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To expose sufficient instruction-level parallelism (ILP) to make effective use of wide-issue
superscalar and VLIW processor resources, the compiler must perform aggressive low-level
code optimization and scheduling. However, ambiguous memory dependences can significantly
limit the compiler's ability to expose ILP. To overcome the problem of ambiguous memory
dependences, optimizing compilers perform memory disambiguation.
Both dynamic and static approaches to memory disambiguation have been proposed. Dynamic memory disambiguation approaches resolve the dependence ambiguity at run-time. Compiler transformations are performed which provide alternate paths of control to be followed
based upon the results of this run-time ambiguity check. In contrast, static memory disambiguation attempts to resolve ambiguities during compilation. Compiler transformations can be
performed based upon the results of this disambiguation, with no run-time checking required.
This dissertation investigates the application of both dynamic and static memory disambiguation approaches to support low-level optimization and scheduling. A dynamic approach,
the memory conflict buffer, originally proposed by Chen [1], is analyzed across a large suite of
integer and floating-point benchmarks. A new static approach, termed sync arcs, involving the
passing of explicit dependence arcs from the source-level code down to the low-level code, is
proposed and evaluated. This investigation of both dynamic and static memory disambiguation
allows a quantitative analysis of the tradeoffs between the two approaches.
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CHAPTER 1
INTRODUCTION

Superscalar and VLIW processors attempt to achieve high performance by exploiting available instruction-level parallelism (ILP). The compiler is responsible for transforming the original
program to expose sufficient ILP to keep the processor's functional units busy. This task of
exposing parallelism requires aggressive low-level code optimization and scheduling.
A major impediment to exploiting ILP is ambiguous memory dependences. When two
memory instructions (e.g., a load and a store) may possibly reference the same memory location,
the two instructions have an ambiguous memory dependence between them. As a result of this
dependence, the compiler must ensure that the memory operations are executed in the original
program order. Any code transformation that would alter the order of execution is prevented.
Figure 1.1 shows two examples of how ILP compilation is hindered by ambiguous memory
references. In Figure 1.1(a), the load address is assumed to be loop invariant (it references the
same address during all iterations of the loop). However, loop invariant code removal cannot
be performed to move the load out of the loop unless it can be determined the store instruction
never writes to the same memory location as the load. The ambiguous memory dependence thus
inhibits an important code optimization. In Figure 1.1(b), a simple loop, assumed to consist
of a load instruction, several arithmetic instructions, and a store instruction, has been unrolled
in an attempt to expose greater ILP to the scheduler. Again, if it cannot be determined that
the store in the first iteration always references a different memory location than the load in
second iteration, the two iterations cannot be overlapped and no additional ILP is achieved.
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Figure 1.1 Importance of Memory Disambiguation.

To overcome the problem of ambiguous memory dependences, optimizing compilers perform
memory disambiguation, the process of determining whether two memory instructions might
ever access the same location. Techniques for performing memory disambiguation generally are
classified as either dynamic or static. Dynamic memory disambiguation determines at run-time
whether two memory instructions ever reference the same location. To facilitate optimization
or scheduling, the compiler provides different execution paths for the code depending upon
whether the instructions are independent; at run-time, the dynamic memory disambiguation
will determine which execution path is followed. In contrast, static memory disambiguation
attempts to determine at compile-time the correct dependence relationship between memory
instructions, using information available within the program's source code. If static memory
disambiguation is successful in proving two memory instructions are independent, the compiler
is able to perform optimization/scheduling at compile-time, and no run-time checking is required
to ensure correct execution.
The potential benefit of dynamic and static memory disambiguation applied to low-level
code optimization and scheduling has not been well-understood. Most existing dynamic memory disambiguation approaches are best suited for narrow-issue processors, and the benefit of
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dynamic approaches for wide-issue superscalar or VLIW processors has not previously been
demonstrated. Static memory disambiguation is most frequently applied to source-level code
transformations, and its potential benefit for low-level code transformations has also not been
demonstrated. Ideas for improved static disambiguation have been postulated, but few have
actually been implemented in a working superscalar/VLIW compiler.
This dissertation examines both dynamic and static memory disambiguation approaches
within the context of the IMPACT compiler project. Dynamic and static approaches have
been implemented within the IMPACT compiler, targeted toward facilitating low-level code
optimization and scheduling. Through detailed simulation, a quantitative analysis of both
techniques is performed to better understand the merits of and tradeoffs between dynamic and
static disambiguation.

1.1

Contributions

The four major contributions of this dissertation are discussed below.

• A dynamic memory disambiguation approach, the memory conflict buffer, is examined
and developed. The memory conflict buffer is shown to be an effective means of overcoming the problem of ambiguous memory dependences, particularly for applications for
which static analysis is not available. Contributions specific to this thesis include a new
hardware design, development of an effective simulation environment, full integration into
the IMPACT compiler, and a detailed quantitative evaluation of the benefit of the memory
conflict buffer for ILP processors.
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• The sync arc technique proposed in this thesis provides an effective framework for providing source-level dependence information for use by low-level optimization and scheduling.
The technique is described in detail, defining the type of information to be carried by
the sync arc, how the information is maintained through aggressive code transformations,
and how the dependence information is used by low-level transformations. A quantitative
analysis of the effectiveness of sync arcs demonstrates their potential benefit.
• The source-level dependence analysis required to support sync arcs is studied. The challenges for dependence analysis posed by the C language are discussed. In particular, the
need for interprocedural analysis of C programs to support effective memory disambiguation for low-level code, and the required granularity of this analysis, is quantitatively
investigated.
• The tradeoffs involved in selecting a static or dynamic memory disambiguation approach
are explored. This analysis is unique in that an example of each approach has been
implemented within a single compiler environment, enabling a fair comparison of the
relative merits. Both approaches are shown to provide good memory disambiguation and
to have applicability in different problem domains.

1.2

Overview

This dissertation is composed of eight chapters. Chapter 2 presents an overview of the
organization of the IMPACT compiler. All compiler techniques discussed in this thesis are
implemented within the framework of the IMPACT compiler. The simulation methodology
employed in the thesis is also described. Chapter 3 discusses two approaches to deal with
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ambiguous memory dependences: dynamic memory disambiguation and static memory disambiguation. The two approaches are reviewed and the tradeoffs between them are discussed.
A general technique for dynamic memory disambiguation, the memory conflict buffer, is
presented in Chapter 4. This technique, which combines both hardware and compiler support,
allows memory operations to be reordered during low-level code scheduling despite the presence
of ambiguous memory dependences. The hardware support is responsible for detecting when
truly dependent memory operations have been reordered. In the event this occurs, the compiler
provides code to correct program execution.
Chapter 5 introduces sync arcs, a technique for maintaining explicit dependence information
within the intermediate code. Static memory disambiguation is used to extract this dependence
information from source-level code and to generate the sync arcs. A detailed discussion of how
the sync arcs are preserved through and used by code transformations is presented.
Chapter 6 discusses the C dependence analysis used to provide the static memory disambiguation required for sync arcs. The interprocedural alias and side-effect analysis that supports
this analysis is also presented. The experimental results using this dependence analysis and
sync arcs are then presented in Chapter 7. A quantitative analysis of the benefit of improved
memory disambiguation is given. This is followed by a comparative analysis of the relative
benefit of the dynamic and static disambiguation approaches presented in this dissertation.
Finally, Chapter 8 presents conclusions and suggests directions for future research.
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CHAPTER 2
COMPILATION AND SIMULATION ENVIRONMENT

The compiler techniques necessary to investigate dynamic and static memory disambiguation approaches for this thesis are implemented within the framework of the IMPACT compiler
project. The IMPACT compiler is a retargetable, optimizing C compiler being developed at
the University of Illinois to investigate architectural and compilation techniques to support ILP
processors. A block diagram of the IMPACT compiler is presented in Figure 2.1. The compiler
accepts source code written in C, as well as Fortran code translated using the f2c translation
tool [2]. The compiler can be divided into three distinct sections, each based upon a different
intermediate representation (IR).
The highest level IR, Pcode, is a parallel C code representation with loop constructs intact.
At the Pcode level, source-level techniques such as memory dependence analysis [3], loop-level
transformations [4], and memory system optimizations [5], [6] are performed. Pcode is further
described in Section 2.1. The middle-level IR is referred to as Hcode. In Hcode, the control
structure of the code has been flattened into a basic block structure with simple if-then-else
and go-to control flow constructs, but expressions are still maintained hierarchically. During
this phase of compilation, basic-block-level profiling, as well as profile-guided code layout and
function inline expansion [7], [8], [9], are performed.
The lowest level of IR in the IMPACT compiler is referred to as Lcode. Lcode is a generalized register transfer language similar in structure to most load/store processor assembly
instruction sets. The majority of ILP code transformations within the IMPACT compiler are
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Modulo
Scheduling

performed at the Lcode level. Section 2.2 details these code transformations. A detailed machine description database, Mdes, for each target architecture is available for use by all Lcode
compilation modules [10].
Seven architectures are currently supported by the IMPACT compiler. These include the
AMD 29K [11], MIPS R3000 [12], SPARC [13], HP PA-RISC, 1 and Intel X86 [14], [15]. The
other two supported architectures, IMPACT and HP Playdoh [16], are experimental ILP architectures, which provide a framework for compiler and architectural research. The IMPACT
architecture models a generic superscalar processor which executes the Lcode instruction set.
After machine specific annotation of the Lcode, the IMPACT code generator can produce
code for extended versions of the HP PA-RISC (IMPACT-HPPA) and the SPARC (IMPACTSPARC) architectures. For this thesis, all experiments are based upon the IMPACT-HPPA
architecture.
The remainder of this chapter details portions of the IMPACT compiler project especially
important to this thesis. Sections 2.1 and 2.2 discuss the Pcode and Lcode levels of compilation.
The superblock technique, which is foundational to much of IMPACT'S ILP compilation, is
presented in Section 2.3. Finally, the simulation environment used in this thesis is presented in
Section 2.4.

2.1

Pcode

High-level analyses, transformations, and optimizations which benefit from the availability
of explicit source-level information are performed at the Pcode level. Within the Pcode IR,
program code is represented in an abstract syntax tree containing hierarchical statement and
'The HP PA-RISC code generator was developed by Richard E. Hank.
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expression nodes. This hierarchical intermediate representation facilitates the manipulation of
program structures such as loops and blocks of statements.
The Pcode module contains several code restructuring transformations and optimizations.
General purpose loop transformations currently implemented include loop distribution or loop
fission, rectangular loop interchange, loop skewing, and loop reversal [4]. These loop transformations are usually exploited as tools to improve the applicability of other transformations and
optimizations. In addition, conversion of while-type loops into /or-type loops to facilitate data
dependence analysis is also supported. Loop parallelization is currently limited to identification of loops which can be software pipelined. Loops that are identified as good candidates for
software pipelining are marked at the Pcode level, but the software pipelining transformation
is actually accomplished at the Lcode level during code generation [17], [18].
Memory system optimizations include loop blocking (also called iteration space tiling) to
improve cache access locality [5], software prefetching, and data relocation and prefetching [6],
a hardware-assisted form of software prefetching which simultaneously relocates array data to
reduce cache mapping conflicts.
To support these transformations and optimizations, Pcode performs several types of analysis. Control-flow analysis provides the structural framework upon which many of the transformations and other analyses are built. It consists of control-flow graph construction, loop
detection and nesting determination (used mostly for unstructured loops), support for data
dependence analysis, and unreachable code removal. Data-flow analysis determines the flow of
program values, variables, and expressions through the control-flow graph. Traditional types
of data-flow information are computed including sets of reaching definitions and uses, available
definitions and uses, and live variables [19]. In addition, an extended type of data-flow analysis
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called loop-carried data-flow analysis is used to calculate loop-carried reaching definitions and
uses, which are useful for determining accurate dependence direction vectors for scalar variables.
Data dependence analysis [3] calculates the dependence relationship between each access
pair in the function. It consists of several steps. First, a variable access table containing
information for each distinct variable reference in the function is built. Next, aliases are added
between accesses in the access table as necessary. These aliases may stem from several sources,
such as aliases between elements of a union, pointer aliasing caused by assignment expressions,
or aliases determined during interprocedural analysis. Finally, the dependence relationship
between pairs of accesses is determined. The Omega Test [20], developed by William Pugh
at the University of Maryland, is employed to produce the data dependence equations and
inequalities used to generate distance and direction vectors for pairs of variable references.
Pcode's existing data dependence analysis lays the foundation for the dependence analysis
used to support the sync arc research presented in this thesis. Chapter 6 further discusses
Pcode data dependence analysis and the enhancements made to it as part of this thesis.

2.2

Lcode

The Lcode level performs low-level code optimization and scheduling to expose and exploit
a program's inherent ILP. Lcode is logically subdivided into two subcomponents: machineindependent optimizations performed prior to code generation and machine-dependent optimizations performed during code generation. Although the internal data structures used during these two components of Lcode are identical, the machine-dependent portion of the Lcode
is sometimes referred to as Mcode. The difference between Mcode and Lcode is that Mcode
is broken down such that there is a one-to-one mapping between Mcode instructions and the
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target machines' assembly languages. For example, when generating code for the X86 architecture, the Lcode will be in 3-operand format during machine-independent optimization, and
then is converted to 2-operand format during the machine-dependent phases; once in 2-operand
format, the code would be referred to as Mcode. Lcode instructions are broken up for a variety
of reasons, such as limited addressing modes, limited opcode availability (e.g., no floating-point
branch), ability to specify a literal operand, and field width of literal operands.
During the first step of Lcode compilation, all machine-independent classic optimizations
are applied [21]. These include constant propagation, forward copy propagation, backward copy
propagation, common subexpression elimination, redundant load elimination, redundant store
elimination, strength reduction, constant folding, constant combining, operation folding, operation cancellation, code reordering, dead code removal, jump optimization, unreachable code
elimination, loop invariant code removal, loop global variable migration, loop induction variable
strength reduction, loop induction variable elimination, and loop induction variable reassociation. Additionally, analysis is performed to identify safe instructions for speculation [22].
The next step in Lcode compilation is to perform superblock code transformation and
optimization. The superblock compilation structure is explained in detail in Section 2.3. When
predicated execution support is available in the target architecture, hyperblocks [23] rather
than superblocks are used as the underlying compilation structure. All superblock optimization
techniques have also been extended to operate on hyperblocks. In addition, a set of hyperblockspecific optimizations to further exploit predicated execution support are available. For this
thesis, the superblock was the primary compilation structure used for memory disambiguation
experiments.

11

Following superblock transformations, machine-specific code generation is performed for one
of the seven architectures shown in Figure 2.1. Code generation within the IMPACT compiler
consists of three phases. During Phase I, Lcode to Mcode conversion is performed to transform
the Lcode into a one-to-one correspondence to target machine assembly. During Phase II of
code generation, machine-specific optimizations, code scheduling, and register allocation are
performed. Finally, during Phase III of code generation, Mcode is translated into the target
architecture's assembly language.
Two of the most significant components of code generation are the instruction scheduler and
register allocator, both of which are common modules shared by all code generators. Scheduling
is performed via either global acyclic scheduling [22], [24] or software pipelining [17], [18].
Global acyclic scheduling is applied both before register allocation (prepass scheduling) and
after register allocation (postpass scheduling) to generate an efficient schedule. Loops targeted
for software pipelining are identified and marked at the Pcode level. These loops are pipelined
using modulo scheduling and the remaining code is scheduled using the global acyclic scheduler.
Additionally, code transformations to support the memory conflict buffer technique described
in Chapter 4 are applied during code scheduling.
Register allocation is performed using a graph-coloring-based scheme [25]. The register allocator employs profile information, if available, to better prioritize virtual registers for allocation
to physical registers.
For each target architecture, a set of specially tailored peephole optimizations is performed.
These peephole optimizations are designed to remove inefficiencies introduced during Lcode to
Mcode conversion, to take advantage of specialized opcodes available in the architecture, and
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to take advantage of new optimization opportunities after spill code has been added by the
register allocator.

2.3

Superblocks

For most non-numeric programs, the ILP available within individual basic blocks is extremely limited [26], [27], [28]. An ILP compiler must be able to optimize and schedule instructions across basic block boundaries to find sufficient parallelism. An effective structure
for ILP compilation is the superblock [23], [29]. The formation and optimization of superblocks
increases the ILP available to the scheduler along important execution paths by systematically
removing constraints due to the unimportant paths. Superblock scheduling is then applied to
exploit ILP by mapping it to the available processor resources.
A superblock is a block of instructions for which the flow of control may only enter from
the top, but may leave at one or more exit points. It is formed by identifying sets of basic
blocks which tend to execute in sequence (called a trace) [30]. These blocks are coalesced to
form the superblock. Tail duplication is then performed to eliminate any side entrances into
the superblock [31].
The formation of superblocks is illustrated in Figure 2.2, taken from [23]. Figure 2.2(a)
shows a weighted flow graph which represents a loop code segment. The nodes in the graph
correspond to basic blocks and the arcs represent the possible control transfers. The number in
each node represents the execution frequency of the basic block (as determined by profiling).
Likewise, the number associated with each arc represents the number of times that particular
control transfer path is followed. Because the most frequent control flow is along the path
{A, B,E, F}, this trace is selected for superblock formation. To eliminate side entrances to this
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(a) Original weighted control graph

(b) Control graph after tail duplication

Figure 2.2 An Example of Superblock Formation.
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superblock, tail duplication replicates basic block F, and control flow from blocks C and D is
redirected to this duplicated block. The result is the flow graph shown in Figure 2.2(b).
Following superblock formation, ILP is further exposed through superblock optimizations.
Classic optimizations are reaccomplished within the scope of the superblock. Superblock enlarging optimizations such as loop unrolling and loop peeling are employed to increase the size
of superblocks, providing more visible instructions to the scheduler. Dependence-removing optimizations such as register renaming, induction variable expansion, and accumulator expansion
are performed to remove data dependences, increasing available ILP. For a detailed explanation
of the superblock optimizations, see [23].
The superblock compilation framework can be viewed as an attempt to reduce the impact
of control transfer instructions on ILP. For an architecture that supports control speculation,
the greater optimization and scheduling freedom afforded by superblocks significantly reduces
the negative impact of branches on ILP. The importance of this result to this thesis is that
reducing the impact of branches on ILP has exposed ambiguous memory dependences as a
secondary impediment to ILP. The potential ILP exposed by superblock formation cannot be
fully exploited unless effective methods are developed to overcome the restrictions imposed by
memory dependences.

2.4

IMPACT Simulation Environment

All experiments performed for this thesis were done using the IMPACT simulation environment. The IMPACT simulator models in detail the target architecture's prefetch and issue
unit, instruction and data caches, branch prediction mechanism, and hardware interlocks. This
allows the simulator to accurately model the number of cycles required to execute a program,
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as well as provide detailed analysis such as cache hit rates or branch prediction performance.
The simulator also allows proposed new hardware, such as the memory conflict buffer, to be
accurately modeled and analyzed. Supported architecture types include in-order superscalar
and very long instruction word (VLIW) architectures.
The IMPACT simulation approach is referred to as emulation-driven simulation. Figure 2.3
shows the compilation path for the simulation used throughout this thesis. The figure assumes
the Lcode has already been compiled through classic and ILP code optimizations, including
superblock formation. Because the simulation performed for this thesis assumes an instruction
set architecture which is an extension of the HP PA-RISC 1.1 instruction set, the optimized code
is first run through the initial phase of the HP PA-RISC code generator, which transforms the
code into HP Mcode. The code is then passed through pre-pass scheduling, register allocation,
and post-pass scheduling for the target architecture, using the generic IMPACT code generator.
During this stage, architectural features of the simulated architecture are assumed. For example,
if the architecture being simulated can issue eight instructions per cycle, the scheduler reorders
the code based upon this model. For the MCB experiments detailed in Chapter 4, the MCB
code transformations are performed during pre-pass scheduling.
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Following this stage of compilation, the intermediate code is in a form which could be
executed by the simulated architecture. However, to create an executable file to drive the simulation, any unsupported architectural features of the simulated architecture must be emulated
to allow the code to execute on the host architecture, an HP PA-RISC 7100-based workstation.
For example, if the simulated architecture contains hardware support for MCB, emulation code
must be added to allow the code to execute properly on the host architecture. Following insertion of required emulation code, a second phase of register allocation, assuming host architecture
register file constraints, is performed. The code is then instrumented to gather address and
branch direction data for the simulation, and then the final phases of the code generation are
performed to create an executable file. This executable file serves two purposes. First, because
the executable can be run to provide correct program results, it verifies that code transformations have been performed correctly. Second, it generates the trace information required to
drive the simulation.
Simulation is performed on the modeled architecture's code, using address and branch direction data from the emulation path. The result is a highly accurate measure of the number of
cycles required to execute the program on the simulated architecture. Due to the complexity of
simulation, sampling [32] is used to reduce simulation time for large benchmarks. For sampled
benchmarks, a minimum of 10 million instructions are simulated, with at least 50 uniformly
distributed samples of 200,000 instructions each. Testing has shown sampling error to be less
than 1% for all benchmarks.
Further details of the architecture being modeled for various experiments is provided within
the experimental sections of this thesis.
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CHAPTER 3
OVERVIEW OF MEMORY DISAMBIGUATION

Control flow instructions (e.g., branches and function calls) have been widely recognized as
the major impediment to exposing ILP. Because such a high percentage of instructions (2030%) in typical C programs are control flow instructions, the compiler must be able to search
beyond the individual basic block for parallelism. Techniques such as trace scheduling [30],
superblocks [29], and hyperblocks [23] have been developed to expand the size of blocks in
which the compiler performs optimization and scheduling. Speculative execution techniques
have been developed to allow code motion between basic blocks [33], [34], [35]. As a result of
these techniques, the impact of control flow instructions on ILP can be significantly reduced.
However, this reduction of the impact of

