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Abstract 

Performing analysis across module boundaries 
for an entire program is important for exploiting 
several runtime performance opportunities. However, 
due to scalability problems in existing full-program 
analysis frameworks, such performance opportunities 
are only realized by paying tremendous compile-time 
costs. Alternative solutions, such as partial 
compilations or user assertions, are complicated or 
unsafe and as a result, not many commercial 
applications are compiled today with cross-module 
optimizations. 

This paper presents SYZYGY, a practical 
framework for performing efficient, scalable, 
interprocedural optimizations. The framework is 
implemented in the HP-UX Itanium® compilers and 
we have successfully compiled many very large 
applications consisting of millions of lines of code. We 
achieved performance improvements of up to 40% 
over optimization level two and compilation time 
improvements in the order of 100% and more 
compared to a previous approach. 

1. Introduction 

Interprocedural optimizations (IPO) have been 
known to provide substantial runtime performance 
benefits. To name a few, cross-module procedure 
inlining, indirect call promotion, dead global variable 
elimination, and code and data layout optimizations 
are proven methods for improving performance of an 
application. For many of such optimizations, like dead 
function and global variable elimination, whole-
program analysis is a must for ensuring the correctness 
of program execution. Others, such as those benefiting 
from interprocedural pointer alias analysis 
information, are more effective when performed in 

whole-program mode. Yet other transformations, such 
as procedure inlining, are able to yield maximal 
potential performance as the scope is enlarged to 
include the entire application. 

Nevertheless, IPO has not seen wide-scale uses 
amongst application developers and vendors, as long 
compilation time and huge memory consumption 
present significant usability hurdles to the deployment 
of whole program optimization. In a naive 
implementation, the working set for interprocedural 
optimizations grows in a super-linear fashion with the 
size of application. The sheer size and the amount of 
swapping it induces put insurmountable pressure on 
the virtual memory system. We have also observed 
that such implementation very quickly reaches its 
limits in file set handling when thrown at large 
applications. 

One of the existing techniques for addressing 
these problems is partial IPO, i.e., performing 
interprocedural optimizations on a subset of the files 
constituting an application. This technique is more of a 
workaround than a viable solution because it cannot 
apply transformations that rely on whole-program 
analysis. In addition, it requires guidance either 
directly from the application developer or from an 
extra profiling pass to determine the subset of the 
application files that are important. Another common 
technique is to use user assertion options, such as 
telling the compiler that the addresses of global 
variables are not taken anywhere in entire application. 
In General, the use of such assertions is unsafe and 
requires intimate knowledge of the details of the 
application. They also do not prove to be adaptive to 
changes in the application over time. Other assertions 
like linker options for binding or specifying the link 
order require significant user intervention to exploit 
optimization opportunities and are once again not 
adaptive to changes in the application. Some 
compilers use elaborate memory management schemes 
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to manage large working sets such as offloading 
information when a certain memory usage threshold is 
reached [3]. However, they typically run into a 
problem because of not knowing how large a working 
set should be allowed to grow. By the time the 
threshold is reached it is usually too late and the 
offloading itself becomes a bottleneck. 

In this paper, we describe SYZYGY, a scalable 
framework for performing IPO that provides a viable 
solution to developers and vendors in terms of 
usability and runtime performance of applications. We 
informally define scalability of an IPO compilation 
process in terms of achieved compilation time at a 
lower optimization level (O2) and in terms of utilized 
disk space compared to a compilation producing 
debug information (-g). In particular, for our purpose, 
an IPO compilation is considered to scale if the total 
compilation time overhead compared to an O2 
compilation and the required disk space compared to a 
debug compilation do not exceed the a factor of 3. 

We achieve scalability through various means, 
which will be explained in greater detail in the 
remainder of this paper. Firstly, we push as much 
functionality as possible into the parallelizable front-
end and back-end parts of the compiler. Secondly, we 
generally try to split optimization phases into analysis 
and transformation phases, minimizing the size of 
additional in-memory or persistent data necessary for 
communication between the phases. Thirdly, the 
number of read and write operations on intermediate 
files is kept to a minimum during the compilation 
process and lastly, the intermediate file format has 
been designed carefully to minimize disk size and to 
optimize access times. 

The rest of this paper is organized as follows. 
Section 2 introduces our view of an ideal IPO 
compilation model. Section 3 provides a description of 
the SYZYGY IPO framework and several 
implementation issues, as well as IELF, our persistent 
intermediate representation (IR). In Section 4, 
compilation time and performance measurements are 
presented. Section 5 addresses related work, followed 
by the conclusions. 

2. IPO compilation model 

There are many, often conflicting, objectives to 
accomplish during the compilation process, such as 
correctness, high performance, reasonable compilation 
time, debuggability, and so on. Putting aside the 
correctness, the indispensable goal of the compilation, 
optimizing compilers usually put more emphasis on 
achieving higher performance with the expense of 
longer compilation time. In case of IPO compilation, 
however, especially for large applications with 

thousand of files and millions of lines of codes, an 
excessive compilation time can be a major obstacle for 
its wider acceptance. 

In designing the SYZYGY IPO framework, the 
major emphasis has been put on achieving scalable 
compilation time for large applications, while 
preserving analysis precision and optimization 
opportunities as much as possible. The incremental 
IPO recompilation model [5], where the compilation is 
confined to the portions of the previous compilation 
that are invalidated by the source code changes, is one 
solution during recompilation of large applications in 
the event of small source code changes. While it is an 
attractive partial solution and possibly a future 
extension of our framework, in this paper we focus on 
the compilation of whole programs. 

The proposed IPO compilation model splits a 
standard compilation process into three distinct phases 
as illustrated in Figure 1: front-end (FE), 
interprocedural analysis engine (IPA), and back-end 
(BE). Both front-end and back-end operate on a single 
module at a time. The interprocedural analysis engine 
is the only place where whole program is seen and the 
interprocedural information is computed. While FE 
and BE can be executed in parallel at the module 
granularity taking advantage of multiple CPUs 
available within a machine or across a pool of 
networked machines, IPA is sequential in nature and 
thus become a major bottleneck in overall compilation 
time. As a result, it is very important to minimize the 
time taken during IPA to achieve scalable overall IPO 
compilation. 

In par with the compilation model, all 
interprocedural optimizations are also divided into 
three phases: summary collection, interprocedural 
analysis, and interprocedural optimization. 
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Figure 1: Overview of IPO compilation model.
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