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6. CPU, die Zweite

Stand der Technik

Vorlesung Rechnerstrukturen
Wintersemester 2002/03

Ausgangspunkt

Tanenbaum-CPU

3 sichtbare Register

— PC = Program Counter
— AC = Accumulator

— SP = Stack Pointer

Mikroprogrammierte Architektur
— zwischen 8 und 12 Mikroinstruktion pro Instruktion

Keine kauflichen Muster bekannt
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Geschichte des pProzessors

e Friher: Zentraleinheit
— aus diskreten Komponenten aufgebaute CPU

e Mikroprozessor =
CPU auf einem Chip

e Intel 4004
— 1971, 4-Bit Prozessor

e Intel 8008
— 1972, 8-Bit Version

"ﬂ'liil”

Intel 4004 Mikroprozessor

4001, 4002, 4003, 4004

e Programmierter elektronischer Taschenrechner
— Intel traut sich zuerst integrierte Losung zu entwicklen
— GelGtete diskrete Lésungen waren bis dahin Ublich

¢ Hohe und riskante Anfangsinvestition

¢ Bestandteile
— 4001: 2048 Bit ROM, 4 Bit E/A-Port
— 4002: 20x4 Bit RAM, 4 Bit Ausgangsport
— 4003: Shift-Register (Seriell Ein, Seriell/Parallel Aus)
— 4004: 4 Bit CPU

e siehe auch
—  http://www.intel4004.com/
— http://www.intel.com/intel/intelis/museum/exhibit/hist _micro/hof/hof main.htm
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Intel

transistors

Pentium 4 Processar | 100,000,000

° —_ . Pentium® lll Processor
1 968 MOORE'S LAW Pentium® Il Processor 10,000,000
- GOrdon MOOre Pentium® Processor,

- | 1,000,000

(Moore’s Law)
— Robert Noyce
— spater Andy Grove

100,000

10,000

1000

[ ] ,,E rfi nd er“ des 1970 1975 1880 1985 1980 1995 2000
Mikroprozessors

e Buchempfehlung

— Tim Jackson, Inside Intel, Andy Grove and the Rise of the World’s Most Powerful Chip
Company, 1998, Plume Book (deutsche Fassung im Heyne-Verlag)

Der Intel 8085

8-Bit CPU
— auch 16-Bit-Register
— 16-Bit-Adressen
(64 KB Speicher)

e Einflihrung 1974
e max. 2 MHz Takt
e 6000 Transistoren

e Auflésung 6 pm
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Sichtbare Registerstruktur

e 16 Bit Adressen

Sign
. . Zero
o 8 Bit-Register Aux. Carry
- Akkumulator 'ézrr'g’
— Flags

- B,CD,EH,L

e 16 Bit-Register
— Programmzahler (PC)
— Stackpointer (SP)
— PSW = Akku + Flags

I

@

| D E I
— BC, DE, HL
| H L I
¢ Viele Spezialinstruktionen
— Nur bestimmte Register _
vennendber I
Instruktionsformate
1 Byte
1 Byte 1 Byte
1 Byte 2 Byte
e Little Endian
— Reihenfolge der einzelnen Bytes bei Mehr-Byte-GroBen
— Beispiel 0x34af ab Adresse 0x2000
e 0x2000: Oxaf
« 0x2001: 0x34
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Befehlsgruppen

o Datentransfer
— Register-Register
— Register-Speicher
— Speicher-Register
— Immediate

o Arithmetisch-logische Befehle
— Addition mit und ohne Carry

— Subtraktion mit und ohne
Borrow

— Inkrement und Dekrement

— Logisch Und, Oder, Exklusiv-

Oder
— Vergleich
— Shiften und Rotieren

e Sprungbefehle
¢ Unterprogrammbefehle
e Kelleroperationen

e Spezialbefehle

&
Nicht

auswendig
lernen!

Datentransfer

o 8 Bit Register-Register
- MOV rl, r2
e rl:=r2, mitrl, r2 aus
{AI BICI DI EI HIL}

e 16 Bit Register-Register

- XCHG
e tmpl6 := DE
DE = HL
HL = tmp16
- PCHL
e PC:=HL
— SPHL
e SP:=HL

e 8 Bit Register-Speicher
- MOV r, M

e r:=m[HL], mit r aus
{AI BICI DI EI HIL}

— LDAX rr

e A :=m[rr], mit rr aus
{BC, DE, HL }

- STA adrleé
e m[adrl6] := A

e 16 Bit Register-Speicher
- LHLD adrlé

e L :=m[adri6]
H := m[adr16+1]

(c) Peter Sturm, Universitat Trier (u.a.)
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Datentransfer (2)

e 8 Bit Speicher-Register e 8 Bit Immediate
- MOV M, «r - MVI r, byte
e m[HL] :=r, mitr aus e r:= byte, mitr aus
{A,B,C,DEHL} {A,B,C,D,EHLM}

- STAX[ Tr A mit ¢ 16 Bit Immediate
* Mmirr] := A, mit rr aus
{ BC, DE, HL } - ILXTI rr, dbyte
— STA adrlé e rr := dbyte, mit r aus

{BC, DE, HL, SP }
e m[adrl6] := A
e 16 Bit Speicher-Register
— SHLD adrlé

e m[adrl6] :=L
m[adr16+1] := H

Arithmetik

¢ 8 Bit Addition ¢ 16 Bit Addition
- ADD r — DAD rr
e A:=A+r,raus e HL :=HL + rr, rr aus
{A,B,C,D,EHLM} {BC, DE, HL, SP }
e Flags: C, Z, S, P, AC e Flags: C
- ADC r

« Ai=A+r+Carry e 8 Bit Inkrement / Dekrement

e Flags: C, Z, S, P, AC - INR © )
- o r:=r+1,raus
ADI .byte {AB,CDEHLM}
e A:=A+ byte e Flags: Z, S, P, AC
e Flags: C, Z, S, P, AC - DCR r
— ACI byte e r:=r-1,raus
e A:=A+ byte + Carry {ABCDEHLM}
e Flags: C, Z, S, P, AC e Flags: Z, S, P, AC

¢ Analog Subtraktion
— SUB, SBB, SUI, SBI

(c) Peter Sturm, Universitat Trier (u.a.) 6
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Arithmetik (2)

e 16 Bit Inkrement / Dekrement e Carry setzen
- INX rr - STC
e rr:=rr+l, rraus . =
{ BC, DE, HL, SP } Flag C:=1
- DCX rr e Carry invertieren
e rr:=rr-1, rr aus - CMC

* {BC, DE HL, SP} e Flag C := inv(Flag C)

e Vergleichen
- CMP r

e BCD-Korrektur

o tmp8:=A-r -

e Flags: C, Z, S, P, AC e Akku invertieren
— CPI byte - CMA

e tmp8 := A - byte e A:=inv(A)

e Flags: C, Z, S, P, AC

Logik

e 8 Bit Logisches UND

— ANA r
e A:=AANDT, raus
{A/B,CD,EHLM}
e Flags: C:=0, Z, S, P, AC
— ANI byte

e A:= A AND byte
e Flags: C:=0, Z, S, P, AC
e Analog Logisches ODER
- ORA r
— ORI byte

¢ Analog Logisches Exklusiv-ODER
— XRA r
— XRI byte

(c) Peter Sturm, Universitat Trier (u.a.) 7
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Rotieren

 RAL
— tmpl := Carry
Carry := A7
A7 := A6, ..., Al := A0
A0 := tmpl
*« RAR
— tmpl := Carry
Carry := AO
A0 :=Al, ..., A6 := A7
A7 :=tmpl
* RLC
- Carry := A7
A7 := A6, ..., Al := AO
A0 := Carry
* RRC
- Carry := A0
A0 := Al, ..., A6 := A7
A7 := Carry

Akku

IIIIIIIIj

Akku

IIIIIIIIj

Akku

|—>|IIIIII||—|—’

Spriinge und Unterprogramme

Unbedingter Sprung
- JMP adrlé

Bedingter Sprung
- Jcc adrlé

- cc=
e NZ: Not Zero
e Z: Zero
e NC: No Carry
e C: Carry

e PO: Parity Odd

e PE: Parity Even

e P: Positive

e M: Minus (Negative)

e Indirekter Sprung
- PCHL
e PC:=HL

e Unterprogrammsprung
— CALL adrlé

- Ccc adrleé
e SP:=SP-1
m[SP] := PCysg
SP := SP-1
m[SP] := PC g
PC := adr16

¢ Unterprogrammriicksprung
- RET
- Rece
e PC g := m[SP]
SP := SP+1
PCusg := M[SP]
SP := SP+1

(c) Peter Sturm, Universitat Trier (u.a.)
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Kellerbefehle

e Push
- PUSH rr
e rraus { BC, DE, HL, PSW }

e Pop
- POP rr
e rraus { BC, DE, HL, PSW }

e Spezialbefehle

e SP:=S5P-1, m[SP] := rrysg, SP := SP-1, m[SP] := rrgp

® ITgg := M[SP], SP := SP+1, rrygg := m[SP], SP := SP+1

m[SP+1], m[SP+1] := tmp8

— XTHL
e tmp8 :=L, L := m[SP], m[SP] := tmp8
tmp8 :=H, H :=
— SPHL
¢ SP:=HL

// Der Vollstandigkeit halber

Ein- und Ausgabe

e 256 E/A-Adressen

e Ausgabe
- OUT adr8
e EA[adr8] := A

e Eingabe
- IN adr8
o A := EA[adr8]

m Adressen
16

8085

ﬁg Daten
8

———————— 10/M
—) 2}

—————————————RD

(c) Peter Sturm, Universitat Trier (u.a.)
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Interrupt-Behandlung

Software-Interrupt

Interrupts zulassen

- RST x - EI
e SP:=SP-1
m[SP] := PCysg e Interrupts sperren
SP :=SP-1 - DI
m[SP] := zchB
PC := m[x*8 e Misc
¢ Hardware-Interrupts - HLT
— 4 Stiick — NOP
— RST 4.5 (NMI), 5.5, 6.5, 7.5
e Interruptmaske
- RIM NMI
c Ai=IM RST 5.5
- SIM RST 6.5
8085
o IM=A RST 7.5
Pg:fwjbgk OxBess - Ox33F o Py
T 8 KBpe oxo oxdfl X
Rort: 8 wByie o=Eo R
e e D = 25
s ..5'.“ ,
ek € I D JRE NEE
ROCAFN
e ff 4 5 6
axfc O ‘l 3

(c) Peter Sturm, Universitat Trier (u.a.)
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DATA TRANSFER GROUP ARITHMETIC AND LOGICAL GROUP BRANCH CONTROL 1/0 AND ASSEMBLER
MACHINE CONTROL REFERENCE (Cont.)
! " ! f ! r 1 T = -
Move Move (cont) awid Add* Increment** Logical® Jump Stack Ops. -
Immediate Instruction
AA TF EA S Abye 36 A W A ac A AT IMPadr C3 8 cs Genera:
A8 78 EB 58 Bibyte 06 8 80 8 o4 8 A0 INZadr C2 pusH{ 0 05 oRG
AC 79 EC 59 C.byte 0E c 81 c oc c Al CA H E5 END
MOv{AD 7a MOV{ED S5A  MVI{ D.byte 16 aoo{ 0 82 WD 14 ana{ 0 A2 | 02 PSW  Fs €qu
AE 78 EE 58 Ebyte 1€ £ & £ ic E A3 oA s & SET
AW TC EH 5C Hobyte 26 Hooe Ho2 WA = woi' 4 B o1 s
AL 70 EL 5D Lbyte 26 Lo Lo LoAs €A 5 £ o8
AM 7€ Lem se M.byte 36 M8 M3 M A6 { F2 oo P ow
FA
BA 47 HA 67 A eF 8 0 % A | N B ——_— -
88 40 HB 60 Lons 8 88 N0 13 g | il
BC 41 HC 61 Imediote c 89 H 23 C A9 i Call MACRO
MOV 8D 42 MOV HD 62 ADC{ D 8A sp 3 ra] & X | catwn oo ENOM
BE 43 HE 6 B abie 01 E 88 € an CALL nar O Input/Output LOCAL
BH 44 HH 6 L D.able 11 W 8C Decrement: § ac porralili-od REPT
BL 45 HL 65 H, dble 21 L 80 L AD I oncear D4 OUT byte D3 IRP
BM 4 M 6 S avle 31 Mo e N oA ChCadr D4 Noye DB thec
cA LA e A A er CPoadr  E4
ce 48 L 6 Load/store Subtract® F e CPEadr  EC Control
cc 4 Lc 6 LBARE! ok ocrd o 15 c B CPadr  F4 Psboaslons
MOV+ CD 4A MOVH LD 6A LDARD! ‘1A A o7 c orRad D B2 CMadr  FC o F3 ASEG  NAME
CH 4c LH 6C c @
cL 4 Lt & LDA wde, ‘A sus{o 9 L o - i et NQP 00 PUBLIC  MEMORY
cM 4E LM 6E STAXB 02 E 93 N 3% N e RET  C9 HLT 76 EXTRN
on s g STAXD 12 Hoooe 8 o8 ANZ  CO
DB 50 MB 70 SHED adei22 L 9% ocxj o 18 ao Rz o New Instructions Condhlionsl
% STAadr 32 ™ H 28 8 oe ANC DO 8085 Ol Assombly:
bDCc 51 MOVA MC 71 sp 38 c B9 RC o8 ( nly)
MOV DD 52 MD 72 A 9F = cmp{ D BA RPO £0 IF
DE 53 ME 73 8 o € B8 APE E8 bl e
DH 54 MH 74 c % Specials W oBC RP FO ENOIF
oL 55 L 75 see{ D 9A i o N R
oM 6 o es P oM 27 W e ASSEMBLER Constant Definition
H 9 CMA  2F Restart REFERENCE 0BOH
etic ex; n that evaluates 1o an £ 0 stct L Arith & Logicsl 1AH } He
econd byte of 2-byte insiructions) [m o cMct  aF Immediste o o7 Operators oo
thmetic expre t evaluates 10 a ADI byte C6 B C; .ns} Decimal
nd and Thrd byies of Sbyie S — ACitme o [ 2 .0 N
SUI byte D6 RST 3 DOF LOW, HIGH }Ocul
adr = 16-bit address (Sacond and Third bytes of3-byle nstructions) { P ‘ 720
SBibyte DE MOD. SHL. SHR
+ - i flags (C.Z.5. P. AG) afected [ ALC o7 e | s EF . 1101187 ginan
4+ = all flags except CARRY affected. (exception: INX and DCX it 104 - e o 6 F7 NOT oori08 ] "
it no fgey Lo s T
o TEST
1 = only CARRY aflected sP 39 RAR F ORI byte F6 AN T ascu
i CPibyte FE OR. XOR A®
AN memonics copyright sintel Corporation 1976, i

Prozessoren der Vergangenheit

¢ Keine detaillierte Untersuchung

¢ Vergleich charakteristischer Eigenschaften

Maximale Taktfrequenz (zum Einflihrungszeitpunkt)
Anzahl Transistoren

Instruktionen pro Takt

CachegréBen (eventuell Summe)

Tiefe der Instruktionspipeline (Integer und Floating Point)

(c) Peter Sturm, Universitat Trier (u.a.) 11
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Intel: 70er Jahre

4004 8003 8080 8086 8088
Intreduced 111871 4172 41774 8/3/78 a1/7e
Cleck Speeds | 108KHz 200KHz 2MHz EMHz, 8MHz, SMHz, 8MHz
10MHz
Bus Width 4 bits 2 bits 5 bits 16 bits 5 bits
Number of 2,300 3.500 8,000 28,000 22,000
Transistors {10 microns) {10 microns) {8 microns) {3 microns) {3 micrens)
Addressable | 840 bytes 18 KBytes G4 KBytes 1 MB 1 MB
Memory
£
Virtual - = - - — %
Memory £
H
Brief First microcomputer | Date/character 10 the 10X the Identical toc 8088 | 3
Description chip, Arithmetic manipulaticn performance of | performance of | except for its 8- %
manipulaticn the 8008 the 8080 bit external bus §

n
Intel: 80er Jahre
Intel486™
Intel386™ DX Intel386™ SX DX CPU
80286 Microprocessor Microprocessor Microprocessor
Introduced 2182 10/17/85 6/M6/88 4/10/89
Clock Speeds | 8MHz, BMHz, 18MHz, 20MHz, 26MHz, | 18MHz, 20MHz, 26MHz, 25MHz, 33MHz,
10MHz, 33MHz 33MHz BOMHz
12 5MHz
Bus Width 15 bits 32 bits 18 bits 32 bits
Number of 124,000 275,000 275,000 1.2 million
Transisters {1.5 microns) {1 micron) {1 micren) {1 micron)
{.8 micron with
S0MHz)
Addressable | 18 megabytes 4 gigabytes 18 megabytes 4 gigabytes
Memory
5
Virtual 1 gigabyte 84 terabytes 84 terabytes 84 terabytes %,,j
Memory £
Brief 3-8 the First X868 chip to handle |18-bit address bus enabled | Level 1 cache on §
Description performance of | 32-bit data sets low-cost 32-bit processing | chip QCZ
the 8088 ﬁ

(c) Peter Sturm, Universitat Trier (u.a.) 12
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Intel: 90er Jahre

Iy Intel486™ SX Pentium® Pentium® Pro | Pentium®mn
Microprocessor Processor Processor Processor
Introduced 4/2291 32293 11/01/95 5/0797
Clock Speeds | 18MHz, 20MHz, B0MHz, 88MHz 180MHz, 1886MHz, 200MHz, 232MHz,
25MHz, 33MHz 180MHz, 200MHz 286MHz, 200MHz
Bus Width 32 bits 64 bits 54 bits 64 bits
Humber of 1.185 million 3.1 million 5.5 million 7.5 millien
Transistors {1 micren) {8 micron) {0.35 micron) {0.35 micron)
Addressable |4 gigabytes 4 gigabytes 54 gigabytes 84 gigabytes
Memaory
Virtual 84 terabytes 84 terabytes 84 terabytes 84 terabytes
Memaory
Brief Identical in design to Superscalar Dynamic execution Dusl independent
Description Intel426™ DX but :rd‘| itecture brought s.rchitEcxurE r:lriw:-s bus, d)-:nsmic
without math 5X the performance of | high-performing execution, Intel
coprocessor the 33-MHz processor MMM 3
Intel488™ Dx technology .
processor E
Other Quidk Reference Guide | Quidk Re Quidk Reference Guide g
Processor Guide g
Family 2
Members b
Instruktionen pro Takt
500
=& MIPS (Dhrystone) — —Taktfrequenz
450 f
400 /
350 /
300 /
250 /
200 Y 1
150 /
100 /
* [— ’:’__l/
0 -, T L T T T T
8086 80286 80386 80486 Pentium  Pentium Pro

(c) Peter Sturm, Universitat Trier (u.a.)
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Die-GroBen: Intel

Pentium® Pentium®ll
Processor Processor

Schneller, schneller, schneller ...

e Hohere Leistung ist oberstes Gebot

e Technische Verbesserungen
— Kupfer statt Aluminium, eventuell mal GaAs
Hohere Integration (90nm und besser)
— Mehrere Prozessoren auf einen Chip
Ganze Rechner auf einem Chip

¢ Algorithmische Verbesserungen
— Instruction Pipelining zusammen mit Branch Prediction
— Ausfiihrung von Instruktionen , Out of Order"

(c) Peter Sturm, Universitat Trier (u.a.)
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Instruction Pipelining

e Taktfrequenz erhéhen

¢ Pipeline Hazards fiihren zu einem Stall
— Data Hazard (bendtigte Daten nicht verfiigbar)
— Control Hazard (bedingter Sprung etc.)
— Structural Hazard

(EngpaBe in der CPU) 1 2 3 7 8 9 10
. Instruction 1 | IF | ID |EX DA |WB
e Vermeidung von Stalls ol Ll
. Instruction 2 EX A | W
bei Control Hazards
Instruction 3 IF |ID |EX |DA|WB

— Branch Prediction

[nstruction 4

Instruction 3 IF |ID | EX|DA|WB

Branch Prediction

e Sprungarten >

— Bedingt Vorwarts
— Bedingt Riickwarts
— Unbedingt

"

e Verteilung
— Vorwarts : Rickwarts ca. 4:1 (Bedingt und Unbedingt)
— ca. 60% der Vorwartsspriinge werden genommen
— ca. 85% der Rickwartsspriinge werden genommen

e Erster Losungsansatz: Static Predictor
— Vergleich aktuelle Adresse und Zieladresse

(c) Peter Sturm, Universitat Trier (u.a.) 15
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Dynamische Sprungvorhersage

0x73a
* Spezieller Cache 0xf10 ~
— Index: Adresse _ Bdl &
— Inhalt: 1 Bit (Gesprungen oder Nicht) L B'tAg;eSisf L g
e Branch History Buffer (BHB) : &
Branch History Table (BHT) | 0x752 [0]

e 2 Bit sind besser (Gesattigter Zahler)
— Inkrement / Dekrement

— 1 Bit bei Mehrfachdurchlaufen einer Schleife immer am
Anfang und am Ende falsch (z.B. geschachtelte Schleifen)
— mehr als 2 Bit nicht mehr sinnvoll

— Performanz: 82% bis 99% bei Tabelle mit 4096 Eintragen

Branch Target Buffer

¢ Decode-Stufe erkennt eigentlich erst bedingte
Springe

— mit nachstem Takt muB aber schon die geeignete nachste
Instruktion geladen werden

e CPU speichert Sprungziele (BTB)
— Wenn PC im BTB dann Sprungvorhersage einsetzen
— sonst normal weiterarbeiten (Instruction Fetch ab PC)

(c) Peter Sturm, Universitat Trier (u.a.) 16



Vorlesung Rechnerstrukturen Wintersemester 2002/03

Superskalaritat

-n

e Voraussetzung
— Mehrere Funktionsbausteine
vorhanden
— Mehrere Instruktionen dekodiert
und ausfiihrbar (issue)

-n
luliviie]

m|mM|O (O (mm

« Uberlappende Nutzung durch
Pipelining

wWB e Beispiel: 2 Addierwerke
— 2 Instruktionen pro Takt

e (Gangig
— mind. 2 Integer-Pipelines
— Floating-Point
— ggf. Multimedia-Pipeline

WB

N<—-n-nocmm§§
N<—'I'I'I'IUUI'I'II'I1§§
N<—-n-noornrn§§
N—UUmmgg

=

@

N < (M (rm
N —

“Qut of Order” Execution

e Inorder: Sequentielle Ausfiihrungsreihenfolge

e Out of Order
— Internes Umordnen der Instruktionen wenn mdglich
— Bessere Auslastung der Pipeline
— Ideal zusammen mit Superskalaritat

¢ Problematik: Datenabhangigkeiten zwischen Istruktionen

e Falle
— RAR: Read after Read
— RAW: Read after Write
— WAR: Write after Read
— WAW: Write after Write

(c) Peter Sturm, Universitat Trier (u.a.) 17
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»Out of Order" Realisierung

e Scoreboards

— Zahlen wie of Register X referenziert wird
— Merken ob Register X Ausgabeziel einer Instruktion ist
— Anzahl vorhandener und belegter Funktionseinheiten

¢ Register-Umbenennung (Register Renaming)
— ,Unsichtbare"™ Zusatzregister
— Auflosen der Zugriffskonflikte

¢ Freigabe der Ergebnisse (Commit, Retire)
— entsprechend der urspriinglichen Instruktionsreihenfolge

Intel Pentium

32 Bit

(c) Peter Sturm, Universitat Trier (u.a.)
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Pentium-Familie

8
LD
o58
g50
el
INSTRUCTION o
| DECODE
édMPLEX
BUS INTERFACE INSTRUCTION
LOGIC | SUPPORT
SUPERSCALER - ¢ Diverse Unterarten
INTEGER — Pentium bis
e Pentium 4
UNITS 5 s )
: PIEFEINED — Pentium Pro
FLOATING =
— Xeon
— Celeron

MP LOGIC

T 3 4 5 6 7 8 0 10 1112 13 14 15 16 17 18 10 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36 a7
AN[ O O o o ° ° ° ° ° ° ° ° ° ° ° ° ° o o | AN
INC_ INC_ INC FLUSH# VCC2 VCC2 VCC2 VCC2 _VCC2 _VCC2_VCC3_VCC3  VCC3_VCC3_VCC3_ A10 A6 _ NC _ VSS
AM o o o °® ° ° ° ° ° ° ° ° ° ° ° ° ° o AM
ADSC# EADS# WIRK  VSS | VSS VSS VS | VSS VS VSS_VSS VSS VSS VSS VS A8 A4 A3
AL AL
VCC2  PWT HITM# BUSCHK# BEO# BE2¢# BE4# BEG# SCYC NC A2 A18 _ A16 _ Al4  A12 A1l _ A7 _ A3 _ VSS|
AK | DET#O o o O o ] [o] [*] o o o o o o o o AK
AP _ DIC# HIT# A20M# BE1# BE3# BES# BE7# CLK RESET A19 A17  A15 A13 A9 A5 _ A20 A28
A 0" o o o o AJ
BREQ HLDA ADS# A31 A5 VSS
AH AH
VSS _LOCK# A26 A2
AG o o o o AG
VCC2 SMIACT# PCD A27 _ A24 _ VCC
AF ° AF
VSS _PCHK# A21_ VSS
AE| ® o <] ° o ® | AE
\VCC2 PBREQ#APCHK# A23  D/P#_VCC3
AD AD
VSS _PBGNT# INTR _ vSS
AC o o o o AC
VCC2_PHITM# PRDY NMI _ RIS# _ VCC:
AB AB
VSS _ HOLD SMi#_ Vss
AA o [e] o o ® | AA
VCC2_ PHIT# WBWT# INIT_IGNNE# VCC3
z z
VSS _ BOFF# PEN#_ VSS M
Y
VCC2_BRDYCH NA# BF0 FRCMC#' vCC3
X o ° X
VSS _BRDY# -~ BF1 _ VSS
w|e o o - o o o |w
VCC2_EWBE# KEN# NC  NC _vCC
v ° o o ° v
VSS _AHOLD STPCLK# VSS
ule - ° o U
VCC2 CACHE# INV VCC3_ VSS _ VCC3
i entium etk
VSS _ MUo# vees  vss
S| ® o o o o o S
vcc2_ BP2 BP3 NC _ NC _VCC3
R ° o o o R
VSS _PM1BP1 NC _ vss
al e o fe) o o ° la
VCC2_PMOBPOFERR# TRST# CPUTYP_ VCC3
P P
VSS IERR# ™S VSS
N|® o o o o o N
\vcc2_ D63 DP7 DO  TDI _VCC3
M ° o o ° M
VSS  D62 TCK _ VSS
L|® o o o O o L
vcC2_ D61 D60 VCC3_ PICD1_ VCC:
K K
VSS D59 D0 VSS
J o o O o ° J
vccz_ D57 D58 PICDO D2 _ vCC3
H o o o ° H
VSS D56 PICCLK VSS
G o o o o G
\vcCc2  DSs5 D53 D3 D1 vCC3
F o o o o o F
DP6 D51 _ DP5 D5 _ D4
E| O o o o o o L J E
D54 D52 D49 D46 _ D42 D7 _ D6 VCC3
D o o o o o o o o o o o o o o o o o o D
D50 D48 D44 D40 D39 D37 D35 D33 DP3 D30 D28 D26 D23 D19 DP1_ D2 _ D8 _ DPO
clo o o o o ° o o ° o o o ° o ° o o o |c
INC D47 D45 DP4 D38 D36 D34 D32 D31 _ D20 D27 D25 DP2_ D24 D21 _Di7 D14 D10 D9
B o o o ° ° ° o o ° ° e o ° ® o o o o B
INC D43 VSS VSS VSS VSS  VSS_ VSS_VSS VSS _ VSS VSS _VSS VSS D20 D16 _ DI3 _ D1
A o o A o o o o o ® A ® ® ° o o o o o A
INC D41 VvCC2 VCC2 VCC2 VCC2 VCC2 VCC2 VCC3 VCC3  VCC3 VCC3 VCC3 VCC3 D22 D18 D15 NC
i2 3 4 5 6 7 A 9 1013 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36 3
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]

Control p— Branch TLB
R Prefetch
Target refetc Code Cache

Buffer | Addresg 8 KBytes Pentiu m

‘}256 B

Instruction Prefetch Buffers

—

Logic

Control
Pointer
Instruction Decode ROM
64-Bit Branch Verification T T
Data and Target Address l l
Bus
— | Control Unit }—]
32-Bit
Address | Bus || [* Paqe —Address | Address Floating
Bus Unit 1 | Unit Generate Generate Point
— (U Pipeline) | (V Pipeline) || Unit
Control ] [ Control ]
— | Integer Register File - Register File
ALU ALU
(U Pipeline) | (V Pipeline) (| I,
64-Bit 64 _ Barrel Shifte
Data 5, 32:Bit
Bus Addr.
Bus
32 !
Data
— | 33 Data Cache 732
Control APIC 8 KBytes 32
L———/~|[TLB
32

J

Integer- und FP-Pipeline
pF_l  Prefetch
+
D1 Decode (Stage 1)
‘_i_‘
D2 D2 1 Decode (Stage 2)
1 1
B E Execute
Iy 4
WB WB 1l Writeback
D1 [ D2 | EX[WBI
| Decoupled stages of the floating-point pipe
] Floating-point pipeline integrated in integer pipeline
= Integer pipeline only
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Control DP

Logic

64

64-Bit 32-Bit
Addr.

Data

Bus Bus

Data

APIC
Control

A%li%siés Bus |+ Pjge
i nit
Unit

|

1B |

Branch
Prefetch

Target |~
Buffer |Address

Code Cache
16 KBytes

L.

Pentium MMX

Instruction

Prefetch Buffers

Pointer

Instruction Decode

Branch Verif.
& Target Addr

| I

i |

Control Unit

V-Pipeline

Connection

U-Pipeline

Address
Generate

(U Pipeline)

e [—

(V Pipeline)

Integer Regi

File A

ALU
(U Pipeline)

ALU
(V Pipeline) ||+

Barrel Shifter

—

L

H )

Data Cache

m“ﬁ KBytes

]

——— -
Connection

—

D1

J

/

\
NB\
\

PF Stage: Prefetches Instructions A stall will occur if the
prefetched code is not present in the code cache.

Fetch Stage: The prefetched instructions bytes are parsed
into instructions. ﬂ'xeorefomaredeoodedandthJMmtvm

can be pushed if each of the instructions is less than 7 bvtes

in length.

are decoded in the D1 pipe stage.

D2 Staqe: Source values are read, and when an AGl is detected
a 1-dock delay is inserted into the V-Pipe pipeline.

E/MR Stage: The instruction is committed for execution. MMX memory reads

occur in this stage

First clock of muitiply instructions. No stall conditions.

WWM2 Stace: Sindle dock operations are written
Second stage of multtiplier pipe. No stall conditions.

M3 Stage: Third stage of multiplier pipe. No stall conditions.

Wi Stage: Write of multtiplier result. No stall conditions.

MMX-
Pipeline

(c) Peter Sturm, Universitat Trier (u.a.)
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System Bus (External) L2 Cache
4—‘—> -
| Pentium II
‘ Bus Interface Unit D
-
Y L Next IP
‘ Instruction Fetch Unit Instruction Cache (L1) = > Unit \J
X Branch ) g:gg;yr
Instruction Decoder > Target Buffer
. . Buffer
Simple Simple Complex i
Instuction Instuction Instuction °
Decoder Decoder Decoder | = »  Microcode From
Instruction Integer
Sequencer Unit
v v vy vy
Register Alias Table
v
- § Retirement
Retirement Unit Register File Data Cache
N > (Intel Arch. Unit (L1)
M Reorder Buffer (Instruction Pool) Registers)
A
v A\ [}
Reservation Station
Execution Unit
SIMD FP Floating- Memory
Unit Point Unit Inlt;giter Inbengif " Interface
(FPU) (FPU) Unit
L \J A
Internal Data-Results Buses

IA32: Befehlssatz

¢ Viele Spezialregister
e Komplexer Befehlssatz

¢ Viele Adressierungsarten

(c) Peter Sturm, Universitat Trier (u.a.) 22
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Basic Program Execution Registers Address Space”

Eight 32-bit General-Purpose Registers

Segment Registers

Register

32-bits EFLAGS Register

Registers \
\\

SSE and SSE2 Registers

32-bits EIP (Instruction Pointer Register) GENERAL REGISTERS

31 23 15 7
FPU Registers AH AL
DH DL

Eight 80-bit Floating-Point
Registers Data Registers 0 CH CL
BH BL
*The address space can be
S flat or segmented. Using
16-bits Control Hegws(er the physical address BP
16-bits Status Register e;(](e,?sicl,n (;r(;echamsm, a . st
— . physical address space of
LRI Tag Register 2% _1 can be addressed. DI
[] Opcode Register (11-bits) o
48-bits FPU Instruction Pointer Register
48-bits FPU Data (Operand) Pointer Register 15SEGMENT REGISTERS N
cs
MMX Registers

Ss

Eﬁ%r;igi}g" MMX Registers Ds

ES

FS

GS

STATUS AND CONTROL REGISTERS
Eight 128-bit - 31
Registers XMM Registers TGS
EP
32-bits MXCSR Register

16-BIT
AX

DX
[ ¢
BX

32-BIT
EAX

31302928272625242322212019181716151413121110 9 8 7 6 5 4 3 2 1 0

ViV

Flags 3

=)
o
o
=)
=)
=)
=)
o
o
o

VIR
M|F

o>

oN olp|1|T|s|z|,|A
T FIF|F|O|F

~TO-—
n
n
n

P
F

C
F

X ID Flag (ID) ‘
X Virtual Interrupt Pending (VIP)

X Virtual Interrupt Flag (VIF)
X Alignment Check (AC)

X 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)

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

XOO 0VOOnnomXXXXXXX

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

(c) Peter Sturm, Universitat Trier (u.a.)
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SIMD Extension

MMX Technology

SSE

Register Layout

MMX Registers

EENNEEEN
CIT T
I —
—/—
(T
I
I
—/

XMM Registers

[ I |

SSE2

MMX Registers

[

XMM Registers

LT

Data Type

8 Packed Byte Integers
4 Packed Word Integers
2 Packed Doubleword Integers

Quadword

8 Packed Byte Integers
4 Packed Word Integers
2 Packed Doubleword Integers

Quadword

4 Packed Single-Precision
Floating-Point Values

2 Packed Doubleword Integers

Quadword

2 Packed Double-Precision
Floating-Point Values

16 Packed Byte Integers

SIMD Extensions

e SIMD = Single
Instruction Multiple Data

¢ Einsatzgebiete
— Graphikverarbeitung
— Multimedia (Ton, Bild)

¢ Viele spezielle
Instruktionen
— Gesattigte Addition

e Leistungsgewinn

| ] | ] | | | | | 8 Packed Word Integers — Gar nichts ...
4 Packed Doubleword — ... Sehr viel

| | | I | Integers

| | | 2 Quadword Integers

| | Double Quadword

Table 2-1. 16-Bit Addressing Forms with the ModR/M Byte
18(/r) AL oL DL BL AH CH DH BH
r16(/r) AX CX DX BX SP BP' El DI
132(/r) EAX |ECX |EDX |EBX |ESP |EBP |ESI EDI
mm(/r) MMO [ MM1 |MM2 |MM3 |MM4 |MM5 | MMe | MM7
xmm(/r) XMMO | XMM1 [ XMM2 | XMM3 | XMM4 [ XMM5 | XMM6 | XMM7
/digit (Opcode) 0 1 2 3 4 6 7
EG = 000 |00t [o010 |0t 100 101|110 |11
Effective
Address Mod | R/M Value of ModR/M Byte (in Hexadecimal)

[BX+SI] 00 000 00 08 10 18 20 28 30 38
[BX+DI] 001 o1 09 1 19 21 29 31 39 )
[BP+SI] 010 | 02 0A 12 1A 22 2A 32 3A =i
[BP+DI] o011 03 0B 13 1B 23 2B 33 3B Nt
[S1] 100 04 (1[0} 14 1C 24 2C 34 3C
[DI] 101 05 oD 15 1D 25 2D 35 3D C
disp16? 110 06 OE 16 1E 26 2E 36 3E m
[BX] M | o7 | oOF | 17 | 1F | 27 | 2F | 37 | 3F t
[BX+Sl]+disp8°® 01 000 40 48 50 58 60 68 70 78 m
[BX+DI]+disp8 001 41 49 51 59 61 69 7 79 W)
[BP+Sl]+disp8 010 42 4A 52 5A 62 6A 72 7A
[BP+DI]+disp8 011 43 4B 53 5B 63 6B 73 7B Ul
[Sl]+disp8 100 | 44 | 4c 54 5C 64 6C 74 | 7C [ -
[Dl}+disp8 101 45 4D 55 5D 65 6D 75 7D o
[BP]+disp8 10 | 46 4E 56 5E 66 6E 76 7E e
[BX]+disp8 111 47 4F 57 5F 67 6F 77 7F Q
[BX+Sl]+disp16 10 | ooo | 80 88 90 98 A0 A8 BO B8 ‘a
[BX+Dl]+disp16 001 81 89 91 99 Al A9 B1 B9 7))
[BP+Sl]+disp16 010 | 82 | 8A | 92 | 9A | A2 | AA | B2 | BA Q
[BP+DI]+disp16 011 | 83 | 88 | 93 | 9B | A3 | AB | B3 | BB b
[Sl]+disp16 100 84 8C 94 9C A4 AC B4 BC
[Dij+disp16 101 | 85 | 8D | 95 | 90 | A5 | AD | B5 | BD O
[BP+disp16 110 | 86 8E 96 9E | A6 | AE | B | BE <
[BX]+disp16 m 87 8F 97 9F A7 AF B7 BF
EAX/AX/AL/MMO/XMMO 1" 000 Cco Cc8 Do D8 EO E8 FO F8
ECX/CX/CL/MM1/XMM1 001 C1 Cc9 D1 D9 EQ E9 F1 F9
EDX/DX/DL/MM2/XMM2 010 c2 CA D2 DA E2 EA F2 FA
EBX/BX/BL/MM3/XMM3 o011 Cc3 cB D3 DB E3 EB F3 FB
ESP/SP/AHMM4/XMM4 100 C4 cC D4 DC E4 EC F4 FC
EBP/BP/CH/MM5/XMM5 101 C5 CcD D5 DD E5 ED F5 FD
ESI/SI/DH/MM6/XMM6 110 Ccé CE Dé DE E6 EE F6 FE
EDI/DI/BH/MM7/XMM7 111 C7 | CF | D7 | DF E7 EF F7 FF
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Table 2-2. 32-Bit Addressing Forms with the ModR/M Byte

r8(/r) AL CL DL BL AH CH DH BH
r16(/r) AX CX DX BX SP BP SI DI
132(/1) EAX |ECX |EDX |EBX |ESP |EBP |ESI |EDI
mm(/r) MMO MM1 MM2 MM3 MM4 MM5 MMé MM7
xmm(/r) XMMO | XMM1 | XMM2 | XMM3 [ XMM4 | XMM5 | XMM6 | XMM7
/digit (Opcode) 0 1 2 3 4 5 6 7
REG = 000 001 010 o1 100 101 110 11

Effective

Address Mod | R/M Value of ModR/M Byte (in Hexadecimal)
[EAX] 00 | 000 | oo | o8 | 10 | 18 | 20 | 28 | 30 | 38
[ECX] 001 | ot | o9 | 11 19 | 21 | 20 | 31 | 39 ~
[EDX] 010 | 02 | oA | 12 | 1A | 22 | 2A | 32 | 3A oN
[EBX] oi1 | o3 | oB | 13 | 1B | 23 | 2B | 33 | 3B N7
[ 100 | 04 | oc | 14 | 1C | 24 | 2c | 34 | 3C
disp32? 101 | o5 | o0 | 15 | 1D | 25 | 2D | 35 | 3D C
[ESI] 110 | o6 | OE | 16 | 1E | 26 | 2E | 36 | 3E
[EDI] 11 | o7 | oF | 17 | 1F | 27 | 2F | 37 | 3F .g
[EAX]+disp8® o1 | o000 | 40 | 48 | 50 | 58 | 60 | 68 | 70 | 78 ©
[ECX]+disp8 001 | 41 | 49 | 51 | 59 | 61 | 69 | 71 | 79 0
[EDX]+disp8 010 | 42 | 4A | 52 | 5A | 62 | 6A | 72 | 7A
[EBX]+disp8 ot | 43 | 4B | 53 | 5B | 63 | 6B | 73 | 7B (@)}
[--]l--]+disp8 100 44 4C 54 5C 64 6C 74 7C [ -
[EBP]+disp8 101 | 45 | 4D | 55 | 5D | 65 | 6D | 75 | 7D S
[ESIJ+disp8 110 | 46 | 4E | 56 | 5E | 66 | 6E | 76 | 7E oy
[EDI]+disp8 111 | 47 | 4F | 57 | 5F | 67 | 6F | 77 | 7F o
[EAX]+disp32 10 [ 000 | 80 | 8 | 90 | 98 | A0 | A8 | Bo | B8 7))
[ECX]+disp32 001 | 81 | 89 | 91 | 99 | A1 | A9 | B1 | B9 b
[EDX]+disp32 010 | 82 | 8A | 92 | 9A | A2 | AA | B2 | BA
[EBX]+disp32 o1 | 83 | 88 | 93 | 9B | A3 | AB | B3 | BB Q
[-][--J+disp32 100 | 84 | 8c | 94 | 9c | A4 | AC | B4 | BC L=
[EBP]+disp32 101 | 85 | 8D | 95 | 90 | A5 | AD | B5 | BD O
[ESIJ+disp32 110 | 86 | 8E | 96 | 9 | A6 | AE | B6 | BE <
[EDI]+disp32 111 | 87 | 8F | 97 | oF | A7 | AF | B7 | BF
EAX/AX/ALMMO/XMMO | 11 | ooo | co | c8 | bo | D8 | Eo | E8 | Fo | F8
ECX/CX/CL/MM/XMM1 00t | ¢t | co | Dt | Do | E1 | E9 | F1 | Fo
EDX/DX/DL/MM2/XMM2 010 | c2 | CA | D2 | DA | E2 | EA | F2 | FA
EBX/BX/BL/MM3/XMM3 oi1 | c3 | cB | D3 | DB | E3 | EB | F3 | FB
ESP/SP/AH/MM4/XMM4 100 | c4 | cc | b4 | bC | E4 | EC | F4 | FC
EBP/BP/CH/MMS5/XMM5 101 | c5 | co | D5 | DD | E5 | ED | F5 | FD
ESI/SI/DH/MM6/XMM6 110 | C6 | CE | D6 | DE | E6 | EE | F6 | FE
EDI/DI/BH/MM?7/XMM7 111 | ¢c7 | CF | D7 | DF | €7 | EF | F7 | FF

Table 2-3. 32-Bit Addressing Forms with the SIB Byte

r32 EAX |ECX |EDX |EBX |ESP |[1] ESI | EDI
Base = 0 1 2 3 4 5 6 7
Base = 000 |00t |ot0 [0t [100 |101 |110 |11

Scaled Index SS Index Value of SIB Byte (in Hexadecimal)
[EAX] 00 | 000 | oo | o1 02 | 03 | o4 | 05 | o6 | o7
[ECX] 001 | o8 | o9 | oA | oB | oc | ob | OE | oOF
[EDX] o0 | 10 1 12 13 14 15 16 17
[EBX] ot | 18 19 | 1A | 1B | 1c | 1D | 1E | 1F —
none 100 | 20 | 21 2 | 23 | 24 | 25 | 26 | 27 %)
[EBP] 101 | 28 | 29 | 2o | 2B | 2c | 20 | 26 | 2F
[ESI] 1o | 30 | 3t 32 | 33 | 34 | 35 | 36 | 37 ~
[EDI] 111 | 38 | 3 | 3a | 38 | ac | 3D | 3E | 3F cC
[EAX*2] o1 | o000 | 40 | 41 42 | 43 | 44 | 45 | 46 | 47 Q
[ECX*2] 001 | 48 | 49 | 4n | 4B | 4C | 4D | 4E | 4F +
[EDX*2] oo | s0 | st 52 | 53 | 54 | 55 | 56 | 57 ©
[EBX*2] o1 | 58 | 59 | 5A | 5B | 5¢ | 5D | SE | 5F W
none 100 | 60 | 61 62 | 63 | 64 | 65 | 66 | 67 o))
[EBP*2] 101 | 68 | 69 | 6A | 6B | 6C | 6D | 6E | 6F
[ESI*2] o | 70 | 71 72 | 73| 74 | 75 | 8 | 77 cC
[EDI*2] m | 7| 79 | 7a | 78 | 7c | D | 7E | 7F E
[EAX*4] 10 | ooo | 80 | st 82 | 8 | 84 | 85 | 8 | 87 Q
[ECX*4] 001 | 88 | 89 | 8a | 88 | 8c | 8D | 8E | 8&F n—
[EDX*4] o0 | 90 | o1 92 | 93 | 94 | 95 | 96 | 97 wv)
[EBX*4] o1 | 98 | 89 | 9A | 9B | 9c | 9D | 9E | oF ]
none 100 | A0 | A1 | A2 | A3 | A4 | A5 | A6 | A7 Q
[EBP*4] 101 | A8 | A9 | AA | AB | AC | AD | AE | AF —
[ESI*4] 110 | Bo B1 B2 B3 B4 B5 B6 B7 O
[EDI*4] 111 | B8 | B9 | BA | BB | BC | BD | BE | BF <
[EAX*8] 11 | oo0o | co | ct | c2 | ca | ca | c5 | c6 | C7
[ECX*8] 001 | c8 | co | caA | cB | cc | co | CE | cF
[EDX"8] o0 | po | D1 D2 | D3 | D4 | D5 | D6 | D7
[EBX*8] of1 | b8 | D9 | DA | DB | DC | DD | DE | DF
none 100 | EO | Et E2 | E3 | E4 | E5 | E6 | E7
[EBP*8] 101 | E8 | E9 | EA | EB | EC | ED | EE | EF
[ESI*8] 1o | Fo | F1 F2 | F3 | F4 | F5 | F6 | F7
[EDI*8] 111 | Fr8 | Fo | FA | FB | FC | FD | FE | FF
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Stand Anfang 2003

Intel

— 32-Bit CPU
e Pentium IV mit 3.06 GHz, Hyper-Threading
¢ Xeon, Multiprozessorfahig

— 64-Bit CPU: Itanium

AMD
— 32-Bit CPU
e Athlon XP2800+ mit 2.25 GHz Taktfrequenz
e Athlon MP 2400+ (Multiprozessor)
— 64-Bit CPU: Hammer

e IBM
— PowerPC970 mit 900 MHz

... und diverse Kleine: Transmeta, VIA, SPARC, ...

AMD Athlon XP
32 Bit

(c) Peter Sturm, Universitat Trier (u.a.)
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Athlon XP

UNITS
=l .

FLOATING PO 5
SCHEDULER 3

e 84 mm?
e 37.600.000 Transistoren

. : e 85 Grad maximale
INTEGERIEXEQUTION . COre-Temperatur

NITS

| INSTRUCTION

| oo b 4 - e 68 Watt maximale
: : = . Warmeabgabe

ENGIEDEC

INSTRUCTION
PREDECODE i b
- ARRAYICTL

Athlon XP Chip (Gehause)

'ASSEMBLED IN
MALAYSIA

AMD Athion™
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Athlon XP Chip (Logisch)

Data

~a+—— PROCRDY

Management —»| CONNECT

and Initialization —*| STPCLK#
— »{ RESET#

——| SFILLVALID#

—»| SADDIN[14:2]#
Probe/SysCMD

———
Request . | Siopoutcike

Clock
SYSCLK  SYSCLK#
~a—p| SDATA[63:0}# VID[40] —— Volt
| SDATAINCLK[3:0} COREFB |—» c:n:r%el
<« SDATAOUTCLK[3:01# COREFB# —
— | SDATAINVALID# PWROK ft——
— »-| SDATAOUTVALID#
FID[3:0] —— Frequency
FSB_SENSE[1:0] —— Control
AMD Athlon™ XP i
SADDINCLK# (SNNER{TSS
Processor Model 8 INIT# |—— ,
la«—— Legac
SADDOUT[14:21# 'm e
A20M# f——
SMH |t——

Power ——»-| CLKFWDRST

FLUSH# |——

THERMDA (—— Thermal
THERMDC [— Diode

PICCIK f——

PicD[1 0] [—s APIC

Architektur

Fetch/Decode
Control

2-way, 64KB Instruction Cache
24-entry L1 TLB/256-entry L2 TLB

Branch
Prediction
Table

Predecode
Cache

3-Way x86 Instruction Decoders

Instruction Control Unit (72-entry)

Bus
Interface
Unit

Integer Scheduler (18-entry)

FPU Stack Map / Rename

FPU Scheduler (36-entry)
FPU Register File (88-entry)

L2 Cache
16-way,
256KB

Load / Store Queue Unit

‘ System Interface

2-way, 64KB Data Cache
40-entry L1 TLB/256-entry L2 TLB

(c) Peter Sturm, Universitat Trier (u.a.)
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Thermal Monitor fag———  AMD Athlon™ XP -
Processor Model 8 Atthﬂ XP SystemarChltektur
1 AMD Athlon System Bus
- AGP
AGP Bus
\
System Controller | Memory Bus -
(Northbridge) [ | SDRAM or DDR
A
PCl Bus
Y ’
A A A
Y
Peripheral Bus  J \
> Controller
| (Southbridge) LAN SCsl
A
\ Modem / Audio
\ LPC Bus
A
 / UsB
Dual EIDE A4
BIOS

Intel Pentium IV

32 Bit
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Intel Pentium IV

e 131 mm? '

e 55.000.000
Transistoren

e 75 Grad maximale |
Core-Temperatur

i

R i T
¢ 80 Watt maximale
Warmeabgabe =
i
i I
| J | "7."1_ 3
! o
Front-End BTB Instruction ‘ —
(4K Entries) TLB/Prefetcher B S@"
¥
| Instruction lzecnder | MicRrEcMDde {-‘J'}
Trace Cacug BTB Trace Cache -
- pop Queue Quad
(512 Entries) (12K pops) N Pumped
[ l A ] 3.2GB/s
[Mermnony Bus
Interface
[(Hemons Scheder 1 [HlowiGerery FF Scheduer | [Simny
| S N Unit
IMeger Reqister File FBypass ﬁe‘lwu’k . ﬁ_
AGU AGU 2oLl ||| zx aLu ]| | sow sty L2 Cache
(256K Byte
Liad St Simpl Sirmpl compls
.ﬂ.dg?ess .ﬂ.ddorreess llwrgtpre :'T;tre Instr, 8-way)
1 l 48GBis
| L1 Data Cache [Bkbyte d-way)

(c) Peter Sturm, Universitat Trier (u.a.)

30



Vorlesung Rechnerstrukturen

Wintersemester 2002/03

Architektur

© tecChannel.de

¢
i R

System Bus
4 ] =P Frequently used paths
t Less frequently used
paths
Bus Unit
2nd Level Cache —— 1st Level Cache
On-die, 8-Way 4-way, low latency
i
it Front End ¢
Execution | Execution
Fetch/Decode |----b) Instlructlon Cache —-) e =3 Retirement
Microcode ROM :
T A
1 | |
. Branch History Update
BTBs/Branch Prediction <¢
I-Fetch Queue Rename Queue Scheduler

Hyper-
Threading

e Zwei (und mehr)
Registersatze

e Mehr Ausfiihrungs-
einheiten

e Wechsel zwischen
virtuellen Prozessoren
bei Unterlast

[
R i
. l-:::':;;l i
2 ] i (TN~
Hrace Cache. L :||||*
[}
Register | Execute L1 Cache| Register Retire
Read Write
Store
Buffer
ER
|1 ]
xR
T == M ==
—» 1 ~HIIH’==
IIIIII Re-Order . Thread 1
Registers H-— Registers Buffer M Thread 2
[ L] Thread
L1 D-Cache Selection

Point
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Vergleich
& Pentium 4 2.8GHz Athlon XP 2600+
Northwood, stepping C1 Thoroughbred, stepping 1
Core frequency 2800MHz 2133MHz
Bus frequency 533MHz (133MHz QPB) 266MHz (133MHz DDR)
Technology 0.13micraon
Cache size L1=8+12KB, L2=512KB L1=128KE, L2=256KB
Nominal Vcore 1.525v 1.65V
Die size 131sq.mm 84sq.mm
Number of transistors 53 million 37.6 million
Socket Socket478 Socket A
Max. core temperature 75°C 85°C
Max. heat dissipation BO=W 68.3W
Typical heat dissipation 63.4W 62.0W
AMD Hammer
64 Bit
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Beispiel AMD Hammer (64 Bit)

e 64-Bit-Erweiterung der , 63 3 15 7 0
. l:%—ﬂslgusl.er RAX
IA32-Architektur asticte LA AL

— Abwaértskompatibel zu O )

32-Bit-Code $— % e Seas
g— I
. o ——— I
e Bekannte I_Elnbet_tung der G E —
alten 32-Bit-Register S _--_—
— 128 Bit Multimedia-Register XA Re I
Instruction
Pointer
63 31 0

XMM15 R15

© tecChannel.de

Aufbau

Ba;:léls- L1-Befehls-Cache 2 KByte Branch
L2-Cache Targets
Fetch2-Transit 16 KByte History

Pick Counter
= =
_ Decode 1 RAS & Target
L2-Tags Address
Decode 2 @ Decode 2 |l Decode 2
Pack Pack Pack

System Request
Queue (SRQ) « IFFTTT Decode Decode

vt

8-en

oy Schediler Sthediler Scheader  JSemiy

14 + + + 4+ 4+ o+ o+ o+
Memory Contreller AGU ALU AGU ALU  AGU ALU FADD FMUL FMISC
& HyperTransport |

L i | | i I | |
+3 .
gl Daten-TLB L1-Daten-Cache m

© tecChannel.de
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Branch
Befehls-
L1-Befehls-Cache

Predecode- | pradiction
Felch/Decode >
Caontrol 3-Way x86 Instruction Decoders

Cache Table

Bus
Interface
Unit

© tecChannel.de

Pipeline

HyperTransport zwischen CPUs

DDR DDR DDR
| | |
w AMD AMD AMD
Opteron Opteron Opteron
| - _
w AMD AMD AMD
Opteron Opteron Opteron
| | |
DDR DDR DDR

© tecChannel.de

DDR
|
AMD
Opteron
|

AMD
Opteron

DDR

(c) Peter Sturm, Universitat Trier (u.a.)

34



Vorlesung Rechnerstrukturen

Wintersemester 2002/03

HyperTransport zur AuBenwelt

] ]
kel AMD AMD 5
gi "~ Opteron Opteron _é_ c%
é I—5.96 GByte/s —I % é
8 AMD E %
g Opteran 2
@ @
o [+ 4
] . a
ono
ono
763 MByte/s
[ 11 ] 1 typertransport
e A thonae w1111

© tecChannel.de

... und im Desktop-PC

DDR-Speichar

@ tecChannel.de

ACET
SB2
EIDE
tharn

SMBus

AMD-8151 |
AGP 3.0
Tunnel :

m’? Super /O

I

LPC-Bus
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Intel Itanium 2

64 Bit

Intel IA64: Itanium 2

e 1 GHz Aktuelle Taktfrequenz

¢ Cache-Hierarchie
— L1-Cache 32 KB
— L2-Cache 256 KB
— L3-Cache 1.5 MB oder 3 MB (Integriert)

(c) Peter Sturm, Universitat Trier (u.a.)
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Itanium 2: Architektur

L1 Instruction Cache and

e, ! Fetch/Pre-fetch Engine 1A-32
PBrda_n:_h Instruction i e D
rediction Queue ocox

]11 Issue Ports

Branch & Predicate
Registers

@
=

[}

©
o
)
|

Integer H

and

L2 Cache — Quad Port

Floating

Scoreboard, Predicate
,NaTs, Exceptions

Referenz: www.intel.com

CISC

e Complex Instruction Set Computer
— Spezialregister
— Viele Adressierungs- und Instruktionsarten
— Instruktionen unterschiedlicher Lange

e Griinde
— Hardware wird immer billiger, Software
immer komplexer und teurer
(= mehr in HW l6sen)
- ,Sematic Gap" zwischen HW und
Compiler schlieBen
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Die wilden 70er

Die RISC-Bewegung

Beobachtung: Prozessoren viel zu komplex

— Compiler nutzen nur Bruchteil der vorhandenen
Instruktionen und Adressierungsarten

Steigende Integrationsdichte
— Was tun mit dem vielen Platz?

GroBer Leistungshunger neuer Anwendungen
— Mikroprogramme brauchen Zeit

—"“*Make the Common Case Fast”

CISC vs. RISC

e Komplexe Instruktionen, die
viele Zyklen benétigen

¢ (Fast) jede Instruktion kann auf
Speicheroperanden zugreifen

e Kein oder wenig Pipelining

Instruktionen werden von
Mikro-programm interpretiert

Variables Instruktionsformat

¢ Viele Instruktionen und Modi
e Komplexes Mikroprogramm

¢ Ein Registersatz

Einfache Instruktionen, die alle
nur 1 Zyklus benétigen

Nur spezielle Instruktionen
referenzieren Speicher

Viel Pipelining

Instruktionen werden von HW
direkt ausgefiihrt

Festes Instruktionsformat
Wenig Instruktionen und Modi
Komplexer Compiler

Mehrere Registerséatze

(c) Peter Sturm, Universitat Trier (u.a.)
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Bemerkungen

1 Instruktion pro Zyklus
— RISC-Instruktion vergleichbar Mikroinstruktion
— Keine RISC-Instruktion flr langere Operationen (z.B. Multiplikation)

Spezielle LOAD/STORE-Instruktionen fiir Speicherzugriff
— Allgemein 1 Instruktion pro Zyklus nicht machbar
— Problem, LOAD und STORE nicht in einem Zyklus fertig

Pipelining

— Abschwachung von Regel 1: 1 Instruktion pro Zyklus starten
— Delayed Load (Store)

— Delayed Branch

Kein Mikroprogramm

— Nutzung wachsender Chipflachen

— Maximale Performanz

— => Fester Instruktionsformat notwendig

Wolfe im Schafspelz

¢ IA32 nicht einfach ersetzbar
e CISC-Befehlssatz

¢ Innen meist RISC-Kern
— Dekodieren in pOps

CISC-Befehle

(c) Peter Sturm, Universitat Trier (u.a.)
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Alpha
64 Bit

Alpha-Prozessor

Lange Zeit DER schnellste
Prozessor der Welt

RISC
— 544 Speclnt2k (833 MHz)
— 658 SpecFP2k (833 MHz)

Specs
— 15.2 Millionen Transistoren
60 Watt
Flache 3.1 cm?
- 35nm
588 Pin PGA

(c) Peter Sturm, Universitat Trier (u.a.)
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I Instruction Cache

Ibox
Fetch Unit

VPC
Queue

Four
Instructions

Virtual Address

Next Address

Physical

Branch
Predictor

)

“= Architektur

Retire Decode and 128
Unit Rename Registers
Integer Issue Queue FP Issue Queue
| (20 Entries) | | (15 Entries) | ChoK c[f::;e
I I I I I I Ricbo

T i i I I T Queue 128
T A T T 0 o | cacne
Address INT INT Address FP FP Index

ALU 0 UNIT UNIT ALU 1 ADD MUL 20

(LO) 0 1 (L1) DIV

w) || wy SQRT System

Bus

EiliiNIy

>

=
2
3

Integer Registers 0 Integer Registers 1
(80 Registers) (80 Registers)

FP Registers
(72 Registers)

(] ...
| Buffer System

Address

1t tr i il ’
I I
Mbq. + + Data
DTB Load St Miss Addi
Physical
*Adﬂfecs'as ¢ ¢ Pata
Dual-Ported Data Cache I
FM-05642-Al4
0 1 2 3 3 5 6
) N l N ALU
| e :
Branch il
Predictor Foalng
ALU Shifler
J Register| | Integer b
™ |Rename| ™| lssue ™ r;‘:l';' ™ | Muttiplier ;—1"
Map CQueue stern
(20) Oln.;ea-.lm_h Al [ Bus
———, Address| (64 Bits)
] N | A [ GakB Bus
L FO}" : 'Address| Data Interface o g
Instructions - B ~ Cache Unit
A 1 N Cache
In.-(.:tuo;lon ' | Fleafing=Peint Bus
ache Add, Divide, (128 Bits)
(64KE) Floaling| |inieger| |Floalingl |ong square Rool
(2-Sel) Point Register Point
Register File Register| —
ReMnama File Floating-Point Physcal
op Multiply Address
< b f (44 Bits)

(c) Peter Sturm, Universitat Trier (u.a.)

41



Vorlesung Rechnerstrukturen

Wintersemester 2002/03

Pipe Stages —»
s-1

Instru

Instruction
Cache

32-Byte Block
Direct-Mapped

ction

Instru

48
|Associ

clion

Translation
Buffer

Sodate

Instruction Fetch/Decode Unit

Load Data
r

Pipeline (Detail)

s4 s5 s6

Floating-Point

Unit

s7 s8 s9

Floating-Point
Divider

Floating-Point Add Pipe and Divider

Floating-Point Multply Pipe

{
Floating-Point
Store Data
Instruction Integer Unit
St Store Data
Logic
Integer
Multplier
f ADD; LOG, SHIFT, LD,
Iteger Pipe 0 ST, IMUL, CMP
Int CMOV. BYTE, WORD .
Regoter Integer Unit
Filo
[om—— 40D, LOG; 10, B8,
| )
— Issue
Scoreboard
Logic ||| DataCache (Dcache)
b okBytes To Floating-Point Unit
32-Byte Block
Store and D
Fill Data Dual Read-Ported Deta from
Pins
Dual-Read Wiss .
L > ‘Second-Level Cache (Scache)
Filo 96K Bytes
64-Entry
. 64-Byte Block Insiruction
oo 716 e isses 3-Way Set-Associative and Data
Instruction Stream Miss (Physical Address) Misses Fils

Store.
Data

Memory Address Translation Unit

Backup Cache (Bcache)
1M Byte to

Address to Pins

ytes
Direct-Mapped :
{Offchip)

Cache Control and Bus Interface Unit
MK-1455-13

Alpha-System

synch SRAM
123-333 MHz

Alpha
21264
Processor

Addresss

Control

100-THz S0 RAM

<: &4-bit PCI& 33 MHz

(c) Peter Sturm, Universitat Trier (u.a.)

42



Vorlesung Rechnerstrukturen Wintersemester 2002/03

IBM Power 4

Zwei CPU-Kerne
e 0.09 um
e Frequenz > 1.3 GHz

e 174.000.000
Transistoren

e 115 Watt

Chip

/ Processor Processor . \

Core Core
IFetch Store Load; IFetch Store Lo, id

| Trace & 58 328
Debug l 2B u 328
32l

SP

Controller *'_’ | JTAG |
I POR
Sequencer
Error Detect
o And Logging

I CIU Switch
Englnes

=l
Pert
) I 28 328
g 32 328 328
168

B

Referenz: www.ibm.comC

E

£
E

Chip-Chip L= [ Chip-Chip
Fabric —_— Fabric
@:1) Fabric Controller s 2:1)
MCM-MCM ity | ICM-MCM
(2:1) (2:1)

n:

168
LB L3 Controller =*| Bus L3/Mem
Directory]| Mem Controller ——158/ (3:1)
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=
[[FAR |

$—4mﬂﬂ Architektur: Core

”'
BR I:_Jédﬁt.

P redict C_rau:k &
Group

F arm stion

EEE—

BRCR ALDA FrAD 2 FP
Ezue O Ezue 0 lszue Q@ Issue Q.

| | 1 | | |

gr || cr 0t ot Bl oz | Faz ] e Y ez
Exec|Exe ol Execl| Exec|Exed| Execl| Exe o Exec
Unit [ Unit 8 Unit [ Unit §f Unit | Unit [ Unit ) Onit
J ‘ [EE] ‘
|
D-cache

Referenz: www.intel.com

Caches

Direct map, 128-byte line

L1 Instruction Cache managed as 4 32-byte LSl

processor)
sectors

L1 Data Cache 2.way, 128-byte line Teizilm B8 a0
processor)

Lz a-way, 128-byte line ~15MB

g-way, 512-byte line managed
= as 4 128-byte sectors i X
Mermary — 0-16 GB
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Pipeline

Branch Redirects Out-of-Order Processing

BR
RF wB
- H [°F] Y

&
b 2 L

r
: Instruction Fetch 1
1
1
1

K
2

ey ey

1

1

|

: Instruction Crack and
: Group Formation
1

1

1

1

Interrupts and Flushes

Skalierbarkeit

e 2 CPU pro Chip

e Multi-Chip-Module (MCM)
— 4 Chips
— 8 fach SMP

¢ MCM-to-MCM
- 4 MCMs
— 32 fach SMP

¢ Beispiel Cheetah
(Oak Ridge National Lab, ORNL)
— 768 CPUs
— 1 TByte Speicher
— 24 TB Disk
- 4 TFLOP/s
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MIPS64 20Kc
64 Bit

Architektur

' L

Bus Interface Unit

!

!

f !

Floating-Point
Unit

Dispatch Unit

Prefetch Buffer MMU Control Write Buffer Fill/Store
re——— 48 dual entry Buffer
nstruction Cache Joint-TLB
4-way 32 KB 80:ntry Load/Store Control
with Way Prediction Micro-TLB
Data Cache
Py | Prosicion | | Manaremor¥ it drway 32 KB
anagemen ni
Table Stack 9
Instruction Load/Store
Fetch Unit Unit
FP Single 1 Inst. Buffer Integer Pipe A
g‘ el D | 2| Add/Sub/AddrGen
7] ADD/SUB/MUL/MADD| S| 8 Inst. Decode al|l % Shift
2 MIPS-3D N ol g Logic
2 o 2 2| = [ Integer Pipe B
ing = i . Integer Pipe B
8| FPSingle0 ; & Inst. Dispatch 3| s ”:D%r/sb;
% [ADD/SUB/MUL/MADD B | L— o) 8 Logic
& MIPS-3D Bl e - ol & Branch/Jump
= Pipe Queue Mult/Div
Instruction Integer

Execution Unit
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Fetch pipeline

Validate

Dispatch pipeline

Integer execute pipeline A

cache hit

eXec add/sub/shift/move/logic/Coprocessor 0
load/store (Micro-TLB hit, Data Cache hit)

non-blocking load handling in the background

_.{ Cache |reQuest| Miss | Biu ‘ _/_ ! Cache |regWrile

pipeline extension

Load/Store (Micro-TLB miss,

Joint-TLB regWrite|
o | Upda'e| SEED ‘ Y Joint-TLB hit, Data Cache hit)

Pipeline

Data Cache miss)

_+oim.na|upda(e| Cache |reQuestl Miss l Biu | Icache IregWri(el

Integer execute pipeline B

add/sub/move/logic/correctly predicted Jump or Branch

mispredicted Jump or Branch; fetch of target instructions
special long-instruction handling

_.| eXec2 I eXec3 | / ] Cache Ifegwr“e] integer multiply/divide

Floating-point Pipeline

_ . long instruction

i _/_ | Indicates memory 0'4.‘ execM | execl | execd ‘ execK I rengiteI

latency M stage used twice (execM and execN)
double-precision floating-point

Indicates conditional execN I execl l execJ I execK
stage

Load/Store (Micro-TLB miss, Joint-TLB hitT Data Cache miss)

SPARC
64 Bit

(c) Peter Sturm, Universitat Trier (u.a.)
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Branch Unit Data Flow Unit
Branch Eegisler Physical Integer and
Prediction ,?Argge Floating-point Registers
I
10 Cache Es:ne Queues Execution Units
16 KBytes I
128 Bits
Translation D1-Cache
11-Cache (64 KByteS) Unit (64 KByteS)
128 Bits 128 Bits I 128 Bits

U2-Cache & UPA Control Unit

Architektur

BHT
Ely
Prefetch
Buffers | <

U2-Cache SRAMs
URATEUS (1~ 16 MBytes)
Rename and

Register Files

Results and

Execution

Status

Branch
Mispredict
Handler

Architektur

(Detail)

Unit | Dispatch

f

U2 Cache
and UPA | ¢

Multiple
10 Cache | | I“l“l FP_[*™|Execution
(16 Kb) - Units
Precise | Status
State
ILT Unit <>{LS units
Reservation
Stations
| Translation || \pTIB | 435
Instructions Unit (TR) Load/Store
Pipes
11 Cache a
P
A
11 Cache miss pas D164C;%he
(64 Kb) ( )

f

Interface
Unit (UC)

o

to to U2 Tag &

upA  Data Chips
(1~16 Mb)
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Uberlappende Registerfenster

e Besondere Unterstlitzung fiir Unterprogramme

e Empirische Daten
— Wenige Argumente pro Prozeduraufruf
— Wenige lokale Variablen
— Selten tiefere Verschachtelung

e Ein sehr groBer Registersatz (128 und mehr Register)
— Besondere Sichtbarkeitsregeln

R8 ... R15| Eingehende Parameter JSR

R15...R23 Lokale Variablen

R23 ... R31 Ausgehende Parameter Eingehende Parameter | rs...R15

Lokale Variablen R15...R23

Ausgehende Parameter| r23 ... R31

AbschlieBende Vergleiche

e Vergleich verschiedener 64-Bit-CPUs

e Taktfrequenz vs. Leistung
— ,Die schiere Megaherz-Zahl ist nicht alles"
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Vorlesung Rechnerstrukturen

Wintersemester 2002/03

Vergleich 64-Bit-Prozessoren

McKinley |USIII EV7 Power 4
(2 cores)

Frequency (GHz) 1.0 1.05 1.0-1.2 |13
Pipe stages (mpb) 8 (6) 14 (8) 9(~11) [12(~11)
Sustainable Int BW |6 /cycle (3 /cycle |4/cycle |3/cycle
FP units 2/cycle 2/cycle  |2/cycle |2/cycle
On chip cache 3.3MB 96KB 1.8MB |1.7MB

4 arrays |2 arrays |3 arrays |2.5 per core
D Cache read BW | 64GB/s 16.8 19.2 41.6/core
Die size (mm?) 421 244 397 400 est. 5
Core size (no 10, only 142 206 115 100 est. %
lowest level caches) :
Power (Watts) 130 75 125 125 g

Taktfrequenz vs. Leistung (1)

0.9
0.8
0.7
0.6
0.5
0.4
0.31
0.2
0.1

O Base M Peak

0+
AMD Athlon XP HP PA-8700

IBM Power4

Intel Itanium Intel Pentium 4

SUN USparc III

Y: Base und Peak-Performance CINT2000 / Taktfrequenz (Integer)

Prozessoren

— Athlon XP 1900+ (1600 MHz), HP PA-8700 (750 MHz),
IBM Power4 (1CPU, 1300 MHz), Intel Itanium (800 MHz),
Intel Pentium 4 (2200 GHz) und SUN UltraSPARC III-Cu (900 MHz)

(c) Peter Sturm, Universitat Trier (u.a.)
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Taktfrequenz vs. Leistung (2)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.21
0.1

OBase M Peak

0+
AMD Athlon XP HP PA-8700 IBM Power4 Intel Itanium Intel Pentium 4 SUN USparc IIT

Y: Base und Peak-Performance CFP2000 / Taktfrequenz (Floating Point)

Prozessoren
- Athlon XP 1900+ (1600 MHz), HP PA-8700 (750 MHz),
IBM Power4 (1CPU, 1300 MHz), Intel Itanium (800 MHz),
Intel Pentium 4 (2200 GHz) und SUN UltraSPARC III-Cu (900 MHz)

(c) Peter Sturm, Universitat Trier (u.a.)
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