CHAPTER 2
INTRODUCTION TO THE 1A-32
INTEL ARCHITECTURE

The expoenta growth of canpuing power and pemnal computer ownerdiip made he
computer ;e d the nost important forcesthat siapedbudness and cietyin the £cord half
of the twentieth cetury. Futhermore, compuers are expected tocontinwe to gday cricial roles
in the gowth d techrology, business, ard other new aenasin the future, becawsnewapgica-
tions (such asthe hternet, dgital media, andjeneticyesarch)are srongy degendert on ever
increasng computing power for their growth.

The I1A-32 Intel Architecture has been at the fefront of the conpuer revdution andis today
clearly the prefered conputer arcitectue, asmeasiredby the nunber of conputersin use and
total compuiting power awailable in the world Two of the majorfactorsthat maybe the case of
the popularity of 1A-32 architecture are:compatibility of software writen to run on 1A-32
procesors, and the facthat eachgenerationof 1A-32 praesors deliver $gnificantly higher
performarce han he prevous generaton. As swch, his chaper providesa brief historical
summary of the |1A-32 architectue, from its origin in the Intel 8086 proces®r to the latest
version implemented in the Pentium 4 processa.

2.1. BRIEF HISTORY OF THE IA-32 ARCHITECTURE

The devdopmernts leadng to thelateg version o the IA-32 architectue canbe tracedback ©
theIntel 8085 and 8080 microprocesors andto the Intel 408 micropocesor (the fird micro-
processor, desgned bylntel in 1960). Before thelA-32 architecture family introduced 32bit
procesors, it was prece@d by B-bit procesors includng the 886 pocesor, ard quicy
followed by a more cos-effecive verson, the 8088. Fiom a historic pergectve, the IA-32
architectue containsboth B-bit procesors ard 32bit procesors. At present, the 3zbit IA-32
architectue isa very popular canputerarchitectue for manyopesgting systemsanda verywide
range of appicaions.

One ofthe mos$ important achievernts of the IA-32 arclitecture is that the object cod
programs createdor theseprocessos starting in 1978 still execute on the lates procesa in the
IA-32 archtectue family.

The 886 has16-bit registers ard a B-bit external data bus, with 20-bit addessng givinga k-
MByte adires space. TheB08 is identical excepfor a smaller exernal dita bus of 8 bits
These pocesars introduced segnentation to the IA-32 architecture. Wth segmertation, a 16-
bit segmert register contains a pinter toa memory segnert of up to 64 KBytes insize Using
four segment regstersat a time, the 888088 pocesors are ale to addres up to 2% KBytes
without switching betwveen sgmerts. The D-bit addresses that can ke formedusing a £gment
regster minter ard anadditional 16-bit pointer provide a tdal addressrarnge d 1 MByte.
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The Intel 286 processor introduced theprotectedmode operationinto the 1A-2 archtectue.
This new mode of operationusesthe ggmert regster corerts as selectors or pointers into
de<riptor tables The desriptors provide 24bit ba® addesses allowing a maximum physical
memory size of up to 16 MBytes, support for virtual memory management on a segment swap-
ping bass, andvarious protectionmechaisms These pratectionmeclaniansincludesegment
limit checkng, readonly and execug-only segmert options, and up b four privilege levels to
protect operatng system code i several sibdvisions, if desred) from appicaion or uer
programs.In addtion, hardvare task switching ard local desriptor tablesallow the opesting
systemto protect apficationor user rogramsfrom eachother

The Intel386 pocessr was the first 32-bit procesorin the 1A-32 archtecture famly. It intro-
duced 32bit reg stersinto the achitecure, for use badh to hdd operand ard foraddessing. The
lower Helf of each 2-hit registerretained the popeties of the 16bit registers of the two earlier
gereratons to provide complete backvard compatibility. A new virtuat808 mocde was
providedto yield greaterefficiency whenexecuing pragramscreated for the 8@and 808
procesas on the new32-bit processrs. The Intel 386 processr hasa 32-bit addres bus ard
can sipport up to 4 GBtesof physical memoy. The 32-bit architectue provideslogical addess
space fo eachsoftware poces. The 2-hbit architecture apports both a £gmentedmemory
model anda“flat’ 1 memory model. In the “flat” memory model, the ssgmert registers point to
the ame adires, and all 4 GBtesaddessable gpacewithin each sgmert are accesbleto the
software programner. Theoriginal 16-bit ingructionswere ehancedwith new 32-bit operard
andaddesing forms ard canpletelynew indructiors were povided, including those for bit
manipulation. The Intel386 processo alsointroduced paging into the IA-32 architectue, with
the fixed 4-KByte pa@ size prwiding a mehod for virtual memay managemen that was
significantly superiar comparedto usng ssgmentsfor the pupos. Thispagng system was
much mae eficient for operating systems and comgetely tranparent tothe aplications
without significant sacrifice in execution speed The alility to support 4 GBytes of virtual
addess space,memoy protectiontogetherwith pagirg support, enabledhe 1A-32 arclitecture
to be a pgularchoicefor advarced geratingsystens ard wide \eriety of applications

The 1A-32 architecture has beenard is committed to the taskof maintaining backward compat-

ibility atthe doject cale level to presene Intel customers’ laige investment in software. At the

same time, ineachgenestion of the arclitectue, thelates most effective micro-archtectue ard

silicon fabkricaion technologies hawe beenused b produce high-performanceproes®rs. In

each geeration oflA-32 praesors, Intel hasconceivedard incorporatedincreasngly sophis

ticated techiquesinto its microachitecture in pursuit of ever fster computersVarious forms

of parallel procesing have beenhe most peformance enhacing of these €chngues ard the

Intel386 procesor wasthe irst IA-32 architectue praesor to include a number d parallel
stages These $x stagesare the BisInterface Unit (accesss memay andl/O for the otler units),

the Gode PrefetchUnit (receives object code fsm the Bus Unit and pusit into al6-byte quee),

the Instruction Decode Uiit (decalesobject cale fom the Prefetchunit into microcale), the

Execuion Unit (executes tle nmicrocode instructions), the Segnent Unit (translates laical

addessesto linear adreses anddoespratection checls), andthe Paging Unit (trarslateslinear
addresses to physical addesses, doespage ba®d praecton checls, ard contairs a cache with
informationfor upto 3 most reently accesed pages).

1. Requires only one 32-bit address component to access anywhere in the linear address space.
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The Intel486 procesa added more parallel execuion camhblity by expanding the Intel386
processor’s IngructionDecale and Ercution Unitsnto five pipelinedstages where eachtage
(when neeckd) operatesin parallel with the others an up to five instructionsin differert stages
of execution Eachstagecan doits work on one indructionin one clock andso the htel486
procesor canexecuteasrapidly asone indruction perclock cycle An 8-KByte on-chip first-
level cacle wasaddedto the Intel486 procesor to greatlyincreag thepercent d instructions
that colid execute at th salar rate d one per clock memay acces ingructions were row
includedif the opeand wasin thefirst-level cacheThelntel486 praessor also for the firg time
integraiedthe x87FPU onto the praces®sr and adad newpins, hits andinstructionsto suyppat
more compex andpowerful systems(secondlevel cacle sipport ard mutiprocesor suppott).

Latein the Intel486 procesa genedtion, Intel incorporated featiresdesgnedto support power
savngs and other system management capabiliti es irto the 1A-32 architecture meinstreamwith
the Intel4® SL Enharced pre@esors. Thee featueswere deelopedin the Intel386 SL and
Intel48 SL processors, which werespecialized fa the rapdly growing battery-operated nte-
bodk PC market segmert. Thefeaturesinclude the mw System Maragemem Mode, tiggered
by its own dedicated nterrupt pin, which allows complex sysstemmanagmentfeatures(such as
power maregemei of various sibg/stemswithin the FC), to be adéd to asystem rangarerily
to the main operatirg systemand all applications. The Stop Clock ard Auto Halt Powerdown
features allow the procesor itself to execute aa rediced clockrate to save powey or to be but
down (with gate pregrved) to save evenmote power.

The Intel Pentiumprocesor added asecand executionpipeline to aclieve siperscalar perfor-
mance (twipelines knowvn asu and v together can egcute tvo ingructionsperclock). The
on<chip firg-level cache wasl doubed, with 8 KBytes dewted to codeand anotler 8
KBytesdevded to data. The data cacheesthe MESI protocd to support the mae eficient
write-back mode, as well asthe write-tirough mode that is 1sed by the Intel486 processr.
Branch predction with an onehip brarmch table wasadded to increag peiformance m looping
condructs. Extendonswere addedto make the virtual-8086 mode mare eficiert, andto allow
for 4-MByte aswell as4-KByte pages. Themain registers are #ll 32 bits, but internal data peths
of 128 and256 bits were added to sped internal daf trarsfers, andthe bustable exernal data
bushas been inceagdto 64 bits. The Advarced Progammable Irterrupt Controller (APIC) was
added to sypport systens with multiple Pertium processeos, ard new pins ard a sgecial node
(dual processng) was desgnedin to support glueless two proces®r systems

The last poces®r in the Pemium family (the Periium Processr with MMX™ Techology)
introduced the InteMMX tecmology to the IA-32 architectureThe Intel MMX techrology
usesthe sngle-instruction, multiple-data (SIMD) execuion model to perform parallel compu-
tations on packedinteger dta containedn the @l-bit MMX registers This techrology greatly
enharedthe peformance 6the 1A-32 procesors in advarnced medh, imag praesing, and
data conpresion applications

In 199, Intel introduced he F6 family of procesors. This proes®r family was basedonanew
supergalar micro-achitecturethat esablished new peformance sandards One oftheprimary
goalsin thedesgn of the P6 &mily micro-architectue wasto exceed th perbrmarce ofthe
Pentium processo significantly while still using the sane 0.6-micrometer four-layer, metal
BICMOS manudacturing proces. Using the sime nanufactuuring proces as the Petium
proces®r mear that performarce gans could only be achevedthrough substantial advanesin
the micrearctlitectue.
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The Intel Peniium Pro procesor wasthe first processor based on the P6micro-architecure.
Subgquent memters of the P6 pocesor family are: the Itel Pentiumll, Intel Pentium® I
Xeon™, Intel Celeron™, Intel Pentium IIl, ard Intel Pentium® Il Xeon™ processas. A brief
degription of each 6 thee pocesor menbersfollows.

The Petium Proprocessr is three-waysuperscalar permitting it to exectte up to threeinstruc-

tionsperclock cycle. t also introduced the cocept ofdynamic executia (micro-data fow anal-
ysis, out-of-order execution, superior branch predction, and specuative execution in a
supescalar implemetation. Three instructiondecodeunits workedin parallel to decae object
code into smaller gperatims calledmicro-ops(micro-architectue op-codeg. The® microops
are £d into aningruction pod, and (vhen irterdeperercies pemit) can ke exectied out of

order by thefive parallel exection urits (two integertwo FPU ancdne memay interface unit).

TheRetiremert Unit retirescampletedmicro-opsin their aiginal programorder, takingaccount

of any brarches The paver of the Pentium Pro pcesor was further enlanced ly its cachesit

hadthe ame twoon-chip 8 KByte 1¢-Level caclesasdid the Pentiunprocessor, ard al$ had

a 256KByte 2ndLevel cache thatvasin the same packge as and closly coupledto, the
procesor, usng adedicated 64bit backsde (cachdsug full clock speed busThe 1¢&Level

cachewas dual-pated,the 2rd-Level cache spported upto 4concurert acceses, andthe 64

bit exterral data bs wastransction-oriented,meaningthat each accesvashardled asa ®pa-

rate requestand reponse, with numeraus reaiess allowed while awaiting a respnse. Thes

pamllel featuresor dataacces erhancedheperformance d the procesor by providing anon

blocking architecture inwhich the pocesor’sparallel exection units can e better uized. The
Pentium Pro procesa also has an epandced 36bit addessbus giving a maxmum physical

addess spaceof 64 GBytes

The Intel Pertium Il procesa added the Intel MM X techology to the P6family procesars
along with rew paclagingandseveral hadware eharcementsThe praessor core is packagd
in the Sngle Edge ntactcatridge (SE), enalhing eag of deggnard flexible mothelnoad
architectue. Thefirst-level data andingruction cacles are enlaged to 16 KBytes each, ad
secondlevel cachesizesof 256 KBytes 512 KBytes and1 MByte are sipported.A “half clock
speed”’backsde busthatconrectsthe scord-level cache tahe pocesor. Multiple low-power
statessuch asAutoHALT, Stop-Grant, SleepandDeepSleepare sipported tocorserve power
whenidling.

The Pentium 1l Xeon procesor conmbined several premiumcharacteriscs of previousgenee-

tion o Intel procesors such as4-way, 8-way (@nd up) scalability a2-MByte scanddevel cache
running on a “full-clock speed” tacksde bis to meetthe demads of mid-range andhigher

performance ®rversand workstations

The Irtel Celeron pracessor family focused the |A-32 arclitectue on the desktop or value PC
market segment. It ofers featuressuch asanintegrated 28 KByte of secanddevel cache, a
plagic pin gid aray (PRPGA.) form factorto lowersystem design cos.

The Pemium Il procesor introduced the 8eamng SMD Extensons (SE) into the IA-2
architectue. The SSE extengons extendthe SIMD excution nodel irntroduced with tle Intel
MMX technology with a rew set ¢ 128-bit reg sters ad theahility to perform SIMD operatians
on pacled sngle-grecison floating-point values

The RFentium 11l Xeon proces®r extended he performarce kevels of the I1A-32 procesors with
the enlancemenm of a full-peed ondie, Advanced Tandger Cacle usng Intel' s 0.18 micron
proces techmology.
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2.2. THE INTEL PENTIUM 4 PROCESSOR

The Intel Pentium 4 procesa is the latest gereration of 1A-32 procesor that is bagd on the
Intel NetBurst™ micro-architectue. The Inel NetBurst micro-architectue is a new 32bit
micro-architectue that allowsprocessors to gperate at ignificartly higher clack speedsand
performarce kvels than prevous1A-32 pracessrs. The Irtel Pertium 4 procesor family has
the fdlowing adraned featues

® Rapid Execution Engine
— Arithmetic Logic Units (ALUs) run attwice the pracesor frequency
— Basc integer operatims execues in1/2 processr clock tick.
— Higher throughput andredwced Btency of exection.
®* Hyper Pipelined Technadogy:
— Twerty-stage pipeline to erable beakthraigh clockratesfor dektop PCs andservers

— Frequercy headoom ard performance scalalility to continue leadersthip into the
future.

® Advanced D/namicExecution
— Very deep out-of-order, speculativeexecutionengne.
¢ Upto 126 instructionsin flight (3 times lager thanthe Petium Il proesr).

e Up to 48 loacs ard 24 staes n pipeline (2 times lager than the Petium llI
processor).

— Enharced ranchpredction cambility
* Reducesthe misprediction gnalty asociated with @epermpipelines
* Advarced banchpredction algaithm.
* 4K entry branchtarget array(8 timeslarger than tke Pentiunll procesar).

® Innovative new cack sibg/stem:

— First level cache
¢ 12K micro-op ExecutionTrace @Gche.
* Execuion TraceCache that remeesdecaler latey from main exection loops

* Execuion Trace Gche integatespath of program exection flow into a sngle
line.

* Low latency8-KByte dita cache with Zycle latency

— Secord level caches
* Full-speed, wified 8-way2ndlevel ;m-die Advarce Trander Cactle.
* Délivers ~45GB/s data throughput (at 1.4GHz procesr frequency).
¢ Bandwidth ard performanceincreagswith procesor frequency
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® Streaming SIMD Extensons?2 (SSE2 Tecmology:

— SSE2 Extends MMX andSSE techndogy with the addtion of 144 newinstructions
which include support for:

* 128-bit SIMD integer alithmetic gperations.
e 128-bit SSIMD doube precision floaing point opegtions.
¢ Cacle andmemay managenent operatons

— Further emances and acceleates videq speech, earyption, image ad phdo
processng.

® 400 MHz Intel NetBurst micro-architecure systembus.

— Provides 3.2 GBytes per secand throughput (3 times faster than the Fentium Il
processor).

— Quad-pumped D0MHz salable los clockto achieve400MHz effective peed
— Split-transacton, deegy pipelined
— 128 byte lines with 64-byteacceses.

® Compatible with existing 1A-32 gpplications ard operatirg systens.

2.2.1. Streaming SIMD Extensions 2 (SSE2) Technology

The Inel Pentium 4 pracessr introducesthe SE2 exensons which offer several enhaice-
merts to the Intel MMX techmlogy ard S extensons Thes enharementdnclude opea-
tionson new packeddata formats ard increasedSIMD conputational perfamarce usng 128
bit wide regstersfor integer SMD operaton. A packed dable-precision floaing-point dag
type is introduced along with seweral packed 128-bit integer data types. These new data types
allow packed dable-grecison and sngle-precisonfloating-point and pac&dinteger computa-
tionsto be peformed n the XMM registers

New SMD instructions introducedin the A-32 achitecture iclude floating-point SIMD
instructions, integer SIMD instructions, canversion between SIMD floating-point data ard
SIMD integerdat, ard canversion of pacled daabetveen XMM registersard MMX regsters
New floating-point SIMD instructions allow computations to be performed on packed double-
precision floaing-point values (wo double-precision valuesper XMM register). Tke compuita-
tion of SMD floating-point instructionsand the single-precision anddoube-precision floaing-
point formats are cmpatible with EEE Sardard 754 for Binary Floating-Point Arithmetic.
New integer SMD instructions provide flexible and igherdynamic range compitational power
by suyppating aithmetic opegtions on packed @udeword and quadword data aswell as dher
operationson pacled byte, wor, doubleword, quadwordanddouble quadwad data.

In addition to new 128-bit SIMD instructions described in the grevious paragraph, there are 28-
bit erhancerrent to 68 integer SIMD instructions, which operatedsdely on 64-bit MMX regis-
ters inthe Pemium Il and Pertium Il processes. Ttose 64-bit integer SIMD instructions are
enhanced o suyppat opertion on 128-bit XMM registersin the Pentium 4 procesor. Thes
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erhanced integer SIMD instructions allow software developers to deliver rew performance
levels whenimplemerting floating-point ard integer algorithms, ard to have maximum flexi-
bility by writing SIMD cade with either XMM registers o MMX regsters

Thelntel Pentiun¥ procesor offersnew featuesthat enake oftware developerstodelivernew
levels of performance in multimeda applications rarging from 3-D graphics video
decodng/ercoding to geech ecogition. The new packeddouwle-precison floating-point
instructions enharme performancefor applications that reaiire greaterrarge and precision,
including scientific andengneeringappications andadvanced3-D geometrytechnques such
asraytracirg.

To speedup proessing ard improve cache sage, the SSE2 égnsons offers several new
instructions that allow appicaton programmes to cortrol the cachehility of data. These
instructionsprovide the ahility to steamdata in and outof the regsters without disrupting the
cactes anl the ablity to prefetchdata before it isactually used

The new arcitecturl featresintroduced wih the SSE2 extesions do not requre new oper
ating system suppat. Thisis becase the SSE2 etensions do nd introduce new ardiectual
states, ad the FXSA/E/FXRSTOR instructions, which supports the SSE extersions, also
sypats SE2 extendonsard ar suficient for saving andregoring the state ofthe XMM regis-
ters the MMX regsters ard the x87FPU registers during a catext svitch. The CPUID instruc-
tion has beenerhancedto allow operating systemor applications toidertify for the existerce d
the SSE andsSE2 features.

The SSE2 extenmns are accesible in all IA-32 architecure opesting modesin the Intel
Pentium 4 procesar. The Pertium 4 proces®r maintains IA-32 software compatibility . All
existing sdtware caitinues torun correctly, without modificaion on the Pertium 4 processr
and future 1A-32 piocesors that incorporate the SE2 extensons. Also, exiding software
contiruestorun carectly in the pesnce ofapplicationsthat make se ofthe SSE2 instructions.

2.3. MOORE'S LAW AND IA-32 PROCESSOR GENERATIONS

In the md-1960s Intel Chairman of the Board Gordon Moore made anobservation “the
number of trarsistars that wauld be incorporatedon asilicon die wauld double eery 18 months
for the next sveral yeas’. Overthe pasthree and Bf decadesthis predictionhas continued
to hold true that it isoftenreferredto as“Moore's Law .”

The conputing power andthe complexty (or roughly, the number of transstors per procesor)

of Intel architectue praesors hasgrown, over the yearsin close relation to Moae's law. By
taking advartage é& new proces techrology and new nicro-architecture dsigns, each new
geneations of 1A-32 procesas have denondrated frequemy-scaling headreom andnew
performarce levels over the pevious genemtion procesors. The key featues of the Intel

Pentium 4 processor and Pentium |1l procesor with Advanced Tander Cache arelsownin

Table 2-1 Older gewrration d IA-32 pracessrs, which do rot empby on-die secaddevel

cacheare fiownin Table 22.
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Table 2-1. Key Features of contemporary 1A-32 processors

intgl.

Intel Date Micro- Clock Transis- | Register [System | Max. On-die
Processor Intro- | architecture | Frequency | tors per Sizes?! Bus Extern. | Caches?
duced at Intro- Die Bandwi | Addr.
duction dth Space
Pentium Ill 1999 P6 700 MHz 28 M GP: 32 Upto | 64 GB | 32KB L1;
processor FPU: 80 1.06 256KB L2
MMX: 64 | GBI/s
XMM: 128
Pentium 4 2000 Intel 1.50 GHz 42 M GP: 32 3.2 64 GB | 12K HOP
processor NetBurst™ FPU:80 | GBIs Execution
micro- MMX: 64 Trace
architecture XMM: 128 Cache;
8KB L1,
256KB L2
NOTES:

1. The register size and external data bus size are given in bits.

2. First level cache is denoted using the abbreviation L1, 2nd level cache is denoted as L2.
3. Intel Pentium Il and Pentium Il Xeon processors, with Advanced Transfer Cache and built on 0.18

micron process technology, were introduced in October 1999.
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Table 2-2. Key Features of previous generations of IA-32 Processor

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 29K 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 1.2M 32GP 32 4 GB 8KB L1
80 FPU
Pentium Processor 1993 60 MHz 31M 32GP 64 4 GB 16KB L1
80 FPU
Pentium Pro Processor 1995 200 MHz 55M 32GP 64 64 GB | 16KB L1,
80 FPU 256KB or
512KB L2
Pentium Il Processor 1997 266 MHz 7™ 32 GP 64 64 GB | 32KB L1;
80 FPU 256KB or
64 MMX 512KB L2
Pentium Ill Processor3 1999 500 MHz 8.2M 32GP 64 64 GB | 32KB L1;
80 FPU 512KB L2
64 MMX
128 XMM
NOTES:

1. The register size and external data bus size are given in bits. Note also that each 32-bit general-purpose
(GP) registers can be addressed as an 8- or a 16-bit data registers in all of the processors, and there are
internal data paths that are 2 to 4 times wider than the external data bus for each processor.

2. In addition to the general-purpose caches listed in the table for the Intel486 processor (8 KBytes of com-
bined code and data) and the Intel Pentium and Pentium Pro processors (8 KBytes each for separate
code cache and data cache), there are smaller special purpose caches. The Intel 286 processor has 6
byte descriptor caches for each segment register. The Intel386 processor has 8 byte descriptor caches
for each segment register, and also a 32-entry, 4-way set associative Translation Lookaside Buffer
(cache) to store access information for recently used pages on the chip. The Intel486 processor has the
same caches described for the Intel386 processor, as well as its 8K L1 general-purpose cache. The Intel
Pentium and Pentium Pro processors have their general purpose caches, descriptor caches, and two
Translation Lookaside Buffers each (one for each 8K L1 cache). The Pentium Il and Pentium Il proces-
sors have the same cache structure as the Pentium Pro processor except that the size of each cache is
16 KBytes. The 2nd level caches in Pentium Pro, Pentium Il and Pentium Ill processors are off-die, but
inside the processor package.

3. Intel Pentium Il processor was introduced in February1999, it included an off-die, 512 KB L2 cache.
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2.4. THE P6 FAMILY MICRO-ARCHITECTURE

The Pentium Proprocesor introduced anew micro-architecture ér the Intel 1A-32 procesors,
commonly refered toasP6 procesor microachitecture. e P6 pocesor micro-archtecture
was later emancedwith an ondie, 2rd level cache, called Admced Trander Cache. Ths
micro-architectue is a three-way supersalar, pipelined architectue. The term “threeway
supescalar” meas that wsing parallel preesing tecmiques the pocesor is alle on aveage
to decale, dspatch, andcomplete egcution @ (retire) three ingructiors per clock cycle. To
hardle this level of instruction throughput, the F6 processr family use a ecouped, 12-stage
supempipeline that epports out-d-order instruction exection. Figure 2-1 shows a corteptual
view of the P6 pocesor micro-architectue pipdine with the Advarted Tander Cache
enhancemen The microarchitectue pipeline isdivided into faur sections(the 1$level and 2rd
level cachesthe front end the aut-of-order execuion core,ard the retire section) Instructions
anddata ae auppliedto the® urnits through thebusinterface uit.

System Bus
4 d =) Frequently used paths
¢ Less frequently used
-—>
paths
Bus Unit
1st Level Data
2nd Level Cache | Cache
i
: Front End ¢
v
1st Level E "
; o o xecution ;
Instruction = Fetch/Decode OULOf Order Core ) Retirement
Cache pin
A
1
. Branch History Update
BTBs/Branch Prediction

Figure 2-1. The P6 Processor Micro-Architecture
with Advanced Transfer Cache enhancement

To insure astead/ supply of instructions anddatato theinstruction execuion pipeline, the P6
procesor micro-arclitectue incaporatestwo cachdevels. The first-level cache povidesan 8
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KByte ingruction cache andn8-KByte data cache, bottosely couped o the pigeline. The
secanddevel cacte is a 2%-KByte, 512-KByte, or1-MByte gatic RAM that is cowpled to te
coreprocesor through a full clock-speed64-bit cache bs.

The ceterpiece 6the P6 pocesor micro-archtecture isan inrovativeout-d-order execution
mechaism called “dyramic exection.” Dynamic executionincorporatesthree data-picesing
conceps:

® Deep lvand prediction.
® Dynamic data fow analyss.
® Speculative executian

Brarch pedictionis a malerntechiqueto deliver high performarcein pipelined micro-echi-
tecures It dlows the pr@esor to decoe instructiors beyond branche to keepthe instruction
pipeline ful. The P6 praesor family implemers highly optimizedbranchpredction algoithm
to predct the direction of the instruction streamthrough multiple levels of branches, pocedire
calls, ard returns

Dynanic dataflow amalysisinvolvesreattime aralysisof the flow of datathroughthe procesa
to determine dataandregister depencenciesard to detectopportunitiesfor out-of-order instruc-
tion executim. The out-6-orderexecufon coe can simultaneaisly monitor mary instructions
ard execue these imstructions in the ader that gotimizesthe use of the processa’s nultiple
execuion units, while maintaining the cata integity. This out-of-order execuion keeps the
executiam unitsbusy evenwhen cache miesand data degndertiesamang ingructiors occu.

Specuative execution refers to the procesa’s ablity to execue instructions that lie beyond a
conditional branch that has not yet beenresolved, and ultimately to commit the resits in the
order of the original instruction stream To make specuative execution possble, the F6
procesor micro-architectue decaiplesthe dispatch and execution of instructions from the
commitmert of reslts. The pocesor’s out-of-order exeution cae wsesdata-flow analyis to
executeall available ingructiors in the ingruction pool andstore thereallts in temporary regis-
ters The etirement wit then linerly searchegheinstruction pool for completedinstructions
thatno longerhave dat dependencieswith other instructions or urresdved banch pretttions.
Whencompletedinstructions are found, the retirengnt unit commits the resits of these instruc-
tionsto memay andbr the IA-32 registers (the proes®r’s eight gereral-purpose regstersand
eight 87 FPU data ragterg in the oder trey were aiginally issued aml retirestheinstructions
from the irstruction pool.

Combining branch pradiction, dynamic dataflow aralyds ard ecuative exection, the
dynamic execuion capahblity of the P6micro-arclitectue renoves the canstraint of linear
instructionsequencirg betweerthe tradtional fetchandexecuteha®s of instruction execution
Thus, the roces®r cancontinue to decale instructions evenwhenthere are mltiple levels of
brarches Branch pedictionand adranceddecody implemenation work togetrer to keeghe
instruction pipeline full. Subsequently, the aut-of-order, specuative execution ergine can take
advaniage @ the pracesor' ssix executio units to execue indructiorsin pa@ll el. And finally,
it commits the results d executedinstructions in original programorder to maintain data integ-
rity and program colerengy.
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2.5. THE INTEL NETBURST MICRO-ARCHITECTURE

The Intel Pertium 4 praesor isthe newesmember d the 32bit Intel architecture family. It is

the

first implementationof the Intel NetBurst micro-achitectue ard providesthe fdlowing

significant features

2-12

Rapid Executon Engne:

— Arithmetic Logc Units (ALUS) run at twice the piocesor frequercy.
— Badc integeropestions exectes in 1/2 procesa clock tick.

— Provideshigherthroughput ard reducedlatency of executon.

Hyper PipelinedTechrology:

— Twenty-stage pipeline to enablidustry-leadirg clock ratesfor desktop PG ard
savers.

— Provides frequency headoom ard scalalility to continue leacership into the future.
AdvancedDynanic Execution:
— Verydeep,out-d-order, pecuative executio engne.
¢ Upto 126 instructions in flight.
¢ Upto48loads and 24 storesin pipdine
— Enhancedbranch predction caahlity.
* Reducesthe nmis-predictionpenaltyassociated withdeeperpipelines
* Advanced banchprediction algrithm.
* 4K-ertry branchtamet argy.
New cacle subsystem:
— First level cacles
¢ Advanced Executiofrace Gchegores decodedngructiors.
* Execuion Trace Gche remwesdecaler lateigy from main exection loops.

* Execuion Trace Gche integatespath of program execution fow into a s$ngle
line.

¢ Low latercy data ache with 2 cycle latery.

— secand lewel cache
¢ Full-speedunified 8-way2nd-Level on-die Advance Tander Cacte.
* Bandwidth and rformarce increagswith procesor frequency

High-performance, qad-pumped businterface to the el NetBurst micro-archtecture
system bus.
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— Support qual-pumped scalable bsclock to achieve X effective peed

— Capalbe of delivering upto 3.2 GB of bandwidth persecmd for Pertium 4 processr.
® Suyoerscalar isue toerale parallelism.
® Expanckd hrardware egisters with renamimg to avoidregiger nane space limitatons.
® 128-byte @acte line dze.

— Two 64-byte ®cbrs.

Figure 22 gives an oveniew of the Irtel NetBurst micro-architecure. Ths micro-archtectue
pipeline ismacde up ofthreesectiors: an in-ader isue front end an outef-order superscalar
executia core,andanin-order retiremet unit. The following sections provide anoveniew o
each 6 the® pipeline sections

2.5.1. The Front End Pipeline

The front endsippliesinstructionsin program oderto the out-of-ordercorewhich hasvery high
execution bandwidth andcan execte basic integer opegtions with 1/2 clock cycle latency The
front endfetches ard decodedA-32 instructions ard breaksthemdown into simple operatons
called micro-ops (Lops). It can isue mutiple popsper cycle, inoriginal program order, to the
out-of-order core.

The frort end perfomsseveralbasic functiors:

* Prefetch 1A-32nstructiors that are likelyto beexecuted.

® Fetch ingructiors that hawe notalreadybeen pefetched.

® Decale IA-32 instructions into micro-operatians.

® Geneste microcale for complexinstructionsandspecial-pupose cade.
® Deliver cecodd ingructiors from the execution tace cache

® Predict hanckesusing highly advarnced algoithm.

The frant end ofthe Irtel NetBurst micro-architectue is designed to addess some of the
common prdlemsin high-speed, ppelined microprocesas. Two of these problemscontibute
to mgjor saurces of ddays:

® the timeto decale instructions fetched from the taget
* wadeddecale tandwidthdueto branchesor branchtargetin the niddle of cachdines.
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System Bus
‘ ’ =P Frequently used paths
t Less frequently used
—-=-D>
paths
Bus Unit
2nd Level Cache > 1st Level Cache
On-die, 8-Way 4-way, low latency
i
i Front End t
= OEEn Execution ;
Fetch/Decode |----™ Trace Cache === OuLof Order Core ) Retirement
Microcode ROM
i A

Branch History Update

BTBs/Branch Prediction

Figure 2-2. The Intel NetBurst Micro-Architecture

The excution trace caehaddreses bah of the® issues by soring decodedinstructions
Instructions arefetchedanddecodad hy the randation enghne andbuilt into sequercesof pops
called tracesThe® traceof pops are goredin thetrace cacheTheinstructionsfromthe mast
likely targetof a ranchimmedatelyfollow the lranchwithout regard for cortiguity of instruc-
tion addres®s. Orte atraceis huilt, the trace cach is seached for the instruction that fdlows
that trace. If that irteuction apgarsasthe first ingructionin an exsting trace,the fetchard
decale d ingructions fromthe memay hierarcly ceagsand tle trace caahbeconas the new
source d instructions The critical exeaition loop in the Intel NetBurst micro-archtectue is
ill ustrated in Figure 2-2 it is smpler thanthe execution log in the B micro-architecture that
is stown in Figure 2-1.

The exection trace cache and the tréaon engire have cooprating banch pediction hard
ware. Banchtargetsare predtted bagd on their linear addesses using brarch taget buffers
(BTBs) andfetchedassoonaspaossible. Branchtargets are fetcled from the trace cachié they
are indedcached thex, otherwise theyare fetched fom the memar hierachy. The trankation
engne’s brarch pediction iformation is used toform tracesalorng themod likely paths.
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2.5.2. The Out-of-order Core

The cae'saklity to execute instructions out of order is a key facta in eraling parallelism This
feature erables the processo to rearder instructions so that if one p@ is delayed while waiting
for data or acontended executionresurce, otherpops thatare later in program ordermay
proceed aound it. The gocesor enploys several buffers to smocth the flow of pogs. This
implies that whenone potion of the pipeline experierces a dely, thatdelay may be cogred by
otheroperatonsexeatingin pawllel or by the execuion of popswhich were previoudy queued
upin a huffer.

Thecoreisdesignedto facilitate @rall el execttion. It candispatchup to six pops per cycle; rote
that ths exceedsthe tracecacheand retiremen pop bandwidth Most pipelines can sart
executirg anew U@ eery cycle, ® that ®verd instructionscanbein flight ata time fo each
pipeline.A number d arithmetic logicalunit (ALU) instructions canstarttwo per cycle, ard
many floating-point instructions can start one everywo cydes Finaly, ugs ca bedn
executian, aut of order, assoon astheirdata inuts are reagl ard reourcesare aailable.

2.5.3. Retirement

The retirenent ction receiveghe esults of the executediopsfrom the ercution coe and
proceses the reslts so that the prgoer architecturbstate isupdated accading to the oiniginal
program order. For senantically-correct execution, the results of I1A-32 instructions must be
committed in original program orde before it isretired. Exceptons may beraised asmstructions
retired. Thus, exceptiors camat occur speculatively they occu in the corect ordr, andthe
machire can le correctly regarted affer anexception

Whenapop completesard writesits result to the destination, it is retired Upto three p@s may
be retiredper cyle. The Rorder Buffer (ROB) is the uiit in the pocesor which tuffers
comgeted pops, updateshearchitecturastate inorder, andmaregestheordering of excefions.

The etirement ction alo keepgrack d branchesard sndsupdatedorarch taget information
to the BTB to update branch hisory. In this manrer, tracesthat are nolonger neeéd canbe
pumged from the tracecache ad new banchpathscanbe fetched ba®d on updated lbanch
history information.
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CHAPTER 3
BASIC EXECUTION ENVIRONMENT

This chapter desribes the basc exection envronment of an IA-2 pracesor as seen by
asembly-language pogrammers |t deribeshow the pocesor executesnstructionsand fow
it storesandmanpulates data. Thepart of the executon environment desribed here include
memay (the addess space) the general-prpose data egisters, the ssgment iegisters, the
EFLAGS register, ard the irstruction pointer regiger.

3.1. MODES OF OPERATION

The IA-3 architectue supportsthree ograting males protected mde, real-adressmode, and
system mamgemein mode. The opratng male deérmineswhich instructionsand arcitecural
features are accesble:

Proteced mode. This mode is the native stak of the processr. In this mode all instruc-
tions and architectwl featues are available, providing the higleg performarce and
capaliity. Thisis therecomnendedmodefor all new applicationgrd opesting systems
Among the camhlities of protectedmode is the allity to directly execue “real-addres
mode” 808 wftware in a potected,muti-tasking ervironmen. This featureis called
virtud-808 made , althoughiit is not acually a procesor mock. Virtual-8086 moc is
actuallya praecied made attribte that can b enalted for ary tak.

Red-address mode. This mode implemens the pogramming envionmern of the Intel
8086 processr with a few extensions (such asthe ablity to switch to protectedor system
maragemer mock). The procesor is placedin real-adiress mock following power-up ora
rest.

System management made (SSM). This mock providesan geratingsystem a exective
with a tranparent mechnian for implementingplatform-specific functionssuch aspower
maregemen ard system secuity. The praesor erters SMM whenthe external SMM
interrupt @n (SMI#) is activated oran SMI isreceived from the adencedprogrammable
interrupt controller (APIC). In SMM, the proces®r switches to a sefarate address space
while savng the erire cantext of the currertly running program or tak. SMM-specific
coce may thenbe excuted tangarerily. Upon returring from SMM, the pocesor is
placedbackinto its gate prio to thesystem maiagemen interrypt. S was introduced
with the Inel386™ SL and htel486"™ SL procesors ard became atandad 1A-32 featue
with the Pentium proces®r family.

The lasic execution evironmert isthe sme for eachof these qoeratingmodes, asis desribed
in the remaining sectons of this chapter.
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3.2. OVERVIEW OF THE BASIC EXECUTION ENVIRONMENT

Any program a task ruming a an IA-32 processor is given a setof resaurcesfor execting
instructiors ard for storing code,data, andtate inbrmation. These resources(described biefly
in the following pagraghsandshown in Figure 3-1) make y the bagc executon envronment
for an 1A-3 procesor. This basic exection emironnment is used joirtly by the aplication
programsand tle operatingsystem o exeative running on the pocesor.

® AddressSpace. Any tak or program ruming on an 1A-32 piocesor can addess a linear
addres space ¢ up to 4 GBytes (2%2 bytes) and aphysical addess space of up to64
GBytes (2°¢ bytes. (See Sectior8.33., “Extenced Physical Addresing’ for maore
information atout adiresing anaddess space geater tha 4 GBytes)

® Basic piogran execuion registers . The eght genea-pumpos regsters the sx segnent
registers the EFLAGSregister, ard the EIP (ingruction pointer) regiger conprise a lasic
execution emironment in wich to execte a %t of general-purpose instructions The®
instructions perform bast integer aithmetic on byte, word, ard doudeword integers
handle gogram 1ow cortrol, operate m bit ard byte grings ard adires memoy.

® x87 FRJ registers The eght x87 FPU dat registers the x8 FPU control regster, the
statusregister, the x8 FPU instruction pointer regster, the X87 FPU operand(data) painter
register, the x87 FRJ tag regiger, andthe x87 FRJ opcode regster provide an exediion
ervironment for operaing on shge-precision, doubleprecsion, and dable extended
precision floating-point values word-, doubleword, and quadord integers, and bhaly
codeddecimal (ECD) values

* MMX™ registers The eight MMX regsters suppat exection of single-ingruction,
multiple-dat (SIMD) opeations on 64-bit pacled kyte, word, ard doubeword integers

* XMM registers The eigh XMM data regsters and the MXCSR regiger support
execufon d SIMD opestions on 128-hit packed mge-precision ard dauble-precision
floating-point values and @ 128-bit packedbyte, word, daubleword, ard quadword
integers.

® Stack. To support procedire or subroutine cals and the pasing of paramegrs betveen
procediresor subroutines a fack and sack mamgemen reurcesare ircluded in the
executionenvironmen. Thestack(not shown inFigure 31) is located in nemory.

In addtion tothe resurcesprovided inthe kasic executionenvronnent, thelA-32 arclitecture
providesthe following system resources These resurcesarepat of the IA-32 architectue’s
system-level achitecture.They provide extensve suppat for operatingsystem and system-
developmert software. Except for the I/O pats, the system resurcesare ascribed in detail in
the Intel Architectue Sdtware Developeis Manud, Volume 3 System Programming Guide

® |/O Ports. The IA-32 architectue supports atranders of data to and from input/output
(I/O) ports (see Chapr 12, Input’Output, in this volume).

® Contmol registers The five cortrol registers (CRO through CR5) determine the opeting
mode d the procesor and the chaaceiistics of the curently executingtak (see the
secti titled “Control Registers” in Chaper 3 of the Intel Architedure Software
Develogers Manual, Volume 3.
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Basic Program Execution Registers Address Space *
2%2 1
Eight 32-bit General-Purpose Registers
Registers

Six 16-bit -

Registers Segment Registers
| 32-bits | EFLAGS Register
| 32-bits | EIP (Instruction Pointer Register)

FPU Registers

Eight 80-bit Floating-Point
Registers Data Registers 0
*The address space can be
—= : flat or segmented. Using
16-bits Control Reglster the physical address
Status Register extension mechanism, a
- . physical address space of
Tag Register 236 —1 can be addressed.
[ ] Opcode Register (11-bits)
| 48-bits | FPU Instruction Pointer Register
| 48-bits | FPU Data (Operand) Pointer Register
MMX Registers
E,';\,%rgisti}t;'t MMX Registers

SSE and SSE2 Registers

Eight 128-bit XMM Registers
Registers

| 32-bits | MXCSR Register

Figure 3-1. 1A-32 Basic Execution Environment
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® Memory managemei registers The GDTR, IDTR, tak regiger, andLDTR specify the
locaions of data gructuresused in protected nade nemory maragemen (seethe sction
titted “Memory-Management Regsters’ in Chapter 3 of the Intel Architectue Software
Develoger's Manual, Volume 3.

® Debugregisters Thedebug registers(DRO through DR7) cortrol ard alow monitoring of
the procesa’s debugging operatians (see the sectbn titled “Debug Regdsters’ in Chapter
14 of the Intel Architectue Sdtware Developels Manud, Volume 3.

® Memory typerange egisters(MTRRY. The MTRRsare u®d to asign menory typesto
regions of memory (see tle sectia titled “Memory Type Range Regsters [MTRRY” in
Chapter 9 of the Intel Architectue Sdtware Develoger's Manual, Volume 3.

® Machine checkregisters (MCRs). The MR regigerscorsist of a set of contiol, status
ard eror-reporting regsters that ae ued to detect ad reprt on hardware (machne)
errors (®e the sedbn titled “Machine-Check MSRs’ in Chapter 12 of the Intel Archi-
tectue Sftware Develogrs Manuwal, Volume 3.

® Perbrmance monitong counters  The perfemarce monitoring courters allow
proces®r performarce ewerts to be monitored (see tke section titled “Performarce-
Monitoring Counters” in Chaper 14 of the Intel Architectue Software Develpers
Manual, Volume 3.

Theremaindr of thischaper desribesthe ogarization of memay andthe addess space,the
basc programexecutia registers, andaddresing modes. Refer to thefollowing chaptersn this
volume for desciiptions of the oher program excuton resaurcesshown in Figure 3-1:

® x87FPU regsters—See Garpter 8, Programming with the x87 FPU .
* MMX Registers—See @apter 9 Programming With the Intel MMX Techmology

* XMM regigers—See Gaper 10, Programming with the Sreaming SMD Extensons
(SSE)and Chapter 11, Programming With the Sreaming SIMD Extensons 2 (SSE2
respectvely.

® Stack implementationand pocedire calls—See @apter 6,Procedue Cals, Interrupts,
and Exceptions

3.3. MEMORY ORGANIZATION

The menory that the pocesor addesses on its bus is called physical memory . Physical
memay is orgarizedas asequence of 8-t bytes. Each byeis asigned aunique addess, called
aphysical addess. The physial addess spae ranges from zero to a maximum of 2%¢-1
(64 GBytes)

Virtually ary operatirg systemor execttive designed to work with anlA-32 processar will use
the pocessr's memory maregemert faciities to acces menory. These facilities provide
feaures sich assegmentation and paghg, which alow memoy to be managedfficiertly and
reliabdy. Memory management is described in detail in Chapter 3, ProtectedMode Memory
Manaenent, in the Intel Architectue Sdtware Develogr's Manud, Volume 3 The fdlowing
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paragraphs describe the basic methods of addressing memory when memory management is
used.

When enploying the poces®r's memory management facilities, pograms do not directly
addess physical menory. Instead they accesmemoy usng ary of three merary models flat,
segnentd, orrealaddess mode

With theflat menory mocel (see Figue 32), memoy appearsto a piogram asa sngle,contin
uows addess space, cakd alinear adiress space . Cock (aprogranis ingructions), data, and
the praedue dack are all contained inthis addess space. Tle linear addess space isbyte
addessble, with addes®s ruming cortiguowsly from 0to 2%2— 1. An addres for anybytein
the linearaddess space iscalled dinear aldress .

Flat Model
Linear Address

L
>

Linear
Address
Space*

Segmented Model

Segments

Linear

:,OﬁSEt Address
Logical Space*
Addgress Segment Selector
Real-Address Mode Model
Linear Address
Offset Space Divided | — — A
:'7 ] Into Equal
Logical ‘ Sized Segments | _ _ |

L
’

Address Segment Selector

»w! — —
>

* The linear address space = =
can be paged when using the
flat or segmented model.

Figure 3-2. Three Memory Management Models

With the segmented memory model, memay appearsto aprogramas a goup o indgpendent
addess spacescalledsegments. When using this model, cale, data, amh gacks are tyically
contaired in $parmate segments To addres a byte ina sgment, aprogram rrust issue alogicd
address , which congsts of a £gment ®lector andan dfset. (A logicaladdess is often eferred

I 3-5



BASIC EXECUTION ENVIRONMENT Intel®

to asafar pointer .) Thesegmert selector idertifies the ggmert to be accesed andthe dfset
idertifies a byte in the addess space of the £gmen. The pogramsrunning on an IA-32
procesor can addess up to 16383 segmentsof differen sizesard types andeachsegment can
be & large as2®*? bytes

Internally, all the ®gmentsthat aredefined for asystem are mapgd into the proesor’s linear
addess space.To acces a nemory location the pocesor thus translateseach Igical addes
into a linear adires. Thistrangdation istrarsparent tothe appicationprogram.

The pimary reasn for using segmented memar is to increa® the reliabiliy of programsard
systens. For example, pacing a prgram’s sackin a sparte ssgment prewventsthe sack fran
growing into the code or data space ad overwriting instructions or data, respecively. Placing
the @eratingsystem’s or executives code,data, andtack in separate ®gmentsalo praects
themfrom the aplication program am viceversa.

With the flat or the ssgmerted memory maodel, the linearaddess space ismapped into the
procesor’s phydcal addess spaceeither drectly orthrough paying. When wsing directmappirg
(paging dsabled), each linear addss hasa one-to-one carepordercewith a physical addess
(that is linearaddreses are &nt out on the pocesor’s addess lineswithout trandation). When
usng the 1A-2 architectue’s pagirg mechaism (paging enaled), the linear adeess space &
divided into pages, which aremapped nto virtual memory. The pagesof virtual menory are
thenmappedas neead into fhydcal memoy. When anopegting system @ exective uses
pagng, the pagng mechanis istrangarent to anappication program; that isall the aplica-
tion progamseesis the linear adres space.

The real-address male mode uses the memory modé for the Intel 808 pracessr. This
memory model is supportedin the IA-32 arclitecture for compatibility with exsting progranms
writtento runonthe Intel 8086 pocesor. Thereal-addess moce usesa gecificimplemenation
of segmentedmemay in which the linearaddess space br the plogram aml the opekting
systemexecutive cosists of an arrayof segments of up to 64 KBytes in size each The
maxmum sze d the linear adres space in ral-address mock is 22° bytes. (See ®apter 15
8086 Emulation, in the Intel Architectue Sftwar Develogrs Manud, Volume 3 for mare
information on this memory model.)

3.3.1. Modes of Operation vs. Memory Model

When writing code fa an IA-32procesor, a plogrammer neesito know the operatingmode the
procesor isgang to be in wheexecutingthe code andhe memoy moda being ued.The rela-
tionship betveen @eraing modes andmemoy madelsis asfollows:

* Protected node. When in protected mde, the ppcesor canuse any of the memoy
models degribedin this setion. (The realaddressng mode nemory madel is ordinarily
used only when he procesor is in the \irtual8086 mode) The nemory modd used
depends on the design of the operatirg systemor execuive. Wren multitasking is imple-
merted, irdividual taks canuse different memoy models
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® Real-addressmode When in real-addess made, the pocesor ony suppats the real-
addess modememoy maodel.

® System managerment mode. Whenin SMM, the praesor switchesto a €parate addess
space, cakd the system maregemen RAM (SMRAM). The memoy model usd ©
addess bytesin thisaddres space isimilar tothe realaddress mode malel. SeeChapter
11, inthelIntel Architecure Sdtware Develgers Manud, Volume 3 for more information
on the memory model usedin SMM.)

3.3.2. 32-Bitvs. 16-Bit Address and Operand Sizes

The pocesa can be cofigured fa 32-bit or 16bit addes andopeand szes. Wth 32-bit
address ard operand sizes, the raximum linearaddress a segmert offset is FFFFH-FFH
(2%2-1), andopeand szesaretypically 8 bitsor 3 bits. With 16-bit acddres and operandsizes
the maximun linear addess or segment ofsetis FFFPH (21%-1), ard opeend szesare tyically
8 hits or 16 bits.

Whenusgng 2-bit addessng, a logical addess (or far painter) condsts of a 16-bit segment
selectorand a 32bit offset; when umg 16-bit addessing, it corsists of a 16bit ssgment €lectar
anda 16bit offset

Instruction prefixesallow temprary overridesof the default adires andor operard szesfrom
within a program.

When opeating in protected mde, the ssgment desriptor for the curently execting coce
segment definesthe debult addess andoperandsize. A segmen degriptor is a system data
structure rot normally visible to application code. Assenbler drectives albw the default
addessing ard operandsize to be chsen fa a prgram. The asembler and dher tods then st
up the ssgmert de<riptor for the cale €gmert appopriately.

When operatingin realaddress mode, the defdtiaddessing ard opeand Sze is16 bits. An
addesssize overide can le usedin reataddress mode b enalbe 32-hit addresing; however, the
maximum allowable 2-bit linear adres s gill 000FFFFFH (2°-1).

3.3.3. Extended Physical Addressing

Begnning with the Rentium Pro processor, the 1A-32 archiecture sipports addessng of upto

64 Bytes(2% bytes) d physical memory. A program or taskcamot addresslocations in this

addess spacedirectly. Insteadit addesses individual linea addess spacesof up to 4 GBytes
that are mapgd to the lager 64-GByte plysical adires space though the pocesor’s virtual

memay managment mechnian. A program can witch betweerinearaddres spaceswithin

this 64-GByte physical addess space bychangirg segment ®lectorsin the segmentregiders

The e d extendedphysical adiresing recuiresthe pocesor to qoerée inpraected mde and
the opeating systemto provide avirtual memoy managment ystem (See“Physical Addes
Extersion” in Chapter 3 of the Intel Architectue Sditware Devel@er's Manud, Volume 3for

more information abou thisaddessng mechansm.)
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3.4. BASIC PROGRAM EXECUTION REGISTERS

The pocesor provides16 regstershasc program exection regigersfor use in geneal system
andapplication pragraming. As shavn in Figure 3-3, thes registerscanbe grouped adollows:

® Gener&purpoe registers . The eight regigers are awailable for storing goerards and
pointers.

® Segmentaygisters . The regstershdd upto 9x segmen selectas.

® EFLAGS (program gtatus and conftrol) register . The EFEAGS regider repat on the
status of the pragram behg executd and alows limited (appicaion-program kvel)
control o the processor.

® EIP (irstruction pointer) register  The EIP regier corains a 32bit poirter to the next
instruction to be execued

31 General-Purpose Registers

EAX
EBX
ECX
EDX
ESI

EDI

EBP
ESP

Segment Registers
15 0

Cs
DS
SS
ES
FS
GS

Program Status and Control Register
1

| | EFLAGS

31 Instruction Pointer 0

| |EIP

Figure 3-3. Application Programming Registers
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3.4.1. General-Purpose Registers

The 32bit gereral-pupose regsterseAX, EBX, ECX, EDX, ES, EDI, EBP, and E® are
providedfor hddingthe fdlowing items

® Operndsfor logicaland aithmetic operations
® Operndsfor addres calculations
® Memory pointers.

Althoudh all of thee redsters are awilable fa gereral dorage of operands resilts, and
pointers, caution shoud be ugd whenreferemring the ES register. The ES redster tolds the
stack pointer andasa gereral rule should not be used for ary other purpose.

Many instructions assign specific regigersto hdd operand. For exanple, gring instructions
use the contentof the ECX, ESl, and EDI regigers as opeands When usng a segmeried
memory model, same instructions assime that pointers n cetain registers are relatie
specific segmernts. For ingarce, ®me instructions assume that a pointerin the EBX regider
points toa memory locaton in the DS ggmert.

The pecial usesof generatpumpose regstersby instructionsare asciibed in Chager 5, Instruc-
tion Se Summary, in this volume ard Chapter 3 Instruction SetReference in the Intel Architec-
ture Software Develogrs Manud, Volume 2 The followving is a simmary of theg pecialuses

® EAX—Accumulatorfor operand ard results data.
® EBX—Padnterto datain the DS segert.

® ECX—Courter for gringand bop eraions

® EDX—I/O pointer.

® ES|—Panter todata inthe segnert pointedto by the DS regster; saurce minter for string
operatons

® EDI—Panter to data (or destination) in the segnert pointed to by the ES redster;
degination pointer for gring qoeratons.

® ESP—Stackpanter (inthe SSsegment).
® EBP—Panterto data a the stack(in the SS segnert).

As shown in Figure 3-4 the lower 16 bits of the geneal-purpose redstersmap drecty to the

register &t foundin the 8086 ard Intel 28 procesas andcanbe reérencedwith the names
AX, BX, CX, DX, BR SR S, ard DI. Eachof the lowertwo bytes of the EAX, EBX, ECX, ard

EDX regsterscanbereferencedby the namesAH, BH, CH, andDH (high bytes) ard AL, BL,

CL, and O (low bytes).
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General-Purpose Registers

31 16 15 87 0 16-bit 32-bit
AH AL AX EAX

BH BL BX EBX
CH CL CX ECX

DH DL DX EDX

BP EBP

Sl ESI

DI EDI

SP ESP

Figure 3-4. Alternate General-Purpose Register Names

3.4.2. Segment Registers

The ®£gmert registers (CS, DS, S5, ES, IS, andGS) hdd 16-bit segment €lectors. A segment
selecta is a pecial ponter that idetifies a £gment in nemory. To acces a particliar ssgment
in memoty, the ggment glector for that gmen mud be preentin the appopriate segment
regster.

Whenwriting application code, programmersgenerally create semen selectos withasembler
directives ard symbols The asembler andother tods then creatahe actual sgment slector
valuesassociated with thes drectivesandsymbols If writing system cale, pogrammes may
needto create segmen selectors directly. (A detailed dewiption of the gment-elector data
structureisgiven in Chaper 3, Proteced-Maode Menory Manayenent, of the Intel Architecture
Sdtware Develoger's Manual, Volume 3

How segmert regstersare sed deends on the type d memory managmentmodelthat the
operatng gystem orexecuive is usng. Whenusng the flat (unssgnented) nemory mockl, the
segment egisters are laded with sgmert selectorsthat pant to overlappirg ssgments each 6
which begns ataddress 0 of the linearaddess space(as shown in Rgure 35). Theg ovetap
ping segmentsthenconyprise the linear adkss spacefor theprogram. (Typically, two ovetap-
ping segmerts are defined onefor codeand awther for dat and gacks. The CS segnent
regster pintstothe cale #gmen andall theothersegment registers point to thedata ad gack
segment.)

When using the sgmenied nmemory model, eachsegmentregider is ordinaiilly loaded with a
different ssgmernt selectorso that eab ssgmert regiger points to adifferert ssgment withinthe
linear adires space (ashownin Figure 3-6. At ary time, aprogramcan this acces upto Sx
segmentsin the lirear adires space. D acces a ssgmer nat pointed toby orne ofthesegment
regsters a ogram must first loadthe gment selecta for the £gment to ke accesed into a
segmentregister.
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Linear Address
Space for Program

Segment Registers Overlapping
Segments
of up to
gg | 4G Bytes
Ss Beginning at
— Address 0
ES —
FS —
GS—

The segment selector in
each segment register
points to an overlapping
segment in the linear
address space.

\

Figure 3-5. Use of Segment Registers for Flat Memory Model

Code
) Segment
Segment Registers
|_> Data
cs Segment
DS Stack
SS Segment
ES—— All segments
FS - are mapped
GS o to the same
- linear-address
space
Data
Segment
Data
Segment
- Data
Segment

Figure 3-6. Use of Segment Registers in Segmented Memory Model

Each & the sgment kgisters is asociated with ore of threetypesof storage: cae, data, o
stack). Forexanple, theCS register cortains the £gmen selectorfor thecode sgment, where
the indructions beingexecuted a& sored The praessor fetches instructions from the coadk
segment,usng alogical adires that cangsts of the ggment ®lector in theCS regster andthe
conterts of the ElPregster. The ElPregster conains the ofset within the code ggmentof the
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next instruction to be execuied The CS regster canot be loaded explicitly by anapplication
program Instead it is loaded implicitly by instructions or internal proces®r operatins that
charge gpogram cantrol (such as procediure cals, interrupt handling, a task switching).

The DS, ES, B, andGS regsters poirnt to four data segments . The awilahbility of four data
segmentspermits efficient ard secue accesto dfferent typesof datastructures Forexanple,
four sparate dataegmentsmight be createdne forthe data structuresof the curent modile,
andher forthe data exgrted from ahigherlevel madule, a hird for a dynamically created data
structure, ard afourth for data staredwith another program.To accesadditional datasegmerts,
the apfticationprogram must loadsegment ®lectors for thee segmentsintothe DS, ES, FSard
GS regiters asneeded

The SSegster conains the #gment ®lectorfor astack segment , where he procedire sack is
stored fa the prgram,task, or handler curently being exected. All stack operatiors use the
SSregider to find the sack segmen. Unlike the CS regster, the SSregiger canbe loaced
explicitly, which permits agplication programs to set yp multiple stacks ard switch anong them

SeeSection3.3., “Memory Orgarization”, for an overview of how the sgmen regstersare
used inreal-adiress moce.

Thefour segmen regstersCS, DS, SS, ard ES are thesame asthe sgmern regigersfound in
the Intel 86 andIntel 286 procesorsandthe FS and>Sregiderswere inroduwced irto thelA-
32 Architectue with the Irtel386™ family of processors.

3.4.3. EFLAGS Register

The 32-bit EFLAGS register cortains a goup of statusflags a contol flag ard a goup o
system flags. Figure 37 defines the flags within this register. Fdlowing initialization of the
procesor (eitherby asserting the RESET pin or the INIT pin), the gateof the EFLAGSregiger
is000M2H. Bits 1, 3,5, 15,and22 through 31 of this regster ae regrved.Sdtware soud
not use ordepemn on the statesof ary of these hts.

Someof the flagsin the BFLAGS regster can ke modfied drectly, usng speciatpumpos
instructions (describedin the fdlowing sectons). There are o instructions that allov the whole
regster to be eamined o0 modfied directly Howeverythe fdlowing ingructiors canbe used to
move goups of flagsto and from the procedue gack o the EAX regster: LAHF, SAHF,
PUSHF, PUSH-D, POHF, and POPD. After the cotentsof the EALAGS regider have ben
trangemed tothe pocedire sack o EAX regster, the fagscan ke examired aml maified usng
the processo’s kit manipulation instructions (BT, BTS, BTR, ard BTC).

When suspending atask(using the procesar’s multitasking facilities), tre procesar automati-
cally saves the $ate ofthe EFLAGSregster in the tak statesegment (TSS) for the sk beirg
suspenced. When birding itself to a new tads the praesor loadsthe EFLAGS regster with
data fromthe newtask’s TSS.

When a call ignace to an interupt or excepion hardler procedire, the pracesor auomatically
savesthe gate of the EFLAGS registers onthe procedire sack. \WWhen an interrpt or excefion

is handled with ataskswitch, the stateof the EH.AGS regsteris saved in the TSS for the task
being suspended.
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NUVOMNENXXXXXXXXXXXX

XOWm

ID Flag (ID)
Virtual Interrupt Pending (VIP)
Virtual Interrupt Flag (VIF)

Alignment Check (AC)
Virtual-8086 Mode (VM)
Resume Flag (RF)
Nested Task (NT)
1/0 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)

31302928 272625242322212019 1817 16

1514131211109 8 7 6 5 43 2 1 0

v|v
olololo|ofolo|ofofo|L|i]1|A|VIR

|
N| o [o|p|i|T|s|z Pl,|c
01T p |FIF|F|F|F|F|O|F|OF|L|F
L

DPFCMF

Indicates a Status Flag
Indicates a Control Flag
Indicates a System Flag

Reserved bit positions. DO NOT USE.
Always set to values previously read.

Figure 3-7. EFLAGS Register

Asthe IA-32 Architecure has evolred, flagshave been addedb the EFLAGS register, butthe
function ard placemenof exsting flagshave emained tle ssme from one amily of the 1A-32
processors to the next. As resilt, code that accass or modfies the® flags for one familyof
IA-32 procesors works asexpected whemun onlater fanilies of procesors.

3.4.3.1.

STATUS FLAGS

The datws flags (bits 0, 2,4, 6, 7,ard 11) of the EFLAGSregister indicatethe results of arith
metic instructions, swch asthe ADD, SUB, MUL, and DIV instructions. The functions of the
statusflags are asfollows:

CF (bit 0)

PF (Lt 2)

Caryflag. Setf an aithmetic opeation generates carryora borow out
of the nost-sinificant bit of the resit; cleaed otherwise. Ths flag indi-
catesanoverflow conditionfor unsgnedintegeraiithmetic. It is also used

in multiple-precison arithmetic.

Paity flag. Set if the leas-significant byte of the resilt cortains an even
numberof 1 bts; clearedbtherwise.
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AF (bit 4) Adjust flag. Set if an arithratic operation gneratesa carry o a borow
out of hit 3 of the resit; cleaed otherwise. Ths flagis used in binary-
coded decimal (BCD) arithmetic.

ZF (bit 6) Zero flag. Set if thereallt is zeio; clearedbtherwie.

SF (bit 7) Sign flag Set eqgal to the most-significant bit of the result, which is the
sign bit of asigned irteger. (0 indicates a postive value andl indicatesa
negative value.)

OF (bit 11) Overflow flag. Setif the integer resut is too large a mwsitive number or

too small a regative rumber (excluding the sign-hit) to fit in the destina-
tion operand cleared therwise. Thisflag indicatesan oserflow condtion
for sgned-integer (two’s conplement)arithmetic.

Of the® gatus flags only the G- flag carbe madlified drectly, usng theSTC, CLC, ard CMC
instructions. Also the kit instructions (BT, BTS,BTR, and BTC) copy a ecified bit into the CF
flag.

The datusflags allow a $nge arithmetic operationto praduce reslts for threedifferent data
types: unsignedintegers, sgnedintegers, ard BCD integers. If the reailt of anarithmetic gper-
ation is treated as an sigred integerthe CF flag indicates anout-of-range condtion (carryor
a barow); if treated as sgned inte@r (two’s comgement number) the OF flag inctates a
cariy or borrow; andif treated as BCD digit, the AF flag inlicatesa cary or borrow. The S
flag indicatesthe sgn of a sgned irteger. TheZF flag indcateseither a gjned- @ anunsgned
integer zera

When performing multiple-precisian arithmetic on integers, the CF flag is usedin conjunction
with theaddwith cary (ADC) andsubtractwith barrow (SBB) instructionsto propagatea cary
or borow fromonecompuaton to the nex.

The condition instructions Jcc (jump on condition code cc), SETcc (byte set on candition cale
cc), LOORcc, andCMOVcc (corditional mowe) use one o more of the s$atus flags ascondtion
cocks ard test them for brarch, st-byte, or endioop condtions.

3.4.3.2. DF FLAG

Thedirectionflag (DF, locatedn bit 10 of the EFLAGSegider) catrolsthe $ring ingructions
(MOVS, CMPS SCAS, LODS, am STOS). Seting the DFflag catsesthe string instructions to
autodecrenent (that isto pioces strings from high addressesto low addresses). Clearing the
DF flag causes the string instructions to auto-increment(processstrings from low addreses
to high adireses).

The STD ard CLD ingructiors set andclear theDF flag, espectively.

3.4.4. System Flags and IOPL Field

The ystem flagsand IOPL field in the EFLAG regster corirol operating-system or excutive
operatons They should not be modified by application programs. The functions of the
systemflagsare & follows:
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IF (bit 9)

TF (bit 8)

IOPL (bits 12 and 13)

NT (bit 14)

RF (bit 19
VM (bit 17)

AC (bit 18)

VIF (bit 19)

VIP (it 20)

ID (bit 21)
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Interryot enableflag. Controls the reporse ofthe pocesa to
maskalde interrupt requeds. Setto respond to maskable interrupts;
clearedto inhibit maskate interrupts.

Trapflag. Set to emable $nglestep moce for debugging clearto
disable single-step mode

I/O privilege level field. Indicatesthe I/O privilege level of the

currertly running programor tak. The curent privilege level (CPL)
of the currertly running programor taskmust keless thanor equal to
thel/O privilege lewel to acces thel/O addres space. Tlis field can
only bemodified by the POPF and IRET instructionswhen operating
ata L of 0.

Neged tak flag. Contrds the chainiy of interupted and called
tasks. St whenthe current taskis linked to the previously execued
tak; clearedwhenthe curent ta& is na linkedto andher tak.

Reaimeflag. Contrds the pocesor’'sregponseto debugexcepions.

Virtual-8086 mode flag. Setto enabé virtual8086 mode;clearto
retun to pratected mde.

Alignment checkflag. Set ths flag ard the AM bit in the CRO
regster to enable algnmert checkng of memoy refererces clear
the AC flag and/a the AM hit to disable alignment clecking

Virtual interrupt flag.  Virtual image of the IF flag. Usd in
conjunction with the VIPflag (To use this flag andthe VIPflag te
virtual mode extensions are erabled by setting the VME flag in
control register CR4.)

Virtual interrug pendng flag.  Set toindicate that aninterrupt is
pending clear when no interrupt is perding. (Software ®ts and
clearsthisflag; the procesor only readst.) Used incorjunctionwith
the VIF flag.

Identification flag. The alility of a programto setor clearthis flag
indicatessupport for the CPUID instruction.

See (hapter 3,ProtectedMode Memoy Managementin the Intel Architectue Sdtware Devel-
opers Manud, Volume 3, for a cetail description of these flag.

3.5. INSTRUCTION POINTER

The ingructionpainter (EIP) regster cortainsthe ofsetin the curent code egment fa the next
instruction to be executed It is advancedfrom one instruction boundary to the next in straight-
line cadeor it is moved ahed o backwads by a number of instructions whenexecutingJMP,
Jee, CALL, RET, and IRET instructions
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TheEIP regster camot ke accesed directly by oftware; it is controlledimplicitly by contiol-
tranger ingtructions(such asJMP, Jcc, CALL, andRET), interupts ard exceptions The orly
way to readhe EP regster isto exeute a CALL instruction andthen read the vabiof the
retum ingtruction panter from the procedire sack The ElPregister canbe loaded indiecty by
modifying thevalueof a return instructionpainter a the poocedue stackandexecting aretun
instruction (RET o IRET). See Sectin6.2.4.2., “Retun Instruction Pointer”.

All 1A-32 piocesors prefetch ingructions Becaus of ingruction prefetcling, aninstruction
addess readfrom the b during an ingruction loaddoesna match the value in the EIP reggter.
Eventhough different praesor generatiors use different preétching mehanisns, the furction
of EIP regster todirect programflow remeins fully compatible with all software writtento run
onlA-32 procesas.

3.6. OPERAND-SIZE AND ADDRESS-SIZE ATTRIBUTES

When the proessor is executing in préected modegvery cod segmenthas a defalt operand
sizeattribute amnl adlres-size attritute. Trese attributesare glected withthe D (default $ze)
flag in the ggment desriptor for the code £gment (®e Chapter 3,ProtectedMode Memotry
Manaenent, in the Intel Architectue Software Developer's Manud, Volume 3. When tre D
flag isset, the 32bit opeand-size andaddres-size attribtesare slected when the flag iclear
the 16bit size attributesare glected When the proesor is executing in real-adess moce,
virtual-808 mode, or SMM, the defalt operandsize andaddres-size attibutesarealways16
bits.

The operand-size atribute ®lectsthe szes of operards that irstructions operate . Whenthe
16-bit opeand-size atribute s in force, orand can gesrally be either8 bits or 16 bits ard
whenthe 32bit operard-sze attributds in force, operand cangererally be8 hits or 32 bits.

The adires-size attribie ®lectsthe $zesof addesses usedto addess memoy: 16 kits or
bits. Whenthe 16-bit addess-size attributes in force,segment dfsetsanddisplacemetsare B
bits. Thisrestriction limits the $ze of a gment that can be adeksed to 64 KBytes When the
32-bit addres-sizeattribute isin force, segmentoffsets ard dsplacenentsare 2 hits, allowing
segmens of up to 4 GBytesto be addessed

The default operand-size attrituteand/or address-size attribute canbe overridden for apartic-
ular instruction by adding an operand-size andor addess-size prefix to aninstruction (see
“I nstruction Prefixes” in Chapter 2 of the Intel Architecture Software Develger's Manual,
Volume 3. The efect d this prefix applies aly to the instruction it is attactedto.

Table 31 shows effective erard sze and adres size {vhen executing inpraected mock)
depending onthe sttings of the Dflag andthe gerard-sze andaddess-size pefixes

Table 3-1. Effective Operand- and Address-Size Attributes

D Flag in Code Segment
Descriptor 0 0 0 0 1 1 1 1

Operand-Size Prefix 66H N N Y Y N N Y
Address-Size Prefix 67H N Y N Y N Y




Intel ® BASIC EXECUTION ENVIRONMENT

Table 3-1. Effective Operand- and Address-Size Attributes

Effective Operand Size 16 16 32 32 32 32 16 16
Effective Address Size 16 32 16 32 32 16 32 16
NOTES:

Y Yes, this instruction prefix is present.
N No, this instruction prefix is not present.

3.7. OPERAND ADDRESSING

IA32 machine-ingructiors actson zero ormore opeands Some operand arespecifiedexgic-
itly in aningruction andothersareimplicit to aninstruction. An operandcan ke locatedin any
of the fdlowing places

® The ingtructionitself (animmedate opeand).
®* Aregster.

® A memory location.

® Anl/Opor.

3.7.1. Immediate Operands

Some indructiors use dataercoded in the ingruction itself asa ource opeand. These operards
are calledimmedide opemnds (or simply immedateg. For exampe, thefollowing ADD
instruction addsanimmediate @ ue of 14to the camtentsof the EAX regster:

ADD EAX, 14

All the arithmetic instructions (excep the DIV ard IDIV instructions) allow the saurce gerard
to be arimmediate vala. The maimum value allowed fo an immediate opeand variesamong
instructions but cannever be grear than he maxmum value of an unsigned douoleword

integer (2?).

3.7.2. Register Operands

Saurce anl destination opeandscan ke locaed n ary of the fdlowing regsters depending on
the instruction being exeauted

® The 32bit gereral-puposeregigers (EAX, EBX, ECX,EDX, ES, EDI, ESP, or EBP).
® The 16bit gereral-puposeregigers (AX, BX, CX, DX, SI,DI, SR or BP).

® The 8-t gened-pumpos regsters(AH, BH, CH, DH, AL, BL, CL, orDL).

®* The gment iegisters (CS, DS, SSES, FS and GS).
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® The ER.AGS register.

® Sydem regsters such asthe gldal desriptor table (GDTR) or the interrypt desriptor
table regiter (IDTR).

Some ingructiors (suchasthe DIV ard MUL instructions) use quadwod operand cortained
in apair d 32-bit registers. Register pairs are repeented witha colonseparatingthem.For
exanple, inthe regsterpair EDX:EAX, EDX conginsthe highorderbitsand EAX containsthe
low orderbits of a quadword opend.

Seweral instructions (such as he FUSHFD ard POPD instructions) are provided to load and
store thecorterts of the EFLAGS register orto st or clear indvidual flagsin this register. Other
instructions (swch asthe Jecinstructiong use the stateof the statusflagsin the EFLAGS regiger
ascondtion cadesfor brarching or otherdecsion making opestions.

Theprocesor containsaselection of system reistersthat areusedto cantro memay manag-
mert, interrupt and excepion hardling, task maragemei, praces®r managemet) and abug
ging activities. Sane of thesesystemregsters areaccestble by an application program, the
operating system, or the execuive through a st of system ingructions When accesing a
system register with a g/stem instruction, the redster s generally animplied operard of the
instruction.

3.7.3. Memory Operands

Souce aml destination operardsin memay are efererced ty meansof asegmern selectar ard
an dfset (see Figue 38). The £gmen sdecta specifiesthe sgment catainingthe gerard
andthe offset (the numberof bytesfrom the begnning of the ssgmen to the first byte of the
operand specifiesthe linearor effectve addess of the gerard.

15 0 31 0

Segment Offset (or Linear Address)
Selector

Figure 3-8. Memory Operand Address

3.7.3.1. SPECIFYING A SEGMENT SELECTOR

The segnent sekecta canbe specified eitherimplicitly or explicitly. The nost common method
of specifying a €gment glector is to loadit in a ssgment regiter and therallow the pocesor
to sekct the regster implicitly, depeding on the type of omraton behg perbrmed The
procesor autamatically chomes a £gment accading to the dlesgivenin Table 3-2.

Table 3-2. Default Segment Selection Rules

Type of Register Segment
Reference Used Used Default Selection Rule
Instructions Cs Code Segment | All instruction fetches.
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Table 3-2. Default Segment Selection Rules

Stack SS Stack Segment | All stack pushes and pops.
Any memory reference which uses the ESP or EBP
register as a base register.

Local Data DS Data Segment All data references, except when relative to stack or
string destination.

Destination ES Data Segment Destination of string instructions.

Strings pointed to with

the ES register

Whengoring datin or loading data from menory, the DS segnent default canbeoveridden
to allow othersegmentsto be accesed. Within anasembler, the gment overide isgeneally
handed with acolon“:” operator. Forexampe, the bllowing MOV instruction movesa \alue
from regster EAX irto the segmernt pointedto by the ES regster The dfset into the segnert is
confained in the EBX register.

MOV ES: [ EBX], EAX;

(At themachne level,a £gment overiide is specified with a ssgmen-overide prefix, which is
a byte dacedat the keginning of an irstruction.) The following default ssgment ®lections
cannad be werridden

® Instruction fetches mug be made from the coct segnent

® Destnation strings in string instructions must ke staedin the data segnert pointed to by
the ESregister.

®*  Pud ard pg operatiors mug always refererce the SSegmert.

Some instructions require a segnert sekcta to be specifiedexplicitly . In these cases, #16-bit
segment €lector can e located in a ramoty locationor in a B-bit register. For exampe, the
following MOV instruction moves a segiert sekcta locaed in regster BX into segnert
regiger DS

MOV DS, BX

Segment lectascanalso be pecified exlicitly aspart of a 4&bit far panter in memaoy. Here,
the first doudeword in memory congins the of'set and he nex word cmtains the segment
selector.

3.7.3.2. SPECIFYING AN OFFSET

The dfset part of a memoy addres can bespecified either etectly asan satic value €alled a
displacenent) or through an addessconputation madeup of one a mare d the following
compnens:

® Displacement—An 8§ 16-, or 32-hit value.
® Base—Thevalue in a gemral-purpose register.
® Index—The valiein a gemral-purpose regster.
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® Scale facto—A value d 2, 4, or 8 that is multiplied by the index value.

The offset whichreallts from addirg these compnernisis calledaneffecive address . Each d
thes compamentscan have either a pitize or negatie (2s conplement)value, with the excep
tion of the galing factor Figure 3-9shows all the posible waysthat these conporentscanbe
combinedto create areffective adliresin the ®lected sgmernt.

Base Index Scale Displacement
EAX
EBX EAX 1 None
EBX
ECX .
EDX ECX 2 8-hit
ESp + EDX | % +
EBP 3 16-bit
EBP
ESI .
ESI Enl 4 32-bit
EDI
Offset = Base + (Index OScale) + Displacement

Figure 3-9. Offset (or Effective Address) Computation

Theusesof gereral-puposeregiders ashase or index conporentsare refricted inthe fdlowing
mamer:

®* The ESPregiger canot beused asanindexregider.

®* When the ESRr EBP regiser isused asthe bag, the SS ggment isthe deéult segment.
In all other ca®s the DS ggment isthe dfault ssgment.

The kase, index, anddisplacement compnentscanbe used in any canbination and ay of thege
comporentscanbe null. A gale facor may be used oy when an inlex al® is used. Each
possble combination is useful for dat structurescommanly usedby programmersn high-level
languagesand asenbly language.The following addessng malessugges usesfor commaa
combinationsof addess campanents

Displacement

A displacenent alame represents a direct (uncorrputed) offset to the qoerard. Becawse the
displacemenis encoad in the ingruction, thisform of an addess is sometimescalled arabso-
lute a gatic adires. It is comnonly used toacces a gatically allocated salar ogrand

Base

A ba alone repeserts an indrectoffset to the oprand Sincethe vaue in the basregiger can
charge, it carbe sedfor dynamic sorage of variables ard dda structures
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Base + Displacement
A bag regster ard a dsplacenent carbe wsedtogethe for two dstinct puposes

® Asan indx into anarray whenthe elementige isna 2, 4, or 8 bytes—The displacenent
comporent encdesthe satic offset tothe begnning of the array The bag regster tolds
the esults of a calculatiorto determine the off'set to a pecific element within thearray

®* To acces afield of a recod—The bas regster hdds the addess of the begnning of the
recad, while the displacemenis andatic dfset tothe field.

An important gecial cas ofthiscombination isacces to parangtersin a pocedue activation
recod. A procedue acivation recordis the stadk frame created whenmocedire isentered
Here, the EP regiser is the beschoicefor the bas regiger, becaise it automatically dects
the dack £gmern. Thisis a comg@ct encding for this comman function

(Index OScale) + Displacement

This addes mocke offersanefficient wayto indexinto a datic arraywhentheelement ize is2,
4, or 8bytes The displacemen locatesthe begining of thearray, the indexregster holds the
subscript of the desred aray element, ath the pocesor autanaticaly conwertsthe subscript
into anindexby apgying the saling facta.

Base + Index + Displacement

Using two regsterstogether sipports eithera two-dmengonal aray (the dsplacemenhddsthe
addess of the keginning o thearray) or one of several ingancesof an aray d record (the
displacement isanoffsetto a fieldwithin the ecorg.

Base + (Index [OScale) + Displacement

Using all the addressing componerts together allovs eficient indexing of atwo-dimensional
arraywhenthe element®f the aray ae 2,4, a 8 bytesin sze.

3.7.3.3. ASSEMBLER AND COMPILER ADDRESSING MODES

At the machine-ode level, the eected cormbination d displacemen, base register, index
regider, andscale factor isencaedin an ingruction All assemblers pernit a prgrammer
use any 6 the allowable combationsof thee adlresing compnerts to adires operards
High-level language conpilers will select anappopriate comhbination d these canpanents
basd on the language corstruct a pogrammerdefines

3.7.4. 1/0O Port Addressing

The pocesor supportsan 1/0O addess space that catains up to 65536 8-bit I/O ports Portsthat
arel6-bit and 32-bit mayals bedefined in the /O addess space. Anl/O port canbe addressed
with either an imnediate opeandor a \alue in the DX reggter. See @apter 12 Input/Output,
for more informationabou 1/0O pat addessing

I 3-21



