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2.1 General Concepts

This chapter describes the architecture of the Intel IA-32 processor family and its host computer system
from a programmer’s point of view. Included in this group are all Intel-compatible processors, such as
the AMD Athlon and Opteron processors. Assembly language is a great tool for learning how a computer
works, and it requires you to have a working knowledge of computer hardware. To that end, the concepts
and details in this chapter will help you to understand the assembly language code you write.

We strike a balance between concepts applying to all microcomputer systems and specifics about
TA-32 processors. You may work on various processors in the future, so we expose you to broad con-
cepts. To avoid giving you a superficial understanding of machine architecture, we focus on specifics
of the IA-32 family, which will give you a solid grounding when programming in assembly language.

If you want to learn more about IA-32’s architecture, read Intel’s IA-32 Intel Architecture Software
Developer’'s Manual, Volume 1: Basic Architecture. It’s a free download from the Intel Web site
(www.intel.com).
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2.1.1 Basic Microcomputer Design
Figure 2—1 shows the basic design of a hypothetical microcomputer. The central processor unit
(CPU), where calculations and logic operations take place, contains a limited number of storage loca-
tions named registers, a high-frequency clock, a control unit, and an arithmetic logic unit.
* The clock synchronizes the internal operations of the CPU with other system components.
e The control unit (CU) coordinates the sequencing of steps involved in executing machine
instructions.
* The arithmetic logic unit (ALU) performs arithmetic operations such as addition and subtraction
and logical operations such as AND, OR, and NOT.

The CPU is attached to the rest of the computer via pins attached to the CPU socket in the com-
puter’s motherboard. Most pins connect to the data bus, the control bus, and the address bus.

The memory storage unit is where instructions and data are held while a computer program is run-
ning. The storage unit receives requests for data from the CPU, transfers data from random access
memory (RAM) to the CPU, and transfers data from the CPU into memory.

A bus is a group of parallel wires that transfer data from one part of the computer to another. A
computer’s system bus usually consists of three separate buses: the data bus, the control bus, and the
address bus. The data bus transfers instructions and data between the CPU and memory. The control
bus uses binary signals to synchronize actions of all devices attached to the system bus. The address
bus holds the addresses of instructions and data when the currently executing instruction transfers
data between the CPU and memory. Many personal computers use the PCI (Peripheral Component
Interconnect) bus developed by Intel Corporation. In addition, many computers have a PCI Express
graphics slot, which is significantly faster than the older AGP graphics slot.

Figure 2-1  Block Diagram of a Microcomputer.

data bus
Central Processor Unit Memory Storage 1o Vo
CPU Uni Device Device
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address bus

Clock Each operation involving the CPU and the system bus is synchronized by an internal clock
pulsing at a constant rate. The basic unit of time for machine instructions is a machine cycle (or
clock cycle). The length of a clock cycle is the time required for one complete clock pulse. In the
following figure, a clock cycle is depicted as the time between one falling edge and the next:

one cycle
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The duration of a clock cycle is the reciprocal of the clock’s speed, measured in oscillations per
second. A clock that oscillates 1 billion times per second (1 GHz), for example, produces a clock
cycle with a duration of one billionth of a second (1 nanosecond).

A machine instruction requires at least one clock cycle to execute, and a few require in excess of
50 clocks (the multiply instruction on the 8088 processor, for example). Instructions requiring mem-
ory access often have empty clock cycles called wait states because of the differences in the speeds of
the CPU, the system bus, and memory circuits. (Recent research suggests that in the near future we
may abandon the synchronized computing model in favor of a type of asynchronous operation that
would not require a system clock.)

2.1.2 Instruction Execution Cycle

The execution of a single machine instruction can be divided into a sequence of individual operations
called the instruction execution cycle. Before executing, a program is loaded into memory. The
instruction pointer contains the address of the next instruction. The instruction queue holds a group
of instructions about to be executed. Executing a machine instruction requires three basic steps: fetch,
decode, and execute. Two more steps are required when the instruction uses a memory operand: fetch
operand and store output operand. Each of the steps is described as follows:

e Fetch: The control unit fetches the instruction from the instruction queue and increments the
instruction pointer (IP). The instruction pointer is also known as the program counter.

* Decode: The control unit decodes the instruction’s function to determine what the instruction will
do. The instruction’s input operands are passed to the arithmetic logic unit (ALU), and signals are
sent to the ALU indicating the operation to be performed.

e Fetch operands: If the instruction uses an input operand located in memory, the control unit uses a
read operation to retrieve the operand and copy it into internal registers. Internal registers are not
visible to user programs.

» Execute: The ALU executes the instruction using the named registers and internal registers as
operands and sends the output to named registers and/or memory. The ALU updates status flags
providing information about the processor state.

« Store output operand: 1f the output operand is in memory, the control unit uses a write operation
to store the data.

The sequence of steps can be expressed neatly in pseudocode:
Toop
fetch next instruction
advance the instruction pointer (IP)
decode the instruction
if memory operand needed, read value from memory
execute the instruction
if result is memory operand, write result to memory
continue loop
The Pentium processor’s basic design, shown in Figure 2-2, helps to show relationships between
components that interact during the instruction execution cycle. You can see, for example, the path
that data takes as it is transfered from memory to the data cache, registers, and ALU. Similarly, the
diagram shows how the ALU and registers can read directly from the data cache. The instruction
pointer references the code cache, an area where instructions are kept before being executed. The
instruction decoder reads from the code cache and sends its output to the control unit.

Multi-Stage Pipeline
Each step in the instruction cycle requires at least one tick of the system clock, called a clock cycle.
The processor does not have to wait until all steps are completed before beginning the next instruction.
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Figure 2-2  Simplified Pentium CPU Block Diagram.

1
1
z1
o 2! Y
3| @t
_g o : Code cache Instruction decoder
= =
Memory Al <
1
1
Code : Instruction decoder
1
1
<« - = |- ->:
1
Data 1 Control unit —*
1
1
: Floating-point unit
1 Registers
: ALU
1
1
1
: Data cache
1
i A
1 1
Lo 1

It can execute steps in parallel, a technique known as pipelining. The Intel486 processor, for example,
has a six-stage execution cycle. In the following sequence, each stage is associated with a part of the
processor that executes the stage:
1. Bus Interface Unit (BIU): accesses memory and provides input-output.
2. Code Prefetch Unit: receives machine instructions from the BIU and inserts them into a holding
area named the instruction queue.
3. Instruction Decode Unit: decodes machine instructions from the prefetch queue and translates
them into microcode.
4. Execution Unit: executes the microcode instructions produced by the instruction decode unit.
5. Segment Unit: translates logical addresses to linear addresses and performs protection checks.
6. Paging Unit: translates linear addresses into physical addresses, performs page protection checks,
and keeps a list of recently accessed pages.

Example Suppose each execution stage in the processor requires a single clock cycle. Figure 2-3
uses a grid to represent a six-stage non-pipelined processor, the type used by Intel prior to the
Intel486. When instruction I-1 finishes stage S6, instruction I-2 begins. Twelve clock cycles are
required to execute the two instructions. In other words, for k execution stages, » instructions require
(n * k) cycles to process.

Pipelining The processor described in Figure 2-3 wastes CPU resources because each stage is used
only one-sixth of the time. If, on the other hand, a processor supports pipelining, as in Figure 24, a
new instruction can enter stage S1 during the second clock cycle. Meanwhile, the first instruction has
entered stage S2, enabling overlapped execution of the instructions. Figure 2—4 shows two instruc-
tions, I-1 and I-2, progressing through the pipeline. I-2 enters stage S1 as soon as I-1 has moved
to stage S2. Only seven clock cycles are required to execute the two instructions. When the pipeline
is full, six stages are in continuous use. In general, for k& execution stages, n instructions require
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k + (n —1) cycles to process. Whereas the non-pipelined processor we showed earlier required 12
cycles to process two instructions, the pipelined processor can process seven instructions in the same
amount of time.

Fiqure 2-3  Six-Stage Non-Pipelined Instruction Execution.

Stages
S1[S2|S3[S4[S5]S6
1 [11
2 I-1
3 I-1
4 I-1
. L5 I-1
o [6 I-1
S 7112
8 12
9 12
10 12
11 12
12 12
Fiqure 2-4  Six-Stage Pipelined Execution.
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Superscalar Architecture

A superscalar, or multi-core processor has two or more execution pipelines, making it possible for
two instructions to be in the execution stage at the same time. To better understand why a superscalar
processor would be useful, let’s consider the preceding pipelined example, in which we assumed that
the execution stage (S4) required a single clock cycle. That was an overly simplistic approach. What
would happen if stage S4 required two clock cycles? Then a bottleneck would occur, shown in
Figure 2-5. Instruction I-2 cannot enter stage S4 until I-2 has completed the stage, so I-2 has to wait
one more cycle before entering stage S4. As more instructions enter the pipeline, wasted cycles occur
(shaded in gray). In general, for k stages (where one stage requires two cycles), n instructions require
(k + 2n — 1) cycles to process.

Figure 2-% Pipelined Execution Using a Single Pipeline.
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A superscalar processor permits multiple instructions to be in the execution stage at the same time.
For n pipelines, n instructions can execute during the same clock cycle. The Intel Pentium, with two
pipelines, was the first superscalar processor in the IA-32 family. The Pentium Pro processor was the
first to use three pipelines.

Figure 2—6 shows an execution scheme with two pipelines in a six-stage pipeline. We assume stage
S4 requires two cycles. Odd-numbered instructions enter the u-pipeline and even-numbered instruc-
tions enter the v-pipeline. Wasted cycles are removed, so n instructions can be executed in (k + n)
cycles, where k indicates the number of stages.

Figure 2-6  Superscalar 6-Stage Pipelined Processor.
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2.1.3 Reading from Memory

Program throughput is often dependent on the speed of memory access. CPU clock speed might be
several gigahertz, whereas access to memory occurs over a system bus running at a sluggish 33 MHz.
The CPU is forced to wait one or more clock cycles until operands have been fetched from memory
before instructions can execute. The wasted clock cycles are called wait states.

Several steps are required when reading instructions or data from memory, controlled by the
processor’s internal clock. Figure 2—7 shows the processor clock (CLK) rising and falling at
regular time intervals. In the figure, a clock cycle begins as the clock signal changes from high to
low. The changes are called trailing edges, and they indicate the time taken by the transition
between states.

The following is a simplified description of what happens during each clock cycle during a memory
read:

Cycle 1: The address bits of the memory operand are placed on the address bus (ADDR).
Cycle 2: The read line (RD) is set low (0) to notify memory that a value is to be read.

Cycle 3: The CPU waits one cycle to give memory time to respond. During this cycle, the memory
controller places the operand on the data bus (DATA).

Cycle 4: The read line goes to 1, signaling the CPU to read the data on the data bus.

Cache Memory Because conventional memory is so much slower than the CPU, computers use
high-speed cache memory to hold the most recently used instructions and data. The first time a pro-
gram reads a block of data, it leaves a copy in the cache. If the program needs to read the same data a
second time, it looks for the data in cache. A cache hit indicates the data is in cache; a cache miss
indicates the data is not in cache and must be read from conventional memory.

In general, cache memory has a noticeable effect on improving access to data, particularly
when the cache is large. IA-32 processors have two types of cache memory: Level I cache is
smaller, faster, and more expensive. Level 2 cache, once outside the processor, is now integrated
into the chip.
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Figure 2-7 Memory Read Cycle.
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2.1.4 How Programs Run

Load and Execute Process
The following steps describe, in sequence, what happens when a computer user runs a program at a
command prompt:

* The operating system (OS) searches for the program’s filename in the current disk directory. If it
cannot find the name there, it searches a predetermined list of directories (called paths) for the file-
name. If the OS fails to find the program filename, it issues an error message.

o If the program file is found, the OS retrieves basic information about the program’s file from the
disk directory, including the file size and its physical location on the disk drive.

* The OS determines the next available location in memory and loads the program file into memory.
It allocates a block of memory to the program and enters information about the program’s size and
location into a table (sometimes called a descriptor table). Additionally, the OS may adjust the
values of pointers within the program so they contain addresses of program data.

» The OS executes a branching instruction that causes the CPU to begin execution of the program’s first
machine instruction. As soon as the program begins running, it is called a process. The OS assigns the
process an identification number (process ID), which is used to keep track of it while running.

 The process runs by itself. It is the OS’s job to track the execution of the process and to respond to
requests for system resources. Examples of resources are memory, disk files, and input-output devices.

» When the process ends, its handle is removed and the memory it used is released so it can be used
by other programs.

If you’re using Windows 2000 or XP, press Ctrl-Alt-Delete and click on the Task Manager button. There are
tabs labeled Applications and Processes. Applications are the names of complete programs currently running,
such as Windows Explorer or Microsoft Visual C++. When you click on the Processes tab, you see 30 or 40
names listed, often some you might not recognize. Each of those processes is a small program running inde-
pendent of all the others. Note that each has a PID (process ID), and you can continuously track the amount
of CPU time and memory it uses. Most processes run in the background. You can shut down a process
somehow left running in memory by mistake. Of course, if you shut down the wrong process, your com-
puter may stop running, and you’ll have to reboot.
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Multitasking

A multitasking operating system is able to run multiple tasks at the same time. A fask is defined as
either a program (a process) or a thread of execution. A process has its own memory area and may
contain multiple threads. A thread shares its memory with other threads belonging to the same pro-
cess. Game programs, for example, often use individual threads to simultaneously control multiple
graphic objects. Web browsers use separate threads to simultaneously load graphic images and
respond to user input.

Most modern operating systems simultaneously execute tasks that communicate with hardware,
display user interfaces, perform background file processing, and so on. A CPU can really execute
only one instruction at a time, so a component of the operating system named the scheduler allocates
a slice of CPU time (called a time slice) to each task. During a single time slice, the CPU executes a
block of instructions, stopping when the time slice has ended.

By rapidly switching tasks, the processor creates the illusion they are running simultaneously. One
type of scheduling used by the OS is called round-robin scheduling. In Figure 2—8, nine tasks are
active. Suppose the scheduler arbitrarily assigns 100 milliseconds to each task, and switching
between tasks takes 8 milliseconds. One full circuit of the task list requires 964 milliseconds
(9 X 100) + (10 X 8) to complete.

Figure 2-8 Round-Robin Scheduler.

| Task 6 | | Task 5 |

A multitasking OS runs on a processor that supports task switching. The processor saves the state
of each task before switching to a new one. A task’s state consists of the contents of the processor regis-
ters, program counter, and status flags, along with references to the task’s memory segments. A multi-
tasking OS will usually assign varying priorities to tasks, giving them relatively larger or smaller time
slices. A preemptive multitasking OS (such as Windows XP or Linux) permits a higher-priority task to
interrupt a lower-priority one, leading to better system stability. Suppose an application program is
locked in loop and has stopped responding to input. The keyboard handler (a high-priority OS task)
can respond to the user’s Ctrl-Alt-Del command and shut down the buggy application program.

2.1.5 Section Review

The central processor unit (CPU) contains registers and what other basic elements?

The central processor unit is connected to the rest of the computer system using what three buses?
Why does memory access take more machine cycles than register access?

What are the three basic steps in the instruction execution cycle?

Which two additional steps are required in the instruction execution cycle when a memory operand is used?

AR o e

During which stage of the instruction execution cycle is the program counter incremented?

- +©



EQA

%{% é chapt_02.fm Page 33 Wednesday, April 12,2006 3:28 PM

2.2 1A-%2 ProCessorR ARCHITECTURE 33

Define pipelined execution.

8. In a five-stage non-pipelined processor, how many clock cycles would it take to execute two
instructions?

9. In a five-stage single-pipelined processor, how many clock cycles would it take to execute eight
instructions?

10. What is a superscalar processor?

11. Suppose a five-stage dual-pipelined processor has one stage that requires two clock cycles to execute,
and there are two pipelines for that stage. How many clock cycles would be required to execute 10
instructions?

12. When a program runs, what information does the OS read from the filename’s disk directory entry?

13. After a program has been loaded into memory, how does it begin execution?

14. Define multitasking.

15. What is the function of the OS scheduler?

16. When the processor switches from one task to another, what values in the first task’s state must be pre-
served?

17. What is the duration of a single clock cycle in a 3-GHz processor?

2.2 1A-32 Processor Architecture

As we said, TA-32 refers to a family of processors beginning with the Intel386 and continuing up to
the latest 32-bit processor, the Pentium 4. Numerous improvements to the internal architecture of the
Intel processors have been made along the way, such as pipelining, superscalar, branch prediction,
and hyperthreading. In terms of programming, the visible changes are instruction set extensions for
multimedia processing and graphics calculations.

2.2.1 Modes of Operation

TA-32 processors have three primary modes of operation: protected mode, real-address mode, and
system management mode. Another mode, named virtual-8086, is a special case of protected mode.
Here are short descriptions of each:

Protected Mode Protected mode is the native state of the processor, in which all instructions and
features are available. Programs are given separate memory areas named segments, and the processor
prevents programs from referencing memory outside their assigned segments.

Virtual-8086 Mode While in protected mode, the processor can directly execute real-address mode
software such as MS-DOS programs in a safe multitasking environment. In other words, if an MS-
DOS program crashes or attempts to write data into the system memory area, it will not affect other
programs running at the same time. Windows XP can execute multiple separate virtual-8086 sessions
at the same time.

Real-Address Mode Real-address mode implements the programming environment of the Intel
8086 processor with a few extra features, such as the ability to switch into other modes. This mode is
available in Windows 98, and can be used to run an MS-DOS program that requires direct access to
system memory and hardware devices. Programs running in real-address mode can cause the operat-
ing system to crash (stop responding to commands).

System Management Mode System Management mode (SMM) provides an operating system
with a mechanism for implementing functions such as power management and system security. These
functions are usually implemented by computer manufacturers who customize the processor for a
particular system setup.
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2.2.2 Basic Execution Environment
Address Space

IA-32 processors can access 4GB of memory in protected mode, a limit based on the size of a 32-bit
unsigned binary integer address. Real-address mode programs have a 1 MB memory range. If the pro-
cessor is in protected mode and running multiple programs in virtual-8086 mode, each program has
its own 1 MB memory area.

Basic Program Execution Registers

Registers are high-speed storage locations directly inside the CPU, designed to be accessed at much
higher speed than conventional memory. When a processing loop is optimized for speed, for example,
loop counters are held in registers rather than variables. Figure 2-9 shows the basic program execu-
tion registers. There are eight general-purpose registers, six segment registers, a processor status flags
register (EFLAGS), and an instruction pointer (EIP).

Figure 2-9 1A-32 Basic Program Execution Registers.

32-bit General-Purpose Registers

EAX EBP
EBX ESP
ECX ESI
EDX EDI

16-bit Segment Registers

EFLAGS cs ES
s Fs
E1P DS Gs

General-Purpose Registers  The general-purpose registers are primarily used for arithmetic and
data movement. As shown in the following figure, each register can be addressed as either a single 32-bit
value or two 16-bit values:

8 8
AH AL 8 bits + 8 bits
|
| | |
T
AX 16 bits
i |
| | |
T ]
EAX | 32 bits

Portions of some registers can be addressed as 8-bit values. For example, the 32-bit EAX register has
a 16-bit lower half named AX. The AX register, in turn, has an 8-bit upper half named AH and an 8-bit
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lower half named AL. The same overlapping relationship exists for the EAX, EBX, ECX, and EDX

registers:
32-Bit 16-Bit 8-Bit (High) 8-Bit (Low)
EAX AX AH AL
EBX BX BH BL
ECX CX CH CL
EDX DX DH DL

The remaining general-purpose registers only have specific names for their lower 16 bits. The 16-bit

registers shown here are generally used when writing real-address mode programs:

32-Bit 16-Bit
ESI SI
EDI DI
EBP BP
ESP SP

Specialized Uses Some general-purpose registers have specialized uses:

* EAX is automatically used by multiplication and division instructions. It is often called the
extended accumulator register.

 The CPU automatically uses ECX as a loop counter.

» ESP addresses data on the stack (a system memory structure). It is rarely used for ordinary arith-

metic or data transfer. It is often called the extended stack pointer register.

« ESI and EDI are used by high-speed memory transfer instructions. They are sometimes called the

extended source index and extended destination index registers.

* EBP is used by high-level languages to reference function parameters and local variables on the
stack. It should not be used for ordinary arithmetic or data transfer except at an advanced level of
programming. It is often called the extended frame pointer register.

Segment Registers In real-address mode, segment registers indicate base addresses of preas-
signed memory areas named segments. In protected mode, segment registers hold pointers to segment
descriptor tables. Some segments hold program instructions (code), others hold variables (data), and
another segment named the stack segment holds local function variables and function parameters.

Instruction Pointer The EIP, or instruction pointer, register contains the address of the next
instruction to be executed. Certain machine instructions manipulate EIP, causing the program to

branch to a new location.

EFLAGS Register The EFLAGS (or just Flags) register consists of individual binary bits that con-
trol the operation of the CPU or reflect the outcome of some CPU operation. Some instructions test

and manipulate individual processor flags.

A flag is set when it equals 1; it is clear (or reset) when it equals 0.
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Control Flags. Control flags control the CPU’s operation. For example, they can cause the CPU to
break after every instruction executes, interrupt when airthmetic overflow is detected, enter virtual-
8086 mode, and enter protected mode.

Programs can set individual bits in the EFLAGS register to control the CPU’s operation. Examples
are the Direction and Interrupt flags.

Status Flags. The Status flags reflect the outcomes of arithmetic and logical operations performed
by the CPU. They are the Overflow, Sign, Zero, Auxiliary Carry, Parity, and Carry flags. Their abbre-
viations are shown immediately after their names:

» The Carry flag (CF) is set when the result of an unsigned arithmetic operation is too large to fit
into the destination.

» The Overflow flag (OF) is set when the result of a signed arithmetic operation is too large or too
small to fit into the destination.

 The Sign flag (SF) is set when the result of an arithmetic or logical operation generates a nega-
tive result.

* The Zero flag (ZF) is set when the result of an arithmetic or logical operation generates a result of zero.

* The Auxiliary Carry flag (AC) is set when an arithmetic operation causes a carry from bit 3 to bit
4 in an 8-bit operand.

* The Parity flag (PF) is set if the least-significant byte in the result contains an even number of 1
bits. Otherwise, PF is clear. In general, it is used for error checking when there is a possibility that
data might be altered or corrupted.

System Registers

IA-32 processors have a number of important system registers. MS-Windows only permit access to
these registers by programs running at the highest privilege level (level 0). The operating system ker-
nel is such a program. The registers are as follows:

* IDTR (Interrupt Descriptor Table Register): This register contains the address of the Interrupt
Descriptor Table, which provides a way to handle interrupts (system routines designed to respond
to events such as the keyboard and mouse).

* GDTR (Global Descriptor Table Register): The GDTR register contains the address of the Global
Descriptor Table, a table containing pointers to task state segments and local program descriptor tables.

* LDTR (Local Descriptor Table Register): The LDTR register contains pointers to the code,
data, and stack of currently running programs.

« Task Register: The task register contains the address of the TSS (task state segment) for the currently
executing task.

» Debug Registers: The debug registers let programs set breakpoints when debugging programs.

« Control registers CR0, CR2, CR3, CR4: The control registers contain status flags and data fields
that control system-level operations such as task switching, paging, and enabling cache memory.
(Register CR1 is not used.)

» Model-Specific Registers: The model-specific registers are used for such operating system tasks
as performance monitoring and checking the machine architecture. Their use varies among differ-
ent IA-32 processors.

We will discuss GDTR and LDTR in the context of protected mode memory management in Chapter 11.
Application programs cannot access system registers. Because this book concentrates on application
programs in assembly language, we will not use the system registers.

2.2.3 Floating-Point Unit
The 1A-32 floating-point unit (FPU) performs high-speed floating-point arithmetic. At one time a sep-
arate coprocessor chip was required for this. From the Intel486 onward, the FPU has been integrated
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into the main processor chip. There are eight floating-point data registers in the FPU, named ST(0),
ST(1), ST(2), ST(3), ST(4), ST(5), ST(6), and ST(7). The remaining control and pointer registers are
shown in Figure 2-10.
Figure 2-10  Floating-Point Unit Registers.

80-bit Data Registers

48-bit Pointer Registers

ST(0)

FPU Instruction Pointer
ST(1)
ST(2) FPU Data Pointer
ST(3)
ST(4) 16-bit Control Registers
ST(5) Tag Register
ST(6) Control Register
ST(7) Status Register

Opcode Register

Other Registers
In passing, we will mention two other sets of registers used for advanced multimedia programming in
the Pentium processor series:

« Eight 64-bit registers for use with the MMX instruction set
* Eight 128-bit XMM registers used for single-instruction, multiple-data (SIMD) operations

2.2.4 Intel Microprocessor History
Let’s take a short trip down memory lane, starting when the IBM-PC was first released, when PC’s
had 64K of RAM and no hard drives.

Intel 8086 The Intel 8086 processor (1978) marks the beginning of the modern Intel architecture
family. The primary innovations of the 8086 over earlier processors were that it had 16-bit registers
and a 16-bit data bus and used a segmented memory model permitting programs to address up to
IMB of RAM. Greater access to memory made it possible to write complex business applications.
The IBM-PC (1980) contained an Intel 8088 processor, which was identical to the 8086, except it had
an 8-bit data bus that made it slightly less expensive to produce. Today, the Intel 8088 is used in low-
cost microcontrollers.

Downward Compatibility. Each processor introduced into the Intel family since the 8086 has been
downward-compatible with earlier processors. This approach enables older software to run on newer
computers without modification. Newer software eventually appeared, requiring features of more
advanced processors.

Intel 80286 The Intel 80286 processor, first used in the IBM-PC/AT computer, set a new standard
of speed and power. It was the first Intel processor to run in protected mode. The 80286 addresses up
to 16MB of RAM using a 24-bit address bus.
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IA-32 Processor Family

The Intel386 processor introduced 32-bit data registers and a 32-bit address bus and external data
path. As such, it was the first member of the IA-32 family. IA-32 processors can address virtual memory
larger than the computer’s physical memory. Each program is assigned a 4GB linear address space.

Intel486 Continuing the IA-32 family, the Intel486 processor features an instruction set microarchi-
tecture using pipelining techniques that permit multiple instructions to be processed at the same time.

Pentium The Pentium processor added many performance improvements, including a superscalar
design with two parallel execution pipelines. Two instructions could be decoded and executed simul-
taneously. The Pentium used a 32-bit address bus and a 64-bit internal data path, and introduced
MMX technology to the IA-32 family.

P6 Processor Family

The P6 family of processors was introduced in 1995, based on a new micro-architecture design that
improved execution speed. It also extended the basic IA-32 architecture. The P6 family includes the
Pentium Pro, Pentium II, and Pentium III. The Pentium Pro introduced advanced techniques to improve
the way instructions were executed. The Pentium II added MMX technology to the P6 family. The
Pentium III introduced SIMD (streaming extensions) to the IA-32 family, with specialized 128-bit
registers designed to move large amounts of data quickly.

Pentium 4 and Xeon Family

The Pentium 4 processor and Xeon processors use the Intel NetBurst micro-architecture, which per-
mits the processor to operate at higher speeds than previous IA-32 processors. It is optimized for
high-performance multimedia applications. More advanced Pentium 4’s use hyperthreading technol-
ogy, which executes multhreaded applications in parallel on a multi-core processor.

CISC and RISC

The Intel 8086 processor was the first in a line of processors using a Complex Instruction Set Com-
puter (CISC) design. The instruction set is large, and includes a wide variety of memory-addressing,
shifting, arithmetic, data movement, and logical operations. Complex instruction sets permit com-
piled programs to contain a relatively small number of instructions. A major disadvantage to CISC
design is that complex instructions require a relatively long time to decode and execute. An inter-
preter inside the CPU written in a language called microcode decodes and executes each machine
instruction. Once Intel released the 8086, it became necessary for all subsequent Intel processors to
be compatible with the first one. Customers did not want to throw away their existing software every
time a new processor was released.

A completely different approach to microprocessor design is called Reduced Instruction Set
(RISC). A RISC consists of a relatively small number of short, simple instructions that execute rela-
tively quickly. Rather than using a microcode interpreter to decode and execute machine instructions,
a RISC processor directly decodes and executes instructions using hardware. High-speed engineering
and graphics workstations have been built using RISC processors for many years. Unfortunately, the
systems have been expensive because the processors were produced in small quantities.

Because of the huge popularity of IBM-PC—compatible computers, Intel was able to lower the price of
its processors and dominate the microprocessor market. At the same time, Intel recognized many advan-
tages to the RISC approach and found a way to use RISC-like features (such as pipelining and superscalar)
in the Pentium series. The IA-32 instruction set continues to be complex and constantly expanding.

2.2.,5 Section Review
1. What are the IA-32 processor’s three basic modes of operation?

2. Name all eight 32-bit general-purpose registers.
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Name all six segment registers.

What special purpose does the ECX register serve?

Besides the stack pointer (ESP), what other register points to variables on the stack?

Name at least four CPU status flags.

Which flag is set when the result of an unsigned arithmetic operation is too large to fit into the destination?

® N0k W

Which flag is set when the result of a signed arithmetic operation is either too large or too small to fit
into the destination?
9. Which flag is set when an arithmetic or logical operation generates a negative result?
10.  Which part of the CPU performs floating-point arithmetic?
11. How many bits long are the FPU data registers?
12. Which Intel processor was the first member of the IA-32 family?
13. Which Intel processor first introduced superscalar execution?
14. Which Intel processor first used MMX technology?
15. Describe the CISC design approach.
16. Describe the RISC design approach.

2.3 1A-32 Memory Management

IA-32 processors manage memory according to the basic modes of operation discussed in
Section 2.2.1. Protected mode is the simplest and most powerful; the others are usually used when
programs must directly access system hardware.

In real-address mode, only 1MB of memory can be addressed, from hexadecimal 00000 to
FFFFF. The processor can run only one program at a time, but it can momentarily interrupt that pro-
gram to process requests (called interrupts) from peripherals. Application programs are permitted to
read and modify any area of RAM (random-access memory), and they can read but not modify any
area of ROM (read-only memory). The MS-DOS operating system runs in real-address mode, and
Windows 95 and 98 can be booted into this mode.

In protected mode, the processor can run multiple programs at the same time. It assigns each pro-
cess (running program) a total of 4GB of memory. Each program can be assigned its own reserved
memory area, and programs are prevented from accidentally accessing each other’s code and data.
MS-Windows and Linux run in protected mode.

In virtual-8086 mode, the computer runs in protected mode and creates a virtual 8086 machine
with its own 1MB address space that simulates an 80 X 86 computer running in real-address mode.
Windows NT and 2000, for example, create a virtual 8086 machine when you open a Command win-
dow. You can run many such windows at the same time, and each is protected from the actions of the
others. Some MS-DOS programs that make direct references to computer hardware will not run in
this mode under Windows NT, 2000, and XP.

In Sections 2.3.1 and 2.3.2 we will explain details of both real-address mode and protected mode.
If you want to study this subject in more detail, a good source is the three-volume /A-32 Intel Archi-
tecture Software Developer’s Manual. You can read or download it from Intel’s Web site
(www.intel.com).

2.3.1 Real-Address Mode

In real-address mode, the IA-32 processor can access 1,048,576 bytes of memory (IMB) using 20-bit
addresses in the range 0 to FFFFF hexadecimal. Intel engineers had to solve a basic problem: The
16-bit registers in the 8086 processor could not hold 20-bit addresses. They came up with a scheme
known as segmented memory. All of memory is divided into 64-kilobyte units called segments, shown
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in Figure 2—-11. An analogy is a large building, in which segments represent the building’s floors. A
person can ride the elevator to a particular floor, get off, and begin following the room numbers to
locate a room. The offset of a room can be thought of as the distance from the elevator to the room.

Again in Figure 2-11, each segment begins at an address having a zero for its last hexadecimal
digit. Because the last digit is always zero, it is omitted when representing segment values. A segment
value of CO00, for example, refers to the segment at address CO000. The same figure shows an expan-
sion of the segment at 80000. To reach a byte in this segment, add a 16-bit offset (O to FFFF) to the
segment’s base location. The address 8000:0250, for example, represents an offset of 250 inside the
segment beginning at address 80000. The linear address is 80250h.

Fiqure 2-11  Segmented Memory Map, Real-Address Mode.
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20-Bit Linear Address Calculation An address refers to a single location in memory, and each
memory byte has a distinct address. In real-address mode, the linear (or absolute) address is 20 bits,
ranging from O to FFFFF hexadecimal. Programs cannot use linear addresses directly, so addresses
are expressed using two 16-bit integers. A segment-offset address includes the following:

» A 16-bit segment value, placed in one of the segment registers (CS, DS, ES, SS).

» A 16-bit offset value.
The CPU automatically converts a segment-offset address to a 20-bit linear address. Suppose a vari-
able’s hexadecimal segment-offset address is 08F1:0100. The CPU multiplies the segment value by
16 (10 hexadecimal) and adds the product to the variable’s offset:

08F1h * 10h = 08F10h (adjusted segment value)
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Adjusted Segment value: 0 8 F 1 0
Add the offset: 0 1 0 O
Linear address: 0 9 010

A typical program has three segments: code, data, and stack. Three segment registers, CS, DS, and

SS, contain the segments’ base locations:

* CS contains the 16-bit code segment address.
DS contains the 16-bit data segment address.
* SS contains the 16-bit stack segment address.
* ES, FS, and GS can point to alternate data segments.

2.3.2 Protected Mode
Protected mode is the more powerful “native” processor mode. When running in protected mode, a
program can address 4GB of memory, with addresses O to FFFFFFFF hexadecimal. In the context of
the Microsoft Assembler, the flat memory model (see the .MODEL directive) is appropriate for pro-
tected mode programming. The flat model is easy to use because it requires only a single 32-bit inte-
ger to hold the address of an instruction or variable. The CPU performs address calculation and
translation in the background, all of which are transparent to application programmers. Segment reg-
isters (CS, DS, SS, ES, FS, GS) point to segment descriptor tables, which the operating system uses
to keep track of locations of individual program segments. A typical protected-mode program has
three segments: code, data, and stack, using the CS, DS, and SS segment registers:

« CS references the descriptor table for the code segment.

* DS references the descriptor table for the data segment.

« SS references the descriptor table for the stack segment.

Flat Segmentation Model

In the flat segmentation model, all segments are mapped to the entire 32-bit physical address space of
the computer. At least two segments are required, one for code and one for data. Each segment is
defined by a segment descriptor, a 64-bit integer stored in a table known as the global descriptor table
(GDT). Figure 2—12 shows a segment descriptor whose base address field points to the first available
location in memory (00000000). The segment limit field can optionally indicate the amount of physi-
cal memory in the system. In this figure, the segment limit is 0040. The access field contains bits that
determine how the segment can be used.

Suppose a computer had 256MB of RAM. The segment limit field would contain 10000 hex because its
value is implicitly multiplied by 1000 hex, producing 10000000 hex (256MB).

Multi-Segment Model

In the multi-segment model, each task or program is given its own table of segment descriptors, called
a local descriptor table (LDT). Each descriptor points to a segment, which can be distinct from all
segments used by other processes. Each segment has its own address space. In Figure 2—13, each
entry in the LDT points to a different segment in memory. Each segment descriptor specifies the exact
size of its segment. For example, the segment beginning at 3000 has size 2000 hexadecimal, which is
computed as (0002 * 1000 hexadecimal). The segment beginning at 8000 has size AOOO hexadecimal.

Paging

IA-32 processors support paging, a feature that permits segments to be divided into 4,096-byte blocks of
memory called pages. Paging permits the total memory used by all programs running at the same time to be
much larger than the computer’s physical memory. The complete collection of pages mapped by the operating
system is called virtual memory. Operating systems have utility programs named virtual memory managers.
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Figure 2-12  Flat Segmentation Model.
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Paging is an important solution to a vexing problem faced by software and hardware designers. A
program must be loaded into main memory before it can run, but memory is expensive. Users want to
be able to load numerous programs into memory and switch among them at will. Disk storage, on the
other hand, is cheap and plentiful. Paging provides the illusion that memory is almost unlimited in

size. Disk access is much slower than main memory access, so the more a program relies on paging,
the slower it runs.

When a task is running, parts of it can be stored on disk if they are not currently in use. Parts of the
task are paged (swapped) to disk. Other actively executing pages remain in memory. When the pro-
cessor begins to execute code that has been paged out of memory it issues a page fault, causing the
page or pages containing the required code or data to be loaded back into memory. To see how this
works, find a computer with somewhat limited memory and run many large applications at the same
time. You should notice a delay when switching from one program to another because the OS must
transfer paged portions of each program into memory from disk. A computer runs faster when more
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memory is installed because large application files and programs can be kept entirely in memory,
reducing the amount of paging.

2.3.3 Section Review
What is the range of addressable memory in protected mode?

What is the range of addressable memory in real-address mode?
The two ways of describing an address in real-address mode are segment-offset and

Eall o

In real-address mode, convert the following hexadecimal segment-offset address to a linear
address: 0950:0100.
In real-address mode, convert the following hexadecimal segment-offset address to a linear
address: 0CD1:02EO.

b

In MASM’s flat memory model, how many bits hold the address of an instruction or variable?

6

7. In protected mode, which register references the descriptor for the stack segment?

8. In protected mode, which table contains pointers to memory segments used by a single program?
9

In the flat segmentation model, which table contains pointers to at least two segments?

10. What is the main advantage to using the paging feature of IA-32 processors?

11. Challenge: Can you think of a reason why MS-DOS was not designed to support protected-mode
programming?

12. Challenge: In real-address mode, demonstrate two segment-offset addresses that point to the same
linear address.

2.4 Components of an IA-32 Microcomputer

This chapter introduces you to the architecture of IA-32 processors from several points of view. First,
the hardware (physical parts of the computer) can be viewed on the macro level, looking at peripher-
als. Then we can look at the internal details of the Intel processor, called the central processing unit
(CPU). Finally, we look at the software architecture, which is the way the memory is organized, and
how the operating system interacts with the hardware.

2.4.1 Motherboard

The heart of a microcomputer is its motherboard, a flat circuit board onto which are placed the com-
puter’s CPU, supporting processors (chipset), main memory, input-output connectors, power supply
connectors, and expansion slots. The various components are connected to each other by a bus, a set
of wires etched directly on the motherboard. Dozens of motherboards are available on the PC market,
varying in expansion capabilities, integrated components, and speed. The following components have
traditionally been found on PC motherboards:

» A CPU socket. Sockets are different shapes and sizes, depending on the type of processor they support.

* Memory slots (SIMM or DIMM) holding small plug-in memory boards

» BIOS (basic input-output system) computer chips, holding system software

* CMOS RAM, with a small circular battery to keep it powered

 Connectors for mass-storage devices such as hard drives and CD-ROMs

» USB connectors for external devices

» Keyboard and mouse ports

* PCI bus connectors for sound cards, graphics cards, data acquisition boards, and other input-output
devices

The following components are optional:
« Integrated sound processor
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