variable
occurs in their right-hand side term like in u :=u+1,
and “non-recursive” ones behave differently. This is
illustrated in the example of Figure 8. It shows a sit-
uation, which is completely symmetric for the assign-
ment patterns u := u + 1 and dist(A4) = cyelic(i).
Whereas, however, the transformation displayed in
Figure 9 is perfectly fine for the non-recursive pattern
dist(A) := cyelic(i), the same transformation for the
pattern u := u+1 affects the program semantics: both
assignments to ¢ occurring in the program of Figure
9 lead along program executions via w4 following the
left branch of w3 to different values than in the pro-
gram of Figure 8.2

20nly ordinary assignment patterns can be “recursive” — “re-
cursive” distribution patterns are not possible in HPF.

4 Interprocedural distribution assign-
ment placement

In this section we present our interprocedural ap-
proach to DAP. Because of the missing optimality
of IPDCE and IPRAE in general, which also excludes
global optimality of IDAP in general, and because of
the anomalies, which may result from a naive adaption
of the as-far-as-possible motion strategy for global as-
signment patterns, we focus on the development of a
practical and powerful approach for IDAP, which in
the absence of procedures reduces to its intraproce-
dural counterpart, avoids all the anomalies of a naive
extension of the underlying intraprocedural approach,
and simultaneously preserves its major benefits, in
particular, (1) uniformity, i.e., the capability of han-
dling all assignment patterns in the same fashion, and
(2) flexibility allowing user-customized solutions by
easily trading efficiency against power and vice versa.

Intuitively, this is achieved by imposing a natural
constraint C on the movability of global assignment
patterns across procedure calls, which guarantees that
a callee behaves “similar” for all its call sites with re-
spect to the pattern under consideration (cf. Section
4.1). Tt is important that this constraint can be encap-
sulated into the generic algorithm for interprocedural
data-flow analysis (IDFA) of [13] underlying our ap-
proach, and thus, it does not need to be explicitly dealt
with on the application level of the framework when
specifying the interprocedural versions of the hoista-
bility and sinkability analyses. As in the intraproce-
dural case, we arrive at a hierarchy of algorithms for
IDAP of varying power and efficiency fitting a user’s
requirements. Like their intraprocedural counterparts
the algorithms are open for refinements in order to
further enhance their power, e.g., by considering par-
tially faint code elimination instead of partially dead
code elimination, and efficiency, e.g., by decoupling
of (distribution) patterns and masking of distribution
assignments (cf. [10]).

4.1 Avoiding hoisting and sinking anoma-
lies: The motion constraint C

As illustrated in Section 3, moving global assign-
ment patterns across subprogram calls requires special
care in order to (1) avoid anomalies, and (2) to enable
a uniform treatment of all assignment patterns. In our
approach, this is accomplished by imposing a natural
and sufficient constraint C on moving global assign-
ment patterns across subprogram calls. Intuitively, C
guarantees that occurrences of a global pattern are
moved across a subprogram call only, if
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o Uniformity: the start and end node of the callee
satisfy the motion predicate (hoisting or sinking)
under consideration, or if

e Independence: the callee and all subprograms
(indirectly) callable by it are free of statements
blocking the pattern under consideration.

Intuitively, the first part of constraint C imposes a
uniformity condition on all call sites of a callee. Tt
excludes situations like in Figure 6, where from the
point of view of some call site (in Figure 6 the call site
of w3 in m4) an assignment must be moved into the
callee, which, however, is prevented by the existence
of another call site (in Figure 6 the call site of 73 in
m2) because the semantics or performance would be
affected (in Figure 6 the performance of paths calling
w3 via my following the left branch in 73). The uni-
formity constraint on start and end nodes is sufficient
for detecting these situations and excluding the result-
ing anomalies. In the example of Figure 6, it prevents
moving the assignment dist(A) := cyelic(k) across the
subprogram call of w3 in 4.

The second part of constraint C is important in or-
der to avoid that it is unnecessarily restrictive. If the
condition of the second part is satisfied, there is no
interference with other call sites of the callee under
consideration. Hence, movability depends (as for as-
signment patterns involving local variables) only on
the context of the caller itself. This gives rise to con-
sider it an independence condition.

Technically, it is important that constraint C can
be integrated into the generic algorithm of the IDFA-
framework of [13] computing the hoistability and sink-

ability information. Thus, we do not have to bother
about it on the specification level of the analyses. It is
automatically taken care of during the analysis using
the modified generic algorithm.

4.2 A hierarchy of IDAP-algorithms

Having introduced constraint C, we can now present
the high-level specifications of our algorithms for in-
terprocedural DAP, which match the pattern of their
intraprocedural counterparts. As recalled above, DAP
consists conceptually of PDCE and PRAE, which them-
selves rely on repeated applications of AS/DCE and
AH/RAE, respectively; a repetition, which is necessary
in order to capture all second-order effects between
different assignment patterns. This basic algorithmic
pattern can conveniently be expressed by means of
regular-expression like terms (cf. [10]):

PDCE = (AS + DCE)*, PRAE = (AH + RAE)™.

Using this notation our algorithms of Pure IDAP and
Full IDAP, which differ in the assignments patterns
considered, constitute the kernel of our hierarchy of
IDAP-algorithms. They are defined as follows.

Basic IDAP-algorithms: Pure and Full IDAP.

e Pure IDAP. Like its intraprocedural counterpart,
Pure IDAP focuses on distribution assignments
which are of primary interest. This is indicated
below by the subscript D. The algorithm of Pure
IDAP is then given by repeated applications of



IPDCES, and IPRAES to distribution assignment
patterns until the program stabilizes:

IDAP,..,. = (IPDCES IPRAES)Y.

The superscript C reminds here to the motion
constraint imposed on the hoisting and sinking
of global assignment patterns across subprogram

calls (cf. Section 4.1). Hence, IPDCE and IPRAE

expand to:
IPDCE® = (IAS® + IDCE)* and
IPRAE® = (IAH® + IRAE)*.

e Full IDAP. In contrast to Pure IDAP, Full IDAP
takes all assignment patterns into account. As
pointed out in [10], this is necessary for also han-
dling second-order effects introduced by interde-
pendences between distribution assignments and
ordinary assignments. For illustration consider a
distribution specification cyclic(ezp), where ezp
denotes an arbitrary expression using scalar vari-
ables. The motion of distribution assignments
matching this pattern is then blocked by every
assignment modifying an operand of exzp which
can prohibit profitable optimizations. The algo-
rithm of Full IDAP is thus given by:

IDAP;,; = (IPDCE® IPRAE®)*.

In general, IDAP,;; is more powerful than IDAP,,.,
as it resolves second-order effects between all state-
ments patterns, not only between distribution pat-
terns. Its greater transformational power comes at
the price of a greater computational complexity. This
is the starting-point of further refinements of the ba-
sic algorithms, which as in the intraprocedural case
results in a hierarchy of IDAP-algorithms of different
power and efficiency allowing user-customized solu-
tions.

Refinements of the basic IDAP-algorithms.

e Fnhancing power. As in the intraprocedural case
the transformational power of every of our IDAP-
algorithms can be enhanced by replacing for ordi-
nary assignments the procedure for partial dead-
code elimination by the more powerful procedure
for partial faint-code elimination (PFCE) (see [11]
for details).

e Fnhancing efficiency.

(1) Decoupling patterns. The computational
complexity of IPDCE® and IPRAEC, and hence of

IDAP depends above all on the number of itera-
tions required for fully capturing the second-order
effects; avoiding second-order effects by decou-
pling assignment patterns is thus a major means
for enhancing the performance. This can be
accomplished by means of a simple preprocess,
which decouples distribution assignment patterns
where possible. Intuitively, it replaces alignments
by explicit distribution specifications and vari-
ables used in distribution specifications by con-
stants, whenever possible (cf. [10]).

In case the preprocess succeeds in eliminating
even all sources of second-order effects, the follow-
ing one-step sequence can equivalently be used in-
stead of the corresponding basic algorithm above,
where “X” stands for “pure” and “full”, and “Y”

for “D” or “nothing”, respectively:

IDAPL™P = (1aSS. IDCES) (IAHS IRAES)

(2) Limiting iterations. The ratio underlying
Pure IDAP is that distribution assignments are
used in quite a restricted manner in practice only.
Thus, it is likely to get a reasonable amount of
the effect of Full IDAP (much) more efficiently.
This suggests to limit the number of iterations
performed, too. The extreme strategy resulting
from this reasoning is a one-step heuristics con-
sidering only distribution patterns:

IDAP!-51P = (1ASS, IDCEp) (IAHS IRAED)

pure

We remark that the one-step heuristics applying
the elementary transformations only once does not
capture any second-order effect. However, it is ex-
tremely efficient and still reasonably effective in prac-
tice. Note that in the example of Figure 2 even the
one-step heuristics yields the optimal result.

4.3 Implementation: The interprocedural
DFAs and the transformations

In this section we demonstrate how to specify the
interprocedural DFAs and the program transforma-
tions based thereof. They can directly be fed into the
generic algorithm of the TDFA-framework of [13] re-
turning the implementations of the IDFA-algorithms.

Interprocedural DFAs. Intraprocedurally, the
DFA-problems underlying transformations like AH,
RAE, AS, and DCE are usually specified in terms of
an equation system, whose greatest solution yields the



solution of the DFA-problem under consideration. In
order to give a flavor of this specification style, we re-
call the equation systems for DCE and AH requiring
both a backward analysis of the program under consid-
eration. Here, n and m denote program points, and
LocHoist, LocBlock, Used and Mod local predi-
cates of edges indicating whether the assignment pat-
tern under consideration occurs at the edge (n, m), or
is blocked by the statement of this edge meaning that
its left-hand side variable is used or modified, or one
of its right-hand side operands is modified, or if the
variable under consideration is used or modified by the
statement of (n, m):?

dead, = /\

meEsuce(n)

(dead,, V Mod(y,m)))

(~Used(n,m) A

hoistable, = /\

mesuce(n)

(hoistable, A ﬁLocBlock(n,m)))

(LocHoist(, m) V

Intuitively, the greatest solutions of these equation
systems denote the set of all variables and assignment
patterns being dead at n and being hoistable to n,
respectively. It is worth noting that the equation
systems are “concrete” versions of the generic equa-
tion system characterizing the mazimal-fized-point
(MFP) approach in the sense of Kam and Ullman
[8]. They result from instantiating the generic equa-
tion system by a triple consisting of (1) a lattice
L, whose elements represent the data-flow informa-
tion of interest, (2) a local semantic functional [ ] :
E — (£ — L), which specifies the effect of the elemen-
tary statements on the elements of £, and a start
information lg € L, which represents the informa-
tion assumed to be valid on calling the procedure
under consideration. E.g., the specification of the
hoistability analysis is given by (1) the lattice B of
Boolean truth values, (2) the local semantic func-
tional [ ], : £ — (B — B) defined by [ (n, m) ](b)=4
(LocHoist(, m) V (b A —LocBlock, ,)) for all
(n,m) € E, and (3) a start information out of B
reflecting the assumption on the calling context of
the procedure under consideration. Intraprocedurally,
these triples can directly be fed into a generic algo-
rithm computing the greatest fixed-point solution of
the MFP-approach in the sense of Kam and Ullman
accordingly. On the application level of the underlying

3Recall that we are considering edge-labeled flow graphs.

intraprocedural DFA-framework, one does not have to
know any details about this generic algorithm.

In our approach, which is based on the interpro-
cedural DFA-framework of [13], this carries over to
the interprocedural setting. Using this framework,
the specifications of IAH, IRAE, 1AS, and IDCE require
in comparison to the intraprocedural case only a sin-
gle component in addition, the so-called return func-
tional. Intuitively, it is required for properly dealing
with local variables of recursive procedures. In or-
der to give a flavor of the interprocedural specifica-
tions and to illustrate the similarity to their intrapro-
cedural counterparts, we present the specifications of
IDCE and IAH. Like their intraprocedural counter-
parts, they can directly be fed into the generic algo-
rithm of the TDFA-framework of [13], which (for the
hoisting (sinking) analysis is modified in order to re-
spect constraint C), in order to compute the interpro-
cedural counterpart of the MFP-solution.

Interprocedural deadness. The specification of the
IDCE-analysis for some fixed variable z is as follows

(cf. [13]):
1. Lattice: (B, A, <, false, true)

2. Local Semantic Functional [ ], ,,: F— (B—B)
defined by Ve € EVb e B :

|Ie]]dead(b):df _'Usede A (b V MOde)

3. Start Information: false € B

4. Return Functional: Raeqd : Fean— (B —B)
defined by Ve € Ecau V (b1, b2) € B2 :

_ by if PotAcc (callee(e))
Raeaa(€) (b1, b2)= { Used. V b; otherwise

Note that the first three components coincide with
their intraprocedural counterparts. New is the fourth
component, the return functional. Intuitively, it ex-
tracts from the data-flow information being valid
immediately before entering the called subprogram
(available as b1), and the data-flow information be-
ing valid immediately before returning from it (avail-
able as by), the data-flow information which is valid
immediately afterwards. Technically, this is accom-
plished in that the generic computation procedure of
the underlying IDFA-framework works (implicitly) on
a DFA-stack of data-flow informations, which mimics
the run-time stack of a run-time system. However,
on the application level of the framework, one does
not have to bother with these details, which can be
found in [13]. Here, we only remark that the predicate



PotAce indicates wether the location of the variable z
under consideration can be accessed by the callee, an
information, which in case that z is passed as a ref-
erence parameter is computed by a preprocess. Oth-
erwise, it reduces to whether z is a global or local
variable.

Interprocedural hoistability. Next, we present the spec-
ification of the IAH-analysis for some fixed assignment
pattern a. Intuitively, a is interprocedurally hoistable
to a program point n, if on every program path leav-
ing node n the first use or modification of its left-hand
side variable or the first modification of one of its right-
hand side operands is preceded by an occurrence of «a.
Formally, this is captured by:

1. Lattice: (B2, A, <, (false, false), (true, true) )

2. Local Semantic Functional: [ ],,, : E—
(B*— B?) defined by

Ve € BV (b1, bs) € B [],(b1,b2) =07 (b, b))

where

b;:df A-LocHoist. V (by A = A-LocBlock.)

] { by A NoGlbActBlck, if e € E\FE,

by =4t true otherwise

3. Start Information: (false, true) € B?

4. Return Functional: Rpst : Ecan — (B%x
B? — B?%) defined by

Ve € Feau ¥ ((b1,b2), (b3,bs)) € B x B*:

Rst(€)( (b1, b2), (b3, ba) )=4f (bs, bo)

where

e — b3 if PotAcc (callee(e))
54 b1 A by otherwise

be =df by N by

In contrast to the IDCE-specification, the lattice re-
quired here is a product lattice. The first component is
the counterpart of the lattice intraprocedurally used;
the second component is required for the proper treat-
ment of assignment patterns involving global and local
variables. Note that the effect of a subprogram call
to a global variable must be maintained after return-
ing from a call, whereas the effect to a local variable
must be reset to the state before calling the subpro-
gram. The second component of the product lattice
gives us the handle to keep track on modifications of

items involving local and global variables. For the
IDCE-analysis this is not necessary, as variables are
always “local” or “global”, i.e., “mixed” situations as
for assignment patterns composed of global and local
variables are impossible.

Similar to the IDCE-specification, also the IAH-
specification indicates a simple way of how to handle
reference parameters in our approach. This can be ac-
complished by means of a preprocess computing alias-
information for variables. The information computed
can then be exploited in a black-box fashion simply by
modifying the local predicates involved; a fact, which
in the specification above is reflected by prefixing the
names of local predicates by “A-", indicating that in-
formation on “may-aliases” and “must-aliases” of the
items under consideration is taken into account. This
has been described in detail in [13].

The transformations. The transformations in-
duced by the solutions of the IDFA-problems for AH,
RAE, AS, and DCE are essentially as in the intraproce-
dural case. For the elimination transformations (DCE
and RAE), this means to eliminate all occurrences
which have been identified as dead or redundant, re-
spectively. For the motion analyses (AH and AS), this
means to replace all original occurrences of the assign-
ment pattern under consideration by new occurrences
inserted at program points where the motion process
is blocked by some assignment or which have a prede-
cessor (in case of AH) or a successor (in case of AS)
which does not satisfy the motion predicate under con-
sideration. First practical experiences with our IDAP-
approach are very promising as outlined in Section 1,
and emphasize its effectivity and power.

5 Conclusions

DAP and IDAP rely conceptually on the very same
intuitions. However, we demonstrated that a naive
interprocedural extension of the intraprocedural ap-
proach fails by suffering from severe anomalies. We
showed how to overcome these anomalies by impos-
ing a natural and sufficient constraint on moving oc-
currences of global assignment patterns across sub-
program calls. As in the intraprocedural case this
led to a practical and powerful approach for IDAP,
which enjoys the central features of its intraprocedu-
ral counterpart, in particular, its flezibility allowing a
hierarchy of IDAP-algorithms of varying power and ef-
ficiency offering user-customized solutions. Moreover,
all modifications required for overcoming the motion



anomalies could be encapsulated inside the generic al-
gorithm of the interprocedural DFA-framework under-

lying our approach. Thus, one does not have to bother

with them at the application level. First practical ex-

periences underline the power and importance of our

IDAP-approach. An implementation of the complete
approach within the VFCS system [2] is in progress.
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