


Yn. 3. (1) Besgka aucoUIIMHA —3aBBPINBA cropel (GOpPMHTE Ha KOHTPOI H (OpMHTE Ha
OLIEHSIBAHE 3a BCEKH CEMECTHP I10 yueOHHS IUIaH Ha CIEIHATHOCTTA.

(2) OcHOBHH ()OpMH 3a KOHTPOJI Ha 3HAHHATA H YMEHHATA Ha CTYJAEHTHTE ca CEMEeCTPHAIHOTO
H CECHHHOTO OIICHSIBaHE.

(3) 3a DHCHHMIUIMHH ¢ IIpoleaypa “‘H3IHT OKOHYATeJIHAaTa OIeHKa ce (opMHpa KaTo 00II
pe3yITaT OT CEMeCTPHAIHOTO H CECHHHOTO OLIEHSIBAaHE.

(4) 3a TUCIMILIMHH C IpoIeaypa “‘TeKylla OlleHKa OKOHYaTelIHaTa OIleHKa ce (popMHpa OT
CeMeCTPHATHOTO olleHsABaHe (mo 41.4. al.3).

(5) OkoHUaTenIHaTa OLlEHKA Ha KypPCOB IIPOEKT ce (JopMHpa OT ceMeCTPHATHOTO OLeHSBaHE
(mo wm.4. an.3).

(6) 3a DUMCIMILUIMHH C IIpoleaypa ‘‘3a4hdTa ce’ OKOHYAaTelIHaTa OIleHKa B TOYKH € paBHa Ha
TOYKHTE OT CEMECTPHAJIEH KOHTPOIL.

Y. 4. (1) OkoHUaTeTHHUTE OIeHKH ce o()OpMSAT B IeIH YHCJIa [0 ImecTob0aaHaTa CHCTeEMa H ce
CUHTAT 3a MOTOKHTEIHU IIPH IIOCTUTHATA MHHHUMAJIHa olleHKa oT 3.00.

(2) 3a dopMHpaHe Ha MEKIHHHUTE OIEHKH (CeMecTpHAIHH HIH CeCHIHH) Ce H3II0I3BaT
Toukd ot 0 mo 100.

(3) IIpn odopMsaHe Ha OKOHYATE/IHATa OleHKa (B T.4. ceMeCTpHalIHa - IPH JHCIHUILIHHE 0e3
H3IINT), TOYKHTE CE MPHPABHABAT KbM IecTo0aTHaTa CHCTEMA KAaKTO CJIe/IBa:

- 10 49 TouKH - Cnab 2.00

-0T 30 mo 61 Toukn - Cpemen 3.00

-0oT 62 mo 74 Toukn - J{o6sp 4.00

-0T 75 10 88 TOUKH - MH.100Bp 5.00

- 3a 89 U mmoBe4ue TOUKH - O1iinaeH 6.00

(4) MexaTuHHHTE OIleHKH MoraT Ja ObpJaT H ¢ IO-MalIbK Opoi TOYKH OT 49.

(5) IIpn xkoHCTaTHpaHa H3MaMa HWIH OIIKT 3a H3MaMa II0 BpeMe Ha H3IHT, CTYAECHTHT II0TyJaBa
OKOHYATeIHa OlleHKa o aucnuirmeaaTta Crad 2.00, a mpH mpoBekIaHe Ha ceMecTpHalIHaTa (popMa Ha

KOHTPOII — HYJIA TOYKH. (Npoueaypa 3a opraHu3alHs Ha CEMECTPHAAEH KOHTPOA H OLIEHABAHE Ha 3HAHWATA U YMEHHATA Ha CTYAEHTHTE)



(2) AkagemMnuHaTa M3MamMa BKMOYBA:

1. BcAko HecnaseaHe Ha yKasaHWATa Ha U3NUTBaLY NpenojaeaTen Npyu KakeaTo W Aa e NpoBepKa
Ha 3HaHWATa M YMEHWATA Ha CTYAeHTa N1 AOKTOPaHTa ¢ Len NocTaBAHe Ha oUeHKa UNn NpUCcEX4aHe Ha
TOYKW MO BPEME Ha M3MNWUT, KOHTPOMHa UMK TeKyLla NnpoBepkKa.

2. BcAko usnonaseaHe unu onuT 3a U3Non3BaHe Ha 3anucky, HanMcaHW Ha MarepuaneH HOCUTEN,
BBPXY TANOTO, KpaTkK Benexkun no paspelleH NOMOLLHW MaTepuanu kaTto Tabnuyu, peYyHruM 1 BCAKaKBK
APYTM KOHBEHUMOHaNHW cpeicTBa 3a NpenucBaHe 4pes BM3yanusauwa Ha TeKCcT unu nsobpakeHue no
BpeMe Ha M3NWUT W BCAKa ApYyra NpoBepKa Ha 3HaHWATa U YMeHUATa ¢ Len NocTaBAHe Ha OLeHKa.

3. MianonseaHe N1 onuT 3a U3Non3BaHe Ha HEMO3BOMNEHW CPeacTBa 3a KOMYHUKaUNA, BKIHOYU-
TENHO MHTEPHET, MODMMHKW 1 APy eneKTPOHHU U KOMYHUKaLWOHHW cpedcTBa 3a NofcKa3eaHe - Yacoe-
HULUM, o4nna v Aap.; Yy»k4a noMoLy oT gpyr Ypes rmacoBo AVKTYBaHe, OTKPUBaHE Ha HenpefaneH Mobunex
TenedoH UNn gpyro YCTPOMCTBO C MHTEPHET MO BPEME Ha M3NWUT WK 3alynTa Ha 3a34aHuA 3a CaMOCTOR-
TenHa paboTa;

4. MNpepaesaHe UNu oNUT 3a NpefaBaHe Ha NpeABapUTENHO HanucaH U3NUTEH MaTepuan unu
aKko Takee 6bae HamepeH B n3anuTeaHuA Bes ga e npegageH.

5. YKkpuBaHe, nognpaesHe WU nogMmsaHa Ha M3NUTHW Matepuanu, ¢ yen dpanwudpnympaHe Ha
U3NUTHUTE pesynTaTu.

6. [NpomeHaHe, naMmucnaHe unu panwuduynpaHe Ha ONUTHU UMK U3CnefoBaTENCKU aHHN.

7. lNpogaxba Ha NucMeHu paboTK, N3NUTHU MaTepuanu, NPoeKkTu, pedepaTi, AOMaLUHK, Kyp-
coeu paboTu, gunnomMmHu paboTtu, AucepTauun, BCAKaKsE BMA pa3paboTkM U Hay4yHU TpyaoBe.

8. XopaTtalcTea 3a B3eMaHe Ha U3MNUTK;

9. MNogkynBaHe UNW ONWT 3a NOAKYNBaHe Ha NpenofaeaTten ¢ MaTepuanHu UK HeMaTepuanHu
Gnara, BKNIOYUTENHO BCAKAKLE BUA NPeOUMCTEBa B pasnuyHKU obnacTu Ha MBOTa C Lien B3eMaHe Ha us3-
NUT, NoNy4YaBaHe Ha TOYKW, 3aBepKn UNW BCRKAKBO pYro NpenMyLlecTEO.

10. MocTaBAHe Npu cENOCTAaBUMMK YCNOBUA HA PasfMYHK OLIEHKM.

11. HeyecTHO NpucBosABaHe Ha YyXOW 3HAHUA U NPeACTaBAHETO UM KaTo CBOW.

12. MNpepocTaBaHe Ha U3NUTHU MaTepuanu, CTaHanu AOCTBNHU 3a CMYXUTEN UMK YNeH Ha aka-
AEMUYHNA CbCTaB, Npeau M3NUT UMK ApYr BUA, OUEHABaHe Ha CTYAEHT, JOKTOpPaHT WUIK ApYyro sauHTepe-
COBaHo nuue.

13. fBABaHe Ha M3NUT BMECTO OpYr.

14. Bcaka Hameca oT TpeTo nNuue ¢ uen Aa Noenvse Bbpxy 00eKTUBHOTO OLeHABaHE Ha U3MUTHU
MaTepuann UNu Matepuani oT KOHKypC No 3aeMaHe Ha gnbxHocT B TY-BapHa;

15. BesAko pasnpocTpaHeHne UM CUCTEMHO HaTpaneaHe Ha MHpopMayua 3a Harnacu ¢ Uuen ga
NOBMWAHNE BBPXY pPeLLeHne Ha eqHOMNMWYEH OpraH Unn BPXY YEHOBE Ha KOMNEeKTUBEH OpraH.

16. Becakakeun gpyrn coopmMy Ha HEYECTHW NPORBK B paspes ¢ akageMudHaTa eTuka u aobpute
HpaeW. (YA. 2, aA. 2 Ha NPaBUAHHKA 3a aKAAEMHYEH HHTerpuTeT B TY-BapHa)



VIl. HENMOYTEHWU W HEHECTHU NPOABU NO BPEME HA U3MNMATH

Yn. 15.
(1) HapylweHuAaTa no Tasu rnaea ce onpeaensr KaTo:

1. HeaHauUUTEeNHO & HapyLeHUETO, NPU KOETO CTYAEHTLT UMW AOKTOPAHTLT HE € cnasun
yKasaHusa Ha U3nuTBallua npenogaBaTen UMM KBECTOP NpU NpoBeXXOaHe Ha U3MNKUT, OT KOETO He ca noc-
neaBanu apyru HapyLleHUs.

2. CpaBHUTENTHO CEPUO3HO € HapYLUEHWETO, NMPU KOETO CTYAEHTHLT WNWU OOKTOPaHTBT
Obae 3anoBeEH NO BPEME Ha U3NUT CBC 3anUCKK (MULLIOBM) HAaNUcaHW Ha MaTepuaned HOCUTEN UNKU BLPXY
TANOTO, KAaKTO WU KpaTKM Benexku no paspelueHn NMoMOLLHKM MaTepuanu Kato tabnuuu, pedHuun, ako B
HEro ce oTKpue HenpeaaneH mMobuneH TenedoH Unu apyro YCTPOMUCTBO C MHTEPHET - YacoBHULM, ovuna
1 Op., Korato To3W ONUT 3a akageMnvHa naMama € NbpPBOTO HapyLUEHWE Ha CTYAEHTA, a 3a JOKTopaHTa €
NBPBU U3NUT, COBPa3HOo MHAMBMAOYANHMA MY NNaH Ha oby4eHue.

3. CepMO3HO € HapyLEHWETO NO T. 2, KOETO CE U3BLPLUBA NMOBTOPHO OT CTYAEHT UMK OOK-
TOPaHT.

4. MHOro cepMo3HO e HapyLWEHWETO NPY YMULLINIEHO YKPUBAHE Ha 3anuckn (MMLLOBKU), KOH-
BEHLUMOHANHW CpeacTBa 3a NpenucBaHe, Npyu U3non3sBaHe Ha enekTPOHHU U KOMYHUKaUMOHHK CpeacTBa
3a BU3yanuaupaHe Ha TEKCT, n3obpaxeHua Unu rnacoBo AUKTyBaHe (rnacoBa KOMyHUKaUMAa), Npeasapu-
TENMHO HanucaH U3NUTEH MaTepuan (Lapckn nULLoB).

5. U3KNOYNTENHO CEepUO3HO € HapyLUEHUETO, NPU KOETO CTYAEHT WM OOKTOPAaHT ce
ABABa Ha WU3NUT BMECTO OPYr CTYOAEHT.
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Pen 3a oueHABaHe U NDOBEKAAHE HA 3AHATUATA U USNTUTUTE

 MakcumanHo Bb3amMoXeH Opor KOHTPonHKM ToukK: 30 oT cemecTpuantus koHTpon (CK) u 70 oT nanura.

« Ot CK - po 10 Touykm 3a akTBHO y4acTue n Ao 10 ToYKM 3a BCSKa OT ABETE KOHTPOMHM paboTu (3adaum).
* BoOewmaT 3aHATUETO € B NPaBOTO CY A U3NCKBA U3KNIOYBaHe HAa BCUYKU MOOUNHKM TenedoHu (MT)!
 He ce ponycka Buaeo- unu poto3acHUMaHe HUTO N0 BPEME Ha 3aHATUSATA, HUTO MO Bpeme Ha manural

* Ha usnuta morat ga ce nonyyat o 30 ToYkM 3a TeopeTuyeH Bbnpoc, A0 10 3a kpaTbk BbNPOC (0TrOBOP C
edHo n3peyerve cneg mucnere!) n oo 30 3a pelieHa 3agava (cuped, nporpama Ha aceMonepeH esuk).

e [1o n3nut ce AonyckaTt CaMo Xopa CbC 3aBepPeH CEMECTbP KAaKTO 3a JIeKUNUTE, TaKa 1 3a yl'lpa)KHeHMﬂTa!

* Ha KOHTponHUTE paboTi 1 Ha M3NUTa MoraT Aa ce Non3Bar: 40 NeT KHUM (KoWTo Le 6baaT NpoBepeHu 3a
,nuwjosu‘!), oTneyaTaHn B neYaTHMLA éa He C NPWUHTEP UNK Kcepokc!), BKMIOYMTESTHO NO cTapata yyebHa
nporpama (B HoBaTa MMa npomeHu!), Tabnuua ¢ KoMaHau, TbHKa XUMMKanka U NPO3payvHo LuuLLe C BoaA.
HukakBu apyrv matepuanu v npegMeTn He ce gonyckat! baraxbT (apexu, wanku, Wanose, pbKasuLm,
YaHTK, TOpbK, paHULK, XpaHa 1 p.) ce OCTaBsl Ha nepBa3a Ha npo3opeLa 1 He ce nina 6e3 no3soneHue!

* [Tpean CK v n3nut Benukn MT, TabneTtu, nnenbpu u ap. n. ce U3KMIYBAT U C BCUYKM YaCOBHULM, 04MNa,
CNyWarnku, NeHTH, Kbpnu, Ae6enu XMMUKanKU v 4p. CbMHUTENHKU NpeaMeTn ce cbbupat 3aegHo. [o
M3KMIOYEeHNe ce JonyckaT oyuna ¢ TbHKM paMKu (3a Oa HAMa B TSX Buaeokamepa u npegasaten!) u
YaCOBHULIM C MEXaHUYHU CTPENKU 1 6e3 TeUHOKpUCTaneH ekpaH. /1 asete ywm TpsbBa fa ca OTKPUTH.

» Cnepn Ha4anoTo Ha u3nuTa ce nasu MbiiHa TUwmMHa! lNpn cucTeMeH roBop uUnu LWeNnoT (cnef 2 3abenexku)
UIn NpKU eBEHTYanHO oTkpuBaHe Ha MT wunu apyr 3abpaHeH matepuan (,nuwo8”) uni yCTPoMCTBO (BKI.

MUKPOCHOH, Kamepa, crywarnka, npMMKa, MarHuT, ,,6pbmbap* 1 ap.) cneasa koHdUcKaumsa 1 ,0800Ka"!

B TOanetHaTa B AajeH MOMEHT MOXE [1a UMa CaMO eAMNH YOBEK, U TO NPUAPYXKEH OT KBECTOPA, U TO CNeEL
KaTO npepaae U3rnnTHata Cu TeTpafka Ha U3nnTBallnA (TFI CTOW TaM [0 3ano4vBaHe Ha YCTHUA MY I/I3I'IVIT).

« KpaTKnaT YCTEH M3NUT, KOTO Ce NPOBEXAa C BCEKM CTYAEHT, Lieni Ja ce YCTaHOBY Jani MaTepuarbT e
pa3bpaH 1 3a4a4aTa e pelleHa CaMOCTOATENHO UIK € HanuLe MexaHU4Ho 3a3ybpsiHe Unu npenncaaHe.

* Jlekumute 1 ap. MaTepuanu morat Aia ce Konupat OT KOMMITPUTE B 3anaTta 3a nabopaTopHu ynpaxHeHus.
 Mons, HayyeTe hamMUINHUTE UMEHA Ha NPENoAaBaTENUTE Ci U HE TV HapuyaiTe ¢ MankuTe UM uMeHa! ©




~HeMa AabaBo!”







,YYEHUKDBT HE e cba, KonTo TpAbBa Aa
6bbae 3anbsHeH, a daken, KOUTo TPADL-
Ba Aa 6bae 3ananeH.” (Maytapx)

,He MmoXew aa HayyuLll HUKOTO Ha HU-
wo. Moew camo Aa My NOMOrHew Aa
ro oTkpue 3a cedbe cun. “ (lannnen)

,YUNTENAT MOXKe Aa OTBOPU BPATaTa,
HO TM TpAbBa Aa Bnesew cam.” ([3eH)






10.

BbBeaeHue: Pa3BuTtune Ha MUKPOENEKTPOHHUTE TEXHOJ/IOTNUN 3a NPON3BOACTBO HA

CIrM1C. KpaTKka nctopua Ha 32-6utosmte mukponpouecopu (MI1) x86 n ,,ARM*,

[MporpameH moaen: MNporpamHoO AOCTbMNHU pernctpm B x86 n ,,ARM*. ®narose Ha

perncrbpa 3a koga Ha ycnosueto (PKY). NMporpameH moaen Ha HaKou apyru MI.

KomaHau 3a paboTta ¢ uenm 4yncaa n CUCTeMHU KomaHan Ha x86 u ,,ARM": lNpynu

KomaHaun. OnepaHaun. Agpecaumna. HeasHa agpecauma npu x86. OpToroHaHOCT.

KomaHau 3a 06paboTKa Ha YMcna ¢ naaBawa 3anetad Ha x86 n ,,ARM”: Tpynu

KomaHau. JaHHoB ¢popmat. CtaHaapT ,,|IEEE 754“ OnpocteHun pexknmu B ,,ARM*,

KomaHnau tvn ,,SIMD* Ha x86 u ,ARM*: Tpynn komaHaun. Tunose n 6pon AaHHMW.

YCcTponcTBo 1 KoHBeuepu Ha x86 (,,P6“ n ap.) u ,ARM"“: bhokosu cxemu. PaborTa.

N3KkNtOYEHNA M NpeKkbcBaHMA Npu x86 n ,,ARM”: UskntoueHua. NpeKkbcBaHMUA —

BnaoBe. Tabnnua Ha BekTopuTe. HavyanHo yctaHoBABaHe Ha MI1. Pexkxumu Ha MI.

MuKponpouecopeH Habop (,chipset”): ,CeBepen” n ,loxeH” mocTtoBe. PaswmnpeH

KOHTponep 3a npekbeBaHua ,, APICY. CumeTpuyHa mHoronpouecopHocT (,,SMPY).

Pa3BuTHME Ha MUKPOMNPOLLECOPHUTE apXnUTeKkTypu: Pazsutme Ha MI go 64-6mutoBa
apxutekTtypa. padpunyHmn npouecopun. MHorosapeHocT. lMepcnektusu. Npobremn.

Kpatku cBeaeHus 3a apyru MI1: YcnosHU npexoam u npeHoc 8 MI1 6e3 PKY
(,,Alpha“, MIPS) n c 2 PKY (POWER). M ¢ ,,peructpos npo3opeu” (SPARC).
Mporpamu ,3apasen, ceat!” 3a paznnynm Ml un onepauymoHHu cuctemm (OC).




KHurm 3a 16-6mtosun mmnkponpouecopu
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KHurm 3a 32-6mtoBun mmnkponpouecopwu
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HAPbYH UK
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MMKPONPO ECQW

Oﬁum ncuﬁeuncm

M68000, M68010,
M68020

180286, 180386

280000, NS32000,
WE32,

micro VAX 78032,
T414, V70
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BbBegeHune: Pa3Butue Ha MUKPOENEKTPOHHNTE TEXHOJ/ZTIOTUN 3a MPOUNU3BOACTBO HA

CIr1C. Kpatka ncropua Ha 32-6utosute mmkponpouecopu (M) x86 n ,,ARM*,



Technology used in computers Relative performance/unit cost

1951 | Vacuum tube 1
1965 | Transistor 35
1975 | Integrated circuit 900
1995 | Very large-scale integrated circuit 2,400,000
2013 | Ultra large-scale integrated circuit 250,000,000,000

FIGURE 1.10 Relative performance per unit cost of technologies used in computers over
time. Source: Computer Museum, Boston, with 2013 extrapolated by the authors. See [:::Z) Section 1.12.
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law deseribes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two vears.

OurWorld
in Data

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

linked to Moore's law.
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Data source: Wikipedia (https:/en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at QuriVorldinData,org, There you find more visualizations and research on this topic.

Licensed under CC-BY-SA by the author Max Roser.



COLOSSUS

The world's most complex processor chip with 23.6 billion transistors

10x IPU-LINKS™

320GB/s chip-to-chip t}andwidih 1,216 in dependent IPU-CORES™

each with IN-PROCESSOR-MEMORY™ tile
> 100GFLOPS per IPU-CORE™
> 71,000 programs executing in parallel
300MB IN-PROCESSOR-MEMQORY ™
45TB/s memory bandwidth per chip
the whole model held inside the processor

8TB/s all to all IPU-EXCHANGE™

non-blocking, any communication pattern
PCle Gen4 x16

64GB/s bi-directional host

communication bandwidth




MOORE’S LAW IS SLOWING
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DIFFERENT FOUNDRIES AND THEIR GAPAGITY IN 2015
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FIGURE 1.12 The chip manufacturing process. After being sliced from the silicon ingot, blank
wafers are put through 20 to 40 steps to create patterned wafers (see Figure 1.13). These patterned wafers are
then tested with a wafer tester, and a map of the good parts is made. Next, the wafers are diced into dies (see
Figure 1.9). In this figure, one wafer produced 20 dies, of which 17 passed testing. (X means the die is bad.)
The yield of good dies in this case was 17/20, or 85%. These good dies are then bonded into packages and
tested one more time before shipping the packaged parts to customers. One bad packaged part was found

in this final test.







EE143 F2010 Lecture 4

Excimer Laser Stepper

Stepper
[ASM Lithography)

Professor N. Cheung, U.C. Berkeley



EE143 F2010 Lecture 4

Optical Stepper

field sizeTincreases

with future ICs
scribe line

r—_———— r—_———— r—_————

wafer

Image
field Translational

motion

Professor N. Cheung, U.C. Berkeley



Die per Wafer

Max. = E 57| (48] | Max. Die/Wafer*
*Source: SEMI Die size 1cm 1.5cm 2cm 2cm 2cm

Decambear 7, 2000 - 26
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Microprocessor Evolution

Rapid progress in 1970s, fueled by advances in MOS technology,
imitated minicomputers and mainframe ISAs

“Microprocessor Wars”: compete by adding instructions (easy for microcode),
justified given assembly language programming
Intel IAPX 432: Most ambitious 1970s micro, started in 1975

= 32-bit capability-based, object-oriented architecture, custom OS written in Ada
= Severe performance, complexity (multiple chips), and usability problems; announced 1981

Intel 8086 (1978, 8MHz, 29,000 transistors)

= “Stopgap’ 16-bit processor, 52 weeks to new chip

= |SA architected in 3 weeks (10 person weeks) assembly-compatible with 8 bit 8080
IBM PC 1981 picks Intel 8088 for 8-bit bus (and Motorola 68000 was late)

Estimated PC sales: 250,000 -
Actual PC sales: 100,000,000 = 8086 “overnight” success —t
Binary compatibility of PC software = bright future for 8086 mmM
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Intel Processor Date Max. Clock | Transis | Register Ext. Max. Caches
Intro- | Frequency -tors Sizes' Data | Extern.
duced at Intro- per Die Bus Addr.
duction Size? Space
8086 1978 8 MHz 29 K 16 GP 16 1MB | None
Intel 286 1982 12.5 MHz 134 K 16 GP 16 16 MB | Note 3
Intel386 DX Processor 1985 20 MHz 275 K 32 GP 32 4 GB Note 3
Intel486 DX Processor 1989 25 MHz 1.2 M 32 GP 32 4GB | L1:8KB
80 FPU
Pentium Processor 1993 60 MHz 3.1 M 32 GP 64 4GB | L1:16KB
80 FPU
Pentium Pro Processor | 1995 200 MHz 2.9M 32 GP 64 64 GB | L1: 16KB
80 FPU L2: 256KB
or 512KB
Pentium II Processor 1997 266 MHz M 32 GP 64 64 GB | L1: 32KB
80 FPU L2: 256KB
64 MMX or 512KB
Pentium |l Processor 1999 500 MHz 8.2 M 32 GP 64 64 GB | L1: 32KB
80 FPU L2: 512KB
64 MMX
128

XMM




Figure 1.16 shows the increase in clock rate and power of eight generations of Intel
microprocessors over 30 years. Both clock rate and power increased rapidly for
decades and then flattened off recently. The reason they grew together is that they
are correlated, and the reason for their recent slowing is that we have run into the
practical power limit for cooling commodity microprocessors.
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FIGURE 1.16 Clock rate and Power for Intel x86 microprocessors over eight generations
and 30 years. The Pentium 4 made a dramatic jump in clock rate and power but less so in performance. The
Prescott thermal problems led to the abandonment of the Pentium 4 line. The Core 2 line reverts to a simpler
pipeline with lower clock rates and multiple processors per chip. The Core i5 pipelines follow in its footsteps.



While backwards binary compatibility is sacrosanct, Figure 2.44 shows that the x86
architecture has grown dramatically. The average is more than one instruction per
month over its 35-year lifetime!
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FIGURE 2.44 Growth of x86 instruction set over time. While there is clear technical value to
some of these extensions, this rapid change also increases the difficulty for other companies to try to build

compatible processors.



1978 ﬂ 8086 (3,2 um nMIOSFET) -

1980 8087 (3 um)

1982 105 80186

1982 112 80286

1982 84 80287

1985 166 80386 (1,5 um CHMOS IIl)

1987 96 80387

1989 267 80486DX/P4 (1 um CHMOS IV) FPU
1993 273 80586/P5/Pentium(0,8u BiCMOS) FPU
1995 304 80686/P6/Pentium Pro (350 nm) FPU

1997 321 Pentium MMX (280 nm) FPU, MMX

1997 333 6x86MX (Cyrix) FPU, MMX, EMMI

1998 353 K6-2 (AMD, 250 nm) FPU, MMX, 3DNow!

1999 358 K6-2+ (AMD, 180 nm) FPU, MMX, Enhanced 3DNow!
1999 420 Pentium Il (250 nm CMOS) FPU, MMX, SSE

2000 489 Pentium 4 (180 nm) FPU, MMX, SSE, SSE2

2003 528 K8/ Athlon 64 (AMD, 130 nm) FPU,MMX,Enhanced 3DNow!,SSE,SSE2,AMDG64
2004 499 Pentium 4 Prescott (90 nm) FPU, MMX, SSE, SSE2, SSE3



OktomBpu 2015 r.: Xeon E3 v5 Skylake-DT (14 nm FinFET):

208 + 5 (CLMUL = Carry-less Multiplication) + 24 (BMI = Bit Manipulation Instructions)

+ 96 (FPU) + 20 (FMA = Fused Multiply-Add) =

+ 48 (MMX = Multimedia Extensions | Multiple Math Extensions | Matrix Math Extensions)

+ 68 (SSE = Streaming SIMD (Single Instruction, Multiple Data) Extensions)

+ 69 (SSE2)

+ 10 (SSE3)

+ 16 (SSSE3 = Supplemental SSE) =515

+ 49 (SSE4.1)

+ 6 (SSE4.2)

+ 14 (x86-64)

+ 2 (ADX = Multi-Precision Add-Carry Instruction Extensions)

+ 12 (AVX = Advanced Vector Extensions)

+30 (AVX2)
+13+6+8+8+8+18+2+44+12+16+63+6+10+16+12+9+2 (253 AVX3)
+ 8 (MPX = Memory Protection Extensions)

+ 4 (TSX = Transactional Synchronization Extensions) + 2 (SGX = Software Guard Extensions)

+ 10 (VT-x Virtualization) + 7 (AES-NI = Advanced Encryption Standard New Instructions) = 961
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Die photos of the ARM1 processor and the Intel 386 processor to the same scale. The ARM1 is much smaller and
contained 25,000 fransistors compared to 275,000 in the 386. The 386 was higher density, with a 1.5 micron process
compared to 3 micron for the ARM1. ARM1 photo courtesy of Computer History Museum. Intel AB0386DX-20 by
Pdesousa359, CC BY-SA 3.0.

Because of the ARM1's small transistor count, the chip used very little power: about 1/10 Watt,
compared to nearly 2 Watts for the 386. The combination of high performance and low power
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2.1 Overview (4)

Main extensions introduced in ARM’s basic ISA (simplified) -2 (Based on [64])

AArch32 = AArch64
/ Crypto-
To enhance | graphy ext
security l
|

the execution
of bytecodes

Jazelle RCT3
(ThumbEE)

To reduce ([ Thumb I——[ Thumb-2 h—_ '
code size I (ARMv4T) (ARMV6T2) '

ARMv4 ARMv5 ARMv6 ARMv7-A/R ARMvV8-A

Examples ARM710T ARM926 ARM1176 Cortex-A5-15 Cortex-A53/A57
(~1995) (2001) (2004) (2005) (2014)

:
l ] i
To enhance | SIMD ' ' : '
compute | Adv. SIMD! » Adv. SIMD
capabilities | (NEON) and FP
I
\ VFPv1/2 VFPv3/v42
T e T . . o o e e U . N B S S S . e . .
T gaele L . T Jagelle . L T T T
To speed u Jazelle. e 07CE ) e—
P P (Jazelle DBX) (ex. by SW) 3
I |
I

Remarks: See on the next slide.



3.1 Overview of ARM’s processor lines (1)

3.1 Overview of ARM's processor series

Subsequently, we give an overview of ARM’s processor series subdivided into three
sections, according their underlying ISAs, as follows.

ARM'’s processor series

! ] !
Processors implementing Processors implementing Processors implementing
the ARMv1l - ARMv2 ISA the ARMv3 - v6 ISA the ARMv7 - ARMvS8 ISA
(Earliest ARM processors) (Early ARM processors) (ARM'’s Cortex processors)
(~ 1985-1990) (~ 1991-2004) (Since 2004/2012)
ARM1-ARM3 ARM6xx-ARM1 1xx Cortex lines
26-bit address bus 32-bit address bus ARMv7: 32-bit
32-bit data buses 32-bit data buses ARMvVS: 64-bit

with AArch64 and AArch32 modes



4. Overview of ARM’s Cortex-A series (5a)

Three design teams working in parallel []

81 DMIPS/MH r— - =\ /’, \\
S/MHz | Austin (Texas) designs
- N N° 13
([~~~ L
Sophia-Antipolis (France) designs - e \
an : 1 50p polis ( ) desig < \ cof e
===\
_ Announced lr | Cambridge (UK) designs
6__ - s s
~
P ~
~
~
di P SUIRCE
7 ol
[ QPR L0
\co P?‘:t%“‘“
4 \ 3’2,\ - "
q’ - ”
N -
— R - P -
= — \ P s
3T - - =
- . -
”
[ < =l - -
V02 g e —-—— —";"—"’ J 11/2015 I
T - \ 0““”*“ { - 10/2012 Cortex-A35 | |
2005 ¢ P?\M\ﬂ | - J Cortex-A53 ARMv8 |
Co\‘P\M\ﬂ \ _ - 10/2009 Cortex-A7 20/16 nm |
+ P\65 nm N - lcortex-AS ARMvV7 P
1 I ARMV7 28 nm _______.___—
i i i i | i | i i | >
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

http://www.anandtech.com/show/10347/arm-cortex-a73-artemis-unveiled



[MporpameH moaen: NMporpamHo A0CTbNHM pernctpu B Xx86 n ,,ARM*. ®narose Ha
pernctopa 3a Koaa Ha ycnosumeTo (PKY). Mporpamen moaen Ha HAKow apyru MI.




CISC vs. RISC Today

PC Era PostPC Era: Client/Cloud

« Hardware translates x86 * IPin SoC vs. MPU

instructions into internal * Value die area, energy as much as
RISC instructions performance

(Compiler vs Interpreter) - > 20B total / year in 2017

* Then use any RISC * 99% Processors today are RISC

technique inside MPU

> 350M / year!

* X86 ISA eventually
dominates servers as well

as desktops
*«A Decade of Mobile Computing”, Vijay Reddi, 7/21/17, Computer Architecture Today

» Marketplace seltles debate

12



31 General-Purpose Registers

EAX

EBX

ECX

EDX

ESI

EDI

EBP

ESP

Segment Registers
15 0

CS

DS
SS

ES
FS
GS

31 Status and Control Registers g

EFLAGS

31 0

EIP




General-Purpose Registers

0 16-bit 32-bit

31 1615 87
AH AL AX
BH BL BX
CH CL CX
DH DL DX
BP
Sl
DI
SP

EAX
EBX
ECX
EDX
EBP
ESI

EDI
ESP

Figure 3-4. Alternate General-Purpose Register Names



20w OOMWOD x>0y U0 3 5 G e D =G e

ID FLAG (ID)
VIRTUAL INTERRUPT PENDING (VIP)
VIRTUAL INTERRUPT FLAG (VIF)

ALIGNMENT CHECK (AC)
VIRTUAL B086 MODE (VM)
RESUME FLAG (RF)
NESTED TASK (NT)
'O PRIVILEGE LEVEL (IOPL)
OVERFLOW FLAG (OF)
DIRECTION FLAG (DF)
INTERRUPT ENABLE FLAG (IF)
TRAP FLAG (TF)
SIGN FLAG (SF)
ZERO FLAG (ZF)
AUXILIARY CARRY FLAG (AF)
PARITY FLAG (PF)
CARRY FLAG (CF)

INDICATES A STATUS FLAG
INDICATES A CONTROL FLAG
INDICATES A SYSTEM FLAG

BT D0 28 P 2T 2R 2T 20 1R TESIT VB TS M1 T2fT I N B By F B S A4S FI257 /0

o{o[o[o]o]ofo]o]}
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{1 (&[0 [R]0

1 VIR|s
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e
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mk>
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mT™
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W s

\

BIT POSITIONS SHOWN AS 0 OR 1 ARE INTEL RESERVED.
DO NOT USE. ALWAYS SET THEM TO THE VALUE PREVIOUSLY READ.

APMAS

Figure 3-9. EFLAGS Register

Table 3-2. Status Flags

Name Purpose Condition Reported
OF Overflow Result exceeds positive or negative limit of number range
SF Sign Result is negative (less than zero)
ZF Zero Result is zero
AF Auxiliary carry Carry out of bit position 3 (used for BCD)
PF Parity Low byte of result has even parity (even number of set bits)
CF Carry flag Carry out of most significant bit of result




6.33.35 x86 Function Attributes
These function attributes are supported by the x86 back end:

cdecl

fastcall

On the x86-32 targets, the cdecl attribute causes the compiler to assume that
the calling function pops ofl the stack space used to pass arguments. This is
useful to override the effects of the ‘-mrtd’ switch.

On x86-32 targets, the fastcall attribute causes the compiler to pass the first
argument (if of integral type) in the register ECX and the second argument (if
of integral type) in the register EDX. Subsequent and other typed arguments
are passed on the stack. The called function pops the arguments off the stack.
If the number of arguments is variable all arguments are pushed on the stack.

regparm (number)

stdcall

On x86-32 targets, the regparm attribute causes the compiler to pass arguments
number one to number if they are of integral type in registers EAX, EDX,
and ECX instead of on the stack. Functions that take a variable number of
argcuments continue to be passed all of their arguments on the stack.

On x86-32 targets, the stdcall attribute causes the compiler to assume that
the called function pops off the stack space used to pass arguments, unless it

takes a variable number of arguments.
~Using the GNU Compiler Collection” (GCC 9.1, 2019)



Microsoft Specific

The _ fastcall calling convention specifies that arguments to functions are to be passed in
registers, when possible. This calling convention only applies to the x86 architecture. The
following list shows the implementation of this calling convention.

Element Implementation
Argument- The first two DWORD or smaller arguments that are found in the argument list from left
passing to right are passed in ECX and EDX reqgisters; all other arguments are passed on the
order stack from right to left.
Stack- Called function pops the arguments from the stack.
maintenance
responsibility
Name- At sign (@) is prefixed to names; an at sign followed by the number of bytes (in decimal)
decoration in the parameter list is suffixed to names.
convention
Case- No case translation performed.
translation
convention
Note

Future compiler versions may use different registers to store parameters.



10.4.1 Passing Arguments Using Register-Based Calling
Conventions

How arguments are passed to a function with register-based calling conventions is determined
by the size (in bytes) of the argument and where in the argument list the argument appears.
Depending on the size, arguments are either passed in registers or on the stack. Arguments
such as structures are almost always passed on the stack since they are generally too large to
fit in registers. Since arguments are processed from left to right, the first few arguments are
likely to be passed in registers (if they can fit) and. if the argument list contains many
arguments, the last few arguments are likely to be passed on the stack.

The registers used to pass arguments to a function are EAX, EBEX, ECX and EDX. The
following algorithm describes how arguments are passed to functions.

Initially. we have the following registers available for passing arguments: EAX, EDX.EBX
and ECX. Note that registers are selected from this list in the order they appear. That is, the
first register selected 1s EAX and the last is ECX. For each argument Ai, starting with the left
most argument, perform the following steps.

1. If the size of Ai 1s 1 byte or 2 bytes. convert it to 4 bytes and proceed to the next
step. If Ai is of type "unsigned char" or "unsigned short int", it is converted to an
"unsigned int". If A7 is of type "signed char" or "signed short int", it 1s converted to
a "signed int". If Aiis a 1-byte or 2-byte structure, the padding is determined by
the compiler.

2. If an argument has already been assigned a position on the stack, Ai will also be
assigned a position on the stack. Otherwise, proceed to the next step.

3. If the size of Ai is 4 bytes, select a register from the list of available registers. If a
register is available, Ai is assigned that register. The register is then removed from
the list of available registers. If no registers are available, Ai will be assigned a
position on the stack.

(OpenWatcom C/C++ User’s Guide)



lIponecopnara gpamunusa ARM (Advanced RISC Machines) ce cbcton
oT RISC mmkpomnpornecopu, kouto uMaT 16 peructespa (dur. 12.1) ¢ oOmo
npeaHazHadeHue ¢ uMeHa oT RO go R15. Perucrpure ca 32-6uroBu. Te morat
na CHABPKAT KaKTO ajJapecu, Taka u JaHHU. llociaemuusar peructep R15 ce
n310.13Ba 3a nporpameH Oposd (PC), a peructep R13 ciryxu 3a opraHuzupaHe
Ha nporpamMeH crek (SP). Peructsp R14 (LR) ce m3moasBa kKaTto perucrsp,
ChIBPIKAII] ajpeca 3a BpBIIAHe clie IoarporpamMa. Peructpure morar ga ce
M3I10JI3BaT 3a ChbXpaHeHue Ha 8, 16 u 32-O0MToBH 4mCIIa.

__— bwur 31 __—~6ur 0
RO
R1
R2
R3
R4
RS
R6
R7
RS
R9
R10
RI11
R12
R13 (Stack pointer — SP)
R14 (link register — LR)
R15 (PC)
Purypa 12.1. Perucrpu Ha nponecopa ARM




There are a number of different processor modes. These are shown in the following table:

Processor mode

Description

1

~N O O B~ WM

User

FIQ

IRQ
Supervisor
Abort
Undefined

System

the normal program execution mode

designed to support a high-speed data transfer or channel process
used for general-purpose interrupt handling

a protected mode for the operating system

used to implement virtual memory and/or memory protection

used to support software emulation of hardware coprocessors

used to run privileged operating system tasks
(Architecture Version 4 only)

Table 3-1: ARM processor modes

Mode changes may be made under software control or may be caused by external interrupts or
exception processing. Most application programs will execute in User mode. The other modes,
known as privileged modes, will be entered to service interrupts or exceptions or to access
protected resources: see ©3.70 Exceptions on page 3-12.



User/ Supervi- Abort Undefined Interrupt Fast

System sor interrupt

RO RO RO RO RO RO

R1 R1 R1 R1 R1 R1

R2 R2 R2 R2 R2 R2

R3 R3 R3 R3 R3 R3

R4 R4 R4 R4 R4 R4

RS RS RS RS RS RS

R6 R6 R6 R6 R6 R6

R7 R7 R7 R7 R7 R7

R8 R8 R8 R8 RS R8_FIQ

R9 R9 RO RO R9 R9_FIQ

R10 R10 R10 R10 R10 R10_FIQ

R11 R11 R11 R11 R11 R11_FIQ

R12 R12 R12 R12 R12 R12_FIQ

R13 R13_SVC R13_ABORT R13_UNDEF R13_IRQ R13_FIQ

R14 R14_SVC R14_ABORT R14_UNDEF R14_IRQ R14_FIQ

PC PC PC PC PC PC

CPSR CPSR CPSR CPSR CPSR CPSR
SPSR_SVC | SPSR_ABORT SPSR_UNDEF SPSR_IRQ SPSR_FIQ

Table 3-2: The ARM register set




Registers 0-12 are always free for general-purpose use. Registers 13 and 14, although available
for general use, also have specific roles:

Register 13

Register 14

Register 15

CPSR

(also known as the Stack Pointeror SP) is banked across all modes to provide
a private Stack Pointer for each mode (except System mode which shares the
user mode R13).

(also known as the Link Register or LR) is used as the subroutine return
address link register. R14 is also banked across all modes (except System
mode which shares the user mode R14).

When a Subroutine call (Branch and Link instruction) is executed, R14 is set
to the subroutine return address. The banked registers R14_SVC, R14_IRQ,
R14_FIQ, R14_ABORT and R14_UNDEF are used similarly to hold the return
address when exceptions occur (or a subroutine return address if subroutine
calls are executed within interrupt or exception routines). R14 may be treated
as a general-purpose register at all other times.

Is used specifically to hold the Program Counter (PC). When R15 is read, bits
[1:0] are zero and bits [31:2] contain the PC. When R15 is written bits[1:0] are
ignored and bits[31:2] are written to the PC. Depending on how it is used, the
value of the PC is either the address of the instruction plus n (where nis 8 for
ARM state and 4 for Thumb state) or is unpredictable.

Is the Current Program Status Register. This is accessible in all processor
modes, and contains the condition code flags, interrupt enable flags, and
current processor mode. In Architecture 4T, the CPSR also holds the
processor state. See ©3.9 Program Status Registers on page 3-10 for more
information.



31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1514 13 12 1110 9 8 7 6 5 4 3 2

II_IIIIIIIII

|
Condition code flags Mode bits
—— OQverflow — State bit
Carry/Borrow/Extend FIQ disable
Zero IRQ disable
Negative/Less Than

Figure 3-4: Program Status Register format

The condition code flags

The N, Z, C and V (Negative, Zero, Carry and oVerflow) bits are collectively known as the
condition code flags. The condition code flags in the CPSR can be changed as a result of
arithmetic and logical operations in the processor, and can be tested by all ARM instructions to
determine if the instruction is to be executed. All ARM instructions may be executed conditionally



The bottom 8 bits of a PSR (incorporating |, F, T and M[4:0]) are known collectively as the
control bits. These change when an exception arises, and can be altered by software only when
the processor is in a privileged mode.

Interrupt disable bits The | and F bits are the interrupt disable bits. When set, these

The state bit

The mode bits

disable the IRQ and FIQ interrupts respectively.

Bit T is the processor state bit. When the state bit is set to 0, this
Indicates that the processor is in ARM state (ie. executing 32-bit
ARM instructions). When it is set to 1, this indicates that the
processor is in Thumb state (executing 16-bit Thumb instructions)

The state bit is only implemented on Thumb-aware processors
(Architecture 4T). On non Thumb-aware processors the state bit will
always be zero.

The M4, M3, M2, M1 and MO bits (M[4:0]) are the mode bits. These
determine the mode in which the processor operates, as shown in

C Table 3-4: The mode bits, below. Not all combinations of the mode
bits define a valid processor mode. Only those explicitly described

can be used.

M[4:0] Mode Accessible Registers

10000 User PC, R14 to RO, CPSR

10001 FIQ PC, R14_fiq to R8_fiq, R7 to RO, CPSR, SPSR_fig
10010 IRQ PC, R14_irq, R13_irq,R12 to RO, CPSR, SPSR_irq
10011 SVC PC, R14_svc, R13_svc,R12 to RO, CPSR, SPSR_svc
10111 Abort PC, R14_abt, R13_abt,R12 to RO, CPSR, SPSR_abt
11011 Undef PC, R14_und, R13_und,R12 to RO, CPSR, SPSR_und
11111 System PC, R14 to RO, CPSR (Architecture 4 only)




[TpeHoCHT Npu U3BarKaaHe e nHBepceH!

B MHOro mmnkponpouecopu ce n3nos3Ba ToO3U TPUK — U3BaAXKAa-
HEeTO A3 Ce M3BbPLUBA KaTo CbbmpaHe ¢ MHBEPCHATa CTOMHOCT Ha
ymanutena natc nor. 1 Ha BXxoada 3a NpeHoc. Taka NpeHOoCHT ce
noJsiydaBa MHBEPTUPAH HA M3X0Aa 3a NPEeHOC Ha cymaTopa. A aKo
cneaBallata KOMaHaa e n3BaxkaaHe ¢ npeHoc (SBC), To Ta3um Ko-
MaHAa U3BaXKaa MHBepCMATA Ha npeHoca. [1o-nogpobHo pa3su-
TO, aKO MMa NMPEHOC, N3BAXKAAHETO Ce CBeX/Ja OTHOBO Aa Cbbu-
paHe C MHBEePCHATa CTOMHOCT Ha ymanuTena natoc aAor. 1 Ha BXo-
[a 3a NpeHoC Ha cymaTopa, TbM KaTO MHBECUATA Ha NMPeHoca €
nor. 0. A aKo npeHoc HAMa, TO OT Ta3u sor. 1 ce nseaxaa nor. 1
(MHBEpcMATa Ha NMPeHoca) M Taka Ha BXo4a 3a NMPEHOC Ha cyma-
Topa we mma nor. 0. Ha npakTUKa ToBa 03Ha4yaBa, Ye Ha BTOpMUA
BXOZ, Ha CymaTopa ce nodaBa MHBEPCUATA Ha ymanutens (nony-
4yeHa OT MHBEPCHUTEe U3XoAu Ha TpuUrepuTe OoT perncTbpa, Kvae-
TO Ce na3un TOM), a Ha BXO4a My 3a NMPEHOC — NPEHOCHT OT Npea-
XOZHOTO TaKa M3BbPLUEHO n3Ba*KaaHe. Taka e u npu ,,ARM*.



Register | Synonym | Special | Role in the procedure call standard Preserve across function calls?
R15 PC The Program Counter. Special role register
R14 LR The Link Register. Special role register
R13 SP The Stack Pomter. Special role register
R12 IP The Intra-Procedure-call scratch register. No
R11 v8 FP ARM-state variable-register 8. ARM-state frame pointer. Yes, if used
R10 v7 SL ARM-state variable-register 7. Stack Limit pointer in stack-checked variants. | Yes, if used

R9 V6 SB ARM-state v-register 6. Static Base in PID /re-entrant/shared-library vaniants. | Yes, if used
R8 V5 ARM-state vanable-register 5. Yes, if used
R7 v4 WR Variable register (v-register) 4. Thumb-state Work Register. Yes, if used
R6 v3 Variable register (v-register) 3. Yes, if used
RS v2 Vanable register (v-register) 2. Yes, if used
R4 vl Varnable register (v-register) 1. Yes, if used
R3 a4 Argument/result/scratch register 4. No
R2 a3 Argument/result/scratch register 3. No
Rl a2 Arpument/result/scratch register 2. No
RO al Argument/result/scratch register 1. No




* User Model — UISA (32 -bit archltecture)

Condition register

GPRO(32)|  [FGPRO(64) CRG2,

GPR1(32) FGPR1(64)

FP status and control

register
GPR31(32) FGPR31(64) FPSCR(32)
XER register Link register Count register
XER(32) LR(64/32) CTR(64/32)




* For testing and branching

CRO | CR1 | CR2

CR3

CR4

CR3 | CR6 | CRI

31

N

For all integer instrs.

Bit0: Negative(LT)
Bit1: Positive(GT)
Bit2: Zero (EQ)

Bit3: Summary Overflow(SO)

Condition register CRn
Field — Compare
Instruction




0 0000 D000 DO00 0040 Q0o 0 Fiyle oount

21 26 3

Figure 2-6. XER Register
back

Table 2-6. XER Bit Definitions

Bits

Description

S0

Summary averflow. The summary overflow kit (SO) is set whenever an instruction (except mtspr)
sels the averflow bit (OV). Once set, the SO bit remains s=tuntil it is deared by an mtspr instruction
(spedfying the XER) or an merxr instruction. Itis not altered by compare instructions, nor by other
instructions (exosptmispr to the XER, and merxr) that cannot overflow. Exscuting an mtspr
instruction to the XER, supplying the values zero for SO and one for OV, causes SO to be deared
and OV to be set.

Crwerflow. The overflow bit (OV) is set to indicate that an averflow has ocourred during execution of
an insiruction. Add, subftract from, and negate instructions having OE = 1 set the OV bit if the carry
oul of the msb is not aqual to the carry cut of the msb + 1, and clear it ctherwise. Multiply low and
divide instructions having OE = 1 set the OV kit if the resull cannot be represented in 64 bits (mulld,
divd, divdu) or in 32 bits (mullw, divw, diveu), and dear it otherwise. The OV bit is not altered by
compare instructions that cannot overflow (excspt mtspr to the XER, and merxr).




Table 2-6. XER Bit Definitions (continued)

Bits | Name Description

2 CA |Carry. Set during execution of the Bllowing irstructions:

« Add carrying, sublract from carrying, add extended, and subiract from extended instructions st
CA if there is a carry out of the msb, and dear it otherwise.

= Shift right algebraic instructions set CAif any 1 bits have been shifted out of a negalive operand,
and dear it otherwise.

The CA bitis not altered by compare instrudtions, nor by other instructions that cannct carry (except

shift right algebraic, mtspr to the XER, and merxr).

24 — Resasrved

25-31 | Byte |This field specifies the number of bytes to be transferred by a Load String Word Indexed (lswx) or
count |Store String Word Indexed (stswx) instruction,




Table 13-1 GPR Register Usage Conventions

Must be

GPR Lype Preserved? Usage
ro volatile no used in prolog/epilog code
rl stack pointer
dedicated
r2 eaicare yes table of contents (TOC) pointer
1st fixed-point parameter
r3
. 1st word of return value
volatile no : .
4 2nd fixed-point parameter
2nd word of return value
r5 3rd fixed-point parameter
. volatile no .
rl0 8th fixed-point parameter
rll . environment pointer (if needed)
volatile no . .
rl2 used by global linkage routines
rl3 :
ron-volatile ves general registers that must be preserved

r3l1

across function calls




i0 g0
il gl

i2 g2

i3 g3

i4 gl

i5 g5

i6 g6

i7 g7

10

11 Y (multiply step)

12 PSR

13 NZVC S -cwp-

14 (cwp = current window pointer)
15 Trap Base Register (TBR)
16

17 Window Invalid Mask (WIM)
o0

ol PC

02

o3 nPC

o4

05

06

o7

Figure 2.1: SPARC Programming Model



In the HP Calculator, the last number computed could be tested. For example,
there was an instruction ifeq, which would skip the next instruction in line if the
result last computed was zero. A similar technique is used in many computers, in
which the state of the execution of each instruction may be tested. In order to do
this, only information about the result need bhe kept, not the result itself. The state
of execution is saved in terms of four variables:

7 whether the result was zero
N whether the result was negative

V' whether execution resulted in a number too large to store in the register

C whether execution resulted in a number that generated a carry out of the register

This information is kept in four variables, the integer condition codes: Z, N, V.
and, C.



Register Synonyms Usage
hgl 4r0 Always discards writes and returns zero
Tl hri First of seven registers for data with
he2 wr2 global context
%83 hr3
gl hrd
heb %r5
hed %ré
heT yhard
%00 %8 First of six registers for local data
hol w9 and arguments to called subroutines
ho2 hr10
103 Yrit
hod wril2
Hho5 %ri3
hsp %r14d %06 | Stack pointer
%oT %15 Called subroutine return address
%10 %ri6 Firat, of eight registers for local
%11 hri7 variables
%12 Yris
%13 %rio
Y14 w20
%1s hr21
%16 hr22
W7 hr23
%hi0 hr24 First of six registers for incoming
il hr25 subroutine arguments
%i2 hr26
%i3 hx 2T
hid rr2s8
%ib %hr29
itp %wr30 %itl, | Frame pointer
hi7 %r31 Subroutine return address




at

vl
a0

SoFrnEDRELRER

ZexssLELBE

208 B

31 0

Multiply and divide registers

Program counter

General—purpose registers

Figure 4.1 MIPS registers. All registers are 32-bits wide.



Table 4.1 MIPS reqisters and their conventional usage

Register name Number Intended usage
ZEro 0 Constant 0
sat | Reserved for assembler
Svo0, Svl 2,3 Results of a procedure
sao, sal, saz2, sa3 4-7 Arguments 1-4 (not preserved across
call)
St0—-St7 8—15 Temporary (not preserved across call)
Ss0-$s7 16-23 | Saved temporary (preserved across call)
St8,$t9 24,25 | Temporary (not preserved across call)
sko0, Skl 26, 27 Reserved for OS kernel
Sgp 28 Pointer to global area
SSp 29 Stack pointer
Sfp 30 Frame pointer (if needed);
otherwise, a saved register $s8
Sra 31 Return address (used to return from a

procedure)
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Register ABI Name Description Saver

x0 Zero hardwired zero

X1 ra return address Caller
X2 Sp stack pointer Callee
X3 gp global pointer

x4 tp thread pointer

X5-7 t0-2 temporary registers Caller
X8 sO/fp saved register / frame pointer Callee
X9 s1 saved register Callee
x10-11 | a0-1 function arguments / return values | Caller
x12-17 | a2-7 function arguments Caller
x18-27 | s2-11 saved registers Callee

x28-31 | t3-6 temporary registers Caller



KomaHam 3a paboTta ¢ uenv Yncna u CUCTEMHU KomaHaun Ha x86 n ,,ARM“: Tpynu
KomaHau. OnepaHaun. Agpecauma. HeasHa aapecauyma npu x86. OpToroHaIHOCT.




Why Would Anyone Learn This Stuff? Forward

Amazing! You're actually reading this. That puts you into one of three categories: a student who is
being forced to read this stuff for a class, someone who picked up this book by accident (probably
because you have yet to be indoctrinated by the world at large), or one of the few who actually have an
interest in learning assembly language.

Egads. What kind of book begins this way? What kind of author would begin the book with a forward
like this one? Well, the truth is, /considered putting this stuff into the first chapter since most people never
bother reading the forward. A discussion of what's right and what's wrong with assembly language is very
important and sticking it into a chapter might encourage someone to read it. However, [ quickly found
that university students can skip Chapter One as easily as they can skip a forward, so this stuff wound up

in a forward after all.

So why would anyone learn this stuff, anyway? Well, there are several reasons which come to mind:

*  Your major requires a course in assembly language; i.e., you're here against your will.

» A programmer where you work quit. Most of the source code left behind was written
in assembly language and you were elected to maintain it.

*  Your boss has the audacity to insist that you write your code in assembly against your
strongest wishes.

*  Your programs run just a little too slow, or are a little too large and you think assembly
language might help you get your project under control.

*  You want to understand how computers actually work.

*  Youre interested in learning how to write efficient code.

*  You want to try something new.

Well, whatever the reason you're here, welcome aboard. Let's take a look at the subject you'e about

to study. Randall Hyde, "The Art of Assembly"”, 1st ed.



3allo ga ce usy4vaea esmk Acembnep
[NbpBaTa npuuMHa ga ce paboTn U mnsydyasa Acembnep e, ye TOM [aBa Bb3MOXHOCTKM 3a
pa3bupaHe Ha OCHOBHUTE Npouecu U PYHKLUMOHANHOCT Ha KOMMTbpHAaTa cuctema. Toea
nomara Ha nporpamMucTuTe ga cb3gaBaT cOPTYEepHU NPOAYKTU C MO-NorMyHa 1M CMUCNeHa
CTPYKTypa.

BTtopata npuyMHa e ocurypaBaHeTo Ha MHOro p[o0bp KOHTPONT Ha XapayepHute WU
COMPTYEPHUTE BBb3IMOXHOCTU Ha KOMMKTbPHaATa cUCTeMa, TbW KaTto B e3uMK Acembnep ce
paboTu ¢ OUPEKTHN NPOLIECOPHN KOMaHOM.

[lpyra npuymMHa €, Ye acemMonepckuTe nporpamMmmn ca MHoro 6bp3n U UMaT no-ronam obxeart oT
nporpamMmuTe, KOMTO Morat ga ce paspaboTaT C¢ Apyrn nporpamHu esvun. E3nk Acembnep
nosponasa godpa onTtUMmM3aUna B NporpamMuTe, KakTo Mo OTHOLUEHWME Ha TEXHUSA pasMmep,
Taka ¥ N0 OTHOLUEeHWE Ha U3NbITHEHUETO UM.

MHOro nonesHo 3a nprpaMmnucTnTe € aa 3HaatT Acemonep, ocobeHo B cnegHuTe criydyau:
Korato TpabBa fa ce aHanuanpar rpeLlkn B nporpaMmunTe;

Korato gageHa nporpamMa ce U3nbliHABa NOo pasfivyeH HauuH OT NnaHupaHus;

KoraTto e31K OT BUCOKO HMBO He noabprKa HAKOM XapayepHU Bb3MOXKHOCTH;

e KoraTo B NMHENHUTE Npoueaypu ce U3UCKBa HAKaKBa nopumna acemonepckn KomaHaw.
PasbupaHeTo Ha npoLecuTe Ha KoMNunauua U cBbp3BaHe Ha NporpamMn, HanucaHu Ha e3uK
OT BUCOKO HUBO M3UCKBa NO3HaBaHETO Ha e3MK Acembnep.

OcobeHo Ba)XHO e u3nonssaHeTo Ha e3nK AcemOnep B cUCTEMUTE, paboTelln B pearnHo
BpeMe. [lpn TAX OT ronama Ba)XHOCT € KOHTPONbT Ha OTAENHUTE MHCTPYKUUW, TbW KaTo ce
N3NCKBA NpeLn3Ha cbrinacyBaHOCT MO BPEME Ha pasfnuyHK onepauun. B nporpamHute esnuy
OT BWCOKO HMBO He MOXe [a Cce roBopu 3a OTAENHM WHCTPYKUMKM U CbrfacyBaHeTO Ha
onepauunTe € NoYT HEBb3MOXKHO.

npod¢. CraHko Ulpakos



0:47:57 PE: 1990, summer of 90, was to do an annotated bibliography of papers and books
that | thought were relevant to what we should design next and a lot of the papers being
done back then were out of order. They were predicting that there is a lot of parallelism if you
can make a machine that can dig the parallelism out. There were papers from Illinois and
other places suggesting some possible ways to do out of order so we looked at them and
thought okay, one of those might play out. We were very hopeful that out of order was going
to be a viable strategy and we committed to it reasonably early, as of September of 1990, that
that's what we are going to end up doing. Another question was the right way to map an out
of order schema onto an x86 platform because as | mentioned there's all this research going
on but none of it was x86, they were all assuming RISC instruction set architectures, so we
had an open question as to whether there anything about the x86 instruction set architecture
that would prevent those research results from being relevant. Your research might predict a
3x speed up on important code but it's RISC code and if | did it in x86 would if | find out that

| will only get 1.2x because of |some horrible thing associated with the architectureof the

X867

None of us were x86 experts back then, not me, not Dave, not Glenn, in fact we had all
studiously avoided it because it is ugly, it's not a pretty architecture at all.J]Suddenly we had

to climb up a new learning curve for x86 as well as for out of order. After a discussion one
day, Dave and | realized that if we had a tool that could track data dependency chains

through assembly language, we would be able to characterize x86 dependency patterns and
statistics. Once who depends on whom, you can effectively gauge the efficacy of taking later
instructions and pretending that they have been executed at the same time as the previous
one. That is of course leaving out all the implementation details of how would you do that,
what kind of hardware would it take and so on, but we were just asking a question, if you
could build such an x86 engine, conceptually how fast could it possible g0.;..,.. comvern 2000 interview




Second, look closely at the microcode. Although microcode seems to have dispropor-
tionately more bugs than anything else in the chip, if you understand the x86 and the de-
sign process, that outcome is understandable.

and most of that complexity is embedded in the microcode. You
might think that a company that has successfully implemented x86 chips for close to 30
years would have “solved” the microcode problem long ago, but they haven’t, because no
such solution exists. Every time the microarchitecture must be changed, so must the mi-
crocode, and all fundamental changes to either will expose new areas in the microcode,
f'DI' Wthh thE‘ pﬂﬁt iS q p{mr gllidﬂ to correctness. Robert Colwell, ,,The Pentium chronicles” (BCHYKH

HeoDO3HAYeHM LMTATH NO-HATATHLK Ca OTTaM)



MOV, PUSH,
POP, XCHG,
XLAT

IN, OUT

LEA, LDS, LES

LAHF, SAHF,
PUSHF, POPF

ADD, ADC,
AAA, DAA, INC

SUB, SBB,
AAS, DAS,
DEC, NEG,
CMP

MUL, IMUL,
AAM

DIV, IDIV, AAD

CBW, CWD

AND, OR,
XOR, NOT,
TEST

SAL/SHL,
SAR, SHR

ROL, ROR,
RCL, RCR

CALL, RET, JMP

JA/JNBE, JAE/
JNB/INC, JB/
JNAE/IC, JBE/

JNA, ICXZ, JE/)Z,
JG/JNLE, JGE/INL,
JL/INGE, JLE/ING,

JNE/INZ, JNO,

JNP/JPO, INS, JO,

JP/JPE, JS

LOOP, LOOPE/

LOOPZ, LOOPNE/

LOOPNZ

REP, REPE/
REPZ, REPNE/
REPNZ

MOVSSB,
MOVSW

CMPSB,
CMPSW

SCASB, SCASW

LODSB,
LODSW,
STOSB, STOSW

INT, INTO, IRET

STC, CLC,
CMC, STD,
CLD, STI, CLI

HLT, WAIT,

LOCK (ESC e 3a
Konpouecop!)
(NOP —TO0Ba €
XCHG AX,AX !)

+SALC (Hepo-
KYMEHTMpPaHa)
=96 6p.



Undocumented OpCodes: SALC

SALC - D6 - Set AL on Carry

An undocumented op code that performs an operation common to every Assembly language subroutine to C and many other higher level
languages. This instruction is a C programmers 'dream’ instruction for interfacing to assembly language.

Undocumented: Available to all Intel x86 processors
Useful in production source code.

SALC
Flags: SET Carry flag to AL
ettt —t—t—F—t—+—+ R +
lo|p|z|T|s|z|a|P|cC| | 11010110 |
+—-+-+-+-t+—F—-F—-+-+-+ Fe—_—_—————— +
I I T e O B O | D6 |
ottt —F—t—+—+ . +

The name SALC simply stands for SET the Carry flag in AL. This instruction is categorized as an undocumented single-byte proprietary
instruction. Intel claims it can be emulated as a NOP. Hardly a NOP, this instruction sets AL=FF if the Carry Flag is set (CF=1), or resets AL=00
if the Carry Flag is clear (CF=0). It can best be emulated as SBB AL ,AL. SALC doesn't change any flags, where SBB AL,AL does. This
instruction is most useful to high-level language programmers whose programs call assembly language, and expect AL to indicate success or
failure. Since it is convenient for assembly language programs to return status in the CF, this instruction will convert that status to a form
compatible with high level languages.

Over the years, this instruction has been given many names by various discoverers. I originally gave it the name SETCAL, but the most common
name I've seen in print is SETALC. The name given above, SALC is an official Intel name. While perusing the P6 opcode map, I always check
for known, undocumented opcodes. After weeding through the map for many minutes, my patience and perseverance paid off. I found the
opcode, and its name. Intel's name for this opcode is SALC. This would indicate that Intel plans to officially document this instruction, beginning
with the P6.



Ilpeoopasyearnua u npexevPIAHUA
BSWAP (pa3zmana Ha OaliToBeTe);
CBW (0afiT B 1yMa):;
CDQ (xBoiiHa B 4eTBOpPHA IyMa);
CWD (myma B 1BoHHA ayMa ¢ yaacTHe Ha DX):
CWDE (nyma B 1BoHHa nyMa camo B EAX):
LDS (zapexaaHe Ha ITBJISH JOTHYECKH aIpec, BKIOYHTeTHO B DS):
LEA (zapexxaanHe Ha ed)eKTHBeH azpec):
LES (3apexIaHe Ha IThJISH JIOTHYECKH aJpec. BKIIOYHTETHO B ES):
LFS (3apeixaaHe Ha ITbJIeH JOTHUECKH aJpec. BKIOUHTeTHO B FS):
LGS (3apexaHe Ha IBJISH JOTHUYSCKH agpec. BKIOUHTeTHO B GS):
LSL (3apexIaHe Ha rpaHHIIa Ha CETMEHT);
LSS (3apekaaHe Ha ITBIIEH JIOTHYECKH ajpec, BKIIKOYHTETIHO B SS):
MOV (3amHcBaHe Ha H30paHO MACTO):
MOVSX (mpexBbpiIfHe CbC 3HAKOBO paslIHpABAaHE Ha pa3pAIHOCTTA);
MOVZX (mpexBppiaHe ¢ 0€33HAKOBO pa3NIHPABAHE HA Pa3pAIHOCTTA):
XCHG (pa3MaHa Ha MecCTaTa Ha OIlepPaHIHTe);
XLAT (u3sma4a Oaiit ot Tabmuna ot 1o 256 Gafita) ;
XLATB (kato XLAT. o camo ¢ perHctspa DS).

Paboma cvc cmera
ENTER (dopMupane Ha CTEKOB KaIb]p):
LAHF (zannc Ha MmnaamHg 6aidT oT daarose B peructbpa AH):
LEAVE (nmpeMaxBaHe Ha CTEKOB KaIbp):
POP (u3B1H9IaHe HA eIHA JaHHA):
POPA (u3B1HYaHe Ha 16-pa3paIHHTE PETHCTPH ¢ 00IO NMpeaHa3HaYMeHHE);
POPAD (u3BmHt4aHe Ha 32-pa3paIHHTE PerHCTPH ¢ 00Imo npeaHa3HaueHHe):
POPF (mzpmHdane Ha 16-pazpaanHd (Iaros perHeThp):
POPFD (uzBnHuane Ha 32-pa3pagsHd QrIaroB perHCThp: NPH NpHBHIETHH 1, 2 H 3 He ce nmpomMenar ¢aaroeere VM H RF);
PUSH (zamHcBaHe Ha eIHHHYIHA JTaHHA):
PUSHA (3amHcBaHe Ha 16-pa3pAIHHTE PerHCTPH ¢ 0DINo NpeTHa3HaueHHe):
PUSHAD (3anmHcBaHe Ha 32-pa3paIHHTE PeTrHCTPH ¢ 00INO mpeaHazHaueHHe):
PUSHF (zanHcBane Ha 16-pa3panHas QIaros perHcTep);
PUSHFD (zanucBaHe Ha 32-pa3panHHA GJIarOB PETHCTEP).



Apummemuuru onepayuiu
ADC (cvbupane 3aemHo ¢ ¢ara CF);
ADD (cvbupane):;
CMP (um3BakaaHe c 11e1 CpaBHSIBaHE):
CMPXCHG (m3BakIaHe ¢ IIe]I CpaBHIBaHE I OOMEH CIIOpe]T paBEHCTBOTO):
DEC (mamanaBaHe c 1);
DIV (nenene Ha 1ienn 0e3 3HaK);
IDIV (neneHe Ha I1eTH CBC 3HAK);
IMUL (ymMHOKeHHe Ha eI ChC 3HaK);
INC (yBenmuaBane ¢ 1):
MUL (yMHOXeHHe Ha I1eJIi 0e3 3HaK);
NEG (cMs1Ha Ha 3HaAKa);
SBB (m3BakaaHe cbe 3aeM oT ¢iara CF);

SUB (u3BaxkaaHe);
XADD (pa3msHa u crOHpane).

3a 060UYHO-O0ecemuyuHa apumMmemuKa
a) B HeakeTHpaH popMar:
AAA (cnex crOupane):;
AAD (npenu neneHne);
AAM (crmen yMHOKEHIE);
AAS (cnen m3Bakmane).
0) B ImakeTupas opmar:
DAA (cnen crOupane):
DAS (cnen nu3Baknane).



Jlozuuecku onepanuu (nopaspaonu)
AND (;1orHUecKo H);
NOT (oTpunanue);
OR (Ioruuecko HiIH);
TEST (cpaBHsBaHe upe3 JOTHUECKO H);
XOR (moruuecko H3KTIOUBAIIO HITH).

H3mecmeanusa
RCL (portanus Hamaso mnpes CF);
RCR (poramusa HagsacHo npe3 CF):
ROL (portanus HalIsABO):
ROR (porammisg HagsaCHO);
SAL (apuTMETHYHO HAJIABO);
SAR (apHTMETHUYHO HAISICHO);
SHL (1ormdecko HaIABO):
SHLD (“aBofino” H3MecTBaHe HAIABO, T. €. C H3BJIHYaHe OT Apyra JaHHa);
SHR (;1ormdecko HaasiaCcHO):
SHRD (“aBoiiH0o” H3MecTBaHe HAIACHO, T. €. ¢ H3BJIHYaHe OT Apyra JaHHa).

Hooumoeu oopadomxu

BSF (TbpceHe Ha eqHHHYeH OHT HaIIpen);

BSR (TBpceHe Ha eTHHHYEH OHT Ha3aj):

BT (u3Bi1nuane);

BTC (u3B1nuuaHe H HHBEPTHpPAHE):

BTR (u3B1nuaHe H HyJIHpaHE);

BTS (u3BmiuaHe H 3aIHCBaHe Ha eIHHHIIA);

SET# (3ammcBa B OalT CTOHHOCTTA Ha JIOTHUECKO YCIOBHE KaTo eqHOOAHTOBA eTHHHIIA HIH HYIA;
# 3aMeCTBa pa3THIYHHTE MHEMOHHYHH CBKpalleHHsa OT TaOaHIaTa Ha cIp. 4).



Ilpasna onepayua
NOP (camo u3pasxoana 1 Taxr).

Paooma c ¢pnazoee
CLC (mymupane Ha CF);
CLD (mynupane Ha DF);
CLI (mymupane Ha IF; npuBniIernipoBaHa);
CMC (unBeptupane Ha CF);
LAHF (mnanmmsar 6aiit Ha FLAGS B AH);
SAHF (AH B mnaammus 6aitit Ha FLAGS);
STC (3anmcBane Ha 1 BBB (piara CF);
STD (3ammcBane Ha 1 BB ¢aara DF) ;

STI (zanuceane Ha 1 BBB (hi1ara IF; npuBHIernpoBaHa).
Cwsmo u POPEF, POPFD, PUSHF, PUSHFD.

Ilpeoasane na ynpaeienuemo (npexoou)
CALL (oOprieHne KM MOANpOrpaMa);
J# (yclIoBeH nmpexo; # 3aMecTBa pa3IHIHHTE MHEMOHHYHH CBEKpAaIleHHs OT TadIuiara Ha c1p. 4);
JCXZ (nmpexoa npu CX=0);

JECXZ (nmpexox npu ECX=0):

JMP (Oe3ycioBeH IIpexo);

LOOP (3a muxksn no ECX);

LOOPE (3a nuksa no ECX u ZF):
LOOPNE (za muxsi1 no ECX u me ZF);
LOOPNZ (=LOOPNE);

LOOPZ (=LOOPE);

RET (Bprpmiade OT IOAIpoOrpaMa).



Padoma c Husoee (6exmopu om daimaose, OyMu Wi 060UHH OyMuU)
CMPS (H3BaKJaHe Ha e/IeMeHTH OT HH30Be C LIe]l CpaBHABaHE):
CMPSB (H23BaxkaHe 3a cpaBHABaHe Ha OaHTOBe OT HH30BE);
CMPSD (H3BakIaHe 3a CpaBHABaHe Ha JBOHHH OIYMH OT HH30BE);
CMPSW (H3BaxIaHe 3a CpaBHABAHE HA OYMH OT HH30Be);
INS (BBBeKIaHe OT IOPT: BIHAE Ce OT IPHBHIIETHHTE);
INSB (BbpBe:KIaHe OT OPT HA GaHT: BIHAE C€ OT IPHBHIIETHHTE);
INSD (BBBEKIaHE OT IIOPT Ha JBOHHA IyMa; BIHAE Ce OT IIPHBHIICTHHTE);
INSW (BBBEKIaHe OT IOPT Ha AyMa; BIIHAE Ce OT IPHBHIETHHTE);
LODS (3a 3allHC Ha eIeMeHT B akyMylaTopa);
LODSB (3a 3anHc Ha 0aHT B akyMylaTtopa AL);
LODSD (2a 3anHc Ha IBOHHa OyMa B akymynaTtopa EAX):
LODSW (3a 3amHc Ha IyMa B akyMynaaTopa AX):
MOVS (npexBBpIIAHE OT €IHH KbM OPYT HH3);
MOVSB (npexBbpisfHe Ha 0aHT OT €JHH KBM JPYT HH3):
MOVSD (npexBBpIfAHE Ha JBOHHA IYMa OT €IHH KbM IPYT HH3):
MOVSW (npexBbp/sHe HA AyMa OT eIHH KbM IPYT HH3);
OUTS (3anmHcBaHe Ha €IHH elleMeHT B [IOPT: BIIHAE CE OT IIPHBHIIETHHTE);
OUTSB (3anHcBaHe Ha 0aHT B IIOPT: BIHAE C& OT NPHBHISTHHTE);
OUTSD (2anHcBaHe Ha JBOHHA IyMa B MOPT; BIHAE Ce OT IIPHBHIIETHHTE):
OUTSW (3anHceaHe Ha IyMa B [IOPT: BIIHAE C€ OT IPHBHIIETHHTE);
REP (nmoetoperHe ECX NBTH):
REPE (nnoeTopeHHe ECX nbTH npH ZF):;
REPNE (noetopeHHe ECX nbTH npH He ZF);
REPNZ (=REPNE):
REPZ (=REPE);
SCAS (cpaBHsfBa 4pe3 HIBaXKIaHE aKyMyJIaTopa C elIeMeHT Ha HH3):
SCASB (cpaBHfBa 4pe3 H3BaKIaHe Ha akymynaTtopa AL ¢ 6aHT oT HH3):
SCASD (cpaBHABa 4pe3 H3BakJaHe Ha akyMyaaTtopa EAX ¢ 1BoHHA OyMa OT HH3):
SCASW (cpaBHfBa upe3 H3BaXkIaHe Ha akyMmynaTopa AX ¢ 1yMa oT HH3);
STOS (3anmHcBa aKkyMyllaTopa B €J1&éMeHT Ha HH3) ;
STOSB (3anHcBa AL B elleMeHT Ha HH3 0T OaHTOBe) ;
STOSD (3anHcBa EAX B elleMeHT Ha HH3 OT JBOHHH IyMH);
STOSW (3anHcBa AX B elIeMeHT Ha HH3 OT IVMH).



Ilposepka na unoekc unu namem
BOUND (namu MHIEKC € B TPaHNIIN);
VERR (1anu cerMeHT € JOCTBIICH 3a YeTCHE);
VERW (manu cerMeHT € JIOCTBIIEH 3a 3alllIC).

3a ynpaeJjieHuie Ha padomama ¢ namemmad
LOCK (3a curgan LOOK# 3a MOHOIIOJIHO BJIaJIe€He Ha MaMeTTa IIpe3 clieBaliara KoMaH/Ia);
WBINVD (obpateH 3a1uc 1 HeJIOCTOBEPHOCT Ha Kelll-IlaMeTTa).



Komanou 3a cucmemto npozpamupane
ARPL (mmpoMsiHa IIPHBHITETHA):
CLTS (mynupane Ha ¢aara TS B peructepa CRO):
FWAIT (npenn 1a mpoIb/DKH MPOIECOPET ITPOBEPABA 3a HAKOH 0COOEHH CIIy4aH ).
HLT (cupane Ha Ipoliecopa 10 Bh3HHKBAHE Ha IIPEKbCBAHE):
IN (BBBeXKIaHE OT IIOPT):
INT (mpeam3BHKBaHE Ha H30PAHO IIPEKBCBAHE):
INTO (npenn3BHKBaHE Ha IIPEKBCBAHE 4);
INVD (HEIOCTOBEPHOCT HA KENI-IIAMETTA):
INVLPG (HEIOCTOBEPHOCT Ha €l1eMEHT 0T TLB):
IRET (BpmIraHe OT IMPEKHCBAHE):
IRETD (=IRET):
LAR (3apexaHe Ha IIpaBa 3a JOCTHII).
LGDT (3apexnane Ha peructspa GDTR):
LIDT (3apexaade Ha peructspa IDTR):
LLDT (3apexnane Ha perucTepa LDTR):
LMSW (3apexaaHe Ha [yMara Ha CECTOAHHETO);
LTR (zapexnaHe perucTepa Ha 3a/1a4ara).
OUT (u3BexaaHe B IIOPT).
SGDT (u3BIHUYaHE HA ChABPKAHUETO Ha perucThpa GDTR):
SIDT (u3BIHYaHE HA ChABPKAHHETO Ha peructhpa IDTR):
SLDT (m3BIn4aHe Ha ChIBPKAHHETO Ha peructhpa LDTR):
SMSW (H3BIHYAaHE Ha IyMaTa Ha ChCTOSHHETO, T. €. Ha MIAJIIIATA II0JI0BHHA Ha peructspa CRO):
STR (cpxpansAraHe Ha perucTepa TR Ha 3amauara):
WAIT (upenu 1a NpoabUKH IIPOIIECOPHT MIPOBEPABA 32 HAKOH 0COOEHH CIIYYaH).

CrLIio Taka OT NPHBHJICTHATE 3ABHCAT H KOMAaH/IHTE!
CLI: CLTS: INS: INSB: INSD: INSW: IRET: IRETD: LSL: OUTS: OUTSB: OUTSD: OUTSW; POPFD: STIL



8086 AND 8088 CENTRAL PROCESSING UNITS

SHIFT LEFT 4 EITS

SEGMENT

* LOGICAL
T 2 a3 ADDRESS
DFFSET
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= 1 2 3 6 2] PHYSICALADDRESS
19 0
TO MEMORY
Figure 2-18. Physical Address Generation
Table 2-2. Logical Address Sources
DEFAULT ALTERNATE
TYPE OF MEMORY REFERENCE SEGMENT SEGMENT OFFSET
BASE BASE
Instruction Fetch CS NONE IP
Stack Operation SS NONE SP
Variable (except following) DS CS,ES,SS Effective Address
String Source DS CS,ES,SS Sl
String Destination ES NONE DI
BP Used As Base Register SS CS,DS,ES Effective Address




Table 2-1. Default Segment Register Selection Rules

Segment
Memory Reference Needed Register Implicit Segment Selection Rule
Used

Instructions Code (CS) Automatic with instruction prefetch

Stack Stack (SS) All stack pushes and pops. Any
memory reference that uses ESP or
EBP as a base register.

Local Data Data (DS) All data references except when
relative to stack or string
destination.

Destination Strings Extra (ES) Destination of string instructions.

Special instruction prefix elements may be used to override the default segment selection.
Segment-override prefixes allow an explicit segment selection. The 80386 has a segment-
override prefix for each of the segment registers. Only in the following special cases is there

an implied segment selection that a segment prefix cannot override:

« The use of ES for destination strings in string instructions.

e The use of SS in stack instructions.

The use of CS for instruction fetches.




| *) 8- or 16-hit, signed
Table 2-3. Memory Operand Addressing Modes

Addressing Mode Offset Calculation
Direct 16-bit Displacement in the instruction
Register Indirect BX, S, DI
Based (BX or BP) + Displacement®
Indexed | (Sl or DI) + Displacement*
Based Indexed - (BX or BP) + (Sl or DI)

Based Indexed + Displacement (BX or BP) + (Sl or DI) + Displacement*




SEGMENT + BASE + (INDEX * SCALE) + DISPLACEMENT

EAX 1
cs ECX A
o = EDX 2 NO DISPLACEMENT
¢ L EBX % . L EBX 3¢ + { 8-BIT DISPLACEMENT
FS EBP EBP 4 32-BIT DISPLACEMENT
GS ES -

EDI 8

APM42

Figure 3-10. Effective Address Computation

The scaling factor permits efficient indexing into an array when the array elements are 2, 4,

or 8 bytes. The scaling of the index register is done in hardware at the time the address is
evaluated. This eliminates an extra shift or multiply instruction.

The base, index, and displacement components can be used in any combination; any of these
components can be null. A scale factor can be used only when an index also is used. Each
possible combination is useful for data structures commonly used by programmers in high-
level languages and assembly language. Suggested uses for some combinations of address
components are described below.




4 GB

32-Bit

“Flat” Addresses

Segment registers have

a new job now. They locate
your 4 GB “flat” segment
in system virtual memaory.
The 05 won't let you fool
with them! They're
“protected”!

CS || DS || 55 || ES

The Stack

ESP

Your Program Data

Your Program Code

Some portions of your
address space may be
“owned” by the operating
system and not available
for your program'’s use.

<— ESI

«— EDI

<— EBX

<— EIP

0000H

o

Figure 4-10: Protected mode flat model

OFFFFFFFFH

32-bit GP registers point
to memory locations
where data is stored.

EIP points to the memory
location of the next
machine instruction

to be executed by the CPU.



13.2. MIXING 16-BIT AND 32-BIT OPERATIONS WITHIN A CODE

MODULE

The following two instruction prefixes allow mixing of 32-bit and 16-bit operations within one
segment:

The operand-size prefix (66H)
The address-size prefix (67H)

These prefixes reverse the default size selected by the D flag in the code-segment descriptor. For
example, the processor can interpret the (MOV mem, reg) instruction in any of four ways:

In a 32-bit code segment:

Moves 32 bits from a 32-bit register to memory using a 32-bit effective address.

If preceded by an operand-size prefix, moves 16 bits from a 16-bit register to memory
using a 32-bit effective address.

If preceded by an address-size prefix, moves 32 bits from a 32-bit register to memory
using a 16-bit effective address.

If preceded by both an address-size prefix and an operand-size prefix, moves 16 bits
from a 16-bit register to memory using a 16-bit effective address.

In a 16-bit code segment:

Moves 16 bits from a 16-bit register to memory using a 16-bit effective address.

If preceded by an operand-size prefix, moves 32 bits from a 32-bit register to memory
using a 16-bit effective address.

If preceded by an address-size prefix, moves 16 bits from a 16-bit register to memory
using a 32-bit effective address.

If preceded by both an address-size prefix and an operand-size prefix, moves 32 bits
from a 32-bit register to memory using a 32-bit effective address.



CBW /CWDE—cConvert Byte to Word/Convert Word to Doubleword

Opcode Instruction Clocks Description
98 CBW 3 AX « sign-extend of AL
o8 CWDE 3 EAX « sign-extend of AX
- — —
Operation IF OperandSize = 16 (* instruction = CBW *)
THEN AX « SignExtend(AL);
ELSE (* OperandSize = 32, instruction = CWDE ¥)
EAX « SignExtend(AX);
Fl;
Description CBW converts the signed byte in AL to a signed word in AX by extend-

ing the most significant bit of AL (the sign bit) into all of the bits of
AH. CWDE converts the signed word in AX to a doubleword in EAX
by extending the most significant bit of AX into the two most significant
bytes of EAX. Note that CWDE is different from CWD. CWD uses
DX:AX rather than EAX as a destination.

Flags Affected None



AAA — ASCII Adjust after Addition

Kopexnua cien cedupane (caeg ADD) (za 2-10-uuHa

APHTMETHKA ¢ HenakeTHpaH dopmat). HAma aBeH onepana.

ITo nogpazoHpaHe padOTH ¢ PETHCTEPA axX IO CIeTHHA
HAYHH:
if((ALand0fH)>9)or(AF=1)
then AL <-- ( AL + 6 ) and 0fH
AH <-- AH + 1;
AF <--1
CF <--1
else CF <--0
AF <--0
endif

AAS — ASCH Adjust after Subtraction

Kopexkmma cnen m3Baxkaare (cnex SUB) (3a 2-10-m4Ha

ApPHTMETHKA ¢ HENMAKETHpaH dopmMat ). Hama ABeH onmepaHm.

Ilo mogpazoHpaHe pa0OTH ¢ PETHCTHPA aX MO CISIHHA
HAIHH:
if((ALand 0OfH )=>9)or( AF=1)
then AL <-- AL -6
AL <-- AL and 0fH
AH<--AH-1
AF <--1
CF <--1
else CF <-- 0
AF <--0
endif

DAA — Decimal Adjust AL atfter Addition

HecetHuHa Kopeknua Ha AL cien csompane. (3a 2-10-uuHa
APHTMETHEA ¢ MakeTHpaH popmat.) Hama aser onepana. [To
noIpasOHpaHe paOOTH ¢ perHCTEPA aX [0 CIIEIHHA HAUHH:
if((ALand 0OfH )=>9 )or( AF=1)

then AL <--( AL+6)

AF <--1
else AF <--0
endif

if (AL>9fH )or (CF=1)
then AL <-- AL + 60H

CF <--1
else CF =--0
endif

DAS — Decimal Adjust AL after Substraction

Hecetnuna kopekmua Ha AL cren m3Baxgane. (3a 2-10-uuna
apHTMETHKA ¢ makeTHpaH Gopmart.) Hama aser onepana. [To
noIpa3oHpaHe padOTH ¢ PETHCTHPA aX [0 CIIeTHHA HAYHH:
if((ALand 0OfH )>9)or( AF=1)

then AL <--( AL-6)

AF <--1
else AF <--0
endif

if(AL=>9fH )or (CF=1)
then AL <-- AL - 60H
CF <--1
else CF <--0
endif



AAM—ASCII Adjust AX after Multiply

Opcode Instruction Clocks Description

D4 DA AAM 18 ASCII adjust AX after multiply
Operation
regAL « AL;

AH « regAL / imm8;
AL « regAL MOD immS8;

NOTE:

imm8 has the value of the instruction's second byte. The second byte under
normally assembly of this instruction will be 0A, however, explicit
modification of this byte will result in the operation described above and
may alter results.

Description

Execute the AAM instruction only after executing a MUL instruction between two unpacked
BCD digits that leaves the result in the AX register. Because the result is less than 100, it is
contained entirely in the AL register. The AAM instruction unpacks the AL result by

dividing AL by the second byte of the opcode, leaving the quotient (most-significant digit) in
the AH register and the remainder (least-significant digit) in the AL register.

Flags Affected

The SF, ZF, and PF flags are set according to the result; the OF, AF, and CF flags are
undefined.



AAD—ASCII Adjust AX before Division

Opcode Instruction Clocks Description
D5 O0A AAD 10 ASCII adjust AX before division

Operation

regAL = AL;

regAH = AH;

AL « (regAH * imm8 + regAL) AND OFFH,;
AH « O

NOTE:

imm& has the value of the instruction's second byte. The second byte under
normally assembly of this instruction will be 0A, however, explicit
modification of this byte will result in the operation described above and
may alter results.

Description

The AAD instruction is used to prepare two unpacked BCD digits (the least-significant digit
in the AL register, the most-significant digit in the AH register) for a division operation that
will yield an unpacked result. This is accomplished by setting the AL register to AL +
(second byte of opcode * AH), and then clearing the AH register. The AX register is then

equal to the binary equivalent of the original unpacked two-digit number.

Flags Affected

The SF, ZF, and PF flags are set according to the result; the OF, AF, and CF flags are

undefined.






IA32 Instruction List (Short Form)

Description of Operands
I8 8-bit peneral purpose register
rlé 16-bit general purpose register
iz 16-bit general purpose register
EDXEAX 64-bit integer number, EDX — more significant
part, EAX — Jess significant part
imm# immediate 8-bit value from —128 to 127
imm16 immediate 16-bit value from —32768
to +32767
Imm32 mmediate 32-bit value from 2147483648 to
+2147483647
r'm8 8-bit peneral purpose register or memory location
rmlé 16-bit general purpose register of MEmMOTY location
rm32 32-bit general purpose register of mMemory location
m 16-bit or 32-bit memory location
m3 8-bit memory location
mls6 16-bit memory location
m32 32-bit memory location
mé4 &4-bit memory location
ml2B 128-bit memory location
mibyte  N-byte memory location

mlé&:1la
mla:32
mléfls

ml6&32
m32&32

maoffsh
maoffsla

maoffs32

Sreg

relf

rella
rel3?

a memory location containing a far pointer composed
of two 16-bit numbers: segment & offset

a memory location containing a far pointer composed
of numbers: 16-bit sepment J- 32-bit offset

a memory location containing a data pair: 16816-bit
a memory location containing a data pair: 16832-bit
a memory location containing a data pair: 32&32-bit

simple B-bit memory location, which actual address is
given by a simple offset relative to segment base
simple 16-bit memory location, which actual address
is given by a simple offset relative to segment base
simple 32-bit memory location, which acmal address
is given by a simple offset relative to segment base

sepment register: C5, D5, 55, ES, F5 ot G5

relative address in the range from 128 bytes before
to 127 bytes after the end of instruction

16-bit relative address within the same code segment
32-bit relative address within the same code segment

pl6:l6
ptr32:32
m3p

mE0fp

ml&int
m32nt
mé&4nt

ST
ST
ST(i)
mm/m3?

/6

32
AL T
xmmml 28

16-bir far pointer in a different code segment

32-bir far pointer in a different code segment

a single-precision floating-point memory location

a double-precision floating-point memory location

an extended-precision floating-point memory location

a word integer memory location
a double-word (dword) integer memory location
a quad-word (gqword) integer memaory location

the top element of the FPU repister stack
the top element of the FPU register stack
the i-th element of the FPU register stack (1-—0_7)

64-bit MMX register from MMD to MM7

low order 32 bits of an MMX register or 32-bit
memory location

MMX register or 64-bit memory location

128-bit XMM register from XMMOD to XMM7
XXMM register or 32-bit memory location
XXMM register or 64-bit memory location
XXMM register or 128-bit memory location



Index Registers

Instruction Pointer

IP

1]

i

HE‘Q Ister Set 31 16)15 0 31 1615
e SI — -
General Purpose Registers =5l — DI — =P
1 16is d7 o EDI Segment Registers
— AKX — 15 4]
EAX *”‘HB;‘L Pointer Registers cs
i - D5
EBX BH | BL 31 ey ° Es
<~ X — EBP FS
ECX CH | CL — Sp o GS
— DX — ESP
EDX DH | DL
Flags
31 3 29 28 27T 26 24 23 2 21 M 19 18 17 1 15 14 13 12 11 10O @ B T & 5 4 3 2 1 0
— FLAGS —
EFLAGS ID |VIPVIFACVM|RF| 0 |NT| IOPL |OF|DF|IF |TF|SF|ZF| 0 |AF| 0 |PF| 1 |CF
Bit Flag Description
0 CF Carry Flag Carry from meost sigraficant bit, also bomow for most sigraficant bit; can be considered as overflow in unsigned mstructions.
2 PF Panty Flag Set to 1 1f 8 less sipmaficant bits of result have even number of 1°s, else set to 0.
4 AF Auxibary camry Flag Used as carry flag m BCD mstructons.
6 ZF Zero Flag Set to 1 1f result 15 zero, else set to 0.
T SF Sign Flag Set to 1 1if result 15 negative (below zero), else set to 0.
3 TF Trap Flag Used by debuggers.
9 IF Intermupt Flag I set to 1, then intermupts are enabled, else are disabled.
10 DF Direction Flag When set to 0, stnng mstructions mcrement the index registers, else — decrement the mdex registers.
11 OF Overflow Flag Used in signed instructions.
1213 | IOPL | IO Povilege Level Indicates the I'O pnvilege level of the cumrently mnning program or task.
14 NT Nested Task Controls the chaining of mtermupt and called tasks.
16 | RF FResume Flag Controls the processor’'s response to mstruction-breakpomt condiions.
17 VM | Viriual 8086 Mode Set to enable virtual-8086 mode; clear to retumn to protected mode.
18 | AC Algnment check Set thas flag and the AM flag n conirol register CRO to enable alignment checlang of memory references.
19 VIF | Viriual Interrupt Flag Contamns a virtual image of the IF flag.
20 VIP | Virmal Interrupt Pending Set by software to indicate that an mtermapt 15 pending .
21 D Idenizhcation The ability of a program or procedure to set or clear this flag indicates support for the CPUID mstruction.




CPU Instruction set

Data Transfer Instructions

Instruction Mnemonic Operands Description Symbolic operations
Mowve MOV r'md, 18 Move rd to r/ms. DST « SEC
rmlé, 116 Move rlé to rimlé.
rm32, 132 Move r32 to rfm32.
I8, r/m8 Move r’'m8 to r8.
rlé, r'mlé Move rimlétorls.
32, r'm32 Move r’m32 tor32.
r‘ml6, Sreg Move segment register to r/ml6.
Sreg, r'mlé Move riml6 to sepment register.
AL, moffs8 Mowve byte at (segment: offset) to AL.
AX maoffsle Move word at (segment: offset) to AN
EAX moffs32 Move dword at (segment: offset) to EAX.
moffsE, AL Mowve AL to byte at (segment: offset).
moffsle, AX Move AX to word at (segment: offset).
moifs32, EAX Move EAX to dword at (segment: offset).
I8, imma Move imm& to rs.
rlg, immle Move immlé to rls.
32, imm32 Move imm32 to r32.
r'mE, inmn® Move imm& to rimd.
r/mlé6, immlé Maove imml6 to r’'mls.
r/m32 , immy32 Move imm32 to rim32.

Conditional Move CMOVA rlé, r'mlé Mowve if above (CF=0 and ZF=0) TM™MP «— SRC:
CMOVAE 32, r'm3z Move if above or equal (CF=0) IF {condifion) THEN
CMOVE Mowve if below (CE=1) DST «— TMP
CMOVEE Move if below or equal (CF=1 or ZF=1) END
CMOVC Mowve if camry (CF=1)

CMOVE Move if equal (ZF=1)

CMOVG Mowve if greater (ZF=0 and SF=0F)
CMOVGE Move if greater or equal (SF=0F)

CMOVL Mowve if less (SF-===0F)

CMOVLE Mowve if less or equal (ZF=1 or 5F<=0F)
CMOVNA Mowve if not above (CF=1 or ZF=1)
CMOVNAE Mowve if not above or equal (CF=1)
CMOVNB Mowve if not below (CE=0)

CMOVNBE Mowve if not below or equal (CF=0 and ZF=0)
CMOVINC Mowve if not carry (CF=0)

CMOVNE Move if not equal (ZE=0)

CMOVING Mowve if not greater (ZF=1 or 5F<=0F)
CMOVNGE Move if not greater or equal (SF<>0F)
CMOVNL Mowve if not less (SF=0F)

CMOVHNLE Move if not less or equal (ZF=0 and SF=0F)
CMOVIND hove if not overflow (OFE=0)




CMOVNP Mowve if not parity (PF=0)
CMOVINS Mowve if not sign (SF=0)
CMOVNZ Move if not zero (ZE=D)
CMOWVO Move if overflow (OF=1)
CMOVP Mowe if parity (PF=1)
CMOVPE Move if parity even (PF=1)
CMOVPO Mowve if parity odd (FF=0)
CMOVS Mowve if sign (SF=1)
CMOVZ Maove if zero (ZF=1)
Exchange XCHG AX 116 Exchanges the contents of the register with other register or memory TMP «— DST,
rl6, AX location. DST «— SRC;
EAX, 132 SRC «— TMP
32, EAX
I/m8, 18
I8, r'm8
r‘ml6, 116
rl6, r'ml6
r'm32, r32
ri2, rm32
Byte Swap BSWAP ri2 Rewverses the byte order of a 32-bit register. TMP «— DST,
DST[7.0] — TMP [31.24];
DST[15.8] «— TMWP[23._16];
DST[23.16] «— TMP[15.8];
DST[31.24] «— TMP[7_0];
Exchange and ADD | XADD r/m8, r8 Exchanges source and destination operands. Load sum into destination TMP « SRC + DST
r'mlé, rlé operand. SRC «— DST
rm32, 132 DST « TMP
Compare and CMPXCHG I/m8, 18 Compares the accumulator (AL, AX or EAX) with the first operand. If IF ACC = DST THEN
Exchange r'mlé, rlé equal ZF is set and the second operand is loaded into the first operand. ZF+« 1: DST+« SRC
r'm32_ r3i? Else, clears ZF and loads the first operand into the accumulator. ELSE
END
Compare and CMPXCHGEB md Compares EDXEAX with the operand. If equal ZF is set and ECX'EBX IF EDX'EAX = DST THEN
Exchange 8 Bytes is loaded into the operand. Else, clears ZF and loads the operand into the ZF+ 1: DST+« ECXEBX
EDXIEAX. ELSE
£F « 0, EDXEAX .« DST
END
Push onto Stack PUSH r/mlé Decrements stack pointer. Pushes register, memory of immediate value to | ESP «— ESP — OFERANDSIZE/E;
r/m32 the top of stack info register or memory, increment stack pointer. S5 [ESP] « SRC
imm3E
mmlé
mm32
D5
ES

5@ B




Push All general PUSHA Pushes AX, CX, DX, BX, onginal 3P, BP, 51, and DI. TMP «— (E)SP;
registers PUSH (E)AX;
PUSH (E)CX;
PUSH (E)DX;
. — PUSH (E)BX;
PUSHAD Pushes EAX, ECX, EDX EBX, original ESP, EEP, ESI, and EDL PUSH TMP:
PUSH (E)BPF;
PUSH (E)SL,
PUSH (E)DI
Pop from stack POP r‘ml6 Pops top of stack into register or memory, increments stack pointer. DST «+ S53:[ESP];
rm32 ESP «— ESP + OPERANDSIZER
D3
ES
S5
F5
G5
Pop All general POPA Pops AX, CX, DX, BX,, original 5P, BP, 5L, and DI POP (E)DI
registers POP (E)SL
POP (E)EP,
ESP «— ESP + OPERANDSILIESE;
POPAD Pops EAX, ECX, EDX, EBX, original ESP, EBP, ESI, and EDL POP (E)BX
POP (E)DX;
POP (E)CX:
POP (E)AX
Input from port N AL, imm§& Inputs byte from given I'O port address into AL DST « Port(SRC)
AX, Inng Inputs word from given I'O port address into AX.
EAX, imm8 Inputs dword from given I'O port address into EAX
AL DX Inputs byte from IO port specified in DX into AT
AX DX Inputs word from IO port specified in DX into AX.
EAX. DX Inputs dword from I'O port specified in DX info EAX.
Output from port OUT immE, AT Outputs byte from AT to given I'O port address. Port(DST) «— SRC
inm8, AX Outputs word from AX to given I'O port address.
mmB, EAX Ontputs dword from EAX to given I'0O port address.
DX, AL Outputs byte from AL to I'O port specified in DX.
DX, AX Outputs word from AX to I'0 port specified in DX.
DX, EAX Outputs dword from EAX to IO port specified in DX.
Convert Word to CWD Sign-extends AX to DX-AX DX-AX - SignExtend(AX)
Dwrord
Convert Dword to CDQ Sign-extends EAX to EDX"EAX EDXEAX « SignExtend(EAX)
Qwrord
Move with Zero- MOVZX rl6, o'm8 Mowve byte to word with zero-extension. DST «— ZeroExtend{SEC)
Extend 132, ’m8 Move byte to dword with zero-extension.
ri2, rmlé Move word to dword with zero-extension.
Move with Sign- MOVSX rl6, r'm8 Move byte to word with sign-extension. DST «— SignExtend(SE.C)
Extend 132, 'm8 Move byte to dword with sign-extension.
r32, mlé6 Move word to dword with sign-extension.




Binary Arithmetic Instructions

Instruction Mnemonic Operands Description Symbolic operations
Increment mC r/m8 Adds 1 to the destination operand, while preserving the state of the CF DST « DST + 1;
r‘ml6 flag. SET EFLAGS OF, 5F, ZF, AF, FF
r‘m32
Decrement DEC I/m8 Subtracts 1 from the destination operand, while preserving the state of the | DST «— DST - 1;
/ml6 CF flag. SET EFLAGS OF, 5F, 7F, AF, FF
rm32
Arnthmetic NEG r/m8 Two’s complement negation of the operand. IF DST=0 THEN EFIL AGS CF « 0
Negation r/mlé ELSE EFLAGS CF « 1;
rm32 DST «— — DST,;
SET EFLAGS OF, 5F, 7F, AF, FF
Add ADD AL imm§ Adds source (second) operand to the destination (first) operand. DST«— DST + SRC;
AX, imml6 SET EFLAGS OF, 5F, ZF, AF, CF, FF
Add with Carry ADC EAX, imm32 Adds source (second) operand with CF to the destination (first) operand. DST«— DST + SRC +EFLAGS CF;
I/m8, imm8 SET EFLAGS OF, 5F, ZF, AF, CF, FF
Subtract SUB r/mlé, immlé Subtracts source (second) operand from the destination (first) operand. DST«— DST — SRC:
Im32, imms 2 SET EFLAGS OF, SF, 7F, AF, CF, PF
Subtract with SBB r/mlé, imms Subtracts source (second) operand with CF from the destination (first) DST-— DST — (SRC +EFLAGS CF);
Borrow 132, I operand. SET EFLAGS OF, SF, ZF, AF, CF, .FF
Compare CMP T/m3, r8 Compares two operands by subtracting the second operand from fhe first | TMP « SRC1 — SIGNEXTEND(SRC2);
r/mls, 16 operand and then setting the status flag in the same manner as the SUB SET EFLAGS OF, SF, ZF, AF, CF. PF
rm32, ri2 instruction.
I8, 'mB
rlé, rmlé6
32, m3i2
Unsigned Multiply MUL r/m8 Multiplies unsisned AL by 'm8. Stores result in AX. AX « AL * SRC;
IF AH=0 THEN EFLAGS OF, CF« 00B;
ELSE EFLAGS.OF, CF+ 11B;
i EFLAGS. ZF, AF, PF., 5F arc undcfined
r'mlé Multiplies unsisned AX by r/m16. Stores result in DX:CAX DX-AX « AX * 5RC;
IF DX=0 THEN EFLAGS OF, CF« 00B;
ELSE EFLAGS.OF, CF+ 11B;
i EFLAGS. ZF, AF, PF., 5F arc undcfined
r/m32 Multiplies unsisned EAX by r/m32._ Stores result in EDX-EAX. EDXEAX « EAX * SRC;
IF EDX=0 THEN EFLAGS OF, CF + 00B;
ELSE EFLAGS . OF, CF «+ 11B;
i EFLAGS. ZF, AF, PF., 5F arc undcfined
Unsigned Divide DIV r/m8 Divides unsigned AX by r'mg. Stores result in AL, remainder in AH. Al . AX/SRC; AH « AX MOD SEC;
W EFLAGS CF, OF, ZF, AF, PF_ 5F are¢ undefined
/ml6 Divides unsigned DX-AX by r/ml6. Stores result in AX, remainder in AX .+ DX:AX/SRC; DX« DX-AX MOD SRC;
DX /f EFLAGS.CF, OF, ZF, AF, PF_ 5F ar¢ undcfined
r‘m32 Divides unsigned EDXEAX by v'm32. Stores result in EAX, remainder m | EAX « EDX-EAX / SRC; EDX « EDXEAX MOD SEC;
EDX. / EFLAGS CF, .OF, ZF, AF, PF., 5F are undefined




Signed Multiply IMUL L‘m8 Multiplies signed AL by r/m8. Stores result in AX. AX «— AL * 5RC;
IF AX=AIl THEN EFLAGS CF, OF « 00B;
ELSE EFLAGS CF, OF « 11B;
[ EFLAGS. ZF, AF, PF_, 5F are undefined
r'mlé Multiplies signed AX by r'ml6. Stores result in DXCAX. DX-AX « AX * 5RC;
IF DX:AX=SignExtend({AX) THEN EFL.AGS CF, .OF «— 00B;
ELSE EFLAGS.CF, .OF — 11B;
[ EFLAGS. ZF, AF, PF._ 5F are undefined
Lm32 Multiplies signed EAX by r/m32. Stores result in EDX-EAX. EDXEAX « EDX * SEC;
IF EDX:EAX=FAX THEN EFL AGS CF, OF « 00B;
ELSE EF1 AGS.CF, OF — 11E;
[ EFLAGS. ZF, AF, PF_, 5F are undefined
rl6, ‘mlé Multiplies signed word register by p'm16 word. TMP «— DST * SRC; /f TMP is double DST size
ri2, 'm32 Multiplies signed dword register by r/m32 dword. DST « DST * SRC;
rl6, imm§ Multiplies siened word register by sisn-extend imm8 value. IF TMP=DST THEN EFLAGS.CF, .OF «— 00B;
r32, imm§ Multiplies siened dword register by sign-extend immg value. ELSE EFLAGS CF, OF « 11B;
116, imm16 Multiplies signed word register by sisn-extend immg value. /M EFLAGS. ZF, AF, PF. 5F are undcfined
ri2, imm32 Multiplies signed dword register by sign-extend immé value.
rl6, r'ml6, immE | Multiplies signed r'ml6 word by sign-extend immE value. Stores result in | TMP «— SRC1 * SRC2; /¥ TMP is double SRCI size
word register. DST « SRC1 * SRC2
32, rm32, imm8 | Multiplies signed r'm32 dword by sign-extend immeE value. Stores result IF TMP=DST THEN EFLAGS CF, .OF «— 00B;
in dword register. ELSE EFL AGS.CF, .OF — 11B;
rl6, rmle, Multiplies signed rm16 word by imm16 value. Stores result in word i EFLAGS. ZF, AF, PF_ 5F are undefined
mmlé register.
r32, rm32, Multiplies signed r'm32 dword by imm16 value. Stores result in dword
mm32 register.
Signed Divide IDIV L‘m8 Divides signed AX by r/m8. Stores result in AT, remainder in AH. Al «— AX/SRC; AH +— AX MOD SRC;
[ EFLAGS CF, .OF, ZF, AF, PF are undefined
rmlé Divides sipned DX-AX by r/m16. Stores result in AX, remainder in DX AX . DIX:AX/SRC; DX . DX:-AX MOD SEC;
[ EFLAGS.CF, .OF, ZF, AF, PF, 5F are undefined
Lfm32 Divides sipned EDX-"EAX by r/m32. Stores result in EAX remainder in EAX « EDX-EAX / 5RC; EDX +— EDX'EAX MOD SEC;

EDX. i EFLAGS CF, .OF, ZF, AF, PF, 5F are undefined
Decimal Arithmetic Instructions
Instruction Mnemonic | Operands | Description symbolic operations
Decimal Adjust AL after Addition DAA Adjust AL after BCD4 addition.
Decimal Adjust AL after Subtracion | DAS Adjust AL after BCD4 subtraction.
ASCTI Adjust after Addition AAA Adjust AL after decimal addition. IF ({AL AND 0FH}=9) OR (AF=1) THEN

AL+ AL+6, AH+ AH+1; AF+ 1. CF+ I
ELSE
CF«— 0, AF-— 0
END
AL «— Al AND OFH




ASCT Adjust after Subtraction

Adjust AL after decimal addition.

IF ({AL AND 0FH)-9) OR (AF=1) THEN
AL +— AT — 6: AH+«— AH - ]_: AF «— ]_:
ELSE
CF «— D: AF «— D:
END
AL« AT AND OFH

ASCT Adjust before Division

Adjust AZ before decimal division.

TMPAL < AI: TMPAH « AH:
AH . (TMPAL + (TMPAH * 10);
AH« 0

ASCI Adjust after Multiplication

Adjust AZ after decimal multiplication.

TMPAL « AL:
AH « TMPAL/ 10
AL « TMPAL MOD 10

Logical Instructions

Instruction Mnemonic Operands Description symbolic operations
Logical Negation NOT L‘m3 Reverses each bit of the operand DST «— NOT SEC;
r/mlé i EFLAGS CF, .OF, ZF, AF, PF are not affected
rm32
Logical AND AND Al imm8 Performs a bitwise AND operation on the destination (first) and source DST «— DST AND SEC,;
AX immlé (second) operands and stored the result in the destination operand location. | EFLAGS OF, CF «— 00B;
EAX, imm32 SET EFLAGS S5F, ZF, PF /! EFLAGS AF is undcfined
Logical Inclusive OR /mB, immB Performs a bitwise OR. operation on the destination (first) and source DST «— DST OR SRC,;
OR. r/mlé, immlé (second) operands and stored the result in the destination operand location. | EFLAGS OF, .CF « 00B;
rm32, imm32 SET EFLAGS SF, ZF, PF // EFLAGS AF is undefined
Logical Exclusive XOR r/mlé, immB Performs a bitwise XOR. operation on the destination (first) and source DST <« DST OR. SRC;
OF rm32 , immB (second) operands and stored the result in the destination operand location. | EFL.AGS OF, .CF «— 00B:
/m3, 18 SET EFLAGS SF, ZF, PF
r/mlé, rlé6 /f EFLAGS AF is undefined
r/m32, 132
I8, r/m8
rle, r'mlé
32, m32
Shift and Rotate Instructions
Instruction Mnemonic Operands Description Symbolic operations
Shift [ eft SHL r/m8 Shift register bits left by 1 position. FOR i~—1 TO COUNT AND 1FH
rm8&, CL Shift register bits left by 1 position., CL times. DST «— Shiftl eft (DST)
/m8, imm8 Shift register bits left by 1 position., imm& times. NEXT
Shift Right SHE r/mlé Shift register bits nght by 1 position. FOR i1 TO COUNT AND 1FH
r/mlé, CL Shift register bits rght by 1 position, CL times. DST «+— ShifiRight (DST)
r'ml6, immB Shift register bits nzht by 1 position, immS times. NEXT
Shift Arithmetic SAL rm32 Multiply signed register by 2. FOR i«—1 TO COUNT AND 1FH
Left rm32, CL Multiply signed register by 2, CL times. DST «— DST *2
r/m32, imm8 Multiply signed repister by 2, imm& times. NEXT




Shift Arithmetic SAR Divide signed register by 2. FOR i1 TO COUNT AND 1FH
Right Divide signed register by 2, CL times. DST «— DST /2
Divide signed register by 2, imm& times. NEXT
Fotate Left ROL L‘m3 Rotate register bits left by 1 position. FOR i+1 TO COUNT AND 1FH
r‘mé, CL Rotate register bits left by 1 position., CL times. DST « RotateLeft (DST)
r/m8, imm3 Fotate register bits left by 1 posifion., immS tmes. NEXT
Eotate Right ROR r'mlé Eotate register bits right by 1 position. FOR i1 TO COUNT AND 1FH
r/ml6, CL Rotate register bits right by 1 position., CL times. DST «— RotateRight (DST)
r/mlé, immB Rotate register bits right by 1 position., imms times. NEXT
Fotate thru Carry RCL r/m32 Eotate register bits and CF flag left by 1 position. FOR i1 TO COUNT AND 1FH
Left r/m32,CL Rotate register bits and CF flag left by 1 position., CL times. (DST CF) «— Rotatel eft (DST,CF)
r/m32, imm8 Rotate register bits and CF flag left by 1 position., imm8 times. NEXT
Fotate thmu Carry RCR Rotate register bits and CF flag right by 1 position. FOR i1 TO COUNT AND 1FH
Right Rotate register bits and CF flag right by 1 position., CL times. (DST CF) « RotateRight (DST,CF)
Rotate register bits and CF flag right by 1 position., imm& times. NEXT
Shift Left Double SHLD rmlé, rl6, imm8 | Shift first register to left by immS/ CL places while shifting bits from r16 TMP «— DTS2
r'mlé, 116, CL in from the right. FOR. i1 TO COUNT AND 1FH
rm32, 132, imm3 DS5T1 « Shiftleft (DST1, MSB (TMP));
rm32, 132, CL TMP «— Shifil eft (TMPY;
NEXT
Shift Right Double | SHED Shift first register to right by imm&/ CL places while shifting bits from rié | TMP « DTS2;
in from the left. FOR i-—1 TO COUNT AND 1FH
DS5T1 « ShiftRight (LSB (TMP), DST1);
TMP «— ShiftRight (TMP});
NEXT
Bit and Byte Instructions
Instruction Mnemonic Operands Description Symbolic operations
Bit Test ET r/ml6rlé Selects the bit in a bit string (specified with the first operand called the bit | CF «— BIT (bit-base, bit-offset)
m32 132 base) at the bit position designated by the bit offset operand (second
r/ml6rl6 operand) and stores the value of the bit in CF flag.
r‘ml6 imm8
I'm32 imms2
Bit Test and BTC Imlé 116 Selects the bif In a bit string (specified with the first called the bit | CF « BIT (bit-base, bit-offset);
Complement r/m32 132 base) at the bit position designated by the bit offset operand (second BIT (bit-base, bit-offsef) « NOT BIT (bit-base, bit-offset)
r/ml6 16 operand) , stores the value of the bit in CF flag, and complements the
r/m16 immg selected bit in the bit string.
r'm32 imm3a
Bit Test and Reset BTR Imlé rlé6 Selects the bit In a bit string (specified with the first operand called the bit | CF « BIT (bit-base, bit-offset);
rm32 132 base) at the bit position designated by the bit offset operand (second BIT (bit-base, bit-offset) « 0
/mlérlé operand) , stores the value of the bit in CF flag, and clears the selected bit
1/m16 imms 0.
I'm32 imms2




Bit Test and Set BTS r/ml6 116 Selects the bit In a bit string (specified with the first operand called the bit | CF «— BIT (bit-base, bit-offset);
r'm32 riz base) at the bit position designated by the bit offset operand (second BIT (bit-base, bit-offset) «— 1
/mlérlé operand) , stores the value of the bit in CF flag, and sets the selected bit to
r/m16 imms 1.
r/m32 jmms
Bit Scan Forward BSF rl6, rmlé Searches the source (second) operand for the least significant set bit (1 IF SRC =0 THEN
32, rm32? bit). If a least sipnificant 1 bit is found, its bit index is stored in the ZF « 1; N DSTis undefined;
destination (first) operand. ELSE
ZF «— 0; TMP— O,
WHILE BIT (SREC, TMP) =0 DO
TMP«— TMP+1; DST — TMP;
END
END
Bit Scan Beverse BSRK rl6, r'mlé Searches the source (second) operand for the most significant set bit (1 IF SEC =0 THEN
32, r'm3z2 bit). If a most significant 1 bit is found, its bit index is stored in the ZF « 1; i/ DST is undefined;
destination (first) operand. ELSE
ZF « 0; TMP« OPERANDSIZE;
WHILE BIT (SREC, TMP) =0 DO
T™P+« TMP—1; DST « TMP,
END
END
Conditional Set SETA r/m3 Set byte if above (CF=0 and ZF=0) IF (condition) THEN DST «— 1
Byte SETAE Set byte if above or equal (CF=0) ELSE DST+ 0
SETB Set byte if below (CF=1)
SETBE Set byte if below or equal (CF=1 or ZF=1)
SETC Set byte if carry (CF=1)
SETE Set byte if equal (ZF=1)
SETG Set byte if greater (ZF=0 and SF=0F)
SETGE Set byte if preater or equal (SF=0F)
SETL Set byte if less (SF<=0F)
SETLE Set byte if less or equal (ZF=1 or SF<=0F)
SETNA Set byte if not above (CF=1 or ZF=1)
SETNAE Set byte if not above or equal (CF=1)
SETNE Set byte if not below (CF=0)
SETNEE Set byte if not below or equal (CF=0 and ZF=0)
SETNC Set byte if not carry (CF=0)
SETNE Set byte if not equal (ZF=0)
SETNG Set byte if not greater (ZF=1 or SF<>0F)
SETNGE Set byte if not greater or equal (SF<=0F)
SETHNL Set byte if not less (SF=0F)
SETNLE Set byte if not less or equal (ZF=0 and SF=0F)
SETNO Set byte if not overflow (OF=0)
SETNP Set byte if not party (PF=0)
SETNS Set byte if not sign (SF=0)
SETNZ Set byte if not zero (ZF=0)
SETO Set byte if overflow (OF=1)
SETP Set byte if parity (PF=1)




SETPE Set byte if party even (FF=1)
SETPO Set byte if parity odd (PF=0)
SETS Set byte if sign (SF=1)
SETZ Set byte if zero (ZF=1)
Logical Compare TEST AL, imm§& Performs a bitwise AND operation on the destination (first) and source TMP «+— DST AND SEC;
AX_ immlé (second) operands. Result is not stored, but flags are affected. EFLAGS OF. CF «— D0B-
EAX, imm32 SET EFLAGS 5F, ZF, PF
I/m8, imm3 i EFLAGS AF is undefined
rml6, imml6
rm32, imm32
r/m8, r8
r'mlé, 116
rm32, r32
Control Transfer Instructions
Instruction Mnemonic Operands Description symbolic operations
Jump IMP reld Jumps near, relative, displacement relative to the next instruction (E)IP «— (E)IP + DST
rell6
rel32
r‘ml6 Jumps near, absolute indirect, address given in the register or memory (E)IP «— DST
rm32 location.
pirl6:16 Jumps far, absolute, address given in operand. (E)IP «— DST.Offset;
pirl6:32 C3 + DST . Segment
ml6:16 Jumps far, absolute indirect, address given in memory location.
ml6:32
Jump if condition JA el JTumps near, relative, if above (CF=0 and ZF=0) IF (condition) THEN (EMP «— (E)IP + DST;
JAE Jumps near, relative, if above or equal (CF=0)
IB Tumps near, relative, if below (CF=1)
JBE Jumps near, relative, if below or equal (CF=1 or ZF=1)
IC Jumps near, relative, if camry (CF=1)
JE Jumps near, relative, if equal (ZF=1)
IG Tumps near, relative, if greater (ZF=0 and SF=0F)
IGE Jumps near, relative, if greater or equal (SF=0F)
JL Jumps near, relative, if less (SF<=0F)
JILE Jumps near, relative, if less or equal (ZF=1 or SF<>0F)
JNA Jumps near, relative, if not above (CF=1 or ZF=1)
TNAE Jumps near, relative, if not above or equal (CF=1)
INB Tumps near, relative, if not below (CF=0)
JNBE Jumps near, relative, if not below or equal (CF=0 and ZF=0)
TNC Jumps near, relative, if not camy (CF=0)
INE Jumps near, relative, if not equal (ZF=0)
ING Jumps near, relative, if not greater (ZF=1 or 5F<=0F)
TNGE Jumps near, relative, if not greater or equal (SF<>0F)
JNL Jumps near, relative, if not less (SF=0F)
JNLE Jumps near, relative, if not less or equal (ZF=0 and SF=0F)
THO Jumps near, relative, if not overflow (OF=0)




INP Jumps near, relative, if not panty (PF=0)
NS Tumps near, relative, if not sign (SF=0)
TNZ Jumps near, relative, if not zero (ZFE=0)
JO Jumps near, relative, if overflow (OF=1)
TP Jumps near, relative, if party (FF=1)
JPE Jumps near, relative, if party even (PF=1)
JPO Jumps near, relative, if party off (PFF=0)
J5 Jumps near, relative, if sign (SF=1)
JZ Jumps near, relative, if zero (ZF=1)
Jump on (E}CX Zero JCXZ rel8 Jumps near, relative, if CX is zeTo IF (CX=0) THEN (E)IP « (E)P + D5T;
JECXZ Jumps near, relative, if ECX is zero IF (ECX=0) THEN (E)IP « (E)IP + DST,
Loop with counter LOOP reld Decrements counter, jumps near, relative, if counter<={. DEC (E)CX;
IF ((E}YCX<={0) THEN (E)IP - (E)IP + D5T,
Loop with counter while | LOOPZ rels Decrements counter, jumps near, relative, if counter<=0 and ZF=1. DEC (E)CX;
Zero/Equal LOOPE IF ((E)YCX<+) AND ZF=1) THEN (E)IP < (E)IP + DST;
Loop with counter while | LOOPNZ rels Decrements counter, jumps near, relative, if counter<=0 and ZF=0. DEC (E)CX;
Not Zero/ Not Equal LOOPNE IF ((EYCX<=0 AND ZF=0) THEN (E)IP — (E)IP + DST;
Call procedure CAIL rellé Calls near, relative, displacement relative to the next instruction PUSH (E)IP;
rel32 (E)IP «— (E)IP + DST
r'mlé Calls near, absohite indirect, address given in the register or memory PUSH (E)IP;
r/m32 location. (E)IP « DST
pirl6:16 Calls far, absolute, address given in operand. PUSH C5;
pirl6:32 PUSH (E)IP;
mlé:l6 Calls far, absclute indirect, address given in memory location. (EMP «— DST.Offset;
ml6:32 C35 + DST Segment
Fetum from procedure RET Eetums from near or far procedure {depending on procedure kind). POP (E)IP
mmlé ERetums from near or far procedure {depending on procedure kind) and POP (E)IF,
pop imm16 bytes from the stack. (E)SP «— (E)SP+SEC
Interrupt call INT mm3B Calls to intermupt or exception handler using interrupt vector specified by IF REATMODE THEN
interrupt number. PUSHFLAGS
Intermupt 3 call INT 3 Calls to debugger trap. EFLAGSIF, TF, AC «— 000B;
Interrupt on Overflow INTO Calls to intermupt or exception handler 4 if overflow flag is setto 1. PUSH C5;
PUSH IP,
C35 + IDT[DST].Segment;
(E)IP +— IDT[DST].Offset;
ELSE
Intermupt Eetum IRET Retums from the interrupt or exception handler (16 bits) IF REATMODE THEN
IRETD Retums from the imtermupt or exception handler (32 bits) POP (E)IP;
POP C5;
POP TMP;
EFLAGS «— (TMP AND 257FD5H)
OR (EFLAGS AND 1A0000H)
ELSE
Enter procedure ENTER mml6.0 Creates a stack frame for a procedure. The first operand specifies the size Nestinglevel «— MNestinglevel MOD 32;
imm16.1 of the stack frame (in bytes), the second operand gives the lexical nesting PUSH (E)BP;




imm1é, imm3 level (0 to 31) of the procedure. It determines the number of the stack FrameTMP «— (E)SP
frame pointers, that are copied into the “display area™ of the new stack IF Nestingl evel>0 THEN
frame from the preceding frame. FOR I+ 1 TO NestingLevel — 1 DO
(E)BP «— (E)BP — OPERANDSIZESS;
PUSH [EBP]
NEXT
PUSH FrameTMP
END
(E)BP «— FrameTMP;
(E)SP «— (E)SP-5Size;
Leave procedure LEAVE Releases the stack frame set up by an earlier ENTER instruction. (E)SP «+ (E)BF;
POP (E)BP;
check Bounds BOUND rl6, mle6[2] Checks if amray index in the first operand is within bounds specified by the | IF (REG < MEM[0] OR REG >MEM[1]) THEN
r32, mi2[2] second (memory) operand. If not, then a Bound Range exception is raised. RAISE #BR
END
String Instructions
Instruction Mnemonic Operands Description Symbolic operations
Move String item MOVS m3, ma Mowves byte, word or dword from address DS:(E)SI to the byte, word or ES[(E)DI] « DS:[{E)SI];
mlé, mls double word at address ES(EJDI, and increases of decreases (E)SI and IF (DF=0) THEN
m32, m32 (E)DI (depending on DF flag). Both operands specify only the type of the (E)SI «— (E)SI + SIZEOF(SRC);
compared data, not the location. The locations of the operands are always (E)DI « (E)DI + SIZEOF(DST):
specified by the D5:(E)SI and ES:(E)DI registers. ELSE
Move String Byte MOVSB Moves byte from address DS:(E)SI to the byte at address ES:(E)DI, and _ )
increases of decreases (E)SI and (E)DI (depending on DF flag). E::EII :_. iEE}}SDII —SSI].?EEE[;}FIE(SS;"E}
Move String Word MOVEW Moves word from address DS(E)SI to the word at address ES(E)DI, and END '
increases of decreases (E)SI and (E)DI {depending on DF flag). .
Move Siring Dword MOVSD hoves dword from address DS:(E)SI to the dword at address ES.(E)DI,
and increases of decreases (E)SI and (EYDI (depending on DF flag).
Fepeat Move String EEP MOVS m3, ma Mowves (E)CX bytes, words or dwords from address DS:(E)SI to the byte, WHILE (EMCXK <=0 DD
item mlé, mls word of double word at address ES{E)DI, and increases of decTeases MOVE DST, SRC:
m32, m32 (E)SIand (E)DI (depending on DF flag). Both operands specify only the (EXCX « E)CX -1
type of the compared data, not the location. The locations of the operands | gapy
are always specified by the D5:(E)SI and ES:(E)DI registers.
ERepeat Move String EEP MOVSEB Mowves (E)CX bytes from address DS:(E)SI to the address ES:(E)DI, and WHILE (E}CE <20 DD
Byte increases or decreases (E)SI and (E)DI (depending on DF flag). MOVS(BIWIDY)
Eepeat Move String EEP MOVSW Moves (EXCX words from address DE(E)SI to the address ES{(EYDI, and (EXCX — (EXCX -1
Word increases of decreases (E)SI and (E)DI (depending on DF flag). END
Fepeat Move String EEP MOVSD Moves (E}CX dwords from address DS-(E)SI to the address ES(E)DI, and
Dwrord increases o decreases (E)SI and (E)DI (depending on DF flag).
Load Siring item LODS m3 Loads byte from address DS:(E)SI to AL, increases of decreases (E)SL. ACC «— D5 [(E)SI];
mlé Loads word from address DE{E)SI to AKX, increases of decreases (E)SL IF (DF=0) THEN
m32 Loads dword from address DS-(E)SI to EAX, increases of decreases (E)SI (E)SI «— (E)SI + SIZEOF(SRC);
Load String Byte LODSE Loads byte from address D5:(E)SI to AL, increases of decreases (E)SL ELSE
Load String Word LODSW Loads word from address DS:(E)SI to AX | increases or decreases (E)SL (E)SI «— (E)SI — SIZEOF(SRC);
Load String Dword LODSD Loads dword from address DS:(E)SI to EAX | increases or decreases (E)SL. | END




Fepeat Load String item | REP LODS m3 Loads byte (E)CX times from address DS:(E)SI to AL. WHILE (E}CX <=0 DO
mlé Loads word (E)CX times from address DS(E)SI to AX. LODS DST,
m32 Loads dword (E)CX times from address DS:(E)SI to EAX. (E)CX «— (E)CX -1
END
Repeat Load String Byte | REP LODSB Loads byte (E)CX times from address DS:(E)SI to AL. WHILE (E}CX <=0 DO
LODS({BIWID)
Repeat Load String REP LODSW Loads word (E)CX times from address DS:(E)SI to AX. (EYCX «— (E)CX -1
Word END
ERepeat Load String REP LODSD Loads dword (E)CX times from address DS:(E)SI to EAX.
Dwrord
Load String item LODS m3 Stores byte from AL to address ES:(E)DI, increases or decreases (E)DIL ES:[(E)DI] «— ACC;
mlé Stores word from AX to address ES(E)DI, increases or decreases (ENDI. IF (DF=0) THEN
m32 stores dword from EAX address ESAE)DI, increases of decreases (ENDI (E)DI «— (E)DI + SIZEOFDSTY;
Store String Byte STOSB Stores byte from AL to address ES(E)DI, increases or decreases (E)DL ELSE
Store String Word STOSW Stores word from AX to address ES:(E)DI, increases or decreases (E)DL (E)DI «— (E)DI — SIZEOF(DST);
Store String Drword STOSD Stores dword from EAX to address ES-(E)DI, increaszes or decreases END
(EJDL
Fepeat Store String item | REP STOS m3 Stores byte (E)CX times from AL to address ES:(E)DL WHILE (E}CX<>0 DO
mlé stores word (E)CX times from AX to address ES(E)DI. ST0S DST,
m32 Stores dword (EX)CX times from EAX fo address ES((E)DL (E)CX «— (E)CX -1
END
Fepeat Store String REP STOSB Stores byte (E)CX times from AL to address ES:(E)DL WHILE (E}CX <=0 DO
Byte STOS(BIWID)
Fepeat Store String EEP STOSW stores word (E)CX times from AX to address ES(E)DI. (E}CX «— (E}°X -1
Word END
Fepeat Store String EEP STOSD stores dword (EX)CX times from EAX address ES(E)DI.
Drwrord
Compare Siring item CMPS ms ms Compares byte, word or dword at address DS:(E)SI with byte, word or TMP «— ES:[(E)XDI] — DS:[(E)SI];
mlé, mlé dword at address ES:(E)DI and sets the status flags accordingly. Both SET EFLAGS:
m32, m32 upemnds specify only the type of the l:u::m_pareﬂ data, not the location. The IF (DF=0) THEN
locations of ltua operands are always specified by the D5:(E)SI and (E)SI — (E)SI + SIZEOF(SRC);
ES:(E)DI registers. (E)DI - (E)DI + SIZEOF(DST):
Compare String Byte CMPSB (?t‘:;m;;aniﬁgrte mﬁﬁlns:m}ﬂl with byte at address ES:(E)DI and sets ELSE
511485 ac - ;
Compare String Word CMPSW Compares word at address D5:(E)SI with word at address ES:(E)DI and (E)S «— (E)SI ~ SIZEOF(SRCY;
sets the status flas accordingly. (E)DIL +— (E)DI - SIZEOF(DST),
Compare Strng Dword | CMPSD Compares dword at address D5:(E)SI with dword at address ES-(E)DI and END
sets the statns flags accordingly.
Fepeat Compare String | REPE CMPS ms, m3 Repeats (E)CX times comparing byte, word or dword at address D5:(E)SI | WHILE (E)CX-<>0 DO
item until Equal / Zero REFZ CMPS mlé, mlé with byte, word or double word at address ES:(E)DI until ZF flag is set to (E)CX «— (EXCX -1;
m32, m32 0. CMPS DST SRC;
UNTIL ZF=0
FRepeat Compare String | REPE CMPSB Repeats (E)CX times comparing byte at address DS:(E)SI with byte at WHILE (E)CX-<>0 DO
Byte until Equal / Zero REPZ CMPSB address ES:(E)DI unfil ZF flag is set to 0. (E)CX «— (E)CX -1;
FRepeat Compare String | REPE CMPSW Repeats (E)CX times comparing word at address DS:(E)SI with word at CMPS(BIWID)
Word until Equal / Zero | REPZ CMPSW address ES:(E)DI until ZF flag is set to 0.




Fepeat Compare String | REPE CMPSD Repeats (E)CX times comparing dword at address DS:(E)SI with dword at | UNTIL ZF=0
Drword until Equal / EEFZ CMPESD address ES:(E)DI until ZF flag is set to 0.
£ero
Fepeat Compare String | REPNE CMPS ms, m8 Repeats (E)CX times comparing byte, word or dword at address DS:(E)SI | WHILE (E)CX <=0 DO
item until Not Equal / EEPNZ CMPS mlé, mlé with byte, word or double word at address ES:(E)DI until F flag is set to (E)CX «— (E)CX -1;
Not Zero m32?, m32? 1. CMPS DST.SEC;
UNTIL ZF=1
FRepeat Compare String | REPNE CMP5B Repeats (E)CX times comparing byte at address DS:(E)SI with byte at WHILE (E)CX-<>0 DO
Byte until Not Equal REPNZ CMPSB address ES:(E)DI until ZF flag is setto 1. (E)CX «— (E)CX -1;
/Mot Zero CMPS(BIWID)
Fepeat Compare String REPNE CMPSW Repeats (E)CX times comparing word at address DS:(E)SI with word at UNTIL ZF=1
Word until Not Equal / REPNZ CMPSW address ES:(E)DI until ZF flag is setto 1.
Not Zero
Fepeat Compare String REPNE CMP5D Repeats (E)CX times comparing dword at address DS-(E)SI with dword at
Drwrord until Not Equal REPNZ CMPSD address ES:(E)DI unfil 7F flag is setto 1.
Scan String item SCAS m3 Compares AL with byte at ES:(E)DI and sets status flag. TMP « ACC — DS:[(E)S];
mlé Compares AX with byte at ES:(E)DI and sets status flag. SET EFLAGS;
m32 Compares EAX with byte at ES:(E)DI and sets status flag. IF (DF=0) THEN
Scan String Byte SCASB Compares AL with byte at ES:(E)DI and sets status flag. (E)sI «— (E)SI + SIZEOF(SRC);
Scan String Word SCASW Compares AX with byte at ES:(E)DI and sets status flag. (E)DI «— (E)DI + SIZEOF(DST);
Scan String Dword SCASD Compares EAX with byte at ES:(E)DI and sets status flag. ELSE
(E)sI + (E)SI — SIZEOF(SRC);
(E)DI «— (E)DI — SIZEOF(DST);
END
Fepeat S5can String item | REPE SCAS m3 Repeats (E)CX times comparing accumulator with byte, word or dword at | WHILE (E)CX <=0 DO
until Equal / Zero REPZ S5CAS mlé6 address ES:(E)DI unfil ZF flag is set to 0. (E)CX «— (E)XCX -1;
m32 SCAS DST,
UNTIL ZF=1
Fepeat Scan String Byte | REPE SCASB Repeats (E)CX times comparing Al with byte at address ES:(E)DI until WHILE (E)CX-<>0 DO
until Equal / Zero REPZ SCASB ZF flag is set to 0. (E)CX «— (E)CX -1;
Fepeat Scan String EEPE SCASW Repeats (E)CX times comparing AX with word at address ES:(E)DI until SCASBIWIDY;
Word until Equal / Zero | REPZ SCASW ZF flag is set to 0. UNTIL FFE=1
Fepeat S5can String REPE 5CASD ERepeats (E)CX times comparing EAX with dword at address ES:(E)DI
Dword until Equal / REPZ SCASD until ZF flag is set to 0.
Zer
Fepeat Scan String item | BEEPNE SCAS ma Repeats (E)CX times comparing accumulator with byte, word or dword at | WHILE (E)CX<>0 DO
until Not Equal / Not EEPNZ SCAS mlé address ES:(E)DI unfil 7F flag is setto 1. (E)CX « (E)CX —1;
Zero m32 SCAS DST;
UNTIL ZF=1
Fepeat Scan String Byte | REPNE SCASB Repeats (E)CX times comparing AL with byte at address ES:(E)DI umntil WHILE (E)CX-<>0 DO
until Not Equal / Not EEPNZ SCASE ZF flag is setto 1. (E)CX « (E)CX —1;
Zero SCAS(BIWID);
Eepeat Scan String REPNE SCASW Repeats (E)CX times comparing AX with word at address ES:(E)YDIuntil | 17vTIL ZE=1
ford until Not Equal / REPNZ SCASW fFflagissetto 1.
Not Zero
Fepeat Scan String REPNE SCASD Repeats (E)CX times comparing EAX with dword at address ES:(E)DI
Dwrord unfil Not Equal / | REPNZ SCASD until ZF flag is set to 1.

Not Zero




Input String item INS mg, DX Inputs byte, word or dword from IO specified in DX into memory ES:[(E)DI] « Port(DX)
ml6, DX location specified with ES:(E)DI. Increments or decrements (E)DI. IF (DF=0) THEN
mi2, DX (E)DI «— (E)DI + SIZEOF(DST);
Input String Byte INSB Inputs byte from 'O specified in DX into memory location specified with | ELSE
ES:(E)DI. Increments or decrements (E)DL (E)DI «— (E)DI — SIZEQOF(DST);
Input String Word INSB Inputs word from 'O specified in DX into memory location specified with | END
ES:{(E)DI. Increments or decrements (E)DL
Input String Dword INSB Inputs dword from I'O specified in DX into memory location specified
with ESAEVDIL Increments or decrements (E)DI.
Fepeat Input String item | REP INS mg, DX Inputs (E)CX bytes, words or dwords from I/O specified in DX into WHILE (E}CX <=0 DO
ml6, DX memory at address specified with ES:(E)DL Increments or decrements NS SRCDX:
m32, DX (E)DL (EXCX — (E)CX -1
END
Eepeat Input String REP INSB Inputs (EYCX bytes from 'O specified in DX into memory at address WHILE (E)CX-<>0 DO
Byie specified with ES-(E)DIL Increments of decrements (EYDIL INS(BMWID);
Fepeat Input String REP INSW Inputs (E)CX words from IO specified in DX into memory at address (EXCX — (EXCX -1
Word specified with E5:(E)DI. Increments or decrements (E)DIL END
Eepeat Input String REP INSD Inputs (EYCX dwords from I'0 specified in DX into memory at address
Dwrord specified with E5:(E)DI. Increments or decrements (E)DIL
Oufput String item OUTS DX, m8 Outputs byte, word or dword from memory location specified with Port(DX) «— DS:[(E)SI]
DX. mlé DS:(E)SI to IO specified in DX into. Increments or decrements (E)SL IF (DF=0) THEN
DX, m32 (E)SI « (E)SI + SIZEOF(SRC);
Output String Byte OUTSB Outputs byte from memory location specified with DS:(E)SI to I'O ELSE
specified in DX into. Increments or decrements (E)SL (E)S1 «— (E)SI — SIZEOF(SRC);
Output String Word OUTSE Outputs word from memory location specified with DS:(E)SI to I'O END
specified in DX into. Increments or decrements (E)SL
Output String Drword OUTSB Ontputs dword from memory location specified with DS{(E)SI to 'O
specified in DX into. Increments or decrements (E)SL
Fepeat Output String REP OUTS DX, m8 Outputs (E)CX bytes, words or dwords from memory location specified WHILE (E)CX-<>0 DO
item DX mlé with DS:(E)SI to I'O specified in DX into. Increments or decrements OUTS SRCDX:
DX, m32 (E)SL (E)CX « (E)CX — 1
END
Fepeat Output String REP OUTSB Outputs (E)CX bytes from memory location specified with DS:(E)SI to WHILE (E}CX<>0 DO
Byte IO specified in DX into. Increments or decrements (E)SL OUTS(BIWIDY;
FRepeat Output String REP OUTSW Outputs (E)CX words from memory location specified with DS:(E)SI to (EXCX — (E)CX -1
Word 'O specified in DX into. Increments or decrements (E)SL END
Eepeat Output String REP OUTSD Ontputs (E)CX dwords from memory location specified with DS:(E)SIto
Dwrord 'O specified in DX info. Increments or decrements (E)SL
Flag Control Instructions
Instruction Mnemonic Operands Description Symbolic operations
Clear Camry Flag CLC Clears CF flag in the EFLAGS register. CF+ 0
Complement Carry | CMC Complements CF flag in the EFLAGS register. CF «+ NOT CF
Flag
Set Carry Flag STC Sets CF flag in the EFL.AGS repister CF« 1
Clear Direction flag | CLD Clears DF Flag in the EFLAGS register. When the DF flag is set to 0, DF «— 0




siring instructions increment the index registers.

Set Direction flag STD Sets DF Flag in the EFT.AGS register to 1. When the DF flag is setto 1, DF — 1
string instructions decrement the Index registers.
Clear Intermupt Flag | CLI Clears interrupt flag; interrupits disabled when IF flag is cleared. IF — 0
Set Interrupt Flag STI =ets infermupt flag; interrupts enabled when IF flag is set to 1. IF«— 1
Push Flags PUSHF Pushes FLAGS (16 bits). PUSH FLAGS
PUSHFD Pushes EFLAGS. PUSH (EFLAGS AND 00FCFFFFH)
i VM and RF flags are cleared on the stack
Pop Flags POPF Pops FLAGS (16 bits). POP FLAGS
POPFD Pops EFLAGS. POP EFLAGS
i All non-reserved flags except VIP, VIF and VM can be modificd.
M VIP and VIF are celared; VM is unnajected
Load Flags into AH | LAHF Mowves the low byte of the EFLAGS repister into AH register. Reserved AH + EFLAGS[SFZF0-AFPF:1:CF]
bits (1, 3 , 5) are set accordinely o 1,00
Store AH mto Flags | SAHF Moves AH register into the low byte of the EFT AGS. Reserved bits (1,3, | EFLAGS[SFZF.0:AFPF.1:.CF] «— AH

3) are ignored.

Segment Register Instructions

Instruction Mnemonic Operands Description Symbolic operations
Load far pointer LDS rl6, ml6:16 Loads DST16 with far pointer from memory. DS « SRC Segment;
using DS 32, m32:32 Loads DS132 with far pointer from memory DST «— SRC.Offet;
Load far pointer LES rlé, mlé16 Loads ES:116 with far pointer from memory. ES + SRC.Segment;
nsing ES r32, m3i2:32 Loads E5:132 with far pointer from memory DST «— SRC.Offset;
Load far pointer LFS rl6, ml6:16 Loads FSx16 with far pointer from memory. F5 «— SRC.Segment;
using F3 32, m32:32 Loads F5132 with far pointer from memory DST «— SRC.Oifset;
Load far pointer LGS rlé, mlé:16 Loads G516 with far pointer from memory. G5 « SRC . Sepment;
using G5 r32, m32:32 Loads G8:132 with far pointer from memory DST «— SRC .Offset;
Load far pointer LS55 rl6, ml6:16 Loads 55116 with far pointer from memory. 55 « SRC .Sepment;
using 53 r32, m32:32 Loads 53132 with far pointer from memory DST « SRC.Offset;

Miscellaneous Instructions

Instruction Mnemonic Operands Description Symbolic operations

Load effective LEA rlg, m Stores effective address for m in the destination register. DST «— Effective Address(m)

address r32. m

MNo Operaticon NOP Do nothing.

Undefined UD2 Raises invalid opcode exception.

instructi

Table Look-up XIAT mB Set AL to memory byte DS:[(E)BX + unsigned AT] Al « DS (E)BX + ZeroExtend{AT)]
Translation XILATE

CPU Identification CPUID Retums processor identification and feature information to the EAX

EBX, ECX and EDX repisters, acconding to the input value entered
initially in the EAX register




System Instructions

Instruction Mnemomic Operands Description Symbolic operations
Load Global Description | LGDT ml16&32 I oads the values from the memory into the global descoptor table GDTE. «+ SRC
Table Register register (GDTR).
Store Global Descriptor SGDT ml16&32 Stores the contents of the global description table register (GDTR) to the D5ST «— GDTR
Table Register MEMmMOory.
Load Interrupt 1IDT ml16&32 I oads the values from the memory into the intermipt descniptor table IDTR « SRC
Descriptor Table register (IDTR).
Register
Store Interrupt SIDT ml6&32 Stores the contents of the interrupt description table register (IDTR) to DST « IDTR
Descniptor Table the memory.
Register
Load Local Descnptor ILIDT r'ml6 Loads the segment selector from the local descriptor table register I DTR « SRC
Table Register r3? (LDTR) 1n the register or memory.
Store Local Descriptor SLDT r/'ml6 Stores the segment selector from the register or memory to the local DST « IDTR
Table Register r3? descrptor table register (LDTR).
Load Machine Status IMSW r/'ml6 I oads the machine status word from the register or memory. MSW « SRC
Word 32
Store Machine Status SMSW r'ml6 Stores the machine status word to the register or memory. DST «— MSW
Word 32
Load Task Repister I1TR r/'ml6 I oads the source operand into the segment selector field of the task TR « SRC
register.
Store Task Repister STR r/'ml6 Stores the segment selector field of the task register into the destination DST «— TR
operand

Move to/from control MOV CRO, 132 Moves r32 to CRO. DST «— SRC
registers CR2, 132 Mowves r32 to CR2.

CR3, 32 Moves r32 to CR3.

CR4, 32 Moves r32 to CR4.

32, CRO Moves CRO to r32.

32, CR2 Moves CR2 to r32.

32, CR3 Moves CR3 to r32.

32, CR4 Moves CR4 to r32.
Clear Task-Switch CLTS Clears the TS flag 1n the CRO register. Thas flag 1s set every time a task CRO.TS «0;

switch occurs.




Adjust EPL Field of ARPL r'mlé,rl6 Compares the RPL fields of the two segment selectors. The first IF DSTRPL < SRCRPL THEN
Segment Selector (destination) operand contains one segment selector and the second ZF « 1:
(source) operand contains the other. The RPL field of the first operand 1s DSTRPL « SRCRPL;
set not less then RPL of the second operand. FLSE
ZE 0
END;
Load Access Rights LAR rl6, 'ml6 Loads the access nght from the segment descoptor specified by the
Byte 32, r'm3?2 source operand mto the destination operand and sets the ZF flag.
Load Segment [ imit I5L rl6, 'ml6 I oads the unscrambled segment himit from the segment descrptor
32, r'm3?2 specified by the source operand into the destimnation operand and sets the
ZF flag.
Venfy a Segment for VERR r'mlé Sets ZF=1 if sepment specified with /m16 can be read.
Readimg
Venfy a Sepment for VERW r'mlé Sets ZF=1 if sepment specified with r/m16 can be written_
Wnting
Move to/from Debug MOV 132, DRO-DR7 Moves debug repister to r32. DST « SRC
Registers DRO-DR7, 132 Moves r32 to debug repister .
Invalidate Cache INVD Flushes mtemal cashes; mitiates flushing of external caches.
Wrte Back and WBINVD Wrtes back and flushes mternal cashes; mitiates wnting-back and
Invalidate Data Cache flushimg of extemal caches.
Invahdate TLE Entry INVLPG Invalhidates (flushed) the translation look-aside buffer (TLB) entry
specified with the source operand.
Assert LOCE# signal LOCK (prefix) Causes the processor LOCE# signal to be asserted during execution of
Prefix the accompanying mstructions (tums the mstruchion mto an atomic
mstruction). In a multiprocessor environment, the locks# sipnal msures
that the processor has exclusive use of any shared memory while the
signal 15 asserted.
Halt HLT Stops mstruction execution and places the processor m a HALT state. An
enabled mterrupt (mcluding WMI and SMI), a debug exception, the
BINIT# signal, the INIT# signal or the RESET# signal will resume
execution.
Resume from System RSM Retums program conirol from system management mode (SMM) to the
Management Mode application program or operating-system procedure that was mtermipted
when the processor receive and SSM mterupt.
Read from Model- RDMSR Reads the contents of the 64-bit model specific register (MSR) specified
Specific Register m the ECX repister nto repisters EDXCEAX
Wiite from Model- WEMSE Wirites the contents of registers EDX.EAX into the 64-bit model specific
Specific Register repister (MSR) specified in the ECX repister.
Read Performance RDPMC Reads the contents of the 40-bit performance-momtonng counter (PMC)
Momtornng Counters specified in the ECX register mto repisters EDXEAX
Read Time-Stamp RDTSC Reads the current value of the processors time-stamp counter mto the
Counter EDX-FAX repister.
Fast System Call SYSENTER Fast call to povilege level 0 system procedures or roufine.
Fast Retum from Fast SYSEXIT Executes a fast retum to pnvilege level 3 user code.

System Call




CPUID

» Recent Intel processors provide a ‘cpuid’
instruction (opcode Ox0F, OxA2) to assist
software in detecting a CPU’s capabilities

* Ifit's implemented, this instruction can be
executed in any of the processor modes,
and at any of its four privilege levels

» But this ‘cpuid’ instruction might not be
implemented (e.g., 8086, 80286, 80386)



Intel x86 EFLAGS regqister
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Software can ‘toggle’ the ID-bit (bit #21) in the 32-bit EFLAGS register
iIf the processor is capable of executing the ‘cpuid’ instruction



But what if there’s no EFLAGS?

* The early Intel processors (8086, 80286)
did not implement any 32-bit registers

 The FLAGS register was only 16-bits wide

« So there was no ID-bit that software could
try to ‘toggle’ (to see if ‘cpuid’ existed)

« How can software be sure that the 32-bit
EFLAGS register exists within the CPU?



Detecting 32-bit processors

* There’s a subtle difference in the way the
logical shift/rotate instructions work when
register CL contains the ‘shift-factor’

* On the 32-bit processors (e.g., 80386+)
the value in CL is truncated to 5-bits, but
not so on the 16-bit CPUs (8086, 80286)

« Software can exploit this distinction, in
order to tell if EFLAGS is implemented



CPUID

Opcode
OF A2

Instruction Description
CPUID EAX < Processor identification information

Input: EAX
Output: EAX, EBX, ECX, and EDX

Initial EAX
Value Information Provided about the Processor
0 EAX Maximum CPUID Input Value (2 for the Pentium® Pro processor and 1 for
the Pentium processor and the later versions of Intel486™ processor that
support the CPUID instruction).
EBX “Genu”
ECX “ntel”
EDX “inel”
1 EAX Version Information (Type, Family. Model. and Stepping ID)
EBX Reserved
‘ ECX Reserved
EDX Feature Information
2 EAX Cache and TLB Information
EBX Cache and TLB Information
‘ ECX Cache and TLB Information
EDX Cache and TLB Information




Encoding of Cache and TLB

Descriptors

Descriptor Value Cache or TLB Description
O0H Null descriptor
01H Instruction TLB: 4K-Byte Pages, 4-way set associative, 32 entries
02H Instruction TLB: 4M-Byte Pages. 4-way set associative, 4 entries
03H Data TLB: 4K-Byte Pages, 4-way set associative, 64 entries
04H Data TLB: 4M-Byte Pages, 4-way set associative, 8 entries
0O6H Instruction cache: 8K Bytes, 4-way set associative, 32 byte line size
08H Instruction cache: 16K Bytes, 4-way set associative, 32 byte line size
0AH Data cache: 8K Bytes, 2-way set associative, 32 byte line size
0CH Data cache: 16K Bytes, 2-way set associative, 32 byte line size
41H Unified cache: 128K Bytes. 4-way set associative, 32 byte line size
42H Unified cache: 256K Bytes, 4-way set associative, 32 byte line size
43H Unified cache: 512K Bytes, 4-way set associative, 32 byte line size
44H Unified cache: 1M Byte, 4-way set associative, 32 byte line size

G
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EDX

MMX™ Technology
CMOV—Cond. Move/Cmp. Inst.
MCA—Machine Check Arch.
PGE—PTE Global Bit

MTRR—Mem. Type Range Req.
APIC—APIC on Chip
CXS—CMPXCHGSB Inst.
MCE—Machine Check Exception
PAE—Physical Address Extensions
MSR—RDMSR and WRMSR Support
TSC—Time Stamp Counter
PSE—Page Size Extensions
DE—Debugging Extensions
VME—Virtual-8086 Mode Enhancement
FPU—FPU on Chip

Reserved




Feature Flags Returned in EDX
Register

Bit Feature Description

0 FPU—Floating-Point Unit | Processor contains an FPU and executes the Intel 387
on Chip instruction set.

1 VME—Virtual-8086 Processor supports the following virtual-8086 mode
Mode Enhancements enhancements:

+ CR4.VME bit enables virtual-8086 mode extensions.

« CR4.PVI bit enables protected-mode virtual interrupts.

» Expansion of the TSS with the software indirection bitmap.
« EFLAGS.VIF bit (virtual interrupt flag).

« EFLAGS.VIP bit (virtual interrupt pending flag).

2 DE—Debugging Processor supports [/O breakpoints, including the CR4.DE bit
Extensions for enabling debug extensions and optional trapping of access
to the DR4 and DRS5 reqisters.
3 PSE—Page Size Processor supports 4-Mbyte pages, including the CR4.PSE bit
Extensions for enabling page size extensions, the modified bit in page

directory entries (PDEs). page directory entries, and page table
entries (PTEs).

4 TSC—Time Stamp Processor supports the RDTSC (read time stamp counter)
Counter instruction, including the CR4.TSD bit that, along with the CPL,
controls whether the time stamp counter can be read.

5 MSR—Model Specific Processor supports the RDMSR (read model-specific register)
- Reqisters and WRMSR (write model-specific register) instructions. -




Bit

Feature

Description

G PAE—Physical Address Processor supports physical addresses greater than 32 bits. the

Extension extended page-table-entry format. an extra level in the page
translation tables, and 2-MByte pages. The CR4.PAE bit enables
this feature. The number of address bits is implementation specific.
The Pentium® Pro processor supports 36 bits of addressing when
the PAE bit is set.

7 MCE—Machine Check Processor supports the CR4 MCE bit, enabling machine check
Exception exceptions. However, this feature does not define the model-

specific implementations of machine-check error logging, reporting,
or processor shutdowns. Machine-check exception handlers might
have to check the processor version to do model-specific
processing of the exception or check for the presence of the
standard machine-check feature.

8 CX8—CMPXCHGSEB Processor supports the CMPXCHGS8B (compare and exchange 8
Instruction bytes) instruction.

9 APIC Processor contains an on-chip Advanced Programmable Interrupt

Controller (APIC) and it has been enabled and is available for use.
10.11 Reserved

12 MTRR—Memory Type Processor supports machine-specific memory-type range reqisters

Range Reqgisters (MTRRs). The MTRRs contains bit fields that indicate the
processors MTRR capabilities, including which memory types the
processor supports, the number of variable MTRRs the processor
supports, and whether the processor supports fixed MTRRSs.

13 PGE—PTE Global Flag Processor supports the CR4 . PGE flag enabling the global bit in
both PTDEs and PTEs. These bits are used to indicate translation
loockaside buffer (TLB) entries that are common to different tasks
and need not be flushed when control register CR3 is written.

14 MCA—NMachine Check Processor supports the MCG_CAP {(machine check global

Architecture capability) MSR. The MCG_CARP register indicates how many
banks of error reporting MSRs the processor supports.

15 CMOV—Conditional Processor supports the CMOVccinstruction and. ifthe FPU feature
Move and Compare flag (bit 0) is also set, supports the FCMOVcc and FCOMI
Instructions instructions.

16-22 Reserved

23 MMX™ Technology Processor supports the MMX instruction set. These instructions
operate in parallel on multiple data elements (8 bytes. 4 words, or 2
doublewords) packed into quadword registers or memory locations.

24-31 Reserved

<=




Processor Type

Type Encoding

Original OEM Processor 00B
Intel OverDrive® Processor 01B
Dual processor* 10B

Intel reserved. 11B







Key to Tables

Em [, =<opsh>] |See Table Register, optionally shifted by constant
Operandz > Sece Table Flexible Operand 2. Shift and rotate are only available as part of Operand?. creglist> A comma-separated list of registers, enclosed in braces | and ].
zfields> Sece Table PSR fields. zreglist-PC> | As <reglist:, must not include the PC.
=PSE> Either CPSE (Current Processor Status Register) or SPSR (Saved Processor Status BEegister) zreglist+PC> | As <reglist, including the PC.
C*, W Flag 1z unpredictable in Architecture v4 and earher, unchanged in Architecture v5 and later. +/ - + or —. {4+ may be omitted.)
<Rs | gh> Can be Bs or an immediate shaft value. The values allowed for each shift tvpe are the same as those || % See Table ARM architecture versions.
shown in Table Register, optionally shifted by constant. <iflaga> Interrupt flags. One or more of 2, 1, £ (abort, interrupt. fast intermupt).
¥ B meaning half-register [15:0], or T meaning [31:16]. <p_mode> Sece Table Processor Modes
< immSms ARM: a 32-bit constant, formed by nght-rotating an 8-bit value by an even number of bits. SPm 5P for the processor mode specified by <p_modes
Thumb: a 32-bit constant, formed by lefi-shifing an B-bit value by any number of bits, or a bat <lshe> Least significant bit of bitficld.
pattern of one of the forms XY XYXYXY, Ox00XYO0DXY or Ox 200X YT, cwidbh> Width of bitheld. «width> + <1sb> must be <= 32,
<prefix> See Table Prefixes for Parallel instructions [X} RsX is Rs rotated 16 bits if X present. Otherwise, RsX iz Rs.
{IA|IE|DA|DBE} |Increment After, Increment Before, Decrement Afiter, or Decrement Before. {1 Updates base register after data transfer if ! present {pre-indexed).
1B and DA are not available in Thumb state. If omitted, defaults to TA. {81 Updates condition flags if § present.
£siza E, SE, H, or SH, meaming Byte, Signed Byte, Halfword, and Signed Halfword respectively. {T} User mode pnvilege if T present.
5B and SH are not available in STR instructions. {R} Rounds result to nearest if B present, otherwise truncates result.
Operation § |Assembler S updates | Action Motes
Add Add ADD{S} Rd, En, «<Operandl> N Z C V|Rd:=Rn+ Operand2? N
with carry ADC{S} R4, Bn, =0OperandZ=> M Z C ¥V|ERd:=En+ Operand? + Carry M
wide T2 |[ADD R4, Bn, #<immlZ=> Ed := En+imml2, imml2 range 0-4095 T.P
saturating {dowbled ) S5E |Q{D}ADD B4, Em, En Rd := SAT(Rm + En) doubled: Bd == SAT(Em + SAT(En * 2J) Q
Address | Form PC-relative address ADR Rd, <label> Rd := <label>, for <label> range from current instruction see Note L N, L
Subtract | Subtract SUB{5} Rd, Bn, <=0Operand2=> M Z C ¥V|ERd:=En-0Operand2 M
with carry SEC{S} R4, Emn, <0Operand2=> M Z C ¥V |ERd:=En-Operand? — NOT{Carry) N
wide T2 |SUEB R4, Bn, #<immlZ> M L C V|Rd:=En-1mmml2, imml2 range (-4095 T.F
reverse subiract ESE{S} Rd, BEn, =0OperandZx> M Z C V|ERd:=0Operand? — Bn N
reverse subtract with carry RSC{S} Rd, Emn, <OperandZ> M £ C V| Rd:=0Operand? — Bn — NOT{Carry) A
saturating | dowbled | S5E |Q{D}SUB B4, Rm, BEn Rd := SAT(Em — En) doubled: Bd := SAT{Rm — SAT(REn * 2)) 0
Exception return without stack SUBS PC, LR, #<immB8=> PC = LR — imm#, CP5E = SPSRi{corrent mode), immE range 0-235. T
Parallel Halfword-wise additon 6 |<prefix>ADD1& R4, En, Em Rd[21:16] := Rn[31:16] + Rm[31:16]. Rd[15:0] := En[15:0] + Rm[ 15:0] &
arithmetic | Halfword-wise subtraction 6 |<prefix>SUEls Rd, Hn, Em Rd[31:16] := En[31:16] - Rm[31:16], RA[15:0] := En[15:0] — Em][15:0] LE]
Byte-wise addition 6 |<prefix>ADDE& Rd, Rn, Rm Rd[31:24] := Rn[31:24] + Rm[31:24]. Rd[23:16] := Rn[23:16] + Em[23:16], G
Rd[15:B] := Rn[15:8] + Rm[15:8], Rd[7:0] := Bn[7:0] + Rm[7:0]
Bytc-wise subtraciion 6 |<prefix>SUBE Rd, Fn, Rm Rd[31:24] := En[31:24] - Bm[31:24], Rd[23:156] := En[23:16] — Em[23:16], 0
Rd[15:8] := Rn[15:8] — Em[15:8], Rd[7:0] := En[7:0] — Em[7:0]
Halfword-wise exchange, add, subtract | & |<prefix=ASX Rd, En, Em Rd[31:15] := En[31:16] + Em[15:0], Bd[15:0] := En[15:0] — Em[31:16] G
Halfword-wise exchange, subtract, add 6 |<prefix>SAX Rd, En, Em Rd[31:16] := En[31:16] — Bm[15:0], Rd[13:0] := Ra[15:0] + Em[31:1&] LE]
Unsigned sum of absolute differences 6 |USADE Rd, Hm, Hs Ed := Abs(Em[31:24] — Bs[31:24]) + Abs(BEm([23:16] — Rs[23:16])
+ Abs(Em[15:8] — Rs[15:8]) + Abs{Rm[7:0] — Rs[7:0])
and accumulate 6 |USADAE R4, Em, R=, En Ed := En+ Abs(Em[31:24] — Rs[31:24]) + Abs{REm[23:16] — Rs[23:16])
+ Abs(Em[15:8] — Rs[15:8]) + Abs{Rm[7:0] — Rs[7:07)
Saturate Sirned saturate word, nght shifi 6 |SSAT Rd, #«<sat», BEm{, ASR <sh>] Rd := SignedSat{{Rm ASR sh), sat). <sat> range 1-32, <sh> range 1-3]. QR
Signed saturate word, left shaft 6 |SSAT R4, #<sakt>, BEm{, LSL =<sh=>} Ed := SignedSat{(FEm L5L sh), sat). <sat> range 1-32, <sh> range 0-31. )
Sirned saturate two hal foords 6 |SSAT1e R4, #<sat>, Em Rd[31:16] := SignedSat{FEm[31:16], sat), )
Rd[15:0] := SignedSatiRm[ 15:0]. sat). <sat> range 1-16.
Unsigned saturate word, nght shaft 6 |USAT Rd, #<sakt>, BEm{, ASE <sh=>} Ed := UnsignedSat{{FEm ASE sh), sat). <sat> range 0-31, <sh> range 1-31. LR
Unsigned saturate word, left shift 6 |USAT Rd, #«<sat», BEm{, LSL <sh>] Rd := UnsignedSat{{Km LSL sh), sat). <sat> range 0-31, <sh> range (0-31. )
Unsigned saturate two halferords 6 |USAT1E R4, #<sat>, Fm Rd[31:186] := UnsignedSat{Em[31:16], sat), )

Rd[13:0] := UnsignedSatiEm[15:0]. sat). <sat> range 0-15.




Operation & |Assembler S updates Action Notes
Multiply | Muloply MUL{S] Rd, BEm, Bs= N Z C* Bd := (FEm * Rs)[31:0] {If Rm s Rd, § can be used in Thumb-2}) N5
and accumulate MLA[S} Rd, Em, Es, En N L C* Rd :=(Rn + (Rm * Rs)}[31:0] 5
and subtract T2 |MLS RA, Bm, Es, En RBd := (Bn —{Rm * Bs)}[31:0]
unsigned long UMULL{S} RdLo, R4dHi, Em, E= N Z C* V*|RdHiRdLo := unsignediRm * Es) 5
unsigned accumuolate long UMLAL{S} RdLo, RdHi, BEm, Rz (N Z C* V*|RdHiRdLo := unsignediRdHi,RdlLo + Bm * Rs) 5
unsigned double accumulate long 6 |UMAAL RdLo, RdHi, Bm, Rs RdHi,RdLo = unsigned{BdHi + RdLo + Bm * Es)

Signed multply long EMULL{S)} RdLo, R4dHi, Em, E= N Z C* V*|RdHiRdLo := signediRm * Rs) 5
and sccumulate long EMLAL{S} RdLo, RdHi, BEm, Rs (N Z C* V*|RdHiRdLo :=signed{RdHi,REdlLo + Em * Rs) 5
16 * 16 bat 5E |SMULxy Rd, Em, E=s Ed := Em[x] * Rs[v]

32* 16 hat 5E |SMULWy Rd, Bm, RE= Bd := (Fm ™ Rs[v]}[47:16]

16 * 16 bat and accumulate 3E |SMLAxy Rd, Em, Rs, En Rd := En + Emx] * Es[y] ]
32 * 16 bt and accumulate 5E |SMLAWy Rd, Bm, Rs, En Rd := Bn + (Em * Rs[¥])[47:16] )
& * 16 bit and accumulate long 5E |SMLALxy RdLo, RdHi, Bm, EHs EdHi,EdLo := EdHi, BEdLo + Em[x] * Bs[y]

Dual signed multply, add 6 |SMUAD{X} Rd., Em, R=s Ed := Rm[15:0] * RsX[15:0] + Rm{31:16] * RsX[31:16] ]
and accumulate 6 |SMLAD{X} Rd, Em, Rs, En Rd := Bn+ Em[15:0] * BEsX[15:0] + Em[31:16] * BsX[31:16] )
and accumulate long 6 |SMLALD{X} RdLo, RdHi, Em, H= EdHi,EdLo := RdHi,BEdLo + Em[15:0] * BsX[15:0] + Em[31:16] * BsX[31:14]

Dual sipned multoply, subtract 6 |SMUSD{X} Rd, Em, Rs Bd := Em[15:0] * EsX[15:0] — Em[31:16] * BsX[31:16] ]
and accumulate 6 |SMLSD{X} Rd, Em, Rs, En Rd := Bn+ Em[15:0] * BsX[15:0] - Em[31:16] * BsX[31:16] )
and accumulate long 6 |SMLSLD{X} RdLo, RdHi, Bm, H= EdHi,EdLo := RdHi, EdLo + Em[15:0] * BsX[15:0] - Em[31:16] * RsX[31:16]

Signed top word muolaply 6 |SMMUL{R} Rd, Em, Rs Rd := (Rm * Rs)[63:32]
and accumulate 6 |EMMLA{R} Rd, FEm, E=s, En Ed := Bn + (Em * Es)[63:32]
and subtract 6 |EMMLS{R} Rd, Fm, E=, En Ed := Bn— (Em * REs)[63:32]

with internal 40-bit accumulate X5 |MIA Ac, Bm, Es Ac:=Ac+ Em* Es
packed halfword X5 |MIAPH Ac, Em, ERs Ac = Ac + Em[15:0] * Bs[15:0] + Em[31:16] * Bs[31:16]
halfword X5 |MIAxy Ac, BEm, Rs Ac = Ac + Emix] * Es[y]

Divide Signed or Unsigned EM |<op> Rd, Rn, Em Rd := Bn/Em <op> 15 SOV (signed) or UDIV (unsigned)
Mova Mowe MOV{Z} Rd, «<Operand2:> N & C Bd := Operand2 See also Shift instructions N
data NOT MVN{S} Rd, <Operand2= NZ C Rd -= 0xFFFFFFFE EOR Operand? N
top T2 |MOVT Rd, #<immlé> Rd[31:16] := imml&, Rd[13:0] unaffected, imm 16 range 0-65535
wide T2 |MOV Rd, #<immlés> Bd[15:0] := immlé&, Rd[31:16] =0, imml & range 0-65535
4(-bat accumulator to register X5 |MRA RdLo, Rd4Hi, Ac RdLo = Ac[31:0], RdHi := Ac{39:32]
register to 40-bit accumulator X5 |MAR Ac, RdLo, Rd4Hi Ac[31:0] := RdLo, Ac[3%:32] := RdH:
Shift Anthmetic shaft nght ASR{S] Rd, Fm, <Ra|sh> N & C Rd := ASR({Fm. Eslsh) Same as MOV {5} Rd, Rm, ASE <Rs|sh> N

Logical shaft beft LSL{5} Rd, Em, <Ra|sh> N L C Rd := LSL{Em, Eslsh} Same as MOV{S5] Rd, REm, LSL <Ra|sh> N

Logical shift mght L5R{5] Rd, Fm, <Ra|sh> N Z C Rd := LSR{Em, Rslsh) Same as MOV {5} Rd, Rm, LSE <Rs|sh=> M

Rotate nght ROR{S} Rd, Rm, <Rs|sh> NZ C Bd := ROR(Em, Rskh) Same as MOV{5} Rd, Rm, ROR <Rs|sh> N

Rotate right with extend REX{S} R4, Em NZ C Ed := REX{Em) Same as MOV{S] R4, Fm, RRX

Count leading zeros 5 |[CLZ R4, Bm Bd := number of leading zeros in Em

Compare |Compare CMF Bn, «=Operand2:> N Z C V |Update CPSE flags on En — Operand?2 M
negative CMN En, «<Operand2s> N £ C W |Update CPSR flags on En + Operand2 M

Logical |Test TST Bn, =0Operand:> N Z C Update CPSR flags on Bn AND Operand2 M

Test equivalence TEQ Bn, «=0Operand:> N Z C Update CPSR flags on BEn EOR Operand?

AND AND{S} Rd, Rn, <Operandix> M L C Rd := Em AND Operand2 M

EOR ECR{S} Rd, Em, <Operandx N Z C Ed := En EOR Operand2 M

OER ORR[S} Rd, Bn, «<0Operandi> N Z C Ed := En OR Operand2 M

ORN T2 |ORN{S} Rd, Bn, <Operand2:> N Z C Ed := En OR NOT Operand?2 T

Bit Clear EIC{S] Rd, En, =<Operand> N Z C Ed := En AND NOT Operand2 N




Operation g Assembler Action Notes
Bit field Bit Field Clear T2 | BFC Rd, #<lsb>, #-width> Rd[{width+lsb—1}:Isb] := 0, other bits of Bd unaffected
Bit Field Insert T2 |BFI Rd, Rn, #<lsb>, #<width> Rd[{width+lsb—1):lsh] := Rn[{width-1):0], cther bits of Rd unaffected
Signed Bit Field Extract T2 | SEFX R4, Bn, #<lsb>, #<width= Rd[{width—1}:0] = Bn[{width+lsb—1):1sb], Rd[3] reridth] = Replicate! Bn[width-+lsb—1] )
Unsigned Bit Field Extract T2 |UBFX R4, BEn, #<lsb>, #<widbh> Rd[{width—1}:0] = En[{width+lsb—1):1sb], Rd[3]:width] = Replicate{ 0 )
Pack Pack halfword bottom + top & | PEHET Rd, Rn, Rm{, LSL #<sh>} Rd[15:0] := En[15:0]. Rd[31:16] := (Em L5L sh)[31:16]. sh (-31.
Pack halfword top + bottom & |PEHTE Rd, Rmn, Rm{, ASR #<sh>} Rd[31:16] := Rn[31:16], Rd[15:0] := (Rm ASR sh)[15:0]. sh 1-32.
Signed Halfword to word 6 |SXTH R4, Bm{, ROR #<sh>) Ed[31:0] := SignExtend({Rm ROR (8 * sh))[15:0]). sh 0-3. M
extend Two bytes to halfeords 6 |SXTB16 Rd, Em{, ROR #<sh>} Rd[31:16] := SignExtend({Rm ROR (8 * sh)[23:16]),
Rd[15:0] := SignExtend{{Rm ROR (8 * sh)){7:0]). sh 0-3.
Byte to word 6 |SXTE R4, Rm{, ROR #<sh>) Rd[31:0] := SignExtend({Rm ROR (B * sh))[7-0]). sh 0-3. N
Unsigned | Halfword to word 6 |UXTH R4, Em{, ROR #<shx] Rd[31:0] := ZeroExtend({BEm ROR (8 * sh))[ 15:07). sh 0-3. M
extend Two bytes to halfwords 6 |UXTE16 Rd, Rm{, ROR #<sh>] Rd[31:16] := ZeroExtend((Rm ROR (8 * sh))[23:16]),
Rd[15:0] := ZeroExtend({Em ROR (8 * sh))[7:0]). sh 0-3.
Byte to word 6 |UXTE R4, Em{, ROR #<shx]} Rd[31:0] := ZeroExtend({Rm BOR (8 * sh))[7:0]). sh 0-3. M
Signed Halfword to word, add 6 |SXTAH R4, Rmn, Rm{, ROR #<sh>} Rd[31:0] := Bn[31:0] + SignExtend({Rm ROR (8 * sh))[15:0]). sh 0-3.
extend Two bytes to halfwords, add 6 | SXTAEl&E R4, En, Em{, ROR #<sh>1 | Rd[31:168] := Bn[31:16] + SignExtend((Bm ROR (8 * sh))[23:1&]).
with add Ed[15:0] := En[15:0] + SignExtend({Em ROE (& * shy)|7:0]b. =h (-3,
Byie to word, add i | SETAE Rd, Rn, Em{, ROR #<sh>} Rd[31:0] := En[31:0] + SignExtend({Em ROR (8 * sh))[7:0]). sh -3,
Unsigned | Halfword to word, add 6 |UXTAH R4, Rn, Rm{, ROR #<shx>} Ed[31:0] := En[31:0] + ZeroExtend({Rm ROE (& * sh))[15:0]). sh 0-3.
extend Twao bytes to halfwords,add | 6 |UXTAEL6 Rd, En, Rm{, ROR #<sh>)} [Rd[31:16] := Rn[31:16] + ZeroExtend({Rm ROR (£ * sh))[23:16]),
with add Rd[15:0] := Rn[15:0] + ZeroExtend{({Rm ROR (8 * sh))[7:0]). sh 0-3.
Byte to word, add 6 |UXTAE R3, Rn, Rm{, ROR #<sh>} Ed[31:0] := En[31:0] + FeroExtend({Rm ROR (& * sh))[7:0]). sh0-3.
Reverse Bits in word T2 |REIT R4, Em For (i =0; 1= 32; 14++4) : Rd[1] = Em[31-1]
Bytes in word 6 |REV Rd, Rm Ed[31:24] := Rm[7-0], Rd[23:16] := Em[15:8], Rd[15:8] := Em[23:16], Rd[7-0] := Rm[31:24] M
Bytes in both halfevords 6 |REV1e R4, BRm Rd[15:8] := Rm[7:0], Bd[7:0] := Em[15:8]. Bd[31:24] := Em]23:16], Rd[23:16] := Bm[31:24] M
Byies in low halfword, & |REVSH R4, Bm Rd[15:8] := Rm[7:0], Rd[7:0] := Rm[15:8], Rd[31:16] := Bm][7] * &FFFF M
sign extend
Select Select bytes 6 |SEL Rd, En, Em Rd[7:0] := En[7:0] if GE[0] = 1, els= RA[7:0] := Rm[7:0]
Bits[15:8], [23:16], [31:24] selected similardy by GE[ 1], GE[2], GE[3]
H-Then If-Then T2 |IT{pattern} {cond} Makes up to four following instructions conditional, according to pattern. pattern 15 a sinng of upto three | TU
letiers. Each letter can be T {Then) or E (Else).
The first instruction after IT has condition cond. The following instructions have condition cond if the
comesponding letter 15 T, or the inverse of cond if the corresponding letter is E.
See Table Condition Field for available condition codes.
Branch Branch B <labelx> PC := label. label is this instruction £32MB (T2: £16MB, T: =232 - +256B) MN.B
with link BL «label> LR := address of next instruction, PC := label. label 1= this instruction +32MB (T2: =1&6MB).
and exchange 4T | BX Em PC := Em. Target 15 Thumb if REm[0] 15 1, ARM 1if Em[{] 15 0. N
with link and exchange (1} [ 3T |BLX <label= LE := address of next instruction, PC ;= label, Change instruction set. C
label 15 this instrocton £32MB (T2: £16MB)L
with link and exchange (2)| 5 |BLX Em LR := address of next instruction, PC := Rm[31:1). Change to Thumb if Em|0] is 1, to ARM if Em[0] 1= 0. N
and change to Jazelle state | 3] | BXJ REm Change to Jarelle state if available
Compare, branch if (non) zero | T2 | CE{N]}Z Rn,<label= If Bn == or '=} (0 then PC := label. label is (this instruction + 4-130). NTU
Table Branch Byte T2 [TEE [En, Rm] PC = PC + ZPeroBExtend! Memory( En + Em, 1) <= 1). Branch range 4-512. Bn can be PC. TU
Table Branch Halfword T2 | TEH [Rn, BEm, LSL #1] PC = PC + ZeroExtend! Memory( En + Bm << 1, 2) << 1). Branch range 4-131072. En can be PC. TU
Move to or | PSR to register MRS Rd, <PSR=> Rd = PSR
from PSR register to PSR MER <PSR> «<fields>, Em PSR := Em (sclected bytes only)
immediate o PSR MSR «<PSR»_ =fields>, #<immZm> PSR := immed_8r (selected bytes only)
Processor | Change processor state 6 |CP5ID <iflags> {, #<p_modex} Disable specified interrupts, optional change mode. UM
state 6 |CPSIE <iflags> {, #<p_modex} Enable specified interrupts, optional change mode. UM
change Change processor mode 6 |CPS #<p_mode> o
Set endianness 6 | SETEND <endianness> Sets endianness for loads and saves. <endianness> can be BE (Big Endian) or LE (Little Endian}. UM




Single data item loads and stores § Assembler Action if <op= is LDR Action if <op= is STR Motes
Load Immediate offset <op>{size}{T} Rd, [Bn {. f<offset=}]1{!} Bd := [address, size] [address, size] = Rd [, N
or store Post-indexed, immediaie <op>{size} (T} Rd, [Rn], #<offset> Rd := [address, sixe] [address, size] = Rd 2
:ﬂrh:’“::::d Register offset <op>{size} RdA, [Bn, +/-Bm {, <opsh=>}]{!} Bd := [address, size] [address, size] := Rd N
Post-indexed, register <op>{size}{T} R4, [En]., +/-Fm {. =<opsh>} Ed := [address, size] [address, size] := Rd 4
PC-relative <op>{size} Rd, <label:> Rd := [label, size] Mot available 5N
Load or store | Immediate offset 5E |<op>D Rdl, RAZ, [En {. $#<ocffset=}]{!} Edl := [address], Bd2 := [address + 4] | [address] := Rdl, [address + 4] := Rd2 6.9
doubleword | pogindexed. immediate | 5E | <op>D RA1, RA2, [Bn], #<offsets Rd1 := [address], Rd2 := [address + 4] | [address] = Rdl, [address + 4] := Rd? 6.9
Register offset 5E |<op>D Rdl, RAZ, [En, +/-Fm {, <opsh>}]{!] Edl := [address], Bd2 := [address + 4] | [address] := Rdl, [address + 4] := Rd2 7.4
Post-indexed, register 5E | zop>D R41l, RdAZ, [REnm], +/-BEm [, =<opsh>] Rdl := [address], Rd2 := [sddress 4 4] | [address] := Rdl, [address + 4] := Rd2 7.9
PC-relative 5E |<op>D Rdl, RdAZ2, <label=> Edl :=[label], Bd2 :=[label + 4] Mot available E.9
Preload data or instruction E(PLD) |§(PLI) |Assembler Action if <op= is PLD Action if <op= is PLI Motes
Immediate offset 5E 7 <op> [Em [, #<offset>}] Preload [address, 32] (data) Preload [address, 32] (instruction) I, C
Register offset 5E 7 <op> [Bnm, +/-Bm {, <opsh>}] Preload [address, 32] (data) Preload [address, 32] (instruction) 3C
PC-relative 5E 7 <op> =<labeal> Preload [label, 32] (data) Preload [label, 32] {instruction) 5.C
Other memory operations § Assembler Action Notes
Load multiple | Block data load LOM{IA|IE|DA|CEB} Rn{!}, =reglist-PC= Load hst of registers from [Rn] N, 1
return (and exchange) LOM{IA|IB|DA|DE} Rn{!}, =<reglist+PC> Load registers, PC := [address][31:1] (& 53T: Change to Thumb if [address][0] 1s 1) I
and restore CPSRE LOM{IA|IB|DA|DE} En{!}, =<reglist+PC>" |Load registers, branch (§ 5T: and exchange), CPSR = SPSR. Exception modes only. |
User mode registers LOM{IA|IE|DA|DE} Bn, <reglist-PC>" Load list of User mode registers from [En]. Pnvileged modes only. |
Fop POP <reglist= Canonical form of LDM SP!, <reglist= M
Load Semaphore operation 6 |LDEEX Rd, [En] Ed := [En], tag address as exclusive access. Quistanding tag set if not shared address.
exclusive Rd, En not PC.
Halfword or Byie 6K |LDREX{H|B} Rd, [Rmn] Rd[15:0] := [En] or Rd[7:0] := [En]. tag address as exclusive access.
Chutstanding tag set if not shared address. Bd, Bn not PC.
Dowbleword 6K |LDREXD Rd41l, R42, [HEn] Edl :=[En], Rd2 := [En+4], tag addresses as exclusive access g
Chutstanding tags set if not shared addresses. Bdl, Rd2, Bn not PC.
Store multiple | Push, or Block data store STM{IA|IB|DA|DE} En{!}, <reglist> Store list of registers to [En] M, 1
User mode registers STM{IA|IE|DA|CE} En{!}, <reglist>" Store list of User mode registers to [Rn]. Povileged modes only. |
Push PUSH <reglist> Cancnmical form of STMDE SP!, <reglist> N
Store Semaphore operation 6 |STEEX Rd, BEm, [En] If allowed, [En] := Em, clear exclusive tag, Bd := 0. Elsz Bd := 1. BEd, Em, En not PC.
exclusive Halfword or Byte 6K |STREX{H|B} Rd. Fm, [REn] If allowed, [En] := Em[13:0] or [Bn] := Bm[7:0], clear exclusive tag, Bd := 0. Else Bd = |
Ed, Em, En not PC.
Dowbleword 6K |STREXD R4, Eml, EmZ, [Rn] If allowed, [En] := Eml, [En+d] := Em2, clear exclusive tags, Bd := 0. Else Bd := 1 g
Ed, Eml, Em2, En not PC.
Clear exclusive 6K [CLREX Clear local processor exclusive tag C

Notes: availability and range of options for Load, Store, and Preload operations

Mote |ARM Word, B, D ARM SB, H, SH ARMT, BT Thumb-2 Word, B, SB, H, SH, D Thumb-2 T, BT, SBT, HT, SHT

| offset: — 40905 to +4095 offset: =235 to +235 Mot available offset: —253 o +255 if wnteback, —255 to +4095 otherwise | offset: 0 to +253, wrnteback not allowed
2 offset: — 4095 to +4095 offset: —255 to +235 offset: — 4095 to +4005 offset: —255 to +255 Mot available

3 Full range of {, <opsh=] [, =opsh>} not allowed | Mot available <opsh> restncted to LSL #<sh>, <sh> range 0 o 3 Mot available

4 Full range of {, =<opsh>} {. =opsh>] not allowed | Full range of {, <opsh>1 | Not available Not available

3 label within +/— 4092 of current instruction | Mot available Mot available label within +/— 4002 of current instruction Mot available

& offset: —255 to +253 - - offset: 1020 to + 1020, must be multiple of 4. -

7 {., =opsh>} not allowed - - Mot available -

8 label within +/— 232 of current instruction | - - Mot available -

9 Edl even, and not rl4, Bd2 == Rdl + 1. - - Edl '=PC, Rd2 '=PC -




Coprocessor operations & | Assembler Action MNotes
Data operations CDP{2} <copr>, =«opl>, CRd4, CBEn, CBm{, <opl>} Coprocessor defined C2
Move to ARM register from coprocessor MRC{2} «copr>, <opl>, Rd, CRn, CRm[, =<opi=>] Coprocessor defined | C2
Two ARM register move 5E |MRRC <=copr>, <opl», Rd, En, CEm Coprocessor defined
Alternative two ARM register move 6 |MRRCZ «<copr», <opl>, Rd, En, CEm Coprocessor defined C
Move to coproc from ARM reg MCR{2} <copr>, <opl»>, Rd, CRn, CEm{, <opi=] Coprocessor defined | C2
Two ARM register move 5E |MCRR «copr>, <opl», REd, En, CEm Coprocessor defined
Alternative two ARM repister move 6 |MCRRZ <copr>, <opl>, Rd, FEn, CEm Coprocessor defined C
Loads and stores, pre-indexad <op>{2} =copr>, CRd, [Fn, #+/-<offset8*4>]{!]} op: LDC or STC. offset: multiple of 4 in range 0 to 1020. | Coprocessor defined | C2
Loads and stores, zero offset <op>{2} =copr>, CRd, [BEmn] {. 8-bit copro. optiomn]} |op: LDC or STC. Coprocessor defined C2
Loads and stores, post-indexed <op>{2} =copr>, CRd, [En]. #+/-<offsetf*d> op: LDC or STC. offset: multiple of 4 in range 0 to 1020. | Coprocessor defined | C2
Miscellaneous operations & | Assembler Action Motes
Swap word SWP Rd, Em, [En] temp := [Rn], [Rn] := Rm, Rd := temp. D
Swap byte SWPE Rd, Em, [Rn] temp := ZeroExtend([Rn][7:0]), [Rn][7:0] := Rm[7:0], Rd := temp D
Store return state 6 [SERS{IA|IE|DA|DB]} SP{!]}. #<p_mode> [SPm] := LR, [SPm + 4] := CPSR C.1
Return from exception 6 |RFE{IA|IB|DA|DE} En{!]} PC :=[Rn], CPSR = [Rn + 4] C.1
Breakpoint 5 |BEPT <immlé> Prefetch abort or enter debug state. 16-bit bitfield encoded in instruction. C.N
Secure Monitor Call Z [SMC <immlé> Secure Monitor Call exception. 16-bit bitfield encoded in instruction. Formerly SMI.
Supervisor Call SVC <imm2d> Supervisor Call exception. 24-bit bitfield encoded in instruction. Formerly SWL N
No operation 6 |wWoP MNone, might not even consume any time. N
Hints | Debug Hint 7 |DBG Provide hint to debug and related systems.
Data Memory Barrier 7 |DMB Ensure the order of observation of memory accesses. C
Data Synchronization Barrier 7 |DSBE Ensure the completion of memory accesses, C
Instruction Synchronization Barrier 7 |ISB Flush processor pipeline and branch prediction logic. C
Set event T2 | SEV Signal event in multiprocessor system. NOP if not implemented. M
Wail for event T2 | WFE Wait for event, IRCQ), FIQ), Imprecize abort, or Debog entry request. NOP if not implemented. M
Wait for interrupt T2 |WFI Wait for IRQ), FI(), Imprecise abort, or Debug entry request. NOP if not implementad. N
Yield T2 | YIELD Yield control to alternative thread. NOP if not implemented. M

Notes

A Mot available in Thumb state. N Some or all forms of this instruction are 16-bit (Namow) instructions in Thumb-2 code. For details

B Can be conditional in Thumb state without having to be in an IT block. see the Thumb 16-bit Instruction Set (UAL) Quick Reference Card.

C |Condition codes are not allowed in ARM state. P En can be the PC in Thumb state in this instruction.

C2 | The optional 2 is available from ARMvS. It provides an alternative operation. Condition codes are not | Q Sets the () flag if saturation (addition or substraction) or overflow (multiplication) occurs. Read and
allowed for the alternative form in ARM state. reset the () flag using ME.S and MSE.

D | Deprecated. Use LDREX and STREX instead. R | <sh> range is 1-32 in the ARM instruction.

G | Updates the four GE flags in the CPSR based on the results of the individual operations. S The 5 modifier is not available in the Thumb-2 instruction.

| LA is the default, and is normally omitted. T | Mot available in ARM state.

L ARM: <mm8m:. 16-bit Thumb: multiple of 4 in range 0-1020. 32-bit Thumb: 0-$095. u Mot allowed in an IT block. Condition codes not allowed in either ARM or Thumb state.




ARM architecture versions Condition Field
n ARM architecture version n and above Mnemonic Description Description (VFP)
nT, nl T or J variants of ARM architecture version a and above EQ Equal Equal
3E ARM v3E, and 6 and above NE Mot equal Mot equal, or unordered
T2 All Thumb-2 versions of ARM v6 and above C8 / HE | Carry Set/Unsigned higher or same | Greater than or equal, or unordered
6K ARMv6K and above for ARM instructions, ARMvT for Thumb CcC / Lo | Camry Clear / Unsigned lower Less than
£ All Security extension versions of ARMv6 and above MI Megative Less than
RM ARMvT-R and ARMv7-M only PL Positive or zemo Greater than or equal, or unordered
X5 X5cale coprocessor instruction Ve Overflow Unordered (at least one NaN operand)
vC Mo overflow Not unordered
Flexible Operand 2 HI Unsigned higher Greater than, or unordered
Immediate value #< immBm:> LS Unsigned lower or same Less than or equal
Register, optionally shifted by constant (see below) Em {. =opsh»] GE Signed greater than or equal Greater than or equal
Register, logical shift left by register Em, LSL E=s LT Signed less than Less than, or unordered
Register, logical shift right by register Rm, LSE Es GT Signed greater than Greater than
Register, arithmetic shift right by repister Rm, ASF Es LE Signed less than or equal Less than or equal, or unordered
Register, rotate right by register Em, ROFE Rs AL Always (normally omitted) Always (normally omitted)

Register, optionally shifted by constant

(Mo shift)

Logical shift left
Logical shift right
Arithmetic shift right
Rotate right

Rotate right with extend

LEL #=<shift>
LER #<shiftx>
ASE #<shift:
ROR #<shift>
RRI

-

-

=

7 EEEE D

=

Same as Bm, LSL #0
Allowed shifis 0-31
Allowed shifis 1-32
Allowed shifis 1-32
Allowed shifts 1-31

All ARM instructions (except those with Note C or Note L) can have any one of these condition codes after the
instruction mnemonic (that is, before the first space in the instruction as shown on this card). This condition is
encoded in the instruction.

All Thumb-2 instructions (except those with Note U) can have any one of these condition codes after the
instruction mnemonic. This condition is encoded in a preceding IT instruction (except in the case of
conditional Branch instructions). Condition codes in instructions must match those in the preceding IT

instruction.

On processors without Thumb-2, the only Thumb instruction that can have a condition code is B <label>.

Processor Modes

Prefixes for Parallel Instructions

PSR fields {use at least one suffix)
Suffix Meaning
Control field mask byte PSR 7]
£ Flags field mask byte PSR[31:24]
= Status field mask byte PER[23:16]
x Extension field mask byte PER[15:8]

16
17
18
139
23
27
31

Signed arithmetic modulo 2% or 2'%, sets CPSR GE bits
Signed saturating arithmetic

Signed arithmetic, halving results

Unsigned arithmetic modulo 2% or 2'®, sets CPSR GE bits
Unsigned saturating arithmetic

Unsigned arithmetic, halving results

User 5
F1() Fast Interrupt D
IRQ) Interrupt SH
Supervisor u
Abort uQ
Undefined UH
System







http://web.njit.edu/~baltrush/arm_stuff/ARMInst.ppt



Instruction Set

45.5 Using R15 as an operand

If R15 (the PC) is used as an operand in a data processing instruction and the shift
amount is instruction-specified, the PC value will be the address of the instruction plus

8 bytes.
For any register-controlled shift instructions, neither Rn nor Rm may be R15.



Instruction set orthogonality

Instruction set orthogonality is defined by two character-

istics: independence and consistency. An independent in-
struction set does not contain any redundant instructions.
That is, each instruction performs a unique function, and
does not duplicate the function of another instruction.
Also, the opcode/operand relationship is independent
and consistent in the sense that any operand can be used
with any opcode. Ideally, all operands can equally well be
utilized with all the opcodes, and all addressing modes
can be consistently used will all operands. Basically, the
uniformity offered by an orthogonal instruction set makes
the task of compiler development easier. The instruction
set should be complete while maintaining a high degree
of orthogonality.




The orthogonality of an instruction set is
the regularity with which any op-code
(without data-size encoding within the op-
code itself) can be used with any machine-
primitive data-type and addressing mode.
The orthogonality of the instruction set
makes the architecture easy to learn and
program. It reduces the time required to
write programs but may result in lower
code density. Irregularities adversely affect
code-generation efficiency.

Mahadevan Ganapathi & James R. Goodman



Orthogonal An 1nstruction set 1s said to be orthogonal if each choice in the building of an
instructions mstruction 1s independent of the other choices. Since add and subtract are simular
operations, one would expect to be able to use them in similar contexts. If add uses
a 3-address format with register addresses, so should subtract, and in neither case

should there be any peculiar restrictions on the registers which may be used.
An orthogonal mstruction set 1s easier for the assembly language programmer to

learn and easier for the compiler writer to target. The hardware implementation will
usually be more efficient too.

Stephen Byram Furber, “ARM System-on-Chip Architecture”



[loBe4yeTo CbBPEMEHHM MUKPOMNPOLLECOPU
(BKAtoUMTEeNnHOo n ,,ARM“) nmat BUCOKa cTe-
NeH Ha OPTOroHAa/IHOCT Ha cMUcTemaTa Ma-
LUWMWHHU KOMaHAaAW. Ho npun x86 He e TakKa.
Hanpumep npn 8086 ot 06Wo 96 KomaHAU
OPTOroHasiHM ca camo 36. ToBa ce ABAXKU
Ha Npou3xXoda Ha TO3M MUKpornpoLuecop oT
cememncrtsoto 8008/8080/8085 c perncrbp-
akymynatop (A, npesbpHan ce B AL/AX u

pernctposn asoukn BC, DE n HL, npeBbp-
Hanu ce B BH:BL, CH:CL n DH:DL npun 8086).



[lpegnmctBa Ha ARM npea x86

Apxutektypata ARM e RISC u e cb3naneHa no-kbCHO OT X86, KOATO €
CISC. Bbnpekun T0Ba, cneaHute npeaMMmcTsa NpaBaT NporpaMute 3a
ARM no-kpaTku 0T Te3n 3a 80x86:

1.
2.

HanununeTo Ha 13 perncTrbpa 3a obia ynotpeba cpetly 7 3a 80x86.

HanuuneTo Ha 3 4o 4 onepaHga Ha KoMaHaa npu apuTMETUYHO-NO-
rmyecknTe onepaumu cpelly 2 3a 80x86 u gopu camo 1 3a YMHOXe-
HWETO U AeneHeTo (BAPHO e, Ye komaHaata IMUL (80186+) uma 3-
onepaHeH BapuaHT, a HaKon HoBu FMA4- n XOP-komaHan umar no
5 onepaHaa, Ho Te ca PAAKO CpeLlaHu, Crieunannanpaqn u CnoXKHu).

. Bb3amoXxHoCTTa BCsika KOMaHAaa ia 6be HanpaBeHa yCroBHa.
. BbaMoxxHOCTTa 3a 1360p Aanv kOMaHaaTa aa npoMeHs: (hnaroBeTe

UIN HE.

. Bb3amoxxHocTTa Aa ce paboTu ¢ M3MECTEHO KOMWe Ha AeCHUs one-

paHm.
OpTOroHaaHuAT Habop OT KOMaHAM 1 afpecHn pexxumm (Ha 80x86 e
HeopPTOroHaseH).



HepocTtatbum Ha ARM cnpamo x86

. HAMa TpMKoMnoHeHTEH aapeceH pexxmm (Cc 2 agpecHn perncrbpa
NAOC OTMECTBAaHEe-KOHCTAaHTa), KaKbBTO MMa Npu x86.

. Hama KomaHpa, KkoaTto aa npomeHa ¢nar Z, 6e3 na npomeHs pnar
C. ToBa 3aTpyaHABa 3ana3BaHETO Ha NPeHOoCa MeXay utepauuuTte
Ha UMKbAA.

. HAma KomaHaa 3a pa3msiHa Ha CbAbPHKAHNETO Ha 2 pernucrbpa.

. HAma KomaHa 3a nosny4yaBaHe Ha OCTaTbKa OT LLle/I0YUCNEHO Aene-
He.

. ®narvr C nonyyaBa MHBEPCHA CTOMHOCT c/aed U3BarKhaHe u cpaB-
HeHune, 3awoTo B ARM HsaAma cybTpakTop; Mma camo cymatop. (Ho
TOBAa € NO-CKOPO 0COHBEHOCT, OTKONIKOTO HEA0CTATHK.)



KomaHau 3a 06paboTKa Ha YMcaa ¢ n1aBaula 3anetas Ha x86 u ,ARM": MNpynwu
KomaHaun. NaHHoB dopmat. CtaHaapT , IEEE 754“ OnpocTteHu pexkumm B ,,ARM?,




Glossary

Rounding mode

The IEEE 754 standard requires all calculations to be performed as if to an infinite
precision. For example, a multiply of two single-precision values must accurately
calculate the significand to twice the number of bits of the significand. To represent this
value in the destination precision, rounding of the significand is often required. The
IEEE 754 standard specifies four rounding modes.

In round-to-nearest mode, the result is rounded at the halfway point, with the tie case
rounding up if it would clear the least significant bit of the significand, making it even.
Round-towards-zero mode chops any bits to the right of the significand, always
rounding down, and is used by the C, C4++, and Java languages in integer conversions.
Round-towards-plus-infinity mode and round-towards-minus-infinity mode are used in
interval arithmetic.



NaN Not a number. A symbolic entity encoded 1n a floating-point format that has the
maximum exponent field and a nonzero fraction. An SNaN causes an invalid operand
exception if used as an operand and a most significant fraction bit of zero. A QNaN
propagates through almost every arithmetic operation without signaling exceptions and
has a most significant fraction bit of one.

Signaling NaNs
Cause an Invalid Operation exception whenever any floating-point operation receives a signaling NaN as an
operand. Signaling Nans can be used in debugging, to track down some uses of uninitialized variables.

Quiet NaN
Is a NaN that propagates unchanged through most floating-point operations.



NaN also means ~ Not any Number " ; NalN does not represent the set of all real numbers, which 1s an interval
for which the appropriate representation 1s provided by a scheme called * Interval Anthmetic.”

NaN must not be confused with * Undefined.” On the contrary, IEEE 754 defines NalN perfectly well even
though most language standards ignore and many compilers deviate from that defimition. The deviations usually
afflict relational expressions, discussed below. Arithmetic operations upon NaNs other than SNaNs ( see
below ) never signal INVALID, and always produce NaN unless replacing every NalN operand by any finite or
mfinite real values would produce the same finite or infinite floating-point result independent of the replacements.

For example, 0*NaN must be NaN because 0% 1s an INVALID operation ( NaN ). On the other hand, for
hypot(x,y) = V(x*x + y*y) we find that hypot(cc, y) =+ for all real y , finite or not, and deduce that
hypot(, NaN) = +o0 too; naive implementations of hypot may do differently.

NaNs were not invented out of whole cloth. Konrad Zuse tried similar ideas in the late 1930s; Seymour Cray
built “ Indefinites ” into the CDC 6600 in 1963; then DEC put * Reserved Operands ~ into theirr PDP-11

and VAX. But nobody used them because they trap when touched. NaNs do not trap ( unless they are

“ Signaling © SNalNs, which exist mainly for political reasons and are rarely used ); NalNs propagate through most
computations. Consequently they do get used.

Perhaps NaNs are widely misunderstood because they are not needed for mathematical analysis, whose
sequencing 1s entirely logical; they are needed only for computation, with temporal sequencing that can be hard to
revise, harder to reverse. NalNs must conform to mathematically consistent rules that were deduced, not invented
abicrily What had been missing from
computation but 1s now supplied by NaNs 1s an opportunity ( not obligation ) for software ( especially when
searching ) to follow an unexceptional path ( no need for exotic control structures ) tola point where an
exceptional event can be appraised after the event, when additional evidence may have accrued. Deferred

judgments are usually better judgments but not ahways, alas. o ]
Prof. William Kahan, IEEE 754 architect
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FPU Registers

79

ST(7)

ST(6)

ST(5)

ST(4)

ST(3)

ST(2)

ST(1)

ST(0)

15

Control Register

Status Register

Task Register

10

Opcode Register

FPU Instruction Pointer Register
FPU Data Pointer Register

A7




FPU Data Registers
The FPU has eight individually addressable 80-bit data registers named RO through R7 (see

Figure 12-3). Together, they are called a register stack. A three-bit field named TOP 1n the FPU
status word 1dentifies the register number that is currently the top of the stack. In Figure 12-3, for
example, TOP equals binary 011, identifying R3 as the top of the stack. This stack location 1s also
known as ST(0) (or simply ST) when writing floating-point instructions. The last register 1s ST(7).

Figure 12-% Floating-Point Data Register Stack.

79 0
R7 ST(4)
R6 ST(3)
PI D RS ST(2)
R4 ST(1)
R3 ST(0) <= TOP =011
Push
l R2 ST(7)
R1 ST(6)
R0 ST(5)




As we might expect, a push operation (also called load ) decrements TOP by 1 and copies an
operand into the register identified as ST(0). If TOP equals 0 before a push, TOP wraps around
to register R7. A pop operation (also called store) copies the data at ST(0) into an operand, then
adds 1 to TOP. If TOP equals 7 before the pop, it wraps around to register RO. If loading a value

into the stack would result in overwriting existing data in the register stack, a floating-point
exception 1s generated. Figure 12-4 shows the same stack after 1.0 and 2.0 have been pushed
(loaded) on the stack.

Figure 124 FPU stack after pushing 1.0 and 2.0.

R7

T R6
Pop RS
R4

R3

Push R2
1 R1
RO

79

After pushing 1.0

1.0

ST(4)
ST(3)
ST(2)
ST(1)
ST(0) «—TOP
ST(7)
ST(6)

ST(5)

R7

R6

R5

R4

R3

R1

RO

79

After pushing 2.0

1.0

2.0

ST(5)
ST(4)
ST(3)
ST(2)
ST(1)
ST(0) €—TOP
ST(7)

ST(6)

Although it 1s interesting to understand how the FPU implements the stack using a limited set
of registers, we need only focus on the ST(n) notation, where ST(0) is always the top of stack.



Special-Purpose Registers
The FPU has six special-purpose registers (see Fig. 12-5):
* Opcode register: stores the opcode of the last noncontrol instruction executed.
* Control register: controls the precision and rounding method used by the FPU when perform-
ing calculations. You can also use it to mask out (hide) individual floating-point exceptions.
* Status register: contains the top-of-stack pointer, condition codes, and warnings about exceptions.
* Tag register: indicates the contents of each register in the FPU data-register stack. It uses
two bits per register to indicate whether the register contains a valid number, zero, or a special
value (NaN, infinity, denormal, or unsupported format) or is empty.
* Last instruction pointer register: stores a pointer to the last noncontrol instruction executed.
* Last data (operand) pointer register: stores a pointer to a data operand, if any, used by the
last instruction executed.

Figure 12-7 FPU special-purpose registers.

10 0

Opcode

15

Control

Status

Tag

47

Last instruction pointer

Last data (operand) pointer

The special-purpose registers are used by operating systems to preserve state information when
switching between tasks. We mentioned state preservation in Chapter 2 when explaining how the
CPU performs multitasking.



8087 control and status words

15 12 B ¢
ic | Rc | pPc [ PM [UM]OM|zM [DM|[IM
* Exception masks
1 = exception masked
invalid operation
denormalized operand
zero divide
overflow
underflow
precision
reserved
interrupt-enable mask
precision control
rounding control
infinity control
reserved
interrupt-enable mask Rounding control
0 = interrupts enabled 00 = round to nearest or even
1 = interrupts disabled (masked) 01 = round down
10 =round up
' 11 = chop (truncate)
Precision control

00 = 24 bits

01 = reserved Infinity control

10 = 53 bits 0 = projective

11 = 64 bits

1 = affine




8087 control and status words

15 / 7

UE

OE

ZE

DE

ST values
000 = register 0 is stack top
001 = register 1 is stack top

111 = register 7 is stack top

Exception flags
1 = exception occurred

invalid operation
denormalized operand
zero divide
overflow
underflow
precision
reserved
interrupt request
condition code
stack top pointer
busy

Figure 20-5. 8087 Control and Status Words




Table 4a. Condition Code Interpretation

Inttr“u:.thn Cs Ca Cq Co Interpretation
Compare, Test 0 0 X 0 ST > Source or 0 (FTST)
0 0 X 1 ST < Source or 0 (FTST)
1 0 X 0 ST = Source or0 (FTST)
1 1 X 1 . ST is not comparable
Remainder Q4 0 Qo Qo Complete reduction with
three low bits of quotient
(See Table 4b)
U 1 U U Incomplete Reduction
Examine 0 0 0 0 Valid, positive unnormalized
0 0 0 1 Invalid, positive, exponent = 0
0 0 1 0 Valid, negative, unnormalized
0 0 1 1 Invalid, negative, exponent = 0
0 1 0 0 Valid, positive, normalized
0 1 0 1 Infinity, positive
0 1 1 0 Valid, negative, normalized
0 1 1 1 Infinity, negative
1 0 0 0 Zero, positive
1 0 0 1 Empty
1 0 ] 0 Zero, negative
1 0 1 1 Empty
1 1 0 0 Invalid, positive, exponent = 0
1 1 0 1 Empty
1 1 1 0 Invalid, negative, exponent = 0
1 1 1 1 Empty
NOTES:

. 8T = Top of stack

X = value is not affected by instruction

U = value is undefined following instruction
. Qn = Quotient bit n




Table 4b. Condition Code Interpretation
after FPREM Instruction As a
Function of Divided Vaiue

__ DividendRange | Gz | Qi | Qo
Ciq1 Qo

Dividend < 2 * Modulus | Cj1
Dividend < 4 * Modulus | Cj1 Q4 Qo
Dividend > 4 * Modulus Qo Q4 Qo

NOTE:
1. Previdus value of indicated bit, not affected by FPREM
instruction execution.



Table 2. 8087 Data Types

Data Range |Precision Most Significant Byte

Formats 7 o7 oz o7 olz o oz oz o7 oz o
Word Integer 104 16 Bits |l45 lg| Two's Complement
Short Integer 108 32 Bits {31 lpi Two's Complement
Long Integer 1018 | 64 Bits |lgg Io Cumplgn\:::t
Packed BCD | 1018 | 18 Digits [S|— Dy7Dsg Dy Do
Short Real 10+38 | 24Bits [S|[E;  Ep|F Fg|Fo Implicit
Long Real 10+308 | 53 Bits [S|Eqo EolF; Fss|Fo Implicit
Temporary Real| 10 +4932| 64 Bits |S|Eq4 EolFo Feal

Integer: |

Packed BCD: (—1)5(D47...Dg)
Real: (— 1)S(2E — Bias)(FqyeF...)
bias = 127 for Short Real
1023 for Long Real
16383 for Temp Real




31 23 15

Sign  Exponent Bits 1 Mantissa Bits
Bit

The 24" mantissa bit is
implied and is always one.

Figure 14.2 32 Bit Single Precision Floating Point Format

63 52

- || || Sl
Sign Exponent Bits |1 Mantissa Bits
Bit

The 53" mantissa bit is
implied and is always one.

Figure 14.3 64 Bit Double Precision Floating Point Format

79 64

Sign Exponent Bits Mantissa Bits
Bit

Figure 14.4 80 Bit Extended Precision Floating Point Format




FPU Instruction Set

Data Transfer Instructions

Instruction Mnemonic Operands Description Symbolic operations

FPU Load FLD m32p Pushes the source operand onto the FPU stack. FPU Top «— (FPU.Top — 1) MOD §;
mé&4fp ST{0) «— SRC
mEQfp
ST(i)

FPU Store FST m32p Stores ST(0) to destination operand. DST « ST(0)
mé64fp
ST(i)

FPU Store and Pop FSTP m32fp Stores ST(0) to destination operand and pops the register stack DST «— ST(0);
mé4p FPU Pop
mE0fp
ST(i)

FPU Integer Load FILD ml&int Converts the signed integer value from memory into extended FPU Top +— (FPU.Top — 1) MOD &;
m32int floating-point and pushes it onto the FPU stack. STY{0) « InfToExtended{SRC)
mé&Hnt

FPU Integer Store FIST m]&int Converts the value in the ST{0) to the signed integer value and DST «— ExtendedToInt({ST(0));
m3 Yot stores the result in the destination operand.

FPU Integer Store and Pop FISTP m]&int Converts the value in the ST{0) to the signed integer value, DST «— ExtendedToInt{ST{0));
m32int stores the result in the destination operand, and pops register FPU Pop;
mé&dint stack.

FPU BCD Load FBLD mE0bcd Converts BCD value from memory to floating-point and pushes FPU Top «— (FPU.Top — 1) MOD E;

it onto the FPU stack. ST(0) «— BCDToExtended{SRC)

FPU BCD Store and Pop FBSTP mEObcd Converts the value in the ST{0) to and 18-digit packed BCD, DST «— ExtendedToBCD{ST(0));

stores the result in memory, and pops the register stack. FPU Pop;

FPU Exchange FXCH ST Exchanges the contents of the registers ST(0) and ST(T). TMP «— ST(0); ST(0) «— SEC; SRC — TMP

Exchanges the contents of the registers ST{0) and STY(1). TMP «— ST(0); ST(0) — ST(1); ST(1) — TMP

FPU Move if Equal FCMOVE ST(0), ST(i) Moves ST(1) to ST(0) when ZF=1. IF (condition) THEN ST{0) < ST{(i)

FPU Move if Below FCMOVB ST(0), ST(1) Moves ST(1) to ST(0) when CF=1.

FPU Move if Below or Equal FCMOVBE ST(0), ST(1) Moves ST(1) to ST(0) when CF=1 or ZF=1.

FPU Move if Unordered FCMOVU ST(0), ST(1) Moves ST(1) to ST(0) when PF=1.

FPU Move if Not Equal FCMOVNE ST(D), ST(i) Moves ST(1) to ST(0) when ZF=0.

FPU Move if Not Below FCMOVNB ST(0), ST(i) Moves ST(1) to ST(0) when CF=0.

FPU Move if Not Below or Equal FCMOVNBE ST(0), ST(1) Moves ST(1) to ST(0) when CF=0 and ZF=0.

FPU Move if Not Unordered FCMOVNU ST(0), ST(1) Moves ST(1) to ST(0) when PF=0.

Floating-Point Basic Arithmetic Instructions

Instmction Mnemonic Operands Description Symbolic operations

FPU Add FADD m32{p Adds single-precision floating-point value from memory to ST(0) ST{D) «— ST{0) + SigleToExtended(SR.C)
mé4Hp Adds double-precision floating-point valie from memory to ST(0) ST{D) «— ST + DoubleToExtended] SE.C)
ST(0)., ST(i) Adds ST{) to ST(0) and stores result in ST(0) ST(D) «— ST(0) + 5T(i)




ST(1), ST{O) Adds ST{0) to ST(i) and stores result in ST{i) ST(i) «— ST() + ST
FPU Add and Pop FADDP ST(1), ST{D) Adds ST(0) to ST(i), stores result in 5T(i), and pops the register stack ST{i) «— ST(i) + ST(0); FPU Pop;
FADDP Adds ST(0) to ST(1), stores result in ST{1), and pops the repister stack ST{1) — ST{1) + ST(0). FPU Pop;
FPU Integer Add FIADD m32int Adds double-word signed integer from memory to ST{0) ST(D) +— ST{0) + IntToExtended(SRC)
mHing Adds quad-word signed integer from memory to ST{O) ST(0) +— ST(D) + Int64ToExtended(SEC)
FPU Subiract FSUB m324p Subtracts single-precision floating-point valne from memory from ST{0) ST(D) «— ST(0) — SungleToExtended(SE.C)
mé4Hp Subtracts double-precision floating-point value from memory from ST(0) STY0) «— ST(0) — DoubleToExtended({SRC)
ST(0), ST(1) Subtracts ST(i) from ST(0) and stores result in ST(D) ST(0) «— ST(0) — ST(D)
ST(L), ST{D) Subtracts ST(0) from ST(i) and stores result in ST(i) ST(i) « ST(i) — ST(D)
FPU Subtract and Pop FSUBP ST(1), ST{O) Subtracts ST(0) from 5TY(i), stores result in ST(1), and pops the register stack ST(i) < ST() — ST(0). FPUPOP:
FSUEBP Subtracts ST(0) from ST(1), stores result in ST(1), and pops the register stack ST({1) — ST(1) — ST(0); FPUPOP;
FPU Integer Subtract FISUB m32int Subtracts double-word signed integer from memory from ST(D) ST(D) «— ST{0) — MiToExtended(SRC)
FISUB meidint Subtracts quad-word signed inteper from memory from ST(0) ST(D) « ST{0) — It64ToExtended(SR.C)
FPU Subtract Reverse FSUBR m32fp Subtracts ST(0) from single-precision floating-point value from memory and stores ST{0) +— SungleToExtended(SRC) — ST{0)
result in ST(O)
mé4p Subiracts ST(0) from double-precision floating-point value from memory and stores ST(0) «— DoubleToExtended(SR.C) — ST{0)
result in ST(O)
ST(0), ST(1) Subtracts ST(0) from ST(i) and stores result in ST(0) ST(0) «— ST() — ST(0)
ST(1), ST{D) Subtracts ST(i) from ST(0) and stores result in ST(i) ST(i) — ST() — ST(i)
FPU Subfract Reverse FSUBEP STiL)y, ST Subtracts 5T(1) from ST(0), stores result in ST(1), and pops the register stack ST(i) < ST(0) — ST(i); FPU POP:
and Pop FSUBRP Subtracts ST(1) from ST(D), stores result in ST(1), and pops the register stack ST(1) — ST(0) — ST(1): FPU.POP:
FPU Integer Subtract FISUBE m32int Subtracts ST(0) from double-word signed integer from memory and stores result in ST(0) «— IntToExtended(SRC) — ST{D)
Eeverse ST
FISUEBE medint Subtracts ST(0) from quad-word signed integer from memory and stores result in ST(0) « Int64ToExtended(SRC) — ST(0)
ST(D)
FPU Multiply FMUL m32fp Multiplies ST(0) by single-precision floating-point value from memory. ST(0) — ST{0) * SingleToExtended(SEC)
mée-Hp Multiplies ST(0) by double-precision floating-point value from memory. ST(D) «— STY{0) * DoubleToExtended(SRC)
ST(0), ST(i) Multiplies ST(0) by ST(1) and stores result in ST(D). ST(D) «— ST(O) * ST(D)
ST(1), ST{O) Multiplies ST(i) by S5T(0) and stores result in ST{i). ST(i) «— ST(i) * 5T(0)
FPU Multiply and Pop FMULP ST(), ST{D) Multiplies ST(i) by ST(0), stores result in ST(i), and pops the register stack. ST(i) «— ST(i) * ST(D), FPU Pop;
FMULP Multiplies ST(1) by ST(0), stores result in ST{1), and pops the register stack. ST(1) «— ST{1) * ST(0). FPU Pop;
FPU Integer Multiply FIMUL m32int Multiplies ST(0) by double-word signed integer from memory. ST(D) «+— ST(0) * InfToExtended(SEC)
meGdint Multiplies ST(0) by quad-word signed integer from memory. ST(D) «— ST{0) * Inb64ToExtended(SEC)
FPU Divide FDIV m32fp Divides ST(0) by single-precision floating-point value from memory. ST{0) «—— ST{0) / SingleToExtended({SR.C)
mé&-4Hp Divides ST(0) by double-precision floating-point value from memory. ST(D) «+— STY0) / DoubleToExtended(SE.C)
ST(0), ST(i) Divides ST(D) by ST(i) and stores result in ST(D). ST(D) «— ST(O) ! ST
ST(i), ST{D) Divides ST(i) by ST(0) and stores result in ST(i). ST(i) — ST({) / STO)
FPU Divide and Pop FDIVP ST(1), ST{D) Divides ST(i) by ST(D), stores result in ST(i), and pops the register stack. ST(i) «— ST() / ST{0); FFU Pop;
FDIVP Divides ST(1) by ST(0), stores result in ST(1), and pops the register stack. ST(1) « ST{1) / ST(0), FPL Pop;
FPU Integer Divide FIDIV m32int Divides ST(0) by double-word signed integer from memory. STVD) «+— ST0) ¢ IntToExtended({SEC)
medint Divides ST(0) by quad-word signed integer from memory. ST(D) «— ST{0)/ Int64ToExtended(SEC)
FPU Divide Reverse FDIVE m321p Divides single-precision floating-point vahe from memory by ST{0). ST{0) «— SingleToExtended{SE.C) / ST(0)
m4p Divides double-precision floating-point value from memory by ST{0). ST(0) «— DoubleToExtended(SEC) / ST{D)
ST(0), ST(1) Divides ST(i) by ST(0) and stores result in ST{0). ST(0) «— STQ) / ST
ST(), ST{D) Divides ST(D) by ST(i) and stores result in ST(i). ST(i) «— ST(0) / ST(i)




FPU Divide Reverse FDIVEP ST(i), ST(0) | Divides ST{0) by ST(i), stores result in ST(i), and pops the register stack. ST(i) -— ST(0) / 5T(i); FPU Pop;
and Pop FDIVEP Divides ST(0) by ST(1), stores result in ST(1), and pops the register stack. ST(1) « ST(0) / 5T(1); FPU Pop;
FPU Integer Divide FIDIVE. m32int Divides double-word signed integer from memory by ST((). ST(0) - IntToExtended(SRC) / ST(0)
Reverse m6int Divides quad-word signed integer from memory by ST(0). ST(0) «— Int64ToExtended(SRC) / ST(D)
FPU Partial Remainder | FPREM Replaces ST(0) with partial remainder obtained from dividing ST(0) by ST(1). ST(0) «— PartialRemainder (ST(0),ST(1))
FPU Partial Remainder | FPREMI1 Replaces ST(0) with the IEEE remainder obtained from dividing ST(0) by ST(1). ST(0) « IEEERemainder (ST(0) ST(1))
The quotient of ST(0) divided by ST(1) is rounded to an inteper.
FPU Absolute Value FABS Replaces ST(0) with its absolute value. ST(0) «— Abs{ ST(0))
FPU Change Sign FCHS Complementis the sign bit of ST(D). ST(0) «— — ST(D)
FPU Round to Integer | FRNDINT Rounds ST(D) to an integer. ST(0) «— Round (ST(0))
FPU Scale FSCALE Scales ST(0) by ST(1). Truncates the value in the ST(1) to an integral value (toward | ST(D) « ST(0) *Base2Power({Truncate{ST(1)})
0) and adds that value to the exponent of ST(0)
FPU Square Root FSQRT Replaces ST((0) with its square root. ST(0) «— SquareRoot(ST(0))
FPU Exiract Exponent | FXTRACT Separates value in ST(D) info exponent and significant, stores exponent in ST(0) and | TMP «— Significant (ST(0))
and Significant pushes he significant onto the register stack ST(0) «— Exponent (ST(0))
FPU Top «— (FPU.Top — 1) MOD §;
ST(0) «— TMP:
Floating-Point Comparison Instructions
Instruction Mnemonic Operands Description Symbolic operations
FPU Compare FCOM m321p Compares single-precision floating-point value from memory with ST(0) CASE OF
mé4Hp Compares double-precision floating-point value from memory with ST{0) STV = STy FPU.C3, C2, C0 «— DDOB;
ST(1) Compares ST(i) with ST(D) ST(0) < ST{i): FPU.C3, C2, C0 « 001B;
Compares ST(1) with ST(0) STYOY = 5T)y: FPU.C3, .C2, .C0 «— 100B;
FPU Compare and Pop | FCOMP m32ip Compares single-precision floating-point value from memory with ST(0) and pops. | Unordeded: FPU.C3, €2, C0 <« 111B. // aptionally
mé41p Compares double-precision floating-point value from memory with ST(0) and pops. | END
ST(i) Compares ST(1) with ST(0) and pops register stack. FPU Pop; // aptionally
Compares ST(1) with ST(D) and pops Iesister stack. FPU Pop; /I optionaily
FPU Compare and Pop FCOMPP Compares ST(1) with 5T(0) and pops register stack twice.
and Pop
FPU Unordered FUCOM m321p Compares single-precision floating-point value from memory with ST(0) CASE OF
Compare mé&4p Compares double-precision floating-point valne from memory with ST(0) ST{0) = ST(i): FPU.C3, .C2, CO0 « 000B;
ST Compares ST(1) with ST{0) ST{Oy < 5T{iy: FPU.C3, .C2, C0 — 001B;
Compares ST(1) with ST(0) ST{O)Y = 5T(i): FFU.C3, .C2, C0 «— 100B;
FPU Unordered FUCOMP m324p Compares single-precision floating-point value from memory with ST(0) and pops. | Unordeded: FPU.C3, CZ, €O« 111B;// opionally
Compare mé4fp Compares double-precision floating-point value from memory with ST(0) and pops. | END
ST(i) Compares ST(i) with ST(0) and pops register stack. FPU Pop, // optionally
Compares ST(1) with ST(0) and pops register stack. FFU Pop; // epnionaily
FPU Unordered FUCOMPP Compares ST(1) with ST(0) and pops register stack twice.
Compare, Pop and Pop
FPU Compare and set FCOMI ST, ST(1) Compares ST(0) with 5T(i) and sets status flags accordingly. CASE OF
EFLAGS ST(0) > ST{i): ZF, PF, CF « 000B;
FPU Compare, set FCOMIP S1,ST{i) Compares ST(0) with 5T(i), sets stams flags accordingly and pops register stack. ST{O) = STii): ZF, PF, CF «— 0018;
EFLAGS and Pop ST(0) = ST{i): ZF, PF, CF « 100B;
FPU Unordered FUCOMI ST.ST(i) Compares ST(D) with ST(i). checks for ordered values, and sets stams flags Unordeded:  7F, PF, CF « 111B; // optignailly




Compare and set accordingly. END
EFLAGS FPU Pop; // eptionally
FPU Unordered FUCOMIP ST 5TV} Compares ST(0) with 5T(i), checks for ordered values, sets status flags accordingly
Compare and set and pops register stack.
EFLAGS
FPU Integer Compare FICOM m1Gint Compares ST(0) with inteper value in memory and sets condition code flags C0,C2 | CASE OF
m3 and C3 in the FPU statms word according to the results. ST(D) > 5T(i): FFU.C3, .C2, .CO «— DDOB;
ST(0) < 5T(i): FPU.C3, .C2, .CO « 001E;
FPU Integer Compare FICOMP m16int Compares ST(0) with integer value in memory, sets condition code flags C0, C2 and fz{nfieim} ig: gj $ ‘ i'f'l}: ’
and Pop m32int C3 in the FPU status word according to the results and pops register stack. — ) o :
FPU Pop; // optionally
FPU Test FTST Compares ST(0) with 0.0 and sets condition flags C0, C2 and C3 in the FPU status CASE OF
word according to the results. ST{OY = 0.0: FPU.C3, C2, .00 «— 0008 ;
ST{0) < 0.0: FFU.C3, C2, £0 «— 001B;
ST(0) =0.0: FPFU.C3, C2, C0 « 100B;
Unordeded: FPU.C3, C2, C0+ 111B;
END
FPU Examine FxXAam Examines the contents of the ST{0) register and sets the condition flags C0, C2 and CASE ST(0) OF
C3 in the FPU status word according to the results. NaN- FPU.C3, C2, C0 «— 001B;
normal: FPU.C3, C2, CO« 010B;

mfinity: FPU.C3, C2, C0 « 011B;

ZETO: FPU.C3, C2, C0 «— 1008;

empty: FPUC3, C2, C0+— 101B,

denormal: FPU.C3, C2, .C0.— 1108,
END

FPUCI « Sien(ST(0))

Transcendental Instructions (Trigonometric and Logarithmic Operations)

Instruction Mnemonic Operands Description Symbolic operations
FPU Sine FSIN Replaces 5T(0) with its sine. ST(D) «— Sine(ST{0))
FPU Cosine FCOS Replaces ST(0) with its cosine. ST(D) «— Cosine(ST{0))
FPU Sine and Cosine FSINCOS Replaces S5T(0) with its sine and pushes its cosine onto the register stack. ST(0) «— Sime{ST(0));
TMP «— Cosine(ST{0));
FPU Top « (FPU Top — 1) MOD E;
ST(0) « TMP
FPU Partial Tangent FPTAN Replaces S5T(0) with its tangent and pushes 1 onto the register stack. ST(0) +— Tangent (ST{0)):
FPU Top « (FPU Top — 1) MOD §;
ST{Oy «—1;
FPU Partial Arctangent FPATAN Replaces 5T(1) with arc tangent (ST(1)¥5T(0)) and pops the register stack. ST(1) «— ArcTangent (5T(1)/ST(0)), FPU Pop
FPU 2°-1 F2XM1 Replaces ST(0) with (25"™-1). STY0) +— Base?Power(ST{0))}-1)
FPU y*logx(x) FYL2X Replaces 5T(1) with ST({1)*log-5T(0)} and pops the register stack. ST{1) « ST{1) * Log2(ST{0));
FFU Pop,
FPU y*log.(x+1) FYL2XPl Replaces ST(1) with ST{1)*log.,(ST(0)+1) and pops the register stack. ST(1) «— ST(1) * Log2(ST{OH1).

FPU Pop;




Floating-Point Constant Loading Instructions

Instruction Mnemonic Operands Description Symbolic operations

FPU Load One FLDI1 Pushes +1.0 onto the FPU stack. FPU .Top «— FPU.Top — 1 MOD E;
FPU Load Zero FLDZ Pushes -H).0 onto the FPU stack. ST(0) «— Constant

FPU Load Pi FLDFI Pushes m onto the FPU stack.

FPU Load Base 2 Log of Ten FLD2T Pushes log:10 onto the FPU stack.

FPU load Base 2 Loz of E FLDZE Pushes log-e onto the FPU stack.

FPU Load Base 10 Log of 2 FLDLG2 Pushes log,q2 onto the FPU stack.

FPU Load Base ELog of 2 FLDILN2 Pushes In2 anto the FPU stack.

X87 FPU Control Instructions

Instruction Mnemonic Operands Description Symbolic operations
FPU Initialize FINIT Initializes FPU after checking for pending unmasked floating-point FPU ControlWord — 037FH;
Excephons. FPU StalusWord «— 0;
FPU TagWord «— FFFFH,
FNINIT Initializes FPU without checking for pending unmasked floating-point FPU DataPointer «— 0;
EXCEptions. FPU InstructionPointer «— 0
FPU LastinstructionOpeode «— 0;
FPU Clear Exceptions FCLEX Clears the floating point exceptions flags after checking for pending FPU StatusWord[0_.7] «— O;
unmasked floating-point exceptions. FPU StatusWord[15] — 0
FNCLEX Clears the floating point exceptions flags without checking for pending
unmasked floating-point exceptions.
FPU Decrement Stack- FDECSTP Decrements Top field in FPU status word. The effect is to rotate the stack FPU Top «— (FPU.Top — 1) MOD §&;
Top Pointer by one position.
FPU Increment Stack- FINCSTP Increments Top field in FPU status word. The effect is to rofate the stack by | FPU.Top « (FPU.Top + 1) MOD 8;
Top Pointer one position. Not equivalent to popping the stack, because the tag for the
previous top-of-stack repister is not marked empty.
FPU Free floating-point | FFREE ST(D) Sets tag for ST(i) to empty FPU Tag(i) — 11B;
Tegister
FPU Store Control FSTCW m2byte Stores FPU control word to memory after checlking for pending unmasked DST « FPU .ControlWord;
Word fAoating point exceplions.
FNSTCW Stores FFU control word to memory without checking for pending
unmasked floating point exceptions.
FPU Load Control FLDCW m2byte Loads FPU control word from memory. FPU ControlWord «— SREC;
Word
FPU Store Statns Word | FSTSW m2byte Stores FPU status word to memory or AX register after checking for DST « FPU StatusWord;
AN pending unmasked floating point exceptions.
FNSTSW Stores FPU stas word to memory or AX register without checking fior
pending unmasked floating point exceptions.
FPU Load Environment | FLDENV ml4/28byte Loads FPU environment from memory FPU ControlWord «+— SRC ControlWord;
FPU StatusWord +— SRC_StatusWord;
FPU TagWord «— SRC . TagWord,
FPU DataPointer «— SRC DataPointer;
FPU InstructionPointer «— SRC InstructionPointer;
FPU LastInstmuctionOpcode «— SEC LastinstructionOpeode;




FPL Save stafe

FS5AVE

FNSAVE

m94/108byte

Stores FPU state to memory after checking for pending unmasked floating-
point exceptions. Then reinitializes the FPU.

Stores FPU state to memory without checking for pending unmasked
floating-point exceptions. Then reinitializes the FPU.

DST ControlWord «— FPU ControlWord:

DST StatusWord +— FPU StatusWord;

DST TagWord «+— FPU TagWord,

DST DataPointer «— FPU DataPointer;

DST InstructionPointer «— FPU InstructionPointer;
DST LastinstructionOpeode «— FPU LastinstructionOpeode;
DST.ST(0) «— FPU.ST(0);

DST.ST(1) — FPUST(L);

DST ST(2) +— FPU.ST(2);

DST 5T(3) — FPU.ST(3);

DST.ST(4) «— FPU.ST(4);

DST.ST(3) — FPU.ST(5);

DST.ST(6) «— FPU.ST(6);

DST.ST(T) — FPUST(T);

FPU ControlWord «— 037FH;

FPU.StatusWord «— 0]

FPU TagWord «+— FFFFH;

FPU DataPointer «— 0;

FPU InstmuctionPointer «— 0;

FPU LastinstructionOpcode «— 0,

FFL Restore state

FRSTOR

m94/108byte

Loads FPU state from memory

FPU ControlWord «+— SEC Control Wiord:

FPU StatusWord +— SRC_StatusWord:

FPU TagWord «— SRC TagWord,

FPU DataPginter «— SREC DataPointer;

FPU InstructionPointer «— SRC InstuctionPointer;
FPU LastinstructionOpeode «— SRC LastinstructionOpeode;
FPU.ST(0) « SRC.ST);

FPU.ST(1) +— SRC.ST(1);

FPU.ST(?) — SRC.ST(Z);

FPU.ST(3) «— SRCST(3);

FPU.ST(4) « SRC.ST{4);

FPU.ST(5) «— SRC.ST(5);

FPU.ST(6) « SRC.ST(6);

FPU.ST(T) « SRCST(T);

Wat for FPU

FWAIT
WAIT

Checks pending unmasked floating-point exceptions.

FPU No Operation

FNOP

No operation is performed

X87 FPU and SIMD State Management Instructions

Instructicn

Mnemonic

Ciperands Diescription

Svmbolic operations

FXSAVE

Save x87 FPU, MMX., 55E and SSE2 State

m3512byte Save X87 FPU and S5IMD state in memory.

WORD PTE. DST[0] «— FPU.CW:
WORD PTR DST[2] - FPUSW:
BYTE PTR DST[5] « FPUTW:
WORD PTR. DST[6] «— FPU.OP;
DWORD PTE. DSTI[g] « FPU IP;




WORD PTR. DST[12] - CS

DWORD PTR DST[16] « FPU DP;
WORD PTR. DST[20] +— D5

DWORD PTE. DST[24] « MXCSR;
DWORD PTR DST[28] « MXCSR_MASK:
TWORD PTR DST[32] « STO/MMO;
TWORD PTR DST[48] « STL/MMI;
TWORD PTR DST[64] « ST2/MM2;
TWORD PTR DST[80] < ST3/MM3;
TWORD PTR DST[96] «— ST4/MM4;
TWORD PTR DST[112] «— ST5/MMS5;
TWORD PTR DST[128] < ST&/MMS:
TWORD PTR DST[144] «— STT/MMT;
DQWORD PTR DST[160] «— XMMO;
DQWORD PTE. DST[176] « XMMI;
DQWORD PTR DST[192] «— XMM?2;
DQWORD PTE. DST[208] «— XMM3;
DQWORD PTR. DST[224] «— XMM4;
DQWORD PTR DST[240] « XMMS5;
DQWORD PTR. DST[256] «— XMMS;
DQWORD PTR DST[272] « XMMT;

FXRSTOR

Restore x87 FPU, MMX, 55E and S5E2 State

m512byte

Eestores x87 FPU and 5IMD state fTom memory

FPU.CW «— WOED PTE DST[0];

FPU SW «— WORD PTR DST[2];
FPU.TW «— BYTE PTE DST[3];

FPU .OP «— WORD PTE. DST[6];

FPU IP «— DWORD PTE DSTIE];

CS «— WORD PTR DST[12];

FPU DF +— DWORD FTR. DST[16];
DS «— WORD PTR DST[20];

MXCSR «— DWORD PTR DST[24];
MXCSE_MASE «— DWORD PTR DST[28];
STO/MMO «— TWORD PTR DST[32];
STO/MMO — TWORD PTE DST[4E];
STO/MMO «— TWORD PTR DST[64];
STO/MMO +— TWORD PTR DST[E0];
STO/MMO «— TWORD PTR DST[96];
STO/MMO «— TWORD PTE DST[112];
STO/MMO — TWORD PTE DST[128];
STO/MMO «— TWORD PTE. DST[144];
EMMO «— DQWORD PTR DST[160];
EMM]1 «— DQWOED PTR DST[176];
EMM2 — DQWORD PTR DST[192];
EMM3 «— DQWORD PTR DST[20E];
EMM4 — DQWORD PTR DST[224];
EMMS «— DQWORD PTR DST[240];
EMM6 — DQWORD PTR DST[256];
EMM7 «— DQWORD PTR DST[272];
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9.11 Details of comparison predicates

For every supported arithmetic format, it shall be possible to compare one floating-point datum to another
in that format (see 5.6.1). Additionally, floating-point data represented in different formats shall be
comparable as long as the operands’ formats have the same radix.

Four mutually exclusive relations are possible: /ess than. equal. greater than. and unordered. The last case
arises when at least one operand 1s NaN. Every NaN shall compare wunordered with everything, including
itself. Comparisons shall ignore the sign of zero (so +0 = —0). Infinite operands of the same sign shall

compare equal.

Languages define how the result of a comparison shall be delivered, in one of two ways: either as a relation
identifying one of the four relations listed above, or as a true-false response to a predicate that names the
specific comparison desired.



3.4 Binary interchange format encodings

Each floating-point number has just one encoding in a binary interchange format. To make the encoding
umque, in terms of the parameters in 3 3, the value of the significand m 1s maxinmzed by decreasing e until
either e=emin or m=1. After thus process i1s done, if e=emin and O0<m =1, the floating-point number 1s
subnormal. Subnormal numbers (and zero) are encoded with a reserved biased exponent value.

Representations of floating-point data in the binary interchange formats are encoded in & bits in the
following three fields ordered as shown in Figure 3.1:

a) l-bitsignS

b) w-bit biased exponent E= e+ bias

c) (t=p— 1)-bat trailing significand field digit string T=d, d5.. .d,-1; the leading bit of the significand,
dp. 15 implicitly encoded in the biased exponent E.

1bit msB whits LSB MsB t=p—1 bits LSB
5 E T
(sign)| (biased exponent) (trailing significand field)
En .................... .I':'w_1 SO S diH

Figure 3.1—Binary interchange floating-point format

The values of k. p. . w, and bias for binary interchange formats are listed in Table 3.5 (see 3.6).
The range of the encoding s biased exponent E shall mclude:

— every mteger between 1 and 2" -2 mnclusive. to encode normal numbers

— the reserved value 0 to encode £0 and subnormal numbers

— the reserved value 2¥—1 to encode oo and NalNs.
The representation » of the floating-point datum, and value v of the floating-point datum represented, are
mferred from the constituent fields as follows:

a) IHE=2Y-1and T#0, then r1s gNaN or sNalN and v 1s NalN regardless of § (see 6.2.1).

b) IfE=2¥—1and T=0. then r and v = (—1)% = (4c0).

¢) If1<E<2"-2_then ris (S. (E—bias). (1+2" 7= D); |
the value of the corresponding floating-point number is v = (—1)° = 255 % (142177 = T);
thus normal numbers have an implicit leading significand bat of 1.

d) IfE=0and T#0, then ris (5, emin, (0+27FP=T)):
the value of the corresponding floating-point number is v=(—1)* = 2™ = (0+217= T):
thus subnormal numbers have an implicit leading significand bat of 0.

e) IfE=0and T=0 . then ris (S, emin, 0) and v = (—1)* = (+0) (signed zero. see 6.3).



3.6 Interchange format parameters

Interchange formats support the exchange of floating-point data between implementations. In each radix.
the precision and range of an interchange format 1s defined by its size: interchange of a floating-point datum
of a given size 1s therefore always exact with no possibility of overflow or undertlow.

This standard defines binary interchange formats of widths 16, 32, 64, and 128 bits, and in general for any
multfiple of 32 bits of at least 128 bits. Decimal interchange formats are defined for any multiple of 32 bits

of at least 32 baits.

The parameters p and emax for every interchange format width are shown i Table 3.5 for binary
mferchange formats and in Table 3.6 for decimal interchange formats. The encodings for the mnterchange
formats are as described in 3.4 and 3.5.2; the encoding parameters for each interchange format width are

also shown in Tables 3.5 and 3.6.

Table 3.5—Binary interchange format parameters

Parameter binary16 | binary32 | binary64 | binary128 binary{k} (k= 128)
k, storage width in bits 16 32 64 128 multiple of 32
p. precision in bits 11 24 53 113 k— round(4 «<log2 (k)) + 13
emax. maximum exponent e 15 127 1023 16383 7 U-p-1) _ 4
Encoding parameters
bias, E—e 15 127 1023 16383 emax
sign bit 1 1 1 1 1
w, exponent field width in bits 5 8 11 15 round(4 = log2 (k)) — 13
t, trailing significand field width in bits 10 23 52 112 k—w-—1
k. storage width in bits 16 32 64 128 l1+w+t

The function round() in Table 3.5 rounds to the nearest integer.

For example, binary256 would have p = 237 and emax = 262143.




Single-precision floating-point format
The single-precision floating-point format 1s as defined by the IEEE 754 standard.

This description includes ARM-specific details that are left open by the standard. It is only intended as an
introduction to the formats and to the values they can contain. For full details, especially of the handling of infinities,
NaNs, and signed zeros, see the IEEE 754 standard.

A single-precision value is a 32-bit word with the format:

31 30 23 22 0

S exponent fraction

The interpretation of the format depends on the value of the exponent field, bits[30:23]:

0 < exponent < GxFF
The value 15 a normalized number and 1s equal to:
(—1)3 x 2{exponent — 137) x (] fraction)
The minimum positive normalized number is 2-126_or approximately 1.175 = 10-3%.

The maximum positive normalized number is (2 — 2-2) x 2127 or approximately 3 403 x 1038,

exponent ==
The value 15 etther a zero or a denormalized number, depending on the fraction bits:
fraction ==
The value 1s a zero. There are two distinct zeros:
+0 When 5==0.
—0 When 5=1.

These usually behave identically. In particular, the result 15 equal if +0 and —0 are
compared as floating-point numbers. However, they yield different results in some
circumstances. For example, the sign of the infinity produced as the result of dividing
by zero depends on the sign of the zero. The two zeros can be distinguished from each
other by performing an integer comparison of the two words.

fraction != 0
The value 15 a denormalized number and 15 equal to:
(—1)3 % 2-126 x (0 fraction)
The minimum positive denormalized number is 2-14%, or approximately 1.401 x 1043,

Denormalized numbers are always flushed to zero in Advanced SIMD processing in AArch32 state.
They are optionally flushed to zero in floating-point processing and in Advanced SIMD processing
in AArch64 state. For details, see Flush-fo-zero on page Al1-33.



exponent == @xFF
The value 1s etther an infinity or a Not a Number (NaN). depending on the fraction bits:
fraction ==
The value 1s an infinity. There are two distinct infinities:

+infinity When 5==0._ This represents all positive numbers that are too big to be
represented accurately as a normalized number.

-infinity  When 5==1_ This represents all negative numbers with an absolute value
that is too big to be represented accurately as a normalized number.

fraction != 0
The value 15 a NaN, and 1s either a quiet NaN or a signaling NaN.
In the Floating-point Extension, the two types of NaN are distinguished on the basis of
their most significant fraction bit, bit[22]:
bit[22] ==

The NaN 1s a signaling NalN. The sign bit can take any value, and the
remaining fraction bits can take any value except all zeros.

bit[22] ==
The NaN 1s a quiet NaN. The sign bit and remaining fraction bits can take
any value.

For details of the defauit NaN see NaN handling and the Default NaN on page A2-60.

Note

NaNs with different sign or fraction bits are distinct NaNs, but this does not mean software can use floating-point
comparison instructions to distinguish them. This 1s because the IEEE 754 standard specifies that a NalN compares
as unordered with everything including itself




Table 12-6  Specific Single-Precision Encodings.

Value Sign, Exponent, Significand
Positive zero 0 00000000 00000000000000000000000
Negative zero 1 00000000 00000000000000000000000
Positive infinity 0O 11111111 00000000000000000000000
Negative infinity 1 11111111 00000000000000000000000
QNaN X  111111TT IXXXXXXXXXXXXXXXXXXX XXX
SNaN X 11111111 OXXXXXXXXXXXXXXXXXXXXXX?

“SNaN significand field begins with 0, but at least one of the remaining bits must be 1.



A double-precision value 15 a 04-bit doubleword, with the format:

63 62 ) 5251 32:31 0

ar * T * * * * T

S exponent fraction

sl' It {1
! i A

Double-precision values represent numbers, infinities, and NaNs in a similar way to single-precision values, with
the interpretation of the format depending on the value of the exponent:
0 < exponent < @x7FF

The value 15 a normalized ommber and 1s equal to:

(—1)% » 2(exponent-1023) w (1 fraction)

The minimum positive normalized number is 2-1922 or approximately 2.225 x 10-308,

The maximum positive normalized number is (2 — 2-32) x 21023 or approximately 1.798 = 10308

exponent ==
The value 1s erther a zero or a denormalized number, depending on the fraction bits:
fraction ==
The value 15 a zero. There are two distinct zeros that behave in the same way as the two
single-precision zeros:
+0 when 5=0
—0 when 5=1.
fraction != 0
The value 15 a denormalized number and 15 equal to:
(-1)5 = 2-1022 x (0 fraction)
The minimum positive denormalized number is 2-1973 or approximately 4.941 = 10324,

Optionally, denormalized numbers are flushed to zero in floating-point calculations. For details, see
Flush-to-zero on page Al-53.



exponent == @x7FF

The value 1s either an infinity or a NalN, depending on the fraction bits:
fraction ==
The value 15 an infinity. As for single-precision, there are two infinities:
+infinity When 5==0.
-infinity When S5==1.
fraction != 0
The value 1s a NalN, and is either a quiet NaN or a signaling NaN.

The two types of NaN are distinguished by their most significant fraction bat, bit[51] of
the doubleword:

bit[51] ==

The NaN 1s a signaling NaN. The sign bit can take any value, and the
remaining fraction bits can take any value except all zeros.

bit[51] ==

The NaN 1s a quiet NaN. The sign bit and the remaining fraction bits can
take any value.

For details of the defauit NaN, see NaN handling and the Defaulf NaN on page Al-54.

Note

NaNs with different sign or fraction bits are distinct NalNs, but this does not mean software can use floating-point

comparison instructions to distinguish them. This 1s because the IEEE 754 standard specifies that a NalN compares
as unordered with everything. including itself




6.1 Infinity arithmetic

The behavior of infinity in floating-point arithmetic is derived from the limiting cases of real arithmetic with
operands of arbitrarily large magnitude, when such a limit exists. Infinities shall be interpreted in the affine
sense, that 1s: —oo < {every finite number} < +oo.

Operations on infinite operands are usually exact and therefore signal no exceptions, mncluding, among

others,

addition(oo, x), addition(x, o), subtraction(co, x), or subtraction(x, <o), for finite x
multiplication(eo, x) or multiplication(x, c0) for finite or infinite x # 0
division(co, x) or division(x, oo) for finite x

squareRoot(+w)

remainder(x, oo) for finite normal x

conversion of an infinity into the same infinity in another format.

The exceptions that do pertain to infinities are signaled only when

o 1s an nvalid operand (see 7.2)
o0 18 created from finite operands by overtlow (see 7.4) or division by zero (see 7.3)

— remainder(subnormal, o0) signals undertlow.



The VFPI11 coprocessor provides full IEEE 754 standard compatibility through a
combination of hardware and software. There are rare cases that require significant
additional compute time to resolve correctly according to the requirements of the IEEE
754 standard. For instance, the VFP11 coprocessor does not process subnormal input
values directly. To provide correct handling of subnormal inputs according to the IEEE
754 standard, a trap 1s made to support code to process the operation. Using the support
code for processing this operation can require hundreds of cycles. In some applications
this 1s unavoidable, because compliance with the IEEE 754 standard is essential to
proper operation of the program. In many other applications, strict compliance to the
IEEE 754 standard is unnecessary, while determinable runtime, low interrupt latency,
and low power are of more importance. To accommodate a variety of applications, the
VFEPI11 coprocessor provides four modes of operation:

. Full-compliance mode
. Flush-to-zero mode on page 1-14

. Default NaN mode on page 1-14
. RunkFast mode on page 1-15.



Flush-to-zero mode

Setting the FZ bit, FPSCR|24], enables flush-to-zero mode and increases performance
on very small inputs and results. In flush-to-zero mode, the VFP11 coprocessor treats
all subnormal input operands of arithmetic CDP operations as positive zeros in the
operation. Exceptions that result from a zero operand are signaled appropriately. FABS,
FNEG, FCPY, and FCMP are not considered arithmetic CDP operations and are not
affected by flush-to-zero mode. A result that is 7iny, as described in the IEEE 754
standard, for the destination precision is smaller in magnitude than the minimum
normal value before rounding and is replaced with a positive zero. The IDC flag,

FPSCR][7]. indicates when an input flush occurs. The UFC flag, FPSCR[3], indicates

when a result flush occurs.

Default NaN mode
Setting the DN bit, FPSCR]25], enables default NaN mode. In default NaN mode, the

result of any operation that involves an input NaN or generated a NaN result returns the
default NaN. Propagation of the fraction bits is maintained only by FABS, FNEG, and
FCPY operations, all other CDP operations ignore any information in the fraction bits
of an input NaN. See NaN handling on page 3-5 for a description of default NaNs.



RunFast mode

RunFast mode 1s the combination of the following conditions:

the VFPI11 coprocessor is in flush-to-zero mode
the VFP11 coprocessor 1s in default NaN mode
all exception enable bits are cleared.

In RunFast mode the VFPI1 coprocessor:

processes subnormal input operands as positive zeros

processes results that are finy before rounding, that is, between the positive and
negative minimum normal values for the destination precision, as positive zeros

processes input NaNs as default NaNs

returns the default result specified by the IEEE 754 standard for overflow,
division by zero, invalid operation, or inexact operation conditions fully in
hardware and without additional latency

processes all operations in hardware without trapping to support code.

RunFast mode enables the programmer to write code for the VFP11 coprocessor that
runs in a determinable time without support code assistance, regardless of the
characteristics of the input data. In RunFast mode, no user exception traps are available.
However, the exception flags in the FPSCR register are compliant with the IEEE 754
standard for Inexact, Overftlow, Invalid Operation, and Division by Zero exceptions.
The underflow flag is modified for flush-to-zero mode. Each of these flags is set by an
exceptional condition and can by cleared only by a write to the FPSCR register.



Short vector instructions

The VFPv2 architecture supports execution of short vector instructions of up to eight
operations on single-precision data and up to four operations on double-precision data.
Short vectors are most useful in graphics and signal-processing applications. They
reduce code size, increase speed of execution by supporting parallel operations and
multiple transfers, and simplify algorithms with high data throughput.

Short vector operations issue the individual operations specified in the instruction in a
serial fashion. To eliminate data hazards, short vector operations begin execution only
after all source registers are available, and all destination registers are not targets of
other operations.



About the register file

The VFP11 register file contains thirty-two 32-bit registers organized in four banks.
Each register can store either a single-precision floating-point number or an integer.

Any consecutive pair of registers, [Revent1]:[Reven], can store a double-precision
floating-point number. Because a load and store operation does not modify the data, the
VFPI11 registers can also be used as secondary data storage by another application that
does not use floating-point values.

The register file can be configured as four circular buffers for use by short vector
instructions in applications requiring high data throughput, such as filtering and
graphics transforms. For short vector instructions, register addressing is circular within
each bank. Load and store operations do not circulate, allowing for multiple banks, up
to the entire register file, to be loaded or stored in a single instruction. Short vector
operations obey certain rules specifying under what conditions the registers in the
argument list specify circular buffers or single-scalar registers. The LEN and STRIDE
fields in the FPSCR register specify the number of operations performed by short vector
instructions and the increment scheme within the circular register banks. Further
information and examples are in Section C5 of the ARM Architecture Reference
Manual.



63 0
39— | _— b0 —— | 33— 0
S D" S0
S3 D2 S2
S5 D3 sS4
S7 D4 S6
S9 D5 S8
S11 D6 S10
S13 D7 S12
S15 D8 S14
$17 D9 S16
S19 D10 S18
S21 D11 S20
S23 D12 S22
S25 D13 S24
S27 D14 S26
S29 D15 S28
S31 - - S30

Figure 2-3 Register file access



S1 S0 DO
S3 52 D1
S5 S4 D2
ST S6 D3
S9 S8 D4
S11 S10 D5
S13 512 D6
S15 S14 D7
overlapped with
S17 S16 D8
S19 S18 D9
S21 520 D10
S23 522 D11
S25 524 D12
S27 S26 D13
S29 528 D14
S31 530 D15

Figure C2-1 VFP general-purpose registers



About register banks

As Figure 2-4 shows, the register file is divided into four banks with eight registers in
each bank for single-precision instructions and four registers per bank for

double-precision instructions. CDP instructions access the banks in a circular manner.
Load and store multiple instructions do not access the registers in a circular manner but

treat the register file as a linearly ordered structure.

See ARM Architecture Reference Manual, Part C for more information on VFP

addressing modes.

Bank O Bank 1
I |
S0 S8
D4 <

S1 P S9

S2 S10
D5 <

S3 } S11

S4 S12
D6 =

S5 } S13

S6 S14
D7 =

ST \ 515

D8

D9

D10

D11

Bank 2

516

S17

518

519

S20

521

S22

523

Bank 3

S24
525
S26
S27
S28
S29
S30
S31

‘

Figure 2-4 Register banks

D12 <

D13 <

D14 <

D15 <

A short vector CDP operation that has a source or destination vector crossing a bank
boundary wraps around and accesses the first register in the bank.



System registers

A VFP implementation contains three or more special-purpose system registers:

The Floating-point System ID register (FPSID) is a read-only register whose value indicates which
VFP implementation is being used. See FPSID on page C2-22 for details.

The Floating-point Status and Control register (FPSCR) is a read/write register which provides all
user-level status and control of the floating-point system. See FPSCR on page C2-23 for details of
the FPSCR.

The Floating-point Exception register (FPEXC) is a read/write register, two bits of which provide
system-level status and control. The remaining bits of this register can be used to communicate
exception information between the hardware and software components of the implementation, in a
SUB-ARCHITECTURE DEFINED manner. See FPEXC on page C2-27 for details of the FPEXC.

Individual VFP implementations can define and use further system registers for the purpose of
communicating between the hardware and software components of the implementation, and for other
IMPLEMENTATION DEFINED control of the VFP implementation. All such registers are
SUB-ARCHITECTURE DEFINED. They must not be used outside the implementation itself, except as
described in sub-architecture-specific documentation.



Key to Tables
iCl Sec Table Condition Field <fpoonst> +H—m* 27" where m and n are integers, 16 <=m <=31, 0 <= n <=7
=P F32 (single precision) or F64 (double precision). Fd, Fn, Fm |54, Sn, Sm (single precision), or Dd, D, Dm (double precision).
5 D.H Single, double, or half-precision (FLE). {E} E : raise exception on any MaM. Without E : raise exception only on signaling MaMs.
F Single or double-precision floating point. {R} Use FPSCR rounding mode. (therwise, round towards zero.
51, Ul Signed or unsigned integer. <VFPregs> A comma separated list of consecutive VPP registers, enclosed in braces { | and § ).
<VFPaysreg> FPSCR or FPSID. <fbits> Mumber of fraction bits in fixed-point number, 0-16 or 1-32.
& 2: VFP%2 and above. 3: VFPv3 and above. 3H: VFPv3 and above with =type> El6, 532, U16, or U3 2, for Signed or Unsigned, 16-bit or 32-bat.
half-precision extension.
Operation & | Assembler Exceptions Action Motes
Vector arithmetic | Multaply VMOL{C}.<P= Fd, Fn, Fm [, OF, UF, IX Fd :=Fn * Fm
and negate VNMUL{C}.=<P> Fd, Fn, Fm 10, OF, UF, IX Fd :=—(Fn * Fm)
and accumulate VMLA{C}.<P> Fd, Fn, Fm I, OF, UF, [X Fd :=Fd + (Fn * Fm)
negate and accumulate VMLS{C}.<P> Pd, Fn, Fm [0, OF, UF, IX Fd :=Fd — {(Fn * Fm)
and subtract VHMLS[C}.<P> Fd, Fn., Fm I, OF, UF, IX Fd := — Fd + (Fn * Fm)
negate and subtract VNMLA{C}.=P> Fd, Fn, Fm 10, OF, UE, IX Fd :=—Fd — (Fn * Fm)
Add VADDIC}.<P> Fd, Fn., Fm [0, OF, IX Fd :=Fn + Fm
Subtract VSUB{C}.<P> Fd, Fn, Fm 10, OF, IX Fd :=Fn - Fm
Davide VDIV{C}.<P> Fd, Fn., Fm 10, D, OF, UF, IX | Fd := Fn / Fm
Absolute VABS{C}.<P> Fd, Fm Fd := abs{Fm)
MNegative VHNEG{C}.=<P> Fd, Fm Fd :=—Fm
Square root VSQRT{C)}.<P> Fd, Fm 10, IX Fd := sqrt{Fm)
Scalar compare Two values VCMPI{E}{C}.<P> Fd, Fm [ Set FPSCR flags on Fd — Fm Use VMRS APSE_nzcwv,FPSCH o
Value with zero VCMP{E} {C}.<P> Fd, #0.0 10 Set FPSCR flags on Fd — 0 transfer flags.
Scalar convert Single to double VCOUTIC}.Fed.F3Z2 D4, Sm 10 Dd := convertStol N Smi)
Double to single VOVT{C}.F32.F6d 54, Im 10, OF, UF, IX 5d = convertDtoS{Dm)
Unsigned integer to float VOVTIC}.<P>.0U32 P4, Sm X Fd := convertUltoF{Sm)
Signed integer to float WCOUT{C}.<P>.5312 F4, Em IX Fd := convert51toF(Sm)
Float to unsigned integer VCOVT{R}{C}.U3Z2.<P> 54, Fm 10, IX 5d := convertFtolUUl{Fm)
Float to signed integer VCOVWT{R}{C)}.532.<P> 5S4, Fm 10, IX 5d = convertFtoS1{Fm)
Fixed-point to float 3 |VCVTIC)}.<P>.<type> Fd, Fd, #<fbits= |10, IX Fd := convert<type=toF(Fd) Source is in bottom 16 or 32 bits of Fd.
Float to fixed-point 3 |VCVTIC).<btype>.<P> Fd, P4, $#<fbits> [0, IX Fd := converntFlo<type={Fd) Destination 15 bottom 16 or 32 bits of Fd.
Single to half-precision JH | VOVTT{C}.Fle.F32 54, 5m 1D, 10, OF, UFE, IX | Sd:=convertStoH(Sm) Destination is top 16 bits of 54
Single to half-precision 3H |VCVTE{C}.Fl16.F32 5d4,5m ID, 10, OF, UF, IX | Sd:=convertStoH(Sm) Destination is bottom 16 bats of Sd
Half to single-precision 3H |VCVTT{C}.F32.Fle 5d4,5m D, 10, OF, UF, IX | Sd:=convertHtoS{5m) Source 1= top 16 bits of Sm
Half to single-precision 3H (VCVTE{C}.F32.Flf 5d4,5m 1D, 10, OF, UF, IX | Sd:=convertHtoS(5m) Source is bottom 16 bits of Sm
Insert constant Insert constant in register 3 |VMOWIC}.<P> Pd, #«<fpconst> Fd := <fpconst=
Transfer registers | Copy VFP register VMOWV{C}.<P> Fd, Fm Fd :=Fm
ARM® o single VMOV{C} Sn., Rd Sn:=Rd
Single to ARM VMOW{C} Rd., Sn Rd:=8n
Two AREM to two singles 2 |VMOWIC} Sn, 5m, B4, En Sn:=Rd, Sm :=Rn Sm must be S(n+1)
Two singles to two ARM 2 |VMOW{C} R4, Bn, Sn, Sm Bd:=5%n Bn = Sm Sm must be S(n+1)
Two ARM to double 2 (VMOV{C} Dm, Rd, En Dm[31:0] := Rd, Dm[63:32] := En
Double to two ARM 2 |VMOWIC} Rd, En, Dm Rd := Dm([31:0], Bn := Dm[&3:32]
ARM to lower half of double VMOV{C} Dn[0], R4 Dm[31:0] := RBd
Lower half of double to ARM VMOW{C}l Rd, Dn[0] Ed :=Dn[31:0]




Operation § | Assembler Exceptions Action MNotes
Transfer registers | ARM to upper half of double VMOV{C} Dm[1l]1, Rd Dn[63:32] .= Rd
(continued) Upper half of double to ARM VMOV{C} Rd, Dm[1] Rd == Dn[63:32]
ARM to YFP system register VMSE{C} <VFPsysreg>, Rd VFPsysreg .= Rd
VFP system register to ARM VMES{C} Rd, <VFPsysreg=> Ed ;= VFPsysreg
FPSCR flags to APSR VMRS{C} APSE_n=zcv, FPSCR APSR flags := FPSCR flags
Operation § |[Assembler Synonyms Action
Save VFP registers | Single VSTR{C} Fd, [BEn{., #<immed>}] [address] := Fd. Immediate range 0- 1020, multiple of 4.
Single, PC-relative VSTR{C} Fd, <label=>
Multiple, unindexed / increment after VSTM{C} En{!}, <VFPregs:> VSTMIA, VSTMEA Saves list of VFP registers, starting at address in En.
decrement before VSTMDE{C} BEn!, <VFPregs:> VSTHMFD (full descending)
Push onto stack VPUSH{C} <VFPregs> VSTMFD SP!
Load VFP registers | Single VLOR{C} Fd, [BEn{, #<immed>}] Fd := [address]. Immediate range 0- 1020, multiple of 4.
Single, PC-relative VLOR{C} Fd, <label=
Multiple, unindexed / increment after VLIM{C} En{!}, <VFPregs:> VLOMIA, VLIMFD Loads list of VFP registers, starfing at address in Bn.
decrement before VLIMDE{C} Rn!, <VFPregs:> VLOMER {empty ascending)
Pop from stack WPOP{C} <VFPregs=> VLDOM SP!
FPSCR format Rounding | (Stride — 1)*3 Vector length - 1 Exception trap enable bits Cumulative exception bits
3l 30 29 28 | 27| 26 | 25| 24 23 22 21 20 18 17 16 15 12 11 10 9 g 7 - 3 2 1 0
N Z C V |QC|AHP|DB| FZ REMODE STRIDE LEN IDE IXE | UFE | OFE | DZE | 10E | IDC IXC | UFC | OFC | DZC | I0C
FZ: | = flush to zero mode. Rounding: 0 = round to nearest, | = towards +20, 2 = towards —o, 3 = towards zero. (%ector length * Stride) must not excesd 4 for double precision operands. {Deprecated)
Condition Field Exceptions
Mnemonic Description (VFP) Description (ARM or Thumhﬁ'] Mnemonic Description (VFP) Description (ARM or Thumb) ID | Input Denormal
EQ Equal Equal HI Greater than, or unordered Unsigned higher IO | Invalid operation
HNE Mot equal, or unorderad Not equal LS Less than or equal Unsigned lower or same OF | Overflow
CS /7 HS CGreater than or equal, or unordered Carry Set / Unsigned higher or same GE Greater than or egual Signed greater than or equal UF | Underflow
CC F LD Lass than Carry Clear f Unsigned lower LT Less than, or unordered Sipgned less than IX | Inexact result
MI Lass than Negative GT reater than Signed greater than DZ | Division by zero
PL CGreater than or equal, or unordered Positive or zero LE Less than or equal, or unordered | Signed less than or equal
Vs Unordered (at least one NaM operand) | Overflow AL Always (normally omitted) Always (normally omitted)
WiC Mot unordered Mo overflow




Floating-point exceptions
The IEEE 754 standard specifies five classes of floating-point exception:

Invalid Operation exception

This exception occurs in various cases where neither a numeric value nor an infinity is a
sensible result of a floating-point operation, and also when an operand of a floating-point
operation is a signaling NaN. For more details of Invalid Operation exceptions, see NaNs on
page C2-5.

Division by Zero exception

This exception occurs when a normalized or denormalized number is divided by a zero.

Overtlow exception

This exception occurs when the result of an arithmetic operation on two floating-point
values is too big in magnitude for it to be represented in the destination format without an
unusually large rounding error for the rounding mode in use.

More precisely, the ideal rounded resulf of a floating-point operation is defined to be the
result that its rounding mode would produce if the destination format had no limits on the
unbiased exponent range. If the ideal rounded result has an unbiased exponent too big for
the destination format (that is, >127 for single-precision or >1023 for double-precision), it
differs from the actual rounded result, and an Overflow exception occurs.



Underflow exception

The conditions for this exception to occur depend on whether Flush-to-zero mode is being
used and on the value of the Underflow exception enable (UFE) bit (bit] 11] of the FPSCR).

It Flush-to-zero mode is not being used and the UFE bit is O, underflow occurs if the result
before rounding of a floating-point operation satisfies 0 < abs(result) < MinNorm, where
MinNorm = 2-126 for single precision or 2-1922 for double precision, and the final result is
inexact (that is, has a different value to the result before rounding).

It Flush-to-zero mode is being used or the UFE bit is 1, underflow occurs if the result before
rounding of a floating-point operation satisfies 0 < abs(result) < MinNorm, regardless of
whether the final result 1s inexact or not.

An underflow exception that occurs in Flush-to-zero mode is always treated as untrapped,
regardless of the actual value of the UFE bit. For details of this and other aspects of
Flush-to-zero mode, see Flush-to-zero mode on page C2-14.

Note

The IEEE 754 standard leaves two choices open in its definition of the Underflow exception.
In the terminology of the standard, the above description means that the VFP architecture
requires these choices to be:

. the before rounding form of tininess

. the inexact result form of loss of accuracy.

Tininess is detected betore rounding in Flush-fo-zero mode.



Inexact exception

The result of an arithmetic operation on two floating-point values can have more significant

bits than the destination register can contain. When this happens, the result is rounded to a
value that the destination register can hold and is said to be inexact.

The inexact exception occurs whenever:

. a result is not equal to the computed result before rounding

. an untrapped Overflow exception occurs

. an untrapped Underflow exception occurs, while not in Flush-to-zero mode.
Note

The Inexact exception occurs frequently in normal floating-point calculations and does not

indicate a significant numerical error except in some specialized applications. Enabling the
Inexact exception can significantly reduce the performance of the coprocessor.

The VFEP architecture specifies one additional exception:

Input Denormal exception

This exception occurs only in Flush-to-zero mode, when an input to an arithmetic operation
is a denormalized number and treated as zero.

This exception does not occur for non-arithmetic operations, FABS, FCPY, FNEG, as described
in Copy, negation and absolute value instructions on page C3-13.
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Abbreviation¥finder

MMX
Matrix Math Extensions

SIMD

Single Instruction Multiple Data

SSE
Streaming SIMD Extensions

www.abbreviadonfinder.org



SIMD: using subword parallelism

* Implementations:
e Intel MMX (1996)
— Eight 8-bit integer ops or four 16-bit integer ops
Streaming SIMD Extensions (SSE, 1999)
— Eight 16-bit integer ops
— Four 32-bit integer/fp ops or two 64-bit integer/fp ops
Advanced Vector Extensions (AVX, 2010, 2015)
— Four 64-bit integer/fp ops ... -> today upto: 512-bit
Operands must be consecutive and aligned memory locations

E.g. 16 bytes in parallel:

PCP 20



x86 architecture SIMD support

* ISA SIMD support
« MMX, 3DNow!, SSE, SSE2, SSSE3, SSE4, AVX
« Streaming SIMD Extensions (SSE)
« SIMD instruction set extension to the x86 architecture

» Micro architecture support
« Many functional units (for vector operations)
* Multiple 128-bit vector registers, XMMQO, ..., XMM15

08.10.2019 PCP 21



Performance difference

-C=A"B

e for(i=0; i<n;

i++) c[i]=a[i]*b[i];

08.10.2019

Scalar loop: Vector loop:
Ll: Ll:
movss xmmO, [rdx+rl3*4] movups xmml, [rdx+r9*4]
mulss xmmO, [r8+rl3*4] movups xmmO, [r8+r9*4]
movss [rcx+rl3*4], xmmO mulps xmml, xmmO
add rl3, 1 movaps [rcx+r9*4], xmml
cmp rl3, r9 add r9, 4
jl F\Fl cmp r9, rax
] Jl L1
|

6 instructions /
1 element

7 instructions /
4 elements
1.75 instr./element

PCP 22



MMX Registers <« FPU registers

63

MMX(7)

MMX(6)

MMX(5)

MMX(4)

MMX(3)

MMX(2)

MMX(1)

MMX(0)

8 * byte
4 * word
2 * dword
1 * qword




SSE/SSE2 Registers

127

XMM (7)

XMM(6)

XMM(5)

XMM4)

XMM(@3)

XMM(Q2)

XMM(1)

XMM(0)

16 *byte |
8 * word

4 * dword

4 * single FP
2 * qword

2 * double FP
1 *dbl gword

3l

MXCSR




MMX/SSE Instruction set

MMX/SSE Data transfer instructions

Instruction Mnemonic Operands Description Symbolic operations

Mowe Drwvord MOVD mm, nm 32 Move double word from r'm32 to mm. DST[31.0] — SRC; DST[63.32] 0
m32, mm Move double word from mm to r/m32. DST «— SEC[31..10]
Imm rm32 Mowve double word from 'm32 to xmm. DS5T[31.0] — SRC, DST[127.32]+ 0
m32, xmm Move double word from xmm to r'm32. DST «— SEC[31..0]

Move Qword MOV mm, Tmsd Move quad word from r/mé4 to mm. DST «— SRC
mbd, mm Move quad word from mm to mé&4. D5T «— SEC
T, misd Move quad wornd from mé<d to xmm. D5T[63.0] «— SRC, DST[12T. 64]+— 0
m&d, xmm Move quad word from xmm to mé64. DST«— SEC [63.0]

MMX/SSE Conversion instructions

Instruction Mnemonic Operands Description Symbaolic operations
Pack Signed Saturated PACESSWE mm]l, mm?/mé4 Converts 4 packed signed word integers from mm] and DST[7.0] « SaturateSignedWordToSignedByte(DST[15_.0]);
Words to Bytes from mm?/mé4 into 8 packed signed byte integers in DST[15.8] «+— SamrateSignedWordToSignedByte(DST[31..16]);

mm] using signed saturation.

ad
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DST[23.16] «
DST[31.24] «—
DST[39.32] «
DST[47.40] «
DST[55.48] «
DST[63.56] «

SaturateSignedWord ToSignedByte(DST[47..32]);
SaturateSignedWord ToSignedByte(DST[63. 48]);
SaturateSignedWord ToSignedByte(SRC[15..01);

SaturateSignedWord ToSignedByte(SRC[31..16]);
SaturateSignedWord ToSignedByte(SRC[47..32]);
SaturateSignedWord ToSignedByte(SRC[63. 48]);

amm] |, zm®im 28

Converts 8 packed signed word integers from mm] and
from mm?/m12§ into 16 packed signed byte integers in
mm] using signed saturation.

Ew-.'_'lilt-'|r_1|:~||y.{|L|a;|J|[
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DST[23.16] «
DST[31.24] «—
DST[39.32] «
DST[47.40] «
DST[55.48] «
DST[63.56] «
DST[71.64] «
DST[79.72] «
DST[87.80] «
DST[95.88] «

DST[103.96] «

DST[7.0] + SaturateSignedWordToSignedByte(DST[15..01);
DST[15.8] « SaturateSignedWordToSignedByte(DST[31..16]);

SaturateSignedWord ToSignedByte(DST[47..32]);
SaturateSignedWord ToSignedByte(DST[63. 48]);
SaturateSignedWord ToSignedByte(DST[79. 641);
SaturateSignedWord ToSignedByte(DST[95..80]);
SaturateSignedWord ToSignedByte(DST[111.96]);
SaturateSignedWord ToSignedByte(DST[127..112]);
SaturateSignedWordToSignedByte(SRC[15..01);
SaturateSignedWord ToSignedByte(SRC[31..16]);
SaturateSignedWord ToSignedByte(SRC[47.321);
SaturateSignedWord ToSignedByte(SRC[63. 48]);

- SamrateSignedWordToSignedByte(SRC[79..641);
DST[111.104] « SaturateSignedWordToSignedByte(SRC[25..801);
DST[119..112] « SaturateSignedWordToSignedByte(SRC[111.96]);
DST[127.120] « SaturateSignedWordToSignedByte(SRC[127_112]);




Pack Signed Saturated PACESSDW mm], mm?*/mé4 Converts 2 packed signed dword integers from mm1 and | DST[15.0] «— SaturateSignedDwordToSignedWord(DST[31..01);
Dwords to Words from mm?/mé4 into 4 packed signed word integers in DST[32.16] « SaturateSignedDwordToSignedWord(DST[63.32]);
mml using signed saturation. DST[47.32] « SaturateSignedDwordToSignedWord(SRC[31..01);
S B DST[63.48] « SaturateSignedDwordToSignedWord(SRC[63.32]);
7
ral
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mnm], xnm?ml 28 | Converts 4 packed signed dword integers from mm] and D5T[15.0] « SaturateSignedDwordToSigned Word{DST[31..07);
from mm?/m1Z28 into 8 packed signed word integers in DST[32.16] « SaturateSignedDwordToSignedWord(DST[63.32]);
mml using signed saturation. DST[47.32] « SaturateSignedDwordToSignedWord(DST[95. 64]);
we[TH T T F T E DST[63.48] « SaturateSignedDwordToSignedWord(DST[127. 96]);
Y, — DST[79.64] « SaturateSignedDword ToSignedWord(SRC[31..0]);
" DST[95..80] « SaturateSignedDwordToSignedWord(SRC[63.32]);
mr| o |o [FleEfo]oc |8 ]| DST[111.96] «— SaturateSignedDwordToSignedWord(SRC[95. 64]);
_ f__d—-—-T;:’i-}—“J //—/ f} DST[127.112] « SaturateSignedDwordToSignedWord(SE.C[127_96]);
st B ] ¢ ] ® T & ]
Pack Unsigned Saturated PACEUSWE mm]l, mm?/mé&4 Converts 4 packed signed word integers from mm] and DST[7.0] « SaturateSignedWordToUnsignedB yte(DST[15. 0]);
Words to Bytes from mm?/mé4 into 8 packed unsigned byte integers in DST[15.8] « SaturateSipnedWordToUnsignedByte(DST[31..16]);

mm] using unsigned saturation.
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DST[23..16] « SaturateSignedWord ToUnsiznedByte(DST[47..32]):;
DST[31.24] «— SaturateSignedWord ToUnsignedByte(DST[63. 48]);
DST[39.32] « SaturateSignedWord ToUnsignedByte(SRC[15.01);

DST[47.40] « SaturateSignedWord ToUnsiznedByte(SRC[31..16]);
DST[55.48] « SaturateSisnedWord ToUnsignedByte(SRC[47.32]);
DST[63..56] « SaturateSignedWord ToUnsiznedByte(SRC[63. 48]);

znml , zmm?/ml1 28

Converts 8 packed signed word integers from xmm] and
from xm?/m128 into 16 packed unsigned byte integers
in xmml using unsigned saturation.
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DST[7.0] «+ SaturateSignedWordToUnsignedB yte{DST[15..01);
DST[15.8] « SaturateSignedWordToUnsignedByte(DST[31..16]);
DST[23..16] «— SaturateSignedWordToUnsignedByte(DST[47.32]);
DST[31.24] « SaturateSignedWordToUnsignedByte(DST[63. 48]);
DST[39.32] « SaturateSignedWordToUnsignedByte(DST[79..64]);
DST[47.40] « SaturateSignedWordToUnsignedByte(DST[95..807);
DST[55.48] «— SaturateSignedWordToUnsignedByte(DST[111.96]);
DST[63.56] « SaturateSignedWordToUnsignedByte(DST[127..112]);
DST[71.64] «— SaturateSignedWordToUnsignedByte(SRC[15. 0T);
DST[79..72] « SaturateSignedWordToUnsignedByte(SRC[31..16]);
DST[87.80] «— SaturateSignedWordToUnsignedByte(SRC[47.32]);
DST[95.88] « SaturateSignedWordToUnsignedByte(SRC[63. 48]);
DST[103.96] «— SaturateSignedWordToUnsignedByte{ SRC[79 64]),
DST[111.104] «— SaturateSignedWordToUnsignedB yte(SRC[95 807,
DST[119.112] «— SaturateSignedWordToUnsignedB yte(SRC[111. 96]);
DST[127._120] «— SaturateSignedWordToUnsignedB yte(SRC[127..112]);




Unpack interleaving Low- | PUNPCELEW mm]l , mm?*méd Unpacks and interleaves 4 low-order bytes from mml and | DST[7.0] « DST[7..0];
order Bytes to Words 4 low-order bytes from mm2/mé4 into 4 words in mm] . DST[15.8] «— SRC[7.0];
P DST[23.16] «— DST[15.8];
i DSTIE 293 SacHs g
" DST[39.32] « DST[23..16];
per oo e e At DST[47_40] « SRC[23.186];
DST[55.48] « DST[31.24];
'JF"T T T PR DST[63.56] « SRC[31.24];
xnml, xnm?ml28 | Unpacks and interleaves 8 low-order bytes from xoum] DST[7.0] «— DST[7.0];
and 8 low-order brytes from xmm?/m128 into 8 words in DST[15.8] «— SRC[7.10]:
xmml. DST[23.16] - DST[15.8];
ke e s e DST[31.24] « SRC[15.8];
gt 0 0 I I I R ER SN N DST[39.32] - DST[23.16]:
- DST[47.40] «— SRC[23..16];
eer HH S FEElE proe e e DST[55.48] « DST[31.24];
s A DST[63.56] « SRCI31.24]:
= [ T T T [ [ FEFEPEER] DST[71.64] - DST[39.321;
DST[79.72] «— SRC[39.32];
DST[87.80] «— DST[47.40];
DST[95.88] « SRC[47.40];
DST[103.96] «— DST[55.48];
DST[111.104] «— SRC[55.48];
DS5T[119.112] «+— DST[63.56];
DST[127.120] «— SRC[63..56];
Unpack interleaving Low- | PUNPCELWD mrml, mm?mad Unpacks and interleaves 2 low-order words from mm1 DST[15.0] — DST[15.0];
order Words to Drwords and 2 low-order words from mm®méd into 2 dwords in

mm].

ad
SR | | IEEE
L.EI.I B.. | B. | 1.. | .‘.. |
ad - -
psr| | [ B ]a

DST[31.16] « SRC[15.0]:
DST[47.32] « DST[31_16];
DST[63.48] « SRC[31_16];

xmm] , o ml 28

Unpacks and interleaves 4 low-order words from xmm]
and 4 low-order words from xmm2/ml 28 into 4 dwords in

Tl .
5“;[_""1 I _I-_l._ﬂd_lpﬁ |d::' | B | A |
Pl r’“"—?—/f—/

Ir.l -‘-\-\-\\. - - -
[ [e]a]

DST[15.0] - DST[15.0]:
DST[31.16] « SRC[15.0]:
DST[47.32] +— DST[31..16];
DST[63.48] «— SRC[31..16];
DST[79.64] « DST[47.32]:
DST[95.80] « SRC[47.32]:
DST[111_96] « DST[63.48]:
DST[127.112] — SRC[63.48]:




Unpack interleaving Low- | PUNPCELIN) mmm]l, nm?ml128 | Unpacks and interleaves 2 low-order dwords from xmm DS5T[31.0] «— DST[31.0];
order Dwords to Qwords and 2 low-order dwords from xmm2/m128 into 2 qwords DST[63.32] «— SRC[31.0];
inmml. DST[95.64] + DST[63.32];
i _ DST[127.96] «— SRC[63.32];
sRC | I I
) '/_/_4,/ {/_,/
D=t | B" | B [ A [ A |
e | I | & [ ~ |
Unpack interleaving Low- | PUNPCELQDOQ) mnm]l, xnm?ml128 | Unpacks and interleaves low-order gword from xmm1 D5T[63.0] «— DST[63.0];
order OQrwords to Qwords and low-order gword from xmm2/ml 28 into mm]. DST[127_64] « SRC[63.0];
swe'f & |
(e {(7—4'—1/
LB | G | A’ |
(i
=T | | A |
Unpack interleaving High- | PUNPCEHBW mm]l , mm?*méd Unpacks and interleaves 4 high-order bytes from mm1 DST[7.0] «+— DST[39.32];
order Bytes to Words and 4 high-order bytes from mm2/mé64 into 4 words in DST[15.8] «— SRC[39.32];

mm].

sec PEFRT 1111

a1

o S S (S
A

.‘.1. - - .
perorfefera] [ 11 ]

DST[23.16] «
DST[31.24] «—
DST[39.32] «
DST[47.40] «
DST[55.48] «
DST[63.56] «

DST[47.40];
SRC[47_40];
DST[55.48];
SRC[55.48];
DST[63.56];
SRC[63_56];

rmm] |, zmmmn?iml 28

Unpacks and interleaves 8 high-order bytes from xmm]
and 8 high-order bytes from xmmm?/m128 into 8§ words in
xmml.

o o 2 o O O O

|
I.-EI. I'["I I-[.r-i..ll.-i.ll_...l I'- |E..|E. F_‘I“lu‘l{_‘"lC.|BII|B-|‘|.1A-|

(i
et EefrlEfeleteria] [ [ [T T 1]

DST[7.0] - DST[T1.64];
DST[15.8] « SRC[T1.64];

DST[23.16] «
DST[31.24] «—
DST[39.32] «
DST[47.40] «
DST[55.48] «
DST[63.56] «
DST[71.64] «
DST[79.72] «
DST[87.80] «
DST[95.88] «

DST[103.96] «

DST[79_72];
SRC[79_72]:
DST[&7_80];
SRC[E7_80];
DST[95.88];
SRC[95_88];
DST[103.96];
SRC[103_96];
DST[111.104]:
SRC[111.104]:

_DST[119..113];

DST[111.104] — SRC[119.113]:
DST[119.112] « DST[127..120];
DST[127.120] « SRC[127..120];




Unpack interleaving High- | PUNPCEHWD mm]l, mm?/mé&4 Unpacks and interleaves 2 high-order words from mm] DS5T[15.0] «— DST[47.32];
order Words to Dwords and 2 high-order words from mm?2/mé4 into 2 dwords in D5T[31.16] «— SRC[47.32];
mm]. DST[47.32] «— DST[63.48];
[ — DST[63.48] « SRC[63.48];
sec[ B [ ] | ]
peT | BT | B | A" | A |
A
ad l'f r'-'--'_
per | B [ A ] [ |
mnml, xnm?ml 28 | Unpacks and interleaves 4 high-order words from xmm1 DST[15.0] «— DST[79..64];
and 4 high-order words from xmm2?/m]128 into 4 dwords DST[31.16] + SRC[79.64];
In mm]. DST[47.32] «+ DST[95..80];
e P T T 5T DST[63.48] «— SRC[95.80];
I I I "*»L x.hl_ | | | | DST[79.64] «— DST[111._98];
- Ty DST[95.80] « SRC[111.96];
mrjoc o[ I;' [ & ,l_; (A" ] & ] DST[111.96] « DST[127..112];
—_ e DST[127.112] « SRC[127_112];
P A [ 1+ [ ]
| oo Je (o] | [ | |
Unpack interleaving High- ( PUNPCEHDOQ) xnml, xnm?ml28 | Unpacks and interleaves 2 high-order dwords from xmm] | DST[31.0] «— DST[25..64];
order Dwords to Qwords and 2 high-order dwords from xmm?m128 into 2 gqwords | DST[63..32] «— SRC[95..64];
In mm]. DST[95.64] + DST[127.96];
|- B _ DST[127.96] «— SRC[127.96];
see| BT [ oA ] I |
h_\—_
i -‘-H"l
OsT | ] | B | At | A |
_I—'-"" _—-_J
i1 _:'"-FF'_ .r"-'-'_
er| B | I I |
Unpack interleaving High- ( PUNPCEHQDOQ mnm], xnm?ml 28 | Unpacks and interleaves high-order gword from xmm] D5T[63.0] «— DST[127..64];

order Orwords to Owords

and high-order gword from xmm?/m128 into mm] .

DST[127.64] «

SRC[127_64];




MMX/SSE Packed Arithmetic instructions

Instruction

Mnemonic

Operands

Description

Symbolic operations

Packed Add Bytes

PADDB

mmn ], oo b

Add 8 packed byte intepers from mm2/mé4 to B
packed byte integers in mm1l.

[
e | ] T 11111

..h
sscll IO AT

UE"T%II }IllrlIIL#IiIJ-]IL%IL#IL#II

DST[7.0] — DST[7.0] + SRC[7_0]
DST[15.8] « DST[15.8] + SRC[15_8]
DST[23..16] - DST[23_16] + SEC[23.16]
DST[31.24] - DST[31.24] + SRC[31.24]
DST[39..32] «— DST[39.32] + SRC[39.32]
DST[47.40] «— DST[47.40] + SRC[47..40]
DST[55.48] - DST[55.48] + SRC[55. 48]
DST[63..56] « DST[63..56] + SRC[63..56]

Tmm] , xmm?ml 2?8

Add 16 packed byte infegers from xmm2m]1 28 to 16
packed byte integers in xnmm].

e
st | | [ [ [ [ [0 T 111011

see [T I T
+I' Jrrl'r1 1rl'1 r

IR B IR IR R 1 | R R R R BRI

I
:l ]

r
4

cer | JIT T T ITTITTRTTT

DST[7.0] « DST[7.0] + SRC[7.0]
DST[15.8] «— DST[15.8] + SRC[15.8]
DST[23..16] «— DST[23.16] + SRC[23..16]
DST[31..24] «— DST[31.24] + SRC[31..24]
DST[39.32] - DST[39.32] + SRC[35.37]
DST[47..40] « DST[47.40] + SRC[47..40]
DST[55.48] - DST[55.48] + SRC[55. 48]
DST([63..56] « DST[63..56] + SRC[63..56]
DST[71.64] - DST[T1 64] + SRC[T1.64]
DST[79..72] «— DST[79.72] + SRC[79..72]
DST[87..80] «— DST[E7.80] + SRC[E7..80]
DST[95.88] - DST[95_88] + SRC[95.88]
DST[103.96] « DST[103.96] + SRC[103.96]
DST[111.104] « DST[111.104] + SRC[111_104]
DST[119.117] - DST[119.112] + SRC[119.112]
DST[127..120] « DST[127..120] + SRC[127.120]

Packed Add Words

PADDW

mml, o med

Add 4 packed word integers from mm2/mé4 to 4

DST[15.0] «— DST[15..0] + SRC[15_0]

packed word integers in oum] . DST[31..16] «— DST[31.16] + SRC[31..16]
& DST[47.32] — DST[47.32] + SRC[47.37]
el 11 1| DST[63_48] - DST[63_48] + SRC[63_ 48]

see [ ] [ [1 |

r’II1 r'—l1 r'—l1 rTlﬁ

er| | | [ |

xmm], xnm?/ml28 | Add 8 packed word integers from xmm2/ml 2§ to 8 DST[15.0] — DST[15..0] + SEC[15.0]

packed word integers in xmm]. DST[31..16] «— DST[31.16] + SRC[31..14]
2 DST[47.32] — DST[47.32] + SRC[47.32]
o |~ | 1 T 1 [ [ | DST[63. 48] « DST[63.48] + SRC[63..48]
5M'|' [ [ [ [ | | | DST[T9. 64] «— DST[79.64] + SRC[79..64]

rRpRYRpRpars
|

et | [ [ [ |

DST[95.80] - DST[95.80] + SRC[95..80]
DST[111.96] « DST[111.96] + SRC[111_96]
DST[127.117] - DST[127.112] + SRC[127.112]




Packed Add Dwords PADDD ], mmn?med Add 2 packed double-word integers from mm?/mé64 DST[31.0] «— DST[31..0] + SRC[31.0]
to 2 packed double-word integers in mm]l. DST[63..32] «— DST[63.32] + SRC[63..37]
[
DST | I |
[
SRC | I |
i \
L« | [+ |
e | }
LT | I |
xmm]l, xmm?/ml28 | Add 4 packed double-word integers from DST[31.0] «+— DST[31..0] + SRC[31..0]
xmm?/ml28 to 2 packed double-word integers in DST[63..32] «— DST[63.32] + SRC[63..32]
xmml. DST[95.64] «— DST[95.64] + SRC[95..64]
m_l_-.r | | | | DST[127.96] «— DST[127_96] + SRC[127_96]
sic | [ [ [ |
k. l‘ r l l k. l’
L+« 1 [+« 1 [+ 1 [+ 1
[ b+ l L
DST | I I I |
Packed Add Bytes with PADDSB mm], nm?/mé&4 Add 8 packed byte integers from mm2/mé4 to 8 DST[7.0] «— SaturateToSignedByte (DST[7..0] + SRC[7.0])
Saturation packed byte integers in mm1 . Overflow is handled DST[15. 8] — SatmrateToSignedByte (DST[15..8] + SRC[15_8])

with signed saturation.
st | [ ] 11 1]

..&
el [HIN NI NINININN

TE T ¥ ¥ -
o Lelle ] L=l (=] 2] [2] [+

_.&!-
cer] LT TTTT]

DST[23..16] « SaturateToSignedByte (DST[23.16] + SRC[23.16])
DST[31..24] « SaturateToSignedByte (DST[31.24] + SRC[31.24])
DST[39.32]  SaturateToSignedByte (DST[39.32] + SRC[39_32])
DST[47..40] « SaturateToSignedByte (DST[47.40] + SRC[47_40])
DST[55. 48] « SaturateToSignedByte (DST[55. 48] + SRC[55.48])
DST[63..56] « SaturateToSignedByte (DST[63..56] + SRC[63.56])

Tmm] , Tmm?imil 28

Add 16 packed byte infegers from xmm?»m]1 28 to 16
packed byte integers in xmm 1. Overflow is handled
with signed saturation.
et | [ [ LI T LT 11111 11]
sec [T I NIOIII]

re Ty N r N r
o [ lLe e L Lo Lo ] Lo ) Lo d Lo 0o d Lo ] Lo ] o] L) [ 2

cer | JIT T T ITT T TTTTTT]

DST[7.0] « SaturateToSignedByte (DST[7..0] + SRC[7..0])

DSTI[15..8] « SaturateToSignedByte (DST[15..8] + SRCI15.8])
DST[23..16] « SaturateToSignedByte (DST[23..16] + SRC[23.16])
DST[31..24] « SaturateToSignedByte (DST[31.24] + SRC[31.24])
DST[39.32] « SaturateToSignedByte (DST[39.32] + SRC[39_32])
DST[47..40] « SaturateToSignedByte (DST[47.40] + SRC[47_40])
DST[55.48] « SaturateToSignedByte (DST[55.48] + SRC[55_48])
DST[63..56] « SaturateToSignedByte (DST[63..56] + SRC[63.56])
DST[71..64] « SaturateToSignedByte (DST[71.64] + SRCTL.64])
DST[79..72] « SaturateToSignedByte (DST[79.72] + SRC[79.72])
DST[87.80] « SaturateToSignedByte (DST[87.80] + SRC[BT_B0T)
DST[95..88] « SaturateToSignedByte (DST[95.88] + SRC[95.88])
DST[103.96] « SamrateToSignedByte (DST[103.96] + SRC[103.961)
DST[111..104] « SaturateToSignedByte (DST[111.104] + SRC[111..104])
DST[119..112] « SaturateToSignedByte (DST[119.112] + SRC[119.112])
DST[127..120] +— SaturateToSienedByte (DST[127.120] + SRC[127..120])




Packed Add Words with | PADDSW mm], mm?*m&4d Add 4 packed word integers from mm2/mé64 to 4 DST[15.0] — SamrateToSignedWord (DST[15..0] + SRC[15.0])
Saturation pm word ]'Iltege.:rs in mm] . Owverflow is handled DST[31..16] « SaturateToSignedWord (DST[31..16] + SRC[31..16])
with signed saturation. DST[47.32] + SaturateToSignedWord (DST[47.32] + SRC[47.32])
e T T T DST[63.48] «— SaturateToSignedWord (DST[63.48] + SRC[63. 48])
s | H I H [l ]
L + o] 2] rTlI
P4
ot I I
xmm]l, xmm?/ml28 | Add 8 packed word integers from xmm?/m128 to 8 DST[15.0] — SamrateToSignedWord (DST[15..0] + SRC[15.0])
packed word integers in xmm]. Overflow is handled | DST[31..16] + SaturateToSignedWord (DST[31..16] + SRC[31.16])
with signed saturation. DST[47.32] + SaturateToSignedWord (DST[47.32] + SRC[47.32])
- DST[63.48] «— SaturateToSignedWord (DST[63.48] + SRC[63. 48])
'ﬁ N N [ DST[79..64] « SaturateToSiznedWord (DST[79..64] + SRC[79.64])
swe | ] DST[95..80] - SaturateToSignedWord (DST[95..80] + SRC[95.80])
_11 ,_I1 _I,1 ,_Ll I DST[111.96] « SaturateToSignedWord (DST[111.96] + SRC[111_96])
LI l i L 1 ' 1 | | l | DST[127..117] + SaturateToSignedWord (DST[127..112] + SRC[127..112])
(el
DsT | I I |
Packed Add Bytes with | PADDUSB mm], mm?*m&4d Add 8 packed byte integers from mm?2/mé&4 to 8 DST[7.0] « SaturateToUnsignedByte (DST[7..0] + SRC[7..00)

Unsigned Saturation

packed byte integers in mm] . Overflow is handled
with unsigned saturation.

[
o] | [ [ 11 111

e NN NN
ol 3l ;

ool B |3 ) K3 | K3 K3 R Ed | KD

(L5
cer| [ [T ] TT]

DST[15.8] « SaturateToUnsignedByte (DST[15_8] + SRC[15..8])
DST[23..16] « SaturateToUnsignedByte (DST[23..16] + SRC[23..16])
DST[31..24] « SaturateToUnsignedByte (DST[31..24] + SRC[31..24])
DST[39..32] - SaturateToUnsignedByte (DST[39..32] + SRC[39.32])
DST[47.40] « SaturateToUnsignedByte (DST[47..40] + SRC[47_40])
DST[55. 48] « SaturateToUnsignedByte (DST[55.48] + SRCI55.48])
DST[63..56] « SaturateToUnsignedByte (DST[63..56] + SRC[63..56])

xmm] , Tmm?imil 28

Add 16 packed byte integers from xmm?/m128 to 16
packed byte integers in xmm 1. Overflow is handled
with unsigned saturation.

ost | T T I I I I I I I I I T 111

see ([ IO
1idides bl 14l

el B K3 | ESN | B3 E3 | ES | ES | E3 RS | K3 | KX | EX | K3 | 3 J Ed | K2

cer [ T[T T T PT TP TT T TT]

DST[7.0] «— SaturateToUnsignedByte (DST[7.10] + SRC[7.0])

DST[15.8] « SaturateToUnsignedByte (DST[15_8] + SRC[15..8])
DST[23..16] « SaturateToUnsignedByte (DST[23..16] + SRC[23..16])
DST[31..24]  SaturateToUnsignedByte (DST[31..24] + SRC[31..24])
DST[39..32] « SaturateToUnsignedByte (DST[39..32] + SRC[39.32])
DST[47.40] « SaturateToUnsignedByte (DST[47..40] + SRC[47_40])
DST[55. 48] « SaturateToUnsignedByte (DST[55.48] + SRCI55.48])
DST[63..56] « SaturateToUnsignedByte (DST[63..56] + SRC[63..56])
DST[71..64] « SaturateToUnsignedByte (DST[71.64] + SRC[71.64])
DST[79..72] « SaturateToUnsignedByte (DST[79..72] + SRC[79..72])
DST[87..80] « SaturateToUnsignedByte (DST[87..80] + SRCIS7..80])
DST[95.88] « SaturateToUnsignedByte (DST[95..88] + SRC[95_.88])
DST[103..96] - SatrateToUnsignedByte (DST[103..96] + SRC[103.96])
DST[111..104] « SaturateToUnsignedByte (DST[111..104] + SRC[111..104])
DST[119..112] « SaturateToUnsignedByte (DST[119..112] + SRC[119..112])
DST[127..120] «— SatwrateToUnsignedByte (DST[127..120] + SRC[127..120])




Packed Add Words with | PADDUSW mm1, mm?/m64 Add 4 packed word integers from mm?2/mé4 to 4 DST[15.0] - SaturateToUnsignedWord (DST[15.0] + SRC[15.0])
Unsigned Saturation packed word integers in mml. Overflow is handled | DST[31..16] « SaturateToUnsignedWord (DST[31..16] + SRC[31..16])
with unsigned saturation. DST[47.32] + SaturateToUnsignedWord (DST[47.32] + SRC[47.32])
et T T T DST[63. 48] — SaturateToUnsignedWord (DST[63. 48] + SRC[63.48])
see [l [1 11 [1 |
le1 r'—H r'—H rTl1
@l }
et | [ [ |
xmml, xmm2/ml28 | Add 8 packed word integers from xmm?/m128 to 8 DST[15.0] - SaturateToUnsignedWord (DST[15.0] + SRC[15.0])
packed word integers in xmm]. Overflow is handled | DST[31..16] + SaturateToUnsignedWord (DST[31.16] + SRC[31.16])
with unsigned saturation. DST[47.32] + SaturateToUnsignedWord (DST[47.32] + SRC[47.32])
e DST[63. 48] — SaturateToUnsignedWord (DST[63. 48] + SRC[63.48])
L 1 T 1 | DST[79..64] « SamrateToUnsignedWord (DST[79.64] + SRC[79.64])
(e
see[ | T T T T 1T 11 171 DST[95..80] « SaturateToUnsignedWord (DST[95..80] + SRC[95..80])
_EI ,_Ll _l,1 _ﬁ ,_Ll _ﬁ _11 _11 DST[111.96] « SatrateToUnsignedWord (DST[111.96] + SRC[111_96])
Ll i [ i B e DST[127..112] « SaturateToUnsignedWord (DST[127..112] + SRC[127..112])
st | [ [ [ [ [ [ |
Packed Subtract Bytes PSUEB ], mmn?med Subitract 8 packed byte integers from mm>?/mé4 to 8 DST[7.0] «+ DST[7.0] - SRC[7.0]

packed byte integers in mm].

DST[15.8] « DST[15.8] - SRCI15_8]
DST[23..16] « DST[23.16] - SRC[23.16]

psr| | [ [T 1] DST[31.24] - DST[31 24] - SRC[31.24]
s [ T[T 1100 DST[39.32] « DST[39.32] - SRC[39.32]
Lé IT"“[JL#]HJ']#] Lélﬁ DST[55.48] « DST[55.48] - SRC[55._48]
Crrrrrrry DST[63..56] + DSTI63..56] - SRC[63..56]

oET |

Tmm] , Tmm?imil 28

Subitract 16 packed byte integers from xmm>/m1 28 to
16 packed byte integers in xmml .

‘)

cer] J I T T T I L T T 1111171
I

SR

DST[7.0] + DST[7.0] - SRC[7.0]
DST[15.8] — DST[15..8] - SRC[15.8]

DST[23..16] «
DST[31.24] «
DST[39.32] «
DST[47.40] «
DST[55.48] «
DST[63..56] «
DST[T1.64] «
DST[79.72] «
DST[E7.£0] «—
DST[95.88] «

DST[23.16] - SRC[23_16]
DST[31.24] - SRC[31_24]
DST[39.32] - SRC[39_32]
DST[47.40] - SRC[47_40]
DST[55.48] - SRC[55_48]
DST[63.56] - SRC[63_56]
DST[71 64] - SRC[T1_64]
DST[79.72] - SRC[79_72]
DST[87.80] - SRC[E7_80]
DST[95_88] - SRC[95_88]

DST[103.96] - DST[103.96] - SRC[103. 96]

DST[111.104] - DST[111.104] - SRC[111.104]
DST[119.112] « DST[119..112] - SRC[119.112]
DST[127..120] +— DST[127..120] - SRC[127..120]




Packed Subtract Words PSUBW ], mmn?med Subtract 4 packed word integers from mm?/mé&4 to 4 DST[15.0] «— DST[15.10] - SRC[15.0]
packed word integers in mml . DST[31..16] — DST[31..16] - SRC[31._16]
@ DST[47.32] — DST[47.32] - SRC[47.32]
eerl [ 1 | DST[63. 48] « DST[63.48] - SRC[63.48]
(-]
sec [ I ] 1 |
|’TI1 r'TII r'TI'I ITI'I
PR
e | | [ ]
xmml, xmm?/ml28 | Subtract 8 packed word integers from xmm?m128 to | DST[15.0] + DST[15..0] - SRC[15.0]
£ packed word integers in xmm] . DST[31..16] «— DST[31.16] - SRC[31.16]
2 DST[47.32] « DST[47.32] - SRC[47_32]
Gl A N N N N N N DST[63. 48] - DST[63_48] - SRC[63_48]
5,.:._-_-'[ T T T T 1 1T 11 DST[79.64] «— DST[79.64] - SRC[79.64]
DST[95..80] « DST[95.80] - SRC[95.80]
IEII ITII IIII L‘I‘-II ITII IIII IEII ITII DST[111.96] « DST[111.96] - SRC[111.96]
S N S N I B DST[127..112] « DST[127..112] - SRC[127.112]
Packed Subtract Dwords | PSUBD mm 1, nomn 2 med Subtract 2 packed double-word integers from DST[31.0] «— DST[31.0] - SEC[31..0]
mm?/mé4 to 2 packed double-word integers in mml. DET[63.32] — DST[63.32] - SRC[63_32]
osT | I |
(-]
SRC | I |
+ o+
L - 1L - 1
@ 3 ]
DsT | I |
zmm]l, xmm?/mi28 | Subtract 4 packed double-word integers from DST[31.0] «— DSET[31.0] - SEC[31..0]
xmm>?/mlZE to 2 packed double-word integers in DST[63.37] «— DST[63.32] - SRC[63_32]
xmm]. DSET[95..64] «— DST[95..64] - SRC[95_64]
- I I I | DST[127.96] « DST[127.96] - SRC[127.96]
ske | | | | |
P11 | A
L - 1 - 1L - 1L - 1
- | } |
DST | I I I |
Packed Subtract Bytes PSUBSB mm 1, o2 med Subtract 8 packed byte infepers from mm>?/mé4 to 8 DST[7.0] + SaturateToSignedByte (DST[7..0] - SRC[7..0])
with Saturation packed byte integers in mm]l . Overflow is handled DST[15. 8] «— SaturateToSignedByte (DST[15_8] - SRC[15_8])

with sigmed saturation.
=]
et [ [ [ [ [ [ []
e (I NN

o
osr| [T P T[]

DST[23..16]
DST[31.24] «
DST[39.32] «
DST[47.40] «—
DST[55.48] «
DST[63..56] «

SaturateToSignedByte (DST[23..16] - SRC[23..16])
SaturateToSignedByte (DST[31.24] - SRC[31.24])
SaturateToSignedByte (DST[39.32] - SRC[39.32])
SaturateToSignedByte (DST[47.40] - SRC[47_400)
SaturateToSignedByte (DST[55. 48] - SRC[55._48])
Saturate ToSignedByte (DSTI63..56] - SRC[63..561)




xmm] , Tmm?imil 28

Subtract 16 packed byte integers from xmm?/m1 28 to
16 packed byte integers in xmm]l . Overflow is
handled with signed saturation.

st [ [T I LI I 111111 171]
sec [T ICIITTCTI]

cer | [T TP TTTTTTTTT]

b |
|
i
i —1

{1
H—]
#
aa—
-
—
-
+

DST[7.0] « SaturateToSignedByte (DST[7..0] - SRC[7.01)

DST[15.8] « SaturateToSignedByte (DST[15.8] - SRC[15.8])
DST[23..16] « SaturateToSignedByte (DST[23..16] - SRC[23.16])
DST[31..24] « SaturateToSignedByte (DST[31.24] - SRC[31.24])
DST[39.37]  SaturateToSiznedByte (DST[39.32] - SRC[39_32])
DST[47..40] « SaturateToSignedByte (DST[47.40] - SRC[47..40])
DST[55.48]  SaturateToSiznedByte (DST[55.48] - SRC[55_48])
DST[63..56] « SaturateToSignedByte (DST[63..56] - SRC[63..56])
DST[71..64] « SaturateToSignedByte (DST71.64] - SRCI71.64])
DST[79..72] + SaturateToSignedByte (DST[79..72] - SRC[79_72])
DST[87..80] « SaturateToSiznedByte (DST[87..80] - SRC[B7..80])
DST[95..88] « SaturateToSignedByte (DST[95..88] - SRC[95.88])
DST[103..96] « SatrateToSignedByte (DST[103.96] - SRC[103_96])
DST[111..104] « SaturateToSignedByte (DST[111..104] - SRC[111..104])
DST[119..112] « SaturateToSignedByte (DST[119.112] - SRC[119..112])
DST[127..120] + SaturateToSigznedByte (DST[127.120] - SRC[127..120])

Packed Subtract Words | PSUBSW mm], mm?/mé&4 Subtract 4 packed word integers from mm?/mé4 to4 | DST[15..0] — SaturateToSignedWord (DST[15..0] - SEC[15.0])
with Saturation packed word integers in mm1 . Overflow is handled DST[31.16] « SaturateToSignedWord (DST[31.16] - SRC[31.16])
with signed saturation. DST[47..32] « SaturateToSignedWord (DST[47..32] - SRC[47.32])
ot T DST[63. 48] «— SaturateToSignedWord (DST[63_48] - SRC[63.48])
sec [ [ [] [1 |
EyIRTyE
we 4 1 1
per| | [ [ |
zmm]l, xmm?/ml28 | Subtract 8 packed word integers from xmm?m128 to | DST[15.0] «+ SaturateToSignedWord (DST[15.0] - SEC[15..071)
8 packed word integers in xmm1. Overflow is DST[31.16] « SaturateToSignedWord (DST[31.16] - SRC[31.16])
handled with signed safuration. DST[47..32] « SaturateToSignedWord (DST[47..32] - SRC[47.32])
s T T T T T T DST[63. 48] «— SaturateToSignedWord (DST[63_48] - SRC[63.48])
- DST[79..64] « SaturateToSignedWord (DST[79..64] - SRC[79..64])
sec [T T T T T T T T DST[95..80] « SaturateToSignedWord (DST[95..80] - SRC[95..80])
111 _LI T1T 1T 1T 11 DST[111.96] « SaturateToSignedWord (DST[111.96] - SRC[111_96])
I N N ) P ) = = DST[127..112] « SaturateToSignedWord (DST[127..112] - SRC[127..112])
(lrq
st | | [ [ [ [ [ |
Packed Subtract Bytes | PSUBUSB mm], mm?/mé&4 Subtract 8 packed byte integers from mm?/mé4 to 8 | DST[7.0] «— SaturateToUnsignedByte (DST[7..0] - SRC[7..0])
with Unsigned packed byte infegers in mm1. Overflow is handled DST[15.8] « SatrateToUnsignedByte (DST[15_8] - SRC[15.8])
Saturation with unsigned saturation.

=]

cer] J ] T 11111
L=

sec (1] Q0 0000 10 17 |

i

o
osr| [T P T[]

DST[23..16] « SaturateToUnsignedByte (DST[23..16] - SRC[23..16])
DST[31.24] « SaturateToUnsignedByte (DST[31..24] - SRC[31..24])
DST[39.32] « SaturateToUnsignedByte (DST[39..32] - SRC[39..32])
DST[47..40] < SaturateToUnsignedByte (DST[47..40] - SRC[47.40])
DST[55. 48] « SaturateToUnsignedByte (DST[55.48] - SRC[55.48])
DST[63..56] « SaturateToUnsignedByte (DST[63..56] - SRC[63..56])




rmml , zmm?ml 28

Subtract 16 packed byte integers from xmm*/m]12E to
16 packed byte integers in xmm]l . Overflow is
handled with wmnsigned saturation.

Pl
cer| [ [T LI I QLTI 001 17]

s [T L I
LT ]

DST[7.0] «— SaturateToUnsignedByte (DST[7..0] - SRC[7.0])
DST[15.8] « SaturateToUnsignedByte (DST[15.8] - SRC[15..8])
DST[23..16] < SaturateToUnsignedByte (DST[23..16] - SRC[23..16])
DST[31..24] « SaturateToUnsignedByte (DST[31..24] - SRC[31..24])
DST[39.32] « SaturateToUnsignedByte (DST[39..32] - SRC[39..32])
DST[47..40] « SaturateToUnsignedByte (DST[47.40] - SRC[47.40])
DST[55.48] « SaturateToUnsignedByte (DST[55..48] - SRC[55. 48])
DST[63..56] « SaturateToUnsignedByte (DST[63..56] - SRC[63..56])
DST[71.64] « SaturateToUnsignedByte (DST[71.64] - SRC[71..64])
DST[79..72] « SaturateToUnsignedByte (DST[79..72] - SRC[79..72])
DST[87..80] « SaturateToUnsignedByte (DST[87..80] - SRC[87..80])
DST[95..88] « SaturateToUnsignedByte (DST[95..88] - SRC[95..38])
DST[103.96] « SamrateToUnsignedByte (DST[103..96] - SRC[103_96])
DST[111..104] « SaturateToUnsignedByte (DST[111..104] - SRC[111..104])
DST[119..112] « SatwrateToUnsignedByte (DST[119.112] - SRC[119..112])
DST[127..120] «— SaturateToUnsignedByte (DST[127.120] - SRC[127..120])

Packed Subtract Words
with Unsigned
Saturation

PSUBUSW

mm ], oo

Subtract 4 packed word integers from mm?/mé4 to 4
packed word integers in mm] . Overflow is handled
with unsigned saturation.

L=

S I I
[

SR |

50550
I

L=
e ] ] [ ]

DST[15.0] « SaturateToUnsignedWord (DST[15.0] - SRC[15..0])
DST[31..16] « SaturateToUnsignedWord (DST[31..16] - SRC[31.16])
DST[47.32] « SaturateToUnsignedWord (DST[47..32] - SRC[47.32])
DST[63. 48] «— SaturateToUnsignedWord (DSTI63. 48] - SRC[63_48])

Tmm] , Tmm?mil 28

Subitract 8 packed word integers from xmm?*m]28 to
8 packed word integers in xmm]l . Overflow 15

handled with unsigned saturation.
I N I N
e N O
I I 4 B
| ] 1 ] 1 11 ] 1 | =11 | -1
-l | |

DST[15.0] +— SaturateToUnsignedWord (DST[15.0] - SRC[15..0])
DST[31..16] « SaturateToUnsignedWord (DST[31..16] - SRC[31.16])
DST[47.32] « SaturateToUnsignedWord (DST[47..32] - SRC[47.32])
DST[63. 48] «— SaturateToUnsignedWord (DSTI63. 48] - SRC[63_48])
DST[79..64] « SaturateToUnsignedWord (DST[79..64] - SRC[79_64])
DST[95..80] « SaturateToUnsignedWord (DST[95..80] - SRC[95_80])
DST[111.96] « SamrateToUnsignedWord (DST[111.96] - SRC[111_96])
DST[127..112] « SatrateToUnsignedWord (DST[127..112] - SRC[127.112])




Packed Multiply, Low
Word

PMULLW

mml , o med

Multiply 4 packed word integers from mm?/mé4 by 4
packed word integers from mm]l. Store low-order
result words in mmi.

("1
] | [

.'th!-
sell 1] 1 J] |

-.F\.l
mr] | [

TMPO[31.0] « DST[15.0] * SRC[15..0]
TMP1[31_0] < DST[31_16] * SRC[31.16]
TMP2[31.0] < DST[47.32] * SRC[47.32]
TMP3[31.0] « DST[63.48] * SRC[63.48]
DST[15.0] - TMP[015.0]

DST[31.16] « TMPI[15_0]

DST[47.32] « TMP2[15.0]

DST[63_48] « TMP3[15_0]

Tmm] , Tmm?imil 28

Multiply 8§ packed word integers from xmm>/m128
by & packed word integers from xmm] . Store low-
order result words in xmm].

TMPO[31.0] < DST[15.0] * SRC[15.0]
TMP1[31.0] « DST[31..16] * SRC[31..16]
TMP2[31.0] « DST[47.32] * SRC[47.32]
TMP3[31_0] « DST[63.48] * SRC[63.48]
TMP4[31_0] « DST[79.64] * SRC[T9.64]
TMPS[31_0] « DST[95..80] * SRC[95.80]
TMP6[31.0] « DST[111.96] * SRC[111.96]
TMPT[31.0] « DST[127.112] * SRC[127..112]
DST[15.0] < TMPO[15..0]

DST[31.16] « TMPI[15.0]

DST[47.32] « TMP2[15.0]

DST[63.48] « TMP3[15.0]

DST[79_64] « TMP4[15_0]

DST[95.80] « TMPS[15.0]

DST[111.96] « TMPS[15.0]

DST[127..112] + TMPT[15.0]




Packed Multiply, High
Word

PMULHW

mml , o med

Multiply 4 packed word integers from mm?/mé4 by 4

packed word integers from mm]l . Store high-order
result words in mmi.

[
er] | | ] ]

(-]
SRC |

THMF3

=t

TMPO[31.0] « DST[15.0] * SRC[15..0]
TMP1[31_0] < DST[31_16] * SRC[31.16]
TMP2[31.0] < DST[47.32] * SRC[47.32]
TMP3[31.0] « DST[63.48] * SRC[63.48]
DST[15.0] « TMPO[31.16]

DST[31.16] « TMPI[31_16]

DST[47.32] — TMP2[31_16]

DST[63. 48] « TMP3[31_16]

Tmm] , Tmm?imil 28

Multiply 8§ packed word integers from xmm>/m128
by 8 packed word integers from xmm] . Store high-
order result words in xmm].

i1 1 [ T T T T 1
[T 1T 1T 1]
|'i1| |'-l| r1711 r1711 rTl1

ThIF3

I
G i

TMPO[31.0] < DST[15.0] * SRC[15.0]
TMP1[31.0] « DST[31..16] * SRC[31..16]
TMP2[31.0] « DST[47.32] * SRC[47.32]
TMP3[31_0] « DST[63.48] * SRC[63.48]
TMP4[31.0] « DST[79.64] * SRC[79.64]
TMPS[31_0] « DST[95..80] * SRC[95.80]
TMP6[31.0] « DST[111.96] * SRC[111.96]
TMPT[31.0] « DST[127.112] * SRC[127..112]
DST[15.0] < TMPO[31..16]

DST[31.16] - TMPI[31_16]

DST[47.32] — TMP2[31_16]

DST[63. 48] - TMP3[31_16]

DST[79.64] « TMP4[31_16]

DST[95.80] - TMPS[31_16]

DST[111.96] « TMPS[31.16]

DST[127..112] + TMPT[31..16]




Packed Multiply
Unsigned, Hish Word

PMULUHW

mm], mm?/méd Multiply 4 packed word integers from mm?'mé4 by 4 | TMPO[31.0] «— DST[15..0] * SRC[15.0] /¥ unsigned multiplication
packed word integers from mm]. Treat infegers as TMP1[31.0] < DST[31.16] * SRC[31.16]
unsigned. Store high-order result words in mml. TMP2[31.0] < DST[47.32] * SRC[47.32]

e T T T TMP3[31.0] « DST[63.48] * SRC[63.48]
DST[15.0] - TMPO[31.186]

s | DST[31..16] « TMP1[31.16]
DST[47.32] « TMP2[31.16]
DST[63. 48] « TMP3[31_16]

THF3

L'PEI'M.

xmm], xmm2/ml28 | Multiply 8 packed word integers from xmm2/m128 TMPO[31.0] < DST[15.0] * SRC[15_0] // unsigned multiplication
by & packed word integers from xmm]. Treat infegers | TMP1[31.0] < DST[31..16] * SRC[31..16]
as unsigned. Store high-order result words m xmml. | TMP2[31.0] « DST[47_32] * SRC[47.32]

o T T T T T T T TMP3[31.0] « DST[63.48] * SRC[63.48]
TMP4[31.0] « DST[79.64] * SRC[79..64]
sec [T 11 11 11 11 10 11 11 | TMP5[31.0] «— DST[95.80] * SRC[95..80]
_11 s Ll _11 _11 _11 TMP6[31.0] — DST[111.96] * SRC[111.96]
L i L N N D TMPT[31.0] + DST[127.112] * SRC[127.112]

S - DST[15.0] < TMPO[31.16]

DST[31.16] - TMPI[31.16]

DST[47.32] « TMP2[31_16]

DST[63.48] - TMP3[31.16]

DST[79.64] « TMP4[31_16]

DST[95.80] - TMP5[31..16]

DST[111.96] « TMPS[31..16]

DST[127..112] + TMPT[31..16]




Packed Multiply Add
ford

PMADDWD

mml , o ned

Multiply 4 packed words in mm] by 4 packed words
in mm2m&4, add adjacent double word results and
store in mm1.

("1
] | [

.'th!-
sell 1] 1 J] |

k.

"]
e | I |

TMPO[31.0] —
TMP1[31.0] «
TMP2[31.0] —
TMP3[31.0]

DST[15.0] * SRC[15..0]

DST[31.16] * SRC[31.16]
DST[47.32] * SRC[47.32]
DST[63.48] * SRC[63.48]

DST[31.0] « TMPO[31_0] + TMP1[31.0]
DST[63..32] « TMP2[31.0] + TMP3[31.0]

rmm], Fmm*ml2E

Multiply 8 packed words in xmm] by 8 packed words
in xmm?/m128, add adjacent double word results and
store in mm].

EyEyey sy

THIFT TME3

D5T

TMPO[31.0] <
TMP1[31.0] «
TMP2[31.0] <
TMP3[31.0] «
TMP4[31.0] «
TMPS[31.0] «
TMP6[31.0] «
TMPT[31.0] «

DST[15.0] * SRC[15.0]
DST[31..16] * SRC[31.16]
DST[47..32] * SRC[47.32]
DST[63. 48] * SRC[63.48]
DST[79..64] * SRC[79.64]
DST[95..80] * SRC[95.80]
DST[111.96] * SRC[111.96]

DST127.112] * SRC[127.112]

DST[31.0] « TMPO[31.0] + TMP1[31.0]
DST[63..32] «— TMP2[31.0] + TMP3[31.0]
DST[95..64] « TMP4[31_0] + TMP5[31.0]

DST[127.96] «

- TMP6[31..0] + TMPT[31.0]




MMX/SSE Comparison instructions

Instruction Mnemonic Operands Description Symbolic operations
Parallel Compare Bytes | PCMPEQB mm], mm?/mé4 Compare 8 packed bytes in mm] and mm?/m64 for equality. IF DST([7.0] = SRC[7..0] THEN DST[7.0] «+ OFFH
for Equality If a pair of data element is equal, then the comesponding data ELSE DST [7.0] «— 00H

element in the destination operand is set to all 1s; otherwise, it
is set to all 0s. No flags in the EFT.AGS registers are affected.

]

et [ [ [ 1111
L%

Sl [N INININININININ

TF DST[15. 8] = SRC[15.8] THEN DST[15.8] < OFFH
ELSE DST [15.8] « 00H
IF DST[23..16] = SRC[23..16] THEN DST[23..16] « OFFH
ELSE DST [23..16] « 00H
TF DST[31.24] = SRC[31.23] THEN DST[31.24] - OFFH
ELSE DST [31.24] « 00H
TF DST[39.32] = SRC[39..32] THEN DST[39..32] - OFFH
ELSE DST [39.32] «— 00H
TF DST[47.40] = SRC[47. 40] THEN DST[47.40] «— OFFH
ELSE DST [47.40] — 00H
IF DST[55. 48] = SRC[55. 48] THEN DST[55. 48] « OFFH
ELSE DST [55.48] — 00H
IF DST[63..56] = SRC[63..56] THEN DST[63..56] « OFFH
ELSE DST [63..56] « 00H

Tmm] , Tmm?mil 28

Compare 16 packed bytes In mm1 and mm2/m128 for
equality. If a pair of data element is equal, then the
comesponding data element in the destination operand is set to
all 1s; otherwise, it is set to all 0s. No flags in the EFT AGS
repisters are affected.

et [ I I LI LT TP 1111 77]

=

sec |l TV APV I I AT I 0 00 10 00 00 17 1

IF DST[7.0] = SRC[7..0] THEN DST[7.0] «+ OFFH
ELSE DST [7.0] < 00H
IF DST[15.8] = SRC[15. 8] THEN DST[15.8] « OFFH
ELSE DST [15..8] «— 00H

IF DST[23.16] = SRC[23.16] THEN DST[23.16] « OFFH
ELSE DST [23.16] «— 00H

IF DST[31.24] = SRC[31.23] THEN DST[31..24] «+ OFFH
ELSE DST [31.24] « 00H

IF DST[39.32] = SRC[39.32] THEN DST[39_32] « OFFH
ELSE DST [39.32] «— 00H

IF DST[47.40] = SRC[47_40] THEN DST[47_40] « OFFH
ELSE DST [47.40] «— 00H

IF DST[55. 48] = SRC[55. 48] THEN DST[55.48] « OFFH
ELSE DST [55.48] « 00H

IF DST[63. 56] = SRC[63..56] THEN DST[63.56] «+ OFFH
ELSE DST [63.56] «— 00H

IF DST[71.64] = SRC[71.63] THEN DST[71_64] « OFFH
ELSE DST [71.64] «— 00H

IF DST[79..72] = SRC[79.72] THEN DST[79.72] « OFFH
ELSE DST [79.72] « 00H

IF DST[E7..80] = SRC[87.80] THEN DST[&7_80] « OFFH
ELSE DST [87.80] < 00H

IF DST[95. 88] = SRC[95.88] THEN DST[95_88] - OFFH
ELSE DST [95.88] « 00H

IF DST[103.96] = SRC[103.96] THEN DST[103.96] «— OFFH

ELSE DST [103.96] « 00H

IF DST111..104] = SRC[111..103] THEN DST[111..104] «— OFFH
ELSE DST [111..104] +— 00H




IFD5T[119.112] = SRC[119..117] THEN DST[119..112] «— OFFH
ELSEDST [119..112] «+— 00H
IF DST[127.120] = SRC[127..120] THEN DST[127..120] «— OFFH
ELSE DST [127..120] « 00H
Parallel Compare Words | PCMPEQW mml, o méd Compare 4 packed words in mm] and mm>/mé4 for equality. IF DST[15.0] = SRC[15.0] THEN DST[15..0] +— OFFH
for Equality If a pair of data element is equal, then the comesponding data ELSE DST [15.0] «— 00H
element in the destination operand is set to all 1s; otherwise.it | 1F DST[31.16] = SRC[31.16] THEN DST[31..16] < OFFH
is set to all 0s. No flags in the EFT.AGS registers are affected. ELSE DST [31_16] «— 00H
S S S e IF DST[47.32] = SRC[47.32] THEN DST[47.32] - OFFH
b ELSE DST [47.32] « O0H
sec [T T 11T 11 1 IF DST[63. 48] = SRC[63. 48] THEN DST[63. 48] « OFFH
II LI |1 X | Ir | ELSE DST [63. 48] «— 00H
ot f
zmm], xmm2/ml28 | Compare 8 packed words in mm] and mm?/m128 for equality. | IF DST[15.0] = SRC[15.0] THEN DST[15_0] «— OFFH
If a pair of data element is equal, then the comesponding data ELSE DST [15.10] «— 00H
element in the destination operand is set to all 15; otherwise, it | [F DST[31.16] = SRC[31.16] THEN DST[31..16] - OFFH
is set to all 0s. No flags in the EFT.AGS registers are affected. ELSE DST [31.16] - 00H
um'.r | | | | | | | | IF DST[47.32] = SRC[47.32] THENM DST[47..32] — OFFH
ELSE DST [47.32] «+ 00H
ﬁHf—'-I | | | | | | | | IF DST[63. 48] = SRC[63. 45] THEM DST[63. 48] +— OFFH
r_ILl _11 _I1 |l _11 | ) _11 ELSE DST [63.48] « 00H
A I II II L II L ! I II FDST[79.64] = SRC[79..64] THEN DST[79.64] « OFFH
DsT | [ [ [ [ [ [ [ | ELSE DST [79..64] — 00H
IF DST[95. 80] = SRC[95..80] THEN DST[95..80] « OFFH
ELSE DST [95.80] « O0H
IF D3T[111.96] = SRC[111.96] THEN DET[111.96] «— OFFH
ELSE DST [111.96] «— O0H
IF DST[127..112] = SRC[127..112] THEN DST[127..112] « OFFH
FELSE DST [127.112] « 00H
Parallel Compare PCMPEQD mm 1, o2 med Compare 2 packed double words in nim] and mm2/mé4 for IF DST[31.0] = SRC[31.0] THEN IST[31.0] — O0FFH
Drwords for Equality equality. If a pair of data element is equal, then the ELSE DST [31.0] « 00H
corresponding data element in the destination operand is setto | [F DST[63.32] = SRC[63.32] THEN DST[63.32] « OFFH
all _].5: otherwise, it is set to all Os. No ﬂﬂE_S in the EFL.AGS ELSE DST [63.32] « O0H
repisters are affected.
DsT | I |
(-]
SR | I |
! }
L= | [= |
a4 |
DsT | I |




Tmm] , zmm?iml 28

Compare 4 packed double words in mm] and mm2/m128 for
equality. If a pair of data element is equal, then the
comesponding data element in the destination operand is set to
all 1s; otherwise, it is set to all 0s. No flags in the EFT. AGS
repisters are affected.

1=

Der | I I I |

7

SRC | I I I |

TT 117 11 11
o Sy S S

Der | I I I |

TF DST[31.0] = SRC[31.0] THEN DST[31.0] - OFFH
ELSE DST [31.0] « 00H

IF DST[63.32] = SRC[63..32] THEN DST[63..32] « OFFH
ELSE DST [63.32] — 00H

TF DST[95. 64] = SRC[95. 64] THEN DST[95. 64] « OFFH
ELSE DST [95.64] — 00H

IF DST[127.96] = SRC[127.96] THEN DST[127.96] < OFFH

ELSE DST [127.96] « 00H

Parallel Compare Bytes
for Greater

PCMPGTB

mm ], oo

Compare 8 packed bytes in mm] and mm?/mé4 for greater.
Bytes are treated as signed integers. If a pair of data element is
greater, then the comesponding data element in the destination
operand 1s set to all 1s; otherwise, it 1s set to all 0s. No flags in
the EFLAGS registers are affected.

%]

et 1T 111711

&
see | VITTE AT A0 01 07

e

i
HENEEEE

=] b

=]

TF DST[7..0] > SRC[7..0] THEN DST[7.0] « OFFH
ELSE DST [7.0] < 00H
TF DST[15. 8] > SRC[15.8] THEN DST[15.8] « OFFH
ELSE DST [15.8] < 00H

TF DST[23..16] = SRC[23..16] THEN DST[23..16] - OFFH
ELSE DST [23..16] « 00H

TF DST[31.24] > SRC[31.23] THEN DST[31.24] - OFFH
ELSE DST [31.24] « 00H

TF DST[39.32] > SRC[39.32] THEN DST[39..32] «— OFFH
ELSE DST [39.32] « 00H

IF DST[47.40] > SRC[47.40] THEN DST[47.40] - OFFH
ELSE DST [47..40] « 00H

IF DST[55. 48] > SRC[55. 48] THEN DST[55. 48] - OFFH
ELSE DST [55.48] «— 00H

IF DST[63. 56] > SRC[63..56] THEN DST[63..56] «— OFFH
ELSE DST [63..56] « 00H

rmml , zmm?ml 28

Compare 16 packed bytes In mm] and mm2/m128 for greater.
Bytes are treated as signed integers. If a pair of data element is
greater, then the comesponding data element in the destination
operand is sef to all 1s; otherwise, it is set to all 0s. No flags in
the EFL.AGS registers are affected.

el

et | J [ [ LI P T T 1111 177]

T,

sec [PV IE A0 0P OO 10 00 00 07 00 10 07 1 |

L,

cer| I I P T T TTTPTTT]

IF DST[7.0] > SRC[7..0] THEN DST[7.0] « OFFH
ELSE DST [7.0] « 00H
IF DST[15. 8] > SRC[15. 8] THEN DST[15.8]  OFFH
FLSE DST [15.8] « 00H
IF DST[23..16] = SRC[23..16] THEN DST[23.16] « OFFH
ELSE DST [23.16] « 00H
IF DST[31.24] > SRC[31.23] THEN DST[31_24] « OFFH
ELSE DST [31.24] « 00H
IF DST[39.32] > SRC[39.32] THEN DST[39_32] « OFFH
ELSE DST [39.32] « 00H
IF DST[47.40] > SRC[47.40] THEN DST[47_40] « 0FFH
ELSE DST [47.40] «— 00H
IF DST[55. 48] > SRC[55. 48] THEN DST[55.48] « OFFH
ELSE DST [55.48] « 00H
IF DST[63..56] > SRC[63..56] THEN DST[63.56] « OFFH
ELSE DST [63.56] « O0H
IF DST[71.64] > SRC[71.63] THEN DST[71_64] « OFFH
ELSE DST [71.64] < 00H
IF DST[79..72] > SRC[79..72] THEN DST[79_72] « OFFH
ELSE DST [79..72] « O0H




IF DST[87..80] > SRC[87..80] THEN DST[&7..80] - OFFH
ELSE DST [£7..80] «— 00H
IF DST[95. 88] > SRC[95. 88] THEN DST[95..88] «— OFFH
ELSE DST [95.88] « 00H
IF DST[103.96] > SRC[103.96] THEN DST[103.96] < OFFH
ELSE DST [103..96] « D0H
IF DST[111..104] > SRC[111..103] THEN DST[111..104] - OFFH
ELSE DST[111..104] - 00H
IF DST[119.112] > SRC[119..112] THEN DST[119..112] + OFFH
ELSE DST [119.112] «— 00H
IF DST[127..120] > SRC[127..120] THEN DST[127..120] - OFFH
ELSE DST [127.120] — 00H

Parallel Compare Words
for Greater

PCMPGTW

]|, oo

Compare 4 packed words in mm] and mm?mé&4 for greater.
Words are treated as signed intepers. If a pair of data element
is greater, then the comesponding data element in the

destination operand is set to all 1s; otherwise, it is sef to all 0s.

No flags in the EFT_AGS registers are affected.

x|
cer| | ] [ ]

._t.‘l
secll I ] [ |

|}-wj' F‘-TJ'Ilﬁlllr'rll
o T T

IF DST[15.0] > SRC[15.0] THEN DST[15.0] - OFFFFH
ELSE DST [15.0] « 00H

IF DST[31..16] > SRC[31..16] THEN DST[31..16] « OFFFFH
ELSE DST [31..16] « 00H

IF DST[47.32] > SRC[47..32] THEN DST[47..32] « OFFFFH
ELSE DST [47.32] — 00H

IF DST[63. 48] > SRC[63. 48] THEN DST[63. 48] - OFFFFH
ELSE DST [63.48] « 00H

xmm] , Tmm?imil 28

Compare 8 packed words in mm] and mm®/m1 28 for greater.
Words are treated as signed intepers. If a pair of data element
is greater, then the comesponding data element in the

destination operand is set to all 1s; otherwise, it is set to all Os.

No flags in the EFLAGS registers are affected.

cer| [ | [ [ [ [ [ |

[F+]

sec| ! [0 T1 T1 1 (1 {1 [] |
|’-,J'| f?l1 L :-l| L J'| r“l1 | r-;l| |L- J'l f?l1
4 | | | | | | | ] |

pet |

W

J—|

IF DST[15.0] > SRC[15.0] THEN DST[15.0] «— OFFFFH
ELSE DST [15.0] « D0H
IF DST[31..16] > SRC[31..16] THEN DST[31..16] « OFFFFH
ELSE DST [31..16] « 00H
IF DST[47.32] > SRC[47..32] THEN DST[47..32]  OFFFFH
ELSE DST [47.32] « 00H
IF DST[63. 48] > SRC[63. 48] THEN DST[63. 48] - OFFFFH
ELSE DST [63.48] « 00H
TFDST[79.64] > SRC[79_64] THEN DST[79. 64] « OFFFFH
ELSE DST [79..64] « 00H
IF DST[95.80] > SRC[95..80] THEN DST[95..80] - OFFFFH
ELSE DST [95..80] « 00H
IF DST[111.96] > SRC[111.96] THEN DST[111.96] - OFFFFH
ELSE DST [111.96] < O0H
IF DST[127..112] > SRC[127..112] THEN DST[127..112] « OFFFFH
ELSE DST [127.112] «— 00H




Parallel Compare
Drwords for Greater

PCMPGTD

mml , o med

Compare 2 packed double words in nom] and mm?/mé4 for
greater. Dwords are treated as signed intepers. If a pair of data
element is preater, then the comesponding data element in the

destination operand is set to all 1s; otherwise, it is sef to all 0s.

No flags in the EFT AGS registers are affected.

"]
per | I |

"]
SRC | I |

L= | [ = ]

L% ¥
b | I |

TF DST[31.0] > SRC[31.0] THEN DST[31.0] - OFFFFFFFFH
ELSE DST [31.0] « 00H
IF DST[63.32] > SRC[63..32] THEN DST[63..32] « OFFFFFFFFH
ELSE DST [63.32] « 00H

Tmm] , Tmm?imil 28

Compare 4 packed double words in mm1 and mm2/m128 for
greater. Dwords are treated as signed intepers. If a pair of data
element is greater, then the comesponding data element in the

destination operand is set to all 1s; otherwise, it is set to all Os.

No flags in the EFT AGS registers are affected.

Der | I I I |

TF DST[31.0] > SRC[31.0] THEN DST[31.0] - OFFFFFFFFH
ELSE DST [31.0] < D0H
IF DST[63.32] > SRC[63..32] THEN DST[63..32] « OFFFFFFFFH
ELSE DST [63.32] « 00H
IF DST[95. 64] > SRC[95. 64] THEN DST[95..64] « OFFFFFFFFH
ELSE DST [95.64] « 00H

- IF DST[127.96] = SRC[127.96] THEN DST[127.96] « OFFFFFFFFH
SR | | [ [ [ 1 ELSE DST [127.96] « O0H
C="1 |'uI| |'.«I| =
m I
DS | I I I |
MMX/SSE Logical Instructions
Instruction Mnemonic Operands Description Symbaolic operations
Parallel AND PAND mml, mm?/mé&4 Bitwise AND mm?'mé64 and mm]l . Store result in mm]. DST « DST AND SEC
zmml, xmm2/ml28 | Bitwise AND xmmX/m128 and xmm]. Store result in xmm]. DST «— DST AND SEC
Parallel AND NOT PANDN mml, mm?/mé&4 Bitwise AND NOT mm?/m#é4 and mm]1 . Store result in mumi . DST «+— DST AND NOT SEC
zmml, xmm2/ml28 | Bitwise AND NOT xmm2Xml128 and xmml. Store result in xoml. | DST « DST AND NOT SEC
Parallel OR POR mml, mm?/mé4 Bitwise OF. mm2»/mé&4 and mml . Store result in mm]. DST «— DST OR SEC
Imml, xmm?/ml2?8 | Bitwise OR xnmm?m12E and xmm]. Store result in xmm]. DST «— DST OR SEC
Parallel XOR PXOR mm], mm?/méd Bitwise XOF. mm2m64 and mm]. Store result in mml. DST «— DST XOR SRC
Imml, xmm?ml2?8 | Bitwise XOR xmm?/m128 and xmm] . Store result in xmm]l . DST « DST XOR. SRC

MMX/SSE Shift and Rotate Instructions

Instruction Mnemonic | Operands Description Symbolic operations
Packed Shift T eft PSLLW mml , mm?/msd Shift words in mm1 left by the specified position count cleaning low-order bits. DST[15.0] + ZeroExtend{DST[15.0] SHL Count)
Logical Words mml , imm8 & DST[31.16] « ZeroExtend(DST[31..15] SHL Count)
osr] | [ T | DST[47.32] « ZeroExtend(DST[47.32] SHL Counf)
0 DST[63.48] «+ ZeroExtend(DST[63. 48] SHL Count)
. il
wall
'I'!I.-I'.Pl el
I ¥

osr] | [ T |




zmml, zmm*ml2s

Shift words in xmm ] left by the specified posiion count cleanng low-order bits.

DST[15.0] «— ZeroExtend{DST[15_.0] SHL Count)

xmm], imm_ - DST[31.16] «+ ZeroExtend(DST[31..15] SHL Count)
eerl 11 L T [ T 1 1 DST[47.32] « ZeroExtend(DST[47.32] SHL Count)
Jea J Jets DST[63.48] «— ZeroExtend(DST[63. 48] SHL Count)
- - — - DST[79.64] « ZeroExtend(DST[79..64] SHL Count)
T™E | 0 | e DST[95.80] «— ZeroExtend(DST[95. 80] SHL Count)
'JF"T | | | | | | | | DST[111.96] «+— ZeroExtend(DST[111.96] SHL Count)
DST[127.112] « ZeroExtend(DST[127..112] SHL Count)
Packed Shift I eft PSLID mml , mm?/mi64 Shift double words in mm left by the specified position count clearing low-order | DST[31.0] «— ZeroExtend(DST[31..0] SHL Count)
Logical Drwords mm]l , imm8 bits. DST[63.32] «— ZeroExtend(DST[63.32] SHL Count)
DsT | I |
|-l—II'
TMF ls—11
DsT | I |
xmml, xmm*ml28 | Shift double words in xmm] left by the specified posifion count clearing low- DST[31.0] +— ZeroExtend{DST[31..0] SHL Count)
xmm]l, imms8 order bits. DST[63.32] «+ ZeroExtend(DST[63.32] SHL Count)
.-|-1 | | | | DST[95.64] «— ZeroExtend(DST[95..64] SHL. Count)
=T
DST[127.96] «+ ZeroExtend(DST[127.96] SHL Count)
,J 3 il _J fa—0
ThF j— ) je—11
133 A
DT | I I I |
Packed Shift T eft PSLLO mml , mm?/msd Shift quad word in mm] left by the specified position count clearing low-order DST[63.0] «+ ZeroExtend{DST[63. 0] SHL Count)
Logical Qwords mm] , imm® bits.
st |
P,
T™EF | i
L] l
DsT | |
xmml, xmm?ml28 | Shift quad words in xmm] left by the specified position count clearing low-order DS5ST[63.0] «+— ZeroExtend{DST[&3..0] SHL Count)
xmm], imm8 bits. DST[127..64] «— ZercExtend(DST[127..64] SHL Count)
DsT | I i |
o1
THP | i1
bsT | I |
Packed Shift Right PSRLW mml , mm?/mi64 Shift words in mm] right by the specified position count clearing high-order bits. DS5T[15.0] «— ZeroExtend{DST[15_0] SHE. Counf)
Logical Words mm]l , imm8 a DST[31.16] « ZeroExtend(DST[31..15] SHE Count)
= N I DST[47.32] « ZeroExtend(DST[47.32] SHR Count)
o+ DST[63.48] «— ZeroExtend(DST[63. 48] SHE. Count)
T " [+ ;
il
=] F

cer] | [ |




zmml, zmm*ml2s

Shift words in xmm 1 nght by the specified position count clearning high-order bats.

DST[15.0] +— ZeroExtend{DST[15_.0] SHE Count)

xmm], immsg i3 DST[31..16] + ZeroExtend(DST[31..15] SHR. Count)
eer 1 [ [ [ 1 T [ | DST[47.32] « ZercExtend(DST[47..32] SHR Count)
o] 04| L DST[63. 48] « ZeroExtend(DST[63.48] SHR Count)
™e | - 9 —— DST[79.64] « ZeroExtend(DST[79..64] SHR Count)
P o DST[95..80] « ZeroExtend(DST[95.80] SHR. Count)
oer T T 3 T T E | DST[111.96] «— ZeroExtend(DST[111.96] SHR Count)
DST[127.112] « ZercExtend(DST[127..112] SHR Count)
Packed Shift Right PSELD mm1 , mm?/mé&4 Shift double words in mm1 right by the specified position count clearing high- DST[31.0] «— ZeroExtend(DST[31.0] SHR Count)
Logical Dwords mm]1 , imm§ arder bits. DST[63.32] « ZeroExtend(DST[63.32] SHR Count)
DT | I |
LI -I L
[ g
TWF
bsT | [ |
xmml, xmm*ml28 | Shift double words in xmm] right by the specified position count clearing high- DST[31.0] + ZeroExtend(DST[31..0] SHE. Ciount)
xmm], imm8 arder bis. DST[63.32] « ZeroExtend(DST[63..32] SHR Count)
7 | I I I DST[95.64] « ZeroExtend(DST[95.64] SHR Count)
-
DST[127.96] « ZeroExtend(DST[127.96] SHR Count)
ivaf l_ ill-#] ~ L
THFP ol o
ot | [ | | |
Packed Shift Right PSRLQ mm] , mm?/mé4 Shift quad word in mm] right by the specified position count clearing hish-order | DST[63.0] « ZeroExtend(DST[63..0] SHR. Count)
Logical Qwords mm] , imm§ bits.
DA | |
TP L\_
o+ |
ad 1
DST | |
xmml, xmm?ml28 | Shift quad words in xmm] right by the specified position count clearing high- DS5T[63.0] «+ ZeroExtend(DST[63_.0] SHE Count)
xmm], imms arder bits. DST[127.64] < ZeroExtend(DST[127..64] SHR Count)
127
DT | _ I |
oo L
= |
THIP
- |
b | I |
Packed Shift Right PSEAW mm1 , mm?/mé4 Shift words in mm1 right by the specified position count duplicating sign. DST[15.0] « SignExtend(DST[15.0] SHR. Count)
Arithmetical Words mm] , immSg & DST[31..16] + SignExtend(DST[31..15] SHR. Count)
per] | | [ | DST[47.32] « SienExtend(DST[47.32] SHR Count)
[ DST[63. 48] « SignExtend(DST[63. 48] SHR. Count)
I'stF F I"'




zmml, zmm*ml2s
xmm]l, imms

Shift words in xmm 1 rght by the specified position count duplicating sign bits.

i1
st | |

":I_
F ]

llu-“‘lLlll
e u-\}"{

F

er|] | [ [ [ [ [ [ 1]

DST[15.0] + SiznExtend(DST[15..0] SHR. Count)
DST[31.16] « SignExtend(DST[31..15] SHR Count)
DST[47.32] < SiznExtend(DST[47.32] SHR Countf)
DST[63.48] « SignExtend(DST[63. 48] SHR. Count)
DST[79.64] « SignExtend(DST[79.64] SHR. Count)
DST[95.80] « SignExtend(DST[95.80] SHR. Count)
DST[111.96] « SignExtend(DST[111.96] SHE. Count)
DST[127.112] « SignExtend(DST[127..112] SHR. Count)

Packed Shift Right
Arnthmetical Dwords

PSEAD

mml , mm> mwd
mm] , immB

Shift double words in num] right by the specified position count duplicating sign
bits.

= |
DST | I |

E_ 1 L

r

il
LsT | I |

T™WF

DST[31.0] « SignExtend(DST[31.0] SHE. Count)
DST[63.32] « SignExtend(DST[63.32] SHR. Count)

xmml, xmm>ml2E
xmm]l, immB

Shift double words in xmm] right by the specified position count duplicating sign
bits.

i

DST[31.0] « SignExtend(DST[31.0] SHR Count)
DST[63.32] « SignExtend(DST[63..32] SHR. Count)
DST[95.64] « SignExtend(DST[95. 64] SHR. Count)
DST[127.96] « SignExtend(DST[127.96] SHE. Count)

MMX State Management Instructions

Instruction

Mnemonic

Operands

Description

Symbaolic operations

Empty MMX State

EMMS

Sets the xB7 FPU tag word to empty

xB7FPUTagWord «— FFFFH

SSE Instruction Set

SSE Data Transfer Instructions

Instruction Mnemonic Operands Description Symbolic operations
Move Alismed Packed MOVAPS xmm] , xmm?/mil 28 Mowves packed single-precision floating-point values from source to DST «+ SRC
Singles xmm]/ml 28, xmm? destination operand. When the source or destination operand is a
memory location, it mmust be alined on a 16-byte boundary.
Move Unaligned MOVUPS xmm] , xmm?/mil 28 Mowves packed single-precision floating-point values from source to DST « SRC
Packed Singles xmml/ml 2?8, xmm? destination operand. When the source or destination operand is a
memory location, it may be not aliened on a 16-byvte boundary.
Move High Packed MOVHPS Tmm, méd Move two packed single-precision floating-point values from source | DST[127_64] «— SEC // D5T{63_0] remains unchanged
Singles mbd. xmm to high quad word of destination operand. DST « SRC[127.64]
Move High to Low MOVHLPS xmm] , xmm? Moves two packed single-precision floating-point values from high DST[63.0] «— SRC[127..64]
Packed Singles quad word of xmm? to low quad word of xmm]. {f DSTT127 _64] remains unchanged
Move Low Packed MOVLPS Emm, méd Mowve two packed single-precision floating-point values from source | DST[63. 0] «— SRC / DST[127_64] remains unchanged
Singles m&4. xmm to low quad word of destination operand. DST «— SRC[63.0]




Move Low to High MOVLHPS xmm] , xmm? Moves two packed single-precision floating-point values from low DST[127.64] «— SRC[63.0]
Packed Singles quad word of xmm? to high quad word of xmm]. / DST[63_0] remains unchanged
Extract Packed Singles MOVMSEPS ri2, xmm Extracts 4-bit sign mask of from xmm and stores in r32. DST[0] «— SRC[31]
Sign Mask 127 DST[1] « SRC[63]
SRC || I I I | | DST[2] — SRCS]
[ | | | DST[3] — SRC[127]
3 DST[31.4] +— 000000H
DST [0]0 o] [
Move Scalar Single MOVSS xmm, m128 Mowves scalar single-precision floating-point value from source to D5T[31.0] « SRC[31.0]
destination operand. DST[127_32] « 000000000000000000000000H
ml28, xmm DST[31.0] — SRC[31.0]
Emml , xmm? DST[31.0] «— SRC[31.0]
HD5T[127 32] remams unchanged

SSE Packed Arithmetic Instructions

Instruction Mnemonic Operands Description Symbolic operations
Add Packed Singles ADDPS xmm] , xmm?/m128 Adds 4 packed single-precision floating-point vales from onm2/mi28 | DST[31.0] +— DST[31.0] + SRC[31-0];
to 4 packed single-precision floating-point values in xrmml . DST[63.32] «— DST[63..32] + SRC[63.32];
137 DST[95.64] — DST[95..64] + SRC[95..64];
b | | | | DST[127.96] - DST[127.96] + SRC[127.96];
s | I I I |
¥ ¥ l' L l X
L+ [ L« | [ s« [ [ « |
15T v l l -
DeT | I I I |
Add Scalar Singles ADDSS xmm ] |, xmm?im 32 Adds the low single-precision floating-point value from xmm2/m32 to DST[31.0] — DST[31.0] + SRC[31..0];
the low single-precision floating-point value in xmmml . Mt DST{127 _32] remains unchanged
DeT | I |
sa | I |
——
s x
s | I |
Subtract Packed SUBPS xmm] , xmmml 28 Subtracts 4 packed single-precision floating-point values from DST[31.0] — DST[31.0] — SRC[31-0];
Singles xmm2/ml 28 from 4 packed single-precision floating-point values in DST[63.32] — DST[63..32] — SRC[63..32];

il .

DST[95.64] «— DST[95.64] — SRC[95..64];
DST[127.96] « DST[127.96] — SRC[127_96];




Subtract Scalar Singles SUBSS xmm ], xmm?m32 Subtracts the low single-precision floating-point value from xmm2/m32 | DST[31.0] — DST[31.0] — SRC[31.0];
from the low single-precision floating-point value in xmml . {f DST[127.32] remains unchanged
o | I |
SRC | I |
DsT | I |
Multiply Packed MULPS xmm ], xmm?/m128 Multiplies 4 packed single-precision floating-point values xmml by 4 DST[31.0] +— DST[31.0] * SRC[31-07;
Singles packed single-precision floating-point values in onm2/iml28. DST[63.37] «— DST[63..32] * SRC[63.32];
- DST[95.64] «— DST[95..64] * SRC[95_54];
ot | | | | | DST[127.96] - DST[127.96] * SRC[127.96];
saC | I I I |
X x l' ¥ l k. J
L« J -« 1 [C=- ][« 1
Al ¥ l l |
e | I I I |
Multiply Scalar Singles | MULSS xmm] , xmm?/m32 Multiplies the low single-precision floating-point value from xmm]l by | DST[31.0] — DST[31.0] * SRC[31.0];
the low single-precision floating-point value in xmmm2/m32. i DST{127.32] remains unchanged
e | | |
131
e | | |
1351 L
e | | |
Divide Packed Singles DIVPS xmnml, xmm?/m128 Divides 4 packed single-precision floating-point values in xmml by 4 DST[31.0] «— DST[31.0] / SRC[31..0];
packed single-precision floating-point values in onm2imi28. DST[63.32] «— DST[63..32] / SRC]63.32];
et DST[95.64] «— DST[95..64] / SRCI95..64];
| | | | | DST[127_96] «+— DST[127_96] / SRC[127_96];
137
SRC | I I I |
) [ ] l- ¥ l ¥
L+ 1 L 5 ] ] | L+ ]
1351 ¥ l l ki
ot | I I I |
Divide Scalar Singles DIVSS xmm] | xmm?/m32 Divides low single-precision floating-point value in xmmJ by the low DST[31.0] «— DST[31.0] / SRC[31..0];

single-precision floating-point value in xrmm.2/me4.

A DST{127 _32] remains unchanged




FReciprocals of Packed RCPPS xnm], xmm/m128 Computes the approximate reciprocals of the packed single-precision DS5T[31.0] «— Approximate (1.0 / SRC[31..07).
Singles floating-point values in xmm2/mi28 and stores the results in xmmli. DST[63.32] « Approximate (1.0 / SRC[63.32]);
m__--lﬂ | | | | DST[95. 64] «+— Approximate (1.0 / SRC[95..64]);
I I I ] DST[127.96] «— Approximate (1.0 / SRC[127.96]).
L | aww | [ we | [ s |
o b I ;
s | I I I |
Feciprocals of Scalar RCPS5 xmm ] , xmm?/m32 Computes the approximate reciprocal of the scalar single-precision DS5T[31.0] «— Approximate (1.0 / SRC[31..07);
Single floating-point value in xmm2/ml28 and stores the result in xomml . i DST127 _32] remains unchanged
Sac | I |
121
LT | I |
Square Roots of Packed | SQETPS rnm] , xmm?/ml28 Computes the square roots of the packed single-precizsion floating-point | DST[31..0] «— SquareRoot (SRC[31..07),
Singles values in onm2/ml28 and stores the results in xommd . D5T[63.32] « SquareRoaot (SRC[63.32]);
car P DST[95.64] «+— SquareRoot (SEC[25_641);
| | | | | DST[127.96] « SquareRoot (SRC[127_96]);
(s ] (e e [EEr]
131
bsT | I I I |
Square Root of Scalar SQRTSS xmm] , xmm?/m32 Computes the square root of the scalar single-precision floating-point DS5T[31.0] +— SquareRoot (SRC[31..00);
Single vahue in xmm2iml 28 and stores the result in xonmmd . /f DST[127_32] remains unchanged
SRC | | |
i1
b | I |
Reciprocals of Square ESQRTPS mm ], xmm/m128 Computes the approximate reciprocals of the square roots of the DS5T[31.0] «— Approximate (1.0 / SquareRoot (SRC]31.07));
Rpﬂts of Packed packed amgle—pre-:lsmn floatmg-point values in xynm2/ml28 and DST[63.32] « Approximate (1.0 / SquareRoot (SRC[63_321));
Singles stores the results in xmml. DST[95..64] +— Approximate (1.0 / SquareRoot (SRC[95_641));
ziur_'r|l1 | | | | DST[127.96] «— Approximate (1.0 / SquareRoot (SRC[127_96]));
Iﬁgﬂn || I.'EE£1'|1| I U'-'i-'i."%'flll IITJ:JIIWI
; | I
DsT | I I I |
FReciprocals of Square ESQRTSS xmm ] , xmm?/m32 Computes the approximate reciprocal of the square root of the scalar DS5T[31.0] «— Approximate (1.0 / SquareRoot (SRC]31.07));
FRoots of Scalar Single single-precision floating-point value in xmm2/mJi28 and stores the i DST127 _32] remains unchanged

result im xrmml .




Maximum Packed MAXPS rmm ], xmmi?m128 Fetums the maximum single-precision floating-point values between DSTI31..0] «+— MaximumOf (DST[31..0], SEC[31.01);
Single xmm2/ml 28 and xmml DET[63.32] «— MaximmmOf (DET[63_32], SRC[63.32]);
1 DET]%5.64] «— Maximmum (DST[95..64], SRC[95 641,
s | | | | | DST[127_.96] « MaximumOf (DST[127_96], SRC[127.96]):
SRC | I I I |
l M:l:l:' | | f|n.-'u'.1r; | |;M.a.x | | M.t:l:‘ |
LT | I I I |
Maximum Scalar MAXSES rmm ] | xmmi?m32 Fetums the maximmm scalar single-precision floating-point value DSTI31..0] +— MaximumOf (DST[31..0], SEC[31.01);
Single between xnm2/ml 28 and xmml . i DST127 _32] remains unchanged
LT | I |
S8C | I |
BAX
o1 k 4
bt | I |
Miniomim Packed MINES ], Tmo? S ml 28 Fetmms the minimmm single-precision floating-point values between DSTI31..0] «— MindmumOdf (DST[31..0], SEC[31..01);
Single xmmm2Sml 28 and xmmml DET[63.32] «— MindmumOf (DET[e3.32], SRC[63.32]);
1 DST95.64] «— Minimum (DST[95_64], SRCE5 _64]);
o | | | | | DST[127.96] « MiniommOf (DST[127.96], SRC[127.96]);
137
e | I I I |
L4 ¥ ¥
| MIN | | s ] | mim | | wAIN |
i) ¥ l ¥
DT | |
Mininmm Scalar Single | MINSS ], Tmorm3? Fetums the minimmm scalar single-precision floating-point value DSTI31..0] «— MindmumOd (DST[31..0], SEC[31..01);

between onm2imt 28 and xmml .

A DST{127 _32] remains unchanged




SSE Comparison Instructions

Instruction Mnemonic Operands Description Symbolic operations
Compare Packed CMPPS xmm], xmm?/mi28, | Compares 4 packed double-precision floating-point values in CMPO «— DST[31..0] OP SRC[31_01];
Singles imm3 xmm2/mli28 and xmml using immé as comparison predicate: 0 — CMP1 «— DST[63.32] OP SREC[63.32];
equal, 1 — less than, 2 — }ess or equal, 3 — unordered, 4 — not equal, 5 CMP? —— DST[95.64] OP SRC[95..64];
— Dot less, 6 —not 1955muﬂl -EE -f“;ﬂﬂﬂlfﬂ%- The result ‘?.f.i“fh 0. | CMP3 < DST[127.96] OP SRC[127.96];
COmparison in a - mask o s (comparson of 5 .
{mn:?;?nmn falseqj?ad'l'he unordered relaumshn;ﬂ true when at leas MR ﬂ g:i[[:: E]] - EFFFFFH:{H
iﬁgﬁ“ﬂm: N E{;’_‘w' the ordered relationship id frue IF CMP1 THEN DST[63.32] « FFFFFFFFH
- ELSE DST[63.32] « 00000000H;
DT | [ [ [ | IF CMP2 THEN DST[95..64] «+— FFFFFFFFH
r ELSE DST[95..64] «— 000O00000H;
el | | | | IF CMP3 THEN DST[127.96] « FFFFFFFFH
vy | [atw | Caiw ] Tt | ELSE DST[127.56] «— 00000000H
ost [ | | | |
Compare Packed CMPEQPS xmm] , xmm? <=> CMPP5 xmm] xmm?, ( see CMPPS
Singles CMPLTPS <=> CMPPS xmm]l xmm?, 1
CMPLEPS <=> CMPPS xmm] xmm?, 2
CMPUNORDFS <=> CMPPS xmm]l xmm?, 3
CMPNEQPS <=> CMPPS xmm] xmm?, 4
CMPNLTFS <=>CMPPS xmm] xmm? 5
CMPNLEPS <=> CMPPS xmm] xmm?, &
CMPORDPS <=> CMPPS xmm]l xmm?2, 7
Compare Scalar Singles | CMPSS xmm] , xmm?/m32, Compares the low double-precision floating-point values in CMPO «— DST[31..0] OP SRC[31.0];
imm3 xmm2/mli28 and xmml using immé as comparison predicate: 0 — IF CMP0 THEN DST[31.0] — FFFFFFFFH
equal, 1 — less than, 2 — }ess or equal, 3 — unordered, 4 — not equal, 5 ELSE DST[31.0] « 00000000H:;
— mot ].ESE. & —niot less or Eq_'ll-ﬂ].. T — ordered. The result of each ffﬂmff?.jf} TEMTINS Hﬂfﬁﬂﬂgfd
comparison in a quad-word mask of all 1s (comparison true) or all Os
{comparison false). The unordered relationship is true when at leas
one of the two operands is a NAN; the ordered relationship id true
when neither operand is a NAN.
ost [ | |
[Irai
e | I |
xty
os | | |
Compare Scalar Singles | CMPEQSS Emm] , xmm? <=> CMP55 xmm] xmm?2, ( see CMPS5
CMFLTSS <=>CMPSS xmm]l xmm?, 1
CMPLESS <=>CMPS5 xmm] xmm?, 2
CMPUNORDSS <=> CMPSS xmm]l xmm?, 3
CMPNEQSS <=>CMPS5 xmm] xmm?, 4
CMPNLTSS <=>CMPSS xmm]l xmm?, 5
CMPNLESS <=>CMPS5 xmm] xmm?, &
CMPORDSS <=>CMPSS xmm]l xmm? 7




Compare Scalar Singles | COMISS zmm] , xmm?/m32 Compares the low single-precision floating-point values in the Result «— OrderedCompare{DST[31..0], SRC[31..0])
and set EFLAGS operands and sets the EFLAGS flags accordingly. Performs ordered CASE (Resulf) OF
compare. This instruction differs from the UCOMISS instruction in UNORDERED: ZF. PF.CF « 111:
that is signals an invalid operation exception when a source operand GREATER_THAN:- ZF.PF.CF « 000
is a QNan or and SNal. LESS_THAN: ZF, PF, CF « 001
LT | | | EQUAL: ZF, PF, CF « 100
12 END
l GF. Jul.].:, 51: - '}1
. I . Ordered
s T=TE
o 1 0 et 2
6 1 B
Unordered Compare UCOMISS Emm], xmm?/m32 Compares the low single-precision floating-point value in the Result «— UnorderedCompare(DST[31..0], SRC[31..07)
Scalar Singles and set operands and sets the EFL.AGS flags accordingly. Performs CASE (Result) OF
EFLAGS unordered compare. This instroction differs from the COMISS UNORDERED: ZF. PF.CF « 111:
instruction in that is signals an invalid operation exception only when CGREATER_THAN:- ZF.PF.CF «— 000
@ source operand is a SNaN. LESS_THAN: ZF, FF, CF « 001;
paT | [ | EQUAL: ZF,PF, CF + 100,
suc [ | | oD
I OF, AF SF « 0
,; |I:, ,; Xipyn | Cidensd
B 0 1 |e-A0<¥0 ) Compare
o 1 o0l XO=¥0
hirt bt
SSE Logical Instructions
Instruction Mnemonic Operands Description Symbolic operations
AND of Packed Singles | ANDPS xmm] , xmm?/m] 28 Performs a bitwise AND operation of the four packed single- DST[31.0] < DST[31..0] AND SRC[31-0];

precision floating-point values from the destination (first) and source
(second) operands and stored the result in the destination operand.

b | I I I |

| I I I I

FELIFI [AND [AND [ARD
: ! : !

DeT | I I I |

DST[63.32] «— DST[63..32] AND SRC[63_32];
DST[95.64] — DST[95.64] AND SRC[95_64]:
DST[127.96] « DST[127.96] AND SRC[127_96];




AND NOT of Packed ANDNPS xmm]l, xmm2/ml28 Inverts the bits of the four packed single-precision floating-point DST[31.0] «— (NOT DST[31.0]) AND SRC[31-0];
Singles values in the destination (first) operand, performs a bifwise logical DST[63.32] + (NOT DST[63.32]) AND SRC[63.32];
AND operation of the four packed single-precision floafing-point DST[95. 64] « (NOT DST[95..64]) AND SRC[95_.64];
values from the temporary inverted result and source (second) DST[127.96] « (NOT DST[127.96]) AND SRC[127.96];
operand and stored the result in the destnation operand.
b | I I I |
)
s | | | | |
! :
|.u~.'ur-1 puhur-{ |.l.hT_1h.‘| |J. HL‘Ih‘I
| I I
b | I I I |
OF. of Packed Singles ] o Emml , xmm?ml28 Performs a bitwise OR operation of the four packed single-precision DSET[31.0] « DST[31..0] OR SEC[31-0];
floating-point values from the ﬂeshn;n:mn r.jﬁ.l_'st} and source (second) DST[63.32] «— DST[63..32] OF. SRC[63.32];
operands and S’[Dmd the result in the destination operand. DST[95.64] « DST[95..64] OR SRC[95.64];
pst | | | | | DST[127..96] « DST[127.96] OR SRC[127.96];
12T
seC | I I I |
(|| [or]| [om] [om]
w4 ! !
b | I I I |
Exclusive OF of XOFPS Emml , xmm?ml28 Performs a bitwise XOR operation of the four packed single- DET[31..0] « DST[31..0] XOR SRC[31-0];
Packed Singles precision floating-point values from the destination (first) and source | DST[63.32] «— DST[63..32] XOR SRC[63.32];

(second) operands and stored the result in the destination operand.

D&T | g [ %2 [ X1 [ Xy |

.
55u.'| Y3 | V2 | ¥l | Yk |
Liok|  [ow]  [ow]  [aoR]

e

T | X3 NORY3 |x:xmr: |x| KOEL Y |x:|xua'.':||

DST[95.64] - DST[95..64] XOR SRC[95_64]:
DST[127.96] « DST[127.96] XOR SRC[127.96];




SSE Shuffle and Unpack Instructions

Instruction Mnemonic Operands Description Symbolic operations
Shuffle Packed Singles SHUFPS mm] , xmm?ml 28, immE Moves two of the four packed single-precision floating-point CASE (SELJ1..0]) OF
values from the destination (first) operand into the low quad 0: DST[31.0] «— DST[31.0]
word of the destination operand; move two of the four packed 1: DST[31.0] « DST[63.32]
%P;mmﬂ ﬂﬂmﬂﬁ "ﬁﬂu}'ﬂfhﬂﬁnmﬂ 2: DST[31.0] « DST[95.64]
i.Theul: Emmld {ﬂﬂll'd{! nper?md setermines which values E;ﬁDET[El..I}] «— DIST[127.96]
are moved to the destination operand. CASE (SEL[3.2]) OF
D&T '|' ] x| % | W] 0: DST[63.32] «—— DST[31..0]
\ [ [ [ [ 1: DST[63.32] «— DST[63.32]
see| va | va | w1 | vo | 2: DST[63.32] «— DST[95..64]
3: D5ST[63.32] — DST[127.96]
e DN et NP e AN e CASE (SEL[5.4]) OF
1 1 | 1 0: DST[95.64] « SRC[31.0]
DST | ¥i.vo | wawo | 330 [ xaxn | 1: DST[95.64] « SRC[63.32]
2: DST[95.64] «— SRC[95.64]
3: DST[95.64] «— SRC[127.96]
END
CASE (SEL[7..6) OF
0: DST[127.96] «— SRC[31.0]
1: DST[127.96] «— SRC[63.32]
2: DST[127.96] «— SRC[95.564]
3: DST[127.96] « SRC[127.96]
END
Unpack Low Packed UNPCELPS xmm] , xmm?/ml 28 Unpacks and interleaves the low single-precision floating- DST[31.0] «— DST[31.0]
Singles point values from the low quad words of the source (second) DST[63.32] «— SRC[31.0]
operand and the destination (first) operand. DST[95.64] — DST[63..32]
e DST[127.96] «+ SRC[63.32]
Uﬁr| X3 | Xz | X1 | X0 |
T
b fﬂ T3 [ Y2 [ igé] [ ¥ |
.
DT | Y] [ X1 [ Yo [ X0 |
Unpack High Packed UNPCEHPS =mmil , xmm?mnl 28 Unpacks and intefleaves the low single-precision floating- DSTI31.0] «+— DST[95..64]
Singles point values from the high quad words of the source (second) | DST[63.32] «— SRC[95..64]
operand and the destination (first) operand. DST[95..64] « DST[127.96]
F2) DST[127.96] «— SRC[127.96]
pst| x| oxz | x| x|
i II. I"~.
se[ A | =] vi]

¥o |
i Ql
x3 | Y2 | Xz |

DST | T3 |




SSE Conversion Instructions

Instruction Mnemonic Operands Descrption Symbolic operations
Convert Packed CVTFI?PS Emmn, mmnmed Converts two packed signed double word integers from mm/memé<4 to DS5T[31.0] «— IntToSingle (SRC[31..0]);
]l'ITEgE'IS to Packed two packed single-precision floating-point valees from xomm. DS5T[63.32] «— IntToSingle (SRC[63..32]);
Singles o I I /f DST[127.64] remains unchanged
ERLC
os [ | | |
Convert Packed Singles | CVIP52FI mm, xmmméd Converts two packed single-precision floating-point values from DS5T[31.0] «— SingleTolnt (SRC[31..0]);
to Packed Intepers xmm/mé4 to two packed signed double-word integers in mm. DST[63.32] « SingleTolnt (SRC[63..32]);
sec [ | | |
LT | I |
Convert Scalar Integer CVTSI255 xmm, rm32 Converts one sipned double-word integer from r/m32 to one scalar DS5T[31.0]— IntToSingle (SEC);
to Scalar Single single-precision floating-point value in xmm.. ff DST[127 _32] remains unchanged
ot [ | |
Convert Scalar Single CVTS5251 r32, xmm/m32 Converts a single-precision floating-point value from omm/m32 to a D5T«— SingleTolnt (SREC[31_0]);
Scalar Integer signed double-word integer in r32.
sae [ | |

4
DET | |

Convert with CVTTP5ZH1 mm, xmmmed Converts two packed single-precision floating-point values from DS5T[31.0] «— TruncateSingleTolInt (SRC[31..07);
mmm Packed rrm“irrﬁ-i to two packed signed double-word integers in mm using DST[63.32] « TruncateSingleTolnt (SRC[63.32]);
Singles to Packed mmcation. {f DST[127.64] remains unchanged
Integers -

SRC | I I |

] F r
DST | I |

Convert with CVTTS55251 ri2, xmm/m32 Converts a single-precision floating-point value from omm/m32 to a DS5T+— TruncateSingleTolnt (SRC[31..07);
Trncation Scalar signed double-word integer in r32 using truncation.
Single to Scalar Integer -

2R | I |




SSE 64-Bit SIMD Integer Instructions

Instruction

Mnemonic

Operands

Description

Symbolic operations

Packed Average
Bytes

PAVGB

mm]l , oo

Averages 8 packed unsigned bytes from mm1 and 8 packed
unsigned bytes from mm2/m&4 with rounding.

]

e[ | [ [ [ 1111
L%

secl PITOEAE A0 IT

N 4 'y

LT

DST[7.0] «— (DST[7.0]+5RC[7_0]+1) SHR 1
DST[15.8] « (DST[15.8+SRC[15.8]+1) SHR 1
DST[23_16] — (DST[23.16]+SRC[23.16]+1) SHR 1
DST][31.24] « (DST[31.24]+SRC[31.24]+1) SHR 1
DST[39.32] «— (DST[39.32]+SRC[39.32]+1) SHR 1
DST[47.40] « (DST[47_40]+SRC[47_40]+1) SHR 1
DST[55.48] « (DST[55.48+5RC[55.48]+1) SHR 1
DST[63..56] « (DST[63..56]+SRC[63.56]+1) SHR 1

o] Emm?im 128

Averages 16 packed unsigned bytes from xmm] and 16 packed
unsigned bytes from xmm?/ml 28 with rounding.

11
st [ [ [T [T Q[T 11 11711]

123

sec |0V IT 010 0 0P 1017 I8 10 0 10 09 17 |

DST[7.0] « (DST[7.0]+SRC[7.0]+1) SHR 1

DST[15.8] « (DST[15_8+SRC[15.8]+1) SHR 1
DST[23.16] «— (DST[23.16]+SRC[23..16]+1) SHR 1
DST[31.24] « (DST[31.24]+SRC[31.24]+1) SHR 1
DST[39.32] « (DST[39.32]+SRC[39.32]+1) SHR 1
DST[47.40] « (DST[47_40]+SRC[47_40]+1) SHR 1
DST[55.48] « (DST[55.48+5RC[55.48]+1) SHR 1
DST[63..56] « (DST[63.56]+5RC[63.56]+1) SHR 1
DST[71.64] « (DST[71.64]+SRC[71.64]+1) SHR 1
DST[79.72] — (DST[79.72]+SRC[79.72]+1) SHE 1
DST]87.80] «— (DST[E7..80]+SRC[87.80]+1) SHR 1
DST[95.88] « (DST[95.88+SRC[95.88]+1) SHR 1
DST[103.96] « (DST[103_96]+SRC[103.96]+1) SHR 1
DST[111.104] « (DST[111.104+SRCI111_104]+1) SHR 1
DST[119.112] « (DST[L119.112}+SRC[119_112]+1) SHR 1
DST[127.120] « (DST[L27.120+SRC[127_120}+1) SHE. 1

Packed Average
Words

PAVGW

mml | oo md

Averapes 4 packed unsipned words from mm] and 4 packed
unsigned words from mm2/mé4 with rounding .

SR | [ |

N 4
ra'Tflil [avi .urn ﬁﬁi’l

DST[15.0] « (DST[15.0+SRC[15.0]+1) SHR 1

DST[31_16] — (DST[31.16]+SRC[31.16}+1) SHR 1
DST[47.32] « (DST[47_32]+SRC[47.32]+1) SHR 1
DST[63..56] « (DST[63.48]+5RC[63.48]+1) SHR 1

o] Emm?ml 28

Averages B packed umigned words from xmm] and 8 packed
unsigned words from xmm?/m] 28 with rounding.

r| [ | [ [ [ | [ |
sec || | L I 1 11
r r r r

[awi] [awa .wn [ava] [awa] [ava] [ava] [.-.ﬁrlﬂ

2 4 l I

e | [ [ [ [ [ |

DST[15.0] « (DST[15.0H+SRC[15.0]+1) SHR 1
DST[31.16] « (DST[31.16+SRC[31._16]+1) SHR 1
DST[47.32] « (DST[47_32]+SRC[47.32]+1) SHR 1
DST[63..56] «— (DST[63.48]+SRC[63.48]+1) SHR 1
DST[79.64] — (DST[79.64]+SRC[79.64]+1) SHE 1
DST[95.80] « (DST[95.80]+SRC[95.80]+1) SHR 1
DST[111.96] « (DST[111_96]+SRC[111. 96]+1) SHR 1
DST[127.112] « (DST[127..112+SRC[127.112}+1) SHR 1




Packed Maximum of | PMAXSW mm] , mm*mé&4 Compares 4 signed word integers in mm1 with 4 signed word | DST[15.0] « MaximumOf (DST[15..0], SRC[15.0])
Words integers in mm2/mé4 and retums maximum values. DST[31..16] « MaxinmmOf (DST[31..16], SRC[31_.18])

” DST[47.32] «— MaximumOf (DST[47..32], SRC[47.32])

e [ 1 [ | DST[63.48] « MaximumOf (DST[63. 48], SRC[63_48])
sec [ 1T 1T 1T
ra':% rlmlw r»:% rﬁiﬂ
avy & 3 1
per| [ | 1 ]
xmm]  xmm?/m128 Compares 8 signed word integers in xmm] with § signed word | DST[15.0] + MaximumOf (DST[15..0], SRC[15.0])
integers in xmm2»m128 and retums maxinmm vales. DST[31..16] «— MaximumOdf (DST[31..16], SRC[31._.18])
1 DST[47.32] « MaximumOf (DST[47..32], SRC[47.32])
s A N NN N N N N DST[63. 48] « MaximumOf (DST[63 48], SRC[63_48])
—_— | T T 1 1T 1T 10 11 ] DST[71.64] « MaximumOf (DST[71..64], SRC[71..64])
_ _11 _Ll _L] _11 DST[95.80] - MaximumOf (DST[95. 80], SRCI95.80])
o] (o] [omi] (] o] o] o] i DST[111.96] « MaximumOf (DST[111.96], SRC[111.96])
- ! | . | : | ! | : | L | : | : | DST[127.112] « MaxinmmOf (DST[127.112], SRC[127.112])
Packed Maximum of | PMAXUB mm] , mm?*/mé&d Compares 8 unsigned byte integers in xmm]1 with 8 unsigned | DST[7..0] « MaximumOf (DST[7.0], SRC[7_0])
Unsigned Bytes byte integers in xmm2/m128 and retums maximum values. DST[15.8] «— MaximumOf (DST[15..8], SRC[15.8])

. DST[23.16] « MaximumOf (DST[23..16], SRC[23.16])
eer [ I 11 T 1111 DST[31.24] - MaximumOf (DST[31..24], SRC[31.24])
see [T DST[39.32] « MaximumOf (DST[39..32], SRC[39.32])

TITL ) DST[47.40] «— MaximumOf (DST[47. 40], SRC[47.40])
DST[55.48] « MaximumOf (DST[55. 48], SRC[55. 48])
et DST[63.56] « MaximumOf (DST[63..56], SRC[63..56])
Packed Minimum of | PMAXSW mm] , mm*mé&d Compares 4 signed word integers in mm1 with 4 signed word | DST[15.0] « MinimumOf (DST[15.0], SRC[15..0])
Words integers in mm?/mé4 and retums minimum vahues. DST[31..16] « MinimumOf (DST[31_16], SRC[31..16])

LT

SR

£l

I
£l
L1 [ 1] |

[t FA'I ﬁi'lurtw
i

11
C T

-

DST[47.32] « MinimumOf (DST[47.32], SRC[47.32])
DST[63. 48] « MininmmOf (DST[63. 48], SRC[63.48])

Fom ], zmm®ml 28

Compares B signed word integers in xmm] with 8 signed word
integers in xmm2/m128 and returns mininmm valoes.

5T |

DST[15.0] «— MinimumOf (DST[15.0], SRC[15..0])
DST[31_16] « MinimmmOf (DST[31_16], SRC[31_16])
DST[47.32] - MinimumOf (DST[47.32], SRC[47.32])
DST[63.48] « MinimmmOf (DST[63. 48], SRC[63.48])
DST][71.64] « MinimumOf (DST[71.64], SRC[71..64])
DST[95.80] « MinimumOf (DST[95_80], SRC[95.80])
DST[111.96] « MinimumOf (DST[111_96], SRC[111._96])
DST[127.112] « MininumOf (DST[127.112], SRC[127_112])




Packed Minimum of
Unsigned Bytes

PMAXUB

mml , mm?med

Compares B unsigned byte integers in xmm] with B unsigned
byte integers in xmm>m128 and retums minimum values.

.&1
st [T 11111

1““—'adIIIIIIII

bl

ﬁ.‘ll
cer | [P T T 1111

DST[7..0] « MininmmOf (DST[7.0], SRC[7..0])
DST[15.8] « MinimumOf (DST[15.8], SRC[15..8])
DST[23..16] «— MininmmOf (DST[23.16], SRC[23.16])
DST[31.24] « MinimumOf (DST[31.24], SRC[31.24])
DST[39.37] « MinimumOf (DST[39.32], SRC[39.32])
DST[47.40] « MinimumOf (DST[4740], SRC[47.40])
DST[55. 48] « MinimumOf (DST[55. 48], SRC[55.48])
DST[63.56] « MinimumOf (DST[63.56], SRC[63.56])

Move Byte Mask To
Integer

PMOVMSEDB

32, mm

Creates a mask made up of the most sipnificant bit of each byte
of the mmx register and stored the result in the low byte 32

register.

SRC |

3
D5T |00 |0

DST[0] « SRC[T]
DST[1] — SRCI15]
DST[2] - SRC[23]
DST[3] — SRCI31]
DST[4] - SRC[39]
DST[5] - SRCJ4T]
DST[6] « SRC[55]
DST[7] « SRC[63]
DST[31_8] « 000000H

32, xmm

Creates a mask made up of the most significant bit of each byte
of the xmm register and stored the result in the low word of
Xmm register.
137
SRC_| | L]

3
DST (0|0

DST[0] « SRC[T]
DST[1] - SRC[15]
DST[2] « SRC[23]
DST[3] « SRC[31]
DST[4] - SRC[39]
DST[5] « SRC[47]
DST[6] - SRC[55]
DST[7] «— SRC[63]
DST[8] - SRCI71]
DST[5] « SRC[79]
DST[10] « SRCIET]
DST[11] — SRC[93]
DST[12] - SRCJ103]
DST[13] « SRC[111]
DST[14] - SRC[119]
DST[15] — SRCI127]
DST[31..16] « O000H

Packed Sum of
Absolute Differences

PSADBW

mm]l , oo

Computes the absohte differences of the packed unsigned byte
integers from mml and mm2/mé&4; differences are then
summed to produce an unsigned word integer result.

A
cer | | I 1 1 1111
1"“fﬂllllllll

i

| SLM |

il —
psT |ofalofofo]a] |

TMPU « ABS(DST[7.0]-SRC[7.0])
TMP1 « ABS(DST[15.8]-SRC[15.8])

TMP? «— ABS(DST[23..16]-SRC[?3.16])
TMP3 « ABS(DST[31.24]-SRC[31..24])
TMP4 « ABS(DST[39.32]-SRC[39.32])
TMP5 « ABS(DST[47.40]-SRC[47.40])
TMPS «— ABS(DST[55.48]-SRC[55.48])
TMPT - ABS(DST[63.56]-SRC[63..56])

DST[15.0] « SUM(TMPO_TMPT)
DST[63..16] « 000000000000K




zmm]l , xmm?/ml28 Computes the absolute differences of the packed unsigned byte | TMWMPO +— ABS(DST[7.0]-SRC[7.0])
integers from xmml and xmm?/m128; the § low differences TMP1 «— ABS(DST[15.8]-5RC[15.8])

and the hjﬁfm‘ﬁlﬁg“ﬂm are “ﬁemﬂéﬂwﬂtﬁ‘? to TMP2 — ABS(DST[23..16]-SRC[23_16])

produce gned word Integer results. TMP3 - ABS(DST[31.24]-SRC[31.24])
137

5T | | | | | | | | | | | | | | | | | ThiPd ﬁBS{DET[ﬁ-g_jE]—SRC[EQ.jE]}

TMPS5 +— ABS(DST[47.40]-SRC[47_40])

sec [V QI LD QP IP D AP IP AP O IR 10 0 TMP6 « ABS(DST[55. 48]-SRC[55.48])
M = e
| 1 | Y | TMP8 «— ABS(DST[T1. 64]-SRC[71..64])
i — —— TMP9 «— ABS(DST[79_T2]-SRC[79..72])
ot Jo|ofofofofo] [ofofolo]o]o] | TMP10 « ABS(DST[87..80]-SRC[E7_80])
TMP11 « ABS(DST[25. 88]-5R.C[25. 88])
TMP12 «— ABS(DST[103.96]-SRC[103_96])
TMP13 «— ABS(DST[111.104]-SRC[111.104])
TMP14 — ABS(DST[119.112]-SRC[119..112])
TMP15 « ABS(DST[127.120]-SRC[127_.1207)

DST[15.0] < SUM(TMPO.TMPT)
DST[63..16] « 000000000000H
DST[79.64] «— SUM{TMPS.TMP15)

DST[127_80] « 000000000000H

Packed Extract Word | PEXTEW r32, mm, imm§ Extracts the word specified by imm8 from the mmix register SEL +— Count AND 3H
and mowves it to the r32 register. TMP «— (SRC SHE (SEL * 16)) AND 0FFFFH
. DST[15.0] — TMP[15.0]
sre || [ | | DST[31..16] «— 0000H
L 1 | 1]
SEL
r32, xmm, imme& Extracts the word specified by immé from the xmm register SEL +— Count AND TH
and moves it to the 32 register. TMP «— (SRC SHR (SEL * 16)) AND 0FFFFH
. DST[15.0] «+— TMP{15..0]
SR | L] | L] | L DST[31..16] — 0000H

Packed Insert Word PINSEW mm, r32/mlé, imms Inserts the low word from the r32 register or memory into the SEL «— Count AND 3H

mmx register at the word position specified by imm8 CASE (SEL) OF
0: MASEK «— Q000000000000 FFFFH
1: MASEK «— D000000FFFROODIH
2: MASK «— 0000FFFROO000000H
3: MASK «— FFFRIOO000000000H

END

DST . (DST AND NOT MASK) OR
((SRC SHL (SEL *16)) AND MASK)




rmm, 132ml &, immBS

Inserts the low word from the r32 register or memory into the
xmm register at the word position specified by imm8 .

G
HeMEwRRS

CASE (SEL) OF

MASEK «— 0000000000000000000000000000FFFFH
MASE « 000000000000000000000000FFFRI000H
MASEK «— 00000000000000000000FFFFO0000000H
MASE « 0000000000000000FFFEO00000000000H
MASEK «— 000000000000 FFFPMO00000000000000H
MASE « 00000000FFEFRO0000000000000000000H
MASK «— 0000FFFEO00000000000000000000000H
MASK +«— FFFEOO00000000000000000000000000H

END
DST «— (DST AND NOT MASK) OR

((SRC SHL (SEL #16)) AND MASK)

Packed Shuffle Words

mml , mm?med, mmd

Copies words from source (second) operand and inserts them
into the destination (first) operand at word locations selected
with the order (third) operand.

B
5Rc|x3.|xz|x||xn:n|

|
Ly

T r:a 300 [ 363 0] 305 0 [ 500

DST[15.0] — (SRC SHR (ORDER[1.0] * 16))[15.0]

DST[31.16] « (SRC SHR (ORDER[3..2] * 16))[15.0]
DST[47.32] — (SRC SHR (ORDER[5.4] * 16))[15.0]
DST[63.48] «— (SRC SHR (ORDER[7.6] * 16))[15.0]

MXCSR State Management Instructions

Instruction Mnemonic Operands Descrption Symbolic operations

Store MXCSE Register | STMXCSE m32 Store MXCSE register to the memory. The reserved bits are stored as DST + MXCSE

State Os.

Load MXCSE Register | LDMXCSE m32 Load MXCSFE register from the memory. MXCSE « SRC

State

SSE Cacheability Control, Prefetch and Instruction Ordering Instructions

Instruction Mnemonic Operands Descroption Symbolic operations

Store Selected Bytes of | MASEMOVQ mm], mm? Stores selected bytes from the mmx register (first operand) into a 64-bit | IF (MASK[7]=1) THEN DS:[(E)DI] + SRC[7.0]

Cuad-Word using Non- memary location. The address of the memory location 1s specified by IF (MASE[15]=1) THEN D3:[(E)DI+1] « SRC[15.8]

temporal Hint DS:[(E)DI] registers. The mask (second) operand selects which bytes IF (MASK[23]=1) THEN DS:[(E)DI+2] — SRC[23.16]

from the source operand are wiitten to the memory. IF (MASK[31]=1) THEN DS:[(E)DI+3] - SRC[31.24]

IF (MASK[39]=1) THEN DS:[(E)DI+4] - SRC[39_32]
IF (MASK[47)=1) THEN DS:[(E)DI+5] « SRC[47.40]
IF (MASK[55]=1) THEN D5:[(E)DI46] «+— SRC[55.48]
IF (MASK[63]=1) THEN DS:[(E)DI+7] «+— SRC]63..56]

Store Quad-Word MOVNTOQ ml2E, xmm Moves the double quad word from xmm to m128 using a non-temporal | DST «— SRC

Using Non-tempaoral hint to prevent caching of the data during the write to memory.

Hint




Store Packed Single- MOVNTPS ml2E, xmm Moves the packed single-precision floating-point values from xmm to DST « SRC
Precision Floating- m128 using a non-temporal hint to minimize cache pollution of the data
Point Valuies Using during the write to memory.
MNon-temporal Hint
Prefetch temporal to PEEFETCHD m8 Fetches the line of data from memory that contains the byte specified
All Cache Levels with the source operand to a location in the cache hierarchy using T0
hint; it means to all levels of the cache hierarchy.
Prefetch temporal to PEEFETCHI1 m8 Fetches the line of data from memory that contains the byte specified
First Level Cache with the source operand to a location in the cache hierarchy using T1
hint; it means to the first level cache.
Prefetch temporal to PEEFETCH? m8 Fetches the line of data from memory that contains the byte specified
Second Level Cache with the source operand to a location in the cache hierarchy using T1
hint; it means to the second level cache.
SSE2 Instruction set
SSE2 Data Movement Instructions
Instruction Mnemonic Operands Description syvmbolic operations
Move Aligned Packed MOVAFPD zmml, xmm?/ml2E | Moves packed double-precision floating-point values from source to DST « SRC
Doubles xmml/ml28 xmm? | destination operand. When the source or destination operand is a memory
location, it must be aliened on a 16-byte boundary.
Move Unaligned MOVUPD amm]l, xmm*/miZE | Mowves packed double-precision floating-point values from source to DST + SRC
Packed Doubles amml/ml28, xmm? | destination operand. When the source or destination operand is a memaory
location, it may be unaligned on a 16-byte boundary.
Move Double Cuad- MOVDOA amm]l, xmm?/ml2E | Mowves a double quad word from the source (second) operand to the DST « SEC
Word Alipned rmml/ml?8 xmm? | destination (first) operand. When the source or destination operand is a
memory location, it mmst be alisned on a 16-byte boundary.
Move Double Cuad- MOVDOU amm]l, xmm?/ml2E | Mowves a double quad word from the source (second) operand to the DST « SEC
Word Unaligned rmml/ml28, xmm? | destination (first) operand. When the source or destination operand is a
memory location, it may be unalipned on a 16-byte boundary.
Move Quad-Word from | MOVOQ2DN) EITHT, TN Mowves the quad word from the mmx register to the low quad word of the DS5T[63.0] +— SEC
MMX to XMM Register KINm register. DST[127 _64] «— 0000000000000000H
Move Quad-Word from | MOVDO20) T, XTI Mowves the low quad word from the xmm register to the mmx register. DST « SREC[63..0]
XMM to MMX Eegister
Move Low Packed MOVLPD Emm, mid Moves a double-precision floating point from the memory to the low DST[63.0] +— SRC
Deuble quad word of the xmm register. [ DST{127. 64 ] remains unchanged
mb64, xmm Moves a double-precision floating point from the low quad word of the DST + SRC[63.0]
xmm register to the memory.
Move High Packed MOVHFD Emm, méd Mowves a double-precision floating point from the memory to the high DST[127 64] « SRC
Double quad word of the xmm register. i DSTI63 0] remains unchanged
mé&4, xmm Mowves a double-precision floating point from the high quad word of the DST « SRC[127_63]
Emm register to the memory.
Extract Packed Doubles | MOVMSEPD 32, xmm Extracts 2-bit sign mask of from xmm and stores in r32. DST[0] +— SRC[31]
Sign Mask DST[1] + SRC[63]

DST[31.2] «— O00000H




SRC || I | |

3 -
DST [0]0]0]

Mowve Scalar Double MOVSED xmm, ml128

Mowes scalar double-precision floating-point value from source to
destination operand.

DST[63_0] — SRC[63_0]
DST[127..64] « 0000000000000000K

SSEZ Packed Arithmetic Instructions

Instruction Mnemonic Operands Description Symbolic operations
Add Packed Doubles ADDPD rmml, xmm?ml28 | Adds 2 packed double-precision floating-point values from xmm2/ml28 D5T[63.0] — DEST[63.0] + SRC[63._0];
to 2 packed double-precision floating-point values in xmml . DST[127 64] « DEST[127_64] + SRC[127_64];
i1
s | | |
R | | |
I :
I : | . |
1501 ¥ l
s | I |
Add Scalar Doubles ADDSD mml, xmm?/med Adds the low double-precision floating-point valie from xmm.2/més to DST[63.0] «— DST[63.0] + SRC[63_0];
the low double-precision floating-point value in xmm . i DSTI127. 64 ] remains unchanged
s | I |
127
SR | I |
| 4 |
130 l
DaT | I |
Subtract Packed SUBFD xmml, xmm?ml2E | Subtracts packed double-precision floating-point valies from DST[63.0] — DEST][63.0] — SRC[63_0];
Doubles xmm2/ml 28 from 2 packed double-precision floating-point vales in DST[127.64] « DEST[127.64] — SRC[127_64];
xmml .
s | I |
e | I |
! , ;
I | | - I
130 ¥ l
s | I |




Subtract Scalar Doubles | SUBSD =mm 1, xmm?/med Subtracts the low double-precision floating-point value from xrm2/mo DST[63.0] «— DST[63.0] — SRC[63.0];
from the low double-precision floating-point value in xmmd . !l DST[127_64] remains unchanged
ot | | |
SRC | I |
1300 'l
DeT | I |
Multiply Packed MULPD xmml, xmm?/ml28 | Mulfiplies 2 packed double-precision floating-point values from mm.l DST[63.0] +— DEST[63.0] * SRC[63_0];
Doubles with 2 packed double-precision floating-point valoes in xmm2/mi28. DST[127 64] « DEST[127_64] + SRC[127_64];
LsT | I |
SR | I |
I I
I [ | . I
s ¥ l
e | I |
Multiply Scalar Doubles | MULSD rmm 1, xmm?/méd Multiplies the low double-precision floating-point value from mmJ with | DST[63.0] « DST[63.0] * SRC[63.0];
the low double-precision floating-point value in xmm.2/mé<4. M DST[127. 64 ] remains unchanged
s
s | I |
i3
3RC | I |
i !
e | I |
Divide Packed Doubles DIVFD Emm] xmmeml 28 Divides 2 packed double-precision floating-point values from meml by 2 DST[63.0] «— DST[63.0] F SRC[63..0];
packed double-precision floating-point values in xnm2imil28. DST[127_64] «— DST[127.64] / SRC[127_64];
137
oot | I |
137
SRC | I |
: :
[ | [ - |
131 X l
beT | I |
Divide Scalar Doubles DIVSD =mm 1 xmmmé4 Divides the low double-precision floating-point value from mml by the DST[63.0] «+— DST[63.0] / SRC[63..0];

low double-precision floating-point value in xmm2/ms4.

i DSTI127 64 ] remains unchanged




Square Roots of Packed | SQRETPD rmml, xmm/ml28 | Computes the square roots of the packed double-precision floating-point D5T[63.0] «— SquareRoot (SEC[63_07);
Doubles values in xrm2/mlI28 and stores the results in xmmd . DST[127.64] « SquareRoot (SRC[127.64]);
SRC | I |
] \
[ SORT | [ BORT |
s ¥ l
b | I |
Square Root of Scalar SQETSD rmm], xmm?/m32 Computes the square root of the scalar double-precision floating-point DS5T[63.0] « SquareRoot (SEC[63_01);
Double value in xmm2/ml28 and stores the result in xmml . ff DST{127 64 ] remains unchanged
sac | I |
1X1 l
b | I |
Maximum Packed MAXPD amm]l, xmm?/mlZE | Retums the maximum single-precision floating-point values between DST[63.0] « MaxiommOf (DST[63.10], SRC[63..01);
Double xmm2/ml 28 and xmml . DST[127_64] «+ MaximumOf (DST[127_64], SRC[127_64]);
b | I |
133
= | I |
! |
[ MAX | [ BiA Y |
131 ¥ l
bsT | I |
Maximum Scalar MAXSD Emml, xmm?/m32 Retums the maximum scalar single-precision floating-point value DET[63.0] «— MaxinmOf (DST[63..0], SRC[63 .07
Double between xmm2iml28 and xnml. i DST[127 64 ] remains unchanged
177
b | I |
177
SRC | | |
i
135 l
DST | I |
Mininm Packed MINFD rmml, xmm?/ml28 | Retums the minimum single-precision floatng-point values between DET[63.0] «— MininmmeDf (DST[63..0], SRC[63..07);
Double xmm2iml28 and xmml . DST[127_64] + MiniimmmOf (DST[127.64], SRC[127.64]);




Douhble

rmml , zmm?/m32

Retums the minimum scalar single-precision floating-point value
between xmm2/iml28 and xnml.

| Bl

DST[63.0] «— MiniommOf (DET[63_.0], SKC[63..07);
i DSTI127 64 ] remains unchanged

SSE2 Logical Instructions

Instruction

Mnemonic

Operands

Description

Symbolic operations

AND of Packed
Doubles

ANDFPD

Emml, zmm*mlzs

Performs a bitwise AND operation of the two packed double-precision
floating-point values from the destination (first) and source (second)
operands and stored the result in the destination operand.

123
DsT | I |

i1
SR | | |

AL ALY

i1 L T
LT | I |

DST[63.0] - DEST[63.0] AND SRC[63.0];
DST[127.64] « DEST[127_64] AND SRC[127_64]

AND WNOT of Packed
Doubles

ANDNFD

Emml, zmm*mlzs

Inverts the bits of the two packed double-precision floating-point values
in the destination (first) operand, performs a bitwise logical AND
operation of the two packed double-precision floating-point valnes from
the temporary inverted result and source (second) operand and stored the
result in the destination operand.

1T
b | I |

iz
SR | [ |

| AN | | AL |

151 ¥ L |
LT | I |

DST[63.0] « (NOT DEST[63..0]) AND SRC[63.0];
DST[127.64] « (NOT DEST[127.64]) AND SRC[127.64]

OF of Packed Doubles

amml, xmm2?ml2E

Performs a bitwise OR. operation of the two packed double-precision
floating-point valnes from the destination (first) and source (second)
operands and stored the result in the destination operand.

1T
b | I |

y
SR | [ |

DST[63.0] « DEST[63.0] OR SRC[63.0];
DST[127.64] « DEST[127.64] OR SRC[127.64]




Exclusive OR. of Packed

Dionbles

XOFFD

rmml, zmm*ml2E

Performs a bitwise XOR operation of the two packed double-precision
floating-point values from the destination (first) and source (second)
operands and stored the result in the destination operand.

|21
DsT | I |

11
£Rc| | |

| HOR | WOR
i1

DST | I |

DST[63.0]  DEST[63.0] XOR SRC[63.0];
DST[127.64] « DEST[127_64] XOR SRC[127_64]

SSE2 Comparison Instructions

Instruction Mnemonic Operands Description Symbolic operations
Compare Packed CMPFD xmml, Compares packed double-precision floating-point vahies in xmm2/mi28 CMP0 +— DST[63 0] OP SRC[63..0];
Doubles Imm2ml28 immE | and xmml using immd& as comparison predicate: 0 —equal, 1 —less than, 2 | CMP1 «— DST[127..64] OP SREC[127.64];
— less or equal, 3 —unordered, 4 —not equal, 5 —not less, 6 —notlessof | |7 CMPO THEN DST[63.0] « FFFFFFFFFFFFFFFFH
;Jl{ilulal.{? - ::nrdgmd. ﬁ}mﬂgﬁ I:j]f f;:ar:h cnmpausfgse 1.1; wm :j:nask of ELSE DST[63.0] « 0000000000000000H:
5 (Comparison or 5 (comparison ! o
relaﬁnnshlm;is true when at leas one of the two operands is a NAN; the IF CMP1 THEN EEIIIiﬁI : PFFFFFFEFPFFFH:{H{
ordered relationship id true when neither operand is a NAN. -
it
LT | I |
131
e | I |
! L
I xty | I iy |
e . !
LT | I |
Compare Packed CMPEQPD Tmm]l, xmm* <=> CMPFD xmm] xmm?, 0 see CMFPPD
Deubles CMPLTPD <=> CMPPD xmm] xmm?, 1
CMPLEFPD <=» CMFFD xzmm] xmm?, 2
CMPUNORDPD <=> CMPPD xmm] xmm?, 3
CMPNEQFD ==> CMPPD zmm] xmm?, 4
CMPNLTPD <=> CMPPD xmm] xmm?, 5
CMPNLEPD <=> CMFPD xmm] xmm?, &

CMPOEDFD




Compare Scalar CMPSD mmm]l, xmm/mé4, | Compares the low double-precision floating-point values in xonm2/ml 28 CMPO «— DST[63..0] OP SRC[63..0];
Doubles immE and xmunl using immd as comparison predicate: 0 —equal, 1 —lessthan, 2 | IF CMPO THEN DST[63..0] — FFFFFFFFFFFFFFFFH
— less or equal, 3 —unordered, 4 — not equal, 5 — not less, 6 — not less or ELSE DST[63.0] «— 0000D000000000000H:
equal, 7 — ordered. The result of each compansen in a quad-word mask of | DST[127.64] remains unchanged
all 15 {(comparison true) or all 0s (comparison false). The unordered
relationship is true when at leas one of the two operands is a NAN; the
ordered relationship id troe when neither operand is a NAN.
133
beT | I |
133
SRC | I |
Ilr_J'_I
133 l
oot | I |
Compare Scalar CMPEQSD rmm], xmm? <=> CMP5D zmm] xmm?, 0 see CMPSD
Doubles CMPLTSD <=> CMPSD xmm] xmm?, 1
CMPLESD <== CMPSD xmm]l xmm?, 2
CMPUNORDSD <=> CMPSD zmm] xmm?, 3
CMPNEQSD <== CMPSD zmml xmm?2, 4
CMPNLTSD <=> CMPSD xmm] xmm?, 5
CMPNLESD <== CMPSD xmml xmm?2, &
CMPOEDSD <=> CMPSD xmm]l xmm? 7
Compare Scalar COMISD mm 1, xmm?/méd Compares low double-precision floating-point values in the operands and | Result < OrderedCompare(DST[63.0], SRC[63.07)
Doubles and Set sets the EFLAGS flags accordingly. Performs ordered compare. This CASE (Result) OF
EFLAGS instruction differs from the TCOMISS instruction in that is signals an UNORDERED: ZF.PF. CF « 111:
invalid operation exception when a source operand is a QNan or and GREATER_THAN: ZF, PF, CF « 000
SNaN. - LESS_THAN: ZF,PF, CF « 001;
peT [ | | EQUAL: ZF, PF, CF « 100;
. END
e | I | .
1 GF. .I""JF. EF — ﬂ‘.
SR
L1} (L] I 1] L = ald=yi
sls[a]a
Unordered Compare UCOMISD rmml, xmm/méd Compares low double-precision floating-point values in the operands and | Result < UnorderedCompare(DST[63..0], SRC[63.07)
Scalar Doubles and set sets the EFL.AGS flags accordingly. Performs unordered compare. This CASE (Resulf) OF
EFLAGS instruction differs from the COMISS instruction in that is signals an UNOEDERED: ZF,PF,CF «— 111:
invalid operation exception only when a source operand is a SNaN. GREATER_THAN- ZF. PF. CF « 000:
st [ | | LESS_THAN: ZF, PF, CF « 001
iz EQUAL: ZF PP, CF « 100;
SR | | l | END
||:- :Il |I:- Xipeyiy | Wecadired OF, AF, SF +—
e i e

1]

SRR 5




SSE2 Shuffle and Unpack Instructions

Instruction Mnemonic Operands Description Symbolic operations

Shuffle Packed Dwords | PSHUFD xmml, xmm?/ml2E, immg Moves double words from source (second) operand and inserts | DST[31.0] «— (SRC SHE (ORDER[1_0]*32))[31.0]
ﬂ:@u in the desl:matmn (first) operand at locations selected DST[63.32] +— (SRC SHR (ORDER[3.2]*32){31.0]
with the order (third) operand. DST[95.64] «— (SRC SHR (ORDER[5.4]*32)){31.0]

m__'r‘ T w [ W [ W] DST[127.96] «— (SRC SHRE (ORDER[7.6]*¥32)[31.0]
| =FL . =L |, &R r1__m.
e 751 [ 1540 T HETET
137 1‘
per [ xaxe | xaxe [ xaxe [ xaxo |

Shuffle Packed Low PSHUFL'W xmml, xmm?/ml2E, immg Moves the words from the low quad word of the source DST[15.0] — (SRC SHE (ORDER[1.0]*16))}[15.0]

Words {m:und} operand and inserts ﬂ:I-E'II:EtD e low quafi word of the | DST[31.16] «— (SRC SHE (ORDER[1.0]*16))[15..0]
destination (first) operand at locations selected with the order | DST[47.32] « (SRC SHR (ORDER[L.0]*16))[15.0]
(third) operand. DST[63.48] « (SRC SHR (ORDER[3.2]*16))[15.0]

m_.'r‘ EIE R ER DST[127.64] «— SRC[127.564]
¥ I.: il
133
CET | Fﬂ..I:IFﬂ..IqH..II?lM x|r|

Shuffle Packed High PSHUFHW rmm]l, xmm?/ml2E immg Moves the words from the high quad word of the source DS5T[63.0] — SRC[63.0]

Words (second) operand and inserts them to the high quad word of DST[79.64] « (SEC SHR (ORDER[1.0]*16))[79.64]
the destination (first) operand at locations selected with the DST[95.80] « (SRC SHR (ORDER[1.01*16))[79.64]
order (third) operand. DST[111.96] « (SRC SHR (ORDER[1._0]*16))[79..64]

SHEiI‘IE ERERE | DST[127.112] — (SRC SHR (ORDER[3.2Z]*16))[79.64]
..%%%4
mﬁ:xquqm x| |
Unpack Low Packed UNPCELFD zmml, xmm?/ml28 Unpacks and interleaves the low double-precision floating- D5T[63.0] «+— DST[63..0]
Doables point values from the low quad words of the source (second) DST[127_64] « SRC[63..0]

operand and the destination (first) operand.

SR | " ¥l | Y I

- /
L‘.\Fll X1 | _H_,.-"'xlr |

L

DET | - ¥l | X |




Unpack High Packed UNPCEHFD rmml, xmm?/ml28 Unpacks and interleaves the low double-precision floating- DST[63.0] — DST[127._64]
Doubles point values from the high quad words of the source (second) DST[127.64] « DST[127.564]
operand and the destination (first) operand.
DET | = X3 | X2 |
\
BR ¥3 [ ¥ |
LN
DET | T3 [ 3 |
Unpack Low Data PUNPCELQDO Emm], xmm/mlZ2E Unpacks and interleaves low-order quad words from xmm] DST[63.0] «— DST[63.0]
and xnm*m128 into xmm] register. DST[127 .64] « SRC[63_0]
5ir:ur_'r|lI [ At |
bsT [ 1 A* |
Lnrrl| I AT | 3 |
Unpack Low Data PFUNPCEHOQD) xmml, xmm?/ml2E Unpacks and interleaves high-order quad words from xmm]l DST[63.0] — DST[127..8]
and xnm¥m128 into xmm] register. DST[127 .64] «— SRC[127_64]
ot | |
hm_l| I A" = |
[T I| ) A [ A |

SSE2 Conversion Instructions

Instruction Mnemonic Operands Description Symbolic operations
Convert Packed Integers | CVIPIZPD EITam, It Converts two packed signed double word integers from mm/meméd to DST[63.0] + InfToDouble (SEC[31.07Y,
to Packed Doubles two packed double-precision floating-point values from xmm. DST[127.64] + ItToDouble (SRC[63.32]);
(-]
SR | [ |
(irg -,_..- f
bt | I |
Convert Packed CVTPD2PL mm, Tmmml 23 Converts two packed double-precision floating-point values from DST[31.0] « DoubleTolnt (SEC[63..0]);
Doubles to Packed xmm/mi28 to two packed signed double-word integers in mm. DST[63.32] «— DoubleToInt (SEC[127_64])
Integers ..
SR | | |
S \.
e ™ )
DT | I |




Convert with CVTTPD2PI mm, xmmfmn 123 Converts two packed double-precision floating-point values from DST[31.0] « TnncateDoubleToInt (SEC[63..07);
Tmuncation Packed xmm/ml28 to two packed signed double-word integers in mm using DST[63.32] +— TmncateDoubleTolnt (SRC[127..64])
Doubles to Packed runcation.
Intepers -

SR

ot ‘"‘\. \

Convert Packed CVTPD2D) zmml, xmm?/ml28 | Converts two packed double-precision floating-point values from DST[31.0] + DoubleTolnt (SEC[63..07);
Doubles to Packed xmm2/ml28 to two packed signed double-word integers in xmm. . DST[63.32] «+ DoubleToInt (SRC[127_64]);
Dwords DST[127-64] « 0000000000000000H

SR | |

" \ \

DET | 7] | i | |
Convert with CVTTPDZ2DO amm]l, xmm*/ml2E | Converts two packed double-precision floating-point values from DST[31.0] + TnmcateDoubleTolnt (SEC[63..0]);
Tmncation Packed xmm2mi28 to two packed signed double-word integers in xmml using DST[63.32] — TmncateDoubleToInt (SRC[127..64]);
Doubles to Packed fruncation. DST[127-64] «— 0000000000000000H
Dwrords 5

SR | |

DET | i [ i [ [
Convert Packed Dwords | CVTDO2FD mml, xmm?/med Converts two packed signed double-word integers from xmm2/mé4 to DET[63.0] «+— InfToDouble{SE.C[31.07);
to Packed Doubles two packed double-precision floating-point values in xmml . DST[127.64] + IitToDouble(SRC[63.32])

SR |

st |
Convert Packed Singles | CVTPS2ZPD rmm ], xmm?/méd Converts two packed single-precision ﬂmti.ng_—pﬂint values from DS5T[63.0] « SingleToDouble (SRC[31_0]);
to Packed Doubles xmm2/mé4 to two packed double-precision floating-point valoes in DST[127.64] « SingleToDouble (SRC[63.32])

xmml
SR | |

CeT qu |
Convert Packed CVTPDZPS rmml, xmm?ml28 | Converts two packed double-precision floating-point values from DS5T[31.0] +— DoubleToSingle (SEC[63_0]);
Doubles to Packed xmm2/ml28 to two packed single-precision floating-point values in DST[63.32] — DoubleToSingle (SRC[127.64]);
Singles i DST[127-64] «— 0000000000000000H

11
SR




Convert Scalar Single CVTSE525D rmm], xmm?/m32 Converts one scalar single-precision floating-point value from xmm2/m32 | DST[63.0] « SingleToDouble (SRC[31..0]);
Scalar Double. to one double-precision floating-point value in xmm. /i DST[127_64] remains unchanged
sec [ | |
DsT | I |
Convert Scalar Double CVTSD2SS Emm], xmm?/méd Converts one scalar double-precision floating-point value from wnm/méd | DST[31.0] « DoubleToSingle (SRC[63..0]);
to Scalar Single to one single-precision floating-point value in xmmml . // DST[127_32] remains unchanged
snc | | |
baT | | |
Convert Scalar Double CVTSD25I 32, xmmmed Converts one scalar double-precision floating-point value from wnm/med | DST<+— DoubleTolnt (SRC[63..00);
to Scalar Integer to one signed double-word integer in r32.
sec [ | |
ost E
Convert with CVTTSD25I 32, xmmmed Converts one scalar double-precision floating-point value from wnm/méed | DST+— TruncateDoubleTolInt (SR.C[63..07);
Truncation Scalar to one signed double-word integer in r32 using tuncation.
Double to Scalar Integer -
SR | | |
pst E
Convert Scalar Integer CVTSIZ5D xmm, rfm32 Converts one signed double-word integer from rim3i2 to one scalar DS5T[63.0]— InfToDouble (SRECY);
to Scalar Double double-precision floating-point value in xmm. [ DST{127. 64 ] remains unchanged

-3
ERC

17
DET |

SSE2 Packed Single-Precision Floating-Point Instructions

Instruction Mnemonic Operands Description avmbolic operations

Convert Packed Dwvords | CVTDO2PS rmm]l, xmm?/ml28 | Converts four packed sipned double-word integers from xmm2/ml28 to DST[31.0] +— InfToSingle(SRC[31..0]);

to Packed Singles four packed single-precision floating point values in xonml . D5T[63.32] «+ IntToSingle(SRC[63..32]);
DST[95.64] «— ItToSingle(SRC[95..64]),
DST[127._96] < ItToSingle(SRC[127..96])

Convert Packed Singles | CVIPSIDOQ) xmm]l, xmm?/ml2E | Converts four packed single-precision floating-point values from DST[31.0] + SingleTolnt (SRC[31..07);

to Packed Dwords xmim2/ml 28 to four packed signed double-word integers in xmm. . DS5T[63.32] «+ SingleTolnt (SRC[63..32]);
DST[95.64] « SingleTolnt (SRC[95..64]);
DST[127.96] «— SingleToInt (SEC[127_96])

Convert with CVTTP52DO zmml, xmm2?ml28 | Converts four packed single-precision floating-point values from DST[31.0] +— TruncateSingleTolnt (SEC[31.07);




Truncation Packed
Singles to Packed
Divrords

xmm2/mi28 to four packed sipned double-word integers in xmmJ using
truncation.

DST[63.32] « TruncateSingleTolnt (SRC[63.32]);
DST[95.64] «— TrncateSingleTolnt (SRC[95..64]);
DST[127.96] «— TruncateSineleTolnt (SRC[127.96])

SSE2 128-Bit SIMD Integer Instructions

Instruction Mnemonic Operands Description Symbolic operations
Add Packed Quad-word | PADDO o1, mon? mnéd Adds the quad word integer from the source (second) operand to | DST[63.0] «— DST[63.0] + SRC[63..0]
Intepers the destination (first) operand.
L'EI'T |
sac | |
i
mrrT * |
xmml, xmm?ml2E Adds 2 quad word integers from the source (second) operand to DST[63.0] «— DST[63.0] + SRC[63.0]
2 quad word integers in the destination (first) operand. DST[127_64] «— DST[127.64] + SRC[127_64]
osT | | |
SI-‘.I'.'-I | |
| I |
I + | I + |
} £
osT | I |
Subtract Packed CQmuad- PSUBQ mm ], mm?/med Subtracts the quad word integer from the source (second) DST[63.0] «— DST[63.0] — SRC[63.0]
word Integers operand from the destination (first) operand.

[
ol |

(-]
SRC | |

e —

[-"] L
T | |

Emml, zmm*mlzs

Subtracts 2 quad word integers from the source (second) operand
from 2 quad word integers in the destination (first) operand.

LT

- "
—f  —h

SR

DST[63.0] « DST[63.0] — SRC[63..0]
DST[127.64] « DST[127.64] — SRC[127.64]




Multiply Packed PMULUDQ mm], mo?/mé4 Multiplies the unsigned double word integer from the destination | DST[63.0] «— DST[31..0] * SRC[31..0]
Unsigned Double-word (first) operand by the unsigned double word integer from the
Intepers source (second) operand and stores the quad word result in the
destination (first) operand.
L4
LT | I |
L4 |
SRC | I |
-1 b
DET | |
Emml, xmm?mil28 Subtracts 2 quad word intepers from the source (second) operand | DST[63.0] «— DST[31.0] * SRC[31.0]
from 2 quad word integers in the destination (first) operand. DST[127.64] « DST[95.64] * SRC[95..64]
(e
DAT | | I I |
173 | |
SR | I I I |
e | I |
Packed Shift L eft PSLLDQ zmm], innm8 Shifts xmm] left by imm3 bytes while shifting in Os. TMP «— Count;
Logical Quad-word IF (T MP=>15) THEN TMP « 16;
DST «— DST SHL (TMP * B)
Packed Shift Right PSELDQ xmm], imm3 Shifts xmm] right by immg bytes while shifting in 0s. TMP «— Count;

Logical Qmad-word

IF (T MP>15) THEN TMP < 16;
DST « DST SHR (TMP * §)

SSE2 Cacheability Control and Instructions Ordering Instructions

Instruction Mnemonic Operands Description Symbolic operations

Flush Cache Line CLFLUSH ma Invalidated the cache line that contains the linear address specified with
the source operand from all levels of the processor cache hierarchy (data
and instruction). The invalidation is broadcast through the cache
coherence domain. If, at any level of the cache hierarchy, the hine is
inconsistent with the memory, it is written to memory before invalidation.

Store Fence SFENCE Performs a serializing operation on all store-to-memory instructions that
were issued poor the SFENCE instruction.

Load Fence LFENCE Performs a senalizing operation on all load-from-memory instructions
that were issued prior the LFENCE instruction.

Memory Fence MFENCE Performs a serializing operation on all load-from-memory and store-to-
memory Instructions that were issued prior the MEENCE instruction.

Spin Loop Hint PAUSE




Store Selected Bytes of MASEMOVDQU | mml, mm? Stores selected bytes from the mmx register (first operand) into a 128-bit | IF (MASK[7]=1) THEN DS:[{E)DI] +— SRC[7.0]
Double Quad-Word memory location. The address of the memory location is specified by IF (MASK[15]=1) THEN DS:[(E)DI+1] «+ SRC[15.8]
Using Non-temporal DE:[(E)DT] registers. The mask (second) operand selects which bytes IF (MASK[23])=1) THEN DS:[(E)DI4+2] + SRC[23.16]
Hint from the source operand are Written to the memory. IF (MASK[31]=1) THEN DS:[(E)DI+3] « SRC[31.24]
IF (MASK[39]=1) THEN DS:[{E)DI+4] «— SRC[39.32]
IF (MASK[47]=1) THEN DS:[{E)YDI+5] «— SRC[47..40]
IF (MASK[55]=1) THEN DS:[{E)DI+65] «— SRC[55. 48]
IF (MASK[63]=1) THEN DS:[{E)DI+7] «+ SRC[63.56]
IF (MASK[71]=1) THEN DS:[{E)DI+8] «+— SRC[7T1..64]
IF (MASK[79]=1) THEN DS:[{E)DI+9] «+— SRC[T9..80]
IF (MASK[E7]=1) THEN DS:[{E)DI+10] « SRC[87..80]
IF (MASK[95]=1) THEN DS:[{E)DI+11] «— SRC[95.88]
IF (MASK[103]=1) THEN DS:[(E)DI+12] +— SRC[103..96]
IF (MASK[111]}=1) THEN DS:[(E)DIH+13] «+— SRC[111..104]
IF (MASK[119]=1) THEN DS:[(E)DHH+14] «+— SRC[119..112]
IF (MASK[12T]=1) THEN DS:[(E)DHH15] «— SRC[127..120]
Store Double Caad- MOVNTDOQ ml2E, xmm Mowes the double quad word from xmm to m128 using a non-temporal DST « SEC
Word Using Non- hint to prevent caching of the data dunng the write to memory.
temporal Hint
Store Packed Double- MOVNTFD ml2E, xmm Mowes the packed double-precision floating-point values from xmm to DST + SEC
Precision Floating-Point m128 using a non-temporal hint to minimize cache pollution during the
Values Using Non- write to memory.
temporal Hint
Store Double-Word MOVNTI m32, 132 Moves the double word integer from the 132 repister to the m32 memory | DST « SRC
Using Non-temporal using a non-temporal hint to minimize cache pollution during the write to
Hint e .




NEON == Advanced SIMD
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was announced in 2004

NEON often gives 8—20x boost on Cortex-A8 but only 2—5x
on Cortex-A9



What is NEON?

® NEON is a wide SIMD data processing architecture

O  Extension of the ARM instruction set

O

32 registers, 64-bits wide (dual view as 16 registers, 128-bits wide)

® NEON Instructions perform “Packed SIMD” processing

O Registers are considered as vectors of elements of the same data type

O  Data types can be: signed/unsigned 8-bit, 16-bit, 32-bit, 64-bit, single prec. float

O

Instructions perform the same operation in all lanes

—

pI Dn

IDm

Source
Registers

Operation

[ D estination
Register

EIements ? [ ol o] o
K kT‘ “LT‘ ILT‘ I,
1
v ooy




Data Types

@® NEON natively supports a set of common data types
O Integer and Fixed-Point; 8-bit, 16-bit, 32-bit and 64-bit
O 32-bit Single-precision Floating-point

.S8
8/16-bit Signed, .18
Unsigned Integers; -8 U8
Polynomials -PS8
.S16
.I16
.16 .Ulé6
P16
.S32
32:bit Signed, \—J7-'32 P 64.bit Signed,
nsigne F32 nsigne
Integers; Floats J/ Reek Integers;
.64 .164 e

@® Data types are represented using a bit-size and format letter



Registers

e NEON provides a 256-byte register file
o NEON has its own execution pipelines and a register bank that is
distinct from the ARM register bank
o shares the same set of registers with VFP that is a floating point
hardware accelerator, not parallel like NEON
e NEON Dual view
o 32 registers, 64-bits wide (Dx)
o 16 registers, 128-bits wide (Qx)
e VFP Dual view
o 32 registers, 64-bits wide (Dx)
o 32 registers, 32-bits wide (Sx)

ARMv7 Advanced SIMD (NEON) and VFPv3 extension registers S:32bit D:64bit Q:128bit



Register Mapping

Advanced SIMD and Floating-point register mapping

Figure A2-1 shows the different views of Advanced SIMD and Floating-point register banks,

between them.

and the relationship

S0-S31 D0-D15 D0-D31 QO0-Q15
® NEON Advanced SIMD and VFP VFPv2, VFPv3-D32, Advanced SIMD
VFP only VFPv3-D16, or VFPv4-D32, or only
i VFPv4-D16 Ad d SIMD
use the same register set S N i
~ - D0 — - D0 — - —
o T — Q0 —]
s | — — — —
:g - D2 — — D2 — — —
s 11— — Q1 —
— D3 — — D3 — — —
sT. | 1 4
I I I I I4 X 32 bit Data = = = o= o= = = =
128bitQregister < [ T T T T ] ]8x16bitData | 528 [ o1a [ oe | ]
S29
I I 6 xsbitoate 530 |1~ |~ — 7
—— D15 — — D15 — — —
I e e e e
— D16 — — —
L Q8 —
L D17 — - —
The mapping between the registers 1s as follows: 1 _ ______ [ i
. S<2n> maps to the least significant half of D<n> — D30 — — —
. S<2n+1> maps to the most significant half of D<n> o3 - ais ]
. D<2n> maps to the least significant half ofQ<n> 1

* D<2n+1> maps to the most significant half of Q<n>. Figure A2-1 Advanced SIMD and Floating-point Extensions register set

For example, software can access the least significant half of the elements of a vector 1n Q6 by referring to D12, and
the most significant half of the elements by referring to D13.

PCP 58



S0-S31 DO0-D15 DO0-D31 Q0-Q15

{

VFPV2, VFPv3-D32,
VFP only VFPv3-D16, or VFPv4-D32, or ‘“‘d‘“'angsld SIMD
VFPv4-D16 Advanced SIMD y
S0 . po — . po — | _—
S1
R e N B - Q0 —]
b1 — b1 — - _
s | [ - 0 T - 0
z; . p2 . p2 | _—
T B - Q1 —]
. p3 — . p3 — | _—
s | [ > =
e I T B
- _ q7
D15 — D15 — | _—
1. | [ [ "1
. D16 — - _
_ p17 — | _
. D30 — — —
Q15 —|
| p31 — | _—

Figure A2-1 Advanced SIMD and Floating-point Extensions register set



Vectors and Scalars

® Registers hold one or more elements of the same data type

O Vn can be used to reference either a 64-bit Dn or 128-bit Qn register

O Arregister, data type combination describes a vector of elements

63

0

Dn

I64

S32

S32

le

>|

64-bit

DO

D7

127

On
F32 F32 F32 F32 00
S8]S8|S8|sS8]sS8|S8|sS8]S8]|s8|s8]sS8]|s8|s8]S8]s8]s8 Q7
128-bit

® Some instructions can reference individual scalar elements

O Scalar elements are referenced using the array notation Vn[x]

F32

F32

F32

F32

QO [3]

Q0 [2]

QO0[1

]

Q0[0]
® Array ordering is always from the least significant bit

Q0



NEON operations

e Arithmetic

O VABA, VABD, VABS, VNEG, VADD, VSUB, VADDHN, VSUBHN, VHADD, VHSUB,
VPADD, VPADAL, VMAX, VMIN, VPMAX, VPMIN, VCLS, VCLZ, VCNT

e Multiplication
O VMUL, VMLA, VMLS, VQDMULL, VQDMLAL, VQDMLSL, VQDMULH
e Shifts
O VSHL, VSHR, VSRA, VSLI, VSRI
e Comparison and Selection
o VCEQ, VCGE, VCGT, VCLE, VCLT, VTST, VBIF, VBIT, VBSL
e Logical
o VAND, VBIC, VEOR, VORN, VORR, VMVN
e Reciprocal Estimate/Step, Reciprocal Square Root Estimate/Step
O VRECPE, VRSQRTE, VRECPS, VRSQRTS
e Miscellaneous
o VMOV, VDUP, VCVT, VEXT, VREV, VSWP, VTBL, VTBX, VTRN, VUZP, VZIP
e Load/Store
O VLD1,VLD2, VLD3, VLD4, VST1, VST2, VST3, VST4



Long, Narrow and Wide Operations

® NEON can utilise both register views in the same instruction
O Enables instructions to promote or demote elements within operation

i S —
SAALSN (L L]

® | ong operations promote elements to double the precision
O Multiply Long (16 x 16 -> 32), Add/Sub Long, Shift Long

I .I .I .I .I Dn I [} I on

® Narrow operations demote data type to half the precision
O  Shift Right and Narrowing Add/Sub, Move

® \Wide operations promote the elements of the second operand
O Add/Sub Wide (16 + 32 -> 32)



Pairwise Operations

® NEON also supports pairwise instructions to add across registers
O ADD, MIN, MAX

® Normal

® |Long



Load/Store Instructions

Several memory access patterns are possible with single instructions

NI'<|><

|?3 xéixllxo
FEEE

NEON registers

x3 x2ix1'x0

|y3 y2

(%0
x1
E4



NEON VTBL: Table Lookup
BEIEE |13|26|8|0 |T| D3

I3 [ 5N I N N N 3 N N N A I N I I (2P

* ~

[TTT:7>= |o [iT-= LﬁLJ DO

VTBL.8 DO, {D1, D2}, D3

e VTBL : out of range indexes generate 0O result
e VTBX: out of range indexes leave destination unchanged



Example: Binary Threshold

vold threshold (uchar* src, uchar* dst, int length,
uchar thresh, uchar maxval)

for(int i = 0; 1 < length; ++1i)
dst[1i] = src[i] <= thresh ? 0 : maxval;



Binary Threshold: SSE

void threshold SSE (uchar* src, uchar* dst, int length, uchar thresh, uchar maxval)

{

~ ml28i x80 = mm setl epi8('\x80"');
~ ml28i thresh s = mm setl epi8(thresh ~ 0x80);
~ ml28i maxval = mm setl epi8(maxval);

for(int i = 0; 1 <= length - 32; i += 32 )
{

- ml28i v0 = mm loadu sil28( (const ml28i*) (src + 1) );
- ml28i vl = mm loadu sil28( (const ml28i*) (src + i + 16) );
v0 = mm cmpgt epi8( mm xor si128(v0, x80), thresh s );
vl = mm cmpgt epi8( mm xor sil28(vl, x80), thresh s );
v0 = mm and sil28( v0, maxval );
vl = mm and sil128( vl, maxval );
~mm storeu si128( ( ml28i*) (dst + i), vO0 );
(

~mm_storeu sil28( (_ ml28i*) (dst + 1 + 16), vl );



Binary Threshold: NEON

void threshold NEON (uchar* src, uchar* dst, int length, uchar thresh, uchar maxval)
{
uint8x16 t vthreshold = vdupg n u8(thresh);
uint8x16 t vvalue = vdupg n u8(maxval);
for(int 1 = 0; i <= length - 32; i += 32 )
{
__builtin prefetch(src + 1 + 320);
uint8xl6 t v0 = vldlg u8(src + 1);
uint8xl6 t vl = vldlg u8(src + i + 16);
uint8x16 t r0 = vcgtg u8(v0, vthreshold);
uint8xl6 t rl = vcgtg u8(vl, vthreshold);
uint8x16 t rOa = vandg u8(r0, vvalue);
uint8x1l6 t rla
vstlg u8(dst + i, r0Oa);
vstlg u8(dst + i + 16, rla);

vandg u8(rl, vvalue);



Example: BGRA unpack

Input:

Output:

BGRA
BGRA
BGRA
BGRA

BBBB
GGGG
RRRR
AAAA

BGRA
BGRA
BGRA
BGRA

BBBB
GGGG
RRRR
AAAA

BGRA
BGRA
BGRA
BGRA

BBBB
GGGG
RRRR
AAAA

BGRA
BGRA
BGRA
BGRA

BBBB
GGGG
RRRR
AAAA



BGRA unpack: SSE2 (20 instructions)

- ml28i v0 = mm load sil28((const  ml28i*) (bgra)):;

~ ml28i vl = mm load sil28((const ml28i*) (bgra + 8));
~ ml28i v2 = mm load sil28((const ml28i*) (bgra + 16));
- ml28i v3 = mm load sil28((const ml28i*) (bgra + 24));
~ ml28i t0 = mm unpacklo epi8(v0, vl);

- ml28i tl = mm unpackhi epi8(v0, vl);

~ ml28i t2 = mm unpacklo epi8(v2, v3);

~ ml28i t3 = mm unpackhi epi8(v2, v3);

v0 = mm unpacklo epi8 (t0, tl);

vl = mm unpackhi epi8 (t0, tl);

v3 = mm unpacklo epi8(t2, t3);

v4 = mm unpackhi epi8(t2, t3);

t0 = mm unpacklo epi32(v0, v1);

tl = mm unpackhi epi32(v0, vl);

t3 = mm unpacklo epi32(v2, v3);

t4 = mm unpackhi epi32(v2, v3);

~ ml28i B = mm unpacklo epi64(t0, t2);

~ ml28i G = mm unpackhi epi64(t0, t2);

~ ml28i R = mm unpacklo epi64(tl, t3);

~ ml28i A = mm unpackhi epi64(tl, t3);



BGRA unpack: NEON (8 instructions)

uint8xleée t vO

vldlqg u8 (bgra);

uint8xle6 t vl vldlq u8 (bgra+8);
uint8xl6 t v2 = vldlq u8(bgra+lo6);
uint8x1l6 t v3 = vldlq u8(bgra+24);

(
(
(
(

uint8xle6x2 t v0l = vtrng u8(v0, vl);
uint8xlex2 t v23 = vtrnq u8(v2, v3);

uintl6x8x2 t BR = vtrngq ulé (vreinterpretqg ul6 u8(v0l.val[0]),
vreinterpretqg ulé u8(v23.val[0]));

uintl6x8x2 t GA = vtrng ulé (vreinterpretqg ul6 u8(v0l.val[l]),
vreinterpretq ulé u8(v23.val[l]));

uint8x16 t B = vreinterpretq u8 ul6 (BR.val[0]);

uint8xl6 t G = vreinterpretq u8 ul6(GA.val[0]);

uint8xl6 t R = vreinterpretq u8 ul6 (BR.val[l]);

uint8x16 t A = vreinterpretg u8 ul6(GA.vall[l]);



BGRA unpack: NEON 2

uint8xlox4 t vbgra = wvld4q u8(bgra);

(surprisingly, 2 instructions)



Example: BGR to RGB conversion

void convert (uchar* bgr, uchar* rgb, int length)
{
for(int i = 0; 1 <= length - 16; i += 16)
{
uint8xl6x3 t v = v1d3g u8 (bgr + 1i*3);
uint8x1l6 t tmp = v.val[O0];
v.val[0] = v.vall[2];
v.val[2] = tmp;
vst3g u8 (rgb + 1*3);



Example: BGR to RGB conversion 2

void convert (uchar* bgr,

{
for (int i

{

asm

) ;
}

} // see http://hardwarebug.org/2010/07/06/arm-inline-asm-secrets/for magic registry codes

(
"v1d3
"v1d3

"vswp
"vst3
"vst3

uchar*

i <= length

.8 {d0, dz,
.8 {dl, d3,
qgl, g2

.8 {d0, dz,
.8 {di1, d3,

/*no output*/

[outO0] "r" (dst
[outl] "r" (dst
[in0] "r" (src
[inl] "r" (src

rgb, int length)

- 16; 1 += 16)

d4},
dst,

[5[1in0]]
[5[inl]]

day,
d5},

[$[out0]]
[$[outl]]

+ 3 * 1),

+ 3 * (i + 8)),
+ 3 * 1),

+ 3 * (i + 8))

"dO", "dl"’ "d2", "d.3", "d4", "d5"

\n\t"
\n\t"
\n\t"
\n\t"
\n\t"


http://hardwarebug.org/2010/07/06/arm-inline-asm-secrets/

NEON vs SSE

e Separate HW unit
e Strongly typed intrinsics
e 2506 byte register bank

No double precision

No way to specify

alignment for intrinsics
e Need software prefetch

e Same HW unit
e Type-aware intrinsics

128(x86)/256(x64) byte
register bank
Has double precision

e Special instructions for

aligned load/store
Good hardware
prefetch



YcTpoUncTBO U KoHBenepu Ha x86 (,,P6“ u ap.) u ,ARM*: bhokosu cxemu. PaborTa.







B T 3
AR A
TS Eh h
b N
Ir - .h.-
] =
Tk s
|..I. b
|".‘:l|; J

..‘" ',‘ L] J *

H | 7 .
it iy ; . K ., 1 T * e q‘r o o

: g i i o U iy | 1 it = wh " d"" ] i

! i :"'-."I.a"..-'q'. {#, § T :| 1,“;‘. I.:i'; ::I . v “:l; ~_+ .[*- i _..5” o oy q.l-i;‘ {?_ :'t :;* ‘:'_ L. -,_L Y F-,-_-Il !'\1.-.1..‘1.}‘ iy L
--I e Ui gt 1 e e I ".. it I el o '..I." iy SN PR .Y i 4 ¥ .-L‘ -II"O;:' -.':_'..,‘1.-1. I--- o ] B PN ppanl Fatl / i &
L N, r.F-'" ) b gy g T ¥ i LY R o T e b g . ALY - L iy, Mgl G Lo Wk LS k F A
"'-'ll‘r S AR AN E5_4 1A o M e NSRLL TE R o L 1“'.."":""-L|.' “'-nk"li' 4 =3 § "'.:""5'1#'-."-‘ il TR ek .
l..l"\-; i ] : e k ...'} :' _'ﬂ:.l:'":'ll.l"' 'L\l-u.l “ Mok O IL"‘-.‘ Pty L |‘\r| .‘\'_ .:‘" ,I:-l,‘. i .-.i Ly ‘;.i'r.. ¥, '_l 'I_ Pt . . i Cale i 1

r;* = L H-.l-r L -I- [ BN "'ril vl 1 .‘_ : ¢ Ty Y ‘ h ! = Il-l *'L' ﬁ'\u' l"" & . oy ..f'. i ! ] 1“"" il a4 ™ ¥ = ' S "'1

3 1 F = ol & WA LN T L R g j = B . =

L] e .', il "‘: :'1 h-.--l o .r L oy ; w i} § "N '} r k. ¥ i il | X ™~ wit -.; ] l"‘_ [ N 5 A '..I| £ 1 9 " .‘..H*." =
P A TR T s O 3 e T vt g e N L el v, N g i s N A RO i :
T i "F.' N b g P ahe o Rla ol Sl J'::"- o I;Fr AT LY ol B -t E el e Fa " ri ik

o 1 1’* o 5 ,'r N & Ty W M A "n‘ b 1 - I}’: ” ol ¥ - : - b ‘. i g
;. - - . 4 ‘= [ . L 4 o " - E L e o i - L LI ’ B it g ' E W






|ntel

PENTIUM@PRO

VLM 0

006-3302030




V.0 0.0 0. 0 v
@2@0:0036629@:66200200209euueﬁuooe
9OOUOLEOLEOOLELOLVWLOIOLVLLLUL L
VUOUOOUELLUOEUOELEoVLOOVVIVLLLLE
VOOWOUOVORVOOVOVWOLVRVVYWVVVYWEY OOV
00X . o e AR e A et Sl e K N e ©
% / Jeo e
0.9 109
@} 0@
Xy = le e
QO 1o e
Q@ @i IS
09@ %0 v
© 9} O @
0@ ; © ©
@ @Of e v
09| X
QVOVOVOVUWOVWOOVWOVWOOOEOOVVOOLOLE
ag@ @2@@2@ @2@ ﬁzﬁ ez@ 02@ 02@00@0@0@9 © ©
9.9 @0@ 9OOOPOOEELE000E0O000LY
9900000000000 00600000000006¢
QUOVOPPOOEPRVRVWIOLOVLIVLRRLEOH O E




47 4543 41393735 333129 272523 211917 151311 9 7 5 3 1

BC coooco > O O O O -0000O0
BA c o o O0@0@0@0@0@ 0 O O
AY L T T

2,
{;.
L.

- | I | | I [ 1 ' | I [ [ [ 1

LI LI LI ] - - o LI LI L] o

P - . - O - . - O - - o - . - O - . -

r T T ! ! 1 ! r ! [ ! 1

5 or LI LI L L L or LI Los L
. [ [ ! ! 1 ! [ [ ! ! 1

K 1 POL - .L r O‘- :Oh ] ) PO.\I -GL l. .L ] G‘- ;
’ [ [ (- ! 1 ! r (- (- ! 1

o LI LI s ] .o 5 or LI LI o

e
e
O
@
@)
R R T ST S S ey

i i Mt St Sttty s Bt S s P St St S S St St St S Sy

.--lr"lr"ll-ll-I EHG
L. L L N % . 2

F| €0 @00. 2
N 2 P A R A AR

- - - - -
! [ [ (- (- 1
) rO" r." ‘O" r.h ;
' [ [ [ [ 1
n o L LI Y oa o

:wnmm:qrzmmdﬁhqgﬁﬁ%

- n - - - - - - - - - - - - - - - n - - - u -
. [ [ ! ! [ ! ! [ [ [ T [ [ [ T T  F [ ! [ [ ! 1

B [T % ,.l. _.Gn. _:.-u. & % ,Ol. i L ,.-. & % ,Ox & [ ,l.:. & ~ ,G\. . " ,.-. & % ,O-u. i n _..-. ,Gl. ,.l. . -
’ [ T (- ! [ (- [ [ [ [ T [ [ L T [ T (- [ [ (- 1
Tor L LI = s = o os LI L] L] B oa e ] ] s " s o L L " o "os LI boe

46 444240 38363432 302826 242220 181614 1210 8 6 4 2
47 4543 41393735 333129 272523 211917 151311 9 7 5 3 1

we!
®

Veeg

o
%5
o

Veep
Vss
Vcees
Other

'
=
@)

FARLEZE LA
O

'
A

Pﬁmm“HZdeﬁﬂg



ZE2EZXR 3

=
o

FOMOS"ZoocE<pe2be>epesnrs

0,052" +0,01"

1,395" £ 008> €

0.080" £ 002"

<

0.043" +.005:

—>lle— 0,018 +,002" - 001"

0.047"

Side View "

PEEEEPENEPEEP PR RPEERFE O @ A
PEOPREAAIIEPEIPEIIERERPEIEEE®®
©0 60 e SECECRC A
oNcNoNcNol oo e e
@@@@@% e oo
@@@@@5 orerer
@@@@@§  oXoXoke
@@@@@ﬁ ®®0 e
@@@@@g ®@@ @@
@@@@@g HEORORO)
BB 66 G 12 @ @@ 2 660" + 010"
%L e
RN O g %% %% 2.195" + 017"
®e6 6o ® 066 6
©.6.0 O ©.0.6.0
oo ooo .69
@%%%%ﬁ %% %S
®©06 el ® © ©® @
ﬁﬁﬁﬁ%g 00 5 e
@®e® e @066
@@@@@@@@@ 0% %% Y1 0.050" £ 0,01"
POICHOK- é %%
@@@@@%%%%%%%%%%%%%'@@@@ Y
2] {2 (| (@) =) 2] X
@@@@@@@@@ 6% 0% 6% % 6% 0% e 6 e ® 40100 £ 001 v
2 4 8 B 1012 14 96 18 20 22 24 26 28 30 52 34 38 38 40 42 44 45
1 3 8 7 @191 13 18 17 19 M 23 25 237 23 3 33 35 37 39 41 &1 45 47
< 2.460" + 010" >
Heat Spraader Chlp Capacltor
J Clearance Area
1.3" 40,10
Y N 3" 4+ 0,10 l
Ceramlic Package 0.110" +.007"
A e e 1 N N O A
\ 0.125"+ 005"



Table 27. Pentium® Pro Processor Package

Parameter Value
Package Type PGA
Total Pins 387
Pin Array Modified Staggered

Package Size

2.66" x 2.46" (7.76cm x 6.25cm)

Heat Spreader Size

2.225" x 1.3"x 0.04" (5.65cm x 3.3cm x 0.1cm)

Approximate Weight

90 grams




VERY HIGH YEILD CPU’s (CERAMIC)
NEC (server chip - R10000)-0.27 g per CPU
Toshiba (server chip)-0.27 g per CPU
AMD K5 - 0.4 g per CPU (0.5 g is pretty much
speculated)
Pentium Pro (the holy grail of scammers) - 0.3 up to

0.5 g per CPU (1 g per CPU figure is speculated
by "eBay scrap gold advocates”). Yield values differ
depending on manufacturing plant & CPU's cache
size.

Cyrix 586 - 0.25 g per CPU s
Cyrix 6x86-P166+GP 133MHz - 0.22 g per CPU i
IBM 686 PR200 - 0.25 g per CPU A |
entium’
Original Intel Pentium 60Mhz - 90Mhz 0.48 g per CPU ‘.p“ ntum
Alpha DEC (large square, not smaller round heatsink) - 0.3
gAg/0.34 g Au per CPU







Frontside bus

The P6 CPU had a bus to its L2 cache, and another bus to the rest
of the system. For drawing convenience, the L2 was drawn on the
P6’s “backside” in block diagrams. The bus connecting P6 to other
P6’s and the chip set became known as the “frontside” bus to dis-
tinguish it from the L2 cache bus.



T
‘GTL (Gunning transceiver Logic)

.« Invented by William Gunning while working
: for Xerox at the Palo Alto Research Center

« GTL is a type of logic signaling used to
drive electronic backplane buses

G « It has a voltage swing between 0.4 volts and
_ 1.2 volts—much lower than that used

in and logic—and symmetrical
T parallel resistive termination

« All Intel front-side buses use GTL.



Table 2. Signal Groups

Group Name

Signals

GTL+ Input BPRI#, BR[3:1]#1, DEFER#, RESET#, RS[2:0]#, RSP#, TRDY#
GTL+ Output PRDY#
GTL+ /O A[35:3}#, ADS#, AERR#, AP[1:0]#, BERR#, BINIT#, BNR#, BP[3:2}#,

BPMI[1:0]#, BRO#, D[63:0]#, DBSY#, DEP[/:0]#, DRDY#, FRCERR, HIT#,
HITM#, LOCK#, REQ[4:0}#, RP#

3.3 V Tolerant Input

A20M#, FLUSH#, IGNNE#, INIT#, LINTO/INTR, LINT1/NMI, PREQ#,
PWRGOOD?2, SMI#, STPCLK#

3.3 V Tolerant Output FERR#, IERR#, THERMTRIP#3
Clock4 BCLK

APIC Clock4 PICCLK

APIC /04 PICDI[1:0]

JTAG Input4 TCK, TDI, TMS, TRST#

JTAG Output4

TDO

Power/Other>

CPUPRES#, PLL1, PLL2, TESTHI, TESTLO, UP#, VP, VeeS, Veeb,
VID[3:0], VRer[7:0], Vss




This appendix provides an alphabetical listing of all
Pentium Pro processor signals. Plns that do not

appear here are not consldered bus signals and
are described In Table 2.

A1 AL35:31# (VO)

The A[353}# signals are the address signals. They
are driven during the two-clock Request Phase by
the request initiator. The signals in the two clocks are
referenced Aa[35:3# and AD[35:3]#. During both
clocks, A[3524]# signals are protected with the
AP1# party signal, and A[233}# signals are
protected with the APQO# parity signal.

The Aa[353}# signals are interpreted based on
information carried during the first Request Phase
clock on the REQa[4:0}# signals.

For memory transactions as defined by REQa[4.0}#
= {0100 XX11X), the Aa[353F signals
define a 236-byte physical memory address space.
The cacheable agents in the system observe the
Aa[353}# signals and begin an internal snoop. The
memory agentis in the system observe the Aa[353#
signals and begin address decode to determine if
they are responsible for the transaction completion.
Aa[4 3 signals define the critical word, the first data
chunk to be transfemred on the data bus. Cache line
transactions use the standard burst order described
in Pentium® Pro Processor Developer's Manual,
Volume 1: Specifications (Order Number 242630) to
transfer the remaining three data chunks.

For Pentium Pro processor 1O transactions as
defined by REQa[4:0# = 1000X, the signals
Aa[16.3# define a 64K+3 byie physical 10 space.
The 10 agents in the system observe the signals and
begin address decode to determine if they are
responsible  for the transaction completion.
Aa[3517# are always zero. Aalb# is Zero unless
the 10 space being accessed is the first three bytes
of a 64KByte address range.

For deferred reply transactions as defined by
REQa[4:0}# = 00000, Aa[2316}# carry the deferred
ID. This signal is the same deferred ID supplied by
the request initiator of the original transaction on

Ab[2316#/DID[7-0}# signals. Pentium Pro processor
bus agents that support deferred replies sample the
deferred ID and perform an internal match against
any outstanding transactions waiting for deferred
replies. During a deferred reply, Aa[35241# and
Aa[153J# are resenved.

For the branch-trace message transaction as defined
by REQa[4:0}# = 01001 and for special and interrupt
acknowledge transactions, as defined by REQa[4:0]#
= 01000, the Aa[353}# signals are reserved and
undefined.

During the second clock of the Request Phase,
Ab[353}# signals perform identical signal functions
for all transactions. For ease of description, these
functions are described using new signal names.
Ab[31:24]# are renamed the attribute signals
ATTR[7:0}#. Abj23:16]# are renamed the Deferred ID
signals DID[7-0J#. Ab[15:8# are renamed the eight-
byte enable signals BE[7.0}#. Ab[7:3}# are renamed
the extended function signals EXF[4:0}#.

Table 43. Request Phase Decode

Ab[31:24]# Ab[23:16}# AD[158}# | Ab[73}#

ATTR[7-0# | DID[7-0# BE[70¥ | EXF40}#

On the active-to-inactive transition of RESET#, each
Pentium Pro processor bus agent samples A[35:3J#
signals to determine its power-on configuration.

A2  A20M# (D

The A20M# signal is the address-20 mask signal in
the PC Compatibility group. If the A20M# input signal
is asserted, the Pentium Pro processor masks
physical address bit 20 (A20#) before looking up a
ine in any internal cache and before diving a
read/write transaction on the bus. Asserling A20M#
emulates the 8086 processor's address wrap around
at the one Mbyte boundary. Only assert A20M# when
the processor is in real mode. The effect of asserting
A20M# in protected mode is undefined and may be
implemented differently in future processors.



Snoop requests and cache-line  writeback
transactions are unaffected by A20M# input. Address
20 is not masked when the processor samples
external addresses to perform internal snooping.

A20M# 15 an asynchronous input. However, fo
guarantee recognition of this signal following an /O
write instruction, A20M#E must be valid with active
RS[2:0)# signals of the corresponding /0 Write bus
transaction. In FRC mode, A20M# must be
synchronous to BCLK.

During active RESET#, the Pentium Pro processor
begins sampling the A20M#, IGNNE#, and LINT[1:0]
values to determine the ratio of core-clock frequency
to bus-clock frequency. After the PLL-lock time, the
core clock becomes stable and is locked fo the
external bus clock. On the active-to-inactive
transition of RESET#, the Pentium Pro processor
latches A20M#, IGNNE#, and LINT[1:0] and freezes
the frequency ratio internally. 29See Table 44.

A3  ADS# (I/0)

The ADS# signal is the address Strobe signal. It is
asserted by the current bus owner for one clock to
indicate a new Hequest Phase. A new Request
Phase can only begin if the In-order Queue has less

than the maximum number of entries defined by the
power-on configuration (1 or 8), the Request Phase
is not being stalled by an active BENR# sequence and
the ADS# associated with the previous Request
Phase is sampled inactive. Along with the ADS#, the
request initiator drives A[353]#, REQ[40,
AP[1:0#, and RP# signals for two clocks. During the
second Request Phase clock, ADS# must be
inactive. HP# provides panty protection for
REQ[4:01# and ADS# signals during both clocks. If
the transaction is part of a bus locked operation,
LOCK# must be active with ADS#.

If the request initiator continues to own the bus after
the first Reguest Phase, it can issue a new request
every three clocks. If the request initiator needs to
release the bus ownership after the Request Phase,
it can deactivate its BREQn#/ BPRI#¥ arbitration
signal as early as with the activation of ADS#.

All bus agents observe the ADS# activation to begin
parity checking, protocol checking, address decode,
internal snoop, or deferred reply ID match operations
associated with the new transaction. On sampling the
asserted ADS#, all agents load the new transaction
in the In-order Queue and update internal counters.
The Emor, Snoop, Response, and Data Phase of the
transaction are defined with respect to ADS#
assertion.

Table 44. Bus Clock Ratios Versus Pin Logic Levels

Ratio of Core Clock LINTI1L/NMI

to Bus Clock

LINTIOVINTR

IGNNE#

2

2
3
4

RESERVED

52

72

RESERVED

IrI|IT|lT ||| |XI|lr-

r|lXT|r|lxT|r || XI|r

=l l~]M™|MF|IX|M™

RESERVED

H

IIl—l—IIl—Il—g

H

RESERVED

ALL OTHER COMBINATIONS




Ad AERR# (/O)

The AERR# signal is the address parity eror signal.
Assuming the AERR# driver is enabled during the
power-on configuration, a bus agent can drve
AERR# active for exactly one clock during the Error
Phase of a transaction. AERR# must be inactive for
a minimum of two clocks. The Error Phase is always
three clocks from the beginning of the Request
Phase.

On obsemnving active ADS#, all agents begin parity
and protocol checks for the signals valid in the two
Hequest Phase clocks. Party is checked on
AP[1:0}# and RP# signals. AP1# protects A[35:24}#,
APO# protects A[23:3]# and RP# protects REC{4:0]#.
A parity emor without a protocol violation is signaled
by AERR# assertion.

If AERR# observation is enabled during power-on
configuration, AERR# assertion in a valid Ermor
Phase aborts the transaction. All bus agents remove
the transaction from the In-order Queue and update
internal counters. The Snoop Phase, Response
Phase, and Data Phase of the transaction are
aborted. All signals in these phases must be
deasserted two clocks after AERR# Is asseried,
even if the signals have been asserted before
AERR# has been observed. Specifically if the Snoop
Phase associated with the aborted transaction is
driven in the next clock, the snoop resulis, including
a STALL condition (HIT# and HITM# asserted for
one clock), are ignored. All bus agents must also
begin an arbitration reset sequence and deassert
BRECn#BPRI# arbitration signals on sampling
AERR# active. A current bus owner in the middle of a
bus lock operation must keep LOCK# asserted and
assert its arbitration request BPRI#/BREQn# after
keeping it imnactive for two clocks to retain its bus
ownership and guarantee lock atomicity. All other
agents, including the current bus owner not in the
middle of a bus lock operation, must wait at least 4
clocks before asserting BPRH/BREQN# and
beginning a new arbitration.

If AERR# observation is enabled, the request initiator
can retry the transaction up to n imes until it reaches
the retry limit defined by its implementation. (The
Pentium Pro processor retries once.) After n refries,
the request initiator treats the error as a hard error.
The request initiator asserts BERR# or enters the
Machine Check Exception handler, as defined by the
system configuration.

If AERR# observation is disabled during power-on
configuration, AERR# assertion is ignored by all bus
agents except a central agent. Based on the Machine
Check Architecture of the system, the central agent
can ignore AERR#, assert NMI to execute NMI
handler, or assert BINIT# to reset the bus units of all
agents and execute an MCE handler.

A.5 API1:0}# (VO)

The AP[1:0]# signals are the address parity signals.
They are driven by the request initiator during the two
Request Phase clocks along with ADS#, A[353J#,
REQ[4:0}#. and RP#. AP1# covers A[3524]# APO#
covers A[Z33}#. A comect parity signal is high if an
even number of covered signals are low and low if an
odd number of covered signals are low. This rule
allows parity to be high when all the coverad signals
are high.

Provided "AERR# drive” is enabled during the power-
on configuration, all bus agents begin parity checking
on observing active ADS# and determine if there is a
parity ermor. On observing a parity error on any one of
the two Request Phase clocks, the bus agent asserts
AERR# during the Emor Phase of the transaction.

A.6 ASZI1:0}# (VO)

The ASZ1:0}# signals are the memory address-
space size signals. They are driven by the request
initiator during the first Request Phase clock on the
RECQa[43]# pins. The ASZ10# signals are valid
only when RECa[1:0K signals equal 018, 108, or
11B, indicating a memory access transaction. The
ASZ[1:0}# decode is defined in Table 45.

Table 45. ASZI1:01# Signal Decode

ASZI:01# Description

0 0 0 <= A[353]# <4 GB

0 1 4 GB <= A[35:3]# < 64 GB
1 X Reserved

If the memory access is within the 0-to-(4GByte -1)
address space, ASZ[1:0F must be 00B. If the
memory access is within the 4Gbyte-to-(64GByte -1)
address space, ASZ10# must be 01B. Al
observing bus agents that support the 4Gbyte (32 bit)
address space must respond to the transaction only



when ASZ[1:01 equals 00. All observing bus agenis
that support the 64GByte (36- bit) address space
must respond to the transaction when ASZ10}#
equals 00B or 01B.

A.7  ATTRI7:01# (I/O)

The ATTR[/O0} signals are the affribute signals.
They are driven by the reqguest initiator during the
second Request Phase clock on the Ab[3124]# pins.
The ATTR[70}# signals are valid for all fransactions.
The ATTR[/73}# are reserved and undefined. The
ATTR[2:0}# are driven based on the Memory Range
Register atiributes and the Page Table afiributes.
Table 47. defines ATTR[3:0}# signals.

A8 BCLK (D

The BCLK (clock) signal is the Execution Control
group input signal. It determines the bus frequency.
All agents drive their oufputs and laich their inputs on
the BCLK rising edge.

The BCLK signal indirectly determines the Pentium
Pro processors internal clock frequency. Each
Pentium Pro processor derives its internal clock from
BCLK by multiplying the BCLK frequency by a ratio
as defined and allowed by the power-on
configuration. See Table 42.

All external timing parameters are specified with
respect to the BCLK signal.

A.9 BEIL7:01# (I/O)

The BE[7 0@ signals are the byte-enable signals.
They are driven by the reguest initiator during the
second Request Phase clock on the Ab[15:8# pins.

Thess signals carry various information depending
on the REQ[4:0# value.

For memory or VO transactions (REQa[40F =
{10000B, 10001B, XX01XB, XX10XB, XX11XB}) the
byte-enable signals indicate that valid data is
requested or being transferred on the comresponding
byte on the 64 bit data bus. BEO# indicates D[7-0}# is
valid, BE1# indicates D[158}# is valid,.., BET#
indicates D[63:56}# is valid.

For Special fransactions ((REQa[4:0}# = 01000B)
and (REQD[1.0# = 01B)), the BE[7:0}# signals carry
special cycle encodings as defined in Table 46. All
other encodings are reserved.

Table 46. Speclal Transaction Encoding on

BEI[7:01#

BEI7:01# Speclal Cycle
0000 0000 Reserved
0000 00N Shutdown
0000 0010 Flush
0000 0011 Halt
0000 0100 Sync
0000 0101 Flush Acknowledge
00000 0110 Stop Clock Acknowledge
00000 0111 SMI Acknowledge

Other Reserved

For Deferred Reply, Interrupt Acknowledge, and
Branch Trace Message transactions, the BE[7 0l
signals are undefined.

Table 47. ATTRI7:01# Fleld Descriptions

ATTRI7:31# ATTRI21# ATTRI1:01#
OO0 X 11 10 o 00
Reserved Potentially Wiite-Back Write-Protect Write-Through UnCacheable
Speculatable




A.10 BERR# (l/O)

The BERR# signal is the Error group Bus Error
signal. It is asserted to indicate an unrecoverable
error without a bus protocol violation.

The BERR# protocol is as follows: If an agent
detects an unrecoverable error for which BERR# is a
valid error response and BERR# is sampled inactive,
it asserts BERR# for three clocks. An agent can
assert BERH# only after observing that the signal is
inactive. An agent asserting BERR# must deassert
the signal in two clocks if it observes that another
agent began asserting BERR# in the previous clock.

BERR# assertion conditions are defined by the
systemn configuration. Configuration options enable
the BERR# driver as follows:

. Enabled or disabled

=  Asserted optionally for internal errors along with
IERR#

=  Optionally asserted by the request inttiator of a
bus transaction after it observes an emor

»  Asserted by any bus agent when it observes an
error in a bus transaction

BERR# sampling conditions are also defined by the
systemn configuration. Configuration options enable
the BERR# receiver to be enabled or disabled. When
the bus agent samples an active BERR# signal and if
MCE is enabled, the Pentium Pro processor enters
the Machine Check Handler. ¥ MCE is disabled,
typically the central agent forwards BERR# as an
MMI to one of the processors. The Pentium Pro
processor does not support BERR# sampling
(always disabled).

A.11 BINIT# (O)

The BINIT# signal is the bus initialization signal. If the
BINIT# driver is enabled during the power on
configuration, BINIT# is asseried to signal any bus
condition that prevents reliable future information.

The BINIT# protocol is as follows: If an agent detects
an error for which BINIT# is a valid error response,
and BINIT# is sampled inactive, it asserts BINIT# for
three clocks. An agent can assert BINIT# only after
observing that the signal is inactive. An agent
asserting BINIT# must deassert the signal in two
clocks if it observes that another agent began
asserting BINIT# in the previous clock.

It BINIT# observation is enabled during power-on
configuration, and BINIT# is sampled asserted, all
bus state machines are reset All agents reset their
rotating 1D for bus arbitration o the state after reset,
and internal count information is lost. The L1 and L2
caches are not affected.

If BINIT# observation is disabled during power-on
configuration, BINIT# is ignored by all bus agents
except a central agent that must handle the error in a
manner appropriate to the system architecture.

A.12 BNR# (VO)

The BNR# signal is the Block Next Request signal in
the Arbitration group. The BNR# signal is used fo
assert a bus stall by any bus agent who is unable to
accept new bus transactions to avoid an internal
transaction queue overflow. During a bus stall, the

current bus owner cannot issue any new
fransactions.

Since muftiple agents might need to request a bus
stall at the same time, BNR# is a wire-OR signal. In
order to avoid wire-OH glitches associated with
simultaneous edge transitions driven by multiple
drivers, BNR# is activated on specific clock edges

and sampled on specific clock edges. A valid bus
stall involves assertion of BNR# for one clock on a
wel-defined clock edge (T1), followed by de-
assertion of BMR# for one clock on the next clock
edge (T1+1). BNR# can first be sampled on the
second clock edge (T1+1) and must always be
ignored on the third clock edge (T1+2). An extension
of a bus stall requires one clock active (T1+2), one
clock inactive (T1+3) BNR# sequence with BNR#
sampling points every two clocks (T1+1, T1+3,._).

After the RESET# active-to-inactive transition, bus
agents might need to perform hardware initialization
of their bus unit logic. Bus agents intending to create
a request stall must assert BNR# in the clock after
RESET# is sampled inactive.

After BINIT# assertion, all bus agents go through a
similar hardware initialization and can create a
request stall by asserting BNR# four clocks after
BIMIT# assertion is sampled.

On the first BNR# sampling clock that BNR# is
sampled inactive, the current bus owner is allowed fo
[ssue one new request. Any bus agent can
immediately reassert BNR# (four clocks from the
previous assertion or two clocks from the previous
de-assertion) to create a new bus stall. This throttling



mechanism enables independent control on every
new request generation.

If BMR# is deasserted on two consecutive sampling
points, new requests can be freely generated on the
bus. After receiving a new transaction, a bus agent
can reguire an address stall due to an anticipated
transaction-queue overflow condition. In response,
the bus agent can assert BNR#, three clocks from
active ADS# assertion and create a bus stall. Once a
bus stall i1s created, the bus remains stalled until
BNR# is sampled asserted on subsequent sampling
points.

A.13 BPI3:2]# (VO)

The BP[3:2}# signals are the System Support group
Breakpoint signals. They are outputs from the
Pentium Pro processor that indicate the status of
breakpoints.

A.14 BPMI1:01# (I/O)

The BPM[1.0}# signals are more 3System Support
group breakpoint and performance monitor signals.
They are outputs from the Pentium Pro processor
that indicate the status of breakpoints and
programmable counters used for monitonng Pentium
Pro processor performance.

A.15 BPRI# (D

The BPRI# signal is the Priority-agent Bus Hequest
signal. The priority agent arbitrates for the bus by
asserting BPRI#. The priority agent is always be the
next bus owner. Observing BPRI# active causes the
current symmetric owner to stop issuing new
requests, unless such requests are part of an
ongoing locked operation.

If LOCK# is sampled inactive two clocks from BPRI#
driven asserted, the priority agent can issue a new
request within four clocks of asserting BPRI#. The
priority agent can further reduce its arbitration latency
to two clocks if it samples active ADS# and inactive
LOCK# on the clock in which BPRI# was driven
active and to three clocks if it samples active ADS#
and inactive LOCK# on the clock in which BPRI#
was sampled active. If LOCK# is sampled active, the
priority agent must wait for LOCK# deasserted and
gains bus ownership in two clocks after LOCK# is
sampled deasserted. The prionty agent can keep
BPREF asserted until all of its requests are completed
and can release the bus by de-asserting BPRI# as
early as the same clock edge on which it issues the
last request.

On observation of active AERR#, RESET#, or
BINIT#, BPRI# must be deasserted in the next clock.
EPRI# can be reasserted in the clock after sampling
the RESET# active-to-inactive transition or three
clocks after sampling BINIT# active and RESET#
inactive. On AERR# assertion, if the priority agent is
in the middle of a bus-locked operation, BPRI# must
be re-asserted after two clocks, otherwise BPRI#
must stay inactive for at least 4 clocks.

After the RESET# inactive transition, Pentium Pro
processor bus agents begin BPRI# and BNR#
sampling on BNR# sample points. When both BNR#
and BPRI# are observed inactive on a BNR#
sampling point, the APIC units in Pentium Pro
processors on a common APIC bus are
synchronized.

A.16 BRO#(l/O), BRI3:11# (D)

The BR[3:0}# pins are the physical bus request pins
that drive the BREQ[3:0}# signals in the system. The
BREQ[3:0}# signals are interconnected in a rotating
manner to individual processor pins. Table 48 gives
the rotating interconnect between the processor and
bus signals.



Table 48. BRI3:0)# Signals Rotating Interconnect

Bus Signal Agent 0 Pins Agent 1 Pins Agent 2Pins Agent 3 Pins
BREQO# BRO# BR3# BR2# BR1#
BREQ1# BR1# BRO# BR3# BR2#
BREQ2# BR2# BR1# BRO# BR3#
BREQ3# BR3# BR2# BR1# BRO#

During power-up configuration, the central agent
must assert the BRO# bus signal. All symmetric
agents sample their BR[3:0# pins on active-to-
inactive transition of RESET#. The pin on which the
agent samples an active level determines its agent
ID. All agents then configure their pins to match the
appropriate bus signal protocol, as shown in
Table 49.

Table 49. BRIL3:01# Signal Agent IDs

Pin Sampled Active on RESET# Agent ID
BRO# 0
BR3# 1
BR2# 2
BR1# 3

A.17 BREQI3:01# (VO)

The BRECH3:0}# signals are the Symmetric-agent
Arbitration Bus signals (called bus request). A
symmetric agent n arbitrates for the bus by asserting
its BREQN# signal. Agent n drives BREQN# as an
output and receives the remaining BRECQ{3:0#
signals as inputs.

The symmetric agents support distributed arbitration
based on a round-robin mechanism. The rotating ID
i5 an internal state used by all symmetric agents fo
track the agent with the lowest priority at the next
arbitration event. At power-on, the rotating ID is
iniialized to three, allowing agent 0 to be the highest
priority symmetric agent After a new arbitration
event, the rotating ID of all symmetric agents is
updatad to the agent |D of the symmetric owner. This
update gives the new symmetric owner lowest
priority in the next arbitration event.

A new arbitration ewvent occurs either when a
symmetric agent asserts its BRECn# on an Idle bus
(all EREQ3:0 previously inactive), or the current
symmetric owner de-asserts BREQm# to release the
bus ownership to a new bus owner n. On a new
arbitration event, based on BREQ[3:0}#, and the
rotating 1D, all symmetric agents simultanecusly
determine the new symmetric owner. The symmetric
owner can park on the bus (hold the bus) provided
that no other symmetric agent is requesting its use.
The symmetric owner parks by keeping its BRELn#
signal active. On sampling active BREQmM# asserted
by another symmetric agent, the symmetric owner
de-asserts BRECGn# as soon as possible to release
the bus. A symmetric owner stops issuing new
requests that are not part of an existing locked
operation upon cbserving BPRIF active.

A symmetric agent can not deassert ERECIn# until it
becomes a symmetric owner. A symmefric agent can
reassert BREQn# after keeping it inactive for one
clock.

On observation of active AERR# RESET#, or
BINIT#, the BREQ[3:0}# signals must be deasserted
in the next clock. BREQ[3:0# can be reasserted in
the clock after sampling the RESET# active-to-
inactive transition or three clocks after sampling
BINIT# active and RESET# inactive. On AERR#
assertion, if bus agent n is in the middle of a bus-
locked operation, BEREQn# must be re-asserted after
two clocks, otherwise BREQ[3:0]# must stay inactive
for at least 4 clocks.

A.18 DI63:01# (IVO)

The D[63:0}# signals are the data signals. They are
driven during the Data Phase by the agent
responsible for driving the data. These signals
provide a 64-bit data path between various Pentium
Pro processor bus agents. 32-byte line transfers



require four data transfer clocks with valid data on all
eight bytes. Partial transfers require one data transfer
clock with valid data on the byte(s) indicated by
active byte enables BE[7.0]#. Data signals not valid
for a particular transfer must still have correct ECC (if
data bus ECC is selected). If BEO# is asserted,
D[7-0}# transfers the least significant byte. If BE7# is
asserted, D[63:56[# transfers the most significant

byte.

The data driver asserts DRDY# to indicate a valid
data transfer. If the Data Phase involves more than
one clock the data driver also asserts DBSY# at the
beginning of the Data Phase and de-asserts DBSY#
no earlier than on the same clock that it performs the
last data transfer.

A19 DBSY# (I/0O)

The DBSY# signal is the Data-bus Busy signal. It
indicates that the data bus is busy. It is asserted by
the agent responsible for driving the data during the
Data Phase, provided the Data Phase involves more
than one clock. DBSY# is asserted at the beginning
of the Data Phase and may be deasserted on or after
the clock on which the last data is driven. The data
bus is released one clock afiter DBSY# Is
deasserted.

When normal read data is being retumed, the Data
Phase begins with the Response Phase. Thus the
agent retuming read data can assert DBSY# when
the transaction reaches the top of the In-order Queue
and it is ready to return response on RS[2:0}#
signals. In response to a write request, the agent
driving the write data must drive DBSY# active after
the write transaction reaches the top of the In-order
Queue and it sees active THRDY# with inactive
DBSY# indicating that the target is ready to receive
data. For an implicit writeback response, the snoop
agent must assert DBSY# active after the target
memory agent of the implicit writeback asserts
TRDY#. implicit writeback TRDY# assertion begins
after the transaction reaches the top of the In-order
Queue, and TRDY# de-assertion associated with the
write portion of the transaction, if any is completed. In
this case, the memory agent guarantees assertion of
implicit writeback response in the same clock in
which the snooping agent asseris DBSY#.

A.20 DEFER# (D

The DEFER# signal is the defer signal. It is asserted
by an agent during the Snoop Phase to indicate that
the fransaction cannot be guaranieed in-order
completion. Assertion of DEFER# is normally the
responsibility of the addressed memory agent or 1/O
agent. For systems that involve resources on a
system bus other than the Pentium Pro processor
bus, a bridge agent can accept the DEFER#
assertion responsibility on behalf of the addressed
agent.

When HITM# and DEFER# are both active during the
Snoop Phase, HITM# is given priorty and the
transaction must be completed with implicit writeback
response. If HITM# is inactive, and DEFER# active,
the agent asserting DEFER# must complete the
transaction with a Deferred or Retry response.

If DEFER# is inactive, or HITM# is active, then the
transaction is committed for in-order completion and
snoop ownership is transferred normally between the
requesting agent, the snooping agents, and the
response agent.

If DEFER# is active with HITM# inactive, the
transaction commitment is deferred. I the defer
agent completes the transaction with a retry
response, the requesting agent must retry the
transaction. If the defer agent returns a deferred
response, the requesting agent must freeze snoop
state transitions associated with the deferred
transaction and issues of new order-dependent
transactions until the comesponding deferred reply
transaction. In the meantime, the ownership of the
deferred address is transferred to the defer agent
and it must guarantee management of conflicting
transactions issued to the same address.

If DEFER# is aclive in response fo a newly issued
bus-lock transaction, the entire bus-locked operation
I5 re-initiated regardless of HITM#. This feature is
useful for a bridge agent in response to a split bus-
locked operation. It is recommended that the bridge
agent extend the Snoop Phase of the first transaction
in a spiit locked operation until it can either guarantee
ownership of all system resources to enable
successful completion of the split sequence or assert
DEFER# followed by a Retry Response to abort the
split sequence.



A.21 DEN# (/0)

The DEN# signal is the defer-enable signal It is
driven to the bus on the second clock of the Request
Phase on the EXF1#/Ab4# pin. DEN# is asserted to
indicate that the transaction can be defemred by the
responding agent.

A.22 DEPI7:01# (VO)

The DEP[/0}# signals are the data bus ECC
protection signals. They are driven during the Data
Phase by the agent responsible for driving D{63:0]#.
The DEP[70# signals provide optional ECC
protection for the data bus. During power-on
configuration, DEP[7:0}# signals can be enabled for
either ECC checking or no checking.

The ECC emor comecting code can detect and
comect single-bit errors and detect double-bit or
nibble emors. The Penfum® Pro Processor
Developer's Manual, Valume 1: Specifications (Order
Number 242690) provides more information about
ECC.

DEP[7:0F provide valid ECC for the enfire data bus
on each data clock, regardless of which bytes are
valid. If checking is enabled, receiving agents check
the ECC signals for all 64 data signals.

A.23 DIDI7:0}# (I/O)

The DID[7-0}# signals are Deferred Identifier signals.
They are transferred using A[23:16]# signals by the
request initiator. They are transferred on Ab{23:16}#
during the second clock of the Request Phase on all
transactions, but only defined for deferrable
transactions (DEN# asserted). DID[70}# is also
transferred on Aa[23:16]# during the first clock of the
Request Phase for Deferred Reply transactions.

The deferred identifier defines the token supplied by
the request iniator. DID[74}# carry the request
intiators” agent identifier and DID[3: 0 carry a
transaction idenfifier associated with the reguest
This configuration limits the bus specification to 16
bus masters with each one of the bus masters
capable of making up to sixteen requests.

Every deferrable transaction issued on the Pentium
Pro processor bus which has not been guaranteed
completion (has not successfully passaed its Snoop
Hesult Phase) will have a unigue Deferred ID. This
includes all outstanding transactions which have not

had their snoop result reported, or have had their
snoop results deferred. After a deferrable transaction
passes its Snoop Result Phase without DEFER#
asserted, its Deferred 1D may be reused. Similarly,
the deferred |D of a transaction which was deferred
may be reused after the completion of the snoop
window of the deferred reply.

DID[7]# indicates the agent type. Symmetric agents
use 0. Priority agents use 1. DID[6-4]# indicates the
agent |D. Symmetric agents use their arbitration 1D.
The Pentium Pro processor has four symmetric
agents, so does not assert DID[E#. DID[3:0#
indicates the fransaction |D for an agent The
transaction 1D must be unique for all fransactions
issued by an agent which have not reported their
snoop results.

Table 50. DIDI7:01# Encoding

DIDLA] DIDIG 41 DIDL3:01

Agent Type Agent ID Transaction 1D

The Deferred Reply agent transmits the DID[7:0)#
(Ab[2316}#) signals received during the original
transaction on the Aa[23:16]# signals during the
Deferred Reply transaction. This process enables the
original request initiator to make an identifier match
and wake up the ornginal request waiting for
completion.

A.24 DRDY# (VO)

The DRDY# signal is the Data Phase data-ready
signal. The data driver asserts DRDY# on each data
transfer, indicating valid data on the data bus. In a
multi-cycle data transfer, DRDY# can be deasserted
to insert idle clocks in the Data Phase. During a line
transfer, DRDY# is active for four clocks. During a
partial 1-to-8 byte transfer, DEDY# is active for one
clock. If a data transfer is exactly one clock, then the
entire Data Phase may consist of only one clock
active DRDY# and inactive DBSY# If DBSY# is
asserted for a 1-to-8 byte transfer, then the data bus
iIs not released untl one clock after DBSY# is
deasserted.

A.25 DSZI[1:0}# (IYO)

The DSZ101# signals are the data-size signals.
They are transferred on REQb[4:3}# signals in the
second clock of Request Phase by the requesting
agent. The DSZ1:0}# signals define the data transfer



capability of the requesting agent. For the Pentium
Pro processor, DSZ2#= 00, always.
A.26 EXFI4:0}# (VO)

The EXF[4:0KF signals are the Extended Function
signals and are transferred on the Ab[73}# signals

by the request initiator during the second clock of the
Request Phase. The signals specify any special
functional requirement associated with the
transaction based on the requester mode or
capability. The signals are defined in Table 51.

Table 51. EXFI4:01# Signal Definitions

EXF NAME External Functionality When Activated
EXF4# SMMEM# SMM Mode After entering SMM mode
EXF3# SPLCK# Split Lock The first transaction of a split bus lock
operation

EXF2# Resenved Reserved

EXF1# DEN# Defer Enable The transactions for which Defer or Retry
Response is acceptable.

EXFO# Reserved Reserved

A.27 FERR# (0)

The FERR# signal is the PC Compatibility group
Floating-point Ermor signal. The Pentium Pro
processor assents FERR# when it detects an
unmasked floating-point ermor. FERR# is similar to
the ERROR# signal on the Intel387™ coprocessor.
FERR# is included for compatbility with systems
using DOS-type floating-point error reporting.

A.28 FLUSH# (D

When the FLUSH# input signal is assered, the
Pentium Pro processor bus agent writes back all
intemal cache lines im the Modified state and
invalidates all internal cache lines. At the completion
of a flush operation, the Pentium Pro processor
issues a Flush Acknowledge transaction to indicate
that the cache flush operation is complete. The
Pentium Pro processor stops caching any new data
while the FLUSH# signal remains asserted.

FLUSH# is an asynchronous input. However, to
guarantee recognition of this signal following an /O
write instruction, FLUSH# must be valid along with
RS[20# in the Response Phase of the
comesponding /O Write bus transaction. In FRC
mode, FLUSH# must be synchronous to BCLK.

On the active-to-inactive transition of HESET#, each
Pentium Pro processor bus agent samples FLUSH#
to determine its power-on configuration. See
Table 44.

A.29 FRCERR (I/O)

The FRCERR signal is the Emor group Functional-
redundancy-check Ermor signal. If two Pentium Pro
processors are configured in an FRC pair, as a
single “logical” processor, then the checker
processor asserts FRCERR if it detects a mismatch
between its intemally sampled outputs and the
master processor's outputs. The checker's FRCERR
output pin is connected to the master's FRCERR
input pin.

For pointto-point connections, the checker always
compares against the master's outputs. For bussed
single-driver signals, the checker compares against
the signal when the master is the only allowed driver.
For bussed multiple-driver Wire-OR signals, the
checker compares against the signal only if the
master is expectad to drive the signal low.

FRCERR is also toggled during the Pentium Pro
processor's reset action. A Pentium Pro processor
asserts FRCERR for approximately 1 second after
RESET's active-to-inactive transition if it executes its
built-in self-test (BIST). When BIST execution



completes, the Pentium Pro processor de-asserts
FRCERR if BIST completed successfully and
continues to assert FRCERR if BIST fails. If the
Pentium Pro processor does not execute the BIST
action, then it keeps FRCERR assered for
approximately 20 clocks and then de-assers it.

The Penfium® Pro Processor Developer's Manual,
Volume 1 Specifications (Order Number 242690)
descripes how a Pentium Pro processor can be
configured as a master or a checker.

A.30 HIT# (VYO), HITM# (VO)

The HIT# and HITM# signals are Snoop-hit and Hit-
modified signals. They are snoop results asserted by
any Pentium Pro processor bus agent in the Snoop
Phase.

Any bus agent can assert both HIT# and HITM#
together for one clock in the Snoop Phase to indicate
that it requires a snoop stall. When a stall condition is
sampled, all bus agents extend the Snoop Phase by
two clocks. The stall can be continued by reasserting
HIT# and HITM# together every other clock for one
clock.

A caching agent must assert HITM# for one clock in
the Snoop Phase if the transaction hits a Maodified
line, and the snooping agent must perform an implicit
writeback to update main memory. The snooping
agent with the Modified line makes a fransition to
Shared state if the original transaction is Read Line
orf Read Partial, otherwise it transitions to Invalid
state. A Deferred Reply transaction may have HITM#
asserted to indicate the return of unexpected data.

A snooping agent must assert HIT# for one clock
during the Snoop Phase if the line does not hit a
Modified line in its writeback cache and if at the end
of the transaction it plans to keep the line in Shared
state. Multiple caching agents can assert HIT# in the
same Snoop Phase. If the requesting agent observes
HIT# active during the Snoop Phase it can not cache
the line in Exclusive or Modified state.

On observing a snoop stall, the agents asserting
HIT# and HITM# independently reassert the signal
after one inactive clock so that the correct snoop
result is available, in case the 3noop Phase
terminates after the two clock extension.

A.31 |ERR# (O)

The IERR# signal is the Emor group Internal Error
signal. A Pentium Pro processor asserts |IERR#
when it observes an internal error. It keeps IERR#
asserted until it is turned off as part of the Machine
Check Ermor or the NMI handler in software, or with
RESET#, BINIT#, and INIT# assertion.

An internal error can be handled in several ways
inside the processor based on its power-on
configuration. If Machine Check Exception (MCE) is
enabled, IERR# causes an MCE entry. IERR# can
also be directed on the BERR# pin to indicate an
emmor. Usually BERR# is sampled back by all
processors to enter MCE or it can be redirected as
an NMI by the central agent.

A.32 |IGNNE# (D

The IGNMNE# signal is the Intel Architecture
Compatability group Ignore Numeric Ermror signal. If
IGNNE# is asserted, the Pentium Pro processor
ignores a numernic emor and continues to execute
non-control floating-point instructions. i IGNNEE is
deasserted, the Pentium Pro processor freezes on a
non-control floating-point  instruction i a previous
instruction caused an emor.

IGNME# has no effect when the NE bit in control
register O is set.

IGNNE# is an asynchronous input. However, to
guarantee recognition of this signal following an /O
write instruction, IGNNE# must be valid along with
RS[2:0# in the Response Phase of the
comesponding YO Write bus transaction. In FRC
mode, IGNNE# must be synchronous to BCLK.

During active RESET#, the Pentium Pro processor
begins sampling the A20M#, IGNNE# and LINT[1:0]
values to determine the ratio of core-clock frequency
to bus-clock frequency. See Table 44. After the PLL-
lock time, the core clock becomes stable and is
locked to the external bus clock. On the active-to-
inactive transition of RESET#, the Pentium Pro
processor latches A20M# and IGNNE# and freezes
the frequency ratio intemally. Normal operation on
the two signals continues two clocks after RESET#
inactive is sampled.



A.33 INIT# (D

The INIT# signal is the Execution Confrol group
initialization signal. Active INIT# input resets integer
registers inside all Pentium Pro processors without
affecting their intemal (L1 or L2) caches or their
floating-point registers. Each Pentium Pro processor
begins execution at the power-on reset vector
configured during power-on configuration regardless
of whether INIT# has gone inactive. The processor
continues to handle snoop requests during INIT#
assertion.

INIT# can be used to help performance of DOS
extenders written for the Intel 80286 processor. INIT#
provides a method to swiich from protected mode to
real mode while maintaining the contents of the
internal caches and floating-point state. INIT# can not
be used in lieu of RESET# after power-up.

On active-to-inactive transition of RESET#, each
Pentium Pro processor bus agent samples INIT#
signals to determine its power-on configuration. Two
clocks after RESET# is sampled deasserted, these
signals begin normal operation.

INIT# is an asynchronous input. In FRC mode, INIT#
must be synchronous to BCLK.

A.34 INTR (D

The INTR signal is the Interrupt Request signal. The
INTH input indicates that an external interrupt has
been generated. The interrupt is maskable using the
IF bit in the EFLAGS register. If the IF bit is sat, the

Pentium Pro processor vectors to the interrupt
handler after the current instruction execution is

completed. Upon recognizing the interrupt request,
the Pentium Pro processor issues a single Interrupt

Acknowledge (INTA) bus tramsaction. INTR must
remain active untii the INTA bus transaction to

guarantee its recognition.

INTH is sampled on every rising BCLK edge. INTR is
an asynchronous input but recognition of INTR is
guaranteed in a specific clock if it is asserted
synchronously and meets the setup and hold times.
INTH must also be deasserted for a minimum of two
clocks to guarantee its inactive recognition. In FRC
mode, INTR must be synchronous to BCLK. On
power-up the LINT[1:0] signals are used for power-
on-configuration of clock ratios. Both these signals
must be software configured by programming the
APIC register space to be used either as NMUVINTR

of LINT[1:0] in the BIOS. Because APIC is enabled
after reset, LINT[1:0] is the default configuration.

A.35 LENI1:01# (VO)

The LEN[1:0} signals are data-length signals. They
are transmitted using REQB[1:0l# signals by the
request initiator in the second clock of Request
Phase. LEN[1:0]# define the length of the data
transfer requested by the reguest iniiator as defined
in Table 52. The LEN[1:0F, HITM#, and RS[2:0}#
signals together define the length of the actual data
transfer.

Table 52. LEN[1:01# Data Transfer Lengths

LENI1:012 Request Initiator's Data
ransfer Length
00 0-8 Bytes
01 16 Bytes
10 32 Bytes
11 Resernved
A.36 LINTI1:01(D

The LINT[1:0] signals are the Execution Control
group Local Interrupt signals. When APIC s
disabled, the LINTO signal becomes INTR, a
maskable interrupt request signal, and LINTA
becomes NMI, a non-maskable interrupt. INTH and
NMI are backward compatible with the same signals
for the Pentium processor. Both signals are
asynchronous inputs. In FRC mode, LINT[1:0] must
be synchronous to BCLE.

During active RESET#, the Pentium Pro processor
continuously samples the A20M# IGNNE# and
LINT[1:0] values to determine the ratio of core-clock
frequency to bus-clock frequency. See Table 44,
After the PLL-lock time, the core clock becomes
stable and is locked to the extemnal bus clock. On the
active-to-inactive fransition of HESET#, the Pentium
Fro processor latches the ratio internally.

Both these signals must be software configured by
programming the APIC register space to be used
either as NMIINTR or LINT[1:0] in the BIOS.
Because AFIC is enabled after reset, LINT[1:0] is the
default configuration.



A.37 LOCK# (I/O)

The LOCK# signal is the Arbitration group bus lock
signal. For a locked sequence of transactions,
LOCK# is asserted from the first transaction’s
Request Phase through the last transaction's
Response Phase. A locked operation can be
prematurely aborted (and LOCK# deasserted) if
AERR# or DEFER# is asserted during the first bus
transaction of the sequence. The sequence can also
be prematurely aborted if a hard error (such as a
hard failure response or AERR# assertion beyond
the retry limit) occurs on any one of the transactions
during the locked operation.

When the priority agent asserts BPRI# to arbitrate for
bus ownership, it waits until it observes LOCK#
deasserted. This enables symmetric agents to retain
bus ownership throughout the bus locked operation
and guarantee the atomicity of lock. f AERR# is
asserted up to the retry limit during an ongoing
locked operation, the arbitration protocol ensures that
the lock owner receives the bus ownership after
arbitration logic is reset. This result is accomplished
by reguiring the lock owner to reactivate its
arbitration request one clock ahead of other agents’
arbitration request. LOCK# is kept asserted
throughout the arbitration reset sequence.

A.38 NMI (D

The NMI signal is the Non-maskable Interrupt signal.
It is the state of the LINT1 signal when APIC is
disabled. Asserting NMI causes an interrupt with an
internally supplied vector value of 2. An external
interrupt-acknowledge transaction is not generated. If
NMI is asseried during the execution of an NMI
sernvice routine, it remains pending and is recognized
after the IRET is executed by the NMI service
routine. At most, one assertion of NMI is held

pending.

NMI is rising-edge sensitive. Hecognition of NMI is
guaranteed in a specific clock if it is asserted
synchronously and meets the setup and hold times. If
asserted asynchronously, active and inactive pulse

widths must be a minimum of two clocks. In FRC
mode, NMI must be synchronous to BCLK.

A39 PICCLK (D

The PICCLK signal is the Execution Control group
APIC Clock signal. It is an input clock to the Pentium
Pro processor for synchronous operation of the APIC
bus. PICCLK must be synchronous to BCLK in FRC
mode.

A 40 PICDI1:01 (VO)

The PICD[1:0] signals are the Execution Control
group APIC Data signals. They are used for bi-
directional serial message passing on the APIC bus.

A4l PWRGOOD (D

PWRGOOD is driven to the Pentium Pro processor
by the system to indicate that the clocks and power
supplies are within their specification. See
Section 3.9 for additional details. This signal will not
affect FRC operation.

A42 REQI4:01# (I/O)

The REQ[4:0}# signals are the Request Command
signals. They are asserted by the current bus owner
in both clocks of the Request Phase. In the first
clock, the REQa[4:0}# signals define the transaction
type to a level of detail that is sufficient to begin a
snoop request. In the second clock, REQD[4:0]#
signals carry additional information to define the
complete transaction type. REQD[42} is reserved.
REQD[1:0}# signals transmit LEN[1:0}# (the data
transfer length information). In both clocks,
REQ[4:0}# and ADS# are protected by parity RP#.

All receiving agents observe the REQ[4:0]# signals
to determine the transaction type and participate In
the transaction as necessary, as shown in Table 53.



Table 53. Transaction Types Defined by REQa#/REQb# Signals

REQal4:01# REQb4:01#
Transaction q 3 2 1 0 4 3 2 1 0
Deferred Reply 0 0 0 0 0 X X X X X
Rsvd (lgnore) 0 0 0 0 1 X X X X X
Interrupt Acknowledge 0 1 0 0 0 DSZ# X 0 0
Special Transactions 0 1 0 0 0 DSZ# X 0 1
Rsvd (Central agent 0 1 0 0 0 DSZ# X 1 X
response)
Branch Trace Message 0 1 0 0 1 DSZ# X 0
Rsvd (Central agent 0 1 0 1 DSZ# 0 1
response)
Hsvd (Central agent 0 1 0 0 1 DSZ# X 1 X
response)
IO Read 1 0 0 0 0 DSZ# X LEN#
'O Write 1 0 0 0 1 DS2# X LEN#
Rsvd (lgnore) 1 1 0 0 X DSZ# X X X
Memory Head & AST# 0 1 0 DSZ# X LEN#
Invalidate
Rsvd (Memory Write) ASZ# 0 1 1 DS2# X LEN#
Memory Code Read ASZ# 1 | DVC#=0 | O DSZ# X LEN#
Memory Data Read AST# 1 | DC#=1 | O DSZ# X LEN#
Memaory Write (may not ASI# 1 | WWB# | 1 DSZ# X LEN#
be retried) =0
Memory Write (may not AST# 1 | WWE# | 1 DSZ# X LEN#
be retried) =
A.43 RESET#(D bus agents must deassert their outputs within two

The RESET# signal is the Exacution Control group
reset signal. Asserting RESET# resets all Pentium
Pro processors to known states and invalidates their
L1 and L2 caches without writing back Modified (M
state) lines. For a power-on type reset, RESET#
must stay active for at least one milisecond after
VooP and CLK have reached their proper DC and
AC specifications. On observing active RESET#, all

clocks.

A number of bus signals are sampled at the active-
to-inactive transition of RESET# for the power-on
configuration. The configuration oplions are
descriped in the Penlium® Pro FProcessor
Developer's Manual, Volume 1. Specifications (Order
Number 242690) and in the perinent signal
descriptions in this appendix.



Unless its outputs are ftristated during power-on
configuration, after active-to-inactive transition of
RESET#, the Pentium Pro processor optionally
executes its built-in self-test (BIST) and begins
program execution at reset-vector 0_000F_FFFOH or
0 FFFF_FFFOH.

A.44 RP# (I/O)

The RP# signal is the Request Parity signal. It is
driven by the request initiator in both clocks of the
Request Phase. RP# provides parity protection on
ADS# and REQ[4:01#. When a Pentium Pro
processor bus agent observes an RP# parity error on
any one of the two Request Phase clocks, it must
assert AERR# in the Error Phase, provided “AERR#
drive” is enabled during the power-on configuration.

A correct parity signal is high if an even number of
covered signals are low and low if an odd number of
covered signals are low. This definition allows parity
to be high when all covered signals are high.

A.45 RS[2:0}# (I)

The RS[2:0]# signals are the Response Status
signals. They are driven by the response agent (the
agent responsible for completion of the transaction at
the top of the In-order Queue). Assertion of RS[2:0]#
to a non-zero value for one clock completes the
Response Phase for a transaction. The response

encodings are shown in Table 55. Only certain
response combinations are valid, based on the
shoop result signaled during the transaction’s Snoop
Phase.

The RS[2:0]# assertion for a transaction is initiated
when all of the following conditions are met:

. All bus agents have observed the Snoop Phase
completion of the transaction.

s The transaction is at the top of the In-order
Queue.

. RS[2:0]# are sampled in the Idle state

The response driven depends on the transaction as
described below:

e The response agent returns a hard-failure
response for any transaction in which the
response agent observes a hard error.

. The response agent returns a Normal with data
response for a read transaction with HITM# and
DEFER# deasserted in the Snoop Phase, when
the addressed agent is ready to return data and
samples inactive DBSY#.

. The response agent returns a Normal without
data response for a write transaction with
HITM# and DEFER# deasserted in the Snoop
Phase, when the addressed agent samples
TRDY# active and DBSY# inactive, and it is
ready to complete the transaction.



Table 54. Transaction Response Encodings

RS[2:00 Description HITM# DEFER#
000 Idle State. MN/A M/A
001 Retry Response. The transaction is canceled and must be retried 0 1
by the initiator.

010 Defer Response. The transaction is suspended. The defer agent 0 1
will complete it with a defer reply

011 Reserved. 1

100 Hard Failure. The transaction received a hard error. Exception X X
handling is required.

101 MNormal without data 0

110 Implicit WriteBack Response. Snooping agent will transfer the 1 X
modified cache line on the data bus.

111 Mormal with data. 0 0

« The response agent must return an Implicit
writeback response in the next clock for a read
transaction with HITM# asserted in the Snoop

Phase, when the addressed agent samples
TRDY# active and DBSY# inactive.

« The addressed agent must return an Implicit
writeback response in the clock after the
following sequence is sampled for a write
transaction with HITM# asserted:

1. TRDY# active and DBESY# inactive
2. Followed by TRDY# inactive
3. Followed by TRDY# active and DBSY#
inactive
=  The defer agent can return a Deferred, Retry, or

Split response anytime for a read transaction
with HITM# deasserted and DEFER# asserted.

«  The defer agent can return Deferred, Hetry, or
Split response when it samples TRDY# active
and DBESY# inactive for a write transaction with
HITM# deasserted and DEFER# asserted.

A.46 RSP# (D)

The RSP# signal is the Response Party signal. It is
driven by the response agent during assertion of

RS[2:0#. RSP# provides parity protection for
RS[2:0].

A cormect parity signal is high if an even number of
covered signals are low and low if an odd number of
covered signals are low. During ldle state of RS[2:01#
(RS[2:0=000), RSP# is also high since it is not
driven by any agent guaranteeing correct parity.

Pentium Pro processor bus agents can check RSP#
at all times and if a parity eror is observed, treat it as
a protocol violation error. If the BINIT# driver is
enabled during configuration, the agent observing
RSP# parity error can assert BINIT#.

A47 SME (I

System  Management Interrupt  is asserted
asynchronously by system logic. On accepting a
System Management Interrupt, the Pentium Pro
processor saves the current state and enters SMM
mode. It issues an SMI Acknowledge Bus transaction
and then begins program execution from the SMM
handler.

A.48 SMMEM# (1/O)

The SMMEM# signal is the System Management
Mode Memory signal. It is driven on the second clock



of the Reguest Phase on the EXF4#/AD7# signal. It is
asserted by the Pentium Pro processor to indicate
that the processor is in System Management Mode
and is executing out of SMHAM space.

A.49 SPLCK# (I/0)

The SPLCK# signal is the Split Lock signal. It is
driven in the second clock of the Request Phase on
the EXF3#/AbE# signal of the first transaction of a
locked operation. it is driven to indicate that the
locked operation will consist of four locked
transactions. Note that SPLCK# is asserted only for
locked operations and only in the first transaction of
the locked operation.

A.50 STPCLK# (D

The STPCLK# signal is the Stop Clock signal. When
asserted, the Pentium Pro processor enters a low-
power state, the stop-clock state. The processor
Issues a Stop Clock Acknowledge special
transaction, and stops providing intemnal clock
signals to all units except the bus unit and the APIC
unit. The processor continues to snoop bus
transactions and service interrupts while in stop
clock state. When STPCLE# is deasserted, the
processor restarts its internal clock to all units and
resumes execution. The assertion of STPCLK# has
no effect on the bus clock.

STPCLK# is an asynchronous input. In FRC mode,
STPCLK# must be synchronous to BCLK.

A51 TCK (D

The TCK signal is the System Support group Test
Clock signal. TCK provides the clock input for the
test bus (also known as the test access port). Make
certain that TCK is active before initializing the TAP.

A.52 TDID

The TDI signal is the System Support group test-
data-in signal. TDI transfers serial test data into the
Pentium Pro processor. TDI provides the serial input
needed for JTAG support.

A53 TDO (0)

The TDO signal is the System Support group test-
data-out signal. TDO transfers serial test data out
from the Pentium Pro processor. TDO provides the
serial output needed for JTAG support.

A54 TMS (D

The TMS signal is an additional System Support
group JTAG-support signal.

A.55 TRDY (D

The TRDY# signal is the target Ready signal. It is
asserted by the target in the Response Phase to
indicate that the target is ready to receive wrte or
implicit writeback data transfer. This enables the
request initiator or the snooping agent to begin the
appropriate data transfer. There will be no data
transfer after a TRDY# assertion if a write has zero
length indicated in the Request Phasa. The data
transfer is optional if an implicit writeback occurs for
a transaction which writes a full cache line (the
Pentium Pro processor will perform the implicit
writeback).

TRDY# for a write transaction is driven by the

addressed agent when:

. When the transaction has a write or writeback
data transfer

. It has a free buffer available to receive the write
data

. A minimum of 3 clocks after ADS# for the
transaction

«  The transaction reaches the top-of-the-In-order
Queus

« A minimum of 1 clock after RS20 active
assertion for transaction “n-1°. (After the
transaction reaches the top of the In-order
Queue).

TRDY# for an implicit writeback is driven by the
addressed agent when:

« The transaction has an implicit writeback data
transter indicated in the Snoop Result Phase.

. It has a free cache line buffer to receive the
cache line writeback



If the transaction also has a request initiated
transfer, that the request initiated TRDY# was
asserted and then deasserted (TRDY# must be
deasserted for at least one clock between the
TRDY# for the write and the TRDY# for the
implicit writeback),

A minimum of 1 clock after RS[2:0]# active
assertion for transaction “n-1". After the
transaction reaches the top of the In-order
Queue).

DBSY# is observed Iinactive on the clock
TRDY# is asserted.

A minimum of three clocks can be guaranteed
between two active-to-inactive transitions of
TRDY#

The response is driven on RS[2:0]#.

Inactive DBSY# and active TRDY# are
observed for a write, and TRDY# is required for
an implicit writeback.

TRDY# for a write or an implicit writeback may be
deasserted when:

° Inactive DBSY# and active TRDY# are
observed.

A.56 TRST (l)

The TRST# signal resets the JTAG logic.



In summer 1992, two years after joining the project, I was promoted to architecture
manager and served as Intel’s lead 1A-32 architect from 1992 through 2000.

Somewhat to my surprise, the P6 design project turned out to be a watershed event in
the history of the computer industry and the Internet; it could keep up with the industry’s
fastest chips, especially those from reduced-instruction-set computer (RISC) manufactur-
ers, and 1t had enough flexibility and headroom to serve as the basis for many future pro-
liferation designs.

[t also gave Intel a foothold in the maturing workstation market, and it immediately es-
tablished them in the server space just as the Internet was driving up demand for inexpen-

sive Web servers.

The P6 project would eventually grow to over 400 design
and validation engineers and take 4.5 years to production. But

;?f::i:jiii;f th.:at huge investment paid off—P6 became the P?ntium Pro

microprocessor, was adapted to become the Pentium II and
gf::;::j e ':’_“ then the Pentium 111, and, most recently, has evolved into the
i-’reat ed. Centrino mobile line. From the basic design have come nu-

merous Xeon and Celeron variants.
[n short, the P6 has become the most successful general-

purpose processor ever created, with hundreds of millions of
chips being shipped. This book is my personal account of that project, with occasional ex-
cursions into Pentium 4.



Extends the Intel Architecture Beyond Superscalar

eNoNn-blocking architecture
—Prevents processor stalls during cache, memory, /O accesses

eOut-of-order execution
—Executes all available instructions as data dependencies are resolved

eSpeculative execution with multiple branch prediction

—Eliminates CPU stalls when branch occurs
—Further improves effectiveness of O-O-0O

eRegister Renaming

—Eliminates false dependencies caused by limited register set size
—Also improves effectiveness of O-O-O




Instruction Pointer

P6 Implements a dataflow
engine

Instructions usually have
numerous dependencies
(registers, flags, memory,
etc.)

Instruction dependencies are
rigorously observed

When all sources are
available instruction is ready
to execute

When execution unit is
available, instruction
executes

- —

Instruction 1

Instruction 5

Instruction 6

Instruction 7

Instruction 12

Instruction 14

Instruction 15

Instruction 16

Instruction 1




«  What is Out-of Order?

« Instructions with dependencies
resolved, or no dependencies,
may execute ahead of their von
Neumann Schedule

- This is a data flow sequence

- Example on right: a:, c: and d: could
execute at the same time

- This would enable us to execute
the sequence in 2 cycles rather

than 4
- In previous Superscalar processors,
compilers re-scheduled code to create 00O allows the processor to do
the same effect. Thus P6 has less useful work even though instructions

may be blocked!

dependence on compilers for
performance.




Instruction
Pointer

The execution of an
instruction is not
restricted to its
position in the code
linear sequence

Execution is
dependent upon the
“readiness” of the
instructions
components

Multiple
instructions can be
dispatched for
execution from
disjointed areas of
code

Instruction 2
|

Instruction 4
-

» Instruction 7

Branch to 12

»_Reg/Reg MOV 2

rI Instruction 17

I




Instruction

Pointer ' Miss Load 1

I Instruction 2

Reg/Reg MOV 1

Memory access is _
initiated ahead, instruction 4

. FADD 1
acting as a data

prefetch

Instruction 7

Useful computation | Branch to 12
Is done while
waiting for data to

Instruction 10

return Instruction 11 -
Multiple cache HIt Coad 3 -
misses do not .
cumulatively add Reg/Rog MOV 2
their latencies meracion s 1
e

I Instruction 17




Retirement
Pointer

Instructions are fetched in-
order, executed Out-Of-Order

The retirement of instructions
IS in-order

Retirement pointer identifies
the block of instructions that
are being committed to
permanent processor state

Multiple instructions can be
retired. They always live in a
sequential block of 3
instructions

I
Miss LOAD 2

Instruction 7

Branch to 12

Instruction 10

Instruction 11

Instruction 15 |

Instruction 16




PRF

Intel Architecture processors have a
relatively small number of general
purpose registers

False dependencies can be caused by
the need to reuse registers for

unconnected reasons, i.e.

. ADD[EAX EBX

Increased number of registers allows

nhon-blocking architecture to continue execution
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Instruction
Streaming

Buffer Branch
I 1:- - Target
H = - DBuffer
Decoder
H — - Decoder throughput is
Decoder independent of cache hit/miss
H - 3 instructions/clock maximum
throughput
RAT .
« Code only cached in L1 when
Decode executed
ROB Queue _ _
« Instruction streaming buffer
M overruns on a branch
- This can increase
performance!

RET

2
m
-]




512 Branch to/from entries
cached

Branch targets only
cached when seen taken

2 level adaptive algorithm
Static branch predictor
Return Stack Buffer

Reduces misprediction
for RET instructions

Instruction
Streaming
Buffer

Instruction
Length
Decoder

Branch

Target

Buffer
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Part of the motivation for designing an out-of-order, superscalar engine is to exploit
these opportunities for concurrent instruction execution. Equally important is the out-of-
order engine’s tolerance of cache latency. Caches are fast, physically local hardware
structures that maintain copies of what is in main memory. When the processor executes a
memory load to an address for which the cache happens to have a copy, that load is said to
hit the cache and might take only one or two clock cycles. If the cache does not have a
copy, the load misses the cache, and the load instruction incurring the miss must now wait
until the hardware contacts main memory and transfers a copy of the missing data into the
cache.

In P6’s era, cache misses required a few dozen clock cycles to service. With the Pen-
tium 4 generation, a cache miss could take several hundred clock cycles, and the general
trend 1s worsening with each new process generation. As in Program 2, most code must
perform a series of loads to get data, then operate on that data, and, finally, send out the
data just created. Until the loads have completed, nothing else can happen; the program
stalls for the duration of a cache miss.

An out-of-order engine partially circumvents this limitation: If one load misses the
cache, all instructions that have a true data dependency on that load must themselves wait.
But any instructions that are not data-dependent on that load, including other loads, can
“go around” the stalled load and try their luck.



The FETCH/DECODE unit: An in-order unit that takes as input the user program instruction

The

The

The

stream from the instruction cache, and decodes them into a series of micro-operations
(uops) that represent the dataflow of that instruction stream. The program pre-fetch is
itself speculative.

DISPATCH/EXECUTE wunit: An out-of-order unit that accepts the dataflow stream,
schedules execution of the uops subject to data dependencies and resource availability and
temporarily stores the results of these speculative executions.

RETIRE unit: An in-order unit that knows how and when to commit (“retire”) the
temporary, speculative results to permanent architectural state.

BUS INTERFACE unit: A partially ordered unit responsible for connecting the three
internal units to the real world. The bus interface unit communicates directly with the L2
cache supporting up to four concurrent cache accesses. The bus interface unit also controls
a transaction bus, with MESI snooping protocol, to system memory.

Svstem Bus 1.2 Cache

Bus Interface Unit

L1 ICache L1 DCache

Fetch/
Decode
Unit

Dispatch
[Execute
Unit

Instruction
Pool



+ From BIU

ICache

4—} NeXt_IP BIU - Bus Interface Unit

Y

ID - Instruction Decoder
i BTB - Branch Target Buffer
MIS - Microcode Instruction

N BTB Sequencer
RAT - Register Alias Table

ROB - ReOrder Buffer

€| MIS

RAT i—» ’ITO t ti
nstruction
‘ \ Allocate Pool (ROB)

Figure 4: Looking inside the Fetch/Decode Unit



The dispatch unit selects uops from the instruction pool depending upon their status. If the status
indicates that a uop has all of its operands then the dispatch unit checks to see if the execution
resource needed by that uop is also available. If both are true, it removes that uop and sends it to
the resource where it is executed. The results of the uop are later returned to the pool. There are
five ports on the Reservation Station and the multiple resources are accessed as shown in Figure 5:

RS RS - Reservation Station
FEU EU - Execution Unit
—— FEU - Floating Point EU
IEU
Port O IEU - Integer EU
JEU - Jump EU
To/from ——— JEU AGU - Address Generation Unit
Instruction Port 1== IEU ROB - ReOrder Buffer
Pool (ROB) <
Port 2——3% AGU L g 1 5ad
Port 3,4:: AGU — Store
g

Figure 5: Looking inside the Dispatch/Execute Unit

The P6 can schedule at a peak rate of 5 uops per clock, one to each resource port, but a sustained
rate of 3 uops per clock is typical. The activity of this scheduling process is the quintessential out-
of-order process; uops are dispatched to the execution resources strictly according to dataflow
constraints and resource availability, without regard to the original ordering of the program.
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RS - Reservation Station
MIU - Memory Interface Unit
RRF - Retirement Register File

RRF

From To
Instruction Pool

Figure 6: Looking inside the Retire Unit

The retire unit is also checking the status of uops in the instruction pool - it is looking for uops that
have executed and can be removed from the pool. Once removed, the uops’ original architectural
target is written as per the original IA instruction. The retirement unit must not only notice which
uops are complete, it must also re-impose the original program order on them. It must also do this
in the face of interrupts, traps, faults, breakpoints and mis-predictions.

There are two clock cycles devoted to the retirement process. The retirement unit must first read
the instruction pool to find the potential candidates for retirement and determine which of these
candidates are next in the original program order. Then it writes the results of this cycle’s

retirements to both the Instruction Pool and the RRF. The retirement unit is capable of retiring 3
uops per clock.
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Figure 7: Looking inside the Bus Interface Unit

There are two types of memory access: loads and stores. Loads only need to specify the memory
address to be accessed, the width of the data being retrieved, and the destination register. Loads are
encoded into a single uop.

Stores need to provide a memory address, a data width, and the data to be written. Stores therefore
require two uops, one to generate the address, one to generate the data. These uops are scheduled
independently to maximize their concurrency, but must re-combine in the store buffer for the store

to complete.

Stores are never performed speculatively, there being no transparent way to undo them. Stores are
also never re-ordered among themselves. The Store Buffer dispatches a store only when the store
has both its address and its data, and there are no older stores awaiting dispatch.

What impact will a speculative core have on the real world? Early in the P6 project, we studied the
importance of memory access reordering. The basic conclusions were as follows:

» Stores must be constrained from passing other stores, for only a small impact on performance.
* Stores can be constrained from passing loads, for an inconsequential performance loss.

* Constraining loads from passing other loads or from passing stores creates a significant
impact on performance.

So what we need is a memory subsystem architecture that allows loads to pass stores. And we need
to make it possible for loads to pass loads. The Memory Order Buffer (MOB) accomplishes this task
by acting like a reservation station and re-order buffer, in that it holds suspended loads and stores,
redispatching them when the blocking condition (dependency or resource) disappears.
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Table 7.1

Registers in the RRF

Qty.

8

~ Register Name(;)

1486 general registers

1486 FP stack registers

General microcode
temp. registers

Integer microcode
temp. reqisters

EFLAGS
ArithFlags
FCC

EIP

FIP
FventUIP

FSW

Size (bits)

32

86
86

32

3/

8
4
32

32
12

16

- Description

EAX, ECX, EDX, EBX, EBP, ESP,
ESI, EDI

FST(0-7)

For storing both integer
and FP values

For storing integer values

he 1486 system flags register
ne i486 flags which are renamed

T
.
The FP condition codes
.

he architectural instruction
pointer

The architectural FP instruction
pointer

The micro-instruction reporting
an event

The FP status word
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Retrospective

Most commercially successful
microarchitecture in history

Evolution

— Pentium IlI/Ill, Xeon, etc.
* Derivatives with on-chip L2, ISA extensions, etc.

— Replaced by Pentium 4 as flagship in 2001

* High frequency, deep pipeline, extreme speculation

— Resurfaced as Pentium M in 2003
* |nitially a response to Transmeta in laptop market
* Pentium 4 derivative (90nm Prescott) delayed, slow, hot

— Core Duo, Core 2 Duo, Core i7 replaced Pentium 4

29



Microarchitectural Updates

 Pentium M (Banias), Core Duo (Yonah)
— Micro-op fusion (also in AMD K7/K8)

* Multiple uops in one: (add eax,[mem] => Id/alu), sta/std
* These uops decode/dispatch/commit once, issue twice

— Better branch prediction

* Loop count predictor

* Indirect branch predictor
— Slightly deeper pipeline (12 stages)

* Extra decode stage for micro-op fusion

» Extra stage between issue and execute (for RS/PLRAM read)
— Data-capture reservation station (payload RAM)

* Clock gated for 32 (int) , 64 (fp), and 128 (SSE) operands

30



Microarchitectural Updates

e Core 2 Duo (Merom)

— 64-bit ISA from AMD K8
— Macro-op fusion

* Merge uops from two x86 ops
* E.g.cmp, jne =>cmpjne
— 4-wide decoder (Complex + 3x Simple)

* Peak x86 decode throughput is 5 due to macro-op fusion

— Loop buffer

* Loops that fit in 18-entry instruction queue avoid fetch/decode
overhead

— Even deeper pipeline (14 stages)
— Larger reservation station (32), instruction window (96)
— Memory dependence prediction

31



Microarchitectural Updates

* Nehalem (Core i7/i5/i3)
— RS size 36, ROB 128
— Loop cache up to 28 uops
— L2 branch predictor
— L2 TLB
— IS and DS now 32K, L2 back to 256K, inclusive L3 up to 8M
— Simultaneous multithreading
— RAS now renamed (repaired)
— 6 issue, 48 load buffers, 32 store buffers
— New system interface (QPI) — finally dropped front-side bus
— Integrated memory controller (up to 3 channels)
— New STTNI instructions for string/text handling

32



Microarchitectural Updates

e Sandybridge/Ivy Bridge (2"9-3rd generation Core i7)
— On-chip integrated graphics (GPU)

— Decoded uop cache up to 1.5K uops, handles loops, but
more general

— 54-entry RS, 168-entry ROB
— Physical register file: 144 FP, 160 integer
— 256-bit AVX units: 8 DPFLOP/cycle, 16 SPFLOP/cycle

— 2 general AGUs enable 2 Id/cycle, 2 st/cycle or any
combination, 2x128-bit load path from L1 DS

33



Microarchitectural Updates

* Haswell/Broadwell/Skylake: wider & deeper
— 8-wide issue (up from 6 wide)
— 4t integer ALU, third AGU, second branch unit
— 60-entry RS, 192-entry ROB
— 72-entry load queue/42-entry store queue
— Physical register file: 168 FP, 168 integer
— Doubled FP throughput (32 SP/16 DP)
— Load/store bandwidth to L1 doubled (64B/32B)
— TSX (transactional memory)

— Integrated voltage regulator

34
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[ felt that we had hit a home run with the P6 project, and that it was (and is) successful
far beyond what anyone had a right to expect. That project was just plain fun, working so
closely with so many incredible engineers.

But the Willamette project was not fun. Part of the problem for me was the design
manager, Randy Steck’s successor, with whom I had serious differences of opinion about
the chip development process. But an even bigger problem was the corporate interference
I have detailed elsewhere in this book. And while I was off trying to keep the company
from destructively interfering with Pentium 4 (through quantum entanglement with the
[tanium Processor Family) the chip itself was sailing into complexity waters that seem, in
retrospect, far too deep for what they were worth. Beyond all of that, however, was a
looming thermal power wall that was no longer off in the distance, as in P6, but instead
was casting its long, ugly shadow directly over everything we did. That experience was
primarily why I was so sure I did not want to work on any high-clock-rate chips beyond
Willamette. I just did not think there would be enough end-user performance payoff to
justify the nightmarish complexity incurred in a power-dominated, high-performance de-
sign.

[ think the future is mobile. In particular, I think the future is battery- or fuel-cell-
operated and that what will be valued in the mainstream a decade or two from now will
be sufficient performance to accomplish some desired end goal (like HDTV playback or
GPS reception) at very long battery life. This is a daunting goal, and so far removed
from historical CPU design goals (especially the highest possible performance at all
costs) that it will take a minor miracle to get existing teams to achieve it. Without in-
spired direction from corporate leadership, it 1s not going to happen. Business as usual
1s no longer going to work. I left Intel because I did not want to be the one who proved
that.
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Key to signal types:

/ Input
0074 Output, CMOS levels, tristateable
10CZ Input/output tristateable, CMOS levels

ICK Clock input



A[31:0]

ABE

ABORT

APE

CLF

0OCZ

Address Bus. This bus signals the address requested for memory accesses.
Normally it changes during phase 2 of the bus clock. The timing can be changed
using APE.

Address bus enable. When this input is LOW, the address bus A[31:0],
MAS[1:0], CLF, nBLS[3:0], nRW and LOCK are put into a high impedance
state (Note 1).

External abort. Allows the memory system to tell the processor that a requested
access has failed. Only monitored when ARM810 is accessing external memory.

Address pipeline enable control input. When APE is HIGH, address and
address-timed outputs are generated with normal pipeliined timing, where a new
address is generated in the second phase of the bus clock (MCLK HIGH or
PCLK LOW). Taking APE LOW delays these signals by one clock phase so they
change in the first phase of the following bus cycle (MCLK LOW or PCLK
HIGH). See the descriptions for MCLK/PCLK and Chapter 11, ARM810
Clocking for bus clock information. The address-timed signals are A[31:0],
MAS[1:0], nBLS[3:0], CLF, LOCK and nRW.

Cache line fill. CLF HIGH indicates that the current read cycle is cacheable. CLF
Is always HIGH for writes. This signal may be used to indicate to a second level
cache controller that a read is cacheable in the second level cache (if present).



D[31:0]

DBE

LOCK

MCLK

I0OCZ

OCZ

Data bus. These are bi-directional signal paths used for data transfers between
the processor and external memory. For read operations (when hRW is LOW),
the input data must be valid before the falling edge of MCLK. For write
operations (when nRW is HIGH), the output data will become valid while MCLK
Is LOW. At high clock frequencies the data may not become valid until just after
the MCLK rising edge.

Data bus enable. When this input is LOW, the data bus, D[31:0] is put into a high
impedance state (Note 1). The drivers will always be high impedance except
during write operations, and DBE must be driven HIGH in systems which do not
require the data bus for DMA or similar activities.

Locked operation. LOCK is driven HIGH, to signal a “locked” memory access
sequence, and the memory manager should wait until LOCK goes LOW before
allowing another device to access the memory. LOCK remains HIGH during the
locked memory sequence. Normally it changes during phase 2 of the bus clock.
The timing can be changed using APE.

This is a bus clock input. Bus cycles start and end with falling edges of MCLK.
Hold PCLK HIGH to use this clock input. See 11.1.1 External input clock:
MCLK or PCLK on page 11-3 for further details. This signal is provided for
backwards compatibility with previous processors, see PCLK for the preferred
bus clock input.



MSE

MAS[1 0]

nBLS[3:0]

nFIQ

niRQ

OCZ

0oCZ

Memory request/sequential enable. When this input is LOW, the nMREQ and
SEQ outputs are put into a high impedance state (Note 1).

Memory Access Size. An output bus used by the processor to indicate the size of
the next data transfer to the external memory system as being a byte, half word or
full 32 bit word in length. MAS[1:0] is valid for both read and write operations.

Normally it changes during phase 2 of the bus clock.The timing can be changed
using APE.

Not Byte Lane Selects. These signify which bytes of the memory are being
accessed. For a word access all will be LOW. Normally they change during
phase 2 of the bus clock. The timing can be changed using APE.

Not fast interrupt request. If FIQs are enabled, the processor will respond to a
LOW level on this input by taking the FIQ interrupt exception. This is an
asynchronous, level-sensitive input to guarantee that the interrupt has been
taken.,

Not interrupt request. As nFIQ, but with lower priority. If IRQs are enabled, the
processor will respond to a low level on this signal by taking the IRQ interrupt
exception.



nMREQ

nRESET

nRW

nTRST

nWAIT

OCZ

OCZ

Not memory request. A pipelined signal that changes while MCLK is LOW to
indicate whether or not in the following cycle, the processor will be accessing
external memory. When nMREQ is LOW, the processor will be accessing
external memory in the next bus cycle.

Not reset. This is a level sensitive input which is used to start the processor from a
known address. A LOW level will cause the current instruction to terminate
abnormally, and the on-chip cache, MMU, and write buffer to be disabled. When
NRESET is driven HIGH, the processor will re-start from address 0. nRESET
must remain LOW for at least 5 full fast clock cycles or 5 full bus clock cycles

whichever is greater. While nRESET is LOW the processor will perform idle
cycles and nWAIT must be HIGH.

Not read/write. When HIGH this signal indicates a processor write operation;
when LOW, a read. Normally it changes during phase 2 of the bus clock. The
timing can be changed using APE.

Test interface reset. Note this signal does NOT have an internal pullup resistor.
This signal must be pulsed or driven LOW to achieve normal device operation, in
addition to the normal device reset (NnRESET).

Not wait. When LOW this allows extra MCLK cycles to be inserted in memory
accesses. It must change during the LOW phase of the MCLK cycle to be
extended.



PCLK

PLLCFG[6:0]

PLLFILTA
PLLFILT2
PLLRANGE

PLLSLEEP

PLLVDD

I0OCZ

This is an inverted bus clock input. Bus cycles start and end with rising edges of
PCLK. Hold MCLK LOW to use this clock input. See 11.1.1 External input
clock: MCLK or PCLK on page 11-3 for further information. We recommend
using this bus clock input for compatibility with the new generations of
synchronous memory systems (SSRAM, SDRAM) and future ARM
microprocessors. The MCLK input is provided for compatibility with earlier ARM
processors.

Phase locked loop configuration input. Please refer to 11.3.2 Fast clock from the
output of the PLL on page 11-7 for further details.

Analog filter pin for PLL.
Analog filter fast start pin for PLL.

In normal operation, an input which selects the PLL output frequency range.
Please refer to 11.3.2 Fast clock from the output of the PLL on page 11-7 for
further details. This pin is also used as an output when the device is in some test

modes. The output driver is guaranteed to be high-impedance if the TESTMODE
pin is LOW.

When HIGH, this puts the PLL into low power sleep mode. Please refer to 11.5
Low Power Idle and Sleep on page 11-10 for further details.

VDD supply for analog components in PLL. 1 pin. Should be appropriately
Isolated from digital noise on supply.



PLLVSS
REFCLK

REFCLKCFG[1:0]

SEQ

TESTMODE
TESTOUT[4:0]

TCK

IOCZ

OCZ

Ground supply for analog components in PLL. 1 pin.

Clock input which is divided by the prescaler to provide the PLL reference clock.
REFCLK can also be configured to a direct source of the internal fast clock,
bypassing the PLL. Please refer to 11.3.2 Fast clock from the output of the
PLL on page 11-7 and 11.3.3 Fast clock direct (bypassing the PLL) on page
11-8 for further details.

In normal operation, an input which selects the divide ratio for the PLL reference
clock prescaler on the REFCLK input. Please refer to 11.3.2 Fast clock from
the output of the PLL on page 11-7 for further details. These pins are also used
as an output when the device is in some test modes. The output drivers are
guaranteed to be high-impedance if the TESTMODE pin is LOW.

Sequential address. This signal is the inverse of NMREQ, and is provided for
compatibility with existing ARM memory systems.

This signal must be tied LOW.

This bus should be left unconnected. These outputs will be driven LOW except
when device test features are enabled. They will not be tri-stated, except via the
JTAG test port.

Test interface reference Clock. This times all the transfers on the JTAG test
interface.



TDI

TDO

TMS

VCC

VDD
VSS

OCZ

Test interface data input. Note this signal does not have an internal pullup
resistor.

Test interface data output. Note this signal does not have an internal pullup
resistor.

Test interface mode select. Note this signal does not have an internal pullup
resistor.

Pad voltage reference. 1 pin is allocated to VCC. This should be tied to the
system power supply, ie. 5V in a TLL system or 3.3V in a 3.3V system. See
Appendix A, Use of the ARM810 ina 5V TTL System.

Positive supply. 15 pins are allocated to VDD in the 144 TQFP package.

Ground supply. 15 pins are allocated to VSS in the 144 TQFP package.
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1 fetch decode | execute

2 fetch decode | execute
instruction
time

Figure 4.2 |ARM single-cycle instruction 3-stage pipeline operation.



1 h decode | execute

2 ‘fatch STH‘ decode ‘calc. addr.‘ d&taxferl
3 w l decode l execute I

4 ff_ztch ADDI decode | execute I
5 fetch ADD‘ decode ‘ execute I

instruction

> time

Figure 4.3 ARM multi-cycle instruction 3-stage pipeline operation.



PC behaviour One consequence of the pipelined execution model used on the ARM 1s that the pro-
gram counter, which 1s visible to the user as r!5, must run ahead of the current
mstruction. If, as noted above, mstructions fetch the next mstruction but one during
their first cycle, this suggests that the PC must pomt eight bytes (two instructions)
ahead of the current instruction.

This 1s, indeed, what happens, and the programmer who attempts to access the PC
directly through r!'5 must take account of the exposure of the pipeline here. However,
for most normal purposes the assembler or compiler handles all the details.

Even more complex behaviour 1s exposed 1f !5 1s used later than the first cycle of
an mstruction, since the mstruction will itself have incremented the PC during its first
cycle. Such use of the PC 1s not often beneficial so the ARM architecture definition
specifies the result as 'unpredictable' and 1t should be avoided, especially since later
ARMs do not have the same behaviour in these cases.
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(a) register — register operations

(b) register — immediate operations

Figure 4.5 Data processing instruction datapath activity.



address register

(a) Ist cycle — compute address

*

address rogia-ter

4y

(b) 2nd cycle — store data & auto-index

Figure 4.6 SIR (store register) datapath activity.



(a) Ist cycle — compute branch target

fl )l address ragi;tar

VAN

(b) 2nd cycle — save return address

Figure 4.7 The first two (of three) cycles of a branch instruction.



Figure 1-2 shows:

. the two Fetch stages
. a Decode stage
. an Issue stage

. the four stages of the ARMI1176JZF-S integer execution pipeline.

These eight stages make up the processor pipeline.

Fe1l Fe2 De Iss Sh ALU Sat WBex
1st fetch 2nd fetch Instruction Reg. read Shifter ALU Saturation Writeback
stage stage decode and issue stage operation stage Mul/ALU

MAC1 MAC2 MAC3
1st multiply | (2nd multiply| |3rd multiply
acc. stage acc. stage acc. stage
ADD DC1 DC2 WBIs
Address Data Data Writeback
generation cache 1 cache 2 from LSU

Figure 1-2 ARM1176JZF-S pipeline stages



Fel

Fe2

Iss

Sh
ALU
Sat
WBex
MACI1
MAC2
MAC3
ADD
DC1
DC2
WBIs

First stage of instruction fetch where address is issued to memory and data returns
from memory

Second stage of instruction fetch and branch prediction.
Instruction decode.

Register read and instruction issue.

Shifter stage.

Main integer operation calculation.

Pipeline stage to enable saturation of integer results.
Write back of data from the multiply or main execution pipelines.
First stage of the multiply-accumulate pipeline.

Second stage of the multiply-accumulate pipeline.
Third stage of the multiply-accumulate pipeline.
Address generation stage.

First stage of data cache access.

Second stage of data cache access.

Write back of data from the Load Store Unit.
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address ch dat ch
calculation cache ala cache
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Load/store
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Figure 1-3 Typical operations in pipeline stages
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Figure 1-4 Typical ALU operation
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Figure 1-6 Progression of an LDR/STR operation
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Figure 1-7 Progression of an LDM/STM operation
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The VFPI11 coprocessor has three separate instruction pipelines:
. the Multiply and Accumulate (FMAC) pipeline

. the Divide and Square root (DS) pipeline

. the Load/Store (LS) pipeline.

Each pipeline can operate independently of the other pipelines and in parallel with
them. Each of the three pipelines shares the first two pipeline stages, Decode and Issue.
These two stages and the first cycle of the Execute stage of each pipeline remain in
lockstep with the ARM11 pipeline stage but effectively one cycle behind the ARMI 1
pipeline. When the ARM11 processor is in the Issue stage for a particular VFP
instruction, the VEP11 coprocessor is in the Decode stage for the same instruction. This
lockstep mechanism maintains in-order 1ssue of instructions between the ARM1 |
processor and the VFP11 coprocessor.
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5.1. INTERRUPT AND EXCEPTION OVERVIEW

Interrupts and exceptions are forced transfers of execution to a procedure or task. The procedure
or task is called a handler. Interrupts typically occur at random times during the execution of a
program, in response to signals from hardware. They are used to handle events external to the
processor, such as requests to service peripheral devices. Software can also generate interrupts
by executing the INT »n instruction. Exceptions occur when the processor detects an error condi-
tion while executing an instruction, such as division by zero. The processor detects a variety of
error conditions including protection violations, page faults, and internal machine faults.

The processor’s interrupt and exception handling mechanism allows interrupts and exceptions
to be handled transparently to application programs and the operating system or executive.
When an interrupt is received or an exception is detected, the currently running procedure or
task 1s automatically suspended while the processor executes an interrupt or exception handler.
When execution of the handler is complete, the processor resumes execution of the interrupted
procedure or task. The resumption of the interrupted procedure or task happens without loss of
program continuity, unless recovery from an exception was not possible or an interrupt caused
the currently running program to be terminated.



The processor receives interrupts from three sources and exceptions from two sources:

Interrupts

— Non-maskable interrupts (NMIs). These interrupts are received on the processor’s

NMI# input pin. The processor does not provide a mechanism to prevent non-
maskable interrupts.

Maskable interrupts. These interrupts are received either at the processor's INTR#
(Interrupt) pin from an external, system-based interrupt controller (8259A) or as a
serial message on the LINT[1:0] pins from a system-based I/O APIC. The processor

does not act on maskable interrupts unless the IF (interrupt-enable) flag in the
EFLAGS register 1s set.

Software-generated interrupts. These are generated by INT » instruction. The
processor does not provide a mechanism for masking interrupts generated in this
manner.

Exceptions

— Processor-detected exceptions. These are generated when the processor detects

program and machine errors. They are further classified as faults, traps, and aborts.

Software-generated exceptions. The INTO, INT3, BOUND, and INT» instructions
generate exceptions. (The INT# instruction generates an exception when an exception
vector number as an operand.) These instructions allow checks for specific exception
conditions to be performed a specific points in the instruction stream. For example, the
INT3 instruction causes a breakpoint exception to be generated.



5.3. EXCEPTION CLASSIFICATIONS

Exceptions are classified as faults, traps, or aborts depending on the way they are reported and
whether the instruction that caused the exception can be restarted with no loss of program or task

continuity.

Faults

Traps

Aborts

A fault 1s an exception that can generally be corrected and that, once corrected,
allows the program to be restarted with no loss of continuity. When a fault is
reported, the processor restores the machine state to the state prior to the begin-
ning of execution of the faulting instruction. The return address (saved contents
of the CS and EIP registers) for the fault handler points to the faulting instruc-
tion, rather than the instruction following the faulting instruction.

A trap 1s an exception that is reported immediately following the execution of
the trapping instruction. Some traps allow execution of a program or task to be
continued without loss of program continuity; others do not. The return address
for the trap handler points to the instruction to be executed after the trapping
instruction.

An abort 1s an exception that does not always report the precise location of the
instruction causing the exception and does not allow restart of the program or
task that caused the exception. Aborts are used to report severe errors, such as
hardware errors and inconsistent or illegal values in system tables.



Table 5-1. Protected Mode Exceptions and Interrupts

Interrupt or

Vector Exception
No. Description Type Error Code Source

0 Divide Error (#DE) Fault No DIV and IDIV instructions.

1 Debug (#DB) Fault/ Trap No Any code or data reference.

2 NMI Interrupt Non- No External interrupt.

Maskable

3 Breakpoint (#BP) Trap No INT3 instruction.

4 Overflow (#OF) Trap No INTO instruction.

5 BOUND Range Exceeded (#BR) | Fault No BOUND instruction.

6 Invalid Opcode (#UD) Fault No UD2 instruction or reserved
opcode.

7 Device Not Available (#NM) Fault No Floating-point or
WAIT/FWAIT instruction.

8 Double Fault (#DF) Abort Yes (Zero) | Any instruction that can
generate an exception, an
NMI, or an INTR.

9 CoProcessor Segment Overrun | Fault No Floating-point instruction.

(reserved)

Pentium® Pro processor does
not generate this exception.




10
11

12

13

14
15
16

17

18

19-31

32-
255

| Invalid TSS (#TS)

Segment Not Present (#NP)
Stack Fault (#SS)
General Protection (#GP)

Page Fault (#PF)
(Intel reserved. Do not use.)

Floating-Point Error (#MF)
Alignment Check (#AC)
Machine Check (#MC)

(Intel reserved. Do not use.)

Maskable Interrupts

| Fault
Fault

Fault
Fault/Trap

Fault

Fault
Fault

Abort

Maskable

Yes

Yes

Yes

Yes

Yes
No
No

Yes (Zero)

Model
Dependent

Task switch or TSS access.

Loading segment registers or
accessing system segments.

Stack operations and SS
register loads.

Any memory reference and
other protection checks.

Any memory reference.

Floating-point or
WAIT/FWAIT instruction.

Any data reference in
memory.

Model dependent.

External interrupt or INT n
instruction.




Table 5-2. Priority Among Simultaneous Exceptions and Interrupts

Priority Descriptions

1 (Highest) Hardware Reset and Machine Checks
- RESET
- Machine Check

2 Trap on Task Switch
-Tflagin TSS is set

3 External Hardware Interventions
- FLUSH

- STOPCLK

- SMI

- INIT

4 Traps on the Previous Instruction

- Breakpoints
- Debug Trap Exceptions (TF flag set or data/l-O breakpoint)

5 External Interrupts
- NMI Interrupts
- Maskable Interrupts

6 Faults from Fetching Next Instruction
- Code Breakpoint Fault

- Code Segment Limit Violation

- Code Page Fault

7 Faults from Decoding the Next Instruction
- Instruction length > 15 bytes

- lllegal Opcode

- Coprocessor Not Available

8 (Lowest) Faults on Executing an Instruction
- Floating-point exception

- Overflow

- Bound error

- Invalid TSS

- Segment Not Present

- Stack fault

- General Protection

- Data Page Fault

- Alignment Check
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Figure 5-4. Stack Usage on Calls to Interrupt and Exception Handling Routines




2.2. MODES OF OPERATION

The Pentium Pro processor supports three operating modes and one quasi-operating mode:

Protected mode. This is the native operating mode of the processor. In this mode all
instructions and architectural features are available, providing the highest performance and
capability. This is the recommended mode for all new applications and operating systems.

Real-address mode. This operating mode provides the programming environment of the
Intel 8086 processor, with a few extensions (such as the ability to switch to protected or
system management mode).

System management mode (SMM). The system management mode (SMM) 1s a standard
architectural feature in all Intel Architecture processors, beginning with the Intel386 SL
processor. This mode provides an operating system or executive with a transparent
mechanism for implementing power management and OEM differentiation features. SMM
is entered through activation of an external system interrupt pin (SMI#), which generates a
system management interrupt (SMI). In SMM, the processor switches to a separate address
space while saving the context of the currently running program or task. SMM-specific

code may then be executed transparently. Upon returning from SMM, the processor is
placed back into its state prior to the SMI.

Virtual-8086 mode. In protected mode, the processor supports a quasi-operating mode
known as virtual-8086 mode. This mode allows the processor execute 8086 software 1n a
protected, multi-tasking environment.
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Figure 2-2. Transitions Among the Processor’s Operating Modes




8.1.2. Processor Built-In Self Test (BIST)

Hardware may request that the BIST be performed at power-up. If the BIST is performed, it
takes about 5.5 million clock periods to complete on the Pentium Pro processor. (This clock
count is model-specific and Intel reserves the right to change the exact number of periods
without notification.)

The EAX register is clear (OH) if the processor passed the BIST. A non-zero value in the EAX

register after the BIST indicates that a processor fault was detected. If the BIST i1s not requested,
the contents of the EAX register after a hardware reset 1s OH.

Table 8-1. Pentium®Pro Processor State Following Reset

Register RESET INIT
EFLAGS! 00000002H 00000002H
EIP O000FFFOH O000FFFOH
CRO 60000010H Note 2
CR2/CR3/CR4 00000000H 00000000H
CS selector = FOOOH selector = OFOOQH
base = FFFFO0O00H base = FFFFOO0OH
limit = FFFFH limit = FFFFH
AR = Present, R/W, Accessed AR = Present, R/W, Accessed



SS, DS, ES, FS, GS

selector = 0000

base = 0000H

limit = FFFFH

AR = Present, R/W, Accessed

selector = 0000

base =0000H

limit = OFFFFH

AR = Present, R/W, Accessed

EDX 000006xxH 000006xxH
EAX 03 0
EBX, ECX, ESI, EDI, EBP, ESP | 00000000H 00000000H

LDTR, Task Register

selector = 0000H
base = 00000000H
limit = FFFFH

AR = Present, R/'W

selector = 0000H
base = 00000000H
limit = FFFFH

AR = Present, R/W

GDTR,IDTR base = 00000000H base = 00000000H
limit = FFFFH limit = FFFFH
AR = Present, R/'W AR = Present, R'W

DRO, DR1, DR2, DR3 00000000H 00000000H

DR6 FFFFOFFOH FFFFOFFOH

DR7 00000400H 00000400H

Time Stamp Counter 0 Unchanged

Perf. Counters and Event Select | O Unchanged

1. The 10 most-significant bits of the EFLAGS register are undefined following a reset. Software should not

depend on the states of any of these bits.
2. The CD and NW flags are unchanged, bit 4 is set to 1, all other bits are cleared.

3. If Built-In Self Test (BIST) is invoked, EAX is 0 only if all tests passed.




8.1.3. Model and Stepping Information

Following a hardware reset, the EDX register contains component identification and revision
information (see Figure 8-2). The device ID field is set to the value 6H, SH, 4H, or 3H to indicate
a Pentium Pro, Pentium, Intel486, or Intel386 processor, respectively. Different values may be
returned for the various members of these Intel Architecture families. For example the Intel386
SX processor returns 23H in the device ID field. Binary object code can be made compatible
with other Intel processors by using this number to select the correct initialization software.

31 14 13 12 11 8 7 4 3 0

EDX| || Famiy | Model | °FPMS

Processor Type—————— ] |
Family (0110B for the Pentium® Pro Processor Family)

Model {Beginning with ODU‘IB}_._____....__ B

Reserved

Figure 8-2. Processor Type and Signature in the EDX Register after Reset

The stepping ID field contains a unique identifier for the processor’s stepping ID or revision
level. The upper word of EDX is reserved following reset.



8.1.4. First Instruction Executed

The first instruction that 1s fetched and executed following a hardware reset is located at physical
address FFFFFFFOH. This address is 16 bytes below the uppermost physical address of the
Pentium Pro processor. The EPROM containing the software-initialization code must be located
at this address. -

The address FFFFFFFOH 1s beyond the 1-MByte addressable range of the processor while in
real-address mode. The processor is initialized to this starting address as follows. The CS
register has two parts: the visible segment selector part and the hidden base address part. In real-
address mode, the base address 1s normally formed by shifting the 16-bit segment selector value
4 bits to the left to produce a 20-bit base address. However, during a hardware reset, the segment
selector in the CS register is loaded with FOOOH and the base address is loaded with
FFFFOOOOH. The starting address 1s thus formed by adding the base address to the value in the
EIP register (that is, FFFFO000 + FFFOH = FFFFFFFOH).

The first time the CS register is loaded with a new value after a hardware reset, the processor
will follow the normal rule for address translation in real-address mode (thatis, [CS base address
= CS segment selector * 16]). To insure that the base address in the CS register remains
unchanged until the EPROM based software-initialization code is completed, the code must not
contain a far jump or far call (which would cause the CS selector value to be changed).
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)l A6 ok

_"Cb‘déffrdm “Four Gigabytes . . .,” by Thomas Roden

. begini: -

IPJ.CQDE Ail code in l;h1s issue is avallable on 360K MS DOS disks: -
‘"ORDER BY PHONE — VISA/MC orders call tol} free 800- 234-0386.
Mall—order information on pages 8 and 96

LI STING I

KRR RNAK TR ARAK w***a*********tt n*u*»***ii******g*****an***n**

* TOMCOM , ASM - LCM program to ralax segment limit on GS in
* raal-address mode.
*® L .
* . Assembled using Microsoft Macro Assembler 5.1
*
P S T T P 7 TP
% ‘ieed toc use 80386 protected mode instructicns
-, 386
A (17 JUMPFAR dows a far jutp in USEl6 segments
JUMPFAR MACRO  PAHMI, DARM2 | C .
DB OEAH - ’ ; jump far direet
. DWW - {OFFSET PARML) . . .: to this offset
bW PARMZ X ; in this sagment
. ENDM :
- EMOs lﬁml : 0070H -
- CKOS DATA 0071H -
- svs.pROT G5 0008E
. 5YS REALTSEG | - D010H:
| SYS_MONDO_SIG - " 0018RH-
ert equ 0dh ' )
If. . aqu Dan
des_ call equ 2ih
pr:l.nt £func equ 0%h

“cseg  segment uself public ' coge’

Aassumd Ga:oseq,ds:csey, &8 :cseg, S5:0850g

org 0O

) mov . - lp,offset stk t.op T BT utup stack

. ‘mov - 8X; o8 : L o i ste:a Program segment
- WARNTNG: S.lf-md;fy.ing @ede. Mot needed if done in Rmd . )
. mov word ptr cs:self mod cs,ax
mev ds, ax ; sat ds :® cs

jnp init_com ;i go do the work

? Do : ; for LGDT
v RN S Limit Base . Rights LimitHi S
[ coml_g&t ;- odw . . 00000h, 00000R, CCOOOR, 00D00R- ; unusable .
. 2 Lo dw © ' OFFFFh, -00000hK, 00AQOR, 00000h. : code sey
dw - OFFFFh, 00000n, 05200n, 0Q0000R  data eeg

daw - OFFFFh, 00000h, 00200k, 0008FL : moudo saq (4Gb)

com gdt ‘end - label . woxd .

.:ioa&_ni'sg-__ : - T agment Ee.lp.: Léaded’, oz, 1 : B
. .o db - '_’Use -xtended register and GS: to act.i.vate ex, 1f, ' §7
figup Msg L dbc ”'s!r!t!m llturad' ex,1f, 78
BTN db "25 ' dnp(()f’fh) s

" ileeal stack

'stk.__top o a . R (cffhl

i - dn NOT allow a.atexrupts as IDT u not val:.d. a.n protected mode

'.uelf : mod cs © DW. 7 . : - ;'mth:.a segment.
'kslm : : : A S o

*********-Nhhts***\Hunl*******t**ﬁ***ink****-ﬂm*****t****t****a**#tﬂ

B Ge to protected modd to relax limit on G$ *
;f'- Entry - none .
% Exit - gs: inviszible selsctor information fixed up
Ead ) ds & 88 set £0 ¢8 (ok for COM file)
e H MUST EXECUTE BELOW 1M, GATE A20 NOT DISABLED
't*t*tktﬁﬁ***iIi*i**i*’*******a*******i*t*iti********k*t*t*taa***
kill seg 1:|.m:.t. proc near
:n'rbé" ) ‘ak, e8| .- . . : get linear address
MOvZE . eAX, ax - o
shl  eax, 4.

Comev ebx, aax : store copy of (S linear
mov - word ptr cs: aom \ gde+10, ax ; store in code segment desc
wov - word ptr csicom gdt+l8, ax ; store in data segument desc

. TOr arx, 1§ ; swap words
mov - byte ptr cs:com gdt+12 al ; bits 16-23
moy, byta ptr c=:com gdt.+20, al | ; bits 16-23

i .
FEEI Setup Limit and Basze for GDTR
;. .

-agd “ebx, of!set com gdt - . :

mov - | word ptr cs:com th_ptr, {offaet com gdt cnd - COm gdt - 1)

mov-_- dword ptr a8 :com qdb_ptr+2 ebat

P store ﬂags fo: :esto:mg after eli
pushf

eli
PR d.;sab:l.e WA s hex:a L )
. in al, CMOS ] ADD:R
mav ah,al. . o ’ . :
or al, 080H . - ; don't digturb fest of 70
ut CMOS_ADDR, al
and, ah, T80H o ) .
wow ch, ah - ; stoze old state of NMI mask
lgdt fword ptr cstcom__gd.t_ptr : i assum DOS :.tn £ us:l.ng this
mow bx, o Co ; Save com segmnt '
MoV . adx, Q:O
or. al ,01 o ; aat PE hit' .
nov- ez, eax: ; protection enabled
; jumpfar ksi_pmada SYS PROT_CS ; purge queue and £ix C3
ksl pmoda: ’ : .
il mov ax, SYS__RI'.M._SEG : ‘: prepare limits on segments
mow a5, ax .
mov ds, ax
mov es, ax
mv fs, ax -

Here are the instx-uct;cms that makes it all '§os-ib1'e

mov . ax, SYS MOWDO SEG _ . ; gs will now be 4G

mov - . gs, A%

mov. eu:i,érﬂ - _ -

and. - al,NQT 01 - . ;' elear PE bit

mov crO eax - ; protaction disabled

tha tollovung r.elies on aalf modif:.cat:.un performed at baginning
of program. The follewing macre would be useful here for ROM code only,
sc it is manunlly expanded tc facilitate the {yech) sgelf-modification.

umpfu ksl riode, §¥s_] ml. csm : purge’ quéue and fix cs
R ) CoEAR < ’ © 'y jump Far direct .

o - {OFFSET ksl mode) © 7 to this. offset .-
(plansa don’'t send me to progxammer 8 hell for this one)

Code continues.. .. <



4]
G/ JDUIROL § IPHRUDISOL ] 686T

;Roden code, COﬂtlnued S

get seq ugs hack

mov. - gs, ax

back in Real Mde, IDT i ok agai.n )

in . al.CMOS_ADDR

and al, 07¥FH -

or al, c¢h . ; restore old state of NMI mask
out CMOS_ADDR, al

H note that 386 doe= not have POPF problem
popf ; restora IRQ mask
rat

kill seg limit endp -

r*&****QQ%**it.*!*Q**t!*ﬂt‘.tﬂ*t**t****‘Qt***#ﬁ*ﬂt*******tlihi*

Hd Main Control Routine Starts Hara *
_;t**::ttn:-twnnt**tt*uu*wuaana******tuttnaw*w*aaaa*w*t****wuww*
initialize pros near

agssune ds:cseg
i
init_com:

idispiay message and then ralax limit checking on GS

H

mev dx, cffset load msg
mov ah, pritt_func
int dos_call.

; .

; fix g8

call kill_seg limit

mov dz,offset fixup Mag
mav ak, print_func
int dos_call

jcheck amount of memory te retain

H

mov- ax, 4C00h :Tegninate with return code function
int dos_call
initialize ., . endp |
csﬁg &
. end baegin
LISTING 2

* tompee.k..c

* .

* High memory peek ubility’
-

x

This program retu¥ns a screan dump of :am by hyte) At the prov.\ded g |
» 1inaa: (whieh is l.l!ﬂ phya:.c.al) address for the provided number of bytes
"

" -‘ Y CDmpn.lad. us:.ng M:I.czoscft c 5 1'——Small Model

" checic comund :I..-Lm infcmata.en, and pcr:om t-.he app:op:iate he -chmp

*’

- bx H
ax L S c].ea: unuaed to be clannly
ax ma:ln(argc, “argv)

int - arge; -

char - **az:g'v, .
shoxt’ ‘siza; . . . N
long source;

void tomPaak (long, shezt) ;
if {argom=3)
sscanf (argv[l], "3%1x", sscurce);

sgcant (axgv[2] ,"%x", kaize) ;
tomFeek (scurce, size} ;.
¥ .

else . ] _
piintf ("usage: TomPeek <address> <size\n"};
.
* tomPeek = Dump the mamory at linear addraess "scurce” for "size" bytes
* ’ of aixteen-byte lines
) .
void tomPeek (source, size)
long source;
shoxt  size;
{
char peeluaui {186]):
short i, 9,k
axtern short near get_high_mem(chas *,ghort, long):
for{i=0;i<aize; i+=]16)
{
q = size-i:
LE(§>18)
j = 16;
get_high mem{pegkBuf, j, scurce);
source += i;
for(k=0;k<jik++)
printf("%02X ", ((short) (peekBuf[k]}}L)xFE) ;
printf ("\n");
}
3
LISTING 3

*iiI*************ﬁ********************RﬂQ**’t!iﬁ****************

:-* PREFER.ASM - Mumbly subroutines to meve nemory fr.-um a 4G iinear
R address into a buffer in the current data segment -
sk
i
Hd Assenbled using Microscft Macro Rsszembler 5.1
I3 . S
;*!k!*ttttiR*ttt*tﬂa*t*********tl***t*ﬁ****t****a*i***l**********
it Need to use 80386 protectad moda instructions
J386P
| ‘kec_1BE BIT . . ‘EQU-  02H -
KBC_WOP_CMD : - EQU ‘0D1H
KBC ROP_CMD | - QU 0Dod
A20_OFF DATA: .. EQU.. (DDB
| A20 oW DATA - . - . ¢ EQU ODFH,
xsc;uos_mn.' Co EQU.  (FFB
x:sc DATABORT . .- . EQU. - 060H

“CMD_FORT - .- EQU 0648

Code continues ...




. GJ\ZO FAII. ERR CGDI

__'rxx'r- | segment usels puhlic o
i assume c3 '_‘l'l:x".l'_ d.

;*t*kn*ii*wt*****ttna*vnunk***y**aat!rsr*a*****k****w*****wi***w*atﬁ

,-******ti’ti**l*****ﬁl******k**‘k***************!**!************att'
public _get_high mem .

_get_high mem  endp

HEAKARARKIIIK KRR AAR R AR AR AN ERRRRRRNN AR RRANRRRNRNEERRAARE KR

K ghm_dest . equ word | ptr [bp-hﬂ]
!ﬁ ghm lan - © ey word ptr [Bpté]
; ghm source . equ dword ptr [bp+83
get high_memn Prog¢ nea: o
- push ~ e
'mm( . th SP'
push i .- SRR
nov al, 080k, oo ; allow normal AZ0
call gate_A20 : -
xoT ax, ax . .
mov gs, ax- . . ; zerc out g%
mov ax, ds.
[ mov es, ax ; es = ds
iYe] mov di, ghm dest
o0 mov ¢x, ghm len
D nov ebx, ghm scuxce
] joxz ghn_bottom
a ghm_top: . T
v mov-.  al, byte ptr gs:[ebx]
- ing’ abx
8 stozh
e 3 loop ghm _top
&3 ghm_bottom: .
o xor al, al ; cripple A20 for DOS
=, call gate A20
o '
E‘* pop ai
= pop bp
- ret
g
=~
(=)

T gate A20 (how) - set gateA20 to the desired state
P Entry - --80)1 a» A20 on
L =00h => A20 off
Exit . - . GateAZl in dasired’ state . -

Assumes prefarraed stataes of output port bits
*#n**w#t#**’rtttt****t*tii*ir*********R*t*****‘k*tt**titt*****#**ii

i
P

gate AZO - set gateAZld to the desired state
Entry - AL==80h => A20 on (no 1M wrap)-.

AL==00h => A20 off (1M wrap).

i
:gate”.lzo proc near

test al, 080H - i alsso =0 7.
dne short gaz2g on ’ C
H al is zers, turn a2 off B St
mov . . ah,A20 OFF DATA : kbc off gate aZ-
call. . -_ampty ®eC. - 7 «lear to use.
jnz .. - short ga20 err .. - didn't clear- -
. Smp sheozt gazo xsc ctl ; claared, go £ix !cac AZO
a2l _on: S : :
¥ - . mov: kbc on gate a20 ;f ne.dod
ga20 KBC etl: - . = .
- . Tmoev al), nc wWop CMD Co i Wr.tte Out.put Port
but".'mcmpoual : ;- scnmbnd it -
call " | empty KBC: LM
inz - . short - 9520 errc

mov al,ah.

r* get_high mem(dest, len, source] - copy memory from source to dest (len byt-s)
Hd Entry - - dest - buffer in ourrent DS

* . len - size of buffer in bytes

Hl . sourca - 32-bit linear address of source memoxy

ik Exit - gs: set to zero :

P* WARNING: Forces GateAZ?( low when dona

P " we're
ga20_ok:
ga20_erx:
ga20_out:

gate A20

empty FRC

ainpty;_x.:B(':_l oop :

empty_RBC

._'.II'EX‘.[‘.’- . ends -

end;

LISTING 4
magm /Zi tomcol
link tomcom /o

‘empty

“out’ . KBG DATA PORT,al’" -

" eall - ‘empEy KEC wait 1Y it clears

“.jnz. .. . short  §a20 err ; didn't clear-.! -
mev . al;KBC NOP_CMD S t £lush it threugh -
out " . KBC_CMD_PORT,al .’ ; command it . .
‘call - enpEy EBC o ;

jnz short gaZD &rr -
here, it werkedl!. - .

®or - ax,mx .
mp short ga2t out -
nov ax,GA20_ FAIL ERR CODE
et
endp
KBC - ‘Bipty keyboard controller inmput Buffer

Entry - none
Exit - bashes AL

proc - nesr . .
push. . ex - ; save :eg .

XOE . oox,ex ; set for max t;meout
Tin : al mc QGD PORT H g‘et-. KBC status
‘test al, ®8CIBF_2IT ; chack IBF bit
lcopnz empty FBC Iccp ;o try till timecut
Pop ox ; restore reg

ret . . ; that’'s all folks
endp. .

)
LN

exeZbin tomcom.exe tomcom.com

del tomcom.exe

LISTIRG 5
TOMPEEK.CBJ :
cL /c /2i

PEEFER QEJ H
MASM PEEPE

TCMPEEK.EXE

LINK /CO T

TOMPEEK.C'
TOMPEEK . C

EEPER. ASM
R;

TD!EPBEK OBJ PEEPER.OBJ
CHMPEEK+PEEPER;




Big Real Mode

Post-286 processors can address up to 4GB of memory space while in real mode,
so long as they have at least once been switched to protected mode and back to
real mode since the last reset. This is sometimes referred to as big real mode.

As an example, prior to switching back to real mode, the protected mode soft-
ware sets up a segment descriptor table entry (see the chapter entitled “Intro to
Segmentation” on page 77) that describes a segment as starting somewhere
above 1MB and having a length of 64KB. The segment register is then loaded
with a value that selects this descriptor, loading the invisible part of the seg-
ment register with the new start address and length. When the switch is made
back to real mode, as long as the programmer doesn't load a new value into the
segment register, the previous segment definition holds true. This permits the

programmer to access any location within-64K-efthe-segment-s-base-address-

A

e ] | Feot .

The 286 lacks this capability (because it cannot be switched from protected to
real mode without resetting the processor, thus setting the contents of the invis-
ible part of the segment register to values restricting the processor to accesses

within the first meg of memory space).  Tom Shanley, ISBN 020155447X, 1996



ATBASE.ASM:

ALIGN 4
Public GDTR1
GDTR1: ; global descriptor table register
ifndef Flash_16K_8K_8K_Unit
dw 8%5 ; LIMIT
else ;Flash_16K_8K_8K_Unit
dw 8%6 ; LIMIT
endif ;Flash_16K_8K_8K_Unit
dw offset GDT1
dw ofh ; in OF000Oh segment
Public GDT1
GDT1: ; null descriptor
dw 0 ; limit
dw 0 ; base
db 0 ; hibase
db 0 ; access
db 0 ; hilimit
db 0 ; msbase

Public CODE1_DT

CODE1_DT: ; Cs — prom code segment
CODE1_INDEX = ((offset CODE1_DT - offset GDT1)/8) SHL 3

dw offffh 3 limit

dw 0 ; base al5-a@

db 0fh ; hibase  a23-al6, assume we have 64k prom

db 9fh ; access

db 0 ; hilimit

db 0 ; msbase a3l-a24
ATORGS.ASM:
HIY [1
;EnterBigRealMode
HIN! [1
EnterBigRealMode:

mov ax,cs

mov ds,ax

assume ds:dgroup

mov si, offset GDTR1

lgdt fword ptr ds:[sil ; load descriptor table

mov eax,cro ;Enter protected mode

or al,1

mov cro@, eax

jmp short Enter_Protect_Model
Enter_Protect_Model:

mov ax,offset DATA1_INDEX

mov ds, ax ; ds = 00000000h

mov es,ax ;

mov ds,ax

;Switch back to real mode, DS and ES limits are set
mov eax,cro
and al,NOT 1
mov cr@,eax

jmp  @f ; clear prefetch queue.
@@:

xor ax, ax

mov ds, ax ;DS and ES limit are set

mov es, ax

ret



GDT dw

.code
.586p

15,0,0,0,-1,0,9200h,8Fh; point to 0-4GB (CF or 8F?)

; Set CPU to "voodoo" (unreal, real flat) mode
; SO we can access up to 4 GB RAM in real mode

; Return @ in AL

_SetToFlat
pushad
mov
test
jz
popad
mov
ret

ldlimit:xor
xor
push
pop
mov
shl
add
mov
cli

;ifndef _ WASM__
db

;endif
lgdt
mov
push
push
push
push
mov
or
mov
jmp
mov
mov
mov
mov
and
mov
jmp
pop
pop
pop
pop
sti
in
or
out
popad
xor
ret

_SetToFlat

if OK
proc far

eax,cro ; Test if CPU in protected mode
al,1
1dlimit

al,1

eax,eax

ebx, ebx

ds ; Load GDT with a 4 GB limit
ax

bx,offset GDT

eax,4

eax, ebx

dword ptr GDT+2,eax

66h

fword ptr GDT
bx, 8

ds

es

fs

gs

eax,cro

ax,1

cro,eax

$+2 ; Enter protected mode
gs,bx

fs, bx

es, bx

ds, bx

al,not 1
cro,eax

$+2 ; Return to real mode
gs

fs

es

ds

al,92h ; Enable A20 line
al,?2

92h,al

al,al

endp



Exceptions are generated by internal and external sources to cause the processor

to handle an event; for example, an externally generated interrupt, or an attempt to
execute an undefined instruction. The processor state just before handling the exception
must be preserved so that the original program can be resumed when the exception
routine has completed. More than one exception may arise at the same time.

ARM supports 7 types of exception and has a privileged processor mode for each type
of exception. Table 2-3: Exception processing modes lists the types of exception and

the processor mode that is used to process that exception. When an exception occurs
execution is forced from a fixed memory address corresponding to the type of exception.

These fixed addresses are called the Hard Vectors.

The reserved entry at address 0x14 is for an Address Exception vector used when the
processor Is configured for a 26-bit address space. See Chapter 5, The 26-bit

Architectures for more information.



Exception type Mode Vector address
Reset SVC 0x00000000
Undefined instructions UNDEF | 0x00000004
Software Interrupt (SWI) SVC 0x00000008
Prefetch Abort (Instruction fetch memory abort) ABORT | 0x0000000c
Data Abort (Data Access memory abort) ABORT | 0x00000010
IRQ (Interrupt) IRQ 0x00000018
FIQ (Fast Interrupt) FIQ 0x0000001c

Table 2-3: Exception processing modes



When taking an exception, the banked registers are used to save state. When an
exception occurs, these actions are performed:

Rl4 <exception mode> = PC
SPSR <exception mode> = CPSR
CPSR[5:0] = Exception mode number

CPSR[6] = 1if <exception mode> == Reset or FIQ then = 1 else unchanged
CPSR[7] = 1; Interrupt disabled
PC = Exception vector address

To return after handling the exception, the SPSR i1s moved into the CPSR and R14 is
moved to the PC. This can be done atomically in two ways:

1 Using a data-processing instruction with the S bit set, and the PC as the
destination.

2 Using the Load Multiple and Restore PSR instruction.



When the processor’s Reset input is asserted, ARM immediately stops execution of the
current instruction. When the Reset is de-asserted, the following actions are performed:

R14 svc = unpredictable value

SPSR svc = CPSR

CPSR[5:0] = 0b010011 ; Supervisor mode

CPSR[6] =1 ; Fast Interrupts disabled
CPSR[7] = 1 ; Interrupts disabled

PC = 0x0

Therefore, after reset, ARM begins execution at address 0x0 in supervisor mode with
Interrupts disabled. See 7.6 Memory Management Unit (MMU) Architecture on
page 7-14 for more information on the effects of Reset.



If ARM executes a coprocessor instruction, it waits for any external coprocessor

to acknowledge that it can execute the instruction. If no coprocessor responds,

an undefined instruction exception occurs. If an attempt iIs made to execute

an instruction that is undefined, an undefined instruction exception occurs (see 3.714.5
Undefined instruction Space on page 3-27).

The undefined Instruction exception may be used for software emulation of
a coprocessor in a system that does not have the physical coprocessor (hardware),
or for general-purpose instruction set extension by software emulation.

When an undefined instruction exception occurs, the following actions are performed:

R14 und = address of undefined instruction + 4
SPSR und = CPSR
CPSR[5:0] = 0b011011 ; Undefined mode

CPSR[6] = unchanged ; Fast Interrupt status is unchanged
CPSR[7] =1 ; (Normal) Interrupts disabled
PC = 0Ox4

To return after emulating the undefined instruction, use:

MOVS PC,R14

This restores the PC (from R14_und) and CPSR (from SPSR_und) and returns to
the Instruction following the undefined instruction.



The software interrupt instruction (SWI) enters Supervisor mode to request a particular
supervisor (Operating System) function. When a SWI is executed, the following are

performed:

R14 svc = address of SWI instruction + 4
SPSR svc = CPSR

CPSR[5:0] = 0b010011 ; Supervisor mode

CPSR[6] = unchanged ; Fast Interrupt status is unchanged
CPSR[7] =1 ; (Normal) Interrupts disabled

PC = 0x8

To return after performing the SWI operation, use:

MOVS PC,R1l4

This restores the PC (from R14_svc) and CPSR (from SPSR_svc) and returns to
the instruction following the SWI.



A memory abort Is signalled by the memory system. Activating an abort in response to
an instruction fetch marks the fetched instruction as invalid. An abort will take place if
the processor attempts to execute the invalid instruction. If the instruction is not
executed (for example as a result of a branch being taken while it is in the pipeline),
no prefetch abort will occur.

When an attempt is made to execute an aborted instruction, the following actions are
performed:

R14 abt = address of the aborted instruction + 4
SPSR abt = CPSR

CPSR[5:0] = 0bO010111 ; Abort mode

CPSR[6] = unchanged ; Fast Interrupt status is unchanged
CPSR[7] =1 ; (Normal) Interrupts disabled

PC = 0xc

To return after fixing the reason for the abort, use:

SUBS PC,R14,#4

This restores both the PC (from R14_abt) and CPSR (from SPSR_abt) and returns to
the aborted instruction.



A memory abort is signalled by the memory system. Activating an abort in response to
a data access (Load or Store) marks the data as invalid. A data abort exception will
occur before any following instructions or exceptions have altered the state of the CPU,
and the following actions are performed:

R14 abt = address of the aborted instruction + 8
SPSR abt = CPSR

CPSR[5:0] = 0b010111 ; Abort mode

CPSR[6] = unchanged ; Fast Interrupt status i1s unchanged
CPSR[7] =1 ; (Normal) Interrupts disabled

PC = 0x10

To return after fixing the reason for the abort, use:

SUBS PC,R14,#8

This restores both the PC (from R14_abt) and CPSR (from SPSR_abt) and returns to
re-execute the aborted instruction.

If the aborted instruction does not need to be re-executed use:

SUBS PC,R14,#4

The final value left in the base register used in memory access instructions which
specify writeback and generate a data abort (LDR, LDRH, LDRSH, LDRB, LDRSB,
STR, STRH, STRB, LDM, STM, LDC, STC) I1s IMPLEMENTATION DEFINED.

An implementation can choose to leave either the original value or the updated value in
the base register, but the same behaviour must be implemented for all memory access
Instructions.



The IRQ (Interrupt ReQuest) exception is externally generated by asserting the
processor’s IRQ input. It has a lower priority than FIQ (see below), and is masked out
when a FIQ sequence Is entered. Interrupts are disabled when the | bit in the CPSR Is
set (but note that the | bit can only be altered from a privileged mode). If the | flag Is clear,
ARM checks for a IRQ at instruction boundaries.

When an |IRQ i1s detected, the following actions are performed:

R14 irq = address of next instruction to be executed + 4
SPSR irg = CPSR
CPSR[5:/0] = 0b0O10010 ; Interrupt mode

CPSR[6] = unchanged ; Fast Interrupt status is unchanged
CPSR[7] =1 ; (Normal) Interrupts disabled
PC = 0x18

To return after servicing the interrupt, use:

SUBS PC,R14,#4

This restores both the PC (from R14_irq) and CPSR (from SPSR_irg) and resumes
execution of the interrupted code.



The FIQ (Fast Interrupt reQuest) exception is externally generated by asserting the
processor’s FIQ input. FIQ Is designed to support a data transfer or channel process,
and has sufficient private registers to remove the need for register saving in such
applications (thus minimising the overhead of context switching).

Fast interrupts are disabled when the F bit in the CPSR is set (but note that the F bit can
only be altered from a privileged mode). If the F flag is clear, ARM checks for a FIQ at
Instruction boundaries.

When a FIQ is detected, the following actions are performed:

R14 fig = address of next instruction to be executed + 4
SPSR figq = CPSR

CPSR[5:0] = 0b010001 ; FIQO mode

CPSR[6] = unchanged ; Fast Interrupt disabled
CPSR[7] =1 ; Interrupts disabled

PC = 0Xxlc

To return after servicing the interrupt, use:

SUBS PC, R14,#4

This restores both the PC (from R14_fig) and CPSR (from SPSR_fig) and resumes
execution of the interrupted code.

The FIQ vector is deliberately the last vector to allow the FIQ exception-handler software
to be placed directly at address 0x1c, and not require a branch instruction from
the vector.



The Reset exception has the highest priority. FIQ has higher priority than IRQ. IRQ has
higher priority than prefetch abort.

Undefined instruction and software interrupt cannot occur at the same time, as they
each correspond to particular (non-overlapping) decodings of the current instruction,
and both must be lower priority than prefetch abort, as a prefetch abort indicates that no
valid instruction was fetched.

The priority of data abort is higher than FIQ and lower priority than Reset, which ensures
that the data-abort handler is entered before the FIQ handler is entered (so that the data
abort will be resolved after the FIQ handler has completed).

Exception Priority

Reset 1 (Highest)

Data Abort 2
FIQ 3
IRQ 4
Prefetch Abort 5

6

Undefined Instruction, SWI (Lowest)

Table 2-4: Exception priorities
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2.0. SIGNAL DESCRIPTION

This section provides a detailed description of each signal. The signals are arranged in functional groups
according to their associated interface.

The “#” symbol at the end of a signal name indicates that the active, or asserted state occurs when the signal is
at a low voltage level. When “#” is not present after the signal name the signal is asserted when at the high
voltage level.

The terms assertion and negation are used extensively. This is done to avoid confusion when working with a
mixture of "active-low” and "active-high” signals. The term assert, or assertion indicates that a signal is active,
independent of whether that level is represented by a high or low voltage. The term negate, or negation
indicates that a signal is inactive.

The following notations are used to describe the signal and type:

I Input pin

O Qutput pin

oD Open Drain Output pin. This requires a pull-up to the VCC of the processor core
/O Bi-directional Input/Output pin

The signal description also includes the type of buffer used for the particular signal:

GTL+ Open Drain GTL+ interface signal. Refer to the GTL+ I/O Specification for complete details

PCI PCI bus interface signals. These signals are compliant with the PCI 5.0V Signaling Environment DC
and AC Specifications

LVTTL Low Voltage TTL compatible signals. These are also 3.3V outputs with SV tolerant inputs.



2.1. PMC Signals
2.1.1. HOST INTERFACE (PMC)
Name Type Description
INIT# O INITIALIZATION: INIT# is asserted (soft reset) by the PMC during a CPU shutdown
LVTTL | bus cycle, or after the writing to the reset control register to initiate a soft reset.
HA[313]# 1O ADDRESS BUS: HA[31:3J# connects to the CPU address bus. The PMC drives
GTL+ | HA[31:3¥ during snoop cycles on behalf of PCl initiators. Mote that the CPU
address bus is an inverted bus.
ADS# 1O ADDRESS STROBE: The CPU bus owner asserts ADS# to indicate the first of
GTL+ | two cycles of a request phase.
BNR# O BLOCK NEXT REQUEST: Usad to block the current request bus owner from
GTL+ | issuing new requests. This signal is used to dynamically control the CPU bus
pipeline depth.
BPRI# O PRIORITY AGENT BUS REQUEST: The owner of this signal will always be the
GTL+ | next bus owner. This signal has priornty over symmetnc bus requests and causes
the current symmetric owner to stop issuing new transactions unless the HLOCK#
signal is asserted. The PMC drives this signal to gain control of the CPU bus.
DBSY# 1O DATA BUS BUSY: Used by the data bus owner to hold the data bus for transfers
GTL+ | reguiring more than one cycle.
DEFER# O DEFER: The PMC uses a dynamic deferring policy to optimize for system
GTL+ | performance. The PMC also uses the DEFER# signal to indicate a CPU retry
response.
DRDY# 1O DATA READY: Asserted for each cycle that data is transferred.
GTL+
FLUSH# oD FLUSH: Issued to CPLUs) for L1/L2 cache for a write back of all cache lines in
LVTTL | modified state and then invalidate all cache lines. This signal is asserted by the
PMC to throttle the CPU bus in the deturbo mode of operation.
HIT# 1O HIT: Indicates that a caching agent holds an unmodified version of the requested
GTL+ | line. Also, driven in conjunction with HITM#, by the target, to extend the snoop
window.
HITM# 1O HIT MODIFIED: Indicates that a caching agent holds a modified version of the
GTL+ | reguested line and that this agent assumes responsibility for providing the line.
Also, driven in conjunction with HIT# to extend the snoop window.
HLOCK# I HOST LOCK: All CPU bus cycles sampled with the assertion of HLOCK# and
GTL+ ADS#, until the negation of HLOCK# must be atomic (i.e., no PCI activity to DRAM
is allowed and the locked cycle is translated to PCI, if targeted for the PCI bus.)
HREQ[40# | 1O REQUEST COMMAND: Asserted during both clocks of the request phase. In the
GTL+ | first clock, the signals define the transaction type to a level of detail that is sufficient
to begin a snoop request. In the second clock, the signals carry additional
information to define the complete transaction type.
HTRDY# 1O HOST TARGET READY: Indicates that the target of the CPU transaction is able fo
GTL+ | enter the data transfer phase.




Name Type Description
RS[2.0)# Vo RESPONSE SIGNALS: Indicates the type of response:
GTL+

RS[2:01 Response type

000 Idle state

001 Retry response

010 Defer response

011 Reserved

100 Hard Failure

101 Mormal without data
110 Implicit Writeback
111 Mormal with data

Mote: All of the signals in the host interface are described in the Pentium Pro datasheet. The preceding table
highlights 440FX PClset specific uses of these signals.

2.1.2. DRAM INTERFACE (PMC)
Name Type Descriptlion
CAS[7.0F |O COLUMN ADDRESS STROBE: The CAS[/7:0J# signals are used to latch the column

LVTTL |address on the MA[11:0] lines into the DRAMs. These signals drive the DRAM array
directly without external buffering.
MA[11:2] O MEMORY ADDRESS: MA[11:2] provide multiplexed row and column address to
LVTTL | DRAM. MA[11:2] are externally buffered to drive the address lines of the DRAM.
MAA[1:0] O LOWER MEMORY ADDRESS SET A: MAA[1:0] are the lower two bits of the memory
LVTTL |address used to complete the row and column address to the DRAM. These two pins
are toggled during the burst phase.
RAS[7 6% |O ROW ADDRESS STROBES RAS7T# AND RAS6# OR LOWER MEMORY
MAB[1:0] LVTTL | ADDRESS SET B: MAB[1:0] are the lower two bits of the memory address used to
complete the row and column address to the DRAM. These signals are toggled during
the burst phase. RAS[76)# are used to latch the row address on the MA[11:0] lines
into the DRAMs. These signals should be used to select the upper two rows in the
memory array. These signals drive the DRAM array directly without external buffers.
The strapping on PC8 selects the function of these pins.
RAS[DO0F (O ROW ADDRESS STROBE: The RAS[5:0)# signals are used to latch the row address
LVTTL [|onthe MA[11:0] lines into the DRAMs. Each signal is used to select one DRAM row.
These signals drive the DRAM array directly without any external buffers.
WE# O WRITE ENABLE SIGNAL: WE# is asserted during writes to main memory. During
LVTTL | burst writes to main memory, WE# is externally buffered to drive the WE# inputs of the

DRAM.




2.1.3. PCI INTERFACE (PMC)
Name Type Description
AD[31:0] 1o PClI ADDRESS/DATA: These signals are connected to the PCl address/data bus.
PCI Address is driven by the PMC with FRAME# assertion, data is driven or received in
following clocks.
DEVSEL# 110 DEVICE SELECT: Device select, when asserted, indicates that a PCI target device
PCI has decoded its address as the target of the current access. The PMC asserts
DEVSEL# based on the DRAM address range being accessed by a PCI initiator or if it
decodes the current configuration cycle is targeted to the PMC.
FRAME# e FRAME: FRAME# is an output when the PMC acts as an initiator on the PCI Bus.
PCI FRAME# is asserted by the PMC to indicate the beginning and duration of an access.
The PMC asserts FRAME# to indicate a bus transaction is beginning.
IRDY# e INITIATOR READY: IRDY# is an output when PMC acts as a PCl initiator and an
PCI input when the PMC acts as a PCI target. The assertion of IRDY# indicates the
current PCI Bus initiator's ability to complete the current data phase of the transaction.
PLOCK# e PLOCK: PLOCK# indicates an exclusive bus operation and may require multiple
PCI transactions to complete. When PLOCK# is asserted, non-exclusive transactions may
proceed. A grant to start a transaction on the PCI Bus does not guarantee control of
the PLOCK# signal. Control of the PLOCK# signal is obtained under its own protocol
in conjunction with the GNT# signal. The PMC supports bus lock mode of operation.
TRDY# e TARGET READY: TRDY# is an input when the PMC acts as a PCI initiator and an
PCI output when the PMC acts as a PCl target. The assertion of TRDY# indicates the
target agent's ability to complete the current data phase of the transaction.
C/BE[EOF¥ (1O COMMAND/BYTE ENABLE: PCI Bus Command and Byte Enable signals are
PCI multiplexed on the same pins. During the address phase of a transaction, C/BE[3:0#

define the bus command. During the data phase C/BE[3:0# are used as byte enables.
The byte enables determine which byte lanes carry meaningful data. PCI Bus
command encoding and types are listed below.

C/BEL3:0} Command Type

0000 Interrupt Acknowledge
0001 Special Cycle

0010 /O Read

0011 O Write

0100 Reserved

0101 Resarved

0110 Memory Read

0111 Memory Write

1000 Resarved

1001 Reserved

1010 Configuration Read

1011 Configuration Write
1100 Memory Read Multiple
1101 Resarved (Dual Address Cycle)
1110 Memory Read Line

1111 Memory Write and Invalidate




Name Type Description
PAR e} PARITY: PAR is driven by the PMC when it acts as a PCI initiator during address and
PCI data phases for a wnte cycle, and durnng the address phase for a read cycle. PAR is
driven by the PMC when it acts as a PCI target during each data phase of a PCI
memory read cycle. Even panty is generated across AD[31:0] and C/BE[3:0]#.
PERR# IO PCI PARITY ERROR: Fulsed by an agent receiving data with bad parity one clock
PCI after PAR is asserted. The PMC generates PERR# active if it detects a parity error
on the PCI bus and the PERR# Enable bit is set.
SERR# 0 SYSTEM ERROR: The PMC can be programmed to assert SERR# for 2 types of
PCI memory error conditions:
1. Main memory single bit ECC error
2. Main memory (DRAM) parity or multiple bit ECC error
The PMC can be programmed to assert SERR# when it detects a target abort on a
PMC initiated PCI cycle and when PERR# is sampled active.
PCIRST# O PCI RESET: PCI bus reset forces the PCI interfaces of each device to a known
PCI state. The PMC generates a minimum 1 ms pulse for PCIRST#.
STOP# e} STOP: STOP# is an input when the PMC acts as a PCI initiator and an output when
PCI the PMC acts as a PCl target. STOP# indicates that the bus initiator must
immediately terminate its current PCI Bus cycle at the next clock edge and release
control of the PC1 Bus. STOP# 1s used for disconnect, retry, and abort sequences on
the PCI Bus.
2.1.4. PCI SIDEBAND INTERFACE (PMC)
Name Type Description
PHOLD# I PCI HOLD: The PlIX3 asserts this signal to request the PCI bus.
PCI
PHLDA# O PCI HOLD ACKNOWLEDGE: The PMC asserts this signal to grant PCI bus
PCI ownership to the PIIX3.
WSC# O WRITE SNOOP COMPLETE: Asserted to indicate that all that the snoop activity on
PCI the CPU bus on behalf of the last PCl-to-DRAM write transaction is complete.
REQ[4:0]# |1 PCI BUS REQUEST: REQ[4.0}# are the PCI bus request signals used by the PMC
PCI for PCI initiator arbitration.
GNT[40]# | O PCI GRANT: GNT[4:0)# are the PCI bus grant signals used by the PMC for PCI
PCI initiator arbitration.




2.1.5. DBEX INTERFACE (FMC)

Name Type Description
DEX_ERR# || DBX ERROR: Asserted by the DBX if an ECC or parity ermor occurred during a
LVTTL | memory cycle. DBX_ERR# is asserted for 5 host clocks to indicate a Single-bit ECC
error and 6 host clocks to indicate a parity or Multi-bit ECC error.
HLAD# O HOST LATCH AND ADVANCE: During CPU reads (both from DRAM and PCI), this
LVTTL | signal controls the latching of the read data into the DBX CPU interface output latch.
MLAD O MEMORY LATCH AND ADVANCE: During DRAM reads, asserting this signal
LVTTL | latches memory read data into the DBX. During DRAM writes, asserting this signal
latches write data out of the DBX.
PC[8:0] 1O PMC CONTROL SIGNALS: PC[8:0] are control signals betwaen the PMC and DBX.
LVTTL
PD[15:0] 1O PRIVATE DATA BUS: This is a 16 bit private data path between the PMC and DEX.
LVTTL | This bus runs at the host clock rate and is used to transfer data during CPU-to-PCI
cycles and PCI to DRAM cycles
DDRDY# O DELAYED DATA READY: This delayed version of the DRDY# signal is asserted by
LVTTL | the PMC to the DBX.

2.1.6. CLOCKS (PMC)

Name Type

Description

HCLKIN ||

HOST CLOCK IN: This pin receives a host clock input from an external clock source.

25V The input is configurable via the PD1 strap. If the PD1 is sampled low at reset(default),
LVTTL | 3.3V buffer mode is enabled. This is normal operation enabled by internal pulldowns. If
PD1 is sampled high, 2.5V buffer mode is enabled.
PCLKIN |1 PCI CLOCK IN: This pin receives a PCI clock reference that is synchronous with
LVTTL | respect to the host clock. This is the PCI clock reference that can be synchronously

derived by an external clock synthesizer component from the host clock (divide-by-2).
This signal clocks the PMC logic that is in the PCI clock domain.

2.1.7. MISCELLANEOUS (PMC)

Name Type

Description

CRESET# |O
LVTTL

CHIP RESET: This is a reset output signal driven by the PMC to the DEBX. CRESET#
is driven active for 2 msec. The DBX drives CPURST# to the CPUs, which is a 2 host
clocks delayed version of the CRESET#. The PMC can also activate CRESET#
under software control by writing to the internal reset configuration regsiter to initiate a
hard resst or CPU BIST.

GTL_REFV |1

GTL+ REFERENCE VOLTAGE: This is the reference voltage derived from the
termination voltage to the pullup resistors and determines the noise margin for the
signals.




Name Type Description

PWROK I POWER OK: This input goes active after all the power supplies in the system have
LVTTL | reached their specified values. PWROK forces all of the PMC internal state machines
to their default values. PWROK inactive generates CPURST# and PCIRST# active.
The rising edge of PWROK is asynchronous, but must meet set-up and hold
specifications for recognition on any specific clock. The PMC holds CPURST# for 2
msec and PCIRST# active for 1 msec after the rising edge of PWROK.

2.1.8. POWER UP STRAP OPTIONS (PMC)

Below is a list of all power on options that are loaded into the PMC based on the voltage level present on the
respective strappings at the rising edge of PWROK. The PMC floats all signals connected to straps during
CRESET# and keeps them floated for a minimum of 4 host clocks after the negation of CRESET#. To enable the
different modes, external pullups should be approximately 10 KQ to 3.3V (does not apply to A7#). Note that all
signals that are used to select powerup strap options are connected to weak internal pulldowns.

Signal Reglster Description
Name/blt
PC8 PMCCFG[14] | Rows 7 And 8 Enable: PC8 selects if RAS[7:6}# MAB[1:0] pins are used as

row selects or extra copies of the lower two memory addresses. These are
selected as follows:

PC8 RASI7:6V/MABI1:01
0 MABI[1:0]
1 RAS[76]#

PC[3:2] PMCCFG[9:8] Host Frequency Select: PC[3:2] selects the CPU bus frequency.

PCI3:2] CPU Bus Frequency
00 Heserved
01 60 MHz
10 66 MHz
11 Heserved
PD[15:12] Test Mode: See Testability Section
PD1 HCLKIN Input Buffer Select: PD1 selects whether the 2.5V or 3.3V mode is
enabled.
PCA1 HCLKIN Input Buffer Select
0 3.3V Input (Default)
1 2.0V Input
AT# PMCCFG2 In-order Queue Depth Select/Enable: The value on A7# sampled on the

rising edge of CRESET# reflects if the 10QD is set to 1 or maximum of four.
Note that A7# is pulled up as a GTL+ signal and can be driven by to zero by
external logic.




2.2. DBX Signals

2.2.1. DRAM INTERFACE SIGNALS (DBX)
Mame Type Description
MD[63:0] | VO MEMORY DATA: These signals are connected to the DRAM data bus and have weak

LVTTL [internal pulldowns.
MPD[70] | l/O MEMORY PARITY DATA: These signals are connected to the parity or ECC bits of the
LVTTL |DRAM data bus and have weak internal pulldowns.

2.2.2. PMC INTERFACE SIGNALS (DBX)

Name Type Description
DEX EBR# |O DBX ERROR: DBEX_ERR# is generated for ECC or parity errors during a memaory
- LyTTL |read cycle. DBX_ERR# is asserted for 5 host clocks to indicate a Single-bit ECC
error and 6 host clocks to indicate a parity or Multi-bit ECC error.
HLAD# I HOST LATCH AND ADVANCE SIGNAL: During CPU reads, HLAD# controls the
LVTTL | latching of read data into the DBX CPU interface output latch.
MLAD I MEMORY LATCH AND ADVANCE SIGNAL: During DRAM reads, the PMC
LVTTL | asserts this signal to latch memory read data into the DBX. During DRAM writes,
the PMC asserts this signal to latch write data from the DBX.
PC[8:0] I PMC DBX CONTROL SIGNALS: PC[8:0] are control signals between the PMC and
LVTTL |DBX.
DDRDY# I DELAYED DATA READY: The PMC asserts this delayed version of DRDY# to the
LVTTL | DBX.
PD[15:0] 11O PRIVATE DATA BUS: These signals are connected to the PD data bus on the

LVTTL | PMC. This is the data path for the PCl-to-DRAM and CPU-to-PCl cycles. During

PCl-to-DEAM reads and CPU-to-PCI writes, the DBX drives data on this bus.
During CPU-to-PCI reads and PCIl-to-DRAM writes, the DBX receives data on this
bus.

2.2.3. HOST INTERFACE SIGNALS (DBX)

Name Type Description
HD[63 0 |l/O HOST DATA: These signals are connected to the CPU data bus. Note that the data
GTL+ | signals are inverted on the CPU bus.
CPURST# |O CPU RESET: The CPURST# pin is an output from the DBX that is driven directly from
GTL+ |the CRESET#. It allows the CPUs to begin execution at a known state.




2.2.4. MISCELLANEOUS (DBX)

Name Type Description

HCLKIN | HOST CLOCK IN: This pin receives a host clock input from an external source. The
2.5V input is configurable via the PD1 strap. If the PD1 is sampled low at reset (default),
LVTTL | 3.3V buffer mode is enabled. This is normal operation enabled by internal pulldowns.
If PD1 is sampled high, 2.5V buffer mode is enabled.

CRESET# || CHIP RESET: This is a reset input signal driven by the PMC to the DBX. It forces the
DBX to begin execution in a known state. This signal is also used to drive the
LVITL | CPURST# to the CPUS.

GTL_REFV |1 GTL REFERENCE VOLTAGE: This is the reference voltage derived from the
termination voltage to the pullup resistors and determines the noise margin for the
signals. This signal goes the reference input of the GTL+ sense amp on each GTL+

input or /O pin.

BREQO# O SYMMETRIC AGENT BUS REQUEST: Driven by the DBX during CPURST# to
GTL+ | configure the symmetric bus agents.

2.2.5. POWER UP STRAP OPTIONS (DBX)

Below is a list of all power on options that are loaded into the DBX, based on the voltage level present on the
respective strappings at the rising edge of CRESET#. To enable the different modes, external pullups should be
approximately 10 K< to 3.3V. Note that all signals that are used to select powerup strap options are connected
to weak internal pulldowns.

Signal | Register Description
Name/bit
PD[5:2] Test Mode: See Testability Section
PD1 HCLKIN Input Buffer Select: PD1 selects whether the 2.5V or 3.3V mode is enabled.
PC1 HCLKIN Input Buffer Select
0 3.3V Input (Default)
1 2.9V Input
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Figure 2. SIMMs and Corresponding DRB Registers




4.1.1. MEMORY ADDRESS RANGES

Figure 3 represents system memory address map. It shows the main memory regions defined and supported by
the 440FX PClset. At the highest level, the address space is divided into four conceptual regions (Figure 3).
These are the 0—1-Mbyte DOS Compatibility Area, the 1-Mbyte to 16-Mbyte Extended Memory region used by
ISA, the 16-Mbyte to 4-Gbyte Extended Memory region, and the 4-Gbyte to 64-Gbyte Extended Memory

introduced by 36 bit addressing.
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Figure 3. Memory Address Map
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Table 7. Memory Mapping Options

Memory Org. Addressing Address Size
4 Mb
TMx4 Symmetric 10x 10
16 Mb
TIMx 16 Symmetric 10x 10
2M x 8 Asymmetric 11 x10
4M x 4 Symmetric 11 x 11
Asymmetric 12x10
64 Mb
4M x 16 Symmetric 11 x 11
Asymmetric 12x10
8M x 8 Asymmetric 12 x 11
16M x 4 Symmetric 12x12




4.3.4. PSEUDO-ALGORITHM FOR DYNAMIC MEMORY SIZING

PMC implements asymmetrical addressing as described in Section 5.3 including support for 12 x 10 DRAM
addressing. This section describes a pseudo-algorithm for calculating the memory sizing dynamically, including
identification of memory addressing type. This pseudo-algorithm should be appropriately added to the algorithm
used currently in the BIOS or the OS. A generic algorithm is described as follows:

© 0o N O~

Configure row size for 128 MBytes (12 x 12 addressing) with base address = Baddr
Write a pattern OCh to location Baddr + 0000 _0000h (encoding for 8 MB)

Write a pattern 04h to location Baddr + 0400_0000h (encoding for 16 MB)

Write a pattern 03h to location Baddr + 0200 _0000h (encoding for 32 MB)

Write a pattern O1h to location Baddr + 0100_0000h (encoding for 64 MB)

Write a pattern 0O0h to location Baddr + 0080 _0000h (encoding for 128 MB)

Read from locations Baddr + 0200 _0000h into Register X

OR the value in register X with data from location Baddr + 0000 _0000h into register X
Increment register X

The result of this register X contains the correct value to add to the previous DRB register to get the correct
value for the current DRB register. It is important to note that all the DRBs must be programmed to 128 MB until
all the rows have been sized. The correct value of the row sizes should be programmed in all the DRBs after all
the rows have been sized.



Table 8.

Algorithm Results

Baddr + Baddr + Split Register “X” at each Step Row Size
0000_0000h | 0200_0000h
Step 7 Step 8 Step 9
O0h 00h 10x 10 00h 00h O1h 8 MB
O1h O1h 11 x10 O1h O1h 02h 16 MB
O1h O1h 11 x11 03h 03h 04h 32 MB
03h 03h 12x10 03h 03h 04h 32 MB
04h 03h 12x 11 03h 07h 08h 64 MB
OCh OCh 12x12 03h OFh 10h 128 MB
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~  82371FB (PlIX) AND 82371SB (PIIX3)
PCI ISA IDE XCELERATOR

Bridge Between the PCl Bus and ISA Bus

PCIl and ISA Master/Slave Interface
— PCI from 25-33 MHz

— ISA from 7.5-8.33 MHz
— 51SA Slots

Fast IDE Interface

— Supports PIO and Bus Master IDE

— Supports up to Mode 4 Timings

— Transfer Rates to 22 MB/Sec

— 8 x 32-Bit Buffer for Bus Master IDE PCI
Burst Transfers

— Separate Master/Slave IDE Mode
Support (PIIX3)

Plug-n-Play Port for Motherboard Devices

— 2 Steerable DMA Channels (PIIX Only)

— [Fast DMA with 4-Byte Buffer (PIIX Only)

— 2 Steerable Interrupts Lines on the PIIX
and 1 Steerable Interrupt Line on the
PIIX3

— 1 Programmable Chip Select

Steerable PCI Interrupts for PCI Device Plug-
n-Play

PCIl Specification Revision 2.1 Compliant
(PIIX3)

Functionality of One 82C54 Timer
— System Timer; Refresh Request;
Speaker Tone Output

Two 82C59 Interrupt Controller Functions

— 14 Interrupts Supported

— Independently Programmable for
Edge/Level Sensitivity

B Enhanced DMA Functions
— Two 8237 DMA Controllers
— Fast Type F DMA
— Compatible DMA Transfers
— 7 Independently Programmable
Channels

B X-Bus Peripheral Support
— Chip Select Decode
— Controls Lower X-Bus Data Byte
Transceiver

B |/O Advanced Programmable Interrupt
Controller (IOAPIC) Support (PIIX3)

B Universal Serial Bus (USB) Host Controller

(PIIX3)

— Compatible with Universal Host
Controller Interface (UHCD

— Contains Root Hub with 2 USB Ports

B System Power Management (Intel SMM

Support)

— Programmable System Management
Interrupt (SMI)—Hardware Events,
Software Events, EXTSMI#

— Programmable CPU Clock Control
(STPCLK#)

— Fast On/Off Mode

B Non-Maskable Interrupts (NMI)
— PCI System Error Reporting

B NAND Tree for Board-Level ATE Testing
m 208-Pin QFP



The 82371FB (PIlIX) and 82371SB (PIIX3) PCl ISA IDE Xcelerators are multi-function PCIl devices
implementing a PCI-to-ISA bridge function and an PCI| IDE function. In addition, the PIIX3 implements a
Universal Serial Bus host/hub function. As a PCIl-to-ISA bridge, the PIIX/PIIX3 integrates many common /O
functions found in ISA-based PC systems—a seven-channel DMA controller, two 82C59 interrupt controllers,
an 8254 timer/counter, and power management support. In addition to compatible transfers, each DMA
channel supports type F transfers. Chip select decoding is provided for BIOS, real time clock, and keyboard
controller. Edge/Level interrupts and interrupt steering are supported for PCI plug and play compatibility. The
PIIX/PIIX3 supports two IDE connectors for up to four IDE devices providing an interface for IDE hard disks
and CD ROMs. The PIIX/PIIX3 provides motherboard plug and play compatibility. PlIX implements two
steerable DMA channels (including type F transfers) and up to two steerable interrupt lines. PIIX3 implements
one steerable interrupt line. The interrupt lines can be routed to any of the available ISA interrupts. Both
PIIX/PIIX3 implement a programmable chip select.

PlIX3 contains a Universal Serial Bus (USB) Host Controller that is UHCI compatible. The Host Controller’s
root hub has two programmable USB ports. PIlIX3 also provides support for an external IOAPIC.

This document describes the PIIX3 Component. Unshaded areas describe the 82371FB PIIX. Shaded areas,
like this one, describe the PIIX3 operations that differ from the 82371FB PIIX.

I © INTEL CORPORATION 1996, 1997 April 1997 Order Number: 290550-002
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1.0. SIGNAL DESCRIPTION

This section contains a detailed description of each signal. The signals are ammanged in functional groups
according to their interface.

Note that the '# symboel at the end of a signal name indicates that the active, or asserted state occurs when
the signal is at a low voltage level. When # is not present after the signal name, the signal is asserted when
at the high voltage level.

The terms assertion and negation are used extensively. This is done to avoid confusion when working with a
mixture of "active-low’ and 'active-high’ signals. The term assert, or assertion indicates that a signal is active,
independent of whether that level is represented by a high or low voltage. The term negate, or negation
indicates that a signal is inactive.

Mote that certain signal pins provide two separate functions. At the system level, these pins drive other
signals with different functions through external buffers or transceivers. These pins have two different signal
names depending on the function. These signal names have been noted in the signal description tables, with
the signal whose function is being described in bold font. (For example, LA23/CS1S is in the section
describing C515 and LA23/C515 is in the section describing LAZ3).

The following notations are used to describe the signal type.

1 Inputis a standard input-only signal.

0] Totemn Pole Output is a standard active driver.

1O Input/Output is a bi-directional, tri-state signal.

od Open Drain allows multiple devices to share as a wire-OR.

st Schmitt Trigger input.

t/s Tri-State is a bi-directional, tri-state input/output pin.

sft/s  Sustained Tri-state is an active low tri-state signal owned and driven by one and only one agent at a
time. The agent that drives a s/t/s pin low must drive it high for at least one clock before letling it float.
A new agent can not start driving a sft/s signal any sooner than one clock after the previous owner tri-
states it. An extemnal pull-up is required to sustain the inactive state until another agent drives it and
must be provided by the central resource.

1.1. PCIl Interface Signals

signal Name Type Description

PCICLK | PCI CLOCK: PCICLK provides timing for all transactions on the PCI Bus.
All other PCI signals are samplad on the rising edge of PCICLK, and all
timing parameters are defined with respect to this edge. PCI frequencies of
25—33 MHz are supported.

AD[31:0] 11O PClI ADDRESS/DATA: The standard PCI| address and data lines. The
address is driven with FRAME# assertion and data is driven or received in
following clocks

C/BE[3:0]# 110 BUS COMMAND AND BYTE ENABLES: The command is driven with

FRAME# assertion. Byte enables comresponding to supplied or requested
data is driven on following clocks.

FRAME# 1o FRAME: Assertion indicates the address phase of a PCI transfer.
(sit/s) Negation indicates that one more data transfer is desired by the cycle
initiator.




Signal Name Type Description

TRDY# IO TARGET READY: Asserted when the target is ready for a data transfer.
(sft/s)

IRDY# IO INITIATOR READY: Asserted when the initiator is ready for a data
(sft/s) transfer.

STOP# IO STOP: Asserted by the target to request the master to stop the current
(sit/s) transaction.

IDSEL I INITIALIZATION DEVICE SELECT: IDSEL is used as a chip select during
configuration read and write transactions.

DEVSEL# IO DEVICE SELECT: The PIIX/PIIX3 asserts DEVSEL# to claim a PCI

(sft/s) transaction through positive or subtractive decoding.

PAR O CALCULATED PARITY SIGNAL: PAR is "even" parity and is calculated

on 36 bits—AD[31:0] plus C/BE[3:0]#.

SERR# I SYSTEM ERROR: SERRB# can be pulsed active by any PCI device that

detects a system error condition. Upon sampling SERR# active, the
PIEX/PIIX3 can be programmed to generate a non-maskable interrupt
(NMI) to the CPU.

PHOLD# O PCI HOLD: The PIIX/PIIX3 asserts this signal to request the PCI Bus.
The PlIX3 implements the passive release mechanism by toggling PHOLD#
inactive for one PCICLK.

PHLDA# PCI HOLD ACKNOWLEDGE: This signal is asserted to grant the PCI bus
to the PIX/PIEXS.

1.2.  Motherboard IYO Device Interface Signals

Signal Name Type Description
MDRQ[1:0] I MOTHERBOARD DEVICE DMA REQUEST: These signals can be
(PIIX Only) connected internally to any of DREQ[3:0,7:5]. Each pair of request/
acknowledge signals is controlled by a separate register. Each signal
can be configured as steerable interrupts for motherboard devices.
MDAK][1:0]# O MOTHERBOARD DEVICE DMA ACKNOWLEDGE: These signals
(PIEX Only) can be connected internally to any of DACKJ[3:0,7:5]. Each pair of

request/ acknowledge signals is controlled by a separate register.
Each signal can be configured as steerable interrupts for motherboard
devices.




Signal Name

Type

Description

MIRQOMNRGO
(PIIX3 Only)

MIRCH1:0]
(PIEX Cnly)

1o

MOTHERBOARD DEVICE INTERRUPT REQUEST: The MIRCx
signals can be internally connected to interrupts IRQ{15,14,12:9,7:3].
Each MIRC line has a separate Route Control Register. If MIRCx and
PIRC# are steered to the same ISA interrupt, the device connected to
the MIRCx should produce active high, level interrupts. The
MIRQOARQO signal has two functions (for PIRX3 only), depending on
the programming of the IRQ0 Enable bit (MIRCO Register). In the
systems that include the PIIX3 and IDAPIC, the MIRGQOARQO pin will
function as the IRQO output and should be connected to the INTIN2
input of the IOAPIC. The interrupt from the Secondary IDE Channel
should be connected to the IRQ15 input on PIIX3 and to the INTIN1S
input on the IOAPIC. In the systems that include the PIIX3 only, the
interrupt from the Secondary IDE Channel should be connected to the
MIRQOARQO input.

If an MIRQ) line is steered to a given IRQ input to the intemal 8259, the
corresponding ISA IRGQ is masked, unless the Route Control register is
programmed to allow the interrupts to be shared. This should only be
done if the device connected to the MIRQ line and the device
connected to the ISA IRQ line both produce active high, level
intermupts.

MIRQO can be configured as an output to connect the internal IRQO
signal to an external 10-APIC.

1.3.

IDE Interface Signals

Signal Name

Description

DDI15:0V
PCS#,
SBHE#,
SA[19:8]

APICCS#
(PIIX3)

0S50S |o
50 5|3

DISK DATA: These signals directly drive the corresponding signals on
up to two IDE connectors (primary and secondary). In addition, these
signals are buffered (using 2xALS245's on the motherboard) to produce
the SA[19:8], PCS#, and SBHE# signals (see separate descriptions).

For the PIIX3, DD14 is buffered to produce APICCS#

DIOR#

o

DISK VO READ: This signal directly drives the cormresponding signal on
up to two IDE connectors (primary and secondary).

DIOW#

o

DISK VO WRITE: This signal directly drives the cormmesponding signal on
up to two IDE connectors (primary and secondary).

DDRQ[1:0]

DISK DMA REQUEST: Thes= input signals are directly dnven from the
DARQ signals on the primary (DDRQQ) and secondary (DDRQA) IDE
connectors. They are used in conjunction with the PCI Bus master IDE
function and are not associated with any ISA-Compatible DMA channel.

DDAK[1:0]#

DISK DMA ACKNOWLEDGE: These signals directly drive the DAK#
signals on the primary (DDAKO# ) and secondary (DDAK1#) IDE
connectors. These signals are used in conjunction with the PCI Bus
master IDE function and are not associated with any ISA-Compatible
DMA channel.



Signal Name Type Description

IORDY I 10 CHANNEL READY: This input signal is directly driven by the
corresponding signal on up to two IDE connectors (primary and
secondary).

SOE# O SYSTEM ADDRESS TRANSCEIVER OUTPUT ENABLE: This signal

controls the output enables of the "245 transceivers that interface the
DD[15:0] signals to the SA[19:8], SBHE#, PCS# and APICCS# (PIIX3
only) signals.

SDIR O SYSTEM ADDRESS TRANSCEIVER DIRECTION: This signal controls
the direction of the 245 transceivers that interface the DD[15:0] signals
to the SA[19:8], SBHE#, PCIS, and APICCS# (PI1IX3 only), signals.
Default condition is high (transmit). When an ISA Bus master is granted
use of the bus, the transceivers are turned around to drive the ISA
address [19:8] on DD[15:3]. The address can then be laiched by the
PIRUPINXS. In this case, the SDIR signal is low (receive). The SOE# and
SDIR signals taken together as a group can assume one of three states:

SOE# SDIR State

0 1 PCI to ISA transaction
1 1 PCl to IDE
0 0 ISA Bus master

Signals Buffered from LAL23:17]

These signals are buffered from the LA[23:17] lines by an ALS244 tri-state buffer. The output enable of this
buffer is tied asserted. These signals are set up with respect to the IDE command strobes (DIOR# and IOW#)
and are valid throughout /O transactions targeting the ATA register block(s).

Signal Name Type Description

LA23/ VO CHIP SELECT: CS15 is for the ATA command register block and

CS51S cormesponds to the inverted CS1FX# on the secondary IDE connector.
CS515 is inverted externally (see PCI Local Bus IDE section).

LA22/ Vo CHIP SELECT: C535 is for the ATA control register block and

CS3S cormesponds to the inverted CS3FX# on the secondary IDE connector.
G535 is inverted externally (see PCI Local Bus IDE section).

LA21/ IO CHIP SELECT: CS1P is for the ATA command register block and

CS1P comesponds to the inverted CS1FX# on the primary IDE connector. CS1P
Is inverted externally (see PCI Local Bus IDE section).

LA20/ /O CHIP SELECT: C53P is for the ATA control register block and

CS3P comesponds to the inverted CS3FX# on the primary IDE connector. CS3P
Is inverted externally (see PCI Local Bus IDE section).

LA[19:17] /O DISK ADDRESS: DA[2:0] are used to indicate which byte in either the

DA[2:01 ATA command block or control block is being addressed.




1.4. ISA Interface Signals

Slgnal Name

Type

Description

BALE

O

BUS ADDRESS LATCH ENABLE: BALE is an active high signal asserted
by the PIX/PIIX3 to indicate that the address (SA[190], LA[23:17]) and
SBHE# signal lines are valid.

AEN

ADDRESS ENABLE: AEN is asserted during DMA cycles to prevent /O
slaves from misinterpreting DMA cycles as valid /O cycles. This signal is
also driven high during PIDUPIES initiated refresh cycles.

For the PIIX, when TC is sampled low on the assertion of PWORK (External
DMA mode), the PlHIX tri-states this signal.

SYSCLK

ISA SYSTEM CLOCK: SYSCLK is the reference clock for the 1SA Bus and
drives the bus directly. SYSCLK is generated by dividing PCICLK by 3 or 4.
The SYSCLK frequencies supported are 7.5 MHz and 8.33 MHz. SYSCLK

is a divided down version of PCICLEK.

Hardware Strapping Optlion

SYSCLK is tri-stated when PWROK is negated. The value of SYSCLK is
sampled on the assertion of PWROK: If sampled high, the I1SA clock divisor
Is 3 (for 25 MHz PCI). If sampled low, the divisor is 4 (for 30 and 33 MHz
PCI).

IOCHRDY

YO CHANNEL READY : Resources on the ISA Bus negate IOCHRDY to
indicate that additional ime (wait states) is required to complete the cycle.
This signal is normally high on the ISA Bus. IOCHRDY is an input when the
PIEX/PIIX3 owns the ISA Bus and the CPU or a PCI agent is accessing an
ISA slave or during DMA transfers. IOCHRDY is output when an external
ISA Bus Master owns the 1SA Bus and is accessing DRAM or a PIX/PIIX3
register.

IOCS16#

16-BIT YO CHIP SELECT: This signal is driven by /O devices on the ISA
Bus to indicate that they support 16-bit /O bus cycles.

IOCHK#

YO CHANNEL CHECK: IOCHK# can be driven by any resource on the I1SA
Bus. When asserted, it indicates that a parity or an uncorrectable error has

occurred for a device or memory on the ISA Bus. If enabled, a NMI is
generated to the CPU.

IOR#

/O READ: 10B# is the command to an I1SA /O slave device that the slave
may drive data on fo the I1SA data bus (SD[1520]).

|OW#

YO WRITE: 10W# is the command to an I1SA /O slave device that the slave
may latch data from the I1SA data bus (SD[15:0]).

LAI23:17V
CS1S
CS3S
CS1P
CS3P
DA[2:0]

=

O/

slejojole

UNLATCHED ADDRESS: The LA[23:17] address lines are bi-directional.
These address lines allow accesses o physical memory on the ISA Bus up
to 16 Mbytes.

The LA[23:17] are also used to drive the IDE interface chip selects and
address lines via an external ALS244 buffer. See the IDE Interface signal
descriptions.




Signal Name

Type

Description

SA[7-0],
SAL19:8Y/
DD[11:0]

I/O

I/O

SYSTEM ADDRESS BUS: These bi-directional address lines define the
selection with|the granularity of one byte within the one-Mbyte section of
memory defined by the LA[23:17] address lines. The address lines
SA[19:17] that are coincident with LA[19:17] are defined to have the same
values as LA[19:17] for all memory cycles. For I/O accesses, only SA[15:0]
are used.

SBHE#/
DD12

I¥O
11O

SYSTEM BYTE HIGH ENABLE: SBHE# indicates, when asseried, that a
byte is being transferred on the upper byte (SD[15:8]) of the data bus.
SBHE# i1s negated during refresh cycles.

MEMCS16#

od

MEMORY CHIP SELECT 16: MEMCS16# is a decode of LA[23:17]
without any qualification of the command signal lines. ISA slaves that are
16-bit memory devices drive this signal low. The PIIX/PIIX3 drives this
signal low during ISA master to DRAM Cycles.

MEMR#

/O

MEMORY READ: MEMR# is the command to a memory slave that it may
drive data onto the ISA data bus. This signal is also driven by the
PIEX/PIEX3 during refresh cycles.

MEMW#

11O

MEMORY WRITE: MEMW# is the command to a memory slave that it
may latch data from the |ISA data bus.

SMEMRB#

STANDARD MEMORY READ: The PIIX/PIIX3 asserts SMEMR# to
request an ISA memory slave to drive data onto the data lines. If the
access is below 1 Mbyte (00000000—000FFFFFh) during DMA compatible,
PIX/PIIX3 master, or ISA master cycles, the PIEX/PIIX3 asserts SMEMRB#.
SMEMR# is a delayed version of MEMR#.

SMEMW#

STANDARD MEMORY WRITE: The PIX/PIIX3 asserts SMEMW# to
request an ISA memory slave to accept data from the data lines. If the
access is below 1 Mbyte (00000000—000FFFFFh) during DMA compatible,
PIEX/PIEX3 master, or ISA master cycles, the PIIX/PIIX3 asserts
SMEMW#. SMEMW# i1s a delayed version of MEMW#.

ZEROWS#

ZERO WAIT-STATES: An ISA slave asserts ZEROWS# after its address
and command signals have been decoded to indicate that the current
cycle can be shortened. A 16-bit ISA memory cycle can be reduced to two
SYSCLKs. An 8-bit memory or I/O cycle can be reduced to three
SYSCLKs. ZEROWS# has no effect during 16-bit I/O cycles.

SD[15:0]

11O

SYSTEM DATA: SD[15:0] provide the 16-bit data path for devices residing
on the ISA Bus. SD[15:8] correspond to the high order byte and SD[7:0]
correspond to the low order byte. SD[15:0] are undefined during refresh.




1.5. DMA Signals

Signal Name

Type

Description

DREQ
[75.310]

DMA REQUEST: The DREQ lines are used to request DMA service from
the PIEX/PINXS "s DMA controller or for a 16-bit master to gain control of the
I'SA expansion bus. The active level (high or low) is programmed via the
DMA Command Register. The request must remain active until the
appropriate DACKx# signal is asserted.

DACK
[7:5,30]#

DMA ACKNOWLEDGE: The DACK output lines indicate that a request
for DMA service has been granted by the PIEX/PIEX3 or that a 16-bit master
has been grantad the bus. The active level (high or low) is programmed via
the DMA Command Register. These lines should be used to decode the
DMA slave device with the IOR# or IOW# line to indicate selection. If used
to signal acceptance of a bus master request, this signal indicates when it
15 legal to assert MASTER#.

For the PIIX, when TC is sampled low on the assertion of PWORK
(External DMA mode), the PIIX tri-states these signals. This mode is not
available on PIEC.

TC

TERMINAL COUNT: The PIX/PIIX3 asserts TC to DMA slaves as a
terminal count indicator. When all the DMA channels are notinuse, TC is
negated (low).

Hardware Strapping Option (PIX Only)

This strapping option selects between the internal ISA DMA mode and
External DMA mode. When TC is sampled high on the assertion of
PWROK (ISA DMA mode), the PIIX drives the AEN, TC, and DACK#[7 5,
30] normally. When TC is sampled low on the assertion of PWROK
(External DMA mode), the PIIX tri-states the AEN, TC, and DACK]7 5,
30} signals, and also forwards PCI masters /O accesses to location
0000h to ISA. TC has an internal pull-up resistor. To tie TC low, an
external 1 KL pull-down resistor should be used. For the PIIX3, this signal
should not be pulled down.

REFRESH#

REFRESH: As an output, REFRESH# indicates when a refresh cycle is in
progress. It should be used to enable the SA[7:0] address to the row
address inputs of all banks of dynamic memory on the ISA Bus. Thus,
when MEMR# is asserted, the entire expansion bus dynamic memory is
refreshed. Memory slaves must not drive any data onto the bus during
refresh. As an output, this signal is driven directly onto the ISA Bus. This
signal is an output only when the PIR/PIIX3 DMA refresh controller is a
master on the bus responding to an internally generated request for
refresh. As an input, REFRESH# is driven by 16-bit ISA Bus masters to
initiate refresh cycles.

1.6. Timer/Counter Signals

Signal Name Type Description
SPKR O SPEAKER DRIVE: The SPKR signal is the output of counter 2.
OsC I OSCILLATOR: OSC is the 14.31818 MHz ISA clock signal. It is used by

the internal 8254 Timer.




1.7.

Interrupt Controller Signals

Signal Name

Type

Description

IRQ[15,14,
119, 7:3,1]

INTERRUPT REQUEST: The IRQ signals provide both system board
components and ISA Bus /O devices with a mechanism for
asynchronously interrupting the CPU. The assertion mode of these
inputs depends on the programming of the two ELCR registers. The
IRC14 signal must be used by the Bus Master IDE interface function
to signal interrupts on the primary IDE channel.

IRCE#

INTERRUPT REQUEST EIGHT SIGNAL: IRQS# is always an active
low edge triggered interrupt input (i.e., this interrupt can not be
modified by software). Upon PCIRST#, IRQE# is placed in active low
edge sensitive mode.

IRC1 2/M

INTERRUPT REQUEST/MOUSE INTERRUPT: In addition to
providing the standard interrupt function (see IRQ[15,14,11:9,7:3,1]
signal description), this pin can be programmed (via X-Bus Chip
Select Register) to provide a mouse interrupt function.

PIRC{D:-ARF

O For
PIRQD#
(PIX3

only)

PROGRAMMABLE INTERRUPT REQUEST: The PIRCx# signals
can be shared with interrupts IRQ[15,14,12:9,7:3] as described in the
Interrupt Steering section. Each PIRQx# line has a separate Route
Control Register. These signals require external pull-up resisters.

For the PIIX3, the USB interrupt is output on PIRQD#.

INTH

od

CPU INTERRUPT: INTR is driven by the PIDUPIIX3 to signal the CPU
that an interrupt request is pending and needs to be semviced. The
interrupt controller must be programmed following PCIRST# to ensure
that INTR is at a known state.

MM

od

NON-MASKABLE INTERRUPT: NMI is used to force a non-maskable
interrupt to the CPU. The PIRX/PIIX3 generates an NMI when either
SERR# or IDCHK# is asserted, depending on how the NMI Status
and Control Register is programmed.

1.8.

System Power Management (SMM) Signals

Signal Name

Type

Description

SME#

od

SYSTEM MANAGEMENT INTERRUPT: SMI# is an active low
synchronous output that is asserted by the PIEX/PIIX3 in response to one
of many enabled hardware or software events.

STPCLK#

STOP CLOCK: STPCLE# is an active low synchronous output that is
asserted by the PIIX/PIIX3 in response to one of many hardware or
software events. STPCLK# connects directly to the CPU and is
synchronous to PCICLK.

EXTSMI#

EXTERNAL SYSTEM MANAGEMENT INTERRUPT: EXTSMI# is a
falling edge triggered input to the PIRX/PIIX3 indicating that an external
device is requesting the system to enter SMM mode. This signal contains
a weak internal pullup.




1.8. A-Bus Signals

Signal Name Type Description

XDIR# o X-BUS DIRECTION: XDIR# is tied directly to the direction control of a
T4F245 that buffers the X-Bus data (XD[7:0]). XDIR# is asserted for all I/O
read cycles, regardless if the accesses are to a PIX/PIX3 supported
device. XDIR# is only asserted for memaory cycles if BIOS sapce (PIIX and
PIIX3) or APIC space (PIIX3 only) has been decoded. For PCl master
inititated read cycles, XDIR# is asserted from the falling edge of either
IOR# or MEMR# (from MEMB# only if BIOS space (PIIX and PIEX3) or
APIC (PIIX3 only) space has been decoded), depending on the cycle type.
For 1SA master-initiated read cycles, XDIR# is asserted from the falling
edge of either IOR# or MEMR# (from MEMR# only if BIOS space has been
decoded), depending on the cycle type. When the rising edge of IOR# or
MEMR# occurs, the PIRUPIX3 negates XDIR#. For DMA read cycles from
the X-Bus, XDIR# is asserted from DACKx# falling and negated from
DACK# rising. At all other times, XDIR# is negated.

XOE# o X-BUS OUTPUT ENABLE: XOE# is tied directly to the output enable of a
74F245 that buffers the X-Bus data (XD{7:0]) from the system data bus
(SD[70]). XOE# is asserted when a PIDUPIIX3 supported X-Bus device is
decoded, and the devices decode is enabled in the X-Bus Chip Select
Enable Register (XBCS Register). XOE# is asserted from the falling

of the ISA commands (IOR#, IOW#, MEMR#, or MEMW#) for PCI Master
and ISA master-initiated cycles. XOE# is negated from the rising edge of
the ISA command signals for CPU and PCI Master-initiated cycles and the
SA[16:0] and LA[23:17] address for ISA master-initiated cycles. XOE# is
not generated during any access to an X-Bus peripheral in which its
decode space has been disabled.

DD15/ PCS# o PROGRAMMABLE CHIP SELECT: PC5# is asserted for ISA /O cycles
that are generated by PCI masters and subtractively decoded to ISA, if the
access hits the address range programmed into the PCSC Register. The
X-Bus buffer signals are enabled when the chip select is asserted (l.e., itis
assumed that the peripheral that is selected via this pin resides on the X-
Bus).

BIOSCS# O BIOS CHIP SELECT: BIOSCS# is asserted during read or write accesses
to BIOS. BIOSCS# is driven combinatorially from the ISA addresses
SA[16:0] and LA [23:17], except during DMA. During DMA cycles,
BIOSCS# is not generated.

KBCS# o KEYBOARD CONTROLLER CHIP SELECT: KBCS# is asserted during
I/O read or write accesses to KBC locations 60h and 64h. This signal is
driven combinatorially from the ISA addresses SA[16:0] and LA [23:17].
For DMA cycles, KBCS# is never asserted.

RTCCS# o REAL TIME CLOCK CHIP SELECT: RTCCS# is asserted during read or
write accesses to RTC location 71h. RTCCS# can be tied to a pair of
external OR gates to generate the real time clock read and write command
signals.

RTCALE o REAL TIME CLOCK ADDRESS LATCH: RTCALE is used to latch the
appropriate memory address into the RTC. A write to port 70h with the
appropriate RTC memory address that will be written to or read from,
causes ATCALE to be asserted. RTCALE is asserted based on IOW#
falling and remains asserted for two SYSCLKs.




Signal Name

Type

Description

FERR#

NUMERIC COPROCESSOR ERROR: This signal is tied fo the
coprocessor emor signal on the CPU. IGNNE# is only used if the
PIX/PIX3 coprocessor error reporting function is enabled in the XBCSA
Register. If FERR# is asserted, the PIX/PIX3 generates an internal
IRG13 to its interrupt controller unit. The PIBUPIX3 then asserts the INTR
output to the CPU. FERR# is also used to gate the IGNNE# signal to
ensure that IGNNE# is not asserted o the CPU unless FERR# is active.
FERR# has a weak internal pull-up used to ensure a high level when the
coprocessor emor function is disabled.

IGNNE#

od

IGNORE ERROR: This signal is connected to the ignore error pin on the
CPU. IGNNE# is only used if the PIX/PIIX3 coprocessor error reporting
function is enabled in the XBCSA Register. If FERR# is asserted,
indicating a coprocessor error, a write to the Coprocessor Ermror Register
(FOn) causes the IGNNE# to be asserted. IGNNE# remains asserted until
FERR# is negated. If FERR# is not asseried when the Coprocessor Ermror
Register is written, the IGNNE# signal is not asseried.

1.10. APIC Bus Signals (PIIX3 Only)

Signal Name

Type

Description

DD14/
APICCS#

e
0

APIC CHIP SELECT (PIX3 only). This active low output signal is
asserted when the APIC Chip Select is enabled and a PCI originated
cycle is positively decodead within the programmed I0APIC address
space. The default addresses of the IOAPIC are Memory FEC0_0000h
and FECO0_0010h.

System Design Note: The DD[14)APICCS# signal is demuxed externally
with a 245 transceiver. The output of the transceiver drives the I0APIC's
CS# signal. At certain times the transceiver floats its outputs, therefore a
pullup resistor on the output of the tranceiver is required to keep this
signal negated.

TESTINS
APICREQ#

APIC REQUEST (PIIX3 only). This signal has two functions, depending
on the programming of the APIC Chip Select bit (XBCS Register). See the
Test Signal Description for the TESTIN# function. APICREQ# is asseried
by an external APIC device prior to sending an interrupt over the APIC
serial bus. When the PIX3 samples this pin active it flushes its F-type
DMA buffers pointing towards PCI. Once the buffers are flushed, the
PiX3 asserts APICACK# to inform the external APIC that it can proceed
to send the APIC interrupt. APICREQ# must be synchronous to PCICLK.

PCIRST#/
APICACK#

ole

APIC ACKNOWLEDGE (PIIX3 only). This signal has two functions,
depending on the programming of the APIC Chip Select bit (XBCS
Reqgister). See the System Reset Signal Description for the PCIRST#
function. The PIX3 asserts APICACK# after its internal buffers are
flushed in response to the APICREQ# signal. When the I0APIC samples
this signal asseried it knows that the PlIX3's bufiers are flushed and that
it can proceed to send the APIC interrupt. The signal is driven from the
rising edge of PCICLK and is negated while PCIRST# is asserted.




1.11. Universal Serial Bus Signals (PIIX3 Only)

Signal Name Type Description

USBCLK I UNIVERSAL SERIAL BUS CLOCK. This signal clocks the universial senal
bus clock.

USBPO+ 1o UNIVERSAL SERIAL BUS PORT 0. These signals are the differential data

USBPO- pair for Serial Port 0.

USBP1+ 1O UNIVERSIAL SERIAL BUS PORT 1. These signals are the differential data

USBP1- pair for Serial Port 1.

1.12. System Reset Signals

Signal Name

Type

Description

PWROK

POWER OK: When asserted, PWROK is an indication to the PIEX/PIIX3
that power and PCICLK have been stable for at least 1 ms. PWROK can be
driven asynchronously. When PWROK is negated, the PIX/PIIX3 asserts
CPURST, PCIRST# and RSTDRV. When PWROK is asserted, the
PIX/PIIX3 negates CPURST, PCIRST#, and RSTDRV.

CPURST

od

CPU RESET: The PIX/PIIX3 asserts CPURST to reset the CPU. The
PIX/PIIX3 asserts CPURST during power-up and when a hard reset
sequence is initiated through the RC register. CPURST is driven
synchronously to the rising edge of PCICLK. If a hard reset is initiated
through the RC register, the PIX/PIIX3 resets it's internal registers to the
default state.

PCIRST#/

APICACK#
(P1IX3 Only)

PCI RESET: This signal has two functions, depending on the programming
of the APIC Chip Select bit (XBCS Register). See the APIC Signal
Description for the APICACK# function. The PIX/PIIX3 asserts PCIRST# 1o
reset devices that reside on the PCI Bus. The PIIX/PIIX3 asseris PCIRST#
during power-up and when a hard reset sequence is initiated through the
RC reqister. PCIRST# is driven inactive a minimum of 1 ms after PWROK
Is driven active. PCIRST# is driven active for a minimum of 1ms when
initiated through the RC register. PCIRST# is driven asynchronously
relative to PCICLK.

INIT

oD

INITIALIZATION: The PIX/PIIX3 asserts INIT if it detects a shut down
special cycle on the PCI Bus or if a soft reset is initiated via the RC
Hegister.

RSTDRV

RESET DRIVE: The PIIX/PIIX3 asseris this signal during a hard reset and
during power-up to reset ISA Bus devices. HSTDRV is also asserted for a
minimum of 1 ms if a hard reset has been programmed in the RC Register.




1.13. Test Signals

Signal Name

Type

Description

TESTIN#/

APICREQ#
(PIIX3 Only)

TEST INPUT: This signal has two functions, depending on the
programming of the APIC Chip Select bit (XBCS Register). See the APIC
Slgnal Description for the APICREQ# function. The TESTIN# signal is used
in conjunction with the IRQ signals to select the various test modes of the
PIIX/PIIX3. This input contains an internal pull up resistor. After a hard
reset, this pin functions as a TESTIN# signal. An external weak pull-up
resistor (4.7k to 20k ohms) is required to 5V.

1.14. Power and Ground Signals

Signal Name

Type

Description

VCC

Power (5 Volts): This pin is connected to the 5 volt power supply.

VCC3 Power (3.3 Volts): This pin is connected to the 3.3 volt power supply.

(PI1X3) Note that, if the the Universal Serial Bus function is not used, this pin can
be connected to the 5 volt power supply.

GND Ground: This pin is connected to the ground plane.




3.3. ISA Interface

The PIX/PIIX3 incorporates a fully 1ISA Bus compatible master and slave interface. The PIX/PIIX3 directly
dnves five ISA slots without external data buffers. External transceivers are used on the SA[19:8] and SBHE#
signals to permit these signals to be used with the IDE interface (Figure 1). The ISA interface also provides

byte swap logic, 1/O recovery support, wait state generation, and SYSCLK generation.

The ISA interface supports the following types of cycles:

PCI master-initiated 1/O and memory cycles to the 1SA Bus

DMA compatible cycles between main memory and ISA I/O and between ISA I/O and ISA memory

Enhanced DMA cycles between PCI memory and ISA I/O (for motherboard devices only)

ISA refresh cycles initiated by either the PIIX/PIIX3 or an external ISA master

ISA master-initiated memory cycles to PCI and ISA master-initiated 1/O cycles to the internal PIEX/PIEX3
registers, as shown in ISA-Compatible Register table in the Register Description section.

PIEGPIX3
BIOSCS#,
RTCCS#, SOE#,
SDI15:01  LAL23:171 SAL7:01 KBCCS# SDIR DDI15:01
—& 1 I T
|
4 ALS245 J
ISA SA[19:8]
Control SBHE#
Signals PCS#
v Y ¥ Y \j

To IDE
Connector

051906_3.drw

0671608

Figure 1. ISA Interface




3.4. DMA Controller

The DMA circuitry incorporates the functionality of two 82C37 DMA controllers with seven independently
programmable channels (Channels 0-3 and Channels 5-7). DMA Channel 4 is used to cascade the two
controllers and defaults to cascade mode in the DMA Channel Mode (DCM) Reaqister. In addition to accepting
requests from DMA slaves, the DMA controller also responds to requests that are initiated by software.
software may initiate a DMA service request by setting any bit in the DMA Channel Request Reqgister to a 1.
The DMA controller for Channels 0-3 is referred to as "DMA-1" and the controller for Channels 4-7 i1s referred
to as "DMA-2".

Channel 4
Channel 0 — A DMA-2
Channel 1 —— Channel 5
Channel 2 — Channel 6
Channel 3 — Channel 7

051902_3.drw
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Figure 2. Internal DMA Controller

Each DMA channel is hardwired to the compatible settings for DMA device size; channels [3:0] are hardwired
to 8-bit count-by-bytes transfers and channels [7:5] are hardwired to 16-bit count-by-words (address shifted)
transfers. The PIEX/PIEX3 provides the timing control and data size translation necessary for the DMA transfer
between the memory (ISA or main memory) and the ISA Bus device. ISA Compatible and F type DMA timing
are supported. Type F DMA 1s selected via the MBDMA[1:0] Registers and permits up to two channels to be
programmed for type F transfers at the same time.

The PIEX/PIIX3 provides 24-bit addressing in compliance with the ISA-Compatible specification. Each channel
includes a 16-bit ISA-Compatible Current Register that contains the 16 least-significant bits of the 24-bit
address, an |SA Compatible Page Reqgister that contains the eight next most significant bits of address. The
DMA controller also features refresh address generation, and auto-initialization following a DMA termination.

The DMA controller i1s either in master or slave mode. In master mode, the DMA controller is either servicing
a DMA slave’s request for DMA cycles or allowing a 16-bit ISA master to use the bus (via a cascaded DREQ
signal). In slave mode, the PIEX/PIIX3 monitors both the ISA Bus and PCI, decoding and responding to 1/O
read and write commands that address its registers.




3.5. PCIl Local Bus IDE

The PIX/PIX3 integrates a high performance interface from PCI to IDE. This interface is capable of
accelerated PIO data transfers as well as acting as a PCI Bus master on behalf of an IDE DMA slave device.
The PIEX/PIX3 provides an interface for both primary and secondary IDE connectors (Figure 3).

The IDE data transfer command strobes, DMA request and grant signals, and IORDY signal interface directly
to the PIIX. The IDE data lines interface directly to the PIIX, and are buffered to provide part of the ISA
address bus as well as the X-Bus chip select signals. The IDE address and chip select signals are
multiplexed onto the LA[23:17] lines. The IDE connector signals are driven from the LA[23:17] lines by an
ALS244 buffer.

Only PCI masters have access to the IDE port. ISA Bus masters cannot access the IDE /O port addresses.
Memory targeted by the IDE interface acting as a PCI Bus master on behalf of IDE DMA slaves must reside
on PCI, usually main memory implemented by the host-to-PCI bridge.

PIDUPIXS
SOE# DIOR# DDRQO DDRa1
SDIR DDI15:00 IORDY pDiOW# DDACKO# DDAGCK1#
A A
. SOE#
TAALSDO
* ety CSiS#
i ) Cs3st
Gﬁuuzwu.r _DGE1F'#
LAL20V
CS3IP#
Larza-q | SAne-a M—
. SBHE#
PCS# ¥
N s [y,
ISA Bus Sb‘lﬂﬂ- DALZ-01
Primary
L L 4
, 4 h d DE
DALZ-01 Gonmector
Sacondany
Conmnector
051903_3.drw

NOTES:

Support for Older Drives: There are cases where the PIRSPIRKS asserts both IDE chip selects (C31x and CS53x). Some older
drives may not operate properly when both chip selects are asserted. Because the IDE chip selects are muxed with the 134 LA

lines, the 74ALS00 in the figure is used to ensure proper operation of older drives by gating the LA signals with SOE#.

Figure 3. PI/PIX3 IDE Intertace




Two connectors (primary and secondary) and two drives per connector (master and slave) are supported as
shown in Figure 4.

PIEX/PIIX3
Master Slave
(Drive 0) (Drive 1)
D D Primary
Connector (P)
Master Slave
(Drive 0) (Drive 1)
1 I Secondar
U L y

Connector (S)

ideconn.drw

IDECOMN

Figure 4. IDE Connector and Drive Nomenclature



3.7. Interval Iimer

The PIIX/PIIX3 contains three counters that are equivalent to those found in the 82C54 programmable
interval timer. The three counters are contained in one PIIX/PIIX3 timer unit, referred to as Timer-1. Each
counter output provides a key system function. Counter O is connected to interrupt controller IRQ0 and
provides a system timer interrupt for a time-of-day, diskette time-out, or other system timing functions.
Counter 1 generates a refresh request signal and Counter 2 generates the tone for the speaker. The
14.31818 MHz counters normally use OSC as a clock source.

Counter 0, System Timer

This counter functions as the system timer by controlling the state of IRQO and is typically programmed for
mode 3 operation. The counter produces a square wave with a period equal to the product of the counter
period (838 ns) and the initial count value. The counter loads the initial count value one counter period after
software writes the count value to the counter |/O address. The counter initially asserts IRQO and decrements
the count value by two each counter period. The counter negates IRQ0 when the count value reaches 0. It
then reloads the initial count value and again decrements the initial count value by two each counter period.
The counter then asserts IRQO when the count value reaches 0, reloads the initial count value, and repeats
the cycle, alternately asserting and negating IRQO.

Counter 1, Refresh Request Signal

This counter provides the refresh request signal and is typically programmed for mode 2 operation. The
counter negates refresh request for one counter period (838 ns) during each count cycle. The initial count
value is loaded one counter period after being written to the counter I/O address. The counter initially asserts
refresh request, and negates it for 1 counter period when the count value reaches 1. The counter then
asserts refresh request and continues counting from the initial count value.

Counter 2, Speaker Tone
This counter provides the speaker tone and is typically programmed for mode 3 operation. The counter

provides a speaker frequency equal to the counter clock frequency (1.193 MHz) divided by the initial count
value. The speaker must be enabled by a write to port 061h.



3.8. Interrupt Controller

The PHX/PIX3 provides an ISA compatible interrupt controller that incorporates the functionality of two
82C59 interrupt controllers. The two controllers are cascaded so that 13 external and three internal interrupts
are possible. The master interrupt controller provides |RQ [7:0] and the slave interrupt controller provides I1RQ
[15:8] (Figure 7). The three internal interrupts are used for internal functions only and are not available to the
user. IRQ2 is used to cascade the two controllers together. IRQO 1s used as a system timer interrupt and is
tied to Interval Timer 1, Counter 0. The MIRQO/IRQO pin will function as the IRQO output and should be
connected to the INTINZ input of the IOAPIC when IRQO enable bit is set in the MIRQO register. IRQ13 is
connected internally to FERR#. The remaining 13 interrupt lines (IRQ[15.14,12:3,1]) are available for external
system interrupts. Edge or level sense selection is programmable on an individual channel by channel basis.

The Interrupt unit also supports interrupt steering. The PIX/PIIX3 can be programmed to allow the four PCI
active low interrupts (PIRQ[D:AJ#) to be internally routed to one of 11 interrupts (IRQ[15,14,12:9,7:3]). In
addition, the motherboard interrupts (MIRQ[1:0] for PIIX and MIRQO for PIIX3) may be routed to any of the 11
interrupts.

The Interrupt Controller consists of two separate 82C59 cores. Interrupt Controller 1 (CNTRL-1) and Interrupt
Controller 2 (CNTRL-2) are initialized separately and can be programmed to operate in different modes. The
default settings are: 80x86 Mode, Edge Sensitive (IRQ[15:0]) Detection, Normal EOI, Non-Buffered Mode,
Special Fully Nested Mode disabled, and Cascade Mode. CNTHL-1 1s connected as the Master Interrupt
Controller and CNTRL-2 is connected as the Slave Interrupt Controller.

Mote that IRQ13 is generated internally (as part of the coprocessor error support) by the PlIX. IRQ12/M is
generated intemally (as part of the mouse support) when bit-4 in the XBCS Register is set to a 1. When this
bit is set to a 0, the standard IRQ12 function is provided and IRQ12 appears externally.

Timer 1

IRQEHF ———P| O Counter 0 0

IRQY ———— 1 82C59 INTR IRGH 1 82C59

IRQ10 ——P| 2 Core 9 Core INTR

IRQ11 ————| 3 IRQ3 ——p 3 {To CPL)
IRQ12/Mouse ———pp| 4  Controller 2 IRQ4 ———p| 4 Controller 1 —>

FERR# ——— 5 IRG5 ——| 5

IRQ14 ———p| 6 (Stave) IRG6 ——p| g  (Masten

IRQ15 ———Pp| 7 IRQ7 ————p| 7

051904 _3 drw
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Figure 7. Block Diagram of the Interrupt Controller




3.9. Stand-Alone IOAPIC Support (PIIX3)

The PIIX3 supports a stand-alone IOAPIC device on the ISA X-Bus. The PIIX3 provides a chip select signal
(APICCS#) for the IOAPIC. It also provides handshake signals to maintain buffer coherency in the IOAPIC
environment.

APICCS# i1s generated when the PClI memory cycle address matches the APIC’s programmed address and
the APICCS# function is enabled in the XBCS Register. The APIC address can be relocated by programming
the APIC Base Address Reqister (APICBASE).

APICCS# is only generated for PCI onginated cycles and is not generated for ISA originated cycles. This PCI
cycle is forwarded to the ISA bus. To avoid address aliasing conflicts with other ISA devices, PIIX3 drives
SA[19:16] and LA[23:17] to 0 and drives SA[15:0] corresponding to PCI AD[15:2] and C/BE[3:0]#.

When the APICCS# function is enabled, the XOE#/XDIR# signals controlling the X-bus tranceiver and the
SOE#/SDIR signals controlling the IDE DD isolation transceiver are also enabled during accesses to the
IOAPIC.

The I0APIC signals (APICCS#, APICREQ#, and APICACK#) are multiplexed with DD14, TESTIN#, and
PCIRST#, respectively. Figure 9 shows how these signals are connected in systems with and without the
IOAPIC device.

The internal IRQO0 signal can be routed to the external pin MIRQO using bit 5 in the MBIRQ Route Control
Heqister 0. This changes MIRQO to an output signal and allows the |IRQ0 signal to be connected to the
external 10-APIC. The secondary |IDE device interrupt should then be routed to IRQ15.

PIX3 With YO APIC PIIX3 Without 'O APIC
PIX3 VO APC PI3
DD14APLCS# Cse DD14APICCS# —] |—P Mo
Connect
TESTIN&/APICRECE |[————— APiCREQS TESTINS/APICRECS [f————— TESTINS
PICASTAPICACKSE |——— Pl APICACKS PICASTEAPICACKS |——J» PCRSTS
Ji_: o
RSTDRV RSTDAV RSTDRY ————» ASTDRV
apic_sys.drw

APIC_5YS

Figure 9. APIC Signal Connections
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Figure 10. Fast On/Off Flow
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~ 82093AA I/0 ADVANCED
PROGRAMMABLE INTERRUPT
CONTROLLER (IOAPIC)

B Provides Multiprocessor Interrupt — 3 General Purpose Interrupts
Management — Independently Programmable for
— Dynamic Interrupt Distribution- Edge/Level Sensitivity Interrupts
Routing Interrupt to the Lowest — Each Interrupt Can Be Programmed
Priority Processor to Respond to Active High or Low
— Software Programmable Control of Inputs
Interrupt Inputs _
— Off Loads Interrupt Related Traffic - isgg g’;frgla:;ble Decode of the
From the Memory Bus IOAPIC Device.
m 24 Programmable Interrupts — Index Register Interface for
— 13 ISA Interrupts Supported Optimum Memory Usage
— 4 PCI Interrupts — Registers are 32-Bit Wide to Match
— 1 Interrupt/SMI# Rerouting the PCI to Host Bridge Architecture
— 2 Motherboard Interrupts m Package 64-Pin PQFP

— 1 Interrupt Used for INTR Input

The 82093AA 1/O Advanced Programmable Interrupt Controller (IOAPIC) provides multi-processor interrupt
management and incorporates both static and dynamic symmetric interrupt distribution across all processors. In
systems with multiple /O subsystems, each subsystem can have its own set of interrupts. Each interrupt pin is
individually programmable as either edge or level triggered. The interrupt vector and interrupt steering
information can be specified per interrupt. An indirect register accessing scheme optimizes the memory space
needed to access the IOAPIC’s internal registers. To increase system flexibility when assigning memory space
usage, the The IOAPIC’s 2-register memory space is re-locatable.
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Figure 2. YO And Local APIC Units




2.0. SIGNAL DESCRIPTION

This section contains a detailed description of each signal. The signals are arranged in function groups
according to their interface.

Note that the “#" symbol at the end of a signal name indicates that the active, or asserted state occurs when the
signal is at a low voltage level. When “#" is not present after the signal name, the signal is asserted when at the
high voltage level.

The terms' assertion and negation are used extensively. This is done to avoid confusion when working with a
mixture of ‘active-low’ and ‘active-high’ signals. The term assert, or assertion indicates that a signal is active,

independent of whether that level is represented by a high or low voltage. The term negate, or negation indicates
that a signal is inactive.

The following notations are used to describe the signal and type:

| Input pin

O Output pin

ST Schmitt Trigger Input pin

oD Open Drain Output pin. This requires a pull-up to the VCC of the processor core
I/OD Bi-directional Input withOpen Drain Output pin.

/O Bi-directional Input/Output pin



2.1. System Bus Signals

Signal Name Type Description

D[7:0] /O DATA: D[7:0] contain the data when writing to or reading from internal IOAPIC
registers. These signals are outputs when reading data from the IOAPIC and
they are inputs when writing data to the IOAPIC. These signals are tri-stated
during reset.

D/1# I DATA/INDEX#: This input selects whether the 1/0O Register Select
(IOREGSEL) Register or /O Window (IOWIN) Register is accessed. Al
internal IOAPIC registers are accessed with an indexing scheme. When the
D/1# pin is low, the IODREGSEL Register is accessed. When the D/I# pin is
high, the data becomes available from the register pointed to by the index
register. Typically, this signal is connected to SA4 on the ISA bus (i.e.,
IOREGSEL Register is at 00h and IOWIN Register is at 10h).

A[1:0] I ADDRESS: The IOAPIC is a 32 bit device with an 8 bit ISA interface. A[1:0]
steer the data byte to the correct 8 bit location within the 32 bit register.
Typically, these input signals are connected to SA[1:0] of the ISA bus.

RD# I READ STROBE: RD# causes the IOAPIC to respond by driving internal
register data onto the D[7:0] pins. Typically this pin is connected to the
MEMRD# signal on the ISA bus.

WR# | WRITE STROBE: When this signal transitions from low to high, the data
present on the IOAPIC’s D[7:0] signals are written to an internal register.
Typically, this signal is connected to the MEMWR# signal on the ISA bus.

CS# | CHIP SELECT: This active low input selects the IOAPIC as the target of the
current read or write transaction.




Signal Name

Type

Description

APICREQ#

APIC REQUEST: APICREQ# is asserted prior to the APIC sending an
interrupt message over the APIC data bus. This is the request part of a
handshake that insures system level buffer coherency prior to sending an
interrupt over the APIC bus. This signal is tri-stated during reset. This signal
has an internal pull-up resistor.

APICACK1#

APIC ACKNOWLEDGE 1: This signal is the acknowledge part of the
handshake indicating that the APIC can send the interrupt message over the
APIC bus. This signal is typically connected to the PIIX3.

APICACK2#

APIC ACKNOWLEDGE 2: This signal is the second half of the acknowledge
handshake indicating that the APIC can send the interrupt message over the
APIC bus. This signal is typically connected to the host-to-PCI bridge and

along with APICREQ# and APICACK1# makes up the complete buffer
coherency protocol cycles. If the system does not have a host-to-PCI bridge,

this signal can be tied low.

2.2. Clock and Reset Signals

Signal Name

Type

Description

PCICLK I PCI CLOCK: This signal is used to synchronize and strobe the data buffer
status signals (APICREQ#, APICACK1#, and APICACK2#). This signal is
typically connect to the PCI clock.

RESET I RESET: RESET initializes the IOAPIC’s internal logic and sets the register bits

to their default value.




2.3. APIC Bus Interface

Signal Name Type Description

APICDI[1:0] I/OD APIC DATA: These signals are used to send and receive data over the APIC
bus. These signals are tri-stated during reset and must be pulled up to the
appropriate VCC levels of the CPU.

APICCLK I APIC CLOCK: The input signal is used to determine when valid data is being

sent over the APIC bus.

2.4. Interrupt Signals

Signal Name Type Description

INTINO ST Interrupt Input 0: This signal is connected to the redirection table entry 0.
Typically, this signal may be connected to the INTR on the PIIX3 to
communicate the status of IRQO and IRQ13 interrupts. Note that the IRQO and
IRQ13 interrupts are embedded in the PIIX3 and are not available to the rest of
the system.

INTIN ST Interrupt Input 1: INTIN1 is connected to the redirection table entry 1.

Typically, this signal will be connected to the keyboard interrupt (IRQ1).




Signal Name

Type

Description

INTINZ

ST

Interrupt Input 2: This signal is connected to the redirection table entry 2. If
IRQO interrupt is available in hardware, it is connected to this pin.

INTIN[3-11,
14.15]

ST

Interrupt Inputs 3 through 11, 14 and 15: These signals are connected fo
the redirection table entries 3:11, 14 & 15. Typically, these signals are
connected to the ISA interrupts IRQ[3:7,6#,9:11,14:15] respectively.

INTINT2

ST

Interrupt Input 12: This signal is connected to the redirection table entry 12.
Typically, this signal will be connected to the mouse interrupt (IRQ12/M).

INTIN13

ST

Interrupt input 13: This signal is connected to the redirection table entry 13. If
IRQ13 interrupt is available in hardware, it is connected to this signal. If IRQ13
Is not available, it is routed through the INTR interrupt and this signal becomes
INTIN13 (redirection table entry 13).

INTIN[16:19]

ST

Interrupt inputs 16 through 19: These signals are connected to the
redirection table entries [16:19]. Typically, these signals are connected to the
PCl interrupts (PIRQ[0:3]). The steering of the PCI IRQs to the ISA IRQs is
accomplished in the IOAPIC by setting the PCI redirection table entry to the
correct ISA interrupt vector.

INTIN[20-21]

ST

Interrupt inputs 20 and 21: These signals are connected to the redirection
table entries 20 and 21. Typically, these signals are connected to the
motherboard interrupts (MIRQ[0:1]). These pins could be used for the NMI and

INIT signals or just general purpose interrupts.

INTINZ2

ST

Interrupt input 22: This signal is connect to the redirection table entry 22.
This signal is a general purpose interrupt.

INTINZ3/
SMI#

ST

Interrupt input 23: This signal is connected to the redirection table entry 23.
This input has a special feature for the SMI# interrupt routing. If the Mask bit is
not set, the signal is a normal interrupt input that is sent over the APIC bus just
like all the other interrupts. When the Mask bit is set, the INTIN23/SMI# input
Is routed through the I0APIC to the SMIOUT# output signal.

SMIOUT#

oD

SMI OUTPUT: This signal is an output in response to the SME input when
the MASK bit for the redirection table entry number 23 is set. If the MASK bit
Is not set, the redirection table can be setup to deliver an SME over the APIC
bus.




2.5. Test and Power Signals

Pin Name Type Description
TESTIN# I TEST INPUT: This active-low input is used to invoke test modes. TESTIN#
should be pulled high during normal operation.
VCC VCC POWER PIN: 5V + 10%.
GND GROUND POWER PIN:




3.0. REGISTER DESCRIPTION

The IOAPIC is addressed with a C5# and the DVI# pin. The PIIX3 decodes the I0APIC in memory space and
sends a CS# to the IOAPIC device, when it is selected. The D/I# pin selects between the IOREGSEL Reqgister
(Df#=0) and the IOWIN Register (D/l#=1). Typically, D/I# is connected to SA4 on the |1SA bus (i.e., IOREGSEL
Reaqister is at 00h and IOWIN Register is at 10h).

The IOAPIC registers are accessed by an indirect addressing scheme using two registers (IOREGSEL and
IOWIN) that are located in the CPU's memory space (memory address specified by the APICBASE Reaqister
located in the PIIX3). These two registers are re-locateable (via the APICBASE Register) as shown in Table 3.1.
In the IOAPIC only the IOREGSEL and IOWIN Registers are directly accesable in the memory address space.

To reference an I0APIC register, a byte memory wrie that the PIIX3 decodes for the IOAPIC loads the
IOREGSEL Register with an 8-bit value that specifies the IOAPIC reqister (address offset in Table 3.2) to be
accessed. The IOWIN Register is then used to read/write the desired data from/to the IOAPIC register specified
by bits [/:0] of the IOREGSEL Register. The IOWIN Register must be accessed as a Dword quantity.

The IOREGSEL and IOWIN Registers (Table 3.1) can be relocated via the APIC Base Address Relocation
Register in the PIIX3 and are aligned on 128 bit boundaries. All APIC reqgisters are accessed using 32 bit loads
and stores. This implies that to modify a field (e.g., bit, byte) in any register, the whole 32 bit register must be
read, the field modified, and the 32 bits written back. In addition, registers that are described as 64 bits wide are
accessed as multiple independent 32 bit registers.

Table 1. Memory Mapped Registers For Accessing IOAPIC Registers

Memory Address Mnemonic Register Name Access D/1# Signal
FECO xy00h IOREGSEL I/O Register Select (index) R/W 0
FECO xy10h IOWIN IO Window (data) R/W 1

NOTES:

xy are determined by the x and y fields in the APIC Base Address Relocation Register located in the P1IX3. Range for x = 0-Fh
and the range for y = 0,4,8,Ch.

Table 2. I0APIC Registers

Address Offset Mnemonic Register Name Access
00h IOAPICID IOAPIC ID R/W
01h IOAPICVER IOAPIC Version RO
02h IOAPICARB IOAPIC Arbitration ID RO
10-3Fh IOREDTBL[0:23] Redirection Table (Entries 0-23) (64 bits each) R/W

NOTES:

Address Offset is determined by /O Register Select Bits [7:0].



3.1. Memory Mapped Registers for Accessing IOAPIC Registers

3.1.1. IOREGSEL—I/O REGISTER SELECT REGISTER

Memory Address: FECO xy00h (xy=See APICBASE Register in the PIIX3)
Default Value: 00h

Attribute: Read/Write

This register selects the IOAPIC Register to be read/written. The data is then read from or written to the selected
register through the IOWIN Register.

Bit Description

31:8 Reserved.

70 APIC Register Address—R/W. Bits [7:0] specify the IOAPIC register to be read/written via the
IOWIN Register.

3.1.2. IOWIN—I/0 WINDOW REGISTER

Memory Address: FECO xy10h (xy=See APICBASE Register in Pl11X3)
Default Value: 00h

Attribute: Read/Write

This register is used to write to and read from the register selected by the IOREGSEL Register.
Readability/writability is determined by the IOAPIC register that is currently selected.

Bit Description

310 APIC Register Data—R/W. Memory references to this register are mapped to the APIC register
specified by the contents of the IODREGSEL Register.




3.2. |OAPIC Registers

3.2.1. IOAPICID—IOAPIC IDENTIFICATION REGISTER
Address Offset: 00h

Default Value: 00h

Attribute: Read/Write

This register contains the 4-bit APIC ID. The ID serves as a physical name of the IOAPIC. All APIC devices
using the APIC bus should have a unique APIC ID. The APIC bus arbitration ID for the /O unit is also writtten
during a write to the APICID Register (same data is loaded into both). This register must be programmed with
the correct ID value before using the |IOAPIC for message transmission.

Bit Description

31:28 Reserved.

2724 IOAPIC Identification—R/W. This 4 bit field contains the IOAPIC identification.

230 Reserved.




3.2.2. IOAPICVER—IOAPIC VERSION REGISTER

Address Offset: O1h
Default Value: 00170011h
Attribute: Read Only

The I0OAPIC Version Register identifies the APIC hardware version. Software can use this to provide
compatibility between different APIC implementations and their versions. In addition, this register provides the
maximum number of entries in the /O Redirection Table.

Bit Descriptions

31:24 Reserved.

23:16 Maximum Redirection Entry—RO. This field contains the entry number (0 being the lowest
entry) of the highest entry in the |/O Redirection Table. The value is equal to the number of
interrupt input pins for the IOAPIC minus one. The range of values is 0 through 239. For this
|OAPIC, the value is 17h.

15:8 Reserved.

7:0 APIC VERSION—RO. This 8 bit field identifies the implementation version. The version number
assigned to the IOAPIC is 11h.




3.2.3. IOAPICARB—IOAPIC ARBITRATION REGISTER

Address Offset: 02h
Default Value: 0000 _0000h
Attribute: Read Only

The APICARB Register contains the bus arbitration priority for the IOAPIC. This register is loaded when the
IOAPIC ID Register is written.

The APIC uses a one wire arbitration to win bus ownership. A rotating priority scheme is used for arbitration. The
winner of the arbitration becomes the lowest priority agent and assumes an arbitration 1D of O.

All other agents, except the agent whose arbitration ID is 15, increment their arbitration IDs by one. The agent
whose |ID was 15 takes the winner's arbitration ID and increments it by one. Arbitration |IDs are changed
(incremented or asssumed) only for messages that are transmitted successfully (except, in the case of low
priority messages where Arbitration ID is changed even if message was not successfully transmitted). A

message is transmitted successfully if no checksum error or acceptance error is reported for that message. The
APICARB Register is always loaded with IOAPIC ID during a "level triggered INIT with de-assert" message.

Bit Description

31:28 Reserved.

2724 IOAPIC Identification—R/W. This 4 bit field contains the IOAPIC Arbitration ID.
230 Reserved.




3.2.4. IOREDTBELI23:0]1—1/O REDIRECTION TABLE REGISTERS

Address Offset:

10-11h (IOREDTBLO)
12-13h (IOREDTBL1)
14-15h (IOREDTBL2)
16-17h (IOREDTBL3)
18-19h (IOREDTBL4)
1A-1Bh (IOREDTBLS)
1C-1Dh (IOREDTBLE)
1E-1Fh (IOREDTBLY)
20-21h (IOREDTBLS)
22-23h (IOREDTBL9)
24-25n (IOREDTBL10)
26-27h (IOREDTBL11)

28-29h (IOREDTBL12)
2A-2Bh (IOREDTBL13)
2C-2Dh (IOREDTBL14)
2E-2Fh (IOREDTBL13)
30-31h (IOREDTEL16)
32-33Fh (IOREDTBL17)
34-35h (IOREDTEL18)
36-37h (IOREDTEL19)
38-39h (IOREDTEL20)
JA-3Bh (IOREDTBL21)
3C-3Dh (IOREDTBL22)
3E-3Fh (IOREDTBL23)

Default Value: a1 0000 000 x0xh
Attribute: Read/Write

There are 24 /O Redirection Table entry registers. Each register is a dedicated entry for each interrupt input
signal. Unlike IRQ pins of the 8259A, the notion of interrupt priority is completely unrelated to the position of the
physical interrupt input signal on the APIC. Instead, software determines the vector (and therefore the priority)
for each corresponding interrupt input signal. For each interrupt signal, the operating system can also specify the
signal polarity (low active or high active), whether the interrupt is signaled as edges or levels, as well as the
destination and delivery mode of the interrupt. The information in the redirection table is used to translate the
corresponding interrupt pin information into an inter-APIC message.

The I0APIC responds to an edge triggered interrupt as long as the interrupt is wider than one CLK cycle. The
interrupt input is asynchronous; thus, setup and hold times need to be guaranteed for at lease one rising edge of
the CLK input. Once the interrupt is detected, a delivery status bit internal to the I0APIC is set. A new edge on
that Interrupt input pin will not be recongnized until the IOAPIC Unit broadcasts the corresponding message over
the APIC bus and the message has been accepted by the destination(s) specified in the destination field. That
new edge only results in a new invocation of the handler if its acceptance by the destination APIC causes the
Interrupt Reguest Register bit to go from 0 to 1. (In other words, if the interrupt wasn't already pending at the
destination.)

Blt Description

63:96 Destination Fleld—R/W. If the Destination Mode of this entry is Physical Mode (bit 11=0), bits
[99:56] contain an APIC ID. If Logical Mode is selected (bit 11=1), the Destination Field
potentially defines a set of processors. Bits [63:56] of the Destination Field specify the logical
destination address.

Destination Mode IOREDTBELXxI11] Logical Destinatlon Address

0, Physical Mode IOREDTBLx[59:56] = APIC ID
1, Logical Mode IOREDTBLx[63:56] = Set of processors

2017 Reserved.




Bit

Description

16

Interrupt Mask—R/W. When this bit is 1, the interrupt signal is masked. Edge-sensitive
interrupts signaled on a masked interrupt pin are ignored (i.e., not delivered or held pending).
Level-asserts or negates occurring on a masked level-sensitive pin are also ignored and have no
side effects. Changing the mask bit from unmasked to masked after the interrupt is accepted by
a local APIC has no effect on that interrupt. This behavior is identical to the case where the
device withdraws the interrupt before that interrupt is posted to the processor. It is software's
responsibility to handle the case where the mask bit is set after the interrupt message has been
accepted by a local APIC unit but before the interrupt is dispensed to the processor. When this
bit is 0, the interrupt is not masked. An edge or level on an interrupt pin that is not masked
results in the delivery of the interrupt to the destination.

15

Trigger Mode—R/W. The trigger mode field indicates the type of signal on the interrupt pin that
triggers an interrupt. 1=Level sensitive, 0=Edge sensitive.

14

Remote IRR—RO. This bit is used for level triggered interrupts. Its meaning is undefined for
edge triggered interrupts. For level triggered interrupts, this bit is set to 1 when local APIC(s)
accept the level interrupt sent by the IOAPIC. The Remote IRR bit is set to 0 when an EOI
message with a matching interrupt vector is received from a local APIC.

13

Interrupt Input Pin Polarity (INTPOL)—R/W. This bit specifies the polarity of the interrupt
signal. O=High active, 1=Low active.

12

Delivery Status (DELIVS)—RO. The Delivery Status bit contains the current status of the
delivery of this interrupt. Delivery Status is read-only and writes to this bit (as part of a 32 bit
word) do not effect this bit. 0=IDLE (there is currently no activity for this interrupt). 1=5end
Pending (the interrupt has been injected but its delivery is temporarily held up due to the APIC
bus being busy or the inability of the receiving APIC unit to accept that interrupt at that time).

11

Destination Mode (DESTMOD)—R/W. This field determines the interpretation of the
Destination field. When DESTMOD=0 (physical mode), a destination APIC is identified by its ID.
Bits 56 through 59 of the Destination field specify the 4 bit APIC ID. When DESTMOD=1 (logical
mode), destinations are identified by matching on the logical destination under the control of the
Destination Format Register and Logical Destination Register in each Local APIC.

Destination Mode IOREDTBLxI11] Logical Destination Address

0, Physical Mode IOREDTBLx[59:56] = APIC ID
1, Logical Mode IOREDTBLx[63:56] = Set of processors




Bit Description
10:8 Delivery Mode (DELMOD)—R/MW. The Delivery Mode is a 3 bit field that specifies how the
APICs listed in the destination field should act upon reception of this signal. Note that certain
Delivery Modes only operate as intended when used in conjunction with a specific trigger Mode.
These restrictions are indicated in the following table for each Delivery Mode.
Bits
[10:8]1 Mode Description

000 Fixed Deliver the signal on the INTR signal of all processor cores listed in the
destination. Trigger Mode for "fixed” Delivery Mode can be edge or level.

001 Lowest

Prionty Deliver the signal on the INTH signal of the processor core that is
executing at the lowest priority among all the processors listed in the
specified destination. Trigger Mode for "lowest prionity”. Delivery Mode
can be edge or level.

010 SMI System Management Interrupt. A delivery mode equal to SMI reguires an
edge tngger mode. The vector information is ignored but must be
programmed to all zeroes for future compatibility.

011 Reserved

100 NMI Deliver the signal on the NMI signal of all processor cores listed in the
destination. Vector information is ignored. NMI is treated as an edge
triggered interrupt, even if it is programmed as a level triggered interrupt.
For proper operation, this redirection table entry must be programmed to
“edge” triggered interrupt.

101 INIT Deliver the signal to all processor cores listed in the destination by
asserting the INIT signal. All addressed local APICs will assume their
INIT state. INIT is always treated as an edge triggered interrupt, even if
programmed otherwise. For proper operation, this redirection table entry
must be programmed to “edge” triggered interrupt.

110 Reserved

111 ExtINT Deliver the signal to the INTR signal of all processor cores listed in the
destination as an interrupt that onginated in an externally connected
(8259A-compatible) interrupt controller. The INTA cycle that corresponds
to this ExtINT delivery is routed to the external controller that is expected
to supply the vector. A Delivery Mode of "ExtINT" requires an edge
trigger mode.

70 Interrupt Vector (INTVEC)—R/W: The vector field is an 8 bit field containing the interrupt

vector for this interrupt. Vector values range from 10h to FEh.




4.1. INTIN23/SMI# and SMIOUT# Functionality

The SMI# interrupt pin can be routed through the |IOAPIC device. The redirection table entry can be
programmed to send an SMI# interrupt over the APIC bus. The SMI# input is sent over the APIC bus when the
delivery mode register is set to 010 for INTIN23/SMI# input and the Mask bit is set to 0. During this time, the

SMIOUT# pin is inactive. If the Mask bit is set to 1, the INTIN23/SMI# input is routed to the SMIOUT# pin on the
|OAPIC. Refer to Figure 3.

If the SMI# routing feature is not desired, the SMIOUT# pin is not connected to SMI# of the CPU’s. The

SMIOUT# pin is left open in the system. The INTIN23/SMI# redirection table entry has the same functionality as
all other redirection table entries.

31 17 16 15 14 13 12 11 10 8 7 0
Delivery
Mask 010=SMI Vector
Mask Bit
0=APIC Bus
1=SMIOUT#

INTINZ23/SMI# D— SMIOUT#

APIC_IR

Figure 3. INTIN23/SMI# Routing And Control From Redirection Table Mask Bit
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(G)MCH Graphics Controller Block Diagram

—®  Overlay | —*I CRT
—®  Sprite [P
ideo Engine ™
— : | PpeA |7 —~| LVDS
—®  Cursor M cntl
Alpha Mux
> 2D Engine  je—»—» Cursor |-¥ Blend/ Port
Gammal | 4 TV OUT
: | CRC Fipe B
3D Engine S E‘ “'EI:? -
Data » Setup/Transform g ECBI
Raster Engine |y SECONdary | o
™ Texture Engine —Lspl
Pixel Shader |e{-»ta— DoC

The (G)MCH contains a variety of planes, such as display, overlay, cursor and VGA. A
plane consists of rectangular shaped image that has characteristics such as source,
size, position, method, and format. These planes get attached to source surfaces,
which are rectangular memory surfaces with a similar set of characteristics. They are
also associated with a particular destination pipe.

A pipe consists of a set of combined planes and a timing generator. The (G)MCH has
two independent display pipes, allowing for support of two independent display
streams. A port is the destination for the result of the pipe.

The entire IGD is fed with data from its memory controller. The (G)MCH'’s graphics
performance is directly related to the amount of bandwidth available. If the engines are
not receiving data fast enough from the memory controller (e.qg., single-channel DDR2
533), the rest of the IGD will also be affected.
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Figure 1-1. CPC945 Bridge and Memory Controller Block Diagram
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Figure 7-6. External Multiplexers
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MMXO/FPRO
MMX1/FPR1
MMX2/FPR2
MMX3/FPR3
MMX4/FPR4
MMX5/FPR5
MMX6/FPR6
MMX7/FPRY

RFLAGS

RIP

General-Purpose 64-Bit Media and

Registers (GPRs) Floating-Point Registers
RAX
RBX
RCX
RDX
RBP
RSI
RDI
RSP
R8 79 0
RO
R10 Flags Register
R11 | 0 |EFLAGSI
R12
R13 63 0
R14 Instruction Pointer
R15 - EIP

63 0 63 0

Legacy x86 registers, supported in all modes

Register extensions, supported in 64-bit mode

SSE Media
Registers

YMM/XMMO
YMM/XMMT
YMM/XMM2
YMM/XMM3
YMM/XMM4
YMM/XMM5
YMM/XMM6
YMM/XMM7
YMM/XMM8
YMM/XMM9
YMM/XMM10
YMM/XMMT1
YMM/XMM12
YMM/XMM13
YMM/XMM14
YMM/XMM15

255 127 0

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

513101 ymm.eps

Figure 1-1. Application-Programming Register Set



Table 1-1.

Operating Modes

o Defaults Typical
Operatin Application Register
Operating Mode P 9 Recompile | Address | Operand gis GPR
System Required Required Sjze Sijze Extensions Width (bit
(bits) | (bits) \dth (bits)
64-Bit yes 64 yes 64
Long | Mode 64-bit OS 32
-bi
Mode |Compatibility . 32 o 32
Mode 16 16 16
Protected 32 32 32
Mode . 16 16
Legacy 32-bit OS
Legacy | Virtual-8086 o no
viode | Mode 16 16 16
Real :
Mode Legacy 16-bit OS




Table 1-2. Application Registers and Stack, by Operating Mode

Register Legacy and Compatibility Modes 64-Bit Mode’
or Stack Name Number | Size (bits) Name Number | Size (bits)
RAX, RBX, RCX,
General-Purpose EAX, EBX, ECX, RDX, RBP, RSI,
_ 5 EDX, EBP, ESI, 8 32 16 64
Registers (GPRs) EDI ESP RDI, RSP,
’ R8-R15
2R56'.b't YMM YMMO-YMM73 8 256 | YMMO-YMM153 | 16 256
egisters
;28'.5“ XMM XMMO-XMM73 8 128 | XMMo-xMM153 | 16 128
egisters
64-Bit MMX MMX0-MMX74 8 64 MMX0-MMX74 8 64
Registers
x87 Registers FPRO-FPR7* 8 80 FPRO-FPR7* 8 80
Instruction Pointer? EIP 1 32 RIP 1 64
Flags? EFLAGS 1 32 RFLAGS 1 64
Stack —_ 16 or 32 — 64
Note:

1. Gray-shaded entries indicate differences between the modes. These differences (except stack-width difference) are
the AMDG64 architecture’s register extensions.

2. GPRs are listed using their full-width names. In legacy and compatibility modes, 16-bit and 8-bit mappings of the
registers are also accessible. In 64-bit mode, 32-bit, 16-bit, and 8-bit mappings of the registers are accessible. See
Section 3.1. “Registers” on page 23.

The XMM registers overlay the lower octword of the YMM registers. See Section 4.2. “Registers™ on page 111.

The MMX0-MMXT7 registers are mapped onto the FPRO-FPR7 physical registers, as shown in Figure 1-1. The x87
stack registers, ST(0)-ST(7), are the logical mappings of the FFRO-FPR7 physical registers.

nall Sl




6.1 Overview of ARM’s 64-bit Cortex-A series (6)

Main features of ARM’s 64-bit Cortex-A series [51]

Available

CPU Core Architecture Efficiency big.LITTLE Announced in devices Target
Cortex-A73  ARMVE (6a-bit) 7.4-8.5DMIPS/MHz (o YOS 2016 2017 _HiZhTeer\l
i Cortex-A72  ARMVS (64-bit) 6.3-7.3 DMIPS/MHz (| . XEE/A%) 2015 2016 High-end :
: Cortex-A57 ARMvS8 (64-bit) 4,8 DMIPS/MHz (wit\r(leZSS) 2012 2015 High-end :
: Cortex-A53 ARMvS (64-bit) 2,3 DMIPS/MHz  Yes (with A57) 2012 2H 2014  Low power :

!
I\ Cortex-A35  ARMVS (64-bit) 2,1 DMIPS/MHz ves (/‘Q’;tzh)ASW 2015 2H 2016 Low power
o -
Cortex-A17 ARMv7 (32-bit) 4,0 DMIPS/MHz Yes (with A7) 2014 2015 Mainstream
Cortex-A15 ARMv7 (32-bit) 4,0 DMIPS/MHz  Yes (with A7) 2010 Now High-end
(Cortex-A12 ARMv7 (32-bit) 3,0 DMIPS/MHz - 2013 2H 2015 Mainstream)

Cortex-A9 ARMv7 (32-bit) 2,5 DMIPS/MHz - 2007 Now (EOL) High-end

Cortex-A8  ARMv7 (32-bit) 2,0 DMIPS/MHz - 2005 Now (EOL)  High-end

Cortex-A7  ARMv7 (32-bit) 1,9 DMIPS/MHz  Yes (A15/A17) 2011 Now Low power

Cortex-A5  ARMv7 (32-bit) 1,6 DMIPS/MHz - 2009 Now Low power



6.1 Overview of ARM’s 64-bit Cortex-A series (8)

Performance comparison: ARM’s Cortex-A72 vs. Intel’s Core-M [72]

Single-thread Multi-thread*® Memory

18
16 ® Core-M (14nm)

' 4 ® Cortex-A72 2.5 GHz est (16nm)
12

0

ch MY SPECintRate (4T)  STREAM Add STREAM Copy STREAM Salke STREAM Triad

LI‘I'I !n'lt' h 5‘ l.)"k(.‘ "

threaded workloads use 2( ind estimated on 4C Cortex-A ration wi2MB L2 cache
| N Nas Maximum rJd ; jencyrating of ZOMZ 1S jree’ark.ntel.com
threaded workioads, the Core-M will be thermaly imited and not able to reach maxmumetarget frequency ARM



6.2.1 The high performance Cortex-A57 (12)

Cortex-A57/A53 performance - compared to the Cortex-A15 [55]

45% increase through

improvements

Geekbenchv3.1
1.16
Integer 1.55
Floating - w Cortex-A15
1.46
Point m Cortex-AS57 328
m Cortex-AS57 64B
gec 4.9
Stream » Cortex-A53 648
gec 4.8
Overall 1.45
1.5 2

incremental microarchitecture | Normalized Performance




6.2.1 The high performance Cortex-A57 (10)

Contrasting the Cortex-A53 and Cortex-A57 arithmetic pipelines

[Based on 54]

— > De

Integer pipe

o N

Cortex-AS53 Pipeline

. .— Neon/FPU pipe (fixed engthr—i.

" . Simple Cluster 0 pipe

R1

" . Simple Cluster 1 pipe
. .— Complex Cluster pipe (variable bengm)—-. .

D1
HEEEE- -
Cortex-A57 D1
Pipeline

D: Decode
R: Rename
P: Dispatch
I: Issue

E: Execute

WB: Write Back

Note: Branch and Load/Store pipelines not shown

(1x Load/Store pipeline for the Cortex A-53 and
2X Load/Store and 1x Branch pipeline for the Cortex-A-57)




6.2.5 The low power Cortex-A35 (6)

Relative performance of the Cortex-A35 vs. the Cortex-A7
assuming the same process technology (28 nm) [90]

Relative Performance
B Cortex-A7

B Cortex-A35 | 36X [.40x

[.16x
|.06x

performance

\@/ Higher

(X

Lower power

Integer Browsing Float Geekbench MP|

Comparisons assume same process technology and implementation for both processors



The change from 32-bit to 64-bit
There are several performance gains derived from moving to a 64-bit processor.

e The A64 instruction set provides some significant performance benefits, including a larger register pool. The
additional registers and the ARM Architecture Procedure Call Standard (AAPCS) provide a performance boost
when you must pass more than four registers in a function call. On ARMv7, this would require using the stack,
whereas in AArch64 up to eight parameters can be passed in registers.

e Wider integer registers enable code that operates on 64-bit data to work more efficiently. A 32-bit processor
might require several operations to perform an arithmetic operation on 64-bit data. A 64-bit processor might
be able to perform the same task in a single operation, typically at the same speed required by the same
processor to perform a 32-bit operation. Therefore, code that performs many 64-bit sized operations is
significantly faster.

e 64-bit operation enables applications to use a larger virtual address space. While the Large Physical Address
Extension (LPAE) extends the physical address space of a 32-bit processor to 40-bit, it does not extend the
virtual address space. This means that even with LPAE, a single application is limited to a 32-bit (4GB) address
space. This is because some of this address space is reserved for the operating system.

e Software running on a 32-bit architecture might need to map some data in or out of memory while executing.
Having a larger address space, with 64-bit pointers, avoids this problem. However, using 64-bit pointers does
incur some cost. The same piece of code typically uses more memory when running with 64-pointers than with
32-bit pointers. Each pointer is stored in memory and requires eight bytes instead of four. This might sound
trivial, but can add up to a significant penalty. Furthermore, the increased usage of memory space associated
with a move to 64-bits can cause a drop in the number of accesses that hit in the cache. This in turn can
reduce performance.

The larger virtual address space also enables memory-mapping larger files. This is the mapping of the file
contents into the memory map of a thread. This can occur even though the physical RAM might not be large
enough to contain the whole file.



Registers In AArcho4 state

In the AArch64 application level view, an ARM processing element has:

RO-R30

SP

PC

31 general-purpose registers, R0 to R30. Each register can be accessed as:
. A 64-bit general-purpose register named X0 to X30.

. A 32-bit general-purpose register named WO to W30.

See the register name mapping in Figure B1-1.

63 32:31 0 :
Rn

- Wn >

» Xn -

Figure B1-1 General-purpose register naming

The X30 general-purpose register 1s used as the procedure call link register.

Note
In mstruction encodings, the value 8b11111 (31) 15 used to indicate the ZR (zero register). This

indicates that the argument takes the value zero, but does not indicate that the ZR 15 implemented
as a physical register.

A 64-bit dedicated Stack Pointer register. The least significant 32 bats of the stack-pointer can be
accessed via the register name WSP.

The use of SP as an operand in an instruction, indicates the use of the current stack pomter.
Note

Stack pointer alignment to a 16-byte boundary 1s configurable at EL1. For more information see the
Procedure Call Standard for the ARM 64-bit Architecture.

A 64-bit Program Counter holding the address of the current instruction.

Software cannot write directly to the PC. It can only be updated on a branch, exception entry or
exception refurn.



Bitwize AND Immediate

& iDDS Add and set flags = Eﬂ hHDIS Bitwise AND and set flags Immediate
ﬁ"‘ SUB Subtract %PE ORRI Bitwise inclusive OR Immediate
o SUBS Subtract and set flags = £ | EORI Bitwizse exclusive OR Immediate
é CMP Compare B TS5TI Test bits Immediate
£ CMN Compare negative T LSL Logical shift left Immediate
< | NEG Negate E LSR Logical shift right Immediate
NEGS MNegate and set flags £ ASR Arithmetic shift nght Immediate
ADDI Add Immediate E ROR Rotate nght Immediate
Py ADDIS Add and set flags Immediate ‘E“_] L SRV Logical shift nght register
E % SUBI Subtract Immediate Eﬂ L 5LV Logical shift left register
E £ | SUBIS Subtract and set flags Immediate & ASRV Arithmetic shift right register
<= CMPI Compare Immediate 75 RORV Rotate right register
CMNI Compare negative Immediate o % MOVZ Move wide with zero
ADD Add Extended Register = - MOVK Move wide with keep
© g | ADDS Add and set flags Extended g 2 | Mo Move wide with NOT
TE |sus Subtract Extended Register = E | mov Move register
E .% SUBS Subtract and set flags Extended BFM Bitfield move
= CMP Compare Extended Register = SBFM Signed bitheld move
CMN Compare negative Extended E UEFM Unsigned bitfield move (32-bit)
ADC Add with carry g BFI Bitfield insert
g ADCS Add with camry and set flags E BFXIL Bitfield extract and insert low
£ 2 [ 3BC Subtract with carry £ SBFIZ Signed bitheld insert in zero
E 1'.{3 SBCS Subtract with carmy and set flags % SBFX Signed bitheld extract
g NGC Negate with camy g UBFIZ Unsigned bitfield insert in zero
NGCS Megate with camry and set flags UBFX Unsigned bitfield extract
AND Bitwise AND EXTR Extract register from pair
ANDS Bitwise AND and set flags 5XTE Sign-extend byte
_ ORR Bitwise inclusive OR E S5XTH Sign-extend halfword
2 | EOR Bitwise exclusive OR | SXTW Sign-extend word
E BIC Bitwise bit clear % UXTE Unsigned extend byte
E BICS Bitwise bit clear and set flags UXTH Unsigned extend halfword
@ | ORN Bitwise inclusive OR NOT CLS Count leading sign bits
- EOM Bitwizse exclusive OR NOT E CLZ Count leading zero bits
MYN Bitwise NOT B | RBIT Reverse bit order
TST Test bits & REV Reverse bytes in register
& | REVIG Reverse bytes in halfwords
REV3Z Reverses bytes in words




_Type | Mnemonic| __ Instruction | Type |Mnemonic|  Imstruction

LDUR Load register (unscaled offset) LDXR Load Exclusive register
LDURB Load byte (unscaled offset) LDXREB Load Exclusive byte
LDURSB Load signed byte (unscaled offset) LDXRH Load Exclusive halfword
LDURH Load halfword (unscaled offset) % LDXP Load Exclusive Pair
E LDURSH Load signed halfword (unscaled offset) é STXR Store Exclusive register
E LDURSW Load signed word (unscaled offset) STXRB Store Exclusive byte
5 STUR Store register (unscaled offset) STXRH Store Exclusive halfword
STURB Store byte (unscaled offset) STXP Store Exclusive Pair
STURH Store halfword (unscaled offset) o LDAXR Load-aquire Exclusive register
STURW Store word (unscaled offset) 3 LDAXRB Load-aquire Exclusive byte
LDA Load address .i% LDAXRH Load-aquire Exclusive halfword
7 LDR Load register g LDAXP Load-aquire Exclusive Pair
E LDRE Load byte E STLXR Storerelease Exclusive register
b LDRSB Load signed byte = STLXRB Storerelease Exclusive byte
; g | LDRH Load halfword é STLXRH Store-release Exclusive halfword
% E LDRSH Load signed halfword w STLXP Store-release Exclusive Pair
£ = | LDRSH Load signed word LDP Load Pair
L_:- S5TR Store register ﬁ LDPSW Load Pair signed words
= STRB Store byte STP Store Pair
% STRH Store halfword o ADRP Compute address of 4KB page at a
o PC-relative offset
ADR Compute address of label at a PCrelative
offset

FIGURE 2.42 The list of assembly language instructions for the integer data transfer operations in the full
ARMYvS8 instruction set. Bold means the instruction is also in LEGVS, italic means it is a pseudoinstruction, and bold italic means itis a
pseudoinstruction that is also in LEGVS.



Type |[Mnemonic] ____Instruction [ Type|Mnemonic| _Instruction

B B.cond |Branch conditionally CSEL Conditional select

g S CBNZ Compare and branch if nonzero CSINC Conditional select increment

% E CBZ Compare and branch if zero % CSINV Conditional select inversion

é @ | TBNZ Test bit and branch if nonzero v CSNEG Conditional select negation

TBZ Test bit and branch if zero E CSET Conditional set

= B Branch unconditionally £ | CSETM Conditional set mask

E £ BL Branch with link é CINC Conditional increment

'E S | BLR Branch with link to register CINV Conditional invert

§ @ | BR Branch to register CNEG Conditional negate

=) RET Return from subroutine T o CCMP Conditional compare register
E @ | CCMPI Conditional compare immediate
E E CCMN Conditional compare negative register
8©° CCMNI Conditional compare negative immediate

FIGURE 2.43 The list of assembly language instructions for the branches of the ARMvS8 instruction set. Bold means

the instruction is also in LEGvS, italic means it is a pseudoinstruction, and bold italic means it is a pseudoinstruction that is also in LEGvS.



Figure 4.1 CPU Registers for MIPS64
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General Purpose Registers
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Special Purpose Registers




AVX512 state

Kmask k0..k7 zmm0..zmm31 .. xmmO0..xmm7

SSE
AVX
SSE - 1A64

AVX512

High amounts of compute need large amounts of state to compensate for memory BW 7
AVX512 has 8x state compared to SSE (commensurate with its 8x flops level)

Intel confidential — presented under NDA only — under embargo until 6:01 a.m. PDT, June 19, 2017




6.1 Overview of ARM’s 64-bit Cortex-A series (10)

Up to 48 core server SoC based on the CorelLink CCN512 interconnect [72]

Up to 4 —— Heterogeneous processors — CPU, GPU, DSP and
cores Virtualized Interrupts accelerators
S | \
Per ] \
cluster \ GIC-500 1 ‘\
Cortex CPU J§ Cortex CPU 10-40 ¥ lé“'f”m
or CH or CHI GbE PCle PCl DSP ? ystem
(Fae) () (o2 ) (@)
Cortex-A57 AR Cortex-A57 AR Cortex-A57 ( DI ) ( DPI ) (Crypto) ( UsB ) memory
Upto |2 s’
Cortex CPU || Cortex CPU NIC-400 g
coherent Nao II II II II or CHI or CHI
master master
clusters Cortex-A53 AN Cortex-A53 Ak Cortex-A53 AR Cortex-A53 /O Virtualisation CoreLink MMU-300 - UP t0 241/0
— - - .
I I s coherent interfaces
CoreLink™ CCN-512 Cache Coherent Network for
accelerators
|-32MB L3 cache SI'IOOp Filter and I/O

Integrated | 7 Memory Memory Memory Memory

L3 cache Controller Controller Controller Controller
DMC-520 DMC-520 DMC-520 DMC-520

x72 x72 x72 x72 Flagh ) --reer (smm) (GPIO) ........ ( PCle )
DDR4-3200 DDR4-3200 DDR4-3200 DDR4-3200 ()
|
‘ |

Up to Quad channel I
DDR3/4 x72 Peripheral address space

Network Interconnect Network Interconnect
NIC-400 NIC-400




Host CPU Bridge System Memory
GPU
Host Interface | |
Input Assembler Setugéﬁjlste# Video Processors
| I
Vertex Work Pixel Work Compute Work
SPA Distribution Distribution Distribution
| | I | | | | |
I TPC TPC TPC TPC | TPC | TPC | TPC TPC
I 1 1 I I I |
[ I i 1 | I | | [l I |
SM SM SM SM SM SM SM SM SM SM SM SM SM
I I{|l [[T1] Il [ Il ! Il 1| Il I [ I I Il |
I Il [ [{]1 [ ! [l [{]1 Il ! I | I I Il |
I I[1 (1]l [ [/ [ [l [ 1l [ I [ I I Il |
Sl R R S N 2 A R R R 2R =2 R [SP|EP) [SP|[sP] [sP|fsP]
Sl =R R R R N =R U 2R [sP|isP] [sP|[sP] [sPlfsP]
S8 SRR R R R R SR R RN EE SR R EE R R R R R ER [SPI[SP] EREREEEE
S8 MR R R =R SR R RN EE A (R EE R R =R R R ER [SPI[SP] ERER RS
DL EIE DR ETE EIE T EIE LIETE] LI LI
===l | (=== =] == [ ey |
‘ Taxctura Unit Tature Unit Taxcture Unit Taxture Unit ‘ Tecture Unit ‘ Tauture Unit Textura Unit
| Tax L1 [T ]| T L1 (11| Tex L1 [T Tew L1 (N 1| Tew L1 | | Tew L1 | Tex L1 |
| | | | | I | I | I | | |
( Interconnection Metwork )
| | | | | | | | | | |
ROP L2 ROP L2 ROP L2 ROP L2 ROP L2 ROP L2 Interface
DRAM DRAM DRAM DRAM DRAM DRAM E Display

FIGURE B.7.1 NVIDIA Tesla unified graphics and computing GPU architecture. This GeForce 8800 has 128 streaming processor

(SP) cores in 16 streaming multiprocessors (SMs), arranged in eight texture/processor clusters (TPCs). The processors connect with six 64-bit-
wide DRAM partitions via an interconnection network. Other GPUs implementing the Tesla architecture vary the number of SP cores, SMs,

DRAM partitions, and other units.



The first Fermi based GPU, implemented with 3.0 billion transistors, features up to 512 CUDA
cores. A CUDA core executes a floating point or integer instruction per clock for a thread. The
512 CUDA cores are organized in 16 SMs of 32 cores each. The GPU has six 64-bit memory
partitions, for a 384-bit memory interface, supporting up to a total of 6 GB of GDDRS DRAM
memory. A host interface connectis the GPU to the CPU via PCI-Express. The GigaThread
global scheduler distributes thread blocks to SM thread schedulers.

a1
)
1]
f =
4]
o]
=
Ly
O
I

GigaThead

Fermi's 16 SM are positioned around a common L2 cache. Each SM is a vertical
rectangular strip that contain an orange portion (scheduler and dispatch), a green portion
(execution units), and light blue portions (register file and L1 cache).




Third Generation Streaming
Multiprocessor

The third generation SM introduces several
architectural innovations that make it not only the
most powerful SM yet built, but also the most
programmable and efficient.

512 High Performance CUDA cores

Each SM features 32 CUDA CUDA Core

processors—a fourfold Dispatch Port

. . Operand Collector
Increase over prior SM

designs. Each CUDA

processor has a fully

pipelined integer arithmetic Result Queue
logic unit (ALU) and floating

point unit (FPU). Prior GPUs used IEEE 754-1985
floating point arithmetic. The Fermi architecture
implements the new IEEE 754-2008 floating-point
standard, providing the fused multiply-add (FMA)
instruction for both single and double precision
arithmetic. FMA improves over a multiply-add ~ mierconnectNetwork
(MAD) instruction by doing the multiplication and

addition with a single final rounding step, with no _
loss of precision in the addition. FMA is more e |

accurate than performing the operations Fermi Streaming Multiprocessor (SM)
separately. GT200 implemented double precision FMA.




Multiply-Add (MAD):

4
- I

Fused Multiply-Add (FMA)

+
- I




PEZY-SCx Processor Roadmap

‘ PEZY-SC ‘ PEZY-SC2 PEZY-SC3 PEZY-SCA4
Process 28nm 16nm nm Snm
Die Size 412mm?2 620mm?2 700mm?2 7401mm?2
Number of Cores 1,024 2,048 8.096 16,192
Core Voltage 0.9V 0.8V 0.65V 0.55V
Core Clock 733MHz 1GHz 1.33GHz 1.6GHz
DRAM-IO DDRA4 DDR4 DDR4/5 DDR5
DDR Clock 2.133MHz 2.666MHz 3.6GHz 4GHz
Port£4 8 4 4 4
Wide-10 Clock 2GHz DDR 2GHz DDR 3GHz DDR
Wide-10 Width - 1.024Dbit 3.072btt 4,096bit
Wide-10 Ports 1 8 8
Memory Bandwidth 153.6GB/s 2.1TB/s 12.2TB/s 24 4TB/s
Peripheral IO PCI3e Gen3 PCle Gend Custom Optical Custom Optical
Peripheral IO lane 24 32 128 512
Peripheral 10 Bandwidth 32GB/s 64GB/s 256GB/s 1TB/s
DP Performance 1.5TFLOPS 4. 1TFLOPS 21.8TFLOPS 52.5TFLOPS
SP Performance 3.0TFLOPS 8.2TFLOPS 43.6TFLOPS 105TFLOPS
HP Performance - 16.4TFLOPS 87.2TFLOPS 210TFLOPS
Power Consumption 100W 200W 400W 640W
Power Efficiency 15GFLOPS/w 20.5GFLOPS/w 54.5GFLOPS/w 82.0GFLOPS/w
System Efficiency 6.7GFLOPS/w 1SGFLOPS/w 40GFLOPS/w 60GFLOPS/w
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‘ Special Function Unit \

Village Village

Village

JLOET

Village Village
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‘ L2D$ (64 KiB) \




8X Program Counter
L1I$ (256W x 64-Dbit)
(2 KiB)

ALU
4 FLOP/cycle

Reqister File
(256W x 32-bit)
(1 KiB)

Local Storage
(4096W x 32-bit)
(16 KiB)










KpaTtku cBeaeHmsa 3a gpyrmu MI1: YcnosHu npexoam n npeHoc 8 MI1 6e3 PRY
(,,Alpha®, MIPS) un c 2 PRY (POWER). MI1 c ,,peructpos npo3opeu” (SPARC).
Mporpamu ,3apasen, ceat!” 3a pas3nnyHu MI n onepaymonHu cuctemun (OC).




Date announced 1992 1986 1986 1993 1987
Instruction size (bits) 32 32 32 32 32
Address space (size, model) 64 hits, flat 32 bits, flat 48 hits, 32 bits, flat 32 bits, flat
segmented
Data alignment Aligned Aligned Aligned Unaligned Aligned
Data addressing modes 1 1 5 4 2
Protection Page Page Page Page Page
Minimum page size 8 KB 4 KB 4 KB 4 KB 8 KB
/O Memory mapped | Memory mapped | Memory mapped | Memory mapped | Memory mapped
Integer registers (number, model, size) | 31 GPR x 64 bits | 31 GPR x 32 bits | 31 GPR x 32 bits | 32 GPR x 32 bits | 31 GPR x 32 bits
Separate floating-point registers 31 x32o0r 16 x 32 or 56 x 32 or 32 x 32 or 32 x 32 o0r
31 x 64 bits 16 x 64 bits 28 x 64 bits 32 x 64 bits 32 x 64 bits
Floating-point format IEEE 754 single, |IEEE 754 single, | IEEE 754 single, | |IEEE 754 single, | IEEE 754 single,
double double double double double

FIGURE E.1.1 Summary of the first version of five architectures for desktops and servers. Except for the number of data
address modes and some instruction set details, the integer instruction sets of these architectures are very similar. Contrast this with Figure
E.17.1. Later versions of these architectures all support a flat, 64-bit address space.



Register + offset (displacement or based)

Register + register (indexed) X (FP) X (Loads) X X
Register + scaled register (scaled) X

Register + offset and update register X A

Register + register and update register X X

FIGURE E.2.1 Summary of data addressing modes supported by the desktop architectures. PA RISC also has short address
versions of the offset addressing modes. MIPS-64 has indexed addressing for floating-point loads and stores. (These addressing modes are
described in Figure 2.18.)



MIPS uses the contents of registers to evaluate conditional branches. Any two
registers can be compared for equality (BEQ) or inequality (BNE), and then the
branchistakenifthe condition holds. The seton less than instructions (SLT, SLTI,
SLTU, SLTIU) compare two operands and then set the destination register to 1
if less and to 0 otherwise. These instructions are enough to synthesize the full set
of relations. Because of the popularity of comparisons to 0, MIPS includes special
compare and branch instructions for all such comparisons: greater than or equal to
zero (BGEZ), greater than zero (BGTZ), less than or equal to zero (BLEZ), and less
than zero (BLTZ). Of course, equal and not equal to zero can be synthesized using
r0 with BEQ and BNE. Like SPARC, MIPS I uses a condition code for floating point
with separate floating-point compare and branch instructions; MIPS IV expanded
this to eight floating-point condition codes, with the floating point comparisons
and branch instructions specifying the condition to set or test.

Alpha compares (CMPEQ, CMPLT, CMPLE, CMPULT, CMPULE) test two registers
and set a third to 1 if the condition is true and to 0 otherwise. Floating-point
compares (CMTEQ, CMTLT, CMTLE, CMTUN) set the result to 2.0 if the condition
holds and to 0 otherwise. The branch instructions compare one register to 0 (BEQ,
BGE, BGT, BLE, BLT, BNE) or its least significant bit to 0 (BLBC, BLBS) and
then branch if the condition holds.




In the future, I'm going to write x to mean "L or Q", and Rb/#b to mean "a register (RH) or a small constant in the range 0 to 255."
The Alpha AXP has no corresponding trap variant for arithmetic carry. So how would you detect carry??!

Answer: The same way you detect carry in C, or pretty much any other programming language that doesn't support carry.

To detect carry during addition, you check whether the sum Is less than either addend. If the sum is less than one addend, then it will
also be less than the other addend, so use whichever addend is most convenient.

» Rc = Ra + Rb, with Rd receiving carry
v Assumes Rc 1s not the same as Ra
ADDXx  Ra, Rb, Rc : RC = Ra + Rb
CMPULT Ra, Rc, Rd : Rd = carry

» Rc = Ra + Rb, with Rd receiving carry
v Assumes Rc 1s not the same as Rb
ADDXx  Ra, Rb, Rc : RC = Ra + Rb
CMPULT Rb, Rc, Rd : Rd = carry

» Rc = Rc + Rc, with Rd receiving carry
» Assumes Rd is distinct from Rc

BIS Rd, Rc, Rc : Rd = RC
ADDXx  Rc, Rc, Rc : Rc = RC + RC
CMPULT Rd, Rc, Rd : Rd = carry

The last case is where the output overwrites both inputs, so we have to stash one of the inputs in B4 so we can compare it to the result
afterwards.

To detect borrow during subtraction, you check whether the subtrahend is greater than the minuend.

» Rc = Ra - Rb, with Rd receiving borrow
» Assumes Rd is distinct from both inputs
CMPULT Ra, Rb, Rd : Rd borrow
SUBx  Ra, Rb, Rc : Rc = Ra - Rb

illw _
v Raymond Chen - MSFT



3.3.3 64-Bit Addition and Subtraction

In some cases, the numbers being added or subtracted can be more than 32-bits long. Since general-
purpose registers are only 32-bits wide. it is the job of the programmer (or the compiler) to write the
code to break down large numbers into smaller chunks to be processed by the CPU. Figure 3—3
illustrates this. In Figure 3—3, r3 contains the upper 32 bits of a 64-bit constant, and r2 contains the
lower 32 bits of that 64-bit constant. Likewise. r5 and r4 together contain a 64-bit constant.

3 r2 a7 rd = ril ri0

I+

Figure 3-3 64-Bit Addition and Subtraction

Add with Carry
Below 1s an example of code to add two 64-bit constants together:

ADDU rl0,r2, rd # rl10 « rZ2 + r4d

SLTU r1ll, r10,r2 # rll=1 if r10 (sum) is less than r?
ADD (U) rll,rll,r3 # rll & rll (carry) + r3

ADD(U) rll,rl1l1,r5 # rll « rll + r5

The first ADDU instruction adds the lower 32 bits of two constants together and puts the result in
r10. The TX19 architecture does not provide a flag bit to indicate whether an arithmetic operation
results in a carry-out. Therefore, it is necessary to somehow record an occurrence of a carry-out
resulting from an addition. For the sake of discussion. let’s assume that the two operands are
positive values. Then, based on the fact that if the sum is less than one of the operands added. a
carry-out occurred, the next SLTU (Set on Less Than Unsigned) instruction sets r1l to 1 ifr10 is
less than r2. The following two ADD(U) instructions add the carry-out bit (1 or 0) and the upper 32
bits of the two 64-bit constants.

The last two instructions can be either ADD or ADDU. The only difference between these two
instructions is that ADDU (Add Unsigned) never causes an integer overflow exception. When you
use the ADDU instruction. you need to write the code to explicitly test for an occurrence of the
overflow condition. This is discussed in the next section.



Subtract with Borrow

In 64-bit subtraction, the code must take care of the borrow of the lower operand. The technique for
performing subtract-with-borrow 1s quite similar to add-with-carry. Below 1s an example of code to
subtract a 64-bit constant from a 64-bit constant.

SLTU r8,r2,r4d # r8=1 if r2 is less than r4
SUBU r10,r2,r4d # r1l0 « r2 - r4

SUB (U) rll,r3,r5 # rll « r3 - r5

SUB (U) r11,rl1l1,r8 # rll « rll - r8 (borrow)

First of all, the SLTU 1instruction checks 1f 12 (minuend) 1s smaller than r4 (subtrahend). If 1t 1s, 18 1s
set to 1. That 1s, 1f there 1s a borrow resulting from the subtraction of the lower 32 bits, its
occurrence 1s recorded 1n 18. The content of 18 1s subtracted in the last SUB(U) instruction.

Again, the only difference between the SUB and SUBU instructions 1s that SUBU (Subtract
Unsigned) never causes an mteger overflow exception.
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Mporpamu ,,3apasen, cat!”

CnepBat 27 nporpamu ,,3apaBen, cBAT  3a 16 pa3nmnu-
HU MUKPOMPOLLECOPHU APXUTEKTYPU U 19 pas3nnyHu
onepauuoHHN CUCTEMU, MOBEYETO HANMMCaHU OT aBTO-
pa (opyry 4acTUYHO B3aMMCTBAHU OT APYrv aBTOPU) U
M3npobBaHM IMYHO OT HErO Ha PeasiIHM KoMMNoTPKU (He
emynatopu). EAHOMMEHHNTE apXUTEKTYPU C Pa3/IMYHA
paspagHocT (16, 32 n 64 6uTta) ce 6pPOAT 3a pas3/INYHK
nopaamn ronsmaTa pPas3/IMKa B 3aperKJaHeTo Ha aapeca
Ha HM3a, HAYMHA HA U3BMKBAHE Ha AAQPOTO UM CUCTe-
MaTa OT KOMaHAU. B nporpamute He ca U3NON3BaHWU
HMKAKBU BbHLWHW 06EKTHU pannoBe unm bnbnnoTekn.



hellodos.s NMporpama ,3npasen, cBAT!“ 3a 8086+ Ha MS-DOS (NASM)

org 0x100
MOV AH, 9
MOV DX, MSG
INT 0x21
RET

MSG: DB "Hello, world!'!",13,10,'$"



helloos2.s Mporpama ,3npasei, cBaAT!*” 3a 1386+ Ha 0S/2 / eCS (NASM)

; nasm -f obj helloos2.s
; Link386 /pm:vio helloos2,,nul,052386;

segment class=code use32 flat
extern Dos32Write,Dos32Exit

..start:
PUSH WRITTEN
PUSH LEN
PUSH MSG
PUSH 1
CALL Dos32Write
PUSH 0
PUSH 0

CALL Dos32Exit

segment class=data use32 flat

MSG: db "Hello, world!", 13,10
LEN equ $ — MSG

WRITTEN: resd 1

segment class=stack stack use32 flat
resd 1024

segment bss class=bss use32
resd 1

group dgroup bss



hellowin.s

Nporpama ,3aopaBent, cBaT!“ 3a 1386+ Ha Windows (gas)

# as -0 hellowin.obj hellowin.s; golink —console hellowin.obj kernel32.dll

.global Start

Start:
PUSHL
CALL
PUSHL
PUSHL
PUSHL
PUSHL
PUSHL
CALL
CALL

.data

MSG: .ascil

LEN = .

WRITTEN:.int

$-11
GetStdHandle
$0

$WRITTEN

$LEN

$MSG

%SEAX
WriteConsoleA
ExitProcess
"3npasen, cBat!\n\n"
- MSG

0

H HHEHHIFHRIFEHIFHRHB

BxooHa TO4Ka

STD_OUTPUT_HANDLE (cTaHpapTeH u3xopn)
BbpHu N Ha dannosua geckpuntop
3anaceH apryMeHT, Tpabsa pa 6boe NULL
bpon penctBuTenHo 3anucaHm banmtose
ObnxuHa Ha Hu3a (UTF-8)

Aopec Ha Hu3a

l. Ha pgeckpunTopa Ha CTaHOapTHUA KU3Xof
OyHKUMATA npeMaxBa OT CTeka 20 bauTa
3aBbpliBaHe Ha npoueca

CHCP 65001, 3a pa ce BuMOM TO3U TEKCT



hellobsd.s Nporpama ,3nopaseit, cBaT!“ 3a 1386+ Ha BSD/0S (gas)
.globl _start,main
_start: # BxopgHa TO4YkKa
main: # Touyka Ha npekbcCcBaHe Ha gdb
PUSH $LEN # ObnxuHa Ha Hu3a (UTF-8)
PUSH $MSG # Appec Ha Hu3a
PUSH $1 # ®aunoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
SUB $4,%ESP # BSD u3ucksa owe 1 gymMa B CTeka
MOV $4,%EAX # SYS_write (3anuc: /usr/include/sys/syscall.h)
LCALL $7,%0 # N3BMKanW cboTBeTHaTa PyHKUMS Ha agpoTo Ha OC
MOV $1,%EAX # SYS_exit (3aBbpwBaHe Ha npoueca)
LCALL  $7,%0
.data
MSG: .ascii "3ppaBen, ceat!\n\n"

LEN = .

- MSG



hellounx.s

Mporpama ,3ppasen, cBaT!*“ 3a 1386+ (as Ha UnixWare)

.globl
_start:
main:

.data
MSG:

BxogHa To4ka

Toyka Ha npekbcBaHe Ha debug

ObnxuHa Ha Hu3a (UTF-8)

Aopec Ha Hu3a

®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
Unixware kato BSD u3uckea ouwe 1 goyMa B CTeKa
SYS_write (3anuc: /usr/include/sys/syscall.h)
N3BuMKanm cboTBeTHaTa ¢yHKUMA Ha aapoTo Ha OC
SYS_exit (3aBbpwBaHe Ha npoueca)

_start,main

#

#
push $LEN #
push $MSG #
push $1 #
sub $4,%esp #
mov $4,%eax #
lcall $7, %0 #
mov $1,%eax #
lcall $7, %0
.ascii "3ppaBen, ceat!\n\n"

LEN = . - MSG



hellomac.s NporpamMa ,3ppaBenn, cBaT!“ 3a 1386+ Ha Mac 0S X (gas)

.globl start,main

start: # BxopgHa TO4YkKa

main: # Touyka Ha npekbcCcBaHe Ha gdb
PUSH $LEN # ObnxuHa Ha Hu3a (UTF-8)
PUSH $MSG # Appec Ha Hu3a
PUSH $1 # ®aunoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
SUB $4,%ESP # Mac 0S X (u BSD Bbobue) u3uckeat oue 1 gyma B CTeka
MOV $4,%EAX # SYS_write (3anuc: /usr/include/sys/syscall.h)
INT $0x80 # N3BUKanM cboTBeTHaTa QPyHKUMA Ha agpoTo Ha OC
MOV $1,%EAX # SYS_exit (3aBbpwBaHe Ha npoueca)
INT $0x80

.data

MSG: .ascii "3ppaBen, ceat!\n\n"

LEN = . - MSG



hellofbs.s NporpamMa ,3ppaBen, cBaT!“ 3a 1386+ Ha FreeBSD (gas)
.globl _start,main
_start: # BxopgHa TO4YkKa
main: # Touyka Ha npekbCcBaHe Ha gdb
PUSH EBP # ,3auenka” 3a gdb, 3a pga Bnese B CTbMKOB PEXUM
MOV %ESP,%EBP
PUSH $LEN # ObnxuHa Ha Hu3a (UTF-8)
PUSH $MSG # Appec Ha Hu3a
PUSH $1 # ®aunoB peckpuntop 1: stdout (cTtaHpapTeH u3xopn)
SUB $4,%ESP # BSD u3ucksa owe 1 gymMa B CTeka
MOV $4,%EAX # SYS_write (3anuc: /usr/include/sys/syscall.h)
INT $0x80 # N3BUKanM cboTBeTHaTa QPyHKUMA Ha agpoTo Ha 0OC
MOV $1,%EAX # SYS_exit (3aBbpwBaHe Ha npoueca)
INT $0x80
.data
MSG: .ascii "3ppaBen, ceat!\n\n"

LEN = . - MSG



helloopn.s NporpamMa ,3ppaBenn, cBaT!“ 3a 1386+ Ha OpenBSD (gas)

# as -o helloopn.o helloopn.s
# 1ld ——dynamic-linker /usr/libexec/1ld.so —o helloopn helloopn.o

.globl _start,main

_start: # BxopgHa TO4YkKa

main: # Touyka Ha npekbCcBaHe Ha gdb
PUSH EBP # ,3auenka” 3a gdb, 3a pa Bnese B CTbMKOB PEXUM
MOV %ESP,%EBP
PUSH $LEN # ObnxuHa Ha Hu3a (UTF-8)
PUSH $MSG # Appec Ha Hu3a
PUSH $1 # ®aunoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
SUB $4,%ESP # BSD u3ucksa owe 1 gymMa B CTeka
MOV $4,%EAX # SYS_write (3anuc: /usr/include/sys/syscall.h)
INT $0x80 # N3BUKanM cboTBeTHaTa QPyHKUMA Ha agpoTo Ha OC
MOV $1,%EAX # SYS_exit (3aBbpwBaHe Ha npoueca)
INT $0x80

.data

MSG: .ascii "3ppaBen, ceat!\n\n"

LEN = . - MSG

.section ".note.netbsd.ident", "a", %note
.p2align 2
.int 8,4,1
.asciz "OpenBSD"
.1nt 0



hello386.s Nporpama ,3apaBen, cBaT!“ 3a 1386+ Ha Linux (gas)

.global _start,main

_start: # BxooHa TO4Ka

main: # Touyka Ha npekbcCcBaHe Ha gdb
MOV $4,%EAX # SYS_write (3anuc: /usr/include/{apxut.}/asm/unistd.h
MOV $1,%EBX # ®aunos peckpuntop 1: stdout (cTtaHpapteH u3xopn)
MOV $MSG, SECX# Apgpec Ha Hu3a
MOV $LEN,SEDX# ObnxuHa Ha Hu3a (UTF-8)
INT $0x80 # N3BMKanW cboTBeTHaTa PyHKUMS Ha agpoTo Ha OC
MOV $1,%EAX # SYS_exit (3aBbpwBaHe Ha npoueca)
INT $0x80

.data

MSG: .ascii "3pgpaseun, ceat!\n\n"

LEN = . - MSG



hellomnx.s

Nporpama ,3aopaBent, cBaT!“ 3a 1386+ Ha MINIX 3 (gas)

.globl _start
_start:

# BxopHa TO4YkKa

$1,%EAX # lMony4yaten Ha cbobweHneTo

$MSG_write,%EBX # Yka3aTten KbM CTpyKTypaTa Ha CbobueHueTto
$3,%ECX # SENDREC (npM-npp, BX. /usr/include/minix/ipcconst.h)
$0x21  # lpepan cbobuweHue Ha MuUKposapoTo 4pe3 SYS386_VECTOR
$MSG_exit,SEBX

$3,%ECX

$0x21

"3npasen, cBat!\n\n"
# 4: WRITE (/usr/include/minix/callnr.h), 1: stdout (cTaHp.un3X.

.int 0,4,1, MSG_write - STR, 0,STR # Agopec Ha 3anucBaHUS HU3

MOV
MOV
MOV
INT
MOV
MOV
INT
.data
STR: .ascii
MSG_write:
.Space 8
MSG_exit:
.int 90,1

.Space 24

# Uanoto cbobueHne e 32 bauTta; OOTYyK ca 24, 3Hayu ocCcTaBaT ole 8

# 1: EXIT (3aBbpuu npoueca, Bx. /usr/include/minix/callnr.h)
# DonbnHu po 32 6auta (32 - 8 = 24)



helloind.s NporpamMa ,3pnpasenn, cBaT!“ 3a AMD64 Ha OpenIndiana (gas)

# as —64 -0 helloind.o helloind.s && 1ld —-m elf_x86_64 -o helloind helloind.o

.global _start,main

_start: # BxopoHa ToOYkKa

main: # Touyka Ha npekbcBaHe Ha gdb
MOV $4, %RAX # SYS_write (3anuc: BX. /usr/include/sys/syscall.h)
MOV $1,%RDI # OaunoB peckpuntop 1: stdout (cTtaHpapTeH u3xon)
LEA MSG, %RSI # ApQpec Ha Hu3a
MOV $LEN,%RDX  # [ObnxuHa Ha Hu3a (UTF-8)
SYSCALL # N3BMKaW cboTBeTHaTa QPyHKUMA Ha agpoTo Ha OC
MOV $1,%EAX # SYS_exit (3aBbpuBaHe Ha npoueca)
SYSCALL

.data

MSG: .ascii "3pgpaseun, ceat!\n\n"

LEN = . - MSG



hellom64.s NporpamMa ,3ppaBen, cBat!“ 3a AMD64 Ha Mac 0S X (gas)

# as -0 hellom64.o0 hellomb64.s
# 1d —-macosx_version_min 10.7 -o hellom64 hellom64.o0

#
# 2 n 24 no—pony ca SYSCALL_CLASS_UNIX n SYSCALL_CLASS_SHIFT, pe¢uHupaHu B
# http://opensource.apple.com/source/xnu/xnu-1228/osfmk/mach/i386/syscall_sw.h

.globl start,main

start: # BxopoHa ToOuKa

main: # Touyka Ha npekbcCcBaHe Ha gdb
MOV $(2 << 24 | 4),%RAX # SYS_write (/usr/include/sys/syscall.h)
MOV $1,%RDI # OannoB peckpuntop 1l: CcTaHOapTeH wu3xof
LEA MSG(%RIP),%RSI # Appec Ha Hu3a
MOV LEN (%RIP) ,%RDX # ObnXuHa Ha Hu3a (UTF-8)
SYSCALL # N3BMKaW CcbOTBeTHaTa PYHKUMS Ha AOpOTO
MOV $(2 << 24 | 1),%RAX # SYS_exit (3aBbpwBaHe Ha npoueca)
SYSCALL

.data

MSG: .ascii "3ppasen, cat!\n\n"

LEN: . Long . — MSG



helloarm.s

NporpamMa ,3npasen, cBAT!“ 3a ARM Ha Linux (gas)

.global _start,main

_start:
main:

.data
MSG:

MOV
MOV
LDR
MOV
SWI
MOV
SWI

//

//
R7,#4  //
RO,#1 //
R1,=MSG //
R2,#LEN //
0 //

R7,#1 //

0

BxogHa To4ka

Touyka Ha npekbcBaHe Ha gdb

SYS_write (3anuc: /usr/include/<{apxut.}/asm/unistd.h
®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)

Aopec Ha Hu3a

ObnxuHa Ha Hu3a (UTF-8)

N3BuMKanm cboTBeTHaTa ¢yHKUMa Ha aapoTo Ha OC

SYS_exit (3aBbpwBaHe Ha npoueca)

.ascii "3ppaBen, ceat!\n\n"
- MSG

LEN = .



hellonet.s NporpamMa ,3npasen, cBaT!“ 3a ARM Ha NetBSD (gas)

.global _start,main

_start: // BXxogHa TO4Ka
main: // To4yka Ha npekbcBaHe Ha gdb
MOV RO, #1 // O®annos peckpuntop 1: stdout (cTtaHpmapTeH u3xopn)
LDR R1,=MSG // Appec Ha Hu3a
MOV R2,#LEN // ObnxuHa Ha Hu3a (UTF-8)
SWI 0xAQ0004// 4: SYS_write (3anuc, BX. /usr/include/sys/syscall.h)
SWI 0xA00001// 1: SYS_exit (3aBbpwBaHe Ha npoueca)
.data
MSG: .ascii "3ppaBen, ceat!\n\n"

LEN = . - MSG

.section ".note.netbsd.ident", "a", %note

.int 7,4,1
.ascii "NetBSD"
.p2align 2

.int 102000000/ /Bepcua 1.2 e nbpBaTta, npeHeceHa Ha ARM



helloab4.s

NporpamMa ,3pnpasen, cBat!“ 3a ARM64 Ha FreeBSD (clang)

# FreeBSD: clang -c -0 helloa64.0 helloab4.s; ld —o helloa64 helloab4.o0

.global _start,main

_start:

main:
MOV
MOV
LDR
MOV
SVC
MOV
SVC

.data

X8, #4
X0, #1
X1,=MSG
X2,#27
0

X8, #1

0

//
//
//
//
//
//
//
//

BxogHa To4ka

Touyka Ha npekbcBaHe Ha gdb

SYS_write (3anuc: /usr/include/sys/syscall.h)
®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
Aopec Ha Hu3a

ObnxuHa Ha Hu3a (UTF-8)

N3BuMKanm cboTBeTHaTa QyHKUMa Ha aapoTo Ha OC
SYS_exit (3aBbpwBaHe Ha npoueca)

MSG: .ascii "3ppaBen, ceat!\n\n"



helloaab.s

Nporpama ,3npasen, cBaT!“ 3a ARM64 Ha Linux (gas)

.global _start,main

_start:
main:

.data
MSG:

MOV
MOV
LDR
MOV
SVC
MOV
SVC

//

//
X8,#64 //
X0,#1 //
X1,=MSG //
X2,#LEN //
0 //
X8,#93 //
0

BxogHa To4ka

Touyka Ha npekbcBaHe Ha gdb

SYS_write (3anmuc: /usr/include/asm—-generic/unistd.h)
®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)

Aopec Ha Hu3a

ObnxuHa Ha Hu3a (UTF-8)

N3BuMKanm cboTBeTHaTa ¢yHKUMa Ha aapoTo Ha OC

SYS_exit (3aBbpwBaHe Ha npoueca)

.ascii "3ppaBen, ceat!\n\n"
- MSG

LEN = .



helloppc.s NporpamMa ,3pnpasenn, cBat!“ 3a PowerPC Ha Mac 0S X (gas)

.globl start,_main
start: » BxogoHa TO4Ka

_main: ; Toyka Ha npekbcBaHe Ha gdb
i ro, 4 ; SYS_write (3anuc: /usr/include/sys/syscall.h)
11 r3,1 ; ®annoB peckpuntop 1: stdout (cTaHpapTeH u3xop
lis r4,hil6 (MSG) ; 3apeou cTapwaTa 4acCT Ha agpeca Ha Hu3a, << 16
addi r4,r4,1016(MSG) ; [obaBu Mnapgwata My 4acT
i r5,27 ; ObnxuHa Ha Hu3a (UTF-8)
SC ; NU3BnKanm cboTBeTHaTa QyHKUMSA Ha sgpoTo Ha OC
nop ; lle 6bpe npeckovyeHa npu ycneweH SC (SysCall)
i ro,1 ; SYS_exit (3aBbpwBaHe Ha npoueca)
SC

.data

MSG: .ascii "3ppaBen, ceat!\n\n"



helloaix.s

NMporpama ,3pnpasen, cBaAT!“ 3a POWER (as Ha AIX 7.1-1115)

# as —-ab4 -o helloaix.o helloaix.s && 1d -b64 -0 helloaix helloaix.o
# ObnruaT nponor e HeobxomuMm, 3a ga paboTum kKomaHpaTa "start" Ha gdb.

# BHUMAHWE: HoMepaTa Ha CUCTEMHUTE U3BWKBAHUA BaxaT caMo 3a AIX Bepcwusd
# 7100-00-03-1115 (oslevel -s), u 1O camo 3a 64-6uTOBM nporpamu!

.csect main[DS]
.globl __start

__start:
. Lllong .main

# BXxoOHa TO4Ka

.csect .text[PR]

# Touyka Ha npekbCBaHe Ha gdb
4,T.MSG(2) # Appec Ha Hu3a
2,312 # write (3anuc — Bx. 3abenexkaTta 3a HoMepaTa no-rope!)

3,1 # ®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)

5,LEN  # [ObnxuHa Ha Hu3a (UTF-8)

11 # BbpHu apgpeca Ha mflr B 1lr

6 # VMa owe 4 KOMaHOM O[O KOMaHpaTa cnep Svca;

6,6,4x4 # 3atoBa Kopurupau agpeca B lr c 4 x 4,

6 # Ta Oa yKa3Ba KbM Hed.

0 # N3BUKanW cboTBeTHaTa QPyHKUMA Ha agpoTo Ha 0OC

2,52 # exit (3aBbpwBaHe Ha npoueca — BX. 3abenexkata 3a Nk)
0

"3npaBen, cBat!"
10,10

.globl .main
.main:
la
1i
1i
1i
bl
11: mflr
addi
mtlr
svca
1i
svca
.csect .datal[RW]
MSG: .byte
.byte
.set LEN, $ — MSG
.align 3
.toc
T.MSG: .tc

MSG[TC] ,MSG



helloirx.s Mporpama ,3npasen, cBaAT!“ 3a MIPS32 (as Ha Irix)

# as —nocpp -non_shared helloirx.s; ld -non_shared -o helloirx helloirx.o

11 $4,1 # ®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
la $5,MSG # Apgpec Ha Hu3a

i $6,27  # [ObnxuHa Ha Hu3a (UTF-8)

i $2,1004 # SYS write (3anmuc: /usr/include/sys.s)

syscall # N3BMKanW cbOoTBeTHaTa PyHKUMS Ha agpoTo Ha OC

i $2,1001 # SYS_exit (3aBbpwBaHe Ha npoueca)

syscall

.data
MSG: .ascii "3ppaseun, cBAT!\n\n"



helloib4.s NMporpama ,3npasen, cBaAT!“ 3a MIPS64 (as Ha Irix)

# as —-64 -nocpp —-non_shared helloirx.s; 1ld —-non_shared —-o helloirx helloirx.o

11 $4,1 # ®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
dla $5,MSG # Apgpec Ha Hu3a

i $6,27  # [ObnxuHa Ha Hu3a (UTF-8)

i $2,1004 # SYS write (3anmuc: /usr/include/sys.s)

syscall # N3BMKanW cbOoTBeTHaTa PyHKUMS Ha agpoTo Ha OC

i $2,1001 # SYS_exit (3aBbpwBaHe Ha npoueca)

syscall

.data
MSG: .ascii "3ppaseun, cBAT!\n\n"



hellosun.s NporpamMa ,3ppasenn, cBat!“ 3a SPARC Ha Solaris (gas)
.globl _start,main
_start: ! BxogHa TO4Ka
main: I Touka Ha npekbcBaHe Ha gdb
MOV 1,%00 I O0annoB peckpuntop 1: stdout (cTtaHmapTteH u3xopn)
SET MSG,%01 ! Agpec Ha Hu3a
MOV LEN,%02 ! ObnxuHa Ha Hu3a (UTF-8)
MOV 4,%91 I SYS_write (3anuc: /usr/include/sys/syscall.h)
TA 8 I U3BMKanm cboTBeTHaTa ¢yHKUMA Ha aapoTo Ha OC
MOV 1,%91 I SYS_exit (3aBbpwBaHe Ha npoueca)
TA 8
.data
MSG: .ascii "3pgpaseun, ceat!\n\n"

LEN = . - MSG



hellos64.s MNporpama ,3apaseit, cBaT!“ 3a SPARC64 Ha Solaris (gas)

I as -Av9 -64 -0 hellos64.0 hellos64.s
I 1d -Av9 -m elf64_sparc -o hellos64 hellos64.o0

.globl _start,main

_start: ! BxogHa TO4Ka

main: I Touka Ha npekbcBaHe Ha gdb
MOV 1,%00 I O0annoB peckpuntop 1: stdout (cTaHmapTeH u3xopn)
SETX MSG,%02,%01 ! Agpec Ha Hu3a
MOV LEN,%02 ! ObnxuHa Ha Hu3a (UTF-8)
MOV 4,%91 I SYS_write (3anuc: /usr/include/sys/syscall.h)
TA 0x40 I U3BMKan cboTBeTHaTa ¢yHKUMA Ha aapoTo Ha OC
MOV 1,%91 I SYS_exit (3aBbpwBaHe Ha npoueca)
TA 0x40

.data

MSG: .ascii "3pgpaseun, ceat!\n\n"

LEN = . - MSG



S Nporpama ,3npasent, cBaT!“ 3a PA-RISC (as Ha HP-UX)

hellopar.

. code

.export $

$STARTS
L
L
L
L
L
B
L
B
L

.data

MSG

STARTS$

DIL 0x180000,%r18 ’
DI 4,%r22 ;
DI 1,%r26 ’
DIL %MSG,%r25 ;
DO %MSG(%r25) ,%r25;
E,L 4(%sr7,%rl18) ;
DI 27 ,%r24 ;
E 4(%sr7,%rl18)

DI 1,%r22 ’

BxopHa ToO4kKa

» 0x180000 << 11 = 0xCO00VOVOO, 6a3a Ha cnop.ob.
; SYS_write (/usr/include/sys/scall_define.h)
; Q®annoB peckpuntop 1: stdout (cTaHpapTeH u3xop,

3apeon crtapwaTta 4YacT Ha agpeca Ha Hu3a, << 11
ONo6aBn Mnapumte My 11 6uta Kato oTMeCTBaHe

; N3Bukanm PyHkumaTa Ha appoTto Ha OC (oTnoxeHo)
; [Obn¥uWHa Ha Hu3a (n3nbnHABa ce npeou BE,L!)

SYS_exit (3aBbpuwBaHe; wu3nbfHABa ce npeaun BE)

.string "3ppasen, cat!\n\n"

.subspa $UNWIND_END$,access=0x1F

$UNWIND_E

export $UNWIND_END
ND



hellop64.s NMporpama ,3npasen, cBAT!“ 3a PA-RISC64 (as Ha HP-UX)

; as —o0 hellop64.o0 hellop64.s; ld —-noshared —o hellop64 hellop64.o

. level 2.0w

. code

.export $STARTS

$START$ ; BxopHa TO4Ka
ADDI MSG-$START$-3,%r31,%r25; Agpec Ha Hu3a
LDI 1,%r26 ; ®annoB peckpuntop 1: stdout (cTaHpapTeH u3xop
LDD %MSG(%r30),%rl ; MpepotBpatu '"cannot execute binary file"
LDI 4,%r22 ; SYS_write (/usr/include/sys/scall_define.h)
LDIL %0x60000800,%r1
ADD %rl,%srl,%rl18 ; 2 x 0x60000800 = 0xC0001000
BE, L 0(%sr4,%rl18) ; W3BMKan ¢yHKumsaTa Ha sgpoto Ha OC (oTnoxeHo)
LDI 27 ,%r24 ; ObnxuHa Ha Hu3a (u3nbnHaBa ce npeoun BE,L!)
BE 0(%sr4d,%r18)
LDI 1,%r22 ; SYS_exit (3aBbpuwBaHe; u3nbiHABa ce npeoun BE)

MSG .string "3ppasen, cat!\n\n"



hellovax.s

NporpamMa ,3ppasen, cBaT!*“ 3a VAX Ha Ultrix (gas)

.globl
_start:

.data
MSG:

_start

.word
PUSHL
PUSHAL
PUSHL
PUSHL
MOVL
CHMK
PUSHL
MOVL
CHMK

0
$LEN
MSG
$1

$3
SP, AP
$4

$0
SP, AP
$1 #

HHFHIFEHHRHR

BxonoHa Macka (gas HaMa gupekTuBa .entry)
ObnxuHa Ha Hu3a (UTF-8)

Aopec Ha Hu3a

®annoB peckpuntop 1: stdout (cTtaHpapteH u3xopn)
Bpon apryMeHTwu

Hanpasu SP yka3aTten KbM apryMmMeHTturte

SYS_write (3anuc: /usr/sys/h/syscall.h)

SYS_exit (3aBbpwBaHe Ha npoueca)

.ascii "3ppaBen, ceat!\n\n"

LEN

= . — MSG



hellotru.s NporpamMa ,3ppasenn, cBat!“ 3a Alpha (a; as Ha Tru64)

.globl main

.ent main

main: # BxooHa TOYkKa M TOo4YKa Ha npekbcBaHe Ha gdb
ldah $29,0($27) !gpdisp!1l # pv ($27) He e BanupeH => u gp ($29) He e,
lda $29,0($29) 'gpdisp!1 # HOo 6e3 TO3M nponor b main (gdb) He paboTwu
br $27,11 # BbpHu nporpamHusa 6posy pc B pv (procedure value)

11: ldgp $29,0($27) # as pa3uwupsiBa T03M Makpoc kaTto ldah/lda no-rope
ldah $17,MSG($29) !gprelhigh!2 # C7.16 6. Ha 32-6. 3HAaKOBO OTM. OT gp
lda $17,MSG($17) !gprellow!2 # Mnapwu 16 6uTa Ha rOpPHOTO OTMECTBaHe
1dil $16,1 # Oaunos peckpuntop 1: stdout (cTaHmapTeH u3xopn)
1dil $18,27 # [ObnxuHa Ha Hu3a (UTF-8)
1dil $0,4 # SYS_write (3anuc: /usr/include/sys/syscall.h)
call_pal 0x83 # WN3Bukanm cboTBeTHaTa QYyHKUMSA Ha AapoTo Ha OC
1dil $0,1 # SYS_exit (3aBbpwuBaHe Ha npoueca)
call_pal 0x83

.end main

.data

MSG: .ascii "3ppasen, cat!\n\n"



hellovms.mar NporpamMa ,3pnpasenn, cBat!“ 3a IA-64/a Ha OpenVMS (MACRO)

.psect data wrt, noexe
MSG: .ascid "Hello, Itanium!"<13><10>
.psect code nowrt, exe
.entry start,0
PUSHAQ MSG
CALLS #1,G”LIB$PUT_OUTPUT
RET

.end start
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