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Memory Systems and Pipelined Processors

Axioms for Implementation

Computer designers strive to provide the best performance
consistent with cost objectives. I have collected a few rules for
implementation that are called Axioms of Implementation and are
listed below; the order does not signify relative importance.

1

Functions that consume the most time should be the object of effort
to speedup the total process while recognizing that the ultimate
speedup is limited by the function(s) that can not be speeded up.

“This axiom is a restatement of Amdahl’s observation that
“effort expended on achieving high parallel processing rate is
wasted unless it is accompanied by achievements in sequential
processing rates of very nearly the same magnitude.”

2
Spatial and/or temporal concurrency in hardware can improve
performance.

Spatial concurrency is found in split caches, superscalar
implementations that issue more than one instruction in a
clock, multiple I/O channels, and the like. Temporal concurren-
cy is found, for example, in pipelined processors, pipelined
caches, and concurrent input/compute/output scheduling.
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Speculative operations, performed until a choice of path can be
determined, will in most cases improve performance.

/
Examptas are found in late select caches, speculative execu-
tion of instructions while waiting for a branch to be resolved,
and concurrent speculative address translation in a virtual
memory system. Optimistic synchronization is another example
of a speculative operation.

4

With concurrency and speculative operations, special control and
record-keeping structures are required for undoing operations that
are not continued and must be abandoned.

Providing precise interrupts in a pipelined processor and
undoing early state changes of unused speculatively
executed instructions are examples.
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Page xi

Preface

Every difficulty slurred over will be a ghost to disturb your sleep.
Chopin

The greatest difficulties lie where we are not looking for them.
Johann Wolfgang von Goethe

The widespread demand for high-performance personal computers
and workstations has stimulated a renaissance in computer design.
VLSI permits many millions of transistors to be placed on a chip
that will sell for a few hundred of dollars. The two forces of
demand and low cost combine to stimulate innovative designers to
revisit old schemes and devise new ones to satisfy the ever-
increasing demands for more performance. The performance of
microprocessors has increased at a compound rate of about 30
percent per year over the last decade. Positive feedback is
supporting the demand for more performance; new software
systems require more processor performance, while more processor
performance permits more complex software systems. Many of the
techniques discussed in this book had their birth in mainframe and
supercomputer designs. However, with the success of the
microprocessor, the architecture of large mainframe class
computers is being brought into question.

This book describes and discusses the design details of high-speed
memory systems and pipeline processors that underpin the modern
microprocessor. I undertook the project of writing this book for
several closely related reasons. First, I believed that there was a
need for a graduate level course on the nitty-gritty details of
computer system implementation and I could find no suitable text.
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A compendium of the implementation techniques used today by
many designers has not been collected into one book. In addition, I
wanted the experience, over a
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Page xii

period of a few years, of collecting, reading, and interpreting the
literature in this important field.

While reading the early literature on processor implementation, I
found that the implementation techniques used by the pioneers are
continually recycled into new designs. For example, queues, first
used in some of the very early machines, are being used in
processors such as the Pentium and PowerPC 601. Although this
book is focused on uniprocessors, it is impossible to ignore the
problems of coherency and synchronization, problems usually
associated with parallel processors.

The material presented in this book is found in the open literature
and in manufacturers' processor manuals. I have not used material
that is unavailable to any student or researcher; however, the open
literature contains much duplication and extraneous material that
this book attempts to eliminate. On a discouraging note, much
implementation detail of contemporary processors is not revealed
by manufacturers without a nondisclosure agreement. Such an
agreement is not possible when writing a textbook and thus there
are unfortunate gaps. Because of competitive pressures, a
manufacturer will disclose an overview of a processor in a
conference followed later by various product manuals. The details
of a processor unfold over a period of time after its introduction.
For these reasons, some of the relevant details of a processor may
be missing or incorrectly described in this book.

Because of the close tie between the memory and the processor and
the commonality of a number of concepts, I believe that these two
subjects should be treated together in one book. This text is
intended for a one-semester graduate course for students who have
either experience in processor and/or memory architecture or who
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have taken an undergraduate course in computer architecture or
organization. The student should be conversant with the general
ideas behind memory systems and pipelining. This book assembles
the relevant information on memory systems and pipelined
processors, and the references will lead a reader to the historical
and contemporary literature on the topics discussed. This book
examines the broad sweep of design issues and their historical
precedence along with extensive references to specific topics. Care
has been taken to reference the first mention of a topic so that
students can gain an appreciation of the contributions made by the
early researchers and understand the development patterns that lead
to the systems of today. Unfortunately the search for a first
reference to a given topic has not, in all cases, been successful.

Many advanced computer texts used in graduate courses cover a
wide spectrum of topics in only medium depth. I have attempted to
dig a small deep hole rather than a wide shallow one. Professionals
in industry should find this text helpful as it presents an in-depth
look at the many
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Page xiii

details of memory and pipelined processors that are not found in a
single text.

Although the two topics of memory systems and pipelined
processors are closely related, this text starts with memory systems
based on the assumption that students have sufficient background
in pipelined processors to appreciate the need for low latency and
high bandwidth. Forward and backward references point to more
detailed discussions of a topic that is being treated lightly.

This book addresses only a few of the design issues of
multiprocessors. The student needs a firm understanding of
uniprocessor design before multiprocessor design problems can be
effectively addressed. Nevertheless, this book will, in several
places, note the similarities between the problems of overlap in
memory systems and pipeline processors and the problems with
multiprocessors. Thus, the student, having been exposed to these
problems in the uniprocessor domain, should be better able to
understand and pursue research in multiprocessors.

Designers strive both to create processors that can execute
programs in the shortest possible time and to achieve a balance
between the speed of the processor and the available bandwidth
and latency of the memory. This goal was important with the von
Neumann architecture and is important today with the most
recently announced RISC processors. Interleaved memory,
hierarchical memory, and pipeline processors were first employed
in high-performance supercomputers and mainframes. With the
continued increase in circuit density available in VLSI devices,
these memory systems and pipelines have been used in
microprocessors and are commonly integrated on the same chip.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000035



Thus, it is appropriate to combine in one book the salient design
issues of memory and pipelines.

A recurring idea in this book concerns the abundant use of tags and
control bits in the internal structure of the processor that are not a
part of the instruction set architecture. In nonoverlapped processors
most of the processor resources are explicitly controlled by the
executing instructions. With overlap, additional resources are
added to the processor that are not visible to the programmer.
These resources, and the data they contain, are controlled by tags
of various kinds [MALI89]. Tags perform a number of functions:
They identify and route data, indicate validity, provide protection,
and perform some control functions. These tags and control bits are
usually not program accessible and contribute to the rich context of
a process that must be managed, preserved, and, in some cases,
carefully destroyed.

One of the goals of this book is to explain the techniques for
managing the resources that are not visible to the program. Another
goal of this book is to provide not only narrative descriptions of
subjects but also analytical models and examples that can be used
to make design trade-
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Page xiv

offs. Published performance results are compared to the models'
results when it is possible.

The first section of this book covers memory systems. Chapter 1
addresses the two design goals of a memory system: low latency
and high bandwidth. The approaches to providing these
characteristics, hierarchical and interleaved memories, are briefly
addressed. Chapter 2 starts the description of hierarchical memory
by describing cache techniques and specific cache designs. Cache
design issues, such as organization and performance, are described
with illustrations of specific implemented cache. Chapter 3
addresses virtual memory, giving a rationale for virtual memory,
organizations, and performance tradeoff issues. A number of
references are made to operating systems; however, detailed
discussions of operating systems are outside the scope of this book.
Chapter 4 discusses the complementary issues of cache addressing
with either real or virtual addresses and coherency maintenance in
all memory spaces of a computer when input/output is involved.
Chapter 5 completes the treatment of memory with a discussion of
interleaved memory and disk systems. These two topics are
important in the total memory hierarchy and virtual memory.

The second section of this book covers pipelined processors.
Chapter 6 describes the general notions of pipelining with pipeline
performance models. Partitioning, clock distribution, and atomic
instructions are some of the issues discussed. Chapter 7 describes
the issues involved in branching. A major detriment to pipeline
performance is control transfers or branches. Branch strategies for
pipelined processors and their performance models are discussed.
Chapter 8 addresses the issues of dependencies, conflict detection,
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and resolution. Pipelined processors operate with a high degree of
concurrency that leads to potential dependencies and conflicts.
These problems require special design considerations in order to
preserve the sequential model of computation. The chapter
describes all of the techniques known to me for solving these
problems. Chapter 9 describes the issues of exceptions and
interrupts in pipelined processors. Solutions to the precise interrupt
problem can hurt the performance of dependency resolution
solutions. Thus, the design of these two facilities is closely
integrated in real machines. However, for expository reasons, these
two subjects are treated separately with references between the
chapters.

Chapter 10 addresses the topics of superpipelined, superscalar, and
very long instruction word processors. Performance models are
presented to assist in the evaluation of design alternatives. Chapter
11 assembles many of the topics of pipelining found in vector
processors. The rational for vector processors is discussed, along
with performance models and benchmark performance of real
machines.
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Page xv

As noted previously, this text combines both the historical and
contemporary ideas on memory systems and pipelined processor
implementation. Undoubtedly, I have missed some relevant
information and some of the material has been misinterpreted. For
those errors of omission and commission, I take full responsibility.
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1
Memory Systems

1.0
Overview

There are many models that are used to evaluate the performance
of a processor. One of the most insightful, the model for the time
required to execute a task, is

task time = number of instructions executed x clocks per
instruction (CPI) x clock period.

The number of instructions executed is usually a function of the
instruction set design and is outside the scope of this book, but the
second and third terms are the subject of this book. The design of
the memory system and the pipeline processor have a direct
bearing on the CPI that can be realized from a processor. As will be
pointed out, there are CPI design considerations that affect the
clock period; the CPI can be reduced at the expense of a longer
clock and otherwise. The important metric is the product of these
two terms, not their individual values. The interactions between the
memory system and the processor will be evident as each of these
major subfunctions is described.

The performance of a computer depends in large measure on the
interface between the processor and memory. If this interface is not
correct, a significant increase in CPI can result. The processor
makes demands upon the memory for instructions and data, and
this demand must be satisfied in order to realize the full potential of
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the processor. The following two quotes from [FLYNG66] detail two
parameters of the memory that are important.

Latency or latent period is the total time associated with the
processing (from excitation to response) of a particular data unit at a
phase in the computing process.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000041



Page 2

TABLE 1.1 Memory reference distribution.
SPARCSPARC MIPS MIPS IBM VAXAVERAGE
Integer Floating IntegerFloating S/360

Point Point
Instruction  0.79 0.80 0.76 0.77 0.50 0.65 0.71
Data read 0.15 0.17 0.15 0.19 0.350.28 0.22
Data write  0.06 0.03 0.09 0.04 0.150.07 0.07

Bandwidth is an expression of the time rate of occurrence. In
particular, computational or execution bandwidth is the number of
instructions processed per second, and storage bandwidth is the
retrieval rate of operand and operation memory words
(words/second).

The techniques used to provide low-latency and high-bandwidth
memory for a processor depend heavily upon the nature of the
references made to the memory by the processor. Table 1.1 shows
the fraction of memory references classified as Instruction Fetch,
Data Read, and Data Write for a number of processors. Notice that
instruction fetches represent between 50% and 80% of all
references. Data reads represent 15% to 35% of all references,
while data writes represent less than 10% for all processors other
than the IBM S/360.

The implication of these reference statistics is that the priorities of
a memory system design are: first the instruction fetches, second
the data reads, and last the data writes. The obvious solution to the
problem of providing both low latency and high bandwidth is to
use higher performance memory devices. However, the history of
increasing the bandwidth of memory devices (circuits) over a ten-
year period is not encouraging. Published data from the
International Solid State Circuits Conference provide normalized
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information on the reduction of access times of dynamic RAMS
and static RAMS shown in Figure 1.1.

Note that while clock periods have decreased by a factor of
approximately 23 (a reduction of 27% per year over the last
decade), SRAM cycle times have decreased by only a factor of 18
(a reduction of 25% per year) and DRAMS by a factor of 13 (a
reduction of 23% per year). These data show that memory
performance increases have not kept pace with reductions in
processor clock periods.

One conclusion from the data of Figure 1.1 is that the required
decrease in latency and the increase in memory bandwidth have
come, and will continue to come, not from improved memory
technology but from improved memory system design. Memory
performance will probably continue to tag processor clock cycle-
time improvements, and more processor concurrency will further
increase the demand on memory. Thus
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L0 7

0.075, % por year

MNormalized
Aceess Time
and 0.1 .
Clock Period (0BG, Z7% pes yedr

0.048, 2T per year

0.01 , .
1980 1985 1950

Figure 1.1
Memory and processor cycle-time improvements.

innovative memory architectures are mandatory if processor
performance is to continue to increase.

The need for increased memory performance has occurred in a
period of significant memory cost decreases. Memory costs have
been decreasing dramatically since the early commercial
computers. A 1-M byte of add on memory for IBM S/360
computers cost $1M in 1965! In 1994, a 1-M byte of memory for a
personal computer costs approximately $50; a dramatic cost
reduction of approximately 20,000-fold.

The relative cost relationship between fast and slow memory
components has remained relatively constant over this period and
can be expressed by Grosch's Law [GROS53]. This law is an
empirical observation that states "giving added economy only as
the square root of the increase in speedthat is, to do a calculation
ten times as cheaply you must do it one hundred times as fast." The
converse has often been stated as if you double the price of a
computer or computer component, the performance will increase
by a factor of four. Grosch's law can be confirmed by noting the
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relative cost and performance of SRAM and DRAM chips. Note
that Grosch's law, as posited, applies over time and does not
consider learning-curve effects. However, the law is frequently
applied to one time period as when looking at members of a
computer family.

The ideal memory for a computer would be one that removes the
memory bandwidth and latency constraints. Such a memory would
have zero access and cycle time (zero latency and infinite
bandwidth), be of infinite size, and have zero cost. Obviously, we
will never have such an ideal memory. Over three decades,
designers have attempted to approach the zero latency of this ideal
memory by the architectural path of a memory hierarchy.

The following two sections introduce the issues of supplying low-
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Taste 1.2 The effect of
memory latency on
processor performance.
Latency = Normalized
Clocks per Performance

Instructions

0.0 1.00
0.2 0.83
0.4 0.71
0.6 0.62
0.8 0.55
1.0 0.50

Note: Basic CPI = 1.

latency and high-bandwidth memory. Chapters 2, 3, and 4 give
details of low-latency memory in the forms of caches and virtual
memory. Chapter 5 describes the techniques for providing high-
bandwidth memory using interleaved low-bandwidth memory
components.

1.1
Memory Latency

The issue of memory latency is quite important with regard to
pipelined processors. Consider the effect of memory latency on
VAX 11/780 performance. If this processor had a perfect memory,
with a bandwidth of one clock per reference and no additional
latency, an instruction execution would take approximately 9.5
clocks. Actual memory latency adds approximately 0.5 clocks,
giving a CPI of approximately 10 clocks, which is an increase in
the CPI of approximately 5%. However, with a pipelined processor
that may have a CPI of 1.5 with a one cycle memory, 0.5 additional
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clocks (1 clock is accounted for in the basic CPI figure) represent a
33% increase in CPI. The reason latency is important is that when a
memory request is made, the processor may be idle until that
request is satisfied. Table 1.2 shows the impact of latency on the
performance of a processor.

As expected, performance will decrease by 50% when the memory
reference latency is equal to the processor performance without
latency. Current memory technology is capable of satisfying
memory bandwidth requirements for even the most powerful
computers. But the satisfaction of latency is a major design
problem. With increasingly faster processors, the memory
performance bottleneck becomes even more pronounced.
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Hierarchical memory.

1.1.1
Hierarchical Memory Systems

Hierarchical memory uses a hierarchy of memory units, as shown
in Figure 1.2, to satisfy the low-latency requirement of a memory
system. Starting with the registers in the processor, the storage
capacity in each level increases and the speed and the cost per bit
decrease. For most references, the referenced item is found in a
memory with low latency. Frequently referenced items are stored in
high-speed, costly memory, and infrequently referenced items are
stored in a low-speed, low-cost level. The weighted average
latency is decreased by storing instructions and data in the level
that is consistent with the frequency of the referenced item.

Interestingly, von Neumann [BURK46] noted in 1946 the
requirement for a three-level memory hierarchy. The three levels
are the processor internal registers, the main memory, and bulk
storage on magnetic wire recorders. Hierarchical memory systems
permit the designer to trade latency or access time against cost. The
design goal is that the processor will see a memory that is only
slightly slower than the fastest memory in the hierarchy.

This book does not directly address the processor registers,
although they are a member of the hierarchy. The register-level
design considerations are basically the concern of the instruction
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set designer. However, indirect affects on the performance of the
memory hierarchy are found in such items as the memory
bandwidth required to support context switching a very large
register file.

Three terms that apply to all levels of the memory hierarchy are
defined as follows.

The hierarchical level is usually denoted by an index beginning
with 1 for the level nearest the processor and progressing upward.
But, in relative terms, the "highest level" is the level closest to the
processor and the "lowest level" is the slowest memory of the
system. In the discussions to follow, the convention of the index 1
is used for the highest level, with indices 2--h denoting the lower
levels.

Multilevel inclusion is the property that the contents of each level
of the hierarchy h is always found at level h + 1 [LAM?79],
[BAERS7].

Main memory is the largest random access memory in the system.

Early computers had four levels of memory: registers, main
memory,
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disks or drums, and archival storage such as magnetic tape. For
these computers, the main memory was magnetic core with rather
long access and cycle times. Thus, the first introduction of another
level in the hierarchy was a cache between the processor and the
main memory. Further, these first caches were only instruction
buffers that evolved to a unified cache holding both instructions
and data.

Further evolution of the hierarchy consists of split caches for the
private storage of instructions and data and, more recently, disk
caches. With the advent of VLSI having more than one million
transistors on a chip, the cache moved onto the processor chip and
another level of caching was introduced between the on-chip cache
and the main memory. Today, a memory system may consist of six
levels: processor registers, on-chip cache(s), cache(s), main
memory, disk cache, and disk.

Concurrent with the evolution of caching techniques, designers
have been working on the management of the lower levels of the
hierarchy. The programmer would, in general, like to see a single-
level high-speed memory. This statement, however, is qualified
because of the need to segregate various programs and data sets in
the address space for file management and protection reasons.
Nevertheless, the goal of the hierarchical memory is to provide the
appearance of a large fast single-level memory. The system,
hardware and software, manages the memory system so that
frequently referenced items will be found in the highest speed
memory when needed.

Early systems employed static memory management; that is, the
programmer determined the sequence of the required items and
explicitly managed the memory hierarchy by overlays. A number
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of researchers, at Rice University, MIT, and Cambridge University
[DENN70], were concurrently developing the ideas of virtual
memory that provided for the automatic dynamic management of
the memory hierarchy. Virtual memory gives the programmer the
desired view of a flat memory, the size of which is equal to the
processor's virtual address space. Even though the physical high-
speed memory is much smaller than the virtual address space, the
burden of managing overlays is removed from the programmer.

It is well known that a programmer can trade memory space for
performance. For example, loops can be unrolled into a nonlooping
program at the expense of a larger program. With virtual memory,
the programmer must be aware that even though virtual address
space is almost unlimited, as a larger address space is used, the
memory system's performance will degrade. Thus, a programmer
must use virtual memory system care. I note the fact of the increase
in processor management of cache functions as discussed in
Section 2.8.1. Thus, with some contemporary processors, we have
gone almost full circle to static management of some of the
memory hierarchy.
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Figure 1.3
Hierarchical memory allocations.

A hierarchical memory allocates selected elements of a slow
memory into a higher speed memory. Selected elements of this
memory are then allocated in the next higher speed memory and so
on. Figure 1.3 shows this process. Pages are taken from virtual
memory space and allocated into main memory. Blocks from these
pages are then allocated into the cache.

The hardware and software associated with a hierarchical memory
must provide the following functions:

1. Detect a miss at the referenced level.

2. Identify the items to be vacated at the referenced level and
perform the move to a lower (slower) level if required.

3. Map addresses between levels.

4. Read the new items from the lower (slower) level to the
referenced level.

5. Complete the reference to the referenced level.

These functional requirements can be satisfied with hardware,
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software, or combinations of the two. I will describe the specifics
of the design of these functions in Chapters 2 and 3.

1.1.2
Memory Efficiency

The access times of three levels of a hypothetical hierarchical
memory are tabulated below. In addition, the ratios of access times
are shown. Ratios are commonly used to normalize to the access
time of the fastest member of the hierarchy.
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Level Access Access Time
Time Ratio

Cache 50 ns 1

Main 200 ns 4

Memory

Disk 20 ms 100,000

These access times are the parameters of a two-level model for the
effective access time at either the cache or main memory levels.
Other models are described in Chapter 2.

Effective Access Time (£..) = t5 + Poeslfns1 — £2)

where th is the access time of the highest level, th+1 is the access
time of the next level, and Pmiss is the number of references to the
cache that are not found in the cache divided by the number of
references to the cache.

The effective access time model can be normalized to the access
time of the highest level or cache as

ftea =1+ Poies (R—1) where R =[t,.1/11].

The value of R is the ratio of the access time of two levels that is
rounded up to an integer because the memory cycle time is usually
an integer multiple of the basic clock period. Furthermore, the
cache cycle time is an integer multiple, frequently 1, of the clock
period. The effective access time of the memory, as determined by
this model, can be viewed as the weighted average memory
latencythe average time required to satisfy a memory request.

Chapter 2 discusses in more detail the derivation of the tea model,
with variations, and the values for Pmiss in real systems. At this
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point, however, we will consider the efficiency of a hierarchical
memory system. That is, the fraction of total time during which the
memory is performing useful references when the total time is the
useful time plus idle time when misses are being serviced:

1 i 100
I ¥ Pl = 1) T Pt~ 1)

memory efficiency = 100 x

If Pmiss = 0 or R = 1 or both, the referenced memory is said to be
100% efficient. That is, no undesirable latency due to a miss is
associated with
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Figure 1.4
Hierarchical memory efficiency.

an access. Figure 1.4 shows a plot of memory efficiency for the
locus of different values of Pmiss as R is varied from 1 to
1,000,000. Note that for small values of R, the memory efficiency
is approximately 100% regardless of the value of Pmiss, Also, for
large values of R, the memory efficiency is approximately 0%
regardless of the value of Pmiss,

Low values of memory efficiency are observed for large values of
R, the domain of virtual memory level, and multiprogramming. A
multiprogramming operating system will swap out the executing
process for another process when a miss occurs at the referenced
level. With large values of R, the management of the interface is
performed by a combination of hardware and software because the
time constraints are not overly demanding. At any design point, the
efficiency of a memory can be improved by an equal percentage
improvement in either Pmiss or R. Practical considerations,
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however, limit these options. Pmiss, in a virtual memory system, is
limited by the workload, which is discussed in Chapter 3. Reducing
the value of R is the only practical alternative under the condition
when Pmiss can be reduced no further.

Caches usually have small values of R and corresponding high
values of efficiency. Thus, job swapping is precluded and requires
that the management of the hierarchy is via hardware with a
minimum of overhead. Because tasks are not swapped at the cache
level, small Pmiss values and small R values are design goals of
cache systems. But as
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Chapter 2 discusses, improvements in Pmiss at the cache level are
usually easier to obtain than improvements in R.

The concepts of managing the interface between different levels of
the hierarchy are similar, if not identical. The major differences are
in the implementation method, that is, the use of hardware or
software or both; however, the terminology changes from level to
level. The discussion of various types and levels of caches will
precede the discussion of virtual memory.

1.2
Memory Bandwidth

Sufficient memory bandwidth is required to support the processing
rate of the computer. Each instruction must be fetched, and an
executing instruction may require one or more operands or may
store a result or both. There must be a balance between the demand
for and the availability of memory bandwidth. The
memory/processor balance is illustrated in Figure 1.5, which plots
the processing rate of a given processor/memory combination as
the processor clock frequency is changed. Clock frequency is used
as a surrogate for increased execution rate and thus memory
bandwidth demand. The assumption is that the bandwidth of the
memory system is fixed, as indicated by the arrow. At this point,
the available memory bandwidth is reached and any further
increase in the clock frequency will not yield a performance
improvement.

The performance of a memory bound or limited processor can be
increased by increasing the memory's available bandwidth.
Alternatively, some architectures are devised to reduce the memory
bandwidth
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requirement and, thereby, obtain increased performance with a
limited bandwidth memory. Most CISC architectures are based on
this approach. However, these architectures have been
microprogrammed, and the bandwidth of the microstore can be
included in the aggregate available bandwidth. Microprogram
instruction sets are usually designed for high performance, and the
bandwidth is not fully used. Thus, it is misleading to add merely the
microprogram bandwidth to the instruction bandwidth of a CISC
architecture and expect that bandwidth to equal the instruction
bandwidth of a pipelined processor. Nevertheless, a well-designed
processor memory is one with a close match between bandwidth
demand and bandwidth availability. If the system is either processor
bound or memory bound, inefficiencies result.

A well-known case of the negative effect of insufficient memory
bandwidth is found in the Cray-1 and is discussed in Chapter 11. The
Cray-1 had only one memory port, which resulted in a significant
reduction of the processing rate for some problems. This defect was
corrected in the Cray X-MP, which has three memory ports.

The bandwidth demand of CISC processors is illustrated by the
demand of the VAX 11/780. This processor required, on average, 10
clocks of 250 ns (nanoseconds) to execute an instruction, or 2.5 ms.
per instruction. Each instruction processed requires the fetching of
an instruction and approximately 1.8 operands. Weicker [WEIC84]
indicates that an average instruction is 3.8 bytes. With a four-byte
operand, the average number of bytes referenced per instruction is

bytes referenced per instruction = inst. bytes/inst. + operand bytes/inst.
=38+18x4=11.

Thus, the bandwidth demand placed on the memory by the processor
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is approximately 11/2.5 x 10-6 = 4.4 million bytes per second.

On the other hand, a modern pipelined processor, as shown in Figure
1.6, must fetch an instruction every clock period and, for load and
store instructions (approximately 30% of all instructions), there is a
memory

Decode Mooy
. Oporand »  Execute » Reador
Fetch Write
I I
Memary System M Hterl
emmory
Memary Read ar Write

Figure 1.6
Pipelined processor.
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Figure 1.7
Interleaved memory.

reference of either a read or a write. With a clock period of, for
example, 25 ns, and 1.3 four-byte references per clock, the memory
must support approximately 52 x 106 references per second, or
have the bandwidth of 200 x 106 bytes per second.

This back-of-the-envelope memory bandwidth analysis shows an
increase in memory bandwidth demand by approximately a factor
of 50 in the period from 1980 to 1990, an increase of
approximately 48% per year. The modern pipelined microprocessor
places a heavier demand on memory bandwidth that must be
provided by innovative memory architectures and increased circuit
speed.

Interleaved memory uses a number of low-speed and low-cost
memory modules to achieve increased bandwidth by anticipating
the distribution of accesses over all of the memory modules, as
shown in Figure 1.7. That is, increased bandwidth can be obtained
by accessing the memory modules in parallel. Chapter 5 discusses
interleaved memory in detail.

Because the memory modules are accessed in parallel, the
bandwidth (BW) of an interleaved memory approaches
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BW(I) = bandwidth of one module x number of modules.

In other words, two modules will have twice the bandwidth of one
module because the two modules can be accessed in parallel and
the referenced items, for reads or writes, are passed over the bus
to/from the processor. With a high degree of interleaving,
bandwidth can be increased to almost any desired value, keep in
mind; however, that the latency of the first reference is still that of
referencing the first module. Thus, interleaving does not solve the
latency problem, only the problem of memory bandwidth. More
realistic performance models are discussed in Chapter 5.
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1.3
Queues

Queues have been used in the memory hierarchy beginning with
the Stretch [BLOCS59]. We find both fetch queues and write queues
in many processors today. Fetch queues provide a technique for
obtaining high bandwidth and low latency from an interleaved
memory that has only high bandwidth such as early high-
performance computers, the Stretch being an example. The Stretch
processed variable length instructions thus presenting a varying
demand (in bytes per clock) to the memory system. A queue is
ideal for providing variable length instructions while hiding the
latency of an interleaved memory.

The IBM 360/91 used fetch queues for instructions, target
instructions, and data. The Intel ix86 family of processors as well
as the VAX family have variable-length instructions and use
instruction queues. Superscalar processors, which are described in
Chapter 10, have the characteristic of variable-length instructions;
the PowerPC 601 and the Intel Pentium are examples and use
instruction fetch queues.

Instruction fetch queues continued to be used after the introduction
of caches. The queue can hide, in many cases, the latency of the
cache when there is a cache miss. Data queues require that there be
a load prefetch capability in the processor. In general, instruction
prefetch has been extensively studied but the study of data prefetch
is relatively recent in the literature. The design and use of
instruction and data fetch queues is described in Chapter 2. Write
queues, which are also discussed in Chapter 2, have been used to
hide the write time when a write to memory is required. By writing

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000064



into a write queue, the processor can resume execution and the
actual write (which may have a long latency) is hidden from the
Processor.
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Memory system components.
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1.4
Summary

As later chapters point out, the modern memory system combines
queues with interleaved and hierarchical memories as shown in
Figure 1.8. The cache, noted as M1, provides low-latency access to
frequently used items while interleaved memory modules, noted as
M?2,n, are used to provide a high-bandwidth stream to the cache
when an item is not found in the cache. Queues hide latency and
smooth the flow of variable-length instructions.

In addition to the memories shown in Figure 1.8, interleaved disks
can provide a high-bandwidth stream between the disk system and
the main memory. The technology of interleaving disks (RAID) is
discussed in Chapter 5.
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2
Caches

2.0
Overview

The primary purpose of caches is to reduce the latency of
references to memory. Ideally, the total latency should be one
processor clock cycle for instruction reads or data reads or writes.
The basic idea behind the design of all members of the memory
hierarchy, including caches, is that the referenced addressable units
(AU), instructions, and/or data will frequently be found in a high-
speed memory. For any AU, a reference to a lower-speed memory
will be required, which adds to the latency of the access.

Caches and related topics have been the subject of intense research
for over thirty-five years. Cocke [COCKS59] described a cache-like
memory for the Stretch computer that is named a "virtual memory.'
This memory provided a form of lookahead and lookbehind for the
data stream. Bloom [BLOOG62] and Wilkes [WILKG65] first
described buffer memories that can be recognized as caches. The
body of published material is immense and includes 403 citations
in Smith's 1986 bibliography [SMIT86]. A comprehensive
bibliography today would probably have in excess of 1,000
citations. For this reason, I am unable to cite every idea that has
been posited concerning caches. Despite the large number of
citations, however, I discuss a number of classifications and ideas
in this text that may be outside the mainstream of current cache
design practice.

1
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Przybylski points out that "The entire cache design space is
incredibly diverse" [PRZY90a]. He further states that "about 130
parameters are needed to fully specify a two-level cache system."
This chapter catalogues the design space into taxonomies and
provides analytic performance models to assist in making design
tradeoffs.

The early literature referred to a cache as a buffer [GIBS67]. Over
time, however, the name cache, first used by Conti et al.
[CONTG68], has become the preferred name. The various cache
design issues addressed
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in this chapter concern the reduction of delays that add to the
basicusually one cyclelatency of a cache.

Three major dimensions of cache design are discussed in this book,
the first two of which are addressed in this chapter. They are

1. Organization or structure of the cache(s).

2. The set of rules that is followed when the cache is accessed and
managed. These rules are known as the policy.

3. The cache address space. In Chapter 2, the address presented to a
cache is viewed as just an address. The logical characteristic (real
or virtual) of the cache address space is discussed in Chapter 4.

In addition to the organization component of cache design, the
processor architecture and the program workload both contribute to
the domain of cache design. These two additional components are
outside the scope of this book and will only be briefly mentioned.
The thrust of all innovations in cache design has been to design the
cache so that the cache organization complements the
characteristics of the address stream and increases the probability
that a requested AU will be found in the cache. Recent research in
compiler optimization for reordering the address stream to match a
cache design is briefly discussed in Section 2.8.3.

Because of their importance to the operation of caches, I begin with
a discussion of locality concepts, the three most frequently noted of
which follow.

1. Temporal locality. Information recently referenced by a program
is likely to be used again soon.

2. Spatial locality. Portions of the address space near the current
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locus of reference are likely to be referenced in the near future.

3. Sequential locality. A special case of spatial locality in which the
address of the next reference will be the immediate successor of the
present reference.

I believe that Gibson [GIBS67] was the first person to note these
two distinct addressing patterns. Gibson points out that if
references are purely random "any word is equally likely to be
referenced by the CPU, variations of block size and replacement
algorithms have no effect on the number of word references not
found in the local store." These and other results [DENN70,
DENN72] were produced through research on the virtual memory
system and were later translated into cache concepts. Smith
[SMIT82], however, was the first to use the terms "spatial" and
"temporal" locality. Temporal locality is often referred to as "look
backward." That is, an instruction sequence such as a loop will
reuse instructions. Spatial locality is often referred to as "look
forward." A program counteraccesses instructions in sequence.
Thus, the next
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instruction will be fetched from a location adjacent to the present
instruction and referenced next. Accessing a data vector also
displays spatial locality even when the stride is greater than 1.

As caches have developed over the years, a rich and varied
terminology has emerged. Various researchers and computer
manufacturers have created new terms for identical concepts. Also,
different terms are used at different levels of the hierarchy to
identify identical concepts. I will try to point out the different terms
by source in the following sections.

Caches are classified into the following four types according to
their function or the nature of the information held in the cache.

1. An instruction cache holds only instructions. The design is
optimized for the instruction stream only. Instruction buffers and
instruction queues are sometimes used in place of instruction
caches. Instruction caches are discussed in Section 2.3.

2. A data cache holds only the data stream. Data caches are
discussed in Section 2.4.

3. A unified cache holds both instructions and data. The design is
optimized for a mixed address stream. Unified caches are discussed
in Section 2.5.

4. A split cache is a two-cache system, one for instructions and one
for data. The two cache designs may be different for the two
address streams. Split caches are forms of memory systems
referred to as Harvard architectures [CRAG80] and are discussed
In Section 2.6.

Processor designers face challenging problems in designing caches
for VLSI processors. Usually there is a chip area budget for caches

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000071



that should be used most effectively. Some design alternatives are
1. a large instruction cache,

2. the area split between an instruction cache and a data cache,

3. a large unified cache, and

4. a multilevel split cache.

Because each of the cache types may be designed for different
address streams, their designs may be different. Therefore, the
following sections of this book will examine each cache type
individually.

Before proceeding, a comment on terminology is in order. The
words fetch and read are generally synonymous. However, fetch is
frequently used in the literature to refer to an instruction fetch
while read refers to data reads and the method for handling a cache
miss is sometimes referred to as the fetch policy. The vocabulary of
this chapter is as follows.
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Read, a read access is made by the processor to a cache for
instructions or data.

Write, a write access is a processor write into the cache and/or main
memory.

Fetch, a read access to memory to load a block into the cache.
Access, a generic reference to the cache or memory.

Caches can be classified by the interconnection topology; the
selection and interconnection of the various cache components. A
multilevel cache is one that has a first-level cache (either
instruction, unified or split) and a second-level unified cache. The
second-level cache is designed to accept the missed references
from the first-level cache(s). Each of the two levels can be

NNil, not implemented;

I Instruction cache, buffer or
queue;

DData cache,
S Split cache;
UUnified cache.

Some reasonable, or known, two-level cache topologies are shown
in Figure 2.1. A more complete description of various topologies is
found in Section 2.6.

Historically, caches have been viewed as a pure implementation
technique for improving performance that is transparent to the
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program. However, following this view, the program can misuse
the cache with a performance penalty when there is no recognition
of the presence or absence of a cache. This view of the cache has,
of necessity, changed; software support for caches is now
becoming the norm. There are things the program can or should
explicitly do with the cache. For example, two of these actions are:
(1) prefetch a cache block and (2) clear the cache to maintain
coherency. These program actions are specific to individual
architectures and are discussed in Section 2.8.1.

Lovel
N|ll|Dp|S§|U
N |/ N: Nil
w | VIV [V K instrsction
e 1ol /1] DiData
sl | | ssphie
vl « | U:Unified
Figure 2.1

Common cache topologies.
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The preceding discussion concerns caching of instructions and/or
data. As I note in the following sections, caches for addresses play
an important role in processor implementation. For example,
speeding up virtual memory name translations with address caches
is discussed in Chapter 3. Address caches used to improve branch
performance are discussed in Chapter 7. In addition, the special
cache designs needed to support superscalar processors are
discussed in Chapter 10.

2.1
Cache Organization and Placement Policies

The mapping of addresses between the main memory and the cache
is known as the placement policy. An address mapping is required
because AUs taken from scattered main memory locations will be
placed and accessed in a cache with a relatively small contiguous
address space. The requirement for cache address mapping leads to
the major design considerations of the cache, its organization and
placement policy. These in turn are determinants of the Pmiss (miss
ratio) of a cache for a given workload. Two definitions of Pmiss are
in common use:

1. The number of references to the cache that are not found in the
cache divided by the number of references to the cache. Pmiss is
the probability that a reference will miss in the cache. This
definition of Pmiss is used in this book.

2. The number of cache references not found in the cache divided
by the number of instructions executed [KAPL73, ALEX86].

The first definition is used to evaluate the design of a cache alone,
while the second definition allows the cache design to be evaluated
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per the instruction-level performance of the processor.

The main memory and cache are partitioned into equal-sized
groupings of AUs, say for example, 16 bytes or 64 bytes [GIBS67].
The name block is used for these groupings even though other
names, such as fetch unit, line, and transfer size, have wide usage.
A memory address is composed of two fields, the block name and
the displacement, within the block as shown in Figure 2.2.

The block size is the number of AUs transferred between the main
memory and the cache. When the cache is accessed for either a
read or a write, a mapping function is employed to locate the block
holding the requested AU in the cache, if it is present. To
accomplish this, a cache performs three major functions:

1. Translates the block name to a cache address.

2. Determines the presence or absence of the block containing the
requested AU.

3. Provides the data storage component.
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Figure 2.2
Memory partition into blocks.

Current practice is to integrate functions 1 and 3 into one structure
that is referred to as a late select cache. When the functions are
disjointed, the cache is referred to as an early select cache; these
organizations are discussed in Section 2.1.2.

As previously noted, the placement policy is the cache
organization, as shown in Figure 2.3. There is considerable
diversity in the terminology of cache organization in the literature.
The terminology used here is taken from [GIBS67] and the IBM
S/360/85 [LIPT68], the first known commercial implementation of
a cache.

The descriptions of the cache organization start with the smallest
allocation.
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An addressable unit (AU) is the unit addressed by the processor, a
byte, word, or other unit.

A block contains A AUs with control bits (valid and dirty described
in Section 2.1.3).

A sector contains B blocks plus a tag. The number of bits in a tag is
a function of the size of the memory address and the parameters of
the cache. A sector is also known as an entry [SMIT82].

A set contains SE sectors and, in some designs, LRU bits. SE is the
degree of associativity.

A cache contains S sets. A set is a congruence class, to be
described later.

As noted previously, the main memory is divided into blocks that
are the unit of transfer between the main memory and the cache on
a fetch operation. These units are also known as the fetch unit
[PBZY90] or transfer size. The fetch unit is a multiple of the block
size and is equal to or less than a sector size: B < FU > SE, with the
most common fetch unit being a block. Depending upon the write
policy, the write unit may be, and usually is, different from the
fetch unit.

Note that each of the parameters (S, SE, B, A) are always integers
and are usually even powers of two. This 4-tuple is used to denote
the design of a cache and is similar to the 4-tuple of [PRZY90a]
and the 3-tuple of [AGARS89]. The number of AUs in the cache, or
cache capacity, is equal to the product of the values of the tuple;
that is,

number of AUs = (S x SE x B x A).
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The original use of a block was reported by Gibson [GIBS67]. The
grouping of blocks into sectors is used on the IBM S/360/85 to
spread the cost of tag bits over a larger number of blocks. In later
years, other terms were used to express the partitioning into sectors
and blocks. These include block frame and block [HILL87] and
block and sub-block [HILL84]. IBM recently introduced the term
page, which refers to all of the sectors within a set [GROH90].

Table 2.1 provides a list of the synonyms of the terms used in this
book.

Cache organization is illustrated with the following figures, which
show the most common cache organizations. The first organization
shown in Figure 2.4 is a canonical cache, which is used to illustrate
the relationships between the various cache allocations; the
organization is (8, 2, 2, 2). This example of the canonical cache has
eight sets and two sectors; each sector has two blocks, and each
block has two AUs.

The organization of the cache and the translation of the memory
address to the cache address are tightly bound. As shown in Figure
2.5, the cache address is formed by allocating the memory address
into fields.
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Tase 2.1 Cache organization terminology.

Text Przybylski Hill Intel PowerPC

[PRZY90] [HILL87] 486 601
block sub-block block line sector
sector block block block set

frame
set set set set line
cache cache cache cache cache
fetch unit: fetch unit sub- line sector
block block
Sector Beetor
p e > A
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Figure 2.4
Canonical cache.
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The memory address block name is allocated to:

1. the sector name, which is compared to the tags in sector(s) of the
selected set,

2. the set index, which selects a set, and

3. a block address, which selects a block within a selected sector.
As many caches have only one block per sector, this field can be of
zero length.

The displacement is allocated to the displacement in the cache
address.

This type of addressing is called congruency mapping [MATT?70],
which is defined as:

Two integers are congruent to modulus m, if, after division by the
modulus m, both have the same remainder r [GARN59].

Because the block name is divided into two fields, the set index
and sector name, the set index is the remainder when the block
name is divided by S, the number of sets in the cache. Thus, a
block is divided into congruence classes. Stated another way, a
congruence class consists of those AUs that have the same LSBs in
their set index and different MSBs in their sector names. The
remainders are found by division, that is, right shifting the block
name, a trivial operation when base 2 design is followed. Note that
memory is also divided into congruence classes as shown in Figure
2.2

If there is only one block per sector, the block address field is of
zero length. For these designs, is the proper name for this entity a
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sector or a block? This naming problem is resolved by using the
term sector-block.

One cache design that has more than one block per sector, and
hence a block address field, is the MC68030 instruction and data
caches, which is illustrated in Figure 2.25. These caches are
organized with four blocks per sector, requiring two block address
bits. With a block of 4 bytes, or one word, no further subdivision
by a displacement is required.

If there is only one set, that is, the organization has only one
congruence class, there is no set index field. The block name from
the memory address becomes the sector name of the cache as
illustrated by the IBM S/360/85 shown in Figure 2.21. As
described below, this organization is called an associative cache.

There are three classes of cache designs described below; the
descriptions include the structure of the cache and the address field
subdivisions.

1. An associative cache has one set and is organized as (1, SE, B,
A). One can view an associative cache as having a tag comparison
on each sector with no indexing into the cache. An example of this
organization
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Associative cache.

for (1, 8, 1, 2) is shown in Figure 2.6. Mattson [MATT70] referred
to the associative cache as unconstrained because any block from
main memory can be placed in any sector in the cache. Conti
[CONT69] named this organization a fully associative buffer;
however, the term full or fully is not used in this text. However, if
there is more than one block per sector, congruence mapping into
the sector is required to identify the block, which was named a
sector buffer by Conti.

Associative or unconstrained mapping does not require a set index
in the address, because the tags are accessed by an associative
search. In other words, the block name of the memory address and
the values held in the tag field are the same. Thus, all blocks are in
the same congruence class (the remainder is zero).
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2. An n-way set associative cache is organized as (S, n, B, A) with
S > 2. An example of an n-way set associative cache, organized as
(4, 2, 1, 2), is shown in Figure 2.7. The associative cache shown in
Figure 2.6 has been divided into four sets, reducing the number of
comparison circuits from eight to two. The number of tag
comparison circuits is equal to the value of SE and is the degree of
set associativity of the cache. [MATT70] refers to the set
associative cache as partially constrained because a block from
main memory can only be placed in one
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Figure 2.7
Two-way associative cache.

of the sectors of its equivalent set. Conti named this organization a
set associative buffer.

Caches with n-way set associativity have always, to my
knowledge, used an even power of two for SE: 1, 2, 4, . . . Smith
[SMIT78a] provides information on selecting the degree of
associativity for both caches and main memory. A recent
development, the Texas Instruments Superscalar SPARC
[WEIS92], has a 5-way set associative data cache. Having prime
number associativity may tend to reduce set conflict misses. There
seems to be no problem in addressing a set that has five sectors; the
sector is selected by comparing the tag bits. There is no addressing
modulo 5 required as is the case with prime number memory
interleaving, which is discussed in Chapter 5.

3. A direct cache [BELL74] is organized as (S, 1, 1, A); an
example of a direct cache organized as (8, 1, 1, 2) is shown in
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Figure 2.8. This direct cache is a further division of the 2-way set
associative cache of Figure 2.7. With this cache, there are eight sets
and only one comparison circuit; thus, it is 1-way set associative.
Mattson [MATT70] referred to the direct cache as fully constrained
because a block from main memory can only be placed in its
equivalent set of one sector with one block. Conti named this direct
cache organization a direct mapped buffer.

The following is a qualitative assessment of the effect on
performance for each of the parameters of the cache organization.
See Przybylski [PRZY90a] for a more complete set of "rules of
thumb."
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Direct cache

Cache size is a first-order determinant of cache performance. As
noted above, the size of the cache is the product of the terms of the
4-tuple. However, as cache size increases there can be a
detrimental effect on the processor clock period. The dominant
effect of cache size will be noted when Pmiss data is examined.

The size of the AU is a function of the addressing method of the
processor. In other words, the processor may do byte addressing or
word addressing.

The number of AUs in a block influences the miss penalty by
reducing the number of AUs that are either displaced or
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overwritten upon a miss. The transport time for a miss is a factor of
the number of AUs in a block.

The number of blocks, B, in a sector is set to improve temporal
locality of the cache by not requiring the replacement of a complete
sector. Most contemporary caches, however, have B = 1.

The number of sectors, SE, is the degree of set associativity; it is
also the number of tag comparators in the cache. Experimental data
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presented later in this chapter indicates that SE should be in the
range of 4 to 16. As each sector has a tag that is compared to a
portion of the address, the number of tag comparison circuits is
equal to SE. The number of tag bits is also a function of SE, S, and
the address space of memory. Hennessy [HENN90] provides a
cache rule-of-thumb: "The miss rate of a direct-mapped cache of
size X is about the same as a 2- to 4- way set associative cache of
size X/2." Hill [HILL88] points out that higher levels of
associativity tend to lengthen logic path delays and increase the
clock period. Because of this, a cache with a higher Pmiss can
actually give the smallest tea,

The number of sets S is important if S 1, that is, not an associative
cache. Usually S is determined or selected to give the desired cache
size after the other parameters are set.

2.1.1
Set Index Allocation

Figure 2.5 shows the set index field of the cache address positioned
in the LSBs of the block name field of the memory address. Other
options for the location of the set index field are illustrated in
Figure 2.9. The examples shown are for a three-bit block name
divided into two sets.
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Set index bit positions.
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The set index is one bit and can be positioned as shown in the
figure. Also shown is a map of the addresses in the cache for each
placement. The three illustrated options are:

1. With the one-bit set index in the LSB position, the sectors
alternate in the cache sets, modulo the number of sectors in a set.
This placement distributes the sectors uniformly across the cache
addresses and gives congruent mapping.

2. If the one-bit set index is placed at the MSB position, the sectors
are grouped together in such a way that, for this example, two
adjacent sectors cannot be resident in the cache at the same time.

3. Placing the one-bit set index in the center of the address provides
interdigitated groups of sectors.

The organization placing the set index field in the LSB position is
the most common. As noted above, this organization places
contiguous sectors into different sets of the cache, thereby reducing
set conflict

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000093



VAX

MCas020

MCas040

Intel i85

1BM 370
M1

1BM 370

20 Bits 9 Bits 3 Bits
| SectorName | Setindex | Displacement | Unified Cache

25 Bits 6 Bits 1Bit
| Sector Name | Setndex | Displacement | instruction Cache

23 Bita 6 Bits 3 Bits
[ Sector Name | Setlndex | Displacement | Instruction Cache

21 Bits 7 Bits 4 Bita
| SectorName | Setindex | Displacement | Unified Cache

7 Bit=s TBita 2Bits &Bits
= T Unifted Cache:
[ Sector Name | Set Index SN [Displacement Earky Seloct
14 Bits 4 Bits 10 Bits
. . Unified Cache:
| Sector Name | Set Index | Displacement Early Sclect
Associative

Figure 2.10
Cache address field examples.
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misses. The author knows of no published research on the subject
of how index placement affects Pmiss,

Designers of cache systems have chosen to use a number of set
index position schemes. Some of these options used in real systems
are illustrated in Figure 2.10. These examples illustrate the
diversity of index position design choices. Of particular interest is
the IBM S/360/195. With this cache, the set index bits are central
bits in the block name field of the address. The other illustrated
designs differ primarily in the number of set index bits, not their
placement.

2.1.2
Late/Early Select Caches

There are two methods for determining if a referenced AU is in the
cache and, if present, accessing that AU.

1. Early select. With this selection method, the cache is organized
with separate memories for tag/translation address and data
memory and is known as early select because the determination of
the presence of an AU in the cache is determined early in the cache
cycle before the data memory is accessed. When a set is addressed,
the tag/translation address memory is accessed and, if there is a
valid tag comparison, the translated address is output. The
translated address is then used as an index into a high-speed
memory (cache) as shown in Figure 2.11. This method is used in
the IBM S/360/85 [MAT177], which is discussed further in Section
2.5. Because of the mapping that is performed between the cache
address and the cache data memory, early select caches are
associative.

2. Late select. With this selection method, the cache is organized
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with a one-to-one correspondence between the sectors and the tags.
Late select organizations are illustrated in Figures 2.62.8 and are
further described in Figure 2.11. When a set is addressed, the tag
and data are read in parallel; the tag is then compared with the
sector name and, if valid, the data is gated out. This selection
method is known as late select because the actual selection of the
AU is late in the cache cycle after the data memory is accessed.

The cache address for an early select cache is formed by
concatenating the base address found in the translation map with
the displacement. Concatenation is used because of the use of
congruence mapping. As discussed in Section 2.2.5, a cache write
is implemented as a form of an early select cache. Early select is
required because the determination of the presence of a block must
be made before the write can proceed.

The time steps required for an early select cache are
1. Read the tag/translation-address memory.

2. Compare the tag(s) with the sector name (hit/miss).
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Figure 2.11
Early and late select caches.

3. Compose the address.

4. Read the data memory.

The time steps required for a late select cache are:

1. Read the tag and data memories.

2. Compare the tag(s) with the sector name (hit/miss).
3. Gate out the data.

The use of early select for the IBM S/360/85 cache is based upon
the flexibility of an associative allocation and the technology
available at the time. The data storage portion of the cache uses
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high-speed core memory technology that was inappropriate for the
main memory due to its high cost. The tag memory, being small,
could be implemented with registers and logic circuits. Because it
is fast, the delay time through the tag memory is small compared to
the time through the data storage memory. That is, times 1 + 2 + 3
are small compared to time 4. Matick
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[MATI77] states that the IBM S/360/85 cache requires three
computer clocks to accomplish the four steps noted above.

All known contemporary caches are of the late select type. The use
of late selection has come about because of the speed advantage
and the introduction of cost-effective semiconductor memories that
support the more homogeneous design of late select. However, as
described in Chapter 3, virtual memory systems are early select.

A possible organization that combines the good points of early and
late selects is the most recently used sector (MRUYS) that keeps
track of the last selected sector, giving a shorter logic path length
than the late select path. This recently used sector, with its block, is
conditionally read from the data section and presented to the
processor. If the path through the tag memory indicates that the
sector read is incorrect, the conditional read is aborted.

2.1.3
Control Bits:
Tags, Valid, Dirty, Shared, and LRU

As shown in Figure 2.3, each sector has a tag containing the name
of the stored sector. Each block has a number of control bits and a
set can have LRU bits. The use of the tag bits was discussed in the
previous section. The idea of sectors having multiple blocks in a
sector stems from the desire to reduce bus traffic by the partial
reading or writing of a sector and to reduce the number of tag bits
needed for a cache of a given size.

The valid, dirty, and shared bits provide for control over a block
that is resident in the cache. In general, all caches have valid bits,
while dirty bits are used only with a write back cache and a shared
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bit is used with processors intended for multiprocessor
applications.

Valid bits are used to indicate that the block contains valid
information associated to its main memory address. The valid bit
serves two functions. The first function is to indicate to the
processor that the requested information is valid and not just a
random collection of bits. For example, if a sector has multiple
blocks, the tags can indicate the presence of the sector, but one or
more of the blocks may not have been fetched. If a block that has
not yet been fetched is addressed in this sector, the valid bit will
indicate that the information contained should not be used. Usually
valid bits are reset to zero when the contents of the cache are
undefined as at the initial loading of a program into main memory.

A second use of the valid bit is described in Chapter 4. This use is
associated with maintaining data coherency in the caches of
multiprocessors. With one method of coherency maintenance,
when noncoherence is
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TasLe 2.2 LRU bits placement.

# Sectors # Blocks LRU Placement
SE=1 B=1 nonerequired
SE>1 B=1 placein set

SE=1 B>1 placein sector
SE>1 B>1 placein sector or set

detected, the AU in the cache is invalidated and a future reference
to that AU results in a cache miss.

Dirty bits (modified bits or flags) indicate the blocks that have been
written into and subsequently modified by the processor. Dirty bits
are not required for instruction caches or write through data caches.
By using dirty bits on write back caches, the write back traffic on
the bus can be reduced to only those blocks that have been
modified by writes.

Shared bits are used in the management of a cache in a
multiprocessor configuration. Data is shared between processors
and, if cached, must be managed in order to maintain coherency.
This subject is discussed in more detail in Chapter 4.

For a write back cache with a valid and dirty bit, a block can be in
one of three of the four possible states: valid and clean, valid and
dirty, and invalid. For this third state, the dirty bit is a don't care.

Least recently used (LRU) bits provide support for selecting a
block for either replacement or overwrite. As shown in Figure 2.3,
a set or a sector (if SE = 1) may have a field of bits devoted to
managing the replacement policy of the cache. This field is called
the least recently used (LRU) field, and its placement is a function
of the organization of the cache as shown in Table 2.2.
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When there is a capacity miss (which is discussed in Section 2.2.3),
one of the blocks in the sector must be evicted if the cache is write
back or overwritten if write through. The LRU bits provide the
information to make this selection. Examples of the use of LRU
replacement policy are illustrated with the caches of MC88200
(Figure 2.19) and the 1486 (Figure 2.24).

2.14
Nonblocking Caches

Simple caches exhibit the characteristic that a read miss or a write
will lockup or stall the cache until the request is serviced. A cache
lockup prevents other requests from being serviced and places the
processor into a wait state. Kroft [KROF81] first proposed a
lockup-free instruction cache. This work has been extended with
write buffers to provide lockup-free or nonblocking caches for both
reads and writes.
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Nonblocking Reads

There are a number of cases where a nonblocking read is beneficial
to the processor performance. In these cases, there must be a pool
of read requests that can be serviced out-of-order and effectively
used by the processor. Software prefetching and processors that can
support out-of-order execution are examples and are discussed
elsewhere. Nonblocking can be useful for both instruction and data
fetches.

Additional cache hardware is required to provide nonblocking
capability. From [KROF81] this hardware is:

1. an unresolved miss information/status holding register (MSHR)
for each miss that will be handled concurrently or is pending;

2. one n-way comparator, in which n is the number of MSHR
registers, for registering hits n data in transit from main memory;

3. an input stack to hold the total number of received data words
possibly outstanding;

4. MSHR status update and collecting networks; and

5. the appropriate control unit enhancement to accommodate 1
through 4.

From this list of hardware additions it can be seen that providing a
single nonblocking read is relatively inexpensive; however,
providing the ability to queue up a number of reads can become
unworkable. Also, the additional hardware will inevitably add gate
delays that will give a slower cache and a longer hit time. The only
known nonblocking caches can queue only one nonblocked read.

Nonblocking Writes
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A cache can be prevented from being placed in a wait state on a
write by means of a write buffer or write queue. A buffer or queue
permits writes to occur without wait states until the queue is full.
The first known, to the author, example of a write buffer is the
store data buffer (SDB) of the IBM S/360/91 [TOMAG67] that held
three double-precision floating point values. Store operations
placed the result into the SDB and forwarded the result to
destination registers as described in Chapter 8.

There are two types of write buffers: (1) for write through caches
and (2) for write back caches. The Intel i486, an example of write
through, has a four-level write buffer queue feeding the main
memory. This write queue eliminates, in most cases, stalls of the
processor on consecutive writes as measurements on the i486 show
that the average number of pending writes is 3 [CRAW90]. This
type of write buffer must be addressable, usually by some form of
associative search, for resolving true dependencies. The IBM
S/360/91 [ANDEG67], for example, can buffer
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three writes that have pending true dependencies (discussed further
in Chapter 8). A programming style that is rich in procedure calls
necessitates pushing a number of parameters on the stack that
results in a number of consecutive store instructions. Thus a write
buffer can significantly improve procedure call performance.

The IBM RS/6000, an example of a cache with a write back policy,
has write buffers named store back buffers (SBB). Because the data
cache is write back, all writes occur via the cache. When a block is
evicted from the cache, the SBB takes a 128-byte block from the
cache in one clock cycle and transfers the block to the main
memory over the memory bus in 8 clock cycles [IBM90a]. The
write buffers of the PowerPC 601, an architectural derivative of the
RS/6000, illustrate how snooping (described in Chapter 4) is
incorporated into the write operation.

2.2
Read Policies and Performance Models

The purpose of a cache is to provide a low-latency memory for the
processor. Thus, a designer is interested in having some method of
evaluating the efficacy of a design in matching the characteristics
of an anticipated address stream. The following sections describe
basic performance models and the cache design parameters of the
models. It is helpful in modeling the operation and performance of
caches to consider the following three cycles or states of operation
noted by [MATI89].

1. The Read Access Cycle or State.
2. The Write Access Cycle or State.

3. The Reload Cycle, Penalty, or State (called transport time in this
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The most commonly used measure of cache performance is its
effective access time. The effective access time (tea) for a read is
the weighted average access time of the AUs found in the cache
and the AUs found in memory.

tea = (1-Poise) X cache access time + P, X transport time.

Transport time is the time required to access an AU that is not
found in the cache. Other terms for transport time are miss delay,
miss penalty, cache miss penalty, and reload time. Transport time is
discussed further in Section 2.2.1.

There are four read policies that can be modeled with variations of
this simple cache performance model. These models are based on

(1) the time at which the access is made to the main memory and
(2) whether
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or not the AU fetched from the main memory is passed to the
processor in parallel with the cache or if a second reference to the
cache is required. These variables are

Main memory reference.
Sequential. Memory reference is made after the miss is detected.

Concurrent. Memory reference is made in parallel with the
reference to the cache.

Fetch method.

Simple fetch. AU is stored in cache, and a second cache
reference is required.

Forward. AU is stored in the cache and forwarded to the
Processor.

Timing diagrams of these four cases are shown in Figure 2.12,
where the cache cycle time is normalized to 1 and the transport
time is mea-

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000107



1

Cache |_|I |_|_|I tea—(l - Pm)l + Pm(T+2)
T =1+Pmi{T+1)
Memory "
Concurrent-Simple +
Cache [ : | [ . f : | tea—(1 - Pm)1+Rm(T+1)
T =1+PmT
Memory .
Sequential- Forward +
Cache ! ; tea=(1 - Pm)1 +Pm(T+1)
T =1+PmT
Memory |
Concurrent-Forward +
Cache | : | I : | toa=(l - Pm)1+PmT
T =1+PmiT-1)
Memory B 1

+= Available in procesaor

Figure 2.12
Four cache models.
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sured in cache cycles. Consider the sequential-simple fetch design;
a reference to the system accesses the cache first. If the requested
AU is found, the effective access time is the normalized cache
access time of 1. If the AU is not found, the main memory is
accessed and the requested AU(s) are stored in the cache in T
cycles. The cache is then accessed again taking another cache cycle
time. The down arrow indicates when the AU is available in the
processor. The assumption is made that the cache access time is
equal to the cache cycle time.

The concurrent-simple fetch design accesses both the cache and the
main memory at the start of the access cycle. This design has the
accessed AU available in the processor one clock earlier than the
sequential-simple design when there is a cache miss. The operation
of the other two designs can be followed from Figure 2.12. The
forwarding designs pass the referenced AU to the processor in
parallel with writing it into the cache.

The tea models of the weighted average access times for the cache
and the main memory clearly indicate the added latency that is a
result of a cache miss. The concurrent-forward design gives the
best performancethat is, the smallest teabecause the two memories
are accessed concurrently and the transfer from the main memory
is forwarded to the processor. However, this performance
advantage is at the expense of a main memory cycle and a bus
request for every cache access, which for some systems is an
unacceptable load on the main memory bus. Thus, all known cache
systems employ the sequential-forward design. A version of these
models was first used by Lee [LEEG9]. In addition to the effective
access time, tea, there are two other metrics that are used for
measuring the effectiveness of a cache design.
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The bus trdffic ratio is the ratio of bus traffic with a cache to the
bus traffic without a cache [HILL84]. It should be noted that this
metric can be greater than 1 in some cases. This situation occurs
when the bus traffic servicing misses exceeds the bus traffic
reductions due to hits in the cache. Bus traffic is discussed further
in Section 2.2.4.

The inverse of the first metric is known as the bus traffic reduction
factor (BTRF) [ALEX86].

Caches with more than one block per sector have interesting read
hit and miss properties. A hit requires that the tag matches and that
the addressed block is valid. A miss can occur if there is not a tag
match or if a tag matches but the addressed block is not valid. On a
cache miss because of the failure to match on a tag, a sector is
selected by an LRU strategy and all 16 of the tag bits are reset. The
selected sector tag is updated, and the sector in the data memory is
then filled on a block-by-block basis as required by each
subsequent reference that misses. For the second case, if there is a
match on a tag but the requested block is
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not valid, that block is fetched and the valid bit is set. The write
policy for this organization is discussed in Section 2.2.5.

2.2.1
Transport Time

A transport time model describes the time required to respond to a
cache miss. Transport time, measured in either clocks or in time, is
a function of the method of accessing main memory and
transferring a block to/from the cache. The transport time model is
based on the interleaved memory configuration as shown in Figure
2.13. For interleaved memory systems, including bus systems, the
model for the transport time is composed of the following
parameters:

T transport time.

a latency in clocks required to access the first AU
of the block.

b number of clocks required to produce each
subsequent AU of the block.

A number of AUs in a block.

Wdwidth of the path to the cache in AUs and the
number of AUs per memory word.

From these parameters, the transport time required to transfer a
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Transport time model.
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block between the main memory and the cache is
T=a+ E}(i = 1) .
Wd

This transport time model is typical of interleaved memories that
supply blocks to the cache. An example is found in the IBM
S/360/85, which hasa=4, b =1, A= 32, and Wd = 8. The clock
period is 80 ns. Thus, transport time is 7 clocks or 560 ns.

The transport time model will be used in a modified form in later
sections when write policies are described, because some fetch and
write policies require that a block must be moved from the cache to
main memory (evicted) before the desired block is moved from the
main memory to the cache. For those cases, T is multiplied by (2 -
Pc), where Pc is the probability that a block is clean, that is, the
block has not been modified.

Because the transfers to/from the main memory and the cache are
by way of the bus, another important performance model concerns
the bus traffic, which is defined as

bus traffic = bytes per second across the cache—main memory bus
= requests/inst. X inst./clock x clock freq.
% block size X Ppjss -

This model assumes that there is one bus transaction for each cache
missa correct assumption for read misses but not for write misses.
Nevertheless, the model gives some indication of the bandwidth
required of a bus. For example, a processor with requests/inst. = 2,
inst./clock = 0.66, clock freq. = 10 MHz, block size = 16 bytes, and
Pmiss = (.05 will consume 10.66 million bytes per second of bus
capacity. This model will be modified in the following sections to
accommodate the write policy employed for the cache.
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VLSI technology makes possible large caches with small values or
Pmiss, Thus, a designer is quite concerned with reducing the
transport time without the complications of interleaving. When
interleaving is not used, the transport time is simply the number of
memory cycles (in time or clocks) required to transfer the block.
Today, semiconductor manufacturers are producing DRAMS with
organizations that support the efficient transfer of a block to a
cache. These organizations, discussed further in Section 5.1.6, are
known as nibble mode, word (page) mode, and static column mode
devices.

In the late 1980s, VLSI implementation of caches became practical
and changed the long-held assumption of independence of cache
cycle
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time and transport time. Transport times have been reduced to a
few clocks (25), and processor clock periods are a few tens of
nanoseconds. Jouppi disputes this assertion, however, and says that
transport times are lengthening [JOUP90].

2.2.2
Cache Miss Characteristics

Traditionally, the three major cache parameters (cache access time,
Pmiss and T) have been viewed as orthogonal. That is, one
parameter can be changed independently of the other two. There is
evidence that this orthogonal view is no longer correct. For
example, a larger cache may provide a lower Pmiss but will have a
longer access time. And, as T is an integer multiple of the cache
access time, there can be an increase in T. The issue of cache
design becomes one of minimizing the effective access time of the
cache as the three parameters are varied. This design approach is
the subject of current research by [HILL.88, HILL87, PRZY88,
PRZY90, JOUP90].

There are a number of conditions, both transient and steady state,
under which misses occur in a cache. From the discussion to follow
on the various causes for misses, a cache designer should be
cautious about accepting only one value of cache miss. Pmiss can
vary widely due to the instantaneous state of the processor and the
nature of the program that is in execution.

Transient misses occur due to initial loads, context switches, and
operating system calls. Two types of transient miss conditions have
been noted by [AGARS8].

Cold start misses arise because the program starts executing with
an empty cache, the same as compulsory misses.
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Warm start misses arise after a context switch that has evicted a
portion of the cache's contents.

A warm start miss is also known as the cache reload transient
[THIE87]. Thiebaut and Stone studied cache transients and
developed an analytical model to measure its influence on cache
performance.

The steady-state misses are those that occur after the transients
have subsided. These misses are classified by [HILL87].

Compulsory misses arise from references to previously
unreferenced blocks. The compulsory Pmiss is equal to the Pmiss of
an infinite cache.

Capacity misses arise because the cache is finite. Space must be
provided in the cache for the referenced AUs.

Set conflict misses arise because of too many references to the AUs
in the same set or congruence class. Space must be provided for the
referenced AU.
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A classification of factors that cause cache misses is given by
Agarwal et al. [AGAR89] and reviewed here.

Startup effects are the same as cold start misses and compulsory
misses.

Nonstationary behavior of the cache is caused by the slow change
of a program's working set over time.

Intrinsic interference is the same as set conflict misses.

Extrinsic interference involves the invalidation of cache locations
of one program by another program in a multiprogramming system.

The transient behavior of cache misses was studied by Voldman
and Hoevel [VOLD81]. They proved information on miss spectrum
for instructions and data as well as intermiss distances. Their
results clearly show the effect of the change in locality resulting
from a context switch on the cache Pmiss, Additional information is
given in [VOLD83] that shows the fractal nature of the change in
locality.

The cache performance models discussed previously and shown in
Figure 2.12 use some form of weighted average Pmiss, However,
with capacity misses and set conflict misses, transport time may
increase to 2T to accommodate the time needed to write a block
and then access a block. For a write back cache (discussed in
Section 2.2.5), the fetch policy requires that a dirty block is written
into the main memory for a capacity or set conflict miss. This write
is not required for a write through policy.

The sequential-forward model will be modified to account for the
need to evict or write a dirty block to the main memory before the
missed block is fetched. Clean data blocks do not have to be
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evicted even on a capacity or set conflict miss. This model applies
only to data references under the assumption that instruction
fetches do not need to evict a block; instead, the fetched block can
overwrite a cache block.

IM = {l T Pmisaj X 1 + Pn\iﬂH{PC{-T F 1] T {_1 o P‘-]{ET-l_ 1:]
=1+ PnﬁaﬁT{z - -Pe}

where Pc is the probability that the block is clean (not dirty).

The effect of various forms of miss is illustrated by considering the
performance model for a sequential-forward, write back cache.
This model, which accommodates the block writes that occur with
capacity and set conflict misses, is

tea 3% 1 + PmiB.HT
=1+ PmcumpT 3 (Pmcap 7 Pmsct}ﬁg o Pc}
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where

Prpcomp = probability of a compulsory miss,
P .cap = probability of a capacity miss,
P, ..t = probability of a set conflict miss,
L5 Fsian T Eruap ¥ Lot

This model includes the effect that, for a write back cache, a
compulsory miss requires only one transport time while capacity
and set conflict misses require two transport times if the block is
dirty in the slot that must be available for allocating the fetched
block.

2.2.3
Sources of Miss and Hit Data

A cache designer has a number of sources for Pmiss data. The first,
and most abundant, source of general data is published data by
[SMIT82], [SMIT87], and [HILL84]. In addition, [HILL87] also
reports miss data for the three classes of steady-state misses noted
above. Transient miss data is provided by [STRE83] and [THIES87].
Miss data for the SPEC benchmarks suit executing on a number of
processors was published by Gee et al. [GEE91].

Davidson [DAV187] studied cache misses on the basic and two
modified versions of the VAX instruction set. A number of
benchmarks are simulated, and the results indicate that for
relatively small caches (8K to 32 Kbytes) there can be as much as a
60% difference in Pmiss for the same program. For large caches (64
Kbytes), the influence of code density disappears as the cache can
hold the complete working set. These results indicate that code
density can be a significant design consideration for on-chip caches
that are of limited size. The point should be made that Pmiss is not
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independent of the underlying processor architecture. That is, the
instruction set and resulting code density can be a significant
determinant of Pmiss, For a given size of cache, the higher the code
density, the lower the Pmiss, While instruction set design is outside
the scope of this book, I suggest consulting the research of
[MITC86] and [STEES89] in addition to [DAVI87].

Miss data for operating systems and multiprogramming workloads
is provided by [AGARS88]. This data is collected by trace-driven
simulation for various configurations of caches with various
workloads and measurements on actual caches when executing
benchmarks.

Mogul and Borg [MOGU91] reported on the effects of context
switches on the performance of a cache. Their results are important
because of the increased context switch rate that results from
program execution under highly modularized operating systems.
They simulated
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three caches: a level-one instruction cache, a level-one data cache,
and a level-two unified cache. Their results show that the cost of a
context switch can be in the tens of thousands of cycles due to the
reduction in cache performance or the increase in memory latency.

The empirically derived formulas by [HIGB90] are another source
of miss data source. These formulas are the product of curve fitting
to trace-driven simulation data. Higbie also gave formulas for
evaluating the average access time of a cache as a function of its
organization. These formulas are useful for making first-order
performance approximations of a cache design before expensive
simulations are conducted. The discussions of each of the cache
types in Sections 2.3 to 2.6 include identification of the published
Pmiss data for the various cache types.

In conclusion, Pmiss data is usually obtained by simulating a cache,
testing it with an address trace, and recording the Pmiss results.
Special methods of performing cache simulations have been
effective in significantly reducing the simulation time for a large
number of cache designs [HILL87, MATT70]. Some new
microprocessors, such as the Intel Pentium, have counters on the
chip that can log cache misses permitting in situ and at-speed miss
data collection.

2.2.4
Fetch Policies

In addition to the organizational aspects of cache design, there is
the issue of the fetch policy that can influence the effectiveness of a
cache by changing Pmiss, It is stated as the algorithm for
determining (1) the conditions that trigger a fetch from the main
memory into the cache, (2) the order of moving AUs from the main
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memory to the cache, and (3) when the CPU can resume processing
after a cache miss. Fetch policy is also called fetch strategy
[PRZY90].

The policies discussed in this section are used for both instruction
and data caches. However, most instruction caches only have need
for a fetch policy, since writes into an instruction cache are usually
not allowed. Recall, from Table 1.1, that approximately 90% of all
memory references are reads and 10% writes. Our primary
attention is devoted, therefore, to reducing fetch time even at the
expense of write time.

Before fetch policies are discussed, a historical note is in order. The
first caches were quite small by modern standards. Because the
caches were small, capacity misses are large and "fine tuning" of
the cache organization and fetch policy was employed to improve
Pmiss as much as possible. For example, Gibson [GIBS67)
examined the impact of block size in a small cache.

However, as the absolute size of the cache has increased and with
the use of two-level caches, fine tuning of block size and fetch
policies
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are no longer the dominant considerations they once were. The use
of direct caches with SE = 1 and B = one word, as found in the
MIPS R2000, indicates current thinking in cache design. Also,
Przybylski's [PRZY90] simulations indicate that "fine tuning" of
the fetch policy can yield only marginal improvements in cache
performance. Nevertheless, it is important to consider all aspects of
fetch policy design as some of the issues remain relevant.

Conditions for a Fetch from Main Memory

This section briefly discusses the three common conditions for
initiating a fetch from the main memory to the cache. The first two
conditions apply equally to instruction and data references to split
or unified caches.

Fetch on Miss

This condition is the common case of accessing a block from the
main memory into the cache only on a cache miss, sometimes
known as demand fetching. For caches having more than one AU
per block, prefetching occurs because more than the missed AU is
fetched.

Software Prefetching

With software prefetching, a block is fetched under program
control or automatically before an AU is needed. When software
prefetching is used to preload a conventional cache, it is anticipated
that there will be a decrease in Pmiss for the program. Software
prefetching with a performance model is described in Section 2.8.1.

Software prefetching is a much studied but, as yet, little
implemented idea. The reason for this is discussed in Section 2.8.1,
where a performance model for software prefetching is developed
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and its performance is evaluated. Special cases of software
prefetching can be found, such as instruction buffering, where
prefetching is effective.

Hardware Prefetching

A special form of prefetching is hardware driven and is used for
instruction and data stream prefetching into queues (described in
Section 2.3.2) and prefetching of branch target instructions
(described in Chapter 6). A special case of hardware prefetching is
instruction prefetching, which is defined as: "Instruction words
ahead of the one currently being decoded are fetched from the main
memory before the instruction decoding unit requests them"
[GROHS82]. This definition is general enough to cover prefetching
into queues as well as into pipeline stages.

Ordering Main Memory to Cache Moves

For cache having more than one AU per block, the effective access
time, tea, can be improved by the use of an efficient fetch policy.
There are three known design options for handling multi-AU block
on a fetch. These options assume that a cache read miss can occur
on any address within the block, including the first address. Recall
that the block is the unit of transfer between the main memory and
the cache. Timing dia-
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Figure 2.14
Load policies.

grams of the following three options are shown in Figure 2.14,
illustrated with a miss occurring on the access of AU#1 of a four-
AU block.

1. Block load. The complete block is loaded starting with the first
AU in the block [HILL84].

2. Load forward. The AUs forward of the miss and within the
block are loaded. The AUs behind the miss are not loaded. This
option is also named loading partial blocks on miss [HILL87].
Note that valid bits are needed for each AU and the valid bits of
only the loaded AUs are set. With a valid bit, a miss can occur
either because of a tag that does not compare or a valid bit in a
block that is not set.

3. Fetch bypass. The block is loaded starting with the missed AU;
then the AUs behind the missed block are loaded [SMIT87]. Fetch
bypass is also known as a wraparound load. This option is
employed on the IBM S/360/85 [LIPT68]. Unfortunately, the term
fetch bypass has another usage with the IBM RS/6000; see Section
2.4.2.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000125



For systems that have a bus with a high level of utilization,
selecting a load policy that reduces bus usage may be beneficial.
Note that for options 1 and 3 the complete block is always loaded
into the cache. Option 2 loads only a partial block, thereby
reducing the bus traffic ratio, usually at the later expense of an
increased Pmiss, The higher Pmiss may then increase the bus
traffic, for no net average reduction. Hill [HILL84] performed
simulations that suggest that the load forward policy reduces the
bus traffic ratio in the range of 10% to 20% at the cost of an
increase in Pmiss of less than 10%. The net effect of these changes
is negligible and is probably not worth the complication of the load
forward design.

There are further complications with a fetch policy. For example,
what happens with a sequential-forward or concurrent-forward
policy if there is another cache miss while the block, or partial
block, from the
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previous miss is still being loaded into the cache? There are two
options for handling this situation [PRZY90].

1. For a nonblocking cache, hold the second miss until the first
block load is completed. This strategy is called nbdwf.

2. The block load from the first miss is aborted and the second is
started. This strategy is called adwf.

The temporal clustering of cache misses for a particular cache
design and workload is a major factor in selecting an option;
[PRZY90] provides some insight. As the block size increases, the
temporal clustering decreases. However, the decrease is not
significant for relatively small blocks, leading to the conclusion
that the simple nbdwf option is the best choice.

Resumption of Processing

The processor can resume processing when the requested AU is
available. There are two variations of each of the three load
policies that concern how the missed AU is passed to the processor.
These two policies are introduced in Section 2.2 and shown in
Figure 2.12.

1. Simple fetch.The block is loaded into the cache, with any of the
three policies above, and the reference to the cache is reinitiated.

2. Forward. As the block is being loaded into the cache, the missed
AU is passed to the processor that resumes processing while the
balance of the block is filled. This policy is named out-of-order
fetch [HENN9O0], continuation, or early restart [PRZY90].

In general, the forward policy reduces the number of cycles
required to service completely a cache miss and resume processing.
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However, this policy is more difficult to implement than the simple
policy and may not be worth the cost for systems with small Pmiss
and relatively short transport time. And, as noted above, there can
be cache misses because of the early restart of processing.

With a nonblocking cache (discussed in Section 2.1.4) and a pool
or queue of reads, the processor can resume processing
immediately after the miss service is initiated. Thus, the simple
fetch policy may be satisfactory.

2.2.5
Write Policies

Section 2.2.4 discussed fetches from the main memory to the
cache. When there is a data write from the processor, the cache
must have a policy for handling a number of situations. Consider
first a write to a sector or block that may or may not be in the
cache. An early select strategy must
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be used because the cache must be checked for a hit or miss before
the write is initiated. What this means is that writes are
accomplished by a read-test-modify-write protocol. A late select
policy, if one could be devised, would cause an invalid write that
would incorrectly change the value of an AU in the cache.

Instruction caches are, in general, read-only and do not require a
write policy. For data writes, policies for all cases of hits and
misses and writing into the cache and main memory are needed.

Write Hit

After the early select process determines that the write will hit in
the cache (that is, the tags match), the write must update both the
cache and the main memory. For write hits there are three
strategies.

1. Write through (store through). For this policy, the AU is written
into the cache and into the main memory. For performance
enhancement, a write buffer can be employed to hold the AU
before it is written to the main memory. The write buffer permits
the processor to continue while the write to the main memory is
pending.

Write through has a number of characteristics that must be
accommodated. (1) There can be a coherency problem because the
value of the AU in the cache can be different from the value in the
main memory while the AU is in the buffer. (2) The write through
policy requires that every write to a location causes a memory bus
transaction. And, (3) as there can be a sequence of writes to a
particular location, there will be more bus activity than with the
write back policy.
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2. Write back (copy back, store in, nonstore through, swapping).
For the write back policy, the AU is written into the cache and the
dirty bit is set if it has not already been set. At some future time
when the sector or block must be evicted from the cache for a read
miss, only the dirty block(s) must be written to the main memory.
Dirty bits would not be required if the full sector was always
moved to the main memory on a miss. However, writing a full
sector imposes a significant performance penalty because of
unnecessary moves. With dirty bit control, only the last write to a
location is updated into the main memory, which results in lower
bus activity than with the write through policy.

A read miss may require the eviction of a block if the block is dirty.
Thus, the selection of a write back policy can impact the transport
time required to service a future read miss. There is a coherency
problem with the write back policy because the value of the AU is
different in the cache and the main memory until the write back is
accomplished. Coherency is discussed in Chapter 11.

3. Write once. This policy treats the first write as write through and
then reverts to write back for all subsequent writes to the same
block.
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Write once reduces the need for invalidations or updates for
maintaining coherency, which is a problem with multiprocessor
systems, while reducing the bus traffic found with a pure write
through policy.

Write Miss

The first-level design options for write misses (that is, the tags do
not match) concerns whether on not the block into which the write
will occur is allocated (fetched from the main memory) or not
allocated. The second-level design options are write through and
write back as with write hits. The allocation design options are as
follows.

Write-allocate can be used by either the write through or write back
policies and treats a write miss similarly to a read miss. The sector
or block that is the target of the write is fetched into the cache. One
of the replacement policies described in Section 2.2.6 must be
observed. After the block is fetched, either write through or write
back policy can be followed.

No-write-allocate (write around, write direct) is used only with the
write through policy. With this policy, the write is made directly to
the main memory or to the main memory via a buffer as in the
write through policy.

Writes into Write through Caches

Write through caches with multiple AUs per block have an
advantage with writing [HENN9O]. If there is a hit (tag match) the
write to the cache, and to the main memory, can proceed regardless
of the state of the valid bit. However, if there is not a tag match, the
AU can be written, the tag updated, the valid bit set, the other valid
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bits in the block reset, and the AU written into the main memory.
The reason this works is that there is a valid image of the block in
the main memory for the block that does not hit.

Write Policy Taxonomy

With two policy options for a write hit (not considering the write
once policy) and three policy options for a write miss, there are six
possible write designs, as shown in Table 2.3.

Four combinations of policies are the most used and are indicated
by designs A, B, C, and D. Note that options B and D use allocate,
and the Pmiss of future reads may be reduced because a requested
AU may now be present in the cache. On the other hand, a future
read may have a higher Pmiss due to the eviction of a block that
will be needed at that time. There is no published research on this
issue known to the author. Cases A and C require that the block is
fetched with read misses only
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Tasre 2.3 Write policy taxonomy.
DesignWrite Hit  Write Miss

A Write No write-allocate, write
through  through
B Write Write-allocate, write
through  through
Write Write-allocate, write back
through
C Write back No write-allocate, write
through
Write back Write-allocate, write
through

D Write back Write-allocate, write back

since write misses do not cause a block to be fetched from the main
memory.

With the four designs, there is another design option. This option is
the inclusion of a write buffer or queue discussed in Section 2.1.4.
All known contemporary cache designs use a write buffer. Recall
that the write buffer used with a write through cache (designs A
and B) buffers processors writes while a write back cache (designs
C and D) uses a write buffer with the eviction of a block.

Write Policy Performance Models

Simple models are developed to assess the performance of the four
cache designs. There are two performance issues that are a
consequence of the selected write policy: (1) the effective write
time of the cache, and (2) the bus traffic. These issues are discussed
separately later in this section.

Simple flow charts for the four write designs are shown in Figure
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2.15. The models are for a unified cache and assume the following.
1. All hits take one clock to read from the cache.

2. The transport time of a block to/from the main memory is T bus
cycles and the ordering is block load.

3. For misses where a dirty block is moved from the cache to the
main memory before the block is fetched, the transport time is 2T
bus cycles.

4. All writes are buffer and take 1 cycle; the write buffer is never
full.

5. Write to the main memory of a single AU requires w cycles on
the bus.

6. Dirty bits are set in parallel with the cache and/or the main
memory buffer write.

Cache Access Time Models

For the four cache designs AD described previously and illustrated
in the flow charts, Table 2.4 describes the write time in cycles.
Because of
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Write Write
Hi Mizs Hiy Miss
Write Lo Cacke Write to Cathe
Write ta Memory Write ta Metnory Write Lo Memory Load New Block
Write Lo Cache
Write Lo Memory
[hemigen A His-Write Through Dhesadem 18 Hit-Wirite Through
Miss-No Wnte- Alocate Misa- Allccate, Write Throarh
Write Write
His Miss Hiy Miss
Wirite to Cache Write to Cache
ot Dirty it Wit Lo Memory Het Dirty Bt Write Dirty [Hock ta Memary
Logd Nuw Block
Write to Cache
St Diirty Ba
Dhendgn ©; Hit-Write Hack Dhrenigm I Hit-Write Hack
MinsNo Wrte-ALorate Misn: Alloeste, Write Backc
Figure 2.15

Write design flow charts.

the use of write buffers, all writes take one cycle. All actual writes
to memory are overlapped and do not delay the processor.

Note that while the hit events for designs C and D set the dirty bits,
no eviction transport time is charged because the transport time is
accounted for on a subsequent read that requires that the block be
evicted. The effective write time tw is the same for all cache
designs and is based on the effective use of write buffers to hide all
transport times

Design Write Write ~ Examples
Hit Miss
A Hit-WT, Miss- 1 1 486,
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NWA MC68040*

B Hit-WT, Miss-A, 1 1 MC68030*
WT

C Hit-WB, Miss- 1 1

NWA

D Hit-WB, Miss-A, 1 1 MC68040*
WB

* Depending upon the mode.
TasLe 2.4 Cache Write cycles.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000136



Page 50

TaeLe 2.5 Memory access cycles.

Write Design Read Write
Hit Miss Hit Miss
A Hit-WT, Miss-NWA 11+T 1 1

B Hit-WT, Miss-A, WT 11+T 1 1
C Hit-WB, Miss-NWA 11+T2-Pc) 1 1
D Hit-WB, Miss-A, WB 11+1R2-P0) 1 1
PC is the probability that a block is clean; that is, the
block has not been modified.

rn"l:p‘-J = IW[B] = EWEC.} - !‘aw{D} =1 E}?Ele.

We now consider the overall effect of the write policy on the
effective cache access time by modeling the effective cache access
time for both reads and writes. The read policy is sequential-
forward. The memory access cycles are shown in Table 2.5.

The effective access time for both reads and writes can be modeled
by forming the weighted average of the clocks required for reads
and writes. A unified cache is assumed even though split caches
can also be evaluated by selecting the proper parameters. New
terms for these models are defined as

P Probability that a memory access is a read
P.. Probability that a read access misses
P,  Probability that a memory access is a write
P...» Probability that a write access misses

P+ Py=1

Designs A and B provide the same effective cache access time;
designs C and D also have the same effective access times
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Bus Utilization

The effective access time of the cache is not the only performance
measure that should be considered. Each of the four designs
presents a different traffic density or bus utilization. High bus
utilization can be a significant problem in a shared memory
multiprocessor because of contention on the bus from a number of
processors. A write back policy
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is expected to result in lower bus utilization. The models to follow
show the number of clock cycles that each reference to the cache
will generate; bus activity is measured as

BCR = the weighted average number of bus clock
cycles per memory reference.

If a split cache is evaluated, BCR will be the sum of the BCRs for
each of the two caches. The model of bus utilization makes the
assumption that the cache is always active; that is, the processor is
completely overlapped with cache access time. Thus, the bus
utilization fraction is

bus utilization (BU) = BCR/t.. (A, B, C, or D).

The transport time model determines the time to move a block
between the cache and the main memory. For write through and no-
write-allocate caches only a single AU, not a block, is usually
written to the main memory and a bus and the main memory
usually handle single AU writes differently than a block write.
While write buffers hide a single AU write time from the processor,
the number of writes is a factor in determining bus traffic.
Therefore, a parameter is needed to quantify single AU writes to
the main memory; specifically it is defined as w, the number of
clocks required to write an AU to the main memory and is usually
less than T because a single AU is written to the main memory over
the bus rather than a complete block.

Table 2.6 shows the contribution made to BCR for each of the four
events and each of the four designs. These models are derived from
the flow charts of Figure 2.15 and Tables 2.4 and 2.5. The models
are the same with and without buffers because a buffer can only
delay, but not eliminate, bus activity.
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TaeLe 2.6 Bus clock cycles, BCR.

Write Design Read Write
HitMiss  HitMiss

A Hit-WT, Miss-NWA 0 T ww

B Hit-WT, Miss-A, WT 0 T w T(2 - PC) + w

C Hit-WB, Miss-NWA 0 T(2-Pc 0 w
D Hit-WB, Miss-A, WB 0 T(2-Pc 0 T(2 - Pc
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The BCRs for each of the four designs are

BCR(A)=P,P,,. T+ P, w,

BCR(B) = PP, )T + P, (w + P,..,T(2 — P.)),
BCR(C)=P.P,, T(2-P.)+ P, P, .,
BCR{D) = T(E =2 Pc){Perr + PmewJ.

For evictions, transport time can be reduced for a cache that has
more than one AU per block if dirty bits are given to each AU.
These dirty bits can reduce the bus traffic to w clock cycles for
each AU transported, not T cycles for the complete block. Needless
to say, instruction caches do not require dirty bits because there
will be no writes for systems that prohibit self-modifying code.

Write Policy Performance Impact

The models developed in the previous section will now be used to
evaluate the four cache designs for access time and bus utilization.
The parameters of the bus design are from Figure 2.13 plus the
word write time: a is the bus latency, b is the transfer rate, and w is
the write time. The following assumptions are made on the
workload and bus parameters.

P.=0.9, a=2,
P, = 0.1, b=1,

P, =0.1, A =16,
Pow =015 Wd=4,

P.=0.9, w=2,

By applying the models developed in the previous section, we
obtain values for tea, BCR, and BU as shown in Table 2.7 for the
four designs. First, the value of T is determined as

16
T=2+ l(I - 1) = 5 clocks.
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These results indicate that, as expected, designs A and B have the

TasLe 2.7 Cache design model results, clocks.

Write Design tea BCR BU
A Hit-WT, Miss-NWA 1.45 0.65 0.45
B Hit-W'T, Miss-A, WT 1.45 0.73 0.50
C Hit-WB, Miss-NWA 1.49 0.52 0.35
D Hit-WB, Miss-A, WB 1.49 0.57 0.38
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best performance and the highest bus utilization. These results
compare favorably to simulation results of the cache for the 1486
described by [GROC89]. The 1486 has a unified cache that is write
through on hit and write direct on miss (design A). Their simulated
results show BU in the range of 0.38 to 0.55 for a suit of five
benchmarks with the same bus design.

Simulations were also performed to assess the impact of changing
the bus parameters for design A. The bus transport time parameters
a, b, and w are varied; Wd is 4 and A is 16. For each of the bus
configurations the execution clocks are normalized to a bus with a
=0 and w = 0. The simulations provided a count of the number of
execution clocks with different bus configurations; the results are
compared to the models in Table 2.8. The simulation-measured
number of execution clocks as the bus parameters is changed. As a
surrogate for processor performance, the model for tea is used also
to normalize a = 0 and w = 0.

The model results compare favorably with the simulation results,
that is, £8%. The bus designs with the greatest difference are the 2-
2-2 and 4-1-4. One reason for the differences is that the simulation
measured the effect of processor execution clocks rather than just
the cache clocks. In an actual system the processor and cache are
not completely overlapped, and the cache is the idle part of the
time. For example, the processor may have to wait on a write to the
buffer to update in the main memory; this is a delay that is in the
simulator but not in the model. Nevertheless, the models do
indicate the effect of the bus design on the performance of a cache.
The values of a and b are more important than w.

[GROC89] also performed a simulation that evaluates the bus
utilization for four bus designs with both write through and write
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back policies. The columns of Table 2.9 labeled SIM are the
simulation results, while the columns labeled MOD are the model
results. The workload

Tasre 2.8 Simulation and model

results comparison.

Bus NormalizedNormalized
Designs Execution tea
(abw) Clocks

212 1.17 1.14
312 1.21 1.21
412 1.26 1.28
213 1.21 1.14
222 1.28 1.38
414 1.38 1.28
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Tasre 2.9 Bus utilization.
Bus Design Write Through Write Back

abw SIM MOD SIM MOD
212 0.40 0.45 0.27 0.35
413 0.53 0.57 0.35 0.44
624 0.68 0.71 0.48 0.57

and cache design parameters are the same as used in the examples
above; only the bus parameters are varied.

The modeled values of bus utilization are quite close to those found
by simulation, validating somewhat the analytic models. The model
results are, in all cases, conservative, showing greater utilization
that is indicated by simulation. As would be expected, a slow bus
exhibits higher utilization for both write through and write back
designs.

2.2.6
Replacement Policy

When there is a read miss or a write-allocate, it may be necessary
to evict a block from the cache to the main memory to make room
for the block that is to be fetched.

Replacement policy determines the block or sector to be evicted;
hence, it is only needed for write back data or unified caches as
write through data caches and instruction caches can have a block
overwritten as the main memory is consistent with the cache. The
cache organizations and their constraints, also noted in Section 2.1,
on a replacement policy are as follows.

Direct caches (S, 1, 1, A) offer no eviction alternatives. There is
only one block into which the new block can be placed.
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Even though direct caches (S, 1, B, A) may have more than one
block per sector, a selection of blocks is not required as the sectors
and blocks are uniquely addressed.

Set associative caches (S, SE, 1, A), (S, SE, B, A) have more than
one sector within a set and each sector may have more than one
block. Thus the replacement choice is one of selecting the sector
and/or block based on a use factor.

The fetched block can replace any block of an associative cache (1,
SE, 1, A). The selection techniques for identifying a sector or block
are the same as for the set associative cache. The set chosen for
eviction is determined by a use factor.
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For the caches with replacement policies based on a use factor,
there are a number of methods that can be used to select the sector
or block for eviction. These methods have been extensively
discussed by [PUZA85] and others and were first investigated in
the context of virtual memory; much of the relevant literature is
found in that area. The primary concern when selecting a method is
to reduce the bus traffic that will result if a sector or block is
moved to the main memory only to be needed again in a short time.
In other words, attempts are made to identify temporal locality and
only move a sector or block that will not (one hopes) be needed in
the near future. These selection methods are briefly discussed
below for blocks or sectors; the term block will be used for this
discussion.

The block to be evicted can be selected by a random choice. A
random choice can be made in a number of ways, including
sampling a pseudorandom number generator, such as the low-order
bits of the real time clock, in order to obtain the designator of the
block to be evicted.

The block can be selected based upon the criteria of least recently
used (LRU). The LRU policy is based on the idea that the least
recently used block is least likely to be used in the future.
Implementation of this method requires that an activity file be
maintained for each block; the activity file is probed to find the
block to evict.

The LRU strategy has the unfortunate property that a block can be
evicted just before it is requested again. The reason that this
untimely eviction can happen is that cache misses do not have a
uniform distribution within the address space but can be clustered.
The blocks associated with these clusters stand a good chance of
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being evicted from the cache just when they are needed. Pomerene
et al. [POMES84, STONS3] described a technique that anticipates
premature eviction and creates a shadow directory that assists in
improving the replacement policy of LRU.

With the first in first out (FIFO) method, the block that has been in
the cache the longest is assumed to be the least likely to be needed
again and can be evicted. The FIFO method requires a queue for
each sector or set. As a block is referenced, its name is placed on
the top of the queue. When a miss occurs, the block name on the
bottom of the queue is selected for eviction. Large caches require a
large number of queues, which can result in a slower cache.

The LRU and FIFO policies become quite complicated to
implement for set associative caches with multiple block sectors.
Simulations and performance measurements of real systems
indicate that the simple random policy is usually adequate for most
cases. On the other hand, processors such as the MC88100 and
i486 have caches with modified LRU policies that are discussed in
Sections 2.4 and 2.6.
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2.2.7
Block Size Considerations

The design issue of block size was mentioned in previous sections.
Two consequences of block size selection are important: (1) block
size effect on Pmiss and (2) block size effect on transport time.
These two effects combine to make block size a significant
determinant of small cache performance and were studied
extensively by Smith [SMIT87].

The effect of block size on Pmiss is considered first. For increasing
block size, Pmiss will decrease because of spatial locality. In effect,
prefetching larger blocks of information decreases future misses.
On the other hand, as the size of the block becomes large with
respect to the size of the cache, Pmiss will begin to increase. This
increase in Pmiss occurs because the capacity of the cache is
divided into a smaller number of uniquely AUs. This leads to
dominance of capacity misses as a result of information loaded into
the cache that is never used and is given the name memory
pollution [SMIT78].

Smith [SMIT87] gave data on Pmiss as a function of block and
cache sizes for unified, instruction and data caches; an excerpt of
this data is shown in Table 2.10. The excerpted Smith data shows
that Pmiss decreases monotonically with an increase in block size.
However, for very small caches (the data is not shown in this table)
there is a block size that gives a minimum Pmiss, Since large
caches dominate today's designs, small caches are of little practical
interest.

The second consideration of block size selection is the impact on
miss transport time (discussed in Section 2.2. 1) as well as the
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resulting impact on the weighted average cache access time. Recall
that for the sequential-forward cache

t=1+PoTand T =a + b3 — 1), teg = 1 + Pouisala + blsag — 1))

Tasre 2.10 PMisS as a function of cache size and block
size.

Cache Size Block Size (bytes)

Unified cache 4 8 16 32 64 128
2048 bytes 0.405 0.258 0.170 0.124 0.098 0.093
8192 bytes 0.232 0.135 0.080 0.050 0.033 0.025
32768 bytes 0.124 0.070 0.040 0.024 0.014 0.009
Instruction cache

2048 bytes 0.391 0.234 0.150 0.098 0.068 0.057
8192 bytes 0.172 0.100 0.060 0.037 0.230 0.016
32768 bytes 0.091 0.052 0.030 0.017 0.010 0.007
Data cache

2048 bytes 0.256 0.169 0.120 0.094 0.083 0.089
8192 bytes 0.214 0.129 0.080 0.053 0.039 0.032
32768 bytes 0.108 0.065 0.040 0.025 0.017 0.012
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Tasre 2.11 Nanoseconds/memory reference.

Cashe type-Size Block Size (bytes)

Unified cache 4 8 16 32 64 128
2048 bytes 160 110 100 105 112 200
8192 bytes 75 50 35 30 30 32
32768 bytes 50 32 24 20 18 21

Smith [SMIT87] provided results of simulations that show the
effect on tea as the cache and block sizes are varied and for various
values of a and b. Table 2.11 shows an excerpt of results for a
unified cache with a = 360 ns and b = 15 ns.

These results clearly show, due to the interaction between Pmiss
and transport time, that there is a clear minimum in the time for a
memory reference as the block size is varied. For the small cache
of 2 Kbytes, the minimum occurs with a block size of 16 bytes. For
the larger 32 Kbyte cache, the minimum moves out to 64 bytes.
However, for the larger caches, the minimum is very shallow,
which indicates considerable latitude in block size selection. This
data suggests that larger block sizes will be more common with the
larger cache sizes of today. For example, the RS/6000 64-Kbyte
data cache has a 128-byte block.

Hill and Smith [HILL.84] reported on the effect of sector and block
sizes on the bus traffic ratio. They pointed out that an instruction
miss can fetch more instructions than will be used by the processor.
Thus, it is possible to have a bus traffic ratio that is greater than
one. Caches with a one-word block (A = 1) and an AU equal to the
instruction word length will always have a bus traffic ratio of one
or less for instruction caches.

As previously noted, the bus traffic ratio may be a major design
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concern for shared memory multiprocessors that have a multiplicity
of caches on one bus to the main memory. As the bus traffic is
proportional to the product of Pmiss and the transport time, the bus
traffic ratio can increase with block size. The reason for this is that,
as the block size increases, the transport time may increase faster
than Pmiss decreases due to the larger block size. For this and other
reasons, processors intended for multiprocessor use may have sets
with one sector of one block of one word [STENSO]. The penalty
of an increased Pmiss is viewed as acceptable so as not to saturate
the bus.

2.2.8
Bus Design Considerations

In previous discussions, there have been a number of references to
the bus that connects the cache to the main memory. A complete
discussion
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of buses is not possible in this book; however, a few comments are
still needed. See [LEVY78, BORR81, VAND89, WARD90] for
more details. An excellent collection of papers on various buses is
found in [DIGI90]. The engineering aspects of bus design are
carefully described in [DELCB86].

Computers of the 1950s and 1960s had their major functional
modules interconnected by ad hoc connection paths. The designers
of the PDP-5 [BELL78] introduced the concept of the bus, which
provided for modular interconnection of the functional modules by
a standard interface known as a BUS.

There are two basic low-level control methods with buses:
synchronous and asynchronous. Examples of both types can be
found in systems and standards. For example, the Futurebus
(IEEE896) is asynchronous and the NuBus (IEEE1196) is
synchronous. Another low-level architectural feature is whether or
not the addresses are multiplexed with the data blocks on the bus.
Because the receiving device must decode addresses before the
data can be accepted or generated, it is natural that address/data
multiplexing be used. However, multiplexing adds timing and
control complexity to the bus to accommodate saving conductor
paths. Examples of these two methods are found in the Futurebus,
which is multiplexed, and the VMEBus, which is not multiplexed.

Regardless of the control method, there are two performance
parameters of interest in relation to cachemain memory
interconnections. These are the latency and transfer rate, in other
words, the components of the transport time model. Unlike the
multiplicity of ad hoc buses used on the early computers, a single
interconnection bus must be time shared among the various
requesters and bus designers strive to provide the smallest latency
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and the highest bandwidth possible between the sources and sinks.
A bus transfer consists of the following steps:

1. Arbitration for bus mastership.

2. Transmission of the address.

3. Receipt of the address, decoding, and acknowledgment.
4. Transfer of data.

The first three steps constitute the latency of the transaction while
step 4 gives the transfer rate. The total time of the transaction is the
sum of the latency and the data transfer time. Because the latency
is usually larger than the transfer time of a single AU, block
transfers are employed if at all possible. The bandwidth of a bus is
derived from the transport time model of Figure 2.13.

A
latency + transfer time

Bandwidth =
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It follows from the above that the maximum bandwidth of a bus
has an upper limit of A/transfer time that is achieved only when the
block becomes very large and the latency is totally prorated.
However, as was discussed earlier, a typical block size is only 4 to
64 AUs. Thus, low latency is a prime requirement for a good bus.

A number of manufacturer-supported buses have been developed
over the years. A brief, and incomplete, list includes:

Manufacturer Bus Names

DEC Unibus
VAX SBI
IBM AT Bus

Micro Channel

Intel Multibus

Motorola VMEBus, IEEE
P1014/d1.2

Texas NuBus

Instruments,

MIT

Several Futurebus, IEEE

As processors and memories have become faster, bus technology
has not kept pace. System designers are therefore reverting back to
the techniques of the 1950s and 1960s and employing special
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dedicated buses that do not need the generality of the buses
discussed above.

An example of a dedicated bus is found in the Compaq Deskpro
386/20 [VANNSS]. An IBM AT compatible bus interconnects the
main memory to the DMAS. A special 32-bit bus connects the
cache to the main memory. With a dedicated bus, the design is
specific to the task of transferring blocks between the main
memory and cache. The number of loads on the bus is fixed as are
the physical distances involved. Thus, the latency can be
minimized and the bandwidth improved. A dedicated graphics bus
is common today with high-performance personal computers.

Borrill [BORR81] has classified the various levels and use of
buses. By his taxonomy, a dedicated bus is known as a component-
level bus and named Level 0. The bus connecting the main memory
to DMAs is named Level 1 and is more commonly known as the
backplane bus.

The bus between a cache and the main memory is usually
optimized for fetching a block. However, a nontrivial fraction of
bus transactions are writes of a single AU that result from the use
of a write through policy. Recall from Table 1.1 that reads
represent, on average, 93% of memory references while writes
represent 7%. If a unified cache has a Pmiss of 0.05 for reads and
all writes are sent by the bus to the memory (as with a write
through policy), then writes constitute approximately
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60% of the bus transactions. With the i486, for example, writes on
the bus constitute 70% of the bus transactions [ CRAW90].

The IEEE Futurebus has been adopted by a number of
manufacturers for new processors such as the Intel Pentium and the
PowerPC 601. This bus, in conjunction with the MESI cache
coherency protocol [GALL91], supports multiprocessors and is
discussed in Section 4.2.5.

Another newcomer in the field of buses is the RAMBUS
[WILS92]. The bus structure is integrated into the DRAM and can
provide rapid block transfer. The DRAMS operate in a mode
similar to the nibble mode described in Section 5.1.6. Advertised
performance values for byte transfers are a = 48 ns, b = 2 ns. The
proponents of these devices suggest that by sufficiently reducing
the transport time between the main memory and the cache, the
need for second-level caches is eliminated.

Bus latency and bandwidth are being recognized as limiting factors
in the performance of processors for some workloads. This limit is
discussed in Chapter 11 with regard to the CRAY-1 and CRAY X-
MP memory buses. The commonly used SPEC benchmarks, except
for one case, are processor bound and do not hit the bus limit to
performance. However, as contemporary microprocessors tend
toward the execution of programs with poor locality, the bus
performance limit will become critical.

2.3
Instruction Buffering Schemes

Because the major source of memory references is instruction
reads, computer designers first applied hardware assistance to
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instruction latency reduction and increased instruction bandwidth.
This section discusses instruction buffering schemes that are
represented by three very distinct techniques: instruction buffers,
instruction queues, and instruction caches [KURI91]. These three
buffering schemes are designed specifically to support instruction
reads, and their organization and policies are based on the
particular characteristics of instruction addressing patterns.

By employing an instruction buffering scheme, two paths to the
main memory are provided: the instruction path and the data path.
The effect can be a substantial improvement in performance for
processors that require high-memory bandwidth. Therefore, if, for
any reason, only one buffering scheme can be implemented, it
should generally be as an instruction buffer, which can provide
another path to the main memory.

Instructions are read, except for branches, from adjacent memory
locations giving a high degree of spatial locality. Also, scientific
programs are characterized by an extensive use of loops that
provide a high degree of temporal locality. In the sections to follow,
buffers, queues, and caches
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that support one or both of these locality characteristics will be
described. The three instruction buffering schemes to be discussed
are:

1. instruction buffers that catch and hold previously used
instructions for reuse, providing look behind;

2. instruction queues for prefetching instructions, providing look
ahead;

3. instruction caches, providing both look ahead and look behind.

Instruction buffer schemes are unique in that only a fetch policy is
required; the processor does not write into the instruction buffer,
queue, or cache. Thus, instruction buffering schemes do not have
the complications of supporting writes. However, for systems
executing self-modifying code, a unified cache is usually employed
in conjunction with branch instructions that flush the instruction
prefetch in the hierarchy so that modified instructions can be
written directly into the cache without a coherency problem. The
Intel Pentium caches, to be described later, are exceptions to this
generalization.

Another form of an instruction buffer scheme is known as a branch
target cache (BTC), sometimes known as a target instruction
buffer, that stores the stream of an instruction path that may be
taken. BTCs are discussed in Chapter 7.

2.3.1
Instruction Buffers

The CDC 6600 is a scientific supercomputer that uses instruction
buffering. This computer, designed by Seymour Cray in the early
1960s, has an instruction buffer that supports temporal locality
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[THOR?70]. The use of a buffer that can hold a loop eliminates
further references to the main memory for instructions. The loop is
loaded into the buffer on the first instance of fetching an instruction
in the loop; thus, this type of instruction buffer is referred to as a
loop catcher.

The buffer is a push-down-stack-like structure, called an
instruction stack by CDC, to save instructions for reuse. New
instructions are fetched, placed in execution, and pushed on the top
of the stack. When the program counter reads the next instruction,
the address is compared with the addresses of instructions available
in the buffer by an associative search. If the instruction is in the
buffer, it is read from the stack; if it is not in the stack, it is fetched
from the main memory. When the buffer is full, additional fetches
from the main memory will cause the buffer to overflow and,
hence, some of the instructions to be lost. Note that an associative
cache with a FIFO replacement policy is functionally equivalent to
the CDC 6600 instruction buffer.

The instruction buffer consists of eight 60-bit registers that are able
to hold sixteen 30-bit instructions or thirty-two 15-bit instructions
or
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combinations of the two. Thus, a large fraction of loops found in
scientific programs can be made resident in the stack, thus
eliminating subsequent fetches from the main memory. The access
time to the stack is one clock (100 ns) while a fetch from the main
memory requires a minimum of 4 clock cycles; in some cases the
latency is larger because of the time required to access the
interleaved core memory.

The Cray-1 and subsequent Cray processors employ similar
instruction buffers. The major difference is found in the size of the
buffer, which has been increased to 256 16-bit instructions. The
buffer is interleaved four ways so that concurrent fetches into the
buffer from the main memory and instruction reads by the
processor can be sustained. The interleaving matches the
interleaving of the main memory, which results in a fetch rate of
four 16-bit instructions per clock.

2.3.2
Instruction Queues

An instruction queue solves many of the problems associated with
supplying an instruction stream without delays in two ways.

1. An instruction prefetch queue can hide the memory system
latency by prefetching instructions. The latency can be either the
latency of an interleaved memory or the delay latency caused by a
cache miss. If enough instructions can be queued up, the delay of a
cache miss is hidden as the processor can continue to fetch
instructions from the queue. Two contemporary examples of this
use of instruction queues are found in the Intel Pentium and the
PowerPC 601. In the case of the Pentium, there are two queuesone
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stores the in-line instruction stream and the other stores the target
instruction stream, as described in Chapter 7.

2. Some instruction queues provide read latencies of one clock for
many variable-length instructions or multiple instructions when the
queue is not empty. A smooth flow of variable-length instructions
can be supplied to the decoder, making the instruction fetch into
the decoder a single-clock event for most instructions. Otherwise,
instruction fetches are multiple-clock operations without the
prefetch queue. For RISC processors with fixed-length instructions,
this type of queue and instruction prefetching is not required.

Instruction queues work because of spatial locality of instruction
streams while temporal locality is usually not supported.
Instruction queues are found in two topologies, as shown in Figure
2.16. One topology uses an instruction queue between the
processor and an interleaved memory, while the other topology has
a cache between the queue and the interleaved memory. As will be
discussed later, the management policies and performance models
of these two topologies are different.
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Instruction queue topologies.

An instruction queue that smoothes the flow of variable-length
instructions has interesting properties. Instructions fill the queue in
sequential order at the top. At the bottom of the queue, there is
logic that permits a variable number of bytes, or instructions, to be
extracted broadside from the queue. Up to a design limit, four bytes
for example, instructions with one, two, three, or four bytes can be
extracted in one clock and passed to the processor. The span of the
extraction logic is controlled by the instruction fetch stage and may
require a partial decode of an instruction byte to determine the
number of subsequent bytes to extract.

The IBM 7030 Stretch is the first known use of an instruction
queue. This computer was developed for The Lawrence Livermore
Laboratory starting in 1956 [BLOC59]. This processor has a 64-bit
bus to an interleaved memory and instruction lengths of 32 and 64
bits. The queue holds four 32-bit instructions. Sixty 4-bits (two 32-
bit instructions) are fetched in one bus cycle into the queue. When
the first instruction is read from the queue by the processor, a
reference is made to the main memory to fetch another 64 bits. The
queue supplies one instruction, single or double length, in one
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cycle. In the absence of branches, the instruction processing rate of
the processor is exceeded by the fetch bandwidth and there are no
delays for instruction fetches.

The IBM S/360/91 extended the use of an instruction queue while
continuing the ability to smooth variable-length instruction issue to
the execution units. The instruction queue is 8 deep with each level
having words of 64 bits, holding approximately 16 instructions
[ANDEG67]. The instruction queue can be placed in "loop mode,"
which halts prefetching and locks in loops to provide "look behind"
supporting temporal locality.
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The main memory of this processor consists of interleaved memory
modules, which will be discussed in Chapter 4.

The VAX 11/780 has an instruction prefetch queue, which is named
an instruction prefetch buffer [LEON87]. The maximum length of
a VAX instruction is 50 bytes; however, the weighted average VAX
instruction length is 3.8 bytes; 96% are 3 bytes or less and 98% are
8 bytes or less [FITESO]. The instruction queue holds 8 bytes; thus,
the queue can hold approximately two instructions when it is full,
and instructions are removed from the queue 1 byte at a time.
When there is space for a 4-byte block load from the cache, the
prefetch is triggered and the block is loaded broadside into the
queue. This flow of instructions continues until a branch is
encountered.

The VAX 9000 expanded the instruction queue of the VAX 11/780
to 25 bytes [MURR90], a queue that holds approximately six 3-
byte instructions. More importantly, the decoder can read up to 4
bytes (the op-code and three specifiers) in one clock from the
queue by conditionally decoding the next instruction.

An interesting case study on the use of instruction queues is found
in the ix86 family. The first member of this family, the 18086,
employed a queue (named a buffer by Intel) of 6 bytes. This depth
was selected by simulation and by considerations of the chip area
required for the queue [MCKI79]. The i186 and i286 retained the
6-byte queue but added a second queue that holds three decoded
instructions, and the fetch path to the main memory was extended
to 16 bits.

The size of the ix86 processor queues has increased with the
evolution of this processor family. The i386 has a similar
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instruction prefetch mechanism. However, the prefetch is 4 bytes
rather than 2, and the queue is 8 bytes rather than 6. Simulation
results [GROCB89] show that the instruction queue of the i386 had
Pmiss = (.05 while the 1486, described later in this chapter, has
Pmiss = 0.03. The meaning of Pmiss in a queue is that the requested
AU is not in the queue and that a reference to a lower level in the
memory system is required. In other words, the prefetch queue has
not been able to keep up with the flow of instructions into the
Processor.

The 1486 employs instruction prefetching into a 32-byte queue
from a unified on-chip cache [CRAW90]. This queue is required
because instruction can vary in length between 1 and 15 bytes, with
an average length of 3 bytes. The first stage of the pipeline
prefetches instructions into one of two 16-byte queues. Three bytes
are read in parallel from the queue into the first decoder stage of
the pipeline; the prefetch stage and its queues operate
independently from the balance of the pipeline. With this system, a
large number of the simple instructions can be decoded at a rate of
one per clock even though they are of variable length.

The average input and output data rates from the queues are equal,

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000166



Page 65

but the queue is required to smooth out the flow due to the
variable-length instructions if one instruction per clock is to be
fetched. To achieve this smoothing effect, the i486 path between
the on-chip cache and the instruction queue provides approximately
9 times the required instruction bandwidth. This path transfers 16
bytes in one clock into the queue. The 1486 CPI is approximately
1.75, and each instruction is approximately 3 bytes. Thus,
instruction fetching from the queue consumes 3/1.75 = 1.7 bytes
per clock, giving a bandwidth multiplier of 16/1.7 = 9.4. Because
the input is driven by a prefetch type request, in the steady state,
the average input bandwidth to the queue is equal to the consuming
bandwidth of the instruction processor.

The PowerPC 601 [MOTQO93] instruction queue holds up to eight
instructions prefetched from the in-line instruction stream. The
Power PC 601 is a superscalar processor, which will be discussed
in Chapter 10, and can issue up to three instructions in one clock.
The queue control attempts to keep the queue full at all times by
fetches from the on-chip unified cache. When there is a cache miss,
the main memory access will occur only if the top five entries are
empty. This strategy delays main memory references until a useful
number of instructions, that is a block of 16 bytes, is needed, thus
reducing the number of bus access cycles.

Simple models for two systems using interleaved memory without
a cache are developed in the following paragraphs. The two
systems are for double buffers and a single queue that has
concurrent loads and stores.

Double Buffer Model

A simple model for the size of a double buffer instruction queue
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that is serviced from an interleaved memory, without a cache, is
developed here. Three parameters are of interest in an instruction
queue:

1. the rate at which the lower level of the memory hierarchy can fill
the queue,

2. the rate at which the processor consumes instructions,
3. the size of the queue.

If the queue is too small or the fill rate is too low, the inherent
processing rate of the processor cannot be sustained. A simple
match of the steady-state bandwidths may indicate that a queue is
not needed. However, the real problem is not the steady-state rate
at which the queue is filled but, for an interleaved memory, the
transport time required to fill the queue or, for a cache system, the
time to fill the queue if there is a cache miss.

For the model, the queue is assumed to be a double buffer, as with
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Queue fetch model.

the Pentium. One buffer is supplying instructions while the other
buffer is being filled from the memory. As shown in Figure 2.17,
one buffer is assumed to be full at to (DB = 1) and the processor is
extracting instructions at the rate:

; bytes per instruction BPI
extraction rate = — : — = .
clocks per instruction CPI

When the queue has been depleted to a point f x DB (f is a design
parameter), an access to the interleaved memory begins. The
second buffer must be filled from the interleaved memory before
the first buffer is emptied by the processor. After a delay of a, the
second buffer fills at the rate Wd/b; these variables are taken from
the transport time model.

From the geometry of Figure 2.17, the following time equality (the
time to fill the second buffer must equal the time to empty the first
buffer after the fill starts) must hold:
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And, solving for DB,

DB=.:;/(’FXCP‘T— 7 )
BPI  Wd
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For an example of estimating the size of the buffers, assume the
following:

a =8, b=1, Wd = 8, CPI = 1.25, BPI =3, f=0.85.

Using these system parameters, each of the buffers should be 34.9
bytes. This result agrees with the actual design of the Pentium,
which has a double buffer of 32 bytes each. If the first buffer is
emptied before the second buffer is full, the processor must stall,
an effect that has been called a queue miss.

Queue Model

While a double buffer is easier to control, it requires more bits than
is required for a true queue as a queue will fill as it empties. As
shown in Figure 2.17, the queue issues a request after the processor
has depleted the queue to f and starts to refill after the latency a at
the net rate shown in the dotted line (the difference between the fill
and extraction rates of the interleaved memory). The queue must
only be large enough to be empty when the fill begins, and the fill
rate must be greater than the empty rate. A model for the size of a
queue can be found from the geometry of Figure 2.17 as

e=of (G -1/ (3~

For an example of estimating the size of a queue, the approximate
parameters of the IBM S/360/195 are

a =8, b=1, Wd = 8, CPI = 1.55, BPI =4, f=029.

Using these parameters, the model shows a queue size of 61.9
bytes compared to the actual IBM S/360/195 queue that has 64
bytes. Thus, the model gives a reasonable estimate for the size of
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an instruction queue. This model can be extended to assess the
sensitivity of the processor performance as the queue size is varied
(recall the discussion about the simulations performed on the
i8086).

Table 2.12 gives a summary of instruction queue designs. The
queue depth, queue width, memory data path, and whether or not
instructions are decoded in the queue are noted. A desirable
property is to decode and identify branch instructions in the queue
so that branch delays can be reduced (a feature discussed in
Chapter 7).
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TasLe 2.12 Processor prefetch queues.
ProcessorQueueQueueCache/Mem Decoded
Depth Width Path Width  Instruction

(wd) Queue

IBM 2 4 4 bytes No

7030 bytes

(Stretch)

IBM 8 8 8 bytes Yes

S/360/91 bytes

VAX 8 1byte 14 bytes No

11/780

1086 3 2 2 bytes No
bytes

1386 8 2 4 bytes Yes
bytes

1486 16 2 4 bytes Yes
bytes

Pentium 1 64 32 bytes No
bytes*

PowerPC 8 4 32 bytes Yes

601 bytes

*Double buffers, 32 bytes each.

2.3.3
Instruction Caches

Since the early 1980s, instruction caches have received accelerated
research interest, because VLSI technology provides sufficient chip
area for the inclusion of an instruction cache on the chip with the
processor. The organization of an instruction cache must now
comprehend not only Pmiss but also the efficiency of layout in
order to minimize the chip area devoted to the instruction cache.
Also, timing considerations are different with on-chip caches due
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to the elimination of delays between the processor chip(s) and the
cache chip(s).

Instruction caches for VLSI implementation were first discussed by
[KATEB84] while a separate cache chip was proposed for the RISC
IT processor [PATT83]. Hill and Smith [HILL84] extended the
evaluation by considering on-chip instruction caches. Small
instruction caches have given way to larger, more general split
caches due to the ability to include relatively large caches on a
processor chip.

The RISC research group at Berkeley [PATT83] considered a
number of alternative cache designs and issues such as fault
tolerance, remote program counters, and Huffman coding of
instructions. A cache chip was proposed that is organized as (64, 1,
1, 4). These chips could be configured as either direct or set
associative organizations. Simulation results indicate that the set
associative configuration provides a slightly better Pmiss, Each
block has a fault tolerant bit that could be used to disable a block
precluding its use if an AU is faulty.

Hill and Smith [HILL.84] reported on their research into instruction
caches for the PDP-11, 728000, VAX-11, and IBM S/370
architectures. The term minimum cache is used to identify a cross
between an instruction buffer and a cache. A minimum cache is a
buffer that can, unlike pure buffers, recognize branch addresses.
The authors use a descriptor
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that is different than the one introduced in this chapter to describe
their caches. They use the 2-tuple (bx, sx) where bx is the number
of bytes in the sector (block) and sx is the number of bytes in the
block.

Agarwal et al. [AGARS87] investigated alternative organizations for
the instruction cache of the MIPS-X processor. In their paper, three
cache organizations are analyzed:

1. a set associative cache that uses approximately half of the
available space for tag bits; this organization is named a "c cache";

2. an associative cache that is named a "buffer";

3. a set associative cache that reduces the area used for tag bits
from that of 1; this organization is named a "hybrid buffer."

Each of these cache variants is evaluated; the block size is varied
and Pmiss data obtained. Trial layouts are also made to assess the
chip area required for implementation.

Another instruction cache design is described by Hill [HILL87] for
the Berkeley SPUR single-chip microprocessor. The issues and
tradeoffs of instruction caches and target instruction buffers (TIB)
are examined. TIBs are discussed in Chapter 6; the discussion in
this section will deal with the instruction cache only. Hill's research
is noteworthy in that circuit implementation issues are considered
as well as the more conventional Pmiss data for the various
configurations. As the clock periods decrease, small design details
can, if improperly implemented, reduce performance more than
changes in cache organization.

The instruction cache for SPUR would, of necessity, be relatively
small and have a relatively high Pmiss, Hill believed that cold starts
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and multiprogramming effects would be small relative to the
naturally high Pmiss, Thus, multiprograms with cold starts are not
directly simulated. However, as a surrogate for real programs,
multiprogramming effects are modeled by evicting all of the blocks
in the cache after every 30,000 references. Three mutually
exclusive policy modes are implemented for the SPUR instruction
cache: (1) disabled, (2) enabled without prefetching, and (3)
enabled with prefetching. Prefetching in this case refers to fetching
the next AU from a miss. The policy modes are program-selectable
in order to permit a closer match of the program to the cache
policy.

2.3.4
Published Instruction Cache Hit Data

In this section we discuss published Phit data for instruction
caches. Smith and Goodman [SMIT83] published early results
directed to the design of instruction caches based upon a Markov
model for the behavior
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of instruction references. Smith and Goodman considered three
replacement algorithmsRandom, LRU, and FIFOfor direct-mapped
and set associative caches. The Markov models gave qualitative
indicators concerning the replacement method and the cache
organization. Their model results are also compared to
experimental results of three benchmarks written in C, running on a
VAX -11 under UNIX.

The conclusions from their experimental results are that the
replacement method affects the value of Phit in the second or third
decimal place. For this reason, a designer may opt for the simpler
design. The second conclusion is that for a given block size, A = 16
bytes in this case; Pmiss for a cache of a given size is not
influenced by the number of sets and the number of sectors.

Table 2 of the Smith and Goodman study provides the results that
are reproduced in Table 2.13 for caches organized as (S, SE, 1, 16).
The figure displays the Phit for the evaluated combinations of S
and SE. 45-deg lines from lower left to upper right are lines of
equal cache size; these caches also have approximately equal Phit,
For example, the design S = 1 and SE = 512 has the same capacity
(8 Kbytes) as the cache with S = 512 and SE = 1, given that the
block sizes are equal. Furthermore, these caches have the same Phit
of 0.998. Likewise, other cache designs that are on a diagonal have
approximately the same value of Phit,

A conclusion that can be drawn from this data is that the
effectiveness of an instruction cache, as measured by Phit, is
primarily based upon its sizeall other factors are of second-order
importance. A further

Tasre 2.13 Smith instruction cache Phit data.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000177



Number of Sets
No.of Sec./Set 1 2 4 8 16 32 64 128 256 512

1 .699.727.779 .829 .905 .959 .990 .998
2 .697.731.777 .838 .915 .980 .996 .998

4 .700.726.768 .839 .921 .989 .998 .998

8 727

16 .768

32 .816

64 901

128 944

256 .998

512 .998

Block size is 16 bytes.
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observation, for the benchmarks used, is that there is a practical
maximum size of an instruction cache. That is, increases in Phit
will be relatively small as the size of the cache is increased. When
all of a program can be stored in a cache, there is little reason to
increase the cache size further. An increase in instruction cache
size may even be counterproductive as its cycle time may increase
as well.

However, this conclusion can be seriously in error because the
benchmarks are quite simple and the study only investigated the
effect of capacity and compulsory misses, not the effect of context
switching. These effects can significantly change the view of
instruction cache size on Phit [THIE87].

Recent research into the effect of instruction cache size and
organization (S, SE, 1, 16) on Phit rates used large caches and the
SPEC benchmarks [GEE91, GEE93]. These results are published
as Pmiss but are shown, in excerpted form, as Phit in Table 2.14.
The values of Phit shown are with a composite workload of
floating point and integer programs. Notice that as the cache
becomes larger, the influence of organization on Phit is as muted as
with the smaller instruction caches shown in Table 2.13. For
example, a cache with S = 4K and direct access has Phit = 0.997,
while the same size cache organized as SE = 512K and S = 8 has
Phit = 0.9993. The difference is probably insignificant for practical
purposes.

It is interesting to consider the effect of doubling an instruction
cache size using the data of Table 2.14. For example, if the initial
organization has S = 128 and SE = 2, the Phit is 0.976. Doubling
the size by doubling the number of sets or the degree of set
associativity gives approximately the same Phit (0.983 and 0.984).
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The design choice then is based on the availability of set index bits
in the address and implementation difficulty as the resulting Phit
will be approximately the same.

Taste 2.14 Instruction cache Phit, SPEC

benchmarks, overall.
Number of Sets

No. of 64 128256512 1K 2K 4K
Sec./Set

1 .949.961.969.98 .988 .993 .997
2 .966.976.983.99 .992 .997 .9998
4 .977.984.991.992 .999 .9998.9999
8 .984.991.992.9993.99981.0 1.0

Block size is 16 bytes.
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2.3.5
Contemporary Instruction Caches

There are few examples of contemporary instruction caches that
are not used in conjunction with a data cache. The reason for this is
that the rapid increase in circuit density has permitted the inclusion
of a split cache on the chip; small on-chip instruction caches were
quickly made obsolete by split on-chip caches. For some
contemporary processors, the instruction and data caches are
identical in organization so as to reduce the design task.

One example of a solo instruction cache is found in the Motorola
MC68020. The MC68020 is designed with a small instruction
cache so as to reduce the number of instruction fetches from the
main memory [MACG84]. With an instruction cache, accesses of
instructions and data can overlap when there is an instruction hit on
the cache. The chip area was limited, and the area that was
available could best be used as an instruction cache.

The MC68020 cache is a direct cache organized as (64, 1, 1, 2)
[MOTO090b]. The instruction AU of the MC680x0 processor is 32
bits, 4 bytes, and each sector-block contains two of these AUs. The
policy of the cache can be selected from a number of options under
program control that is exercised by 4 bits in the Cache Control
Register. Bit 0 enables/disables the cache. Bit 1 freezes the cache
so that valid data cannot be evicted. Bit 2, named the Clear Entry
bit, permits the location in the address to be invalidated. Finally, bit
3 clears the cache of all data and tags. The requirement for these
programmable policy functions is discussed in Section 2.8.1.

An example of a unique instruction cache that works with a data
cache is found in the IBM RS/6000. This instruction cache has
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special properties that are needed to support superscalar operation
and is described in Chapter 11. I note that the Motorola MC88110
superscalar processor uses almost symmetrical instruction and data
caches [DIEF92]. The difference being that the data cache has
snoop tags that the instruction cache does not need. Snoopy
controllers are discussed in Chapter 4.

2.4
Data Caches

Data caches are provided, usually in combination with an
instruction buffer, queue, or cache, to reduce the latency of data
fetches. Unlike instruction caches, data caches must support writes
as well as reads. As shown in Table 1.1, approximately 29% of all
memory references are data reads and approximately 7% of all
references are data writes. However, writes to a data cache
constitute approximately 25% of all data cache references while
reads are 75% of all data cache references. Thus, improving reads
is more important than improving writes. The design
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issues of data caches concern organization and the method of
supporting write operations (discussed in Section 2.2.6).

2.4.1
Published Data Cache Miss Data

Data-addressing patterns have poorer temporal and spatial locality
than instruction-addressing patterns. Unlike instruction and unified
caches, until recently, there has been little published Pmiss data for
data caches. Table 2.15 shows the Pmiss data for data caches
excerpted from [GEE91, GEE93] for SPEC benchmarks. The
combined floating point and integer (called overall) Pmiss values
are shown for an organization (S, SE, 1, 16).

The information in Table 2.15 shows a significant increase in Pmiss
for direct caches as compared to other organizations of the same
size. For all other organizations, the value of Pmiss is only sensitive
to cache size. Note the tradeoff derived from doubling the size of a
data cache. For a small cache (S = 64, SE = 1) it is better to double
the number of sectors rather than the number of sets, if possible.
However, for a large cache, there is no significant difference in
Pmiss for the two options if the original cache design is not direct
(SE = 1). These observations are similar to those made about
instruction caches.

Taeie 2.15 Data cache Pmiss, SPEC benchmarks, overall.
Number of Sets
No. of Sec./Set 64 128 256 512 1K 2K 4K

1 .255 .216 .170 .114 .087 .069 .057
2 .188 .155 .104 .074 .059 .048 .039
4 .134 .098 .071 .058 .047 .038 .028
8 .091 .069 .057 .047 .038 .028 .017

Block size is 16 bytes.
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2.4.2
Contemporary Data Caches

Data caches, used in split cache topologies, are becoming common
with contemporary processors. In this section, a representative
sample of data cache designs are described. In some cases the data
cache organization is the same as the instruction cache and, in other
cases, different.
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Motorola 68040 data and instruction cache.

MC68040 Data Cache

The designers of the MC68040 chose to have a symmetrical cache
[MOTOB89]; that is, the instruction and data caches are identical.
Each cache is 4 Kbytes, organized as (64, 4, 1, 16) [MOTO89] and
shown in Figure 2.18. This cache has 22 tag bits per sector, various
control bits, and a 16-byte block. Two bits of the address select one
of four words in the sector-block that is passed to the processor.

We speculate that the reason behind the design decision to use the
same organization for the data and instruction caches is that the
design effort is less costly due to reduced the design cycle time and
design cost of the processor. The Pmiss data of Table 2.14 and
Table 2.15 for SPEC benchmarks indicate that, for two 4-Kbyte
caches, identical organizations provide reasonable Pmiss for both
caches. Tweaking the organizations would be of little benefit.
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The split caches of the MC68040 communicate to the memory
system over a common bus that serves cache misses. A second-
level cache is not anticipated because of the relatively large size of
the on-chip caches and the resulting low Pmiss,

For caches with one block per sector (sector-block), a replacement
policy is needed to select a sector-block for eviction for a data
cache, or overwriting for an instruction cache, when all of the tag
comparisons
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indicate occupied sector-blocks. Such a replacement policy is
illustrated with the MC68040 data cache. The replacement policy
follows two steps.

1. Locate the first invalid sector-block and replace it.

2. If step #1 does not succeed, a pseudorandom algorithm selects
one of the valid sectors (blocks) and replaces that sector. There is a
2-bit count that is incremented once for each half-sector access;
this counter provides the pseudorandom pointer to the sector to be
replaced.

Motorola MC88100 Data Cache

The Motorola MC88100 architecture specifies two paths to the
main memoryone path for instructions and another for data. In
support of this memory organization, the MC88200 provides two
caches of equal size and organization. Note that this is a chip
separate from the processor chip and that instruction and data
references pass from the processor to this chip. The two caches can
be addressed with either virtual or real addresses. The block
diagram is shown in Figure 2.19 [MOTQO90a].

This cache organization is (256, 4, 1, 16) with the usual tag bits for
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each sector-block. In addition, there are two V bits and a D bit that
have the coding shown in the figure. These bits are used to manage
the cache and preserve coherency in a multiprocessor configuration
(discussed further in Chapter 4). In addition, each set has six bits
that maintain an LRU status of the four sectors within each set.
These bits support an LRU replacement policy for the cache. Upon
a miss, if one or more of the valid bits are not set, that sector-block
is used for the new sector. However, if all of the valid bits are set,
the LRU mechanism selects the sector-block to be written back if
in the write back mode or to be overwritten if it is in the write
through mode.

As the cache is filled, the six pseudorandom bits, numbered L0
through L5, are set as follows.

Sector-block1 is more recently used than Sector-blockO0, Set LO.
Sector-block?2 is more recently used than Sector-blockO, Set L.1.
Sector-block?2 is more recently used than Sector-block1, Set L2.
Sector-block3 is more recently used than Sector-blockO0, Set L.3.
Sector-block3 is more recently used than Sector-block1, Set L4.
Sector-block3 is more recently used than Sector-block?2, Set L5.

Identification of the LRU sector-block can be made by examination
of these six bits. It can be shown, for example, that for the LRU
bits 111001 (L5-L0) sector-block3 is the most recently used and is
the candidate for replacement.

IBM RS/6000 Data Cache
The IBM RS/6000 data cache organization, shown in Figure 2.20,
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is (128, 4, 1, 128) with 64 Kbytes [BAKQO90]. The management
policy is late select, allocate, write back (store in). The 128 sets are
divided into four groups of 32 sets; the five LSBs of the set index
access the four groups in parallel. The two MSBs of the set index
are provided after they are translated via the TLB (discussed in
Chapter 4 and Fig. 4.5) and provide a late select of one of the four
groups of sets.

The write back strategy is supported by 128-byte store back buffers
(SBB). When a block is to be written to the main memory, all 128
bytes of the sector-block are transferred in parallel to the SBB and
then sent to the main memory in eight, 16-byte chunks.

When a reload of a cache sector-block is required, the strategy is
fetch bypassed (load through) (see Section 2.2.4) with the sector-
block being loaded into the 128-byte cache reload buffers (CRB)
and the miss causing word passing to the processor. The sector-
block resides in the CRBs until an idle cache cycle permits the
sector-block to be transferred in parallel into the cache. The duty
cycle of a data cache is less than that of an instruction cache; as a
result, idle cycles will occur. If a read
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IBM RS/6000 data cache.

reference is made to this sector-block before it is transferred into
the cache, the fetch is satisfied from the CRB. This action
precludes the cache being locked out from other references during
the time the new block is waiting for an idle cache cycle.
Nonblocking loads are possible because the CRB is disjoint from
the cache.

There is only one CRB; therefore, if a second cache miss occurs
before the CRB has been transferred, the second miss is not served
until the first load is complete. The CRB acts like a one sector-
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block cache with tags that permits reads from it. It appears from
[MATI89] that a write miss uses an allocate strategy on the CRB.
The sector-block is fetched into the CRB, modified, moved into the
SBB, and then written back to the main memory.
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2.4.3
Data Queues

Section 2.3.2 describes the use of prefetch queues to provide a
constant instruction fetch rate for variable-length instructions and
to hide memory latency and cache miss transport time. Similar
techniques have been used for data fetches as well. The same two
problems are present with data fetches, namely, variable-length
data types and the desire to hide memory latency and cache miss
transport time.

The first instance, known to me, of the use of a data queue is with
the IBM S/360/91 [ANDG67]. When an instruction that requires a
memory reference is decoded, the effective address is computed,
the read request is sent to the interleaved memory, and the fetched
data is sent to one of two of the six-deep data queue.

There are separate queues for integer and floating point data. The
predecoded integer and floating point instructions have also been
placed on queues and intercept the queued data in the execution
units. The data queues are deep enough to hide most, if not all,
memory latencies.

Renewed interest in data queues is found in [EICK93], a paper that
reports on recent research on the use of data queues. A major
problem with data queues is that an effective address is required to
access data to be placed in the queue. With pipelines, there can be
true dependencies on the effective address, leading to a problem.
As with branches, a prediction of the effective address must be
used that may prove to be incorrect. For example, one prediction
strategy is to use the same effective address used the last time the
instruction was executed. However, this predicted effective address
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may be incorrect, and the prefetch is not effective and
unnecessarily loads the bus with traffic. The [EICK93] paper
describes effective address prediction strategies and assesses their
effectiveness.

2.5
Unified Caches

A unified cache holds both instructions and data and is a
manifestation of the von Neumann architecture. It provides a single
port to the main memory, via the cache, for both instruction and
data references. The organization of a unified cache is selected to
best match the address sequences of combined instruction and data
reads and must support data write operations.

Early research and design of caches focused on unified caches as
seen in the work of [BLOOG62, LIPT68, LEE69]. During this early
period, processors were either hard-wired or microprogrammed
with little overlap in execution. Thus, instruction and data reads did
not usually contend for access to the cache. Without instruction and
data contention, the single access port toe unified cache is
satisfactory. This is not the case
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with pipelined processors. An early processor that could have
contention is the UNIVAC LARC, an experimental pipelined
processor that could simultaneously fetch both instructions and
data [ECKES9]. However, the use of a large general-purpose
register file reduced the number of contentions.

Bloom et al. [BLOOG62] described the first cache when studying
design alternatives for a high-performance computer. The cache
organization is (1, 16, 1, 1). Each sector-block of the cache
contained the tag, valid bits, and one computer word of data. This
cache is named a look aside buffer, a term later associated with
virtual memory. Replacement of a sector-block is on an LRU basis
and determined by the charge on a capacitor associated with each
sector-block. Other early work on caches was performed by Project
MACGC, sponsored by ARPA (a.k.a. DARPA).

The IBM S/360/85 is the first known commercial implementation
of a cache in a large-scale computer [LIPT68]. Subsequent to the
implementation of the IBM S/360/85, unified caches have become
pervasive and are employed in many computers. Only with
realizable, practical VLSI technology have unified caches given
way to split caches, which are discussed further in Section 2.6. In
many contemporary designs a unified cache is the second level to a
first-level split cache or used with systems having a first-level
instruction buffer or queue.

The IBM S/360/85 cache is used as an example of an early select
cache and is shown in Figure 2.21 [MATI77] and organized as (1,
16, 16, 64). The sector name in the cache address field is
associatively searched against the tag bit fields. If the sector is
resident in the cache, the 4-bit sector base address is gated out and
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concatenated with the block index and displacement fields to form
a 14-bit data memory address.

Each of the 1024-byte sectors is divided into sixteen, 64-byte
blocks. Each of the 256 blocks has a valid bit that is collected into
a validity bit register, which is a special register that is addressed
by the block index concatenated with the translated set base
address. Because the data memory is implemented with core,
integration of the valid bits would have been difficult. A cache
miss fetches one block of 64 bytes, and the write policy is write
through on hit and no-write-allocation miss.

Another early unified cache that used the early select method is the
IBM S/360/195. This cache is organized as (128, 4, 1, 64)
[MATI77] and is shown in Figure 2.22.

The set index selects one of 128 sets having four sectors containing
the sector base address for accessing the data memory. Note that
the seven set index bits are displaced to the left and there are nine
tag bits. The reason this displacement is carried out is to make each
of the 128 sets match the 8-Kbyte page size of the virtual memory.
However, this cache organization is not a pure congruent system
because of this arrangement of address bits. This cache is early
select and has a
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IBM S/360/195 unified cache.
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three-level write buffer providing nonblocking write operations.
The write buffer is associatively searched to resolve true
dependencies on memory (discussed in Chapter 8).

The PowerPC 601 uses an on-chip unified cache. This cache
supplies data to the register file and instructions to the instruction
queue. The cache is organized as (64, 8, 2, 64) for 32 Kbytes
[MOTQO93].

2.5.1
Published Performance Data

Most early published data on Pmiss is on unified caches (see
[GIBS67, LIPT68, LEE69, MEAD70, KAPL73, BELL74,
SMIT82, GOODA83]. Some of these papers report on cache
performance, while in other papers Pmiss data is reported for
various cache organizations and workloads. The published unified
cache data has usually been secured by trace-driven simulation, and
the results are usually reported for varying cache size, varying
block size, varying degree of associativity, etc.

Smith [SMIT87] published Pmiss data from an investigation into
cache and block size variations that segregated the Pmiss data for
unified, instruction and data caches. The Pmiss data is presented as
design target miss ratios (DTMR) "to provide for the computer
system designer a set of numbers that he or she can use to estimate
the performance impact of certain design choices." Smith's data,
however, has some problems. The only organization parameters
changed are cache size and block size. The other organization
parameters are not reported in the paper; however, it is assumed
that the organization is (S, 1, B, Byte). One of the interesting
aspects of the experimental unified cache Pmiss data of [MEAD70]
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is that it is reasonably close to the design target miss ratios or
[SMIT87].

Research of [GEE93] provides information on unified cache Pmiss
for various organizations when executing the SPEC benchmarks.
Table 2.16

TaeLe 2.16 Unified cache Pmiss, SPEC benchmarks,
overall.

Number of Sets
No. of Sec./Set 64 128 256 512 1K 2K 4K

1 .151 .114 .086 .056 .039 .029 .020
2 .092 .069 .047 .031 .023 .016 .011
4 .062 .044 .029 .022 .015 .010 .007
8 .041 .028 .021 .015 .010 .008 .005

Block size is 16 bytes.
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shows excerpted Pmiss for the benchmarks, a combination of
floating point and integer, and a block size of 16 bytes.

A unified cache, as with instruction and data caches, shows that the
size of the cache is paramount and the organization is of secondary
importance. For example, an 8-K cache, organized as (64, 8, 16, 1),
has a Pmiss of 0.041 while the organization (512, 1, 16, 1) has a
Pmiss of 0.056. On the other hand, for cache design where the
number of sets is constrained for some reason (discussed in
Chapter 4), doubling the size of the cache by increasing the number
of sectors can cause a significant decrease in Pmiss, For example,
an organization (256, 2, 16, 1) has Pmiss = 0.047 while (256, 4, 16,
1) has Pmiss = 0.029.

2.5.2
Contemporary Unified Caches

Many contemporary first-level caches are designed for VLSI
implementation of new processors and new operating systems. For
a number of reasons these caches are split as discussed in Section
2.5. All known new processors are implemented as pipelines that
place heavy demands on the memory system. Because of this
factor, some form of first-level split caches or multilevel caches is
the design of choice today. The exception to the universal use of
split caches is the IBM RS/6000 Model 220, which has a unified
cache purely because of a marketing consideration; this processor
model is targeted for a low-cost, low-performance market.

However, with split on-chip caches, a second-level unified cache is
the norm. For example, the VAX 9000 has a first-level instruction
cache followed by a second-level unified cache. The i486 has a
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second-level unified cache and an instruction queue. These caches
are discussed in Section 2.6.

2.6
Split and Multilevel Caches

I can find no historical evidence of separate data and instruction
caches before the mid-1980s. During the generation typified by
IBM S/360 and VAX architectures, the caches were generally
unified. It is only since microprocessor pipelining that the
possibility of making concurrent references to instructions and data
and with VLSI technology that designers have considered split and
multilevel caches.

The major reason for using split caches is to provide a second path
to memory from the processor. With pipelined processors, an
instruction fetch and a data read/write can occur on the same clock,
creating a structural hazard if there is only a unified cache. Two
caches eliminate this hazard and permit concurrent references.
Early use of two paths to memory were called "Harvard
Architectures" [ CRAG80]. Structural
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hazards are discussed further in Chapter 8. However, a split cache
has problems with self-modifying code because a specific
instruction could have two valuesone in the instruction cache and
another value in the data cache.

Another reason for the use of split caches is that Pmiss is different
for instructions and data. A look at the data from Tables 2.12, 2.13,
2.14, and 2.15 shows that significant differences between
instruction Pmiss, data Pmiss, and unified Pmiss can exist for caches
of equal size. For example, a 16-Kbyte cache organized as (512, 2,
1, 16) will have instruction Pmiss = 0.01, data Pmiss = 0.104, and
unified Pmiss = 0.047 for the overall SPEC benchmarks. With these
differences, the possibility exists that the design of the three caches
of a two-level cache system can be customized. There is a
significant problem with split caches if self-modifying code is
used, resulting in coherency problems between the two caches. A
modified instruction in the data cache may be referenced in the
instruction cachea problem that must be managed either by
software or hardware means.

Most of the early research on hierarchical memory systems
recognized that there would be a continuum of levels [MATT70,
MEAD?70] and not just the processor/cache/memory levels. With
practical VLSI and pipeline implementations, interest in multilevel
caches has revived. Przybylski [PRZY90] discussed two reasons
for renewed interest. First, all of the information presented
previously shows that the Pmiss of a cache is not significantly
improved if the cache size is increased beyond 64 Kbytes. Thus,
ever larger caches are ineffective. Second, transport time can be
reduced with a second-level cache, which reduces the number of
cycles of a first-level cache miss. The reason for this is basically
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that the clock period for determining transfer time between the
first- and second-level caches is much shorter than that between a
single-level cache and the main memory.

Baer [BAERS87] reports that the only system, as of 1987, to have a
multilevel cache is the Facom M-3825. The first-level cache is
organized as (64, 16, 1, 64) 64-Kbytes write through, while the
second level is organized as (1024, 4, 1, 64) 256 Kbytes write back.
Note that contemporary multilevel cache systems usually employ a
very large second-level cache. The reason for this is that with VLSI
memory devices, the second-level cache can be made large enough
to hold a complete working set, thereby significantly reducing bus
traffic to the main memory.

As shown in Figure 2.1, there are a number of topological
configurations of cache systems that cannot be simply classified.
This section will describe some configurations that have been
employed. A partial listing of processors and their topologies is
given in Table 2.17. Examples of the cache designs are described in
the paragraphs below.
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TaeLe 2.17 Processor cache topologies.
First Second LevelExamples
Level

[-Queue Unified i386, AM29000
[I-Queue Unified, off- 1486, PowerPC

chip 601
I+D
Unified
[-Cache Unified, off- MC68030,
chip MC68040
D-Cache MC88200,
RS/6000
[-Queue Unified VAX 9000
I-Cache
[-Queue Unified, off- Intel Pentium
chip
D-Cache

First level, I-Queue;
Second level, Unified Cache;
Example, i386

The 1386 processor is implemented with limited chip area with
space for only an instruction queue. The supply of instructions to
the queue and the supply of data are provided by an off-chip
unified cache [ELAY85]; the organization is shown in Figure 2.23.

As previously discussed in Section 2.3.2, the on-chip instruction
queue is used to smooth out the flow of variable-length instructions
to the processor and hide cache misses. The off-chip unified cache
organization and size are the responsibilities of the system designer
for this processor. However, a suggested cache design is given by
Intel in
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[INTE86] along with an application note on the design of caches in
general [SHIR86].

One of the major considerations that led to the selection of a
unified cache is that the i386 had to execute old versions of MS-
DOS that have self-modifying code. This consideration dictated a
unified cache, external to the processor, for the i386. Intel also
provides a cache component (part number 82396SX) for use with
the i386. This cache organization is (256, 4, 1, 16) using a pseudo-
LRU replacement algorithm and is the precursor to the i486 on-
chip data cache, which is discussed below. Shires [SHIR86]
provides hit ratio and performance ratios of various i386 unified
cache organizations, executing an anticipated workload. This data
indicates the dominant effect of cache size rather than organization
as noted in previous sections.

First level, I-Queue;
Second level, Unified Cache;
Example, AMD 29000

AMD moved away from split caches for the AM29000 family.
Software portability problems, in addition to complex bus issues,
led to a return to a single bus access to the main memory. There is a
four-word instruction queue (called a prefetch buffer by AMD) and
a very large (192-word) register file that provide cache-like
characteristics. A single bus services requests to memory that may
be partitioned into instruction and data regions [AMD90].

First level, I-Queue + Unified;
Second level, Unified Cache;
Example, 1486

The designers of the Intel i486, [FU89, CRAW90], needed to
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support two memory accesses (instruction and data) per clock
period. The instruction length is 1 byte to 15 bytes and the data
word is 1 byte to 8 bytes. Thus the cache bandwidth needs to be in
the range of 223 bytes per clock. In addition, the designers had a
chip budget of 8 Kbytes in which to provide an on-chip cache.

As with the i386 cache, a unified cache is needed to support old
MS-DOS and OS/2 systems that did not have "cache flush"
instructions that evict the complete cache. These instructions are
generally needed to support cache consistency. See Section 2.8.1
for more details.

The organization of the i486 cache is (128, 4, 1, 16) [INTE92]. To
provide the ability to read instructions and read/write data
simultaneously, the 1486 has an instruction queue, as shown in
Figure 2.24 and described in Section 2.3.2. The size of the cache
and the number of sets are directly related to the size of the page (4
Kbytes) used in the virtual
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Intel 486 cache.

memory. By matching these dimensions, one-half of the cache (two
sector-blocks from all of the sets) is equal to one page. This
organization permits a cache access and an access to the TLB to be
made in parallel (an issue that is discussed in Chapter 4).

Each of the 128 sets has four sector-blocks with tags and valid bits.
Because the write policy is write through, dirty bits are not
required. However, each set has three bits (B2, B1, B0O) for
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maintaining a pseudo-random LRU status of the sector-blocks
within each set. These bits are set/reset as the cache is filled and
sector-blocks are modified as shown in Table 2.18.
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Tasre 2.18 i486 cache LRU

bits.

Sector-Block B2B1B0
Used

SO X11
S1 X 01
S2 1 X0
S3 0 X0

If all of the valid bits are "set," a sector is selected for replacement
using the LRU bits that have recorded the use patterns of the
sectors. Selection is simply the decoding of the B bits. For
example, [0XO0] identifies S3 as the LRU sector-block, and it
should be overwritten; write back is not required since the write
policy is write through.

A complete discussion of the design tradeoffs of the 1486 cache is
found in [GROC89]. The 1486 cache design was tested by trace-
driven simulation and gave a Pmiss = (.08 versus the Pmiss = 0.044
shown in Table 2.16 for the same organization executing the SPEC
benchmarks. These simulations showed that with a fast bus, the
write through policy is only slightly faster than a write back policy.
As the bus slows down, the write through cache slows down more
than the write back and the bus utilization increases more for the
write through cache. However, a write through cache is simpler to
implement and was selected for the i486. With a write through
policy, the bus can be expected to be utilized approximately 68% of
the time, making shared memory multiprocessor configurations
difficult to implement.

The instruction queue prefetches instructions via a 16-byte-wide
bus from the unified cache in one clock into the prefetch queues.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000211



Thus, one block, which is four average-length instructions, is
fetched into the queue in one clock. Instructions are then read from
the queue into the processor.

It is interesting to note that, because the cache is on the same chip
as the processor, the 16-byte bus between the cache and the
prefetch queues poses minimum wiring problems as would be the
case if such a wide bus is required to traverse chip boundaries.

First level, I-Queue + D-Cache;
Second level, Unified Cache;
Example, MC68030

The Motorola MC68030 has on-chip split instruction and data
caches. Due to the limited chip area, these caches are only 256
bytes each. Because these caches are small, an effective application
of this processor demands an off-chip second-level unified cache.
Figure 2.25 illustrates the cache topology and the identical
instruction and data caches.

The instruction and data caches are organized identically as (16, 1,
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Motorola 68030 instruction and data caches.

4, 4); the set index of four bits selects one of the 16 sets. If the set

is present, the two block index
words in the block; each block

bits select one of the four 4-byte
has a valid bit. The data cache uses

a write through policy on a write hit. The data cache policy on a
write miss is program-selectable for either write-allocate write back
or no-write-allocate write through. As with all instruction caches,
there is no write policy for the instruction cache. Furthermore, as
self-modifying code is not supported, the instruction read process
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does not have to check the data cache for an instruction that has
been modified.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000214



Page 89

First level, I-Queue + D-Cache;
Second level, Unified Cache;
Example, DEC Alpha

The DEC Alpha processor, introduced in 1992, has a split cache
on-chip and a second-level cache off-chip. The data cache has a
capacity of 8 Kbytes, write through, direct mapped, and write-
allocate. The data cache is byte addressable and the organization is
(256, 1, 1, 32). The instruction cache has a capacity of 8 Kbytes, is
also direct mapped with a 32-byte block, and is organized (256, 1,
1, 32). Both caches are addressed with the real addresses. The
second-level cache, named the B-Cache, is unified, and the design
is the system designer's responsibility.

First level, I-Queue + I-Cache;
Second level, Unified Cache;
Example, VAX 9000

The VAX 9000 [FITE90] has a multilevel cache consisting of a
first-level instruction cache of 8 Kbytes and a second-level unified
cache of 128 Kbytes as shown in Figure 2.26. There is no first-
level data cache; data transfers directly to and from the register file
and the second-level cache. The variable-length instructions are
issued from a 25-byte instruction queue.

The instruction cache organization is (256, 1, 2, 16) and is
addressed with virtual addresses to reduce latency and simplify the
design. The cache address has a one-bit (B) block address and a
one-bit (D) displacement address. As the cache AU is eight bytes,
the three LSBs of the address are not use. A miss can on load either
one or two blocks as there is a valid bit per block. There are two
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sets of 256 valid bits (one for each sector-block); these bits are not
integrated into the cache array (similar to the IBM S/360/85 cache).

The second-level unified cache is organized as (1024, 2, 1, 64) and
is also addressed with virtual addresses. This cache is 2-way set
associative and uses a FIFO block replacement scheme. It is
believed that a write back policy is used in conjunction with a write
queue.

First level, I-Queue + I-Cache + D-Cache;
Second level, Unified Cache;
Example, Intel Pentium

The recently announced Intel Pentium employs a split cache, unlike
previous members of the ix86 family. The very large number of
transistors available to the designers allowed them to solve the self-
modifying code problem. The instruction read path is, starting at
the processor, via a decoded instruction queue, an instruction
queue, an instruction cache,
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VAX 9000 cache.

a unified cache, and the main memory. The data read path is via a
data cache, unified cache, and the main memory.

As discussed previously, the Intel ix86 family of microprocessors
have employed unified caches because of the problem of self-
modifying code. This design philosophy has changed with the
Pentium processor [INTE93, CRAW92, GWENS2, SLAT92].
There are two on-chip caches, an 8-Kbyte instruction cache and an
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8-Kbyte data cache, and both are organized as (128, 2, 8, 4). The
transfer path between the caches and the main memory is via a 64-
bit bus. Logic is included to test for true
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dependencies in the data cache to determine if instructions have
been modified. Dependency management is discussed in Chapter 8.

The instruction queue can supply up to three instructions in one
clock, while the data cache can supply two 32-bit words to the
register file. The data cache has a unique interleaved organization
that supplies operands to the superscalar pipelines (this design is
described in Section 10.2.2).

2.7
Multilevel Caches

The idea at work with a multilevel cache is that a small and fast
first-level cache is used and that the second-level cache can (1)
reduce the transport time to the first-level cache and (2) reduce the
bus loading. With the proper interplay of these ideas, the cache
system performance will be improved. Reduction in transport time
is advantageous because on-chip caches were initially small with a
resulting high Pmiss, Because the weighted time to reference an
AU not in the cache is the product of Pmiss and transport time,
these two parameters are kept in balance with a second-level cache.
(Another form of multilevel cache, disk cache, is discussed in
Section 4.2.4.) Bus-loading reduction is important for
multiprocessor systems where a number of processors must
communicate over one bus to the main memory.

A simple two-level unified cache system is shown in Figure 2.27.
This system has caches L1 and L.2 between the processor and the
main memory. The access time of L1 is t1, the transport times for
the second-level cache and the main memory are t2, and t3,
respectively; and Pmissl and Pmiss2 are the local Pmissfor the two
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caches. Local Pmiss is the number of misses in a specific cache
divided by the number of references to that cache.

The effective access time, as seen by the processor, for the simple
two-level cache system using the sequential-forward model and
local Pmiss values is

tea(two levels) = £ + Poyget X t2 + Prisst X Prissz X ta-

The performance of a two-level cache can be compared to a one-
level

Main
Memory

Processor [w—m=| Cache L1 || Coche L2

&
L

tl o t3
Pmisal Pmiss2

Figure 2.27
Two-level cache.
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cache under the assumption that the Pmiss of a single-level cache is
the same as the Pmiss of the first-level cache C1. The speedup is

S = tea(one level)/tea (two levels) = t1 + tea Pmisst3/tl + Pmiss1t2 +
Pmiss1Pmiss2¢3,

For example, assume the parameters

tl1,

t2 4,

t3 10,
Pmiss1 (.05,
Pmiss2 0.02.

Using these parameters, the speedup of the two-level cache over
the single-level cache is S = 1.5/1.21 = 1.24. In other words, adding
this second-level cache provides a reduction of approximately 20%
in effective access time. Note that Pmiss for different levels are not
independent. Changing the design of one level will, in many
caches, influence the Pmiss of another level. In the context of
multilevel caches, two other definitions are of interest:

Global Pmiss is the number of misses in a cache or memory in the
system divided by the total number of references to the memory
system from the processor.

Global Phit is the number of references satisfied in a cache or
memory in the system divided by the total number of references to
the memory system from the processor. The sum of all global Phit
values of a system is 1.

For an example of global Pmiss values and global Phit values,
consider the following. If local Pmissl = (.1 and local Pmiss2 =
0.05, then the global miss ratio for level two is 0.1 x 0.05 = 0.005.
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A more useful global metric is the global hit ratio. In this example,
90% of all references are satisfied in the first-level cache, 9.5% in
the second-level cache, and 0.5% in the main memory.

The complexity of selecting an organization and policy for a one-
level cache is compounded in the case of a two-level cache. The
number of points in the design space is approximately the square of
the number of design points of a one-level cache. For example,
what is the policy when there is a miss on one of the caches? And,
what is the policy when there is a miss on both of the caches. J.-L.
Beer [BAERS87] provides a discussion on these design problems.

To illustrate the complexity of a policy for a two-level cache,
consider that the four write policy designs discussed in Section
2.2.6 will expand
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TaeLe 2.19 Multilevel cache policies.
L1 L2 ACTION
READ Hit X read L1 ® processor
* MissHit Reload L2 ® L1, read L1 ®
processor
MissMissReload Mem ® L2, L2 ® 1,
read L.1 ® Processor
WRITEHiIt Hit Write processor ® L1 ® L2

* Hit MissAllocate to L2, write
processor ® L1 ® L2
* MissHit Write processor ® L2

MissMissAllocate to L2, write
processor ® L.2
*Does not provide multilevel inclusion.

to sixteen possible designs for a two-level cache. Not all of these
designs are reasonable. One example that illustrates a particular
selection of write strategies is found in the policy described in
[BAER 87] and in Table 2.19. The write policies of the two caches
are

Level 1: (hit) Write Through, (miss) No Write-allocate (Design A);
Level 2: (hit) Write Back, (miss) Write-allocate (Design C).

With this multilevel cache if, for example, there is a miss on L1
and a hit on L2, the block in L1 is replaced by the block in L2 and
the new ALU is read into the processor. The actions in the table are
viewed as logically sequential; however, a parallel implementation
is possible. In other words, the new block of this example can be
placed in L1 and forwarded to the processor.

For a single-level cache, the assumption is made that resident
blocks in the cache must be found in the main memory. In other
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words, all blocks in the cache are included in the main memory.
The cache system cannot have a valid block that is not represented
in the main memory; the values may not be the same due to the
delay waiting for a write back. With the addition of another cache
level, multilevel inclusion (MLI), which means that the contents of
a cache at level [ + 1 is a superset of the contents of its cache at
level | (MATT70, LAM79, BAER87]), may not exist unless
explicitly enforced.

The lack of MLI is illustrated by an example. Consider a block that
has been moved to the .2 and L.1 caches due to misses at both
levels. A subsequent reference to the L.2 cache (from I/O, say) may,
due to a set conflict miss, evict that block. Now the block exists
only in the L1 cache and in the main memory, not in the L2 cache.
In this case,
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multilevel inclusion is not provided. When there is a
multiprocessor with a cache for each processor, MLI is more
difficult to achieve.

Note in the example of Table 2.19 that this cache design does not
provide MLI. For the read cases, as there can be an L.1 hit and 1.2
miss, L.2 is not a superset of L1. Likewise, as there can be a write
with a miss on L1 and a hit on L2 and a hit on L1 with a miss on
L2, L2 is not a superset of L1. Baer states that the first-level cache
must be write through if multilevel inclusion properties are to be
maintained.

There is also the issue of addresses presented to the various cache
levels. The question of whether a cache should be addressed with
real or virtual addresses will be discussed in Chapter 4. With a
multilevel cache the issue is even more difficult. In fact,
[WANG89] argues that the first-level cache should be addressed
with virtual and the second-level with real addresses, an
organization named V-R caching.

2.7.1
Published Performance Data

Przybylski [PRZY88] provides a wealth of information on the
design and optimization of multilevel cache. Data on the effect of a
second-level cache on bus utilization and increases in system
performance are found in [GOLB92] for i486 processors. Bus
utilization reduction is compared to an i486DX processor without a
second-level cache. Two bus configurations are evaluated, namely,
a slow bus that has a one clock hit and a four clock miss time and a
fast bus with a one clock hit and a four clock miss time. The
second-level cache is set at 128 Kbytes, 256 Kbytes, and 512
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Kbytes. Excerpted bus utilization data are shown in Table 2.20.
Note that a large second-level cache reduces the bus utilization to a
negligible amount.

The performance improvement with a second-level cache was also
measured and normalized to a 25-MHz i486 without a second-level
cache. A 50 MHz without a second-level cache was evaluated to
show the performance improvement obtainable with raw processor
performance, and then this system was measured with a 256-Kbyte
second-level cache.

Tasre 2.20 1486 bus utilization with a two-level

cache.

Second-level Cache Slow Bus Fast Bus
None 88% 68%
128 Kbytes 19% 11%
256 Kbytes 15% 6%
512 Kbytes 5% 4%
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TasLe 2.21 1486 performance improvement with a
second-level cache.

Benchmarks
System ispec fspec spec
25-MHz 1486 (none) 1 1 1
50-MHz 1486 (none) 1.61 1.62 1.61

50-MHz i486 (256 Kbytes) 2.09 2.1 2.1

The results of measurement while executing three SPEC
benchmarks are excerpted in Table 2.21.

The interesting results here are that while doubling the clock rate of
the processor gives a speedup of 1.6, adding a second-level cache
gives an additional speedup of 1.3. This result compares favorably
with the results of the speedup model developed earlier.

2.8
Other Cache Considerations

In addition to the design issues of organization, policies, and
performance, there are other issues that influence the design and
efficacy of caches. Some of these issues are control of the cache by
the processor, transport time reduction techniques, compiler
optimization, and pipelined caches.

2.8.1
Processor Control

Caches have historically been viewed as transparent to the user or
processor. That is, the cache provides lower latency reads and
writes than can be provided by the main memory, and the executing
program should not be aware of the presence of a cache. This view
of a transparent cache is no longer valid, and it has been found that
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there are situations that require direct processor control of the
cache. A cache that has processor control is known as a software
visible cache.

Bakoglu discusses the requirements for software visible caches
[BAKO90].

Software visible caches have two implications: The first is that any
program that uses data references to create instructions (for example,
loaders, debuggers, and simulators) must explicitly force these
instructions from the data cache into the instruction cache.
Additionally, to perform input or output operations on the processor
main

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000228



Page 96

memory, device driver code must properly flush the necessary lines
from the caches before the I/0O operation can begin.

There are two types of processor control exercised over the cache.
These are:

1. establishing the cache operation mode,
2. dynamic pre-emption of normal cache functions.

Establishing Cache Operation Mode

As has been discussed previously, a processor may be used in an
application that may favor a particular cache operation mode. For
example, where bus loading is a factor, a write back mode is
desired because the write through mode can load the bus with
unnecessary traffic. However (as discussed in Chapter 4), data
coherency maintenance may be desired, suggesting a write through
cache. Consequently, a cache with an operational mode set by the
designer is less desirable than a cache that can be set to a particular
mode by the user of the system. The operating mode of a cache is
usually established by a mode control register that is loaded by the
processor. Thus, a move instruction is executed in order to change
or modify the operation mode of the cache.

An example of processor control of a cache mode is found in the
MC68040 [MOTO89]. Four modes can be specified.

1. Noncacheable mode. For various reasons, it is desirable to
prevent some AUs from being cached. One example of this need is
found in a multiprocessor system that has multiple caches. A
noncacheable mode can be set by the processor to prevent some
shared variables from being cached.

If all shared variables are cached, a coherency problem can exist
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that can be solved by not caching. The processor can thus specify
that the following references are not to be cached. Reads, and
writes that miss, do not allocate but access the main memory.
Noncached writes that hit a resident cached block cause the valid
bit to be reset, and the block, if dirty, is written to the main memory
before the write access is made to the main memory.

2. Cacheable, write through mode. In addition, for cached
operation, the processor can specify the write policy to be write
through. Write through is handled as a no-write-allocate policy.

3. Cacheable, copyback (write back) mode. For the cacheable write
back mode, write hits update the cache and set the dirty bits. A
write miss is handled by allocation.

4. Special access. The last mode is special access. Read or write
accesses that miss the cache do not allocate but read or write
to/from
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the main memory. Read or write hits are handled by a mode
specifier in the access address.

Another example of processor control over caches is found in the
MC68030 [MOTO87]. The on-chip data cache can be set for either
allocate or no-write-allocate on a write miss.

Pre-emption of Cache Functions

Recall that the purpose of a cache is to reduce the latency of reads
and writes. Depending upon the operation mode, when a read or
write instruction is executed, various control bits are set or reset
and blocks are moved to/from the main memory. All of these
actions can be viewed as side effects of the LOAD and STORE
instructions as they hit or miss the cache. For particular situations it
is desirable to pre-empt these side effects and execute instructions
that explicitly cause the side effects. Preemptive fetches and
evictions of the cache are desirable instructions for synchronizing
the memory in a multiprocessor configuration.

Some processors, such as the PowerPC 601 [MOTO93], have the
ability to evict the cache contents or invalidate the cache. There are
four cache instructions: data cache block store (dcbst), data cache
block flush (dcbf), data cache block set to zero (dcbz), and
instruction cache block invalidate (icbi). If the cache organization
is write through, flushing is done by an instruction that turns off all
of the valid bits. For write back caches, flushing must move the
modified contents of the cache to the main memory. The net effect
of complete eviction is that subsequent cache operations are similar
to a cold start and all references are misses.

Multiprogramming a virtual memory system with a virtual cache
and a write back policy requires the facility to evict dirty blocks (an
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issue discussed in Chapter 3). A write through cache requires only
a valid bit, and complete or partial eviction is not required. The
software prefetching cited and discussed in Section 2.8.2 is another
example of processor control over the operation of a cache.

2.8.2
Transport Time Hiding or Reduction Methods

Hiding or reducing the transport time between the main memory
and the cache is a major avenue for improving cache and processor
performance. Multilevel caches (discussed in Section 2.6) are one
method used to reduce transport time while instruction queues
(discussed in Section 2.3.2) and data queues (discussed in Section
2.4.3) can hide transport time. Other available techniques include
hardware-controlled prefetching, software prefetching, and special-
purpose caches. These techniques are discussed in the following
sections.
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Hardware Controlled Prefetching

Various techniques have been use to prefetch instructions and data
under hardware control. By this we mean that prefetch mechanisms
are wired into the processor and perform their function without
software interaction.

Instruction Prefetch

Smith [SMIT78] presented early research on the benefits of
prefetching instructions from disk to memory and memory to
cache. His results indicate that prefetching is only effective for
small fetch units such as 32-byte to 64-byte blocks and is not
effective for pages of approximately 1 Kbyte to 2 Kbytes. His
results also show that prefetching can be effective in increasing
CPU speed by 10% to 25% when prefetching is used at the
memory-cache level.

Smith [SMIT82] provides a description of the issues involved in
prefetching either instructions or data and notes three prefetch
strategies.

1. Always prefetch. For every access to AU, a prefetch to AUI+1 is
initiated.

2. Tagged prefetch. When a block is referenced for the first time,
the next block is prefetched.

3. Prefetch on misses. This prefetch type implies that the block is
greater than one AU.

One form of instruction prefetching is found in processors that
have instruction queues; prefetching is initiated by monitoring the
content of the queue. When there is a vacancy in the queue that can
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be filled by a reference to memory, a prefetch cycle is initiated (this
operation is described in Section 2.3.2).

Another form of hardware-controlled instruction prefetch is found
in systems that prefetch a branch instruction's target stream in
tandem with continued fetching of the in-line instruction stream.
These systems are described in Chapter 7.

Data Prefetching

Hardware data prefetching has usually been accomplished in
register file architectures with a delayed load strategy. Useful
instructions are interposed between the load instruction and the
instruction that will use the loaded AU (a strategy discussed in
Chapter 8). Another form of data prefetching is found in processors
such as the IBM S/360/91 [ANDEG67] that decodes load
instructions in the instruction fetch queue and begins the load
before the instruction is released to the execution unit. Data
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returned from the memory are stored in a queue that joins the
execution pipeline at the proper point. Memory delays are hidden
by the queue.

A significant problem with data prefetch is that the effective
address is sometimes not known until after some registers have
been adjusted; this is a true dependency on addresses and is called
an address generation interlock (AGI). R. J. Eickemeyer [EICKS3]
suggests ways for predicting the effective address and gives
measured data to show the effectiveness of data prefetching.

Software Prefetching

When a referenced AU is not found in a cache, a cache miss results
and the missed AU is fetched along with a number of AUs in
contiguous memory locations (the block). Some programs have
addressing patterns that are highly predictable, such as signal
processing and graphics. Under these situations, why not have an
instruction that will prefetch a block into the cache rather than wait
on a miss? Prefetching of instructions or data into caches that are
nonblocking is an interesting concept. Software prefetching
[CALL91] is a program-initiated, nonblocking load of a cache
block in anticipation of need.

Prefetching into a nonblocking cache will not halt execution as
does a normal cache miss because the executing program is not in
immediate need of the instruction or data AU. Recall that when a
normal miss occurs, the processor must wait until the miss has been
serviced. If a prefetch command is issued well in advance of the
need for the AU, there will not be a miss when the AU is read
during the normal instruction execution cycle.

An example of a data-prefetching instruction is the PowerPC 601
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[MOTQOB93]. The instruction Data Cache Block Touch (dcbt) loads
a block into the cache. In other words, this is a load instruction that
loads a block into the cache rather than loading an AU into the
register file.

Simulation results of [CALL91] indicate that approximately 33%
of all software data prefetches are useful in that they accurately
anticipate a future reference to the prefetched block. With this level
of success, the number of cache misses is reduced because the data
has already been prefetched. However, the reduction in Pmiss is not
without cost. The use of a prefetch instruction increases the number
of instructions that must be executed, hence adding to the length of
the program. If the cache is blocking, all prefetches steal cycles
from the cache and ineffective prefetches degrade the available
performance of the cache.

A performance model is developed to investigate the effectiveness
of software prefetching. Consider a unified blocking cache of the
sequential-forward type. The model is based upon the parameters

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000236



Page 100

Ff = fraction of normal instructions that are preceded by a prefetch
Instruction,

Peff = probability that a prefetch has been effective and a future
miss does not occur,

Pmiss = probability that a memory reference misses in the cache for
the program without prefetching,

L = number of clocks the cache is blocked due to a prefetch,

T = transport time.

There are eight possible events, with each event having a delay.
The effective access time of the cache will be 1 + weighted average
delay. These events and delays are shown in Table 2.22.

The event 0 1 0 is a normal cache access with a miss and a delay of
1 + T cycles. For the case 1 1 0, there has been an ineffective
prefetch: the delay is 1 + L + T because the executing instruction
misses the cache requiring the normal delay of T cycles and L
cycles to be lost due to the blockage of the cache during the
prefetch. Notice that when a prefetch instruction is executed (Ff =
1), the cache loses a cycle for the instruction fetch plus the number
of cycles to transfer the block T. From the event probabilities, the
effective cache cycle time is

tan{PFj =1+ PI:TIiHH[T':-l e P;FF‘] = P-c-l!'l’:l -+ Fj‘(l + L).

The effective cache cycle model is optimistic, as a prefetched block
may evict a block already in the cache because of a capacity or set
conflict. For the cases when unnecessary eviction happens, the
delay would be two transport times. Prefetching may increase the
Pmiss of the executing program because a prefetched block may
evict a block in the cache that

TasLe 2.22 Software prefetching delays.
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Events
Ffpmisspeff
0 O 0
0 O 1
0 1 0
0 1 1
1 0 0
1 0 1
1 1 0
1 1 1

Delay Comments

0

0

1+T Previous prefetch not
effective

0

1+L Cache blocked for L
cycles

1+L Cache blocked for L
cycles

1+ L + 1 +Cache blocked for L

T cycles

1+L Cache blocked for L
cycles

Ff = 0 means no prefetching.
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may need to be fetched again. The eviction problem decreases as
the degree of associativity of the cache increases. The speedup of
using software prefetching is found by dividing 1 + Pmiss T by
tac(PF).

14+ PueT
1 4 Praad(T(1 = Py) — Pogg) + F(1L + L)

Speedup =

Break-even points for software prefetching compared to not
prefetching are found by equating tac(PF) = 1 + Pmiss T and
solving for Peff, F£ and T according to the equations
Fd{1+1L)

PIHi.EEi-{l -+ T-}I :
Pl.:f'l'Pm'Lu-u{T + 1)

1+1L
7= Fdl1+L) 1

Pcf['PmisH

off —

Ff:

For example, for a system with Peff = 0.3, Pmiss =0.1, T=3,L =
2, and Peff = 0.3, no more than 4% of the instructions of the
original program can have an associated prefetch instruction or
prefetching will lose performance.

For a system with nonblocking caches L = 0, assuming that the
cache can queue up an unlimited number of requests. For Peff =
0.3, Pmiss = 0.1, and Ff = 0.1, the break-even value of T is 9. Thus,
for systems with T greater than 10, software prefetching may be
beneficial with a nonblocking cache. With a blocking cache with L
= 3, T must be larger than 40 in order to improve the performance
with prefetching.

The speedup and break-even models indicate a major concern:
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Software prefetching is unlikely to improve the performance for
most systems with blocking caches and small values of T. In fact,
the likelihood is that performance will be lost.

A significant contributor to reduced speedup is the overhead
associated with increasing the program length with prefetching,
that is, the factor Ff. D. Callahan et al. [CALL91] report that if Ff »
0.28, prefetching is unlikely to reduce the time of program
execution. There are situations that may significantly reduce Ff and
favor the use of software prefetching. Superscalar processors with
nonblocking caches (described in Chapter 10) that issue more than
one instruction per clock may be the best candidates for prefetching
because the prefetch instruction can be introduced into an
instruction slot that would otherwise be unused. As a result, for
many programs, there is no increase in program length (that
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is, Ff = 0) due to the prefetch instructions. And, with a nonblocking
cache, the cycles are not lost while waiting for the fetch of a block
from the main memory.

Another situation concerns disk caches. Notice that the value of T
plays an important part of the possible speedup; cache systems with
small values of T, in general, do not benefit. However, due to the
difficulty of providing low values of T, software prefetching may
be helpful when high values of T are necessary. Moreover, for disk
systems with very high values of T, software prefetching is
frequently employed. Some operating systems (as discussed in
Chapter 3), can fetch instructions and data into main memory from
the disk before they are needed.

[CALL91] discusses the various considerations of software
prefetching. These considerations include the time interval between
the prefetch and the actual need (known as prefetch distance), the
influence of block size, the need to abort prefetches already in the
cache, and the additional load placed on the bus. Prefetch distance
must be large enough so that the prefetched data is in the cache
before the explicit reference is made to the data. On the other hand,
if the prefetch distance is too large, cache residency time increases
and the effective size of the cache is reduced. Long residency can
also increase bus traffic because prefetched data may not be used
due to a change of program flow. This research reports that the
cache hit ratio for a suit of six benchmarks improved from an
average 72.7% to 99.4% with prefetching.

A. J. Smith [SMIT78] gives a detailed description of the cache of
the Amdahl 470V/6 and the IBM S/360/1683 along with
implementation suggestions for prefetching. He projects that the
inclusion of prefetching could improve system performance by
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10% to 25%. The machine studied required 7 to 8 clocks per
instruction and had transport time cost of 12 to 15 cycles. These
results may not be representative of pipeline microprocessors with
an instruction execution rate of approximately 1 clock per
instruction. For pipelined processors, the effect of cache delays is
far more damaging and small improvements in Pmiss can have a
significant positive performance impact if the other factors do not
overshadow the Pmiss improvement.

The DEC Alpha architecture provides a data prefetch instruction,
named FETCH, that moves an aligned 512-byte block from a low
level of the hierarchy to a higher level. Specific implementations of
the Alpha architecture may or may not provide this instruction and,
if provided, the block moved may be smaller or larger than 512
bytes. The order of prefetching within the block is unpredictable.
The break-even models developed above clearly show that
software prefetching is only useful for systems that have long
transport times. This conclusion is confirmed by the DEC Alpha
handbook, which indicates that prefetching is useful for transport
times on the order of 100 cycles, that latencies on the order
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of 10 cycles will not be helped, and that code scheduling is
suggested for these small latencies. I assume that these comments
on the Alpha are based on a nonblocking data cache. One would
not expect to improve system performance with software
prefetching without including a nonblocking cache.

The MC88100 has a mechanism named instruction prefetching
[MOTO90]. However, this mechanism is not software prefetching
as described above but Motorola's way of describing the pipeline
that contains two stages for instruction fetching, a common
approach in pipelined processors. With a two-stage instruction
fetch pipeline, two program counter stages are required. These are
named the fetch instruction pointer and the next instruction pointer.
The requirement for these registers is described in Chapter 8.

Special-Purpose Caches

Recall from Section 2.1.4 that nonblocking caches permit read
operations to proceed out of order without blocking. Another
approach to nonblocking is to provide two caches, similar to
double buffering, that eliminate the structural hazard of a single
blocking cache. Klaiber and Levy [KLAI91] proposed a dual cache
scheme that improves the chances of useful speedup. With this
scheme, a blocking cache that is blocked during a block prefetch is
augmented with a buffer that is used for storing the prefetched
blocks. Subsequent reads to the cache search both cache and the
buffer in parallel. Figure 2.28 shows a block diagram of this cache
scheme.

A prefetch request is queued up to the memory that then places the

requested block into the prefetch buffer. The fetch queue issues a
fetch
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Klaiber-Levy cache.
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request only if a miss from the cache will not be blocked. A read
request checks both the cache and the prefetch buffer and takes an
instruction or data from the one that hits.

With the prefetch buffer, there is no blocking of the main cache
during the prefetch. The model for this cache is found by setting L
in the tac(PF) model to 0. The speedup becomes

Speedup(K — L) = (1 + P T V(1 + PrieeT(1 — Pogp) + Fy).

Simulations using the Livermore Loops by Klaiber indicate that a
memory speedup of 3 to 8 is achievable using this cache. For the
model above and using the values Pmiss = 0.05, T 13, Peff = 0.9,
and Ff = 0.05, a speedup of 5.84 is predicted. This model
prediction compares favorably to the speedup of 6.5 obtained from
Klaiber's simulation.

Jouppi [JOUP90] proposes three augmented cache schemes that
give the advantage of a small transport time. The idea behind the
Jouppi extension is primarily the reduction of delays due to conflict
misses. M. D. Hill [HILL87] shows that approximately 25% of all
misses are conflict misses with a unified direct cache. If these 25%
of the misses could have a transport time of one cycle rather than
the normal 4- to 10-cycle transport time, then a significant
improvement in cache performance is obtained. The idea is to
cache the miss path from the main cache. Then the auxiliary cache
is addressed in parallel with the normal direct cache. Jouppi's three
schemes are illustrated in Figure 2.29.

1. Miss cache. A small, 2- to 5-word, associative cache is loaded
with the AU from a miss in parallel with the AU being loaded into
the direct cache. The two caches are accessed in parallel. If the
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block is subsequently evicted from the main direct cache, a one-
cycle latency brings the missed AU into the cache as well as the
processor. Miss caches are more effective for a data cache than for
an instruction cache because data references are more random than
instruction references.

2. Victim cache. A small, associative cache is loaded with the block
that is evicted from the main cache due to a conflict miss. A future
reference may find the evicted block in the victim cache; a one-
cycle latency will bring the evicted AU into the processor. Jouppi
claims that a victim cache will always outperform a miss cache.

3. Stream buffer. A small FIFO queue that can be associatively
addressed in parallel with the main cache is provided. The stream
buffer prefetches the addresses following the missed address of
main cache. All references check the tags of both the main cache
and the stream buffer and read the one that hits. Stream buffers
reduce compulsory misses as well as capacity misses. Multiple-
path stream buffers are also proposed.

The use of victim caches or stream buffers of 5 to 16 words reduces
the apparent Pmiss of a first-level direct cache by a factor of two to
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Jouppi caches.

three depending upon the executing program [JOUP90]. For a
pipelined processor with CPI = 1, a performance improvement of
15% to 25% is realized with a modest hardware investment.

Schauser et al. [SCHA91] describe a special instruction cache
named a "stall cache." This cache is associated with processors
having a single bus to the main memory. With a single cache, the
designer has options such as (1) an instruction butter, queue, or
cache, and (2) an on-chip split cache. The stall cache is another
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design option for this problem. With this option, a split cache is
off-chip and the stall cache is on-chip, as shown in Figure 2.30.
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Stall cache.

The instruction stream is usually fetched over the bus from the
instruction cache. If a data read occurs at the same time as the
instruction read, the instruction is taken from the stall cache. A
miss on the stall cache is filled from the instruction cache.
Consequently, the instruction path is similar to a two-level cache.
Table 2.23 shows the events and actions for the stall cache.

For example, if there is a data read or write cycle and no instruction
cycle, the read or write is from/to the D Cache. The stall cache is a
restricted instruction cache, similar to a branch target cache
(discussed in Chapter 7).

A simulation of the stall cache shows that the performance of the
stall cache approaches the pure split cache with two buses. Equal
performance requires an on-chip instruction cache that is 1.5 to 2
times larger than the stall cache. This evaluation assumes that the
latency of an off-chip cache is the same as an on-chip cache (an
assumption that may not be reasonable). Thus, the benefits of this
scheme are to reduce the chip area needed for an instruction and/or
split cache while retaining the single bus between the processor and
the main memory. For example, if
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TasLe 2.23 Stall cache events and actions.
External InstructionAction

Bus in Stall
Cycles Cache?

Inst.Data

Yes No X
No Yes X
Yes Yes Yes
Yes Yes No

Read I Cache

Read D Cache

Read I from S Cache
and D from D Cache
Read D Cache and
add cycle to fetch
instruction block into
S Cache and processor
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a split cache requires 30% of the chip area, equally divided
between the instruction and data caches, the chip area can be
reduced by 20% if there is a 1.5 factor of instruction cache area
reduction.

2.8.3
Compiler Optimization

The organization and policies of caches are selected to match the
design to the expected address sequences of instruction and/or data.
The measures of success are the reduction of effective access time,
reduction of Pmiss, and the reduction in the bus traffic.

Another approach to achieving the desired goals stated above is to
use the compiler to reorder the instruction and data sequences so
that, for a given cache design, the desired goal of reducing Pmiss
can be achieved [HWU89, MCFAB89]. The compiler attempts to
maximize the temporal and spatial localities and minimize mapping
conflicts.

The results of this research into compiler optimization show that,
with compiler optimization, a direct cache compares favorably with
a set associative cache of equal size. McFarling [MCFA 89] studied
instruction caches only. His results show that compiler
optimization can be as effective as increasing the cache size
threefold. And, "Optimized programs on a direct mapped cache
have lower miss ratios than unoptimized programs on set
associative caches of the same size."

With the complexity of n-way set associative caches, the use of
optimization should be exploited. In addition, the logic path of a
direct cache is slightly shorter than that of an n-way set associative
cache, thereby reducing the basic hit time of the cache.
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2.84
Pipelined Caches

The assumption has been made in this chapter that the cache access
time with a hit is a one clock cycle per operation. With the
increasing demand for cache bandwidth, pipelining the cache is
becoming an important design option. While pipelining is
discussed in Chapters 6 to 9, the idea behind cache pipelining for
performance reasons is briefly discussed here.

An early implementation of a pipelined cache is found on the
Xerox Dorado [CLARS81]. This cache is an early select design that
lends itself to pipelining, as shown in Figure 2.11. The first
pipeline stage accesses the tag memory with the translation
addresses and performs the tag check. The second stage accesses
the data memory. The Dorado cache could support one cache
reference per cycle, as long as there are no cache misses.

Recall, however, that modern caches are late select and can also be
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R4000 pipelined cache.

pipelined into at least two stages: Stage (1) reading the cache and
the tags and Stage (2) comparing the tags with the address. Because
reading the data and tag memories is a longer operation than the tag
check and selection operation, the two stage times allocated to
these two steps are not balanced. With pipelining, the first stage
can be decomposed into two stages, giving a three-stage pipeline
with reasonable balance between the stage times. Note that an
interstage register is not required between the stages (a form of
maximum rate pipelines to be discussed in Chapter 6). Thus,
reading the cache can be a three-pipeline stage operation, as
illustrated by the MIPS R4000 [MIRA92] and shown in Figure
2.31.

With the MIPS R4000, an instruction is decoded and the register
files are read in parallel with tag checking. Thus, decoding and
register file reads are conditional and can be abandoned if the tags
cheek fails because of an instruction cache miss. An incorrect tag
cheek will abort the instruction before it is issued to the ALU.
However, tag checking of a write to the register file that results
from a LOAD instruction is performed in serial. The reason for
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serial checking is that an incorrect conditional write would require
extensive buffering and load true dependencies can be resolved
with short circuiting. These issues are discussed further in Chapter
7.
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3
Virtual Memory

3.0
Overview

Virtual memory has evolved in response to a number of factors.
First, the address space of early processors was closely matched to
the size of the real memory (main memory) and, for many reasons,
was found to be inadequate. Second, software schemes that enabled
the operating system to manage the transfer of information from
bulk storage were developed. Third, virtual memory helped to
overcome the performance penalty generated by these software
memory management schemes.

The organization, or structure, of the virtual memory system results
from matching the data structures employed by programmers.
Program (code and data) modularity has been an accepted practice
for many decades to facilitate independent development and
checkout of software. Modules can be viewed as a hierarchy, and
the allocation system should facilitate the modular view. A
common data structure for representing modules is the tree, as
shown in Figure 3.1, that reflects the hierarchical nature of many
commonly occurring data structures. Files are referenced from the
Root Directory via interior nodes or subdirectories. The files for
early versions of UNIX were variable-length segments.

It is informative to survey the evolution of software memory
management systems that preceded virtual memory. Figure 3.2(a)
shows that the early simple batch monitors provided a single
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contiguous memory partition for a single user. When the user
program is changeddue perhaps to the termination of a jobthe
active user partition is written out to disk and a new job is read in.
The major drawback with this system is the overhead incurred in
swapping and the inefficient use of processor and memory
resources.

These early batch monitor systems were also called roll-in/roll-out
because of the way jobs are moved from disk to the main memory.
Upon the first instance of the job being moved to the main
memory, real addresses are assigned that are used in subsequent
references. This
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Figure 3.1
Data structure.

presents the problem that a new job may not be loadable from disk,
even though there is available memory space, because the
particular required address space is occupied.

The efficiency problems of the batch monitor are addressed in
software-managed memory systems by partitioned allocations, as
shown in Figure 3.2(b). Given that real memory is large enough to
hold a number of partitions, each partition is allocated its own
address space in real memory. The monitor then manages these
partitions, assigning space, adjusting addresses, and swapping
partitions in and out. As jobs are completed, space in memory is
vacated and the monitor attempts to load another partition. The
problem with this system is primarily that memory becomes
fragmented and is used inefficiently.

Figure 3.2(b) shows a 30-K job (Job 5) waiting to be allocated.
Even after Jobs 1 and 4 are complete (the assumed completion
sequence) Job 5 cannot be allocated, even though 35K of memory
space are available. Only after Job 2 is completed does space in
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memory become available for allocation of Job 5. Fragmentation
clearly results in the inefficient use of memory.

Early research into solutions for the problem of fragmentation led
to the identification of two types of fragmentation in a virtual
memory system [RANDG68, RANDG9].

External fragmentation is caused in real memory when the
allocation system does not relocate used space to free up unused
space for allocation to a new task. Thus, the real address space
becomes fragmented into groups of unusable spaces. (This
fragmentation is the situation described above.)

Internal fragmentation occurs when the average space required for
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Figure 3.2
Early software managed memory systems.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000259



Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000260



Page 112

an allocation is slightly larger than a page, which is a fixed-length
allocation unit. Thus an extra page must be allocated, which wastes
real memory space. Note that external and internal fragmentation
were first applied in relation to the allocation of files on a disk. The
meaning of these terms has been somewhat altered since they were
applied to virtual memory systems. (This form of fragmentation is
described later.)

External Fragmentation was solved by means of a relocatable
partitioned allocation, which is illustrated in Figure 3.3(c).
Relocatable partitioned allocation means that as jobs are
terminated, the operating system compacts the remaining partitions
so that free space is made available to waiting jobs. Note that after
Jobs 1 and 4 are completed, the operating system moves Jobs 2 and
3 so that all free space is compacted into one address space in
memory. This space is now large enough to allocate Job 5. Not
only is memory used more efficiently by this process, Job 5 is
available for execution earlier than it would be with the partitioned
allocation system.

Relocation introduces an addressing problem, however. When
partitions are moved, all addresses in the program must be
changed. This problem is solved by the use of a relocation register,
which points to the start of the partition that had been allocated
under the assumption that the partition starts at address 0. All
accesses to memory have the relocation register's contents added to
the address. Relocation registers do not eliminate the need to
actually move the partition, but they do minimize the addressing
problems. Relocatable partitioned allocations go a long way to
solve the external fragmentation problem but can introduce
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significant overhead because of the need to move the partitions
around in memory.

Paged allocation extends relocatable partitioned allocations into a
more generalized technique. Instead of a relocation register for
each partition, paged allocation uses a relocation register for pages
of approximately 4 Kbytes (size varies across systems). In some
early systems the operating system managed these page relocation
registers. Because the partitions are subdivided into pages, each
having a relocation register, it is unnecessary to move pages as
with relocatable partitions. A partition is broken into pages and
placed into available page locations in the address space of real
memory. The program can still be written under the assumption of
a start address of 0 because the relocation registers change each
address into the correct page location address. Paged allocation is
the basic approach found in demand paged virtual memory, which
is described in more detail later in this chapter.

Segmented allocation involves relocatable partitions of variable
length and may be viewed as a variable-length page that supports
the program's view of the data structure. Segmentation facilitates
the sharing of programs and data.
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The problems of software support of the above-mentioned memory
management schemes have led researchers to see if the processor
itself could make these tasks transparent to the executing program,
in other words, the development of virtual memory. The first
description of a virtual memory applied to the Atlas computer
[KILB62], a design motivated by the desire for a large linear
address space that hid the memory management tasks from the
programmer. Another early experimental paged system was
implemented at Berkeley [LAMP66]. The IBM S/370 family, first
delivered in 1970, extended the IBM S/360 family to paged virtual
memory capability. Cocke [COCKS59] described the "virtual
memory" of Stretch; however, this scheme is in reality an early
form of cache.

A "pure" segmented system (pure means that a complete segment
is fetched at one time from disk) was first implemented in the late
1950s on the experimental Rice University computer. The
Burroughs B5000, first delivered in 1965, was the first large-scale
commercial implementation of virtual memory and used
segmentation [LEVY84]. In England, ICL implemented a
segmentation machine in the early 1960s [ILIF68].

For almost three decades, research activity has produced hundreds
of research papers and reports. An authoritative early work on
virtual memories is by Denning [DENN70], a paper that explains
most of the tradeoffs in the design of a virtual memory system.
[PARM?72] is another review paper, describing work at IBM, with
an annotated bibliography. This paper looks not only at virtual
memory but virtual machine concepts as well. [DONQO72] reflects
the MIT Project MAC view of memory management and virtual
memory.
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3.1
Virtual Memory Concepts

The term virtual memory has been used to denote a computer with
a large linear address space that hides memory management tasks,
discussed above, from the programmer. Virtual memory can be
implemented with pure software or combinations of hardware and
software. The following sections describe the use of hardware
support to remove from the operating system some of the
requirements that are necessary to manage the details of allocation.
For the ensuing discussion, I define the following terms.

Symbolic name is the set of all names used by the programmer.

Effective address is the address generated by the processor and
may, in some cases, be extended into a virtual address.

Virtual address is the machine equivalent of a symbolic name.

Real address (physical address) is the set of all addresses in the real
memory.
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Virtual memory system translates a user's virtual addresses into real
memory addresses.

Allocation is the process of reserving storage locations.

Page is an allocation of fixed-length aggregations of addressable
units.

Demand paging is a virtual memory system that moves pages to
real memory as needed rather than prior to need.

Paging is the process or moving pages back and forth between real
and auxiliary memory.

Segment is an allocation of variable-length aggregations of
addressable units.

Paged segmentation is a virtual memory system that uses segments
composed of integer pages, not addressable units.

There are differences in vocabulary for virtual memory concepts
used by different researchers and manufacturers. For example, the
address presented to the virtual memory system is known as either
virtual address, logical address, or linear address. Another
example is found in the names for the address presented to real
memory: real address, main memory address, or physical address.

The most common and serious error in computer design has been
to design an address range that is too small [BELL76]. It seems
that few processor designs can outlive this flaw without a
significant extension to the address range. An extension of the
address range has been accompanied by a transition to virtual
memory, a move that is typified by the DEC transition from the
PDP-11 to the VAX 11/780 and the IBM transition from S/360 to
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S/370. Dennis [DENNG65] pointed out the rationale behind the need
for a large virtual address space.

1. A computation should have the use of a name space sufficiently
large so that all information it references may be assigned unique
names and such that reallocation of information within its name
space is never necessary.

2. Data objects of a computation should be expandable without
requiring a reallocation of name space.

3. Information referenced in common by several computations
should have the same name for all computations that reference it.

4. A protection mechanism should operate in name space to permit
access to information by a computation only in an authorized
manner.

These requirements established the direction of virtual memory
development. Research into techniques for the manipulation of
symbolically addressed files with software was the precursor for
virtual memory. This research established most of the concepts
now embodied in virtual memory. As noted in [DENN70] four
research objectives were: (1) program modularity, (2) varying data
structures, (3) protection, and (4)
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sharing. The virtual memory systems discussed in this chapter deal
with the way in which systems can be implemented in hardware
and software to provide these functions.

When a program with symbolic names is compiled, two address
translations are performed. First, the symbolic names are translated
into virtual addresses that are used by the processor to address the
virtual memory. Second, the operating system allocates the
program and data to the disk system providing addresses such as
drive, head, track, and record (discussed further in Section 3.5.9).
The translations are

Compiler/Operating system translations.

Symbolic names-translated to-Virtual addresses,
Symbolic names-translated to-Disk addresses.

For a system with a cache, a program reference to memory may
require three run time translations. The address translations, called
Maps by [MATI77], are

Run Time translations.

Virtual addressesPMAP 1PCache addresses,
Virtual addressesPMAP 2PReal memory addresses,
Virtual addressesPMAP 3PDisk addresses.

MAP 2 and MAP 3 are the major subjects of this chapter.
Translation to a cache address, MAP 1, is discussed in Chapter 4.
Caches (discussed in Chapter 2) are used to improve the
performance of the memory system by reducing the latency of the
main memory as seen by the processor. Virtual memory, on the
other hand, reduces the capacity limitations of small real memories
by bringing the disk system into the address space of the processor.
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In early systems, the capacity gap is managed by programming
with overlays. That is, the programmer divided the program and
data into modules and scheduled their movement from the disk to
memory. A virtual memory automatically manages this operation
and presents a "one-level" memory to the user.

In addition to, and perhaps more important than, the one-level
memory concept, virtual memory implementations have evolved to
support useful data structures and programming methods. A multi-
user system will have a number of active programs with
requirements for sharing and protection that can be satisfied by
virtual memory. Multiprogramming systems (multitasking) also
require the same sharing and protection capabilities. In addition,
programmers want to be able to develop and test individual
programs that would not interact with other programs. These issues
all stimulated the development of virtual memory concepts. There
are three ways that virtual memory can be provided.

1. The processor can perform virtual memory functions completely
in an interpretative mode. The speed penalty, as great as a factor of
100, may result when using interpretative virtual memory.
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2. The compiler/loader can perform the virtual memory functions
by relocating all addresses prior to execution (discussed in Section
3.0).

3. There can be hardware support for some of the virtual memory
functions that overcome many of the performance penalties of pure
interpretative mode. Combined hardware/software virtual memory
is the predominate technique and is described in the sections that
follow.

The implementation concepts of virtual memory and caches are
similar. The differences are in the selection of the design
parameters and the use of software rather than the hardware
implementations of caches. Because the speed ratio between the
real memory and the disk is quite large100,000 to 1 or greater,
there is abundant time for the use of software-implemented policies
when there is a miss in the main memory; see Figure 1.7. Another
difference between virtual memory and a cache is the terminology.
Virtual memory and caches were developed almost concurrently,
but they are described by different researchers using different
terminology.

The basic idea behind virtual memory is that main memory is a
cache for the disk just as the cache, discussed in Chapter 2, gives
the illusion of a fast main memory. Thus, the discussion of virtual
memory will address the same two issues that are addressed with
caches:

1. organization and structure of the memory hierarchy (discussed in
Section 3.2),

2. set of rules to follow when main memory is accessed (discussed
in Section 3.5).
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As with caches, the translation of address spaces is directly related
to the organization of the virtual memory system. The process of
converting the processor effective address into the real memory
address is performed in two steps, as shown in Figure 3.3.

The first step, sometimes called mapping, takes the processor
effective address and extends it into the virtual address (discussed
in Section 3.2.1). Some processors, however, use the term
segmentation for this first step; examples are found with IBM
RS/6000 and Intel x86. Some processors, by virtue of their long
processor effective address, do not extend to a longer virtual
address.

The second step, also shown in Figure 3.3, translates the virtual

Virtun)
Processor
Effective __p| Memory Address  ["Page or Segment Page Frome
Address Map Name Translation Address
Digplacement =
Figure 3.3

Address conversions.
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page name into the page frame address (PFA) or segment name
into a base register value to be combined with the untranslated
displacement into the real memory address; a step is called name or
address translation. Early systems, such as the IBM 7040, used the
processor effective address as the memory real address. In these
cases, the mappings are identities. Some contemporary systems
have, as part of their virtual memory management hardware, an
identity name translation path for accessing special system areas in
memory such as name translation tables.

Virtual memory is similar to caches because the major functions to
be provided are the same. In addition, they are early select because
of the process of performing the name translation. These functions
are

1. to detect the presence or absence of the referenced AU in real
memory;

2. if the AU is present, to translate the virtual address into the real
address and access the real memory;

3. if the AU is absent, to determine if a page or segment must be
evicted from real memory as well as select the page or segment to
be evicted;

4. to evict the page or segment and bring in the new page or
segment;

5. to update all translation tables and reinitiate the access.

These functions are tightly interwoven into the design of what is
now known as the Memory Management Unit (MMU). The
discussion of virtual memory starts, in Section 3.2, by describing
the methods that extend the effective address into the virtual
address. The method by which the page or segment name is
translated is discussed in Section 3.3. A major consideration in the
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design of a virtual memory is the reduction of the time to make the
above-mentioned translations. The other virtual memory functions
are discussed in Section 3.4.

3.2
Memory Mapping

Most early computers and microprocessors suffered from limited
address space. Examples include the PDP-8 with 12 bits of address
and the 18088 with 16 bits of address. Short addresses limit the
amount of random access memory that can be attached, and a
number of techniques have been employed to extend the address
range of processors. A complete survey of these techniques can be
found in [POPP77]. Invariably, these extension techniques
produced a granularity in addressing that complicated the
programming.
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3.2.1
Creating Large Virtual Addresses

This section discusses the problem of creating a virtual address for
systems where the processor space or effective address is less than
the desired virtual space. The page or segment name portion of the
large virtual address is then translated into the real memory
address. The inadequacy of a 32-bit virtual address has been
recognized for three decades and extensions have been applied to
32-bit addresses. For example, the IBM S/370/168 (circa 1965) had
a 3-bit extension of a user ID that extended the virtual address. The
creation of large virtual addresses is more commonly viewed as
creating a set of large segments that are of a fixed maximum length
and can overlap. For this reason, the mapping function is frequently
referred to as segmentation.

In general, extensions are found in a map that is indexed by a small
number of bits in the effective address or indexed by implication.
The steps used to extend the effective address are usually
accomplished in one level of mapping.

3.2.2
One-Level Map Address Extension

The first use of maps to extend an address is found in short word-
length minicomputers of the 1970s. For these machines, the virtual
address is too short to address the desired real memory directly.
Thus, a map is used to extend the virtual address [POPP77]. An
example of this technique is found in the Z800 memory system, as
shown in Figure 3.4.

7.800. This processor generated a 16-bit effective address. The 4
MSBs are used as an index into a 16-entry table containing control
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7800 address extension.
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42 Bit Effective Addrews
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Figure 3.5
RS/6000 MAP.

bits, for access control, and a 12-bit address extension. The address
and displacement are concatenated to provide a 24-bit memory
address.

RS/6000. This processor takes a similar approach to generating a
long virtual address from its 32-bit effective address. The virtual
memory system of this processor is directly related to that of the
IBM 801 [CHANS88, OEHL90]. With this processor, the effective
address is 32 bits and is mapped into a virtual address of 52 bits.
Figure 3.5 shows the mapping of the processor effective address
into the virtual address.

The four most significant bits of the effective address are an index
used to select one of sixteen segment registers that store 24-bit
segment identification numbers (SID) or addresses. These 24 bits
are concatenated to the 16 virtual page indices, which creates a 40-
bit virtual page name. These 40 bits are concatenated with the 12-
bit displacement, creating the 52-bit virtual address. The address
extension mapping provides 16 active segments of 228 bytes, or
256 Mbytes, at any one time. The total number of segments in
virtual memory space is 224. During a memory reference, the 40-
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bit virtual page name is translated into a real address as discussed
in Sections 3.3 and 3.4.

HP Precision Architecture. The HP Precision Architecture
[MAHO86, FOTL87] generates a 32-bit effective address. The two
MSBs index into a four-entry map that contains 0-, 16-, or 32-bit
extensions (depending upon the processor model). These extension
bits are concatenated with the remaining 30 bits of the effective
address to produce a 30-, 46- or 62-bit virtual address. The page is
2 Kbytes; thus there are 219, 235, or 251 virtual pages.

Motorola MC68040. This processor extends its 32-bit effective
address by implication indexing one of two 23-bit registers and
concatenating it with the effective address. There is one register for
user and
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Figure 3.6
i386, 1486, and Pentium register based address extension.

one for supervisor mode. The result of this operation is a 55-bit
virtual address. With a page of 8 Kbytes, there are 242 virtual
pages. The contents of these extension registers are called root
pointers because they point to the root directory in the virtual
memory space.

3.2.3
Register Extensions

The 1386, 1486, and Pentium extend their 32-bit segmented address
(the generation of this address is described in Section 3.3.3) by 20
bits to form a 52-bit virtual address as shown in Figure 3.6. This
extension is taken from CR3, one of four control registers (CRO-
CR3) in the processor, that is loaded by the program using move
instructions. The extension is called the page director base register,
which is sometimes called the root pointer because it points to the
root directory in the page tables.

3.2.4
Summary

Many processors extend their effective address as discussed above.
Extension is used, in some cases, to extend the address space in
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conjunction with providing support for paged segmentation. Table
3.1 lists the number of extension bits and the number of virtual
pages that can be addressed. In all cases, except for the IBM
S/370/168, the effective address is extended from 32 bits.

The extension registers are loaded under program control and, in
some designs, provide segmentlike virtual address on top of a
paged system. In these cases, the management of the segments is a
pure software function. Paged segmentation is discussed in Section
3.3.3.
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Tasre 3.1 Effective address extensions.
Processor ~ Extension Page  No. Virtual

Bits Size Pages

RS/6000 20 4 240
Kbytes

MC68030,40 23 8 242
Kbytes

MC88200 20 4 240
Kbytes

1386 and 148620 4 240
Kbytes

HP Precision 0,16, or 32 2 219, 235, or
Kbytes 251

MIPS R2000 6 4 226
Kbytes

IBM 3 2 215

S/370/168 Kbytes

3.3
Virtual Memory Organizations

A basic function performed in a virtual memory system is the
translation of virtual addresses to real addresses. A number of
methods for performing the name translation function have been
used in virtual memory systems, and a taxonomy of these methods
is shown in Figure 3.7. The taxonomy shows the three major types
of virtual memorypaged, segmented, and paged-segmentedand the
translation methods used for each. The sections to follow discuss
the translation.

Two design features are common to paged and paged-segmented
virtual memory organizations: (1) congruence page mapping, and
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(2) early selection (see Figure 2.11). Within these two design
features, the translation of a virtual address into the real memory
address is performed by accessing tables that contain preloaded
translation information, which is an operating system function.
Segmented systems that

—— Paged Table Direct One Level, Indexed
Yirtual —
Addross Multilevel
Tranalation

Inverted —I: Associative Select
Hoshed
— Segmented — Table —— Direct —— Multfevel
L Paged- —  Table — Direet —— Multilevel

Segmented

Figure 3.7
Virtual memory and translation taxonomy.
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also use a translation table for name translation are early select but
are not congruence mapped.

The use of early select techniques in virtual memory systems is
based on the following consideration. The real memory, unlike a
cache, is quite large. Thus, the number of tag bits needed for a late
select real memory presents a significant cost problem as the
implementation of the tag memory could best be accomplished in
the memory technology itself. Early selection requires a number of
memory cycles for name translation but, like most references,
would be served by the cache; very few references require this
slow translation process. Some of the terminology, expanded from
earlier definitions, used with virtual memories include the
following.

A page is a length allocation of bytes that is transferred to/from the
real memory and the disk, similar to a block in the cache. Pages are
congruence mapped. Consequently, pages do not overlap within the
virtual memory address space.

A segment is a variable-length allocation or page. However, there
is usually a limit to the size of a segment. The segment is addressed
from a base register, and segments can overlap partially or fully.
Segments are not congruence mapped and can overlap.

A page and segment can be defined by the Cartesian product of
fixed-or variable-length and overlap or nonoverlap as

Fixed length, Page
nonoverlap

Fixed length, overlap Segment
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Variable length, True
overlap segment

Variable length, Not
nonoverlap defined

A page frame (page slot) is a page-sized space in real memory that
can hold a page.

A page fault occurs when a requested AU is missing from the real
memory; similar to a cache miss.

The page fault ratio is the ratio of unsuccessful accesses of real
memory to total accesses of real memory.

A demand paging system is a hardware implementation of virtual
memory.

The taxonomy presented in Figure 3.7 is based upon the structure
of the translation mechanism. Moore [MOOR91] provides other
taxonomies. One of his taxonomies is based upon the granularity of
the data structure: word, page, segment, and page-segment; while a
second taxonomy is based upon the allocation and management
methods: manual static, manual dynamic, compiler, linker/loader,
and automatic dynamic.

Another consideration in the organization of the name translation
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system is the inclusion of control bits. These bits are required for
maintaining the context of the translation system [MALI90] and
are in addition to the pointer or address bits found in the translation
table entries. The following sections discuss the control bits for
each of the virtual memory organizations and describe the methods
for performing name translation. Note that most systems also
provide direct untranslated paths, or identity translations, used by
the system software and the operating system.

The reader should keep in mind the changes in name translation
techniques that have occurred over time. Early systems with small
effective or virtual address spaces and small virtual memory used
hardware-based translation tables that are fast and implementable
with the available technology at reasonable cost. As the size of the
address space and virtual memory increased, these tables were
placed in memory at a significant cost in increased access time. To
overcome this problem, small hardware-based translation systems
called a translation lookaside buffer are used so that a large fraction
of the translations are made in fast hardware. The translation
lookaside buffer is identical to the early hardware-based translation
systems. Today's virtual memory systems are an amalgam of the
early hardware-based translation combined with memory resident
translation tables.

3.3.1
Page Allocation Systems

For page allocation systems, the following translation of the virtual
address into the real memory address is taken from [DENN76]:

virtual address P (n, d) P (f(n), d) P (f(b) @ d = real address

where n is the page name; d is the displacement within the page; &
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denotes the concatenation; (n, d) = [virtual address/s] or virtual
address mod s, [ ] denotes the quotient of dividing the virtual
address range by s, which is a trivial step when s is an even power
of two; and s is the size of the page.

This translation process describes congruence mapping. That is, the
virtual address is de-allocated into the pair (page name,
displacement). The page name is translated with function f, and the
result is concatenated with d to give the real memory address. Note
that the displacement is NOT translated. Because virtual memory
systems are early select, the mapping is associative and any page
can be placed in any page frame of real memory. Each of these
methods of table-based page
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name translation, as shown in the taxonomy of Figure 3.7, are
discussed in the following paragraphs.

A major virtue of a paged system is that upon a page fault, it is
only necessary to find space in real memory for a fixed-size page
as the address translation process is congruence mapped and
associative. This policy, however, does lead to some waste of real
memory space because a segment of the data structure is not
always an exact number of pages. This waste is known as internal
fragmentation, which was previously defined.

Table Translation

Translation of the page name of a virtual address into a real address
is accomplished by the use of tables, called page tables or maps,
that contain the translation information. There are three types of
table-based translators.

Direct page table. A direct translation table has one entry for every
page in virtual memory and is accessed by one or more indexing
steps (discussed in Section 3.3.1).

Inverted page table. An inverted translation table has an entry for
every page that is resident in real memory and is accessed by some
form of associative or hashed index search [CHANS88].

Cache-like page table. A number of structures are used that take
advantage of the temporal locality of addresses and use smaller
tables than inverted translation tables. These tables that hold the
translation information for a subset of the pages in real memory are
generally called translation lookaside buffers and are discussed in
Section 3.4.

Direct table translation is sometimes known as forward-mapped
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translation, and inverted translation is sometimes known as
reverse-mapped translation [HUCK93]. Note that the word direct
has a different meaning when used to describe cache organizations.
There are variations in translation systems based on page, block,
instruction, and data name translations. These variations will be
discussed in the following sections.

Direct Page Table Translation

A direct page translation table has one table entry for each virtual
page. The page table is direct mapped and addressed by an index of
the virtual page address that is the name of the virtual page
[BAER80, WILK68]. With a large virtual address space, the direct
page table can get quite large because of the large number of
virtual pages. The variations discussed later address this issue.

The direct page tables discussed in this section may be viewed as a
data structure, held in memory and manipulated by the processor's
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program. However, in the interest of decreasing the time required
to perform a page name translation, hardware tables and other
hardware assists can be provided. For example, the traverse of the
tables is called table-walking and, in some processors, is
implemented in microcode.

One-Level Direct Page Tables

A one-level indexed direct page table is also known as a linear
map. For processors with a small virtual address space, these tables
have been implemented completely in hardware. A direct page
table is illustrated in Figure 3.8. This example assumes a virtual
memory of eight pages and a real memory of four page frames. The
page table is indexed by the page name from the virtual address
and has eight entries, each of which consists of a present bit plus
the frame address. A page can be placed in any page frame; thus
the translation is associative.

The state of the system shown in Figure 3.8 is: page 4 is resident in
page frame 0, page 7 is in page frame 1, page 3 is in page frame 2,
and page 5 is in page frame 3 of the real memory. If a reference is
made to, say, page 7, the present bit (= 1) indicates that the page is
resident and the page frame address is selected, concatenated with
the displacement from the virtual address, and indexes into the real
memory. This method of generating the real address is recognized
as early select.

A page name that indexes the table and finds the present bit a zero
causes a page fault. With a page fault, a real memory page frame
must be selected to receive the new page based upon criteria
discussed in
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One-level indexed direct page table.
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Section 3.5.2. If there is a vacant page frame, the requested page
can be loaded into that frame and the present and address fields are
updated. If there is no vacant page frame, a page frame must be
selected based on some use criteria. If the page in the selected page
frame is dirty, it must be written out to the disk before the new
page is read in. After the page is loaded, the page frame address
and the present bit are adjusted to indicate the presence of this new
page in the real memory. No known implementations of a direct
page table use a dirty bit to indicate a modified value in a page
frame. The assumption is made that all page frames are dirty and
must be evicted if selected. Page frames holding only
nonmodifiable code would not need to be evicted, and a dirty bit
could be of some value for these situations.

One of the first time-sharing virtual memory machines used direct
translation [MENDG66]. This machine, the Xerox Sigma 7, was
developed by Scientific Data Systems based upon research
performed at U.C. Berkeley. The processor effective address is not
extended because it is relatively long (17 bits) for its day. The
Sigma 7 had 256 virtual pages of 512 32-bit words, as shown in
Figure 3.9. Real memory can have up to 256 page frames installed.

As Figure 3.9 illustrates, an 8-bit page name indexes into one of
256 page table locations containing a present bit and the 8-bit
translated page frame address. Each page table entry also has
protection bits, not shown, for memory access and write protection.

An advantage of one-level direct translation of a virtual address is
its simplicity and a relatively short latency if the page table is in
hard-
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ware registers. On the other hand, as the number of pages in the
virtual memory gets very large, the size of the table increases to the
point that there may be more bits in the table than in real memory.
For example, assume a virtual address of 32 bits (address to the
byte), a page size of 1 Kbytes, and real memory of 1 Mbytes. The
number of entries in the page table is

number of entries = 23%/2'? = 222,

The number of page frame address bits in each entry of the page
table is Log2 1024 = 10 bits. For this example, the page table has
more than five times the number of bits as the real memory (5.5
Mbytes versus 1 Mbytes). As the virtual address size increases, the
size problem with a one-level page table increases as well.

It is possible to store a one-level direct page table in virtual
memory space that is itself paged. The table described above would
occupy approximately 0.1% of the virtual address space. In other
words, the real memory acts as a cache for the page table, greatly
reducing the real memory space required to hold the page table. An
example of this technique is found in the VAX 11/780 page table
organization. Three base registers hold base addresses for three
page tables that are indexed by the sum of a value in a base register
and the virtual page name [STRE78]. Not only can portions of the
page tables be paged, but portions of the page tables can be in the
cache. In other words, the table structure is treated as any other
data structure insofar as allocation to the memory hierarchy is
concerned. This one-level page table is supported by a translation
lookaside buffer (discussed in Section 3.4).

Multilevel Direct Table Translation
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Multilevel direct tables, sometimes known as hierarchical tables,
have a consistent relationship to the structure of the program and
data as illustrated in Figure 3.10. The multilevel tables are arranged
in a tree structure that contains two or more levels of partial direct
page tables [ARDEG66]. The first level is generally associated with
the root node of processes that are resident in real memory, while
the second and third or fourth levels provide the name translation
for the individual process segments. With this structure, some
degree of protection between processes is provided. The
advantages of the multilevel page table technique over the single-
level indexed direct technique have been discussed in [FURH87]
and include

1. more sophisticated protection,
2. accommodation of a larger address space,
3. page and segment sharing between processes.
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Protection is discussed in Section 3.5.7. The second issue of the
accommodation of a larger address space is addressed in the
following paragraphs and is a major benefit of the structure of
multilevel translation tables.

Recall that direct page tables have one entry per virtual page and
can become quite large with large virtual addresses. Because pages
have locality, it is possible to restructure a one-level page table into
a hierarchy (multiple levels) and page the active portions of the
page table into real memory. In other words, the active portions of
the page table are "cached" in the main memory so that accesses to
the disk are not required to perform page fault detection and page
name translation. While caching does not save table bitsin fact, it
requires more bitsonly the first-level root and the active levels,
including the leaf levels, need to be in real memory at any time.
Note that the leaf-level tables are usually referred to as the page
tables. As will be shown, multilevel page tables permit the
dedication of a relatively small portion of real memory to the
"caching" of the active portions of the page tables.

A one-level indexed page table can be restructured into a multilevel
page table of any number of levels, as illustrated in Figure 3.10.
The structures of one-, two-, and three-level systems are illustrated.
The page name is N bits (the displacement field of the virtual
address is ignored for simplicity), and the number of page frames
in real memory is 2P. The one-level page table has 2N wordseach
having p bits of page frame address that index into the real
memory. These p bits are concatenated with the displacement, as
shown in Figure 3.8. Control and present bits are in addition to the
P address bits and are not shown or counted.

For this model development, a two-level page table divides the
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page name into two equal parts. The root directory table, the first
level, has 2N/2 entries of N/2 bits each. The first-level table is
indexed by the most significant half of the page name bits. There
are now 2N/2 second-level page tables, each with P bits. The
second-level table is selected by the address bits in the first-level
table and indexed by the least significant half bits of the page
name.

Note that there are more bits in the two-level system than in the
one-level system. The leaf tables, in sum, have the same number of
bits as the one-level system. The root-level bits are added to the
leaf-level bits to give the total number of bits in the set of tables.

A three-level system is formed by dividing the one-level page table
into 22N/3 leaf tables, each have 2N/3 entries with P bits. A second
level consists of 2N/3 tables of 2N/3 entries having 2N/3 bits. The
root level has 2N/3 entries of N/2 bits each. The three-level system
also has more bits than the one level due to the addition of the root-
and first-level to the third-level bits.
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Multilevel page tables.
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Multilevel table parameters.

Figure 3.11 shows the number of tables per level, the number of
entries per table, and the number of bits per entry for one-, two-,
three-, and four-level multilevel page tables. These parameters are
based on page name lengths with factors of 2, 3, and 4. With real
systems it is not always possible to factor the page name and the
number of bits shown in Figure 3.11 will not apply exactly.

As shown in Figure 3.11, a one-level page table has 2N entries of p
bits. A three-level page table, for example, has 1 + 2N/3 + 22N/3
tables, and each table has 2N/3 entries. The first-level page table
has N/3 bits; the second level has 2N/3 bits; and the third level, leaf,
page tables have p bits. The total number of bits in an I-level page
table is given by the formula [HABA93]

-2
total bits = 27 [( E Ny 4 1]?) + ﬂ"_lw"P]
x—0

where [ is the number of levels.

Matick [MATI77] gives the following formula for the number of
levels of a multilevel page table that is set by the page size, the
number of virtual pages, and the number of AUs required for an
entry in the page tables.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000296



no. of V.PageNameAddressBits
no. of AUs
Entry

number of levels =
no. of PageAddressBits — Ig,

As the number of AUs per entry increases, fewer entries can be
held in a given size page and the number of levels of the page table
must increase. While each leaf table is small, the total storage of all
the leaf
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tables is the same as for a one-level direct translation system. The
number of entries is 2N, as shown in Figures 3.10 and 3.11, a fact
to be noted when multilevel page table systems are discussed.

What has been accomplished by subdividing a one-level page table
into multiple levels? Each of the leaf tables has become relatively
small. Subdividing is similar to block size selection in cache
design. Smaller leaf tables will have a shorter transfer time from
disk to the main memory but will also have a higher "miss ratio."
Because portions of the page table are "cached" in real memory,
there can be misses on the access of the page table itself. A page
table miss is detected by a valid bit in the page table entry at each
level except the leaf level.

The benefit of multilevel table translation is that large virtual
address spaces can have translation tables that occupy a relatively
small portion of real memory because only the active page table
entries are resident. As a result, the miss ratio on the page tables,
after the load transient, can be quite small. With portions of the
multilevel page tables located in real memory, special provisions
must be taken to prevent undue performance degradation when
accessing these tables. Each level of the page table takes at least
one memory reference to access the table itself, thereby increasing
the latency of the page name translation process. Reasonably fast
techniques, called table walking, for searching these tables are
needed and are discussed in Section 3.5.5.

Multilevel Page Table Control Bits

The control bits required in a multilevel page table differ
depending upon the level in the hierarchy. A one-level system or
the leaf tables of a multilevel table has control bits required to
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manage the access to the page in memory, while the non-leaf tables
have bits to manage the translation tables. Examples of the control
bits used are

Leaf Table.

Modified or dirty bit indicates that one AU in the page has been
written into and that the page must be written back into the virtual
memory space if the page frame is to be vacated.

Referenced bit indicates that an AU has been referenced. This bit is
required to support replacement algorithms.

Protection bits are required to ensure that the access method is
correctas is the case, for example, of Read Only, Read/Write, and
Execute Only. Also, the access can be verified with protection bits
for protected accesses such as User, System, or Operating System.
These issues are discussed in Section 3.5.7.

Leaf and Nonleaf tables.

Valid bit or present bit indicates that the table entry is valid and/or
that the referenced page is in real memory.
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Valid or present bits are used differently in different levels of
multilevel page tables. Some systems, notably the i386, 1486, and
the Pentium, view the valid bits uniformly. That is, an invalid entry
at any level signifies that the page is not in real memory. When an
invalid bit is encountered in the translation process, a page fault
interrupt is generated. Other systems, such as the MC68040, have a
nonuniform treatment. The valid or present bits of the nonleaf
tables indicate whether or not the reference to the next level
translation table is valid. The bit in the leaf table indicates whether
or not the referenced page is resident in real memory.

Example Systems

Intel i386 and i486. An example of a two-level multilevel table is
taken from the i386 and 1486 [ELAY85] and is shown in Figure
3.12. Note that the 32-bit processor address is known by Intel as
the linear address. The linear address is expanded to 52 bits by
concatenating the 20 MSBs of processor register CR3. The virtual
address is divided into three fields: two fields from the virtual page
name and the displacement. The 30 bits formed from CR3 and the
directory field index into the first-level page table, called the page
directory. The second level produces the page frame address for the
real memory access.

Note that the leaf nodes, page tables, have 1K pages of 1K entries.
This page table design is clearly not a complete direct translation
table system. If it were complete, with 240 virtual pages, four levels
of translation would be required and the total number of leaf entries
would be 240, not the implemented 220 Also, because there can be
only 210 unique
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Two-level page table (1386, i1486).
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Figure 3.13
Three-level page table (Z280,000).

instances of page frame addresses in the page directory of 230
entries, address aliasing is possible. The design compromise made
between a full or partial implementation is based, it is believed, on
the desire to reduce the translation time via the page tables.

Zilog 7.80,000. An example of a three-level page table system is
found in the obsolete 280,000, as shown in Figure 3.13 [FURH87].
The 32-bit virtual address is divided into a 10-bit displacement and
a 22-bit page name address and is extended with bits from one of
the four table descriptor registers that are addressed by two bits in
the processor status word. The page name address is divided
nonsymmetrically with an 8-bit index into the first level, an 8-bit
index into the second level, and a 6-bit index into the third level.

Note that the 280,000 page name translation system adds the index
from the virtual address to the base from a table. The consequence
of this is that entries in the page tables can overlap, providing for
sharing but a more complicated software management system.
Because of the use of addition, this system could be classified as
paged-segmented; however, it is referred to in the literature as a
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pure paged system. The design details of this mapping system are
not available, making it impossible to determine the size of the
tables and other design details.

MC68851. The Motorola 68851 MMU is a stand-alone device
intended for use with the MC68020 microprocessor [MILE 90].
This device is unique in that the structure is highly programmable
or configurable by the user. The following structural parameters are
available:

Page size 256 bytes to 32
Kbytes,

Number of 1 to5.

levels

An unusual feature found in the M68851 is the capability of storing
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MC88200 table structure.

a pointer in the leaf tables that point not to the page in real memory
but to another leaf table. This feature supports sharing of real pages
but can significantly increase the number of references to memory
that are required before a page fault is detected. I believe that there
is a time-out feature to stop endless looping around indirect
addresses.

MC88200. It is interesting to note that Motorola eliminated the
programmability of the MC68851 in the MMU of the MC88200
[MOTQO90a]. The table structure of the MC88200 is shown in
Figure 3.14. This device supports a fixed page size of 4 Kbytes.
The 32-bit effective address is extended by 20 bits using two
registers found in the MMU that are loaded by the processor.
Depending upon the mode of operation, the user of supervisor
extension is concatenated to the effective address, providing a 52-
bit virtual address. There are two levels of translation. The first
level, called the segment table, has 230 entries of 20 bits that are
concatenated with the 10-bit page field that address the page table.
Motorola calls their system a segmented system; segmentation is
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provided by software that determines the values to be used in the
extension registers. The balance of the system is a hardware-paged
system.

As with the 1386, 1486 page name translation systems, the
MC88200 is a partial implementation of a direct map. There are
230 entries in the page table rather than 240 as required for a full
implementation. The number of entries is greater than that of the
1386, 1486, thus requiring fewer allocations of translation
information to the page table.

Control Bits

The use of control bits in a multilevel page table system is
illustrated with the MC88200, which has an extensive control bit
repertoire to
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provide flexible support of differing operating, systems. The first
level of control bits is contained in the two area descriptors that
are selected by mode to extend the processor effective address, as

shown in Figure 3.14. These bits, noted as C in the figure, consist
of

WTWrite Through: controls the write policy of the
cache;

G Global: controls the scope of snoopy coherency
measures (Chapter 5);

CI Cache Inhibit: inhibits caching of local instructions;

TE Translation Enable: if not set, no page name
translation.

The first-level table, known as the segment table, has entries called
segment descriptors, with the following control bits:

WTWrite Through;
G Global;
CI Cache Inhibit;

SP Supervisor Protection: controls translation of
supervisor;

WP Write Protect: controls write protection;

V Valid: if not valid, translation fault (table not
present).

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000306



The second level, known as the page table, has entries called page
descriptors, with the following control bits:

WTWrite Through;

G Global;

CI Cache Inhibit;

SP Supervisor Protection;

WP Write Protect;

V Valid (Page is valid);

M Modified: indicates that the page has been modified;

U Used: indicates that a page has been accessed.

Note that some of the levels have control bits for the same
function. An example is the WT, Write Through bit. These bits are
ORed together, and if any one is set the resulting action is taken
based on this test of the control bits.

Inverted Page Table Translation

Direct multilevel table translation has served well for processors
with virtual addresses limited to 32 bits. With virtual address
extensions, partial page table implementations have been required.
In the early 1980s designers at IBM contemplated very large virtual
addresses and
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determined that a different translation method would be required.
For a system with a 1-Kbyte page and a 52-bit virtual address, the
leaf nodes would require approximately 6 x 242 bytes. Systems that
followed this study are the IBM System 38 with a virtual address of
48 bits [HOUD80, HOUD81] and the IBM RS/6000 with a 52-bit
virtual address [OEHL90]. A direct page table for a large virtual
address would not only be very large but also sparsely populated
and inefficient. The inverted page translation systems described in
this section are both small and densely populated.

To reduce the size of the translation table, an inverted page table
that contains only the virtual pages that are currently resident in
real memory can be used [CHANS88] to translate long virtual
addresses. An inverted page table can provide a substantial
reduction in the size of the page tables and reduce the number of
memory accesses required for a page name translation. The page
name can be translated into the real address by either an associative
search of the translation table, an n-wise set associative search, or
by hashing into a linked list. Current design practice does not use
n-wise set associative searching, thus associative search and
hashing are discussed in the following paragraphs.

All known contemporary implementations of inverted page table
virtual memory have been designed by either IBM, Hewlett-
Packard, or the IBM/Motorola/Apple group (Sumerset). These
systems will be described in the following sections.

Inverted Associative Page Table Search

An inverted associative page table (APT) has one entry for each of
the pages in real memory. This page table is accessed by an
associative search from the page name in the virtual address. As
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with all known virtual memory systems, an APT system is early
select and congruent mapped.

The Atlas [KILB62, MAT177] is an example of an inverted APT.
This memory system has a page size of 512 words, a virtual
address of 2048 pages, and a real memory of 32 pages (16K
words). A block diagram of the map is shown in Figure 3.15. The
dotted arrow with A at its head signifies an associative search. The
page table contains the page frame address and the page name of
the pages in real memory, called tags. A page name is the key for
an associative search of the tags. Note the one-to-one
correspondence in the number of entries in the page table and the
number of page frames in real memory.

A hit on the tags produces a 5-bit page frame address that is
concatenated with the 9-bit displacement from the virtual address.
The resulting 14-bit address is presented to the real memory. If the
addressed page is not in real memory and therefore not in the page
table, a miss occurs and the page is fetched from a drum memory in
virtual address space.
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Figure 13.15
Atlas page name translation.

The drum address is found by sequentially searching a table
holding the 11-bit virtual page number and the corresponding drum
address (a process described in Section 3.5.9).

The designers of Atlas considered using a direct table method with
the table in real memory. However, this form of translation requires
that at least one real memory reference must be processed to see if
there is a page fault and to generate the real memory address. This
design would make every reference to real memory cost (at a
minimum) two memory cycles. The APT method provides a faster
associative search of a hardware table, adding only a small
increment of time to the real memory access latency. Because it is
faster, the associative method is superior and is used on the Atlas
even though there was a significant circuit cost for the associative
translation table.

For very large virtual addresses and large real memory, the size of
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an inverted APT is too large and costly for consideration. The
small virtual address of the Atlas will never be used again.
However, the APT is used in systems in the form of translation
lookaside buffers (discussed in Section 3.4).

APT Control Bits

Systems using APT control the page name translation process by
an associative search mechanism and require no control bits. Recall
that there is one table entry for each real page frame. The entries in
the
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inverted page table contain the page base address in real memory
and the page name. If there is a hit on the search, the translation is
complete. If there is a miss, then there is a page fault.

Protection bits should be required with the APT as with the other
page name translation systems. However, as protection was not a
requirement for APT systems that were implemented, such as the
Atlas, there are no examples to cite of protection bits. Protection
bits are used in TLBs (described in Section 3.4), which are similar
to APTs. For example, valid bits are required to indicate the
presence of valid translation information in the page table.

Hashed Inverted Page Table Search

The inverted translation scheme of the Atlas is costly to implement
if the size of the real memory and the virtual address become very
large. This is now the case with many virtual memory systems.
Hashing is the translation technique of choice today for IBM
systems with large virtual addresses. The index into an inverted
page table is found by hashing the page name (the displacement
bits are not hashed). The hash number is then used as an index into
the page table, which provides the page frame address. This
technique is properly known as key transformation [PRIC71]. The
key transformation technique reduces the large number of virtual
page addresses into one of a number of noncongruent classes in
which the real page addresses are linked together.

Hashed access into large address spaces or data structures was
developed in the 1960s for access to symbol tables and the like
[JOHN61, MORRG68]. These techniques were then applied to the
accessing of large files and have been, since the late 1970s, applied
to virtual memory page name translation. A good hash
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transformation is one that "spreads the calculated address
(sometimes known as hash addresses) uniformly across the
available addresses" [MORRG68]. The design of hashing functions
is beyond the scope of this book, however, a tutorial on hashing
can be found in [LEWI88].

It is possible to have a one level translation table that is accessed
by hashing the virtual page name as illustrated in Figure 3.16. This
method for translating virtual addresses into real memory addresses
divides the virtual address into the page name field and the
displacement field. The page name field is hashed for an index that
accesses the page frame table. The table contains entries for all of
the pages that are resident in real memoryan inverted translation
system. The page frame table entry carries the page name tag and
the page frame address of the page in real memory. When the page
table is accessed the tag is compared to the page name and, if the
comparison is true, the page frame address is gated out and
concatenated with the displacement to
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Figure 3.16
Hashed page name translation.

form the real memory address. If the comparison is false, the
addressed page is not in real memory and a page fault is signaled.

A problem with this simple hashed translation is that two or more
virtual addresses can hash into the same value, creating a collision
into the same page frame table entry. These collisions increase the
page name translation fault rate, significantly increasing the
average page name translation time. A number of techniques for
managing collisions and reducing their performance impact have
been developed and implemented in real systems [MORRG68]; a list
of these techniques is given in Table 3.2 with examples noted.
These examples will be described in the following paragraphs.

One-Level Large Page Frame Table

HP Precision Architecture. A system that uses a one-level page
frame is the Hewlett-Packard Precision Architecture as shown in
Figure 3.17
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Taere 3.2 Collision handling techniques.

Technique Example
One-level large page frame  HP Precision

table Architecture
One-level linked list None

Two-level linked list IBM S/38-RS/6000
One-level sequentially PowerPC 601

indexed list

One-level disjoint collision =~ Proposed [HUCK?93]
table

n-way set associative IBM S/360/168 TLB
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HP PA page name translation.

[MAHOB86, LEE89]. This system depends on reducing the
probability of a collision by implementing a large page frame table.
Because the translation time through this system is quite fast, a
translation lookaside buffer is not used. However, Hewlett-Packard
describes this system as a translation lookaside buffer without
another table structure for handling TL.B misses.

The virtual address is composed of an 11-bit displacement, a virtual
page number (either 19, 35, or 51 bits), and a 16-bit space ID. Nine
bits of the virtual page number and 11 bits of the space ID are
hashed into an 11-bit index. This index references a one-level,
direct page frame table, called a translation lookaside buffer by HP.
An entry contains a 26-bit tag that is compared to 26 bits in the
virtual page name. The table produces a 16-bit page frame address
that is concatenated with the 11-bit page displacement. A collision
(no match on the tag but with a true valid bit) requires a full virtual
software page name translation.
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One-Level Linked List Page Frame Table

The approach to collision management discussed in this section is
commonly used today because it provides a good balance between
speed and cost. A one level system that mitigates the problem of
hashing into the same page table entry by using a linked list is
shown in Figure 3.18. Each entry of the page frame table (the name
used in the IBM RS/6000) contains three fields: a page name tag, a
page frame address, and a link field (chain). When a page is loaded
into a page frame in real memory,
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One-level hash accessed inverted page table.

its page name and the page frame address are placed into the page
frame table.

A virtual memory page name translation is performed by hashing
the page name to an index into the page frame table. The page
name field of the addressed entry is compared to the page name of
the virtual address. If they are the same, the correct page frame
address is concatenated with the displacement to give the real
memory address. If the page name is not the same, a hash collision
has occurred and the link pointer accesses another entry, and so on,
until there is a match on the tags or a terminator symbol is
encountered in the last entry. If the last entry has been accessed
without a match on the page names, the referenced page is not in
real memory and a page fault results.

A one-level hash accessed translation suffers from a significant
problem. For some update cases, the entries in the page frame table
must be moved to make room for the allocation of a new entry in
the page frame table. Moving entries in the page frame table
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consumes time and reduces the overall performance of the system.
Allocation in a one-level system is illustrated in Figure 3.19, which
shows the states of the page frame table before and after allocation.
Before allocation we see three linked lists of page translation
information. Note that the page names A and B both hash into "1",
the page name D hashes into "8", and the page names P, Q, and R
hash into "17". In this example, the page frame table entries have
been allocated into consecutive locations following the hash
address and are linked via the link fields. A valid bit is needed in
each entry to identify the page frame table entries that are allocated
or vacant.
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Allocation with a one-level hash accessed inverted page table.

Consider what happens if a new page is allocated and its page
name "Z" hashes to the value "18". The entry "18" in the page
frame table is already occupied by Q and must be moved in order
to vacate location "18". This can be accomplished by moving the Q
entry into location "25" and adjusting the link pointers. A vacant
entry is found by scanning the PFT until a "0" is found, signifying
a vacant table entry that can be allocated.

If there is a second allocation of a page with a page name that
hashes into "18", its translation information is allocated to a vacant
page frame table entry and appended to the linked list that starts
with "18". Another situation exists for a new allocation hashed to
an unused entry in the page frame table (the valid bit is 0). For this
case, the tag and address information are allocated and the link
field is loaded with the terminator symbol. This is a simple case,
and no entry movement is required.

Two-Level Linked List Page Frame Table
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A solution to the problem of page frame table movement is to
introduce another level in the translation process that, in effect,
provides an indirect pointer to the translation information in the
page frame table. With a level of indirection, allocating new entries
to the page frame table does not require that other entries be
moved. This first-level table, named a scatter index table in the
early literature, is known as a hash index table in the IBM System
38, a hash table in the IBM 801, and a
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Figure 3.20
Two-level hash accessed inverted page table.

hash anchor table with the IBM RT PC and RS/6000, which is the
term used in this text.

A two-level system is shown in Figure 3.20 [JOHN61, MORRG68].
With this system, the page name is hashed for an index into the
hash anchor table, which contains an index into the page frame
table. The page frame table contains the page name (that is
compared to the virtual address page name), the page frame
address, and a link. The page frame address is concatenated with
the displacement to form the real memory address.

The allocation example in Figure 3.18 used for the one-level
system is illustrated in Figure 3.21 with the before and after cases
shown. Here, the hash anchor table contains a pointer into the page
frame table. For this example, the linked list A, B is located starting
at location 100 of the page frame table, D is located at 200, and the
linked list P, Q, R starts at 300. A memory reference to pages P, Q,
or R, for example, hashes into address "17" and the pointer 300 is
found that indexes to location 300 of the page frame table. The
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proper page frame address is found by comparing the tags to the
virtual page name and traversing the linked list if necessary.

When page "Z" is allocated, location "18" in the hash anchor table
is vacant and the page frame table entry is placed in a vacant
location, 250 for example, of the page frame table. No movement
of page frame table entries is required to effect the allocation of the
new page. If a page is allocated with a page name that hashes into
an already used hash anchor table address, the allocation can be to
any vacant location in the page frame table. It is only necessary to
append the entry to the linked list. The more successful the hashing
function is in providing a uniform
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Allocation with a two-level hash accessed inverted page table.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000324



Page 145

distribution of transformed keys, the more balanced will be the
length of the linked lists.

How many entries should there be in the page frame table and the
hash anchor table? First consider the page frame table. Because an
inverted page translation system has one entry for each page frame
of real memory, the minimum number of entries is the number of
real page frames. A large page frame table will have more vacant
positions, reducing the length of the linked lists and the time
required to find a page frame address.

The size of the hash anchor table is determined by the desired
performance. A large hash anchor table has a larger hashed
address, reducing the frequency of collisions in the page frame
table. Johnson [JOHNG61] determined that the average number of
probes (reference attempts) into the page frame table is a function
of the size of the page frame table and the hash anchor table:

P » 1 + no. of entries in page frame table/2 x no. of entries in
hash anchor table

where P is the average number of probes into the page frame table
to translate a page name.

For example, if the hash anchor table has the same number of
entries as the page frame table, 1.5 probes are required, on average,
into the page frame table plus the access of the hash anchor table to
translate a page name. If the hash anchor table has only 10% of the
entries of the page frame table, six probes are required on average.
An explanation of this model is found in the following
consideration. If there is only one entry in the hash anchor table,
every page name hashes into the same entry and all of the entries of
the page frame table are linked together in one linked list. In this
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situation, the average number of probes approaches half the
number of entries in the page frame table. This behavior is as
expected from the time required to search a linked list sequentially.
On the other hand, if the hash access table is very large, there are
no collisions and each entry in the page frame table is unique (not
linked). In this case only one probe is required.

Four IBM systems (S/38, 801, PC RT, and RS/6000) use a two-
level hash access technique and are discussed in the following
paragraphs.

IBM S/38. The virtual memory of the S/38 resulted from research
at IBM in the late 1960s and early 1970s on the so-called Future
System, which was abandoned due to lack of compatibility with
S/370 [LEVY84]. The S/38 virtualized a segmentation system on
top of the hardware-paged system [HOUD79, HOUD81]. The S/38
has a 48-bit virtual
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IBM 801 page name translation.

address, with a 512-byte page. The 39-bit virtual page name is
hashed by logical XORing three fields (two of which are bit
reversed) in the virtual page name in order to generate a 7-bit index
into the hash anchor table. A page frame table index that indexes
into the 128-entry page frame table is produced, and the entries in
the page frame table are linked together with pointers.
Approximately 2.5 memory accesses are required to translate a
page name in the page frame table; the total translation time is 3.5
accesses.

IBM 801. The inverted page table system of the S/38 evolved into
the virtual memory system of the experimental IBM 801; its page
name translation tables are shown in Figure 3.22 [CHANGS88]. The
IBM 801 generates a 32-bit effective address that is expanded to a
40-bit virtual address using a map that is similar to that adopted by
the RS/6000 shown in Figure 3.5. Page name translation is via a
hash anchor table and a page frame table stored in real main
memory. Unfortunately the published literature does not give the
sizes of the three fields of the virtual address.
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The IBM 801 design combined the page frame address and link
into one field of the page frame table. This field is noted in Figure
3.22 as the PFA-LNK field and is large enough to address any page
frame in real memory (at the page level) or to address the next
entry in the page frame table [CHANS88]. The operation of this
combined field is described below.

A page name extended with a segment ID is hashed for an index
into the hash anchor table, which then provides an index into the
page frame table. If there is not a match on the page name, the link
field
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indexes into another entry. If there is a match, the link field is the
page frame address in real memory and is concatenated with the
displacement field from the virtual address. In other words, the link
field is multiplied by 2 to the power of the displacement bits (left
shifted the number of bits of the displacement). When there is not a
match, the link field has its MSBs set to zero and the resulting
value becomes the index into the page frame table. This process
assumes that the page tables are allocated in the low address page
frames of real memory.

Both the hash anchor table and the page frame table are stored in
real memory. Therefore, a translation requires a minimum of two
memory accesses to translate a page name. The size of the hash
anchor table and page frame table are set when the system is
generated depending upon the amount of installed real memory in
the system. The hash anchor table can be set to be either equal to or
twice the size of the page frame table.

IBM PC RT. The IBM PC RT also stores both the hash anchor table
and the page frame table in memory [SIMP86, HEST86], as shown
in Figure 3.23. The 32-bit effective address is expanded to a 40-bit
virtual address by means of a 16-entry segment register. The page
size can be set at either 2 Kbytes or 4 Kbytes, leaving either 28 or
29 bits that are hashed by an XOR operation for an index into the
hash anchor table.

Experience with the IBM RT PC [CHANS88] shows that 2.5 storage
accesses, or 1.5 probes to the page frame table, are required per
page name translation. From this result we would assume that the
hash anchor table has the same number of entries as the page frame
tablea conclusion based on the Johnson [JOHNG61] model. As with
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the IBM 801, setting the size of these tables is done when the
system is generated.
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Figure 3.23
IBM PC RT page name translation.
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IBM RS/6000 page name translation.

IBM RS/6000. The IBM RS/6000 continues the approach started
with the IBM Future System development [IBM90]. Because the
RS/6000 is a recently introduced computer, its virtual memory
system is described in more detail than the other IBM systems
described above. The RS/6000 can be viewed as a paged-
segmented system with the segments defined by the address map of
Figure 3.5; the balance of the system is pure paged. A block
diagram of the RS/6000 page name translation is shown in Figure
3.24.

The 52-bit virtual address is divided into three fields: a 24-bit
segment ID, a 16-bit transaction page ID, and a 12-bit byte
displacement [IBM90]. The hash generator XORs the 24-bit SID
and the 16-bit TID extended with zeros to 24 bits. The low-order r
+ 1 bits of the result index the hash anchor table.

The size of the hash anchor table is set to be twice the number of
real pages installed on the system, while the number of entries in
the page frame table is set equal to the number of pages in installed
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real memory, which can reach a maximum of 220 pages. These
table size selections are made by the operating system.

Each entry in the page frame table consists of 16 bytes (4 words).
A 20-bit link field (PFA-LNK) links to the next entry if the
comparison fails. If the comparison succeeds, the link value of the
entry point to the succeeding comparison is the page frame address
and is concatenated with the 12-bit displacement, providing a 32-
bit real memory address. In other words, on a hit the link field is
multiplied by 212, while on a miss the link is used as the address
into the page frame table in the low addresses of real memory.
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TaeLe 3.3 IBM hash accessed inverted page
tables.

S/38 801 PC-RT RS/6000
Names LevelHash Hash Hash  Hash

1
Index  TableAnchor Anchor
Table Table Table
Level Page Page Inverted Page
2
DirectoryTablePage  Frame
Table Table Table
Sizes Level128 r 2r+1up
1 to 221
Level 64 r 2r up to
2 220
No. of Real up to
Memory Page 220
Frames
Page 512 2 K or 4 Kbytes
Size bytes Kbytes
Virtual 48 bits 40 bits 52 bits
Address
Max Real 222bytes232bytes

Memory Size
Note. r = 1g2 (Number of page frames in real
memory).

A linked list presents the danger of an infinite translation loop due
to a programming error. That is, the links can create a circular list
and, if there is no hit on tag comparisons, the translation can run
forever. To prevent this from happening, a maximum of 127 probes
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are permitted before a search is declared a failure. The number of
probes for the other systems described above is not known.

The IBM systems have evolved over a period of time. In order to
illustrate this evolution, Table 3.3 contains a summary of the
relevant parameters of the IBM systems discussed above.

As noted previously, the hash anchor tables and page frame tables
are too large to be stored in fast hardware registers. Consequently,
it is necessary to enhance the performance of these systems by
using a translation lookaside butter [HOUD81, CHANSS,
OEHL90]. After a page miss, the requested page is loaded into the
real memory. In addition, the TLB, the hash anchor table, and page
frame tables are updated. A subsequent reference to this page will
find the page name translation information in the TLB. However,
later references may find that an address cannot be translated in the
TLB and recourse to the translation tables is required. After this
translation, the TLB is updated. TLBs are described in Section 3.4
and memory allocation is discussed in Section 3.5.2.
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Figure 3.25
PowerPC 601 page name translation.

One-Level Sequential Indexed Page Frame Table

PowerPC 601. The PowerPC 601 uses a hash-indexed inverted
page name translation that resolves collisions by sequentially
searching the page table entries. A simplified description of this
system is given and illustrated in Figure 3.25; the terminology of
[MOTOQO93] is used.

The virtual address is formed by a map that is similar to that of the
RS/6000 shown in Figure 3.5. This 52-bit address is used in
conjunction with a 32-bit register called the table search
description register 1. A 19-bit hash index is formed by taking the
XOR of the 19 LSBs of the segment ID and the 16-bit page index,
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zero extended to 19 bits. The 9-bit mask of the TSDR1 is ANDed
with the 9 MSBs of the hash output; the result is ORed with 9
LSBs of the physical address field of the TSDR1. These fields are
concatenated to form the 32-bit page table address.

The page table is organized as a collection of the 64-bit (8 bytes)
page table entries. The page table address indexes into a page table
entry
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TaeLe 3.4 PowerPC 601 page table size

recommendation.

Total Memory for Number Number
Main Page Tables of of PTEs
Memory PTEGs

8 Mbytes 64 Kbytes 1K 8 K

128 1 Mbytes 16 K 128 K
Mbytes

4 Gbytes 32 Mbytes 512K 4M

group (PTEG) consisting of eight PTEs. The VSI + API bits of
PTEOQO are compared to 30 bits of the virtual address. If there is a
miss, the low-order bits of the page table address are incremented
by 8, to give a new PTE, and the tag of PTE1 is compared. This
process continues until all eight PTEs have been tested. If there is
still no hit, a second hash function is applied and the page table is
again accessed. An excerpt of the recommended size of the page
table is given in Table 3.4.

As with other table translation systems, the PowerPC 601 uses a
translation lookaside buffer (described in Section 3.4).

One-Level Linked List into a Disjoint Collision Table

J. Huck et al. [HUCK93] describes an inverted name translation
system that combines a one-level system with the combined page
frame address and link field of the IBM systems. This system is
shown in Figure 3.26 and is called by the author a hashed page
translation table. The first allocated entry to a hashed index is
placed in the page frame table, and subsequent allocations are
placed in the disjoint collision resolution table.

The page name is hashed, providing an index into the page frame
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table. A collision is followed by the link accessing another entry in
a disjoint address space called the collision resolution table that
cannot be accessed by a hashed index. Thus when new page
information is allocated, its entry can go into (1) the page frame
table if vacant or (2) any vacant slot in the collision reservation
table. The entries in the collision resolution table are organized as a
linked list. The advantages of this system are that noncolliding
translations require only one memory reference and that the need to
move entries in the page frame table is eliminated with disjoint link
entry storage. As with all hashed access systems, increasing the
size of the table will reduce the probability of a collision.
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Hashed page translation tables.
Control Bits

This section uses the IBM RS/6000 design to illustrate the control
bits used in these systems. The hash anchor table has only one
control bit, a valid bit that is used to indicate whether or not there is
a valid pointer into the page frame table. If valid, the translation
proceeds; if not, then a page fault results because an inverted page
table has entries for all resident pages. In addition, there are various
control and protection bits.

i Invalid

f Reference

cChange

1 Lock Type

wGrant Write
Lock

r Grant Read
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Lock

pProtection keys (4 a Allow Read
bits)

bLock Bit for cache
lines

Other bits provide a transaction ID, and there are a number of
reserved bits. Note that the RS/6000 treats valid bits nonuniformly
across the hash anchor table and the page frame table. The valid bit
of the hash anchor table signifies that the entry is vacant and can be
allocated to a new translation. The valid bit in the page frame table
signifies the presence of the requested page in real memory,
assuming a hit on the page name comparison.
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3.3.2
Segmented Systems

Segmented systems have a variable-length allocation unit known as
a segment that should not be confused with the fixed-length virtual
address extensions shown in Table 3.1. Segment name translation
can be accomplished with both one-level and multilevel systems. A
one-level system is described first. The operating system sets the
length of a segment under the constraint that the sum of all active
segments must be no greater than the available real memory.

This discussion on segmented systems is brief because of the many
problems associated with these systems. No segmented systems
have been designed since the first early machines; paged-
segmented systems have replaced them. Interactive programming
systems such as Lotus 1-2-3 virtualize a rudimentary form of
segmentation to provide interactive allocation and de-allocation of
segments.

The motivation for segmentation is that the size of each allocation
unit can be set to reduce internal fragmentation. With fixed size
pages, some fraction of a page frame (on average, 1/2 page) will be
wasted when allocating variable-length records, an issue
extensively studied by Wolman [WOLMG65]. Because real memory
was very expensive, wasted memory was a cost that was difficult to
justify and segmentation minimized this undesirable cost.
However, as will be discussed, segmentation introduces a number
of undesirable problems that must be solved.

The address translation process for a segmented system consists of
the steps [DENN76]

virtual address = (n,d) = (f(b),d) = fib) + d = real address.
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That is, the virtual address is first de-allocated into the pair
(segment name (n), displacement (d)). The segment name portion
is translated by a function f, and the result is added to the
displacement. Recall that for paged systems, the translated page
name and displacement are concatenated because the allocation
unit is fixed at some binary multiple.

The design of the processor, by selecting a displacement field
length, sets the maximum length of a segment. Any allocated
segment must be equal to or less than this length. Thus, the
segment length (SL) field of the segment table will be the same
length as the virtual address displacement field. When a segment is
accessed, the contents of the displacement and segment length
fields are compared and the access is valid if (d) > (SL).

Figure 3.27 shows a one-level segment translation table that is
recognized as a direct map with an entry for every virtual segment.
Because f(n) is not constrained, segmented systems are not
congruence mapped. That is, segments can be of variable length
with the maximum length
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Figure 3.27
One-level segment table.

set by the displacement d. Variable-length segments lead to the
requirement that there must be a way of specifying the length in the
segment table.

Segment table entries have at least the following fields:

1. present bit, similar to the present bit of a one-level direct page
table,

2. access rights or control bits,

3. segment length,

4. segment base address.

The segment name indexes into the segment table. If the present bit
is set, the access rights are proper, and the segment length is equal
to or greater than the displacement value, then the segment base
address is added to the displacement providing the real memory
address. Note that because the segment base address is added to the
displacement, segments can overlap, unlike paged systems. If the
present bit is not set, a missing segment fault is indicated that

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000343



requires a segment fetch from virtual memory. When a segment is
allocated to real memory, its length is placed in the segment length
field of the segment table. If the segment length is less than the
displacement value or if the access rights do not check, an error
signal is generated and the name translation process will not
continue.

There are a number of serious problems with segmentation. For
example, it can be more difficult to find a place in real memory to
allocate a requested segment. This allocation problem exists
because of the need to find a contiguous space in real memory that
is large enough for
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the new segment, a problem similar to Relocatable Partitioned
Memory described in Figure 3.2.

Another problem with segmented systems is external
fragmentation, previously defined. As segments of various sizes
are moved in and out of real memory, open or unused spaces
appear in real memory and the available space becomes
fragmented. It becomes difficult, if not impossible, to find a
contiguous space for a new segment even though there is ample,
but fragmented, space in real memory. From time to time the
operating system must compress or compact the allocated spaces to
open up contiguous space for new segments. Note that as the
allocated space is exactly the space needed, there is no internal
fragmentation as with a paged system, one of the benefits of a
segmented system. Section 3.5.2 discusses the allocation of
segments.

I am only aware of one system that is implemented with a one-level
segment table, the Rice University Computer [LEVY84]. This
processor, implemented in the early 1950s, had a virtual address
that specified a maximum 32-K word segment (a 15-bit
displacement field). The experimental purpose of this computer
was to evaluate capabilities addressing objects in conjunction with
a segmented virtual memory.

Control Bits

The use of the present bit was noted above. The access rights bits
provide for various levels of protection. For example, read-only
data segments and read/write segments can be indicated in the
access rights field. Other information such as lexical level and the
data type of the segment can also be indicated.
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Multilevel Segmentation Systems

A multilevel segmented system uses the first-level table to select
subsequent translations for each of the active processes as shown in
Figure 3.28. Note that the first level is indexed by the MSBs of the
segment name and organized like a paged system with the first
level similar to the map shown in Figure 3.5. The second level is
identical to that shown in Figure 3.27.

The LSBs of the segment name and the table address are
concatenated to form the segment table address, thus segment
overlap is prevented. Said another way, there are 2B
nonoverlapping segment tables of 2Table Address entries. I know of
no actual system that is implemented with multilevel segment
tables. Concurrent with the realization of the problems with pure
segmentation, paged segmentation became the implementation
method of choice and is discussed in the following section.
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Sepment Name
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Figure 3.28
Two-level segment table.

3.3.3
Paged Segmentation

As noted previously, there are a number of problems with
segmentation systems that have hampered their use. One
significant problem involves finding space for a new segment in
real memory. This allocation problem is difficult, and external
fragmentation can significantly reduce the effectiveness of real
memory. If compaction is used, there can be a serious reduction in
performance. Another significant problem is that a TLB, described
in Section 3.5, has to be allocated at the word or byte level; this
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process makes the TLB quite large, slow, and expensive.
Researchers have recognized that if the allocation unit is a page of,

say, 1 Kbyte, a compromise system combining the characteristics
of a segment system
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with a paged system could be designed. In other words, a segment
is not a variable number of AUs but is a variable number of pages.

The tradeoffs that favor a paged-segmented system over a pure
segmented system concern accepting internal fragmentation for no
external fragmentation, the simplicity of allocating a page as
compared to a variable-length segment, and the performance
improvement due to simpler allocation.

The organization of a paged-segmentation system is shown in
Figure 3.29. This system has two levels; the first level establishes
the segments of pages while the second level is a one-level page
system. Note that the second level could translate page names by
any one of the techniques discussed above. This translation can be
associatively searched, one-level or multilevel page tables or
translation information could be hash addressed. The example
shown, however, is a one-level page translation system.

The virtual address is divided into three fields: segment name, page
name, and displacement. The segment name may be concatenated
with a user ID number, forming an index into the segment table.
The register holding the user ID is also known as segment table
origin register. A length field in the segment table is compared
with the virtual page name
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Paged segmentation.
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field to verify that the length of the segment, in increments of
pages, is proper. In other words, the page name is a displacement
into a segment. The page table address, from the segment table, is
concatenated to the page name field to index into the page tables.
The selected page frame address is concatenated with the
displacement field to give the real memory address. A present bit
indicates whether or not an entry in the segment table has its
corresponding page table in real memory. Access rights bits
provide for protection and control.

Only multilevel paged-segmentation systems are possible; one-
level systems cannot be implemented. This is because, as shown in
Figure 3.29, at least one level is required for the segmentation table
and another for the page tables. As with the other systems
discussed earlier, all of the page tables do not need to be resident in
real memory at once, only the active tables. If an access is made to
a segment or page table that is not in memory, it can be assumed
that the page is not in memory and the operating system must fetch
the page(s) and update the segment/age tables. The Multics system
paged the segment table, leading to complications discussed below.

The paged-segmented system overcomes many of the problems of
a pure segmented system. The unit of allocation of a segmented
system is a word or byte, while the unit of allocation of a paged
system is a page. Because of this difference, the segment system
can now operate as a demand paged system that shifts the problem
of finding space to the page system. Also, the problem of external
fragmentation and space compaction found in pure segmented
systems are eliminated. However, because the pages of a segment
are not placed in contiguous locations of real memory, locality for
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caching may be degraded; the same effect is found with a paged
system that does not consider locality during a page swap.

For the above reasons, many of the high-performance
microprocessor memory management units now support both
paged and paged-segmented operation [MILE90]. The operating
system can manage a virtual segment table on top of a pure paged
system. The page tables are stored in memory, loaded and modified
by the operating system, and may be paged themselves. See
[MOTQO87] for the details of a system. With such a system, no
special hardware is needed to support the segment table as a paged-
segmented system can be implemented in software on a hardware-
paged system. Thus the two systems are isomorphic.

Segment Table Support

Because of the complicated organization of segment tables,
interpretive segmentation has been found to be out of the question
for performance reasons. Therefore, hardware support is mandatory
if a reasonable level
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Figure 3.30
Multics name translation tables.

of performance is to be achieved. One of the earliest segmentation
systems is Multics, which was developed at MIT in conjunction
with General Electric. A GE 635 computer was modified to support
paged segmentation becoming the GE 645. Multics system
[SCHR71, ORGA72) used a multi-level paged-segmentation
system completely implemented in software, augmented with a
TLB. Figure 3.30 shows a simplified view of the Multics segment
name translation system.

The processor produces a 36-bit effective address, the page size is
1K Words, and a segment can have up to 256 pages or 256K
Words. The effective address is augmented with an 18-bit program
loaded descriptor base register that points to the beginning of a
segment in the descriptor table allocation of real memory that
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contains segment descriptors. Note that the segment descriptors are
themselves paged.

A segment descriptor contains a segment length field of 8 bits, a
page table address of 18 bits, and various control bits. The segment
length field is compared, by the processor, to the eight MSBs of the
displacement to verify that a displacement is within the allocated
segment. The page table address is concatenated with the eight
MSBs of the displacement to form the address into the page table,
also in real memory and paged. The entries in the page table
contain the page frame
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address that is concatenated with the ten L.SBs of the displacement
to form the real memory address.

This system required two memory accesses to perform a name
translation, a rather slow process as the processor did not have a
cache. As will be described in Section 3.4, the GE 645 also used a
translation lookaside buffer to cache the most recently used
segment descriptors.

Due to the poor performance of a segmented system that is
virtualized in real memory, two forms of hardware supported
segment tables have evolved. One system supports segment length
checking, while the other does not. Examples of these two types
are given in this section.

Hardware Support with Segment Length Checking

An example of hardware support for the segment table of paged
segmentation is found in the Intel i386, 1486, and Pentium
microprocessors shown in Figure 3.31, which is an extension of
Figure 3.6. The i386 member of the x86 family had significant
changes to the memory management system that have carried over
into all subsequent members of the family. While there are
differences between these later processors, they are sufficiently
similar that only one description is given. The terminology used is
that of the i486 and Pentium, which is different from the
terminology of the i386. The segmentation system evolved from
steps taken to extend the address space of the ix86 family of
processors. Evolution of the mapping structure design was
constrained by the requirement for upward compatibility for MS-
DOS and applications software. A break in this capability occurred
with the 1386 with its effective address extended to 32 bits
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compared to the 16 bits of previous members of the family
[MORSB8O].

There are two paths for obtaining a segment base address value;
one path uses active descriptors stored in segment registers, the
other path uses descriptors found in descriptor tables in memory.
The six active descriptors, found in the invisible part of the
segment registers, are indexed by implication with each memory
reference in parallel with the selectors in the visible part of the
segment registers; this is essentially a zero time access. The
descriptors (both in the segment registers and descriptor tables)
have a 32-bit segment base address field, a 20-bit segment limit
field, and 12 control bits. One of the control bits is a valid bit,
indicating that the descriptor information contained is valid. If the
entry is valid, segment base address value selection is performed
via the descriptor table and the memory resident translation tables
are bypassed. The linear address is formed by adding the segment
base address to the displacement field from the instruction.

In addition to various access checks based on the control bits, the
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Figure 3.31
i486, and Pentium segmentation support.

segment length is also checked. A bit in the control field
determines if the comparison is between the 20 MSBs or the 20
L.SBs of the displacement: if the MSBs, the segment length is
measured in pages as a page is 4 Kbytes; if the LSBs, the segment
length is measured in bytes. Thus the segment size is either 2201
pages or bytes.

If the segmentation information in the segment registers is not
valid, segment base address values are obtained via memory-based
descriptor tables indexed by one of six, 16-bit selector registers,
called visible selectors. These selectors are indexed by implication
in parallel with the hidden descriptors. The 13 MSBs of the

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000357



indexed selector register are used, after being added to a 32-bit
base register value, as an address into memory to access a
descriptor table entry; each descriptor is eight bytes. These tables
are in two halves: the global table and the local table. The field
allocation to the entries of the descriptor tables is identical to the
hidden descriptors. The same access checks and segment limit
checks are made before a memory access can proceed. The
segment base and
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displacement are added to form the linear address that will be the
address for the paged system, as shown in Figure 3.12.

With two instances of the same segmentation information in the
segment registers and descriptor tables, the normal provisions must
be made to ensure that coherency is maintained. This problem is
made difficult because the, segment registers are updated by
hardware while the descriptor tables are updated by software. Thus,
software can change a descriptor in memory and the descriptor in
the segment registers must be invalidated.

Hardware Support without Segment Length Checking

A number of systems provide hardware segment tables without
segment length checking. Examples are RS/6000, PowerPC 601,
and the HP Precision Architecture. For example, the RS/6000 map
of segment registers, as shown in Figure 3.5, is loaded with values
that are created by the operating system. The function of assuring
that valid displacements do not exceed the segment length and
generating the page table addresses is an operating system task.

The PowerPC 601, one of the examples of paged segmentation
without hardware for segment length checking, is shown in Figure
3.25. The page index is 16 bits, which constrains the segment size
to be no more than 216-1 pages. With a page size of 4 Kbytes, a
segment is 26 Mbytes.

3.4
Translation Lookaside Buffers

The translation of a virtual page name into the page frame address
via memory resident tables can take a significant number of
memory cycles. To hide the translation time, a page table system
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(direct or inverted) is usually augmented with a cache of active
page frame addresses. This type of cache is usually known as a
translation lookaside buffer (TLB), a name used by IBM. Motorola
uses the term address translation cache (ATC); DEC uses the term
translation buffer (TB); and Intel uses the term page translation
cache (PTC). The Multics system employed the first known
instance of a TLB [SCHR71].

Translating page names and block names, as shown in Figure 3.32,
is usually performed in a hierarchy of translation systems, much as
a memory reference is processed in a hierarchical memory. This
figure illustrates the number of translation maps possible, not the
tables for any particular processor. Usually, all of the TLBs are
accessed in parallel and the first valid translation is used to form
the real memory address. If translation fails in the TLBs, the page
tables, either direct or inverted, are then accessed before a page
fault is declared. As will be discussed when the MC88200 TLBs
are described, one level of this hierarchy may
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Canonical name translation hierarchy.

be implemented for both page and block name translation. Also,
portions of the page tables may be resident in the processor's cache,
further improving the name translation time.

Multilevel TLBs have many of the design problems of multilevel
caches and hierarchical memories. There are design issues of
information allocation, coherency, particularly when the processor
is used in a multiprocessor configuration, and multilevel inclusion.
There is no need for read and write policies as with a cache, but
there are issues dealing with invalidating the contents of TLBs.

The reduction in name translation latency with a TLB is similar to
that of a data or instruction cache. There is some probability that
the page frame address will not be found in the TLB; as a result,
the name translation time is the weighted average of the time to
translate in the TLBs or in the page tables. On a TLB miss, the
delay in access time is the two or more memory cycles for
accessing the page tables plus the table walking time (discussed in
Section 3.5.5). Note that there can be two reasons for a TLB miss.
First, if the referenced page is not in real memory, there will be a
miss in the translation tables. Second, a miss occurs when the page
is in real memory and its translation tables are correct but the
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translation information is not in the TLB. It is this second form of
TLB miss that is most often noted in the literature.

A TLB holds the translated addresses of pages that are also resident
in the page tables. Most access checks have been made and do not
require verification when translating a virtual page or segment
name in a TLB. Because the name translation process can be
hierarchical, the treatment of multilevel inclusion is a design issue.

The PowerPC 601 has three levels of translation: the Instruction
TLB (ITLB), Unified TLB (UTLB), and the hash-accessed inverted
page tables. For this system, multilevel inclusion is maintained
with the following policy. Allocation of translation information to
the page tables is a software process that follows a page fault.
Allocation to the ITLB and UTLB is performed by hardware
following a page fault that brings
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TasLe 3.5 PowerPC 601 maintaining translation multilevel inclusion.

OperationITLB UTLB Page Table

Add Add on most recent ~ Add on most recent The page table is locked,

entry translation (MRT), set translation (MRT), set valid the entry added with a
valid bit. bit. move instruction, then the

table is unlocked, all
under program control.
Replace Replace if a new entry Replace if a new entry is  An entry is: locked,
entry is translated and there translated and there is no  invalidated, flushed,
is no vacant slot. MRT vacant slot. MRT bits select updated, marked valid and
bits select entry to be the slot within the sector if unlocked, all under

replaced. there is a set conflict. program control.
Delete  Valid bit is reset Valid bit is reset explicitly ~All entries have their valid
entry explicitly by the by the execution of the tibie bits reset when there is a
execution of tibie instruction or as a side context switch.

instruction or as a side effect of some other
effect of some other instructions.
instructions.
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a new page into the real memory. At any time, entries that are in
the ITLB are in the UTLB and the page tables and entries in the
UTLB are in the page tables but not necessarily in the ITLB.

The management policy of the three tables, ITLB, UTLB, and the
page tables, is shown in Table 3.5. Three cases must be
comprehended to assure multilevel inclusion: adding a new entry,
modifying an old entry, and deleting an old entry. Note that the two
TLBs are managed by hardware, while the page table is managed
by software. Also note the synchronization operations that are
required to lock and unlock the page tables.

3.4.1
TLB Organization

The organization of a canonical TLB is shown in Figure 3.33. Note
that this figure is similar to Figure 2.4 and differs only in that page
table entries (PTEs) with page frame addresses are stored rather
than data and only a valid bit is required. If a page is evicted to the
disk, the entry in the TLB can become invalid and is modified by
the operating system or microcode. A TLB, being a cache of
translation information, can be organized for access as: (1)
associative search, (2) n-way set associative search, and (3) hash
accessed.

Note that the size of a TLB is sometimes described by its length or
size, not the number of sets. With associative TLBs, the size is
described in entries, not sectors as with caches. A TLB operates on
the principle of temporal page locality; when a page is loaded into
real memory, the page tables and TLB are updated. Because of
page locality, caching addresses can be quite effective in reducing
the latency of name translation and the access of real memory.
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Simulations and measurements show that TLBs have a hit ratio in
the range of 90% [SATY81]. The hit ratio

Seetor 1 Sector 2 = = = = o= Sector SE
"~ [F] TAG PTE [+ TAG PTE [v ] TAG PTE
Suts < St
L
Figure 3.33
Canonical TLB.
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of a TLB is, as with other caches, a function of its size. D. W. Clark
et al. [CLARS85] and M. D. Hill [HILL87] provide data on TLB hit
ratios.

In general, TLBs are invisible to the program as they are loaded
under hardware control and serve to speedup the name translation
process. However, TL.Bs must usually be invalidated when there
are changes to the page tables such as will occur when a page table
change occurs that will violate coherency. There must be a
replacement policy for the n-way set associative TLB, and the
same policies described in the section on caches apply here. For
example, the policies may be MRU, LRU, Random, Clock, and
others [BAERSO].

Associative Searched TLBs

Associative searched TLBs have a number of positive features.
One feature is that, for small TLBs, the latency of translating a
name is quite small. Another feature is the ease of expandability.
As there is only one set, the number of sectors in the TLB can be
increased without architectural change. And, the number of sectors
need not be an even power of two. This feature eases
implementation of TLBs on a chip. For these reasons, most
contemporary microprocessors use associative searched TLBs.
Examples are discussed in the following paragraphs.

MC68451. An example of an associatively searched TLB, called an
address register translation table, is the Motorola MC68451,
shown in part in Figure 3.34 [MOTOB83]. This rather strange device
was designed for use with the MC68000 to support paged
segmentation. Providing virtual page and segmentation support for
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functions such as segment length checking and table management
is a pure software function.

The virtual 23-bit word address is divided into a segment name and
displacement fields. The segment name is the key for an
associative access of the page directory, reading out a page frame
address, mask, and control bits. The mask selects the MSBs of the
page address and the L.SBs of the segment name concatenating
them with the 7-bit displacement field to form the 23-bit real
address. By adjusting the mask, the size of the segment varies for
128 words (mask all 1s) to 65K words (mask all Os).

Wakerly [WAKES89] states that the MC68451 was not successful
because of its limitations, which are believed to be the limited
virtual address space and too much flexibility. For this and other
reasons, the MC68451 was not used by earl customers for the
MC68000. Sun and Apollo crafted their own MMU, which are
modeled after the memory mapping system of the Atlas Computer
(described in Figure 3.15).

IBM RS/6000. This processor architecture specification calls for a
unified TLB, but specific implementations may have separate
ITLBs and DTLBs [IBM90]. One such implementation has a split
TLB. The DTLB
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Associative register name translation.

is organized as (64, 2, 1, PTE) and is late select. However, the
ITLB of this processor is believed to be associatively searched as
shown in Figure 3.35. The 40-bit page name is used as the key to
search the ITLB associatively; the number of sectors is not
revealed in the literature. A hit on a translation provides a 20-bit
page frame address that is concatenated with the 12-bit
displacement of the virtual address. If the translation is successful,
the reference to real memory is initiated. If not successful, the
reference address is translated in the translation tables resident in
either the cache or real memory.

Note the similarity between this TLB design and the Atlas name
translation system depicted in Figure 3.15. The major differences
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between the two are the design parameters, not the organization.

MC88200. The MC88200 that supports several Motorola
processors (88100, 68030) has two UTLBs, one for user programs
with 4-Kbyte pages and one for system programs with 512-Kbyte
blocks [MOT090a]. Note that Motorola calls TLBs address
translation caches. Both of the TLBs are unified, translating the
page and block names of both instruc-
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RS/6000 ITLB.

tions and data. Block diagrams for these TLBs are shown in Figure
3.31, and note should be taken again of the similarity between
these TLBs and the Atlas name translation system.

The block TLB contains high-use translation information that is
cached at the block level, thereby reducing TLB misses. Operating
systems occupy the same address space, for instructions and data,
over long periods of time. Thus, having a large page, called a
block, can significantly reduce the number of block name
translation misses and page misses. Note that these blocks are not
the same as cache blocks.

The block TLB has 10 sectors that are associatively searched on
the 13-bit block name and is organized as (1, 10, 1, PFA). On a hit,
the 13-bit page frame address is concatenated with the 17-bit block
displacement to give a 30-bit real memory address. Two of the 10
sectors are hardwired to provide an identity mapping in the upper
1M bytes of real memory for supervisor space.
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User programs have higher paging activity, and the page TLB
reduces external and internal fragmentation that would occur if the
page is the same size as the block. The page TLB, also shown in
Figure 3.36, has 56 sectors that are associatively searched on the
20-bit page name from the virtual address. The organization is (1,
56, 1, PFA). The 20-bit page name is associatively compared to the
56 page name tags of the resident pages. Upon a hit, the 20-bit
page frame address is concatenated with the 10-bit page
displacement to give a 30-bit real memory address. The page TLB
is managed by the operating system with entries being evicted on a
FIFO basis; a new entry pushes out the oldest entry.

A page name translation is conditionally and concurrently
attempted
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Tasre 3.6 MC88200 TLB management.

PTLBBTLB Action

Hit Hit Use BTLB

Hit Miss Use PTLB

Miss Hit Use BTLB

Miss Miss Table search, update PTLB and retry translation
Note. The BTLB is loaded by the operating system.

in both TLBs. If an access misses on both of the TLBs, the name
translation is made via the page tables previously described. Table
3.6 shows the action taken for the four possible events when
accessing the two TLBs.

MIPS R2000. This processor has a TLB integrated onto the
processor chip [MIPS87]. The TLB has 64 entries and is accessed
by an associative search on the 20-bit virtual page name. The page
size is fixed at 4 Kbytes. Each TLB entry has the fields:

20 bits: virtual page name;

20 bits: page frame address;

6 bits: PID number that must match the PID value in a processor
register;

4 bits: Control bits: Read Only, Non-Cacheable, Valid and Global;
14 bits: unused.

The page name from the effective address plus the PID value gives
a virtual name space of 26 bits. The addressable unit is a 4-byte
(32-bit) word. The 20-bit page frame number is concatenated with
the 10-bit displacement, giving a 30-bit real memory address or 4
Gbytes.

DEC Alpha. The DEC Alpha processor has split, associative TLBs:
one for the instruction page names and one for the data page names
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[DIGI92]. The virtual memory of the Alpha system is paged with
variable page sizes. The I-Stream TLB has 12 sectors, 8 for 8-
Kbyte pages and 4 for 4-Mbyte pages. The D-Stream TLB has 32
sectors, each of which can be used to translate to 8-Kbyte, 64-
Kbyte, 512-Kbyte, or 4-Mbyte pages.

PowerPC 601. The PowerPC 601 has a small first-level instruction
TLB (ITLB) for translating instruction page names and a unified
TLB (UTLB) for data page names and instruction page names that
miss in the ITLB [MOTO093]. The ITLB is searched associatively
and has four sectors. The 20-bit page name of the 32-bit effective
address is the search key. A hit provides a 20-bit page frame
address that is concatenated with the 12-bit displacement to give
the real memory address. Note that the extension to the virtual
address is not part of the search key.
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If the instruction page name translation fails in the ITLB, the
translation is attempted in the UTLB organized as (256, 2, 1, PFA).
If this translation fails, page name translation is then performed via
the tables described in Section 3.3.1.

In addition to the ITLB and UTLB, the processor can also translate
block names in a small TLB, called block-address translation
registers (BATR). These registers are organized as (1, 4, 1, PFA).
The BATR holds four block name translated base addresses. The
size of the blocks is a programmable parameter and can be in the
range of 18 Kbytes doubling to 8 Mbytes.

VAX 11/780. The VAX 11/780 has a small first-level instruction
TLB, called an instruction translation buffer. This ITLB has only
one sector organized as (1, 1, 1, PFA). In other words, the last
translated page name is held in the ITLB and is concatenated to the
displacement for every instruction read. Thus instruction page
name translation is a zero time process. If an instruction fetch
crosses the boundary of the page (the page name changes), the new
page name is translated in a second-level unified page table.

n-Way Set Associative TLBs

A number of TLBs are implemented with n-way set associative
organizations in which the page name is congruence mapped for
translation. To accomplish this, the page name is allocated to a set
index field and an unnamed field that is compared to the tags of an
accessed set. Some of the TLBs that use this organization are
discussed below.

1386, 1486, and Pentium. These processors support paged
segmentation, and virtual page names are translated via a
multilevel page tables system as shown in Figure 3.12. A TLB

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000375



organized as (8, 4, 1, PFA) is implemented as a unified TLB on the
1386, as shown in Figure 3.37. This same design is also used as a
unified TLB on the i486. With the Pentium, two copies of the same
TLB are used as split TLB without a unified TLB.

The page name is allocated into two fields: an 8-bit index into the

TLB and a 12-bit field that is compared to the TLB tags. If there is
a true comparison on one of the four sectors, the 20-bit page frame
address is concatenated with the 12-bit page displacement to form
the real memory address. If there is a miss in the TLB, the address
is translated via the multilevel page tables.

Note that the TLB provides name translation of the 20-bit page
name and not the extended virtual address; the 20-bit extension is
not translated. The consequence of this restriction is that only
translated page names for one root directory at a time are in the
TLB. As a result,
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i386, 1486, and Pentium TLBs.
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VAX 11/780 unified TLB.

aliases are possible. To prevent aliases, any change of the root
directory by the executing program requires a reload of the TLB.

VAX 11/780. The VAX 11/780 has a unified TLB that translates the
page names of data references and misses in the ITL.B [SATY81]
and [HAMAO90]. A block diagram of the unified TLB is shown in
Figure 3.38. The 32-bit virtual address is divided into a 9-bit page
displacement field and a 23-bit page name field. The five L.SBs of
the page name are concatenated with the MSB to form a 6-bit index
into the 2-way set associative TLB organized as (64, 2, 1, PFA). An
interesting feature of this TLB is that the MSB of the page name
(system/user bit) is used as the MSB of the index to select between
two halves of the TLB. This guarantees that the system and user
both have full access to 1/2 of the TLB and 1/2 of virtual memory
space.

PowerPC 601. The PowerPC 601 has a first-level TLB and a
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unified (UTLB) that translates instruction page names that failed to
translate in the ITLB and data page names. This TLB is organized
as (256, 2, 1, PFA).

Hash-Accessed TLBs

IBM S/370/168. This system has a unified TLB translating both
instruction and data references. The 14-bit page name is hashed to
create a 6-bit index into the TLB that is organized as (64, 2, 1,
PFA), an unusual organization [MATI77]. By making the TLB 2-
way set associative, two
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TaeLe 3.7 Name translation methods.
TLB Access Page Table Access Method
Method
Direct Inverted
Associative M(C88200, IBM RS/6000
MC88110 PowerPC 601 (Inst.)
n-Way set 1386, 1486, PowerPC 601 (Unified)
associative Pentium
Hashed IBM HP Precision (only one
S/370/168 in the system)

virtual page names can hash into the same page table entry and yet
produce a valid translation. Remember that approximately two
probes are required for a successful translation. This level of
redundancy eliminates the need to link entries (common with full
name translation in hash accessed systems), and a large fraction of
collisions can be accommodated with this design.

HP Precision Architecture. This processor does not have a TLB to
speedup the name translation process. The hashed access page
translation (Figure 3.24) is as fast as a TLB, thus one is not used.

Summary of TLB Organizations

The selection of the TLB organization by a designer is sometimes
constrained by the design of the translation tables. Table 3.7 shows
the TLB design and the table translation method for a number of
processors.

3.4.2
TLB Miss Ratio Data

Satyanarayanan and Bhandarker [SATY81] performed a miss ratio
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evaluation of TLB size, degree of associativity, sensitivity to
context switching, and replacement algorithms. The tests are
conducted by means of a simulator and FORTRAN programs for
the VAX product family. The evaluation was performed to set the
design parameters prior to the construction of a processor. A clear
interval is used as a surrogate for context switching. By
periodically clearing the TLB, the effect of clearing based on a
context switch can be evaluated. The authors of this evaluation
characterize TLB performance as

no. of main memory references to page table

TLB miss ratio = S
explicit virtual memory reference
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Tasre 3.8 VAX TLB miss ratios.

No. of Sectors per Set No. of Sets

32 64 128 256
1 97 47 22 8
2 25 9 3 2
4 7 2 15 1

Number of page table references x 103 for 5.5 x 106
explicit references.

Explicit virtual memory references are those references generated
by the program. In addition, there are implicit references to
memory that are generated by the translation process itself. The
number of implicit references is influenced by the organization of
the translation tables themselves, such as the number of levels. One
of the performance results of the VAX study is shown in Table 3.8.
The data indicates the reduction in page table references as the size
and organization of the TLB are changed.

As with other figures that show Pmiss data for cache, the diagonals
of this figure are for TLBs of equal size. The total number of
explicit references to the memory system is 5.5 x 106, and the
number of references that miss the TLB are shown. Thus, for this
table, small numbers represent an improvement in the number of
page names translated in the fast TLB. This data indicates a clear
preference for a large TLB and for higher degrees of associativity
and a smaller number of sets. Higher degrees of associativity
reduce the occurrence of set conflicts. Thus the preference is for
associative TLBs in many processors that are implemented in VLSI
technology where the increase in tag bits is not a significant cost
problem.

Another source of TLB miss data is [WOODS86]. Five benchmarks
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are executed on six processors. Four of the processors are of the
VAX family (512-byte page) and two are IBM S/370 or Amdahl
compatibles (4-Kbyte page); excerpted results of the tests for TLB
miss ratios, expressed in percentages, are shown in Table 3.9.

This information is quite interesting in that while the size and
organization of the TLB are important, the size of the page is even
more important. A larger page will result in a lower miss ratio for
TLBs of equal size. This result confirms the use of a page TLB, as
with the MC88200 and the PowerPC 601, for the operating system.
This data also confirms the advantage of associative TLBs.

Saavedra and Smith [SAAV93] measured TLB miss ratios on a

number of commercial processors for six SPEC benchmarks. Table
3.10
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TasLe 3.9 TLB miss ratios (%).
No. of Sectors per No. of Sets
Set

128 256 512
1 (VAX, 512 Kbytes) 3.68 0.639
2 (VAX, 512 Kbytes) 1.78 0.324
2 (IBM S/370, 4 0.0970.0230.014
Kbyte)
LISZT Benchmark.

Tasre 3.10 TLB percentage miss ratios for SPEC

Benchmarks.
Processor  No. of Sectors per Page  Miss Ratio
Sets Set Size (%)

DECstation 64 64 4096 2.42

3100 Bytes

DECstation 64 64 4096 2.42

5400 Bytes

DECstation 64 64 4096 2.42

5500 Bytes

MIPS 64 64 4096 2.42

R/2000 Bytes

VAX9000 1024 2 8192 0
Bytes

RS/6000 530 128 2 4096 1.31
Bytes

HP 9000/720 64 64 8192 1.30
Bytes

shows an excerpt of their results; the average TLB miss ratio is
given for the six benchmarks.

This data also indicates the primacy of page size in determining
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TLB miss ratios. A large page, or the granularity of the TLB,
significantly reduces the miss ratio.

We can speculate that the arguments advanced by Hill and others
on the advantage of direct caches will apply to TLBs as well. The
arguments (discussed in Chapter 2) suggest that a direct cache,
with its shorter logic path but with a higher miss ratio, may be the
most effective design for reducing TLB translation time. [HILL.86]
also provides TLB miss ratio data for a number of processors and
three benchmarks.

As discussed in Chapter 5, TLB translation time is of significant
importance for caches that are addressed with translated real
addresses. However, for some cache organizations, the TLB must
be only fast enough to match the access time of the cache. Thus,
higher degrees of set associativity, with lower miss ratios, may be
quite satisfactory.
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Tasre 3.11 GE-645 Multics

performance.
TLB Normalized TLB Miss
Size, No. of Ratio
SectorsInstructions

Executed
0 1.0 1.0
4 2.3 0.106
8 2.6 0.029
16 2.8 0.0125

Note. LRU algorithm.

3.4.3
TLB Impact on Virtual Memory Performance

There is little published information on the performance of a virtual
memory system as the various parameters (for example, page size,
TLB size and organization, and main memory size) are varied. The
little data that does exist is some material on performance: the
papers on Multics [SHEM66, SCHR71] and the VAX 11/780
[CLARS5].

Schroeder [SCHR71] reports on the performance of a virtual
memory system as the TLB size is varied. The system is the GE-
645; the operating system is Multics, which is a paged-segmented
system. The page size is 1K words or 4.5 Kbytes. The system was
evaluated with associative TLBs having 0, 4, 8, and 16 entries. The
time for a TLB search is between 200 and 600 ns, while the main
memory is 1.2 usa ratio of 2:6 to one. This ratio is probably valid
today under the assumption the tables are cached. Table 3.11 shows
the normalized number of instructions executed per unit of time.
This metric is a relatively good measure of the TLB's effectiveness;
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the larger the number, the more effective is the TLB. Table 3.11
also shows the TLB miss ratios as the size is varied.

These data indicate that an associative TLB with 8 sectors is
probably large enough, nor do these data support the large TLBs
found in modern memory systems; the reason being that the GE-
645 is a microprogrammed machine that takes many clocks to
execute an instruction, unlike modern pipelined processors with
CPIs of 12. Thus, with modern pipelined processors, name
translation delays have a greater impact on overall performance.
Additional information on the impact of TLBs on performance is
found in [SHEMG66].

3.4.4
Instruction Support for TLBs

TLBs are generally considered to be invisible to the program, as
with early caches, and serve only to reduce the time of name
translation.
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Unfortunately, this simple view is not completely correct. Recall
the use of processor instructions for enforcing MLI, described in
Table 3.5. Two classes of instructions are required. First, some of
the TLB registers must be loaded explicitly under program control;
second, the TLB must be invalidated in order to maintain
coherency. The complexity of invalidation is illustrated by the
PowerPC 601 translation lookaside buffer invalidate entry (tibie)
instruction, which is used for MLI control.

A name translation of the page name of the tibie instruction (a
supervisor-level instruction) is attempted. If there is a hit on the
TLB, the TLB entry is invalidated by setting the valid bit to zero. A
TLB invalidate is also broadcast on the system bus so that
coherency can be maintained across the system.

With a multiprocessor system, the broadcast tibie must be in a
critical section controlled by software locking so that only one tibie
can be issued at a time. Resynchronization is established by issuing
a sync instruction after every tibie at the end of the critical section.
When a processor receives a broadcast tibie instruction, it halts the
execution of new load, store, cache control, and tibie instructions;
waits for the completion of all memory operations; and then
invalidates both sectors in the user TLB.

3.5
Virtual Memory Accessing Rules

This section discusses the rules that are followed when a virtual
memory system is accessed for reads and writes. The effect of a
cache on this process is ignored; however, the combination of a
cache with virtual memory is addressed in Chapter 4. The reader
should note that all of the design ideas and much of the published
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performance data on virtual memory systems are from an earlier
time when small memory was the rule. Today, with significantly
larger memories, these designs may no longer be appropriate.
Caution should therefore be exercised in the use of specific design
data.

3.5.1
Read Accesses

The various policies that govern the actions when a paged virtual
memory is accessed are discussed in this section. The various
design issues involved are described here with illustrations taken
from an actual virtual memory system. The basic steps in
performing a read access into a virtual memory system consist of
the following.

1. Determine if a referenced page is in real memory; detect for a
page fault.

2. On a hit (the referenced page is determined to be in real
memory)
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translate the virtual page name to the page frame address and fetch
the AU into the processor.

3. On a miss (the referenced page is determined to be absent from
real memory):

(a) Determine if a page must be evicted because of a capacity miss;
identify the page to move; evict the page to the disk. This policy is
known as the replacement policy.

(b) Depending upon the organization of the virtual memory, a
determination of the page frame to receive the loaded page may
need to be made. Fetch the page from the disk into the real memory
and adjust the tags and valid bits in the name translation tables.
This policy is known as the placement rule. Translating the virtual
address to the disk address is discussed in Section 3.5.9.

(c) Complete the read of the AU into the real memory.

Note that if the system is multitasking, a new task may be swapped
in during this process. There are commonly three successful name
translation paths through a virtual memory with a TLB and a
cache; the fourth path is the page miss path. These paths are shown
in Table 3.12.

Path 1. The page frame address is found in the TLB.

Path 2. The page frame address is not in the TLB but is found in
the page tables that have been placed in the cache. After the
reference, the TLB is updated with page name translation
information for use by a future reference.

Path 3. The page frame address is found by table walking in real
memory. After the reference, the cache and the TLB are updated
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with page name translation information.

Path 4. The translation misses on the TLB, cache, and tables in
memory. This is a page fault path and requires the allocation of the
missed page into real memory. All translation tables are updated.

The three successful cases above are for the name translation only.
The assumption is made that a name translation miss on a page that
is resident in real memory is not permitted. For Path 4, the total
failure

TasLe 3.12 Name translation

paths.
PathPage Name Translation Path
Hit/Miss
TLB Cache Memory
1 Hit X X
2 Miss  Hit X
3 Miss  Miss Hit
4 Miss  Miss Miss
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of name translation indicates that the page is not in real memory
and results in a page fault.

3.5.2
Allocation

This section discusses the issues of allocating new pages or
segments into real memory following a page faulta problem that
can be different from late select cache allocation. Recall that
congruence-mapped, n-way set associative (including direct) late
select caches dictate the sector into which a new allocation must be
placed. Only the block within the sector is open to choice.
Associative caches, on the other hand, can allocate into any
segment with the choice based on one of the replacement policies
discussed in Chapter 2.

Virtual memory page or segmentation organization is early select,
which is an associative accessing process. Therefore, allocation of
pages to real memory is a matter of (1) finding a vacant location
and (2) if a vacant location cannot be found, creating a vacant
space using one of the policies discussed in Section 2.1.7. In
addition to the allocation problems associated with finding space
for a page frame or a segment, the name translation information
must be allocated to the name translation tables as well. The
problem here is quite similar to the allocation problems of caches,
noted above. The organization of the translation tables dictates the
allocation of name translation information.

The techniques for performing allocation in virtual memory
systems have their historical roots in the problems of allocating
files to disks, discussed in many texts on operating systems. Also,
because allocation is highly dynamic and interactive in LISP
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systems, research in these systems has made significant
contributions. Even interactive programming environments such as
Lotus 1-2-3 must have solutions to the requirement for dynamic
allocation and de-allocation of segments.

Page Allocation

The procedure for allocating pages to page frames is the same
regardless of the name translation method. That is, either direct or
inverted mapping systems use the same procedure. The operating
system maintains a free page frame list (a linked list of vacant page
frames in real memory) that contains the starting addresses of all
unallocated pages. The list can be maintained as a linked list or a
LIFO stack. Upon a page fault, the free page frame list is searched;
if there is a free page frame, it is allocated. Recall that because a
paged virtual memory is early select, congruence mapped, and
associative, any free page frame can be allocated. If a page frame is
not available, a replacement policy is then invoked.
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There can be additional policies imposed by the operating system
on page allocation from the free list. For example, should there be
reserved page frames for the operating system and the user? If the
system is multiprogrammed, should there be page frames reserved
for each of the resident programs? These issues are beyond the
scope of this book but are treated in books on operating systems.

The hardware must support reading and writing the free page frame
list. Thus linked list or stack manipulation is needed. Most
processors designed today provide for stack manipulation, which is
the implementation of choice. Processors that have been optimized
for list or LISP processing use linked lists for the free page frame
list. The size of the free page frame list is not excessive, as there
must be, at most, one entry for each real memory page. For a
system with a 4-Kbyte page and 16 Mbytes of real memory the free
page frame list has only 4K entries. If an entry is 4 bytes, 4 pages
are occupied by the free page frame list, approximately 0.1% of the
total real memory space.

The question of whether or not the free page frame list itself is
paged or locked into an unpaged region of real memory is
addressed in Section 3.5.4. Recall that most virtual memory
systems today provide for an identity page name translation for
operating system access to memory. In addition, some systems
provide block name translation facilities to enhance the
management of the operating system in virtual memory space. A
block composed of a number of pages eliminates much of the
paging that could occur if only pages are implemented.

Segment Allocation

For the discussions to follow, it is helpful to remember that space
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in memory, either page frames or space for segments, can be in one
of three states.

1. Free. The space is vacant and available for allocation.

2. Allocated. The space is occupied by a valid segment, either clean
or dirty.

3. Garbage. The space is occupied by a segment that has been
deallocated.

Segmented systems pose additional, and significant, allocation
problems to those of paged systems. There must be a way to locate
a contiguous region of free space in real memory that is equal to or
larger than the segment to be allocated. This requirement means
that a free space list (called spaces because they are not yet
allocated to segments) must contain not only the starting address of
free space but the length of each space as well. Note that the size of
a free space list is not bounded, as is a free page frame list, because
in the limit, every space can be one

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000395



Page 182

addressable unit and the free space list would occupy all of real
memory! Segments can overlap for sharing, thereby creating
further allocation problems. Allocation for nonoverlapping
segments follows three steps.

1. Find a free space that is large enough to receive the allocated
segment.

2. If step 1 fails, determine if there is enough total free space in real
memory. If there is, compact enough available free space to create
a space for the segment to be allocated.

3. If steps 1 and 2 fail, find an allocated segment that is large
enough and can be evicted based on criteria discussed in Chapter 2.

Step 1. This step is similar to page allocation. A free space list is
maintained that lists the starting addresses and length of all free
space. A number of algorithms have been proposed [KNEEG8,
DENN?70] for segment allocation from the free space list. A
detailed discussion of these algorithms is outside the scope of this
book; nevertheless, four algorithms are

1. First-fit. Search the free space list, and find the first space into
which the segment will fit regardless of the efficiency of space use.
Place any unallocated portion of this space on the free space list.
2. Best-fit. Search the complete free space list, and find the free
space that gives the most efficient use of space. Place any
unallocated portion of this space on the free space list.

3. Worst-fit. Search the complete free space list, and find the free
space segment that gives the least efficient use of space. Place any
unallocated portion of this space on the free space list.

4. Buddy. Free space is initially divided into groups having even
power of two AUs as with pages. When a page is allocated one of
three allocations is made: (i) half the group with the other half
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placed on the free space list; (ii) the full group; or (iii) two groups,
four groups, etc. This requires that all free space groups and
allocated segments must be even power of two in length.

Knuth [KNUTG68] reports on simulations that show that the first-fit
policy gives the best results, defined to be that allocations continue
longer before Step 1 fails and a garbage collection pass is required.

Step 2. When a new segment is to be allocated the total free space
may be sufficient to hold a segment but the space may not be
contiguous, which is a condition required for segmentation. A full
discussion of the many techniques for compacting fragmented free
space and de-allocated space, generally known as garbage
collection, is outside the scope of this book. However, I want to
provide a brief discussion of the issues involved. A comprehensive
survey of garbage collection techniques can
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My Allocations
Al Al Al
F AZ
Gl F A3
F
— —_—
A2 Az
G3
F F
F
A3 A3
Initial State 1 State 2
State Garbage Compaction
Collection

A Allacated, F: Free, G: Garbage.

Figure 3.39
Garbage collection.

be found in [COHES81]. Note that not all algorithms for managing
free space are known as "garbage collectors."

One of many types of compacting garbage collection systems is
illustrated by the example shown in Figure 3.39. In the initial state
the map of memory shows areas that are of the three states noted
above: free, allocated, and garbage. The state of each area is
denoted by means of a tag in either the space lists or by two control
bits that impart coloring to the three states.

The initial state of the memory is shown and consists of three
allocated spaces, three free spaces, and two garbage spaces. The
first step, to State 1, in the garbage collection process searches out
the garbage spaces and turns them into free space by placing these
spaces on the free space list. The tag bits are also changed as
required, and no movement in memory takes place. The second
step moves both the allocated and free spaces into two compact
regions of real memory. Thus all of free space is in one compact
space and is available for allocation.
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Step 3. If garbage collection and compaction do not yield a space
that is large enough for allocating the new segment, an already
allocated segment must be evicted. The algorithms for making the
selection for eviction are based on (1) selection of a segment of
appropriate size, (2) the usage criteria, and (3) the choice of a
modified or nonmodified segment (clean or dirty).

If a modified segment is chosen for eviction, it must be copied
back onto the disk. The free space thus made available is placed on
the free space list and allocation Step 1 is initiated. In the chosen
segment is not
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modified, it is only necessary to place the segment on the free
space list and proceed with allocation Step 2.

From the above brief discussion of segment allocation it is clear
that considerable operating system overhead is required. Hardware
assist for this process consists of stack and block move support.
The amount of overhead is proportional to the size of the segment
being allocated and the state of the memory prior to the allocation.
This overhead can be observed in Lotus 1-2-3 by the difference in
time taken to return to the READY state after allocating small and
large numbers of cells by, for example, a COPY command.

3.5.3
Write Access

Write accesses proceed just like read accesses. This is because
virtual memory systems are early select and the presence or
absence of a page or segment is determined before real memory is
accessed.

If the write access is a hit, the write is made to the AU in real
memory and the page table dirty bit, if used, is set. A dirty bit is
used in conjunction with the valid bit to manage the de-allocation
and allocation of pages or segments in real memory. Unlike caches,
there are no known implementations of the equivalent of a write
through strategy for a virtual memory system, because the time to
write a single AU to the disk is quite large and would block the
disk from other activity. Write buffers would not eliminate this
problem. Thus, all virtual memory systems use a write back
strategy.

If the write access is a miss, the missed page is allocated into real
memory and the write operation is performed again. There are no
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known no-write-allocate strategies, like those of caches, with
virtual memory systems. The reason for this is the same as for not
using a write through strategy: the very long transport time makes
writing a single AU to disk unjustifiable.

3.5.4
Location of Tables

The first virtual memory machine, the Atlas shown in Figure 3.15,
had its page table in an associatively searched hardware register
file. As the size of the virtual address space has increased, larger
tables have been required and placed in real memory.

One might ask if the tables in real memory are addressed in real
memory space or virtual space? To my knowledge, (except for
Multics) the tables are never placed in just any virtual space but in
dedicated pages (identity name translations) of virtual memory
space. If the page tables are paged, there can be a deadlock in
paging as one name transla-
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tion is forced to wait on another name translation that is waiting on
the first, and so on. Thus, access to page tables is mapped by
identity and the time for name translation via a page table tree is
eliminated. The RS/6000 accesses its table in real addresses
without the identity translation step [IBM90].

In addition to storing the page tables in real memory (or an identity
translation), if the system has a data cache the page tables may be
cached as well. Caching of page tables can further reduce the name
translation time, as is described in the model found in Section 3.6.
There is no known published data on cache Pmiss when storing
page tables. It may well be that a page table cache could be a useful
variation of caches. On the other hand, any chip area needed for
this cache may be more usefully devoted to larger TLBs.

Section 3.4 discusses the Motorola MC88200 [MOTO90a], which
provides a dual TLB facility. A separate TLB known as the block
address translation cache (BATC) translates the virtual address
into a pointer into a 512-Kbyte block of real memory. Management
of the BATC is under program control as there is no recourse to a
multilevel translation table if there is a TLB miss. With a miss, the
operating system is invoked to perform all of the management
functions and is supported by some special instructions for loading
the BATC.

3.5.5
Table Walking Methods

The MC68040 multilevel direct page tables are stored in real

memory, as shown in Figure 3.40. If a successful name translation
cannot be accomplished in the TLB, the address is translated with
the memory resident tables. The various address fields and control
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bits of the table entries are allocated into groups of the AUs. The
use of real memory for page tables leads to the requirement that the
tables must be traversed by fetching and decoding the entries of
each valid level of the hierarchy, a function called table walking.

Early systems such as the GE-645 Multics [DENN72, ORGA72,
MATTI80] and at least one contemporary system, the MIPS
R2000/R4000 [MIPS87], perform table walking with a program
using the normal instruction set of the processor. For these systems,
referencing each level of the page table requires a sequence of
instructions such as

1. Load page entry.

2. Select valid bit.

3. Branch to 8 on not valid.

4. Select pointer field.

5. Extract Index value from address.

6. Concatenate to form memory address.
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MC68040 multilevel page table storage.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000404



Page 187

7. Leaf node? no, branch to 1; yes branch to 9.
8. Fault exit.
9. Continue.

Each level of the page table will have an overhead of
approximately eight instructions. A three-level system has an
overhead of approximately 24 instructions or 30 memory cycles for
each memory reference that is not translated in the TLB. The actual
time required for a translation is a function of whether or not the
page tables are cached and whether or not there is an instruction
cache that may be holding the short program. Also, if the program
is paged and the page is not "locked in" there could even be page
faults during a table walk.

This software approach is still possible, but many modern memory
management units have special logic that performs these functions.
The logic is known as table walking hardware, and it significantly

reduces the time required to access the page tables. Motorola calls

this operation translation table searching, a function implemented

in microcode.

The page table walking overhead burden is reduced by
incorporating a state machine controller that implements the table
walking function; an example of this controller is found in the
MC88200 Memory Management Unit. Using hardware table
walking eliminates most of the memory cycles and the possibility
of cache misses and page faults. The net result is that the time
required to translate is approximately one memory cycle per level
of translation.

Inverted page tables, such as those used in the RS/6000, use a form
of table walking in their linked list structure. For these systems, the
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control of searching down the list is vested totally in hardware.
There are no known systems that are software-based. The reduction
in weighted average name translation time with hardware over
software table walking is dramatic and is modeled for the VAX
11/780 in Section 3.6.

3.5.6
Instruction Set Support for Virtual Memory

As I noted previously, a major portion of the work (but not the
time) associated with servicing a page or segment fault is
performed by the processor. Instruction set support is found in the
three general areas of (1) table walking, (2) table management, and
(3) interrupt support. For multitasking systems, the time to execute
a table walk is important if it cannot be overlapped with other
processing. For single-user virtual memory systems, the table walk
time is small with respect to the disk time and can usually be
ignored.
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Table Walking Support

Table walking with software requires instruction set support to
execute the algorithm noted above. The instruction set should
include the usual field extraction, logical operations, and testing
instructions found in general purpose instruction sets. In general,
no additional instructions are required. Table walking code can be
provided as a subroutine that is called when there is a miss on the
TLB.

If page faults are frequent, a special subroutine call/return,
designed for this purpose only, can eliminate most of the overhead
for this rather special subroutine. It may also be helpful if the
subroutine is locked into the cache to eliminate instruction cache
misses.

Table Management Support

Table management support is required due to the large number of
tables that must be loaded and stored under program control. The
extension register(s) portion of the virtual address are loaded by the
operating system with special load instructions. Special load
instructions are also necessary for the segment registers for those
systems that use this method for extending the effective address.

The IBM RS/6000 is one example of the special load instructions.
There are a number of hardware registers collectively named
storage control registers. First, there are 16 segment registers (SR);
the most significant bit of each signifies if the segment is an I/O or
processing (normal) segment. Another register is the transaction
ID register (TID); this register contains a 16-bit segment
identification number. Two other registers are named the storage
description registers (SDRO and SDR1). Special instructions are

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000407



provided to load all of these registers. Note that these registers are
never modified by a translation or a side effect of a translation;
however, they can be modified as the result of a page fault. Thus, a
store instruction must also be provided to store these tables for a
context switch. Loads and stores are accomplished with move to sri
(mtsri) and move from sri (mfsri) instructions that are moves
between the special registers and the general purpose registers.

An inverted hash access system has other tables, the hash anchor
table and page tables, that must be loaded and stored under
program control. These tables are located in real memory, and the
usual instructions that manipulate memory locations serve to load
and store these tables. TL.Bs and other cachelike translation tables
must be loaded and stored as well. The need to store the tables is a
consequence of the fact that these tables can be modified between
context switches.
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Page Fault Interrupt Support

An executing program references memory with name translations
via the TLB and the page tables assuming that the referenced pages
are in real memory. If the page is not in real memory, the present
bit in the translation system will trigger an interrupt, an action
known as a page fault or memory exception trap. When there is a
page fault, there are a number of tasks that must be accomplished.
The following list is for a uniprogramming environment.
Multiprogramming or multitasking requires other steps and is
outside the scope of this book.

1. Trap the operating system.

2. Save the user and process state.

3. Write out a "dirty page" if necessary (virtual memory uses write
back).

4. Allocate the new page to real memory.

5. Translate the virtual address to a disk file address.
6. Issue a read to the file system.

7. Read page into the allocated location.

8. Update translation tables and TLB.

9. Restore user and process state.

10. Resume processing.

The actual time required to execute these steps is not as great as the
length of the list would suggest. For example, assume eight of the
steps (not counting the transport times of steps 3 and 7) require an
average of 1,000 instructions and each instruction requires 50 ns.
The total time to service a page fault interrupt is 0.4 ms, a trivial
part of the one or two 20-ms to 30-ms disk latencies.

3.5.7
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Memory Access Control

This section discusses two issues: protection and proper access.
Protection has to do with assuring that a reference to memory is
authorized. Proper access has to do with the correctness of the
access, as in not attempting to execute a floating point datum as an
instruction. The issues of protection of objects or abstract data
types and system access security are outside the scope of this book,
and references to these subjects can be found in most books on
operating systems.

Protection

Early research into the implementation of multiuser time sharing
systems pointed to the need to protect programs and data from
unauthorized access [DENN65, GRAH65, WILK68, GRAH72].
For reasons of
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Task A Task B
NO -
Ring 0
= V
boundaries set
by unique page tables
for each tank Task C
Figure 3.41

Rings of protection.

efficiency, however, it is desirable to permit sharing between users
of programs and some data, a desiderata that introduced the need
for protection. Graham [GRAH72] lists seven levels of protection
for multiuser time sharing systems; each level requires additional
hardware support for their implementation. The requirement for
sharing and protection is just as important in processors that
execute a number of tasks (multiprogramming or multitasking) that
share resources.

The view of protection we have today has its roots in the MIT
Project MAC and Multics. Graham [GRAHG65] published the idea
of rings of protection, which is shown in Figure 3.41. Briefly
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stated, Graham's idea is that a "process executing in ring i has no
access whatever to any segment in ring j, where j < i." This view of
protection leads immediately to the requirement that somewhere in
the name translation system there must be a tag to denote the level
of protection. Because control bits are somewhat limited in the
page table entries, there is a limit to the number of rings of
protection.

For paged virtual memory systems, protection is exerted at the
page
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level, or at the block level if block translation is employed.
Examples of the use of control bits that provide protection can be
found in a number of processors. The i386, i486, and Pentium
devote two bits in the descriptor tables, which provide four levels
of protection. These levels are: kernel, system services, custom
extensions, and application. Two protection bits are also used in the
page frame table entry of the RS/6000. In the most general
implementation of rings of protection, if control is being
transferred to a ring other than the current one, an interrupt occurs
and the operating system is invoked to perform the proper
housekeeping tasks.

Proper Access

Protecting memory from an improper access is the second issue of
access control. One task should not be able to interfere with
another task without mutual agreement. Four possible ways
[SITE80] of providing memory protection are

1. bounds registers,

2. memory keys,

3. translation table keys,

4. distinct addresses spaces.

These four protection methods are discussed individually below. It
should be noted, however, that combinations of the four methods
are implemented in some specific computers.

Bounds registers were first used in nonvirtual memory machines.
Bounds registers provide two pointers: one to an upper address
limit, the other to a lower address limit. Bounds can also be
specified with a starting address and length. If a reference is found
to be outside these bounds, an error interrupt is signaled. The
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bounds registers are loaded and stored by the operating systems
using privileged instructions.

For a system that will have a number of tasks resident in memory
at one time, there may be a number of bounds register pairs, one
for each task. The register pairs are addressed by a pointer that is
set when a task is switched in. The use of bounds registers assumes
that a task, program, and/or data, is allocated within a contiguous
address space. Bounds registers permit sharing between tasks of an
address space by identifying overlapping spaces by the bounds
registers. Bounds registers, however, present restrictions with, for
example, a single word containing a semaphore that is accessed by
a number of tasks. The semaphore would have to be in the highest
address of one task and in the lowest address in a second task.
Access by three tasks is difficult.

For paged systems, protection is at the page or block level and for
segmented systems at the segment level. For example, the segment
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length field of a segment table operates in the fashion of a bounds
register. An example of this is the block translation system of the
PowerPC 601 that has a block partition of memory that is similar to
a segment. A block name is presented to the block TLB and is
checked for being within the starting address and the length of the
block. Block length is encoded with six bits, rather than having an
upper address, in the BAT registers discussed previously. The
length of the block is a binary progression: 128 Kbytes, 256
Kbytes, 512 Kbytes, . . . 8 Mbytes, an encoding designed to
facilitate length checking [MOTQ93].

Memory keys specify the type of access that is permitted to a
memory location, page, or segment. Typical access types are:
Unlimited, Read Only, Execute Only, and/or a task I.D. The
executing program key is usually found in the processor status
register that, in combination with the type of access, is compared to
the "lock" associated with the memory and found in the name
translation system. If the key matches the lock, the requested
access is performed. There is usually a "skeleton key" that can be
used by the operating system to access all of memory regardless of
the key associated with each of the keyed memory spaces.

The memory keys are usually contained in the name translation
maps and/or the TLB. Thus, an improper access is terminated
before the read or write is actually performed. Memory keys permit
access to noncontiguous page frames in real memory, unlike
bounds registers. Sharing is more difficult, however, as sharing is
at the block level. Shared variables may need to be relocated with a
context switch increasing context switch overhead. If different
accesses are legal for different tasks, the protection fields in the
TLB must be changed when tasks are switched.
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The PowerPC 601 illustrates the use of memory keys. The
supervisor mode has the keyed accesses of read/write and read
only, while the user mode has the keyed accesses of no access, read
only, and read/write. The operating system can block user
programs from accesses by evoking the no access key. This
description is not complete; additional information can be found in
[MOTO93].

Translation table keys provide protection by having an access table
for each task. These tables, one for each task, contain the legal
access methods for each page of real memory and permit different
legal accesses for different tasks with a minimum of overhead. As
there are multiple tables, only a switch of a pointer is needed to
select the table for the new task. Images of the keys are found in
the page tables and are checked along with the check of the virtual
address tag.

Distinct address spaces can be used to provide protection by
assuring that different tasks do not share the same virtual address
space. This protection is accomplished by making the task name a
part of the virtual address. With the task name in the most
significant bits, there can be no
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overlap between addresses in different tasks. One example of a
distinct address space system is found in the ix86 processors that
have segment registers associated with each type of access, for
example, code and stack.

3.5.8
Choice of Page Size

This section addresses four tradeoffs in determining page size.

1. Reducing internal fragmentation.

2. Reducing disk/memory transfer time.

3. Matching the page size to the levels of the name translation
tables.

4. Reducing the miss ratio.

Internal fragmentation was introduced in Section 3.1. When a page
size is selected, there is a waste of usable memory space. First,
because the allocation block is not an exact multiple of the page
size, internal fragmentation occurs. Internal fragmentation is
reduced with small pages because the wasted space is limited to a
fraction of a smaller page. Second, when a program and its data is
allocated to real memory, space must be provided for the page table
entry of the allocated page. Page table space is not available for the
program and data; it is pure overhead space. As the page size
decreases, more pages must be allocated and the space used for
page table entries increases. Thus, what page size will balance
these two counterforces and minimize the loss of memory? Early
work on this design problem, and the model derived below, is
found in [WOLMG65], who attributes the first version of the model
to J. B. Kruskal. This model determines an optimum page size to
minimize wasted real memory.

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000417



Assume that the number of AUs that must be allocated for a
program (instructions and data) is n; the page size is p; and a AUs
are required for each page table entry. A direct one-level page
table, in memory, is assumed. Thus, the use of main memory by
page tables and internal fragmentation represents a loss of real
memory to the user.

Memory loss = loss due to internal fragmentation + loss for allocating a
page table entry,

Loss due to internal fragmentation = E’

Loss for allocating a page table entry = EE,
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Memory loss = C = ‘g 0%

p

The derivative of C with respect to p is taken and set to zero as

Pope = V 2an.

This model shows that in order to minimize the loss of real
memory due to internal fragmentation and page table entries, large
pages are best for large programs and data sets that are becoming
more common. However, with lower cost memory resulting in
larger real memory, internal fragmentation is not viewed to be the
problem it was three decades ago.

As described in Section 3.3.1, today, page tables are allocated into
pages themselves, making this model incorrect as the first
allocation requires a fall page. With the internal fragment loss of
one-half page and with page tables allocated to pages that lose one-
half page, the total loss is one page and is invariant with page size
or the number of allocations. Thus, the size of a page is more-or-
less not an issue as far as real memory loss is concerned.

Reducing disk/memory transfer time is the second tradeoff option
for determining page size. Pages transported between the disk and
real memory incur a significant overhead due to the long access
time of the disk. The time per byte transferred is reduced as the
page size is increased. As with the discussion of block size for
caches found in Chapter 2, if the page size is very large, the
transfer time per byte approaches the data transfer time with the
access time overhead totally prorated. Note, however, that page
sizes today are far from this limit. The larger main memories of
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modern computers and the reduction in disk access and transfer
time, discussed in Chapter 5, tend to drive the page size upward.

Matching the page size to the levels of the name translation tables
is a determining factor. The choice of page size can determine the
number of levels in a direct multilevel page table. This issue is
discussed in Section 3.3.1. Larger page sizes require fewer levels
for name translation.

Reducing the TLB miss ratio is another consideration in the
selection of a page size. The larger the page size, the smaller the
TLB miss ratio and the smaller can be the TLB. This is the reason
for the use of two TLBs for two different page sizes in a number of
processors such as the MC88200 as described in Section 3.3.
Larger page sizes led to smaller TLBs, which is an important
consideration in some designs. A large page has another virtue
because a cache can be placed in virtual memory
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space. That is, the displacement in the virtual address addresses the
cache while the virtual name translation is being performed. This
cache architecture is discussed in Chapter 4.

From the above discussion, it can be seen that page size selection is
a tradeoff process to achieve a balance between transport time,
internal fragmentation, and name translation time. It is interesting
to note that the flexibility in page size provided by the Motorola
6851 has been largely abandoned by designers for a fixed page
size. However, the IBM RS/6000 gives a choice of two page sizes
while the Digital Alpha provides page sizes of 8 Kbytes, 64
Kbytes, 512 Kbytes, and 4 Mbytes. The evolution of virtual
memory systems has arrived at the consensus of a 4-Kbyte page
size. The page sizes of some contemporary processors are given
below.

VAX 512 bytes

IBM S/370 4096 bytes
RS/6000 4096 bytes
PowerPC 601 4096 bytes
i486 4096 bytes
Pentium 4096 bytes
MC88200 4096 bytes
MC88100 4096 bytes
R2000 4096 bytes
SPARC 8192 bytes
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3.5.9
Addressing the Disk

This section discusses the way that the disk address is found when
a new page is allocated following a page fault. Recall from Section
3.1 that the required name translation is referred to as using Map 3.
This name translation problem is similar to the issues discussed in
the preceding sections, which deal with translating virtual names to
page frame addresses. Here we need to translate a virtual name to
the disk addresses of a page, a process that requires a table(s) to
hold translation information. Note that as with virtual memory,
only page names need translating as the disk is never addressed at a
lower level.

There are two ways of providing translation tables. First, the disk
page address is contained in the page table entry [TANNS84]. With
this approach, the leaf page table entry would contain not only a
field for the page frame address of the page in real memory but
also a field that contains the address of the page on the disk. These
disk address fields
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Disk translation table placement.

would have information on drive, head, track, record, and the like,
which as Figure 3.42 indicates, is a relatively large number of bits.

A variation of this technique is found in the 1386, 1486, and
Pentium [INTE90]. Because multilevel tables are direct with an
entry for each page in virtual memory, the page table entries can be
either the translation address or the disk address (MAP 2 or MAP
3). Only one map is valid at a time; the valid bits indicate which
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address is stored. When there is a page fault, the disk address is
used to access the disk and is then replaced with the page frame
address and the various control bits.

Neither version of the technique of placing disk address
information
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in the page tables is suitable for inverted page table name
translation. The reason is that an inverted page table contains only
the name translation information of pages resident in real memory.
Thus, another technique for disk address translation is needed.

This second technique, also shown in Figure 3.42, starts anew,
upon a page fault, with the virtual address that caused the page
fault, and translates that address via a dedicated translation table
(MAP 3). With this method, the same number of bits are required
to address the disk, but they are managed in a separate table. The
translation of the virtual address into the disk address can be via
direct multilevel translation or the file management system of the
operating system.

3.6
Virtual Memory Performance Issues and Models

There are two major performance issues with virtual memory
systems: name translation time and page fault time. The time to
service a page fault has been discussed previously; thus this section
deals only with name translation time. A rather old annotated
bibliography of virtual memory performance measurements is
found in [PARM?72].

Name translation time is the weighted average time needed to
translate a name and is added to the access time of main memory
for systems without a cache and is added to cache access time for
real address caches, as with the VAX 11/780 discussed in Chapter
4. Name translation by accessing tables can be a lengthy process,
and multilevel translation tables create a significant performance
problem. Each virtual memory reference requires one or more real
memory references to access the tables, and if page table walking
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hardware is not provided, a number of instructions must be
executed by the processor to interpret the contents of each page
table entry.

A simple model for the time required to make a name translation is
given below. This model is based on the unified TLB design of the
VAX 11/780 [SATY81, CLAR83, EMER84, CLARS5]. The steps
of translating an address are

1. Search the TLB and use the page frame address on a hit.

2. If the TLB search fails, the address is translated with cached
page table information. On a translation hit, the translation
information is placed in the TLB and the name translation is
restarted in the TLB. Note that while a normal cache access
requires a translated address, microcode has untranslated access to
the cache for name translation purposes.

3. If the cache translation fails, the name is translated with page
table
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Name translation time.

information found in real memory. The translated information is
placed in the cache and, in parallel, the TLB. The name translation
is restarted in the TLB. Note that microcode table walking is
provided for untranslated access to the page tables in real memory.

The VAX 11/780 memory performs name translation on data
accesses and instruction accesses that miss the small instruction
TLB. A timing diagram of the name translation process is shown in
Figure 3.43.

The weighted average translation time (WATT) for a successful
translation is

WATT = f, X tap + folt. + 3tan) + fulte + 3tap + tm/
where

fi = fraction translated in TLB,
f. = fraction translated in cache,
fm = fraction translated in memory,
ta, = time for a TLB translation or update,
t. = time for translation in the cache and a cache cycle (read or write),
tmm = time for a translation in main memory.

The following assumptions are made:
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Note that the fraction of translations performed at each level are
equivalent to global hit ratios of multilevel caches. Clark
[CLARS85] provides values for the parameters for this model
derived from simulation. These parameters are

y=097, f.=0.012, f,,=0.018,
taw = 1 clock, t. = 6 clocks, tmm = 18 clocks.
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Using these parameters in the model gives a weighted average
name translation time of 1.56 clocks. For the VAX 11/780, the
average number of clocks per instruction, without TLB miss
delays, is approximately 10. This time includes the one clock for
translating the data addresses through the TLB. Thus, for the
parameters above, 0.56 clocks must be added to the 10 clocks of
the basic execution time. TLB misses, therefore, add approximately
6% to the total execution time. This result compares favorably to
the measured results of [CLARS85] of 5.1% to 8.0%, for various
benchmarks. From the same parameters, 19.8 clocks are spent for
each miss on the TLB. This result also compares favorably to the
measured results of 21.0 to 22.1 clocks [CLARS85].

A name translation time of 1.56 clocks is a reasonable penalty for a
processor that spends 10 clocks per instruction. For pipelined
processors, however, discussed in Chapters 6 to 10, the clocks per
instruction is approximately 1.5 (without translation delays). If
there is an additional 0.64 clocks for name translation, the total
execution time will be increased by approximately 30%. This is a
major reason why real addressed caches are not used in most
pipelined processors (described in Chapter 4).

Another issue can be addressed with this model. What is the
performance benefit of hardware table walking? Assume that tmm
is 48 clocks rather than 18 with table walking. The weighted
average translation time is 3.08 clocks rather than 1.56. The
performance impact on the VAX 11/78 would be approximately
20% rather than 6%, a clear performance advantage for a processor
with a cache addressed with real addresses.

3.6.1
Published Page Fault Ratio Data
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This section discusses the identified published page fault ratios;
unfortunately, little current information has been found. Rather old
information on page fault ratios, as a function of page and real
memory size (expressed as number of allocated pages), is provided
by [CHU74] and excerpted in Table 3.13. Note that this data was
taken in the era of small memory on the Sigma 7 and may not be
representative of contemporary systems.

The presentation of this data is similar to other tables displaying
miss ratio data. Diagonals from lower left to upper right are equal
real memory sizes. This data shows very interesting properties.
First, and this is to be expected, for any page size, as the size of
real memory is increased permitting more pages to be allocated, the
page fault ratio becomes constant at the value required to page
in/out the working set. Once a working set is in memory, no further
paging is required until the working set is paged out to the disk.
When the memory is large, a larger
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TasLe 3.13 Page fault ratios.

Memory Page Size in 24-Bit Words
Partition in
Pages

64 128 256 512
8 .0018
16 .0012 .0002
32 .0012 .00002.00001
64 .0012 .000035.00002
128 .00007.000035
256 .00007
Note. FORTRAN compilation, LRU
replacement.

page size will give a smaller page fault ratio because fewer page
faults are required to page in the working set. Loading and storing
the working set presents a minimum page fault ratio regardless of
the page size, thus larger pages will reduce the page fault ratio.

Another interesting observation is that for a fixed memory size, the
page size should also be as large as possible. For example, with a
partition of 256 pages and a page size of 64 words, the fault ratio is
0.00007, while with a partition of 32 pages and a page size of 512
words, the fault ratio is 0.00001.
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4
Memory Addressing and I/0O Coherency

4.0
Overview

The issues addressed in this chapter are frequently viewed as
related to multiprocessors. However, contemporary uniprocessors
with caches, virtual memory, and concurrent input/output data
transfers have the same characteristics and problems that must be
solved. This chapter addresses these issues in the uniprocessor
context.

In the 1970s, before virtual memory systems gained acceptance,
processor designers debated the advantages and disadvantages of
the type of address generated by the processor; should this address
be real or virtual? Morris and Ibbett present the arguments in
[MOOR?79]. With the almost universal acceptance of virtual
memory, however, the issues now become the nature of the address
presented to the cache and the address domain of the I/O system.
This chapter considers two issues: (1) the addresses presented to
the cache and I/O in a virtual memory system, and (2) coherency
(also known as consistency) maintenance between the various
spaces in a computer and its memory. These issues are present in
even rather simple systems and become quite complex with larger
multiprocessors.

Virtual memory computers must cope with the coexistence of
virtual and real addresses in the system. Problems arise from two
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sources: multiple virtual addresses and replicated memory spaces.
Examples are

Multiple - Concurrent processors, such as
virtual I/O and the main processor
addresses

- Multiple processes;
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Replicated- Two processes accessing the
spaces  same value but in two
locations

- A value can be in the cache
and main memory

For systems with multiple virtual addresses and replicated spaces,
there are four cases of relationships, which are noted below
couched in terms of virtual address and real address.

Case I. Multiple instances of the same virtual addresssame real
address. A normal and correct access results when the same virtual
address issued from any process accesses the same real address or
entity.

Case II. different virtual addressesdifferent real addresses. This
situation is normal and presents no problems in the correct
execution of a program.

Case III. different virtual addressessame real address. This
situation is called a synonym or alias and is illustrated by

Program 1, Virtual Address A — z;
Program 2, Virtual Address B — z.

Synonyms are viewed as either a virtue or a vice by different
system designers. For example, the Multics system depends on
synonyms for sharing and has a system call to provide a synonym
for a given name [ORGA?72]. The CMU system MACH also
depends on synonyms. On the other hand, the prevention of
synonyms is important to other systems. A discussion of the unique
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problems of synonyms in real address caches is found in
[WHEE92].

Case I'V. Multiple instances of the same virtual addressdifferent
real addresses. This situation has the potential for a coherency
problem if the values in the different real addresses are different.
For example,

Program 1, Name A — x;
Program 2, Name A — y.

If the values in x and y are different, the values are not coherent.
Note that addresses x and y may be in the same physical memory,
such as a cache, or in multiple physical memories, such as multiple
caches. One solution to this problem is to include the process name
in the virtual address thereby creating unique names for the
variables, converting a Case IV into a Case II. This solution
requires a longer virtual address and more tag bits but is consistent
with the view of large virtual addresses, a technique used with the
IBM S/38 [DAHL80] and AS/400. There are other solutions to
ensuring coherency that are discussed in later sections in terms of
cache coherency.
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4.1
Cache Addressing, Virtual or Real

Chapter 2, on caches, takes the simple view that an address is
presented to the cache. Chapter 3 introduced the concept of virtual
and real addresses. This section discusses the relationships between
virtual addresses and real address as applied to caches. Recall that a
cache is used to reduce the latency of a memory system while a
virtual memory system introduces a name translation step that can
add latency to the memory system. It would seem, therefore, that
caches and virtual memories are at odds with each other. The
primary design problem addressed in this section is balancing
synonym and coherency control with cache performance and cache
size. Note that nonvirtual memory systems do not have the
problems discussed in this section as all addresses are real.

Before proceeding further, I give a brief review of addresses that
are present in a system. Figure 4.1 shows seven address forms of
interest: virtual address, effective address, real address, cache
address, TLB address, BTB/BTC address, and I/O address. A
virtual address has a page name field that may be divided into two
or more subfields for addressing translation tables and a
displacement field. A real address has a page frame address, which
is the translated page name, and a displacement field. The cache
address consists of a sector name, field that may or may not align
with the boundaries in a real address or a virtual address, a set
index field, a block address field, and a displacement field. Note
that in the discussion to follow, the term sector is used even if there
is only one block per sector. Finally, the address used by the TLB,
BTB or BTC, and the I/O system for reading and writing memory
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will be either real or virtual and have fields allocated by the details
of the specific designs.

Are real or virtual addresses presented to the cache and what are
the consequences of one or the other? The issue is more

complicated than

| Effective Address

Page Name | Displacement | Virtual Address

Page Frame Address | Displacement | Heal Address

Sector Name |Set Index | I!| Disp. | Cache Address

Real or Virtual | TLB Address

Real or Virtual | BTB/BTC Address

Teeal or Virtual | 'O Address
Figure 4.1

System address.
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TasLe 4.1 Cache addressing options.
Set Index  Sector Name Cache Name

Real Real Real address cache

Real Virtual No known
implementation or
name

Virtual Real Pipelined real address
cache

Virtual Virtual Virtual address cache

UntranslateddisplacementRestricted virtual
cache

suggested by the simple choice of real or virtual addresses. Recall
from Chapter 2 that a cache is addressed via two paths: the set
index path and the sector name that is compared with the tag.
These two paths can be either virtual or real, leading to four design
options as shown in Table 4.1. The taxonomy of Table 4.1 is
similar to that of [WU93].

The following sections will discuss these four design options. The
real/virtual design is not considered.

4.1.1
Real Address Caches

Figure 4.2 shows the organization of a cache that is in real address
space. The page name of the virtual address is translated via the
TLB and page tables and then concatenated with the displacement.
This process forms the real address, as shown. Fields of the real
address are delineated to form the address into the cache: the sector
name, the set index, block address if used, and the displacement.
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As the cache can be organized in any of the ways discussed in
Chapter 2, the fields shown are for illustration only.

The sector name portion of the real address is stored in the cache
tags and is compared to the sector name field. If a hit occurs, the

data found in the cache is valid and is sent to the processor. If the
comparison fails, a cache miss occurs, the memory is referenced

with the real address, and the cache is updated.

A major benefit of a real address cache is that synonyms are not a
problem. Two or more different virtual addresses cannot translate
to the same real address location in either real memory or the
cache. Another virtue of this organization is that there is no limit to
the size of the cache. As many bits as desired can be selected from
the real address for the cache address. The designer does not have
to resort to extending the degree of associativity to increase the size
of the cache. The only constraints on cache size is the total number
of bits in the real address. The most significant problem with a real
address cache is its performance. With a cache in real address
space, the virtual address must be translated before the cache can
be accessed. The time to perform the
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Real address cache.

page name translation via the TLB and/or page tables is added to
the cache's access time. Since the TLB and the cache are usually
constructed from the same technology, the cache's access time can
be more than doubled. Recall from Chapter 3 that a typical address
translation time can be 1.5 cycles. These cycles add directly to the
cache access time. For processors such as the VAX 11/780 that
have a CPI of 10 cycles, this overhead is not a significant loss of
performance. The effective access time of a real address cache is

Eff. ¢, = (WATT + ¢£,.,)
where WATT = weighted average translation time.

However, note that because of unlimited cache address space, a
large cache can be used, and the Pmiss of the real address cache
may be significantly lower than the Pmiss of a virtual address
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cache. Reducing the Pmiss of the cache may overcome some of the
performance loss due to the serial name translation.

The cache addressing of the VAX 11/780 is a good example of a
real address cache, as shown in Figure 4.3. The 30-bit virtual
address is divided into a byte displacement field and a virtual page
name field. The page name is translated via a TLB and page tables,
which gives
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VAX 11/780 cache address generation.

the real page frame address concatenated with the untranslated
displacement. The real address is partitioned into a sector name, set
index, and displacement fields that constitute the cache address
[LEVY80, LEON87].

The VAX 11/780 has a rapid address translation of an instruction
page name (described in Chapter 3). Thus, for instruction fetches,
the WATT delay is quite small. The benefits of a real cache (lack of
synonyms and unlimited size) are realized at a small performance
cost for a processor with a large CPI.

4.1.2
Pipelined Real Caches

From the above discussions, we see that a pure real address cache
can have a significant performance problem. A form of cache that
has the benefit of no synonyms of a real address cache and very
small access latency has been called a pipelined cache [STON93]
and is called a pipelined real cache in this book. As Figure 4.4
shows, the displacement field of the virtual address accesses the
cache. In parallel with the cache access, a virtual page name is
translated into a page frame address, a portion of which is
compared to the page frame address that is stored in the cache's tag
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field. If the tags compare, the data is gated out of the cache to the
processor. Otherwise, the real address accesses the main memory to
fetch a new block into the cache. This cache organization permits
the cache access and the translation operations to proceed in
parallel.

The price paid for low latency and lack of synonyms is that the size
of the cache is limited. The size limitation is bounded by "the page
size is larger than the cache size divided by the associativity"
[AGARS84]. For example, a byte displacement field of 10 bits and a
set associativity of 4 limits the cache size to 4 Kbytes or AUs.
While the logic paths via the cache and address translation are
roughly equivalent, strict pipelining with latches may be required
because a TLB miss can lengthen the translation time.
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Pipelined real address cache.

If a constant stream of addresses is presented to a pipelined real
address cache, this cache scheme will run very close to the pipeline
rate of one cache access per clock. The effective clock period,
however, will be determined by the maximum of the delays
through the address translation path or the cache access time. The
effective cache access time is

Eff. t.a = Max[WATT, ¢.,].

It may be unnecessary to use strict pipelining with latches; a
technique called maximum rate pipelining does not use latches and
is discussed in Chapter 6. The result of the address translation and
the cache's output should arrive at the compare circuit at
approximately the same time and then can gate out the data on a
valid compare. Provisions must be made for long translations on a
TLB miss.
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Designers of the IBM S/360 pioneered the use of the pipelined real
cache [MATI77]. The IBM 3090 has continued this cache design
[TUCKS86] as have cache designs in other processors. Figure 4.5
shows the pipelined real address cache address formulation for the
IBM S/370/168, the Intel i486, and the IBM RS/6000.

The IBM S/360/168 cache is early select; the displacement
provides the set index and displacement into a table of cache
address information. The real sector names are found by translating
the page name with the user ID via hash tables and comparing it
with the real sector name tags

Advanced Micro Devices, Inc., Pensando Systems, Inc. - Ex. 1006, Page 000445



Page 208

Z1 1211 i}
Pelon || DDl PapeName || D iDplstementt | Viruad Address
I  Sectrdex | | iMiap. | | Coche Addross
TRANSLATION
| —me
| PioiPordeindSourSshe| | | iDipaiepesti D | Read Addross
mBMyE
S — L A oo
[ iDuclory D[P0 Mabe D10 i [T Ileaderbentl [ 1| Vietual Address
I R HETH
TRANSIATION
‘—I-T:p
Pae Fricrio Addrv kndl GacheiSdctbeNamd © [ 11010011011 Real Addross
R A BB T e s A
5 f 1] 1211 o
[F FOserioh ][ 7 fageNgnd {7177 TDlopadebest | [ [ | Virtoad Address
HE-HH G
TRANSLATION [ )
l,—-np Late Select Bita
[PRe e af Scctr S| | | Dispiaderpedt | | | |  Real Address
1BM RSS000
Figure 4.5
IBM 370/168, Intel 1486, and Pentium, IBM RS/6000 cache address
generation.

in the cache address cache. The output of the table is concatenated
with the 5-bit displacement field to form the cache address itself.

The Intel 1486 also uses the pipelined real cache organization.
Although I am unfamiliar with implementation details of the 486, I
believe that it does not have latches. The 1486 cache is late select.
The set index and displacement select the data from the cache
sector that was identified by the translated directory and table
names. For the i486, with a page size of 4 Kbytes and a 4-way set
associative cache, a maximum cache size is 16 Kbytes.

The RS/6000 cache is another variation of the pipelined real cache.
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The 12-bit virtual address displacement accesses four 16-Kbyte
caches in parallel as shown in Figure 2.20. Each of these four
caches has 32 sets, 4 sectors with one block, and 128 bytes per
sector. After the virtual page name and ID are translated, the two
LSBs provide a late select of one of the four caches.
Documentation on the RS/6000 indicates that latches are used to
delineate the stages of this pipeline.
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The PowerPC 601 changed the cache mapping of the RS/6000 by
dropping the translated late select scheme. The 12-bit displacement
is divided into a 6-bit set index and a 6-bit displacement; the cache
is 8-way set associative. The 20 bits of the translated virtual page
name are compared with the eight tags of the selected set. The
organization of the cache is (64, 8, 1, 64) for a 32-Kbyte cache, half
the size of the RS/6000 cache.

4.1.3
Virtual Address Cache

A solution to the performance problem with real address caches is
the elimination of the translation latency by addressing the cache
with virtual addresses, as shown in Figure 4.6. With this cache
scheme, the virtual address is allocated into fields for accessing the
cache. These fields are the usual ones: sector name, set index, and
displacement. This scheme allows full flexibility in selecting these
fields so that a cache of any size can be addressed. In parallel with
the cache access, the page name is translated and concatenated with
the displacement to form the real memory address.

Because page name translation is required only on a cache miss,
the effective access time of this organization in the absence of
cache misses
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Figure 4.6
Virtual address cache.
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is merely the access time of the cache.

Eff. .. = tea.

Synonyms are a major problem with a virtual address cache that
does not use the entire page name for the sector name because two
virtual names can refer to the same address in the cache. Figure 4.6
illustrates this problem in that not all of the page name is used as
the sector name. A cache hit signifies that the AU has been stored
in the cache under the page name that is currently being used and
the AU is loaded into the processor. However, what happens if
there is another access with a different page name that has the same
L.SBs and displacement but differs only in its MSBs? This access
will use the same sector name and find the same AU in the cache.

What is to be done? A solution is to ensure that different MSBs of
the page name are not used if a synonym will be a problem. M.D.
Hill [HILL86] points out that most context switches call for a
change of virtual address space. Thus there must be a guarantee
against two processes using the same symbolic addresses that
would permit the new process to read valid but incorrect data from
the cache. One solution is to provide the capability to flush the
cache on a context switch. Another solution is to extend the sector
name to the length of the full virtual address. This is very
expensive as the cache tags must be extended as well.

Another problem occurs if the operating system permits synonyms.
If there is a cache miss, the miss is not conclusive evidence that the
referenced AU is not in the cache; it can be there under a different
page name. If the miss is processed, a new instance of the same
variable is placed in the cache, which produces a potential
coherency problem.
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To prevent two instances of the value, there must be a search of all
the real addresses of all the sets and sectors in the cache to see if
the requested value is resident under a different virtual address.
This procedure requires performing an inverse mapping of the
cache sector name (that is, finding its real address) and comparing
it to the inverse mappings of all the blocks in the cache. If this
search of real addresses finds that the value is really in the cache,
the tag must be adjusted so that the access can proceed without
processing the miss. If the search fails, there is a true cache miss
that is processed in the knowledge that a coherency problem is not
being created.

The process of searching for a synonym in the cache can be
accomplished in hardware; the Intel i860XP provides an example
[INTE92a]. This processor has split instruction and data caches that
both have support to prevent synonyms from becoming coherency
prob-
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Intel i860XP caches.

lems. The caches are organized as (128, 4, 1, 32), and each sector
has both virtual and real tags, as shown in Figure 4.7.

The cache is accessed with the index and sector name taken from
the virtual address. If the tag matches, the cache access is normal
for both a read or write. However, if the tag does not match, there
is a potential miss, and a search is made of the real tags by
comparing them with the now-available real address. If there is no
match on the real sector name, there is a true miss and a bus cycle
to the memory is initiated with the translated (real) address. Table
4.2 shows the action taken for four cases of read-write and hit-miss
on the search of the real tags.

It can be seen that this system permits synonyms and ensures that
there cannot be duplicate entries in the cache that can cause
coherency problems.

The virtual address cache address fields of the i860 and SPUR
processor [HILL.86] are shown in Figure 4.8. The i860 has a very
large virtual page, 222 bytes, and an unextended virtual address that
is consistent with the intended purpose of this processor. The
caches are organized as (128, 4, 1, 32), and they carry a long (20
bits) tag.
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Taste 4.2 1860 synonym processing.

AccessReal Tag Hit Real Tag Miss

Read Use entry and Place block returned
replace virtual tag  from memory into
with virtual page cache and update
name that caused the both the virtual and
miss real tags

Write Write to block and Use no-allocate
replace virtual tag  policy and write
with the virtual page direct to memory
name that caused the
miss
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SPUR cache address generation.

The SPUR cache is organized as (4096, 32, 1) for 128 Kbytes and
is word addressed. There are 13 tag bits with each sector along
with a valid bit; the cache uses the write through policy. The two
MSBs of the virtual address index into a table to select a virtual
address extension of eight bits, giving a 38-bit global virtual
address. This global virtual address is translated via tables if there
is a cache miss.

D. Roberts et al. [ROBESO] and C. E. Wu [WU93] discuss the
MIPS R6000 processors that use virtual first-level caches for
instruction and data. However, the second-level cache is indexed
by a translated real address while its tags are virtual. This hybrid
scheme uses the second-level cache to help resolve synonyms and
reduce the size of the on-chip TLB.

4.1.4
Restricted Virtual Caches

Restricted virtual caches are special cases of virtual caches. This
organization combines the positive features of a virtual cache and a
pipelined real cache. As shown in Figure 4.9, the cache set index
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plus displacement are constrained to be no longer than the
displacement field of the virtual address. A portion of the full page
name becomes the sector name of the cache address and is
compared to the tags. A cache miss uses the translated virtual
address to access the memory.

The advantage of this cache organization is performance because a
page name translation is not required before the cache is accessed
and pipeline delays of the pipelined real cache are eliminated. The
problem, however, of synonyms remains and, as with pipelined real
caches, the cache size is limited to the address span of the
displacement (page size) times the degree of associativity. The size
of the cache, once the page size is fixed, can be increased only by
increasing the degree of associativity.
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Figure 4.9
Restricted virtual cache.

Two examples of restricted virtual caches are the MC68030 and
MC68040. Figure 4.10 shows the address generation for these two
designs. These two caches are both on-chip and are accessed in
parallel with the TLB. If a cache miss occurs, the off-chip memory
is addressed by the real already-translated address.

The caches of the MC68040 use a smaller portion of the virtual
address displacement for the set index and displacement. The
MC68040 has a larger page4 Kbytes or 8 Kbytesthan does the
MC68030, and the full displacement field is not used for
generating the cache address. The 6-bit set index is taken from the
page displacement field of the virtual address. Each set consists of
four words, each selected by the 2-bit displacement field. Note that
the number of sets or the number of words in a set, or both, can be
increased by a factor of 8 for future expansion.
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4.1.5
Summary

Table 4.3 summarizes the characteristics of the four cache design
options. There is no clear advantage to any one of these designs, as
illustrated by the fact that all are used in contemporary processors.
Note again that there are no known implementations of a cache
with a real index and virtual tags.
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Figure 4.10
MC68030 and MC68040 restricted virtual caches.

Tasre 4.3 Cache characteristics.

Cache  SynonymCoherencyPerformanceCache Example
Type Problem Problem Address  System
Size

Real No Yes Translation Unlimited VAX
delay 11/780
Pipelined No Yes Pipeline Limited by 1486
real degree of PowerPC
associativity601
Virtual  Yes No No delays Unlimited i860
SPUR
Restricted Yes No No delays Limited by MC68040
virtual degree of
associativity
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TLB address generation.

C.E. Wu [WU93] performed extensive simulations for evaluating
the performance of these cache addressing options, cache
organizations, and replacement policies. They conclude that
pipelined real cache or the restricted virtual cache using MRU
replacement provides the best choice for high-performance
computers. These results are confirmed by the number of
processors that use this cache today.

4.1.6
TLB Addressing

Translation Lookaside Buffers (TLB) are cache-like buffers that
contain pretranslated page names. The purpose of a TLB is to
reduce the latency of a page name translation when a reference to
main memory is required. Because a TLB translates only the page
name, the displacement field of a virtual address is usually (there
are exceptions) not a component of the TLB address. Three
examples of TLB addressing are shown in Figure 4.11.

The IBM RS/6000 has an associative TLB as shown in Figure 3.35.
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The 40-bit extended page name is used as the key to search the tag
field of the TLB. The MC68040 has a 4-way set associative TLB
with 16 sets. The set index and segment name are extracted directly
from the virtual address. The VAX TLB has 32 sets and is 2-way
set associative.

4.2
I/0 System Addressing Design Issues

Section 4.1 discussed the issue of cache and TLB addressing with
either real or virtual addresses. The same issue is present with the
I/O system;
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