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Abstract 
IA-32 Execution Layer (IA-32 EL) is a new 
technology that executes IA-32 applications on 
Intel® Itanium® processor family systems. 
Currently, support for IA-32 applications on 
Itanium-based platforms is achieved using 
hardware circuitry on the Itanium processors. 
This capability will be enhanced with IA-32 
EL—software that will ship with Itanium-based 
operating systems and will convert IA-32 
instructions into Itanium instructions via 
dynamic translation. In this paper, we describe 
aspects of the IA-32 Execution Layer 
technology, including the general two-phase 
translation architecture and the usage of a 
single translator for multiple operating 
systems. The paper provides details of some 
of the technical challenges such as precise 
exception, emulation of FP, MMX™, and Intel® 
Streaming SIMD Extension instructions, and 
misalignment handling. Finally, the paper 
presents some performance results. 

1. Introduction 
The Intel® Itanium® processor family (IPF) is 
primarily designed to provide leading performance 
and capabilities for 64-bit applications and 
operating systems (OSes). The ability to execute 
IA-32 applications is needed for flexibility and easy 
migration from existing IA-32 systems to Intel® 
Itanium® 2-based solutions. Primary, performance-
sensitive applications are encouraged to be ported 
to Itanium architecture, while secondary, non-
performance critical applications and applications 
or libraries where source code is not available, can 
continue to execute as IA-32 code. 
Currently, IA-32 support on IPF is available 
through hardware circuitry. IA-32 Execution Layer 
(IA-32 EL) is a new technology that provides the 
same capability, executing IA-32 applications on 
IPF through software.  IA-32 EL is dynamic binary 
translation software that translates IA-32 
instructions into Itanium instructions. IA-32 EL 
runs on both Windows* and Linux* operating 
systems and can accelerate IA-32 application 
performance compared to the existing hardware 
solution. Field tests verified IA-32 EL robustness 

and performance benefits when compared with the 
hardware circuitry. IA-32 EL handles all IA-32 user 
code binaries and does not rely on specific software 
conventions. IA-32 EL is a software-only solution 
requiring no special hardware assists. The main 
challenges were to provide hardware-level quality 
that correctly executes IA-32 applications, without 
compromising performance.  
IA-32 EL has the following characteristics: 
1. Aggressive dynamic information collection 

during the first translation phase and usage of 
that information for a second translation phase 

2. A single, OS-independent binary for translating 
IA-32 applications on multiple OSs 

3. A mechanism for precise exception handling 
This paper is organized as follows: Section 2 
describes the general architecture of IA-32 EL. 
Section 3 describes the IA-32 EL solution for 
providing one translator that runs on multiple, 
native Itanium-based OSes. Section 4 explores 
mechanisms for generating and maintaining a 
consistent IA-32 state, as required for providing 
precise exception handling and for enabling a 
debugger to run on top of the translator. Section 5 
focuses on several technological challenges faced in 
developing IA-32 EL, i.e. floating point, Intel® 
MMX™ technology, and Intel® Streaming SIMD 
Extensions (SSE) modeling, and misalignment 
handling. Section 6 discusses performance and 
examines benchmark data. 

2. Overview 
This section describes the general architecture of 
IA-32 EL. General background on binary 
translation technology is given toward the end of 
this paper in the “related work” section. [1, 2, 10, 
16, 18] 

General Architecture 
IA-32 EL is targeted for application-level translation 
only. Therefore, it runs on top of the native 64-bit 
operating system, like the FX!32* [6,8] and Hewlett 
Packard’s PA-RISC* translator [23], and unlike the 
Transmeta* code morphing software [7]. IA-32 EL 
is loaded to the same user space as the translated 
application and it operates in the user level only. The 
application image(s) and data remain unchanged, 
similar to their layout on the original IA-32 platform.  
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The translator is architected to work on multiple, 
native Itanium-based OSes. This ability is achieved 
by separating most of the translation engine and 
algorithms into an OS-independent module 
(BTGeneric), which interfaces with a small glue 
layer that is OS dependent (BTLib). These two 
components interact via a well-defined API. BTLib 
is responsible for providing all system services, 
such as memory allocations.  
IA-32 EL is a two-phase dynamic binary translator. 
It caches translations within the same process, but 
does not maintain them beyond the translated 
process. The first phase, cold code translation, is 
designed to be fast, with minimal optimizations 
and overhead and uses instrumentation to identify 
hotspots. The second phase, hot code translation, 
retranslates and further optimizes those hotspots. 
Cold code translation is done on a basic-block 
granularity, with 4-5 IA-32 instructions per block 
on average. Hot code translation is applied to hot 
traces on a hyper-block granularity, with about 20 
IA-32 instructions per block on average. The entire 
process is shown later on in Figure 2. 

Cold Code Translation 
Cold code is generated at basic-block granularity. 
However, simple analysis is done on neighboring 
blocks (1-20 basic blocks) for better code 
generation, as shown in Figure 1. The analysis starts 
from the current instruction pointer (IP). It includes 
decoding, building a flow graph, computing the 
liveness of IA-32 EFlags bits, and tracking floating 
point (FP) stack changes between blocks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1-Cold Code Translation 

This process enables the translator to eliminate 
redundant IA-32 EFlags updates and speeds up FP 
code, as described in chapter 5. The analysis is 
followed by code generation of few basic blocks 
only. (Unexecuted blocks are never generated.) 
Code generation is accelerated by using prepared 
translation templates for each IA-32 instruction 
variant. These templates are patched according to the 
instruction parameters and environmental factors. 
The templates are carefully hand optimized to use 
the best Itanium instruction sequences. 
Cold blocks contain instrumentation to collect 
information that is later used for hot translation. The 
instrumentation includes a basic-block use counter, 
an edge counter for blocks ending with conditional 
or indirect branches, and misalignment detection. 
This is different than most existing dynamic 
systems, which perform such instrumentation during 
interpretation [3, 6, 7, 9, 21, 23]. Examples of 
instrumentation in translated code are given in [4, 
22]. Others [5, 17] suggest using hardware for the 
same purpose. The advantage of adding the 
instrumentation in cold blocks is that it provides 
more precise information for later use, since cold 
blocks can run longer than interpreted code and still 
maintain low overhead.  
Translated blocks usually jump directly from one 
block to another. Blocks ending with indirect 
branches that are not predicted use a fast lookup 
table to find the branch target. In cases where a 
block jumps to an address that has not been 
translated yet, the initial generated code contains a 
branch to the translator code which is later patched 
to generate a direct branch between the blocks.  
Several variants of cold blocks can exist to handle 
special cases, including FP exceptions, self-
modifying code (SMC), and others. Cold blocks may 
be recycled due to garbage-collection, unloading of a 
library, or SMC detection1. 

Hot Code Translation 
When the use-counter in a block reaches the heating 
threshold, the instrumentation code of that block 
triggers the registration of the block as an 
optimization candidate by branching out to a special 
entry in the translator. When enough blocks have 
registered or one block has registered twice, an 
optimization session (hot code translation) starts. 
This algorithm enables evaluation of several hot 
blocks at once, and thus uses more educated merging 
and splitting decisions. On the other hand, blocks 

                                                           
1 Writable page translations include code for 
detecting possible changes from the code used for 
translation.  
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belonging to tight loops will not wait too long due to 
the second-registration trigger. About 5-10% of the 
cold blocks reach the heating threshold2. 
The first step in hot block translation is to select a 
trace of IA-32 basic blocks that compose a hyper 
block – single entry, multiple exits. This selection is 
based on the use and edge counter information 
collected during the cold code run of those blocks. 
Predication can be used to include both sides of 
if...then… and if…then…else… structures 
as part of the linear trace, according to profitability 
estimations3. If a loop is identified, it may be 
unrolled. Only about 6% of the hot blocks suffer 
from a premature exit (with no special penalty).  
Next, the original IA-32 code is decoded and 
analyzed again. Decoded information is not 
maintained from the cold translation. Here, unlike 
the fast encoding using binary templates during cold-
code generation, each instruction generates 
associated Intermediate Language data structures 
(ILs). The ILs represent the target machine 
instructions and are contained in a linked-list. The 
precompiled binary templates and the IL-generation 
are derived from the same template source code. 
These templates are written in a special language for 
easier maintenance and validation. 
During the IL generation phase, the translator does 
the following optimizations and preparations:  
1. Adds misalignment avoidance code to memory 
accesses that were detected by instrumentation as 
being prone to misalignment (see section 5).  
2. Tracks IA-32 addresses and their values. 
Eliminates redundant compound address expressions 
typical in IA-32 code, such as 
[offset + base + index * scale]. 
3. Tracks information about values in registers and 
uses it for simplifying the translation.  
4. Eliminates EFlags generation using techniques 
similar to those used in cold-code generation. 
5. Analyzes FP stack flow and Intel® Streaming 
SIMD Extensions (SSE) format conversions. See 
more in section 5 below. 
6. Performs other FP optimizations, such as register 
allocation and FXCHG elimination (see chapter 5 for 
more details). 
The translator scans the resulting IL list to build a 
data-dependency graph. It removes dead ILs and 
marks those ILs needed for side-exits only as 
“sideway ILs”. The translator computes weights and 
attaches them to individual ILs to signify the relative 
importance of scheduling them early. Peepholes, 
using dependency information, eliminate additional

                                                           
2 It heavily depends on the application workload. 
3 See [10] for similar considerations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2 - Overall Code Translation  
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