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Memory Systems: Cache, DRAM, Disk is the first book that takes on the whole hierarchy in a way that is
consistent, covers the complete memory hierarchy, and treats each aspect in significant detail. This book will
serve as a definitive reference manual for the expert designer, yet it is so complete that it can be read by a relative
novice to the computer design space. While memory technologies improve in terms of density and performance,
and new memory device technologies provide additional properties as design options, the principles and meth-
odology presented in this amazingly complete treatise will remain useful for decades. I only wish that a book
like this had been available when I started out more than three decades ago. It truly is a landmark publication.
Kudos to the authors.

—Al Davis, University of Utah

Memory Systems: Cache, DRAM, Disk fills a huge void in the literature about modern computer architecture.
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details for a deep understanding of essentially all aspects of modern computer memory systems including archi-
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tion, the historical background and politics leading to one or the other implementation are revealed. Overall,
Jacob, Ng, and Wang have created one of the truly great technology books that turns reading about bits and bytes
into an exciting journey towards understanding technology.

—Michael Schuette, Ph.D., VP of Technology Development at OCZ Technology

This book is a critical resource for anyone wanting to know how DRAM, cache, and hard drives really work.
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designs. The text is exceedingly well-written, beginning with high-level analysis and proceeding to incredible
detail only for those who need it. It includes many graphs that give the reader both explanation and intuition.
This will be an invaluable resource for graduate students wanting to study these areas, implementers, designers,
and professors.

—Diana Franklin, california Polytechnic University, San Luis Obispo

Memory Systems: Cache, DRAM, Disk fills an important gap in exploring modern disk technology with accu-
racy, lucidity, and authority. The details provided would only be known to a researcher who has also contributed
in the development phase. I recommend this comprehensive book to engineers, graduate students, and research-
ers in the storage area, since details provided in computer architecture textbooks are woefully inadequate.

—Alexander Thomasian, IEEE Fellow, New Jersey Institute of Technology and Thomasian and Associates

Memory Systems: Cache, DRAM, Disk offers a valuable state of the art information in memory systems that
can only be gained through years of working in advanced industry and research. It is about time that we have
such a good reference in an important field for researchers, educators and engineers.

—Nagi Mekhiel, Department of Electrical and Computer Engineering, Ryerson University, Toronto

This is the only book covering the important DRAM and disk technologies in detail. Clear, comprehensive, and
authoritative, I have been waiting for such a book for long time.

—Yiming Hu, University of Cincinnati
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Memory is often perceived as the performance bottleneck in computing architectures. Memory Systems:
Cache, DRAM, Disk, sheds light on the mystical area of memory system design with a no-nonsense approach to
what matters and how it affects performance. From historical discussions to modern case study examples this
book is certain to become as ubiquitous and used as the other Morgan Kaufmann classic textbooks in computer
engineering including Hennessy and Patterson’s Computer Architecture: A Quantitative Approach.

—R. Jacob Baker, Micron Technology, Inc. and Boise State University.

Memory Systems: Cache, DRAM, Disk is a remarkable book that fills a very large void. The book is remarkable
in both its scope and depth. It ranges from high performance cache memories to disk systems. It spans circuit
design to system architecture in a clear, cohesive manner. It is the memory architecture that defines modern
computer systems, after all. Yet, memory systems are often considered as an appendage and are covered in a
piecemeal fashion. This book recognizes that memory systems are the heart and soul of modern computer
systems and takes a ‘holistic’ approach to describing and analyzing memory systems.

The classic book on memory systems was written by Dick Matick of IBM over thirty years ago. So not only does
this book fill a void, it is a long-standing void. It carries on the tradition of Dick Matick’s book extremely well,
and it will doubtless be the definitive reference for students and designers of memory systems for many years to
come. Furthermore, it would be easy to build a top-notch memory systems course around this book. The authors
clearly and succinctly describe the important issues in an easy-to-read manner. And the figures and graphs are
really great—one of the best parts of the book.

When I work at home, I make coffee in a little stove-top espresso maker I got in Spain. It makes good coffee very
efficiently, but if you put it on the stove and forget it’s there, bad things happen—smoke, melted gasket— ‘burned
coffee meltdown.’ This only happens when I'm totally engrossed in a paper or article. Today, for the first time, it
happened twice in a row—uwhile 1 was reading the final version of this book.

—Jim Smith, University of Wisconsin—Madison
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You can tell whether a person plays or not by the way he carries the
instrument, whether it means something to him or not.

Then the way they talk and act. If they act too hip, you know they can’t
play [jack].

—Miles Davis

[...] in connection with musical continuity, Cowell remarked at the
New School before a concert of works by Christian Wolff, Earle Brown,
Morton Feldman, and myself, that here were four composers who were
getting rid of glue. That is: Where people had felt the necessity to stick
sounds together to make a continuity, we four felt the opposite neces-
sity to get rid of the glue so that sounds would be themselves.

Christian Wolff was the first to do this. He wrote some pieces vertically
on the page but recommended their being played horizontally left to
right, as is conventional. Later he discovered other geometrical means
for freeing his music of intentional continuity. Morton Feldman di-
vided pitches into three areas, high, middle, and low, and established
a time unit. Writing on graph paper, he simply inscribed numbers of
tones to be played at any time within specified periods of time.

There are people who say, “If music’s that easy to write, I could do it.” Of
course they could, but they don't. I find Feldman's own statement more
affirmative. We were driving back from some place in New England
where a concert had been given. He is a large man and falls asleep
easily. Out of a sound sleep, he awoke to say, “Now that things are so
simple, there's so much to do.” And then he went back to sleep.

—John Cage, Silence
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Preface

“It's the Memory, Stupid!”

Ifyou develop an ear for sounds that are musical it is like developing an ego. You begin to refuse sounds that are not musical

and that way cut yourself off from a good deal of experience.

In 1996, Richard Sites, one of the fathers of
computer architecture and lead designers of the DEC
Alpha, had the following to say about the future of

—John Cage

streams. All these factors multiply together to
require about 16 GBytes/s of pin bandwidth to
keep this chip busy. It is not clear whether pin

computer architecture research:

FM_P379751.indd  xxxi

Across the industry, today’s chips are largely
able to execute code faster than we can feed
them with instructions and data. There are
no longer performance bottlenecks in the
floating-point multiplier or in having only
a single integer unit. The real design action
is in memory subsystems—caches, buses,
bandwidth, and latency.

An anecdote: in a recent database benchmark
study using TPC-C, both 200-MHz Pentium
Pro and 400MHz 21164 Alpha systems were
measured at 4.2-4.5 CPU cycles per instruction
retired. In other words, three out of every four
CPU cycles retired zero instructions: most were
spent waiting for memory. Processor speed has
seriously outstripped memory speed.

Increasing the width of instruction issue
and increasing the number of simultaneous
instruction streams only makes the memory
bottleneck worse. If a CPU chip today needs to
move 2 GBytes/s (say, 16 bytes every 8 ns) across
the pins to keep itself busy, imagine a chip in
the foreseeable future with twice the clock rate,
twice the issue width, and two instruction

bandwidth can keep up—32 bytes every 2ns?

I expect that over the coming decade memory
subsystems design will be the only important
design issue for microprocessors. [Sites 1996,
emphasis Sites’]

The title of Sites’ article is “It's the Memory, Stupid!”
Sitesrealized in 1996 what we as a community are only
now, more than a decade later, beginning to digest
and internalize fully: uh, guys, it really is the memory
system ... little else matters right now, so stop wasting
time and resources on other facets of the design. Most
of his colleagues designing next-generation Alpha
architectures at Digital Equipment Corp. ignored his
advice and instead remained focused on building
ever faster microprocessors, rather than shifting their
focus to the building of ever faster systems. It is per-
haps worth noting that Digital Equipment Corp. no
longer exists.

Theincreasing gap between processorand memory
speeds has rendered the organization, architecture,
and design of memory subsystems an increasingly
important part of computer-systems design. Today,
the divide is so severe we are now in one of those
down-cycles where the processor is so good at

XXXi
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xxXii Preface

number-crunchingithas completelysidelined itself; it
is too fast for its own good, in a sense. Sites’ prediction
came true: memory subsystems design is now and has
been for several years the only important design issue
for microprocessors and systems. Memory-hierarchy
parameters affect system performance significantly
more than processor parameters (e.g., they are
responsible for 2-10X changes in execution time, as
opposed to 2-10%), making it absolutely essential
for any designer of computer systems to exhibit an
in-depth knowledge of the memory system’s orga-
nization, its operation, its not-so-obvious behavior,
and its range of performance characteristics. This is
true now, and it is likely to remain true in the near
future.

Thus this book, which is intended to provide
exactly that type of in-depth coverage over a wide
range of topics.

Topics Covered

In the following chapters we address the logical
design and operation, the physical design and opera-
tion, the performance characteristics (i.e., design
trade-offs), and, to a limited extent, the energy con-
sumption of modern memory hierarchies.

In the cache section, we present topics and per-
spectives that will be new (or at least interesting) to
even veterans in the field. What this implies is that
the cache section is not an overview of processor-
cache organization and its effect on performance—
instead, we build up the concept of cache from
first principles and discuss topics that are incom-
pletely covered in the computer-engineering lit-
erature. The section discusses a significant degree
of historical development in cache-management
techniques, the physical design of modern SRAM
structures, the operating system’s role in cache
coherence, and the continuum of cache archi-
tectures from those that are fully transparent (to
application software and/or the operating system)
to those that are fully visible.

DRAM and disk are interesting technologies
because, unlike caches, they are not typically
integrated onto the microprocessor die. Thus any
discussion of these topics necessarily deals with the

FM_P379751.indd  xxxii

issue of communication: e.g., channels, signalling,
protocols, and request scheduling.

DRAM involves one or more chip-to-chip crossings,
and so signalling and signal integrity are as funda-
mental as circuit design to the technology. In the
DRAM section, we present an intuitive understand-
ing of exactly what happens inside the DRAM so that
the ubiquitous parameters of the interface (e.g., £,
Liery Leas €1C.) will make sense. We survey the various
DRAM architectures that have appeared over the years
and give an in-depth description of the technologies
in the next generation memory-system architecture.
We discuss memory-controller issues and investigate
performance issues of modern systems.

The disk section builds from the bottom up,
providing a view of the disk from physical record-
ing principles to the configuration and operation of
disks within system settings. We discuss the opera-
tion of the disk’s read/write heads; the arrangement
of recording media within the enclosure; and the
organization-level view of blocks, sectors, tracks, and
cylinders, as well as various protocols used to encode
data. We discuss performance issues and techniques
used to improve performance, including caching and
buffering, prefetching, request scheduling, and data
reorganization. We discuss the various disk inter-
faces available today (e.g., ATA, serial ATA, SCSI, fibre
channel, etc.) as well as system configurations such
as RAID, SAN, and NAS.

The last section of the book, Cross-Cutting Issues,
covers topics that apply to all levels of the memory hier-
archy, such as the tools of analysis and how to use them
correctly, subthreshold leakage power in CMOS devices
and circuits, a look at power breakdowns in future
SRAMSs, codes for error detection and error correction,
the design and operation of virtual memory systems,
and the hardware mechanisms that are required in
microprocessors to support virtual memory.

Goals and Audience

The primary goal of this book is to bring the reader
to a level of understanding at which the physical
design and/or detailed software emulation of the
entire hierarchy is possible, from cache to disk. As we
argue in the initial chapter, thislevel of understanding
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is important now and will become increasingly
necessary over time. Another goal of the book is to
discuss techniques of analysis, so that the next gen-
eration of design engineers is prepared to tackle the
nontrivial multidimensional optimization problems
that result from considering detailed side-effects that
can manifest themselves at any point in the entire
hierarchy.

Accordingly, our target audience are those plan-
ning to build and/or optimize memory systems: i.e.,
computer-engineering and computer-science faculty
and graduate students (and perhaps advanced under-
graduates) and developers in the computer design,
peripheral design, and embedded systems industries.

As an educational textbook, this is targeted at
graduate and undergraduate students with a solid
background in computer organization and archi-
tecture. It could serve to support an advanced
senior-level undergraduate course or a second-year
graduate course specializing in computer-systems
design. There is clearly far too much material here for
any single course; the book provides depth on enough
topics to support two to three separate courses. For
example, at the University of Maryland we use the
DRAM section to teach a graduate class called High-
Speed Memory Systems, and we supplement both our
general and advanced architecture classes with mate-
rial from the sections on Caches and Cross-Cutting
Issues. The Disk section could support a class focused
solely on disks, and it is also possible to create for
advanced students a survey class that lightly touches
on all the topics in the book.

As a reference, this book is targeted toward both
academics and professionals alike. It provides the
breadth necessary to understand the wide scope of
behaviors that appear in modern memory systems,
and most of the topics are addressed in enough depth
that areader should be able to build (or atleast model
in significant detail) caches, DRAMs, disks, their
controllers, their subsystems ... and understand their
interactions.

What this means is that the book should not only
be useful to developers, but it should also be useful
to those responsible for long-range planning and
forecasting for future product developments and
their issues.
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