


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































OPCODE MAP 

A.S.3.2.7. Escape Opcodes with DO as First Byte 

mod nnn RIM 

ModR/M bytes in range of OOh-BFh, nnn are mapped according to the following table (opcode 
is determined by bits 5,4,3 of modR/M byte). 

000 001 010 011 100 101 110 111 

FLD FST FSTP FRSTOR FSAVE FSTSW 
double-real double-real double-real 98/108bytes 98/108byte 2 bytes 

s 

ModR/M bytes outside the range OOh-BFh are mapped by the tables below: 

o 2 3 4 5 6 7 

C FFREE 

ST(O) ST(1) ST(2) ST(3) ST(4) ST(5) ST(6) ST(7) 

D FST 

ST(O) ST(1) ST(2) ST(3) ST(4) ST(5) ST(6) ST(7) 

E FUCOM 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

F 

8 9 A B C D E F 

C 

D FSTP 

ST(O) ST(1) ST(2) ST(3) ST(4) ST(5) ST(6) I ST(7) 

E FUCOMP 

ST(O) ST(1) ST(2) ST(3) ST(4) ST(5) ST(6) ST(7) 

F 
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A.S.3.2.8. Escape Opcodes with DE as First Byte 

mod nnn RIM 

ModR/M bytes in range of OOh-BFh, nnn are mapped according to the following table (opcode 
is determined by bits 5,4,3 of modR/M byte). 

000 001 010 011 100 101 110 111 

ModR/M bytes outside the range OOh-BFh are mapped by the tables below: 

o 2 3 4 5 6 7 

C FADDP 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

D 

E FSUBRP 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

F FDIVRP 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

8 9 A B C D E F 

C FMULP 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

D FCOMPP 

E FSUBP 

ST(O),ST ST(1),ST ST(2),ST ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 

F FDIVP 

ST(O),ST ST(1),ST ST(2),ST. ST(3),ST ST(4),ST ST(5),ST ST(6),ST ST(7),ST 
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A.S.3.2.9. Escape Opcodes with OF As First Byte 

mod nnn RIM 

ModR/M bytes in range of OOh-BFh, nnn are mapped according to the following table (opcode 
is determined by bits 5,4,3 of modR/M byte). 

000 001 010 011 100 101 110 111 

FILD FIST FISTP FBLD FILD FBSTP FISTP 
word-int word-int word-int packed- long-int packed- long-int 

BCD BCD 

ModR/M bytes outside the range OOh-BFh are mapped by the tables below: 

o 2 3 4 5 6 7 

C 

D 

E FSTSW 

AX 

F 

8 9 A B C D E F 

C 

D 

E 

F 
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APPENDIX B 
FLAG CROSS-REFERENCE 

This flag cross-reference is a summary of the flags affected by each instruction. For detailed 
information on how flags are affected for different modes of operation on the Pentium 
processor, see Chapter 25. 

B.1. KEY TO CODES 

T instruction tests flag 

M instruction modifies flag (either sets or resets depending on operands) 

o instruction resets flag 

instruction sets flag 

instruction's effect on flag is undefined 

R instruction restores prior value of flag<xin> 

blank = instruction does not affect flag 

Instruction OF SF ZF AF PF CF TF IF OF NT RF 
AAA - - - TM - M 
AAD - M M - M -

AAM - M M - M -
AAS - - - TM - M 

ADC M M M M M TM 
ADD M M M M M M 
AND 0 M M - M 0 
ARPL M 

BOUND 
BSF/BSR - - M - - -
BSWAP 
BT IBTS/BTR/BTC - - - - - M 

CALL 
CBW 
CLC 0 
CLD 0 
CLI 0 
CLTS 
CMC M 
CMP M M M M M M 
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FLAG CROSS-REFERENCE 

Instruction OF SF ZF AF PF CF TF IF OF NT RF 
CMPS M M M M M M T 
CMPXCHG M M M M M M 
CMPXCHG8B M 
CPUID 

CWD 
DAA - M M TM M TM 
DAS - M M TM M TM 
DEC M M M M M 
DIV - - - - - -
ENTER 
ESC 
HLT 

IDIV - - - - - -
IMUL M - - - - M 
IN 
INC M M M M M 
INS T 
INT 0 0 
INTO T 0 0 
INVD 

INVLPG 
IRET R R R R R R R R R T 
Jcond T T T T T 
JCXZ 

JMP 
LAHF 
LAR M 
LDS/LES/LSS/LFS/LGS 

LEA 
LEAVE 
LGDT/UDT/LLDT/LMSW 
LOCK 

LODS T 
LOOP 
LOOPE/LOOPNE T 
LSL M 
LTR 
MOV 
MOV control, debug, test - - - - - -
MOVS T 
MOVSX/MOVZX 
MUL M - - - - M 
NEG M M M M M M 
NOP 

NOT 
OR 0 M M - M 0 
OUT 
OUTS T 
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Instruction OF SF ZF AF PF CF TF IF OF NT RF 
POP/POPA 
POPF R R R R R R R R R R 
PUSH/PUSHAIPUSHF 
RCURCR1 M TM 

RCURCR count - TM 
RDMSR 
RDTSC 
REP/REPE/REPNE 

RET 
ROUROR1 M M 
ROUROR count - M 
RSM M M M M M M M M M M M 

SAHF R R R R R 
SAUSARISHUSHR 1 M M M - M M 
SAUSARISHUSHR count - M M - M M 
SBB M M M M M TM 

SCAS M M M M M M T 
SETcond T T T T T 
SGDT/SIDT/SLDT/SMSW 
SHLD/SHRD - M M - M M 
STC 1 
STD 1 
STI 1 
STOS T 
STR 
SUB M M M M M M 
TEST 0 M M - M 0 
VERRNERRW M 
WAIT 
WBINVD 
WRMSR 
XADD M M M M M M 
XCHG 
XLAT 
XOR 0 M M - M 0 
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APPENDIX C 
STATUS FLAG SUMMARY 

C.1. STATUS FLAGS FUNCTIONS 

Bit Name Function 

0 CF Carry Flag-Set on high-order bit carry or borrow; cleared 
otherwise. 

2 PF Parity Flag-Set if low-order eight bits of result contain an even 
number of 1 bits; cleared otherwise. 

4 AF Adjust Flag-Set on carry from or borrow to the low order four 
bits of AL; cleared otherwise. Used for decimal arithmetic. 

6 ZF Zero Flag-Set if result is zero; cleared otherwise. 

7 SF Sign Flag-Set equal to high-order bit of result (0 is positive, 1 if 
negative). 

11 OF Overflow Flag-Set if result is too large a positive number or too 
small a negative number (excluding sign-bit) to fit in destination 
operand; cleared otherwise. 

C.2. KEY TO CODES 

T = instruction tests flag 

M = instruction modifies flag either sets or resets depending on operands) 

o = instruction resets flag 

= instruction's effect on flag is undefined 

blank = instruction does not affect flag 
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Instruction OF SF ZF AF PF CF 
AAA - - - TM - M 

AAS - - - TM - M 

AAD - M M - M -

AAM - M M - M -
DAA - M M TM M TM 
DAS - M M TM M TM 

ADC M M M M M TM 
ADD M M M M M M 

XADD M M M M M M 

SSB M M M M M TM 

SUB M M M M M M 

CMP M M M M M M 

CMPS M M M M M M 

CMPXCHG M M M M M M 

CMPXCHG8B M 

SCAS M M M M M M 

NEG M M M M M M 

DEC M M M M M 

INC M M M M M 

IMUL M - - - - M 

MUL M - - - - M 

RCURCR 1 M TM 
RCURCR count - TM 

ROUROR1 M M 

ROUROR count - M 

SAUSARISHUSHR 1 M M M - M M 

SAUSARISHUSHR count - M M - M M 

SHLD/SHRD - M M - M M 

BSF/BSR - - M - - -
BT IBTS/BTR/BTC - - - - - M 

AND 0 M M - M 0 

OR 0 M M - M 0 

TEST 0 M M - M 0 

XOR 0 M M - M 0 
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APPENDIX D 
CONDITION CODES 

Note: The terms "above" and "below" refer to the relation between two unsigned values 
(neither the SF flag nor the OF flag is tested), The terms "greater" and "less" refer to the 
relation between two signed values (the SF and OF flags are tested), 

0.1. DEFINITION OF CONDITIONS 

For Conditional Instructions Jcond and SETcond 

Instruction 
Mnemonic Meaning Subcode Condition Tested 

0 Overflow 0000 OF = 1 

NO No overflow 0001 OF=O 

B Below 0010 CF = 1 
NAE Neither above nor equal 

NB Not below 0011 CF= 0 
AE Above or equal 

E Equal 0100 ZF = 1 
Z Zero 

NE Not equal 0101 ZF=O 
NZ Not zero 

BE Below or equal 0110 (CF or ZF) = 1 
NA Not above 

NBE Neither below nor equal 0111 (CF or ZF) = 0 
A Above 

S Sign 1000 SF = 1 

NS No sign 1001 SF= 0 

P Parity 1010 PF = 1 
PE Parity even 

NP No parity 1011 PF= 0 
PO Parity odd 

L Less 1100 (SF xor OF) = 1 
NGE Neither greater nor equal 

NL Not less 1101 (SF xor OF) = 0 
GE Greater or equal 

LE Less or equal 1110 ((SF xor OF) or ZF) = 1 
NG Not greater 

NLE Neither less nor equal 1111 ((SF xor OF) or ZF) = 0 
G Greater 
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APPENDIX E 
NUMERIC EXCEPTION SUMMARY 

The following table lists the instruction mnemonics in alphabetical order. For each mnemonic, 
it summarizes the exceptions that the instruction may cause. When writing numeric programs 
that may be used in an environment that employs numerics exception handlers, assembly­
language programmers should be aware of the possible exceptions for each instruction in order 
to determine the need for exception synchronization. Chapter 18 explains the need for 
exception synchronization. 

Mnemonic Instruction IS I D Z 0 U P 

F2XM1 21\-1 Y Y Y Y Y 
FABS Absolute value Y 
FADD(P) Add real Y Y Y Y Y Y 
FBLD BCD load Y 
FBSTP BCD store and pop y Y Y 
FCHS Change sign Y 
FCLEX Clear exceptions 
FCOM(P)(P) Compare real Y Y Y 
FCOS Cosine Y Y Y Y Y 
FDECSTP Decrement stack pointer 
FDIV(R)(P) Divide real Y y y y y y y 

FFREE Free register 
FIADD Integer add y y y y y y 

FICOM(P) Integer compare Y Y y 

FIDIV Integer divide Y Y Y Y Y Y 
FIDIVR Integer divide reversed Y Y Y Y Y Y Y 
FILD Integer load Y 
FIMUL Integer multiply Y Y Y Y Y Y 
FINCSTP Increment stack pointer 
FINIT Initialize processor 
FIST(P) I nteger store Y Y Y 
FISUB(R) Integer subtract y y y y y y 

FLD extended or stack Load real Y 
FLD single or double Load real Y Y Y 
FLD1 Load + 1.0 Y 
FLDCW Load Control word y y y y y y y 

FLDENV Load environment Y Y Y Y Y Y Y 
FLDL2E Loadlog2e Y 
FLDL2T Loadlog210 Y 
FLDLG2 Loadlog102 Y 
FLDLN2 Load loge2 Y 
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Mnemonic Instruction 

FLDPI Load 1t 

FLDZ Load + 0.0 
FMUL(P) Multiply real 
FNOP No operation 
FPATAN Partial arctangent 
FPREM Partial remainder 
FPREM1 IEEE partial remainder 

FPTAN Partial tangent 
FRNDINT Round to integer 

FRSTOR Restore state 
FSAVE Save state 
FSCALE Scale 
FSIN Sine 

FSINCOS Sine and cosine 
FSQRT Square root 
FST(P) stack or extended Store real 
FST(P) single or double Store real 
FSTCW Store control word 
FSTENV Store environment 
FSTSW (AX) Store status word 
FSUB(R)(P) Subtract real 
FTST Test 
FUCOM(P)(P) Unordered compare real 
FWAIT CPU Wait 
FXAM Examine 
FXCH Exchange registers 
FXTRACT Extract 
FYL2X Y ·log2X 
FYL2XP1 Y ·log2(X + 1) 

IS 

I 

D 
Z 

o 
U 

P 

- Invalid operand due to stack overflow/underflow 

- Invalid operand due to other cause 

- Denormal operand 

- Zero-divide 

-Overflow 

- Underflow 

- Inexact result (precision) 
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IS I 0 Z 0 U P 

Y 
Y 

Y Y Y Y Y Y 

Y Y Y Y Y 
Y Y Y Y 
Y Y Y Y 

Y Y Y Y Y 

Y Y Y Y 
Y Y Y Y Y Y Y 

Y Y Y Y Y Y 
Y Y Y Y Y 

Y Y Y Y Y 

Y Y Y Y 

Y 

Y Y Y Y Y Y 

Y Y Y Y Y Y 
Y Y Y 
Y Y Y 

Y 

Y Y Y Y 
Y Y Y Y Y Y Y 

Y Y Y Y Y 
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APPENDIX F 
INSTRUCTION FORMAT AND TIMING 

Table F-2, Table F-3, and Table F-5 list all instructions along with instruction encoding 
diagrams and clock counts. 

F.1. INTEGER INSTRUCTION FORMAT AND TIMING 
The following sections explain how to use each of the columns of Table F-2. 

Format 

All instruction encodings are subsets of the general instruction format shown in Figure F-l. 
Instructions consist of one or two primary opcode bytes, possibly an address specifier 
consisting of the mod rim byte and scale-index-base byte, a displacement if required, and an 
immediate data field if required. 

76543210 76543210 7-6 5-32-07-65-3 2-0 

d32116181 none data32116181 none 

~-~v----)~'----y-----.J ~ ~ 

opcode 
(one or two bytes) 
(T represents an 

opcode bit.) 

mod rim s-i-b 
byte byte 

y 

register and address 
mode specifier 

address 
displacement 
(4,2,1 bytes 

or none) 

Figure F-1. General Instruction Format 

immediate 
data 

(4,2,1 bytes 
or none) 

APM128 

Within the primary opcode or opcodes, smaller encoding fields may be defined. These fields 
vary according to the class of operation. The fields define such information as direction of the 
operation, size of displacements, register encoding, or sign extension. 

Almost all instructions referring to an operand in memory have an addressing mode byte 
following the primary opcode byte(s). This byte, the mod rim byte, specifies the address mode 
to be used. Certain encodings of the mod rim byte indicate that a second addressing byte, the 
scale-index-base byte, follows the mod rim byte to fully specify the addressing mode. 

Addressing modes can include a displacement immediately following the mod rim byte or 
scale-index-base byte. If a displacement is present, the possible sizes are 8, 16, or 32 bits. 

If the instruction specifies an immediate operand, the immediate operand follows any 
displacement bytes. The immediate operand, if specified, is always the last field of the 
instruction. 

I F-1 



INSTRUCTION FORMAT AND TIMING 

Figure F-l illustrates several of the fields that can appear in an instruction, such as the mod 
field and the rim field, but the figure does not show all fields. Several smaller fields also 
appear in certain instructions, sometimes within the opcode bytes themselves. Table F-O is a 
complete list of all fields appearing in the instruction set. Subsequent tables list the values for 
each of the fields. 

Table F-1. Fields within Instructions 

Field Name Description Number of Bits 

d Specifies direction of data operation 1 

eee Specifies a special-purpose (test, debug, or control) register 

reg General register specifier 3 

s Specifies if an immediate data field must be sign-extended 1 

sreg2 Segment register specifier for CS, SS, OS, ES 2 

sreg3 Segment register specifier for CS, SS, OS, ES, FS, GS 3 

tttn For conditional instructions, specifies a condition asserted or a 4 
condition negated 

w Specifies if data is byte of full-sized (full-sized is either 16 or 32 bits) 1 

In many two-operand instructions, the d field indicates which operand is considered the source 
and which is the destination. 

Encoding of Operation Direction (d) Field 

d Source Destination 

0 reg field mod rim or mod ss index base field 

1 mod rim or mod ss index base field reg field 

Encoding of Special-Purpose Register (eee) Field 

eee Control Register Debug Register 

000 CRO ORO 

001 reserved OR1 

010 CR2 OR2 

011 CR3 OR3 

100 CR4 reserved 

101 reserved reserved 

110 reserved OR6 

111 reserved DR? 

NOTE:Oo not use reserved encodings. 
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Encoding of reg Field When w Field is Not Present in Instruction 

reg Field Register Selected During Register Selected During 
16-Bit Data Operations 32-Bit Data Operations 

000 AX EAX 

001 CX ECX 

010 OX EOX 

011 BX EBX 

100 SP ESP 

101 BP EBP 

110 SI ESI 

111 01 EOI 

Encoding of reg Field When w Field is Present in Instruction 

Register Specified by reg Field Register Specified by reg Field 
During 16-Bit Data Operations During 32-Bit Data Operations 

reg Function of w Field reg Function of w Field 

Whenw= 0 When w = 1 Whenw= 0 When w = 1 

000 AL AX 000 AL EAX 

001 CL CX 001 CL ECX 

010 OL OX 010 OL EOX 

011 BL BX 011 BL EBX 

100 AH SP 100 AH ESP 

101 CH BP 101 CH EBP 

110 OH SI 110 OH ESI 

111 BH 01 111 BH EOI 

The s field occurs primarily in instructions with immediate data fields. The s field has an effect 
only if the size of the immediate data is 8 bits and is being placed in a 16-bit or 32-bit 
destination. 

Encoding of Sign-Extend (s) Field 

s Effect on Effect on 
Immediate DataB Immediate Data16 or Data32 

0 None None 

1 Sign-extend data8 to fill 16-bit or 32-bit destination None 
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Encoding of the Segment Register (sreg) Field 

2-Bit sreg2 Field Segment Register 3-Bit sreg3 Field Segment Register 
Selected Selected 

00 ES 000 ES 

01 CS 001 CS 

10 SS 010 SS 

11 OS 011 OS 

100 FS 

101 GS 

110 do not use 

111 do not use 

For the conditional instructions (conditional jumps and set on condition), tttn is encoded such 
that ttt gives the condition to test and n indicates whether to use the condition (n = 0) or its 
negation (n = 1). 

Encoding of Conditional Test (tUn) Field 

t tt n Mnemonic Condition 

0000 0 Overflow 

0001 NO No overflow 

0010 B,NAE Below, Not above or equal 

0011 NB,AE Not below, Above or equal 

0100 E,Z Equal, Zero 

0101 NE, NZ Not equal, Not zero 

0110 BE, NA Below or equal, Not above 

0111 NBE,A Not below or equal, Above 

1000 S Sign 

1001 NS Not sign 

1010 P,PE Parity, Parity Even 

1011 NP, PO Not parity, Parity Odd 

1100 L, NGE Less than, Not greater than or equal to 

1101 NL,GE Not less than, Greater than or equal to 

1110 LE, NG Less than or equal to, Not greater than 

1111 NLE,G Not less than or equal to, Greater than 

For any given instruction performing a data operation, the instruction is executing as a 32-bit 
operation or a 16-bit operation. Within the constraints of the operation size, the w field 
encodes the operand size as either one byte or the full operation size, as shown in the following 
table. 
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Encoding of Operand Length (w) Field 

wField Operand Size During Operand Size During 
16-81t Data Operations 32-81t Data Operations 

0 8 bits 8 bits 

1 16 bits 32 bits 

Clock Counts 

To calculate elapsed time for an instruction, multiply the instruction clock count as listed in the 
tables by the processor clock period (for example, 15 ns for a 66-MHz processor). 

The clock count tables assume that data and instruction access hit their respective caches. A 
cache miss forces the processor to run an external bus cycle. The 64-bit burst bus of the 
Pentium processor is defined as r-b-w, where: 

r = The number of clocks in the first cycle of a burst read or the number of clocks per data 
cycle in a nonburst read. 

b = The number of clocks for the second and subsequent cycles in a burst read. 

w = The number of clocks for a write. 

The fastest bus the Pentium processor can support is 2-1-2, assuming zero wait states. The 
clock counts in the cache miss penalty column assume a 2-1-2 bus. For slower busses, add r-
2 clocks to the cache miss penalty for the first quadword accessed. Other factors also affect 

instruction clock counts. 

To simplify the tables, the following assumptions are made: 

1. The external bus is available for reads or writes at all times. Otherwise, add clocks to reads 
until the bus is available. The processor stalls if the write buffers become full and the 
external bus is busy. In that case, add clocks to writes until the bus becomes available. 

2. If the write buffers become full, subsequent writes are delayed until the write buffers 
become empty. For the worst case, add w clocks. 

3. Accesses are aligned. Add three clocks to each misaligned access. 

4. Operands are in the data cache. Add 3 + (number of wait states) for each cache miss. 

5. The target of a jump is in the code cache. If not, add r clocks for accessing the destination 
instruction of a jump. If the destination instruction is not completely contained in the first 
qword read, add a maximum of 3b clocks. If the destination instruction is not completely 
contained in the first 32-byte burst, add a maximum of another r + 3b clocks. The penalty 
for branch misprediction is three clocks. 

6. Cache fills complete before subsequent accesses to the same line. If a read misses the 
cache during a cache fill due to a previous read or prefetch, the read must wait for the 
cache fill to complete. If a read or write accesses a cache line still being filled, it must wait 
for the fill to complete. 

7. Page translation hits in TLB. A TLB miss typically adds from 13 to 28 clocks to the 
instruction depending on whether the Accessed or Dirty bit of the page entries needs to be 
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set in memory. This assumes that neither page entry is in the data cache and that a page 
fault does not occur during address translation. 

8. No exceptions are detected during instruction execution. Refer to the Interrupt Clock 
Counts Table for extra clocks if an interrupt is detected. 

9. Instructions that read multiple consecutive data items (for example, task switch, POPA, 
etc.) and miss the cache are assumed to start the first access on a 32-byte boundary. If not, 
an extra cache line fill may be necessary, which may add up to r + 3b clocks to the cache 
miss penalty. 

10. No address generation interlocks (AGI). AGIs occur when a register being used as part of 
an address calculation is the destination register of a previous instruction in either the 
pipelines. AGIs cause a one clock delay. 

The following abbreviations are used in the clock count columns: 

TS The time for a task switch, which depends on the target TSS type as shown in the Task 
Switch Clock Counts Table. 

INT The time for an interrupt, which depends on processor mode and type of gate used, as 
shown in the Interrupt Clock Counts Table. 

Task Switch Clock Counts Table 

Method Value ofTS 

From To 

32-Bit, 16-Bit, or V86 TSS 32-Bit TSS 85 

32-Bit, 16-Bit, or V86 TSS 16-Bit TSS 85 

32-Bit, 16-Bit, or V86 TSS V86 TSS 71 

Interrupt Clock Counts Table 

Method Value of INT 

Cache Hit Miss Penalty Notes 

Real Mode 11 3 

Protected Mode 
InterruptITrap gate, same level 25 6 9 
InterruptITrap gate, different level 42 12 9 
Task gate 17 + TS 3 9,10 

Virtual 8086 Mode 
InterruptITrap, same level 13 3 
InterruptITrap gate, different level 54 12 
Task gate 17 + TS 3 10 

Notes 

The following abbreviations in the Notes column help to interpret the other columns: 

16/32 Clocks apply to 16- and 32-bit modes respectively 
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L/NL 

MNjMX 

P 

R 

RV/p 

T/NT 

UIL 

Clocks apply to loop and no loop cases respectively 

Clocks shown define a range from minimum to maximum 

Clocks apply to protected mode 

Clocks apply to real-address mode 

First clock applies to real and V86 mode; second applies to protected mode 

Clocks apply to taken and not taken cases respectively 

Clocks apply to unlocked and locked cases respectively 

1. Assuming that the operand address and stack address fall in different cache 
interleaves. 

2. 

4. 

5. 

Always locked. Always forced to miss cache. 

Clocks = {quotient( count/operand length) } *7 + 9 
= 8 if count:::; operand length (8/16/32). 

Clocks = {quotient( count/operand length) } *7 + 9 
= 9 if count:::; operand length (8/16/32). 

8. Penalty for cache miss: add 2 clocks for every stack value copied to the new 
stack frame. 

9. 

10. 

Add 8 clocks for each load of an unaccessed descriptor. 

Refer to Task Switch Clock Counts Table for value of TS. 

For notes 12 - 13:b = 0 - 3, nonzero byte number; 
i = 0 - 1, nonzero nibble number; 
n = 0 - 3, nonzero bit number in nibble. 

12. Clocks= 8 + 4(b + 1) + 3(i + 1) + 3(n + 1) 
= 6 if second operand = O. 

13. Clocks= 9 + 4(b + 1) + 3(i + 1) + 3(n + 1) 
= 7 if second operand = O. 

For notes 14 -15: n = bit position (0 - 31). 

14. Clocks= 7 + 2(32 - n) 
= 6 if second operand = O. 

15. Clocks= 8 + 2(32 - n) 

16. 

21. 

23. 

24. 

25. 

I 

= 7 if second operand = O. 

Assuming that the two string addresses fall in different cache interleaves. 

Refer to the Interrupt Clock Counts Table for value of INT. 

Add r + 3b for instruction cache miss. Add 3 for branch misprediction. 

Clocks shown define a range from minimum to maximum. 

Add r + 3b for instruction cache miss. 
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Pairing 

The following abbreviations are used in the Pairing column: 

PV 

NP 

VV 

PV 

F-8 

Pairable if issued to V -pipe 

Not pairable, executes in V-pipe 

Pairable in either pipe 

Pairable if issued to V-pipe 
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Table F-2. Integer Clock Count Summary 
Instruction Format Clocks Notes 

AAA - ASCII Adjust after 00110111 3 
Addition 

AAD - ASCII Adjust AX before 11010101: 0000 1010 10 
Division 

AAM - ASCII Adjust AX after 11010100: 0000 1010 18 
Multiply 

AAS - ASCII Adjust AL after 0011 1111 3 
Subtraction 

ADC - ADD with Carry 

reg1 to reg2 0001 OOOw : 11 reg1 reg2 1 

reg2 to reg1 0001 001w: 11 reg1 reg2 1 

memory to register 0001 001w: mod reg rim 2 

register to memory 0001 OOOw : mod reg rim 3 U/L 

immediate to register 1000 OOsw : 11 010 reg: immediate data 1 

immediate to accumulator 0001 010w: immediate data 1 

Immediate to memory 1000 OOsw: mod 010 rim: immediate data 3 U/L 

ADD-Add 

reg1 to reg2 0000 OOOw : 11 reg1 reg2 1 

reg2 to reg1 0000 001w . 11 reg1 reg2 1 

memory to register 0000 001w: mod reg rim 2 

register to memory 0000 OOOw : mod reg rim 3 U/L 

immediate to register 1000 OOsw . 11 000 reg: immediate data 1 

Immediate to accumulator 0000 010w: immediate data 1 

immediate to memory 1000 OOsw : mod 000 rim: immediate data 3 U/L 

AND - Logical AND 

reg1 to reg2 0010 OOOw: 11 reg1 reg2 1 

reg2 to reg1 0010 001 w : 11 reg1 reg2 1 

memory to register 0010 001w: mod reg rim 2 

register to memory 0010 OOOw: mod reg rim 3 U/L 

immediate to register 1000 OOsw : 11 100 reg: immediate data 1 

immediate to accumulator 0010 01 Ow : immediate data 1 

immediate to memory 1000 OOsw : mod 100 rim: immediate data 3 U/L 

ARPL - Adjust RPL Field of Selector 

from register 01100011 : 11 reg1 reg2 7 

from memory 0110 0011 : mod reg rim 7 

BOUND - Check Array Against 01100010: mod reg rim 
Bounds 

if within bounds 8 

if out of bounds INT + 32 21 
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INSTRUCTION FORMAT AND TIMING 

Table F·2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

BSF - Bit Scan Forward 

reg1, reg2 00001111 :10111100:11 reg2reg1 

word 6-34 MN/MX,12 

doubleword 6--42 MN/MX,12 
memory, reg 0000 1111 : 1011 1100 : mod reg rim 

word 6-35 MN/MX,13 

doubleword 6-43 MN/MX,13 

BSR - Bit Scan Reverse 

reg1, reg2 00001111: 10111101: 11 reg2 reg1 

word 7-39 MN/MX,14 

doubleword 7-71 MN/MX,14 

memory, reg 0000 1111 : 1011 1101 : mod reg rim 
word 7--40 MN/MX,15 

doubleword 7-72 MN/MX,15 

BSWAP - Byte Swap 0000 1111 : 1100 1 reg 1 
BT - Bit Test 

register, immediate 00001111 :10111010:11100reg:immB 4 
data 

memory, immediate 00001111: 10111010: mod 100 rim: 4 
ImmBdata 

reg1, reg2 0000 1111 : 1010 0011 : 11 reg2 reg1 4 

memory, reg 0000 1111 : 1010 0011 : mod reg rim 9 

BTC - Bit Test and Complement 

register, Immediate 00001111 :10111010:11111 reg:immB 7 
data 

memory, immediate 0000 1111 : 1011 1010 : mod 111 rim" B U/L 
immB data 

reg1, reg2 0000 1111 : 1011 1011 : 11 reg2 reg1 7 

memory, reg 0000 1111 : 1011 1011 : mod reg rim 13 U/L 

BTR - Bit Test and Reset 

register, immediate 0000 1111 : 1011 1010 : 11 110 reg: immB 7 
data 

memory, Immediate 0000 1111 : 1011 1010 : mod 110 rim: B U/L 
immB data 

reg1, reg2 0000 1111 : 1011 0011 : 11 reg2 reg1 7 

memory, reg 0000 1111 : 1011 0011 : mod reg rim 13 UlL 
BTS - Bit Test and Set 

register, immediate 00001111: 10111010: 11101 reg: immB 7 
data 

memory, immediate 00001111: 10111010: mod 101 rim: B U/L 
immBdata 

reg 1 , reg2 00001111"10101011 :11 reg2reg1 7 

memory, reg 00001111: 1010 1011: mod reg rim 13 U/L 

CALL - Call Procedure (in same segment) 

direct 1110 1000 : full displacement 1 23 

register indirect 11111111: 11010 reg 2 23 

memory indirect 11111111: mod 010 rim 2 23 
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INSTRUCTION FORMAT AND TIMING 

Table F·2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

CALL - Call Procedure (in other segment) 

direct 1001 1010' unsigned full offset, selector 4 R,23 

to same level 4-13 P,9,23,24 
thru gate to same level 22 P,9,25 
to Inner level, no parameters 44 P,9,25 
to inner level, x parameters (d)words 45+2x P,9,25 
toTSS 21+TS P,10,9,25 
thru task gate 22+TS P,10,9,25 

indirect 1111 1111 : mod 011 rim 5 R,23 

to same level 5-14 P,9,23,24 
thru gate to same level 22 P,9,25 
to Inner level, no parameters 44 P,9,25 
to Inner level, x parameters (d)words 45+2x P,9,25 
toTSS 21+TS P,10,9,25 
th ru task gate 22+TS P,10,9,25 

CBW - Convert Byte to Word 10011000 3 
CWDE - Convert Word to Doubleword 

CLC - Clear Carry Flag 11111000 2 

CLD - Clear Direction Flag 11111100 2 

CLI - Clear Interrupt Flag 11111010 7 

CL TS - Clear Task·Switched 0000 1111 : 0000 0110 10 
Flag in CRD 

CMC - Complement Carry Flag 1111 0101 2 

CMP - Compare Two Operands 

reg 1 with reg2 0011 100w: 11 reg1 reg2 1 

reg2 with reg 1 0011 101w: 11 reg1 reg2 1 

memory with register 0011 1 DOw: mod reg rim 2 

register with memory 0011 101w : mod reg rim 2 

Immediate with register 1000 OOsw : 11 111 reg: immediate data 1 

immediate with accumulator 0011 110w: immediate data 1 

immediate with memory 1000 OOsw : mod 111 rim 2 

CMPS/CMPSB/CMPSW/CMPSD 1010011w 5 16 
- Compare String Operands 

CMPXCHG - Compare and Exchange 

reg1, reg2 0000 1111 : 1011 OOOw : 11 reg2 reg1 5 

memory, reg 00001111 : 1011 OOOw: mod reg rim 6 UlL 

CMPXCHG8B - Compare and 
Exchange 8 Bytes 

memory, reg 0000 1111 : 1100 0111 : mod reg rim 10 U/L 

CWD - Convert Word to Dword 1001 1001 2 
CDQ - Convert Dword to Qword 

DAA - Decimal Adjust AL after 00100111 3 
Addition 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

DAS - Decimal Adjust AL after 00101111 3 
Subtraction 

DEC - Decrement by 1 

reg 1111 111w: 11 001 reg 1 

or 01001 reg 1 

memory 1111111w:mod001 rim 3 U/L 

DIV - Unsigned Divide 

accumulator by register 1111 011w: 11110 reg 

dlvlsor- byte 17 

word 25 

doubleword 41 

accumulator by memory 1111 011w: mod 110 rim 

divisor- byte 17 

word 25 

doubleword 41 

ENTER - Make Stack Frame 1100 1000 : 16-bit displacement: 8-blt 
level (L) 
for Procedure Parameters 

L=O 11 

L=1 15 

L> 1 15 + 2L 8 

HLT-Halt 11110100 

IDIV - Signed Divide 

accumulator by register 1111 011w: 11111 reg 

dlvisor- byte 22 

word 30 

doubleword 46 

accumulator by memory 1111 011w . mod 111 rim 
divisor- byte 22 

word 30 

doubleword 46 

IMUL - Signed Multiply 

accumulator with register 1111 011w: 11101 reg 

multiplier- byte 11 

word 11 

doubleword 10 

accumulator with memory 1111 011w: mod 101 reg 

multiplier - byte 11 

word 11 

doubleword 10 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

reg 1 with reg2 0000 1111 : 1010 1111 : 11 : reg1 reg2 

multiplier- byte 10 

word 10 

doubleword 10 

register with memory 00001111.10101111. mod reg rim 

multiplier - byte 10 

word 10 

doubleword 10 

reg1 with imm. to reg2 0110 10s1 '11 reg1 reg2 . Immediate data 

multiplier- byte 10 

word 10 

doubleword 10 

memo with imm. to reg 0110 10s1 : mod reg rim: immediate data 

multip/ier- byte 10 

word 10 

doubleword 10 

INC - Increment by 1 

reg 1111111w: 11000 reg 1 

or 01000 reg 1 

memory 1111 111 w : mod 000 rim 3 U/L 

INT n - Interrupt Type n 11001101. type INT +6 21,25 

INT - Single-Step Interrupt 3 11001100 INT +5 21,25 

INTO - Interrupt 4 on Overflow 11001110 

taken INT + 5 21,25 

not taken 4 21,25 

INVD - Invalidate Cache 00001111 : 0000 1000 15 

INVlPG - Invalidate TlB Entry 0000 1111 : 00000001 : mod 111 rim 29 

IRET/IRETD - Interrupt Return 1100 1111 

real mode or virtual 8086 mode 7 R,23 

protected mode 
to same level 10-19 P,9,23,24 
to outer level 27 P,9,25 
to nested task 10 + TS P,9,10,25 

Jcc - Jump if Condition is Met 

8-bit displacement 0111 tttn : 8-bit displacement 1 23 

full displacement 0000 1111 : 1000 ttln . full displacement 1 23 

JCXZ/JECXZ - Jump on 1110 0011 : 8-bit displacement 6/5 T/NT,23 
CX/ECXZero 

address size prefix differentiates JCXZ from JECXZ 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

JMP - Unconditional Jump (to same segment) 

short 1110 1011 : 8-bit displacement 1 23 

direct 1110 1001 : full displacement 1 23 

register Indirect 11111111: 11100reg 2 23 

memory indirect 1111 1111 : mod 100 rim 2 23 

JMP - Unconditional Jump (to other segment) 

direct intersegment 1110 1010 : unsigned full offset, selector 3 R,23 

to same level 3-12 P,9,23,24 
thru call gate ro same level 18 P,9,25 
thru T55 19 + T5 P,10,9,25 
th ru task gate 20+ T5 P,10,9,25 

indirect intersegment 1111 1111 : mod 101 rim 4 R,23 

to same level 4-13 P,9,23,24 
thru call gate ro same level 18 P,9,25 
thru T55 19+T5 P,10,9,25 
thru task gate 20+ T5 P,10,9,25 

LAHF - Load Flags into AH 10011111 2 
Register 

LAR - Load Access Rights Byte 

from register 00001111 : 0000 0010: 11 regl reg2 8 

from memory 0000 1111 : 0000 0010 : mod reg rim 8 

LOS - Load Pointer to OS 11000101 : mod reg rim 4--13 9,24 

LEA - Load Effective Address 10001101: mod reg rim 1 

LEAVE - High Level Procedure 11001001 3 
Exit 

LES - Load Pointer to ES 11000100: mod reg rim 4--13 9,24 

LFS - Load Pointer to FS 00001111 : 10110100: mod reg rim 4-13 9,24 

LGDT - Load Global Descriptor 0000 1111 : 0000 0001 : mod 010 rim 6 
Table Register 

LGS - Load Pointer to GS 00001111: 10110101: mod reg rim 4-13 9,24 

LIDT - Load Interrupt 0000 1111 : 0000 0001 : mod 011 rim 6 
Descriptor Table Register 

LLDT - Load Local Descriptor Table Register 

LDTR from register 00001111 : 0000 0000: 11 010 reg 9 

LDTR from memory 0000 1111 : 0000 0000 : mod 010 rim 9 

LMSW - Load Machine Status Word 

from register 0000 1111 : 0000 0001 : 11 110 reg 8 

from memory 00001111 : 0000 0001 : mod 110 rim 8 

LOCK - Assert LOCK# Signal 11110000 1 
Prefix 

LODS/LODSB/LODSW/LODSD 1010110w 2 
- Load String Operand 

LOOP - Loop Count 1110 0010 : 8-bit displacement 5/6 UNL,23 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

LOOPZlLOOPE - Loop Count 1110 0001 : 8-bit displacement 7/8 UNL,23 
while ZerolEqual 

LOOPNZ/LOOPNE - Loop 1110 0000 : 8-bit displacement 7/8 UNL,23 
Count while not ZerolEqual 

LSL - Load Segment Limit 

from register 0000 1111 : 0000 0011 : 11 reg1 reg2 8 

from memory 0000 1111 : 0000 0011 : mod reg rim 8 

LSS - Load Pointer to SS 0000 1111 : 1011 0010 : mod reg rim 4-131 RV/P,9,24 
8-17 

L TR - Load Task Register 

from register 0000 1111 : 0000 0000 : 11 011 reg 10 

from memory 0000 1111 : 0000 0000 : mod 011 rim 10 

MOV - Move Data 

reg1 to reg2 1 000 100w : 11 reg 1 reg2 1 

reg2 to reg1 1000 101w: 11 reg1 reg2 1 

memory to reg 1000 101w: mod reg rim 1 

reg to memory 1000 100w : mod reg rim 1 

immediate to reg 1100 011w: 11 000 reg: immediate data 1 

or 1011 w reg: immediate data 1 

immediate to memory 1100 011 w : mod 000 rim: immediate data 1 

memory to accumulator 1010 OOOw : full displacement 1 

accumulator to memory 1010 001w: full displacement 1 

MOV - Move tolfrom Control Registers 

CRO from register 0000 1111 : 0010 0010 : 11 000 reg 22 

CR2 from register 0000 1111 : 0010 0010: 11 010reg 12 

CR3 from register 0000 1111: 0010 0010: 11011 reg 21 

CR4 from register 0000 1111 : 0010 0010 : 11 100 reg 14 

register from CRO-4 0000 1111 : 0010 0000 : 11 eee reg 4 

MOV - Move tolfrom Debug Registers 

DRO-3 from register 0000 1111 : 0010 0011 : 11 eee reg 11 

DR4-5 from register 0000 1111 : 0010 0011 : 11 eee reg 12 

DR6-7 from register 0000 1111 : 0010 0011 : 11 eee reg 11 

register from DR6-7 0000 1111 : 0010 0001 : 11 eee reg 11 

register from DR4-5 0000 1111 : 0010 0001 : 11 eee reg 12 

register from DRO-3 0000 1111 : 0010 0001 : 11 eee reg 2 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

MOV - Move tolfrom Segment Registers 

reg to segment reg 1000 1110 : 11 sreg3 reg 2-11 9,24 

reg to SS 1000 1110: 11 sreg3 reg 2-111 RV/P,9,24 
8-17 

memory to segment reg 1000 1110 : mod sreg3 rim 3 9,24 

memory to SS 1000 1110 . mod sreg3 rim 3-121 RV/P,9,24 
8-17 

segment reg to reg 1000 1100 : 11 sreg3 reg 1 

segment reg to memory 1000 1100 : mod sreg3 rim 1 

MOVS/MOVSB/MOVSWI 1010 010w 4 16 
MOVSD - Move Data from String to String 

MOVSX - Move with Sign-Extend 

reg2 to reg1 0000 1111: 1011111w: 11 reg1 reg2 3 

memory to reg 0000 1111: 1011111w: mod reg rim 3 

MOVZX - Move with Zero-Extend 

reg2 to reg1 0000 1111: 1011 011w: 11 reg1 reg2 3 

memory to reg 00001111 :1011 011w: mod reg rim 3 

MUL - Unsigned Multiplication of AL or AX 

accumulator with register 1111 011w: 11100 reg 

multiplier- byte 11 

word 11 

doubleword 10 

accumulator with memory 1111 011w: mod 100 reg 

multiplier- byte 11 

word 11 

doubleword 10 

NEG - Two's Complement Negation 

reg 1111 011w: 11011 reg 1 

memory 1111 011w:mod011 rim 3 U/L 

NOP - No Operation 1001 0000 1 

NOT - One's Complement Negation 

reg 1111 011w: 11 010 reg 1 

memory 1111 011 w : mod 010 rim 3 U/L 

OR - Logical Inclusive OR 

reg1 to reg2 0000 100w : 11 reg1 reg2 1 

reg2 to reg1 0000 101w : 11 reg1 reg2 1 

memory to register 0000 101w: mod reg rim 2 

register to memory 0000 100w : mod reg rim 3 U/L 

immediate to register 1000 OOsw : 11 001 reg: immediate data 1 

immediate to accumulator 0000 11 Ow : immediate data 1 

immediate to memory 1000 OOsw : mod 001 rim: immediate data 3 U/L 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

POP - Pop a Word from the Stack 

reg 1000 1111 : 11 000 reg 1 

or 0101 1 reg 1 

memory 1000 1111 : mod 000 rim 3 1 

POP - Pop a Segment Register from the Stack 

segment reg CS, OS, ES 000 sreg2 111 3-12 9,24 

segment reg SS 000 sreg2 111 3-121 RV/P,9,24 
8-17 

segment reg FS, GS 00001111 10 sreg3 001 3-12 9,24 

POPA/POPAD - Pop All 01100001 5 
General Registers 

POPF/POPFD - Pop Stack into 1001 1101 4/14 RV/P 
FLAGS or EFLAGS Register 

PUSH - Push Operand onto the Stack 

reg 1111 1111 11 110 reg 1 

or 01010 reg 1 

memory 1111 1111 mod 110 rim 2 1 

Immediate 0110 10s0 . immediate data 1 

PUSH - Push Segment Register onto the Stack 

segment reg CS,OS,ES,SS 000 sreg2 11 0 1 

segment reg FS,GS 00001111 10 sreg3 000 1 

PUSHA/PUSHAD - Push All 01100000 5 
General Registers 

PUSHF/PUSHFD - Push Flags 1001 1100 3/9 RV/P 
Register onto the Stack 

RCL - Rotate thru Carry Left 

reg by 1 1101 OOOw: 11010 reg 1 

memory by 1 1101 OOOw mod 010 rim 3 

reg by CL 1101 001w: 11010 reg 7-24 MN/MX,4 

memory by CL 1101 001w' mod 010 rim 9-26 MN/MX,5 

reg by Immediate count 1100 OOOw: 11 010 reg. imm8 data 8-25 MN/MX,4 

memory by immediate count 1100 OOOw : mod 010 rim imm8 data 10-27 MN/MX,5 

RCR - Rotate thru Carry Right 

reg by 1 1101 OOOw '11011 reg 1 

memory by 1 1101 OOOw : mod 011 rim 3 

reg by CL 1101 001 w : 11 011 reg 7-24 MN/MX,4 

memorybyCL 1101 001 w : mod 011 rim 9-26 MN/MX,5 

reg by Immediate count 1100 OOOw : 11 011 reg: Imm8 data 8-25 MN/MX,4 

memory by immediate count 1100 OOOw : mod 011 rim: imm8 data 10-27 MN/MX,5 

RDMSR - Read from Model· 00001111: 00110010 20-24 MN/MX 
Specific Register 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

REP LODS - Load String 11110011: 1010 110w 

C=O 7 
C>O 7 + 3c 16 

REP'MOVS - Move Siring 11110011.1010010w 

C =0 6 
C = 1 13 16 
C> 1 13 + C 16 

REP STOS - Store String 11110011: 1010 101w 

C =0 6 
C>O 9+c 

REPE CMPS - Compare String 11110011: 1010011w 
(Find Non-Match) 

C=O 7 
C>O B + 4c 16 

REPE SCAS - Scan String 11110011 '1010 111w 
(Find Non-AL/AX/EAX) 

C=O 7 
C>O B + 4c 16 

REPNE CMPS - Compare 11110010 '1010 011w 
String (Find Match) 

C=O 7 
C>O 9 + 4c 16 

REPNE SCAS - Scan String 11110010: 1010 111w 
(Find ALiAX/EAX) 

C =0 7 
C>O B + 4c 16 

RET - Return from Procedure (to same segment) 

11000011 2 

adding immediate to SP 1100 0010 : 16-blt displacement 3 

RET - Return from Procedure (to other segment) 

intersegment 11001011 4 R,23 

to same level 4-13 P,9,23,24 
to outer level 23 P,9,25 

adding immediate to SP 1100 1010 . 16-bit displacement 4 R,23 

to same level 4-13 P,9,23,24 
to outer level 23 P,9,25 

ROL - Rotate (not thru Carry) Left 

reg by 1 1101 OOOw: 11000 reg 1 

memory by 1 1101 OOOw' mod 000 rim 3 

reg by CL 1101 001w: 11 000 reg 4 

memory by CL 1101 001w : mod 000 rim 4 

reg by immediate count 1100 OOOw : 11 000 reg: immB data 1 

memory by immediate count 1100 OOOw : mod 000 rim: immB data 3 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

ROR - Rotate (not thru Carry) Right 

reg by 1 1101 OOOw: 11001 reg 1 

memory by 1 1101 OOOw : mod 001 rim 3 

reg by CL 1101 001w '11001 reg 4 

memory by CL 1101 001w : mod 001 rim 4 

reg by Immediate count 1100 OOOw ' 11 001 reg: ImmB data 1 

memory by immediate count 1100 OOOw : mod 001 rim' ImmB data 3 

RSM - Resume from System 00001111 :10101010 
Management Mode 

SAHF - Store AH into Flags 1001 1110 2 

SAL - Shift Arithmetic Left same instruction as SHL 

SAR - Shift Arithmetic Right 

reg by 1 1101 00 Ow : 11 111 reg 1 

memory by 1 1101 OOOw: mod 111 rim 3 

reg by CL 1101 001w: 11111 reg 4 

memorybyCL 1101 001w:modlll rim 4 

reg by immediate count 1100000w 11 111 reg, immB data 1 

memory by immediate count 1100 OOOw , mod 111 rim' ImmB data 3 

SBB -Integer Subtraction with Borrow 

regl to reg2 0001 100w: 11 regl reg2 1 

reg2 to regl 0001 1 01w ' 11 regl reg2 1 

memory to register 0001 101w, mod reg rim 2 

register to memory 0001 1 DOw: mod reg rim 3 U/L 

Immediate to register 1000 OOsw ' 11 011 reg' Immediate data 1 

immediate to accumulator 0001 11 Ow : Immediate data 1 

Immediate to memory 1000 OOsw : mod 011 rim: Immediate data 3 U/L 

SCAS/SCASB/SCASW/SCASD 1101111w 4 
- Scan String 

SETcc - Byte Set on Condition 

reg 00001111 : 1001 tttn : 11 000 reg 1 

memory 0000 1111 : 1001 tttn : mod 000 rim 2 

SGDT - Store Global 0000 1111 : 0000 0001 : mod 000 rim 4 
Descriptor Table Register 

SHL - Shift Left 

reg by 1 1101 OOOw: 11 100 reg 1 

memory by 1 1101 OOOw: mod 100 rim 3 

reg by CL 1101 001w: 11 100 reg 4 

memory by CL 1101 001w: mod 100 rim 4 

reg by immediate count 1100 OOOw: 11 100 reg: immB data 1 

memory by immediate count 1100 OOOw : mod 100 rim: immB data 3 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

SHLD - Double Precision Shift Left 

register by Immediate count 0000 1111: 1010 0100: 11 reg2 reg1 : 4 
immB 

memory by immediate count 0000 1111: 10100100: mod reg rim: 4 
immB 

register by CL 00001111: 1010 0101 ·11 reg2 reg1 4 

memory by CL 00001111: 1010 0101: mod reg rim 5 
SHR - Shift Right 

reg by 1 1101 OOOw: 11101 reg 1 

memory by 1 1101 OOOw· mod 101 rim 3 

reg by CL 1101 001w .11101 reg 4 

memory by CL 1101 001w: mod 101 rim 4 

reg by immediate count 1100 OOOw: 11 101 reg: ImmB data 1 

memory by immediate count 1100 OOOw : mod 101 rim: immB data 3 

SHRD - Double Precision Shift Right 

register by immediate count 00001111: 1010 1100.11 reg2 reg1 . 4 
immB 

memory by immediate count 0000 1111 : 1010 1100 : mod reg rim: 4 
ImmB 

register by CL 00001111: 1010 1101: 11 reg2 reg1 4 

memory by CL 0000 1111: 1010 1101: mod reg rim 5 
SlOT - Store Interrupt 0000 1111 : 0000 0001 : mod 001 rim 4 

Descriptor Table Register 

SLOT - Store Local Descriptor Table Register 

to register 0000 1111 : 0000 0000 : 11 000 reg 2 

to memory 0000 1111 : 0000 0000 : mod 000 rim 2 

SMSW - Store Machine Status Word 

to register 0000 1111 : 0000 0001 : 11 100 reg 4 

to memory 0000 1111 : 0000 0001 : mod 100 rim 4 

STC - Set Carry Flag 1111 1001 2 

STD - Set Direction Flag 11111101 2 

STI - Set Interrupt Flag 11111011 7 

STOS/STOSB/STOSW/STOSD 1010101w 3 
- Store String Data 

STR - Store Task Register 

to register 0000 1111 : 0000 0000 : 11 001 reg 2 

to memory 0000 1111 : 0000 0000 : mod 001 rim 2 

SUB -Integer Subtraction 

reg1 to reg2 0010 1 DOw: 11 reg1 reg2 1 

reg2 to reg1 0010 101w: 11 reg1 reg2 1 

memory to register 0010 101w : mod reg rim 2 

register to memory 0010 1 DOw: mod reg rim 3 U/L 

immediate to register 1000 OOsw : 11 101 reg: immediate data 1 

immediate to accumulator 0010 11 Ow : immediate data 1 

immediate to memory 1000 OOsw : mod 101 rim: immediate data 3 U/L 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

TEST - Logical Compare 

regl and reg2 1000 01 Ow: 11 regl reg2 2 

memory and register 1000 01 Ow : mod reg rim 1 

Immediate and register 1111 all w : 11 000 reg: Immediate data 1 

Immediate and accumulator 1010 100w' Immediate data 1 

Immediate and memory 1111 all w : mod 000 rim: Immediate data 2 

VERR - Verify a Segment for Reading 

register 0000 1111 . 0000 0000 . 11 100 reg 7 

memory 0000 1111 . 0000 0000 . mod 100 rim 7 

VERW - Verify a Segment for Writing 

register 0000 1111 : 0000 0000 : 11 101 reg 7 

memory 0000 1111 : 0000 0000 : mod 101 rim 7 

WAIT-Wait 1001 1011 1/1 

WBINVD - Write-Back and 0000 1111: 0000 1001 2000+ 
Invalidate Data Cache 

WRMSR - Write to Model- 0000 1111 : 0011 0000 30-45 MN/MX 
Specific Register 

XADD - Exchange and Add 

regl, reg2 0000 1111 : 1100 OOOw : 11 reg2 reg 1 3 

memory, reg 0000 1111 : 1100 OOOw . mod reg rim 4 U/L 

XCHG - Exchange RegisterlMemory with Register 

regl with reg2 1000011w: 11 regl reg2 3 2 

accumulator with reg 1001 a reg 2 2 

memory with reg 1000 all w : mod reg rim 3 2 

XLAT/XLATB - Table Look-up 1101 0111 4 
Translation 

XOR - Logical Exclusive OR 

regl to reg2 0011 OOOw . 11 regl reg2 1 

reg2 to regl 0011 001 w . 11 regl reg2 1 

memory to register 0011 001w: mod reg rim 2 

register to memory 0011 OOOw : mod reg rim 3 U/L 

immediate to register 1000 OOsw : 11 110 reg : immediate data 1 

immediate to accumulator 0011 010w : Immediate data 1 

immediate to memory 1000 OOsw : mod 110 rim. Immediate data 3 U/L 
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INSTRUCTION FORMAT AND TIMING 

Table F-2. Integer Clock Count Summary (Contd.) 

Instruction Format Clocks Notes 

Prefix Bytes 

address size 01100111 1 

LOCK 11110000 1 

operand size 01100110 1 

CS segment override 00101110 1 

DS segment override 00111110 1 

ES segment overnde 00100110 1 

FS segment override 01100100 1 

GS segment override 01100101 1 

SS segment override 0011 0110 1 

External Interrupt INT + 14 21 

NMI - Non-Maskable Interrupt INT +6 21 

Page Fault INT + 40 21 

Virtual 8086 Mode Exceptions 

CLI INT +9 21 
STI INT +9 21 
INTn INT +9 
PUSHF INT +9 21 
POPF INT +9 21 
IRET INT +9 
IN 

fixed port INT +34 21 
variable port INT +34 21 

OUT 
fixed port INT + 34 21 
variable port INT +34 21 

INS INT +34 21 
OUTS INT + 34 21 
REP INS INT + 34 21 
REP OUTS INT +34 21 
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F.2. 1/0 INSTRUCTION FORMAT AND TIMING 

Table F-3. 1/0 Instructions Clock Count Summary 
Instruction Format Real Protected Protected Virtual Notes 

Mode Mode Mode 8086 

CPL" CPL>I Mode 
IOPL OPL 

IN -Input from: 

fixed port 1110010w port 7 4 21 19 
number 

variable port 1110110w 7 4 21 19 

OUT - Output to: 

fixed port 1110011w port 12 9 26 24 
number 

variable port 1110111w 12 9 26 24 

INS - Input from OX Port 0110110w 9 6 24 22 

OUTS - Output to OX Port 0110111w 13 10 27 25 1 

REP INS - Input String 11110011 0110 11 + 3c 8 + 3c 25 + 3c 23 + 3c 2 
110w 

REP OUTS - Output String 11110011 0110 13 + 4c 10 + 4c 27 + 4c 25 + 4c 3 
111w 

NOTES: 

1. Two clock cache miss penalty in all cases. 

2. c = count in CX or ECX 

3. Cache miss penalty in all modes: Add 2 clocks for every 16 bytes. Entire penalty on second operation. 

F.3. FLOATING-POINT INSTRUCTION FORMAT AND TIMING 

The following sections explain how to use the columns of Table F-S. 

F.3.1. Format 

Instructions for the FPU assume one of the five forms shown in Table F-4. In all cases, 
instructions are at least two bytes long and begin with the bit pattern 11011. 
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Table F-4. General Floating-Point Instruction Format 

First Byte 

11011 OPA 

2 

3 

4 

5 

11011 

11011 

11011 

11011 

15-11 

d 

0 

0 

10 

MF = Memory Format 
00 - 32-bit real 
01 - 32-bit integer 
1 0 - 64-bit real 
11 - 16-bit integer 

P = Pop 
o - Do not pop stack 

MF 

P 

0 

1 

9 

1 - Pop stack after operation 

d = Destination 
0- Destination is ST(O) 
1 - Destination is ST(i) 

1 

OPA 

OPA 

1 

1 

8 

R XOR d = 0 - Destination OP Source 
R XOR d = 1 - Source OP Destination 

ST(i) = Register stack element i 
000 = Stack Top 
001 = Second stack element 

111 = Eighth stack element 

Instruction 

Second Byte 

mod 1 OPB rim 

mod OPB rim 

1 1 OPB IR ST(i) 

1 1 1 OP 

1 1 1 OP 

7 6 5 4 3 210 

Optional 

Fields 

s-i-b disp 

s-i-b disp 

The mod (mode field) and rim (register/memory specifier) have the same interpretation as the 
corresponding fields of the integer instructions. The s-i-h (scale index base) and disp 
(displacement) are optionally present in instructions that have mod and rim fields. Their 
presence depends on the values of mod and rim, as for integer instructions. 

F.3.2. Clock Counts 

Two clock counts separated by a slash (I) are the latency and throughput, respectively. 
Throughput may be less than latency due to pipelining. 

Two clock counts separated by a dash indicate a range of possible timings. 
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F.3.3. Notes 

1. If CW.PC indicates 24-bit precision, subtract 20 clocks. If CW.PC indicates 53-bit 
precision, subtract 6 clocks. 

2. If there is a numeric error pending from a previous instruction, add 60 clocks. 

3. FXCH takes 0 clocks when paired. Second FXCH will pair in V-pipe if two FXCH 
instructions are issued back-to-back. 

4. FMUL followed by FMUL has throughput of 2. 

F.3.4. Pairing 

FX - Pairs with FXCH 

NP - No pairing. 
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Table F-5. Floating-Point Clock Count Summary 
Instruction Format Clocks Notes 

F2XM1 - Compute 2ST(0) - 1 11011 001 : 1111 0000 13-57 

FABS - Absolute Value 11011 001 : 1110 0001 1 II 

FADD-Add 

ST(O) <- ST(O) + 32-bit memory 11011000: mod 000 rim 3/1 

ST(O) <- ST(O) + 54-bit memory 11011 100: mod 000 rim 3/1 

ST(d) <- ST(O) + ST(I) 11011 dOD: 11 000 ST(i) 3/1 

FADDP - Add and Pop 

ST(O) <- ST(O) + ST(i) 11011 110 : 11 000 ST(i) 3/1 

FBLD - Load Binary Coded Decimal 11011 111 : mod 100 rim 48-58 

FBSTP - Store Binary Coded Decimal and Pop 11 011 111 : mod 110 rim 148-154 

FCHS - Change Sign 11011001.11100000 III 

FCLEX - Clear Exceptions 11011 011 . 1110 0010 9/9 2 

FCOM - Compare Real 

32-bit memory 11011 000 : mod 010 rim 4/1 

54-bit memory 11011 100: mod 010 rim 4/1 

ST(i) 11011 000 : 11 010 ST(i) 4/1 

FCOMP - Compare Real and Pop 

32-blt memory 11011 000 : mod 011 rim 4/1 

54-bit memory 11011 100 : mod 011 rim 4/1 

ST(I) 11011 000 : 11 011 ST(i) 4/1 

FCOMPP - Compare Real and Pop Twice 11011 110 : 11 011 001 4/1 

FCOS - Cosine of ST(O) 11011 001 : 1111 1111 18-124 

FDECSTP - Decrement Stack-Top Pointer 11011 001 : 1111 0110 III 

FDIV - Divide 

ST(O) <- ST(O) .;. 32-bit memory 11011 000 : mod 110 rim 39 1 

ST(O) <- ST(O) .;. 54-bit memory 11011 100 : mod 110 rim 39 1 

ST(d) <- ST(O) .;. ST(i) 11011 dOD: 1111 R ST(i) 39 1 

FDIVP - Divide and Pop 

ST(O) <- ST(O) .;. ST(I) 11011110: 11111 ST(i) 39 1 

FDIVR - Reverse Divide 

ST(O) <- 32-blt memory.;. ST(O) 11011000: mod 111 rim 39 1 

ST(O) <- 54-bit memory.;. ST(O) 11011100: mod 111 rim 39 1 

ST(d) <- ST(i) 7 ST(O) 11011 dOD: 1111 R ST(i) 39 1 

FDlVRP - Reverse Divide and Pop 

ST(O) <- ST(i) .;. ST(O) 11011 110 : 1111 0 ST(I) 39 1 

FFREE - Free ST(i) Register 11011 101 : 1100 0 ST(I) III 

FIADD - Add Integer 

ST(O) <- ST(O) + 15-blt memory 11011 110 : mod 000 rim 7/4 

ST(O) <- ST(O) + 32-bit memory 11011010: mod 000 rim 7/4 
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Table F-S. Floating-Point Clock Count Summary (Contd.) 
Instruction Formal Clocks Notes 

FICOM - Compare Integer 

16-brt memory 11011 110 mod 010 rim 8/4 

32-bit memory 11011010, mod 010 rim 8/4 

FICOMP - Compare Integer and Pop 

16-blt memory 11011 110, mod 011 rim 8/4 

32-bit memory 11011 010,modOll rim 8/4 

FIDIV 

ST(O) <- ST(O) + 16-bit memory 11011 110 ' mod 110 rim 42 1 

ST(O) <- ST(O) + 32-blt memory 11011010' mod 110 rim 42 1 

FIOIVR 

ST(O) <- ST(O) + 16-bit memory 11011 110 mod 111 rim 42 1 

ST(O) <- ST(O) + 32-blt memory 11011010 mod 111 rim 42 1 

FILO - Load Integer 

16-bit memory 11011 111 : mod 000 rim 3/1 

32-bit memory 11011 011 : mod 000 rim 3/1 

64-bit memory 11011 111 : mod 101 rim 3/1 

FIMUL 

ST(O) <- ST(O) + 16-brt memory 11011 110 , mod 001 rim 7/4 

ST(O) <- ST(O) + 32-bit memory 11011 010 : mod 001 rim 7/4 

FINCSTP - Increment Stack Pointer 11011001 : 11110111 1 II 

FINIT - Initialize Floating-Point Unit 11011 011 ' 1110 0011 16/12 2 

FIST - Store Integer 

16-bit memory 11011 111 ' mod 010 rim 6/6 

32-bit memory 11011011' mod 010 rim 6/6 

FISTP - Store Integer and Pop 

16-bit memory 11011 111 'mod 011 rim 6/6 

32-bit memory 11011 011 : mod 011 rim 6/6 

64-bit memory 11011 111 : mod 111 rim 6/6 

FISUB 

ST(O) <- ST(O) + 16-blt memory 11011110: mod 100 rim 7/4 

ST(O) <- ST(O) + 32-blt memory 11011 010: mod 100 rim 7/4 

FISUBR 

ST(O) <- ST(O) + 16-bit memory 11011110: mod 101 rim 7/4 

ST(O) <- ST(O) + 32-bit memory 11011 010' mod 101 rim 7/4 

FLO - Load Real 

32-bit memory 11011 001 : mod 000 rim 1 II 

64-blt memory 11011101, mod 000 rim III 

80-blt memory 11011 011 : mod 101 rim 3/3 

ST(i) 11011 001 : 11 000 ST(I) III 

FLOI - Load +1.0 into ST(O) 11011001' 1110 1000 2/2 
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Table F-5. Floating-Point Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

FLDCW - Load Control Word 11011001: mod 101 rim 7r7 

FLDENV - Load FPU Environment 11011 001 : mod 100 rim 

real and v86 modes, 16-blt address 37 
real and v86 modes, 32-blt address 37 
protected mode, 16-bit address 32 
protected mode, 32-bit address 33 

FLDL2E - Load 1092(E) into ST(O) 11011001.11101010 5/3 

FLDL2T - Load 1092(10) into ST(O) 11011001.11101001 5/3 

FLDLG2 - Load 10910(2) into ST(O) 11011001: 11101100 5/3 

FLDLN2 - Load logE(2) into ST(O) 11011001.11101101 5/3 

FLDPI - Load" into ST(O) 11011001: 1110 1011 5/3 

FLDZ - Load +0.0 into ST(O) 11011001: 1110 1110 2/2 

FMUL - Multiply 

ST(O) <-- ST(O) x 32-blt memory 11011000: mod 001 rim 3/1 4 

ST(O) <-- ST(O) x 64-blt memory 11011100: mod 001 rim 3/1 4 

ST(d) <-- ST(O) x ST(I) 11011 dOO : 1100 1 ST(I) 3/1 4 

FMULP - Multiply 

ST(O) <-- ST(O) x ST(i) 11011 110 : 1100 1 ST(I) 3/1 

FNOP - No Operation 11011 001 : 1101 0000 1/1 

FPATAN - Partial Arctangent 11011 001 : 1111 0011 19-134 

FPREM - Partial Remainder 11011001: 11111000 16-64 

FPREM1 - Partial Remainder (IEEE) 11011 001 . 1111 0101 20-70 

FPTAN - Partial Tangent 11011001: 11110010 17-173 

FRNDINT - Round to Integer 11011001: 11111100 9-20 

FRSTOR - Restore FPU State 11011101 : mod 100 rim 

real and v86 modes, 16-bit address 75/75 
real and v86 modes, 32-blt address 95/95 
protected mode, 16-bit address 70/70 
protected mode, 32-blt address 70/70 

FSAVE - Store FPU State 1101101 : mod 110 rim 

real and v86 modes, 16-bit address 127/127 2 
real and v86 modes, 32-bit address 151/151 2 
protected mode, 16-blt address 124/124 2 
protected mode, 32-bit address 124/124 2 

FSCALE - Scale 11011 001 . 1111 1101 20-31 

FSIN-Sine 11011001: 11111110 16-126 

FSINCOS - Sine and Cosine 11011001: 11111011 17-137 

FSQRT - Square Root 11011001: 11111010 70/70 

FST - Store Real 

32-bit memory 11011 001 : mod 010 rim 2/2 

64-bit memory 11011101: mod 010 rim 2/2 

ST(i) 11011101: 11010 ST(i) 1/1 
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Table F-S. Floating-Point Clock Count Summary (Contd.) 
Instruction Format Clocks Notes 

FSTCW - Store Control Word 11011 001 : mod 111 rim 2/2 2 

FSTENV - Store FPU Environment 11011001: mod 110 rim 

real and v86 modes, 16-bit address 50/50 2 
real and v86 modes, 32-bit address 48/50 2 
protected mode, 16-bit address 49/50 2 
protected mode, 32-bit address 50/50 2 

FSTP - Store Real and Pop 

32-bit memory 11011 001 : mod 011 rim 2/2 

64-bit memory 11011101 mod 011 rim 2/2 

80-bit memory 11011 011 : mod 111 rim 3/3 

ST(i) 11011 101 : 11 011 ST(I) 1/1 

FSTSW - Store Status Word 11011 111 : 11100000 6/2 2 
into AX 

FSTSW - Store Status Word into Memory 11011101: mod 111 rim 5/2 2 

FSUB - Subtract 

ST(O) <-- ST(O) - 32-blt memory 11011 000 : mod 100 rim 3/1 

ST(O) <-- ST(O) - 64-bit memory 11011 100 : mod 100 rim 3/1 

ST(d) <-- ST(O) - ST(I) 11011 dOO: 1110 R ST(i) 3/1 

FSUBP - Subtract and Pop 

ST(O) <-- ST(O) - ST(i) 11011110: 1110 1 ST(i) 3/1 

FSUBR - Reverse Subtract 

ST(O) <-- 32-bit memory - ST(O) 11011 000: mod 101 rim 3/1 

ST(O) <-- 64-bit memory - ST(O) 11011100: mod 101 rim 3/1 

ST(d) <-- ST(i) - ST(O) 11011 dOO: 1110 RST(i) 3/1 

FSUBRP - Reverse Subtract and Pop 

ST(i) <-- ST(i) - ST(O) 11011 110 : 1110 0 ST(i) 3/1 

FTST-Test 11011001: 11100100 4/1 

FUCOM - Unordered Compare Real 11011101: 1110 0 ST(i) 4/1 

FUCOMP - Unordered Compare 11011 101 : 1110 1 ST(i) 4/1 
and Pop 

FUCOMPP - Unordered Compare 11011010: 1110 1001 4/1 
and Pop Twice 

FXAM - Examine 11011 001 : 1110 0101 21/21 

FXCH - Exchange ST(O) and ST(i) 11011 001 : 1100 1 ST(i) 1 3 

FXTRACT - Extract Exponent 11011 001 : 1111 0100 13/13 
and Significand 

FYL2X - ST(1) x 1092(ST(0» 11011 001 : 1111 0001 22-111 

FYL2XP1 - ST(1) x 1092(ST(0) + 1_0) 11011 001 : 1111 1001 22-103 

FWAIT - Wait until FPU Ready 10011011 1/1 
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APPENDIX G 
REPORT ON TRANSCENDENTAL FUNCTIONS 

The Pentium microprocessor employs a new set of algorithms to implement its transcendental 
instructions. This chapter includes: 

• A brief introduction to the algorithms 

• A summary of their accuracy, monotonicity, and speed characteristics 

• A description of the verification effort to validate the accuracy and monotonicity of the 
implemented algorithms 

G.1. INTRODUCTION 
There are two traditional classes of algorithm for implementing elementary transcendental 
functions. 

The first class transforms an input argument to one with very small magnitude. An 
approximation to the function at that small argument is obtained by simple calculation, 
typically a couple of adds with a multiplication or division. Finally, the desired result is 
obtained by another transformation. This class of algorithm is referred to as CORDIC and has 
the characteristic that the underlying operations are very simple, typically involving only shifts 
and fixed-point additions. The bulk of the work in a CORDIC algorithm lies in the initial and 
final transformations, and the performance of the algorithm is limited by the sequential nature 
of the long series of shifts and adds. For descriptions of CORDIC algorithms, see [6, 7, 10]. 
There are several examples of microprocessors (including the Intel486 microprocessor) that 
implement these algorithms using on-chip hardware and firmware. 

The second class of algorithm employs a rather simple transformation on an input argument, 
reducing it to one of moderate magnitude. To approximate the function value at the 
transformed argument, a polynomial or a rational function is evaluated at that point. To obtain 
roughly 64 bits of accuracy, a typical polynomial or rational function would require roughly 10 
floating-point multiplications and additions, and one additional division if a rational function is 
used. Finally, a simple transformation is applied to create the value desired. These algorithms 
do not have a name analogous to CORDIC; they can simply be called polynomial-based 
algorithms. The bulk of the work here lies in the second step that involves a polynomial or 
rational function evaluation. For descriptions of this class of algorithm, see [2,4]. 

In the past, hardware implementations of elementary functions mostly employed CORDIC 
algorithms because of their relatively simple hardware requirements. Recent hardware 
advancements resulting in the high speed of basic floating-point operations have made it 
possible and advantageous to implement polynomial-based algorithms. 

The algorithms for the transcendental functions on the Pentium microprocessor can be thought 
of as a middle ground between the two approaches. By using tables of function values stored in 
ROM, one can significantly shorten the polynomial calculations that would normally be 
required in a polynomial-based algorithm. This class of algorithm is usually referred to as 
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table-driven. Table-driven algorithms are by no means new, and recent uses for them can be 
found in [1, 3, 5, 8]. Such algorithms have been implemented in software libraries in the past, 
but never before on-chip. Although such algorithms require a moderate amount of ROM space 
and a small increase in argument reduction complexity, they offer a number of important 
advantages, especially if implemented on-chip. These are: 

1. Accuracy. The combination of simple argument reduction and small reduced arguments 
leads to highly accurate final results. Also, access to internal data paths that are wider than 
the paths available to a software library further enhances the accuracy. 

2. Monotonicity. The high accuracy also leads to monotonicity. 

3. Proof of correctness. Rigorous error analyses become straightforward and also lead to 
tight error bounds. 

4. Performance. The overall implementation algorithm leads to higher performance due to 
several reasons. The simple core calculations are marked by short polynomials. Access to 
microprogramming at the low level afforded within the Pentium CPU chip provides richer 
parallelism and control flow than that available to software libraries. The striking 
simplicity of the implementation adds no additional critical paths to the chip, allowing the 
clock rate to be taken to the limit imposed by other features. 

G.2. SUMMARY OF ACCURACY, MONOTONICITY AND SPEED 

G.2.1. Accuracy 
Accuracy is measured in terms of units in the last place (ulp). For a given argument x, letf(x) 
and F(x) be the correct and computed function values respectively. The error in ulps is defined 
to be 

I {(x) - F(x) I 
2k - 63 

where k is an integer such that I ::; Tkf(x) < 2. Note that even if F(x) is the same as f(x) 
correctly rounded to 64 significant bits, the worst-case error is 1/2 ulp when rounding in 
nearest mode. An implementation F(x) is considered extremely satisfactory if the worst-case 
error is under 1 ulp. 

On the Pentium microprocessor, the worst case error on all transcendental functions is less than 
1 ulp when rounding in nearest mode, and less than 1.5 ulps when rounding in other modes. 
This is summarized in Table 0-1. 

Table G-1. Summary of Accuracy 

Function Round to Nearest Mode All Other Rounding Modes 

All functions Worst case error is less than 1 ulp. Worst case error is less than 1.5 ulp. 
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G.2.2. Monotonicity 
For a given argument x with x_ and x+ as its lower and upper neighbors, the implemented 
function F is monotonic with respect to its input argument if ... 

F(x_) S; F(x) S; F(x+), if/is increasing at x, 

or if... 

F(x_) :2: F(x) :2: F(x+), if/is decreasing at x. 

The functions are guaranteed to be monotonic with respect to the input operands throughout 
the domain supported by the instruction. 

G.2.3. Speed 

The speed is described by specifying the latency in terms of clock counts. The latency varies 
from function to function, with typical performance from 54 to 115 clocks. Table G-2 
summarizes the latency of each of the functions. Three clock count numbers are provided. The 
first number is for special operands such as zero or infinity; the second and third numbers are 
the lower and upper bounds for non-special operands in the domain. For example, for FYL2X, 
when x = 0, the processor takes 22 clocks, and it takes 104 and 114 clocks when Ix - 11 :2: 1/8 
and when Ix - 11 < 1/8 respectively. 

G.3. VERIFICATION SUMMARY 
A rigorous mathematical error analysis was performed for each function. Furthermore, a 
comprehensive verification program was undertaken to confirm the correctness of the error 
analysis (and consequently the accuracy and monotonicity characteristics) of the implemented 
algorithms. 

Table G-2. Speed of Functions at Typical Arguments 

Function Latency' (clocks) Function Latency' (clocks) 

F2XM1 13,54,60 FSIN 12,59,126 

FCOS 14,59,126 FSINCOS 13,83,138 

FPATAN 19,98,137 FPTAN 13,115,174 

FYL2X 22,104,114 FYL2XP1 22,103,106 

NOTE: 
*The first number is for special operands, such as zero or infinity; the second and third numbers are the 
lower and upper bounds for nonspecial operands in the domain. 

For each function, an average of 8500 specially chosen points were used to compare the results 
from the Pentium microprocessor against a set of results that are accurate to about 112 bits, 
derived from the VAX VMS H-functions Math Library. In addition, about 300 million points 
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were randomly chosen for accuracy testing in a manner such that each binade of the input 
domain was covered; i.e. test points were chosen to cover intervals corresponding to each 
exponent value of the input domain. 

For all cases tested, the actual error was found to lie below the bound obtained by the 
theoretical error analysis. Figure 0-1 through Figure 0-22 are ulp plots that illustrate this 
characterization information. For a given argument in the X-axis, a dot is printed to indicate 
the error in ulps of the function at that argument. Of particular interest are the peaks and the 
envelopes of these plots. The scatter plot characteristics observed track the error analyses 
closely. Table 0-3 summarizes the number of arguments tested. 

Table G-3. Number of Arguments Used in Accuracy Tests 

Function No. of Arguments (million) Function No. of Arguments (million) 

FYL2X 35 FYL2XP1 28 

FSIN 28 FCOS 37 

FSINCOS 54 FPTAN 37 

FPATAN 50 F2XM1 30 

All the functions were tested for monotonicity. A total of about 145 million points were used 
for monotonicity characterization. No failures were found. Table 0-4 summarizes the number 
of arguments tested. 

Table G-4. Number of Arguments Used in Monotonicity Tests 

Function No. of Arguments (million) Function No. of Arguments (million) 

FYL2X 30 FYL2XP1 18 

FSIN 4 FCOS 8.5 

FSINCOS 24.5 FPTAN 23.5 

FPATAN 10 F2XM1 26 
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G.4. SCATTER PLOTS 
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Abort: An exception which is completely unrecoverable, such as stack exception during an 
attempt to invoke an exception handler. 

Address: See Logical Address, Linear Address, and Physical Address. 

Address Space: The range of memory locations which may be accessed by an address. 

Address-Size Prefix: An instruction prefix which selects the size of address offsets. Offsets 
may be 16- or 32-bit. The default address size is specified by the D bit in the code segment for 
the instruction. Use of the address-size prefix selects the non-default size. 

Address Translation: The process of mapping addresses from one address space to another. 
Segmentation and paging both perform address translation. 

Alignment: The placement of code or data on a 2-, 4-, 8-, 16- or 32-byte boundary depending 
on the operand or cache-line size. 

Base Address: The address of the beginning of a data structure, such as a segment, descriptor 
table, page, or page table. 

Base Register: A register used for addressing an operand relative to an address held in the 
register. 

Base: (1) A term used in logarithms and exponentials. In both contexts, it is a number that is 
being raised to a power. The two equations (y=log base b of x) and (by=x) are the same. (2) A 
number that defines the representation being used for a string of digits. Base 2 is the binary 
representation; base lOis the decimal representation; base 16 is the hexadecimal 
representation. In each case, the base is the factor of increased significance for each succeeding 
digit (working up from the bottom). (3) See Base Address. 

BCD: Binary Coded Decimal; a format for representing numbers in base 10. One byte is used 
for each digit of the number, with bit positions 0 to 3 specifying the value for the digit. The 
auxiliary carry flag isused to perform BCD arithmetic. The FPU supports a packed form of 
BCD, in which 18 digits and a sign bit are contained in an 80-bit operand. 

Bias: A constant that is added to the true exponent of a real number to obtain the exponent 
field of that number's floating-point representation in the FPU. To obtain the true exponent, 
you must subtract the bias from the given exponent. For example, the single real format has a 
bias of 127 whenever the given exponent is nonzero. If the 8-bit exponent field contains 
10000011 (binary), which is 131 (decimal), the true exponent is 131-127, or +4. Also known 
as an excess representation, in this case excess -127. 

Biased Exponent: The exponent as it appears in a floating-point representation of a number. 
The biased exponent is interpreted as an unsigned, positive number. In the above example, 131 
is the biased exponent. 

Big-endien: A method used for storing data types that are larger than one byte where the low­
order byte is stored at the highest address and the high-order byte at the lowest address. This is 
opposed to the little-endien method used by Intel's x86 architecture. 

Binary Coded Decimal: A method of storing numbers that retains a base 10 representation. 
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Each decimal digit occupies 4 full bits (one hexdecimal digit). The hexadecimal values A 
through F (1010 to 1111) are not used. Intel's 32-bit x86 processors support a packed decimal 
format that consists of 9 bytes of binary coded decimal (18 decimal digits) and one sign byte. 

Binary Point: An entity just like a decimal point, except that it exists in floating-point binary 
numbers. Each binary digit to the right of the binary point is multiplied by an increasing 
negative power of two. 

Built-In Self Test (BIST): Consists of hardware and microcode self-test initiated by driving 
the INIT pin high when RESET transitions from high to low. Upon completion, the cumulative 
result of the tests are stored in the EAX register. If EAX is zero, all checks passed. Any non­
zero result indicates a faulty processor unit. BIST also causes the FPU registers to be 
initialized following RESET. 

Bit Field: A sequence of up to 32 bits which may start at any bit position of any byte address. 
Intel's 32-bit x86 processors have instructions for efficient operations on bit fields. 

Bitmap: See I/O Permission Bitmap. 

Bit String: A sequence of up to 232_1 bits which may start at any bit position of any byte 
address. Intel's 32-bit x86 processors have instructions for efficient operations on bit strings. 

Branch Prediction: See Branch Target Buffer. 

Boundary Scan: IEEE Std. 1149.1 allows board manufacturers to test board interconnects and 
the Pentium processor through BIST. 

Branch Target Buffer: A small cache used for the prediction of branch instructions. For 
more information, see Appendix H. 

Breakpoint: An aid to program debugging in which the programmer specifies forms of 
memory access which generate exceptions. The exceptions invoke debugging software. Intel's 
32-bit x86 processors support software and hardware breakpoints. A software breakpoint is an 
instruction inserted into the program being debugged. When the INT 3 instruction is executed, 
a breakpoint occurs. A hardware breakpoint is set up by programming the debugging registers. 
The contents of the debugging registers specify the address, size, and type of reference for as 
many as four breakpoints. Unlike software breakpoints, hardware breakpoints can be applied 
to data. 

Byte: An 8-bit quantity of memory; the smallest unit of memory referenced by an address. 

C3-CO: The four "condition code" bits of the FPU status word. These bits are set to certain 
values by the compare, test, examine, and remainder functions of the FPU. 

Cache: A small, fast memory which holds the active parts of a larger, slower memory. 

Cache Consistency: Maintaining cache consistency requires that when a processor accesses 
data cached in another processor, it must not receive incorrect data and when cached data is 
modified, all other processors which access that data receive the modified data. 

Cache Flush: An operation which marks all cache lines as invalid. The Pentium and Intel486 
processors have instructions for flushing internal and external caches. 

Cache Line: The smallest unit of storage which can be allocated in a cache. 

Cache Line Fill: An operation which loads an entire cache line using multiple read cycles to 
main memory. 
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Cache Miss: A request for access to memory which requires actually reading main memory. 

Call Gate: A gate descriptor for invoking a procedure with a CALL or JUMP instruction. 

Characteristic: A term used for some non-Intel computers, meaning the exponent field of a 
floating-point number. 

Chop: In the FPU, to set one or more low-order bits of a real number to zero, yielding the 
nearest representable number in the direction of zero. 

Code Segment: An address space which contains instructions; an executable segment. An 
instruction-fetch cycle must address a code segment. The type of information held in a 
segment is specified in its segment descriptor. 

Condition Code: The four bits of the FPU status word that indicates the results of the 
compare, test, examine, and remainder functions of the FPU. 

Conforming Segment: A code segment which executes with the RPL of the segment selector 
or the CPL of the calling program, whichever is less privileged. 

Context Switch: See Task Switch. 

Control Word: A 16-bit FPU register that the user can set, to determine the modes of 
computation the FPU will use and the exception interrupts that will be enabled. 

Coprocessor: An extension to the base architecture and instruction set of a processor. The 
Inte1387 numerics coprocessor is used to add floating-point arithmetic instructions and 
registers to the Inte1386 processor. Coprocessors allow present-day systems to enjoy the 
architectural enhancements which will be available in future processor chips. 

CPL: See Current Privilege Level. 

CPU: Central Processor Unit. See Processor. 

Current Privilege Level (CPL): The privilege level of the program which is executing. 
Normally, the privilege level is loaded from a code segment descriptor. It is loaded into the CS 
segment register, where it is visible to software as the two lowest bits of the register. When 
execution is transferred to a conforming code segment, the privilege level does not change. In 
this case, the CPL may be different from the privilege level specified in the descriptor (DPL). 

Data Segment: An address space which contains data. As many as four data segments may be 
in use without reloading the segment registers. The type of information held in a segment is 
specified in its segment descriptor. 

Data Structure: An area of memory defined for a particular use by hardware or software, 
such as a page table or task state segment (TSS). 

Debug Registers: A set of registers used to specify as many as four hardware breakpoints. 
Unlike breakpoint instructions, which only can be used for code breakpoints, the debug 
registers can specify breakpoints in either code or data. 

Denormal: A special form of floating-point number. On the FPU, a denormal is defined as a 
number that has a biased exponent of zero. By providing a significand with leading zeros, the 
range of possible negative exponents can be extended by the number of bits in the significand. 
Each leading zero is a bit of lost accuracy, so the extended exponent range is obtained by 
reducing significance. 
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Descriptor Privilege Level (DPL): The privilege level applied to a segment. The DPL is a 
field in the segment descriptor. 

Descriptor Table: An array of segment descriptors. There are two kinds of descriptor tables: 
the Global Descriptor Table (GDT) and an arbitrary number of Local Descriptor Tables 
(LDTs). 

Device Driver: A procedure or task used to manage a peripheral device, such as a disk drive. 

Displacement: A constant used in calculating effective addresses. A displacement modifies the 
address independently of any scaled indexing. A displacement often is used to access operands 
which have a fixed relation to some other address, such as a field of a record in an array. 

Double Extended: IEEE Std 754 term for the FPU's extended format, with more exponent 
and significand bits than the double format and an explicit integer bit in the significand. 

Double Format: A floating-point format supported by the FPU that consists of a sign, an 11-
bit biased exponent, an implicit integer bit, and a 52-bit significand, a total of 64 explicit bits. 

Doubleword: A 32-bit quantity of memory. 

DPL: See Descriptor Privilege Level. 

Effective Address: The address produced from addressing-mode calculations. A base register, 
scaled index, and displacement may be used in the calculations. 

Environment: The 14 or 28 (depending on addressing mode) bytes of FPU registers affected 
by the FSTENV and FLDENV instructions. It encompasses the entire state of the FPU, except 
for the 8 registers of the FPU stack. Included are the control word, status word, tag word, and 
the instruction, opcode, and operand information provided by interrupts. 

ESC Instruction: An instruction encoding used for coprocessor instructions. 

Exception: A forced call to a procedure or a task which is generated when the processor fails 
to interpret an instruction or when an INT n instruction is executed. Causes of exceptions 
include division by zero, stack overflow, undefined opcodes, and memory-protection 
violations. Exceptions are faults, traps, aborts, and software-initiated interrupts. 

Exception Pointers: In the FPU, the indication used by exception handlers to identify the 
cause of an exception. This data consists of a pointer to the most recently executed ESC 
instruction and a pointer to the memory operand of this instruction, if it had a memory operand 
of this instruction, if it had a memory operand. An exception handler can use the FSTENV and 
FSA VE instructions to access these pointers. 

Expand-Down Segment: A type of data segment in which the meaning of the segment limit is 
reversed. All other segments accept legal offsets from the base address to the base address plus 
the segment limit. An expand-down segment accepts legal addresses in two ranges: from 0 to 
one byte below the base address, and from one byte past the segment limit to the top of the 
address space. 

Exponent: (1) Any number that indicates the power to which another number is raised. (2) 
The field of a floating-point number that indicates the magnitude of the number. This would 
fall under the above more general definition (I), except that a bias sometimes needs to be 
subtracted to obtain the correct power. 

Extended Format: The FPU's implementation of the double extended format of IEEE Std 
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754. Extended format is the main floating-point format used by the FPU.1t consists of a sign, a 
IS-bit biased exponent, and a significand with an explicit integer bit and 63 fractional-part bits. 

External Cache: A cache memory provided outside of the processor chip. External caches can 
be added to any kind of processor which has external main memory. The Pentium and Intel486 
processors have instructions and page-table entry bits which are used to control external caches 
from software. 

Far Pointer: A reference to memory which includes both a segment selector and an offset. 
Used to access memory when the segment selector has not been loaded into the processor, for 
example when making a procedure call from one segment to another. 

Fault: An exception which is reported at the instruction boundary immediately before the 
instruction which generated the exception. When a fault is generated, enough of the state of the 
processor is restored to permit another attempt to execute the instruction which generated the 
fault. The fault handler is called with a return address which points to the faulting instruction, 
rather than the instruction which follows the faulting instruction. After the handler fixes the 
source of the exception, such as a segment or page which is not present in memory, the 
program is restarted. 

Flat Model: A memory organization in which all segments are mapped to the same range of 
linear addresses. This organization removes segmentation from the environment of application 
programs to the greatest degree possible. 

Floating-Point Operand: A representation for a number expressed as a base, a sign, a 
significand, and a signed exponent. The value of the number is the signed product of its 
significand and the base raised to the power of the exponent. Floating-point representations are 
more versatile than integer representations in two ways. First, they include fractions. Second, 
their exponent parts allow a much wider range of magnitude than possible with fixed-length 
integer representations. 

Floating-Point Unit (FPU): The part of the Intel486 processor which contains the floating­
point registers and performs the operations required by floating-point instructions. 

FPU: See Floating-Point Unit. 

Flush: See Cache Flush. 

Gate Descriptor: A segment descriptor which can be the destination of a call or jump. A gate 
descriptor can be used to invoke a procedure or task in another privilege level. There are four 
types of gate descriptors: call gates, trap gates, interrupt gates, and task gates. 

GDT: See Global Descriptor Table. 

Global Descriptor Table (GDT): An array of segment descriptors for all programs in a 
system. There is only one GDT in a system. 

Gradual Underflow: A method of handling the floating-point underflow error condition that 
minimizes the loss of accuracy in the result. If there is a denormal number that represents the 
correct result, the denormal is returned. Thus, digits are lost only to the extent of 
denormalization. Most computers return zero when underflow occurs, losing all signficant 
digits. 

Handler: A procedure or task which is called as a result of an exception or interrupt. 

Hit: See Cache Hit. 
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IDT: See Interrupt Descriptor Table. 

IEEE Standard 754: A set of formats and operations which apply to floating-point numbers. 
The formats cover 32-, 64-, and SO-bit operand sizes. The standard was developed by the 
Institute for Electrical and Electronics Engineeers (IEEE). The FPU supports all operand sizes 
covered by the standard. 

Immediate Operand: Data encoded in an instruction. 

Implicit Integer Bit: A part of the significand in the single real and double real floating-point 
formats that is not explicitly given. In these formats, the entire given significand is considered 
to be the right of the binary point. A single implicit integer bit to the left of the binary point is 
always one, except in one case. When the exponent is the minimum (biased exponent is zero), 
the implicit integer bit is zero. 

Indefinite: A special value that is returned by floating-point functions when the inputs are 
such that no other sensible answer is possible. For each floating-point format these exits one 
quiet NaN that is designated as the indefinite value. For binary integer formats, the negative 
number furthest from zero is often considered the indefinite value. For the FPU packed 
decimal format, the indefinite value contains all l' s in the sign byte and the uppermost digits 
byte. 

Index: A number used to access a table. An index is scaled (multiplied by shifting left) to 
account for the size of the operand. The scaled index is added to the base address of the table 
to get the address of the table entry. 

Inexact: IEEE Std 754 term for the FPU's precision exception. 

Infinity: A floating-point result that has greater magnitude than any integer or any real 
number. It is often useful to consider infinity as another number, subject to special rules of 
arithmetic. All three Intel floating-point formats provide representations for +infinity and -
infinity. 

Initialization: The process of setting up the programming environment following reset. The 
processor begins execution in real-address mode. A few processor registers have defined states 
following reset, which permit execution to begin. Initial states of the segment registers allow 
memory to be accessed, even though no segment selectors have been loaded. The DR7 register 
(debug control register) is clear, so no breakpoint will occur during initialization. The real 
mode program can set up data structures such as descriptor tables and page tables, then transfer 
execution to a program running in protected mode. 

Inquire Cycle: Used to check whether the address being presented is contained within the 
cache of the Pentium processor. If the address hits a modified line in the data cache, the 
modified line is written back onto the bus. 

Instruction Prefetch: Reading instructions into the processor from sequentially higher 
addresses in advance of execution; a technique for overlapping the execution of instructions. 

Instruction Restart: An ability to make a second attempt to execute an instruction which 
generates an exception. Instruction restart is necessary for supporting virtual memory. When 
an application makes reference to a segment or page which is not present in memory, the 
application must be suspended in a way which allows restarting after the operating system has 
brought the segment or page into physical memory. Instruction restart restores enough of the 
processor state to allow the exception handler to be called with a return address pointing to the 
instruction which generated the exception, rather than the instruction following it. 
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Integer: A number (positive, negative, or zero) that is finite and has no fractional part. Integer 
can also mean the computer representation for such a number: a sequence of data bytes 
interpreted in a standard way. It is perfectly reasonable for integers to be represented in a 
floating-point format; this is what the FPU does whenever an integer is pushed onto the FPU 
stack. 

Integer Bit: A part of the significand in floating-point formats. In these formats, the integer bit 
is the only part of the significand considered to be to the left of the binary point. The integer 
bit is always one, except in one case: when the exponent is the minimum (biased exponent is 
zero), the integer bit is zero. In the extended format the integer bit is explicit; in the single 
format and double format the integer bit is implicit; i.e., is not actually stored in memory. 

Internal Cache: A cache memory on the processor chip. The Intel486 processor has 8K bytes 
of internal cache memory. 

Interrupt: A forced transfer of program control caused by a hardware signal or execution of 
the INT n instruction. Interrupt handlers called by software are processed like exceptions. 

Interrupt Descriptor Table (IDT): An array of gate descriptors for invoking the handlers 
associated with exceptions and interrupts. A handler may be invoked by a task gate, interrupt 
gate, or trap gate. 

Interrupt Gate: A gate descriptor used to invoke an interrupt handler. An interrupt gate is 
different from a trap gate only in its effect on the IF flag. An interrupt gate clears the flag 
(disables interrupts) for the duration of the handler. 

Invalid: Unallocated. Invalid cache lines do not cause cache hits. Valid cache lines have been 
loaded with data and may cause cache hits. 

Invalid Operation: The exception condition for the FPU that covers all cases not covered by 
other exceptions. Included are FPU stack overflow and underflow, NaN inputs, illegal infinite 
inputs, out-of-range inputs, and inputs in unsupported formats. 

I/O Permission Bitmap: Contained in the TSS, the I/O permission bitmap controls access for 
a task to specific I/O addresses if the CPL > IOPL or if the task is executing in virtual-8086 
mode. 

Label: An identifier used to name places in the source code of a program, so that statements 
can refer to those places. Places named by labels include procedure entry points, beginning of 
blocks of data, and base addresses for descriptor tables. 

LDT: See Local Descriptor Table. 

Linear Address: A 32-bit address into a large, unsegmented address space. If paging is 
enabled, it translates the linear address into a physical address. If paging is not enabled, the 
linear address is used as the physical address. 

Little-Endien: A method used by the Intel x86 architecture for storing data types that are 
larger than one byte where the low-order byte is stored at the lowest address and the high-order 
byte at the high address. 

Local Descriptor Table (LDT): An array of segment descriptors for one program. Each 
program may have its own LDT, a program may share its LDT with another program, or a 
program may have no LDT, in which case, it uses the global descriptor table (GDT). 

Locked Instructions: Instructions which read and write a destination in memory without 
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allowing other devices to become bus masters between the read cycle and the write cycle. This 
mechanism is necessary for supporting reliable communications among multiprocessors. The 
mechanism is invoked using the LOCK instruction prefix. Only certain instructions may be 
locked, and only when they have destination operands in memory (other uses of the LOCK 
prefix generate an invalid-opcode exception). 

Logical Address: The number used by application programs to reference virtual memory. This 
number consists of two parts: a segment selector (16 bits) and an offset (32 bits). The segment 
selector is used to specify an independent, protected address space (segment). The offset is 
used as an address within that segment. Segmentation translates the logical address into a 
linear address. 

Long Integer: An integer format supported by the FPU that consists of a 64-bit two's 
complement quantity. 

Long Real: An older term for the FPU's 64-bit double format. 

Main Memory: The large memory, external to the processor, used for holding most 
instruction code and data. Generally built from cost-effective DRAM memory chips. May be 
used with the internal cache of the processor and an optional external cache. 

Mantissa: A term used with some non-Intel computers for the significand of a floating-point 
number. 

Masked: A term that can apply to each of the six FPU exceptions I, D, A, 0 U, P. An 
exception is masked if a corresponding bit in the FPU control word is set to one. If an 
exception is masked, the FPU will not generate an interrupt when the exception condition 
occurs; it will instead provide its own exception recovery. 

Memory Management: Support for simplified models of memory; a process consisting of 
address translation and protection checks. There are two forms of memory management, 
segmentation and paging. Segmentation provides protected, independent address spaces 
(segments). Paging provides access to data structures larger than the available memory space 
by keeping them partly in memory and partly on disk. 

MESI Protocol: A cache consistency protocol with full support for multiprocessing. The 
MESI protocol consists of four states that define whether a line is modified (M), exclusive (E), 
shared (S), or invalid (I). Lines cached in the Pentium processor can change state due to 
processor generated activity or as a result of activity on the Pentium bus generated by other bus 
masters, such as snooping. 

Microprocessor: See Processor. 

Miss: See Cache Miss. 

Mode: (1) One of the FPU status word fields "rounding control" and "precision control" which 
programs can set, sense, save, and restore to control the execution of subsequent arithmetic 
operations. (2) See Real-Address Mode, Protected Mode, Virtual-8086 Mode, Supervisor 
Mode, User Mode. 

ModR/M Byte: A byte following an instruction opcode which is used to specify instruction 
operands. 

MPU: Micro-Processor Unit. See Processor. 

Multiprocessing: Using more than one processor in a system. The Intel486 processor supports 
two kinds of mUltiprocessing: coprocessors, which are special-purpose performance-enhancing 
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extensions to the architecture and instruction set, and multiple general-purpose processors, 
such as additional Intel486 processors. 

Multisegmented Model: A memory organization in which different segments are mapped to 
different ranges of linear addresses. This organization uses segmentation to protect data 
structures from damage caused by program errors. For example, the stack can be kept from 
growing into memory occupied by instruction code. 

Multitasking: Timesharing a processor among several programs, executing some number of 
instructions from each. The Intel486 processor has instructions and data structures which 
support multitasking. 

NaN: An abbreviation for "Not a Number"; a floating-point quantity that does not represent 
any numeric or infinite quantity. NaN's should be returned by functions that encounter serious 
errors. If created during a sequence of calculations, they are transmitted to the final answer and 
can contain information about where the error occurred. 

Near Pointer: A reference to memory without a segment selector; an offset. Used to access 
memory when the segment selector has already been loaded into the processor, for example 
when one procedure calls another within the same segment. 

Normal: The representation of a number in a floating-point format in which the significand 
has an integer bit one (either explicit or implicit). 

Normalize: Convert a denormal floating-point representation of a number to a normal 
representation. 

Offset: A 16- or 32-bit number which specifies a memory location relative to the base address 
of a segment. A program's code segment descriptor specifies whether 16- or 32-bit offsets are 
the default. An address-size prefix specifies use of the non-default size. 

Operand: Data in a register or in memory which an instruction reads or writes (or both). 

Operand-Size Prefix: An instruction prefix which selects the sizes of integer operands. 
Operands may be 8- and 16-bit, or they may be 8- and 32-bit. The default operand size is 
specified by the D bit in the descriptor for the code segment which contains the instruction. 
Use of the operand-size prefix selects the non-default size. 

Overflow: A floating-point exception condition in which the correct answer is finite, but has 
magnitude too great to be represented in the destination format. This kind of overflow (also 
called numeric overflow) is not to be confused with stack overflow. 

Packed BCD: Packed Binary Coded Decimal; a format for representing numbers in base 10. 
One byte is used for each two digits of the number, with bit positions 0 to 3 specifying the 
value for the less significant digit and bit positions 4 to 7 specifying the value for the more 
significant digit. Packed BCD is one of the data types supported by the FPU. 

Packed Decimal: An integer format supported by the FPU. A packed decimal number is a 10-
byte quantity, with nine bytes of 18 binary coded decimal digits and one byte for the sign. 

Page Directory: The first-level page table. The paging hardware of the Intel486 processor 
uses two levels of page tables, where the physical address produced by the first-level page 
table is the base address of the second-level page table. The use of two levels allows the 
second-level tables to be paged to disk. 

Page Directory Base Register (PDBR): A processor register which holds the base address of 
the page directory; same as the CR3 register. Because the contents of the PDBR register are 

I Glossary-9 



GLOSSARY 

loaded from the task state segment (TSS) during a task switch, each task can have its own page 
directory, so each can have a different mapping of virtual pages to physical pages. 

Page Directory Pointer: An 8-byte entry in the Page Directory Pointer Table specifying the 
36-bit physical address of the page directory, whether it's present in memory, and cache 
management (PCD and PWT) bits for the page directory. 

Page Directory Pointer Table (PDPT): Contains four Page Directory Pointers used in page 
translation by the Pentium processor. The PDPT's physical address is specified by the CR3 
register. 

Page: A 4K-byte block of neighboring memory locations; the unit of memory used by paging 
hardware. 

Page Table: A table which maps part of a linear address to a physical address. The paging 
hardware of the Intel486 processor uses two levels of page tables, where the physical address 
produced by the first-level page table is the base address of the second-level page table. The 
use of two levels allows the second-level tables to be paged to disk. 

Page Table Entry: A 32-bit data structure in memory used for paging. It includes the physical 
address for a page and the page's protection information. It is set up by operating system 
software and accessed by paging hardware. 

Paging: A form of memory management used to simulate a large, unsegmented address space 
using a small, fragmented address space and some disk storage. Paging provides access to data 
structures larger than the available memory space by keeping them partly in memory and 
partly on disk. 

Pairing: The process of issuing two instructions in parallel to the dual execution units of a 
processor. 

PDBR: See Page Directory Base Register. 

Physical Address: The address which appears on the local bus. The Intel486 processor has a 
32-bit physical address, which may be used to address as much as 4 gigabytes of memory. 

Physical Memory: The address space on the local bus; the hardware implementation of 
memory. Memory is addressed as 8-bit bytes, but it is implemented as 32-bit doublewords 
which start at addresses which are multiples of four (addresses which are clear in their two 
least significant bits). The Intel486 processor may have up to 4 gigabytes of physical memory. 

Precision: The effective number of bits in the significand of the floating-point representation 
of a number. 

Precision Control: An option, programmed through the FPU control word, that allows all 
FPU arithmetic to be performed with reduced precision. Because no speed advantage results 
from this option, its only use is for strict compatibility with IEEE Std 754 and with other 
computer systems. 

Precision Exception: An FPU exception condition that results when a calculation does not 
return an exact answer. This exception is usually masked and ignored; it is used only in 
extremely critical applications, when the user must know if the results are exact. The precision 
exceptions is called inexact in IEEE Std 754. 

Privilege Level: A protection parameter applied to segments and segment selectors. There are 
four privilege levels, ranging from 0 (most privileged) to 3 (least privileged). Level 0 is used 
for critical system software, such as the operating system. Level 3 is used for application 
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programs. Some system software, such as device drivers, may be put in intermediate levels 1 
and 2. 

Processor: The part of a computer system which executes instructions; also called 
microprocessor, CPU, or MPU. 

Protected Mode: An execution mode in which the full 32-bit architecture of the processor is 
available. 

Protection: A mechanism which can be used to protect the operating system and applications 
from programming errors in applications. Protection can be used to define the address spaces 
accessible to a program, the kind of memory references which may be made to those address 
spaces, and the privilege level required for access. Any violation of these protections generates 
a general-protection exception. Protection can be applied to segments or pages. 

Pseudo-Descriptor: A 48-bit memory operand accessed when a descriptor table base register 
is loaded or stored. 

Pseudozero: One of a set of special values of the extended real format. The set consists of 
numbers with a zero significand and an exponent that is neither all zeros nor all ones. 
Pseudozeros are not created by the FPU but are handled correctly when encountered as 
operands. 

Quadword: A 64-bit operand. The CDQ instruction can be used to convert a doubleword to a 
quadword. A quadword held in the EDX and EAX registers may be the dividend used with a 
doubleword divisor. 

Quiet NaN: A floating-point NaN in which the most significant bit of the fractional part of the 
significand is one. By convention, these NaN's can undergo certain operations without causing 
an exception. 

Re-entrant: Allowing a program to call itself; recursive. For certain kinds of problems, such 
as operations performed on hierarchical data structures, procedures which call themselves are 
simple and efficient solutions. On the Intel486 processor, procedures may be re-entrant, 
however tasks are not. A task may not call itself because it has only one task state segment 
(TSS) for storing the processor state. Procedures store the processor state on the stack, so they 
may be re-entrant to an arbitrary number of levels. 

Real-Address Mode: An execution mode which provides an emulation of the architecture of 
an 8086 processor; also called "real mode." In this mode the Intel486 processor appears as a 
fast 8086 processor. The architectural extensions for protection and multitasking are not 
available in this mode. Following reset initialization, the Intel486 processor begins execution 
in real mode. 

Real: Any finite value (negative, positive, or zero) that can be represented by a (possibly 
infinite) decimal expansion. Reals can be represented as the points of a line marked off like a 
ruler. The term can also refer to a floating-point number that represents a real value. 

Requested Privilege Level (RPL): The privilege level applied to a segment selector. If the 
RPL is less privileged than the current privilege level (CPL), access to a segment takes place at 
the RPL level. This keeps privileged software from being used by an application to interfere 
with the operating system or other applications. For example, a privileged program which 
loads memory from disk should not be permitted to overwrite the operating system as a result 
of a call from an application. With RPL, the attempt to access the memory space of the 
operating system takes place with the privleges of the application. 
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Reset: See Initialization. 

RPL: See Requested Privilege Level. 

Scheduling: The process of ordering instruction execution to obtain optimum performance. 

Second Level Cache: See External Cache. 

Segment: An independent, protected address space. A program may have as many as 16,383 
segments, each of which can be up to 4 gigabytes in size. 

Segmentation: A form of memory management used to provide multiple independent, 
protected address spaces. Segmentation aids program debugging by reporting programming 
errors when they first occur, rather than when their effects become apparent. Segmentation 
makes programs provided to the end-user more reliable by limiting the damage which can be 
caused by undetected errors. Segmentation increases the address space available to a program 
by providing up to 16,383 segments, each of which can be up to 4 gigabytes in size. 

Segment Descriptor: A 64-bit data structure in memory used for segmentation. It includes the 
base address for a segment, its size (limit), its type, and protection information. It is set up by 
operating system software and accessed by segmentation hardware. 

Segment-Override Prefix: An instruction prefix which overrides the default segment 
selection. There are six segment-override prefixes, one each for the CS, SS, DS, ES, FS, and 
OS segments. 

Segment Selector: A 16-bit number used to specify an address space (segment). Bit position 3 
to 15 are used as an index into a descriptor table. Bit position 2 specifies whether the global 
descriptor table (ODT) or local descriptor table (LDT) is used. Bit positions 0 and 1 are the 
requested privilege level (RPL), which may lower the priority of access, as an additional 
protection check. 

Serializing Instructions: A class of instructions that serialize instruction execution in the U 
pipe only on the Pentium processor, that ensures modifications to flags, registers and memory 
from previous instructions are completed before the next instruction is fetched and executed. 

Set-Associative: A form of cache organization in which the location of a data block in main 
memory constrains, but does not completely determine, its location in the cache. Set­
associative organization is a compromise between direct-mapped organization, in which data 
from a given address in main memory has only one possible cache location, and fully­
associative organization, in which data from anywhere in main memory can be put anywhere 
in the cache. An "n-way set-associative" cache allows data from a given address in main 
memory to be cached in any of n locations. Both the Translation Lookaside Buffer (TLB) and 
the integral cache of the Intel486 processor have a four-way set-associative organization. 

Short Integer: An integer format supported by the FPU that consists of a 32-bit two's 
complement quantity. Short integer is not the shortest FPU integer format-the 16-bit word 
integer is. 

Short Real: An older term for the FPU's 32-bit single format. 

SIB Byte: A byte following an instruction opcode and modR/M bytes which is used to specify 
a scale factor, index, and base register. 
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Sign Extension: Conversion of data to a larger format, where empty bit positions are filled 
with the value of the sign. This form of conversion preserves the value of signed integers. See 
Zero Extension. 

Signaling NaN: A floating-point NaN that causes an invalid-operation exception whenever it 
enters into a calculation or comparison, even an unordered comparison. 

Significand: The part of a floating-point number that consists of the most significant nonzero 
bits of the number, if the number were written out in an unlimited binary format. The 
significand is composed of an integer bit and a fraction. The integer bit is implicit in the single 
format and double format. The significand is considered to have a binary point after the integer 
bit; the binary point is then moved according to the value of the exponent. 

Single Extended: A floating-point format, required by the IEEE Std 754, that provides greater 
precision than single; it also provides an explicit integer bit in the significand. The FPU's 
extended format meets the single extended requirement as well as the double extended 
requirement. 

Single Format: A floating-point format supported by the FPU, which consists of a sign, an 8-
bit biased exponent, an implicit integer bit, and a 23-bit significand-a total of 32 explicit bits. 

SMI: System Management Interrupt causing the processor to save its state to SMRAM and 
begin executing the SMM Handler. 

SMM: See System Management Mode. 

SMRAM: See System Management RAM 

Snooping: See Inquire Cycles. 

Stack Fault: A special case of the invalid-operation exception which is indicated by a one in 
the SF bit of the status word. This condition usually results from stack underflow or overflow 
in the FPU. 

Stack Frame: The space used on the stack by a procedure. The stack frame includes 
parameters, return addresses, saved registers, temporary storage, and any other stack space the 
procedure uses. 

Stack Segment: A data segment which is used to hold a stack. A stack segment may be 
expand-down, which allows the segment to be resized toward lower address. The type of 
information held in a segment is specified in its segment descriptor. 

Status Word: A 16-bit FPU register that can be manually set, but which is usually controlled 
by side effects to FPU instructions. It contains condition codes, the FPU stack pointer, busy 
and interrupt bits, and exception flags. 

String: A sequence of bytes, word, or doublewords which may start at any byte address in 
memory. The Intel486 processor has instructions for efficient operations on strings. 

Superscalar: An architectural feature allowing the execution of multiple instructions in 
parallel. 

Supervisor Mode: The privilege level applied to operating system pages. Paging only 
recognizes two privilege levels: supervisor mode and user mode. A program executing from a 
segment at privilege level 0, I, 2 is in supervisor mode. 
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System Management Mode: An operating mode of the Pentium processor entered through an 
external interrupt through SMI# allowing system developers the ability to provide high-level 
systems functions such as power management and system security. 

System Management RAM (SMRAM): An area of memory used by the Pentium processor 
which contains the processor state dump record prior to entering SMM. 

Table: An array of records in memory having equal size. 

Tag Word: A 16-bit FPU register that it automatically maintained by the FPU. For each space 
in the FPU stack, it tells if the space is occupied by a number; if so, it gives information about 
what kind of number. 

Tag Word: A 16-bit FPU register that it automatically maintained by the FPU. For each space 
in the FPU stack, it tells if the space is occupied by a number; if so, it gives information about 
what kind of number. 

Tag: The part of a cache line which holds the address information used to determine if a 
memory operation is a hit or a miss on that cache line. 

Task Register: A register which holds a segment selector for the current task. The selector 
references a task state segment (TSS). Like the segment registers, the TR register has a visible 
part and an invisible part. The visible part holds the segment selector, and the invisible part 
holds information cached from the segment descriptor for the TSS. 

Task State Segment (TSS): A segment used to store the processor state during a task switch. 
If a separate I/O address space is used, the TSS holds permission bits which control access to 
the I/O space. Operating systems may define additional structures which exist in the TSS. 

Task Switch: A transfer of execution between tasks; a context switch. Unlike the procedure 
calls, which save only the contents of the general registers, a task switch saves most of the 
processor state. For example, the registers used for address translation are reloaded, so that 
each task can have a different logical-to-physical address mapping. 

Task: A program running, or waiting to run, in a multitasking system. 

Temporary Real: An older term for the FPU's 80-bit extended format. 

Tiny: Of or pertaining to a floating-point number that is so close to zero that its exponent is 
smaller than smallest exponent that can be represented in the destination format. 

TLB: See Translation Lookaside Buffer. 

Top: The three-bit field of the status word that indicates which FPU register is the current top 
of stack. 

Transcendental: One of a class of functions for which polynomial formulas are always 
appropriate, never exact for more than isolated values. The FPU supports trigonometric, 
exponential, and logarithmic functions; all are transcendental. 

Translation Lookaside Buffer (TLB): The on-chip cache for page table entries. In typical 
systems, about 99% of the references to page table entries can be satisfied by information in 
the TLB. 

Trap: An exception which is reported at the instruction boundary immediately following the 
instruction which generated the exception. 
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Trap Gate: A gate descriptor used to invoke an exception handler. A trap gate is different 
from an interrupt gate only in its effect on the IF flag. Unlike an interrupt gate, which clears 
the flag (disables interrupts) for the duration of the handler, a trap gate leaves the flag 
unchanged. 

TSS: See Task State Segment. 

Two's Complement: A method of representing integers. If the uppermost bit is zero, the 
number is considered positive, with the value given by the rest of the bits. If the uppermost bit 
is one, the number is negative, with the value obtained by subtracting (2M count) from all the 
given bits. For example, the 8-bit number 11111100 is -4, obtained by subtracting 28 from 
252. 

Ulps (Units in Last Place): A measurement of accuracy used for floating-point numbers. 

Unbiased Exponent: The true value that tells how far and in which direction to move the 
binary point of the significand of a floating-point number. For example, if a single-format 
exponent is 131, we subtract the Bias 127 to obtain the unbiased exponent +4. Thus, the real 
number being represented is the significand with the binary point shifted 4 bits to the right. 

Underflow: An exception condition in which the correct answer is nonzero, but has a 
magnitude too small to be represented as a normal number in the destination floating-point 
format. IEEE Std 754 specifies that an attempt be made to represent the number as a denormal. 
This denormalization may result in a loss of significant bits from the significand. This kind of 
underflow (also called numeric overflow) is not be confused with stack overflow. 

Unmasked: A term that can apply to each of the six FPU exceptions: I, D, Z, 0, U, P. An 
exception is unmasked if a corresponding bit in the FPU control word is set to zero. If an 
exception is unmasked, the FPU will generate an interrupt whent he exception condition 
occurs. You can provide an interrupt routine that customizes your exception recovery. 

Unnormal: An extended real representation in which the explicit integer bit of the significand 
is zero and the exponent is nonzero. Unnormal values are not supported by the FPU. This 
includes several formats that are recognized by the 8087 and Intel287 coprocessors; they cause 
the invalid-operation exception when encountered as operands. 

Unsupported Format: Any number representation that is not recognized by the FPU. This 
includes several formats that are recognized by the 8087 and Intel287 coprocessors; namely: 
pseudo-NaN, pseudoinfinity, and unnormal. 

USE16: An assembly language directive for specifying 16-bit code and data segments. 

USE32: An assembly language directive for specifying 32-bit code and data segments. 

User Mode: The privilege level applied to application pages. Paging only recognizes two 
privilege levels: supervisor mode and user mode. A program executing from a segment at 
privilege level 3 is in user mode. 

V86 Mode: See Virtual-8086 Mode. 

Valid: Allocated. Valid cache lines have been loaded with data and may cause cache hits. 
Invalid cache lines do not cause cache hits. 

Vector: A number used to identify the source of an exception or interrupt. A vector is used to 
index into the IDT table for a gate descriptor. The gate descriptor is used to call the handler for 
the exception or interrupt. 
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Virtual Memory: The memory model for application programs; a simplified organization for 
memory supported by memory management hardware and operating system software. On the 
Intel486 processor, virtual memory is supported by segmentation and paging. Segmentation is 
a mechanism for providing multiple independent, protected address spaces. Paging is a 
mechanism for providing access to data structures larger than physical memory by keeping 
them partly in memory and partly on disk. 

Virtual-8086 Mode: An execution mode which provides an emulation of the architecture of 
an 8086 processor. Unlike real-address mode, virtual-8086 mode is compatible with 
multitasking; a protected mode operating system may be used to run a mix of protected mode 
and virtual-8086 mode tasks. 

Word: A 16-bit quantity of memory. The Intel486 processor allows 16-bit words to begin at 
any byte address, but a performance penalty is taken when a word crosses the boundary 
between two doublewords in physical memory. 

Word Integer: An integer format supported by the Intel486 processor that consists of a 16-bit 
two's complement quantity. 

Write-Back: A form of caching in which memory writes load only the cache memory. Data 
propagates to main memory when a write-back operation is invoked. 

Write-Through: A form of caching in which memory writes load both the cache memory and 
main memory. 

Zero Divide: An exception condition in which floating-point inputs are finite, but the correct 
answer, even with an unlimited exponent, has infinite magnitude. 

Zero Extension: Conversion of data to a larger format, where empty bit positions are filled 
with zero. This form of conversion preserves the value of unsigned integers. See Sign 
Extension. 
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