intel.

Intel® 64 and IA-32 Architectures
Software Developer’'s Manual

Volume 2A:
Instruction Set Reference, A-L

NOTE: The Intef® 64 and IA-32 Architectures Software Developer's Manual consists of nine volumes:
Basic Architecture, Order Number 253665; Instruction Set Reference A-L, Order Number 253666;
Instruction Set Reference M-U, Order Number 253667; Instruction Set Reference V-Z, Order Number
326018; Instruction Set Reference, Order Number 334569; System Programming Guide, Part 1, Order
Number 253668; System Programming Guide, Part 2, Order Number 253669; System Programming
Guide, Part 3, Order Number 326019; System Programming Guide, Part 4, Order Number 332831. Refer
to all nine volumes when evaluating your design needs.

Order Number: 253666-060US
September 2016



Intel technologies features and benefits depend on system configuration and may require enabled hardware, software, or service activation. Learn
more at intel.com, or from the OEM or retailer.

No computer system can be absolutely secure. Intel does not assume any liability for lost or stolen data or systems or any damages resulting
from such losses.

You may not use or facilitate the use of this document in connection with any infringement or other legal analysis concerning Intel products
described herein. You agree to grant Intel a non-exclusive, royalty-free license to any patent claim thereafter drafted which includes subject
matter disclosed herein.

No license (express or implied, by estoppel or otherwise) to any intellectual property rights is granted by this document.

The products described may contain design defects or errors known as errata which may cause the product to deviate from published specifica-
tions. Current characterized errata are available on request.

This document contains information on products, services and/or processes in development. All information provided here is subject to change
without notice. Contact your Intel representative to obtain the latest Intel product specifications and roadmaps

Copies of documents which have an order number and are referenced in this document, or other Intel literature, may be obtained by calling 1-
800-548-4725, or by visiting http://www.intel.com/design/literature.htm.

Intel, the Intel logo, Intel Atom, Intel Core, Intel SpeedStep, MMX, Pentium, VTune, and Xeon are trademarks of Intel Corporation in the U.S.
and/or other countries.

*QOther names and brands may be claimed as the property of others.

Copyright © 1997-2016, Intel Corporation. All Rights Reserved.


http://www.intel.com/design/literature.htm
http://www.intel.com/design/literature.htm

CONTENTS

PAGE
CHAPTER 1
ABOUT THIS MANUAL
1.1 INTEL® 64 AND 1A-32 PROCESSORS COVERED IN THIS MANUAL ... ..ottt 1-1
1.2 OVERVIEW OF VOLUME 2A, 2B, 2C AND 2D: INSTRUCTION SET REFERENCE. . ... .ottt 1-3
13 NOTATIONAL CONVENTIONS . Lttt et st e e e e e e e et e e e et ey 1-4
1.3.1 =T LT =Y (=T =T 1-4
1.3.2 Reserved Bits and Software Compatibility .........co.o i 1-5
133 TSy 0o T T T 1T = T 1-5
134 Hexadecimal and Binary NUMDEIS . ... v e e e e e e 1-5
135 SEgMENTEA AArESSING v vttt ettt e e e e e e 1-6
136 ool 10 S 1-6
1.3.7 A New Syntax for CPUID, CR, aNd MSR ValUBS . . . ..ottt ettt e ettt ettt ettt et ettt aeaens 1-6
14 RELATED LITERATURE . ..ottt ettt ettt e e e e et e e e et et e e et e ey 1-7
CHAPTER 2
INSTRUCTION FORMAT
2.1 INSTRUCTION FORMAT FOR PROTECTED MODE, REAL-ADDRESS MODE, AND VIRTUAL-8086 MODE. ............c.nt 2-1
2.1.1 ISy o o T o 1= = 2-1
2.1.2 (9] ol T 3 2-3
213 MOAR/M AN S B By S . .ottt it e e e e 2-3
214 Displacement and IMmediate By eS. . ... .t e e e e 2-3
215 Addressing-Mode Encoding of MOAR/M and SIB BYTES. . . ..o vttt e 2-4
2.2 LS ] = 10 2-7
2.2.1 R o = 1D 2-8
2.2.1.1 3 oo a1 T 2-8
2.2.1.2 MoOre ON REX PrefiX FIElaS. . ..ottt e e e e e 2-8
2213 D 0] =TT 31T 2-11
2214 DireCt MemOry-OffSEt MOV S Lottt e e s e s 2-11
2215 0T T = 2-11
2.2.16 RIP-REIGHIVE AQArESSING. .« . vttt ettt ettt et ettt e e e e e e 2-12
2.2.1.7 Default B4-Bit OpPerand Size. . ... ...ttt i i et ettt e s 2-12
2.2.2 Additional Encodings for Control and Debug Registers ....... ...t et 2-12
2.3 INTEL® ADVANCED VECTOR EXTENSIONS (INTEL® AVX) . et vte ettt e e e et e et n e aans 2-13
231 LIS (T o a I o = 2-13
23.2 VEX @Nd The LOCK PraTiX. . o v v ettt ettt e e e e e e e e e e e 2-13
233 VEX and the 66H, F2H, and F3H PrefiXes ... ... e 2-13
234 VEX ANd The REX PrefiX. ..ottt e e ettt ettt e 2-13
235 TRE VB X PrO i L vttt e e e e 2-14
2.3.5.1 VEX BYTE 0, DTS 7i0] oottt ettt e e e e e e e e e 2-15
2352 VEX BYTe T, DIt 7] - R ittt e e e e e e e e 2-15
2353 3-byte VEX DYt T, DIt 0] - X ettt e e e 2-16
2354 3-byte VEX DY T, DIt S - B ottt ittt e e 2-16
2355 3-Dyte VEX DY 2, DIt 7] - W oottt e e e e 2-16
2356 2-byte VEX Byte 1, bits[6:3] and 3-byte VEX Byte 2, bits [6:3]- ‘vvvv' the Source or Dest Register Specifier.. ... 2-16
236 Instruction Operand Encoding and VEX.WWUV, MOAR/M . ... oot e 2-17
2.3.6.1 3-byte VEX byte 1, bits[4:0] - ‘M-I . . oottt ettt e et 2-18
236.2 2-byte VEX byte 1, bit[2], and 3-byte VEX byte 2, DIt [2]- “L" ... 2-18
2363 2-byte VEX byte 1, bits[1:0], and 3-byte VEX byte 2, bits [1:0]- “PP. o v vt v 2-18
23.7 THE OPCOOE By e . vttt e e e 2-19
238 The MODRM, SIB, and Displacement BYTeS . ... .vuiei ittt eneaes 2-19
239 The Third Source Operand (IMmMediate Byte) ... .ovir it e 2-19
2.3.10 AVX Instructions and the Upper 128-bits 0f YMM registers ... ...vviririii ittt 2-19
2.3.10.1 Vector Length Transition and Programming Considerations . .......vuvuvritii it 2-19

Vol. 2A i



CONTENTS

PAGE

23.11 AVX INSTrUCHiON LeNgth . ..o e 2-20
23.12 Vector SIB (VSIB) MeMOTY AQArESSIiNG . .o vvvvttt ittt et tts ettt e e ettt e e et 2-20
23.12.1 64-bit Mode VSIB Memory Addressing . . ... vve ettt 2-21
24 AVX AND SSE INSTRUCTION EXCEPTION SPECIFICATION. . .ttt ettt e e et aas 2-21
24.1 Exceptions Type 1 (Aligned MEMOrY FETEMENMCE) .. .ttt ettt e e eees 2-26
24.2 Exceptions Type 2 (>=16 Byte Memory Reference, Unaligned). ..........ovriiiiiiiiiiii i 2-27
243 Exceptions Type 3 (<16 Byte MEMOTY arQUMENT) .. v v ttvtt ittt ettt ettt et e et et et e e e eens 2-28
244 Exceptions Type 4 (>=16 Byte mem arg no alignment, no floating-point exceptions) ...........cccovviivvnininns. 2-29
245 Exceptions Type 5 (<16 Byte mem arg and N0 FP eXCePTIONS). . ..o v v vviiii i 2-30
246 Exceptions Type 6 (VEX-Encoded Instructions Without Legacy SSE Analogues) .........oovvviiiiiiiiiinennen. 2-31
24.7 Exceptions Type 7 (No FP exceptions, NO MEMOTY @IQ) « .« v v rvrereteeeeaeteeet et ettt e enaenenenenns 2-32
248 Exceptions Type 8 (AVX and N0 MEMOTY argUMENT) . . ..o v ettt ettt ettt e e e et e e enenenaes 2-32
249 Exception Type 11 (VEX-only, mem arg no AC, floating-point eXCeptions). .........vvirviiiiiiniii i, 2-33
24.10 Exception Type 12 (VEX-only, VSIB mem arg, no AC, no floating-point exceptions) ...........covviiiiiivinininnnnn. 2-34
2.5 VEX ENCODING SUPPORT FOR GPR INSTRUCTIONS. . . . . ettt ettt e ettt et enes 2-34
2.5.1 Exception Conditions for VEX-Encoded GPR INSTIUCTIONS . ... .o v e e 2-35
2.6 INTEL® AVX-5T2 ENCODING . ..ottt ettt et e e ettt e e et e et et e e et e e e aaas 2-35
2.6.1 INSTrUCtion FOrMAat @nd EVEX . . ... e e et e 2-36
26.2 Register Specifier ENcoding and EVEX .. ... . it e i i i e 2-38
26.3 OPMASK REGISTEr ENMCOMING . . ..ot vttt ettt e e et et e e e e e 2-38
264 Masking SUP PO M BV X, Lottt e e e e e e 2-39
2.6.5 Compressed Displacement (disp8*N) Support in EVEX ... .ot 2-39
266 EVEX Encoding of Broadcast/RoUNding/SAE SUPPOIT. . ...ttt ettt 2-40
26.7 Embedded Broadcast SUPPOrt i BV EX ... . i i i i e i e e 2-41
26.8 Static RoUNdiNg SUP PO M BV EX ..ot e e e 2-41
26.9 S SUPPOMT N BV X, ittt e s e e e e e 2-41
26.10 Vector Length Orthogonality . ... v.vee it e 2-41
2.6.11 HUD EQUATIONS TOr BV EX ...ttt e e e e e 2-42
26.11.1 State DePenNdent HUD ... it e e s 2-42
26.11.2 Opcode INdependent HUD ... ...ttt i e e e s 2-42
26.11.3 OpCode Dependent HUD . ...ttt e e e 2-42
26.12 DEVICE NOT AVaIIaDIE . . .t e 2-44
2.6.13 Yot = 0 Sy {1t L3 2-44
2.7 EXCEPTION CLASSIFICATIONS OF EVEX-ENCODED INSTRUCTIONS. . .\ttt e 2-44
2.7.1 Exceptions Type E1 and ETNF of EVEX-Encoded INSTructions ..........ooviiiiii i i ieee e 2-48
2.7.2 Exceptions Type €2 of EVEX-Encoded INStrUCTIONS ... .. ov et ettt aenaes 2-50
273 Exceptions Type €3 and E3NF of EVEX-Encoded INSTrUCtions ..........vviiiiii i i 2-51
274 Exceptions Type €4 and E4NF of EVEX-Encoded INSTrUCtionS .. ....vvvuiiii i i 2-53
275 EXCEPLiONS TYPE ES and EON . ... i e e e e e 2-55
2.76 EXCeptions TYPe BB and BONF . .. .. .o e e e 2-57
2.7.7 EXCEPTIONS TYPE E7NM Lo it ittt e e e e e e 2-59
278 EXCEpPtions TyPe EG and EON . .. . i i i it e e 2-60
279 EXCEPTIONS TYPE B0 Lttt ittt ettt e ettt et e e e 2-62
2.7.10 Exception Type E11 (EVEX-only, mem arg no AC, floating-point eXceptions) .......ovvvviiiiiiiiii i, 2-64
2.7.11 Exception Type E12 and E12NP (VSIB mem arg, no AC, no floating-point exceptions). ........ccovvvvivivinininnnns. 2-65
2.8 EXCEPTION CLASSIFICATIONS OF OPMASK INSTRUCTIONS. ..ottt 2-67
CHAPTER 3

INSTRUCTION SET REFERENCE, A-L

3.1 INTERPRETING THE INSTRUCTION REFERENCE PAGES . . ... ottt e 3-1
3.1.1 LISy (T o I o 1= 3-1
3.1.1.1 Opcode Column in the Instruction Summary Table (Instructions without VEX Prefix)...........covviviiiiiniinn, 3-2
31.1.2 Opcode Column in the Instruction Summary Table (Instructions with VEX prefix)............coooiviiiiit 3-3
31.1.3 Instruction Column in the Opcode Summary Table ... e 3-5
3.1.14 Operand Encoding Column in the Instruction Summary Table. ... ..o i e e 3-8
3.1.15 64/32-bit Mode Column in the Instruction Summary Table . ... ..o e iaaas 3-8
3.1.1.6 CPUID Support Column in the Instruction Summary Table . .......oiii i e 3-9
3.1.1.7 Description Column in the Instruction SUMMaAry Table . ...t e 3-9
3.1.18 =Tyl o Y=ot o 3-9

iv Vol. 2A



3.1.1.9
3.1.1.10
3.1.1.11
3.1.1.12
3.1.1.13
3.1.1.14
3.1.1.15
3.1.1.16
3.1.1.17
3.1.1.18
3.1.1.19
3.2

CONTENTS

PAGE

(8] = 10T TS =Tt 1 o 3-9
Intel® C/C++ Compiler INtrinsics EQUIVAIENTS SECTION ...\t 3-12
FIags Affected SECHION. ... .t e e e e e 3-14
FPU FIags Affected SBCtION . . ...t e e e e e e 3-14
Protected Mode EXCEPtiONS SECtION . .. .ttt i it e e e 3-14
Real-Address Mode EXCEPTIONS SECtION . ... ...ttt e e e e 3-15
Virtual-8086 Mode EXCEPTIONS SBCTION ...\ttt ittt ettt e ettt e 3-15
Floating-Point EXCEPTIONS SECTION . . . v\ttt ettt e e e e e 3-16
SIMD Floating-Point EXCEPTIONS SECTION. . ..t \ vttt e e 3-16
Compatibility Mode EXCEPTIONS SECLION . ... v ettt e 3-16
64-Bit Mode EXCEPTIONS SECTION. ..o\ttt e e 3-16
INSTRUCTIONS (AL e ettt ettt ettt et et e e e e e e e et e e et e e et et e et et eaes 3-17
AAA—ASCIL AdjUST ATter AddiTion ... vt e et e e e e e 3-18
AAD—ASCI Adjust AX BeTore DiViSiON . ... v vttt e e 3-20
AAM—ASCIL AdjUST AX ATEET MU LY .t s 3-22
AAS—ASCII Adjust AL After SUDTIaCtioN . ... v e e s 3-24
A C—Add Wt CaITY .ot i ettt et e et e e e e e e e e 3-26
ADCX — Unsigned Integer Addition of Two Operands with Carry FIag .........ooiii i 3-29
A D A, . .ottt e e e e e 3-31
ADDPD—Add Packed Double-Precision Floating-Point Values. . ....... ..o i 3-33
ADDPS—Add Packed Single-Precision FIoating-Point Values. . .......iuii it 3-36
ADDSD—Add Scalar Double-Precision Floating-Point Values. . ... .o e 3-39
ADDSS—Add Scalar Single-Precision Floating-Point Values. ... e e 3-41
ADDSUBPD—Packed Double-FP Add/SUDTract. . ... v ettt 3-43
ADDSUBPS—Packed Single-FP Add/SUDTract . . .. ..ottt e et 3-45
ADOX — Unsigned Integer Addition of Two Operands with Overflow FIag ... 3-48
AESDEC—Perform One Round of an AES Decryption FIOW. ... .vvvuiui i 3-50
AESDECLAST—Perform Last Round of an AES Decryption FIOW . ......o.oieiiii e 3-52
AESENC—Perform One Round of an AES ENCryption FIOW. . ..o it e e 3-54
AESENCLAST—Perform Last Round of an AES ENcryption FIOW . ........ooiiiiii it 3-56
AESIMC—Perform the AES InvMixColumn Transformation. . ........vuuer it e 3-58
AESKEYGENASSIST—AES Round Key GENeration ASSiST. . ... vuvuvuittttt it et n i eaaas 3-59
AND—LOGICAl AN . oottt e e e 3-61
ANDN — Logical AND NOT L.ttt ittt ettt et e e e et e e e e 3-63
ANDPD—BItwise Logical AND of Packed Double Precision Floating-Point Values. ... iinnn... 3-64
ANDPS—Bitwise Logical AND of Packed Single Precision Floating-Point Values. ..o, 3-67
ANDNPD—Bitwise Logical AND NOT of Packed Double Precision Floating-Point Values ..................cocovunen. 3-70
ANDNPS—Bitwise Logical AND NOT of Packed Single Precision Floating-Point Values ...................cocoian 3-73
ARPL—Adjust RPL Field 0f SEgmMEnt SEIECTOr ..\ v 'ttt et aaas 3-76
BLENDPD — Blend Packed Double Precision Floating-Point Values. ... 3-78
BEXTR — Bit Fleld EXIaCt o\ vttt ettt e e et e e e e e e 3-80
BLENDPS — Blend Packed Single Precision Floating-Point Values. . ... i 3-81
BLENDVPD — Variable Blend Packed Double Precision Floating-Point Values. ..ot 3-83
BLENDVPS — Variable Blend Packed Single Precision Floating-Point Values. ..o 3-85
BLSI — Extract Lowest Set Isolated Bit . ......vun i 3-88
BLSMSK — Get Mask Up t0 LOWEST SET Bit . ... ...ttt 3-89
BLSR — RESET LOWEST ST Bit. ...ttt ittt e e e e e s 3-90
BNDCL—Check LOWET BOUN . . .. .ottt ettt e et e et ettt e e ettt r e aenes 3-91
BNDCU/BNDCN—Check Upper BOUNG . ..o v ittt it et et e ettt i ians 3-93
BNDLDX—Load Extended Bounds Using Address Translation ..ot 3-95
BNDMK—MaKe BOUNGS. . . ettt ettt ettt et e e et e e e et et e e e e e 3-98
BNDMOV —MOVE BOUNAS . . ..ottt ettt et e e e e e e e e et e e e 3-100
BNDSTX—Store Extended Bounds Using Address Translation. . .........vuvrvriiiiiiiiiii it eeenens 3-103
BOUND—Check Array Index Against BOUNAS . ... ..ottt it e ettt i e 3-106
BSF—Bit SCaN FOMWANT . . vttt ettt ettt et et et et et et et et e e e 3-108
B R BIT SCaN ROV . .ttt ettt ettt e et ettt e e e e e 3-110
B AP BY T8 S AP . . oottt e e 3-112
S I 11 1= P 3-113
BTC—Bit Test and COMPIEMENT . .. ...ttt et ettt et ees 3-115



CONTENTS

PAGE
BT R—Bit TEST AN RSB . ..\ttt t ettt ettt et et ettt et e et et e e e 3-117
BT S—Bit TSt AN ST ittt e e e 3-119
BZHI — Zero High Bits Starting with Specified Bit Position........ ... 3-121
CALL—Call PrOCEAUNE . vttt ettt et e et e e et e e e e ettt e e e e et e e e 3-122
CBW/CWDE/CDQE—Convert Byte to Word/Convert Word to Doubleword/Convert Doubleword to Quadword....... 3-135
CLAC—Clear AC FIag in EFLAGS REGISTET . .ttt ettt ettt e et ettt et e eeaes 3-136
OO T Tl 0 [ Y - T 3-137
CLD—ClEar DireCtioN FIag. . . .o v ettt ettt et e e e e e e e e e e e e e e 3-138
CLFLUSH—FIUSH CaCne LiNe . . .ottt ettt et e et et e et e es 3-139
CLFLUSHOPT—Flush Cache Line Optimized. . ... ... vui ettt 3-141
CLI— Clear INtermUPt Flag . ..ottt e e e e et e et e e e 3-143
CLTS—Clear Task-Switched FIagin CRO .. ..ot i e e e e e eas 3-145
CLWB—Cache LiNe Wt BaCK . . . e vttt vt ettt et e e e e et e e e e et e e et et e e e 3-146
CMC—ComplemeEnt Carmy Flag ... ovi ettt e e e e e e e e e e 3-148
CMOVCC—CoNdITIONAl MOVE. . . .ottt et et ettt e e 3-149
CMP—ComMPare TWO OPIandS. . . ... v ettt ettt et et e e e et e e et et e e et e es 3-153
CMPPD—Compare Packed Double-Precision Floating-Point Values ...t 3-155
CMPPS—Compare Packed Single-Precision Floating-Point Values . ... e 3-162
CMPS/CMPSB/CMPSW/CMPSD/CMPSQ—Compare String OPerands .. ...ovvvvuvree s ee et ineineinniennens 3-169
CMPSD—Compare Scalar Double-Precision Floating-Point Value ... e 3-173
CMPSS—Compare Scalar Single-Precision Floating-Point Value ....... ..o e 3-177
CMPXCHG—Compare and EXCRaNGge. . . ..ottt ittt e et ettt et e 3-181
CMPXCHG8B/CMPXCHG16B—Compare and EXChange Bytes ...ttt 3-183
COMISD—Compare Scalar Ordered Double-Precision Floating-Point Values and Set EFLAGS ...................oes 3-186
COMISS—Compare Scalar Ordered Single-Precision Floating-Point Values and SetEFLAGS ................ccovnes 3-188
CPUID—CPU IdentifiCation . . . . e vttt ettt e e e e e e e e et e e e 3-190
CRC32 — AccUmMUIAte CRCB2 ValUB . ..ottt e ettt et e e et es 3-225
CVTDQ2PD—Convert Packed Doubleword Integers to Packed Double-Precision Floating-Point Values............. 3-228
CVTDQ2PS—Convert Packed Doubleword Integers to Packed Single-Precision Floating-Point Values............... 3-232
CVTPD2DQ—Convert Packed Double-Precision Floating-Point Values to Packed Doubleword Integers............. 3-235
CVTPD2PI—Convert Packed Double-Precision FP Values to Packed Dword Integers .............cvovviiiienann.. 3-239
CVTPD2PS—Convert Packed Double-Precision Floating-Point Values to Packed Single-Precision Floating-Point Values .3-
240
CVTPI2PD—Convert Packed Dword Integers to Packed Double-Precision FP Values .............ccoovviiiiiinennn. 3-244
CVTPI2PS—Convert Packed Dword Integers to Packed Single-Precision FP Values. ..................ooociiiinas 3-245

CVTPS2DQ—Convert Packed Single-Precision Floating-Point Values to Packed Signed Doubleword Integer Values .3-246
CVTPS2PD—Convert Packed Single-Precision Floating-Point Values to Packed Double-Precision Floating-Point Values .3-

249
CVTPS2PI—Convert Packed Single-Precision FP Values to Packed Dword Integers. ..........coovvviiiiiiiinnnnn. 3-252
CVTSD2SI—Convert Scalar Double-Precision Floating-Point Value to Doubleword Integer......................... 3-253
CVTSD2SS—Convert Scalar Double-Precision Floating-Point Value to Scalar Single-Precision Floating-Point Value. .3-255
CVTSI2SD—Convert Doubleword Integer to Scalar Double-Precision Floating-Point Value......................... 3-257
CVTSI2SS—Convert Doubleword Integer to Scalar Single-Precision Floating-Point Value.......................... 3-259
CVTSS2SD—Convert Scalar Single-Precision Floating-Point Value to Scalar Double-Precision Floating-Point Value. .3-261
CVTSS2SI—Convert Scalar Single-Precision Floating-Point Value to Doubleword Integer.............coovvvvvennt, 3-263
CVTTPD2DQ—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Doubleword Integers3-

265
CVTTPDZ2PI—Convert with Truncation Packed Double-Precision FP Values to Packed Dword Integers.............. 3-269
CVTTPS2DQ—Convert with Truncation Packed Single-Precision Floating-Point Values to Packed Signed Doubleword Integer

ValUBS o e e e 3-270
CVTTPS2PI—Convert with Truncation Packed Single-Precision FP Values to Packed Dword Integers .............. 3-273
CVTTSD2SI—Convert with Truncation Scalar Double-Precision Floating-Point Value to Signed Integer............. 3-274
CVTTSS2SI—Convert with Truncation Scalar Single-Precision Floating-Point Value to Integer..................... 3-276
CwD/CDQ/CQO0—Convert Word to Doubleword/Convert Doubleword to Quadword. ............covviiiviiiiennnn, 3-278
DAA—Decimal Adjust AL after Addition ... ...t i e e 3-279
DAS—Decimal Adjust AL after SUDTraCtioN ... ..ottt e e e 3-281
DEC— DL EMBNT DY 1.ttt ittt ettt et e e e e e e e e e 3-283
DIV=UNSIGNEA DIVIAE . .. . o e ettt ettt et e et e e e 3-285
DIVPD—Divide Packed Double-Precision Floating-Point Values ... 3-288

vi Vol.2A



CONTENTS

PAGE
DIVPS—Divide Packed Single-Precision Floating-Point Values ... e 3-291
DIVSD—Divide Scalar Double-Precision Floating-Point Value ... e 3-294
DIVSS—Divide Scalar Single-Precision Floating-Point Values. ......... ..o s 3-296
DPPD — Dot Product of Packed Double Precision Floating-Point Values. ... 3-298
DPPS — Dot Product of Packed Single Precision Floating-Point Values.. ... 3-300
EMMS—EMPtYy MMX TeChNology STate. . ..ottt e e e e e eaens 3-303
ENTER—Make Stack Frame for Procedure Parameters. . ..o . vvu ettt e e e 3-304
EXTRACTPS—Extract Packed Floating-Point Values .. ...t e 3-307
L i B e 00 T 01U 0 3-309
FABS—ADSOIUTE ValUB . . . vttt ittt ettt ettt e e e e 3-311
FADD/FADDP/FIADD A . . vttt ettt et e e e 3-312
FBLD—Load Binary Coded DeCimal. . ... v ottt ettt e et e e e 3-315
FBSTP—Store BCD INteger and Pop. .. ..ottt ettt e e e e e e e 3-317
FOHS—CNangE SIgN . o vttt ettt et e e e e e e e e 3-319
FCLEX/FNCLEX—ClEar EXCEPTIONS v o\ vttt ettt ettt ettt e e e et e e e e e e ens 3-321
FCMOVcc—Floating-Point Conditional MOVE . . ... e e 3-323
FCOM/FCOMP/FCOMPP—Compare Floating Point Values . ... ..o oot e 3-325
FCOMI/FCOMIP/ FUCOMI/FUCOMIP—Compare Floating Point Values and Set EFLAGS ...t 3-328
010l 00 =P 3-331
FDECSTP—Decrement STack-Top POINter . ..ottt ettt e e e e e eaans 3-333
FDIV/EDIVP/EIDIV_DiIVIdE. . . ottt ettt et e et e e e ettt 3-334
FDIVR/FDIVRP/FIDIVR—REVEISE DIVIAE . .ottt v vttt ettt ettt ettt et ettt 3-337
FFREE—Free FIoating-Point RegISTar . ...\ i it i i e e e e ettt eaes 3-340
FICOM/FICOMP—C0mMPare M B ger ittt ittt ittt ettt ettt e e et e 3-341
[ o = T N [ =TT 3-343
FINCSTP—Increment Stack-Top Pointer. .. .ottt e e e e e eas 3-345
FINIT/FNINIT—Initialize Floating-Point Unit. .. ... .oe e e e 3-346
L Y I Y I R o] = 01 (=T = 3-348
FISTTP—Store Integer With TrUNCatioN . ... ..t i i e e et i et e enes 3-351
FLD—Load FlIoating Point Value . ..o e it e e e e e 3-353
FLD1/FLDL2T/FLDL2E/FLDPI/FLDLG2/FLDLNZ/FLDZ—L0ad CoNStant .. ...vvvvv e ineieeieas 3-355
FLDCW—Load X87 FPU CoNTrol WOTd . . ..ottt et ettt e eans 3-357
FLDENV—L0ad X87 FPU ENVITONMENT . . .\ttt e ettt et et e et et e et et e et e e e 3-359
FMUL/FMULP/FIMUL—MURIDIY .« vt e e e e e e e e 3-361
FNOP—NO OPBration ..ottt ittt e et et e e e 3-364
FP AT AN—Partial ArC ANt . . ..ottt it ettt e et e e e e 3-365
FPREM—Partial REMaINAE . . o\ttt ettt ettt ettt ettt e 3-367
FPREMT—Partial REMaINAEr . ..ottt e e e e et e et 3-369
FP T AN—Partial TangeN T . ottt e e e e 3-371
FRNDINT—ROUNA 10 INOQET. . . ettt e e e e e ettt e s 3-373
FRSTOR—RESTOME X87 FPU State ..ottt ittt e e et enens 3-374
FSAVE/FNSAVE—STOre X87 FPU STate .. v ittt ittt ettt e e et 3-376
LY O I Y o= 3-379
B N S I sttt e e e e e e 3-381
FSINCOS—SINE AN COSINME .ottt ettt et ettt et et e e et et et et et e et r e e et 3-383
FSQRT —SQUANE ROOT . . ettt et e e e e e e 3-385
FST/FSTP—Store FIoating Point ValUe. . ... e e ettt e e 3-387
FSTCW/FNSTCW—Store x87 FPU Control WOrd . ... vuiu ittt ettt ettt 3-389
FSTENV/ENSTENV—Store X87 FPU ENVITONMENT ...\t vt ittt ettt e ettt ine e e 3-391
FSTSW/FNSTSW—Store X87 FPU Status WoOrd . . ... oottt e e 3-393
FSUB/FSUBP/FISUB—SUDTIACT . . . .ottt ittt ettt et e et et e et e et et e et a e 3-395
FSUBR/FSUBRP/FISUBR—REVEISE SUDIIACT. . . .ottt ettt ettt enens 3-398
L Y el =) PSSP 3-401
FUCOM/FUCOMP/FUCOMPP—Unordered Compare Floating PointValues. ... 3-403
FXAM—Examine Floating-Point. . . ... o e e 3-406
FXCH—EXChaNge Register CoMteNtS . ...ttt ettt e et e e it eaens 3-408
FXRSTOR—Restore x87 FPU, MMX, XMM, and MXCSR State ... ...vvii it 3-410
FXSAVE—Save x87 FPU, MMX Technology, and SSE State. . ......ouviii i e 3-413
FXTRACT—Extract Exponent and Significand ....... ..ot i 3-421

Vol. 2A Vii



CONTENTS

PAGE
FY L2 X —C0mMIPULE ¥ * 002X, « ot vttt ettt et et ettt e e e e e e e e e e 3-423
FYL2XP T —ComPULE Y X 10G2(X 1) ettt ittt ettt et sttt e e e e et e e e 3-425
HADDPD—Packed Double-FP HOMiZoNtal Add .. ...cvori e et iaas 3-427
HADDPS—Packed Single-FP Horizontal Add . .......oooiri e 3-430
H T Halt L e e e e e e e e e e 3-433
HSUBPD—Packed Double-FP Horizontal SUDTIaCt. . ... vve e 3-434
HSUBPS—Packed Single-FP Horizontal SUDTract .. ......ve it e et iaas 3-437
DIV —SIgNEA DIVIE . . . oottt e e e e e e 3-440
IMUL=SIGNed MUY, .« oottt e e e e ettt et e e 3-443
IN—IPUL O POt . . .ttt 3-447
1NN o ol =T 3 0 =T ) 0 3-449
INS/INSB/INSW/INSD—Input from Port 10 String .. ....cooe i ettt aeaas 3-451
INSERTPS—Insert Scalar Single-Precision Floating-Point Value ..............ccoi i e 3-454
INT n/INTO/INT 3—Call 10 INterrUPt PrOCRAUME ..\ttt e e 3-457
INVD—Invalidate INternal CaCNES . . ... c. ittt et e ettt 3-469
INVLPG—INValidate TLB EMriES. o v v v vttt ettt ettt ettt et e e e e et et e e e e ettt n e ans 3-471
INVPCID—Invalidate Process-Context Identifier. . ... .v.vr et 3-473
IRET/IRE T D—In e mUPT REIUMN . ..ottt i ittt et e e e ettt enes 3-476
Jee—Jump i CoNdition IS MET. .. .o e e e e 3-483
J P UMD Lttt e e e e e e 3-488
KADDW/KADDB/KADDQ/KADDD—ADD TWO Masks. . . .ottt ettt et 3-496
KANDW/KANDB/KANDQ/KANDD—Bitwise Logical AND Masks .. ....vuviiriii i it 3-497
KANDNW/KANDNB/KANDNQ/KANDND—Bitwise Logical AND NOT Masks ........covviiiiiiiiiiii i 3-498
KMOVW/KMOVB/KMOVQ/KMOVD—Move from and 1o Mask REGISTErS .. ...vvvvuiiriii it ciiieeieans 3-499
KNOTW/KNOTB/KNOTQ/KNOTD—NOT Mask REGISTEI. . ... vttt ittt et et et e et 3-501
KORW/KORB/KORQ/KORD—Bitwise Logical OR MasKS .. .....uuiuititttnini e en i eiaas 3-502
KORTESTW/KORTESTB/KORTESTQ/KORTESTD—OR Masks And Set FIags .........vvrviniiiii i 3-503
KSHIFTLW/KSHIFTLB/KSHIFTLQ/KSHIFTLD—Shift Left Mask Registers . ........coovviiiiiiii it 3-505
KSHIFTRW/KSHIFTRB/KSHIFTRQ/KSHIFTRD—Shift Right Mask Registers ..........covviiiiiiiiiiiiiiiiiiiennns 3-507
KTESTW/KTESTB/KTESTQ/KTESTD—Packed Bit Test Masks and Set Flags. ......ovvvrvviiiiiiii it 3-509
KUNPCKBW/KUNPCKWD/KUNPCKDQ—Unpack for Mask Registers ...........vuviriiriiiiiniiiiiiiiineianannns 3-511
KXNORW/KXNORB/KXNORQ/KXNORD—Bitwise Logical XNOR Masks. .......coviriiiiiiiiiiii it iiiiiaianns 3-512
KXORW/KXORB/KXORQ/KXORD—Bitwise Logical XOR MasKS ... .oviuititii ittt ien i eiaas 3-513
LAHF—Load Status FIags int0 AH REGISTer . . ...\ttt 3-514
LAR—L0ad ACCESS RIGNTS BYte ..ot e i e 3-515
LDDQU—Load Unaligned Integer 128 Bits. ... .vv ettt ittt 3-518
LDMXCSR—L0G0 MXCSR REGIS O .+ v sttt ettt ettt ettt e e et e e et et et et et e et n e e 3-520
LDS/LES/LFS/LGS/LSS—L0ad Far POINTEr. . ..ottt e ettt et e e et e s 3-521
IS o= Ta = = Ton 1Y /=2 o = 3-525
LEAVE—HIgGh Level Procedure EXIt. . . ... ...ttt e e e et et 3-527
LI N[ o o = T =T =P 3-529
LGDT/LIDT—Load Global/Interrupt Descriptor Table Register. ... ..o i e 3-530
LLDT—Load Local Descriptor Table REGISTEr. ... .o\ vttt ettt ettt eiaaas 3-533
LMSW—Load Machine Status WOmd . .. ....iuiit e e et 3-535
LOCK—ASSErt LOCKH Signal PrafiX. oottt et e e e i iaas 3-537
LODS/LODSB/LODSW/LODSD/LODSQ—L0ad STMiNG. + « v vttt ettt ettt et e et e e e e et 3-539
LOOP/LOOPcc—Loop According 10 ECX COUN O vttt ittt ettt ettt e e ettt it n e 3-542
LSL—L0ad SegmEnt LMt . ..ottt ittt e e e e e e 3-544
LTR—L0ad Task REGISTT. . .\ ittt ettt e e et ettt ettt ettt iaaas 3-547
LZCNT— Count the Number of Leading Zero BitS ... ...vviriii e 3-549
CHAPTER 4
INSTRUCTION SET REFERENCE, M-U
4.1 IMM8 CONTROL BYTE OPERATION FOR PCMPESTRI / PCMPESTRM / PCMPISTRI/ PCMPISTRM ... 4-1
411 (7= 1= = I =T ol T 1o 4-1
41.2 R8T ol = = I o 02T 1 4-2
413 Ya [ =TaF= 11 0 T 7T o 4-2
414 ] 1 /P 4-3
415 (110 Y= < Ton o X 4-4

viii Vol. 2A



4.1.6
4.1.7
4.1.8
4.2
43

CONTENTS

PAGE
Valid/Invalid Override 0f COmMPariSONS .. ...\ttt ittt ettt et e e ettt e e ettt e eanes 4-4
SUMMANY Of IM8 CONMtrOl DY . oo ottt e e e e e e 4-5
Diagram Comparison and Aggregation PrOCESS . . ... v .ttt ettt e e e e 4-6
COMMON TRANSFORMATION AND PRIMITIVE FUNCTIONS FOR SHATXXX AND SHAZ56XXX ... vv v 4-6
INSTRUCTIONS (M-U) ottt et e e e e e e e e e e e e e e e e et e e e 4-7
MASKMOVDQU—Store Selected Bytes of Double QUadword .........ouviiiii i 4-8
MASKMOVQ—Store Selected Bytes of QUadWOord . .......vuiuiitet e et 4-10
MAXPD—Maximum of Packed Double-Precision Floating-Point Values ..............oii i 4-12
MAXPS—Maximum of Packed Single-Precision Floating-Point Values ... 4-15
MAXSD—Return Maximum Scalar Double-Precision Floating-Point Value. ... 4-18
MAXSS—Return Maximum Scalar Single-Precision Floating-Point Value. ... 4-20
T O S =T o YA =T V= 4-22
MINPD—Minimum of Packed Double-Precision Floating-Point Values. ... 4-23
MINPS—Minimum of Packed Single-Precision Floating-Point Values. ...t 4-26
MINSD—Return Minimum Scalar Double-Precision Floating-PointValue ... 4-29
MINSS—Return Minimum Scalar Single-Precision Floating-Point Value ... 4-31
MONITOR—SEt Up MO O AQArESS .. vttt ittt ettt et ettt et e e ettt et e i enans 4-33
(Y 01V 4-35
MOV—Move to/from CoNtrol REGISTErS. ...ttt e et e e e e et aes 4-40
MOV—Move to/from DebUG REGISTEIS .. .o\ttt e e 4-43
MOVAPD—Move Aligned Packed Double-Precision Floating-Point Values. ...t 4-45
MOVAPS—Move Aligned Packed Single-Precision Floating-Point Values. ... 4-49
MOVBE—Move Data After SWapping Bytes . ... i e e s 4-53
MOVD/MOVQ—Move Doubleword/Move QUadWord. .. .. ..vu ettt ettt 4-55
MOVDDUP—Replicate Double FP ValUBS .. .. vttt ittt ettt e e 4-59
MOVDQA,VMOVDQA32/64—Move Aligned Packed Integer Values. . .....o.vviiiii it e 4-62
MOVDQU,VMOVDQU8/16/32/64—Move Unaligned Packed Integer Values. ..o 4-67
MOVDQ2Q—Move Quadword from XMM to MMX Technology ReGISTer. ... ... vve e 4-75
MOVHLPS—Move Packed Single-Precision Floating-Point Values Highto Low ... 4-76
MOVHPD—Move High Packed Double-Precision Floating-PointValue .............cooi i 4-78
MOVHPS—Move High Packed Single-Precision Floating-Point Values ...........ooiiiiiiii i 4-80
MOVLHPS—Move Packed Single-Precision Floating-Point Values Low toHigh.....................coooiinonas, 4-82
MOVLPD—Move Low Packed Double-Precision Floating-Point Value ... e 4-84
MOVLPS—Move Low Packed Single-Precision Floating-Point Values ... 4-86
MOVMSKPD—Extract Packed Double-Precision Floating-Point Sign Mask. ... 4-88
MOVMSKPS—Extract Packed Single-Precision Floating-Point Sign Mask. ... 4-90
MOVNTDQA—Load Double Quadword Non-Temporal Aligned Hint. ... ..o 4-92
MOVNTDQ—Store Packed Integers Using Non-Temporal Hint ... e 4-94
MOVNTI—Store Doubleword Using Non-Temporal Hint . ... e 4-96
MOVNTPD—Store Packed Double-Precision Floating-Point Values Using Non-Temporal Hint....................... 4-98
MOVNTPS—Store Packed Single-Precision Floating-Point Values Using Non-Temporal Hint ....................... 4-100
MOVNTQ—Store of Quadword Using Non-Temporal Hint. .. ... .vu o 4-102
MOVQ—MOVE QUAAWOI . . . .ottt ettt et et et e et e e e e et et e e et et e et et e e e n e 4-103
MOVQ2DQ—Move Quadword from MMX Technology to XMM Register. . .....vvviiiiii it 4-106
MOVS/MOVSB/MOVSW/MOVSD/MOVSQ—Move Data from String to String. ......ovvvv i 4-107
MOVSD—Move or Merge Scalar Double-Precision Floating-Point Value. ... 4-111
MOVSHDUP—Replicate Single FP Values . . . ... e e e e ettt e e e 4-114
MOVSLDUP—Replicate SiNgle FP ValUBS .. ...ttt et ettt e e 4-117
MOVSS—Move or Merge Scalar Single-Precision Floating-Point Value. ............ccooi i 4-120
MOVSX/MOVSXD—MoVe With Sign-EXteNSION . . ..o v ettt e e eaens 4-124
MOVUPD—Move Unaligned Packed Double-Precision Floating-Point Values ..o, 4-126
MOVUPS—Move Unaligned Packed Single-Precision Floating-Point Values ... 4-130
MOVZX—MoVE With Zero-EXTENG. . ...ttt e e e e 4-134
MPSADBW — Compute Multiple Packed Sums of Absolute Difference..............cocoiiiiiiii i 4-136
MUL—UNSIGNEd MU DIY ..o e e e e e e 4-144
MULPD—Multiply Packed Double-Precision Floating-Point Values. .........coovii it i 4-146
MULPS—Multiply Packed Single-Precision Floating-Point Values. . ... i 4-149
MULSD—Multiply Scalar Double-Precision Floating-Point Value. ... i 4-152
MULSS—Multiply Scalar Single-Precision FIoating-Point Values . ... ... e 4-154

Vol. 2A iX



CONTENTS

X Vol.2A

MULX — Unsigned Multiply Without Affecting FIags. .. ......ooviriri i e 4-156
MW AT — MO Or Wit ettt et e e ettt et e et e e e e 4-158
NEG—Two's Complement NeGation .. ......oui e et 4-161
N[0 o N (o 10 0= 1 1 4-163
NOT—0ne's Complement NeGation . ... ..o i e et i et enes 4-164
(0] 2 o Tu | or= N o [V 7 4-166
ORPD—Bitwise Logical OR of Packed Double Precision Floating-Point Values.................cocoiiiiiiciienns, 4-168
ORPS—Bitwise Logical OR of Packed Single Precision Floating-Point Values.............ccociiiiiiiiii i 4-171
(010 51U o (o o 4-174
OUTS/OUTSB/OUTSW/OUTSD—0utput String t0 PO, . ..ottt e 4-176
PABSB/PABSW/PABSD/PABSQ — Packed AbSOIUTE VaIUE ...ttt et 4-180
PACKSSWB/PACKSSDW—Pack with Signed Saturation . ...... ..ot i et 4-186
PACKUSDW—Pack with Unsigned Saturation .. ... ...ouurieii i e ettt iaaas 4-194
PACKUSWB—Pack with Unsigned Saturation .. ... ...ouuuiii e e iaas 4-199
PADDB/PADDW/PADDD/PADDQ—Add Packed INtEGETS .. ... vtt ittt 4-204
PADDSB/PADDSW—Add Packed Signed Integers with Signed Saturation. ..o 4-211
PADDUSB/PADDUSW—Add Packed Unsigned Integers with Unsigned Saturation....................cociiinnt 4-215
PALIGNR — Packed AlIgn RIGNT . ..o e e e 4-219
PAND—LOGICEI AND . . .ttt ettt e et et ettt et e e e e e e e e e 4-223
PANDN—LOGICAI AND NOT. ..ottt ettt et ettt et et et et et et et et et et e et n e et 4-226
PAUSE—SPIN LOOD Hint Lttt e e s e e e e e e e e 4-229
PAVGB/PAVGW—Average Packed INtegers. . ... vttt ettt 4-230
PBLENDVB — Variable Blend Packed Bytes. . . ...ttt it ettt et e 4-234
PBLENDW — Blend Packed WOrdS. . . . . ..ottt ettt e e e et 4-238
PCLMULQDAQ - Carry-Less Multiplication QUadWOrd . ... ..vuett ittt e eas 4-241
PCMPEQB/PCMPEQW/PCMPEQD— Compare Packed Data for EQual ..o 4-244
PCMPEQQ — Compare Packed Qword Data for EQUal.........o.vuirinie i i 4-250
PCMPESTRI — Packed Compare Explicit Length Strings, Return IndeX. ... 4-253
PCMPESTRM — Packed Compare Explicit Length Strings, Return Mask ... 4-255
PCMPGTB/PCMPGTW/PCMPGTD—Compare Packed Signed Integers for Greater Than...............ccovvivinnn, 4-257
PCMPGTQ — Compare Packed Data for Greater Than ... .o 4-263
PCMPISTRI — Packed Compare Implicit Length Strings, Return IndeX ... 4-266
PCMPISTRM — Packed Compare Implicit Length Strings, Return Mask. ... 4-268
PDEP — Parallel Bits DEPOSIT . . ...ttt ettt ettt e e e e e 4-270
PEXT — Parallel Bits EXIraCt. .. .o e ettt et et e e e e e e e e 4-272
PEXTRB/PEXTRD/PEXTRQ — Extract Byte/DWord/QWOrd . ........oueieii i anas 4-274
PEXTRW—EXITACT WOTd. .. oottt et e e e e e et 4-277
PHADDW/PHADDD — Packed Horizontal Add. . ......ouire e 4-280
PHADDSW — Packed Horizontal Add @and Saturate. . .....ovuviiei it 4-284
PHMINPOSUW — Packed Horizontal Word MinimuUm. . ... oe e eaas 4-286
PHSUBW/PHSUBD — Packed Horizontal SUDTract. .. ... ...eei e eneneas 4-288
PHSUBSW — Packed Horizontal Subtract and Saturate. . .......couvririni i i eieeas 4-291
PINSRB/PINSRD/PINSRQ — Insert Byte/DwWord/QWOrd . . .. .....oueete e eanes 4-293
PINSRW—INSEIt WM . . ottt ettt et et et et e et et e et e e et et e e 4-296
PMADDUBSW — Multiply and Add Packed Signed and Unsigned Bytes .........coviiiiiiiiiiiii i iiiniiianns 4-298
PMADDWD—Multiply and Add Packed INTEAETS .. ... vu ettt 4-301
PMAXSB/PMAXSW/PMAXSD/PMAXSQ—Maximum of Packed Signed INtegers .........covvvvviriiiiniiniinnnennns 4-304
PMAXUB/PMAXUW—Maximum of Packed Unsigned INtegers. ........ovieiiiii it aeieiaaas 4-311
PMAXUD/PMAXUQ—Maximum of Packed UNSigned INtegers ........uvriieii i 4-316
PMINSB/PMINSW—Minimum of Packed Signed INtegers ... . vvri e 4-320
PMINSD/PMINSQ—Minimum of Packed Signed INteErsS . .......vuiririii i i 4-325
PMINUB/PMINUW—Minimum of Packed Unsigned INTegers .. ......c.viriiniiii i 4-329
PMINUD/PMINUQ—Minimum of Packed Unsigned INtegers. . . ......vuiireiii e 4-334
PMOVMSKB—MOVE Byt MasK. . .ottt i i et e e e e e e 4-338
PMOVSX—Packed Move With Sign EXTENA .. .....iuitii i e e ettt e 4-340
PMOVZX—Packed Move With Zero EXTENG ... .. .vtee ittt it e et 4-350
PMULDQ—Multiply Packed Doubleword INTEGErS. . ..o\ vvte ittt ettt et e 4-359
PMULHRSW — Packed Multiply High with Round and Scale ..ot e 4-362
PMULHUW—Muiltiply Packed Unsigned Integers and Store High Result. . ... 4-366



CONTENTS

PAGE
PMULHW—Multiply Packed Signed Integers and Store High Result .............coii i 4-370
PMULLD/PMULLQ—Multiply Packed Integers and Store LOw ReSUIT. .. ..o vt 4-374
PMULLW—Multiply Packed Signed Integers and Store Low Result .........covrii i i 4-378
PMULUDQ—Multiply Packed Unsigned Doubleword INtEgErs . ....ovviriii it aenens 4-382
POP—Pop a Value from the Stack ... e 4-385
POPA/POPAD—Pop All General-PUrpoSe ReGISTEIS ... .v ittt et eaens 4-390
POPCNT — Return the Count of Number of Bits SEt 10 1. .. oot s 4-392
POPF/POPFD/POPFQ—Pop Stack into EFLAGS ReGISTEr. ..o v ittt e aens 4-394
POR—BItWISE LOGICAl OR .. .ottt ettt et e e e e e e e e e e 4-399
PREFETCHh—Prefetch Data Into Cathes . . ..ottt e e enens 4-402
PREFETCHW—Prefetch Data into Caches in Anticipation of aWrite. ... 4-404
PREFETCHWT 1—Prefetch Vector Data Into Caches with Intent to Writeand TTHint...........coooiiiiiiiiinnn 4-406
PSADBW—Compute Sum of Absolute DifferenCeS .. .....vvi i et 4-408
PSHUFB — Packed ShUTIE BYteS . ..o v vttt ettt e e e e e e e enens 4-412
PSHUFD—Shuffle Packed DOUBIEWOIAS . . . . ..ottt et e s 4-416
PSHUFHW—Shuffle Packed High WOrds. . . .. .ottt 4-420
PSHUFLW—Shuffle Packed LOW WIS . . ...ttt ettt ettt e 4-423
PSHUFW—ShUTfle Packed WOrdsS . .. .o v ettt et e e e e e et 4-426
PSIGNB/PSIGNW/PSIGND — Packed SIGN ...ttt ettt e e et e e e r e e s 4-427
PSLLDQ—Shift Double Quadword Left LogiCal. ... ..vvuirii e e 4-431
PSLLW/PSLLD/PSLLQ—Shift Packed Data Left Logical.........ovviiiii e i 4-433
PSRAW/PSRAD/PSRAQ—Shift Packed Data Right ArithmetiC........covviii i i 4-445
PSRLDQ—Shift Double Quadword Right LOGICal . ... .vuvu ittt e 4-455
PSRLW/PSRLD/PSRLQ—Shift Packed Data Right LOGIiCal .. .....ovuvr it 4-457
PSUBB/PSUBW/PSUBD—Subtract Packed INtEerS . .....cvvviriii ittt ettt eaens 4-469
PSUBQ—Subtract Packed QUadword INTEGEIS .. ...ttt e e 4-476
PSUBSB/PSUBSW—Subtract Packed Signed Integers with Signed Saturation..............coooviiiiiiiiii i, 4-479
PSUBUSB/PSUBUSW—Subtract Packed Unsigned Integers with Unsigned Saturation................ccovvvvvnn.n. 4-483
ol I S I T o= 0T 35 = 4-487
PTWRITE - Write Data to @ Processor Trace Packet. ... ...oviriii e nens 4-489
PUNPCKHBW/PUNPCKHWD/PUNPCKHDQ/PUNPCKHQDQ— Unpack HighData. ..........oovvvviiiiiiiin s, 4-491
PUNPCKLBW/PUNPCKLWD/PUNPCKLDQ/PUNPCKLQDQ—Unpack Low Data.........coviiiiiiiiiiiiiiii e 4-501
PUSH—Push Word, Doubleword or Quadword Onto the Stack..........ovrviiiiii i 4-511
PUSHA/PUSHAD—Push All General-Purpose RegiSters. .. ... .o.vui et 4-514
PUSHF/PUSHFD—Push EFLAGS Register onto the Stack. ... ..o e e 4-516
PXOR—L0GICAl EXCIUSIVE OR. ..ottt i i e e et et e et e e 4-518
RCL/RCR/ROL/ROR— RO T . .+t vttt ettt et e ettt et et e e et e e e e et et e et et e et n e e 4-521
RCPPS—Compute Reciprocals of Packed Single-Precision Floating-Point Values ............cooviviiiiiiiiinen, 4-526
RCPSS—Compute Reciprocal of Scalar Single-Precision Floating-Point Values ..o, 4-528
RDFSBASE/RDGSBASE—Read FS/GS SEGMENT BASE ...t v ittt ettt ettt et et 4-530
RDMSR—Read from Model Specific REGISTEr. .. ... v ittt e et 4-532
RDPID—REAA ProCESSOr ID . . .ttt ettt ettt e et e e e e et e e e 4-534
RDPKRU—Read Protection Key Rights for USer Pages...........viiiiiiii ittt it 4-535
RDPMC—Read Performance-Monitoring COUNTEIS .. ...ttt ittt e enens 4-537
RDRAND—Read RaNdOM NUMDET. . . .ttt ettt et e et et e s 4-541
RDSEED—REad RaNdOM SEED . ... vttt e e e e e e 4-543
RDTSC—Read Time-Stamp COUNM . .. ittt e et e e et e et e ettt ae e 4-545
RDTSCP—Read Time-Stamp Counter and Processor ID. ... .ottt e s 4-547
REP/REPE/REPZ/REPNE/REPNZ—Repeat String Operation PrefiX ... 4-549
RET—ReTUMN frOmM PrOCEAUIE . ...ttt e et e e e ettt e s 4-553
RORX — Rotate Right Logical Without Affecting Flags .. .....oovuiiiin i e 4-563
ROUNDPD — Round Packed Double Precision Floating-Point Values ... 4-564
ROUNDPS — Round Packed Single Precision Floating-Point Values ........... ..o 4-567
ROUNDSD — Round Scalar Double Precision Floating-Point Values ... e 4-570
ROUNDSS — Round Scalar Single Precision Floating-Point Values. ...t 4-572
RSM—Resume from System Management MOde. . ... ...ooi it e et e 4-574
RSQRTPS—Compute Reciprocals of Square Roots of Packed Single-Precision Floating-Point Values............... 4-576
RSQRTSS—Compute Reciprocal of Square Root of Scalar Single-Precision Floating-Point Value ................... 4-578
SAHF—STOre AH INTO FIags. . . .ottt e e e e e e e 4-580

Vol. 2A Xi



CONTENTS

PAGE

SAL S AR/ SHL SHR =S NIt 1ttt e e e e 4-582
SARX/SHLX/SHRX — Shift Without Affecting FIags. . .....o.vviriir e 4-587
SBB—Integer Subtraction With BOMTOW. . .. ..o vttt e 4-589
SCAS/SCASB/SCASW/SCASD—SCaN STING .ottt ettt e es 4-592
SETCC—Set Byte 0N Condition ..ottt i e e e e e 4-596
R AN ey o = = ol 4-599
SGDT—Store Global Descriptor Table RegiSter. . ... v. vttt e e e 4-600
SHATRNDS4—Perform Four Rounds of SHAT Operation .. ....ovvueini e et 4-602
SHATNEXTE—Calculate SHA1 State Variable E after Four Rounds. .........coviiiii e 4-604
SHATMSG1—Perform an Intermediate Calculation for the Next Four SHA1 Message Dwords ..................... 4-605
SHATMSG2—Perform a Final Calculation for the Next Four SHA1 Message Dwords. ...........covvviviiennnnnn.. 4-606
SHA256RNDS2—Perform Two Rounds of SHA256 Operation.........cccoviiiiiiiii it ciieieees 4-607
SHA256MSG1—Perform an Intermediate Calculation for the Next Four SHA256 Message Dwords................ 4-609
SHA256MSG2—Perform a Final Calculation for the Next Four SHA256 Message Dwords . ..........covvvvvivnnns, 4-610
SHLD—Double Precision Shift Left. . ... ..o e 4-611
SHRD—Double Precision Shift RIGOt. .. ... e 4-614
SHUFPD—Packed Interleave Shuffle of Pairs of Double-Precision Floating-Point Values .......................... 4-617
SHUFPS—Packed Interleave Shuffle of Quadruplets of Single-Precision Floating-Point Values. .................... 4-622
SIDT—Store Interrupt Descriptor Table REGISTEr. .. ... vttt i 4-626
SLDT—Store Local Descriptor Table REgiSTar. ... v vttt e e 4-628
SMSW—Store Machine STatus WOrd. .. .. ..o e it e e e 4-630
SQRTPD—Square Root of Double-Precision Floating-Point Values ... 4-632
SQRTPS—Square Root of Single-Precision Floating-Point Values ....... ..o i 4-635
SQRTSD—Compute Square Root of Scalar Double-Precision Floating-Point Value..............cocov i, 4-638
SQRTSS—Compute Square Root of Scalar Single-Precision Value . ........covi vt 4-640
STAC—Set AC FIag in EFLAGS REGISTEI. vttt vttt et e et e et e e e es 4-642
Y I Y= A =T o YA = T 4-643
STD—Set DIreCtiON FIag. ... v et e e 4-644
Y I A =T o 0 ) = T 4-645
STMXCSR—S1t0re MXCSR REGISTEr STate ...t ittt i i e e e e e e 4-647
STOS/STOSB/STOSW/STOSD/STOSQ—St0re STMNG .+« v v v ettt e ettt et et e e 4-648
ST R—ST0ME TaSK REGIS O . . . ottt sttt e e e e e e e e e e e e e e 4-652
SUB U T ACE. vttt e e e e e e e e 4-654
SUBPD—Subtract Packed Double-Precision Floating-Point Values. ... 4-656
SUBPS—Subtract Packed Single-Precision Floating-Point Values. . ... e 4-659
SUBSD—Subtract Scalar Double-Precision Floating-Point Value. ... e 4-662
SUBSS—Subtract Scalar Single-Precision Floating-Point Value. ... e 4-664
SWAPGS—SWaP GS BaSE REGIS O .+ vttt ittt e e e e e e 4-666
SYSCALL—FAst SYStemM Call ... v ittt e e s e e e 4-668
SYSENTER—Fast SYSTEM Call. . ..ottt e e e e et e e 4-670
SYSEXIT—Fast Return from Fast System Call. .. ... oo 4-673
SYSRET—Return From Fast System Call. . ..o o e et e e 4-676
QIS R o o= 0T 1= 4-679
TZCNT — Count the Number of Trailing Zero Bits. ... ..vvviii i e 4-681
UCOMISD—Unordered Compare Scalar Double-Precision Floating-Point Values and Set EFLAGS ................... 4-683
UCOMISS—Unordered Compare Scalar Single-Precision Floating-Point Values and Set EFLAGS .................... 4-685
UD2—UNdefined INStrUCTiON. ..ottt ettt e e e e e e 4-687
UNPCKHPD—Unpack and Interleave High Packed Double-Precision Floating-Point Values ......................... 4-688
UNPCKHPS—Unpack and Interleave High Packed Single-Precision Floating-Point Values .......................... 4-692
UNPCKLPD—Unpack and Interleave Low Packed Double-Precision Floating-Point Values....................ovut 4-696
UNPCKLPS—Unpack and Interleave Low Packed Single-Precision Floating-Point Values.................ovvvint, 4-700

CHAPTER 5

INSTRUCTION SET REFERENCE, V-Z

5.1 TERNARY BIT VECTOR LOGIC TABLE. . .ottt t ettt ettt ettt et e e e e e e 5-1

5.2 INSTRUCTIONS (V-2 1 ettt ettt ettt et e e e e et e e e e e e e e e e et et e e n e e e n e e s 5-4
VALIGND/VALIGNQ—AIlign Doubleword/QUadword VECTOTS. . . ..o vttt ettt et ie e eans 5-5
VBLENDMPD/VBLENDMPS—BIend Float64/Float32 Vectors Using an OpMask Control............covviviiniinnnnnss 5-9
VBROADCAST—Load with Broadcast Floating-Point Data ...........coviriinii e 5-12

Xii Vol. 2A



CONTENTS

PAGE
VPBROADCASTM—Broadcast Mask to Vector Register . . . . . . . . . . . . . . . . . . ... .... 5-19
VCOMPRESSPD—Store Sparse Packed Double-Precision Floating-Point Values into Dense Memory................. 5-21
VCOMPRESSPS—Store Sparse Packed Single-Precision Floating-Point Values into Dense Memory.................. 5-23
VCVTPD2QQ—Convert Packed Double-Precision Floating-Point Values to Packed Quadword Integers.............. 5-25

VCVTPD2UDQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword Integers . 5-28
VCVTPD2UQQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Quadword Integers. .. 5-31

VCVTPH2PS—Convert 16-bit FP values to Single-Precision FP values ... 5-34

VCVTPS2PH—Convert Single-Precision FP value to 16-bit FP value ... e 5-37

VCVTPS2UDQ—Convert Packed Single-Precision Floating-Point Values to Packed Unsigned Doubleword Integer Values5-
41

VCVTPS2QQ—Convert Packed Single Precision Floating-Point Values to Packed Singed Quadword Integer Values .. 5-44
VCVTPS2UQQ—Convert Packed Single Precision Floating-Point Values to Packed Unsigned Quadword Integer Values5-47

VCVTQQ2PD—Convert Packed Quadword Integers to Packed Double-Precision Floating-Point Values.............. 5-50
VCVTQQ2PS—Convert Packed Quadword Integers to Packed Single-Precision Floating-Point Values ............... 5-52
VCVTSD2USI—Convert Scalar Double-Precision Floating-Point Value to Unsigned Doubleword Integer ............. 5-54
VCVTSS2USI—Convert Scalar Single-Precision Floating-Point Value to Unsigned Doubleword Integer .............. 5-55
VCVTTPD2QQ—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Quadword Integers5-
57
VCVTTPD2UDQ—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword
D (==Y 3P 5-59
VCVTTPD2UQQ—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Unsigned Quadword In-
0= =T 5-62
VCVTTPS2UDQ—Convert with Truncation Packed Single-Precision Floating-Point Values to Packed Unsigned Doubleword
I ValUBS ..t it e e e e 5-64
VCVTTPS2QQ—Convert with Truncation Packed Single Precision Floating-Point Values to Packed Singed Quadword Integer
ValUBS . . e e e e e s 5-66
VCVTTPS2UQQ—Convert with Truncation Packed Single Precision Floating-Point Values to Packed Unsigned Quadword In-
TGN ValUBS . ittt e e e e 5-68
VCVTTSD2USI—Convert with Truncation Scalar Double-Precision Floating-Point Value to Unsigned Integer ........ 5-70
VCVTTSS2USI—Convert with Truncation Scalar Single-Precision Floating-Point Value to Unsigned Integer ......... 5-71

VCVTUDQZ2PD—Convert Packed Unsigned Doubleword Integers to Packed Double-Precision Floating-Point Values . 5-73
VCVTUDQZPS—Convert Packed Unsigned Doubleword Integers to Packed Single-Precision Floating-Point Values .. 5-75
VCVTUQQZ2PD—Convert Packed Unsigned Quadword Integers to Packed Double-Precision Floating-Point Values. .. 5-77
VCVTUQQZ2PS—Convert Packed Unsigned Quadword Integers to Packed Single-Precision Floating-Point Values..... 5-79

VCVTUSI2SD—Convert Unsigned Integer to Scalar Double-Precision Floating-Point Value ......................... 5-81
VCVTUSIZ2SS—Convert Unsigned Integer to Scalar Single-Precision Floating-Point Value. ....................oo L 5-83
VDBPSADBW—Double Block Packed Sum-Absolute-Differences (SAD) on Unsigned Bytes ............covvvvvvvnnn. 5-85
VEXPANDPD—Load Sparse Packed Double-Precision Floating-Point Values from Dense Memory................... 5-89
VEXPANDPS—Load Sparse Packed Single-Precision Floating-Point Values from Dense Memory.................... 5-91
VERR/VERW—Verify a Segment for Reading or Writing. .. .......ouviirii i 5-93
VEXP2PD—Approximation to the Exponential 2" x of Packed Double-Precision Floating-Point Values with Less Than 27-23
2] = = 5 o 5-95
VEXP2PS—Approximation to the Exponential 2" x of Packed Single-Precision Floating-Point Values with Less Than 27-23
R 2] LY== o 5-97
VEXTRACTF128/VEXTRACTF32x4/VEXTRACTF64x2/VEXTRACTF32x8/VEXTRACTF64x4—Extract Packed Floating-Point
ValUBS . .ttt e e e e e 5-99
VEXTRACTI128/VEXTRACTI32x4/VEXTRACTI64X2/VEXTRACTI32X8/VEXTRACTI64x4—Extract packed Integer Values5-
106
VFIXUPIMMPD—Fix Up Special Packed FIOatB4 ValUes. . . ...ovouii ittt ettt 5-112
VFIXUPIMMPS—Fix Up Special Packed FI0at32 ValUES . . ....uviuiir ittt r e 5-116
VFIXUPIMMSD—Fix Up Special Scalar FIoate4 Value. . ......oviuiiir et 5-120
VFIXUPIMMSS—Fix Up Special Scalar FIoat32 Value . ... e 5-123
VFMADD132PD/VFMADD213PD/VFMADDZ231PD—Fused Multiply-Add of Packed Double-Precision Floating-Point Values5-
126
VFMADD132PS/VFMADD213PS/VFMADD231PS—Fused Multiply-Add of Packed Single-Precision Floating-Point Values5-
133
VFMADD132SD/VFMADDZ213SD/VFMADDZ231SD—Fused Multiply-Add of Scalar Double-Precision Floating-Point Values5-
140

VFMADD132SS/VFMADDZ213SS/VFMADD231SS—Fused Multiply-Add of Scalar Single-Precision Floating-Point Values. 5-

Vol. 2A Xiii



CONTENTS

Xiv Vol. 2A

PAGE
143
VFMADDSUB132PD/VFMADDSUBZ213PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-
Precision FIoating-Point ValUES. . . . .. oo e e 5-146
VFMADDSUB132PS/VFMADDSUB213PS/VFMADDSUB231PS—Fused Multiply-Alternating Add/Subtract of Packed Single-
Precision FIoating-Point ValUues. . .. ..ot i e e 5-156
VFMSUBADD132PD/VFMSUBADDZ213PD/VFMSUBADD23 1PD—Fused Multiply-Alternating Subtract/Add of Packed Double-
Precision FIoating-Point ValUes. .. ..ottt et et e 5-165
VFMSUBADD132PS/VFMSUBADDZ213PS/VFMSUBADDZ231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-
Precision FIoating-Point ValUes. .. ..ot e 5-175
VFMSUB132PD/VFMSUBZ213PD/VFMSUB231PD—Fused Multiply-Subtract of Packed Double-Precision Floating-Point Val-
LU= 5-185
VFMSUB132PS/VFMSUB213PS/VFMSUB231PS—Fused Multiply-Subtract of Packed Single-Precision Floating-Point Values
5-192
VFMSUB132SD/VFMSUB213SD/VFMSUBZ231SD—Fused Multiply-Subtract of Scalar Double-Precision Floating-Point Values
5-199
VFMSUB132SS/VFMSUB213SS/VFMSUBZ231SS—Fused Multiply-Subtract of Scalar Single-Precision Floating-Point Values
5-202
VFNMADD132PD/VFNMADD2 13PD/VFNMADD231PD—Fused Negative Multiply-Add of Packed Double-Precision Floating-
POINT ValUBS. . . ettt e e 5-205
VFNMADD132PS/VFNMADD213PS/VFNMADDZ231PS—Fused Negative Multiply-Add of Packed Single-Precision Floating-
POINT ValUBS. . . ot e e e e 5-212
VFNMADD132SD/VFNMADDZ213SD/VFNMADDZ231SD—Fused Negative Multiply-Add of Scalar Double-Precision Floating-
POINE ValUES. . .. e e 5-218
VFNMADD132SS/VFNMADD?213SS/VFNMADD231SS—Fused Negative Multiply-Add of Scalar Single-Precision Floating-
POINT ValUBS. . . ettt e e e e 5-221
VFNMSUB132PD/VFNMSUB213PD/VFNMSUB231PD—Fused Negative Multiply-Subtract of Packed Double-Precision Float-
ING-POINT ValUBS . . ot e e 5-224
VENMSUB132PS/VFNMSUB213PS/VFNMSUBZ231PS—Fused Negative Multiply-Subtract of Packed Single-Precision Float-
ING-POINT ValUBS . . oo i i e e 5-230
VFNMSUB132SD/VFNMSUB213SD/VFNMSUB231SD—Fused Negative Multiply-Subtract of Scalar Double-Precision Float-
ING-POINT ValUBS . . ..ot i e e e 5-236
VFNMSUB132SS/VFNMSUBZ2 13SS/VFNMSUB231SS—Fused Negative Multiply-Subtract of Scalar Single-Precision Floating-
POINT ValUBS. . . ot e e e e e 5-239
VFPCLASSPD—Tests Types Of a Packed FIOatE4 Values . . ......ovvii i 5-242
VVFPCLASSPS—Tests Types Of a Packed FIOat32 ValUeS .. ..ottt et 5-245
VFPCLASSSD—Tests Types Of a Scalar FIoatb4 Values . ........ovieiiiii it 5-247
VFPCLASSSS—Tests Types Of a Scalar FIoat32 Values . ........vviiiiiiii it i 5-249
VGATHERDPD/VGATHERQPD — Gather Packed DP FP Values Using Signed Dword/Qword Indices. ................ 5-251
VGATHERDPS/VGATHERQPS — Gather Packed SP FP values Using Signed Dword/Qword Indices.................. 5-256
VGATHERDPS/VGATHERDPD—Gather Packed Single, Packed Double with SignedDword ...............cccovvnes 5-261
VGATHERPFODPS/VGATHERPFOQPS/VGATHERPFODPD/VGATHERPFOQPD—Sparse Prefetch Packed SP/DP Data Values
with Signed Dword, Signed Qword Indices Using TOHINt. ..o e 5-264
VGATHERPF1DPS/VGATHERPF1QPS/VGATHERPF1DPD/VGATHERPF1QPD—Sparse Prefetch Packed SP/DP Data Values
with Signed Dword, Signed Qword Indices Using TT HINt. ... i 5-267
VGATHERQPS/VGATHERQPD—Gather Packed Single, Packed Double with Signed Qword Indices.................. 5-270
VPGATHERDD/VPGATHERQD — Gather Packed Dword Values Using Signed Dword/Qword Indices ................ 5-273
VPGATHERDD/VPGATHERDQ—Gather Packed Dword, Packed Qword with Signed Dword Indices.................. 5-277
VPGATHERDQ/VPGATHERQQ — Gather Packed Qword Values Using Signed Dword/Qword Indices................ 5-280
VPGATHERQD/VPGATHERQQ—Gather Packed Dword, Packed Qword with Signed Qword Indices ................. 5-285
VGETEXPPD—Convert Exponents of Packed DP FP Valuesto DP FP Values.............cocviiiiiiiiiiiiiiinnnns 5-288
VGETEXPPS—Convert Exponents of Packed SP FP Values to SPFP Values ...........coiiiiiiiiiiiiiiiiii e 5-291
VGETEXPSD—Convert Exponents of Scalar DP FP ValuestoDP FP Value ... v 5-295
VGETEXPSS—Convert Exponents of Scalar SP FP Valuesto SPFP Value. ... 5-297
VGETMANTPD—Extract Float64 Vector of Normalized Mantissas from Floatb4 Vector..............cocovvvvvnnn 5-299
VGETMANTPS—Extract Float32 Vector of Normalized Mantissas from Float32 Vector ..............covvvvvvnnns, 5-303
VGETMANTSD—Extract Float64 of Normalized Mantissas from Float64 Scalar.............covviiiiiiiiiiiennns, 5-306
VGETMANTSS—Extract Float32 Vector of Normalized Mantissa from Float32 Vector .............ooovvvvvnntt, 5-308
VINSERTF128/VINSERTF32x4/VINSERTF64x2/VINSERTF32x8/VINSERTF64x4—Insert Packed Floating-Point Values. 5-
310



CONTENTS

PAGE
VINSERTI128/VINSERTI32x4/VINSERTI64X2/VINSERTI32X8/VINSERTI64x4—Insert Packed Integer Values ...... 5-314
VMASKMOV—Conditional SIMD Packed Loads and STOMeS ... ...vtiitii e 5-318
VPBLENDD — Blend Packed DWOTS . . ..ot v ettt et e e e ettt e e e et e e 5-321
VPBLENDMB/VPBLENDMW—BIend Byte/Word Vectors Using an Opmask Control..............coooviviiiiinnnns, 5-323
VPBLENDMD/VPBLENDMQ—BIlend Int32/Int64 Vectors Using an OpMask Control............covviviiiinnnnnns. 5-325
VPBROADCASTB/W/D/Q—Load with Broadcast Integer Data from General Purpose Register ..................... 5-328
VPBROADCAST—Load Integer and BroadCast . .. ....vvee et e ettt n e e 5-331
VPCMPB/VPCMPUB—Compare Packed Byte Values INtO MasK. .....vvvvviii i e 5-339
VPCMPD/VPCMPUD—Compare Packed Integer Values into Mask ........oviiiiiiii i 5-342
VPCMPQ/VPCMPUQ—Compare Packed Integer Values into Mask .........c.vvrviiiiiii e 5-345
VPCMPW/VPCMPUW—Compare Packed Word Values INtoMask .........c.ooiiiiiiiiiii i 5-348
VPCOMPRESSD—Store Sparse Packed Doubleword Integer Values into Dense Memory/Register.................. 5-351
VPCOMPRESSQ—Store Sparse Packed Quadword Integer Values into Dense Memory/Register ................... 5-353
VPCONFLICTD/Q—Detect Conflicts Within a Vector of Packed Dword/Qword Values into Dense Memory/ Register. 5-355
VPERM2F128 — Permute Floating-Point Values ..........oiniii i e 5-358
VPERMZI128 — Permute INTeger ValUEs. . . . ...t 5-360
VPERMD/VPERMW—Permute Packed Doublewords/Words Elements ..o 5-362
VPERMI2W/D/Q/PS/PD—Full Permute From Two Tables OverwritingtheIndex ... innns. 5-365
VPERMILPD—Permute In-Lane of Pairs of Double-Precision Floating-Point Values.................ccoiiiiinnnt, 5-371
VPERMILPS—Permute In-Lane of Quadruples of Single-Precision Floating-Point Values.....................oouus 5-376
VPERMPD—Permute Double-Precision Floating-Point Elements ...... ..o i 5-381
VPERMPS—Permute Single-Precision Floating-Point Elements ...... ...t 5-384
VPERMQ—Qwords Element PErmULaTION. . ... .ou e e e e 5-387
VPEXPANDD—Load Sparse Packed Doubleword Integer Values from Dense Memory / Register................... 5-390
VPEXPANDQ—Load Sparse Packed Quadword Integer Values from Dense Memory / Register .................... 5-392
VPLZCNTD/Q—Count the Number of Leading Zero Bits for Packed Dword, Packed Qword Values. . . . . . . . 5-394
VPMASKMOV — Conditional SIMD Integer Packed Loads and StOres ........vvvrviiniiiiiiiii it iieann 5-397
VPMOVM2B/VPMOVM2W/VPMOVMZD/VPMOVM2Q—Convert a Mask Register to a Vector Register .............. 5-400
VPMOVB2M/VPMOVW2M/VPMOVD2M/VPMOVQ2M—Convert a Vector RegistertoaMask ...................... 5-403
VPMOVQB/VPMOVSQB/VPMOVUSQB—Down Convert QWord t0 BYte . ..o v vt 5-406
VPMOVQW/VPMOVSQW/VPMOVUSQW—Down Convert QWord toWord .........ooviiiiiiiiiiiiii s 5-410
VPMOVQD/VPMOVSQD/VPMOVUSQD—Down Convert QWord to DWord .........ovvviieiii e 5-414
VPMOVDB/VPMOVSDB/VPMOVUSDB—Down Convert DWord to Byte ......vvviiii it ici e ieea 5-418
VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord toWord .......oovivii i 5-422
VPMOVWB/VPMOVSWB/VPMOVUSWB—Down Convert Word toByte .......ovvviiiiiiii i 5-426
PROLD/PROLVD/PROLQ/PROLVQ—BIit ROtate Left . v\ttt 5-430
PRORD/PRORVD/PRORQ/PRORVQ—BIit Rotate Right .........ovviiiiiii i i 5-435
VPSCATTERDD/VPSCATTERDQ/VPSCATTERQD/VPSCATTERQQ—Scatter Packed Dword, Packed Qword with Signed Dword,
SIgNed QWO INAICES. . . vttt e e 5-440
VPSLLVW/VPSLLVD/VPSLLVQ—Variable Bit Shift Left Logical ........ovuiiii i 5-445
VPSRAVW/VPSRAVD/VPSRAVQ—Variable Bit Shift Right Arithmetic...........coooiiii i 5-450
VPSRLVW/VPSRLVD/VPSRLVQ—Variable Bit Shift Right Logical .........cc.vvriiiii i 5-455
VPTERNLOGD/VPTERNLOGQ—BIitwise Ternary LOGIC. ..o v vttt ettt ettt e e e enees 5-460
VPTESTMB/VPTESTMW/VPTESTMD/VPTESTMQ—Logical AND and Set Mask .......ovviviiiiiii e 5-463
VPTESTNMB/W/D/Q—Logical NANDand Set. . . . . . . . . . . . . . . . . . . o 5-466
VRANGEPD—Range Restriction Calculation For Packed Pairs of Float64 Values.............cccoviviiiiiiiinnnnss 5-470
VRANGEPS—Range Restriction Calculation For Packed Pairs of Float32 Values................cccoiiiiiiinints. 5-475
VRANGESD—Range Restriction Calculation From a pair of Scalar Float64 Values.................ccoiiiiiinnn.. 5-479
VRANGESS—Range Restriction Calculation From a Pair of Scalar Float32 Values..............cccovoviiiiinnns, 5-482
VRCP14PD—Compute Approximate Reciprocals of Packed Float64 Values. .............cccoviiiiiiiiiiii i, 5-485
VRCP14SD—Compute Approximate Reciprocal of Scalar Float64 Value. ...t 5-487
VRCP14PS—Compute Approximate Reciprocals of Packed Float32 Values. ..., 5-489
VRCP14SS—Compute Approximate Reciprocal of Scalar Float32 Value.......c.ooviii i e 5-491
VRCP28PD—Approximation to the Reciprocal of Packed Double-Precision Floating-Point VValues with Less Than 2”-28 Rel-
LY== o P 5-493
VRCP28SD—Approximation to the Reciprocal of Scalar Double-Precision Floating-Point Value with Less Than 27-28 Relative
] o 5-495
VRCP28PS—Approximation to the Reciprocal of Packed Single-Precision Floating-Point Values with Less Than 27-28 Rels-
LA = o PP 5-497

Vol. 2A Xv



CONTENTS

Xvi Vol. 2A

PAGE
VRCP28SS—Approximation to the Reciprocal of Scalar Single-Precision Floating-Point Value with Less Than 27-28 Relative
=] o 5-499
VREDUCEPD—Perform Reduction Transformation on Packed Floatb64 Values ...........coooviiiiiiiiiiiennnnn, 5-501
VREDUCESD—Perform a Reduction Transformation on a Scalar Float64 Value ............coovviiiiiiiiinnnns. 5-504
VREDUCEPS—Perform Reduction Transformation on Packed Float32 Values. ..........oovvviiiiiiiiiiiininnnn, 5-506
VREDUCESS—Perform a Reduction Transformation on a Scalar Float32Value ... 5-508
VRNDSCALEPD—Round Packed Float64 Values To Include A Given Number Of FractionBits...................... 5-510
VRNDSCALESD—Round Scalar Float64 Value To Include A Given Number Of Fraction Bits ......................s. 5-514
VRNDSCALEPS—Round Packed Float32 Values To Include A Given Number Of FractionBits ...................... 5-516
VRNDSCALESS—Round Scalar Float32 Value To Include A Given Number Of Fraction Bits...............cccovvnnt 5-519
VRSQRT14PD—Compute Approximate Reciprocals of Square Roots of Packed Float64 Values.................... 5-521
VRSQRT14SD—Compute Approximate Reciprocal of Square Root of Scalar Float64 Value................ccovvves 5-523
VRSQRT14PS—Compute Approximate Reciprocals of Square Roots of Packed Float32 Values.................... 5-525
VRSQRT14SS—Compute Approximate Reciprocal of Square Root of Scalar Float32 Value ........................ 5-527
VRSQRT28PD—Approximation to the Reciprocal Square Root of Packed Double-Precision Floating-Point Values with Less
ThaN 2728 REIaTIVE B O .\ttt ittt et e e ettt e e e 5-529
VRSQRT28SD—Approximation to the Reciprocal Square Root of Scalar Double-Precision Floating-Point Value with Less
Than 27 -28 RelatiVE B 0T ...ttt et et 5-531
VRSQRT28PS—Approximation to the Reciprocal Square Root of Packed Single-Precision Floating-Point Values with Less
Than 27 -28 ReIGTIVE BITOr . ..ottt ettt e e e e e e 5-533
VRSQRT28SS—Approximation to the Reciprocal Square Root of Scalar Single-Precision Floating-Point Value with Less Than
228 REIGTIVE B O . vttt ettt ettt e e e e e 5-535
VSCALEFPD—Scale Packed Float64 Values With FIoatb4 Values. . .....cvvei e 5-537
VSCALEFSD—Scale Scalar Floatb64 Values With Floatb4 Values. .......c.ovvii i e 5-540
VSCALEFPS—Scale Packed Float32 Values With FIoat32 Values. . .....ovvviiii e 5-542
VSCALEFSS—Scale Scalar Float32 Value With Float32 Value ... 5-544
VSCATTERDPS/VSCATTERDPD/VSCATTERQPS/VSCATTERQPD—Scatter Packed Single, Packed Double with Signed Dword
AN QWO INAICES .+ vttt et et e e e e 5-546
VSCATTERPFODPS/VSCATTERPFOQPS/VSCATTERPFODPD/VSCATTERPFOQPD—Sparse Prefetch Packed SP/DP Data Val-
ues with Signed Dword, Signed Qword Indices Using TO Hint with IntenttoWrite.......................... 5-551
VSCATTERPF1DPS/VSCATTERPF1QPS/VSCATTERPF1DPD/VSCATTERPF1QPD—Sparse Prefetch Packed SP/DP Data Val-
ues with Signed Dword, Signed Qword Indices Using T1 Hint with IntenttoWrite.......................... 5-553
VSHUFF32x4/VSHUFF64x2/VSHUFI32x4/VSHUFI64x2—Shuffle Packed Values at 128-bit Granularity........... 5-555
VTESTPD/VTESTPS—Packed Bit ToSt. .\ttt ittt ettt e e 5-560
VZEROALL—ZEr0 All YMM ROGIS OIS . . o ottt ittt ettt ettt it e et e e ettt ettt et e ettt ae e 5-563
VVZEROUPPER—Zero Upper Bits 0f YMM REGISTOrS. . ...ttt ettt ettt it ieeees 5-565
L I L I T =T 5-567
WBINVD—Write Back and Invalidate Cache . . ..o v e e 5-568
WRFSBASE/WRGSBASE—Write FS/GS SEgmMent Base ... ..vv ittt e 5-570
WRMSR—Write to Model Specific REGISTEN. . . ... v e e 5-572
WRPKRU—Write Data 1o User Page KeY ReGiSTer. . ..o v ittt i e e e i i 5-574
XACQUIRE/XRELEASE — Hardware Lock Elision Prefix HINtS ... .vv i 5-575
XABORT — Transactional ADO T . ... v vttt ettt e et e e e e e et e e et e e e e et e e et a e e 5-579
XADD—EXChaNGe and Add .. ..ottt 5-581
XBEGIN — Transactional BEGIN . ... .vv ittt e e e e e e e 5-583
XCHG—Exchange Register/Memory With RegiSter . ........ vt e 5-586
XEND — Transactional BN . ... ..ou it e e e e e e e 5-588
XGETBV—Get Value of Extended Control REGISTET. ... ...ttt ettt eees 5-590
XLAT/XLATB—Table LooK-UP Translation . . ... ou et ettt et ettt e eees 5-592
XOR—L0GICal EXCIUSIVE OR . .ttt e 5-594
XORPD—Bitwise Logical XOR of Packed Double Precision Floating-Point Values................cooviiiiiinnnt 5-596
XORPS—Bitwise Logical XOR of Packed Single Precision Floating-Point Values. ...t 5-599
XRSTOR—Restore Processor EXteNded States ... .v vttt i e e 5-602
XRSTORS—Restore Processor Extended STates SUPEIVISOr .. v vttt ittt ene e 5-606
XSAVE—Save Processor EXteNded STates. .. .o v vttt e 5-610
XSAVEC—Save Processor Extended States with Compaction. .........c.cooviiiiii i e 5-613
XSAVEOPT—Save Processor Extended States Optimized . ........vveiiiiii i 5-616
XSAVES—Save Processor Extended States SUPEIVISOT. . ... v. vttt e 5-619
XSETBV—Set Extended CoNtrol REGISTEr. . . ..o\ttt e e e es 5-622



CONTENTS

PAGE
XTEST — Test If In Transactional EXECULION. . ... v v vttt et nees 5-624
CHAPTER 6
SAFER MODE EXTENSIONS REFERENCE
6.1 OV RV B ottt et e et e e e e e e e e 6-1
6.2 I U O 10 I 6-1
6.2.1 Detecting and ENabling SMX ... i i e e e 6-1
6.2.2 I 3 1 Tt T TS T = S 6-2
6.2.2.1 GET SEC AP ABILITIES T v ottt ettt e ettt e e et et e e et et et et e e et 6-2
6.2.2.2 GET S B ENTERAC S - . vttt ettt et et et ettt et e e et et et et e et 6-3
6.2.2.3 L S I S0, 17V 6-3
6.2.24 GET S B S ENT R .« vttt ettt ettt et et et e et et e e et e et et e 6-3
6.2.2.5 LS I =01 =5 PSS P 6-4
6.2.2.6 GET SEC P AR AMET RS . . sttt ettt ettt et e ettt et et et et et e e e 6-4
6.2.2.7 L0 I =10 (O I P 6-4
6.2.2.8 L0 S I =02 6-4
6.2.3 Measured ENVIrONMENT @nd SMX . ..o e e e e 6-4
6.3 GETSEC LEAF FUNCTIONS. .« ettt ettt ettt e et ettt e e et e e e et e e e et e e et et et 6-5
GETSEC[CAPABILITIES] - Report the SMX Capabilities. . ..o\ v vttt e e 6-7
GETSEC[ENTERACCS] - Execute Authenticated Chipset Code. ... ..o vrir i e 6-10
GETSEC[EXITAC]—Exit Authenticated Code EXECUTION MOdE ...\ v v ittt 6-18
GETSEC[SENTER]—ENter a Measured ENVITONmMENT . ..o .ttt e e 6-21
GETSEC[SEXIT]—Exit Measured ENVIFONMENT . ... ..ttt e e e aens 6-30
GETSECIPARAMETERS]—Report the SMX Parameters ..o vv ittt ittt it e it ieaees 6-33
GETSECISMCTRLI—=SMX MOAE COMITOl .+ .t vttt ettt ettt ettt e et et e et e e et e e e e 6-37
GETSEC[WAKEUP]—Wake up sleeping processors in measured environmMeNt .........vuvrvrieieiiiinerennnnenennn. 6-40
APPENDIX A
OPCODE MAP
A1 USING OPCODE TABLES . . vttt ettt ettt ettt e e et e e et e e e e et e e e e A-1
A2 KEY TO ABBREV AT ION S . . o ettt ettt ettt et e e e et e e e et et et et e e e e e A-1
A21 Codes for Addressing Method . ... ... i et e e A-1
A2.2 00T [T o 0 0= =T o 80 A-2
A23 R 2T (= 00T [T A-3
A24 Opcode Look-up Examples for One, Two, and Three-Byte Opcodes . .....ovviiiii i A-3
A24.1 One-Byte OpCode INSTIUCTIONS. . . ..ottt ettt et et e e et A-3
A24.2 TWO-Byte OpCode INS UG ONS . .ottt it i et et e et e e A-4
A243 Three-Byte OpCode INStrUCTIONS. ...ttt e e e e et i e i e A-5
A244 VEX PrEfiX NS UG ONS . . ettt e e et e e et et e et e e A-5
A25 Superscripts Utilized in Opeode Tables. . ..o v vttt e e A-6
A3 ONE, TWO, AND THREE-BYTE OPCODE MAPS . . . ettt et A-6
A4 OPCODE EXTENSIONS FOR ONE-BYTE AND TWO-BYTE OPCODES ... vttt ettt e i A-17
A4 Opcode Look-up Examples Using Opcode EXTENSIONS .. .. .ttt i e ettt e e A-17
Ad4.2 OPCode EXTENSION TaDIES ...ttt ittt e et e e e et e e e A-17
A5 ESCAPE OPCODE INSTRUCTIONS ..ttt sttt et ettt e et e e et e e e e et et e e et e e e eens A-20
A5.1 Opcode Look-up Examples for Escape INStruction OpCodes. . ... ovvv vttt i A-20
A5.2 Escape Opcode INSTrUCTION TablES . .. v ittt e e e e e e A-20
A5.2.1 Escape Opcodes With DB as FIrSt BYte . . ... vt i A-20
A5.2.2 Escape Opcodes With DO as FirSt Byl . ..o v v e e A-21
A523 Escape Opcodes With DA @S First By, ..o v ittt i e e e e e A-22
A5.24 Escape Opcodes With DB a@s FirSt By, ... vui i e et A-23
A5.25 Escape Opcodes With DC as FirSt BYTe ... vv vttt e e e A-24
A5.2.6 Escape Opcodes With DD @S FirSt Byt .. v vttt e e e e A-25
A5.2.7 Escape Opcodes With DE @s First Byte .. ... oo e A-26
A5.28 Escape Opcodes With DF As FirSt BY . . ..ottt A-27
APPENDIX B
INSTRUCTION FORMATS AND ENCODINGS
B.1 MACHINE INSTRUCTION FORMA T . . ittt ettt ettt et et e e e et e e e et et e e et e n e eans B-1

Vol. 2A Xvii



CONTENTS

PAGE

B.1.1 LBOACY Pl iXES .ottt et i i e e e B-1
B.1.2 RE X P XS vttt e e e e e e B-2
B.1.3 0o L= =1 [ B-2
B.1.4 Y0 =t = I 1= T B-2
B.1.4.1 Reg Field (reg) for NON-64-Bit MOGES . .. ... v vttt ittt e e e e e e B-3
B.1.4.2 Reg Field (Feg) fOr B4-Bit MOGE. . . ..o\t e ettt ettt B-4
B.1.4.3 Encoding of Operand Size (W) Bit ... ..o B-4
B.144 SIGN-EXTENA (S) Bit vttt ettt i e e B-5
B.1.4.5 Segment Register (STeQ) FIeld . .. ...ttt e e B-5
B.1.46 Special-Purpose Register (e€8) FIeld ... ......orir i e B-5
B.14.7 Condition Test (THIN) FIEId . . ..o e e e e e e e B-6
B.1.4.8 T Ton o N (a ) I > B-6
B.1.5 013 T=T 01 (=13 B-6
B.2 GENERAL-PURPOSE INSTRUCTION FORMATS AND ENCODINGS FORNON-64-BITMODES ........oviiiiiiiieiiiaenns B-7
B.2.1 General Purpose Instruction Formats and Encodings for 64-BitMode. ..o B-18
B3 PENTIUM® PROCESSOR FAMILY INSTRUCTION FORMATS AND ENCODINGS .. ... eveveeeeeeeeeeeeeeeeeie e B-37
B4 64-BIT MODE INSTRUCTION ENCODINGS FOR SIMD INSTRUCTION EXTENSIONS . ...\t aaas B-37
B.5 MMX INSTRUCTION FORMATS AND ENCODINGS .. .ottt ettt et e e e e e e et aaaes B-38
B.5.1 GranUIBMITY FIEld (GQ). « « oo v ettt et et e e et e e e e e e e B-38
B.5.2 MMX Technology and General-Purpose Register Fields (MMXregand reg). .......vvvvvrvriiiiiirinennenenenenn. B-38
B.5.3 MMX Instruction Formats and ENCodings Table .. ... cvvv it B-38
B.6 PROCESSOR EXTENDED STATE INSTRUCTION FORMATS AND ENCODINGS. .. oo e B-41
B.7 P6 FAMILY INSTRUCTION FORMATS AND ENCODINGS ...ttt ettt e ettt e aaas B-41
B.8 SSE INSTRUCTION FORMATS AND ENCODINGS . .ttt ittt ettt et e e et e et et B-42
B9 SSE2 INSTRUCTION FORMATS AND ENCODINGS . . . ettt ettt et e e et e aans B-48
B.9.1 GranUIMIEY FIBIA (GQ). o v v vttt ettt e e e e e e e e e e e e e B-48
B.10 SSE3 FORMATS AND ENCODINGS TABLE . . . .ttt ettt ettt e e e e et e e e et B-59
B.11 SSSE3 FORMATS AND ENCODING TABLE . ..ottt ettt ittt e et e e e aas B-60
B.12 AESNI AND PCLMULQDQ INSTRUCTION FORMATS AND ENCODINGS . ..ottt e e aas B-63
B.13 SPECIAL ENCODINGS FOR B4-BIT MODE . . .ottt ettt ettt et et et e et et e e e e e B-64
B.14 SSE4.T FORMATS AND ENCODING TABLE ...ttt ettt ettt e e e e e e B-66
B.15 SSE4.2 FORMATS AND ENCODING TABLE ...ttt ettt e e aeaes B-71
B.16 AVX FORMATS AND ENCODING TABLE. . . oottt ettt e et et e e e et e e et e e et aenes B-73
B.17 FLOATING-POINT INSTRUCTION FORMATS AND ENCODINGS .. .ottt e B-113
B.18 VMY INSTRUCTIONS Lottt e e e e e et e e et e e e et e e e et et e e B-117
B.19 SMX INSTRUCTIONS L.ttt et e e et e e et et et e e e et e e e et B-118
APPENDIX C

INTEL® C/C++ COMPILER INTRINSICS AND FUNCTIONAL EQUIVALENTS

C1 SIMPLE INTRINSICS .ottt et e e e et e e e e e e e e e e C-2
C2 COMPOSITE INTRINSICS . ottt ettt e e e e e e e e e e e et et e e e e e e e e C-14

Xxviii Vol. 2A



CONTENTS

PAGE

FIGURES

Figure 1-1. BIT AN BYTE OrAer ..ottt ettt e e 1-4
Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation. . .........v.veiuiii e 1-7
Figure 2-1. Intel 64 and I1A-32 Architectures INStruction FOrMat. ... ...ou i e 2-1
Figure 2-2. Table Interpretation 0f MOAR/M Byte (CBH) . ... v vttt ittt e et 2-4
Figure 2-3. Prefix Ordering in B4-Dit MOGE . .. ..ot i e e e e 2-8
Figure 2-4. Memory Addressing Without an SIB Byte; REX X NOTtUSEd. ......coiiiiiiii it ens 2-9
Figure 2-5. Register-Register Addressing (No Memory Operand); REXX NotUsed. ........oviiiiiiiiiiiiiiii i 2-9
Figure 2-6. Memory Addressing With @ SIB By te. . ... ov ittt e 2-10
Figure 2-7. Register Operand Coded in Opcode Byte; REXX & REXRNotUsed. ... ..o 2-10
Figure 2-8. Instruction Encoding Format with VEX PrefiX ... ..o e 2-13
Figure 2-9. VEX DIt IS, . . oo i e e 2-15
Figure 2-10.  AVX-512 Instruction Format and the EVEX PrefixX. ..o e e 2-36
Figure 2-11.  Bit Field Layout of the EVEX PrefiX. ... vt e 2-36
Figure 3-1. Bit OffSEt fOr BT RAK, 2T ottt ittt e e e e e e 3-11
Figure 3-2. MemOrY Bit INAEXING. . . oottt e e e e e e e 3-12
Figure 3-3. ADDSUBPD—Packed Double-FP Add/SUbDTract. . ... e e e e 3-44
Figure 3-4. ADDSUBPS—Packed Single-FP Add/SUbDTract . .. ..o oo e 3-46
Figure 3-5. Memory Layout of BNDMOV t0/fT0mM MeMOTY . ... v vttt ettt et e e ettt n e ieieaees 3-100
Figure 3-6. Version Information Returned by CPUID in EAX . ...ttt 3-204
Figure 3-7. Feature Information Returned in the ECX REGISTEI . ... v vttt e 3-206
Figure 3-8. Feature Information Returned in the EDX ReGISTer. . ...\ vuti i e 3-208
Figure 3-9. Determination of Support for the Processor Brand STring..........c.coviiiiiii i e 3-217
Figure 3-10.  Algorithm for Extracting ProCessor FrEQUEBNCY . . ... .vuvnvt ettt ettt et e e ettt e ae e eaees 3-218
Figure 3-11.  CVTDQZPD (VEX.256 encoded VEISION). . .. vttt st et e e et et e e et e e et een e 3-229
Figure 3-12. VCVTPD2DQ (VEX.256 eNCOTEA VEISION) v vttt ettt et e s ettt e e e ettt e eaaes 3-236
Figure 3-13.  VCVTPD2PS (VEX.256 eNCOAA VEISION). . .o\ttt et ettt e ettt et e e e ettt e eaaes 3-241
Figure 3-14. CVTPS2PD (VEX.256 eNCOAEA VEISION) .. .ottt tt et e et et e et e e e et e e et eaees 3-250
Figure 3-15. VCVTTPDZ2DQ (VEX.256 encoded VEISION) . . ... v ettt ettt e st e e a e e et eaees 3-266
Figure 3-16. HADDPD—Packed Double-FP Horizontal Add. ... e e e aeas 3-427
FIQUre 3-17.  VHADDP D OPBIatioN. . v vttt ittt ettt et et ettt e e e et e et e e et e 3-428
Figure 3-18. HADDPS—Packed Single-FP Horizontal Add . ........couiniiiriitr i 3-431
FIGUre 3-19.  VHADDPS 0P ation . . vttt ettt et e e ettt e e e e e 3-431
Figure 3-20.  HSUBPD—Packed Double-FP Horizontal SUDLract. . ........oououinii e 3-434
1o [N =t DY 4 o YU 2] o o] =Y ir=1 o) 3-435
Figure 3-22. HSUBPS—Packed Single-FP Horizontal Subtract. .. ..o e e 3-438
Figure 3-23. VHSUBPS OPBIation . . vttt ettt ettt ettt e e e ettt e e e e e 3-438
FIGUrE 3-24.  INV P CID DSt O . v vttt ettt ettt e e e e et e e e e e et e e e e e e e 3-473
Figure 4-1. Operation 0f PCMPSTRX @Nd POMPES T RX. .« .ttt ettt ettt ettt a e 4-6
Figure 4-2. VMOVDDUP OPeration. . . ettt et et ettt et et e e et et e et et e et et e et 4-60
Figure 4-3. [ (O NV A o 10 @ 01T - 1 o 4-114
Figure 4-4. [ (O NV A W =] =T =1« o 4-117
Figure 4-5. 256-Dit VMPSADBW DD Bration . . vttt ettt ettt et e ettt e e e e e 4-137
Figure 4-6. Operation of the PACKSSDW Instruction Using 64-bit Operands. ..........ovvviiiiiiiiiiiiiiiiiieennns 4-187
Figure 4-7. 256-bit VPALIGN INStruction Operation . ...\ v ettt et ettt 4-220
Figure 4-8. PP XD, . . ettt e e e e 4-270
Figure 4-9. P X T EXAMMIDIE ittt et e e e e e e e 4-272
Figure 4-10.  256-bit VPHADDD InStruction Operation. . ... ui ittt et i et i i 4-281
Figure 4-11. PMADDWD Execution Model Using 64-bit OPErands ... ......uvuinirititee ittt ien i eenns 4-302
Figure 4-12.  PMULHUW and PMULHW Instruction Operation Using 64-bit Operands ...........cooviiviviiiiiiiniiiiannnnns 4-367
Figure 4-13. PMULLU Instruction Operation Using 64-bit Operands ... ......vvuiitititit ittt 4-379
Figure 4-14.  PSADBW Instruction Operation Using 64-bit Operands. . .........c.vvuiiniiiiiii i 4-409
Figure 4-15.  PSHUFB With 64-Bit OpEIranads .. ...t vttt ittt et et et e e ettt 4-414
Figure 4-16.  256-bit VPSHUFD INStruction Operation . .. .ottt it e ettt ettt it e i e 4-417
Figure 4-17.  PSLLW, PSLLD, and PSLLQ Instruction Operation Using 64-bit Operand.............coviviiiiiiiiiiiiinennns, 4-435
Figure 4-18. PSRAW and PSRAD Instruction Operation Using a 64-bit Operand.............coiiiiiiiiiiiiiiiii i, 4-447
Figure 4-19.  PSRLW, PSRLD, and PSRLQ Instruction Operation Using 64-bit Operand ...........cccoviiiviiinininiiienannn, 4-459
Figure 4-20.  PUNPCKHBW Instruction Operation Using 64-bit Operands ..........c.coouviiiriiii i 4-493

Vol. 2A Xix



CONTENTS

Figure 4-21.
Figure 4-22.
Figure 4-23.
Figure 4-24.
Figure 4-25.
Figure 4-26.
Figure 4-27.
Figure 4-28.

Figure 5-1.
Figure 5-2.
Figure 5-3.
Figure 5-4.
Figure 5-5.
Figure 5-6.
Figure 5-7.
Figure 5-8.
Figure 5-9.

Figure 5-10.
Figure 5-11.
Figure 5-12.
Figure 5-13.
Figure 5-14.
Figure 5-15.
Figure 5-16.
Figure 5-17.
Figure 5-18.
Figure 5-19.
Figure 5-20.
Figure 5-21.
Figure 5-22.
Figure 5-23.
Figure 5-24.
Figure 5-25.
Figure 5-26.
Figure 5-27.
Figure 5-28.
Figure 5-29.

Figure A-1.
Figure B-1.
Figure B-2.

XX Vol. 2A

256-bit VPUNPCKHDQ INSTruction Operation . . ... vu ettt et ie e et ie e e e aie e nena 4-493
PUNPCKLBW Instruction Operation Using 64-bit Operands. .........couvuiiiiiiiiiiiii it 4-503
256-bit VPUNPCKLDQ INStruction OPeration .. ... .c.euitit ettt e et nen e 4-503
Bit Control Fields of Immediate Byte for ROUNDXX INSTrUCtiON .. .....vvrve i 4-565
256-bit VSHUFPD Operation of Four Pairs of DPFP Values ... 4-618
256-bit VSHUFPS Operation of Selection from Input Quadruplet and Pair-wise Interleaved Result ............. 4-623
RV L0 O | 07T o 4-693
RV OB S 00 = =1 ] P 4-701
VBROADCASTSS Operation (VEX.256 encoded VErSiON). ... ..vutnet ettt it i i ennenes 5-13
VBROADCASTSS Operation (VEX.128-Dit VEISION) .. ... vv it 5-13
VBROADCASTSD Operation (VEX.256-Dit VErSION) . ... v et e 5-14
VBROADCASTF128 Operation (VEX.256-Dit VEISION) ... ..ve ittt 5-14
VBROADCASTF64X4 Operation (512-bit version with writemask all 1) ........coviiiiii i 5-14
VCEVTPHZPS (128-Dit VEISION). . v ettt ettt ettt et e et et e et et e s 5-35
VCVTPSZPH (128-Dit VEISION). . vttt ettt et e ettt e et et e et et e e e e e 5-37
64-bit Super Block of SAD Operation in VDBPSADBW . . .. ..ot 5-86
VFIXUPIMMPD Immediate Control DesCription . . ... .ov et it et e it eans 5-115
VFIXUPIMMPS Immediate Control DesCription ... oottt it i e et e i eans 5-119
VFIXUPIMMSD Immediate Control DesCription ... ...t et 5-122
VFIXUPIMMSS Immediate Control DesCription ... .ouue et 5-125
Imm8 Byte Specifier of Special Case FP Values for VFPCLASSPD/SD/PS/SS ... i 5-242
VGETEXPPS Functionality On Normal INPUL ValUBS. . .. ...t 5-292
IMmM8 Controls for VGETMANT PD/SD/PS/SS . . .ttt e e 5-299
VPBROADCASTD Operation (VEX.256 encoded VEISION) . ... .vuiteeene et ieieeeeeenens 5-333
VPBROADCASTD Operation (128-Dit VErSION) ... v vttt ettt e ettt e et e e 5-333
VPBROADCASTQ Operation (256-Dit VEIrSION) . ... vuuuiit et 5-333
VBROADCASTI128 Operation (256-Dit VErSION). . .. v v vttt e eas 5-333
VBROADCASTI256 Operation (512-Dit VErSiON). . ... vttt 5-334
VPERMZF T 28 OPBIaTiON . vt v vttt ettt e e ettt et e e et et e e e e e e 5-358
QY P S 00 Y=Y o 5-360
QY S N0 =T o= o 5-372
VPERMILPD ShUFFlE CONTIOl . . ..ttt et e ettt ne s 5-372
VPERMILPS OPBration v vttt ettt ettt ettt et e e et e e e e e e 5-377
VPERMILPS ShUFfle COntrOl . vttt ettt e e e e et e e e e e 5-377
IMM8 Controls for VRANGEPD/SD/PS/SS . . .ttt e e e 5-470
IMmM8 Controls for VREDUCEPD/SD/PS/SS . . .ttt et e 5-501
Imm8 Controls for VRNDSCALEPD/SD/PS/SS . ...ttt ittt 5-511
ModR/M Byte NN Field (BitS 5,4, aNd 3) .. ... oviii i e A-17
General Machine INStrUCTION FOMMAt . .. ..o ettt e e e e e eens B-1
Hybrid Notation of VEX-Encoded Key INStruction Bytes. .. ov v B-73



CONTENTS

PAGE

TABLES

Table 2-1. 16-Bit Addressing Forms with the MOAR/M BYTE .. ... oviiiii i e e 2-5
Table 2-2. 32-Bit Addressing Forms with the MOdR/M BYTe . ... ..o e 2-6
Table 2-3. 32-Bit Addressing FOrms wWith the SIB BYte . ... e 2-7
Table 2-4. REX Prefix Fields [BITS: OTO0WRXB] . ..\ttt ittt ettt ettt e e e e e et e s 2-9
Table 2-6. Direct Memory Offset FOrmM Of MOV ... .o e ettt 2-11
Table 2-5. Special Cases 0f REX ENCOGINGS . . ..o v vttt ittt e e ettt e ettt e e eaaas 2-11
Table 2-7. RIP-REIGTIVE AQArESSINg + v vttt ettt ettt e e e e e e e e e 2-12
Table 2-8. VEX.VUVV 10 FegiSter MAME MIaPPIiNG .« o v vttt ettt ettt e et e ettt e e ettt e e e r e aaas 2-17
Table 2-9. Instructions with @ VEX.wWWv destination .. ......oe oo e s 2-17
Table 2-10. VX M-MMMM N e DI At 0N, . . oot i e e e e e 2-18
Table 2-11. LV 0 6L T (=T ] =3 =110 2-18
Table 2-T2. VEX PP MBI DI A iON .ottt ittt e e et ettt et e s 2-19
Table 2-13. 32-Bit VSIB Addressing FOrms of the SIB Byte ... ovvuiiir e e 2-20
Table 2-14. EXCEPTION Class AeSCriPTION &\ttt ettt e et e e e e 2-22
Table 2-15.  Instructions in @ach EXCEPLION ClaSS . . . ..ot i it e e 2-23
Table 2-16. H#UD Exception and VEXW=1 ENCOAING . ..ot v ittt et ettt e e s 2-24
Table 2-17. #UD Exception and VEX.L Field ENCOING ... ..o vttt e e et i s 2-25
Table 2-18.  Type 1 Class EXCeption CoNitioNS . ... .ouuuieiii it ettt e ettt aeaens 2-26
Table 2-19.  Type 2 Class EXCeption CoNitioNS . ... .vvitittit e e e e 2-27
Table 2-20.  Type 3 Class EXCeption CoNitioNS . ... .vuiuitti e e e 2-28
Table 2-21.  Type 4 Class EXCeption CONAItIONS ... ... vuet ittt e 2-29
Table 2-22. Type 5 Class EXCeption CoNAitionS ... ..ottt ittt e et e 2-30
Table 2-23. Type 6 Class EXCeption CoNAitioNS ... ..ottt it it e ittt e 2-31
Table 2-24.  Type 7 Class EXCeption CoNitionNS ... ..o.uuiiiii ittt e e et et e it aeaens 2-32
Table 2-25. Type 8 Class EXCeption CoNitioNS . ... .vvititi it e e 2-32
Table 2-26.  Type 11 Class EXCeption ConiTions . ... vuei it e e i 2-33
Table 2-27.  Type 12 Class EXception CONAItiONS .. ... .o. ettt e e 2-34
Table 2-28. VEX-ENcoded GPR INSTrUCHIONS . . . .ottt t et ettt et e e et e e e e ettt e e e a e n e e e anns 2-35
Table 2-29. Exception Definition (VEX-Encoded GPR INSTIUCTIONS) .+ . v v vttt 2-35
Table 2-30. EVEX Prefix Bit Field FUNCHIONAl GrOUPING. . .. vttt ettt e neneaes 2-37
Table 2-31. 32-Register Support in 64-bit Mode Using EVEX with Embedded REXBits..........coovvviiiiiiii i 2-38
Table 2-32. EVEX Encoding Register Specifiers in 32-bit Mode. .. ....ovvi i 2-38
Table 2-33.  Opmask Register Specifier ENCOING. . ... v\ vv i e e 2-39
Table 2-34. Compressed Displacement (DISP8*N) Affected by Embedded Broadcast..........c.covvvviviiiiiiiiiiinininnns 2-40
Table 2-35. EVEX DISP8*N for Instructions Not Affected by Embedded Broadcast...........covvvviiiiiiiiii i 2-40
Table 2-36. EVEX Embedded Broadcast/Rounding/SAE and Vector Length on Vector Instructions.................cooeees. 2-41
Table 2-37.  0S XSAVE Enabling Requirements of INSTruction Categories .. .....vvvrvrit it et 2-42
Table 2-38.  Opcode Independent, State Dependent EVEX Bit Fields. ........oviiiii e 2-42
Table 2-39.  #UD Conditions of Operand-Encoding EVEX Prefix Bit Fields . ......... ..o 2-42
Table 2-40. #UD Conditions of Opmask Related Encoding Field .......... ... e 2-43
Table 2-41. #UD Conditions Dependent on EVEX. D ConteXt. ... .v it i e i e e s 2-43
Table 2-42. EVEX-Encoded Instruction Exception Class SUMMAIY . ... .v.i ittt e e it nenaeaes 2-44
Table 2-43. EVEX Instructions in @aCh EXCEPTION Class . v . v v vttt e e 2-45
Table 2-44.  Type E1 Class EXCEPLION CONAItiONS . ... vv vttt e aeas 2-48
Table 2-45.  Type ETNF Class EXCeption CONAItioNS. . . ... v ettt e e e it 2-49
Table 2-46. Type E2 Class EXCEPtion CoNditionsS ... ..vit ittt it e e ettt 2-50
Table 2-47. Type E3 Class EXCeption CONAItiONS . .. ... vttt e ettt 2-51
Table 2-48.  Type E3NF Class EXCEPtion CoNAitionS. . ...\ vvv ittt ettt e e aeaens 2-52
Table 2-49.  Type E4 Class EXCEPLION CONAItiONS . ... vvvt ettt e e e aees 2-53
Table 2-50.  Type E4ANF Class EXCEPtioN CONAitionS. . ..\ v ittt e e e e 2-54
Table 2-51.  Type E5 Class EXCeption CONAITIONS .. ... vu ettt e e e et 2-55
Table 2-52.  Type ES5NF Class EXCeption CONAItioNS. . . ... v ettt et 2-56
Table 2-53. Type EB6 Class EXCEPtion CoNditionsS ... .uit ittt it e ettt ettt 2-57
Table 2-54. Type EGNF Class EXCEPtioN CoNAitioNS. . ...\ vvi ittt et et et aeaens 2-58
Table 2-55. Type E7NM Class EXception CoNditions ... .....vuiii e e i e et 2-59
Table 2-56.  Type E9 Class EXCEPtioN CONAItiONS . ... v vttt e e e e 2-60
Table 2-57.  Type EINF Class EXCeption CONAItioNS. .. ... v vttt e e 2-61

Vol. 2A XXi



CONTENTS

Table 2-58.
Table 2-59.
Table 2-60.
Table 2-61.
Table 2-62.
Table 2-63.
Table 2-64.
Table 3-1.
Table 3-2.
Table 3-3.
Table 3-4.
Table 3-5.
Table 3-6.
Table 3-7.
Table 3-1.
Table 3-2.
Table 3-3.
Table 3-4.
Table 3-5.
Table 3-6.
Table 3-7.
Table 3-8.
Table 3-9.
Table 3-8.
Table 3-9.
Table 3-10.
Table 3-11.
Table 3-12.
Table 3-13.
Table 3-14.
Table 3-15.
Table 3-16.
Table 3-17.
Table 3-18.
Table 3-19.
Table 3-20.
Table 3-21.
Table 3-22.
Table 3-23.
Table 3-24.
Table 3-25.
Table 3-26.
Table 3-27.
Table 3-28.
Table 3-29.
Table 3-30.
Table 3-31.
Table 3-32.
Table 3-33.
Table 3-34.
Table 3-35.
Table 3-36.
Table 3-37.
Table 3-38.
Table 3-39.
Table 3-40.
Table 3-41.
Table 3-42.
Table 3-43.

XXxii Vol. 2A

Type E10 Class EXCEPTION CONAItiONS . ...\ v ittt ettt ettt ettt aenanas 2-62
Type ETONF Class EXCEPtioN CONAIIONS .. ... v .ttt e s i aaas 2-63
Type €17 Class EXCeption CONAIIONS .. ... .ou ittt e e 2-64
Type E12 Class EXCeption CONAILIONS . ... ..o .ttt e et 2-65
Type ET2NP Class EXCeption Conditions ... ...uiuii it i it ettt et a ey 2-66
TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg) ......ovvvvvvvnvnenninnnn. 2-67
TYPE K21 Exception Definition (VEX-Encoded OpMask Instructions AddressingMemory) ..........coovvvvvvvnns. 2-68
Register Codes Associated With +rb, +rw, +rd, +10. . ..ot 3-2
Range of Bit Positions Specified by Bit Offset Operands ...........vviiiiiiiiiii i e 3-12
Standard and Non-Standard Data TyYPES. . ... v v ettt e 3-14
Intel 64 and |A-32 GeNeral EXCOPTIONS . ..o\ttt ettt et et e 3-15
X87 FPU Floating-Point EXCOPTIONS . ..o\ttt e e it it e 3-16
SIMD Floating-Point EXCEPTIONS. . .\ttt ettt e e e ettt e e 3-16
Decision Table for CLERESUILS . . ... v ettt e e e e e e ee s 3-143
Comparison Predicate for CMPPD and CMPPS INSTrUCTIONS ... .vvuvei et ea e 3-156
Pseudo-Op and CMPPD IMplementation . . .. ...vr ettt et 3-157
Pseudo-Op and VCMPPD Implementation. . ....c.o i e e e et e 3-158
Pseudo-Op and CMPPS Implementation . .. ..ou i i i e it e 3-163
Pseudo-Op and VCMPPS Implementation. . . ... et e ettt 3-164
Pseudo-Op and CMPSD IMplementation . . ... v et et 3-174
Pseudo-Op and VCMPSD Implementation. .. ... et 3-174
Pseudo-0p and CMPSS IMplementation .. ... ... e 3-178
Pseudo-Op and VCMPSS Implementation. . ....o.i i i e et e 3-178
Information Returned by CPUID INSTrUCHON ... . .ottt et neaaas 3-191
ProcesSOr TYPE FlEld. . ..ot e e e e 3-205
Feature Information Returned in the ECX REGISTEr . ... v vttt e 3-206
More on Feature Information Returned in the EDX Register. ... ...vvi it 3-209
Encoding of CPUID Leaf 2 DeSCriPtOrS. . ...ttt ettt et ee s 3-211
Processor Brand String Returned with Pentium 4 Processor . .....vv ittt aes 3-218
Mapping of Brand Indices; and Intel 64 and IA-32 Processor Brand Strings...........ccoiiiiiiiiiiieiennn., 3-219
3] LY Yot o 3-285
Results Obtained from F2XMT ..o e e e e e e 3-309
Results Obtained from FABS .. ...ttt e 3-311
FADD/FADDP/FIADD RESUITS . vttt ettt ettt ettt et e et et e e et e e e 3-313
B S TP RESUIES. v ettt sttt ettt ettt et e e et e e e e e 3-317
FOHS RESURS . .ottt e e et e e et e e e e e 3-319
FCOM/FCOMP/FCOMPP RESUIS . . v vt vttt ettt e e e e e e e e e ee s 3-325
FCOMI/FCOMIP/ FUCOMI/FUCOMIP RESUILS . . v v vttt et e ettt e et e e e e 3-328
FOOS RESUN S . . vttt ettt e e e e e e e e e e e e e 3-331
FDIV/EDIVP/EIDIV RESUIS . vt vttt ettt ettt et et e e e e e et e e et e e 3-335
FDIVR/EDIVRP/FIDIVR RESUIS. . . o vttt vttt ettt e ettt e e et e e e et e e et et ea s 3-338
FICOM/FICOMP RESUIS . v vttt ettt e ettt e e et et e e et e e e et e e 3-341
FIS T /RIS TP RESURS vttt ettt e e e 3-348
[ Y I (=T £ 3-351
FMUL/FMULP/FIMUL RESUIS v ettt et ettt e et e e e et ee s 3-362
FP AT AN RESUIS .« o vttt ettt et et e et e e e e e e e 3-365
FPREM RESUIS . ..ottt ettt e e e 3-367
FPREM T RESUI S . . vttt ettt ettt e e e et et e e e 3-369
P T AN RESURS . ..ottt e e e e et e e e e 3-371
S AL RESUS. . . vttt ettt e et et e e et et e et e e e e 3-379
FSIN RESURS. . et e e e e e e e 3-381
FSINCOS RESUNS. & vttt ettt ettt e et e et et e e e e e e et e 3-383
SR T RESUIES vttt ittt ettt ettt et et e et e e e e e e e 3-385
FSUB/FSUBP/FISUB RESUIS . .« vttt ettt ittt ettt et e et e et e e e ee s 3-396
FSUBR/FSUBRP/FISUBR RESUIS . . . ot e vttt ettt et ee s 3-399
[ IS I (=T 3 3-401
FUCOM/FUCOMP/FUCOMPP RESUIES. . . v ettt e ettt e et ee s 3-403
X AM RESUIES .« vttt ittt ettt ettt e e e e e e e 3-406

Non-64-bit-Mode Layout of FXSAVE and FXRSTOR



CONTENTS

PAGE
Memory Region3-413
Table 3-44. FIeld Dt initiONS . . vttt e e e e 3-414
Table 3-45. Recreating FSAVE FOMmMat ... ...ttt e e e e e 3-416
Table 3-46. Layout of the 64-bit-mode FXSAVEG4 Map
(requires REX.W = 1)3-417

Table 3-47.  Layout of the 64-bit-mode FXSAVE Map (REXW = 0). ..ottt i 3-418
Table 3-48. 72 L= 3-423
Table 3-49. I e T S 1 £ 3-425
Table 3-50. 1] YA =T U] 1 3 3-440
Table 3-51. =T al R o T - o] = 3-458
Table 3-52. SEgMENT AN QAT T PO .t ittt ittt ettt ettt e e e 3-516
Table 3-53. Non-64-bit Mode LEA Operation with Address and Operand Size Attributes ..ot 3-525
Table 3-54.  64-bit Mode LEA Operation with Address and Operand Size Attributes...........ccvviiiviiii i, 3-525
Table 3-55. Segment and Gate DeSCriPTOr Ty DS, . vttt ittt ettt ettt e et ettt e e e 3-545
Table 4-1. Yo o=l D= = I o 1T ) 4-2
Table 4-2. AGregation OPeration . ... v .ttt e e e e e e 4-2
Table 4-3. AV fu ir=Ta =1 o] 1@ 0= = 1 [o] I 4-3
Table 4-4. 0] = o 1 4-3
Table 4-5. [0 51U Y= =Tt 1 o 4-4
Table 4-6. (010510 Y= =Tt 1 o 4-4
Table 4-7. Comparison Result for Each Element Pair BOOIRESij]. .« v v vvvtvtittr it e ens 4-4
Table 4-8. Summary of IMMB CoNtrol Byte . .. ..o e e 4-5
Table 4-9. MUL RESUIES. . . ettt et e e et e ettt e e e et e e e e r e e 4-144
Table 4-10. MWAIT EXTENSION REGISTEI (ECX) . .ottt ettt e et ae e e 4-159
Table 4-TT.  MWAIT HINtS REGISTEr (EAX) « vttt ettt et ettt e e et e et e en s 4-159
Table 4-12. Recommended Multi-Byte Sequence of NOP INStrUCTioN . ....ovvnii i 4-163
Table 4-13. PCLMULQDQ Quadword Selection of Immediate Byte. ... .ocoviii e 4-241
Table 4-14.  Pseudo-Op and PCLMULQDQ IMPIemMENtation . ... ....uunette et et e e e et et e e e eae s 4-241
Table 4-15. Effect of POPF/POPFD on the EFLAGS ReGISTEI ... .o\ttt ettt eees 4-395
Table 4-16. Valid General and Special Purpose Performance Counter Index Range for RDPMC...................cccoevn.t 4-537
Table 4-17. REPEAT PrE XS . . ottt e i e e 4-550
Table 4-18. Rounding Modes and Encoding of Rounding Control (RC) Field. .........ovuiuiii e 4-565
Table 4-19. Decision Table for STIRESUIS. . . ..ot e e e 4-645
Table 5-1. Low 8 columns of the 16x16 Map of VPTERNLOG Boolean Logic Operations. ..........c.vvvviiiiiniinniennnn. 5-2
Table 5-2. Low 8 columns of the 16x16 Map of VPTERNLOG Boolean Logic Operations. ..........ccooviviiiiiiiieinnnnnnnnn. 5-3
Table 5-3. Immediate Byte Encoding for 16-bit Floating-Point Conversion Instructions ...............cocoiiiiiiiinn.s. 5-38
Table 5-4. SPECIAl ValUBS BENaVIOT. . . o\ttt ettt et et e e 5-96
Table 5-5. SPECIAl ValUBS BENaVIOT. . vttt ettt et e e 5-98
Table 5-6. Classifier Operations for VFPCLASSPD/SD/PS/SS . . ..t e e 5-242
Table 5-7. VGETEXPPD/SD SPECIAI C@SES. . . o v ettt et et ettt et e e e et ettt e 5-288
Table 5-8. VGET EXPPS/SS SPECIAl CaSBS . v vttt ittt ettt e e e e et et e e 5-291
Table 5-9. GetMant() Special Float Values BEaVior. . . ... v e et 5-300
Table 5-10. Pseudo-Op and VPCMP* Implementation. .. ... vttt et e ettt e e 5-340
Table 5-11. Examples of VPTERNLOGD/Q Imm8 Boolean Function and Input Index Values ...........ccoovviiiiiiinnnnss 5-461
Table 5-12.  Signaling of Comparison Operation of One or More NaN Input Values and Effect of Inm8[3:2]................. 5-471
Table 5-13.  Comparison Result for Opposite-Signed Zero Cases for MIN, MIN_ABS and MAX, MAX_ABS.................... 5-471
Table 5-14. Comparison Result of Equal-Magnitude Input Cases for MIN_ABS and MAX_ABS, (Ja| = |b|, a>0, b<0)............ 5-471
Table 5-15. VRCPT4PD/VRCPT4SD SPECIAl CaSES . v vttt vttt ettt ettt ettt et et et e e et an s 5-485
Table 5-16.  VRCPTAPS/VRCPTASS SPECIEI C3SES ..ttt ettt ettt ettt e et et e et e et en s 5-489
Table 5-17.  VRCPZ2BPD SPECIAI LSS . vttt vttt tttt ettt ettt e et ettt et e e e e ettt e e et eas 5-494
Table 5-T8. VRCPZ2BSD SPECIAl CaSBS .+ vttt ittt ettt ettt et e s ettt e e e et e 5-496
Table 5-19.  VRCPZBPS SPECIAI CaSES. . .. .o v ettt ittt ettt ettt e et e e e e et ee s 5-498
Table 5-20.  VRCPZ2BSS SPECIal CaSES. . .. .ottt ettt e et e e e e e e 5-500
Table 5-21.  VREDUCEPD/SD/PS/SS SPECIAI CaSES . vttt vttt ittt ettt ittt ettt e ee s 5-502
Table 5-22. VRNDSCALEPD/SD/PS/SS SPECIAl C@SES. . . vttt ettt ettt ettt e et e e en s 5-511
Table 5-23.  VRSQRTTAPD SPECIAI CASES ..ttt vttttet ettt e et et et et et e e et e et e en s 5-522
Table 5-24.  VRSQRT 14D SPCIal CaSBS. v vttt ittt ettt et ettt e et e e 5-524
Table 5-25. VRSQRT T4PS SPECIAl CaSBS. . vt vttt ittt ettt ettt et e e et e e e et e e e e e e 5-526
Table 5-26. VRSQRT T4SS SPCIAl (@SS, . ottt vttt ettt ettt ettt et ettt e e e et e e e e e e 5-528

Vol. 2A XXxiii



CONTENTS

Table 5-27.
Table 5-28.
Table 5-29.
Table 5-30.
Table 5-31.
Table 5-32.
Table 5-33.
Table 6-1.
Table 6-2.
Table 6-3.
Table 6-4.
Table 6-5.
Table 6-6.
Table 6-7.
Table 6-8.
Table 6-9.
Table 6-10.
Table 6-11.
Table 6-12.
Table A-1.
Table A-2.
Table A-3.
Table A-4.
Table A-5.
Table A-6.
Table A-7.
Table A-8.
Table A-9.
Table A-10.
Table A-11.
Table A-12.
Table A-13.
Table A-14.
Table A-15.
Table A-16.
Table A-17.
Table A-18.
Table A-19.
Table A-20.
Table A-21.
Table A-22.
Table B-1.
Table B-2.
Table B-3.
Table B-4.
Table B-5.
Table B-6.
Table B-7.
Table B-8.
Table B-9.
Table B-10.
Table B-11.
Table B-13.
Table B-12.
Table B-14.
Table B-15.
Table B-16.
Table B-17.
Table B-18.

XXiv Vol. 2A

VRSQRT2BPD SPECIAI CaSES. . . .t vttt ettt ettt et e et et et e e et e et r e e 5-530
VRS QRT 28BS D SPCIAI CaSES . v vttt ettt ettt et e et e e e 5-532
VRSQRTZ2BPS SPOCIaI CaSES . . . ettt ettt ettt et et et et et 5-534
VRSQRT2BSS SPEGIAl CaSES . . . ettt ettt ettt ettt et e et 5-536
\VSCALEFPD/SD/PS/SS SPECIAI CaSES . v v vttt ettt ettt ettt ettt ettt e e et et e 5-537
Additional VSCALEFPD/SD SPECIAI CaSBS . . vttt vttt ettt ettt et et ettt et et 5-538
Additional VSCALEFPS/SS SPECIAl (@SS ...\ttt ii ittt ettt ettt e e ettt aenens 5-542
Layout Of IA32_FEATURE_CONTROL ... v vttt ettt e et e e e et e e e 6-2
] Y L O =T T oo 6-3
Getsec Capability Result ENcoding (EBX = 0). ..o .o vuiuiii it 6-7
Register State Initialization after GETSECIENTERACCS] . .. ittt et e ens 6-12
IA32_MISC_ENABLE MSR Initialization by ENTERACCS and SENTER. .. ....vviiii e 6-13
Register State Initialization after GETSEC[SENTER] and GETSEC[WAKEUP]. ... ..ot 6-24
SMX Reporting Parameters FOrmMat. ... v vttt e e e e e 6-33
TXT Feature EXTENSIONS FIags. . . vttt ittt e e e e e s 6-34
External Memory Types Using Parameter 3 ... ... i 6-35
e AUt ParamIeter ValUES. . vttt ettt e e e e e 6-35
Supported Actions for GETSECISMCTRL(O)] + v vttt ettt ettt ettt et e e et ees 6-37
RLP MVMM JOIN Data StrUCTUNE . vttt ittt e et e et e i nas 6-40
Superscripts Utilized in Opeode Tables . . ... vttt e e A-6
One-byte Opcode Map: (O0H — F7H) > oo e e A-7
Two-byte Opcode Map: 00H — 77H (First Byte is OFH) * . ..o e A-9
Three-byte Opcode Map: 00H — F7H (First Two Bytesare OF 38H) *. ... ..ot A-13
Three-byte Opcode Map: 00H — F7H (First two bytesare OF 3AH) * ... .o e A-15
Opcode Extensions for One- and Two-byte Opcodes by Group Number * ........ ...t A-18
D8 Opcode Map When ModR/M Byte is Within OOH to BFH *. ... .o v e A-20
D8 Opcode Map When ModR/M Byte is Outside OOH to BFH * .. ... A-21
D9 Opcode Map When ModR/M Byte is Within OOH to BFH *. ... A-21
D9 Opcode Map When ModR/M Byte is Outside OOH to BFH * .. ... . i i A-22
DA Opcode Map When ModR/M Byte is Within O0H to BFH *. .. .. ..ot e e A-22
DA Opcode Map When ModR/M Byte is Outside OOH to BFH * . ... .o A-23
DB Opcode Map When ModR/M Byte is Within OOH to BFH *. ... ..o e A-23
DB Opcode Map When ModR/M Byte is Outside OOH to BFH * .. ...t A-24
DC Opcode Map When ModR/M Byte is Within O0H to BFH *. ... A-24
DC Opcode Map When ModR/M Byte is Outside OOH to BFH * ... .. oo i e A-25
DD Opcode Map When ModR/M Byte is Within O0H to BFH *. .. .. ..o i A-25
DD Opcode Map When ModR/M Byte is Outside OOH to BFH * ... ..o e A-26
DE Opcode Map When ModR/M Byte is Within O0H to BFH *. ... ..o e A-26
DE Opcode Map When ModR/M Byte is Outside O0H to BFH * ... ..o A-27
DF Opcode Map When ModR/M Byte is Within O0H to BFH *. ... ..o A-27
DF Opcode Map When ModR/M Byte is Outside OOH To BFH * .. .. oo i A-28
Special Fields Within INnStruction ENCOdINGS . .. ..ot it i e e e i ittt eaas B-2
Encoding of reg Field When w Field is Not Present in Instruction ... i B-3
Encoding of reg Field When w Field is Present in INStruCtion ..o i B-3
Encoding of reg Field When w Field is Not Present in INStruction ..o B-4
Encoding of reg Field When w Field is Present in INStruction ..o B-4
Encoding of Operand Size (W) Bit ... .ou i e B-4
Encoding of SigN-EXTENA (S) Bit. ... v vttt e e B-5
Encoding of the Segment Register (sreg) Field ......ou it e B-5
Encoding of Special-Purpose Register (€€€) Field . ... ...ouiriitit it e e s B-5
Encoding of Conditional Test (TTtN) Field ... ..o i i B-6
Encoding of Operation Direction (d) Bit. .. ..o B-6
General Purpose Instruction Formats and Encodings for Non-64-BitModes ...........c.cooviiiiiiiiiiininnns, B-7
Notes on INSTrUCtION ENCOAING. .. ..o\ i it i e e e et e e B-7
SPECIAl SYMIDOIS . .ottt e e e B-18
General Purpose Instruction Formats and Encodings for 64-BitMode. ... i B-18
Pentium Processor Family Instruction Formats and Encodings, Non-64-BitModes ............cocovviiiiiininen, B-37
Pentium Processor Family Instruction Formats and Encodings, 64-BitMode. ...t B-37
Encoding of Granularity of Data Field (GQ) . . ... vvvriet e e e B-38



CONTENTS

PAGE
Table B-19. MMX Instruction FOrmats and ENCOGINGS. .. ...ttt i ettt e e B-38
Table B-20. Formats and Encodings of XSAVE/XRSTOR/XGETBV/XSETBV INStrUCTiONS. ... vvvvvvviiii e neiean B-41
Table B-21.  Formats and Encodings of P6 Family INSTrUCTIONS . ... ..o eie e B-41
Table B-22.  Formats and Encodings of SSE Floating-Point INStructions . ...... ..o e B-42
Table B-23. Formats and Encodings of SSE Integer INStruCtionS. ... ...t i et B-47
Table B-25. Encoding of Granularity of Data Field (GQ). .+« v vt v vttt e B-48
Table B-24. Format and Encoding of SSE Cacheability & Memory Ordering Instructions. ............oviiiii i enns. B-48
Table B-26. Formats and Encodings of SSE2 Floating-Point INSTruCtionS. . ...\ vr vt B-49
Table B-27. Formats and Encodings of SSEZ2 Integer INStrUCTIONS ... . v it e B-54
Table B-28.  Format and Encoding of SSE2 Cacheability INSTrUCLIONS. ... ...ou it e B-58
Table B-29. Formats and Encodings of SSE3 Floating-Point INSTructions. . ...t e B-59
Table B-30. Formats and Encodings for SSE3 Event Management INSTructions. ....... ..ot B-59
Table B-31. Formats and Encodings for SSE3 Integer and Move INStructions. ..o B-60
Table B-32. Formats and EnNcodings for SSSE3 INSTrUCTIONS . . ..o vttt e e B-60
Table B-33. Formats and Encodings of AESNI and PCLMULQDQ INSTrUCtiONS . ..o v vv vt aens B-63
Table B-34.  Special Case Instructions Promoted USiNg REXW. ... ... oo i B-64
Table B-35. ENCOdiNgS OF SSEA. T INSITUCHIONS . . ..ottt e et e e ettt e et B-66
Table B-36. ENCOdINGS OF SSE4.2 INSITUCHIONS . . ..o\ttt ettt e et e ettt B-72
Table B-37. ENCOdINGS OF AV X NSTTUCTIONS . ..ottt ettt et e e e B-73
Table B-38.  General Floating-Point INSTtruction FOrMAts ... .o .vuitit e e i ens B-113
Table B-39. Floating-Point Instruction Formats and ENCOINGS . . . ..o .o vttt e e B-113
Table B-40.  ENcodings for VMX INSTTUCTIONS . ..o v e ettt e e ee s B-117
Table B-41. ENcodings for SMX INSTrUCHIONS .. ...ttt e e e ettt et ettt e B-118
Table C-1. I 10 S 0 ok C-2
Table C-2. (000 T o Ty = 0 (kA C-14

Vol. 2A XXV



CONTENTS

PAGE

XXVi Vol. 2A



CHAPTER 1
ABOUT THIS MANUAL

The Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D: Instruction Set
Reference (order numbers 253666, 253667, 326018 and 334569) are part of a set that describes the architecture
and programming environment of all Intel 64 and IA-32 architecture processors. Other volumes in this set are:

® The Intel® 64 and I1A-32 Architectures Software Developer’s Manual, Volume 1: Basic Architecture (Order
Number 253665).

® The Intel® 64 and I1A-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D: System
Programming Guide (order numbers 253668, 253669, 326019 and 332831).

The Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volume 1, describes the basic architecture
and programming environment of Intel 64 and IA-32 processors. The Intel® 64 and 1A-32 Architectures Software
Developer’'s Manual, Volumes 2A, 2B, 2C & 2D, describe the instruction set of the processor and the opcode struc-
ture. These volumes apply to application programmers and to programmers who write operating systems or exec-
utives. The Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D, describe
the operating-system support environment of Intel 64 and IA-32 processors. These volumes target operating-
system and BIOS designers. In addition, the Intel® 64 and 1A-32 Architectures Software Developer’s Manual,
Volume 3B, addresses the programming environment for classes of software that host operating systems.

1.1 INTEL® 64 AND IA-32 PROCESSORS COVERED IN THIS MANUAL

This manual set includes information pertaining primarily to the most recent Intel 64 and IA-32 processors, which
include:

* pentium® processors

® P6 family processors

* pentium® 4 processors

*  pentium® M processors

* Intel® Xeon® processors

* pentium® D processors

*  Pentium® processor Extreme Editions

®  64-bit Intel® Xeon® processors

* Intel® Core™ Duo processor

* Intel® Core™ Solo processor

® Dual-Core Intel® Xeon® processor LV

* Intel® Core™2 Duo processor

* Intel® Core™2 Quad processor Q6000 series

* Intel® Xeon® processor 3000, 3200 series

* Intel® Xeon® processor 5000 series

* Intel® Xeon® processor 5100, 5300 series

* Intel® Core™2 Extreme processor X7000 and X6800 series
* Intel® Core™2 Extreme processor QX6000 series
* Intel® Xeon® processor 7100 series

* Intel® Pentium® Dual-Core processor

* Intel® Xeon® processor 7200, 7300 series

* Intel® Xeon® processor 5200, 5400, 7400 series
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* Intel® Core™2 Extreme processor QX9000 and X9000 series
* Intel® Core™2 Quad processor Q9000 series

® Intel® Core™2 Duo processor ES000, T9000 series

* Intel® Atom™ processor family

* Intel® Atom™ processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000,
C1000 series are built from 45 nm and 32 nm processes

® Intel® Core™ i7 processor

® Intel® Core™i5 processor

* Intel® Xeon® processor E7-8800/4800/2800 product families

® Intel® Core™ i7-3930K processor

® 2nd generation Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series
* Intel® Xeon® processor E3-1200 product family

* Intel® Xeon® processor E5-2400/1400 product family

* Intel® Xeon® processor E5-4600/2600/1600 product family

® 3rd generation Intel® Core™ processors

* Intel® Xeon® processor E3-1200 v2 product family

* Intel® Xeon® processor E5-2400/1400 v2 product families

* Intel® Xeon® processor E5-4600/2600/1600 v2 product families
* Intel® Xeon® processor E7-8800/4800/2800 v2 product families
®  4th generation Intel® Core™ processors

® The Intel® Core™ M processor family

® Intel® Core™ i7-59xx Processor Extreme Edition

® Intel® Core™ i7-49xx Processor Extreme Edition

* Intel® Xeon® processor E3-1200 v3 product family

* Intel® Xeon® processor E5-2600/1600 v3 product families

® 5Sth generation Intel® Core™ processors

* Intel® Xeon® processor D-1500 product family

* Intel® Xeon® processor E5 v4 family

* Intel® Atom™ processor X7-Z8000 and X5-Z8000 series

® Intel® Atom™ processor Z3400 series

* Intel® Atom™ processor Z3500 series

® 6th generation Intel® Core™ processors

* Intel® Xeon® processor E3-1500m v5 product family

P6 family processors are IA-32 processors based on the P6 family microarchitecture. This includes the Pentium®
Pro, Pentium® II, Pentium® 11, and Pentium® 11l Xeon® processors.

The Pentium® 4, Pentium® D, and Pentium® processor Extreme Editions are based on the Intel NetBurst® micro-
architecture. Most early Intel® Xeon® processors are based on the Intel NetBurst® microarchitecture. Intel Xeon
processor 5000, 7100 series are based on the Intel NetBurst® microarchitecture.

The Intel® Core™ Duo, Intel® Core™ Solo and dual-core Intel® Xeon® processor LV are based on an improved
Pentium® M processor microarchitecture.

The Intel® Xeon® processor 3000, 3200, 5100, 5300, 7200, and 7300 series, Intel® Pentium® dual-core, Intel®
Core™2 Duo, Intel® Core™2 Quad, and Intel® Core™2 Extreme processors are based on Intel® Core™ microarchi-
tecture.
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The Intel® Xeon® processor 5200, 5400, 7400 series, Intel® Core™2 Quad processor Q9000 series, and Intel®
Core™2 Extreme processors QX9000, X9000 series, Intel® Core™2 processor ES000 series are based on Enhanced
Intel® Core™ microarchitecture.

The Intel® Atom™ processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000,
C1000 series are based on the Intel® Atom™ microarchitecture and supports Intel 64 architecture.

The Intel® Core™ i7 processor and Intel® Xeon® processor 3400, 5500, 7500 series are based on 45 nm Intel®
microarchitecture code name Nehalem. Intel® microarchitecture code name Westmere is a 32 nm version of Intel®
microarchitecture code name Nehalem. Intel® Xeon® processor 5600 series, Intel Xeon processor E7 and various
Intel Core i7, i5, i3 processors are based on Intel® microarchitecture code name Westmere. These processors
support Intel 64 architecture.

The Intel® Xeon® processor E5 family, Intel® Xeon® processor E3-1200 family, Intel® Xeon® processor E7-
8800/4800/2800 product families, Intel® Core™ i7-3930K processor, and 2nd generation Intel® Core™ i7-2xxx,
Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series are based on the Intel® microarchitecture code name
Sandy Bridge and support Intel 64 architecture.

The Intel® Xeon® processor E7-8800/4800/2800 v2 product families, Intel® Xeon® processor E3-1200 v2 product
family and 3rd generation Intel® Core™ processors are based on the Intel® microarchitecture code name Ivy
Bridge and support Intel 64 architecture.

The Intel® Xeon® processor E5-4600/2600/1600 v2 product families, Intel® Xeon® processor E5-2400/1400 v2
product families and Intel® Core™ i7-49xx Processor Extreme Edition are based on the Intel® microarchitecture
code name Ivy Bridge-E and support Intel 64 architecture.

The Intel® Xeon® processor E3-1200 v3 product family and 4th Generation Intel® Core™ processors are based on
the Intel® microarchitecture code name Haswell and support Intel 64 architecture.

The Intel® Core™ M processor family, 5th generation Intel® Core™ processors, Intel® Xeon® processor D-1500
product family and the Intel® Xeon® processor E5 v4 family are based on the Intel® microarchitecture code name
Broadwell and support Intel 64 architecture.

The Intel® Xeon® processor E3-1500m v5 product family and 6th generation Intel® Core™ processors are based
on the Intel® microarchitecture code name Skylake and support Intel 64 architecture.

The Intel® Xeon® processor E5-2600/1600 v3 product families and the Intel® Core™ i7-59xx Processor Extreme
Edition are based on the Intel® microarchitecture code name Haswell-E and support Intel 64 architecture.

The Intel® Atom™ processor Z8000 series is based on the Intel microarchitecture code name Airmont.

The Intel® Atom™ processor Z3400 series and the Intel® Atom™ processor Z3500 series are based on the Intel
microarchitecture code name Silvermont.

P6 family, Pentium® M, Intel® Core™ Solo, Intel® Core™ Duo processors, dual-core Intel® Xeon® processor LV,
and early generations of Pentium 4 and Intel Xeon processors support IA-32 architecture. The Intel® Atom™
processor Z5xx series support IA-32 architecture.

The Intel® Xeon® processor 3000, 3200, 5000, 5100, 5200, 5300, 5400, 7100, 7200, 7300, 7400 series, Intel®
Core™2 Duo, Intel® Core™2 Extreme, Intel® Core™2 Quad processors, Pentium® D processors, Pentium® Dual-
Core processor, newer generations of Pentium 4 and Intel Xeon processor family support Intel® 64 architecture.

IA-32 architecture is the instruction set architecture and programming environment for Intel's 32-bit microproces-
sors. Intel® 64 architecture is the instruction set architecture and programming environment which is the superset
of Intel’s 32-bit and 64-bit architectures. It is compatible with the IA-32 architecture.

1.2 OVERVIEW OF VOLUME 2A, 2B, 2C AND 2D: INSTRUCTION SET REFERENCE

A description of Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D content
follows:

Chapter 1 — About This Manual. Gives an overview of all seven volumes of the Intel® 64 and 1A-32 Architec-
tures Software Developer’s Manual. It also describes the notational conventions in these manuals and lists related
Intel® manuals and documentation of interest to programmers and hardware designers.
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Chapter 2 — Instruction Format. Describes the machine-level instruction format used for all IA-32 instructions
and gives the allowable encodings of prefixes, the operand-identifier byte (ModR/M byte), the addressing-mode
specifier byte (SIB byte), and the displacement and immediate bytes.

Chapter 3 — Instruction Set Reference, A-L. Describes Intel 64 and IA-32 instructions in detail, including an
algorithmic description of operations, the effect on flags, the effect of operand- and address-size attributes, and

the exceptions that may be generated. The instructions are arranged in alphabetical order. General-purpose, x87
FPU, Intel MMX™ technology, SSE/SSE2/SSE3/SSSE3/SSE4 extensions, and system instructions are included.

Chapter 4 — Instruction Set Reference, M-U. Continues the description of Intel 64 and IA-32 instructions
started in Chapter 3. It starts Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volume 2B.

Chapter 5 — Instruction Set Reference, V-Z. Continues the description of Intel 64 and IA-32 instructions
started in chapters 3 and 4. It provides the balance of the alphabetized list of instructions and starts Intel® 64 and
IA-32 Architectures Software Developer’s Manual, Volume 2C.

Chapter 6— Safer Mode Extensions Reference. Describes the safer mode extensions (SMX). SMX is intended
for a system executive to support launching a measured environment in a platform where the identity of the soft-
ware controlling the platform hardware can be measured for the purpose of making trust decisions. This chapter
starts Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volume 2D.

Appendix A — Opcode Map. Gives an opcode map for the IA-32 instruction set.

Appendix B — Instruction Formats and Encodings. Gives the binary encoding of each form of each IA-32
instruction.

Appendix C — Intel® C/C++ Compiler Intrinsics and Functional Equivalents. Lists the Intel® C/C++ compiler
intrinsics and their assembly code equivalents for each of the IA-32 MMX and SSE/SSE2/SSE3 instructions.

1.3 NOTATIONAL CONVENTIONS

This manual uses specific notation for data-structure formats, for symbolic representation of instructions, and for
hexadecimal and binary numbers. A review of this notation makes the manual easier to read.

1.3.1 Bit and Byte Order

Inillustrations of data structures in memory, smaller addresses appear toward the bottom of the figure; addresses
increase toward the top. Bit positions are numbered from right to left. The numerical value of a set bit is equal to
two raised to the power of the bit position. IA-32 processors are “little endian” machines; this means the bytes of
a word are numbered starting from the least significant byte. Figure 1-1 illustrates these conventions.

Highest Data Structure

Address 31 24 23 16 15 8 7 0 =« Bit offset
28

24

20

16

12

8

Lowest
Address

4
Byte 3 Byte 2 Byte 1 ByteO | O

)

Byte Offset

Figure 1-1. Bit and Byte Order
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1.3.2 Reserved Bits and Software Compatibility

In many register and memory layout descriptions, certain bits are marked as reserved. When bits are marked as
reserved, it is essential for compatibility with future processors that software treat these bits as having a future,
though unknown, effect. The behavior of reserved bits should be regarded as not only undefined, but unpredict-
able. Software should follow these guidelines in dealing with reserved bits:

®* Do not depend on the states of any reserved bits when testing the values of registers which contain such bits.
Mask out the reserved bits before testing.

® Do not depend on the states of any reserved bits when storing to memory or to a register.
® Do not depend on the ability to retain information written into any reserved bits.

® When loading a register, always load the reserved bits with the values indicated in the documentation, if any,
or reload them with values previously read from the same register.

NOTE

Avoid any software dependence upon the state of reserved bits in IA-32 registers. Depending upon
the values of reserved register bits will make software dependent upon the unspecified manner in
which the processor handles these bits. Programs that depend upon reserved values risk incompat-
ibility with future processors.

1.3.3 Instruction Operands

When instructions are represented symbolically, a subset of the IA-32 assembly language is used. In this subset,
an instruction has the following format:
label: mnemonic argument1, argument2, argument3
where:
® A label is an identifier which is followed by a colon.
®* A mnemonic is a reserved name for a class of instruction opcodes which have the same function.

® The operands argumentl, argument2, and argument3 are optional. There may be from zero to three operands,
depending on the opcode. When present, they take the form of either literals or identifiers for data items.
Operand identifiers are either reserved names of registers or are assumed to be assigned to data items
declared in another part of the program (which may not be shown in the example).

When two operands are present in an arithmetic or logical instruction, the right operand is the source and the left
operand is the destination.

For example:

LOADREG: MOV EAX, SUBTOTAL

In this example, LOADREG is a label, MOV is the mnemonic identifier of an opcode, EAX is the destination operand,
and SUBTOTAL is the source operand. Some assembly languages put the source and destination in reverse order.

1.3.4 Hexadecimal and Binary Numbers

Base 16 (hexadecimal) numbers are represented by a string of hexadecimal digits followed by the character H (for
example, F82EH). A hexadecimal digit is a character from the following set: 0, 1, 2, 3,4, 5,6, 7,8,9,A, B, C, D,
E, and F.

Base 2 (binary) numbers are represented by a string of 1s and 0s, sometimes followed by the character B (for

example, 1010B). The “"B"” designation is only used in situations where confusion as to the type of humber might
arise.
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1.3.5 Segmented Addressing

The processor uses byte addressing. This means memory is organized and accessed as a sequence of bytes.
Whether one or more bytes are being accessed, a byte address is used to locate the byte or bytes in memory. The
range of memory that can be addressed is called an address space.

The processor also supports segmented addressing. This is a form of addressing where a program may have many
independent address spaces, called segments. For example, a program can keep its code (instructions) and stack
in separate segments. Code addresses would always refer to the code space, and stack addresses would always
refer to the stack space. The following notation is used to specify a byte address within a segment:
Segment-register:Byte-address
For example, the following segment address identifies the byte at address FF79H in the segment pointed by the DS
register:
DS:FF79H
The following segment address identifies an instruction address in the code segment. The CS register points to the
code segment and the EIP register contains the address of the instruction.

CS:EIP

1.3.6 Exceptions

An exception is an event that typically occurs when an instruction causes an error. For example, an attempt to
divide by zero generates an exception. However, some exceptions, such as breakpoints, occur under other condi-
tions. Some types of exceptions may provide error codes. An error code reports additional information about the
error. An example of the notation used to show an exception and error code is shown below:

#PF(fault code)

This example refers to a page-fault exception under conditions where an error code naming a type of fault is
reported. Under some conditions, exceptions which produce error codes may not be able to report an accurate
code. In this case, the error code is zero, as shown below for a general-protection exception:

#GP(0)

1.3.7 A New Syntax for CPUID, CR, and MSR Values

Obtain feature flags, status, and system information by using the CPUID instruction, by checking control register
bits, and by reading model-specific registers. We are moving toward a new syntax to represent this information.
See Figure 1-2.
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CPUID Input and Output

CPUID.01H:ECX.SSE[bit 25] = 1
@ l ®

Input value for EAX register

Output register and feature flag or field
name with bit position(s)

Value (or range) of output

Control Register Values

CR4.0SFXSRIbit 9] = 1
° l °

Example CR name

Feature flag or field name
with bit position(s)

Value (or range) of output

Model-Specific Register Values

IA32_MISC_ENABLE.ENABLEFOPCODE([bit 2] = 1
[ 4 l L ]

Example MSR name

Feature flag or field name with bit position(s)

Value (or range) of output

SDM20002

Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation

1.4 RELATED LITERATURE

Literature related to Intel 64 and IA-32 processors is listed and viewable on-line at:
http://www.intel.com/content/www/us/en/processors/architectures-software-developer-manuals.html
See also:

® The data sheet for a particular Intel 64 or IA-32 processor

® The specification update for a particular Intel 64 or IA-32 processor

* Intel® C++ Compiler documentation and online help:
http://software.intel.com/en-us/articles/intel-compilers/

® Intel® Fortran Compiler documentation and online help:
http://software.intel.com/en-us/articles/intel-compilers/
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http://www.intel.com/cd/software/products/asmo-na/eng/index.htm
http://software.intel.com/en-us/articles/intel-compilers/
http://www.intel.com/cd/software/products/asmo-na/eng/index.htm
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Intel® Software Development Tools:
http://www.intel.com/cd/software/products/asmo-na/eng/index.htm

Intel® 64 and IA-32 Architectures Software Developer’s Manual (in three or seven volumes):
http://www.intel.com/content/www/us/en/processors/architectures-software-developer-manuals.html

Intel® 64 and IA-32 Architectures Optimization Reference Manual:
http://www.intel.com/content/www/us/en/architecture-and-technology/64-ia-32-architectures-optimization-
manual.html

Intel 64 Architecture x2APIC Specification:

http://www.intel.com/content/www/us/en/architecture-and-technology/64-architecture-x2apic-specifi-
cation.html

Intel® Trusted Execution Technology Measured Launched Environment Programming Guide:
http://www.intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html

Developing Multi-threaded Applications: A Platform Consistent Approach:
https://software.intel.com/sites/default/files/article/147714/51534-developing-multithreaded-applica-
tions.pdf

Using Spin-Loops on Intel® Pentium® 4 Processor and Intel® Xeon® Processor:
http://software.intel.com/en-us/articles/ap949-using-spin-loops-on-intel-pentiumr-4-processor-and-intel-
xeonr-processor/

Performance Monitoring Unit Sharing Guide
http://software.intel.com/file/30388

Literature related to selected features in future Intel processors are available at:

Intel® Architecture Instruction Set Extensions Programming Reference
https://software.intel.com/en-us/isa-extensions

Intel® Software Guard Extensions (Intel® SGX) Programming Reference
https://software.intel.com/en-us/isa-extensions/intel-sgx

More relevant links are:

Intel® Developer Zone:

https://software.intel.com/en-us

Developer centers:
http://www.intel.com/content/www/us/en/hardware-developers/developer-centers.html
Processor support general link:

http://www.intel.com/support/processors/

Software products and packages:
http://www.intel.com/cd/software/products/asmo-na/eng/index.htm

Intel® Hyper-Threading Technology (Intel® HT Technology):
http://www.intel.com/technology/platform-technology/hyper-threading/index.htm
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http://www.intel.com/content/www/us/en/processors/architectures-software-developer-manuals.html

http://developer.intel.com/products/processor/manuals/index.htm
http://www.intel.com/support/processors/sb/cs-009861.htm
http://www.intel.com/content/www/us/en/architecture-and-technology/64-architecture-x2apic-specification.html
http://www.intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html
http://www3.intel.com/cd/ids/developer/asmo-na/eng/dc/threading/knowledgebase/19083.htm
https://software.intel.com/en-us
https://software.intel.com/en-us
http://www.intel.com/cd/ids/developer/asmo-na/eng/dc/index.htm
https://software.intel.com/en-us/articles/resource-center/
http://www.intel.com/content/www/us/en/hardware-developers/developer-centers.html
http://www.intel.com/support/processors/
http://www.intel.com/cd/software/products/asmo-na/eng/index.htm
http://developer.intel.com/technology/hyperthread/
http://www.intel.com/technology/platform-technology/hyper-threading/index.htm
https://software.intel.com/en-us/isa-extensions
https://software.intel.com/en-us/isa-extensions/intel-sgx

CHAPTER 2

INSTRUCTION FORMAT

This chapter describes the instruction format for all Intel 64 and IA-32 processors. The instruction format for
protected mode, real-address mode and virtual-8086 mode is described in Section 2.1. Increments provided for
IA-32e mode and its sub-modes are described in Section 2.2.

2.1

INSTRUCTION FORMAT FOR PROTECTED MODE, REAL-ADDRESS MODE,
AND VIRTUAL-8086 MODE

The Intel 64 and IA-32 architectures instruction encodings are subsets of the format shown in Figure 2-1. Instruc-

tions consist of optional instruction prefixes (in any order), primary opcode bytes (up to three bytes), an

addressing-form specifier (if required) consisting of the ModR/M byte and sometimes the SIB (Scale-Index-Base)
byte, a displacement (if required), and an immediate data field (if required).

'npsrté?iigcs’“ Opcode ModR/M SIB Displacement Immediate
Prefixes of  1-, 2-, or 3-byte 1 byte 1 byte Address Immediate
1 byte each opcode (if required) (if required) displacement data of
(optional)’ 2 of1,2,0r4 1,2,0r4
/ \ bytes or none® bytes or none®
7 65 32 0 7 65 32 0
Mod Osc(aogc{e R/M Scale | Index Base

1. The REX prefix is optional, but if used must be immediately before the opcode; see Section
2.2.1, “REX Prefixes” for additional information.

2. For VEX encoding information, see Section 2.3, “Intel® Advanced Vector Extensions (Intel®
AVX)”.

3. Some rare instructions can take an 8B immediate or 8B displacement.

Figure 2-1. Intel 64 and IA-32 Architectures Instruction Format

2.1.1 Instruction Prefixes

Instruction prefixes are divided into four groups, each with a set of allowable prefix codes. For each instruction, it
is only useful to include up to one prefix code from each of the four groups (Groups 1, 2, 3, 4). Groups 1 through 4
may be placed in any order relative to each other.

® Groupl
— Lock and repeat prefixes:
* LOCK prefix is encoded using FOH.

* REPNE/REPNZ prefix is encoded using F2H. Repeat-Not-Zero prefix applies only to string and
input/output instructions. (F2H is also used as a mandatory prefix for some instructions.)

* REP or REPE/REPZ is encoded using F3H. The repeat prefix applies only to string and input/output
instructions. F3H is also used as a mandatory prefix for POPCNT, LZCNT and ADOX instructions.

— Bound prefix is encoded using F2H if the following conditions are true:
* CPUID.(EAX=07H, ECX=0):EBX.MPX[bit 14] is set.
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* BNDCFGU.EN and/or IA32_BNDCFGS.EN is set.

* When the F2 prefix precedes a near CALL, a near RET, a near JMP, or a near Jcc instruction (see Chapter
17, “Intel® MPX,” of the Intel® 64 and 1A-32 Architectures Software Developer’'s Manual, Volume 1).

® Group 2
— Segment override prefixes:
* 2EH—CS segment override (use with any branch instruction is reserved).
* 36H—SS segment override prefix (use with any branch instruction is reserved).
* 3EH—DS segment override prefix (use with any branch instruction is reserved).
* 26H—ES segment override prefix (use with any branch instruction is reserved).
* 64H—FS segment override prefix (use with any branch instruction is reserved).
* 65H—GS segment override prefix (use with any branch instruction is reserved).
— Branch hints!:
e 2EH—Branch not taken (used only with Jcc instructions).
¢ 3EH—Branch taken (used only with Jcc instructions).
® Group 3
* Operand-size override prefix is encoded using 66H (66H is also used as a mandatory prefix for some
instructions).
® Group 4
* 67H—Address-size override prefix.

The LOCK prefix (FOH) forces an operation that ensures exclusive use of shared memory in a multiprocessor envi-
ronment. See "LOCK—Assert LOCK# Signal Prefix” in Chapter 3, “Instruction Set Reference, A-L,” for a description
of this prefix.

Repeat prefixes (F2H, F3H) cause an instruction to be repeated for each element of a string. Use these prefixes
only with string and I/0 instructions (MOVS, CMPS, SCAS, LODS, STOS, INS, and OUTS). Use of repeat prefixes
and/or undefined opcodes with other Intel 64 or IA-32 instructions is reserved; such use may cause unpredictable
behavior.

Some instructions may use F2H,F3H as a mandatory prefix to express distinct functionality.

Branch hint prefixes (2EH, 3EH) allow a program to give a hint to the processor about the most likely code path for
a branch. Use these prefixes only with conditional branch instructions (Jcc). Other use of branch hint prefixes
and/or other undefined opcodes with Intel 64 or IA-32 instructions is reserved; such use may cause unpredictable
behavior.

The operand-size override prefix allows a program to switch between 16- and 32-bit operand sizes. Either size can
be the default; use of the prefix selects the non-default size.

Some SSE2/SSE3/SSSE3/SSE4 instructions and instructions using a three-byte sequence of primary opcode bytes
may use 66H as a mandatory prefix to express distinct functionality.

Other use of the 66H prefix is reserved; such use may cause unpredictable behavior.

The address-size override prefix (67H) allows programs to switch between 16- and 32-bit addressing. Either size

can be the default; the prefix selects the non-default size. Using this prefix and/or other undefined opcodes when
operands for the instruction do not reside in memory is reserved; such use may cause unpredictable behavior.

1. Some earlier microarchitectures used these as branch hints, but recent generations have not and they are reserved for future hint
usage.
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2.1.2 Opcodes

A primary opcode can be 1, 2, or 3 bytes in length. An additional 3-bit opcode field is sometimes encoded in the
ModR/M byte. Smaller fields can be defined within the primary opcode. Such fields define the direction of opera-
tion, size of displacements, register encoding, condition codes, or sign extension. Encoding fields used by an
opcode vary depending on the class of operation.

Two-byte opcode formats for general-purpose and SIMD instructions consist of one of the following:
® An escape opcode byte OFH as the primary opcode and a second opcode byte.

® A mandatory prefix (66H, F2H, or F3H), an escape opcode byte, and a second opcode byte (same as previous
bullet).

For example, CVTDQ2PD consists of the following sequence: F3 OF E6. The first byte is a mandatory prefix (it is not
considered as a repeat prefix).

Three-byte opcode formats for general-purpose and SIMD instructions consist of one of the following:
® An escape opcode byte OFH as the primary opcode, plus two additional opcode bytes.

® A mandatory prefix (66H, F2H, or F3H), an escape opcode byte, plus two additional opcode bytes (same as
previous bullet).

For example, PHADDW for XMM registers consists of the following sequence: 66 OF 38 01. The first byte is the
mandatory prefix.

Valid opcode expressions are defined in Appendix A and Appendix B.

2.1.3 ModR/M and SIB Bytes

Many instructions that refer to an operand in memory have an addressing-form specifier byte (called the ModR/M
byte) following the primary opcode. The ModR/M byte contains three fields of information:

® The mod field combines with the r/m field to form 32 possible values: eight registers and 24 addressing modes.

® The reg/opcode field specifies either a register number or three more bits of opcode information. The purpose
of the reg/opcode field is specified in the primary opcode.

® The r/m field can specify a register as an operand or it can be combined with the mod field to encode an
addressing mode. Sometimes, certain combinations of the mod field and the r/m field are used to express
opcode information for some instructions.

Certain encodings of the ModR/M byte require a second addressing byte (the SIB byte). The base-plus-index and
scale-plus-index forms of 32-bit addressing require the SIB byte. The SIB byte includes the following fields:

® The scale field specifies the scale factor.

® The index field specifies the register number of the index register.
® The base field specifies the register number of the base register.
See Section 2.1.5 for the encodings of the ModR/M and SIB bytes.

2.1.4 Displacement and Immediate Bytes

Some addressing forms include a displacement immediately following the ModR/M byte (or the SIB byte if one is
present). If a displacement is required, it can be 1, 2, or 4 bytes.

If an instruction specifies an immediate operand, the operand always follows any displacement bytes. An imme-
diate operand can be 1, 2 or 4 bytes.
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2.1.5 Addressing-Mode Encoding of ModR/M and SIB Bytes

The values and corresponding addressing forms of the ModR/M and SIB bytes are shown in Table 2-1 through Table
2-3: 16-bit addressing forms specified by the ModR/M byte are in Table 2-1 and 32-bit addressing forms are in
Table 2-2. Table 2-3 shows 32-bit addressing forms specified by the SIB byte. In cases where the reg/opcode field
in the ModR/M byte represents an extended opcode, valid encodings are shown in Appendix B.

In Table 2-1 and Table 2-2, the Effective Address column lists 32 effective addresses that can be assigned to the
first operand of an instruction by using the Mod and R/M fields of the ModR/M byte. The first 24 options provide
ways of specifying a memory location; the last eight (Mod = 11B) provide ways of specifying general-purpose, MMX
technology and XMM registers.

The Mod and R/M columns in Table 2-1 and Table 2-2 give the binary encodings of the Mod and R/M fields required
to obtain the effective address listed in the first column. For example: see the row indicated by Mod = 11B, R/M =
000B. The row identifies the general-purpose registers EAX, AX or AL; MMX technology register MMO; or XMM
register XMMO. The register used is determined by the opcode byte and the operand-size attribute.

Now look at the seventh row in either table (labeled “"REG ="). This row specifies the use of the 3-bit Reg/Opcode
field when the field is used to give the location of a second operand. The second operand must be a general-
purpose, MMX technology, or XMM register. Rows one through five list the registers that may correspond to the
value in the table. Again, the register used is determined by the opcode byte along with the operand-size attribute.

If the instruction does not require a second operand, then the Reg/Opcode field may be used as an opcode exten-
sion. This use is represented by the sixth row in the tables (labeled “/digit (Opcode)”). Note that values in row six
are represented in decimal form.

The body of Table 2-1 and Table 2-2 (under the label “Value of ModR/M Byte (in Hexadecimal)”) contains a 32 by
8 array that presents all of 256 values of the ModR/M byte (in hexadecimal). Bits 3, 4 and 5 are specified by the
column of the table in which a byte resides. The row specifies bits 0, 1 and 2; and bits 6 and 7. The figure below
demonstrates interpretation of one table value.

Mod 11

RM 000
/digit (Opcode); REG= 001

C8H 11001000

Figure 2-2. Table Interpretation of ModR/M Byte (C8H)
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Table 2-1. 16-Bit Addressing Forms with the ModR/M Byte

INSTRUCTION FORMAT

r8(/r) AL CL DL BL AH CH DH BH
r16(/r) AX CX DX BX SP BP! S| DI
r32(/r) EAX ECX EDX EBX ESP EBP ESI EDI
mm(/r) MMO MM1 MM2 MM3 MM4 MM5 MM6 MM7
xmm(/r) XMMO | XMM1 | XMM2 |XMM3 |XMM4 |XMM5 |XMM6 |XMM7
(In decimal) /digit (Opcode) 0 1 2 3 4 5 6 7
(In binary) REG = 000 001 010 011 100 101 110 111
Effective Address Mod R/M Value of ModR/M Byte (in Hexadecimal)
BX+SI] 00 000 00 08 10 18 20 28 30 38
BX+DI] 001 01 09 11 19 21 29 31 39
BP+SI] 010 02 0A 12 1A 22 2A 32 3A
BP+DI] 011 03 0B 13 1B 23 2B 33 3B
SI] 100 04 0C 14 1C 24 2C 34 3C
DI 101 05 oD 15 1D 25 2D 35 3D
disp162 110 06 0t 16 1€ 26 2E 36 3E
[BX] 111 07 OF 17 1F 27 2F 37 3F
BX+SI]+disp83 01 000 40 48 50 58 60 68 70 78
BX+DI]+disp8 001 41 49 51 59 61 69 71 79
BP+SI]+disp8 010 42 4A 52 5A 62 6A 72 7A
BP+DI]+disp8 011 43 4B 53 5B 63 6B 73 7B
Sl]+disp8 100 44 4C 54 5C 64 6C 74 7C
DI}+disp8 101 45 4D 55 5D 65 6D 75 7D
BP]+disp8 110 46 4€ 56 5€ 66 6E 76 7€
BX]+disp8 111 47 4F 57 5F 67 6F 77 7F
BX+SI]+disp16 10 000 80 88 0 98 AO A8 BO B8
BX+DI]+disp16 001 81 89 91 99 Al A9 B1 B9
BP+SI]+disp16 010 82 8A 92 9A A2 AA B2 BA
BP+DI]+disp16 011 83 8B 93 9B A3 AB B3 BB
Sll+disp16 100 84 8C 94 9C A4 AC B4 BC
DI}+disp16 101 85 8D 95 D A5 AD B5 BD
BP]+disp16 110 86 8E 96 9€ A6 AE B6 BE
BX]+disp16 111 87 8F 97 9F A7 AF B7 BF
EAX/AX/AL/MMO/XMMO 11 000 co c8 DO D8 €0 €8 FO F8
ECX/CX/CL/MMT/XMM1 001 C1 9 D1 D9 €Q €9 F1 F9
EDX/DX/DL/MM2/XMM2 010 2 CA D2 DA €2 EA F2 FA
EBX/BX/BL/MM3/XMM3 011 C3 CB D3 DB €3 €B F3 FB
ESP/SP/AHMM4/XMM4 100 c4 cC D4 DC €4 €C F4 FC
€BP/BP/CH/MM5/XMM5 101 C5 CD D5 DD €5 €D F5 FD
ESI/SI/DH/MM6/XMM6 110 C6 CE D6 DE E6 EE F6 FE
€DI/DI/BH/MM7/XMM7 111 c7 CF D7 DF €7 EF F7 FF
NOTES:

1. The default segment register is SS for the effective addresses containing a BP index, DS for other effective addresses.
2. The disp16 nomenclature denotes a 16-bit displacement that follows the ModR/M byte and that is added to the index.
3. The disp8 nomenclature denotes an 8-bit displacement that follows the ModR/M byte and that is sign-extended and added to the

index.
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INSTRUCTION FORMAT

Table 2-2. 32-Bit Addressing Forms with the ModR/M Byte

r8(/r) AL CL DL BL AH CH DH BH
r16(/r) AX CX DX BX SP BP SI DI
r32(/r) EAX ECX EDX EBX ESP EBP ESI EDI
mm(/r) MMO MM1 MM2 MM3 MM4 MM5 MM6 MM7
xmm(/r) XMMO | XMM1 | XMM2 |XMM3 |XMM4 |XMM5 |XMM6 | XMM7
(In decimal) /digit (Opcode) 0 1 2 3 4 5 6 7
(In binary) REG = 000 001 010 011 100 101 110 111
Effective Address Mod R/M Value of ModR/M Byte (in Hexadecimal)
[EAX] 00 000 00 08 10 18 20 28 30 38
[ECX] 001 01 09 11 19 21 29 31 39
[EDX] 010 02 0A 12 1A 22 2A 32 3A
[EBX] 011 03 0B 13 1B 23 2B 33 3B
-1~ 100 04 0oC 14 1C 24 2C 34 3C
disp322 101 05 oD 15 1D 25 2D 35 3D
[ESI] 110 06 0E 16 1€ 26 2€ 36 3€E
[EDI] 111 07 OF 17 1F 27 2F 37 3F
EAX]+disp83 01 000 40 48 50 58 60 68 70 78
ECX]+disp8 001 41 49 51 59 61 69 71 79
EDX]+disp8 010 42 4A 52 5A 62 6A 72 7A
EBX]+disp8 011 43 4B 53 5B 63 6B 73 7B
--][--]+disp8 100 44 4C 54 5C 64 6C 74 7C
EBP+disp8 101 45 4D 55 5D 65 6D 75 7D
€SI]+disp8 110 46 4€ 56 5€ 66 6E 76 7€
EDI]+disp8 111 47 4F 57 5F 67 6F 77 7F
EAX]+disp32 10 000 80 88 90 98 A0 A8 BO B8
ECX]+disp32 001 81 89 91 99 Al A9 B1 B9
EDX]+disp32 010 82 8A 92 9A A2 AA B2 BA
EBX]+disp32 011 83 8B 93 9B A3 AB B3 BB
--][--]+disp32 100 84 8C 94 9C A4 AC B4 BC
EBPJ+disp32 101 85 8D 95 D A5 AD B5 BD
ESI]+disp32 110 86 8E 96 9€ A6 AE B6 BE
EDI+disp32 111 87 8F 97 9F A7 AF B7 BF
EAX/AX/AL/MMO/XMMO 11 000 co 8 DO D8 €0 €8 FO F8
ECX/CX/CL/MM/XMM1 001 C1 9 D1 D9 €1 €9 F1 F9
EDX/DX/DL/MM2/XMM2 010 C2 CA D2 DA €2 EA F2 FA
EBX/BX/BL/MM3/XMM3 011 3 CB D3 DB €3 EB F3 FB
ESP/SP/AH/MM4/XMM4 100 4 CC D4 DC €4 eC F4 FC
EBP/BP/CH/MM5/XMM5 101 C5 CD D5 DD €5 €D F5 FD
€SI/SI/DH/MM6/XMM6 110 6 CE D6 DE €6 EE F6 FE
€DI/DI/BH/MM7/XMM7 111 c7 CF D7 DF €7 EF F7 FF
NOTES:

1. The [--][--] nomenclature means a SIB follows the ModR/M byte.

2. The disp32 nomenclature denotes a 32-bit displacement that follows the ModR/M byte (or the SIB byte if one is present) and that is
added to the index.

3. The disp8 nomenclature denotes an 8-bit displacement that follows the ModR/M byte (or the SIB byte if one is present) and that is
sign-extended and added to the index.

Table 2-3 is organized to give 256 possible values of the SIB byte (in hexadecimal). General purpose registers used
as a base are indicated across the top of the table, along with corresponding values for the SIB byte’s base field.
Table rows in the body of the table indicate the register used as the index (SIB byte bits 3, 4 and 5) and the scaling
factor (determined by SIB byte bits 6 and 7).
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Table 2-3. 32-Bit Addressin

g Forms with the SIB Byte

INSTRUCTION FORMAT

r32 EAX ECX EDX EBX ESP [*] sl EDI
(In decimal) Base = 0 1 2 3 4 5 6 7
(In binary) Base = 000 001 010 011 100 101 110 111
Scaled Index SS Index Value of SIB Byte (in Hexadecimal)
EAX] 00 000 00 01 02 03 04 05 06 07
€CX] 001 08 09 0A 0B oC 0D 0E OF
€DX] 010 10 11 12 13 14 15 16 17
EBX] 011 18 19 1A 1B 1C 1D 1€ 1F
none 100 20 21 22 23 24 25 26 27
€BP] 101 28 29 2A 2B 2C 2D 2E 2F
€SlI] 110 30 31 32 33 34 35 36 37
€DI] 111 38 39 3A 3B 3C 3D 3E 3F
EAX*2] 01 000 40 41 42 43 44 45 46 47
ECX*2] 001 48 49 4A 4B 4C 4D 4€ 4F
EDX*2] 010 50 51 52 53 54 55 56 57
EBX*2] 011 58 59 5A 5B 5C 5D 5€ 5F
none 100 60 61 62 63 64 65 66 67
EBP*2] 101 68 69 6A 6B 6C 6D 6€E 6F
€SI*2] 110 70 71 72 73 74 75 76 77
EDI*2] 111 78 79 7A 7B 7C 7D 7€ 7F
EAX*4] 10 000 80 81 82 83 84 85 86 87
ECX*4] 001 88 89 8A 8B 8C 8D 8E 8F
EDX*4] 010 0 91 92 93 94 95 96 97
EBX*4] 011 98 99 9A 9B 9C D 9€ 9F
none 100 AO Al A2 A3 A4 A5 A6 A7
EBP*4] 101 A8 A9 AA AB AC AD AE AF
ESI*4] 110 BO B1 B2 B3 B4 B5 B6 B7
EDI*4] 111 B8 B9 BA BB BC BD BE BF
EAX*8] 11 000 co C1 C2 c3 c4 C5 C6 Cc7
ECX*8] 001 (8 C9 CA CB CC CD CE CF
EDX*8] 010 DO D1 D2 D3 D4 D5 D6 D7
EBX*8] 011 D8 D9 DA DB DC DD DE DF
none 100 €0 E1 €2 €3 €4 €5 €6 €7
EBP*8] 101 €8 €9 EA EB €C €D EE EF
€SI*8] 110 FO F1 F2 F3 F4 F5 F6 F7
EDI*8] 111 F8 F9 FA FB FC FD FE FF
NOTES:

1. The [*] nomenclature means a disp32 with no base if the MOD is 00B. Otherwise, [*] means disp8 or disp32 + [EBP]. This provides the
following address modes:

MOD bits _Effective Address

00 [scaled index] + disp32

01 [scaled index] + disp8 + [EBP]
10 [scaled index] + disp32 + [EBP]

2.2 IA-32€ MODE

IA-32e mode has two sub-modes. These are:

® Compatibility Mode. Enables a 64-bit operating system to run most legacy protected mode software

unmodified.

® 64-Bit Mode. Enables a 64-bit operating system to run applications written to access 64-bit address space.
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INSTRUCTION FORMAT

2.2.1 REX Prefixes

REX prefixes are instruction-prefix bytes used in 64-bit mode. They do the following:
® Specify GPRs and SSE registers.

® Specify 64-bit operand size.

® Specify extended control registers.

Not all instructions require a REX prefix in 64-bit mode. A prefix is necessary only if an instruction references one
of the extended registers or uses a 64-bit operand. If a REX prefix is used when it has no meaning, it is ignored.

Only one REX prefix is allowed per instruction. If used, the REX prefix byte must immediately precede the opcode
byte or the escape opcode byte (OFH). When a REX prefix is used in conjunction with an instruction containing a
mandatory prefix, the mandatory prefix must come before the REX so the REX prefix can be immediately preceding
the opcode or the escape byte. For example, CVTDQ2PD with a REX prefix should have REX placed between F3 and
OF E6. Other placements are ignored. The instruction-size limit of 15 bytes still applies to instructions with a REX
prefix. See Figure 2-3.

lﬁfg?i%s PFES%(X Opcode ModR/M SIB Displacement Immediate
Grp 1,Grp  (optional) 1-,2-,0r 1 byte 1 byte Address Immediate data
2,Grp3, 3-byte (if required)  (ifrequired)  displacementof of 1,2,0r4
Grp 4 opcode 1,2,0r4 bytes  bytesornone

(optional)

Figure 2-3. Prefix Ordering in 64-bit Mode

2.2.1.1 Encoding

Intel 64 and IA-32 instruction formats specify up to three registers by using 3-bit fields in the encoding, depending
on the format:

® ModR/M: the reg and r/m fields of the ModR/M byte.

® ModR/M with SIB: the reg field of the ModR/M byte, the base and index fields of the SIB (scale, index, base)
byte.

® Instructions without ModR/M: the reg field of the opcode.

In 64-bit mode, these formats do not change. Bits needed to define fields in the 64-bit context are provided by the
addition of REX prefixes.

2.2.1.2 More on REX Prefix Fields

REX prefixes are a set of 16 opcodes that span one row of the opcode map and occupy entries 40H to 4FH. These
opcodes represent valid instructions (INC or DEC) in IA-32 operating modes and in compatibility mode. In 64-bit
mode, the same opcodes represent the instruction prefix REX and are not treated as individual instructions.

The single-byte-opcode forms of the INC/DEC instructions are not available in 64-bit mode. INC/DEC functionality
is still available using ModR/M forms of the same instructions (opcodes FF/0 and FF/1).

See Table 2-4 for a summary of the REX prefix format. Figure 2-4 though Figure 2-7 show examples of REX prefix
fields in use. Some combinations of REX prefix fields are invalid. In such cases, the prefix is ignored. Some addi-
tional information follows:

® Setting REX.W can be used to determine the operand size but does not solely determine operand width. Like
the 66H size prefix, 64-bit operand size override has no effect on byte-specific operations.

® For non-byte operations: if a 66H prefix is used with prefix (REX.W = 1), 66H is ignored.
® If a 66H override is used with REX and REX.W = 0, the operand size is 16 bits.
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INSTRUCTION FORMAT

REX.R modifies the ModR/M reg field when that field encodes a GPR, SSE, control or debug register. REX.R is
ignored when ModR/M specifies other registers or defines an extended opcode.

REX.X bit modifies the SIB index field.

REX.B either modifies the base in the ModR/M r/m field or SIB base field; or it modifies the opcode reg field
used for accessing GPRs.

Table 2-4. REX Prefix Fields [BITS: 0100WRXB]

Field Name Bit Position Definition
- 7:4 0100
W 3 0 = Operand size determined by CS.D
1 = 64 Bit Operand Size
2 Extension of the ModR/M reg field
Extension of the SIB index field
B 0 Extension of the ModR/M r/m field, SIB base field, or Opcode reg field
ModRM Byte
REX PREFIX Opcode mod reg rim
0100WRO!? #11 rer ‘b?b‘
* ]
ier‘;:" Bbbb
OM17xfigi-3

Figure 2-4. Memory Addressing Without an SIB Byte; REX.X Not Used

ModRM Byte

REX PREFIX Opcode mod reg r/m
0100WR0B 11 rr bbb
| L1
‘ J J J

i""v J
Rrrr Bbbb

OM17Xfig1-4

Figure 2-5. Register-Register Addressing (No Memory Operand); REX.X Not Used
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INSTRUCTION FORMAT

ModRM Byte SIB Byte
REX PREFIX Opcode mod reg r/m scale index | base
0100WRXB +#11 rrr 100 ss XXX bbb
| 1]
L
LVVV \AAL l
Rrrr Xxxx  Bbbb
OM17Xfig1-5

Figure 2-6. Memory Addressing With a SIB Byte

REX PREFIX Opcode reg
0100W00B bbb
| L]
Bbbb
OM17Xfig1-6

Figure 2-7. Register Operand Coded in Opcode Byte; REX.X & REX.R Not Used

In the IA-32 architecture, byte registers (AH, AL, BH, BL, CH, CL, DH, and DL) are encoded in the ModR/M byte’s
reg field, the r/m field or the opcode reg field as registers 0 through 7. REX prefixes provide an additional
addressing capability for byte-registers that makes the least-significant byte of GPRs available for byte operations.

Certain combinations of the fields of the ModR/M byte and the SIB byte have special meaning for register encod-
ings. For some combinations, fields expanded by the REX prefix are not decoded. Table 2-5 describes how each

case behaves.
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INSTRUCTION FORMAT

Table 2-5. Special Cases of REX Encodings

ModR/Mor | Sub-field Compatibility Mode |Compatibility Mode
SIB Encodings Operation Implications Additional Implications
ModR/M Byte |mod # 11 SIB byte present. SIB byte required for | REX prefix adds a fourth bit (b) which is not decoded
/m= ESP-based addressing. | (don't care).
b*100(ESP) SIB byte also required for R12-based addressing.
ModR/M Byte | mod =0 Base register not EBP without a REX prefix adds a fourth bit (b) which is not decoded
/m= used. displacement must be |(don't care).
b*101(EBP) done using Using RBP or R13 without displacement must be done
mod = 01 with using mod = 01 with a displacement of O.
displacement of 0.
SIB Byte index = Index register not ESP cannot be used as | REX prefix adds a fourth bit (b) which is decoded.
0100(€SP) used. an index register. There are no additional implications. The expanded
index field allows distinguishing RSP from R12,
therefore R12 can be used as an index.
SIB Byte base = Base register is Base register depends | REX prefix adds a fourth bit (b) which is not decoded.
0101(€BP) unused if mod =0. | on mod encoding. This requires explicit displacement to be used with
EBP/RBP or R13.
NOTES:

* Don’t care about value of REX.B

2.2.1.3

Displacement

Addressing in 64-bit mode uses existing 32-bit ModR/M and SIB encodings. The ModR/M and SIB displacement
sizes do not change. They remain 8 bits or 32 bits and are sign-extended to 64 bits.

2.2.1.4

Direct Memory-Offset MOVs

In 64-bit mode, direct memory-offset forms of the MOV instruction are extended to specify a 64-bit immediate
absolute address. This address is called a moffset. No prefix is needed to specify this 64-bit memory offset. For
these MOV instructions, the size of the memory offset follows the address-size default (64 bits in 64-bit mode). See

Table 2-6.
Table 2-6. Direct Memory Offset Form of MOV
Opcode Instruction
AO MOV AL, moffset
Al MOV EAX, moffset
A2 MOV moffset, AL
A3 MOV moffset, EAX
2.2.1.5 Immediates

In 64-bit mode, the typical size of immediate operands remains 32 bits. When the operand size is 64 bits, the
processor sign-extends all immediates to 64 bits prior to their use.

Support for 64-bit immediate operands is accomplished by expanding the semantics of the existing move (MOV
reg, imm16/32) instructions. These instructions (opcodes B8H — BFH) move 16-bits or 32-bits of immediate data
(depending on the effective operand size) into a GPR. When the effective operand size is 64 bits, these instructions
can be used to load an immediate into a GPR. A REX prefix is needed to override the 32-bit default operand size to
a 64-bit operand size.

For example:

48 B8 8877665544332211 MOV RAX,1122334455667788H
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2.2.1.6 RIP-Relative Addressing

A new addressing form, RIP-relative (relative instruction-pointer) addressing, is implemented in 64-bit mode. An
effective address is formed by adding displacement to the 64-bit RIP of the next instruction.

In IA-32 architecture and compatibility mode, addressing relative to the instruction pointer is available only with
control-transfer instructions. In 64-bit mode, instructions that use ModR/M addressing can use RIP-relative
addressing. Without RIP-relative addressing, all ModR/M modes address memory relative to zero.

RIP-relative addressing allows specific ModR/M modes to address memory relative to the 64-bit RIP using a signed
32-bit displacement. This provides an offset range of £2GB from the RIP. Table 2-7 shows the ModR/M and SIB
encodings for RIP-relative addressing. Redundant forms of 32-bit displacement-addressing exist in the current
ModR/M and SIB encodings. There is one ModR/M encoding and there are several SIB encodings. RIP-relative
addressing is encoded using a redundant form.

In 64-bit mode, the ModR/M Disp32 (32-bit displacement) encoding is re-defined to be RIP+Disp32 rather than
displacement-only. See Table 2-7.

Table 2-7. RIP-Relative Addressing

ModR/M and SIB Sub-field Encodings | Compatibility Mode | 64-bit Mode Additional Implications in 64-bit mode

Operation Operation
ModR/M Byte | mod =00 Disp32 RIP + Disp32 Must use SIB form with normal (zero-based)
r/m =101 (none) displacement addressing
SIB Byte base = 101 (none) if mod = 00, Disp32 | Same as legacy | None
index = 100 (none)
scale=0,1,2,4

The ModR/M encoding for RIP-relative addressing does not depend on using a prefix. Specifically, the r/m bit field
encoding of 101B (used to select RIP-relative addressing) is not affected by the REX prefix. For example, selecting
R13 (REX.B = 1, r/m = 101B) with mod = 00B still results in RIP-relative addressing. The 4-bit r/m field of REX.B
combined with ModR/M is not fully decoded. In order to address R13 with no displacement, software must encode
R13 + 0 using a 1-byte displacement of zero.

RIP-relative addressing is enabled by 64-bit mode, not by a 64-bit address-size. The use of the address-size prefix
does not disable RIP-relative addressing. The effect of the address-size prefix is to truncate and zero-extend the
computed effective address to 32 bits.

2.2.1.7 Default 64-Bit Operand Size

In 64-bit mode, two groups of instructions have a default operand size of 64 bits (do not need a REX prefix for this
operand size). These are:

® Near branches.
® All instructions, except far branches, that implicitly reference the RSP.

2.2.2 Additional Encodings for Control and Debug Registers

In 64-bit mode, more encodings for control and debug registers are available. The REX.R bit is used to modify the
ModR/M reg field when that field encodes a control or debug register (see Table 2-4). These encodings enable the
processor to address CR8-CR15 and DR8- DR15. An additional control register (CR8) is defined in 64-bit mode. CR8
becomes the Task Priority Register (TPR).

In the first implementation of IA-32e mode, CR9-CR15 and DR8-DR15 are not implemented. Any attempt to access
unimplemented registers results in an invalid-opcode exception (#UD).
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2.3 INTEL®* ADVANCED VECTOR EXTENSIONS (INTEL® AVX)

Intel AVX instructions are encoded using an encoding scheme that combines prefix bytes, opcode extension field,
operand encoding fields, and vector length encoding capability into a new prefix, referred to as VEX. In the VEX
encoding scheme, the VEX prefix may be two or three bytes long, depending on the instruction semantics. Despite
the two-byte or three-byte length of the VEX prefix, the VEX encoding format provides a more compact represen-
tation/packing of the components of encoding an instruction in Intel 64 architecture. The VEX encoding scheme
also allows more headroom for future growth of Intel 64 architecture.

2.3.1 Instruction Format
Instruction encoding using VEX prefix provides several advantages:

® Instruction syntax support for three operands and up-to four operands when necessary. For example, the third
source register used by VBLENDVPD is encoded using bits 7:4 of the immediate byte.

® Encoding support for vector length of 128 bits (using XMM registers) and 256 bits (using YMM registers).
® Encoding support for instruction syntax of non-destructive source operands.

® Elimination of escape opcode byte (0OFH), SIMD prefix byte (66H, F2H, F3H) via a compact bit field represen-
tation within the VEX prefix.

® Elimination of the need to use REX prefix to encode the extended half of general-purpose register sets (R8-
R15) for direct register access, memory addressing, or accessing XMM8-XMM15 (including YMM8-YMM15).

® Flexible and more compact bit fields are provided in the VEX prefix to retain the full functionality provided by
REX prefix. REX.W, REX.X, REX.B functionalities are provided in the three-byte VEX prefix only because only a
subset of SIMD instructions need them.

® Extensibility for future instruction extensions without significant instruction length increase.

Figure 2-8 shows the Intel 64 instruction encoding format with VEX prefix support. Legacy instruction without a
VEX prefix is fully supported and unchanged. The use of VEX prefix in an Intel 64 instruction is optional, but a VEX
prefix is required for Intel 64 instructions that operate on YMM registers or support three and four operand syntax.
VEX prefix is not a constant-valued, “single-purpose” byte like OFH, 66H, F2H, F3H in legacy SSE instructions. VEX
prefix provides substantially richer capability than the REX prefix.

# Bytes 2,3 1 1 0,1 0124 01

[Prefixes] [VEX] OPCODE| [ModrRM| | [SIB] DIsP | [[IMM]

Figure 2-8. Instruction Encoding Format with VEX Prefix

2.3.2 VEX and the LOCK prefix
Any VEX-encoded instruction with a LOCK prefix preceding VEX will #UD.

2.3.3 VEX and the 66H, F2H, and F3H prefixes
Any VEX-encoded instruction with a 66H, F2H, or F3H prefix preceding VEX will #UD.

234 VEX and the REX prefix
Any VEX-encoded instruction with a REX prefix proceeding VEX will #UD.
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2.3.5 The VEX Prefix

The VEX prefix is encoded in either the two-byte form (the first byte must be C5H) or in the three-byte form (the
first byte must be C4H). The two-byte VEX is used mainly for 128-bit, scalar, and the most common 256-bit AVX
instructions; while the three-byte VEX provides a compact replacement of REX and 3-byte opcode instructions
(including AVX and FMA instructions). Beyond the first byte of the VEX prefix, it consists of a number of bit fields
providing specific capability, they are shown in Figure 2-9.

The bit fields of the VEX prefix can be summarized by its functional purposes:

® Non-destructive source register encoding (applicable to three and four operand syntax): This is the first source
operand in the instruction syntax. It is represented by the notation, VEX.vvvv. This field is encoded using 1’s
complement form (inverted form), i.e. XMMO/YMMO/RO is encoded as 1111B, XMM15/YMM15/R15 is encoded
as 00008B.

® Vectorlength encoding: This 1-bit field represented by the notation VEX.L. L= 0 means vector length is 128 bits
wide, L=1 means 256 bit vector. The value of this field is written as VEX.128 or VEX.256 in this document to
distinguish encoded values of other VEX bit fields.

® REX prefix functionality: Full REX prefix functionality is provided in the three-byte form of VEX prefix. However
the VEX bit fields providing REX functionality are encoded using 1’s complement form, i.e. XMM0O/YMMO/RO is
encoded as 1111B, XMM15/YMM15/R15 is encoded as 0000B.

— Two-byte form of the VEX prefix only provides the equivalent functionality of REX.R, using 1's complement
encoding. This is represented as VEX.R.

— Three-byte form of the VEX prefix provides REX.R, REX.X, REX.B functionality using 1’s complement
encoding and three dedicated bit fields represented as VEX.R, VEX.X, VEX.B.

— Three-byte form of the VEX prefix provides the functionality of REX.W only to specific instructions that need
to override default 32-bit operand size for a general purpose register to 64-bit size in 64-bit mode. For
those applicable instructions, VEX.W field provides the same functionality as REX.W. VEX.W field can
provide completely different functionality for other instructions.

Consequently, the use of REX prefix with VEX encoded instructions is not allowed. However, the intent of the
REX prefix for expanding register set is reserved for future instruction set extensions using VEX prefix
encoding format.

® Compaction of SIMD prefix: Legacy SSE instructions effectively use SIMD prefixes (66H, F2H, F3H) as an
opcode extension field. VEX prefix encoding allows the functional capability of such legacy SSE instructions
(operating on XMM registers, bits 255:128 of corresponding YMM unmodified) to be encoded using the VEX.pp
field without the presence of any SIMD prefix. The VEX-encoded 128-bit instruction will zero-out bits 255:128
of the destination register. VEX-encoded instruction may have 128 bit vector length or 256 bits length.

® Compaction of two-byte and three-byte opcode: More recently introduced legacy SSE instructions employ two
and three-byte opcode. The one or two leading bytes are: OFH, and OFH 3AH/OFH 38H. The one-byte escape
(OFH) and two-byte escape (OFH 3AH, OFH 38H) can also be interpreted as an opcode extension field. The
VEX.mmmmm field provides compaction to allow many legacy instruction to be encoded without the constant
byte sequence, OFH, OFH 3AH, OFH 38H. These VEX-encoded instruction may have 128 bit vector length or 256
bits length.

The VEX prefix is required to be the last prefix and immediately precedes the opcode bytes. It must follow any
other prefixes. If VEX prefix is present a REX prefix is not supported.

The 3-byte VEX leaves room for future expansion with 3 reserved bits. REX and the 66h/F2h/F3h prefixes are
reclaimed for future use.

VEX prefix has a two-byte form and a three byte form. If an instruction syntax can be encoded using the two-byte
form, it can also be encoded using the three byte form of VEX. The latter increases the length of the instruction by
one byte. This may be helpful in some situations for code alignment.

The VEX prefix supports 256-bit versions of floating-point SSE, SSE2, SSE3, and SSE4 instructions. Note, certain
new instruction functionality can only be encoded with the VEX prefix.

The VEX prefix will #UD on any instruction containing MMX register sources or destinations.
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Byte 0 Bytel Byte 2
(Bit Position) 7 0 7654 0 7 6 3210
3-byte VEX 11000100 RXB| mmmmm w|l ww |L|pp
7 0 7 6 3210
2-byte VEX 11000101 Rl ww [L]|pp

R: REX.Rin 1's complement (inverted) form
1: Same as REX.R=0 (must be 1 in 32-hit mode)
0: Same as REX.R=1 (64-bit mode only)

X: REX.X in 1's complement (inverted) form
1: Same as REX.X=0 (must be 1 in 32-bit mode)
0: Same as REX.X=1 (64-bit mode only)

B: REX.B in 1's complement (inverted) form

1: Same as REX.B=0 (Ignored in 32-bit mode).
0: Same as REX.B=1 (64-hit mode only)

W: opcode specific (use like REX.W, or used for opcode

extension, or ignored, depending on the opcode byte)

m-mmmm;
00000: Reserved for future use (will #UD)
00001 implied OF leading opcode byte
00010: implied OF 38 leading opcode bytes
00011: implied OF 3A leading opcode bytes
00100-11111: Reserved for future use (will #UD)

vwwv: aregister specifier (in 1's complement form) or 1111 if unused.

L: Vector Length

0: scalar or 128-hit vector
1: 256-hit vector

pp:  opcode extension providing equivalent functionality of aSIMD prefix
00: None
01: 66
10: F3
11: F2

Figure 2-9. VEX bit fields

The following subsections describe the various fields in two or three-byte VEX prefix.

2.3.5.1 VEX Byte 0, bits[7:0]

VEX Byte 0, bits [7:0] must contain the value 11000101b (C5h) or 11000100b (C4h). The 3-byte VEX uses the C4h
first byte, while the 2-byte VEX uses the C5h first byte.

2.35.2 VEXByte 1, bit[7]- 'R’

VEX Byte 1, bit [7] contains a bit analogous to a bit inverted REX.R. In protected and compatibility modes the bit
must be set to ‘1’ otherwise the instruction is LES or LDS.
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This bit is present in both 2- and 3-byte VEX prefixes.

The usage of WRXB bits for legacy instructions is explained in detail section 2.2.1.2 of Intel 64 and IA-32 Architec-
tures Software developer’'s manual, Volume 2A.

This bit is stored in bit inverted format.

2.3.5.3  3-byte VEX byte 1, bit[6] - X’

Bit[6] of the 3-byte VEX byte 1 encodes a bit analogous to a bit inverted REX.X. It is an extension of the SIB Index
field in 64-bit modes. In 32-bit modes, this bit must be set to ‘1’ otherwise the instruction is LES or LDS.

This bit is available only in the 3-byte VEX prefix.
This bit is stored in bit inverted format.

2.35.4  3-byte VEX byte 1, bit[5] - ‘B’

Bit[5] of the 3-byte VEX byte 1 encodes a bit analogous to a bit inverted REX.B. In 64-bit modes, it is an extension
of the ModR/M r/m field, or the SIB base field. In 32-bit modes, this bit is ignored.

This bit is available only in the 3-byte VEX prefix.
This bit is stored in bit inverted format.

2.35.5  3-byte VEX byte 2, bit[7] - ‘W'

Bit[7] of the 3-byte VEX byte 2 is represented by the notation VEX.W. It can provide following functions, depending

on the specific opcode.

e For AVX instructions that have equivalent legacy SSE instructions (typically these SSE instructions have a
general-purpose register operand with its operand size attribute promotable by REX.W), if REX.W promotes
the operand size attribute of the general-purpose register operand in legacy SSE instruction, VEX.W has same
meaning in the corresponding AVX equivalent form. In 32-bit modes, VEX.W is silently ignored.

e For AVX instructions that have equivalent legacy SSE instructions (typically these SSE instructions have oper-
ands with their operand size attribute fixed and not promotable by REX.W), if REX.W is don’t care in legacy
SSE instruction, VEX.W is ignhored in the corresponding AVX equivalent form irrespective of mode.

e For new AVX instructions where VEX.W has no defined function (typically these meant the combination of the
opcode byte and VEX.mmmmm did not have any equivalent SSE functions), VEX.W is reserved as zero and
setting to other than zero will cause instruction to #UD.

2.3.5.6 2-byte VEX Byte 1, bits[6:3] and 3-byte VEX Byte 2, bits [6:3]- ‘'vvvv' the Source or Dest
Register Specifier

In 32-bit mode the VEX first byte C4 and C5 alias onto the LES and LDS instructions. To maintain compatibility with

existing programs the VEX 2nd byte, bits [7:6] must be 11b. To achieve this, the VEX payload bits are selected to

place only inverted, 64-bit valid fields (extended register selectors) in these upper bits.

The 2-byte VEX Byte 1, bits [6:3] and the 3-byte VEX, Byte 2, bits [6:3] encode a field (shorthand VEX.vvvv) that

for instructions with 2 or more source registers and an XMM or YMM or memory destination encodes the first source

register specifier stored in inverted (1's complement) form.

VEX.vvvv is not used by the instructions with one source (except certain shifts, see below) or on instructions with

no XMM or YMM or memory destination. If an instruction does not use VEX.vvvv then it should be set to 1111b

otherwise instruction will #UD.

In 64-bit mode all 4 bits may be used. See Table 2-8 for the encoding of the XMM or YMM registers. In 32-bit and

16-bit modes bit 6 must be 1 (if bit 6 is not 1, the 2-byte VEX version will generate LDS instruction and the 3-byte

VEX version will ignore this bit).
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Table 2-8. VEX.vvvv to register name mapping

VEX.vvvv Dest Register Valid in Legacy/Compatibility 32-bit modes?
1111B XMMO0/YMMO Valid
1110B XMM1/YMM1 Valid
1101B XMM2/YMM2 Valid
1100B XMM3/YMM3 Valid
1011B XMM4/YMM4 Valid
1010B XMM5/YMM5 Valid
1001B XMM6/YMM6 Valid
1000B XMM7/YMM7 Valid
0111B XMM8/YMM8 Invalid
0110B XMM9/YMM9 Invalid
0101B XMM10/YMM10 Invalid
01008 XMM11/YMM11 Invalid
0011B XMM12/YMM12 Invalid
00108 XMM13/YMM13 Invalid
0001B XMM14/YMM14 Invalid
00008 XMM15/YMM15 Invalid

The VEX.vvvyv field is encoded in bit inverted format for accessing a register operand.

2.3.6 Instruction Operand Encoding and VEX.vvvv, ModR/M

VEX-encoded instructions support three-operand and four-operand instruction syntax. Some VEX-encoded
instructions have syntax with less than three operands, e.g. VEX-encoded pack shift instructions support one
source operand and one destination operand).

The roles of VEX.vvvy, reg field of ModR/M byte (ModR/M.reg), r/m field of ModR/M byte (ModR/M.r/m) with
respect to encoding destination and source operands vary with different type of instruction syntax.

The role of VEX.vvvv can be summarized to three situations:

® VEX.vvvv encodes the first source register operand, specified in inverted (1’'s complement) form and is valid for
instructions with 2 or more source operands.

® VEX.vvvv encodes the destination register operand, specified in 1's complement form for certain vector shifts.
The instructions where VEX.vvvv is used as a destination are listed in Table 2-9. The notation in the “Opcode”

column in Table 2-9 is described in detail in section 3.1.1.

® VEX.vvvv does not encode any operand, the field is reserved and should contain 1111b.

Table 2-9. Instructions with a VEX.vvvv destination

Opcode

Instruction mnemonic

VEX.NDD.128.66.0F 73 /7 ib

VPSLLDQ xmm1, xmm2, imm8

VEX.NDD.128.66.0F 73 /3 ib

VPSRLDQ xmm1, xmmz2, imm8

VEX.NDD.128.66.0F 71 /2 ib

VPSRLW xmm1, xmm2, imm8

VEX.NDD.128.66.0F 72 /2 ib

VPSRLD xmm1, xmm2, imm8

VEX.NDD.128.66.0F 73 /2 ib

VVPSRLQ xmm1, xmmz2, imm8

VEX.NDD.128.66.0F 71 /4 ib

VPSRAW xmm1, xmmZ2, imm8

VEX.NDD.128.66.0F 72 /4 ib

VPSRAD xmm1, xmmZ2, imm8

VEX.NDD.128.66.0F 71 /6 ib

VPSLLW xmm1, xmmZ2, imm8

VEX.NDD.128.66.0F 72 /6 ib

VPSLLD xmm1, xmmZ2, imm8

VEX.NDD.128.66.0F 73 /6 ib

VPSLLQ xmm1, xmm2, imm8
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The role of ModR/M.r/m field can be summarized to two situations:
® ModR/M.r/m encodes the instruction operand that references a memory address.

® For some instructions that do not support memory addressing semantics, ModR/M.r/m encodes either the
destination register operand or a source register operand.

The role of ModR/M.reg field can be summarized to two situations:
® ModR/M.reg encodes either the destination register operand or a source register operand.

® For some instructions, ModR/M.reg is treated as an opcode extension and not used to encode any instruction
operand.

For instruction syntax that support four operands, VEX.vvvv, ModR/M.r/m, ModR/M.reg encodes three of the four
operands. The role of bits 7:4 of the immediate byte serves the following situation:

® Imm8[7:4] encodes the third source register operand.

2.3.6.1 3-byte VEX byte 1, bits[4:0] - “m-mmmm”

Bits[4:0] of the 3-byte VEX byte 1 encode an implied leading opcode byte (OF, OF 38, or OF 3A). Several bits are
reserved for future use and will #UD unless 0.

Table 2-10. VEX.m-mmmm interpretation

VEX.m-mmmm Implied Leading Opcode Bytes
00000B Reserved
00001B OF
00010B OF 38
00011B OF 3A
00100-11111B Reserved
(2-byte VEX) OF

VEX.m-mmmm is only available on the 3-byte VEX. The 2-byte VEX implies a leading OFh opcode byte.

2.3.6.2 2-byte VEX byte 1, bit[2], and 3-byte VEX byte 2, bit [2]- “L"”

The vector length field, VEX.L, is encoded in bit[2] of either the second byte of 2-byte VEX, or the third byte of 3-
byte VEX. If "VEX.L = 1”, it indicates 256-bit vector operation. "VEX.L = 0” indicates scalar and 128-bit vector
operations.

The instruction VZEROUPPER is a special case that is encoded with VEX.L = 0, although its operation zero’s bits
255:128 of all YMM registers accessible in the current operating mode.

See the following table.

Table 2-11. VEX.L interpretation

VEX.L Vector Length
0 128-bit (or 32/64-bit scalar)
1 256-bit

2.3.6.3 2-byte VEX byte 1, bits[1:0], and 3-byte VEX byte 2, bits [1:0]- “pp”

Up to one implied prefix is encoded by bits[1:0] of either the 2-byte VEX byte 1 or the 3-byte VEX byte 2. The prefix
behaves as if it was encoded prior to VEX, but after all other encoded prefixes.

See the following table.
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Table 2-12. VEX.pp interpretation

[s])] Implies this prefix after other prefixes but before VEX
00B None

01B 66

10B F3

11B F2

2.3.7 The Opcode Byte

One (and only one) opcode byte follows the 2 or 3 byte VEX. Legal opcodes are specified in Appendix B, in color.
Any instruction that uses illegal opcode will #UD.

2.3.8 The MODRM, SIB, and Displacement Bytes

The encodings are unchanged but the interpretation of reg_field or rm_field differs (see above).

2.3.9 The Third Source Operand (Immediate Byte)

VEX-encoded instructions can support instruction with a four operand syntax. VBLENDVPD, VBLENDVPS, and
PBLENDVB use imm8[7:4] to encode one of the source registers.

2.3.10 AVX Instructions and the Upper 128-bits of YMM registers

If an instruction with a destination XMM register is encoded with a VEX prefix, the processor zeroes the upper bits
(above bit 128) of the equivalent YMM register. Legacy SSE instructions without VEX preserve the upper bits.

2.3.10.1 Vector Length Transition and Programming Considerations

An instruction encoded with a VEX.128 prefix that loads a YMM register operand operates as follows:
® Datais loaded into bits 127:0 of the register

® Bits above bit 127 in the register are cleared.

Thus, such an instruction clears bits 255:128 of a destination YMM register on processors with a maximum vector-
register width of 256 bits. In the event that future processors extend the vector registers to greater widths, an
instruction encoded with a VEX.128 or VEX.256 prefix will also clear any bits beyond bit 255. (This is in contrast
with legacy SSE instructions, which have no VEX prefix; these modify only bits 127:0 of any destination register
operand.)

Programmers should bear in mind that instructions encoded with VEX.128 and VEX.256 prefixes will clear any
future extensions to the vector registers. A calling function that uses such extensions should save their state before
calling legacy functions. This is not possible for involuntary calls (e.g., into an interrupt-service routine). It is
recommended that software handling involuntary calls accommodate this by not executing instructions encoded
with VEX.128 and VEX.256 prefixes. In the event that it is not possible or desirable to restrict these instructions,
then software must take special care to avoid actions that would, on future processors, zero the upper bits of
vector registers.

Processors that support further vector-register extensions (defining bits beyond bit 255) will also extend the
XSAVE and XRSTOR instructions to save and restore these extensions. To ensure forward compatibility, software
that handles involuntary calls and that uses instructions encoded with VEX.128 and VEX.256 prefixes should first
save and then restore the vector registers (with any extensions) using the XSAVE and XRSTOR instructions with
save/restore masks that set bits that correspond to all vector-register extensions. Ideally, software should rely on
a mechanism that is cognizant of which bits to set. (E.g., an OS mechanism that sets the save/restore mask bits
for all vector-register extensions that are enabled in XCRO0.) Saving and restoring state with instructions other than
XSAVE and XRSTOR will, on future processors with wider vector registers, corrupt the extended state of the vector
registers - even if doing so functions correctly on processors supporting 256-bit vector registers. (The same is true

Vol.2A 2-19



INSTRUCTION FORMAT

if XSAVE and XRSTOR are used with a save/restore mask that does not set bits corresponding to all supported
extensions to the vector registers.)

2.3.11  AVXInstruction Length

The AVX instructions described in this document (including VEX and ignoring other prefixes) do not exceed 11
bytes in length, but may increase in the future. The maximum length of an Intel 64 and IA-32 instruction remains
15 bytes.

2.3.12  Vector SIB (VSIB) Memory Addressing

In Intel® Advanced Vector Extensions 2 (Intel® AVX2), an SIB byte that follows the ModR/M byte can support VSIB
memory addressing to an array of linear addresses. VSIB addressing is only supported in a subset of Intel AVX2
instructions. VSIB memory addressing requires 32-bit or 64-bit effective address. In 32-bit mode, VSIB addressing
is not supported when address size attribute is overridden to 16 bits. In 16-bit protected mode, VSIB memory
addressing is permitted if address size attribute is overridden to 32 bits. Additionally, VSIB memory addressing is
supported only with VEX prefix.

In VSIB memory addressing, the SIB byte consists of:
® The scale field (bit 7:6) specifies the scale factor.

® The index field (bits 5:3) specifies the register number of the vector index register, each element in the vector
register specifies an index.

® The base field (bits 2:0) specifies the register number of the base register.

Table 2-3 shows the 32-bit VSIB addressing form. It is organized to give 256 possible values of the SIB byte (in
hexadecimal). General purpose registers used as a base are indicated across the top of the table, along with corre-
sponding values for the SIB byte’s base field. The register names also include R8L-R15L applicable only in 64-bit
mode (when address size override prefix is used, but the value of VEX.B is not shown in Table 2-3). In 32-bit mode,
R8L-R15L does not apply.

Table rows in the body of the table indicate the vector index register used as the index field and each supported
scaling factor shown separately. Vector registers used in the index field can be XMM or YMM registers. The left-
most column includes vector registers VR8-VR15 (i.e. XMM8/YMM8-XMM15/YMM15), which are only available in
64-bit mode and does not apply if encoding in 32-bit mode.

Table 2-13. 32-Bit VSIB Addressing Forms of the SIB Byte

r32 EAX/ ECX/ EDX/ EBX/ ESP/ EBP/ esl/ EDI/
R8L RIL R10L R11L R12L R13L R14L R15L
(In decimal) Base = 0 1 2 3 4 5 6 7
(In binary) Base = 000 001 010 011 100 101 110 111
Scaled Index SS Index Value of SIB Byte (in Hexadecimal)

VRO/VR8 *1 00 000 00 01 02 03 04 05 06 07
VR1/VR9 001 08 09 0A 0B oc 0D (0[5 OF
VR2/VR10 010 10 11 12 13 14 15 16 17
VR3/VR11 011 18 19 1A 1B 1C 1D 1€ 1F
VR4/VR12 100 20 21 22 23 24 25 26 27
VR5/VR13 101 28 29 2A 2B 2C 2D 2E 2F
VR6/VR14 110 30 31 32 33 34 35 36 37
VR7/VR15 111 38 39 3A 3B 3C 3D 3E 3F
VRO/VR8 *2 101 000 40 41 42 43 44 45 46 47
VR1/VR9 001 48 49 4A 4B 4C 4D 4€ 4F
VR2/VR10 010 50 51 52 53 54 55 56 57
VR3/VR11 011 58 59 5A 5B 5C 5D 5€ 5F
VR4/VR12 100 60 61 62 63 64 65 66 67
VR5/VR13 101 68 69 6A 6B 6C 6D 6€E 6F
VR6/VR14 110 70 71 72 73 74 75 76 77
VR7/VR15 111 78 79 7A 7B 7C 7D 7€ 7F
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Table 2-13. 32-Bit VSIB Addressing Forms of the SIB Byte (Contd.)

VRO/VR8 *4 110 000 80 81 82 83 84 85 86 87
VR1/VRS 001 88 89 8A 8B 8C 8D 8E 8F
VR2/VR10 010 90 91 92 93 94 95 96 97
VR3/VR11 011 98 89 9A 9B 9C 9D 9€E SF
VR4/VR12 100 A0 Al A2 A3 A4 A5 A6 A7
VR5/VR13 101 A8 A9 AA AB AC AD AE AF
VR6/VR14 110 BO B1 B2 B3 B4 B5 B6 B7
VR7/VR15 111 B8 B9 BA BB BC BD BE BF
VRO/VR8 8 |1 000 co C1 c2 c3 C4 c5 C6 c7
VR1/VRS 001 c8 C9 CA CB CC CD CE CF
VR2/VR10 010 DO D1 D2 D3 D4 D5 D6 D7
VR3/VR11 011 D8 D9 DA DB DC DD DE DF
VR4/VR12 100 €0 E1 €2 €3 €4 €5 €6 €7
VR5/VR13 101 €8 €9 EA EB €C ED EE EF
VR6/VR14 110 FO F1 F2 F3 F4 F5 F6 F7
VR7/VR15 111 F8 F9 FA FB FC FD FE FF
NOTES:

1. If ModR/M.mod = 00b, the base address is zero, then effective address is computed as [scaled vector index] + disp32. Otherwise the
base address is computed as [EBP/R13]+ disp, the displacement is either 8 bit or 32 bit depending on the value of ModR/M.mod:
MOD Effective Address

00b [Scaled Vector Register] + Disp32
01b [Scaled Vector Register] + Disp8 + [EBP/R13]
10b [Scaled Vector Register] + Disp32 + [EBP/R13]

2.3.12.1 64-bit Mode VSIB Memory Addressing

In 64-bit mode VSIB memory addressing uses the VEX.B field and the base field of the SIB byte to encode one of
the 16 general-purpose register as the base register. The VEX.X field and the index field of the SIB byte encode one
of the 16 vector registers as the vector index register.

In 64-bit mode the top row of Table 2-13 base register should be interpreted as the full 64-bit of each register.

2.4 AVX AND SSE INSTRUCTION EXCEPTION SPECIFICATION

To look up the exceptions of legacy 128-bit SIMD instruction, 128-bit VEX-encoded instructions, and 256-bit VEX-
encoded instruction, Table 2-14 summarizes the exception behavior into separate classes, with detailed exception
conditions defined in sub-sections 2.4.1 through 2.5.1. For example, ADDPS contains the entry:

“See Exceptions Type 2”
In this entry, “Type2” can be looked up in Table 2-14.

The instruction’s corresponding CPUID feature flag can be identified in the fourth column of the Instruction
summary table.

Note: #UD on CPUID feature flags=0 is not guaranteed in a virtualized environment if the hardware supports the
feature flag.

NOTE

Instructions that operate only with MMX, X87, or general-purpose registers are not covered by the
exception classes defined in this section. For instructions that operate on MMX registers, see
Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers”
in the Intel® 64 and I1A-32 Architectures Software Developer’s Manual, Volume 3B.
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Table 2-14. Exception class description

. . Floating-Point
Exception Class Instruction set Mem arg Exceptions (#XM)

AVX, 16/32 byte explicitly

Type 1 Legacy SSE aligned None
AVX, 16/32 byte not explicitly

Type 2 Legacy SSE aligned Yes
AVX,

Type 3 Legacy SSE <16 byte Yes
AVX, 16/32 byte not explicitly

Type 4 Legacy SSE aligned No
AVX,

Type 5 Legacy SSE < 16 byte No

Type 6 AVX (no Legacy SSE) Varies (At present, none do)
AVX,

Type 7 Legacy SSE None None

Type 8 AVX None None
F16C 8 or 16 byte, Not explicitly Yes

Type 11 aligned, no AC#

Type 12 AVX2 Not expha;lé/ ;hgned, no No

See Table 2-15 for lists of instructions in each exception class.
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Table 2-15. Instructions in each Exception Class
Exception Class Instruction

Type 1 (V)MOVAPD, (V)MOVAPS, (V)MOVDQA, (V)MOVNTDQ, (V)MOVNTDQA, (V)MOVNTPD, (V)MOVNTPS

(V)ADDPD, (V)ADDPS, (V)ADDSUBPD, (V)ADDSUBPS, (V)CMPPD, (V)CMPPS, (V)CVTDQ2PS, (V)CVTPD2DQ,
(V)CVTPD2PS, (V)CVTPS2DQ, (V)CVTTPD2DQ, (V)CVTTPS2DQ, (V)DIVPD, (V)DIVPS, (V)DPPD*, (V)DPPS*,
VFMADD132PD, VFMADD213PD, VFMADD231PD, VFMADD132PS, VFMADD213PS, VFMADD231PS,
VFMADDSUB132PD, VFMADDSUB213PD, VFMADDSUB231PD, VFMADDSUB132PS, VFMADDSUB213PS,
VFMADDSUB231PS, VFMSUBADD132PD, VFMSUBADD213PD, VFMSUBADD231PD, VFMSUBADD132PS,
VFMSUBADD213PS, VFMSUBADD231PS, VFMSUB132PD, VFMSUB213PD, VFMSUB231PD, VFMSUB132PS,
VFMSUB213PS, VFMSUB231PS, VFNMADD132PD, VFNMADD2 13PD, VFNMADD231PD, VFNMADD132PS,
VFNMADD213PS, VFNMADD231PS, VENMSUB132PD, VFNMSUB213PD, VENMSUB231PD, VFNMSUB132PS,
VFNMSUB213PS, VENMSUB231PS, (V)HADDPD, (V)HADDPS, (V)HSUBPD, (V)HSUBPS, (V)MAXPD, (V)MAXPS,
(VJMINPD, (V)MINPS, (V)MULPD, (V)MULPS, (V)ROUNDPS, (V)SQRTPD, (V)SQRTPS, (V)SUBPD, (V)SUBPS

(V)ADDSD, (V)ADDSS, (V)CMPSD, (V)CMPSS, (V)COMISD, (V)COMISS, (V)CVTPS2PD, (V)CVTSD2SI, (V)CVTSD2SS,
(V)CVTSI2SD, (V)CVTSIZSS, (V)CVTSS2SD, (V)CVTSS2SI, (V)CVTTSD2SI, (V)CVTTSS2SI, (V)DIVSD, (V)DIVSS,
VFMADD1325SD, VFMADD213SD, VFMADD2315SD, VFMADD132SS, VFMADD213SS, VFMADD231SS,
VFMSUB132SD, VFMSUB213SD, VFMSUB231SD, VFMSUB132SS, VFMSUB213SS, VFMSUB231SS,
VFNMADD1325D, VFNMADD2135D, VFNMADD231SD, VFNMADD132SS, VFNMADD213SS, VENMADD231SS,
VFNMSUB132SD, VEFNMSUB213SD, VFNMSUB231SD, VENMSUB132SS, VENMSUB213SS, VFNMSUB231SS,
(V)MAXSD, (V)MAXSS, (V)MINSD, (V)MINSS, (V)MULSD, (V)MULSS, (V)ROUNDSD, (V)ROUNDSS, (V)SQRTSD,
SQRTSS, (V)SUBSD, (V)SUBSS, (V)UCOMISD, (V)UCOMISS

(V)
(V)AESDEC, (V)AESDECLAST, (V)AESENC, (V)AESENCLAST, (V)AESIMC, (V)AESKEYGENASSIST, (V)ANDPD,
(V)ANDPS, (V)ANDNPD, (V)ANDNPS, (V)BLENDPD, (V)BLENDPS, VBLENDVPD, VBLENDVPS, (V)LDDQU***,
(V)MASKMOVDQU, (V)PTEST, VTESTPS, VTESTPD, (V)MOVDQU*, (V)MOVSHDUP, (V)MOVSLDUP, (V)MOVUPD*,
(V)MOVUPS*, (V)MPSADBW, (V)ORPD, (V)ORPS, (V)PABSB, (V)PABSW, (V)PABSD, (V)PACKSSWB, (V)PACKSSDW,
(V)PACKUSWB, (V)PACKUSDW, (V)PADDB, (V)PADDW, (V)PADDD, (V)PADDQ, (V)PADDSB, (V)PADDSW,
(V)PADDUSB, (V)PADDUSW, (V)PALIGNR, (V)PAND, (V)PANDN, (V)PAVGB, (V)PAVGW, (V)PBLENDVS,
(V)PBLENDW, (V)PCMP(E/)STRI/M***, (\V)PCMPEQB, (V)PCMPEQW, (V)PCMPEQD, (V)PCMPEQQ, (V)PCMPGTB,
(V)PCMPGTW, (V)PCMPGTD, (V)PCMPGTQ, (V)PCLMULQDQ, (V)PHADDW, (V)PHADDD, (V)PHADDSW,
(V)PHMINPOSUW, (V)PHSUBD, (V)PHSUBW, (V)PHSUBSW, (V)PMADDWD, (V)PMADDUBSW, (V)PMAXSB,

(V)

(V)

(V)

(V)

(V)

(V)

(V)

(V)

Type 2

Type 3

Type 4 PMAXSW, (V)PMAXSD, (V)PMAXUB, (V)PMAXUW, (V)PMAXUD, (V)PMINSB, (V)PMINSW, (V)PMINSD,

PMINUB, (V)PMINUW, (V)PMINUD, (V)PMULHUW, (V)PMULHRSW, (V)PMULHW, (V)PMULLW, (V)PMULLD,
PMULUDQ, (V)PMULDAQ, (V)POR, (V)PSADBW, (V)PSHUFB, (V)PSHUFD, (V)PSHUFHW, (V)PSHUFLW, (V)PSIGNB,
PSIGNW, (V)PSIGND, (V)PSLLW, (V)PSLLD, (V)PSLLQ, (V)PSRAW, (V)PSRAD, (V)PSRLW, (V)PSRLD, (V)PSRLQ,
PSUBB, (V)PSUBW, (V)PSUBD, (V)PSUBQ, (V)PSUBSB, (V)PSUBSW, (V)PUNPCKHBW, (V)PUNPCKHWD,
PUNPCKHDQ, (V)PUNPCKHQDQ, (V)PUNPCKLBW, (V)PUNPCKLWD, (V)PUNPCKLDQ, (V)PUNPCKLQDQ,

PXOR, (V)RCPPS, (V)RSQRTPS, (V)SHUFPD, (V)SHUFPS, (V)UNPCKHPD, (V)UNPCKHPS, (V)UNPCKLPD,
UNPCKLPS, (V)XORPD, (V)XORPS, VPBLENDD, VPERMD, VPERMPS, VPERMPD, VPERMQ, VPSLLVD, VPSLLVQ,

VPSRAVD, VPSRLVD, VPSRLVQ, VPERMILPD, VPERMILPS, VPERM2F 128

(V)CVTDQ2PD, (V)EXTRACTPS, (V)INSERTPS, (V)MOVD, (V)MOVQ, (V)MOVDDUP, (V)MOVLPD, (V)MOVLPS,

Type 5 (V)MOVHPD, (V)MOVHPS, (V)MOVSD, (V)MOVSS, (V)PEXTRB, (V)PEXTRD, (V)PEXTRW, (V)PEXTRQ, (V)PINSRB,

(V)PINSRD, (V)PINSRW, (V)PINSRQ, (V)RCPSS, (V)RSQRTSS, (V)PMOVSX/ZX, VLDMXCSR*, VSTMXCSR

VEXTRACTF128, VBROADCASTSS, VBROADCASTSD, VBROADCASTF 128, VINSERTF 128, VMASKMOVPS**,

Type 6 VMASKMOVPD**, VPMASKMOVD, VPMASKMOVQ, VBROADCASTI128, VPBROADCASTB, VPBROADCASTD,

VPBROADCASTW, VPBROADCASTQ, VEXTRACTI128, VINSERTI128, VPERM2I128

(V)MOVLHPS, (V)MOVHLPS, (V)MOVMSKPD, (V)MOVMSKPS, (V)PMOVMSKB, (V)PSLLDQ, (V)PSRLDQ, (V)PSLLW,

Type 7 (V)PSLLD, (V)PSLLQ, (V)PSRAW, (V)PSRAD, (V)PSRLW, (V)PSRLD, (V)PSRLQ
Type 8 VZEROALL, VZEROUPPER
Type 11 VCVTPH2PS, VCVTPS2PH
VGATHERDPS, VGATHERDPD, VGATHERQPS, VGATHERQPD, VPGATHERDD, VPGATHERDQ, VPGATHERQD,
Type 12 VPGATHERQQ

(*) - Additional exception restrictions are present - see the Instruction description for details

(**) - Instruction behavior on alignment check reporting with mask bits of less than all 1s are the same as with mask bits of all 1s, i.e. no
alignment checks are performed.
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(***) - PCMPESTRI, PCMPESTRM, PCMPISTRI, PCMPISTRM and LDDQU instructions do not cause #GP if the memory operand is not

aligned to 16-Byte boundary.

Table 2-15 classifies exception behaviors for AVX instructions. Within each class of exception conditions that are
listed in Table 2-18 through Table 2-27, certain subsets of AVX instructions may be subject to #UD exception

depending on the encoded value of the VEX.L field. Table 2-17 provides supplemental information of AVX instruc-

tions that may be subject to #UD exception if encoded with incorrect values in the VEX.W or VEX.L field.

Table 2-16. #UD Exception and VEX.W=1 Encoding

Exception Class #UD If VEX.W = 1 in all modes #UD If VE).('W =1in
non-64-bit modes
Type 1
Type 2
Type 3
Tvpe 4 VBLENDVPD, VBLENDVPS, VPBLENDVB, VTESTPD, VTESTPS, VPBLENDD, VPERMD,
yp VVPERMPS, VPERM2I128, VPSRAVD, VPERMILPD, VPERMILPS, VPERM2F128
Type 5 VPEXTRQ, VPINSRQ,
VEXTRACTF128, VBROADCASTSS, VBROADCASTSD, VBROADCASTF128,
Type 6 VINSERTF128, VMASKMOVPS, VMASKMOVPD, VBROADCASTI128,
VPBROADCASTB/W/D, VEXTRACTI128, VINSERTI128
Type 7
Type 8
Type 11 VCVTPH2PS, VCVTPS2PH
Type 12
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Table 2-17. #UD Exception and VEX.L Field Encoding

Exception #UD If VEX.L = 0 #UD If (VEX.L = 1 && AVX2 not present && AVX #UD If (VEX.L = 1 && AVX2
Class present) present)
Type 1 VMOVNTDQA
Type 2 VDPPD VDPPD
Type 3
VMASKMOVDQU, VMPSADBW, VPABSB/W/D, VPCMP(E/I)STRI/M,
VPACKSSWB/DW, VPACKUSWB/DW, VPADDB/W/D, PHMINPOSUW
VPADDQ, VPADDSB/W, VPADDUSB/W, VPALIGNR, VPAND,
VPANDN, VPAVGB/W, VPBLENDVB, VPBLENDW,
VPCMP(E/I)STRI/M, VPCMPEQB/W/D/Q, VPCMPGTB/W/D/Q,
VPHADDW/D, VPHADDSW, VPHMINPOSUW, VPHSUBD/W,
Tvpe 4 VPHSUBSW, VPMADDWD, VPMADDUBSW, VPMAXSB/W/D,
P VPMAXUB/W/D, VPMINSB/W/D, VPMINUB/W/D,
VPMULHUW, VPMULHRSW, VPMULHW/LW, VPMULLD,
VPMULUDQ, VPMULDQ, VPOR, VPSADBW, VPSHUFB/D,
VPSHUFHW/LW, VPSIGNB/W/D, VPSLLW/D/Q, VPSRAWY/D,
VPSRLW/D/Q, VPSUBB/W/D/Q, VPSUBSB/W,
VPUNPCKHBW/WD/DQ, VPUNPCKHQDQ,
VPUNPCKLBW/WD/DQ, VPUNPCKLQDQ, VPXOR
VEXTRACTPS, VINSERTPS, VMOVD, VMOVQ, VMOVLPD, Same as column 3
Tvpe 5 VMOVLPS, VMOVHPD, VMOVHPS, VPEXTRB, VPEXTRD,
P VPEXTRW, VPEXTRQ, VPINSRB, VPINSRD, VPINSRW,
VPINSRQ, VPMOVSX/ZX, VLDMXCSR, VSTMXCSR
VEXTRACTF128,
VPERMZ2F128,
Type 6 VBROADCASTSD,
VBROADCASTF128,
VINSERTF128,
VMOVLHPS, VMOVHLPS, VPMOVMSKB, VPSLLDQ, VMOVLHPS, VMOVHLPS
Type 7 VPSRLDQ, VPSLLW, VPSLLD, VPSLLQ, VPSRAW, VPSRAD,
VPSRLW, VPSRLD, VPSRLQ
Type 8
Type 11
Type 12
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2.4.1 Exceptions Type 1 (Aligned memory reference)

Table 2-18. Type 1 Class Exception Conditions

o B2
oo} m=
— 8 oo | X
Exception E = & E 3 Cause of Exception
2 |8g|@©
S [£8
X X VEX prefix.
VEX prefix:
X X | If XCRO[2:1] # 11D
If CR4.0SXSAVE[bit 18]=0.
Invalid Opcode, Legacy SSE instruction:
#UD X X X X | If CRO.EM[bit 2] =1.
If CR4.0SFXSR[bit 9] = 0.
X X X X | If preceded by a LOCK prefix (FOH).
X X | Ifany REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0".
Device Not Avail- o
able, #NM X X X X | If CRO.TS[bit 3]=1.
X For an illegal address in the SS segment.
Stack, SS(0) J . g — -
X | If amemory address referencing the SS segment is in a non-canonical form.
X X VEX.256: Memory operand is not 32-byte aligned.
VEX.128: Memory operand is not 16-byte aligned.
X X X X | Legacy SSE: Memory operand is not 16-byte aligned.
General Protec- . . -
. For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
tion, #GP(0) X
ments.
X | If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to FFFFH.
Page Fault
HPF(fault-code) X X X | For apage fault.
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24.2 Exceptions Type 2 (>=16 Byte Memory Reference, Unaligned)
Table 2-19. Type 2 Class Exception Conditions
]
8 €
, = 8 32 3 :
— - 1
Exception 2 g g é 5 Cause of Exception
S &8
X X VEX prefix.
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0.
VEX prefix:
X X | If XCRO[2:1] #"11Db".
) If CR4.0SXSAVE[bit 18]=0.
Invalid Opcode, - .
#UD Legacy SSE instruction:
X X X X | If CRO.EM[bit 2] = 1.
If CR4.0SFXSR[bit 9] = 0.
X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Avail- o
able, #NM X X X X | If CRO.TS[bit 3]=1.
X For an illegal address in the SS segment.
Stack, SS(0) . — -
X | If amemory address referencing the SS segment is in a non-canonical form.
X X X X | Legacy SSE: Memory operand is not 16-byte aligned.
General Protec- X For an illegal memory operand effective address in the CS, DS, €S, FS or GS segments.
tion, #GP(0) X | If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to FFFFH.
Page Fault
#PF(fault-code) X X X | For a page fault.
SIMD Floating-
point Exception, X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 1.

#XM
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243 Exceptions Type 3 (<16 Byte memory argument)
Table 2-20. Type 3 Class Exception Conditions
g 52
. = 8 b S E .
Exception 2 '_=," E *g $ Cause of Exception
£ |8 E
S |£8
X X VEX prefix.
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = Q.
VEX prefix:
X X | If XCRO[2:1] #"11D..
If CR4.0SXSAVE[bit 18]=0.
Invalid Opcode, #UD Legacy SSE instruction:
X X X X | If CRO.EM[bit 2] = 1.
If CR4.0SFXSR[bit 9] = 0.
X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, X X X X | If CRO.TS[bit 3]=1.
#NM
X For an illegal address in the SS segment.
Stack, SS(0) . — -
X | If amemory address referencing the SS segment is in a non-canonical form.
X For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
) ments.
ggg%e)‘l Protection, X | If the memory address is in a non-canonical form.
If any part of the operand lies outside the effective address space from 0 to
X X
FFFFH.
Page Fault
HPF(fault-code) X X X | For a page fault.
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 Bytes or
#AC(0) less is made while the current privilege level is 3.
SIMD Floating-point |y |y |y | x| |fan unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 1.

Exception, #XM
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24.4 Exceptions Type 4 (>=16 Byte mem arg no alignment, no floating-point exceptions)

Table 2-21. Type 4 Class Exception Conditions

8 52
. s & |93 = .
Exception 3 | = |28 'q_‘r" Cause of Exception
=3 S 3 al 3
£ 5§
S |£8
X X VEX prefix.
VEX prefix:

X X | I XCRO[2:1]#'11b".

If CR4.0SXSAVE[bit 18]=0.
Legacy SSE instruction:

X X X X | If CRO.EM[bit 2] = 1.

If CR4.0SFXSR[bit 9] = 0.

Invalid Opcode, #UD

X X X X | If preceded by a LOCK prefix (FOH).
X X | Ifany REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, | X X | X | If CROTS[bit 3]=1.
#NM
X For an illegal address in the SS segment.
Stack, SS(0) J . g — -
X | If amemory address referencing the SS segment is in a non-canonical form.
X X X X | Legacy SSE: Memory operand is not 16-byte aligned.!
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
General Protection, ments.
#GP(0) X | If the memory address is in a non-canonical form.
If any part of the operand lies outside the effective address space from 0 to
X X
FFFFH.
Page Fault
HPF(fault-code) X X X | For a page fault.
NOTES:

1. PCMPESTRI, PCMPESTRM, PCMPISTRI, PCMPISTRM and LDDQU instructions do not cause #GP if the memory operand is not aligned to
16-Byte boundary.
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#AC(0)

2.4.5 Exceptions Type 5 (<16 Byte mem arg and no FP exceptions)
Table 2-22. Type 5 Class Exception Conditions
g2 82
. = 8 b S E .
Exception 2 '_g E *g $ Cause of Exception
£ |8 E
S £8
X X VEX prefix.
VEX prefix:
X X | If XCRO[2:1]# 11D’
If CR4.0SXSAVE[bit 18]=0.
. Legacy SSE instruction:
Invalid Opcode, #UD | |y | x | x | If CRO.EM[bit 2] = 1.
If CR4.0SFXSR[bit 9] = 0.
X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
DeviceNot Available, | |y | x | x | IfcrRo.TS[bit 3]=1.
#NM
X For an illegal address in the SS segment.
Stack, SS(0) J . J — -
X | If amemory address referencing the SS segment is in a non-canonical form.
X For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
) ments.
gzr;?(r)?l Protection, X | If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to
FFFFH.
Page Fault
#PF(fault-code) X X X | For a page fault.
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference is made

while the current privilege level is 3.
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Exceptions Type 6 (VEX-Encoded Instructions Without Legacy SSE Analogues)

Note: At present, the AVX instructions in this category do not generate floating-point exceptions.

Table 2-23. Type 6 Class Exception Conditions

g 82
— 8 oo | =B
Exception o = ge 2 Cause of Exception
(-3 S 82| 3
£ |8§
s £S
X X VEX prefix.
X X If XCRO[2:1] # ‘11D,
invalid Opcode. #UD If CR4.0SXSAVE[bit 18]=0.
nvalid Bpcode. X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, v
#NM X X | If CRO.TS[bit 3]=1.
X For an illegal address in the SS segment.
Stack, SS(0) - — -
X | If a memory address referencing the SS segment is in a non-canonical form.
. For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
General Protection, X ments
#GP(O :
© X | If the memory address is in a non-canonical form.
Page Fault
#PF(fault-code) X X | For a page fault.
Alignment Check X X For 4 or 8 byte memory references if alignment checking is enabled and an

#AC(0)

unaligned memory reference is made while the current privilege level is 3.
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2.4.7 Exceptions Type 7 (No FP exceptions, no memory arg)

Table 2-24. Type 7 Class Exception Conditions

8 52
. 5 & 98| & .
Exception e | = &% 2 Cause of Exception
(2 e g a g
E &
s £8
X X VEX prefix.
VEX prefix:

X X | If XCRO[2:1] #"11D..
If CR4.0SXSAVE[bit 18]=0.

. Legacy SSE instruction:
Invalid Opcode, #UD |y |y | x| x | |fCRO.EM[bit2] = 1.

If CR4.0SFXSR[bit 9] = 0.

X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, X | X | If CROTS[bit 3]=1.

#NM

2.4.8 Exceptions Type 8 (AVX and no memory argument)

Table 2-25. Type 8 Class Exception Conditions

g E2
— 8 ool x
Exception 3 = &% '3 Cause of Exception
@ S =N
E 8§
S | £8
Invalid Opcode, #UD | X X Always in Real or Virtual-8086 mode.

>
>

If XCRO[2:1] # 11D,

If CR4.0SXSAVE[bit 18]=0.

If CPUID.0TH.ECX.AVX[bit 28]=0.
If VEX.vwwy # 11118,

X X X X If proceeded by a LOCK prefix (FOH).

Device Not Available, X X If CRO.TS[bit 3]=1.
#NM
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249 Exception Type 11 (VEX-only, mem arg no AC, floating-point exceptions)

Table 2-26. Type 11 Class Exception Conditions

o B2
[} m =
. = ooo 9 é E .
Exception 2 T g é $ Cause of Exception
S 28
Invalid Opcode, #UD | X X VEX prefix.
X X VEX prefix:
If XCRO[2:1] #'11Db".
If CR4.0SXSAVE[bit 18]=0.
X X X X If preceded by a LOCK prefix (FOH).
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X X If any corresponding CPUID feature flag is ‘0"
Device Not Avail- X X X X If CRO.TS[bit 3]=1.
able, #NM
Stack, SS(0) X For an illegal address in the SS segment.
X If a memory address referencing the SS segment is in a non-canonical form.
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
#GP(0) ments.
X If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to
FFFFH.
Page Fault #PF X X X For a page fault.
(fault-code)
SIMD Floating-Point X X X X If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 1.

Exception, #XM
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2.4.10 Exception Type 12 (VEX-only, VSIB mem arg, no AC, no floating-point exceptions)

Table 2-27. Type 12 Class Exception Conditions

£ |52
— S |vs| =
. © ® los| B :
Exception Q = B8 & Cause of Exception
(-4 S |gal &
£ |55
S &8
Invalid Opcode, #UD | X X VEX prefix.
X X VEX prefix:
If XCRO[2:1] # 11D’
If CR4.0SXSAVE[bit 18]=0.
X X X If preceded by a LOCK prefix (FOH).
X If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X X NA | If address size attribute is 16 bit.
X X X X If ModR/M.mod = "11b".
X X X X If ModR/M.rm # "100b’.
X X X X If any corresponding CPUID feature flag is ‘0.
X X X X If any vector register is used more than once between the destination register,

mask register and the index register in VSIB addressing.

Device Not Available, | X X X X If CRO.TS[bit 3]=1.

#NM
Stack, SS(0) X For an illegal address in the SS segment.
X If a memory address referencing the SS segment is in a non-canonical form.
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
#GP(0) ments.
X If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to
FFFFH.
Page Fault #PF (fault- X X X For a page fault.
code)

2.5 VEX ENCODING SUPPORT FOR GPR INSTRUCTIONS

VEX prefix may be used to encode instructions that operate on neither YMM nor XMM registers. VEX-encoded
general-purpose-register instructions have the following properties:

® Instruction syntax support for three encodable operands.

® Encoding support for instruction syntax of non-destructive source operand, destination operand encoded via
VEX.vvvy, and destructive three-operand syntax.

® Elimination of escape opcode byte (OFH), two-byte escape via a compact bit field representation within the VEX
prefix.

® Elimination of the need to use REX prefix to encode the extended half of general-purpose register sets (R8-R15)
for direct register access or memory addressing.

® Flexible and more compact bit fields are provided in the VEX prefix to retain the full functionality provided by
REX prefix. REX.W, REX.X, REX.B functionalities are provided in the three-byte VEX prefix only.

® VEX-encoded GPR instructions are encoded with VEX.L=0.
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Any VEX-encoded GPR instruction with a 66H, F2H, or F3H prefix preceding VEX will #UD.
Any VEX-encoded GPR instruction with a REX prefix proceeding VEX will #UD.
VEX-encoded GPR instructions are not supported in real and virtual 8086 modes.

2.5.1 Exception Conditions for VEX-Encoded GPR Instructions

The exception conditions applicable to VEX-encoded GPR instruction differs from those of legacy GPR instructions.
Table 2-28 lists VEX-encoded GPR instructions. The exception conditions for VEX-encoded GRP instructions are
found in Table 2-29 for those instructions which have a default operand size of 32 bits and 16-bit operand size is
not encodable.

Table 2-28. VEX-Encoded GPR Instructions
Exception Class Instruction
See Table 2-29 ANDN, BLSI, BLSMSK, BLSR, BZHI, MULX, PDEP, PEXT, RORX, SARX, SHLX, SHRX

(*) - Additional exception restrictions are present - see the Instruction description for details.

Table 2-29. Exception Definition (VEX-Encoded GPR Instructions)

g |E2
— S |vs| £
. m ® |loas| B -
Exception Q = |80 & Cause of Exception
(2 S 18el I
E |5 E
S |&£8
Invalid Opcode, #UD | X X X X If BMI1/BMI2 CPUID feature flag is ‘0",
X X If a VEX prefix is present.
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
Stack, SS(0) X X X For an illegal address in the SS segment.
X If a memory address referencing the SS segment is in a non-canonical form.
General Protection, X For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
#GP(0) ments.
If the DS, €S, FS, or GS register is used to access memory and it contains a null
segment selector.
X If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to
FFFFH.
Page Fault #PF(fault- X X X For a page fault.
code)
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference is made
#AC(0) while the current privilege level is 3.

2.6 INTEL® AVX-512 ENCODING

The majority of the Intel AVX-512 family of instructions (operating on 512/256/128-bit vector register operands)
are encoded using a new prefix (called EVEX). Opmask instructions (operating on opmask register operands) are
encoded using the VEX prefix. The EVEX prefix has some parts resembling the instruction encoding scheme using
the VEX prefix, and many other capabilities not available with the VEX prefix.

The significant feature differences between EVEX and VEX are summarized below.
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® EVEX is a 4-Byte prefix (the first byte must be 62H); VEX is either a 2-Byte (C5H is the first byte) or 3-Byte
(C4H is the first byte) prefix.

® EVEX prefix can encode 32 vector registers (XMM/YMM/ZMM) in 64-bit mode.

® EVEX prefix can encode an opmask register for conditional processing or selection control in EVEX-encoded
vector instructions. Opmask instructions, whose source/destination operands are opmask registers and treat
the content of an opmask register as a single value, are encoded using the VEX prefix.

® EVEX memory addressing with disp8 form uses a compressed disp8 encoding scheme to improve the encoding
density of the instruction byte stream.

® EVEX prefix can encode functionality that are specific to instruction classes (e.g., packed instruction with
“load+op” semantic can support embedded broadcast functionality, floating-point instruction with rounding
semantic can support static rounding functionality, floating-point instruction with non-rounding arithmetic
semantic can support “suppress all exceptions” functionality).

2.6.1 Instruction Format and EVEX
The placement of the EVEX prefix in an IA instruction is represented in Figure 2-10.

# of bytes: 4 1 1 1 4 1
| Prefixes]|  |EvEx |  |opcode |  |[ModrRM |  [isiB]]| [Disp321 || (immediate]
1

[Disp8*N]

Figure 2-10. AVX-512 Instruction Format and the EVEX Prefix

The EVEX prefix is a 4-byte prefix, with the first two bytes derived from unused encoding form of the 32-bit-mode-
only BOUND instruction. The layout of the EVEX prefix is shown in Figure 2-11. The first byte must be 62H, followed
by three payload bytes, denoted as PO, P1, and P2 individually or collectively as P[23:0] (see Figure 2-11).

evex |eH | |lpo | |p1 | |p2 |
7 6 5 4 3 2 1 0
PO (R x][ B[ rRJo] o] m] m|] PO
7 6 5 4 3 2 1 0
P1 lwl v [ v]v]v] 1] e] p] P[15:8]
7 6 5 4 3 2 1 0
P2 lz e[ oo ] v]al]alal P[23:16]

Figure 2-11. Bit Field Layout of the EVEX Prefix
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Table 2-30. EVEX Prefix Bit Field Functional Grouping

Notation Bit field Group Position Comment
- Reserved P[3:2] Must be 0.
- Fixed Value P[10] Must be 1.
EVEX.mm Compressed legacy escape P[1:0] Identical to low two bits of VEX.mmmmm.
EVEX.pp Compressed legacy prefix P[9: 8] Identical to VEX.pp.
EVEX.RXB Next-8 register specifier modifier P[7 : 5] Combine with ModR/M.reg, ModR/M.rm (base, index/vidx).
EVEXR' High-16 register specifier modifier P[4] Combine with EVEX.R and ModR/M.reg.
EVEXX High-16 register specifier modifier P[6] Combine with EVEX.B and ModR/M.rm, when SIB/VSIB absent.
EVEX.vvwv NDS register specifier P[14:11] | Same as VEX.vvvv.
EVEXV' High-16 NDS/VIDX register specifier | P[19] Combine with EVEX.vvvv or when VSIB present.
EVEX.aaa Embedded opmask register specifier | P[18:16]
EVEXW Osize promotion/Opcode extension P[15]
EVEX.z Zeroing/Merging P[23]
EVEX.b Broadcast/RC/SAE Context P[20]
EVEX.LL Vector length/RC P[22:21]

The bit fields in P[23:0] are divided into the following functional groups (Table 2-30 provides a tabular summary):
Reserved bits: P[3:2] must be 0, otherwise #UD.
Fixed-value bit: P[10] must be 1, otherwise #UD.

Compressed legacy prefix/escape bytes: P[1:0] is identical to the lowest 2 bits of VEX.mmmmm; P[9:8] is
identical to VEX.pp.

Operand specifier modifier bits for vector register, general purpose register, memory addressing: P[7:5] allows
access to the next set of 8 registers beyond the low 8 registers when combined with ModR/M register specifiers.

Operand specifier modifier bit for vector register: P[4] (or EVEX.R") allows access to the high 16 vector register
set when combined with P[7] and ModR/M.reg specifier; P[6] can also provide access to a high 16 vector
register when SIB or VSIB addressing are not needed.

Non-destructive source /vector index operand specifier: P[19] and P[14:11] encode the second source vector
register operand in a non-destructive source syntax, vector index register operand can access an upper 16
vector register using P[19].

Op-mask register specifiers: P[18:16] encodes op-mask register set kO-k7 in instructions operating on vector
registers.

EVEX.W: P[15] is similar to VEX.W which serves either as opcode extension bit or operand size promotion to
64-bit in 64-bit mode.

Vector destination merging/zeroing: P[23] encodes the destination result behavior which either zeroes the
masked elements or leave masked element unchanged.

Broadcast/Static-rounding/SAE context bit: P[20] encodes multiple functionality, which differs across different
classes of instructions and can affect the meaning of the remaining field (EVEX.L'L). The functionality for the
following instruction classes are:

— Broadcasting a single element across the destination vector register: this applies to the instruction class
with Load+Op semantic where one of the source operand is from memory.

— Redirect L'L field (P[22:21]) as static rounding control for floating-point instructions with rounding
semantic. Static rounding control overrides MXCSR.RC field and implies “Suppress all exceptions” (SAE).

— Enable SAE for floating -point instructions with arithmetic semantic that is not rounding.
— For instruction classes outside of the afore-mentioned three classes, setting EVEX.b will cause #UD.
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® Vector length/rounding control specifier: P[22:21] can serve one of three options.
— Vector length information for packed vector instructions.
— Ignored for instructions operating on vector register content as a single data element.

— Rounding control for floating-point instructions that have a rounding semantic and whose source and
destination operands are all vector registers.

2.6.2 Register Specifier Encoding and EVEX

EVEX-encoded instruction can access 8 opmask registers, 16 general-purpose registers and 32 vector registers in
64-bit mode (8 general-purpose registers and 8 vector registers in non-64-bit modes). EVEX-encoding can support
instruction syntax that access up to 4 instruction operands. Normal memory addressing modes and VSIB memory
addressing are supported with EVEX prefix encoding. The mapping of register operands used by various instruction
syntax and memory addressing in 64-bit mode are shown in Table 2-31. Opmask register encoding is described in
Section 2.6.3.

Table 2-31. 32-Register Support in 64-bit Mode Using EVEX with Embedded REX Bits

4 3 [2:0] Reg. Type Common Usages

REG EVEXR' REXR modrm.reg GPR, Vector Destination or Source
NDS/NDD EVEX.V' EVEX.vvwv GPR, Vector 2ndSource or Destination
RM EVEXX EVEXB modrm.r/m GPR, Vector 1st Source or Destination
BASE 0 EVEX.B modrm.r/m GPR memory addressing
INDEX 0 EVEX X sib.index GPR memory addressing
VIDX EVEX.V' EVEX.X sib.index Vector VSIB memory addressing
NOTES:

1. Not applicable for accessing general purpose registers.

The mapping of register operands used by various instruction syntax and memory addressing in 32-bit modes are
shown in Table 2-32.

Table 2-32. EVEX Encoding Register Specifiers in 32-bit Mode

[2:0] Reg. Type Common Usages
REG modrm.reg GPR, Vector Destination or Source
NDS/NDD EVEX.vwv GPR, Vector 2nd Source or Destination
RM modrm.r/m GPR, Vector 1st Source or Destination
BASE modrm.r/m GPR Memory Addressing
INDEX sib.index GPR Memory Addressing
VIDX sib.index Vector VSIB Memory Addressing

2.6.3 Opmask Register Encoding
There are eight opmask registers, k0-k7. Opmask register encoding falls into two categories:

® Opmask registers that are the source or destination operands of an instruction treating the content of opmask
register as a scalar value, are encoded using the VEX prefix scheme. It can support up to three operands using
standard modR/M byte’s reg field and rm field and VEX.vvvv. Such a scalar opmask instruction does not support
conditional update of the destination operand.

® An opmask register providing conditional processing and/or conditional update of the destination register of a
vector instruction is encoded using EVEX.aaa field (see Section 2.6.4).
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® An opmask register serving as the destination or source operand of a vector instruction is encoded using
standard modR/M byte’s reg field and rm fields.

Table 2-33. Opmask Register Specifier Encoding

[2:0] Register Access Common Usages
REG modrm.reg kO-k7 Source
NDS VEX.vwwv kO-k7 2nd Source
RM modrm.r/m kO-7 1st Source
{k1} EVEX.aaa ko'-k7 Opmask

NOTES:
1. Instructions that overwrite the conditional mask in opmask do not permit using kO as the embedded mask.

2.6.4 Masking Support in EVEX

EVEX can encode an opmask register to conditionally control per-element computational operation and updating of
result of an instruction to the destination operand. The predicate operand is known as the opmask register. The
EVEX.aaa field, P[18:16] of the EVEX prefix, is used to encode one out of a set of eight 64-bit architectural regis-
ters. Note that from this set of 8 architectural registers, only k1 through k7 can be addressed as predicate oper-
ands. kO can be used as a regular source or destination but cannot be encoded as a predicate operand.

AVX-512 instructions support two types of masking with EVEX.z bit (P[23]) controlling the type of masking:

® Merging-masking, which is the default type of masking for EVEX-encoded vector instructions, preserves the old
value of each element of the destination where the corresponding mask bit has a 0. It corresponds to the case
of EVEX.z = 0.

® Zeroing-masking, is enabled by having the EVEX.z bit set to 1. In this case, an element of the destination is set
to 0 when the corresponding mask bit has a 0 value.

AVX-512 Foundation instructions can be divided into the following groups:
® Instructions which support “zeroing-masking”.
— Also allow merging-masking.
® Instructions which require aaa = 000.
— Do not allow any form of masking.
® Instructions which allow merging-masking but do not allow zeroing-masking.
— Require EVEX.z to be set to 0.
— This group is mostly composed of instructions that write to memory.
® Instructions which require aaa <> 000 do not allow EVEX.z to be set to 1.

— Allow merging-masking and do not allow zeroing-masking, e.g., gather instructions.

2.6.5 Compressed Displacement (disp8*N) Support in EVEX

For memory addressing using disp8 form, EVEX-encoded instructions always use a compressed displacement
scheme by multiplying disp8 in conjunction with a scaling factor N that is determined based on the vector length,
the value of EVEX.b bit (embedded broadcast) and the input element size of the instruction. In general, the factor
N corresponds to the number of bytes characterizing the internal memory operation of the input operand (e.g., 64
when the accessing a full 512-bit memory vector). The scale factor N is listed in Table 2-34 and Table 2-35 below,
where EVEX encoded instructions are classified using the tupletype attribute. The scale factor N of each tupletype
is listed based on the vector length (VL) and other factors affecting it.

Table 2-34 covers EVEX-encoded instructions which has a load semantic in conjunction with additional computa-
tional or data element movement operation, operating either on the full vector or half vector (due to conversion of
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numerical precision from a wider format to narrower format). EVEX.b is supported for such instructions for data
element sizes which are either dword or gqword (see Section 2.6.11).

EVEX-encoded instruction that are pure load/store, and “Load+op” instruction semantic that operate on data
element size less then dword do not support broadcasting using EVEX.b. These are listed in Table 2-35. Table 2-35
also includes many broadcast instructions which perform broadcast using a subset of data elements without using
EVEX.b. These instructions and a few data element size conversion instruction are covered in Table 2-35. Instruc-
tion classified in Table 2-35 do not use EVEX.b and EVEX.b must be 0, otherwise #UD will occur.

The tupletype abbreviation will be referenced in the instruction operand encoding table in the reference page of
each instruction, providing the cross reference for the scaling factor N to encoding memory addressing operand.

Note that the disp8*N rules still apply when using 16b addressing.

Table 2-34. Compressed Displacement (DISP8*N) Affected by Embedded Broadcast

TupleType | EVEX.b | InputSize | EVEX.W | Broadcast | N (VL=128) | N (VL=256) | N (VL=512) Comment
0 32bit 0 none 16 32 64
Full Vector 1 32bit 0 {1tox} 4 4 4 Load+Op (Full Vector
(FV) 0 64bit 1 none 16 32 64 Dword/Qword)
1 64bit 1 {1tox} 8 8 8
0 32bit 0 none 8 16 32
Half Vector - Load+Op (Half Vector)
(HV) 1 32bit 0 {1tox} 4 4 4

Table 2-35. EVEX DISP8*N for Instructions Not Affected by Embedded Broadcast

TupleType InputSize | EVEX.W | N (VL=128) | N (VL=256) | N (VL=512) Comment
Full Vector Mem (FVM) N/A N/A 16 32 64 Load/store or subDword full vector
8bit N/A 1 1 1
16bit N/A 2 2 2
Tuple1 Scalar (T1S) - 1Tuple less than Full Vector
32bit 0 4 4 4
64bit 1 8 8 8
32bit N/A 4 4 4 i
Tuple1 Fixed (T1F) . 1 Tuple memsize not affected by
64bit N/A 8 8 8 EVEXW
32bit 0 8 8 8
Tuple2 (T2) - Broadcast (2 elements)
64bit 1 NA 16 16
32bit 0 NA 16 16
Tuple4 (T4) - Broadcast (4 elements)
64bit 1 NA NA 32
Tuple8 (T8) 32bit 0 NA NA 32 Broadcast (8 elements)
Half Mem (HVM) N/A N/A 8 16 32 SubQword Conversion
QuarterMem (QVM) N/A N/A 4 8 16 SubDword Conversion
OctMem (OVM) N/A N/A 2 4 8 SubWord Conversion
Mem128 (M128) N/A N/A 16 16 16 Shift count from memory
MOVDDUP (DUP) N/A N/A 8 32 64 VMOVDDUP

2.6.6 EVEX Encoding of Broadcast/Rounding/SAE Support

EVEX.b can provide three types of encoding context, depending on the instruction classes:
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® Embedded broadcasting of one data element from a source memory operand to the destination for vector
instructions with “load+op” semantic.

® Static rounding control overriding MXCSR.RC for floating-point instructions with rounding semantic.

® “Suppress All exceptions” (SAE) overriding MXCSR mask control for floating-point arithmetic instructions that
do not have rounding semantic.

2.6.7 Embedded Broadcast Support in EVEX

EVEX encodes an embedded broadcast functionality that is supported on many vector instructions with 32-bit
(double word or single-precision floating-point) and 64-bit data elements, and when the source operand is from
memory. EVEX.b (P[20]) bit is used to enable broadcast on load-op instructions. When enabled, only one element
is loaded from memory and broadcasted to all other elements instead of loading the full memory size.

The following instruction classes do not support embedded broadcasting:

¢ Instructions with only one scalar result is written to the vector destination.
® Instructions with explicit broadcast functionality provided by its opcode.

® Instruction semantic is a pure load or a pure store operation.

2.6.8 Static Rounding Support in EVEX

Static rounding control embedded in the EVEX encoding system applies only to register-to-register flavor of
floating-point instructions with rounding semantic at two distinct vector lengths: (i) scalar, (ii) 512-bit. In both
cases, the field EVEX.L'L expresses rounding mode control overriding MXCSR.RC if EVEX.b is set. When EVEX.b is
set, “suppress all exceptions” is implied. The processor behave as if all MXCSR masking controls are set.

2.6.9 SAE Support in EVEX

The EVEX encoding system allows arithmetic floating-point instructions without rounding semantic to be encoded
with the SAE attribute. This capability applies to scalar and 512-bit vector lengths, register-to-register only, by
setting EVEX.b. When EVEX.b is set, “suppress all exceptions” is implied. The processor behaves as if all MXCSR
masking controls are set.

2.6.10 Vector Length Orthogonality

The architecture of EVEX encoding scheme can support SIMD instructions operating at multiple vector lengths.
Many AVX-512 Foundation instructions operate at 512-bit vector length. The vector length of EVEX encoded vector
instructions are generally determined using the L'L field in EVEX prefix, except for 512-bit floating-point, reg-reg
instructions with rounding semantic. The table below shows the vector length corresponding to various values of
the L'L bits. When EVEX is used to encode scalar instructions, L'L is generally ignored.

When EVEX.b bit is set for a register-register instructions with floating-point rounding semantic, the same two bits
P2[6:5] specifies rounding mode for the instruction, with implied SAE behavior. The mapping of different instruc-
tion classes relative to the embedded broadcast/rounding/SAE control and the EVEX.L'L fields are summarized in
Table 2-36.

Table 2-36. EVEX Embedded Broadcast/Rounding/SAE and Vector Length on Vector Instructions

Position P2[4] P2[6:5] P2[6:5]
Broadcast/Rounding/SAE Context EVEX.b EVEX.L'L EVEX.RC
Reg-reg, FP Instructions w/ rounding semantic Enable static rounding Vector length Implied 00b: SAE + RNE
control (SAE implied) (512 bit or scalar) 01b: SAE +RD
10b: SAE + RU
11b: SAE + RZ
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Table 2-36. EVEX Embedded Broadcast/Rounding/SAE and Vector Length on Vector Instructions

Position P2[4] P2[6:5] P2[6:5]
Broadcast/Rounding/SAE Context EVEX.b EVEX.L'L EVEX.RC
FP Instructions w/o rounding semantic, can cause #XF SAE control 00b: 128-bit NA
Load+op Instructions w/ memory source Broadcast Control %E E?gg:i NA
Other Instructions ( Must be O (otherwise 11b: Reserved (#UD) NA
Explicit Load/Store/Broadcast/Gather/Scatter) #UD)

2.6.11  #UD Equations for EVEX

Instructions encoded using EVEX can face three types of UD conditions: state dependent, opcode independent and
opcode dependent.

2.6.11.1 State Dependent #UD

In general, attempts of execute an instruction, which required OS support for incremental extended state compo-
nent, will #UD if required state components were not enabled by OS. Table 2-37 lists instruction categories with
respect to required processor state components. Attempts to execute a given category of instructions while
enabled states were less than the required bit vector in XCRO shown in Table 2-37 will cause #UD.

Table 2-37. 0S XSAVE Enabling Requirements of Instruction Categories

Instruction Categories Vector Register State Access Required XCRO Bit Vector [7:0]
Legacy SIMD prefix encoded Instructions (e.g SSE) XMM xxxxxx11b
VEX-encoded instructions operating on YMM YMM xxxxx111b
EVEX-encoded 128-bit instructions ZMM 111xx111b
EVEX-encoded 256-bit instructions ZMM 111xx111b
EVEX-encoded 512-bit instructions ZMM 111xx111b
VEX-encoded instructions operating on opmask k-reg xxTxxx11b

2.6.11.2 Opcode Independent #UD

A number of bit fields in EVEX encoded instruction must obey mode-specific but opcode-independent patterns
listed in Table 2-38.

Table 2-38. Opcode Independent, State Dependent EVEX Bit Fields

Position Notation 64-bit #UD Non-64-bit #UD
P[3:2] - if>0 if>0

P[10] - if 0 if 0

P[1:0] EVEX.mm if 00b if 00b

P[7 : 6] EVEX.RX None (valid) None (BOUND if EVEX.RX I= 11b)

2.6.11.3 Opcode Dependent #UD

This section describes legal values for the rest of the EVEX bit fields. Table 2-39 lists the #UD conditions of EVEX
prefix bit fields which encodes or modifies register operands.

Table 2-39. #UD Conditions of Operand-Encoding EVEX Prefix Bit Fields

Notation Position Operand Encoding 64-bit #UD Non-64-bit #UD
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Table 2-39. #UD Conditions of Operand-Encoding EVEX Prefix Bit Fields (Contd.)

EVEXR P[7] ModRM.reg encodes k-reg if EVEXR=0 None (BOUND if
ModRM.reg is opcode extension None (ignored) EVEXRX1=11b)
ModRM.reg encodes all other registers None (valid)
EVEXX P[6] ModRM.r/m encodes ZMM/YMM/XMM None (valid)
ModRM.r/m encodes k-reg or GPR None (ignored)
ModRM.r/m without SIB/VSIB None (ignored)
ModRM.r/m with SIB/VSIB None (valid)
EVEX.B P[5] ModRM.r/m encodes k-reg None (ignored) None (ignored)
ModRM.r/m encodes other registers None (valid)
ModRM.r/m base present None (valid)
ModRM.r/m base not present None (ignored)
EVEXR' P[4] ModRM.reg encodes k-reg or GPR if 0 None (ignored)
ModRM.reg is opcode extension None (ignored)
ModRM.reg encodes ZMM/YMM/XMM None (valid)
EVEX.vvwv P[14:11] | vvvv encodes ZMM/YMM/XMM None (valid) None (valid)
P[14] ignored
Otherwise ifI=1111b ifl=1111b
EVEXV' P[19] Encodes ZMM/YMM/XMM None (valid) if 0
Otherwise if 0 if 0

Table 2-40 lists the #UD conditions of instruction encoding of opmask register using EVEX.aaa and EVEX.z

Table 2-40. #UD Conditions of Opmask Related Encoding Field

Notation Position Operand Encoding 64-bit #UD Non-64-bit #UD

EVEX.aaa P[18:16] | Instructions do not use opmask for conditional processing’. | if aaa != 000b if aaa != 000b
Opmask used as conditional processing mask and updated | if aaa = 000b if aaa = 000b;
at completionz.
Opmask used as conditional processing. None (valid3) None (valid")

EVEX.z P[23] Vector instruction using opmask as source or destination®. | if EVEX.z!=0 if EVEX.z!=0
Store instructions or gather/scatter instructions. if EVEX.z!=0 if EVEX.z!=0
Instruction supporting conditional processing mask with if EVEX.z!=0 if EVEX.z!=0
EVEX.aaa = 000b.

NOTES:

1. €.g., VBROADCASTMxxx, VPMOVM2x, VPMOVx2M.
2. €.g., Gather/Scatter family.

3. aaa can take any value. A value of 000 indicates that there is no masking on the instruction; in this case, all elements will be pro-
cessed as if there was a mask of ‘all ones’ regardless of the actual value in KO.

4. Eg., VFPCLASSPD/PS, VCMPB/D/Q/W family, VPMOVM2x, VPMOVx2M.

Table 2-41 lists the #UD conditions of EVEX bit fields that depends on the context of EVEX.b.

Table 2-41. #UD Conditions Dependent on EVEX.b Context

Notation

Position

Operand Encoding

64-bit #UD

Non-64-bit #UD
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Table 2-41. #UD Conditions Dependent on EVEX.b Context (Contd.)

EVEX.L'Lb P[22 : 20] | Reg-reg, FP instructions with rounding semantic. None (valid") None (valid")
Other reg-reg, FP instructions that can cause #XF. None (validz) None (validz)
Other reg-mem instructions in Table 2-34. None (valid3) None (valid?)
Other instruction classes in Table 2-35. If EVEXb >0 If EVEXb >0
NOTES:

1. L'L specifies rounding control, see Table 2-36, supports {er} syntax.

2. L'L specifies vector length, see Table 2-36, supports {sae} syntax.

3. L'L specifies vector length, see Table 2-36, supports embedded broadcast syntax
4, L'L specifies either vector length or ignored.

2.6.12 Device Not Available

EVEX-encoded instructions follow the same rules when it comes to generating #NM (Device Not Available) excep-
tion. In particular, it is generated when CRO.TS[bit 3]= 1.

2.6.13  Scalar Instructions

EVEX-encoded scalar SIMD instructions can access up to 32 registers in 64-bit mode. Scalar instructions support
masking (using the least significant bit of the opmask register), but broadcasting is not supported.

2.7 EXCEPTION CLASSIFICATIONS OF EVEX-ENCODED INSTRUCTIONS

The exception behavior of EVEX-encoded instructions can be classified into the classes shown in the rest of this
section. The classification of EVEX-encoded instructions follow a similar framework as those of AVX and AVX2
instructions using the VEX prefix. Exception types for EVEX-encoded instructions are named in the style of

“E##"” or with a suffix "E##XX". The “##" designation generally follows that of AVX/AVX2 instructions. The
majority of EVEX encoded instruction with “Load+op” semantic supports memory fault suppression, which is repre-
sented by E##. The instructions with “Load+op” semantic but do not support fault suppression are named
“E##NF"”. A summary table of exception classes by class names are shown below.

Table 2-42. EVEX-Encoded Instruction Exception Class Summary

Exception Class Instruction set Mem arg (#XM)

Type E1 Vector Moves/Load/Stores Explicitly aligned, w/ fault suppression None

Type E1NF Vector Non-temporal Stores Explicitly aligned, no fault suppression None
Type E2 FP Vector Load+op Support fault suppression Yes
Type E2NF FP Vector Load+op No fault suppression Yes
Type €3 FP Scalar/Partial Vector, Load+0p Support fault suppression Yes
Type E3NF FP Scalar/Partial Vector, Load+Op No fault suppression Yes
Type E4 Integer Vector Load+op Support fault suppression No
Type E4NF Integer Vector Load+op No fault suppression No
Type E5 Legacy-like Promotion Varies, Support fault suppression No
Type ESNF Legacy-like Promotion Varies, No fault suppression No
Type E6 Post AVX Promotion Varies, w/ fault suppression No
Type EGNF Post AVX Promotion Varies, no fault suppression No
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Exception Class Instruction set Mem arg (#XM)
Type EZ/NM Register-to-register op None None
Type ESNF Miscellaneous 128-bit Vector-length Specific, no fault suppression None

Type E10 Non-XF Scalar Vector Length ignored, w/ fault suppression None
Type ET10NF Non-XF Scalar Vector Length ignored, no fault suppression None
Type ET11 VCVTPH2PS Half Vector Length, w/ fault suppression Yes
Type ET1NF VCVTPS2PH Half Vector Length, no fault suppression Yes

Type E12 Gather and Scatter Family V/SIB addressing, w/ fault suppression None
Type E12NP Gather and Scatter Prefetch Family VSIB addressing, w/o page fault None

Table 2-43 lists EVEX-encoded instruction mnemonic by exception classes.

Table 2-43. EVEX Instructions in each Exception Class

Exception Class

Instruction

Type E1

VMOVAPD, VMOVAPS, VMOVDQA32, VMOVDQAG4

Type ETNF

VMOVNTDQ, VMOVNTDQA, VMOVNTPD, VMOVNTPS

Type €2

VADDPD, VADDPS, VCMPPD, VCMPPS, VCVTDQZ2PS, VCVTPD2DQ, VCVTPD2PS, VCVTPS2DQ, VCVTTPD2DQ,
VCVTTPS2DQ, VDIVPD, VDIVPS, VFMADDxxxPD, VFMADDxxxPS, VFMSUBADDxxxPD, VFMSUBADDxxxPS,
VFMSUBxxxPD, VFMSUBxxxPS, VFNMADDxxxPD, VFNMADDxxxPS, VFNMSUBxxxPD, VFNMSUBxxxPS, VMAXPD,
VMAXPS, VMINPD, VMINPS, VMULPD, VMULPS, VSQRTPD, VSQRTPS, VSUBPD, VSUBPS

VCVTPD2QQ, VCVTPD2UQQ, VCVTPD2UDQ, VCVTPS2UDQS, VCVTQQ2PD, VCVTQQZ2PS, VCVTTPDZ2DQ,
VCVTTPD2QQ, VCVTTPD2UDQ, VCVTTPD2UQQ, VCVTTPS2DQ, VCVTTPS2UDQ, VCVTUDQZPS, VCVTUQQZPD,
VCVTUQQZPS, VFIXUPIMMPD, VFIXUPIMMPS, VGETEXPPD, VGETEXPPS, VGETMANTPD, VGETMANTPS, VRANGEPD,
VRANGEPS, VREDUCEPD, VREDUCEPS, VRNDSCALEPD, VRNDSCALEPS, VSCALEFPD, VSCALEFPS, VRCP28PD,
VRCP28PS, VRSQRT28PD, VRSQRT28PS

Type €3

VADDSD, VADDSS, VCMPSD, VCMPSS, VCVTPS2PD, VCVTSDZSS, VCVTSS2SD, VDIVSD, VDIVSS, VMAXSD, VMAXSS,
VMINSD, VMINSS, VMULSD, VMULSS, VSQRTSD, VSQRTSS, VSUBSD, VSUBSS

VCVTPS2QQ, VCVTPS2UQQ, VCVTTPS2QQ, VEVTTPS2UQQ, VFMADDXxxSD, VFMADDxxxSS, VFMSUBxxxSD,
VEMSUBxxxSS, VFNMADDxxxSD, VFNMADDxxxSS, VFNMSUBxxxSD, VFNMSUBxxxSS, VFIXUPIMMSD,
VFIXUPIMMSS, VGETEXPSD, VGETEXPSS, VGETMANTSD, VGETMANTSS, VRANGESD, VRANGESS, VREDUCESD,
VREDUCESS, VRNDSCALESD, VRNDSCALESS, VSCALEFSD, VSCALEFSS, VRCP28SD, VRCP28SS, VRSQRT28SD,
VRSQRT28SS

Type E3NF

VCOMISD, VCOMISS, VCVTSDZ2SI, VEVTSIZSD, VCVTSIZSS, VCVTSS2SI, VEVTTSD2SI, VEVTTSS2SI, VUCOMISD,
VUCOMISS

VCVTSD2USI, VCVTTSD2USI, VCVTSS2USI, VCVTTSS2USI, VCVTUSIZSD, VCVTUSIZSS
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Table 2-43. EVEX Instructions in each Exception Class (Contd.)

Exception Class

Instruction

Type E4

VANDPD, VANDPS, VANDNPD, VANDNPS, VORPD, VORPS, VPABSD, VPABSQ, VPADDD, VPADDQ, VPANDD, VPANDQ,
VPANDND, VPANDNQ, VPCMPEQD, VPCMPEQQ, VPCMPGTD, VPCMPGTQ, VPMAXSD, VPMAXSQ, VPMAXUD,
VPMAXUQ, VPMINSD, VPMINSQ, VPMINUD, VPMINUQ, VPMULLD, VPMULLQ, VPMULUDQ, VPMULDQ, VPORD,
VPORQ, VPSUBD, VPSUBQ, VPXORD, VPXORQ, VXORPD, VXORPS, VPSLLVD, VPSLLVQ,

VBLENDMPD, VBLENDMPS, VPBLENDMD, VPBLENDMQ, VFPCLASSPD, VFPCLASSPS, VPCMPD, VPCMPQ, VPCMPUD,
VPCMPUQ, VPLZCNTD, VPLZCNTQ, VPROLD, VPROLQ, (VPSLLD, VPSLLQ, VPSRAD, VPSRAQ, VPSRLD, VPSRLQ)',
VPTERNLOGD, VPTERNLOGQ, VPTESTMD, VPTESTMQ, VPTESTNMD, VPTESTNMQ, VRCP14PD, VRCP14PS,
VRSQRT14PD, VRSQRT14PS, VPCONFLICTD, VPCONFLICTQ, VPSRAVW, VPSRAVD, VPSRAVW, VPSRAVQ,
VPMADD52LUQ, VPMADD52HUQ

€4.nb°

VMOVUPD, VMOVUPS, VM0OVDQUS8, VM0OVDQU16, VMOVDQU32, VMOVDQU6E4, VPCMPB, VPCMPW, VPCMPUB,
VPCMPUW, VEXPANDPD, VEXPANDPS, VPCOMPRESSD, VPCOMPRESSQ, VPEXPANDD, VPEXPANDQ,
VCOMPRESSPD, VCOMPRESSPS, VPABSB, VPABSW, VPADDB, VPADDW, VPADDSB, VPADDSW, VPADDUSB,
VPADDUSW, VPAVGB, VPAVGW, VPCMPEQB, VPCMPEQW, VPCMPGTB, VPCMPGTW, VPMAXSB, VPMAXSW,
VPMAXUB, VPMAXUW, VPMINSB, VPMINSW, VPMINUB, VPMINUW, VPMULHRSW, VPMULHUW, VPMULHW,
VPMULLW, VPSUBB, VPSUBW, VPSUBSB, VPSUBSW, VPTESTMB, VPTESTMW, VPTESTNMB, VPTESTNMW, VPSLLW,
VPSRAW, VPSRLW, VPSLLVW, VPSRLVW

Type E4NF

VPACKSSDW, VPACKUSDW VPSHUFD, VPUNPCKHDQ, VPUNPCKHQDQ, VPUNPCKLDQ, VPUNPCKLQDQ, VSHUFPD,
VSHUFPS, VUNPCKHPD, VUNPCKHPS, VUNPCKLPD, VUNPCKLPS, VPERMD, VPERMPS, VPERMPD, VPERMQ,

VALIGND, VALIGNQ, VPERMIZD, VPERMIZPS, VPERMIZPD, VPERMIZ2Q, VPERMT2D, VPERMT2PS, VPERMT2Q,
VPERMTZPD, VPERMILPD, VPERMILPS, VSHUFI32X4, VSHUFI64X2, VSHUFF32X4, VSHUFF64X2,
VPMULTISHIFTQB

E4NF.Nb2

VDBPSADBW, VPACKSSWB, VPACKUSWB, VPALIGNR, VPMADDWD, VPMADDUBSW, VMOVSHDUP, VMOVSLDUP,
VPSADBW, VPSHUFB, VPSHUFHW, VPSHUFLW, VPSLLDQ, VPSRLDQ, VPSLLW, VPSRAW, VPSRLW, (VPSLLD,
VPSLLQ, VPSRAD, VPSRAQ, VPSRLD, VPSRLQ)?, VPUNPCKHBW, VPUNPCKHWD, VPUNPCKLBW, VPUNPCKLWD,
VPERMW, VPERMI2W, VPERMT2W, VPERMB, VPERMIZB, VPERMTZ2B

Type E5

VCVTDQZPD, PMOVSXBW, PMOVSXBW, PMOVSXBD, PMOVSXBQ, PMOVSXWD, PMOVSXWQ, PMOVSXDQ,
PMOVZXBW, PMOVZXBD, PMOVZXBQ, PMOVZXWD, PMOVZXWQ, PMOVZXDQ

VCVTUDQZPD

Type ESNF

VMOVDDUP

Type E6

VBROADCASTSS, VBROADCASTSD, VBROADCASTF32X4, VBROADCASTI32X4, VPBROADCASTB, VPBROADCASTD,
VPBROADCASTW, VPBROADCASTQ,

VBROADCASTF32X2, VBROADCASTF32X4, VBROADCASTF64X2, VBROADCASTF32X8, VBROADCASTF64X4,
VBROADCASTI32X2, VBROADCASTI32X4, VBROADCASTI64X2, VBROADCASTI32X8, VBROADCASTIEAX4,
VFPCLASSSD, VFPCLASSSS, VPMOVQB, VPMOVSQB, VPMOVUSQB, VPMOVQW, VPMOVSQW, VPMOVUSQW,
VPMOVQD, VPMOVSQD, VPMOVUSQD, VPMOVDB, VPMOVSDB, VPMOVUSDB, VPMOVDW, VPMOVSDW,
VPMOVUSDW

Type EENF

VEXTRACTF32X4, VEXTRACTF64X2, VEXTRACTF32X8, VINSERTF32X4, VINSERTF64X2, VINSERTF64X4,
VINSERTF32X8, VINSERTI32X4, VINSERTI64XZ2, VINSERTI64X4, VINSERTI32X8, VEXTRACTI32X4,
VEXTRACTI64X2, VEXTRACTI32X8, VEXTRACTI64X4, VPBROADCASTMB2Q, VPBROADCASTMWZD, VPMOVWB,
VPMOVSWB, VPMOVUSWB

Type
E7NM.128%

VMOVLHPS, VMOVHLPS

Type E7NM.

(VPBROADCASTD, VPBROADCASTQ, VPBROADCASTB, VPBROADCASTW)>, VPMOVM2B, VPMOVM2D, VPMOVM2Q,
VPMOVM2W, VPMOVBZ2M, VPMOVD2ZM, VPMOVQZM, VPMOVWZM
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Table 2-43. EVEX Instructions in each Exception Class (Contd.)

Exception Class

Instruction

VEXTRACTPS, VINSERTPS, VMOVHPD, VMOVHPS, VMOVLPD, VMOVLPS, VMOVD, VMOVQ, VPEXTRB, VPEXTRD,

Type E3NF | \/beXTRW, VPEXTRQ, VPINSRB, VPINSRD, VPINSRW, VPINSRQ
Type €10 | VMOVSD, VMOVSS, VRCP14SD, VRCP14SS, VRSQRT14SD, VRSQRT14SS,
Type ETONF | (VCVTSI2SD, VCVTUSI2SD)®
Type E11 | VCVTPH2PS, VCVTPS2PH
VGATHERDPS, VGATHERDPD, VGATHERQPS, VGATHERQPD, VPGATHERDD, VPGATHERDQ, VPGATHERQD,
Type €12 | VPGATHERQQ, VPSCATTERDD, VPSCATTERDQ, VPSCATTERQD, VPSCATTERQQ, VSCATTERDPD, VSCATTERDPS,
VSCATTERQPD, VSCATTERQPS
VGATHERPFODPD, VGATHERPFODPS, VGATHERPFOQPD, VGATHERPFOQPS, VGATHERPF 1DPD, VGATHERPF1DPS,
Type E12NP | VGATHERPF1QPD, VGATHERPF1QPS, VSCATTERPFODPD, VSCATTERPFODPS, VSCATTERPFOQPD,
VSCATTERPFOQPS, VSCATTERPF1DPD, VSCATTERPF1DPS, VSCATTERPF1QPD, VSCATTERPF1QPS
NOTES:

1. Operand encoding FVI tupletype with immediate.

2. Embedded broadcast is not supported with the “.nb" suffix.
3. Operand encoding M128 tupletype.

4, #UD raised if EVEX.L'L I=00b (VL=128).

5. The source operand is a general purpose register.

6. WO encoding only.
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2.7.1 Exceptions Type €1 and E1NF of EVEX-Encoded Instructions

EVEX-encoded instructions with memory alignment restrictions, and supporting memory fault suppression follow
exception class E1.

Table 2-44. Type E1 Class Exception Conditions

(=} © >
R |&BE
. 5| & 82| 5 .
Exception 9 | = |8 ¢ Cause of Exception
Sl 2 |gE°
= © o
> avY
X X If EVEX prefix present.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
X x | = Opcode independent #UD condition in Table 2-38.
Invalid Opcode = Operand encoding #UD conditions in Table 2-39.
#UD ’ = Opmask encoding #UD condition of Table 2-40.
= [fEVEXD!=0.
= [f EVEX.L'L!=10b (VL=512).

X X X X | If preceded by a LOCK prefix (FOH).

X X | Ifany REX, F2, F3, or 66 prefixes precede a EVEX prefix.

X X X X | If any corresponding CPUID feature flag is ‘O’

Device Not Avail- 1y | x| x | x |IfcrROTS[bit3)=1.

able, #NM
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) w | If fault suppression not set, and a memory address referencing the SS segment s in
a non-canonical form.
EVEX.512: Memory operand is not 64-byte aligned.
X X | EVEX.256: Memory operand is not 32-byte aligned.
EVEX.128: Memory operand is not 16-byte aligned.
General Protection, X If fault suppression not set, and an illegal memory operand effective address in the
#GP(0) CS, DS, €S, FS or GS segments.
X | If fault suppression not set, and the memory address is in a non-canonical form.
X X If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.
Page Fault

X X X | If fault suppression not set, and a page fault.

#PF(fault-code)
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EVEX-encoded instructions with memory alignment restrictions, but do not support memory fault suppression
follow exception class E1NF.

Table 2-45. Type ETNF Class Exception Conditions

[ T >
R |RE
, | 8 82| 5 :
Exception 2 = | & ‘g Y Cause of Exception
=] ] ©
E 8§
> a v
X X If EVEX prefix present.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
X x | Opcode independent #UD condition in Table 2-38.
Invalid Opcode = Operand encoding #UD conditions in Table 2-39.
#UD ! = Opmask encoding #UD condition of Table 2-40.
= IfEVEXD!=0.
= [f EVEX.L'L!=10b (VL=512).
X X X X | If preceded by a LOCK prefix (FOH).
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X If any corresponding CPUID feature flag is ‘0.
Device Not Avail- N
able, #NM X X X X | If CRO.TS[bit 3]=1.
X For an illegal address in the SS segment.
Stack, SS(0) - - :
X | If a memory address referencing the SS segment is in a non-canonical form.
EVEX.512: Memory operand is not 64-byte aligned.
X X | EVEX.256: Memory operand is not 32-byte aligned.
EVEX.128: Memory operand is not 16-byte aligned.
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
#GP(0) ments.
X | If the memory address is in a non-canonical form.
X X If any part of the operand lies outside the effective address space from O to FFFFH.
Page Fault
#PF(fault-code) X X X | For a page fault.
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2.7.2

Exceptions Type E2 of EVEX-Encoded Instructions

EVEX-encoded vector instructions with arithmetic semantic follow exception class E2.

Table 2-46. Type €2 Class Exception Conditions

©
8 |52
=| 2|32 5
Exception Q| % ol & Cause of Exception
|2 |gglv
S |28
X X If EVEX prefix present.
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
Invalid Opcode, X | X |= Opcode independent #UD condition in Table 2-38.
#UD = Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.
= [f EVEX.L'L!=10b (VL=512).
X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0.
Device Not Avail- N
able, #NM X X X X | If CRO.TS[bit 31=1.
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) « | !f fault suppression not set, and a memory address referencing the SS segment is in a
non-canonical form.
X If fault suppression not set, and an illegal memory operand effective address in the CS,
DS, €S, FS or GS segments.
General Protec- - - -
tion, #GP(0) X | If fault suppression not set, and the memory address is in a non-canonical form.
X X If fault suppression not set, and any part of the operand lies outside the effective
address space from O to FFFFH.
Page Fault .
HPF(fault-code) X X X | If fault suppression not set, and a page fault.
SlMD FIoatlng- If an unmasked SIMD floating-point exception, {sae} or {er} not set, and CR4.0SXMMEX-
point Exception, X X X X CPT[bit 10] = 1
#XM '
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INSTRUCTION FORMAT

Exceptions Type €3 and E3NF of EVEX-Encoded Instructions

EVEX-encoded scalar instructions with arithmetic semantic that support memory fault suppression follow excep-

tion class E3.

Table 2-47. Type E3 Class Exception Conditions

Exception, #XM

(o] TV >
S |&E
. | 8 |88| 5 .
Exception o = 45 ‘é < Cause of Exception
2 |8El®
= © o
> a v
X X If EVEX prefix present.
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
. X X | = Opcode independent #UD condition in Table 2-38.
Invalid Opcode, #UD = Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.
= [fEVEXD!=0.
X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, X X X X | If CRO.TS[bit 3]=1.
#NM
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) w | If fault suppression not set, and a memory address referencing the SS segment is
in @ non-canonical form.
X If fault suppression not set, and an illegal memory operand effective address in
the CS, DS, ES, FS or GS segments.
gtér;e(ga;l Protection, X | If fault suppression not set, and the memory address is in a non-canonical form.
X X If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.
cPsdg:)Fault #PF(fault- X X X | If fault suppression not set, and a page fault.
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 bytes
#AC(0) or less is made while the current privilege level is 3.
SIMD Floating-point X X X X If an unmasked SIMD floating-point exception, {sae} or {er} not set, and CR4.0SX-

MMEXCPT[bit 10] = 1.

Vol. 2A 2-51



INSTRUCTION FORMAT

EVEX-encoded scalar instructions with arithmetic semantic that do not support memory fault suppression follow

exception class E3NF.

Table 2-48. Type E3NF Class Exception Conditions

[ V >
R |&E
. | 8 |82 5 .
Exception 2 = |5 ‘g Y Cause of Exception
=] a ©
E 8§
> a v
X X EVEX prefix.
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = O.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
avalid Opcode, #UD X X | = Opcode independent #UD condition in Table 2-38.
Invali z = Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.
= [fEVEXD!=0.
X X X If preceded by a LOCK prefix (FOH).
X If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, |y |y | x | x |IfcROTSbit 3=1.
#NM
X For an illegal address in the SS segment.
Stack, SS(0) - — -
X | If a memory address referencing the SS segment is in a non-canonical form.
X For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
ments.
gzr;?(r)a)l Protection, X | If the memory address is in a non-canonical form.
If any part of the operand lies outside the effective address space from O to
X X
FFFFH.
Page Fault #PF(fault- X X X | For a page fault.
code)
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 bytes
#AC(0) or less is made while the current privilege level is 3.
SIMD Floating-point X X X X If an unmasked SIMD floating-point exception, {sae} or {er} not set, and CR4.0SX-
Exception, #XM MMEXCPT[bit 10] = 1.
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2.74 Exceptions Type €4 and E4NF of EVEX-Encoded Instructions

EVEX-encoded vector instructions that cause no SIMD FP exception and support memory fault suppression follow

exception class E4.

Table 2-49. Type E4 Class Exception Conditions

Exception

Real

Protected and

Compatibility

64-bit

Cause of Exception

Invalid Opcode, #UD

>

< | Virtual 80x86

If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

= Opcode independent #UD condition in Table 2-38.

Operand encoding #UD conditions in Table 2-39.

Opmask encoding #UD condition of Table 2-40.

If EVEX.b = 0 and in E4.nb subclass (see E4.nb entries in Table 2-43).
If EVEX.L'L!=10b (VL=512).

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

If any corresponding CPUID feature flag is ‘0"

Device Not Available,
#NM

If CRO.TS[bit 3]=1.

Stack, SS(0)

If fault suppression not set, and an illegal address in the SS segment.

If fault suppression not set, and a memory address referencing the SS segment is
in a non-canonical form.

General Protection,
#GP(0)

If fault suppression not set, and an illegal memory operand effective address in
the CS, DS, ES, FS or GS segments.

If fault suppression not set, and the memory address is in a non-canonical form.

If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.

Page Fault #PF(fault-
code)

If fault suppression not set, and a page fault.
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EVEX-encoded vector instructions that do not cause SIMD FP exception nor support memory fault suppression
follow exception class E4NF.

Table 2-50. Type E4NF Class Exception Conditions

8 |22
X 0 =

5| 8 |82 5

. =1 .
Exception e = E 9| & Cause of Exception

= - E o
t o
— o O
> |avY

X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

X x | Opcode independent #UD condition in Table 2-38.

Operand encoding #UD conditions in Table 2-39.

Opmask encoding #UD condition of Table 2-40.

If EVEX.b = 0 and in E4NF.nb subclass (see E4NF.nb entries in Table 2-43).
If EVEX.L'L!=10b (VL=512).

Invalid Opcode, #UD

X X X X | If preceded by a LOCK prefix (FOH).

X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

X X X X | If any corresponding CPUID feature flag is ‘0",

Device Not Available,

#NM X X X X | If CRO.TS[bit 3]=1.

X For an illegal address in the SS segment.

Stack, SS(O
© X | If a memory address referencing the SS segment is in a non-canonical form.

X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-

General Protection, ments.
#GP(0) X | If the memory address is in a non-canonical form.

If any part of the operand lies outside the effective address space from O to

X X

FFFFH.
Page Fault #PF(fault- X X X | For a page fault.
code)
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2.7.5 Exceptions Type E5 and ES5NF

EVEX-encoded scalar/partial-vector instructions that cause no SIMD FP exception and support memory fault
suppression follow exception class E5.

Table 2-51. Type E5 Class Exception Conditions

g |22
X o=
5| 8 |82 5
Exception 9 | = |88 ¢ Cause of Exception
o © o2 o
2 |8 E
= |86
> (av
X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

X x | Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEX.b!=0.

If EVEX.L'L!= 10b (VL=512).

X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",

Invalid Opcode, #UD

Device Not Available, X X X X | If CRO.TS[bit 3]=1.

#NM
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) w | If fault suppression not set, and a memory address referencing the SS segment is
in @ non-canonical form.
X If fault suppression not set, and an illegal memory operand effective address in the
CS, DS, €S, FS or GS segments.
G#Er;%a;l Protection, X | If fault suppression not set, and the memory address is in a non-canonical form.
X X If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.
cPsg:)Fault #PF(fault- X X X | If fault suppression not set, and a page fault.
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 bytes or
#AC(0) less is made while the current privilege level is 3.

EVEX-encoded scalar/partial vector instructions that do not cause SIMD FP exception nor support memory fault
suppression follow exception class E5NF.
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Table 2-52. Type E5NF Class Exception Conditions

#AC(0)

(=} T >
R |&BE
. | & 82| 5 .
Exception e | 5 |5 ‘é Y Cause of Exception
2 |g€El”
= © o
> a v
X X If EVEX prefix present.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
X x | Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
Invalid Opcode, #UD = Opmask encoding #UD condition of Table 2-40.
= IfEVEXD!=0.
= [fEVEX.L'L!=10b (VL=512).
X X X X | If preceded by a LOCK prefix (FOH).
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0"
Device Not Available, X X X X | If CRO.TS[bit 3]=1.
#NM
X If an illegal address in the SS segment.
Stack, SS(0) - — -
X | If a memory address referencing the SS segment is in a non-canonical form.
X If an illegal memory operand effective address in the CS, DS, €S, FS or GS segments.
General Protection, X | If the memory address is in a non-canonical form.
H#GP(0) If any part of the operand lies outside the effective address space from O to
X X
FFFFH.
Page Fault #PF(fault- X X X | For a page fault.
code)
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 bytes or

less is made while the current privilege level is 3.
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2.7.6 Exceptions Type E6 and E6NF
Table 2-53. Type E6 Class Exception Conditions
8 |22
X o =
. | 8 |82 5 .
Exception e = E © $ Cause of Exception
2 |2 E
Lt |80
5 |av
X X If EVEX prefix present.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
X X |* Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
Invalid Opcode, #UD = Opmask encoding #UD condition of Table 2-40.
= [fEVEXD!=0.
= If EVEX.L'L!=10b (VL=512).
X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X | If any corresponding CPUID feature flag is ‘0",
Device Not Available, o
#NM X X | If CRO.TS[bit 3]=1.
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) w | If fault suppression not set, and a memory address referencing the SS segment is
in a non-canonical form.
) X If fault suppression not set, and an illegal memory operand effective address in the
glég%&)" Protection, CS, DS, ES, FS or GS segments.
X | If fault suppression not set, and the memory address is in @ non-canonical form.
Egg:)Fault #PF(fault- X X | If fault suppression not set, and a page fault.
Alianment Check For 4 or 8 byte memory references if alignment checking is enabled and an
g X X | unaligned memory reference of 8 bytes or less is made while the current privilege

#AC(0)

level is 3.
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EVEX-encoded instructions that do not cause SIMD FP exception nor support memory fault suppression follow

exception class E6NF.

Table 2-54. Type E6NF Class Exception Conditions

#AC(0)

(o] TV >
% |RE
Exception 3 & E g E Cause of Exception
£ |5 E
5 |go
Invalid Opcode, #UD X X If EVEX prefix present.
If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
X x | Opcode independent #UD condition in Table 2-38.
* QOperand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.
= [fEVEXD!=0.
= [fEVEX.L'L!=10b (VL=512).
X X | If preceded by a LOCK prefix (FOH).
X X | Ifany REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X | If any corresponding CPUID feature flag is ‘0".
gmce Not Available, X | X |If CRO.TS[bit 3]=1.
Stack, SS(0) X For an illegal address in the SS segment.
ack,
X | If a memory address referencing the SS segment is in a non-canonical form.
G | Protecti X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
eneral Protection, ments.
#GP(0) _ :
X | If the memory address is in a non-canonical form.
chgs)Fault #PF(fault- X | X | Forapage fault.
Alignment Check For 4 or 8 byte memory references if alignment checking is enabled and an
g X X | unaligned memory reference of 8 bytes or less is made while the current privilege

level is 3.
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2.7.7 Exceptions Type EZNM

EVEX-encoded instructions that cause no SIMD FP exception and do not reference memory follow exception class
E7NM.

Table 2-55. Type E7NM Class Exception Conditions

g B2
X 0=
| & 82| 5
Exception 9 | = |ER| ¢ Cause of Exception
o o 2 o
2 |8 E
= |80
> av
X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

X x | Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.

= [fEVEXD!=0.

= Instruction specific EVEX.L'L restriction not met.

X X X X | If preceded by a LOCK prefix (FOH).
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",

Invalid Opcode, #UD

Device Not Available,

M X | X |If CROTS[bit 3]=1.
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2.7.8 Exceptions Type €9 and ESNF

EVEX-encoded vector or partial-vector instructions that do not cause no SIMD FP exception and support memory
fault suppression follow exception class E9.

Table 2-56. Type €9 Class Exception Conditions

g B2
x © =
| & |BE| 5
Exception 9 | = |8 ¢ Cause of Exception
o g o2 o
=1 = E
s |8¢6
> (a v
X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

X x | * Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEXb!= 0.

If EVEX.L'L!= 00b (VL=128).

Invalid Opcode, #UD

X X X X | If preceded by a LOCK prefix (FOH).

X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

X X X X | If any corresponding CPUID feature flag is ‘0"

Device Not Available, X X X X | If CRO.TS[bit 3]=1.

#NM
X If fault suppression not set, and an illegal address in the SS segment.
Stack, SS(0) w | If fault suppression not set, and a memory address referencing the SS segment is
in @ non-canonical form.
X If fault suppression not set, and an illegal memory operand effective address in the
CS, DS, €S, FS or GS segments.
gg?,?g)“ Protection, X | If fault suppression not set, and the memory address is in a non-canonical form.
X X If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.
chdgs)FauIt #PF(fault- X X X | If fault suppression not set, and a page fault.
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference of 8 bytes or
#AC(0) less is made while the current privilege level is 3.
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EVEX-encoded vector or partial-vector instructions that must be encoded with VEX.L'L = 0, do not cause SIMD FP
exception nor support memory fault suppression follow exception class E9NF.

Table 2-57. Type EINF Class Exception Conditions

(o] TV >
2 |5
5| 8 |82 5
Exception ) = |t Rl & Cause of Exception
x S |e gl ©
E=]
= o
> |avY
X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

X x | Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEXDb = 0.

If EVEX.L'L != 00b (VL=128).

X X X X | If preceded by a LOCK prefix (FOH).
X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.
X X X X | If any corresponding CPUID feature flag is ‘0",

Invalid Opcode, #UD

Device Not Available,

#NM X X X X | If CRO.TS[bit 3]=1.

X If an illegal address in the SS segment.

Stack, SS(O
©) X | If a memory address referencing the SS segment is in a non-canonical form.

X If an illegal memory operand effective address in the CS, DS, €S, FS or GS segments.
General Protection, X | If the memory address is in a non-canonical form.
H#GP(0) If any part of the operand lies outside the effective address space from O to

X X
FFFFH.
Page Fault #PF(fault- X X X | For a page fault.
code)
Alignment Check If alignment checking is enabled and an unaligned memory reference is made while
X X X . .

#AC(0) the current privilege level is 3.
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2.7.9

Exceptions Type E10

EVEX-encoded scalar instructions that ignore EVEX.L'L vector length encoding and do not cause no SIMD FP excep-
tion, support memory fault suppression follow exception class E10.

Table 2-58. Type E10 Class Exception Conditions

Exception

Real

Protected and

Compatibility

64-bit

Cause of Exception

Invalid Opcode, #UD

> | Virtual 80x86

If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

= Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.

= IfEVEXD!=0.

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

If any corresponding CPUID feature flag is ‘0.

Device Not Available,
#NM

If CRO.TS[bit 3]=1.

Stack, SS(0)

If fault suppression not set, and an illegal address in the SS segment.

If fault suppression not set, and a memory address referencing the SS segment is
in @ non-canonical form.

General Protection,
#GP(0)

If fault suppression not set, and an illegal memory operand effective address in the
CS, DS, ES, FS or GS segments.

If fault suppression not set, and the memory address is in a non-canonical form.

If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.

Page Fault #PF(fault-
code)

If fault suppression not set, and a page fault.

Alignment Check
#AC(0)

If alignment checking is enabled and an unaligned memory reference of 8 bytes or
less is made while the current privilege level is 3.
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EVEX-encoded scalar instructions that must be encoded with VEX.L'L = 0, do not cause SIMD FP exception nor
support memory fault suppression follow exception class E10NF.

Table 2-59. Type ET10NF Class Exception Conditions

Exception

Real

Protected and

Compatibility

64-bit

Cause of Exception

Invalid Opcode, #UD

>

> | Virtual 80x86

If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

= Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
= Opmask encoding #UD condition of Table 2-40.

= IfEVEXDb!=0.

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

If any corresponding CPUID feature flag is ‘0.

Device Not Available,
#NM

If CRO.TS[bit 3]=1.

Stack, SS(0)

If fault suppression not set, and an illegal address in the SS segment.

If fault suppression not set, and a memory address referencing the SS segment is
in a non-canonical form.

General Protection,
#GP(0)

If fault suppression not set, and an illegal memory operand effective address in the
CS, DS, ES, FS or GS segments.

If fault suppression not set, and the memory address is in a non-canonical form.

If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.

Page Fault #PF(fault-
code)

If fault suppression not set, and a page fault.

Alignment Check
#AC(0)

If alignment checking is enabled and an unaligned memory reference of 8 bytes or
less is made while the current privilege level is 3.
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2.7.10

Exception Type E11 (EVEX-only, mem arg no AC, floating-point exceptions)

EVEX-encoded instructions that can cause SIMD FP exception, memory operand support fault suppression but do

not cause #AC follow exception class E11.

Table 2-60. Type E11 Class Exception Conditions

Exception

Real

Virtual 80x86

Protected and

Compatibility

64-bit

Cause of Exception

Invalid Opcode, #UD

X

If EVEX prefix present.

>

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEXb!= 0.

If EVEX.L'L!=10b (VL=512).

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a EVEX prefix.

If any corresponding CPUID feature flag is ‘0.

Device Not Available,
#NM

X | X | X | X

X | X | X | X

If CRO.TS[bit 3]=1.

Stack, SS(0)

If fault suppression not set, and an illegal address in the SS segment.

If fault suppression not set, and a memory address referencing the SS segment is
in @ non-canonical form.

General Protection,
#GP(0)

If fault suppression not set, and an illegal memory operand effective address in the
CS, DS, €S, FS or GS segments.

If fault suppression not set, and the memory address is in @ non-canonical form.

If fault suppression not set, and any part of the operand lies outside the effective
address space from 0 to FFFFH.

Page Fault #PF (fault-
code)

If fault suppression not set, and a page fault.

SIMD Floating-Point
Exception, #XM

If an unmasked SIMD floating-point exception, {sae} not set, and CR4.0SXMMEX-
CPT[bit 10] = 1.
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2.7.11 Exception Type E12 and E12NP (VSIB mem arg, no AC, no floating-point exceptions)

Table 2-61. Type E12 Class Exception Conditions

Cause of Exception

Real

Exception

Virtual 80x86

Protected and

Compatibility
64-bit

Invalid Opcode, #UD | X X If EVEX prefix present.

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEXDb!=0.

If EVEX.L'L!= 10b (VL=512).

If vwuv!=1111b.

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
NA | If address size attribute is 16 bit.

If ModR/M.mod ='11b".

If ModR/M.rm I="100b".

If any corresponding CPUID feature flag is ‘0"

pad
patd

If kO is used (gather or scatter operation).

If index = destination register (gather operation).
If CRO.TS[bit 3]=1.

X[ X|X|X|X]|X|X
XXX | X|X]|X|X
XX | X[ X[ X|X|X|X|X
XX | X | X|X]|X

Device Not Available,
#NM

Stack, SS(0)

>

For an illegal address in the SS segment.

X If a memory address referencing the SS segment is in a non-canonical form.

General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
#GP(0) ments.

X If the memory address is in a non-canonical form.

X X If any part of the operand lies outside the effective address space from O to
FFFFH.

Page Fault #PF (fault- X X X For a page fault.
code)
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EVEX-encoded prefetch instructions that do not cause #PF follow exception class E12NP.

Table 2-62. Type E12NP Class Exception Conditions

Exception Cause of Exception

Real
Virtual 80x86

Protected and
Compatibility
64-bit

Invalid Opcode, #UD | X X If EVEX prefix present.

>
>

If CR4.0SXSAVE[bit 18]=0.

If any one of following conditions applies:

= State requirement, Table 2-37 not met.

Opcode independent #UD condition in Table 2-38.
Operand encoding #UD conditions in Table 2-39.
Opmask encoding #UD condition of Table 2-40.

If EVEX.b = 0.

If EVEX.LL!=10b (VL=512).

If preceded by a LOCK prefix (FOH).

If any REX, F2, F3, or 66 prefixes precede a VEX prefix.

NA | If address size attribute is 16 bit.

If ModR/M.mod = "11b".

If ModR/M.rm !="100b".

If any corresponding CPUID feature flag is ‘0.

If kO is used (gather or scatter operation).

X | X | X[ X|X]|X

X | X | X[ X|X]|X
XX | X[ X|X|X|X]|X
X | X | X[ X|X

Device Not Available,
#NM

If CRO.TS[bit 3]=1.

Stack, SS(0)

>

For an illegal address in the SS segment.

X If a memory address referencing the SS segment is in a non-canonical form.

General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg-
#GP(0) ments.

X If the memory address is in a non-canonical form.

X X If any part of the operand lies outside the effective address space from O to
FFFFH.

2-66 Vol. 2A



2.8 EXCEPTION CLASSIFICATIONS OF OPMASK INSTRUCTIONS

The exception behavior of VEX-encoded opmask instructions are listed below.
Exception conditions of Opmask instructions that do not address memory are listed as Type K20.

INSTRUCTION FORMAT

Table 2-63. TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)

#NM

8 |22
X 0 =
, | ® |88 5 ,
Exception 2 = E ‘g < Cause of Exception
2 |gE°
= © 0o
> a v
Invalid Opcode, #UD | X X X If relevant CPUID feature flag is ‘0",
X If a VEX prefix is present.
X X If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
* Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
X X If ModRM:[7:6] != 11b.
Device Not Available, X X X X | If CRO.TS[bit 3]=1.
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Exception conditions of Opmask instructions that address memory are listed as Type K21.

Table 2-64. TYPE K21 Exception Definition (VEX-Encoded OpMask Instructions Addressing Memory)

#AC(0)

® |22
X 0 =
. | 8 |82 5 .
Exception e = g 9 $ Cause of Exception
2 |2 E
= |80
S |av
Invalid Opcode, #UD | X X X If relevant CPUID feature flag is ‘0",
X If a VEX prefix is present.
X X If CR4.0SXSAVE[bit 18]=0.
If any one of following conditions applies:
= State requirement, Table 2-37 not met.
* Opcode independent #UD condition in Table 2-38.
= Operand encoding #UD conditions in Table 2-39.
Device Not Available, X X X X | If CRO.TS[bit 3]=1.
#NM
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix.
Stack, SS(0) X X For an illegal address in the SS segment.
X If a memory address referencing the SS segment is in a non-canonical form.
General Protection, X For an illegal memory operand effective address in the CS, DS, €S, FS or GS seg-
#GP(0) ments.
If the DS, €S, FS, or GS register is used to access memory and it contains a null
segment selector.
X If the memory address is in a non-canonical form.
X If any part of the operand lies outside the effective address space from 0 to
FFFFH.
Page Fault #PF(fault- X X For a page fault.
code)
Alignment Check X X If alignment checking is enabled and an unaligned memory reference of 8 bytes or

less is made while the current privilege level is 3.
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CHAPTER 3
INSTRUCTION SET REFERENCE, A-L

This chapter describes the instruction set for the Intel 64 and IA-32 architectures (A-L) in IA-32e, protected,
virtual-8086, and real-address modes of operation. The set includes general-purpose, x87 FPU, MMX,
SSE/SSE2/SSE3/SSSE3/SSE4, AESNI/PCLMULQDQ, AVX and system instructions. See also Chapter 4, “Instruction
Set Reference, M-U,” in the Intel® 64 and 1A-32 Architectures Software Developer’s Manual, Volume 2B, and
Chapter 5, “Instruction Set Reference, V-Z,” in the Intel® 64 and 1A-32 Architectures Software Developer’s
Manual, Volume 2C.

For each instruction, each operand combination is described. A description of the instruction and its operand, an
operational description, a description of the effect of the instructions on flags in the EFLAGS register, and a
summary of exceptions that can be generated are also provided.

3.1 INTERPRETING THE INSTRUCTION REFERENCE PAGES

This section describes the format of information contained in the instruction reference pages in this chapter. It
explains notational conventions and abbreviations used in these sections.

3.1.1 Instruction Format

The following is an example of the format used for each instruction description in this chapter. The heading below
introduces the example. The table below provides an example summary table.

CMC—Complement Carry Flag [this is an example]

Opcode Instruction Op/En 64/32-bit CPUID Description
Mode Feature Flag
F5 CMC A VIV NP Complement carry flag.

Instruction Operand Encoding
Op/En Operand 1 Operand 2 Operand 3 Operand 4
NP NA NA NA NA
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3.1
The

1.1 Opcode Column in the Instruction Summary Table (Instructions without VEX Prefix)

“Opcode” column in the table above shows the object code produced for each form of the instruction. When

possible, codes are given as hexadecimal bytes in the same order in which they appear in memory. Definitions of
entries other than hexadecimal bytes are as follows:

REX.W — Indicates the use of a REX prefix that affects operand size or instruction semantics. The ordering of
the REX prefix and other optional/mandatory instruction prefixes are discussed Chapter 2. Note that REX
prefixes that promote legacy instructions to 64-bit behavior are not listed explicitly in the opcode column.

/digit — A digit between 0 and 7 indicates that the ModR/M byte of the instruction uses onl