3.
The microarchitecture of Intel, AMD and
VIA CPUs

An optimization guide for assembly programmers and
compiler makers

By Agner Fog. Technical University of Denmark.
Copyright © 1996 - 2016. Last updated 2016-01-16.

Contents

LI g (0T 11 ez 1T ] o IR 5
1.1 ADOUL thiS MANUAL ... e e 5
1.2 Microprocessor versions covered by this manual............cccooeiiiiiee e 6

2 Out-of-order execution (All processors except P1, PMMX) ......ooooiiiiiiiiiiiiiiiiiieeeee e 9
2.1 Instructions are SpPlit iNTO UOPS.......uueirieiiiei e 9
2.2 RegiSter FENAMING ..ottt e e e e e e e e e s r e e e e e e e e 10

3 Branch prediction (all ProCESSOIS) ......u i it 12
3.1 Prediction methods for conditional jUMPS........ccuuiiiiiiiie e 12
3.2 Branch prediCtion iN P ... . e 18
3.3 Branch prediction in PMMX, PPro, P2, and P3 ... 21
3.4 Branch prediction in P4 and P4E ... 23
3.5 Branch prediction in PM and COre2 ..........oooiiiiiiiiiiiee e 25
3.6 Branch prediction in Intel Nehalem ... 27
3.7 Branch prediction in Intel Sandy Bridge and vy Bridge.........cccccvveeiiiiiiiiiiiiiieeeee 28
3.8 Branch prediction in Intel Haswell, Broadwell and Skylake.............ccccocoiiiiiiiiinnnnnn. 29
3.9 Branch prediction in Intel Atom and Silvermont...........cooooiiiiiiiiieee e 29
3.10 Branch prediction in VIA NANO ... 30
3.11 Branch prediction in AMD K8 and K10 ........cooiiiiiiiiiiieeeeeeeeeeeee 31
3.12 Branch prediction in AMD Bulldozer, Piledriver and Steamroller ............ccoevvvvveeeee... 33
3.13 Branch prediction in AMD Bobcat and Jaguar............cooovviiiiiiiiiiiiiiiiiieeeeeeeeee 34
3.14 Indirect JuUMPS ON OlIAEr PrOCESSOIS .....cciiiiiiiiiii it 35
3.15 Returns (all processors eXCept P1) ... oo 35
3.16 StatiC PrediCliON ... 36
B.17 ClOSE JUMPS .. eeet ettt ettt e e e e e ettt e e e e e e e e s s s bbbt e eeeeeeeeannnnreneeaaaeeeaaanns 37

4 Pentium 1 and Pentium MMX PIPEliNe .......cuuiiiiiiieeieee e 38
4.1 Pairing integer INSTIUCHIONS .......ooiiiee e 38
4.2 Address generation iNterloCK...........couiiiiiiiii 42
4.3 Splitting complex instructions into SIMPIEr ONES ..........coooiiiiiiiiiiiiie e 42
B PrE XS ettt e e e e e 43
4.5 Scheduling floating POINt COAE ......uuuiiiiiiiiie e 44

5 Pentium 4 (NetBurst) pIipeline........ ... 47
5.1 DAA CACKNE ... a e 47
5.2 TrACE CACNE ....eeeeei it e e e e e e e e 47
5.3 InStruction deCcoding.........coov i 52
5.4 EXECULION UNIS .oiiiiiieee ettt e e e e e e e e e e e 53
5.5 Do the floating point and MMX units run at half speed? ........coovvvvveviiiiiiiiiiiieeieeeeeee 56
5.6 Transfer of data between execution UNItS...........cceeeeieiiiiiiiiiiii e 58
5.7 Retirement ... 61
5.8 Partial registers and partial flags .........eeeeeieiiiiiiii e 61
5.9 Store forwarding StallS ........cooooiiiiiii e 62
5.10 Memory intermediates in dependency Chains ... 62
5.11 Breaking dependency ChaiNs ...........eeieiiiiiiiiiiiiei e 64
5.12 Choosing the optimal iINSTrUCIONS .......cooiiiiiiiii e 64

513 Bottlenecks iN P4 and PAE...... ... 67



6 Pentium Pro, [ and [ PIipeline...........ooiiiiiiiie e 70

6.1 The pipeline in PPro, P2 and P3 ... 70
6.2 INSTrUCHiON fEICH ... 70
6.3 INSIrUCHION AECOAING ....eeeieiiieiiie ettt e e e e e 71
6.4 RegiSter rENAMING ......ueiiiiiiiiiii e e e e e e 75
B.5 ROB FEAM..... . eeeee ettt e e e et e e e eean 75
6.6 Out Of Order @XECULION ....occii i 79
6.7 REUMEMENT ..o e e 80
6.8 Partial register StallS. ... 81
6.9 Store forwarding StallS ........oooiiiiii 84
6.10 Bottlenecks in PPro, P2, P3 ...t 85
7 Pentium M PIPEIINE ......coo i e e 87
7.1 The PIPEliNe iN PIM ..ot e e e 87
7.2 The pipeline in Core Solo and DUO ........oooiiiiiiiiiiiie e 88
7.3 INSLrUCtioN fEICH ... 88
7.4 INSrUCION AECOAING ...vveeeeiiiiiiii ettt e e e e e e e e e e nnnnees 88
7.5 LOOP DUFET et e e e e e 90
7.6 MICIO-0P FUSION ...t e e e e e e e e 90
7.7 SEACK BNQINE ..ottt e e e e e e e e e e e e e e 92
7.8 ReQiSter rENAMING ..o 94
7.9 Register read StallS ......coooeeeeeeeee e 94
7.10 EXECULION UNIES ...ttt e e e e e e e e e e e e e 96
7.11 Execution units that are connected to both port 0 and 1..........cooooeiiiiiiiiiiiiiiieeeee. 96
712 RO EMENT e 98
7.13 Partial regiSter @CCESS....ouii ittt 98
7.14 Store forwarding Stalls .........ccceeuiiiiie 100
7.15 BOttleneCks iIN PM ... 100
8 Core 2 and Nehalem PIPEIINE ......uuiiiiiiii e 103
BT PIPEIING . a e e 103
8.2 Instruction fetch and predeCoding ........couu oot 103
8.3 INStruction deCodiNg........ccooiiiiiiiii 106
8.4 IMICIO-0P FUSION .ttt e e e e e e e e s r e e e e e e e e eaanas 106
8.5 MACIO-0P FUSION ..ttt e e e e e e e e e 107
8.6 SEACK ENQINE ...ceiiiiiiiee e e e e e e e e e e e 108
8.7 RegiSter rENAMING ...t e e e e e e e e e e e e e e 109
8.8 Register read StallS ..........eeiiiiiiii e 109
8.9 EXECULION UNIES .o 110
8.10 Retirement ... 114
8.11 Partial regiSter @CCESS. .. . ittt 114
8.12 Store forwarding StAllS ......cooeiiiiieee e 116
8.13 Cache and MEMOIY GCCESS......oiiuuiriiiiieee ettt e et e e e e e e e s e e e e e e e e anns 117
8.14 Breaking dependency ChaiNS ..........ueiiiiiiiiiiiiiiie e 118
8.15 Multithreading in Nehalem ... 118
8.16 Bottlenecks in Core2 and Nehalem ..........ooiiiiiiiiiiiiii e 119
9 Sandy Bridge and lvy Bridge pipeline ...........uueiiiiiiiiiie e 121
9.1 PIPEIING e a e e e 121
9.2 Instruction fetch and deCoding .........coooiiiiiiiiiiii e 121
9.3 HOP CACKNE ...t a e e 122
9.4 LOOPDACK DUFFEI ... 124
9.5 IMICIO-0P FUSION .ttt e e e e e e e e e e e e e 124
9.6 MACIO-0P fUSION ..ttt e e e e e e e e e e e e 124
9.7 SEACK ENQINE ...t e e e e e e e e e e e e e 125
9.8 Register allocation and reNaming.........ceeu oo 126
9.9 Register read STallS ..........eeiiiiieiiiie e 127
9.10 EXECULION UNIES ...eeeiiiiiii ittt e e e e e et e e e e e e e e e eeeaans 127
9.11 Partial regiSter ACCESS. .. . ittt a e e 131
9.12 Transitions between VEX and non-VEX MOdES ..........coovvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 131
9.13 Cache and MEMOIY GCCESS......iiiuuiriiiiieeeee ettt ee e e e e e e e e e e e e e s sanereeeeeaaeeeeaanns 132



9.14 Store forwarding StallS ..........ooi i 133

9.15 MUIITNIEAAING ...t e e e e 133
9.16 Bottlenecks in Sandy Bridge and vy Bridge ... 134
10 Haswell and Broadwell PIPEIINE ........ueiiiiiiiiiee e 136
101 PIPEINE ... 136
10.2 Instruction fetch and deCodiNg ........cccuuiiiiiiii i 136
T0.3 OP CACKNE ...ttt e e e et e e e e e e e e e e e s 136
10.4 LOOPDACK DUFFEI ..o 137
10.5 MICIO-0P FUSION .ttt e e e e e e eeeeens 137
10.6 MACIO-0P fUSION ...eeiiieiiieee et e e e e e e e e e e e e s 137
10.7 STACK ENQINE ...t e e et e e e e e e e e s e e eeeaaeas 138
10.8 Register allocation and renaming.........cc.eeeeiiiiieiiriiiie e 138
10.9 EXECULION UNIES ..eeeiiiiiieieee et e e 139
10.10 Partial regiSter @CCESS ... . uuuriiiiee ittt ee e e e 142
10.11 Cache and MEMOIY GCCESS......iuuriieiiiiiiee ettt e ettt e e e e 143
10.12 Store forwarding Stalls .........coooiuiiiiiiii e 144
10.13 MURITNIEAAING ..eeeeeeeeeiee e e e e e 145
10.14 Bottlenecks in Haswell and Broadwell.............cccuiiiiiiiiiiiiiiiiiieeeee e 145
11 SKyIaKe PIPEINE ... 148
LI 0 I o 0 1= 11 L O PP O TSP P PP PPN 148
11.2 Instruction fetch and deCOdiNg .......couuiiiiiiiie e 148
1.8 HOP CACNE ...t e e e e 148
11.4 LOOPDACK DUTTET ...t 149
11.5 MICIO-0P FUSION ittt e e e e e e e e e e e ee e e s 149
11.6 MACIO-0P FUSION ..ceeiiieeei et e e e e e e e ee s 149
117 STACK ENQINE ...t e e e e e s 150
11.8 Register allocation and renaming............ceoeeeiiiiiiiiiiiiieee e 150
11.9 EXECULION UNIES .etitiiiiiiieeiitteetteett ettt 151
11.10 Partial regiSter ACCESS ... .. uuriiiiee ittt e s 154
11.11 Cache and MEeMOIY GCCESS.....uuiiiiiiiiiieiie et e e eeeens 155
11.12 Store forwarding StallS ........eooiiiiiiii s 156
11 A3 MURIENIEAAING ..eeeeee e e e 156
11.14 Bottlenecks in SKYIZKE ........cooiiiiiiii e 156
12 Intel AtOM PIPEINE ... 159
12,1 INSTUCHON TEICK . 159
12.2 INStruCtiON AECOAING ... e 159
12.3 EXECULION UNITS .ttiiiiiiiiiiiiiiitttttittieeteete ettt 159
12.4 INSTIUCTHION P@IMNG . ++ttttttttteettteteeteeeaeeeeeeaeeeeeeeeeeseeeseseeeeeaeeseeessssssssnssssssssssssssnnnsnssnnnnns 160
12.5 X87 floating point iINSIrUCIONS ......oooiiiieieeee e 161
12.6 INSTIUCHON [AIENCIES ....eveiiiiiiiiiiiiiiieteeeteeit ettt aesaeeeeeeeesnnnnesnnnnne 161
12,7 MBIMIOIY BCCESS . . ettttutttettetnttettaeeeeaeeeeeeeeeeeeeeeeeeeesseeeseeesssssesssesssssssssssesssssssssssnnssnnnnns 162
12.8 Branches and l00PS .....oeeeiiiiieiiee e 163
12.9 MURITNIEAAING ... e e e e e e e e 163
12.10 BOtIENECKS IN ATOM ..ttt eeesnsnnennnnnne 164
13 Intel Silvermont PIPEIINE ....oooii e 164
131 PIPEIINE ...t 165
13.2 Instruction fetch and deCOING .....uvuuiiiiiiiiiiiiiiiiiii i 165
13.3 LOOP DUFFEE .. 166
13.4 MACIO-0P FUSION ...ceiieiiiie e e e e e e e e s 166
13.5 Register allocation and out of order eXeCution ............ccccoviiciiiiiiieeeciinecieeeeen 166
13.6 Special cases of INdEPENAENCE. .........uuiiiuiiiiiiiieee e 166
13.7 EXECULION UNIS ..o 166
13.8 Partial regiSter @CCESS. ... uuuuiiiiiiiii it 167
13.9 Cache and MEMOIY ACCESS. ...uuiiieiiiiiiiiiiiiieae e e e eeeieee e e e e e e e s st e e e e e e e e s e nnnreeeeeaeens 167
13.10 StOre fOrWardiNgG........oiiiiieieiii e e e e e e e e e s eeeeeaeens 168
1311 MURITNIEAAING ..eeeeeeee e e e s 168
13.12 Bottlenecks in SilVErMONT.........oo e 168
14 VIA NANO PIPEIINE ... 170



14.1 Performance MONITOr COUNTEIS ......ieiie et e e e e e e e eeas 170

14.2 INSTrUCHON TEICN ..ciiiei e 170
14.3 INStruCtion dECOAING ... 170
14.4 INSTrUCHON fUSION...coii i 170
14.5 OUt Of Order SYSIEM .....eiiiiieii e 171
14.6 EXECULION POIS ...eeiiiiiiiiiie ettt e e e e 171
14.7 Latencies between eXeCution UNItS ..........coouiiiiiiiiiiiiie e 172
14.8 Partial registers and partial flags ...........eeeeviiiiiiiiiii 174
14.9 Breaking dePeNUENCE .........uuiiiiiiiiiiiiie et e e e s 174
14,10 IMEMOIY GCCESS..ciiiieiiiiititet it e e e e e e ettt e e e e e e e sttt e e e e e e e e s s b be e e ee e e e e e e s nnnseneeaaaens 175
14.11 Branches and I00PS ........ueeeiiiiieiiiiiee et e e e e 175
14.12 VIA SPeCIfiC INSITUCTIONS .....eeeiiiiiiiiiie e 175
14.13 BOtHENeCKS iN NGNO ... 176
15 AMD K8 and K10 PIPEIINE .....coiiiiieieeeee ettt 177
15.1 The pipeline in AMD K8 and K10 ProCESSOIS .........uuuiiiiiiiiiiiiiiiiiiieeee e 177
15.2 INSTrUCHON TEICK .. 179
15.3 Predecoding and instruction length decoding............cccoiiiiiiiiiiieiiieeeeen 179
15.4 Single, double and vector path iNStruCtionS ............uvviiiieeeiiiiee e 180
15.5 STACK ENQINE ... 181
15.6 INtEQEr ©XECULION PIPES ..etitiieititiriettietettteteteateeseesnseeeeesensesensnessssnessnsnesssnsnsnnnnnssnnnnns 181
15.7 Floating point @XECULION PIPES .. ..uuurururrrereiiiiirinietiiiieeeuenneeennneneennenennneenenenennennnnnnee. 181
15.8 Mixing instructions with different latency ..o 183
15.9 64 bit versus 128 Dit INSTIUCHIONS .......uveviiriiiiiiiiiiiiiiiiiiiiiiieieiie e 184
15.10 Data delay between differently typed insStructions.............oocciiieieiiiiiniiiiiiieeen. 185
15.11 Partial regiSter @CCESS ... .uuuuiiiiiiiiiiiie et 185
15.12 Partial flag @CCESS.. ... 186
15.13 Store forwarding StallS .........cooiiiiiiiii e 186
LRI 3 o To ] oL ST P TSP PPPPOPPRRRRRPRTRRPNt 187
15,15 CaChE . e 187
15.16 Bottlenecks in AMD K8 and K10 .........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiisnneeeeeeeeneeeennnenees 189
16 AMD Bulldozer, Piledriver and Steamroller pipeline...........cuuvevviiiiiiiiiiiieeee e 190
16.1 The pipeline in AMD Bulldozer, Piledriver and Steamroller .............cccoooviiiiieeenen. 190
16.2 INSTrUCHON TEICK ..o 191
16.3 INSrUCHION AECOAING ... eteiieiieiiiiiiiiiiiiieitieeeteteteeeeaeeeeeeeeeeeeeeeeeeessseesessseseeenssnnnnnnnnnnnes 191
16.4 LOOP DUFFEE ... 192
16.5 INSTUCHION FUSION....ciiiii e 192
16.6 STACK ENQINE ...t e e e e e e e e e e e eeeeaens 192
16.7 OUt-Of-0rder SCNEAUIETS .......eiiiiiee e 192
16.8 INteger @XECULION PIPES .. ..uuiiiiiiiee ettt e e e s 193
16.9 Floating poiNt @XECULION PIPES.....uuuuururiiiriiiiiiiiiniiiiiieieieeeeeeeeneneeeneeennneeeeeeneaeaeeeaaaaae 193
16.10 AVX INSIIUCTIONS. ...ttt sssssesssssssssnnssnnnnnns 194
16.11 Data delay between different execution domains ..o, 195
16.12 Instructions that use N0 execution UNILS .........cccueiiiiiiiiiiiii e 196
16.13 Partial regiSter ACCESS ... uuuuuuiurtriiiiititiiiiiiitititiaetieteeeeaaaaeeaaeeeaeeeeeeesaeeeeeeeeennnnnnnnnnnes 197
16.14 Partial flag @CCESS......oieiiiieeeii e 197
16.15 Dependency-breaking iNStruCtioNS ..........oooii i 197
16.16 BranChes and I0OPS ....ueuuuuueuiiiiuiiiiiiieieiteieeieeeaeeaaeeseeeseesesessesasssnessnseesnsnnnnnnnnnnnnnnnes 198
16.17 Cache and MEMOIY GCCESS...uuuuiiiiiiiiiiiiiiee e e e e et eee e e e e e e e e e e e e e e e sneneeeeaeens 198
16.18 Store forwarding StallS .........ooiiiiiiiii 199
16.19 Bottlenecks in AMD Bulldozer, Piledriver and Steamroller ............ccccoeeevviivnnennn. 200
LI I (=T = LU PP 202
17 AMD Bobcat and Jaguar PIiPelinNe ...........ooooiiiiiieiiiia e 202
17.1 The pipeline in AMD Bobcat and Jaguar...........cccuuiiieiiiiiiiiiieeeee e 202
17.2 INSTrUCHON FEICK L.t eaeananenannnne 203
LIARC R [ 1Y (g0 e (o] e [=TeTo o [T T F PP 203
17.4 Single, double and complex iNStrUCtIONS ..........coceiiiiiiiiii e 203
17.5 INtEQET ©XECULION PIPES ..evtveitiiiiitiittttieuteeetaesetennssesssseennnsesensnsssssnssessnesnsnnnsnnnnnsnnnnnns 203
17.6 Floating poiNt @XECULION PIPES....uuuurruuerierriiiiiiiireiuirneeeiennnneneneaeeanesenneeeeeeenaaaa—————- 203



17.7 Mixing instructions with different latency ...........cccoviiiiiiiiiiiin 204

17.8 Dependency-breaking iNStruCHIONS ..........eiiiiiiiiiii e 204
17.9 Data delay between differently typed inStructions ..., 204
17.10 Partial regiSter @CCESS ... . uueiiiiieeiiiiiiiet et ea e 204
200 I 7 Vo o1 PO 204
17.12 Store forwarding Stalls .........ooooiiiiiiii e 205
17.13 Bottlenecks in Bobcat and Jaguar...........c.ooooiiiiiiiiiieaiieecee e 205
L I = = L0 206
18 Comparison of MiCroarChiteCtUreS ...........eviiiiiiiii e 206
18.1 The AMD K8 and K10 KEIMNEI ......uuuuuuueriiriiiiiiiieeiineeeeeennnnneennennnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 206
18.2 The AMD Bulldozer, Piledriver and Steamroller Kernel..........coooouveeiiiiieiciiiieeenens 207
18.3 The Pentium 4 KEINEI......uuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeieisaeeeeeesensnsessssssssssssssseessesssnnnsnsnnnnnns 208
18.4 The Pentium M KEIMEI........uuiiiiiiiiiiiiiiiiiiieiiiiieeeeeseeeeeeeannnesensnsnssnnsnsnnnnnssnnnnnsnssnnnnnnns 210
18.5 Intel Core 2 and Nehalem microarChiteCture ..............uuueeeeeeeeieeiniiiiiiiiiieieeieenennnnns 210
18.6 Intel Sandy Bridge and later microarchiteCtures .........ccceevevieiiieeeeeee e 211
19 Comparison of low power microarChiteCures ..........c.eeviiiiiii i 212
19.1 Intel Atom MICroarChit@CIUIE .........uvveieiiiiiiiiiiiiiiiiiiiiiieieaeeei e neaeaersennannnnnnnnannne 212
19.2 VIA NanO MiCrOarChitECIUIE ........uuuuiieiirieiiiiiiiiiiiiiiiieeeiiaseeeneneneeenennneneenenreennnneennnnne 212
19.3 AMD Bobcat miCroarChiteCUIE.........uuuueeeiiiiiiiiiiiiiiiiiiiiiiieeiereeeeeeeeeeaeeeeeeeeeeeneeeana—. 213
LS I @7 o Tor (1< (o o P 213
P2 U (0= (= o 215
P2 I I =T 2= (] 218
22 COPYHIGNT NOLICE ...t e e e e e e e eeeeaaens 218

1 Introduction

1.1 About this manual
This is the third in a series of five manuals:

1. Optimizing software in C++: An optimization guide for Windows, Linux and Mac
platforms.

2. Optimizing subroutines in assembly language: An optimization guide for x86
platforms.

3. The microarchitecture of Intel, AMD and VIA CPUs: An optimization guide for
assembly programmers and compiler makers.

4. Instruction tables: Lists of instruction latencies, throughputs and micro-operation
breakdowns for Intel, AMD and VIA CPUs.

5. Calling conventions for different C++ compilers and operating systems.

The latest versions of these manuals are always available from www.agner.org/optimize.
Copyright conditions are listed on page 218 below.

The present manual describes the details of the microarchitectures of x86 microprocessors
from Intel and AMD. The Itanium processor is not covered. The purpose of this manual is to
enable assembly programmers and compiler makers to optimize software for a specific
microprocessor. The main focus is on details that are relevant to calculations of how much
time a piece of code takes to execute, such as the latencies of different execution units and
the throughputs of various parts of the pipelines. Branch prediction algorithms are also
covered in detail.
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