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Abstract 

A common performance problem faced by 

today's application programs is poor data locality. 

Real-world applications are often written to traverse 

data structures in a manner that results in data cache 

miss overhead. These data structures are often 

declared as structs in C and classes in C++. 

Compiler optimizations try to modify the layout of 

such data structures so that they are accessed in a 

more cache-friendly manner. These compiler 

transformations to optimize data layout include 

structure splitting, structure peeling, and structure 

field reordering. In this paper, we present the design 

and implementation of the transformations of 

structure splitting and structure peeling, in a 

commercial version of the Open64 compiler. We 

present details of how these transformations can be 

achieved in the Open64 compiler, as well as the 

analyses required to safely and usefully perform the 

transformation. We present some performance 

results from the SPEC CPU2000 and the CPU2006 

suites of benchmarks to demonstrate the 

effectiveness of our implementation. Our results 

show that for some applications these layout 

optimizations can provide substantial performance 

improvement. 
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1. Introduction  

Many of todayôs application programs 

exhibit poor data locality. They often access large 

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

cache thrashing. This behavior causes them to suffer 

from high data cache miss penalties. This situation is 

worsened by the growing gap between processor and 

memory speeds, causing the CPU to stay idle more 

often while waiting for data from memory. 

Compilers can play a role in improving data 

cache usage.  One class of compiler optimizations 

that helps this situation is loop transformation, which 

attempts to modify the order in which the data are 

accessed. A second class of optimizations aims to 

change the layout of the data structures to make the 

application more cache-friendly. This second class 

of transformations has program-wide effects because 

they affect all accesses of the modified data 

structure. In this category, one approach is to re-

layout stack variables, global variables, and heap-

allocated objects in a cache-friendly manner. 

Another approach is to modify the layout of data 

types based on accesses of fields in the structure. 

This paper addresses the latter approach of 

changing the layout of structure types. Our approach 

requires the compiler to perform whole-program 

analysis and determine the access patterns of fields 

of hot structures. Based on available dynamically 

generated profile feedback data, or on statically 

estimated frequency counts, our analysis attempts to 

detect the data types that are the most beneficial to 

transform and then determines their desired layout. 

Subsequent compiler transformation changes the 

order of data members (or fields) in the structure 

according to recommendations from the analysis.  

This work is implemented in the PathScale 

version of the Open64 compiler for X86 processors. 

The main contribution of this work is in 

development of the framework to perform this 

structure layout optimization within the Open64 

compiler infrastructure. This involves separating out 

type information summarization into the pre-IPA 

phase called IPL. To fit the IPA framework in the 

Open64 compiler, we also developed an algorithm 

for deciding which structures to transform; this 

algorithm is different from techniques presented 

previously. 

This paper is organized as follows. In 

Section 2, we briefly describe the Open64 compiler 

infrastructure including the IPA (Inter-procedural 

Analysis and Optimization) compilation framework. 

Section 3 describes the structure layout 

transformations called structure splitting, structure 

peeling, and field reordering. Section 4 details the 



analysis and transformation for the structure-layout 

optimizations. We present our 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. Open64 Compiler Infrastructure  

We implemented the structure layout 

transformation in the Open64 compiler. This 

transformation changes the layout of structure types, 

and hence changes the actual definition of such 

types. As a result, such an optimization needs to 

affect all usage of such types in the whole program. 

Hence, we transform such types in the Inter-

Procedural Analysis and Optimizations (IPA) phase 

of the Open64 compiler. This phase is enabled by 

the -ipa option. 

When IPA is enabled, the compiler driver 

first invokes the language-specific front-end on each 

user source file. The next phase, called IPL, analyzes 

its input and stores the results of the analysis in the 

form of summary data. This data summarizes all the 

information that would be used by inter-procedural 

analysis during whole program optimization. At the 

end of IPL, it outputs intermediate object files that 

contain the WHIRL intermediate representation as 

well as summary data. 

IPA has an analysis phase and an 

optimization phase. During the analysis phase, IPA 

works on the summary data and does not open the 

WHIRL Intermediate Representation (IR). 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 subroutines 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, IPA decides the 

transformations that need to be done during the 

optimization phase. The optimization phase opens 

the IR for each subroutine and performs the 

transformations, before writing out the optimized 

subroutine. Depending on the size of the application, 

IPA outputs the transformed routines in a number of 

output files, on which the back-end is run to generate 

the assembly output. Hence, the backend 

compilation of the output files can be done in 

parallel. Figure 1 has an illustration of the 

compilation flow during IPA, where ñpathccò 

invokes the PathScaleÊ compiler. 

Most of the analysis for performing the 

structure layout optimization is done before IPA by 

the front-end and IPL. These analyses include 

determining what data types can be legally 

transformed, as well as estimating the benefits from 

transforming a certain data type. IPA's analysis 

phase aggregates all summary data and determines 

the data types to be optimized, as well as the new 

layout of such types. The actual transformation is 

performed in IPA's optimization phase. It includes 

updating the data structure layout in the symbol 

tables, as well as modifying the WHIRL IR. 

 

 

 
Figure 1: IPA compilation flow diagram 

 

3. Types of data-layout optimizations 

The layout of structures can be modified in several 

ways, as presented below. Similar forms of structure 

splitting and structure peeling have previously been 

proposed by Hagog et al [1] and Hundt et al [2]. 



¶ Structure splitting:  This optimization splits a 

structure into multiple parts, and inserts pointers 

in the parent structure to access all the newly 

created sub-structures through these pointers. In 

the general case, each of these sub-structures 

can be recursively split, as shown in [1]. Figure 

2(a) shows an example structure. Let us assume 

that the first (d1), third (i), fifth (l), and the last 

field (next) are hot fields. After splitting, the hot 

fields are grouped together into a structure 

shown in Figure 2(b). The cold fields are 

separated out into a different sub-structure 

(Figure 2(c)). The structure with the hot fields is 

considered the root of the hierarchy, and 

contains a link pointer to point to the sub-

structure with the cold fields. This 

transformation introduces a pointer indirection 

(through p in the example) and hence, increases 

the overhead to access the fields in the child 

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 that does not require the insertion of the 

extra pointers in the parent structure. The name 

structure peeling has been introduced in [1]. 

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 perform structure peeling 

instead of structure splitting. Thus, it can 

prevent inserting an extra pointer and also the 

overhead of indirection through that pointer. 

Assuming the first (d1), third (i), and fifth (l) 

fields of the structure are hot, the compiler peels 

the structure to generate a hot structure (Figure 

3(b)) and a cold structure (Figure 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 the implementation of structure 

splitting and structure peeling. We will provide the 

performance impact of this transformation in Section 

5. 

    struct struct_A                               struct new_struct_A                         struct cold_sub_struct_A 
    {                                                        {                                                            { 
      double d1;                                      double d1;                                         double d2; 
      double d2;                                      int i;                                                    float f; 
      int i;                                                 long long l;                                         char c; 
      float f;                                             struct new_struct_A * next;         }; 
      long long l;                                     struct cold_sub_struct_A * p; 
      char c;                                          }; 
      struct struct_A * next; 
    }; 

(a)                                                          (b)                                                              (c) 

Figure 2: An example structure definition (a), hot sub-structure after splitting (b), cold sub-structure after splitting (c) 

(a)                                                          (b)                                                                   (c) 

Figure 3: An example structure definition (a), hot sub-structure after peeling (b), cold sub-structure after peeling (c) 

 

struct struct_A                                          struct hot_struct_A                                struct cold_struct_A 
{                                                                   {                                                                  { 
  double d1;                                                 double d1;                                                 double d2; 
  double d2;                                                 int i;                                                            float f; 
  int i;                                                            long long l;                                                char c; 
  float f;                                                      };                                                                 }; 
  long long l; 
  char 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 situations and prevent optimizing 

such data types to ensure correct execution of the 

application. We present this analysis in Section 4.1. 

The compiler also needs to analyze data 

structures in a program to determine the structures 

that are most profitable to transform. It also needs to 

determine the desired layout of the structures that 

should be transformed. This analysis is discussed in 

Section 4.2. 

Section 4.3 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 any structure type T: 

Type cast: If a cast to a pointer-to-T is found, it 

indicates unsafe usage of T, and so T is invalidated. 

Similarly, a cast from a pointer-to-T also causes T to 

be invalidated. 

There is an exception to this rule. During 

dynamic memory    allocation in C/C++, the library 

routines return (void *). As a result, when memory is 

allocated to hold objects of type T, it will involve a 

type cast from type (void *) to pointer-to-T. In 

WHIRL IR, when the return value is loaded from 

such a routine, it is given the final type as seen after 

the type cast. As a result, such type casts are hidden 

and, hence, does not prevent the optimization of the 

type. 

This type casting restriction is imposed in 

IPL. The IPL phase processes each function (also 

called PU, short for Program Unit) by traversing its 

WHIRL and summarizing the data. During this step, 

IPL also scans 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 

IPAôs analysis phase while determining 

transformable types. IPLôs flagging of such TYs is 

discussed in more detail in Section 4.3.1. 

Address of a field is taken: If the compiler detects 

the address of a field of a 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 outside the scope of analysis. This is because 

the compiler cannot know whether that code outside 

its analysis scope accesses the type in any unsafe 

manner. 

Parameter types: If a type is passed to a routine as 

an argument or is returned from a routine, we do not 

peel that type. The reason is peeling such a type 

would require introducing new parameters to the 

function, and hence changing the function prototype. 

Currently we prevent such types from being    

optimized due to implementation limitations. 

Whole program analysis: Code that is written 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    checks on the whole program. The 

IPA linker (ñipa_linkò) can impose this legality 

check by ensuring that all object files presented to it 

during whole-program compilation are IPA object 

files. If the application passes this check, it means 

IPA is able to analyze the entire application 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 bring, we mainly perform two types 

of analyses in the Open64 compiler: hotness analysis 

and affinity analysis. The terms affinity and affinity 

group (used later) have been used in [2]. We 

estimate the number of accesses to structure fields in 

a program. A field that is accessed more frequently 

than other fields is hotter. Currently, we only 

consider field accesses inside loops to determine 

their hotness. In a program, we also analyze accesses 

to fields in a structure to determine ñclosenessò 

between the fields. We call two structure fields to 

have high affinity when the fields are accessed close 

together in time. Fields that are consistently accessed 

close to each other are considered to have higher 

affinity than others. The affinity is computed at the 

loop-level which means that fields accessed inside 

the same loop are considered affine to each other. 

 



 

4.3. Analysis and Transformation 

Implementation Details 
 

In the Open64 compiler, the 

implementation of the structure layout 

transformations is divided into the three phases: type 

information summarization, analysis, transformation. 

 

4.3.1. Type information summarization 

For each source file, we determine structure 

types that fail any of the legality checks and 

summarize information about structure field 

accesses. The Open64 phase before IPA, called IPL, 

is run over all the input files. This phase traverses 

the PUs and marks TYs that violate any of the 

legality checks. We added a TY flag TY_NO_SPLIT 

to mark types that cannot be split, which applies 

only to structure TYs. This 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 

processing one source file. In another file, that type 

may not have any usage 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 type T 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 files, it compares the 

symbols and types byte-by-byte to determine if any 

of them are identical and can be merged. As a result, 

it will fail to merge type T from one file with type T 

from another file if they have different flags set. 

We addressed this issue by introducing a 

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 data. This 

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 information 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 IPL, called 

SUMMARY_LOOP. IPL maintains a 

SUMMARY_LOOP data structure for each loop 

(DO_LOOP, WHILE_DO, and DO_WHILE in 

WHIRL). For each loop, it tracks up to N structure 

TYs, where N is a tuning parameter. For each such 

TY, the summary data contains a bit-vector to keep 

track of which fields are accessed inside the loop. 

For a loop, SUMMARY_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 example in Figure 

4, the summary data for Loop 1 only counts field 

accesses in statement 1, statement 2, and statement 4 

in Loop 1. The heuristic used here is that fields 

accessed inside a nested loop (fields 3 and 4 in the 

figure) are considered affine to each other, but are 

not considered ñcloseò to fields accessed in a parent 

loop (fields 1 and 2 in the figure). 

 

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 compiler options ïfb-create 

fbdata and ïfb-opt fbdata in the two phases 

respectively. Without profile data, we developed a 

framework that computes static profiles using 

heuristics [3] during compile-time. The execution 

count for the SUMMARY_LOOP is obtained by 

employing these compile-time heuristics. For 

example, without profile feedback, loops are 

assumed to execute 8 times. As 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 count, which we discuss below. 

 

4.3.2. IPA Analysis 

After building the IPA call graph early in 

the analysis phase, we added a pass in which IPA 

traverses the call graph to update the statically 

estimated execution count of the PUs. In a top-down 

traversal over the call graph, IPA scales up the 

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

  Figure 4: A triply-nested loop accessing fields of struct S 




