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Abstract

A commonperformance problerfaced by
today's application programss poor datalocality.
Realworld applicationsare often written totraverse
data structurgin a manner that resulis data cache
miss overhead These data structures are often
declared as structs in C and classes in C++.
Compiler opimizations try to modify the layout of

such data structures so that they are accessed in a

more cachdriendly manner. Thkse compiler
transformations tooptimize daa layout include
structure splitting, structure peeling, and structure
field reorderingln this paper, we presetite design
and implementation of the transformati®nof
structure splitting andstructure peeling, in a
commercial version of the Open64 compiler. We
present details of how thesensformatios can be
achieved in the Open6dompiler, as well as the
analyses required to safely and usefully perfonm
transformation. We present some performance
results from the SPECPU2000 and the CPU2006
suites of benchmarks to demonstrate the
effectiveness of our implementatio®ur results
show that for some applications these layout
optimizations can provide substantial performance
improvement.

Keywords data cache misses; data layout; data
locality; interprocedural optimization; profile data;
reference pattern; structure layout transfdramg
whole program analysis

1. Introduction

Many o f
exhibit poor data locality. They often accdasge

data sets, or access them in a manner that may cause

cachethrashing. This behavior causes them to suffer
from highdatacache mispenalties. This situation is
worsened by the growing gap between proceasdr
memoryspeeds, causing the CPU to stay idle more
oftenwhile waiting for datafrom memory.
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Compilers can play a role in improving data
cacheusage. One classof comgler optimizations
that helps this situation is loop transformatiamjch
attempts to modify the orden which the dataare
accessedA secondclass of optimizations aims to
change the layout of the dat&ructures to make the
application more cachiiendly. This second class
of transformationasprogramwide effects because
they affect all accesses of themodified data
structure.In this category, one approach is to re
layout stack variables, global nables, and heap
allocated objects in a caclfigendly manner.
Another approach is to modify the layout of data
types based on accesses of fields in the structure.

This paper addresses the latter appnoaic
changing the layout of structure typ€ur appoach
requires the compiler to perform whegbeogram
analysis and determine the access patterns of fields
of hot structures. Based ocavailable dynamially
generated profile feedbacHlata, or on statically
estimated frequency counts, our analysis attetapts
detect the data types that are the most beneficial to
transformand thendetermineg their desired layout
Subsequentcompiler transformation changes the
order of data members (or fields) in the structure
according to recommendations from the analysis.

This work is implementeth the PathScale
version of theOpen64 compiler for X8@rocessors
The main contribution of this work is in
development of the framework to perform this
structure layout optimization within the Open64
compiler infrastructure. This involveseparating out
type information summarization tm the prelPA
phase called IPLTo fit the IPA framework in the
Oper64 compiler, ve alsodevelopedan algorithm
for deciding which structures to transformthis
aldofitimnis different from techniques presented
previously.

This paper is organized as follows. In
Section 2, we briefly describe the Open64 compiler
infrastructwe including the IPA (Inteprocedural
Analysis and Optimization) compilation framework.
Section 3 describes thestructure layout
transformations called structure splitting, structure
peeling, and field reorderingSection 4 details the



analysis and transfmation for the structurlayout
optimizations. We presepur performance results in
Section 5.We discuss related research work in
Section 6. Finally, we conclude and discuss scope
for future work in Section 7.

2. Open64Compiler Infrastructure

We implemented the structure layout
transformation in the Open64compiler. This
transformation changes the layout of structure types,
and hence changes the actual definition of such
types. As a resultsuch an optimization needs to
affect all usage of suchpgs inthe whole program.
Hence, we transform such types in theter-
Procedural Analysis and Optimizations (IPA) phase
of the Open64compiler. This phasés enabled by
the-ipa option.

When IPA is enabled, the compiler driver
first invokes the languaggpecific frontendon each
user source fileThe next phase, called IPL, analyzes
its inputand stores the results of the analysis in the
form of summary datarhis data summarizes all the
information thatwould be used by intggrocedural
analysisduring whole progranoptimization. At the
end of IPL, it outputs intermediate object filteat
contain the WHIRL intermediate representation as
well as summarygata.

IPA has an analysis phase and an
optimization phase. During the analypibase, IPA
works on the summary data and does not open the
WHIRL Intermediate RepresentationlRf. The
summary data can include all information that is
needed by IPA in the analysis phase. For example,
the summary may include information about all
functions and subroutas presented to the compiler.
As a result, such data enables IPA to easily and
efficiently perform its analysis without needing to
open IR files.In the analysis phase, IPdecides the
transformations that need to be done during the
optimization phase. Theoptimization phase opens
the IR for each subroutine angerforms the
transformations, before writing out the optimized
subroutine Depending on the size of the application,
IPA outputs the transformadutines in a number of
output files, on which the bkeend is run t@enerate
the assembly output. Hencethe backend
compilation of the output files can be done in

illustration of the
during

parallel. Figure 1 has an
compil ation flow
invokes the PathScdle compiler.
Most of the analysisor performing the
structure layout optimizatiois done before IR by
the frontend and IPL. These analyses include
determining what data types can be legally
transformed, as well asstimating the benefits from
transforming a certain data type. IPA&alysis
phase aggregates all summary data and determines
the datatypes to be optimizedas well as the new
layout of such typesThe actual transformation is
performed in IPA'soptimization phase. It includes
updating the data structure layoit the symbol
tables, as well as modifying the WHIRL IR.
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Figurel: IPA compilation flow diagram

3. Types of datalayout optimizations

The layout of structuresan be modified in seval
ways, as presented belowimar forms of structure
splitting and structure peelingave previoushbeen
propcsed byHagog et a[1] and Hundt et d2].
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struct struct_A

struct new_struct_A

colstrsab_struct A

{ { {
double d1; double d1; double d2
double d2; i; int float f;
inti; long long [; char c;
float f; struct new_struct_A * next; h
long long [; struct cold_sub_struct_A * p;
char c; h

struct struct_A * net;

%
(@) (b)

(©

Figure2: An example structure definition (a), hot subtructure after splitting (b), coldsub-structure after splitting (c)

il

Structure splitting: This optimization splits a
structure into multiplgoarts, and inserts pointers
in the parent structure to access thkk newly
created sulstructures through these pointelrs.
the general case, each of these-stubctures
can be recursively split, as shown[ij. Figure
2(a) shows an example structure. Let us assume
that the first §1), third (), fifth (1), and the last
field (nex) are hot fieldsAfter splitting, thehot
fields are grouped tgether into a tsucture
shown in Figure 2(b). The cold fields are
separated out into a differerdubstructure
(Figure2(c)). The structure with the hot fields is
corsidered the root of the hierarchy, and
contains a link pointer to point to theub
structure  with the cold fields. This
transformation introduces a pointer indirection
(throughp in the example) and hence, increases
the overhead to access the fields in tidd
structure. As a result, the cold fields are laid out
in the child structure, so that no overhead is
added in accessing the hot fields of the
structure.The transformation also increases the
size of the hot structure by a pointer size.
Structure peeling: This is a type of structure
splitting thatdoesnot require the insertion of the
extra pointers in the parent structufdne name
structure peelinghas been introduced ift].

struct struct_A

{ {
double d1; double d1;
double d2; inti;
inti; long long |;
float f; |5
long long |;
char c;

3

(@) (b)
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Figure 3(a) contains the structure definition
from Figure 2(a), except it does not contain the
field next As a result, the structure example is
not a recursive data structure, in contrast to the
previous example. This fact indicates to the
compiler that it can perfornstructure peeling
instead of structure splittingThus, it can
prevent inserting an extra pointer and also the
overhead of indirection through that pointer.
Assuming the first 1), third (), and fifth ()
fields of the structure are hot, the compileripee
the structure to generate a hot structiiigre
3(b)) and a cold structurd-igure 3(c)). It is to

be noted that the compiler can still peel a
structure that is an indirectly recursive data
structure through multiple structures.

Field reordering: Based on the hotness of
fields in a structure, this transformation
modifies the order in which the fields in the
structure reside. This optimization is done by
IPA in the Open64 compiler, but is not the
subject of this paper.

We describe theimplementatbn of structure
splitting andstructure peeling. We wilprovide the
performance impactfdhis transformation in Section

5.

struct hot_struct_ A

struct oild_struc

dz;
float f;
charc;

g

double

(©

Figure3: An example structure definition (a), hot sustructure after peeling (b), cold subtructure after peeling (c)



4. Performing structure-layout
transformations

It is not always safe to change structure
layout in programs. This is because a programmer
often uses knowledge of data layout in a structure
definition for writing an application. The compiler
has to detect such situatmand prevent optimizing
such data types to ensure correct execution of the
application.We present this analysis 8ection4.1

The compiler also needs to analyze data
structures in a program to determine the citmes
that are most profitable to transforthalso needs to
determine the desired layout of the structures that
should be transformed. This analysis is discussed in
Sectior4.2

Section4.3 describes our implementation in
the Open64 compiler in detail.

4.1. Legality Analysis

The following are the main legality checks

that our implementation in the Open64 compiler
does. For angtructuretypeT:
Type cast: If a cast to gointerto-T is found, it
indicatesunsafe usage df, and soT is invalidated.
Similarly, a cast frona pointerto-T also cause$ to
be invalidated.

There is anexceptionto this rule. During
dynamic memory allocation in C/C++, thbrhary
routines return (void *). As a result, when memory is
allocated to hold gbcts of typeT, it will involve a
type cast fromtype (void *) to pointerto-T. In
WHIRL IR, when the return value is loaded from
such a routine, it is givethe final type as seen after
the typecast. As a result, such typasts are hidden
and, hencegloes notrevent the optimization dhe
type.

This type casting restriction is imposed in
IPL. The IPL phase processes each functialso(
called PU short for Program Unjitby traversing its
WHIRL and summarizing the data. During this step,
IPL also scas for type casting that might prevent a
structure type (called TY in Open64) from being
split or peeled. It marks such structure TYs
appropriately, so that the information can be used by
| PAGs anal ysi s phase
transformable typed. P L 6 ggingfof sach TYs is
disaussed in more detail in Sectidr3.1
Address of a field is taken:If the compiler detects
the address of a field of structure to have been
taken, then it implies the application may have

address arithmetic on the data fields. As a result, the
type needs to be invalidated.

Escaped types:A type cannot be split if it escapes
to code outsidéhe scope of analysis. Thisbhecause
the compiler cannot knowhether that code outside
its analysisscopeaccesses the type in any unsafe
manner.

Parameter types:If a type is passed to a routine as
an argumenbr is returned from a routineve do not
peel that type. The reasas peeling such a type
would require introducing new paraers to the
function, and hence changitige function prototype.
Currently we prevent such types from being
optimized due to implementation limitations.

Whole program analysis: Code that is wrien as
part of a program  can freely access the internal
data structures without their passing as parameters
to a function. As a result IPA needs to ensure it is
given the entire application code, so that it can
perform legality cheks on the wble program. The

I PA linker (Aipa_linko)
check by ensuring that all object files presented to it
during wholeprogram compilation are IPA object
files. If the application passes this check, it means
IPA is able to analyze the emtirapplication code.
IPA can exclude some system object files and
libraries that may be passed to it from this
restriction, because such files cannot access the data
structures of the user application.

Alignment restrictions: If the user explicitly
enforces alignment or packing restrictions on a
structure type, then that type is invalidated.

4.2. Profitability Anal ysis

In order to estimate the application
performance benefit that transforming a data
structure might bringywe mainly perform two types
of analyses in the Open64 compilbatnessanalysis
and affinity analysis.The termsaffinity and affinity
group (used later) have been used [8]. We
estimate the number of accesses to structure fields in
a program. A fieldthat isaccessed morgequently
than other fields is hotterCurrently, we only
consider field accesses inside loops to determine
their hotnessin a program, walsoanalyze accesses
to fields in a
between the fields. We call two structure fields to
have high affinity when the fields are accessed close
togetherin time. Fields that are consistently accessed
(‘,‘Y(?%é tb ach ofh& tar® cdRdidBrbd™& have higher
affinity than othersThe affinity is computed at the
loop-level which means that fields accesseside
the same loop are considera&ine to each other.
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4.3. Analysis and Transformation
Implementation Details

In the Open64 compiler, the
implementation of the  sicture layout
transformationss divided into thehree phasesype
information summarization, analysis, transformation.

4.3.1. Type information summarization

For each source filaye determine structure
types that fail any of the legality checksnd
summarize information about structure field
accesses. The Open64 phase before IPA, called IPL,
is run over all thanput files. This phase traverses
the PUs and marks TYs that violate any of the
legality checksWe added a TY flagY_NO_SPLIT
to mark typesthat cannot be splitwhich applies
only to structure TYsThis flag, however, cannot be
set on a TY by a phase before IPA. This is because
when IPL traverses the WHIRL and invalidates
types, a certain type may be marked invalid while
processingone soure file. In another file, hat type
may not have anyusage that fails the legality
restrictions As a result the type definition present in
that file will not be invalidated. In such a scenario, a
certain typel may have the flag TY_NO_SPLIT set
in one file but not in another. When IPA merges the
symbol tables from all its input file&, compares the
symbols and types bytey-byte to determine if any
of them are identical and can be merged. As a result,
it will fail to merge typeT from one file with typeT
from another file if they havdifferent flags set.

We addressed this issue by introduciag
summary data structure in IPL, called
SUMMARY_TY_INFO. IPL invalidates a TY by
recording the information in the summary for that
TY. IPA reads in the array of
SUMMARY_TY_INFO and updates the merged TY
table based on the flags in this summary datas
summary data structure may also be used in future
for other information that IPL needs to convey about

a type to IPA.
While traversing a PU, IPL also
summarizes nformation about structure field

accesses. This access information is used by IPA to
compute hotness of and affinity between fields. We
introduced a summary data structure in IR&lled
SUMMARY_LOOP. IPL maintains a
SUMMARY_LOOP data structure for eachojm
(DO_LOOP, WHILE_DO, and DO_WHILE in
WHIRL). For each loop, it tracks up 8 structure
TYs, whereN is a tuning parameteFor each such
TY, the summary data contains a-éctor to keep
track of which fields are accessed inside the loop.
For a loop, SMMARY_LOOP only tracks field

accesses that are contained immediately inside the
loop, and does not count accesses that may be
present in a nested loop. From the examplEigre

4, the summary datéor Loop 1 only countsfield
accesses igtatement 1statement 2andstatement 4

in Loop 1 The heuristic used here is that fields
accessed inside a nested loop (fieldan8 4 in the
figure) are considered affine to each other, but are
not considerediclose to fields accessed in a parent
loop (fields 1 and 2 in the figure).

for(i=0;i<N;i++) //Loop1l
{// Field accesses below are to struct S
/l Loop 1 statement 1 accesses field 1
/l Loop 1 statement 2 accesses field 2
for (j=0;j<M,; j++)// Loop 2,
/I Loop 1 statemet 3
{
X
for (k=0; k <L; k++)Loop 3
{
/I Loop 3 accesses fields 3 and 4
}
}

/I Loop 1 statement 4

}

Figure4: A triply-nested lmp accessing fields aftruct S

Each SUMMARY_LOOP also has a field
to store the estimated execution count of the
statements immediately contained inside the loop.
When runtime feedback is enabled, this invocation
count is the information obtained from the profile
data. In the Open64 compiler, a feedback run is
obtained by using the oiler optionsi fb-create
fodata and ifb-opt fbdata in the two phases
respectively.Without profile datawe developed a
framework that computes static profiles using
heuristics[3] during compiletime. The execution
count for the SUMMARY_LOOP is obtainetly
employing these compiléme heuristics. For
example, without profile feedback, loops are
assumed to execute 8 timés this execution count
is assigned in IPL, the estimate is local to the current
PU, and is independent of how many times the PU
itself is called. Hence, IPA needs to fix up this
estimated execution coynthich we discuss below.

4.3.2. IPA Analysis
After building the IPA call graph early in
the analysis phaseye added a pass in whidRA
traverses thecall graph to updatehe statically
estimatedexecution count of the PUk a topdown
traversal over the call graph, IPA scales up the






