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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 fi rst 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 specifi ed 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 fi nd Feldman’s own statement more 
affi rmative. 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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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 
computer architecture research: 

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 

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 
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!” 
Sites realized 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. 

The increasing gap between processor and 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 

“It’s the Memory, Stupid!”
If you 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.

—John Cage
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number-crunching it has completely sidelined 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 2–10� 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 

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., tRC

, 
t

RCD
, t

CAS
, etc.) 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 
SRAMs, 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, this level 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 a reader should be able to build (or at least 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. 

Acknowledgments and Thanks 
Beyond the kind folks named in the book’s Dedica-

tion, we have a lot of people to thank. The following 
people were enormously helpful in creating the con-
tents of this book: 

Prof. Rajeev Barua, ECE Maryland, provided 
text to explain scratch-pad memories and 
their accompanying partitioning problem 
(see Chapter 3). 

Dr. Brinda Ganesh, a former graduate 
 student in Bruce Jacob’s research group, 
now at Intel DAP, wrote the latency-oriented 
 section of the DRAM-performance chapter 
(see Section 15.5).

Joseph Gross, a graduate student in Bruce 
Jacob’s research group, updated the num-
bers in David Wang’s Ph.D. proposal to 
produce the tables comparing the charac-
teristics of modern DRAMs in the book’s 
Overview chapter. 

Dr. Ed Growchowski, formerly of Hitachi 
Global Storage Technologies and currently a 
consultant for IDEMA, provided some of the 
disk recording density history charts.

Dr. Martin Hassner, Dr. Bruce Wilson, Dr. Matt 
White, Chuck Cox (now with IBM), Frank 
Chu, and Tony Dunn of  Hitatchi Global Stor-
age Technologies provided important consul-
tation on various details of disk drive design.

Dr. Windsor Hsu, formerly of IBM Almaden 
Research Center and now with Data 
Domain, Inc., provided important consulta-
tion on system issues related to disk drives.

Dr. Aamer Jaleel, a former graduate student 
in Bruce Jacob’s research group, now at Intel 
VSSAD, is responsible for Chapter 4’s sec-
tions on cache coherence. 

Michael Martin, a graduate student in Bruce 
Jacob’s research group, executed simula-
tions for the fi nal table (Ov. 5) and formatted 
the four large time-sequence graphs in the 
Overview chapter.

Rami Nasr, a graduate student at Mary-
land who wrote his M.S. thesis on the Fully 

•

•

•

•

•

•

•

•

•

Preface xxxiii

FM_P379751.indd   xxxiiiFM_P379751.indd   xxxiii 8/8/07   10:29:50 AM8/8/07   10:29:50 AM
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much of the contents of Chapter 14. 

Prof. Marty Peckerar, ECE Maryland, 
 provided brilliant text and illustrations to 
explain the subthreshold leakage problem 
(see the book’s Overview and Section 29.2). 

Profs. Yan Solihin, ECE NCSU, and Donald 
Yeung, ECE Maryland, provided much of the 
material on hardware and software prefetch-
ing (Sections 3.1.2 and 3.2.2); this came 
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by the pair for Kaeli and Yew’s Speculative 
 Execution in High Performance Computer 
Architectures (CRC Press, 2005). 

Sadagopan Srinivasan, a graduate student in 
Bruce Jacob’s research group, performed the 
study at the end of Chapter 1 and provided 
much insight on the memory behavior of 
both streaming applications and multi-core 
systems.

Dr. Nuengwong Tuaycharoen, a former 
graduate student in Bruce Jacob’s research 
group, now at Thailand’s Dhurakijpundit 
University, performed the experiments, and 
wrote the example holistic analysis at the 
end of the book’s Overview  chapter, directly 
relating to the behavior of caches, DRAMs, 
and disks in a single study. 

Patricia Wadkins and others in the Rochester 
SITLab of Hitachi Global Storage Technolo-
gies provided test results and measurement 
data for the book’s Section III on Disks.

Mr. Yong Wang, a signal integrity expert, 
formerly of HP and Intel, now with Meta-
RAM, contributed extensively to the 
 Chapter on DRAM System Signaling and 
Timing (Chapter 9).

Michael Xu at Hitachi Global Storage Technol-
ogies drew the beautiful, complex illustrations, 
as well as provided some of the photographs, 
in the book’s Section III on Disks.

In addition, several students involved in tool sup-
port over the years deserve special recognition: 

Brinda Ganesh took the reins from David 
Wang to maintain DRAMsim; among other 
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