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CHAPTER 1
INTRODUCTION
Computer engineers have been striving to improve uniprocessor performance since
the invention of computers. Recently, many designers have demanded the use of the
most powerful microprocessors in their embedded controller and workstation applications. Designers of multiprocessors have also become accustomed to using the most
powerful microprocessors that are available on the market as the node processors of multiprocessor architectures. To achieve high performance in a microprocessor, conventional
wisdom suggests exploiting concurrency and using the best circuit technology. Advances
in circuit technology have reduced the time to perform basic hardware functions. With
instruction pipelining and overlapping [Kogge 81], the basic machine cycle time has been
greatly reduced over the years. By optimizing a simple instruction pipeline structure,
current RISC (Reduced Instruction Set Computer) processors achieve an instruction execution rate of nearly one operation per cycle [Hennessy 81]. A natural extension to
instruction pipelining is to design microprocessors that can execute multiple operations
per cycle. To consistently perform at this level, these processors must be able to fetch,
decode, issue, execute, and commit more than one operation per cycle. Such a processor
has been called a superscalar processor, a very long instruction
and a multiple-instruction-issue

word (VLIW)

processor,

1

processor in recent literature. Superscalar processor ar-

chitectures differ from VLIW architectures in the instruction fetch/decode/ifsue pipeline
stages. In a superscalar processor, the hardware decodes multiple operations simultane^ n this dissertation, an operation denotes the basic execution unit. Therefore, we also use the term
multiple-operation-issue processor.

1

ously and decides which operations may be issued to the execution stage as a group. For
a VLIW processor, the compiler decides which operations can be issued to the execution
stage as a group at compile time, and packs these operations into a wide instruction
word. In a VLIW processor, the hardware issues one wide instruction word to the execution stage at a time. In this dissertation, we present many compiler techniques that
are applicable to both superscalar and VLIW processor architectures. We refer to both
superscalar and VLIW processors as multiple-instruction-issue processors. We will make
a distinction between superscalar and VLIW architectures when we present a technique
that pertains to only one of the two architectures.
In this dissertation, tables and figures always appear at the end of each chapter. Figure 1.1 shows the timing diagram of the execution of four operations by a non-pipelined
processor, a pipelined processor, and a multiple-instruction-issue processor. A major
task of the compiler for a VLIW processor is to detect a sufficient number of independent
operations to saturate the instruction pipeline. The compiler arranges operations in the
instruction memory in such a way that when operations have been fetched and decoded,
the values of all source operands are available, and these operations can immediately
move to the execution stage of the instruction pipeline. The compiler packs independent operations into wide instruction words. The hardware can issue at most one wide
instruction word to the execution hardware per cycle [Fisher 81], [Ellis 86], [Colwell 87],
[Howland 87].
Alternatively, the detection of independent operations can be performed by the hardware, as in a superscalar processor. The hardware fetches and decodes one or more
operations per cycle. After operations have been decoded, the hardware detects operations that can be executed concurrently and whose source operand values are available.
The hardware prevents the execution of operations whose source operand values are not
available. Therefore, the order in which operations are issued to the execution stage may
be different from the order in which these operations are fetched from the instruction
memory. The hardware can issue multiple independent operations to the execution stage
per cycle [Acosta 86], [Sohi 87], [Weiss 87].

9

Another method is to use a combination of compile-time and run-time scheduling
techniques. The compiler groups independent operations into wide instruction words.
The hardware can fetch and decode one wide instruction word per cycle and allow operations from different wide instruction words to execute out of the order in which these
operations are fetched [Hwu 87], [Patt 85].
It is unclear how much performance the combined compiler and hardware scheduling
method can achieve beyond the improvement by either method alone. It is unclear how
close the research community has come to the performance limit of multiple-operationissue architecture with existing compiler and hardware techniques. Complete answers
to these questions would require many experimental research projects that propose new
compiler and hardware techniques, measure the effectiveness of existing compiler and
hardware techniques on important application programs that exist today and on programs
that are written in explicitly parallel languages which promote the use of parallel data
structures and algorithms.
Many hardware and software techniques for using multiple function units and supporting multiple-operation-issue architectures have been studied [Fisher 81], [Patt 85],
[Smith 85a], [Acosta 86], [Ellis 86], [Sohi 87], [Hwu 87], [Howland 87], [Weiss 87]. Recent
interest in applying these techniques to low-cost microprocessor and microsystem designs
has grown dramatically [Colwell 87], [Hwu 88a], [Hwu 88b], [Pleszkun 88a], [Jouppi 89b],
[Smith 89], [Sohi 89], [Cohn 89], [Intel 89], [IBM 90]. We will discuss the results from
some of these studies in Chapter 2.

1.1

The Dissertation

In this dissertation, we focus on improving the performance of some important application programs that were written in the C programming language. These application
programs exhibit complex control flow and use complex data structures. We evaluate
the effectiveness of existing compiler and hardware techniques on these programs, and

3

show experimentally that multiple-operation-issue processors can outperform by large
amounts processors that issue one operation per cycle.
This research has three major objectives. The first objective is to characterize the
performance of multiple-operation-issue architectures using an optimizing compiler. The
second objective is to characterize the effectiveness of code optimizations that are designed specifically for multiple-operation-issue processors. The third objective is to provide a modular compiler framework, in which new code optimizations can be quickly
implemented, evaluated, and transferred to common use.
An optimizing compiler plays an essential role in processor architecture studies for
two important reasons. First, existing application programs are written primarily in
high-level languages. To measure the execution time of a large set of existing application
programs on a new architecture, a compiler for that architecture must be available.
Second, a naive compiler can translate the application programs into inefficient code
that may not exercise all hardware functions. A naive compiler can also generate many
redundant computations that show unrealistic parallelism. To conduct a fair study of
processor performance, the best compiler support should be provided for each processor
architecture.
We have implemented a full-scale optimizing C compiler from scratch. This compiler,
which we named the IMPACT-I C compiler, can learn the dynamic behavior of the object
program prior to compilation, and use that knowledge to guide a large number of code
improving techniques. The I M P A C T ! C compiler has been ported to a few existing
commercial machines. The IMPACT-I C compiler can generate code for the MIPSR2000, SPARC, i860, and AMD29K microprocessors. In 1991, we plan to construct code
generators for the i486, i960, and IBM-RS6000 microprocessors. We distributed the first
beta test version of the IMPACT-I C compiler to NCR in February 1991. We plan to
release the IMPACT/AMD29K C compiler in April 1991 and the next beta test version
of the IMPACT-I C compiler in May 1991.
We will show that the quality of the code emitted by the IMPACT-I C compiler
is comparable to that from today's best commercial C compilers. From a sound base

4

compiler technology, we have further developed aggressive code transformation, register
allocation, and code scheduling strategies that are tailored for multiple-operation-issue
machines. We have extracted more instruction-level parallelism and have achieved a
speedup ratio that is much greater than that reported by previous studies [Tjaden 70],
[Smith 89], [Sohi 89], [Jouppi 89b].

1.2

Organization of the Dissertation

This dissertation is organized into ten chapters.
Chapter 2 provides necessary background information, defines important terms, and
surveys related works on multiple-operation-issue architectures.
Chapter 3 describes the IMPACT architectural framework of multiple-instructionissue processors.
Chapter 4 gives an overview of the IMPACT-I C compiler and describes briefly the
functions of its major components. The IMPACT-I C compiler uses two levels of intermediate code to communicate between various tools and compiler components. Based on
the two levels of intermediate code, two major programming environments have emerged.
Chapter 5 describes machine-independent code optimizations that have been implemented in the IMPACT-I C compiler. Traditional local and global code optimizations,
function inline expansion, instruction placement, and profile-based code optimizations
are all part of the machine-independent code optimizer. We compare the object code
quality against leading commercial C compilers. The measurement data show that the
IMPACT-I C compiler generates highly optimized object code.
Chapter 6 describes machine-dependent code optimizations, including constant preloading, register allocation, and code scheduling. We describe how these optimizations may
degrade the performance of each other.

An integrated register allocation and code

scheduling strategy is described in this chapter.
Chapter 7 describes some code transformation techniques that enlarge the scope of
compile-time code scheduling and reduce the lengths of critical paths.

5

Chapter 8 presents measurement data demonstrating the speedup ratio of many
multiple-operation-issue processor architectures over a fixed base processor architecture.
We also compare the performances of compile-time and run-time code scheduling.
Chapter 9 describes a branch architecture which allows multiple branch operations
to be issued per cycle and from branch slots. We show that, by selectively allocating
branch slots, the code expansion penalty due to branch slots is small.
Chapter 10 offers concluding remarks and future directions.
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CHAPTER 2
BACKGROUND
2.1

Fundamental Concepts

We define the state of a programmed machine as the collection of the values of all
of its memory elements. Thus, the memory elements can be regarded as state variables
whose values belong to a well-defined range. A state change occurs if there is a change
in the value of any one memory element.
An operation is denoted by a quadruple (OP, SR, DS, RS) where OP indicates a
primitive hardware-defined function, SR (source) and DS (destination) are sets of memory
elements, and RS is the hardware resource that is required to carry out the hardwaredefined function. The execution of an operation consists of the following phases. 1) The
operation is fetched from the instruction memory. 2) The values of all source operands
(SR) are obtained. 3) A value is produced by the primitive hardware-defined function
(given values of all source operands). 4) The destination operand (DS) is assigned the
resultant value. All of the above phases are implemented in hardware.
A purely sequential machine executes a single operation at a time. Therefore, given
a certain program and a specific input, an execution sequence of operations is derived.
Let one such sequence be < opi,op2, ...,op„ > (v a finite number). We define observation
points as cuts at several operation boundaries, where users are allowed to probe a subset
of the state of the program. For a total of m (m < n) such observation points, the result
of program execution is denoted by < Si,s 2 , —,sm > , where s,- corresponds to the subset
of the program state that is visible at the ith observation point.

S

All alternative execution models must satisfy the conditions of determinacy
termination

and

[Karp 66]. Informally stated, given all legal input data to a program, the

result of program execution must be identical for all execution models that satisfy the
determinacy

property, and the length of the execution sequence must be finite for all

execution models that satisfy the termination

2.1.1

property.

Transformation of execution sequence by software

Compile-time code transformation produces a new version of the object program.
Therefore, the sequence of operations that are fetched from the instruction memory
could be different from that of the original program. A useful application of compiletime code transformation is to reduce the length of the execution sequence. For example,
a multiplication of an integer value by 4, which takes several machine cycles, can be
replaced by a single-cycle bit-shift operation. Another useful application of compile-time
code transformation is to schedule operations so that once an operation is fetched from
the instruction memory, the needed source operands and function unit resources are
immediately available to execute the operation.
In general, the behavior of the execution hardware is fixed (e.g., is pipelined into four
stages). When hardware parameters, e.g., delay of multiply operation, and organization,
e.g., datapath, are specified, compilers can tailor the output object code to maximize the
resource utilization and to minimize the execution time.

2.1.2

Transformation of execution sequence by hardware

Figure 2.1 depicts the behavior of the execution hardware. The fetch-decode component obtains a finite number of operations from the instruction memory and inserts them
into the output queue per cycle. While waiting in the output queue of the fetch-decode
component, operations gather their source operands. The issue component selects a
finite number of operations whose source operands have been obtained and whose function unit resources have been reserved, and moves the operations to the output queue

9

of the issue component. The execute component takes operations from its input queue
and delivers the result to its output queue. Finally, the commit component updates the
program state.
In Figure 2.1, concurrency detection is the action to identify all operations that can be
moved from the input queue to the output queue of the issue component. Due to limited
hardware resources, e.g., limited bus bandwidth, not all concurrent operations can be
moved to the next stage. Scheduling

is the process of selecting a subset of concurrent

operations to be moved to the next stage. Depending on the scheduling policy used, the
operation sequence may be altered in any one component in Figure 2.1. A scheduling
policy which does not change the operation sequence is said to be in-order; otherwise, it
is said to be out-of-order.
The fetch

component implements an in-order process. For example, upon an in-

struction cache miss, the fetch unit does not try to fetch the subsequent operation. It
is necessary to fetch operations in-order to establish a precedence relationship between
operations, e.g., assigning a tag to each operation. Operation precedence is an essential
piece of information in implementing register renaming, exception handling, and squashing in out-of-order execution machines. Squashing cancels an operation by converting
its opcode to no-op or by clearing its valid bit. A squashed operation is prevented from
changing the machine state. An operation should be squashed if it is fetched after an
incorrectly predicted branch operation or a trapping operation.
If the issue component implements an in-order process, the machine is said to be
in-order issue. Otherwise, it is out-of-order issue. If both the issue and the execute
components implement in-order processes, the machine is said to be in-order execution;
otherwise, it is out-of-order

execution.

An operation commits

if it modifies the program state. To support precise interrupt,

it is necessary to commit

in-order. It is not in the scope of this research to address

interrupt handling issues. Several techniques for implementing precise interrupts have
been proposed [Smith 85a], [Sohi 87], [Hwu 87] . These techniques allow operations to
modify the memory before they commit.
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2.1.3

Detection of dependent operations

Consider two operations opi and opj, where opi precedes cpj in sequential mode of
execution. The problem is to decide whether we could issue opi and opj at the same time,
or issue opj before opi in a multiple-operation-issue processor.
The dependence graph is a well-known representation of operation precedence relationships [Tjaden 70], [Kuck 81]. Consider two operations op, and opj, where opi precedes
opj in sequential mode of execution. We say that
• opj is flow-dependent on op,- iff the destination operand of op,- is a source operand
of opj, and there is no other operation fetched after opi but before opj such that it
has the same destination operand as op{.
• opj is anti-dependent on opi iff the destination operand of opj is a source operand
of opi.
• opj is output-dependent

on opi iff they have the same destination operand.

• opj is control-dependent on op,- iff opi is a branch operation.
A dependence graph constructed by adding dependence arcs to operations in a dynamic operation trace is acyclic. The length of each dependence arc corresponds to the
minimum number of cycles between the issue time of the source and destination nodes.
For a flow-dependence arc, the length is usually the operation latency of the source node.
A dependence graph constructed from a program graph may be cyclic due to loop
structures.

2.1.4

Hazard prevention

Consider an integer multiply operation opi and another operation op., which uses the
result of opi. If the delay of multiply operation is 6 cycles, then op{ must be issued to
the execution

component at least 6 cycles before op, can be issued to the

execution

component. If this enforcement is accomplished by the hardware, then the mechanism
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for enforcing data dependencies is called hardware interlocking. Detailed descriptions of
various ways to implement hardware interlocks have been surveyed by Kogge [Kogge 81].
Dependence distance can be reduced by adding hardware features. Consider two operations opi and opj, where opi precedes opj in sequential mode of execution. If hardware
register renaming allows opi and opj to write the same destination operand, then the
length of this output-dependence arc is zero, and opi and opj may be issued at the same
time. For another example, the length of flow-dependencies may be reduced by 1 cycle
with a data forwarding circuit.
Software techniques to prevent hazards are called software interlocking. Dependencies
can be enforced by reordering operations and inserting no-ops [Hennessy 83].

2.2

Processor Architecture

The term processor architecture refers to what the machine language programmers see
of a computer system. For example, the VAX, IBM-360, IBM-370, MC68000 architectures allowed families of compatible computers. The definition of a processor architecture
usually includes an instruction set, a virtual memory management policy, and an exception and interrupt mechanism.
The term processor microarchitecture refers to a particular implementation of a processor architecture. Each microarchitecture is fine-tuned according to specific cost and
performance objectives. For example, the width of the internal datapaths, the number
of buses, the number of translation buffer entries, the degree of pipelining, the sizes of
caches, and many other design choices are never directly visible to users. These microarchitectural choices strongly affect the delivered speed of the processor system, however.
Some functions can be implemented in hardware or in software. To replace a hardware
function by a software function, some microarchitectural parameters must be specified
to the software designers. For example, by exposing instruction timing information,
instruction scheduling schemes that prevent hazards [Kogge 81] can be implemented in
software. For example, the MIPS project at the Stanford University used optimizing
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compiler technology to exploit a pipelined microprocessor without hardware interlocks
[Hennessy 83], [Hennessy 82], [Hennessy 81], [Chow 87]. Gross and Lam have also shown
that a compiler can schedule operations for a systolic array computer whose execution
timing is deterministic [Gross 861. Even if there is support for hardware interlocking,
compilers can schedule operations to minimize the occurrences of run-time interlocks to
achieve higher utilization of the parallel hardware.

2.2.1

Instruction pipelining

We define instruction

as a number of operations that are fetched from the instruction

memory, decoded, and issued to the execution unit at a time, in lock-step. For singleoperation-issue machines, there is exactly one operation in an instruction; therefore, the
two terms can be used interchangeably when referring to a single-operation-issue machine.
An accepted performance measure of executing a benchmark using a particular input
is the execution time (N * C * T), where N is the number of instructions that need to
be executed, C is the number of cycles per instruction, and T is the cycle time.
The number of instructions that are required to complete a task depends on the
instruction set definition and the quality of the code generated by the compiler. Given
a fixed instruction set that is designed for efficient streamlining (at a maximal rate of
issuing one instruction per cycle), reducing N is one of compiler's major responsibilities.
A goal in designing a fast microarchitecture is to minimize the cycle time and to
minimize the number of cycles per instruction. However, once the degree of instruction
pipelining has been determined, the cycle time is very much a technology dependent
parameter. The length of the instruction pipeline is limited by the data and control
dependencies between instructions; therefore, it cannot be arbitrarily increased. The
maximum throughput is achieved when the processor completes one instruction per cycle
(C = l ) .
A typical breakdown of the instruction pipeline consists of the following stages. 1)
(fetch)

Fetch one instruction. 2) (decode) Decode the instruction, and access source

operands. 3) (issue) Move operations to function unit input latches. 4) (execute) Execute
13

operations. 5) (distribute)

Forward results to function unit input latches. Write result to

the reordering buffer or future file.

x

6) (commit) Commit the instruction, permanently

affecting the program state. Each stage may require several cycles. In the best condition,
instructions flow through these stages without blocking, and, effectively, one instruction
is executed per cycle.
Figure 2.2 shows the overall organization of a pipelined processor. In Figure 2.2,
connections between components should be interpreted as multiple buses. The uppermost component is the instruction fetch stage, in which operations are fetched from the
instruction memory. Operations pass from the fetch stage to the decode stage, in which
they obtain their source operands (or at least tags for obtaining the values of the source
operands later). According to the operation code and the position of the operation in
the instruction, each decoded operation is sent to a function unit. The function units
should be pipelined for operations that may take more than one cycle to execute.
To extend a single-operation-issue architecture into a multiple-operation-issue architecture, some components in Figure 2.2 should be replicated. 1) The fetch stage should
be able to fetch more than one operation per cycle. 2) The decode stage should be able
to decode all fetched operations simultaneously. 3) There can be more than one register
file to provide more register read and write ports. 4) Some function units should be
replicated. For example, we may want to execute multiple branch operations per cycle
and multiple memory load operations per cycle. 5) The distribution buses must be able
to deliver all results back to the register files.
All forms of hardware concurrencies must be increased in a balanced manner, since the
throughput of the instruction pipeline is determined by the slowest stage of the pipeline.
i Reordering buffer and future file are hardware data structures used to implement precise interrupts
[Smith 85a]. Alternative hardware data structures can be used for the same purpose [Sohi 87], [Hwu 87].
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