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Chapter 1 

An Introduction to 
Architecture and Machines 

The most important influences on the design of a computing machine or 
processor are the instruction set (or sets) executed and the technology used 
in its implementation. In order to understand the machine design process, 
one must first understand the instruction set and the function of each in-
struction. 
The term computer architecture [16] is usually used to describe the instruc-
tion set together with major implementation details such as bus structure, 
storage type, register type, etc. While the instruction set implies many 
of these implementation details, the implementation is separate from the 
architecture, since the implementation is the mechanism that executes or 
interprets the instruction (Figure 1.1). If an instruction specifies 16 general-
purpose registers, most implementations have at least 16 registers. Im-
plementations that have significantly more or fewer than this number are 
interesting exceptions, which we consider later in this book. Our primary 
interest in this chapter is to review the concepts and requirements implied 
by instruction sets, since they form the basis for intelligent machine design. 

The term architecture includes the instruction set, which yields an inter-
pretable program representation. Multiple implementations of the System 
370 instruction set, the VAX [32, 31], the Motorola M680x0, the Intel iAP 
x86 [58], and the RISC instruction sets (such as SPARC) illustrate the various 
cost-performance technology tradeoffs possible in creating a machine. 
One of the longest-lived instruction sets is the IBM mainframe System/360 
(S/360), introduced in 1963 [140, 141, 142, 143]. Although over the years it 
has been relabeled (S/370, S/370 ESA, Enterprise system, and System/390) 
and extended, the S/360 core instruction set remains unchanged and prob-
ably will continue for some time. Over the years, perhaps 100 different 
machines have implemented this core instruction set, including manufac-
turers such as IBM (S/370, 30X0 models, Enterprise system, etc.), Amdahl 
(V series), Hitachi (H series), Fujitsu, and others. For general-purpose us-
age, the hallmark of a good instruction set is its ability to provide effi-
cient (cost-performance) machine implementations across wide variances 
in technology (both hardware and software). As well as being long-lived, 
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Architecture 

Implementation 

2 Chapter 1 Architecture and Machines 

Figure 1.1 A two-level view of a computer architecture and its implemen-
tation. 

a well-designed instruction set ought to allow for multiple machine imple-
mentations at various cost-performance points, to accommodate different 
user budgets and needs. 

Occasionally, a seemingly well-designed instruction set may become diffi-
cult to implement because of unforeseen shifts in technology. The DEC VAX 
series (late 1970s) was an impressive extension of their earlier PDP-11 series 
instruction set introduced in 1968. Its instruction set provided an elabo-
rate operational vocabulary that minimized the number of bits needed to 
represent or execute a program. For the technology of the '70s, this was of 
significant advantage; memory was an expensive part of the machine. Un-
fortunately, in order to achieve this code density, the instruction size and 
interpretation were highly variable. This was not a problem for the simple 
unpipelined machine implementations of the '70s, but became a significant 
hurdle for complex pipelined implementations 10 or 15 years later. More-
over, the cost of memory and cache has significantly decreased over the 
years, decreasing the value of code density. The VAX instruction set (and 
PDP-11) paradigm has also significantly influenced instruction set design-
ers of contemporary (circa 1980) machines such as the Motorola M680x0 
series and (to a lesser extent) the Intel 8086. 

RISC instruction sets of the '80s were developed for microprocessors in 
part to overcome the complex implementations required by VAX-type in-
struction sets. RISC instruction sets used simple fixed-size instructions that 
facilitated implementation for complex pipelined machines. Code density 
was regarded as unimportant, since it complicated instruction decoding. 
With the advent of on-chip caches for microprocessors, optimization of 
memory usage is now more important, so code density may be the next 
hurdle for RISC implementations. 
There are always tradeoffs in instruction set design. A well-designed in-
struction set allows variability in implementation technology and is less 
sensitive to technological changes. As time goes by, even a well-designed 
set must undergo changes—additions to accommodate new functionality 
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Section 1.1 Some Definitions and Terms 3 

and perhaps a de-emphasis of older features. Thus, at any moment, a suc-
cessful architecture includes an instruction set consisting of: 

• A core of frequently used instructions. 

• Some features extending or correcting limitations in the original de-
sign. 

• Some instructions no longer expected to be used (either superseded 
or "out of vogue"), which remain for reasons of compatibility. 

This book is not intended as a historical retrospective of instruction sets. 
Rather, our approach is to stress the underlying principles in computer ar-
chitecture: recognizing various generic instruction set types, similarities, 
and (essential) differences. Our primary purpose is to study processor de-
sign: the realization of efficient implementations given an instruction set 
and architectural limitations (cache size, etc.); but of necessity we will also 
study the effect of variations in architecture on the implementation effi-
ciency (cost and performance). There are a number of books which provide 
amore introductory treatment to processor design—see [271, 127, 123] and 
[296]. 

1.1 Some Definitions and Terms 

• A state is a particular configuration of storage (i.e., registers or mem-
ory), and a state transition is a change in that configuration. 

• A cycle is the time between state transitions. If the storage being 
reconfigured is registers, we have an internal or machine cycle. If the 
storage is memory, we have a memory cycle. 

• A command is a function that, when applied to a particular state, gen-
erates the next state. Command is a generic term used to describe 
various types of instructions. 

• A process is a sequence of commands and an initial state. In a sense, 
a process is a macro command, since it applies to an initial state and 
generates a final state. 

• A machine' is a set of commands and storage together with an imple-
mentation that causes the state transitions determined by the com-
mand (Figure 1.1). 

• The storage is the range and domain of the commands. A machine's 
storage is only that storage referred to by its instruction set. If the 
instruction set cannot refer to a hidden register, it is not part of the 
storage, but rather part of the implementation. 

The implementation that interprets the instruction can itself be a machine 
(that is, have instruction set, storage, and implementation); if so, the orig-
inal (outermost) machine is called the image (or the micro-) machine and 

lA computer then is a machine that can modify the sequence of commands being exe-
cuted, i.e., its control flow. We use the terms machine and computer interchangeably. 
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Figure 1.3 The instruction. 

the implementation that interprets the commands is called the host ma-
chinehost (or the macro-) machine. 

The set of all image commands and storage is defined as the architecture 
of the machine. By convention, image commands are called instructions 
or, if the distinction is important, image instructions, and the commands 
comprising the host are called microinstructions or host instructions. 

The basic functional units of a processor are shown in Figure 1.2. The 
control unit contains all the registers and decoding hardware required to 
interpret the current instructions (in the instruction register). This hard-
ware controls the sequence of actions in the data paths to provide correct 
instruction execution. The data paths consist of the ALU (arithmetic logical 
unit), any other specialized execution units (floating-point, etc.), address 
generation hardware, data and address registers, and the interconnections 
between these subunits. The memory unit is the last major processor unit. 
It includes an input address register, an output storage register, and the 
memory itself. 
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Section 1.2 Interpretation and Microprogramming 5 

Table 1.1 Notation for microprograms and state transitions. 

R1 — R2 Copy contents of R2 into R1. 

—  SR Mem [MAR] 
or Memory read 

Memory read operation: the contents of the address 
in memory address register (MAR) fetched into the 
memory output storage register (SR). 

—  Mem [MAR] SR 
or Memory write 

Memory write operation: data in the storage register 
(SR) copied into the location specified by the address 
in the memory address register (MAR). 

PC — * + 1 
or PC — PC+1 

The current value * in the program counter is incre-
mented by 1. 

MAR — [Rx] + [RB] + D 
Contents of register specified by Rx plus contents of 
register specified by RB  plus D are transferred to the 
MAR. [Rx] indicates that Rx is a register address. 

The instruction (Figure 1.3) is a vector of bits partitioned into fields. These 
fields identify properties of, or actions to be taken by, an instruction, in-
cluding: 

1. Format. 

2. Object address (identifiers)—the "A," "B," and "C" fields in Figure 1.3. 

3. Operation—the "OP" in Figure 1.3. 

4. Sequence control. 

Some fields (or actions) may be missing from an instruction either because 
they are implied or are unnecessary. Notation for describing actions within 
instruction execution is shown in Table 1.1. 

1.2 The Machine: Interpretation and 
Microprogramming 

Management of the interpretation process is the responsibility of the de-
coder (a part of the implementation mechanism). The process of interpret-
ing or executing an instruction begins with the decoding of the opcode field 
from the instruction. The decoder activates storage and registers for a se-
ries of state transitions that correspond to the action of the opcode. The 
image machine storage consists of registers and memory, which are both 
explicitly stated in the instruction and implicitly defined by the instruction. 
Explicit registers include: 

1. General purpose registers (GPR). 

2. Accumulators (ACC). 

3. Address registers (index or base registers). 
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6 Chapter 1 Architecture and Machines 

PC 

R D 
IR  

OP 

To 
decoder 

Address 
adder 

Register 
file 

MEM 

I 

MUX V 

MAR 

SR 

ALU 

Figure 1.4 Some processor registers and data paths. R indicates a register 
in the register file, D an address displacement. 

Implicit registers consist of the following (Figure 1.4): 

1. Program or instruction counter (PC). Most instruction formats imply 
the next instruction in sequence as the current location plus the length 
of the current instruction. 

2. Instruction register (IR). This register holds the instruction being in-
terpreted or executed. Decoding is performed on the opcode held in 
this register. 

3. Memory address register (MAR). This is the address register for a mem-
ory operation. 

4. Storage register (SR). This is sometimes referred to as the memory 
buffer register, and contains the data used in the memory (to or from) 
operation. 

5. Special use registers—usage depending on instruction. 

Data paths connect the output of one register to the input of another, and 
may include combinatorial logic. The opcode generally defines which of 
the many data paths are used in execution. The collection of all opcodes 
defines the data paths required by a specific architecture. A register may 
be connected to multiple output destination registers and accepts input 
from one of several source registers in any one cycle. A register output 
(Figure 1.5) is gated to various destinations with which it can communicate 
in a single cycle. The activation of a particular data path is done through 
a control point. The activation and definition of every control point in the 
processor for every cycle of operation is the responsibility of the instruction 
decoder, which may be implemented directly or as a microprogram storage 
(Figure 1.6). 
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Figure 1.6 (a) Direct decoder. (b) Microprogram decoder. 
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8 Chapter 1 Architecture amp Machines 
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Figure 1.7 Examples of microinstructions. 

Whether the decoder that manages interpretation is microprogrammed or 
directly decoded involves subtle tradeoffs in the host machine design. Di-
rect decoders (Figure 1.6a) are designed by using combinatorial logic (usu-
ally PLAs) to represent the various desired control point actions. The logical 
inputs come from the opcode (the type of instructions to be performed), the 
sequence counter (a small counter to keep track of which cycle within an 
instruction's execution is being activated), and some test information from 
the data registers (e.g., sign of a value) to correctly set the next control 
action. 
Microprogrammed decoders (Figure 1.6b) are designed using ROM (read-
only memory), sometimes complemented with RAM (read/write random ac-
cess memory). The opcode provides an initial address to an entry (microin-
struction), which specifies the control point values as well as the expected 
address of the next microinstruction. During the process of instruction 
execution, the next microinstruction address may be modified by test in-
formation. 

In microprogrammed machines [291, 305], the microinstruction defines the 
control point values required throughout the system as well as controls the 
sequencing of the interpretation of an operation. Sequencing can be per-
formed either in-line or with the explicit address of the next microinstruc-
tion in the sequence. Microinstruction formats typically explicitly include 
the next microinstruction address. In most machines, the control points 
are encoded in some fashion in microinstruction representation, making 
more efficient use of the microprogram storage. Some designs highly en-
code the control point actions so that only a few actions may be activated 
in a particular cycle. This type of microinstruction is referred to as a ver-
tical microinstruction (Figure 1.7a) and requires an additional decoder to 
process the encoded control point information. In contrast, other designs 
partition control point actions into many different classes, any of which 
can be activated within any given cycle. This type of microinstruction is 
referred to as a horizontal microinstruction (Figure 1.7b). 

Table 1.2 provides a qualitative comparison between the two approaches. 
Direct decoders are usually fast and small, but may complicate the design 
process, especially for certain operating system functions (security, con-
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Table 1.2 Direct or hardwired control vs. microprogrammed control: com-
parative decoder features. 

Attribute Hardwired Decoders Microprogrammed Decoders 

Speed Fast Slower 
Chip area efficiency Uses least area Uses more area 
Ease of change, additions Somewhat difficult Easier 
Ability to handle 
large/complex 
instruction sets 

Somewhat difficult Easier 

Ability to support operat- 
ing systems and diagnostic 
features 

Very difficult 
(unless anticipated 
during design) 

Easy 

Where used Mostly RISC 
microprocessors 

Mainframes, some 
microprocessors 

Instruction set size Usually under 100 
instructions 

Usually over 100 
instructions 

ROM size — 2K-10K by 40-200 bit 
microinstructions 

figuration management, etc.) or machine diagnostics. Microprogrammed 
decoders are usually used in these environments. Note that a slower de-
coder does not necessarily mean a slower machine, as other paths in the 
machine may be the determining speed factor. 

The cycle time of the machine is determined by the time it takes to move 
data from one register to another through intervening combinatorial logic. 
For machines with particularly long or elaborate combinatorial logic in the 
data paths, it is possible to distinguish short paths from long and to define 
multiples of the original clock to manage these long paths, as discussed 
later. 

1.3 The Instruction Set 

Computers deal with many different kinds of data in many different ways. 
There are probably as many variations of data representations as there are 
processor implementations. Additionally, the operations available to per-
form the requisite data manipulations are often subtly different on differ-
ent processors and frequently use different assembly syntax. All of these 
factors make choosing a data and instruction representation system that is 
generally acceptable difficult at best. 

This section aims at providing a basic understanding of the 
key concepts involved. Both data types and instruction set de-
signs are presented from a "birds-eye view," and comparisons 
between some of the major alternatives currently in use are con-
sidered to place the choices in perspective. 
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