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ABSTRACT

In this paper we present a unified framework based on the
existing IPA and speculative run-time parallelization tech-
nology analysis in the Polaris compiler. The framework is
able to analyze efficiently all statically un-analyzable cases
in a uniform manner. We use the same technique to ex-
tract run-time assertions from any loop and depending on
the case at hand, generate run-time tests that range from a
low cost scalar comparison to a full, reference by reference
LRPD test. We accomplish this by both extending compile
time IP analysis techniques and by incorporating speculative
run-time techniques when necessary. In essence our solution
is to bridge ’free’ compile time techniques with exhaustive
run-time techniques through a continuum of simple to com-
plex solutions. We have implemented our framework in the
Polaris compiler by introducing an innovative intermediate
representation (RT_LMAD) and associated run-time opera-
tions. It includes intersection, union, last-value assignment,
aggregated inspectors and LRPD tests for both dense and
sparse reference patterns.

1. INTRODUCTION

The analysis of memory reference patterns is one of the
most important phases performed by a compiler in order
to transform the original code into an optimized version.
Memory access analysis is crucial for parallelization and lo-
cality enhancement. In the case of scientific codes, auto-
matic parallelization is obtained by employing various forms
of array data dependence analysis techniques. It is widely
accepted that good parallel code requires the detection and
exploitation of parallelism at all hierarchical levels of the
code (loop structure) with an emphasis on outer, large gran-
ularity loops. This requirement implies that compilers must
be able to perform their data dependence analysis inter-
procedurally. At times this has been performed through
procedure inlining when applications were small. However,
large codes require a scalable (proportional with the size of
the code) interprocedural analysis method which can pro-
duce results in a reasonable time on a moderately powerful
machine. Such techniques have been developed and incor-
porated in research compilers such as Parascope [2], SUIF
[4] and Polaris [5] among others. In [6] we have developed
a framework for interprocedural analysis of memory access
patterns which can perform a global data dependence analy-
sis and thus extract good quality parallelism. In essence, it is
based on an aggregation of individual references into concise
access descriptors called LMADs (linear memory access de-

scriptors). This compacted information can be propagated
and aggregated to a global scope in a fairly scalable manner.

The results of classic compiler analysis are by nature con-
servative for several reasons. Algorithms are not sufficiently
powerful to deal with all cases encountered in practice which
is frequently due to their inability to perform accurate sym-
bolic analysis. Another fundamental reason for conservative
compiler decisions is the static unavailability of crucial in-
formation. Certain values become available only after exe-
cution has started or are compute dependent. This problem
has become more important in the last years due to the
dynamic nature of modern simulations and the ascendancy
of Java. Many optimizations, most notably parallelization,
cannot be performed at compile time because the access pat-
tern is either too complex for current data dependence algo-
rithms or simply statically unavailable. The challenge posed
by the dynamic nature of these modern (and some older)
applications has been addressed in the last years through
run-time techniques. In essence all run-time methods de-
tect sections of code that can be run safely in parallel by
recording and analyzing a (compressed) trace of all relevant
memory accesses during program execution. We have devel-
oped such techniques that can extract at run-time either full
parallelism (DOALL parallelism) [8, 3] or partial parallelism
[7].

There is, however, a fairly clear separation between the
compile time and run-time techniques. Static compiler tech-
nology uses analytical methods to draw conclusions about
entire sections of memory references and iteration spaces.
Run-time techniques use, for the most part, an exhaustive
analysis method of all points referenced and thus can be
very expensive. There is, to this date, very little static par-
tial information that flows from the compiler to the run-time
optimization system. Attempts have been made to integrate
the two approaches [11, 10] but with limited applicability.

In this paper we present an attempt to create such a uni-
fied framework that can seamlessly integrate compile time
and run-time analysis. This system can extract maximum
parallelism with minimum overhead by passing all partial
(but insufficient) static information to the run time system
and thus can eliminate most redundant analysis.

1.1 The Need for Run-time Assisted IPA

In this section we present several examples from real codes
for which classic, static compilation produces only conser-
vative output. In all these cases the compiler could produce
optimized code by using run-time checks to verify whether
the reference pattern of the loops allows parallelization. In



subroutine FOO(A,N,L)
integer A(100)

Program Main
integer A(1:100,1:100)

Do j=1,L READ *,A(:,:),N,L
A(§) = A+ Do i=1,N
Enddo Call FOO(A(1,i),N,L)
Return Enddo
Figure 1:

subroutine F00(C,TMP,N,M,lim)

integer C(*),TMP(*) Program Main

Do i=1,N . integer C(1:N),TMP(1:M)
If (C(I).lt;llm) then READg*,C(:),lim
TgP(i:M) R Do k=1.L
Endif Call FOO(C,TMP,N,M,1im)
. = TMP(1:M) Enddo
Enddo
Return

Figure 2:

each case we sketch the ’ideal’, minimum run-time overhead
check that could be obtained if the compiler could extract
the necessary and sufficient conditions which it cannot verify
at compile time. We further briefly present previous work
in this domain and then summarize the main contributions
of our work presented in this paper.

Let us consider the pseudo-code example in Fig. 1. Be-
cause the value of N is unknown at compile time we cannot
decide if the loop in the subroutine FOO can be executed
as a DOALL or not. Moreover, the character of the outer
loop (in the main program) is also undecidable. However for
subroutine FOO a simple dependence analysis can generate
the appropriate run-time assertion that will check whether
or not the maximum write offset is smaller than the mini-
mum read access. Furthermore, we need to propagate this
assertion to the outer loop through the procedure bound-
ary and hoist it to the beginning of the program, right af-
ter the crucial value N has been read in. In this case the
compiler generated run-time assertion takes the form of a
simple scalar comparison which can decide the character of
the loops.

Fig. 2 shows a more complex situation for both inner and
outer loops. We first need to analyze the loop nest in sub-
routine FOO and then report the findings at the program
level. Because nothing can be said about the values of C(i)
in FOO we cannot conclude whether array TMP is privatiz-
able, i.e., whether all uses of TMP are covered by a write for
every iteration. It all depends on the values of C which are
read in the main program from a file. To disambiguate such
a situation we need to (a) be able to collect the loop level
information and propagate it at the main program level and
(b) generate a minimal run-time assertion that would check
the contents of C and decide if the outer loop is parallel.
More specifically we need to take advantage of the compile
time analysis that concludes under what conditions the ar-
ray TMP is or is not privatizable. As we will show later the
generated run-time assertion consists of a relatively simple
parallel inspector loop of the array C. Because C is loop
invariant the inspector loop can be hoisted from the main
loop which allows us to reuse the decision of the assertion
(the technique is known as ’schedule reuse’[9]).

Fig. 3 complicates the previous problem further by com-
puting the values of C at every iteration, i.e., C is loop
variant. This situation does not allow us generate a simple,

subroutine F00(C,TMP,N,M,1lim)

P Mai
integer C(*),TMP(*) rogram “ain

integer C(1:N),TMP(1:M)

Do i=1,N
> READ * ,1i
If (C(I).1t. lim) then THP() = 0
TMP(1:M) = ... Do k;1 L
Endl{ TMP (1:M) Cle) = THP (k)
T : Call F0OO(C,TMP,N,M,1lim)
Enddo
Enddo
Return

Figure 3:

Program Main
subroutine F00(C,TMP,N)

integer C(*),TMP(*) READ *,C(:),N

Do i=1,N TMP(:) = 0
TMP(C(1)) = ... Do k=1,L
Enddo Call F0OO(C,TMP,N)
Return . = TMP(k)
Enddo

Figure 4:

reusable inspector before the main loop. A solution is to
insert an assertion about the values of C inside the loop.
Deciding when and where to use such an assertion is a key
technique for a compiler.

Fig. 4 shows the case when the addresses are read-in from
a file. Classic static compilation cannot produce any re-
sults. However the compiler could extract the condition
under which the array TMP is either independent or pri-
vatizable at the outer loop level. The result of the run-time
analysis can be reused because C is loop invariant.

The case presented in Fig. 5 is similar to the previous one
except that the subscripts of array TMP are computed inside
the inner most loop instead of being read in. This produces
a dependence cycle between address and data computation
and obliges us to insert a run-time check for every reference
to TMP. We have shown in previous work that speculative
execution is a viable solution.

Finally, Fig. 6 illustrates an example of a loop where pri-
vatization is conditioned by the values taken by a recurrence.
The least expensive run-time assertion would be for the com-
piler to test the first value taken by NA in the inner loop (If
NA=1 then the array CC is privatizable).

1.2 Current State of Art

The generation of run-time assertions for a possibly more
aggressive optimization has been applied at least since the
introduction of vectorizing compilers. A simple check on the
length of the vector was used to make the dynamic decision
whether to use the vectorized or the scalar version of the
code.

In later years various techniques for run-time paralleliza-

P Mai
subroutine F00(C,TMP,N) rogram [Maln

integer C(*),TMP (%)

* H) 2N
Do i=1,N READ *,C(:),N

TMP(C(1)) = ... TMP(i) -0
i Do k=1,L
E gél) = £(TMP(D)) Call FOO(C,TMP,N)
thuzn . = TMP(k)
Enddo

Figure 5:

integer C(1:100),TMP(1:M)

integer C(1:100),TMP(1:M)



subroutine ADM_RFFTF(CC,CH)
integer CC(*), CH(*)
subroutine RAD(CC,CH) NA =1

integer CC(*), CH(*) Do i=1,N
Do i=1,N NA = NA-1
cC () = ... If (NA.EQ.O) then
.... = CH(:) Call RAD(CC,CH)
Enddo else
Return Call RAD(CH,CC)
endif
Enddo

Figure 6:

tion and partial redundancy elimination have been proposed.
Saltz [9] and, later Rauchwerger [8, 7] have proposed either
inspector/executor or speculative methods that can trace
and analyze the references of a loop and decide before and
respectively after execution if the loop is parallel. Polaris has
been the only compiler that has benefited from this technol-
ogy [11].

Interprocedural analysis has been introduced to research
compilers by Hall in her PhD thesis and then also imple-
mented in SUIF [4]. In Polaris [1] IPA has been done by
Paek, Hoeflinger and Padua and reported in [6, 5].

The use of run-time assertions within the IPA context is
a recent development and has been reported by Mary Hall
in [10] and Hoeflinger in [5]. Both of these compilers gener-
ate relatively simple low cost assertions and are capable of
solving problems similar to those shown in Figs. 1. The cov-
erage of the techniques used is mostly restricted to the cases
when a predicate can be extracted outside the analyzed loop
and a low cost run-time test can be generated. In [10] the
technique is based on a predicated data flow analysis with
emphasis given to combining predicates that affect paral-
lelization conditions. The result are low cost run-time as-
sertions with multiversion loops. When predicates are loop
variant, sequential and are scoped only within a lower level
procedure conservative assumptions are made. This has the
advantage of simplifying compile time analysis but does not
significantly reduce run-time overhead (especially given the
profitability of parallelization). In [5] the infrastructure is
based on predicated memory access descriptors (LMAD).
These LMADs have the advantage of representing memory
references in an aggregated form, making static analysis eas-
ier.

In [11] the authors start from the other ’end’, i.e., from
exhaustive run-time parallelization techniques (LRPD test)
and reduce their complexity through predicated reference
aggregation and logical implication. Their emphasis are
cases similar to those shown in Figs. 3— 6 which generally
require speculative execution. Their results are good but do
not extend beyond the procedural level.

In most of the previous work reported so far, the au-
thors have to perform some manual transformation (e.g.,
loop peeling for ADM) before being able to apply their tech-
niques.

1.3 Our Contribution

In this paper we present a unified framework based on the
existing IPA and speculative run-time parallelization tech-
nology analysis in the Polaris compiler. The main contri-
bution of our framework is its ability to analyze efficiently
all statically un-analyzable cases in a uniform manner. We

use the same technique to extract run-time assertions from
any loop and depending on the case at hand, generate run-
time tests that range from a low cost scalar comparison to
a full, reference by reference LRPD test. Moreover we can
order the run-time tests in increasing order of complexity
(overhead) for any loop and thus risk the minimum nec-
essary overhead. We accomplish this by both extending
compile time IP analysis techniques and by incorporating
speculative run-time techniques when necessary. In essence
our solution is to bridge 'free’ compile time techniques with
exhaustive run-time techniques through a continuum of sim-
ple to complex solutions. Our uniform approach allows us
to always obtain maximum performance for the minimum
necessary cost (overhead). We implement our framework in
the Polaris compiler by introducing an innovative intermedi-
ate representation (RT_LMAD), a run-time library that can
operate on it. It includes intersection, union, Last-value as-
signment, aggregated inspectors and aggregated LRPD tests
for both dense and sparse reference patterns. Our analysis
is accurately flow sensitive on any control flow graph.

In the following sections we first give a short overview of
needed background material and then present our frame-
work. After some implementation notes we present some
experimental results under the form of case studies.

2. FRAMEWORKFOR MEMORY ACCESS
ANALYSIS AT RUN-TIME

2.1 Review: Static Analysis Framework

C A declared with m dimensions
D0 I; =0, U {
D0 I =0, Us {

D0 Iy =0, Ug {

A (D), s2(D)y -y sm (D) ...

}
}

Figure 7: General form of a reference to array A in a
d-nested loop. The notation I represents the vector
of loop indices: (I1,I,...,1;).

The memory space of a program is the set of memory
locations which make up all the memory usable by a pro-
gram. When an m-dimensional array is allocated in memory,
it is linearized and usually laid out in either row-major or
column-major order, depending on the language being used.
To map the array space to the memory space of the pro-
gram, the subscripting function must be mapped to a single
integer that is the offset from the beginning of the array for
the access. We define this subscript mapping Fy, for an array
reference with a subscripting functionms, as in Figure 7 by

Fo(81,82, *+ ,8m) = > 8k Ag-
When the language allocates an arr§§7 1in column-major or-
der, A1 = 1 and Ay = Ap—1 - ng—1 for k # 1. If the lan-
guage allocates the array in row-major order, A,, = 1 and
)\k = )\k+1 N LES] fOI‘ k ;ﬁ m.

If the linearized form of the subscript expression s can
be written in a sum-of-products form with respect to the
individual loop indices,

Fa(s(I)) = fo+ filli) + f2(L2) + -+ fm(Im). (1)



then, we can isolate the effect of each loop index on the sub-
scripting offset sequence. In this case, there is no restriction
on the form of the functions fx. They can be subscripted-
subscripts, or any non-affine function. We define the isolated
effect of any loop in a loop nest on a memory reference pat-
tern to be a dimension of the access. A dimension k can
be characterized by its stride, dr, and the number of iter-
ations in the loop, Ur + 1. An additional expression, the
span, is carried with each dimension since it is used in some
operations.

A Linear Memory Access Descriptor (LMAD) is a repre-
sentation of the subscripting offset sequence. It can be built
for any array reference whose subscript erpressions can be
put in the form of Equation 1, so all algorithms in this paper
will assume this condition has been met for all LMADs. It
contains all the information necessary to generate the sub-
scripting offset sequence. Each loop index in the program
is normalized internally for purposes of the representation,
and called the dimension index.

The LMAD contains:

e 3 starting value, called the base offset, represented as
T, and

e for each dimension k:

— a dimension index [}, taking on all integer values
between 0 and Uy,

— a stride expression, d

— a span expression, 0.

The general form for an LMAD is written as

61,02, ,04
AL + 7.

202,704

Memory Classification Analysis

Data dependence analysis can be formulated in terms of
a scheme of classifying memory locations, called Memory
Classification Analysis (MCA) [5], based on the order and
type of the accesses within a section of code. The method
of classifying memory locations is a general one, based on
abstract interpretation[?, ?] of a program, and may be used
for purposes other than dependence analysis.

We can classify a set of memory locations according to
their access type by adding a symbolic representation of
them to the appropriate summary set. A summary set
is a symbolic description of a set of memory locations.

We use LMADs to represent memory accesses within a
summary set. To represent memory accesses for use in MCA,
we use three summary sets: ReadOnly (RO), WriteFirst
(WF), and ReadWrite (RW).

The RO summary set records all the memory locations
that are only read in a section of code. The WF summary set
records all memory locations that are written before being
read in a code section. The RW summary set consists of all
other memory locations referenced in a code section. RW
can include locations for which we are just not sure about
the order.

Classification of Memory References

Each memory location referred to in a code section to be
analyzed must be entered into one of these summary sets,

in a process called classification. A program is assumed to
be a series of nested contexts®.

Classification combines summary sets with an intersection
operation, in a way that maintains proper classification for
each memory location. For more information, see [5].

2.2 Defining The Run-time Framework

The framework for interprocedural analysis of access mem-
ory references described in the previous section can handle
well most statically defined cases. However it has some lim-
itations: If the descriptors are statically undefined as is the
case in Figs. 1-6 the compiler must make conservative deci-
sions, i.e., generate sequential code. Yet another limitation
is its ability to successfully aggregate LMADs as they are
propagated upwards, to the global level. This inability is
due to either incompatible LMADs (that cannot be aggre-
gated due to stride combination) or due to an insufficiently
powerful symbolic analysis that is needed when comparing
LMADs. The result is an ever increasing number of LMADs
that is carried upwards, in the program hierarchy which
makes compilation in reasonable time practically impossi-
ble. In other words, the framework is not always scalable.

To overcome these limitations we extend our static IPA
framework to a more general and more powerful Run-time
Assisted Interprocedural Framework (RTA-IPA) that can
deal uniformly with all the difficulties mentioned above.
More specifically we introduce the run-time extension to the
LMADs, the RT_ LMAD. As we will detail in the next sec-
tion it is an aggregated representation of a reference pattern
which, at run-time has its own allocated data structure. We
define an extended set of operations which can be performed
on these RT_LMADs using a run-time library. We extend
our compile time analysis and decision algorithms to classify
RT_LMADs and generate appropriate code. For example, if
the parallelization decisions can be made using only a few
RT_LMAD intersections which are fully defined before loop
execution then we will generate a very simple inspector code.
If the compile time analysis decides that the RT_LMADs
are dependent on the data computed by the loop then the
operations using the LMADs will be inserted in a loop pre-
pared for speculative execution. We should mention here
that sometimes the LMAD representation ’decays’ into an
equivalent point to point enumeration of the reference space.
Such cases are equivalent to applying the LRPD test, as de-
scribed in [8, 11].

2.3 RT_LMAD: Structure and Operations

The basic data structures are run-time valued descrip-
tors of memory access patterns. They are extensions of
LMADs designed to store information for run-time evalu-
ation: RT_LMAD.

An RT_LMAD is represented as a formal expression hav-
ing as operands lists of LMADs. The operators of these
expressions can be: union (U), difference (\), intersection
(N). They are generated when we perform some operations
with sets at compile-time but the result cannot be com-
puted due to an unknown value. Let us follow the example
in Fig. 1 Here, the LMAD that aggregates the reads from
array A across all iterations is: [1+N:10+N], and the write
LMAD is [1:10]. Their intersection cannot be performed

1f the programming language does not force this through
its structure, then the program will be transformed into that
form through a normalization process.



DO I=1, 10
IF (C(I)) THEN CALL W(TMP, 1, N, 1)
CALL R(TMP, 1, N, 1)

ENDDO

Figure 8: Subroutine W writes array TMP and sub-
routine R reads it.

at compile-time, but we can represent it as an RT_LMAD:
[1+N:10+N] N [1:10].

There is another operator, that allows representation of
the aggregation of access descriptors across all iterations of
a loop. Ezpand has two operands: one of them is an induc-
tion variable together with a range of values, and the other
one is a description as a function of the induction variable.
Let us follow another example. Let us assume we want to
express the set of reads from memory location TMP that are
not covered by writes to the same memory location within
the same iteration. For every iteration we have a descriptor
EzposedRead; = ([1: N —1]+ 1)\ ({CI)}1: N —-1]+1).
Across all iterations:

ExposedRead = Expand((1,1,10,1), ExzposedRead;), or

EzposedRead = Ezpand((1,1,10,1),([1 : N — 1]+ 1)\
{C)}1: N —1] +1)

We follow the same algorithm as the one for obtaining
descriptor sets RO, WF, RW. However, in addition to the
static version of the framework, there are three run-time

evaluateable sets for every symbol: RT_ RO, RT_WF, RT_RW.

They are all represent ed as RT_ LMADs. The only addition
to the algorithm is that whenever a symbolic operation can-
not be performed, instead of approximating we generate an
RT_LMAD and we place it in the corresponding descriptor
(RTRO, RT_WF, or RT_RW).

The decisions taken statically rely on data from static
descriptors RO, WF, RW. If there is enough information
in them, decisions are taken and analysis stops here. If
not, code is generated to take them at run-time, after all
necessary values will have been computed.

When Do We Need RT_LMADs?

We generate an RT_LMAD for any operation that could not
be done statically. Here are a few cases for which we will
definitely need an RT_LMAD.

(a) A simple operation (U,N,\ ) has as an operand some in-
put value. If our symbolic simplifier fails to perform the op-
eration, or the result is prohibitively large, an RT LMAD is
generated, having as operator the operation we failed to per-
form. Assume we need to intersect [1:N] with [10:20], we
have two choices. First, generate a list of LMADs: all pos-
sible outcomes: ¢, [10:N], [10:20]. We prefix them with
predicates to distinguish the case they cover: {N.LT.10}¢,
{N.GE.10.AND.N.LE.20}[10:N], {N.GT.20} [10:20]. Here
there is only an unknown (N) and the dimension of the de-
scriptors was 1. When there are many unknowns, finding the
guarding predicates becomes untractable. Also, it leads to
exponential growth of the representation. With our frame-
work, generate RT_LMAD [1: N]N[10 : 20].

(b) Assume we try to aggregate accesses based on a sub-
script array across an iteration space, e.g., Fig. 4. In this
case, an RT_LMAD will be generated. Its operator will be
Ezxpand. This case cannot be handled by the static frame-
work, and leads to an approximation. The run-time evalu-

ation can be performed in parallel using the LRPD test in
either inspector/executor or speculative mode.

(c) Assume we try to aggregate access based on a recur-
rence across its value set. If the recurrence has a closed
form solution that we can express symbolically, we can gen-
erate LMADs for the aggregation. However, if a closed form
solution is not known, we are forced to represent it as an
RT_LMAD with an Expand operator. The run-time evalua-
tion is usually an inspector, that may be executed in parallel
for some types of recurrences.

Last Value Computation Using RT_LMADs

The problem arises when a loop containing output (write af-
ter write) dependencies is executed in parallel. To guarantee
correctness, after the execution of the loop every memory
location must contain the same value it would have in a se-
quential execution. Since we have assumed the only possible
dependency can be write-after-write, if more than one iter-
ation writes to the same memory location, it is only the last
o ne (in sequential order) that actually must be output. All
other writes to the same memory location can be ignored. In
some cases, even the code that computes them can be dead-
coded. We can formalize the problem a little bit. Given a
loop that writes locations W; in iteration I we determine the
set of memory locations that it writes which will be visible
after the execution of the entire loop (sequentially). We call
them OUT sets, because they are the only ones that need
be output.

With RT_LMADs, we can express the output sets for it-
eration I as OUT; = W; \ AW;, where AW; is the set of
writes corresponding to all iterations after I. Mathemati-
cally, AW; = W11 UW;42U...UW,. With RT_LMADS’s,
AW; = Expand((J,I + 1, N,1), W;). From the formula, we
can see that sets QUT; are distinct.

We can apply this formula at compile-time or run-time,
depending on how hard it is to aggregate sets W;. If we can
do it at compile-time, we can statically dead-code the writes
that will not be output and possibly the code computing the
values written to them.

At run-time we distinguish two cases: When an inspec-
tor is available and speculative execution. If we can generate
an inspector to compute RT_LMADs OUT;, then we can use
this RT_LMAD as a mask for the writes in iteration I. Since
it is computed a priori, it will be available before the exe-
cution of the real code, so whenever we want to write some-
thing in the real code, we can check whether the memory
location where we want to write is in OUT;. The inspector
has two attractive features: we can solve the dependencies
without additional space (no privatization). Also, we could
perform run-time deadcode to avoid computation of values
that do not get output. If there is a cycle between address
and data computation then we have to execute the loop
speculatively in parallel. In this case we have to evaluate
the OUT; on-the-fly and store them in private memory. Af-
ter loop execution we copy out using OUT; as the mask for
iteration I.

2.4 Code Generation

In order to continue analysis at run-time we must de-
fine data structures and algorithms in the output language
(FORTRAN for Polaris) similar to the ones used in the static
framework.

First, we need a run-time representation for lists of LM ADs,



DOI =1, 10
IF (C(I)) THEN
C Initialize 2t to LMAD [1:N]+0
CALL initialize(RT_LMAD1, 1, N, 0)
ENDIF
C Initialize it to LMAD [1:NJ+0
CALL initialize(RT_LMAD2, 1, N, 0)
¢ Compute the difference R\ W)
C Put the result <n RT_LMAD2
CALL difference(RT_LMAD2, RT_LMAD1)
C Aggregate this iteration to the rest.
CALL union(RT_LMAD_ALL, RT_LMAD2)
ENDDO

Figure 9: Inspector to aggregate exposed reads across
all iterations of a loop.

since they are our operands in all RT_ LMADs. We choose
a simple representation as two dimensional integer arrays.
The first dimension enumerates the LMADs in a list and
the second contains the list of pairs (stride, span as inte-
gers) within every LMAD.

Then, we need to generate code to evaluate the RT_LMADs.
First, we need to generate code to initialize the FORTRAN
arrays with the operands. Assignment statements are in-
serted to initialize them with corresponding offsets, strides,
spans. Then we need to generate code for the operations.
U, N, \ are implemented as calls to a run-time library.

Operation Ezpand needs special attention. Since the ex-
pansion by the loop index could not be performed symboli-
cally, there must be a loop variant in the expression of the
descriptor being aggregated across all iterations. We need to
generate an inspector to compute it. In the example in Fig-
ure 8, the expression of Exposed Reads is: EzposedRead =
Expand((1,1,10,1),[1 : N]+ 0\ {C[I]}[1 : N]+ 0). The
evaluation of this descriptor is the inspector in Figure 9.

Fig. 10 shows the pseudocode for the code generation rou-
tine. It takes as input an RT_LMAD and a FORTRAN array
symbol A_LMAD. It generates FORTRAN code for the com-
putation of RT_LMAD, so that the result will be stored in the
array A_LMAD.

Note that when the operator is Ezpand, the first operand
is the iteration expression (such as (I,1,10,1)) and the
second one is the per-iteration RT_LMAD to be aggregated
across this iteration space.

We have omitted from our algorithm description the stop-
ping condition, corresponding to the case when RT_ LMAD
is a leaf node, a list of LMADs. There, we insert code to
initialize the FORTRAN arrays with the list of LMAD:s.
When loop variants are used to initialize FORTRAN arrays
their definitions must be included in the inspector too. In
the worst case (e.g., list traversals) the inspector can be as
comlex as the loop itself. In this case, or, when a proper in-
spector cannot be found (due to cycles between address and
data computation) speculative execution is a better solution.
The algorithm to generate code for speculative execution is
similar to the one for inspectors, with two differences. First,
every call to the run-time library is inserted in the real code,
after the definitions of the values contained in the operands.
The evaluation of Ezpand is done without loop insertion.
The aggregation code (the call to the run-time routine for
U) is inserted at the end of the loop.

Algorithm CodeGen (RT_LMAD, A_LMAD)
IF (Operator(RT_LMAD) in U,N,\) THEN
GenCode (Operand1 (RT_LMAD) , TMP1_A_LMAD)
GenCode (Operand2(RT_LMAD) , TMP2_A_LMAD)
InsCall(Operator (RT_LMAD),
TMP1_A_LMAD, TMP2_A_LMAD, A_LMAD)
ELSE
//Operator is Ezpand.
GenCode (Operand2(RT_LMAD) , TMP1_A_LMAD)
InsCall(U, TMP1_A_LMAD, TMP2_A_LMAD, TMP2_A_LMAD)
InsLoop(Operand1(RT_LMAD), code generated above)
ENDIF

Figure 10: Inspector loop generation with RT_LMADs.
TMP1(2)_.A_.LMAD are arrays to store LMADs,
Operand(1,2) retrieve RT_LMAD’s operands, InsCall in-
serts a call to the corresponding RT routine, InsLoop
inserts a loop with given iteration-expression which en-
closes the generated code.

At this point we also generate code to decide whether the
loop is parallel. If it is, or speculative execution is needed,
then our code will decide when and how much to privatize.
The generated code makes use of a run-time library that can
handle RT_.LMADs and other run-time operations needed
for the Recursive LRPD test [3].

2.5 Dynamic Aggregation and Decisions

This run-time time phase continues the aggregation started
at compile time and then decides which pre-compiled version
of the loop to execute.

The aggregation continues if it was not completed during
static compilation. That is, if there are any RT_LMADs to
compute. This part will evaluate an RT_LMAD to a final
list of LMADs containing actual values (integers). We have
implemented operations on LMADs (U,N,\) as calls to a
run-time library. The code of the run-time library is a subset
of the code used for symbolic operations in the compiler.

The results of RT_LMAD computation (lists of LMADs
with actual values) are passed to the decision routines. They
are implemented as calls to the run-time library and are
semantically equivalent to the ones used to take decisions in
the static framework. The only difference is they can only
work on integer values (no symbolic computation). The code
of the run-time library is again a subset of the code used in
the compiler.

We did not use the same code for the compiler and run-
time library for two reasons. First, the compiler is written
in C++, while the code is FORTRAN. Second, symbolic manipu-
lation is more general but less efficient, inducing undesirable
overhead.

If the parallelization test fails, the initial version of the
loop is run sequentially. In case of success, the loop is run
in parallel.

2.6 Complexity of Generated Code

The atomic operations performed at run-time aggregation
are U, N, \ on lists of LMADs. If the access pattern is linear,
then their results are lists of LMADs of the same size as the
input lists. For linear accesses the size of the lists does not
increase as we perform the aggregation. In the best case,



the result of an aggregation will be a single LMAD.

However, for non-linear access patterns such as those us-
ing subscript arrays, the aggregation will lead to a large
number of LMADs. The worst case is when the number of
LMAD:s equals the number of references, and every LMAD
represents a single reference. Then the LMAD representa-
tion is not efficient anymore - it takes up more space than it
saves. A DOALL test is the better alternative since it works
directly with memory references (very little additional space
for shadow arrays). The DOALL test is also faster since its
operations are significantly faster than LMAD operations.

We are usually somewhere in between. The result of ag-
gregation is a list of LMADs and every one of them repre-
sents a set of references corresponding to a linear section of
the access pattern. There is a trade-off between the amount
of aggregation and the cost of operations on aggregated de-
scriptors. A very interesting case is when the size of the
list of LMADs does not increase with the program data
set. Then the increase in the data set is reflected only in
an increase of the linear sections. That makes our analy-
sis scalable, since our linear section representation (LMAD)
will just increase a span to represent a larger linear access
region. In most cases, the test will be like a DOALL based
on LMADs, not on references.

Table 1 presents three classes of complexity. It considers
a simple intersection test. It presents the complexity as
a function of how the memory reference sets need to be
represented: LMADs, LLMADs (lists of LM ADs), or lists of
references. For the remainder of this paper we assume that
d, the dimensiuon of the LMAD is smaller than 3 and thus
the complexity of LMAD intersection is O(1).

Type of Test Complexity
LMADINLMAD2 0(29)

LLMAD1NLLMAD?2 || O(sl + s2)
LRefl N LRef2 O(n)

Table 1: Complexity of Generated Code. LLMADI1(2)
are lists of LMADs of size s1(2), n is data set size, d is
the dimension of the LMAD

Case study DYFESM presents a situation where two tests
of increasing complexity are needed to solve the problem in
the general case. The first one is O(1) and the second one
is O(s), where s is much smaller than the data set of the
application.

Reducing the Complexity of Run-time Analysis

Let us follow an example. The loop in Figure 8 is paral-
lelizable if C(I) is always true. To find out whether TMP
is privatizable in the DO I loop, we need to generate an
inspector for the memory references. A naive implementa-
tion of an inspector would check every reference. There are
2% 10 * N = 20 * N total references.

Using RT_ LMADs we take advantage of static aggrega-
tion. Since the access pattern in loops DO J can be expressed
as an LMAD, we will only have to compare those descriptors
at run-time. That can be done by 10 LMAD operations, re-
ducing the computation by a factor of N. LMAD operations
have complexity O(1) (with a slightly higher constant factor
though).

This is only a direction of reducing inspector complexity
due to redundancy below our analysis level. Let us assume
that the same piece of code is executed many times, with-

P=1

DO I =1, 10
IF (C(I)) THEN CALL W(TMP1, 1, N, 1)
IF (C(I)) THEN CALL W(TMP2, 1, N, 1)
CALL R(TMP1, 1, N, 1)
CALL R(TMP2, 1, N, 1)

ENDDO

Figure 11:

out redefining the condition array C. We can then hoist the
whole inspector up to the point where C gets redefined and
compute it only once for all the times the piece of code gets
executed. This way, we reduce inspector complexity due
to redundancy above our analysis level. Now suppose the
code looked like in Figure 11: The access pattern on TMP1 is
identical to the one on TMP2. We can prove that at compile
time. Therefore we can use the results of the inspector for
TMP1 and skip analysis for TMP2. This way, we reduce in-
spector complexity due to redundancy at our analysis level.
A crude analysis of access pattern similarities on the PER-
FECT benchmark suite shows about 30% repetition of pat-
terns. This observation also saved us compilation time and
space, which becomes very important for JIT compilers.

2.7 Implementation Details

High-level Optimization of Generated Code. In order
to reduce overhead in case of failure, we want to be able to
quit an inspector or speculative execution as soon as the test
fails. We check whether privatization fails at every iteration
step when aggregating exposed reads. That way, we avoid
executing useless code. More than that, in many cases if
privatization fails for an iteration, it fails for all of them. So
failure will be detected in the first one.

We must also generate efficient code for RT_LMAD eval-
uation. The RT_LMAD is viewed as a symbolic expression
of lists of LMADs. We can change the order of operations
so that Expand operations are executed as late as possible.
Also, by identifying common subexpressions in our tree rep-
resentation of RT_LMADs, we lower memory requirements
at compile-time (which is actually a big problem) and em-
ploy memorization at run-time (thus reduce overhead).
Privatization of Nested Loops. Our static framework
offers support for automatic privatization. It tries to com-
pute the set of exposed reads across all iterations of a loop,
and see whether they might overlap with a write. If so, the
overlapping parts cannot be privatized.

The computation was done as symbolic expansion of the
generic per-iteration descriptor of exposed reads across the
iteration space. In the following case, it will produce the
per-iteration descriptor ¢, which is expanded across the it-
eration space to ¢. That is, the writes cover the subsequent
read so TMP is privatizable. This approach solves the case in
Figure 12(a).

The process is continued for the next outer loop. The in-
formation we have computed here (exposed read) will prob-
ably influence decisions at that level. This whole loop be-
comes a part of an iteration of another loop. However, we
will see that this test fails in the case is Figure 12(b) Here we
will first try to analyze the exposed read for the DO J loop.
We can see that TMP may be read in the second iteration
without being written before in the same J iteration. We



DO I =1, 10
D0J=1, 2
IF (J.EQ.1) THEN

DO I=1, 10

CALL W(TMP, 1,10,1) CALL W(TMP, 1,10,1)

ELSE
ENDSSLL R(TMP, 1,10,1) CALL R(TMP, 1,10,1)
ENDIF
ENDDO
ENDDO
(a)
(b)
Figure 12:

conclude that the set of exposed reads for this loop is the
union of all exposed reads in its iteration. That will corre-
spond to the access on TMP in the second J iteration. When
we start analyzing the DO I loop, we have the information
that in every iteration there is an exposed read. Just by
looking at the code, we can tell that is wrong.

We have made a wrong assumption when we analyzed the
outer loop. The assumption was that the inner loop might
be executed in parallel. We did not take advantage of the
fact that the inner loop is actually sequential, so its iteration
space will be traversed in sequential order. The analysis was
not wrong, just overly conservative.

In our new framework we have corrected the analysis. It

is easy to express the change using RT_LMADs. That also
enables us to perform it at run-time. Consider a generic loop
where all writes in iteration I (W;) happen before all reads in
iteration I (R;). Then if we assume this loop’s iterations are
executed out-of-order, the expression of Exposed Reads is
(R1\W1)U(R2\W>). If the loop is executed sequentially, the
expression of Exposed Reads is (R1\AW1)U(R2\ AW>)U. ..U
(R, \ AW,,), where AW; = W1 UW>U...UW;. The second
one is more accurate while still conservative. In the Case
Studies section we present the analysis of ADM, a PERFECT
benchmark that can only be parallelized automatically using
the second technique at run-time.
Program Representation and Code Restructuring.
Our internal representation is based on SSA. That allows us
to identify efficiently definition sites for values contained in
the LMADs.

Our approach is control-flow sensitive. We use the Con-
trol Dependence Graph (CDG) to reorganize programs as
structured code. The operations involved by restructuring
are: remove multiple routine entries, remove premature loop
exits (which eliminates non-trivial cycles in the CDG), and
clone nodes with multiple parents in the CDG. As a result,
the CDG will become a tree, and the code will be completely
structured. The only control statements will be IF, DO,
WHILE. There are few cases (4 routines in all PERFECT and
SPEC codes) where restructuring leads to a large increase
in the size of the code (more than 3 times as compared to
the original). Even though the CDG is not a tree, it is a
DAG with self loops, so we can apply our analysis directly
on the CDG (bottom-up top-sort traversal).

The implementation of the Run-time Framework consists
of 15,000 lines of code organized as a pass in Polaris.

3. CASE STUDIES

‘We will present three case studies which are representative
of problems encountered in programs from the PERFECT

suite.

3.1 ADM:RUN DO 20

This loop (DO 20), and similar loops DO 30, DO 40, DO
50, DO 60, DO 70 could not be parallelized completely au-
tomatically before. The special situation arising in these
loops has been extracted in Fig. 6. We need to prove that
CC is written before it is read. If that happens, than this
write will cover subsequent reads in an iteration of the im-
mediately outer loop. That guarantees safe privatization for
the outer loops.

rad is a routine that reads the second argument, does
some computation and writes the first one from 1 to some
M.

There are two problems here: first, the access pattern de-
pends on a non-linear recurrence. Qur static representation
cannot handle it properly. Fortunately, this is not a prob-
lem for the run-time framework. Second, the aggregation
scheme for privatization must use the fact that this loop is
executed in sequential order. Otherwise we will not be able
to exploit the fact that CC gets written in the first iteration.
With our old aggregation scheme we would have missed this

essential piece of information.

In our representation, the expression of reads for iteration
I is R; = Expand((I,1,N,1), .NOT.NA.EQ.O[1:M]). The
expression for writes in iteration I is W; = Expand((I,1,N,1),
NA.EQ.O[1:M]). Let us recall the expression of exposed reads
across the whole loop, considering it will be executed sequen-
tially: (R1\ AW1)U (R2\ AW3)U... U (R, \ AW,,), where
AW; = W1 UWL U...UW,;. We will show the evolution of
these sets as I traverses the iteration space.

I NA R W R; \ W; AW R; \ AW;
1 0 ¢ [1:M] ¢ [1:M] ¢
2 1 [1:M1 ¢ [1:M] [1:M] ¢
3 0 ¢ [1:M] ¢ [1:M] ¢
4 1 [1:M] ¢ [1:M] [1:M] ¢

It is clear now that an aggregation of R; \ W; will not give
us the right result (it will give us [1:M]). The aggregation
of R; \ AW; is the right answer (¢).

This is our inspector for computing Expand (R; \ AW;):

a=1
DOI=1, N1
NA = NA-1
IF (NA.EQ.0) THEN
CALL union(CC_AW, [1:M],CC_AW)
ELSE
CALL union (CC_ER,difference([1:M],CC_AW),CC_ER)
ENDIF
ENDDO

CC_AW is the cumulative descriptor of writes, and CC_ER is
the cumulative descriptor of exposed reads.
Observations:

e Another approach described in [10] can analyze all the
access patterns in the outer loop DO 20 except for this de-
scriptor (CC). This technique can only generate O(1) tests.
Any data that is loop variant is approximated to a conser-
vative value in order to simplify descriptors. However, in
this case this approach ignores local information decisive to
optimizing a large part of the code. In order to parallelize
it automatically, [10] found it necessary to peel the loop so
that the first iteration gets moved in front of it. That helps
in this particular case (the recurrence on NA has this partic-
ular form - flips between two values), but will not solve the



IF (SYMM.EQ.0) THEN

DO I=1, N
DOI=1,Q XE(I) = ...
DOK=1, R ENDDO
o ELSE
CALL geteu(ID, XE, X) DO I=1, N
CALL solvhe( ..., XE) IF (ICOND(I).LT.O0) THEN
ENDDO XE(I) = ...
ENDDO ENDIF
ENDDO
ENDIF
(a)

(b)

Figure 13: (a) Loop SOLVH_DO20, (b) Subroutine
GETEU

general case. Also, it is not very clear when loop peeling
should be chosen.

e Theoretically, we could prove at compile-time that the
write happens before the read. For instance, Maple can find
out the general formula for this particular recurrence. How-
ever, symbolic computations are hard in both execution time
and programming complexity using current techniques. As
future work, we plan to integrate a state-of-the-art symbolic
instrument in Polaris. On the compiler side, that means de-
veloping new methods to use the information provided by a
symbolic calculator.

3.2 DYFESM:SOLVH

This routine contains a loop (D0 20)that takes 12% of the
whole program execution when run sequentially.

We will only focus here on a problem encountered when
trying to parallelize the outer loop. That is, deciding whether
XE is privatizable. In geteu, it is only written. We want to
check whether what is written covers what is read later, in
solvhe. The read pattern in solvhe is easy to obtain: the
whole array [1:N]. The problem is to show that the write
in geteu covers the whole array.

The descriptor for the writes in the THEN branch is
{SYMM.EQ.0}[1:N], and the descriptor for the writes in the
ELSE branch is {.NOT.SYMM.EQ.0} Expand((I,1,N,1),
{ICOND(I).LT.O0}[ID).

In the phase of static aggregation, the analysis of geteu
will generate information for the call sites. In the analysis
of the DO K loop in solvh, the pattern on XE is Ry \ Wi.
The expression of Ry is [1:N], and the expression of write
is W1, UW 2, where the first term corresponds to the writes
in the THEN branch in geteu, and the second one to the ELSE
branch.

For every iteration in the DO K loop in solvh there will
be a computation of Ry \ (W1 UW2g). This will actually
be generated as Ry \ W1 \ W2; because we try to perform
O(1) tests first, hoping to get a positive answer and skip the
evaluation of Ezpand (which is always an inspector). This
is the generated code:

CALL initialize R(1,N,1)
IF (SYMM.EQ.0) THEN

CALL initialize Wi(regiom, 1,n)
ENDIF
CALL difference(R, W1, ER)
IF (check_empty(ER)) THEN GOTO 10
IF (.NOT.SYMM.EQ.0) THEN

DO I=1, N

IF (ICOND(I).LT.0) THEN CALL union(W2, [I], W2)

ENDIF
ENDDO
ENDIF
CALL difference(R, Wi, ER)
IF (check_empty(ER)) THEN GOTO 10
C XE is NOT privatizable

10 CONTINUE
C XE is privatizable

Even though this inspector seems expensive, it depends
only on input data (no recurrences). Since the program
reads data only once, the inspector can be hoisted up to the
point where data is read from the input file. Thus, it needs
to be executed only once per program execution.

An O(1) method (such as [10, 5]) will work in this case
only if SYMM.EQ.0. They will give overly conservative results
in the other case: they will declare the loop sequential even
though it can be parallel.

3.3 MDG:INTERF

This routine contains a loop (D0 1000) that theoretically
can be proven parallel at compile-time. However, an auto-
matic method to parallelize it must be able to make infer-
ences involving arithmetic operations and comparisons.

The piece of code we want to focus on presents a part of
an iteration of this loop: a possible write access to a part
of an array followed by a possible read. We want to prove
that the region in discussion is privatizable, i.e., it is writ-
ten before it is read regardless of the conditions guarding
the memory access. We have renamed some variables and
reduced the code substantially to make it easier to under-
stand. However, we did not change the complexity of the
problem (for parallelization).

0uT = 0
DOK =1, 10, 1

IF (R(K).GT.MAX_R) THEN OUT = OUT + 1
ENDDO
DOK=1, 10, 1

IF (R(K).LT.MAX_R) THEN VALUE(K) = ...
ENDDO
IF (OUT.EQ.0) THEN

DO K =1, 10, 1

. = VALUE(X)

ENDDO

ENDIF

In the first loop the objects with radius greater than a
given threshold are counted. In the second loop, the ones
that are below the threshold get written. In the third loop,
they are all read. However, this last loop gets executed only
if no objects have radius greater than the threshold. That
means, if all of them have radius below the threshold.

In order to prove it statically, the compiler needs to in-
fer that (OUT.EQ.0) = (R(K).LT.MAX_R, V K=1:10). Al-
though it is theoretically possible, our static analysis does
not have that power.

We choose to generate a run-time test to compute the
set of writes Expand((K,1,10,1), (R(X).LT.MAX_R) [K]),
then the set of reads OUT.EQ.0 [1:10].

In this loop, computing the values of radius produces
much data as a side effect. Any inspector would have to
either recompute or store that data for every iteration of
the DO 1000 loop. A better approach is to execute the loop
in parallel speculatively. The code to evaluate these LMADs
and possibly bail out in case a test fails, is inserted in the



loop body, not in front of it as in inspectors. The loop will
look like this:

0uT = 0
DO K =1, 10, 1
IF (R(X).GT.MAX_R) THEN OUT = QOUT + 1
ENDDO
DOK=1, 10, 1
IF (R(X).LT.MAX_R) THEN
VALUE(K) = ...
CALL union(W,
ENDIF
ENDDQ
IF (OUT.EQ.0) THEN
DOK=1, 10, 1
. = VALUE(K)

k1, W)

ENDDO
CALL initialize(R, 1, 10, 1)
ENDIF
CALL difference(R, W, ER)
IF (.NOT.check_empty(ER)) THEN
RT_LMAD_ERROR = 1
GOTO 10

10 CONTINUE
C Restore modified data and re-execute sequentially.

Observation. This particular loop was proven parallel at
run-time by other tests ([8]) We have presented it to illus-
trate how we integrate speculative execution in our frame-
work.

4. CONCLUSIONS AND FUTURE WORK

We have presented a unified framework based on the exist-
ing IPA and speculative run-time parallelization technology
analysis in the Polaris compiler. This framework is able
to analyze efficiently all statically un-analyzable cases in a
uniform manner. We use the same technique to extract run-
time assertions from any loop and depending on the case at
hand, generate run-time tests that range from a low cost
scalar comparison to a full, reference by reference LRPD
test. We accomplish this by both extending compile time
IP analysis techniques and by incorporating speculative run-
time techniques when necessary. In essence our solution
is to bridge ’free’ compile time techniques with exhaustive
run-time techniques through a continuum of simple to com-
plex solutions. We have implemented our framework in the
Polaris compiler by introducing an innovative intermediate
representation (RT_LMAD) and associated run-time opera-
tions. It includes intersection, union, last-value assignment,
aggregated inspectors and LRPD tests for both dense and
sparse reference patterns. We are currently working on the
full integration of all our compiler ’passes’ in this framework.
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