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Abstract

Micro-threads are small fragments of code based on loops, can be executed
concurrently and the concurrency is described parametrically in the bi-
nary code. This thesis describes a microthreaded model of concurrency
and illustrates the complete bottom-level design of its pipeline compared
with the conventional MIPS pipeline. The simulations from a single mi-
crothreaded processor implemented in VHDL are also presented in this the-
sis. This simulation concentrates on the first stage of this pipeline which in-
cludes micro-threads create and dynamically schedule or reschedule. This
stage is also the most important stage of the microthreaded pipeline.
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Chapter 1

Introduction

Micro-threads are lightweight threads drawn from a single context and
were first introduced in 1996. They are small fragments of code based on
loops, can be executed concurrently and the concurrency is described para-
metrically in the binary code (2; 3; 4; 5; 6; 7; 8; 9; 10). In this thesis, we
describe the implementation of the micro-thread pipeline, which is derived
from a conventional MIPS pipeline and supports addition to its ISA-µt1 (see
Chapter 2) and makes use of VHDL 2 to realize this pipeline model. The
implementation supports dynamically scheduling of micro-threads and en-
ables scalable implementations of various types of wide-issue multiproces-
sors. This model is tested on different assembly codes, providing a verifi-
cation of the applicability of this model based on those simulation results.

1.1 Moore’s law

Moore, one of the founders of Intelr, made a powerful prediction in an arti-
cle in the April 19, 1965 issue of Electronics magazine that the total number
of transistors on the cheapest CPU will grow exponentially at a constant
rate and that this constant rate produces a doubling every 12 (or 18, or 24)
months.

“The first microprocessor only had 22 hundred transistors. We
are looking at something a million times that complex in the

1ISA-µt:Instruction set architecture of micro-threads. It consists 5 more instructions for
explicit concurrency control — Create, Swch, Kill, Break and Bsync.

2VHDL:Very High Speed Integrated Circuit Hardware Description Language.
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Figure 1.1: Moores Law Means More Performance. Processing power, mea-
sured in millions of instructions per second (MIPS), has risen because of
increased transistor counts. Courtesy of Intelr.

next generations-a billion transistors. What that gives us in the
way of flexibility to design products is phenomenal.”

What is less well-known is that Moore also stated that manufacturing
costs would dramatically drop as the technology advanced. If we look back
in time, Gordon Moore’s prediction of exponential growth of the number
of transistors on a chip has not only been achieved but in some cases ex-
ceeded. Conventional microarchitectures have been improving in perfor-
mance by approximately 50-60% per year, improving the instructions per
cycle (IPC) using more transistors on a chip and increasing the clock speed.
In 1965, a single transistor cost more than a dollar. By 1975, the cost of a
transistor had dropped to less than a penny, while transistor size allowed
for almost 100,000 transistors on a single die. From the roadmap of the
Intelr microprocessor, we can see that designs are now topping out at well
above 1 billion transistors, running at 3.2 GHz and higher, delivering over
10,000 MIPS, and can be manufactured in high volumes with transistors
that cost less than 1/10,000th of a cent (11).

1.2 Problems facing current architectures

The key metrics for characterizing a microprocessor include: performance,
power, cost (die area), and complexity(12). One of the biggest challenges,
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which the current designer is facing is the design of a billion-transistor ar-
chitecture, which achieve high performance, low power, low cost and low
design complexity. During the last three decades, even the microproces-
sors have gone through significant changes, however, the basic computa-
tional model has not changed much. The instructions and data are the only
components of a program. The instructions are encoded in a specific in-
struction set architecture (ISA). The computational model is still a single
instruction stream, sequential execution model, operating on the architec-
ture states (memory and registers) (12).

At the end of 2004, it was well know that there would not be a version of
the Pentium 4 running at 4.0GHz. Intel has dropped the plans for this pro-
cessor which should be released before Oct, 2004, according the previous
microprocessor roadmap. The explanation from Intel was that this decision
to drop plans for a 4.0GHz CPU is a result of Intel’s change in focus with re-
gards to both processor strategy and marketing. However, in fact, the real
reason why Intel cancelled the plan is merely a compromise with the chal-
lenges of the conventional microprocessor architecture we have been facing
from the past several decades. Like Intel, other semiconductor manufactur-
ers are also having similar issues in producing faster single-core processors
because of the following challenges, which all manufacturers have been
facing in the past or will face in the future:

• Memory wall

All modern microprocessors employ memory hierarchy. The grow-
ing gap between the frequency of the microprocessor that doubles
every two to three years and the main memory access time that only
increases 7% per year imposes a major challenge(12). The latency
of today’s main memory is approximate 30 ns, which approximately
equals 100 microprocessor cycles. The two most obvious reasons for
this limitation are

1. Memory has scaled in size but not in access time

2. Speed of physical interconnects remains bounded by the laws of
physics.

• Power challenge

Dynamic power and static (leakage) power are both key issues. Static
power will surpass dynamic power at 65nm. It is implicated that in
the future chips will have billions of transistors, but can only power
a fraction of them at once(13).
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Power density has also reached a limit, where conventional techniques
used to package and to dissipate heat are no longer able to cope.
Physical demands on the silicon will cause excessive heat and eat up
more power than any semiconductor manufacturers can accept. If the
trends continue, power dissipation will increase from 100W in 1999 to
about 2,000W in 2010(14). Chips in 0.6-µm technology used to have
power density similar to a (cooking) hot plate (10 W/cm2), we may
experience a chip with the power density of a nuclear power plant
or even a rocket nozzle soon if the trend continues(12). In(12), the
author also mentions three general approaches to power reduction:

1. increase energy efficiency;

2. conserve energy when a module is not in use;

3. recycle and reuse;

These approaches can all be exploited by the microthreaded model in
reducing the power dissipation and these are addressed in chapter 2

• Speedup

Performance depends only on IPC and Frequency for a given exe-
cutable program. In order to keep the pace of performance growth,
one of the challenges has been to increase the frequency without neg-
atively impacting the IPC. From the year 1998 to 2005, for instance,
microprocessor manufacturers obtained got enormous gains in com-
mercial Superscalar Processor’s frequency from 500MHz to 3800MHz.
However, the IPC has remained unchanged at around1.0-2.0 for typ-
ical applications. Furthermore, both conventional strategies will fail
for future technologies (50nm and below), with clock speed growth
slowing down because of fundamental pipelining limits and wire de-
lays making architectures communication bound(15).

• Use of frequency versus Concurrency

Improvement in clock speed to obtain better performance can not
be continued infinitely, as power density is a function of frequency
and is becoming a critical design constraint, which is already men-
tioned above. Using concurrency as a means of increasing perfor-
mance without increasing power density is a much better strategy
based on the assumption that all models and implementations are
completely scalable. However, concurrency management is inher-
ently arduous and will increase the design complexity. It requires
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additional complexity that involves additional work (e.g,dependency
tracking, speculation, scheduling) to be done on each instruction.

• Scalability

As mentioned above, using concurrency will be the better choice than
just increasing aggressive clock frequency. However, speedup can not
to be achieved from concurrency if the performance, area and power
dissipated are not all scale linearly with issue width. Today’s archi-
tectures will not scale, showing diminishing returns in IPC even with
increasing chip transistor budgets. The ILP of conventional architec-
tures such as superscalar core is limited by the issue window, whose
logic complexity grows as the square of the number of entries(16).
The register files, re-order buffers and issue windows, which are fre-
quently accessed global structures and relied by the conventional ar-
chitectures, become bottlenecks limiting clock speed and pipeline depths.
Thus the performance is not scalable with the current technology.
The power and area are not scalable with the conventional strategy
as well. Maximum power consumption is proportional to voltage2

and frequency as follows: Power = C × V2 × Frequency, C is the
effective load capacitance. The area can not scale down with transis-
tor widths as the wire delays and the on-chip power dissipation for
the long wires communications(communication-bound) do no scale
at the same rate. Recent research demonstrates that the inter commu-
nication network accounts for 36% in Raw processor(17) or 50% in
Intel processor(18) of the total chip power. One of the key constraints
faced by designers is how to alleviate the high performance penalty
of long wire delays compare with the high clock cycle at future tech-
nologies.

1.3 Alternate approaches

• Out-of-order

The current approach in attempting to boost IPC is out-of-order exe-
cution. Out-of-order execution is a restricted form of data flow com-
putation. The first machine to use out-of-order execution was proba-
bly the CDC 6600 (1964) which used a scoreboard to resolve conflicts.
The key concept of out-of-order processing is to allow the processor
to hides some of the stalls that occur when the data needed to per-
form an operation is not available(e.g. cache miss). The microproces-
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sor can schedule new instructions as long as they are independent.
A superscalar out-of-order microprocessor can achieve higher IPC
than a superscalar in-order microprocessor. Out-of-order execution
involves dependency analysis and instruction scheduling. Therefore,
it takes a longer time (more pipe stages) to process an instruction
in an out-of-order microprocessor(12). The size of the instruction
window and logic complexity increase quadratically with the issue
width, which results in an out-of-order microprocessor, especially a
wide-issue one, that is much more complex and power hungry than
an in-order microprocessor(16).

• VLIW

A Very Long Instruction Word or VLIW CPU architecture implements
a form of explicit instruction level parallelism, where multiple func-
tional units are used concurrently as specified by a single instruction
word. The original concept of VLIW is basically developed from the
superscalar processor, which tries to achieve improvements in the
quality of the control unit. One potential solution to this problem is to
move the dispatcher logic out of the chip and into the compiler, which
can spend considerably more time and effort on making the best de-
cisions possible. This is the basic premise of very long instruction
word (VLIW) CPU designs, which is also known as static superscalar
or compile time scheduling(19).

Early VLIWs operated in lockstep; There was no hazard detection
hardware at all. This structure dictated that a stall in any functional
unit pipeline must cause the entire processor to stall, since all the
functional units must be kept synchronized. Binary code compati-
bility has also been a major logistical problem for VLIWs. In a strict
VLIW approach, the code sequence makes use of both the instruction
set definition and the detailed pipeline structure, including both func-
tional units and their latencies. Thus, different numbers of functional
units and unit latencies require different versions of the code(1).

• EPIC

HP introduced one instruction set architecture called EPIC (Explicitly
Parallel Instruction Computing) which builds upon VLIW and pre-
VLIW work performed over the past two decades. EPIC is a 64-bit
microprocessor instruction set, that provides up to 128 general and
floating point unit registers. The specific jointly designed instruc-
tion set architecture was named IA-64 which was introduced by Intel.
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More recently, Intel has preferred to use IPF (Itanium processor Fam-
ily) as the name of the first implementation.

In particular, EPIC builds upon the architectural ideas pioneered at
Cydrome and Multiflow. Explicit information on independent in-
structions in the program is a major distinguishing feature of EPIC
architectures. It uses Unbundled branches and Predicted execution
to deal with eliminating and/or speeding up branching, Cache sped-
ifiers and Data speculation to deal with cache locality management,
Control speculation and Predicated code motion to deal with start-
ing load instructions as early as possible(20). EPIC needs very large
register file, as a smaller register set limits performance. Current effi-
ciency of utilizing the register files is low, the processor has to shuffle
data in and out of registers instead of doing the work required for the
program(21). And EPIC still can not avoid vulnerable to speculation
hazards, which is inhered with predicated execution.

• TRIPS

The TRIPS architecture is the first instantiation of an EDGE (Explicit
Data Graph Execution) instruction set. Direct istruction communica-
tion is one main characteristic of EDGE architecture. irect instruction
communication means that the hardware delivers a producer instruc-
tion’s output directly as an input to a consumer instruction, rather
than writing it back to a shared namespace, such as a register file.
Only block outputs written back to register file. Compiler structures
program into sequence of hyperblocks which specify explicit instruc-
tion placement in the ALU array. A TRIPS block resembles a 3D VLIW
instruction, with instruction filling fixed slots in a rigid structure. The
TRIPS processor is a static placement, dynamic issue (SPDI) architec-
ture, whereas a VLIW machine is a static placement, static issue (SPSI)
architecture(22). TRIPS has a totally different binary interface, so the
backward compatibility can not be achieved now. The I-cache capac-
ity and bandwidth can not be sufficiently utilized if the block size are
less than normal or sufficient size(23).

• Multi-threading

For the current generation of microprocessors, hardware multithread-
ing is becoming a generally applied technique, which exploit thread-
level parallelism (TLP). thread-level parallelism (TLP) is a coarser-
grained parallelism when compared with the instruction level par-
allelism ILP. The notion of a thread which we discuss in this thesis
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differs from the notion of software threads in multithreaded operat-
ing systems. The thread in Multi-threading processors can be operat-
ing system thread, a compiler-generated thread or even a hardware-
generated thread(24).

From the first multithreading processor DYSEAC (1954) which use
the technique multiple sequence, there were a number of other types
of multithreading, such as fine-grain MT (FGMT), coarse-grain MT
(CGMT), simultaneous MT (SMT), implicit MT (IMT), and dynamic
MT (DMT).

Within the processor, a multithreaded processor can control at least
two threads in parallel. Explicit multithreaded processors interleave
the execution of instructions of different user-defined threads (operat-
ing system threads or processes) in the same pipeline and differ from
the implicit multithreaded processors and dynamic multithreaded
processors, which increase the performance of sequential programs
by applying compiler-based or hardware-based thread-level specula-
tion. The implicit and dynamic multithreaded processors can not be
scalable since they suffer from the misprediction. In case of misspec-
ulation, all speculatively generated results must be discarded. More
details are given in(24).

Many forms of explicit multithreaded processors have been intro-
duced from 1960’s, such as the Interleaved multithreading (IMT),
Blocked multithreading (BMT), instructions can be issued only from
a single thread in a given cycle, and Simultaneous multithreading
(SMT), instructions can be issued from multiple threads in a given
cycle. SMT is widely implemented by some modern commercial pro-
cessors, such as Intel Pentium 4 Hyper-Threading (HTT), DEC Alpha
EV8, and MIPS MT. RMI.

Interleaved multithreading (IMT) is one type of fine-grain MT (FGMT),
it switch threads on each cycle. Some processors such as Heteroge-
neous Element Processor (HEP), the Horizon, and the Cray Multi-
Threaded Architecture (MTA) multiprocessors are the most well-known
examples of IMT. It apply the techniques such as dependence look-
ahead technique and interleaving technique try to overcome the pro-
cessing power accessibility. The microthreaded processors described
in this thesis is closest to the IMT. Microthreaded model and IMT,
both processors are in-order core, can eliminate control and data de-
pendences between instructions in the pipeline, and pipeline hazards
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cannot arise and the processor pipeline can be easily built without
the necessity of complex forwarding paths. This leads to a very sim-
ple and therefore potentially very fast no hardware interlocking or
data forwarding pipeline. Moreover, the context-switching overhead
is zero cycles. Long memory latency can be tolerated by both schemes
which can cover memory latency and improve overall throughput
(24). The difference between microthreaded model and IMT will be
discussed in chapter 2.

• Chip multiprocessors

In order to achieve better utilization of thread-level parallelism (TLP),
especially for some application that lack sufficient instruction-level
parallelism (ILP), some current commercial processors including In-
tel Itanium 2, PA-RISC (PA-8800), IBM POWER (POWER4 and POWER5),
and SPARC (UltraSPARC IV) adopt multi-cores on a single chip. Cur-
rent CMP integrate superscalar cores which share a common second-
or third-level cache and interconnetc. The CMP will be widely used
to achieve better scalbility and advancer power and thermal man-
agement, at last get obvious performance improvement in the next
generation microprocessors(25).

There are several challages for CMP, because memory access time is
much slower than the processor speed, and even a single-core pro-
cessor still faces the increasing gap between memory and processor
speed. CMP can make this case worse, if, as normally, just one pro-
cessor can access the shared memory once. The other big problem is
how to get the performance improvement for the legacy or general
programs which are usually not programmed for multithreaded pro-
cessing. In fact, most consumer softwares are not written in such a
manner that they can gain large benefits from CMP systems. Writing
correct and efficient multithreaded programs with conventional pro-
gramming models is still an incredibly complex task limited to a few
expert programmers. The performance potential of CMP is just lim-
ited to multiprogramming workloads and a few server applications(26).

1.4 Thesis outline

This thesis describes the research into microthread processor operation and
the design of a microthread pipeline in VHDL. Chapter 2 shows the whole
bottom-level design of the microthread pipeline in detail. It introduces
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the conventional MIPS pipeline briefly, and then compares microthread
pipeline with traditional one to show how the microthreaded processor
works and how it can get improvement in TLP and ILP. In chapter 3 the
design of the first stage of the pipeline is presented, which includes in-
struction fetch, local scheduling logic and Resigter Allocation Unit (RAU).
Chapter 4 describe the simulation results using VHDL. Finally, chapter 5
gives the conclusion of this thesis and discussion about future work.



Chapter 2

Microthreaded Processor

In this chapter, we deliberate the microthreaded concurrency model in more
detail and explore the whole up-bottom design of the Microthreaded pro-
cessor which comprises a pipeline, a local scheduler, a asynchronous com-
municator, a large register file and a local I-cache. The microthreaded pipeline
is based on the conventional in-order execution pipeline microprocessor —
MIPS R2000. The MIPS R2000 was announced in 1985, and was the first
commercial MIPS CPU model. It offers a very clean instruction set and
pipeline. We choose this simple prototype since this model can be easily
implemented as the core of the microthreaded processor and extended to
build more complex system. The objective of the design is to be able to
run the microthreaded instructions, and as the same as the MIPS R2000, all
instructions can be run in one cycle. All the microthread instrcutions and
most of the MIPS R2000 instructions are supported, except multiply, divi-
sion and floating point instructions. Besides the support of the single-core
architecture, an interface for the CMP (Chip Multiprocessors) architecture
will also be included in this design.

2.1 Conventional MIPS Pipeline

2.1.1 An Overview of Pipelining

Pipelining is an implementation technique in which multiple instructions
are overlapped in execution. Pipelining increases the number of simultane-
ously executing instructions and the rate at which instructions are started
and completed. It improves instruction through-put rather than individual
instruction execution time. Today, pipelines are key to making processors
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Figure 2.1: Typical simple five stages MIPS Pipeline.

fast. More details of pipelining are given in (1).
The classical MIPS pipeline has five stages. Figure 2.1 shows the typical

simple MIPS Pipeline.

• IF(Instruction Fetch): Instructions are fetched from the instruction
memory (cache).

• ID(Instruction Decode): Read registers, decode the instruction, gen-
erate the control signals and calculate branch address. Reading and
decoding are allowed to occur simultaneously.

• EX(Execution): Arithmetic and logic operation execution or address
calculation.

• MEM(Memory access): Access an operand in data memory (cache)
on load and store instructions.

• WB(Write back): The result is written into a register.

2.1.2 Datapath of Pipeline

• Instruction fetch:

The value of register PC is the address of the instruction which is
being read from the memory. After this instruction is fetched from
memory, the PC address is incremented by 4 and then written back


