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What is a processor architecture?

Architecture visible to programmer:
The CPU registers visible to programmer
Memory addressing
Data formats
Processor instruction set
Input-output
Interrupt processing
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(Intel 1979)
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Registers (x86_64)

2 Overview of the AMD64 Architecture

AMD64 Technology 24592—Rev. 3.22—December 2017

Figure 1-1. Application-Programming Register Set

Table 1-1. Operating Modes

Operating Mode
Operating 

System Required

Application 
Recompile 
Required

Defaults

Register 
Extensions

Typical

 Address
Size 
(bits)

Operand 
Size 
(bits)

GPR
Width (bits)

Long 
Mode

64-Bit 
Mode

64-bit OS

yes 64
32

yes 64

Compatibility
Mode

no
32

no
32

16 16 16

Legacy 
Mode

Protected
Mode

Legacy 32-bit OS

no

32 32

no

32
16 16

Virtual-8086 
Mode

16 16 16
Real
Mode

Legacy 16-bit OS

513-101 ymm.eps

Flags Register

Instruction Pointer

General-Purpose
Registers (GPRs)

64-Bit Media and
Floating-Point Registers

Legacy x86 registers, supported in all modes

63 0 63 0

63 0

79 0

Register extensions, supported in 64-bit mode

RAX

RBX

RCX

RDX

RBP

RSI

RDI

RSP

R8

R9

R10

R11

R12

R13

R14

R15

MMX0/FPR0

MMX1/FPR1

MMX2/FPR2

MMX3/FPR3

MMX4/FPR4

MMX5/FPR5

MMX6/FPR6

MMX7/FPR7

0 RFLAGS

RIP

EFLAGS

EIP

SSE Media
Registers

Application-programming registers not shown include
Media eXension Control and Status Register (MXCSR) and
x87 tag-word, control-word, and status-word registers 

255 0

YMM/XMM0

YMM/XMM1

YMM/XMM2

YMM/XMM3

YMM/XMM4

YMM/XMM5

YMM/XMM6

YMM/XMM7

YMM/XMM8

YMM/XMM9

YMM/XMM10

YMM/XMM11

YMM/XMM12

YMM/XMM13

YMM/XMM14

YMM/XMM15

127

(AMD 2017)
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Stack operation

20 Memory Model

AMD64 Technology 24592—Rev. 3.22—December 2017

frame base pointer (rBP) and a stack pointer (rSP)—as shown in Figure 2-9 on page 20. These stack 
pointers can be either near pointers or far pointers. 

The stack-segment (SS) register, points to the base address of the current stack segment. The stack 
pointers contain offsets from the base address of the current stack segment. All instructions that 
address memory using the rBP or rSP registers cause the processor to access the current stack segment. 
 

Figure 2-9. Stack Pointer Mechanism

In typical APIs, the stack-frame base pointer and the stack pointer point to the same location before a 
procedure call (the top-of-stack of the prior stack frame). After data is pushed onto the stack, the stack-
frame base pointer remains where it was and the stack pointer advances downward to the address 
below the pushed data, where it becomes the new top-of-stack. 

In legacy and compatibility modes, the default stack pointer size is 16 bits (SP) or 32 bits (ESP), 
depending on the default-size (B) bit in the stack-segment descriptor, and multiple stacks can be 
maintained in separate stack segments. In 64-bit mode, stack pointers are always 64 bits wide (RSP).

Further application-programming details on the stack mechanism are described in “Control Transfers” 
on page 80. System-programming details on the stack segments are described in “Segmented Virtual 
Memory” in Volume 2. 

2.5 Instruction Pointer

The instruction pointer is used in conjunction with the code-segment (CS) register to locate the next 
instruction in memory. The instruction-pointer register contains the displacement (offset)—from the 
base address of the current CS segment, or from address 0 in 64-bit mode—to the next instruction to be 
executed. The pointer is incremented sequentially, except for branch instructions, as described in 
“Control Transfers” on page 80. 

513-110.eps

Stack-Segment (SS) Base Address

Stack-Frame Base Pointer (rBP)
and Stack Pointer (rSP)

Stack-Segment (SS) Base Address

Stack-Frame Base Pointer (rBP)
Stack Pointer (rSP)
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Stack Frame Before Procedure Call Stack Frame After Procedure Call
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frame base pointer (rBP) and a stack pointer (rSP)—as shown in Figure 2-9 on page 20. These stack 
pointers can be either near pointers or far pointers. 

The stack-segment (SS) register, points to the base address of the current stack segment. The stack 
pointers contain offsets from the base address of the current stack segment. All instructions that 
address memory using the rBP or rSP registers cause the processor to access the current stack segment. 
 

Figure 2-9. Stack Pointer Mechanism

In typical APIs, the stack-frame base pointer and the stack pointer point to the same location before a 
procedure call (the top-of-stack of the prior stack frame). After data is pushed onto the stack, the stack-
frame base pointer remains where it was and the stack pointer advances downward to the address 
below the pushed data, where it becomes the new top-of-stack. 

In legacy and compatibility modes, the default stack pointer size is 16 bits (SP) or 32 bits (ESP), 
depending on the default-size (B) bit in the stack-segment descriptor, and multiple stacks can be 
maintained in separate stack segments. In 64-bit mode, stack pointers are always 64 bits wide (RSP).

Further application-programming details on the stack mechanism are described in “Control Transfers” 
on page 80. System-programming details on the stack segments are described in “Segmented Virtual 
Memory” in Volume 2. 

2.5 Instruction Pointer

The instruction pointer is used in conjunction with the code-segment (CS) register to locate the next 
instruction in memory. The instruction-pointer register contains the displacement (offset)—from the 
base address of the current CS segment, or from address 0 in 64-bit mode—to the next instruction to be 
executed. The pointer is incremented sequentially, except for branch instructions, as described in 
“Control Transfers” on page 80. 
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Stack-Segment (SS) Base Address

Stack-Frame Base Pointer (rBP)
and Stack Pointer (rSP)

Stack-Segment (SS) Base Address

Stack-Frame Base Pointer (rBP)
Stack Pointer (rSP)
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Instruction pointer

Memory Model 21

24592—Rev. 3.22—December 2017 AMD64 Technology

In legacy and compatibility modes, the instruction pointer is a 16-bit (IP) or 32-bit (EIP) register. In 
64-bit mode, the instruction pointer is extended to a 64-bit (RIP) register to support 64-bit offsets. The 
case-sensitive acronym, rIP, is used to refer to any of these three instruction-pointer sizes, depending 
on the software context. 

Figure 2-10 on page 21 shows the relationship between RIP, EIP, and IP. The 64-bit RIP can be used 
for RIP-relative addressing, as described in “RIP-Relative Addressing” on page 18. 
 

Figure 2-10. Instruction Pointer (rIP) Register

The contents of the rIP are not directly readable by software. However, the rIP is pushed onto the stack 
by a call instruction.

The memory model described in this chapter is used by all of the programming environments that 
make up the AMD64 architecture. The next four chapters of this volume describe the application 
programming environments, which include:

• General-purpose programming (Chapter 3 on page 23). 

• Streaming SIMD extensions used in media and scientific programming (Chapter 4 on page 109). 

• 64-bit media programming (Chapter 5 on page 237). 

• x87 floating-point programming (Chapter 6 on page 283).

513-140.eps

63 31 032

IP

EIP

RIP

rIP

(AMD 2017)
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Registers, Legacy and Compatibility modes

General-Purpose Programming 25
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Figure 3-2. General Registers in Legacy and Compatibility Modes

The legacy GPRs include:

• Eight 8-bit registers (AH, AL, BH, BL, CH, CL, DH, DL). 

• Eight 16-bit registers (AX, BX, CX, DX, DI, SI, BP, SP). 

• Eight 32-bit registers (EAX, EBX, ECX, EDX, EDI, ESI, EBP, ESP). 

The size of register used by an instruction depends on the effective operand size or, for certain 
instructions, the opcode, address size, or stack size. The 16-bit and 32-bit registers are encoded as 0 
through 7 in Figure 3-2. For opcodes that specify a byte operand, registers encoded as 0 through 3 refer 
to the low-byte registers (AL, BL, CL, DL) and registers encoded as 4 through 7 refer to the high-byte 
registers (AH, BH, CH, DH). 

The 16-bit FLAGS register, which is also the low 16 bits of the 32-bit EFLAGS register, shown in 
Figure 3-2, contains control and status bits accessible to application software, as described in 
Section 3.1.4, “Flags Register,” on page 34. The 16-bit IP or 32-bit EIP instruction-pointer register 
contains the address of the next instruction to be executed, as described in Section 2.5, “Instruction 
Pointer,” on page 20. 

513-311.eps

31 15 016

EAX

EBX

ECX

EDX

ESI

EDI

EBP

ESP

AX

16-bit
low
8-bit

high
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FLAGS

IP

31 0

FLAGS

IP

EFLAGS

EIP

0
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1
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5
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register
encoding

(AMD 2017)
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24 General-Purpose Programming

AMD64 Technology 24592—Rev. 3.22—December 2017

Figure 3-1. General-Purpose Programming Registers

3.1.1  Legacy Registers

In legacy and compatibility modes, all of the legacy x86 registers are available. Figure 3-2 on page 25 
shows a detailed view of the GPR, flag, and instruction-pointer registers. 

513-131.eps

63 31 032

R8

R9

R10

R11

R12

R13

R14

R15

rAX

rBX

rCX

rDX

rBP

rSI

rDI

rSP

63 31 032

rFLAGS

rIP

Available to sofware in all modes

Available to sofware only in 64-bit mode

Ignored by hardware in 64-bit mode

15 0

FS

GS

CS

Segment
Registers

General-Purpose Registers (GPRs)

Flags and Instruction Pointer Registers

ES

SS

DS

(AMD 2017)
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Segmented addressing

Segment address is shifted by 4 bits and added to the offset:

(Intel 1979)
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Flag register

34 General-Purpose Programming

AMD64 Technology 24592—Rev. 3.22—December 2017

3.1.3.13  CPUID Information

The CPUID instruction makes implicit use of the EAX, EBX, ECX, and EDX registers. Software 
loads a function code into EAX and, for some function codes, a sub-function code in ECX, executes 
the CPUID instruction, and then reads the associated processor-feature information in EAX, EBX, 
ECX, and EDX. 

3.1.4  Flags Register

Figure 3-5 on page 34 shows the 64-bit RFLAGS register and the flag bits visible to application 
software. Bits 15:0 are the FLAGS register (accessed in legacy real and virtual-8086 modes), bits 31:0 
are the EFLAGS register (accessed in legacy protected mode and compatibility mode), and bits 63:0 
are the RFLAGS register (accessed in 64-bit mode). The name rFLAGS refers to any of the three 
register widths, depending on the current software context.

Figure 3-5. rFLAGS Register—Flags Visible to Application Software

The low 16 bits (FLAGS portion) of rFLAGS are accessible by application software and hold the 
following flags:

• One control flag (the direction flag DF).

• Six status flags (carry flag CF, parity flag PF, auxiliary carry flag AF, zero flag ZF, sign flag SF, 
and overflow flag OF).

The direction flag (DF) controls the direction of string operations. The status flags provide result 
information from logical and arithmetic operations and control information for conditional move and 
jump instructions. 

63 32

Reserved, RAZ

31 12 11 10 9 8 7 6 5 4 3 2 1 0

See Volume 2 for System Flags
O
F

D
F

S
F

Z
F

A
F

P
F

C
F

Bits Mnemonic Description R/W

11 OF Overflow Flag R/W

10 DF Direction Flag R/W

7 SF Sign Flag R/W

6 ZF Zero Flag R/W

4 AF Auxiliary Carry Flag R/W

2 PF Parity Flag R/W

0 CF Carry Flag R/W

(AMD 2017)
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Flags

Carry Flag (CF) – 1 if the last integer addition or
subtraction operation resulted in a carry (for addition) or a
borrow (for subtraction) out of the most-significant bit
position of the result. Increment and decrement
instructions—unlike the addition and subtraction
instructions—do not affect the carry flag.
Overflow Flag (OF)
Auxiliary Overflow Flag (AF)
Parity Flag (PF) – 1 if there is an even number of 1 bits in
the least-significant byte of the last result of certain
operations.
Zero Flag (ZF)
Sign Flag (SF)
Directions Flag (DF)
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Instruction types

Data Movement
Conversion Instructions
Arithmetic Instructions
Logical Instructions
Control Instructions ������� ����������

(Jorgensen 2020)

Saulius Gražulis Intel x86 CPU architecture Vilnius, 2020 12 / 33



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Zero extension of 32-bit operands

As Figure 3-3 on page 27 and Figure 3-4 on page 28 show,
when performing 32-bit operations with a GPR destination in
64-bit mode, the processor zero-extends the 32-bit result into
the full 64-bit destination (AMD 2017), p. 29.

General-Purpose Programming 27
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Figure 3-3. General Purpose Registers in 64-Bit Mode

Figure 3-4 on page 28 illustrates another way of viewing the 64-bit-mode GPRs, showing how the 
legacy GPRs overlay the extended GPRs. Gray-shaded bits are not modified in 64-bit mode. 

GPRs_64b_mode.eps
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Instruction syntax

44 General-Purpose Programming
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bus and other aspects of the hardware implementation (such as store-to-load forwarding mechanisms), 
a misaligned memory access can require more bus cycles than an aligned access. For maximum 
performance, avoid misaligned memory accesses. 

Performance on many hardware implementations will benefit from observing the following operand-
alignment and operand-size conventions:

• Avoid misaligned data accesses.

• Maintain consistent use of operand size across all loads and stores. Larger operand sizes 
(doubleword and quadword) tend to make more efficient use of the data bus and any data-
forwarding features that are implemented by the hardware.

• When using word or byte stores, avoid loading data from the same doubleword of memory, other 
than the identical start addresses of the stores. 

3.3 Instruction Summary

This section summarizes the functions of the general-purpose instructions. The instructions are 
organized by functional group—such as, data-transfer instructions, arithmetic instructions, and so on. 
Details on individual instructions are given in the alphabetically organized “General-Purpose 
Instructions in 64-Bit Mode” in Volume 3. 

3.3.1  Syntax

Each instruction has a mnemonic syntax used by assemblers to specify the operation and the operands 
to be used for source and destination (result) data. Figure 3-7 shows an example of the mnemonic 
syntax for a compare (CMP) instruction. In this example, the CMP mnemonic is followed by two 
operands, a 32-bit register or memory operand and an 8-bit immediate operand.
 

Figure 3-7. Mnemonic Syntax Example

In most instructions that take two operands, the first (left-most) operand is both a source operand and 
the destination operand. The second (right-most) operand serves only as a source. Instructions can 
have one or more prefixes that modify default instruction functions or operand properties. These 

513-139.eps

Mnemonic

First Source Operand
and Destination Operand

Second Source Operand

CMP   reg/mem32,   imm8

(AMD 2017)

https://en.wikipedia.org/wiki/X86_instruction_listings
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Number of instructions – x86

To the assembly language programmer, the 8086 and 8088
appear to have a repertoire of about 100 instructions. (Intel
1979)
The 8086 and 8088 CPUs, however, recognise 28 different
MOV machine instructions (“move byte register to memory,”
“move word immediate to register,” etc.).

... MOV is actually Turing complete! (Dolan 2013)
The x86_64 architecture has roughly between 1000 and
3000 instructions, depending on how you count... 1

The x86_64 architecture instruction space (1-15 bytes) is
1.3 · 1036 possible instructions. This can be reduced to a
“very manageable” ≈ 108 by a clever depth-first search
(Domas 2017)

1https://stefanheule.com/blog/how-many-x86-64-instructions-are-there-anyway
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Operand counts

Zero-address machines: OPCODE
One-address machines: OPCODE OPERAND
Two-address machines: OPCODE OP1 OP2
Three-address machines: OPCODE OP1 OP2 OP3
Four-address machines: OPCODE OP1 OP2 OP3 OP4
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Instruction encoding – 8086

Only one memory operand can be present!

Intel 8086 Family User’s guide
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Instruction encoding – 64 bit mode

Instruction Encoding 5
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Figure 1-2. An Instruction as Stored in Memory

1.2 Instruction Prefixes

Instruction prefixes are of two types: instruction modifier prefixes and encoding escape prefixes.
Instruction modifier prefixes can change the operation of the instruction (including causing its
execution to repeat), change its operand types, specify an alternate operand size, augment register
specification, or even change the interpretation of the opcode byte.

The instruction modifier prefixes comprise the legacy prefixes and the REX prefix. The legacy
prefixes are discussed in the next section. The REX prefix is discussed in �REX Prefix� on page 14.

Encoding escape prefixes, on the other hand, signal that the two or three bytes that follow obey a
different encoding syntax. As a group, the encoding escape prefix and its subsequent bytes constitute a
multi-byte escape sequence. These multi-byte escape sequences perform functions similar to that of

v3_instruct_mem.eps

‡ optional, with most instructions

≤ 15 Bytes

7 0

Immediate

Immediate

Immediate

Immediate

Displacement

Displacement

Displacement

Displacement

SIB†

ModRM*

Opcode

Escape*

Escape*

REX¹

Legacy Prefix

Legacy Prefix

Legacy Prefix

Legacy Prefix

7 0

Immediate

Immediate

Immediate

Immediate

Displacement

Displacement

Displacement

Displacement

SIB†

ModRM*

Opcode

W.vvvv.L.pp

RXB.map_select

VEX/XOP

Legacy Prefix³

Legacy Prefix³

Legacy Prefix³
≤ 4≤ 5

†1,2,4, or 8†

*1,2,4, or 8*

Highest 
Address

Lowest 
Address

Legacy encoding including 
optional REX Prefix

Extended encoding 
using VEX/XOP²

not present for VEX C5
R.vvvv.L.pp for VEX C5

* optional, based on instruction 
† optional, based addressing mode 

Legacy Prefix³
‡

 see note 4

Notes:
¹ Available only in 64-Bit Mode
² Available only in Long or Protected Mode
³ F0, F2, F3, and 66 prefixes not allowed
  Instructions that specify an 8-byte immediate field do 
not include a displacement field and vice versa.
4

(AMD 2017), Vol. 3
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Register encoding – 8086

Intel 8086 Family User’s guide, p. 162
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Mode and register encoding – 8086

Intel 8086 Family User’s guide, p. 162

Saulius Gražulis Intel x86 CPU architecture Vilnius, 2020 20 / 33



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

MOV instruction

nasm:

5 00000000 A0[2D00] mov al, [b1]
6 00000003 8A26[2E00] mov ah, [b2]
7 00000007 A1[2F00] mov ax, [w1]
8
9 0000000A 8A1E[2D00] mov bl, [b1]

10 0000000E 8A3E[2E00] mov bh, [b2]
11 00000012 8B1E[2F00] mov bx, [w1]
12
13 00000016 8B18 mov bx, [bx + si]
14 00000018 8B98[2F00] mov bx, [bx + si + w1]
15
16 0000001C 8B00 mov ax, [bx + si]
17 0000001E 8B803412 mov ax, [bx + si + 1234h]
18
20 00000024 89C8 mov ax, cx
21 00000026 88C4 mov ah, al
22
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LEA instruction

nasm:

5 00000000 8D1A lea bx, [bp + si]
6 00000002 8D9A[1300] lea bx, [bp + si + w1]
7
8 00000006 8D02 lea ax, [bp + si]
9 00000008 8D82[1300] lea ax, [bp + si + w1]

10
11 ;; exit:
12 0000000C B8004C mov ax, 4c00h
13 0000000F CD21 int 21h
14
15 00000011 55 b1: DB 055h
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XCHG instruction

5 00000000 8706[1000] xchg ax, [w1]
6 00000004 8606[1200] xchg al, [b1]
7
8 00000008 92 xchg ax, dx
9 00000009 86D8 xchg bl, al

10
11 ;; exit:
15 00000010 2301 w1: DW 0123h
16 00000012 0100 b1: DW 01h

If a memory operand is referenced, the processor’s locking pro-
tocol is automatically implemented for the duration of the ex-
change operation, regardless of the presence or absence of the
LOCK prefix or of the value of the IOPL. (See the LOCK prefix de-
scription in this chapter for more information on the locking pro-
tocol.) This instruction is useful for implementing semaphores
or similar data structures for process synchronization.

https://c9x.me/x86/html/file_module_x86_id_328.html

2020-03-23
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ADD, ADC instructions

nasm:

5 00000000 01D8 add ax, bx
6 00000002 11D1 adc cx, dx
7
8 00000004 01F2 add dx, si
9 00000006 0314 add dx, [si]

10
11 00000008 0316[1E00] add dx, [w1]
12 0000000C 0394[1E00] add dx, [si+w1]
13 00000010 03547F add dx, [si+07Fh]
14 00000013 03948000 add dx, [si+080h]
15
20 0000001C 55 b1: DB 055h
21 0000001D AA b2: DB 0AAh
22 0000001E 2301 w1: DW 0123h
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INC, DEC instructions

5 00000000 40 inc ax
6 00000001 49 dec cx
7
8 00000002 FE04 inc byte [si]
9 00000004 FF447F inc word [si+07Fh]

10 00000007 FF888000 dec word [si+bx+080h]
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REP STOS instruction

5 00000000 FC cld
6 00000001 B0AA mov al, 0AAh
7 00000003 BF[1000] mov di, str
8 00000006 B91200 mov cx, strend - str
9

10 00000009 F3AA rep stosb
11
16 00000010 412076657279206C6F- str: DB 'A very long srting'
16 00000019 6E6720737274696E67
17 00000022 00 strend: DB 0
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LOOP instruction

5 00000000 B90500 mov cx, 5
6 00000003 B80300 mov ax, 3
7 00000006 89C3 mov bx, ax
8 00000008 89C6 mov si, ax
9

10 0000000A F7EB begin: imul bx
11 0000000C 0FAFF3 imul si, bx
12 0000000F E2F9 loop begin
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JMP,Jcc instructions

5 00000000 E410 in al, 010h
6
7 00000002 3C00 cmp al, 0
8
9 00000004 7A04 jpe even

10 00000006 B401 mov ah, 1
11 00000008 EB02 jmp finish
12 0000000A B402 even: mov ah, 2
13 finish:
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PUSH/POP instructions

5 00000000 50 push ax
6 00000001 56 push si
7 00000002 1E push ds
8 00000003 6A0A push 10
9

10 00000005 58 pop ax
11 00000006 5B pop bx
12 00000007 59 pop cx
13 00000008 5A pop dx
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CALL and RET instructions

5 00000000 E80500 call subr
6

11 00000008 B83412 subr: mov ax, 01234h
12 0000000B C3 ret
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Stack frame

Saulius Gražulis Intel x86 CPU architecture Vilnius, 2020 31 / 33



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

SYSCALL/INT and SYSRET/IRET instructions

16-bit (nasm):
7 ;; exit:
8 00000003 B8004C mov ax, 4c00h
9 00000006 CD21 int 21h

64-bit (yasm):
8 EXIT_SUCCESS equ 0
9 SYS_exit equ 60

10 SYS_write equ 1
11
26 0000001F 48C7C03C000000 mov rax, SYS_exit
27 00000026 48C7C700000000 mov rdi, EXIT_SUCCESS
28 0000002D 0F05 syscall
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