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Computer Architecture

Computer architecture covers three aspects of computer
design.

instruction set architecture (ISA) - programmer visible
instruction set that serves as the boundary between the
software and the hardware
organization (microarchitecture) - high level aspects of the
design implementation, which includes the memory system and
CPU
hardware - low level aspects of the design implementation,
which includes the logic design, packaging technology
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Factors That Allow Architectures to Be Quickly Introduced

little assembly language programming

standard operating systems
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Computer Architect Goals

low cost

high performance

low power
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Growth in Processor Performance Since the Late 1970s
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Figure 1.1 Growth in processor performance over 40 years. This chart plots program performance relative to the VAX 11/780 as 
measured by the SPEC integer benchmarks (see Section 1.8). Prior to the mid-1980s, growth in processor performance was largely 
technology-driven and averaged about 22% per year, or doubling performance every 3.5 years. The increase in growth to about 52% 
starting in 1986, or doubling every 2 years, is attributable to more advanced architectural and organizational ideas typified in RISC 
architectures. By 2003 this growth led to a difference in performance of an approximate factor of 25 versus the performance that would 
have occurred if it had continued at the 22% rate. In 2003 the limits of power due to the end of Dennard scaling and the available 
instruction-level parallelism slowed uniprocessor performance to 23% per year until 2011, or doubling every 3.5 years. (The fastest 
SPECintbase performance since 2007 has had automatic parallelization turned on, so uniprocessor speed is harder to gauge. These 
results are limited to single-chip systems with usually four cores per chip.) From 2011 to 2015, the annual improvement was less than 
12%, or doubling every 8 years in part due to the limits of parallelism of Amdahl’s Law. Since 2015, with the end of Moore’s Law, 
improvement has been just 3.5% per year, or doubling every 20 years! Performance for floating-point-oriented calculations follows the 
same trends, but typically has 1% to 2% higher annual growth in each shaded region. Figure 1.11 on page 27 shows the improvement 
in clock rates for these same eras. Because SPEC has changed over the years, performance of newer machines is estimated by a 
scaling factor that relates the performance for different versions of SPEC: SPEC89, SPEC92, SPEC95, SPEC2000, and SPEC2006. 
There are too few results for SPEC2017 to plot yet. 
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E�ects of Dramatic Growth in Processor Performance

Enhanced capability available to users.

Led to new classes of computers.

Led to dominance of microprocessor based computers across
the range of computer design.

Allows programmers to trade performance for productivity.

Nature of applications are also changing.
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Classes of Computers

personal mobile devices (PMDs)

wireless devices with multimedia user interfaces
smart phones and tablets
emphasis on cost and energy e�ciency

desktops

personal computers intended for use at a stationary location
notebooks and workstations
emphasis on cost and performance

servers

assessed by other computers to provide computation and/or
storage
emphasis on availability, scalability, and throughput
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Classes of Computers (cont.)

clusters/warehouse-scale computers (WSCs)

collections of computers connected by a network to act as a
single powerful computer
emphasis on cost, performance, and power
scalability and availability handled through the network

embedded computers

computers contained in other devices
cannot run externally developed software (unlike PMDs)
emphasis on cost
have more diverse ISAs
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Five Mainstream Computing Classes
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Figure 1.2 A summary of the five mainstream computing classes and their system characteristics. Sales in 2015 included 
about 1.6 billion PMDs (90% cell phones), 275 million desktop PCs, and 15 million servers. The total number of embedded 
processors sold was nearly 19 billion. In total, 14.8 billion ARM-technology-based chips were shipped in 2015. Note the wide range 
in system price for servers and embedded systems, which go from USB keys to network routers. For servers, this range arises from 
the need for very large-scale multiprocessor systems for high-end transaction processing. 
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Important Functional Architectural Requirements
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Figure 1.8 Summary of some of the most important functional requirements an architect faces. The left-hand column 
describes the class of requirement, while the right-hand column gives specific examples. The right-hand column also contains 
references to chapters and appendices that deal with the specific issues. Introduction Computer Classes Trends Measures Principles

Parallelism in Applications

data-level parallelism (DLP) - data items can be operated on
at the same time

task-level parallelism (TLP) - tasks can be created to
independently operate
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Ways Hardware Exploits Application Parallelism

instruction-level parallelism (ILP) - exploits DLP by processing
more than one instruction at a time

vector units (VUs), graphic processor units (GPUs), and
multimedia instruction sets - exploits DLP by applying a single
operation to a set of data items in parallel

thread-level parallelism (TLP) - exploits DLP or TLP through
multiple �ows of execution in tightly-coupled hardware

request-level parallelism (RLP) - exploits TLP among largely
decoupled tasks
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Flynn Taxonomy

single instruction stream, single data stream (SISD) - standard
sequential computer, but includes support for ILP

single instruction stream, multiple data stream (SIMD) - single
instruction is applied to multiple items of data in parallel,
includes VUs, SIMD extensions, and GPUs

multiple instruction stream, single data stream (MISD) - no
commercial multiprocessor of this type has been built

multiple instruction stream, multiple data stream (MIMD) -
exploits TLP in both tightly and loosely coupled processors
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Trends in Implementation Technology

Transistor count on a chip has historically increased by about
40% to 55% a year, or doubling every 18 to 24 months
(Moore's law). In recent years this rate of increase has slowed.

DRAM capacity per chip is increasing by about 25% to 40% a
year, doubling every two to three years. In recent years this
rate of increase has also slowed.

Flash capacity per chip is increasing by about 50% to 60% a
year, doubling every two years. Flash memory is currently 8 to
10 times cheaper per byte than DRAM.

Disk density has been increasing about 40% per year, doubling
every three years. But recently the increase has slowed to less
than 5% a year. Disks per byte are currently 8 to 10 times
cheaper than �ash.
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Performance Trends: Bandwidth over Latency

Bandwidth (throughput) is the total amount of work done in a
given period of time.

Latency (response time) is the time between the start and
completion of an event.

Bandwidth typically improves faster than latency for most
memory technologies.
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Log-Log Plot of Bandwidth and Latency Milestones
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Figure 1.9 Log-log plot of bandwidth and latency milestones in Figure 1.10 relative to the first milestone. Note that latency 
improved 8–91 ×, while bandwidth improved about 400–32,000 ×. Except for networking, we note that there were modest 
improvements in latency and bandwidth in the other three technologies in the six years since the last edition: 0%–23% in latency 
and 23%–70% in bandwidth. Updated from Patterson, D., 2004. Latency lags bandwidth. Commun. ACM 47 (10), 71–75. 
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Performance Milestones over the Last Four Decades
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Figure 1.10 Performance milestones over 25–40 years for microprocessors, memory, networks, and disks. The 
microprocessor milestones are several generations of IA-32 processors, going from a 16-bit bus, microcoded 80286 to a 64-bit 
bus, multicore, out-of-order execution, superpipelined Core i7. Memory module milestones go from 16-bit-wide, plain DRAM to 
64-bit-wide double data rate version 3 synchronous DRAM. Ethernet advanced from 10 Mbits/s to 400 Gbits/s. Disk milestones 
are based on rotation speed, improving from 3600 to 15,000 RPM. Each case is best-case bandwidth, and latency is the time for 
a simple operation assuming no contention. 
Updated from Patterson, D., 2004. Latency lags bandwidth. Commun. ACM 47 (10), 71–75. 
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Need for Energy E�cient Processors

Extend battery life for mobile systems.

Reduce heat dissipation for general-purpose processors.

Energy cost for computing is increasing.
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Energy and Power within a Microprocessor

Energy is the capacity to do work and power is the rate at
which work is done. Energy is power integrated over time and
power is the rate at which energy is transmitted.

Dynamic power comes from switching transistors.

Power ∝ 1/2 X Capacitive load X Voltage2 X Frequency switched

Static power mainly comes from leakage which is proportional
to the number of devices being powered.
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Techniques to Improve Energy E�ciency

Turn o� the clock (clock gating) for inactive modules (do
nothing e�ciently).

Use a lower clock frequency during periods of low activity
(called dynamic voltage-frequency scaling or DVFS).

Use a low power mode for memory and storage when not
being accessed (sometimes called a drowsy state).

Completely turn o� power to subsets of chip when not used
(power gating).
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Manufacturing Computer Component Terms

A wafer is a slice of a silicon crystal ingot.

A die or chip is a portion of the wafer that is an independent
component.

Yield is the percentage of manufactured devices that passes
the testing procedures.

Designers have been including redundancy as a means to raise
yield.
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N Times Faster

Often people state that a machine X is n times faster than a
machine Y. What does this mean?

PerformanceX
PerformanceY

= n =
Execution_TimeY
Execution_TimeX
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Measures of Clock Speed

clock periods

millisecond (ms) - 10−3 of a second
microsecond (µs) - 10−6 of a second
nanosecond (ns) - 10−9 of a second
picosecond (ps) - 10−12 of a second
femtosecond (fs) - 10−15 of a second

clock rates

kilohertz (KHz) - 103 cycles per second
megahertz (MHz) - 106 cycles per second
gigahertz (GHz) - 109 cycles per second
terahertz (THz) - 1012 cycles per second
petahertz (PHz) - 1015 cycles per second
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Programs Used to Evaluate Machine Performance

kernels - an extraction of small, key pieces from popular real
programs (Livermore loops, Linpack, EEMBC)

toy benchmarks - small constructed programs that produce a
known result (puzzle, sieve, quicksort, arraymerge, matmult)

synthetic benchmarks - attempts to match the frequency of
operations and operands from real programs (dhrystone,
whetstone)

real applications - application programs that are actually used
(SPEC)
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Evolution of the SPEC Benchmarks over Time
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Figure 1.17 SPEC2017 programs and the evolution of the SPEC benchmarks over time, with integer programs above the 
line and floating-point programs below the line. Of the 10 SPEC2017 integer programs, 5 are written in C, 4 in C++., and 1 in 
Fortran. For the floating-point programs, the split is 3 in Fortran, 2 in C++, 2 in C, and 6 in mixed C, C++, and Fortran. The figure 
shows all 82 of the programs in the 1989, 1992, 1995, 2000, 2006, and 2017 releases. Gcc is the senior citizen of the group. Only 
3 integer programs and 3 floating-point programs survived three or more generations. Although a few are carried over from 
generation to generation, the version of the program changes and either the input or the size of the benchmark is often expanded 
to increase its running time and to avoid perturbation in measurement or domination of the execution time by some factor other 
than CPU time. The benchmark descriptions on the left are for SPEC2017 only and do not apply to earlier versions. Programs in 
the same row from different generations of SPEC are generally not related; for example, fpppp is not a CFD code like bwaves. 
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Classes of Measurement Techniques

instruction set interpretation

instrumented execution

hardware performance counters
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Locality of Reference

Programs tend to reuse data and instructions they have
recently accessed.

Temporal Locality - recently accessed items are likely to be
accessed in the near future

Spatial Locality - items whose addresses are near one another
tend to be referenced close together in time

Locality of reference is extensively exploited in memory
hierarchies.
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Memory Hierarchy

Memory hierarchies are useful due to locality of reference.

Smaller memories are faster, require less energy to access, and
are more expensive per byte.

Larger memories are slower, require more energy to access, and
are less expensive per byte.

A memory hierarchy is cost e�ective since most references are
captured by the fastest memory and most instructions and
data are retained in the least expensive memory.

A memory hierarchy also reduces energy usage since smaller
structures require less energy to access.
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Amdahl's Law

Amdahl's Law states that the performance improvement to be
gained from using some faster mode of execution is limited by
the fraction of the time the faster mode can be used.

Amdahl's Law depends on two factors:

The fraction of the time the enhancement can be exploited.
The improvement gained by the enhancement while it is
exploited.

execution_timenew = execution_timeold ∗ (1− fractionenhanced +
fractionenhanced
speedupenhanced

)

speedupoverall =
execution_timeold
execution_timenew

=
1

(1− fractionenhanced) +
fractionenhanced
speedupenhanced
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CPU Time

CPU time ignores I/O and the time for executing other
processes.

CPU_time = CPU_clock_cycles ∗ clock_cycle_time =
CPU_clock_cycles

clock_rate

CPI =
CPU_clock_cycles

instruction_count

CPU_time = Instruction_count ∗ CPI ∗ clock_cycle_time
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Fallacies and Pitfalls

Fallacy: a commonly held misbelief

Multiple microprocessors on a chip are a silver bullet.
Peak performance tracks observed performance.

Pitfall: an easily made mistake

Falling prey to Amdahl's law.
A single point of failure.
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