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Abstract
In this paper we discuss the quantitative approach of computer architecture. Also, we
discuss parallelism, scalability, principle of locality and Amdahl’s Law in the context of quantitative
measurement. Furthermore, we demystify computer architecture through an emphasis on costperformance-power trade-offs and good engineering design. We believe that the field has continued
to mature and move toward the rigorous quantitative foundation of long-established scientific and
engineering disciplines in the context of computer architecture.
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Introduction
Quantitative approach has become the mainstay of computer architecture research. However,
the tremendous complexity of computer systems is making them both difficult to reason about and
expensive to develop. Detailed software analysis has therefore become essential for evaluating
ideas in the computer architecture field. Industry uses quantitative approach extensively during
processor and system design because it is the easiest and least expensive way to explore design
options. Also, it is even more important in research to evaluate radical new ideas and characterize
the nature of the design space.
In the remaining of this paper, there are four more sections. In Section 2, we provide a brief idea
about parallelism and scalability. Also, the principle of locality and Amdahl’s Law are discussed in
section 3 and 4. Furthermore, we discuss the processor performance equation in section 5. Finally,
conclusions and references are provided in Section 6.
1. Parallelism
Parallelism allows a set of processor to work helpfully to solve a computational problem. This
concept is extensive adequate to include parallel supercomputers that have hundreds or thousands
of processors, networks of workstations, multiple-processor workstations, and embedded systems.
It is very are interesting because it offers the potential to concentrate computational resources--whether processors, memory, or I/O bandwidth---on important computational problems. In the
context of quantitative approach, parallelism has sometimes been viewed as a rare and exotic
subarea of computing, interesting but of little relevance to the average programmer. A study of
trends in applications, computer architecture, and networking shows that this view is no longer
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tenable. Parallelism is becoming ubiquitous, and parallel programming is becoming central to the
programming enterprise.
Taking advantage of parallelism is one of the most important methods for improving
performance. Every chapter in this book has an example of how performance is enhanced through
the exploitation of parallelism. We give three brief examples, which are expounded on in later
chapters. Our first example is the use of parallelism at the system level. To improve the throughput
performance on a typical server benchmark, such as SPEC Web or TPC-C, multiple processors and
multiple disks can be used. The workload of handling requests can then be spread among the
processors and disks, resulting in improved throughput. Being able to expand memory and the
number of processors and disks is called scalability, and it is a valuable asset for servers. At the level
of an individual processor, taking advantage of parallelism among instructions is critical to
achieving high performance. One of the simplest ways to do this is through pipelining. The basic
idea behind pipelining is to overlap instruction execution to reduce the total time to complete an
instruction sequence.

2. Principle of Locality
Important fundamental observations have come from properties of programs. The most
important program property that we regularly exploit is the principle of locality: Programs tend to
reuse data and instructions they have used recently. A widely held rule of thumb is that a program
spends 90% of its execution time in only 10% of the code. An implication of locality is that we can
predict with reasonable accuracy what instructions and data a program will use in the near future
based on its accesses in the recent past. The principle of locality also applies to data accesses,
though not as strongly as to code accesses. Two different types of locality have been observed.
Temporal locality states that recently accessed items are likely to be accessed in the near future.
Spatial locality says that items whose addresses are near one another tend to be referenced close
together in time.
Computer pioneers correctly predicted that programmers would want unlimited amounts of
fast memory. An economical solution to that desire is a memory hierarchy, which takes advantage of
locality and cost-performance of memory technologies. The principle of locality, presented in the
first chapter, says that most programs do not access all code or data uniformly. Locality occurs in
time (temporal locality ) and in space ( spatial locality ). This principle, plus the guideline that
smaller hardware can be made faster, led to hierarchies based on memories of different speeds and
sizes. Figure 5.1 shows a multilevel memory hierarchy, including typical sizes and speeds of access.
Since fast memory is expensive, a memory hierarchy is organized into several levels—each smaller,
faster, and more expensive per byte than the next lower level. The goal is to provide a memory
system with cost per byte almost as low as the cheapest level of memory and speed almost as fast as
the fastest level. Note that each level maps addresses from a slower, larger memory to a smaller but
faster memory higher in the hierarchy. As part of address mapping, the memory hierarchy is given
the responsibility of address checking; hence, protection schemes for scrutinizing addresses are
also part of the memory hierarchy. The importance of the memory hierarchy has increased with
advances in performance of processors. Figure 5.2 plots processor performance projections against
the historical performance improvement in time to access main memory. Clearly, computer
architects must try to close the processor-memory gap. The increasing size and thus importance of
this gap led to the migration of the basics of memory hierarchy into undergraduate courses in
computer architecture, and even to courses in operating systems and compilers. Thus, we’ll start
with a quick review of caches. The bulk of the chapter, however, describes more advanced
innovations that address the processor-memory performance gap. When a word is not found in the
cache, the word must be fetched from the memory and placed in the cache before continuing.
Multiple words, called a block (or line), are moved for efficiency reasons.
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3. Amdahl’s Law
The performance gain that can be obtained by improving some portion of a computer can be
calculated using 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 defines the speedup that can be gained by using a particular
feature. What is speedup? Suppose that we can make an enhancement to a computer that will
improve performance when it is used. Speedup is the ratio
𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑡𝑎𝑠𝑘 𝑢𝑠𝑖𝑛𝑔 𝑡𝑒 𝑒𝑛𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 𝑤𝑒𝑛 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒
𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑡𝑎𝑠𝑘 𝑤𝑖𝑡𝑜𝑢𝑡 𝑢𝑠𝑖𝑛𝑔 𝑡𝑒 𝑒𝑛𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡
Alternatively,
𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =

𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =

𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑡𝑎𝑠𝑘 𝑤𝑖𝑡𝑜𝑢𝑡 𝑢𝑠𝑖𝑛𝑔 𝑡𝑒 𝑒𝑛𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡
𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑡𝑎𝑠𝑘 𝑢𝑠𝑖𝑛𝑔 𝑡𝑒 𝑒𝑛𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 𝑤𝑒𝑛 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒

Speedup tells us how much faster a task will run using the computer with the enhancement
as opposed to the original computer. Amdahl’s Law gives us a quick way to find the speedup from
some enhancement, which depends on two factors:
4.1 The fraction of the computation time in the original computer that can be converted to
take advantage of the enhancement—For example, if 20 seconds of the execution time of a program
that takes 60 seconds in total can use an enhancement, the fraction is 20/60. This value, which we
will call Fraction enhanced, is always less than or equal to 1.
4.2 The improvement gained by the enhanced execution mode; that is, how much faster the
task would run if the enhanced mode were used for the entire program— This value is the time of the
original mode over the time of the enhanced mode. If the enhanced mode takes, say, 2 seconds for a
portion of the program, while it is 5 seconds in the original mode, the improvement is 5/2. We will
call this value, which is always greater than 1, Speedup enhanced. The execution time using the
original computer with the enhanced mode will be the time spent using the unenhanced portion of
the computer plus the time spent using the enhancement:
𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒𝑛𝑒𝑤 = 𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒𝑜𝑙𝑑 ×

1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑒𝑛𝑎𝑛𝑐𝑒𝑑 +

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑒𝑛𝑎𝑛𝑐𝑒𝑑
𝑆𝑝𝑒𝑒𝑑𝑢𝑝𝑒𝑛𝑎𝑛𝑐𝑒𝑑

The overall speedup is the ratio of the execution times:

𝑆𝑝𝑒𝑒𝑑𝑢𝑝𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒𝑜𝑙𝑑
1
=
𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒𝑛𝑒𝑤
1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑒𝑛𝑎𝑛𝑐𝑒𝑑 +

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑎𝑛𝑐𝑒𝑑
𝑆𝑝𝑒𝑒𝑑𝑢𝑝 𝑒𝑛𝑎𝑛𝑐𝑒𝑑

4. The Processor Performance Equation
Essentially all computers are constructed using a clock running at a constant rate. These
discrete time events are called ticks, clock ticks, clock periods, clocks, cycles, or clock cycles. Computer
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designers refer to the time of a clock period by its duration (e.g., 1 ns) or by its rate (e.g., 1 GHz).
CPU time for a program can then be expressed two ways:
𝐶𝑃𝑈 𝑡𝑖𝑚𝑒 = 𝐶𝑃𝑈 𝑐𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠 𝑓𝑜𝑟 𝑎 𝑝𝑟𝑜𝑔𝑟𝑎𝑚 × 𝐶𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝐶𝑃𝑈 𝑡𝑖𝑚𝑒 =

𝐶𝑃𝑈 𝑐𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠 𝑓𝑜𝑟 𝑎 𝑝𝑟𝑜𝑔𝑟𝑎𝑚
𝐶𝑙𝑐𝑜𝑘 𝑟𝑎𝑡𝑒

In addition to the number of clock cycles needed to execute a program, we can also count
the number of instructions executed—the instruction path length or instruction count (IC). If we
know the number of clock cycles and the instruction count, we can calculate the average number of
clock cycles per instruction (CPI). Because it is easier to work with, and because we will deal with
simple processors in this chapter, we use CPI. Designers sometimes also use instructions per clock
(IPC), which is the inverse of CPI. CPI is computed as
𝐶𝑃𝐼 =

𝐶𝑃𝑈 𝑐𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠 𝑓𝑜𝑟 𝑎 𝑝𝑟𝑜𝑔𝑟𝑎𝑚
𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑢𝑛𝑡

This processor figure of merit provides insight into different styles of instruction sets and
implementations.
By transposing instruction count in the above formula, clock cycles can be defined as
𝐼𝐶 × 𝐶𝑃𝐼
This allows us to use CPI in the execution time formula:
𝐶𝑃𝑈 𝑡𝑖𝑚𝑒 = 𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑢𝑛𝑡 × 𝐶𝑦𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 × 𝐶𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑦 𝑡𝑖𝑚𝑒
Expanding the first formula into the units of measurement shows how the pieces fit
together:
𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠 𝐶𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠
𝑆𝑒𝑐𝑜𝑛𝑑𝑠
𝑆𝑒𝑐𝑜𝑛𝑑𝑠
×
×
=
= 𝐶𝑃𝑈 𝑡𝑖𝑚𝑒
𝑃𝑟𝑜𝑔𝑟𝑎𝑚
𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠 𝑃𝑟𝑜𝑔𝑟𝑎𝑚

As this formula demonstrates, processor performance is dependent upon three
characteristics: clock cycle (or rate), clock cycles per instruction, and instruction count.
Furthermore, CPU time is equally dependent on these three characteristics:


A 10% improvement in any one of them leads to a 10% improvement in CPU time.

Unfortunately, it is difficult to change one parameter in complete isolation from others
because the basic technologies involved in changing each characteristic are interdependent:


Clock cycle time—Hardware technology and organization



CPI—Organization and instruction set architecture
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Instruction count—Instruction set architecture and compiler technology

Luckily, many potential performance improvement techniques primarily improve one
component of processor performance with small or predictable impacts on the other two.
Sometimes it is useful in designing the processor to calculate the number of total processor clock
cycles as
𝑛

𝐶𝑃𝑈 𝑐𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒𝑠 =

𝐼𝐶𝑖 × 𝐶𝑃𝐼𝑖
𝑖 =1

Where, ICi represents number of times instruction i is executed in a program and CPIi
represents the average number of clocks per instruction for instruction i. This form can be used to
express CPU time as
𝑛

𝐶𝑃𝑈 =

𝐼𝐶𝑖 × 𝐶𝑃𝐼𝑖

× 𝐶𝑙𝑜𝑐𝑘 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝑖=1

5. Conclusions
In this paper we discussed parallelism, scalability, principle of locality and Amdahl’s Law.
Computer technology has made incredible progress in the roughly 60 years since the first generalpurpose electronic computer was created. Today, less than $500 will purchase a personal computer
that has more performance, more main memory, and more disk storage than a computer bought in
1985 for 1 million dollars. This rapid improvement has come both from advances in the technology
used to build computers and from innovation in computer design.
Although technological improvements have been fairly steady, progress arising from better
computer architectures has been much less consistent. During the first 25 years of electronic
computers, both forces made a major contribution, delivering performance improvement of about
25% per year. The late 1970s saw the emergence of the microprocessor. The ability of the
microprocessor to ride the improvements in integrated circuit technology led to a higher rate of
improvement— roughly 35% growth per year in performance. Therefore, we can conclude that the
quantitative analysis of computer design is mandatory to assess the performance.
.
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