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Osnova

* Predchazeni datovym hazardum dynamickym
planovanim

* Scoreboarding

* Tomasulo algoritmus

* Zaver
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Vyhody dynamického planovani

* Dynamickeé planovani - hardware zmeni poradi instrukci
se zachovanim toku dat a chovani pri vyjimkach

* QOsetruje pripady, kdy neni mozno zavislosti urcit v dobé
prekladu

— to dovoluje procesoru tolerovat nepredikovatelna zpozdéni, jako
napriklad vypadek cache tak, ze provadi jiné instrukce, dokud
cache vypadek nezpracuje

* Zaroven umoznuje efektivni béh programu, prelozeneho
pro jednu pipeline strukturu na jiné

* Zjednodusuje kompilator

* Hardwaroveé spekulativni techniky — pfinaseji podstatné

vykonoveé zlepseni. Jsou zalozeny na dynamickem
planovani
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HW schemata: InstrukCni paralelizmus

* Zakladni myslenka: Provadet nezavisle instrukce za

mistem pozastaveni
DIVD FO,F2,F4
ADDD F10,F0,F8
SUBD F12,F8,F14

* Umoznuje ,out-of-order” provadeni a dovoluje ,out-of-
order” dokonceni (zde napf., SUBD)

— V dynamicky planované pipeline strukture vSechny instrukce
prichazeji do vkladaciho stupné (issue stage) v puvodnim
poradi

* Rozlisujeme kdy se instrukce zacne vykonavat a kdy se
dokonci; mezi temito dvema casy se instrukce provadi

Poznamka: Dynamické provadéni zpusobuje hazardy

v u L. N 4

} Pozastaveni kvuli datovému hazardu
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Scoreboarding



Scoreboard
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Faze zpracovani Instrukci

(Instr.Execution cycle)

1. Nacteni (IF = instr.fetch) — nacteni instr.z paméti, zvyseni ukazatele

2. Dekdédovani (ID = instr.decode) — dekédovani instrukce, nacteni
hodnot/parametru z registr

3. Provedeni (EX = execute) — provedeni operace nad daty
4. Pristup do paméti (MEM = memory access) — jen pro load/store

5. Zapis vysleku (WB = write back) — zapis vysledky do registru



Ctyfi stupné Fizeni Scoreboardu

1. Dekdédovani instrukci & kontrola

strukturnich hazardu (ID1)

Je-li funk¢ni jednotka pro zpracovani instrukce volna a zadna jina aktivni
instrukce nema stejny cilovy registr (WAW) doda Scoreboard instrukci
do funkéni jednotky a aktualizuje jeji interni datovou strukturu.
Existuje-li strukturni nebo WAW hazard, potom je vlozeni instrukce
pozastaveno a zadné dalsi instrukce nejsou vkladany dokud nejsou
hazardy odstranény.
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Ctyfi stupné Fizeni Scoreboardu

2. Cteni operandti: ¢ekani dokud nezmizi datové
hazardy, potom precte operandy (ID2) — Prvy funkcni
stupen pipeline.

Zdrojovy operand je k dispozici, jestlize zadna dfive vloZzena instrukce se jej
nechysta zapsat, ani aktivni funkcni jednotka praveé nezapisuje do registru, ktery
operand obsahuje. Kdyz jsou zdrojové operandy k dispozici, Scoreboard prikaze
funkcni jednotce provést ¢teni operand( z registrli a spustit provadéni. Scoreboard
vyhodnoti dynamicky v tomto kroku RAW hazardy a instrukce mohou byt poslany
do provadéci jednotky bez dodrzeni poradi (out of order).
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Ctyfi stupné Fizeni Scoreboardu

3. Execution: operace s operandy (EX)

— Funkéni jednotka zaéne po obdrzeni operandu provadét operaci. Kdyz je
vysledek hotov, oznami scoreboardu, ze operaci dokoncila. Tento stupen
|ze dale podrobit (sub-)pipelinningu.

4. Write result: dokoncCeni provadeci faze (WB)

— Jakmile Scoreboard zjisti, ze funkéni jednotka dokoncila operaci,
Scoreboard testuje vyskyt WAR hazardu.
Neexistuji-li, zapisSe vysledky. Existuji-li WAR, pozastavi instrukci.
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Tri ¢asti Scoreboardu

1. Stav instrukce
— Indikuje, ve kterém ze Ctyf krokU zpracovani se instrukce nachazi.

2. Stav funkéni jednotky

— Indikuje stav funkcni jednotky (FU). 9 poli pro kazdou funkcni
jednotku

e Busy - Indikuje, zda je jednotka v Cinnosti Ci nikoliv
 Op - Operace, ktera se ma v jednotce vykonat (napf, + nebo -)
 Fi— Cilovy registr
« Fj, Fk — Cisla zdrojovych registrd
* Qj, Qk — Funkéni jednotky generujici zdrojové registry Fj, Fk
 Rj, Rk — Flagy indikujici, ze Fj, Fk jsou pripraveny a dosud nebyly
precCteny. (Alternativné: precCteny a ulozeny do cache)
3. Stav registru vysledku:

— Indikuje, ktera funkcéni jednotka bude zapisovat kazdy registr, pokud
existuje. Zustava prazdny, pokud Zadna probihaijici instrukce nebude
provadét do tohoto registru zapis.
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Scoreboard: priklad - cykl 1

Instruction status

Instruction J k
LD F6 34 R2
LD F2 45 R3

MULTDFO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Functional unit status
Name
Integer
Mult1
Mult2
Add
Divide
Register result status

FU

Issue

Read

Execution Write
operands complete Result

1

Clock 1

dest S1 S2 FU forj FU fork Fj? Fk?
Busy  Op Fi Fj Fk Q Qk Rj Rk
Yes Load F6 R2 Yes
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30
Int

R2 nebyl dosud precten (a umistén do cache) az do cyklu 2!!!

ZS 2015
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Instruction status
Instruction J

Scoreboard: priklad - cykl 2

k

Issue

Read Execution Write
operands complete Result

LD F6 34 R2
LD F2 45 R3

MULTDFO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Functional unit status
Name
Integer
Mult1
Mult2
Add
Divide
Register result status

FU

1 2

Clock 2

dest S1 S2 FU forj FU fork Fj? Fk?
Busy  Op Fi Fj Fk Q Qk Rj Rk
Yes Load F6 R2 Yes
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30
Int

Druhé LD je blokovano strukt.hazardem (jen jedna integer jednotka)

ZS 2015
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Scoreboard: priklad - cykl 4

Instruction status Read Execution Write

Instruction J k Issue operands complete Result

LD F6 34 R2 1 2 3 4

LD F2 45 R3

MULTDFO F2 F4 Clock 4

SUBD F8 F6 F2
DIVD F10 FO FG6
ADDD F6 F8 F2

Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer Yes Load F6 R2 Yﬁ%
Mult1 No
Mult2 No
Add No
Divide No

Register result status

FO F2 F4 F6 F8 F10 F12 F30
FU Int
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Scoreboard: priklad - cykl 5

Instruction status

Instruction J k
LD F6 34 R2

LD F2 45 R3
MULTDFO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Functional unit status
Name
Integer
Mult1
Mult2
Add
Divide
Register result status

FU

SUPERSCALAR: Vlozit MULTD?

ZS 2015

Read Execution Write
Issue operands complete Result
1 2 3 4
5
Clock 5
dest S1 S2 FU forj FU fork Fj? Fk?
Busy  Op Fi Fj Fk Q Qk Rj Rk
Yes Load F2 R3 Yes
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30
Int
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Scoreboard: priklad - cykl 6

Instruction status

Instruction J k
LD F6 34 R2
LD F2 45 R3

MULTDFO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Functional unit status
Name
Integer
Mult1
Mult2
Add
Divide
Register result status

FU

Read Execution Write
Issue operands complete Result
1 2 3 4
5 6
6 Clock 6
dest S1 S2 FU forj FU fork Fj? Fk?
Busy  Op Fi Fj Fk Q Qk Rj Rk
Yes Load F2 R3 Yes
Yes Mult FO F2 F4 Int No Yes
No
No
No
FO  F2 F4 F6 F8 F10 F12 ..  F30
Mult1 Int

MULTD nemUze pokracovat (RAW hazard F2 od druhého LD)

ZS 2015
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Scoreboard: priklad - cykl 7

Instruction status
Instruction J k
LD F6 34 R2
LD F2 45 RS

MULTDFO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Functional unit status
Name
Integer
Mult1
Mult2
Add
Divide
Register result status

FU

Read Execution Write
Issue operands complete Result
1 2 3 4
) 6 7
6 Clock 7
7
dest S1 S2 FU forj FU fork Fj? Fk?
Busy  Op Fi Fj Fk Q Qk Rj Rk
Yes Load F2 R3 No
Yes Mult FO F2 F4 Int No Yes
No
Yes Sub F8 F6 F2 Int Yes No
No
FO  F2 F4 F6 F8 F10 F12 F30
Mult1 Int Add

Cist vice operandG? DIVD by mohla byt vloZena v tomto cyklu.

ZS 2015 MUL | SUB ¢ekd na F2
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Scoreboard: priklad - cykl 8a

Instruction status Read Execution Write
Instruction J k Issue operands complete Result
LD F6 34 R2 1 2 3 4
LD F2 45 R3 5 6 7
MULTDFO F2 F4 | 6 Clock 8
SUBD F8 F6 F2 7
DIVD F10 FO F6 8
ADDD F6 F8 F2
Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer Yes Load F2 R3 Yes
Mult1 Yes Mult FO F2 F4 Int No Yes
Mult2 No
Add Yes Sub F8 F6 F2 Int Yes No
Divide Yes Div F10 FO F6 Mult1 No Yes
Register result status
FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Int Add Div
...Vlozime DIV....
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Scoreboard: priklad - cykl 8b

Instruction status Read Execution Write

Instruction J k Issue operands complete Result

LD F6 34 R2 1 2 3 4

LD F2 45 R3 5 6 7 8

MULTDFO F2 F4 6 Clock 8

SUBD F8 F6 F2 7

DIVD F10 FO F6 8

ADDD F6 F8 F2

Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer No
Mult1 Yes Mult FO F2 F4 Yes Yes
Mult2 No
Add Yes Sub F8 F6 F2 Yes Yes
Divide Yes Div F10 FO F6 Mult1 No Yes

Register result status

FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Add Div

...a zaroven dokoncujeme druhé LD (zapis F2)
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Scoreboard: priklad - cykl 9

Instruction status Read Execution Write
Instruction J k Issue operands complete Result
LD F6 34 R2 1 2 3 4
LD F2 45 R3 5 6 7 8
MULTDFO F2 F4 6 9 Clock 9
SUBD F8 F6 F2 7 9
DIVD F10 FO F®6 8
ADDD F6 F8 F2
Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer No
Mult1 Yes Mult FO F2 F4 Yes Yes
Mult2 No
Add Yes Sub F8 F6 F2 Yes Yes
Divide Yes Div F10 FO F6 Mult1 No Yes
Register result status
FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Add Div
Vlozit ADDD?

23 2015 (pelze - stejnd jednotka jako SUB. MUL by pfipadné $lo, tam mame dvé jednotky)



Scoreboard: priklad - cykl 11

Instruction status Read Execution Write

Instruction J k Issue operands complete Result

LD F6 34 R2 1 2 3 4

LD F2 45 R3 5 6 7 8

MULTDFO F2 F4 6 9 Clock 11

SUBD F8 F6 F2 7 9 11

DIVD F10 FO F®6 8

ADDD F6 F8 F2

Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer No
Mult1 Yes Mult FO F2 F4 Yes Yes
Mult2 No
Add Yes Sub F8 F6 F2 Yes Yes
Divide Yes Div F10 FO F6 Mult1 No Yes

Register result status

FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Add Div

Sub je provedeno (2T), MUL se stale provadi (4T)
ZS 2015



Scoreboard: priklad - cykl 12

Instruction status Read Execution Write
Instruction J k Issue operands complete Result
LD F6 34 R2 1 2 3 4
LD F2 45 R3 5 6 7 8
MULTDFO F2 F4 6 9 Clock 12
SUBD F8 F6 F2 7 9 11 12
DIVD F10 FO F6 8
ADDD F6 F8 F2
Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer No
Mult1 Yes Mult FO F2 F4 Yes Yes
Mult2 No
Add No
Divide Yes Div F10 FO F6 Mult1 No Yes
Register result status
FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Div

Dokonceni SUB (uvolnéni sCitaci jednotky)
ZS 2015 22



Scoreboard: priklad - cykl 13

Instruction status Read Execution Write

Instruction J k Issue operands complete Result

LD F6 34 R2 1 2 3 4

LD F2 45 R3 5 6 7 8

MULTDFO F2 F4 6 9 Clock 13

SUBD F8 F6 F2 7 9 11 12

DIVD F10 FO F®6 8

ADDD F6 F8 F2 13

Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer No
Mult1 Yes Mult FO F2 F4 Yes Yes
Mult2 No
Add Yes Add F6 F8 F2 Yes Yes
Divide Yes Div F10 FO F6 Mult1 No Yes

Register result status

FO F2 F4 F6 F8 F10 F12 F30
FU | Mult1 Add Div
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Scoreboarding -souhrn

* Omezeni scoreboardu u CDC 6600

— Zadny forwarding hardware (=operandy jen v registrech)
— Omezeno jen na instrukce zakladniho bloku (malé okénko)

— Maly pocet funkCnich jednotek (strukturni hazardy), zvliasté
jednotek integer/load/store

— Vkladani se nekona v pripadé strukturnich nebo WAW hazardu
— Cekani na zapis u WAR hazardul
— Neprecizni vyjimky

* Klicova idea: Nechame provest instrukce lezici za
pozastavenou instrukci

— Dekddovani = vlozeni instrukci a ¢teni operandu

— Umoziuje provadéni operaci out-of-order = out-of-order
dokonceni
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Scoreboarding -souhrn

* Soucasnha vylepseni:
— VSechny operandy se umistuji do cache, jakmile jsou k dispozici
— Forwarding
— Pipelining funkcnich jednotek
— Mikrokodovani, napfr. IA32 (rozSifuje provadéci okno)
— Precizngéjsi vyjimky
— Ukoncovani v poradi
— Pracuje nejlépe s velkym mnozZstvim registru
* Tomasulo metoda:
— Rezervacni stanice vs. Forwarding a Caching

— ,DoCasné” registry jsou vyuzivany jako velké mnozstvi
virtualnich registru
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Metoda Tomasulo



Hardwarova schémata pro ILP

Klicova idea: Dovolit zpracovani instrukci za pozastavenou
instrukci
— Dekdédovani => vlozeni instrukci a ¢teni operand(
— Dovoluje out-of-order provadéni => out-of-order dokonceni (mimo
poradi)
Pro€ v hardware v dobé vypoctu? (stat. vs dyn. analyza)
— Funguje kdyz zavislost neni znama v dobé vypoctu
— Zjednodusuje kompilatory
— Dovoluje dobré zpracovani kodu, uréeného pro jiny stroj
(optimalizovaného pro jiny stroj)
Out-of-order provadeéni deéli ID stupen:
— Vkladani — dekddovani instrukci, kontrola vzniku strukturnich
hazard(
— Cteni operand(l — ¢ekani dokud neodezni datové hazardy, pak ¢teni

Zs 2015  operandd



Tomasulo algoritmus

* Realizovan u IBM 360/91 asi 3 roky po CDC 6600
* Cil: Vysoky vykon bez pouZziti specialnich kompilatoru
* Rozdily mezi IBM 360 & CDC 6600 ISA
— IBM ma jen 2 registry specifikator/instrukce oproti 3 u CDC 6600
— IBM ma 4 FP registry oproti 8 u CDC 6600
* Rozdily mezi Tomasulo algoritmem & technikou Scoreboard

— Rizeni & buffery (nazyvano “rezervaéni stanice”) jsou distribuovany uvniti funkénich
jednotek oproti centralizovanému usporadani u Scoreboardingu

— Registry v instrukcich jsou nahrazeny pointery na buffer rezervacCni stanice

— HW pfejmenovani registru, aby se zabranilo WAR a WAW hazarddm

— Spolecna datova sbérnice (CDB) vysila vysledky funkénim jednotkam (broadcast)
— S operacemi Load a Store je zachazeno jako s funkénimi jednotkami
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Dynamicky algoritmus: Tomasulo

Navrzen pro IBM 360/91 (jeSteé predtim, nez se objevily cache!)
— = Dlouha latence pameéti
Prinos: Vysoky vykon bez specialnich kompilatoru

Maly poCet FP registru (4 u fady 360) nedovoloval progresivni planovani
operaci kompilatorem

— To privedlo navrhare IBM Tomasula k tomu, jak efektivnéji vyuzit registry -
zména jmeéna v hardware!

ProC se zabyvat pocitaCem z roku 1966 ?
Vsichni naslednici byli uspésni!

— Alpha 21264, HP 8000, MIPS 10000, Pentium Ill, Pentium 4, PowerPC 604,
AMD Opteron, Power 5 (IBM), ...
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Tri stupné Tomasulova algoritmu

1. Vkladani: Presun instrukce z fronty FP operaci

Je-li rezervacni stanice volna, vlozi instrukci & vysle operandy
(prejmenuje registry).

2. Provedeni: Operace provadéna s operandy (EX)

Jsou-li operandy pripraveny, pak provedeni; v opacném pripadée
je sledovana spolecna sbérnice, zda neprisel vysledek.

3. Zapis vysledku: Dokonceni provadéci faze (WB)

Zapis po spolecné sbérnici vSsem cekajicim jednotkam; oznaci
rezervacni stanici jako pripravenou.

Common data bus: data + zdroj (prichazi po sbérnici)
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Tomasulo org

anizace

Od pamé til Z instruk¢ni jednotky FP registry |
Cteci FP Op
buffery fronta
A 4
kladaci
Operand Ii)u ;;12101
Bus i
a5
. l Do paméti
: t Operation Bus
y
FP Add FP Mul Rezerv.
Rez. stanice
stanice Rezervacni
stanice
A A A A
FP Adders FP Multipliers
Common data bus (CDB)
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Komponenty rezervacni stanice

* Op — Operace k provedeni v jednotce (napf. + nebo —)
Qj, QK — Rezervaéni stanice produkujici zdrojové registry

* V)], VK — Hodnoty zdrojovych operand

* R], Rk — Flagy indikujici zda Vj a Vk jsou ,ready"

* Busy — Indikujici, ze rezervaéni stanice a FU je ,busy*

* Stavovy registr vysledku

— Indikuje, ktera funkcni jednotka bude zapisovat kazdy registr, pokud
néjaky existuje. Prazdny, pokud zadné zpracovavané instrukce
(pending) nebudou psat do tohoto registru.

ZS 2015
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Tomasulo: priklad - cykl 1

Instruction status Execution Write
Instruction J k  Issue complete Result Busy Address
LD F6 34 R2 1 Load1 | Yes 34+R2
LD F2 45 R3 Load2 | No
MULTC FO  F2 F4 Load3 | No
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Reservation Stations S1 S2 RS forj RS for k
Name Busy Op Vj Vk Qj Qk
Add1 No
Add2 | No Clock 1
Add3 | No
Mult1 No
Mult2 | No
Register result status
FO F2 F4 F6 F8 F10  F12 F30
FU | Load1 |

ZS 2015
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Tomasulo: priklad - cykl 2

Instruction status Execution Write
Instruction J k  Issue complete Result Busy Address
LD F6 34 R2 1 Load1 | Yes 34+R2
LD F2 45 R3 2 Load2 | Yes 45+R3
MULTC FO  F2 F4 Load3 | No
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2
Reservation Stations S1 S2 RS forj RS for k
Name Busy Op Vj Vk Qj Qk
Add1 No
Add2 | No Clock 2
Add3 | No
Mult1 No
Mult2 | No
Register result status
FO F2 F4 F6 F8 F10  F12 F30
FU | Load2 Load1 |

ZS 2015
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Tomasulo: priklad - cykl 3

Instruction status Execution Write

Instruction J k  Issue complete Result Busy Address
LD F6 34 R2 1 3 Load1 | Yes 34+R2
LD F2 45 R3 2 Load2 | Yes 45+R3
MULTC FO  F2 F4 3 Load3 | No

SUBD F8 FG6 F2
DIVD F10 FO F6
ADDD F6 F8 F2

Reservation Stations S1 S2 RS forj RS for k
Name Busy Op Vj Vk Q Qk
Add1 | No
Add2 | No Clock 3
Add3 | No
Mult1 | Yes MULTD R(F4) Load?2
Mult2 | No
Register result status
FoO F2 F4 Fé6 F8 F10  F12 F30
FU  [Mult! Load2 Load1

Jména registru jsou ,prejmenovana” v rezervacnich stanicich

Dokonceni Load1l — kdo ¢eka na Loadl?
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Instruction status

Instruction
LD F6
LD F2
MULTLC FO
SUBD F8
DIVD F10
ADDD F6

Reservation Stations

Register result status

ZS 2015

Tomasulo: priklad - cykl 4

Execution Write

J k  Issue complete Result Busy Address

34 R2 1 3 4 Load1 | No

45 R3 2 4 Load2 | Yes 45+R3

F2 F4 3 Load3 | No

F6 F2 4

FO F6

F8 F2

S1 S2 RS forj RS for k
Name Busy Op Vj Vk Qj Qk
Add1 | Yes SUBD M(34+R2) Load2
Add2 | No Clock 4
Add3 | No
Mult1 | Yes MULTD R(F4) Load?2
Mult2 | No
FO F2 F4 F6 F8 F10  F12 F30

FU  [Mult1 Load2 M(34+R2) Add1

Dokonceni Load2 — kdo na to ceka?
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Tomasulo: priklad - cykl 5

Instruction status Execution Write
Instruction J k  Issue complete Result Busy Address
LD F6 34 R2 1 3 4 Load1 | No
LD F2 45 R3 2 4 5 Load2 | No
MULTC FO  F2 F4 3 Load3 | No
SUBD F8 FG6 F2 4
DIVD F10 FO F6 5
ADDD F6 F8 F2
Reservation Stations S1 S2 RS forj RS for k
Name Busy Op Vj Vk Qj Qk
Add1 | Yes SUBD M(34+R2) M(45+R3)
Add2 | No Clock 5
Add3 | No
Mult1 | Yes MULTD M(45+R3) R(F4)
Mult2 | Yes DIVD M(34+R2) Mult1
Register result status
FO F2 F4 Fé6 F8 F10  F12 F30
FU  [Mult! M(45+R3) Add1 Mult2

ZS 2015
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Instruction status

Instruction
LD F6
LD F2
MULTLC FO
SUBD F8
DIVD F10
ADDD F6

Reservation Stations

J

Tomasulo: priklad - cykl 6

Execution Write
k  Issue complete Result

Busy Address

Register result status

ZS 2015

34 R2 1 3 4 Load1 | No

45 R3 2 4 5 Load2 | No

F2 F4 3 Load3 | No

F6 F2 4

FO F6 5

F8 F2 6

S1 S2 RS forj RS for k
Name Busy Op Vj Vk Q Qk
Add1 | Yes SUBD M(34+R2) M(45+R3)
Add2 | Yes ADDD M(45+R3)  Add1 Clock 6
Add3 | No
Mult1 | Yes MULTD M(45+R3) R(F4)
Mult2 | Yes DIVD M(34+R2) Mult1
FO F2 F4 Fé6 F8 F10  F12 F30

FU  [Mult1 Add2 Add1 Mult2
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Tomasulo souhrn

* Rezervacni stanice: prejmenovava do vetsiho souboru
registru + doCasné pamatuje zdrojové operandy (buffering)
— Registry prfestavaji byt uzkym mistem
— Zabranuje WAR a WAW hazardum, které se vyskytovaly u
Scoreboardu

— Dovoluje rozvijeni smycek (loop unrolling) v HW
* Neomezuje se jen na zakladni blok
(integer jednotka pracuje dal az za skoky)
* Prispevek
— Dynamické planovani
— Prejmenovani registru
— Load/store zjednoduseni

360/91 nasledniky jsou Pentium Ill; PowerPC 604; MIPS
R10000; HP-PA8000; Alpha 21264
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Tomasulo se spekulaci

Issue — Prazdna rezervacni stanice a prazdny ROB slot.
Operandy jsou zaslany do rezervacni stanice z registrového
souboru a nebo z ROB (re-order buffer). Tento stupen se
oznacuje: dispatch

Execute — Monitoruje operandy v CDB, hlida RAW hazardy.
Jsou-li oba operandy k dispozici, provede operaci.

Write Result — Je-li hotovy, je vysledek zapsan do CDB
prostrednictvim ROB a do kazdé dalsi Cekajici rezervacni
stanice. Stores write to value field in ROB.
Commit — tfi pfipady:
Normalni Commit. zapis registru, ,in order® Commit
Store: aktualizace paméti

Nekorektni vétveni: zahodi ROB, obsah rezervacni stanice a
restartuje vypocet na korektni hodnoté PC

ROB ... ReOrder Buffer
40



Nevyhody Tomasulova mechanizmu

Slozitost
— opozdéni 360/91, MIPS 10000, Alpha 21264, IBM PPC 620 !

Mnoho rychlych asociativnich paméti (CDB)

* Vykon omezeny sbérnici ,,Common Data Bus*

— Kazdy CDB musi prochazet k vétSimu poctu funkcnich jednotek
—velke kapacity, velkd hustota propojeni

— Pocet funkCnich jednotek, které mohou dokoncit v jednom cyklu je
omezen na jednu!
* Nasobn¢ CDB = vice FU logiky pro paralelni asociativni paméti

Neprecizni interupty/vyjimky!

ZS 2015
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Reorder buffer

From instruction unit

; Reg #‘r y Data
Instruction ]
queue
FP registers
Load-store
operations

v

Operand

Address unit i Floating-point buses
operations

¥ Load buffers ¥ ¥

-

Y

Operation bus

Store 3 | i 5
address 2 Reservation y
Store > 1 stations
data y ¥ Address
Memory unit FP adders FP multipliers

data

Common data bus (CDB)
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Porovnani



Scoreboard

Registry Datové sbérnice

A

FP mult
FP mult

A

rv

A

A

| EP divide

'y

FP add

A

y

A

Integer unit
A

A

<

A

' Scoreboard
Control/status Control/status

7S 2015 Zakladni struktura DLX procesoru se scoreboardem
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Tomasulo organizace

Od pamé til Z instruk¢ni jednotky FP registry l
Cteci FP Op
buffery fronta
A 4
kladaci
Operand Ii)u ;;12101
Bus i
*”—
. l Do paméti
: t Operation Bus
y
FP Add FP Mul
Rez. o Rez.
stanice Rezervacni stanice
stanice
A A A A
FP Adders FP Multipliers
Common data bus (CDB)
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Scoreboard: priklad - cykl 6

Instruction status Read Execution Write

Instruction J k Issue operands complete Result

LD F6 34 R2 1 2 3 4

LD F2 45 R3 5 6

MULTDFO F2 F4 | 6 Clock 6

SUBD F8 F6 F2
DIVD F10 FO FG6
ADDD F6 F8 F2

Functional unit status dest S1 S2 FU forj FU fork Fj? Fk?
Name Busy  Op Fi Fj Fk Q Qk Rj Rk
Integer Yes Load F2 R3 Yes
Mult1 Yes Mult FO F2 F4 Int No Yes
Mult2 No
Add No
Divide No

Register result status
FO F2 F4 F6 F8 F10  F12 F30

FU Mult1 Int
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Tomasulo: priklad — cykl 6

Instruction status Execution Write
Instruction Ji k  Issue complete Result Busy Address
LD F6 34 R2 1 3 4 Load1 | No
LD F2 45 R3 2 4 5 Load2 [ No
MULTC FO  F2 F4 3 Load3 [ No
SUBD F8 FG6 F2 4
DIVD F10 FO F6 5
ADDD F6 F8 F2 6
Reservation Stations S1 S2 RS forj RS for k
Name Busy Op Vj Vk Q Qk
Add1 | Yes SUBD M(34+R2) M(45+R3)
Add2 | Yes ADDD M(45+R3)  Add1 Clock 6
Add3 | No
Mult1 | Yes MULTD M(45+R3) R(F4)
Mult2 | Yes DIVD M(34+R2) Mult1
Register result status
FO F2 F4 F6 F8 F10  F12 F30
FU Mult1 Add2 Add1 Mult2
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Rozdily mezi
Tomasulovym algoritmem & Scoreboardingem
* Rizeni & buffery (“rezervaéni * Rizeni & buffery jsou centralizované

stanice”) distribuovany mezi
funkéni jednotky

* Registry v instrukcich nahrazeny * Pouziva aktualni registry

pointery na buffery rezervacni

stanice * Nevklada, pokud nastava strukturni
* HW prejmenovani registrd kvuli nebo WAW hazard

zamezeni WAR a WAW hazardam ° Cekani na WAR hazardy

* Common data bus (CDB) vysila _
vysledky funk&nim jednotkam * Forwarding?
* S Load a Store je zachazeno jako
s funkCnimi jednotkami

* Stupné: Issue, Execution, Write
Result

* Stupné: Issue, Read operands,
Execution, Write Result
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Doing nothing is very hard to do, you never know
when you're finished.
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Dynamicke planovani - krok 1

* Jednoducha pipeline struktura obsahuje pouze 1
stupen pro kontrolu strukturnich a datovych hazardu:
Dekodovani instrukce (ID)

Usporadani:
* Rozdelime ID stupen jednoduché 5-stupnove pipeline
do 2 stupnu:

* Vkladani (Issue)- dekoddovani instrukci, kontrola
strukturnich hazardu

* Cteni operandl - ekani dokud neodezni hazardy, pak
se provede nacteni operandu

ZS 2015
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Dynamicky algoritmus: Tomasulo

Navrzen pro IBM 360/91 (jeste predtim, nez se objevily
cache!)

— = Dlouha latence paméti
Prinos: Vysoky vykon bez specialnich kompilatoru

Maly pocet FP registru (4 u fady 360) nedovoloval
progresivni planovani operaci kompilatorem

— To privedlo navrhare IBM Tomasula k tomu, jak efektivnéji vyuzit
registry - zmena jména v hardware!

ProC se zabyvat poCitaCem z roku 1966 “?
Vsichni naslednici byli uspéesni!
— Alpha 21264, Pentium 4, AMD Opteron, Power 5, ...
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Dynamicky algoritmus: Tomasulo

* KiliCové rozdily (oproti technice Scoreboarding) :
— Detekce hazardl & vkladani instrukci se déje pro kazdou provadéci jednotku
— Vysledky jdou pfimo tam, kde jsou zapotrebi, pouziti CDB (Common Data Bus)
— Operace Load/Store maji vlastni provadéci jednotky
— Poutziti Rezervacni Stanice pro pfejmenovani registrl

— ﬁ

Issue Logic / —~ ’_I Common
Control jednotka régistr Da(t)a
1 v . B DB
( \ File » Reser- Execution | us (CDB)
— é’g‘g:] jednotka 1
instrukce | instrukce Reser
- jednotka 2
Station | J
A "
r e
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Komponenty Tomasulovy jednotky

* Rezervacni stanice (RS)
— Uklada operandy probihajicich instrukci, kdyz Cekaji na
operandy, aby mohly vstoupit do provadécich jednotek.
* Logika vkladani (Issue logic)
— Presmeérovava (prejmenovava) vystupni registry instrukci k
ulozeni do pozic v rezervacni stanici.
— Vysledky jdou pfimo do RS, neprochazeji registrovou sadou.

* Distribuovana detekce hazardu
— Osetrovano separatné kazdou funkc¢ni jednotkou

* Load & store buffery (mohou byt kombinovany s RS)

— Vytvareji frontu pozadavkl na pfistup k paméti

ZS 2015
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Algoritmus Tomasulo

* Rizeni & buffery jsou distribuovany ve funké&ni jednotce (FU)

— FU buffery nazyvané “rezervacni stanice”; obsahuiji pfipravené
operandy

* Registry v instrukci jsou nahrazeny hodnotami nebo pointery na
rezervacni stanice (RS); proces se nazyva prejmenovani reqistru ;

— Prejmenovani zamezuje hazardy typu WAR, WAW

— Vice rezervacnich stanic nez registru, Ize provadét optimalizaci, které
prekladacCe nejsou schopny

* Vysledky do FU z RS neprochazi reqistry, ale sbérnici Common Data
Bus se vysilaji do v§ech FU (broadcast)

— Zabranuje se hazardum RAW, protoZe instrukce se provadi jen kdyZz ma k
dispozici své operandy

* S Load a Store je zachazeno stejné jako s FU s RS

* Integer instrukce mohou presahovat vétveni (predikovan skok) a mohou
uvolnit FP operace v FP fronté za zakladnim blokem
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Tomasulova organizace

From Mem FP Op FP registrs
Queue
Load Buffers

Loadl
Load?2
Load3
Load4
Loadb
Load6

Store
Buffers

Mult1
Mult2

Reservation
Stations

To Mem

Common Data Bus (CDB)
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Komponenty rezervacni stanice

Op: Operace, kterou ma jednotka vykonat (napr., + nebo

-)

Vj, Vk: Hodnota zdrojovych operandu

— Buffery pro ulozeni vysledku maiji pole V, vysledek se ma ulozit

QjJ, Qk: Rezervacni stanice produkujici zdrojoveé registry
(hodnoty, které se maji zapsat)

— Poznamka: Qj,Qk=0 => ready

— Pouze buffery pro ulozeni vysledkd maji Qi pro RS produkuijici
vysledek

Busy: Indikuje, ze rezervacni stanice nebo FU je v Cinnosti

Stavovy registr vysledku (Register result status) - Indikuje,
ktera funkcCni jednotka bude zapisovat do registru, pokud
existuje. Prazdny, jestlize neni zadna probihajici instrukce,
ktera bude do tohoto registru zapisovat.
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Tri stupne algoritmu Tomasulo

. Issue (vkladani) — obdrzi instrukci z fronty FP operaci

Je-li rezervacni stanice volna (zadny strukturni hazard),
vlozi fadi€ instrukci & poSle operandy (prfejmenuje registry).
Execute (provadéni) — zpracovani operandu (EX)
Jsou-li oba operandy pfripraveny, nasleduje provedeni operace;
v opacném pripadé se Ceka na vysledek ze sbérnice ,Common Data
Bus®
Write result (zapis vysledku) — dokoncCeni provadéni instrukce (WB)

Zapis pomoci sbérnice ,Common Data Bus® do vSech Cekajicich
jednotek;
rezervacni stanice se oznaci jako pfipravena
Normalni datova sbérnice: data + cil (“go to” bus)
Common data bus: data + zdroj (“come from” bus)
— data 64 bitu + 4 bity zdrojové adresy FU (Functional Unit)
— Zapis se kona, souhlasi-li predpokladana FU (produkujici vysledek)
— Provede vyslani (broadcast)

Priklady rychlosti:
2 takty hodin pro FP +,-;10 pro *; 40 taktd hodin pro /
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Priklad (Tomasulo alg.)

\nstruction status.: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 Loadl No
LD F2 45+ R3 Load2 | No
MULTD FO F2 F4 Load3 | No

SUBD F8 F6 F2

ADDD F6 F8 F2

Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:
Clock rFo F2 F4 F6 FS8 FIO FI2 ... F30

0 FU
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Priklad (Tomasulo alg.) - cykl 1

Instruction status: Exec Write
Instruction J k rrey Comp Result B3ersy 1o
LD F2 45+ R3 Load2 e
MULTD FO F2 F4 Load3 | No
SUBD F8 Fo6 F2
ADDD Fo6 F8 F2
Reservation Stations: \Yi S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | No

Register result status:

Clock FO F2 F4 by FS FI0 FI2 ... F30
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Priklad (Tomasulo alg.) - cykl 2

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address

LD F6 34+ R2 Loadl | Yes 34+R2
LD F2 45+ R3 Load2f Yes  45+R3 ||
MULTD FO F2 F4 Load3 | No

SUBD F8 F6 F2

ADDD F6 F8 F2

Reservation Stations: S7 S2 RS RS
Time Name Busy Op 4 Vk Oj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:
rF4 F6 F8 FIO FI2 ... F30

Clock Fo

Poznamka: Muze probihat vétSi pocet nedokonéenych operaci ,.Load*
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Priklad (Tomasulo alg.) - cykl 3

Instruction status: Exec Write
Instruction J k  Issue Cauan Result Busy Address
LD F6 34+ R2 1 h Loadl | Yes 34+R2
LD F2 45+ R3 2 Load2 | Yes 45+R3
MULTD FO F2 F4 3 Load3 | No

SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2

Reservation Stations: S1 S2 RS RS
Time Name Busy Op 4 Vk Oj Ok

Addl | No

Add2 | No

Add3 0

Mult2 e

Register result status:
Clock g 2 F4 F6 F8 FIO FI2 ... F30

3 FU Load2 Loadl

* Poznamka: jména registril v RS jsou odstranéna (“renamed”); vlozena MULT
* Load1 se dokoncuje; kdo ¢eka na Load1?
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Priklad (Tomasulo alg.) - cykl 4

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

Time Name
Addl
Add2
Add3
Multl
Mult2

Exec Write

k Issue Comp Resi

R2 1 Loadl
R3 2 Load2
F4 Load3
-

Fo6

F2

S/ S2 RS RS

209 ()1 / /] ()] ()

Busy Address

No
Yes
No

45+R3

Yes MULTD
No

Yes SUBD M(Al) "~ Load2

R(F4) Load2

Register result status:

Clock
4

FO

F2

F4 F6 F8 FIO FI2

F30

FU | Multl

Load2

M(A1) Addl

* Load2 se dokoncuje; co ceka na Load2?

ZS 2015
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Priklad (Tomasulo alg.) - cykl 5

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD Fo 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 Fo6 F2 4
5
ADDD Fo6 F8 F2
Reservation Stations: \Yi S2 RS RS

ime fName Busy Op 4 . Oj Ok
2JAddl [ Yes SUBD M(ALl
Add2 | No
Add3 | No

10fMultl | Yes MULT(F4)
Mult2 | Yes (A1) Multl
Register result status:
Clock rFo F2 F4 F6 FS8 FIO FI2 ... F30

5 FU | Multl M(A2) M(A1) Addl

* Timer startuje odpocitavani pro Add1, Mult1
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Priklad (Tomasulo alg.) - cykl 6

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F& Fo6 F2 4
ADDD F6 F8 F2 @

Reservation Stations: S/ S2 RS RS
Time Name Busy Op 4 Vk Oj Ok
1 Addl1 c 1238

AV4 T A N A
Add2| Yes ADDD M(A2) Addl |

Add3 NO

9 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes M(A1) Multl
Register result status:
Clock FOo F2 F4 F6 FS8 FIO FI2 F30
6 FU | Multl M(A2) Add2 Addl

* Vlozeni ADDD i pres zavislost jména F6?

ZS 2015
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Priklad (Tomasulo alg.) - cykl 7

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F& Fo6 F2 4
5
ADDD F6 F8 F2 6

Reservation Stations: \Yi S2 RS RS
Time Name Busy Op 4 Vk Oj Ok
0 Addl | Yes SUBD M(A1) M(A2)
Add2 | Yes ADDD M(A2) Addl
Add3 | No
8 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes M(A1) Multl

Register result status:
Clock FOo F2 F4 F6 FS8 FIO FI2

F30

7 FU | Multl M(A2) Add2  Addl

* Add1 (SUBD) dokoncuje; na co ceka?

ZS 2015
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Priklad (Tomasulo alg.) - cykl 8

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6

ADDD F6 F8

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4

R3 2 4 5

F4 3

F2 4 7 8
5

F2 6

S/ S2 RS

Time Name Busy Op Vi Vi Qj

Busy Address

Loadl No
Load2 No
Load3 No
RS
Ok

Add1l
2 Add2

Add3
7 Multl

Mult2

No

Yes ADDD (AZ)

No

Yes MULTD M(A2) R(F4)

Yes M(A1) Multl

Register result status.

Clock
8

ZS 2015

Fo F2 F4 F6 FS FI0 FI2 F30
FU | Multl M(A2) Add2
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Priklad (Tomasulo alg.) - cykl 9

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6

ADDD F6 F8

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4

R3 2 4 5

F4 3

F2 4 7 8
5

F2 6

S/ S2 RS

Time Name Busy Op Vi Vi Qj

Busy Address

Loadl No
Load2 No
Load3 No
RS
Ok

Addl
1 Add2

Add3
6 Multl

Mult2

No

Yes ADDD (M-M) M(A2)

No

Yes MULTD M(A2) R(F4)

Yes M(A1) Multl

Register result status.

Clock
9
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FO F2 F4 F6

F8 FI0O FI2

F30

FU | Multl M(A2) Add2

(M-M)
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Priklad (Tomasulo alg.) - cykl 10

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
5
ADDD F6 F8 F2 6 10
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl | No
0 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No
5 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FI0O FI2 F30
10 FU | Multl M(A2) Add2 (M-M)
* Add2 (ADDD) dokoncuje; co na ni ¢eka?
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Priklad (Tomasulo alg.) - cykl 11

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6

ADDD F6 F8

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 5 Load2 | No
F4 3 Load3 | No
F2 4 7 8
5
F2 6 10 11

S/ S2 RS RS

Time Name Busy Op 4 Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
4 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes M(A1) Multl

Register result status.

Clock
11

rFo F2 F4 F6 F8 FIO FI2

F30

FU [Mull_M(A2) __[(VEMC MMM

* Lze nyni zapsat vysledek od ADDD ?

* VsSechny rychlé i
ZS 2015

nstrukce se dokonc€uji v tomto cyklu!
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Priklad (Tomasulo alg.) - cykl 12

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6

ADDD F6 F8

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4

R3 2 4 5

F4 3

F2 4 7 8
5

F2 6 10 11

S/ S2 RS

Time Name Busy Op Vi Vi Qj

Busy Address

Loadl No
Load2 No
Load3 No
RS
Ok

Addl
Add2
Add3
3 Multl
Mult2

No

No

No

Yes MULTD M(A2) R(F4)

Yes M(A1) Multl

Register result status.

Clock
12
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FO F2 F4 F6

F8 FI0O FI2

F30

FU | Multl M(A2)

(M-M)
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Priklad (Tomasulo alg.) - cykl 13

Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6

ADDD F6 F8

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4

R3 2 4 5

F4 3

F2 4 7 8
5

F2 6 10 11

S/ S2 RS

Time Name Busy Op Vi Vi Qj

Busy Address

Loadl No
Load2 No
Load3 No
RS
Ok

Addl
Add2
Add3
2 Multl
Mult2

No

No

No

Yes MULTD M(A2) R(F4)

Yes M(A1) Multl

Register result status.

Clock
13
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FO F2 F4 F6

F8 FI0O FI2

F30

FU | Multl M(A2)

(M-M)
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Priklad (Tomasulo alg.) - cykl 14

Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8
ADDD F6

Reservation Stations:

J
34+
45+

F2

Fo

F8

Add1l
Add2
Add3
1 Multl
Mult2

Exec Write
k  Issue Comp Result

Busy Address

R2 1 3 4 Loadl No
R3 2 4 5 Load2 | No
F4 3 Load3 | No
F2 4 7 8
5
F2 6 10 11
S/ S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
No
No
No
Yes MULTD M(A2) R(F4)
Yes M(A1) Multl

Register result status:

Clock
14
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FO F2 F4 F6

F8 FI0O FI2

F30

FU | Multl M(A2)

(M-M)
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Priklad (Tomasulo alg.) - cykl 15

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD Fé6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 15 LLoad3 No
SUBD F8& Fé6 F2 4 7 8
5
ADDD Fé6 F& F2 6 10 11
Reservation Stations: S S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl1l No
Add2 | No
Add3 | No
0 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes M(A1) Multl
Register result status:
Clock FO F2 F4 Fo FS FIO FlI2 ... F30
15 FU | Multl M(A2) (M-M)

* Mult1 (MULTD) se dokoncuje; co na ni ¢eka?
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fiklad (Tomasulo alg.) - cykl 16

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F8 F6 F2 4 7 8
5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
40 Mult2 | Yes (A1)
Register result status:
Clock F2 F4 F6 F§8 FIO FI2 ... F30

16 FU M(A2) (M-M)

Ceka se pouze na dokonéeni Mult2 (DIVD)

ZS 2015 75



ZS 2015

Pro urychleni n¢ktere cykly
preskoCime
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Priklad (Tomasulo alg.) - cykl 55

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD Fé6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 15 16 LLoad3 No
SUBD F8& F6 F2 4 7 8
5
ADDD Fé6 F& F2 6 10 11
Reservation Stations: S S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl1l No
Add2 | No
Add3 | No
Multl | No
1 Mult2 | Yes M*F4 M(A1)
Register result status:
Clock FO F2 F4 Fo FS FIO FlI2 ... F30
55 FU | M*F4 M(A2) (M-M)

ZS 2015 77



Priklad (Tomasulo alg.) - cykl 56

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 | No
SUBD F& Fo6 F2 4 7 8
5 56
ADDD F6 F8 F2 6 10 11
Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl | No
Add2 | No
Add3 | No
Multl | No
0 Mult2 | Yes M*F4 M(A1)
Register result status:
Clock FO F2 F4 F6 FS8 FI0 FI2 ... F30
56 FU | M*F4 M(A2) (M-M)

* Mult2 (DIVD) se dokoncuje; co na ni ¢eka?
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Priklad (Tomasulo alg.) - cykl 57

Instruction status:

Instruction J
LD F6 34+
LD F2 45+
MULTD FO F2
SUBD F8 Fo6
DIVD F10 FO
ADDD Fo6 F8

Reservation Stations:

R2
R3
F4
F2
F6
F2

Exec Write

Busy Address

Loadl No

Load2 No

Load3 No
RS

Time Name Busy Op Vi Vk Oj Ok

Addl
Add2
Add3
Multl
Mult2

Yes

DIVD M*F4 M(A1)

Register result status:

Clock
56

FU

rFo F2 F4 F6 F8 FIO FI2

F30

M*F4 M(A2) (M-M+ (M-M) Result

* Jesteé jednou: In-order vkladani, out-of-order provadeéni
a out-of-order dokonceni.
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Pro¢ muze algoritmus (Tomasulo)
prekryvat iterace smycek?

* Prejmenovani registri
— Nasledné iterace maji rozdilné fyzické cilove registry (dynamické
rozbaleni smycek).
* Rezervacni stanice

— Dovoluji vkladani instrukci pro urychleni operaci za Permit instrukce
1ssue to advance past integer control flow operations

— Také ukladaji starSi hodnoty registrii — uplné se vylu€uje zastaveni
kvili hazardu typu WAR

* Jina perspektiva: Tomasulo vytvari graf zavislosti toku dat on-
line (on the fly)
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Priklad smyCky - Tomasulo

Loop:LD FO O R1

MULTD F4 FO F2
SD F40 R1

SUBI R1 R1#8
BNEZ R1 Loop

Load=8,4 Add=3 Mult=4 SUBI/BNEZ=1 Store=3

ZS 2015

Predpokladejme, Ze nasobenti trva 4 takty

Predpokladejme, Ze prveé nacteni trva 8 takti (cache miss?),
druh¢ nacteni trva 4 takty (hit)

Pro jednoduchost, vypsany takty pro SUBI, BNEZ

Realita, integer instrukce napied
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Priklad smycCky - cykl O

Instruction status Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 Load1 |[No

MULT F4 FO F2 1 Load2 |[No

SD F4 0 R1 1 Load3 [No Qi

LD FO 0 R1 2 Store1 |No

MULT F4 FO F2 2 Store2 [No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 ([No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
0 Mult1 [No SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

0 80 Qi
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Priklad smycCky - cykl 1

Instruction status Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 Load2 |[No

SD F4 0 R1 1 Load3 |No Qi

LD FO 0 R1 2 Store1 |No

MULT F4 FO F2 2 Store2 [No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
0 Mult1 [No SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

1 80 Qi Load1
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Priklad smycCky - cykl 2

Instruction status Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 Load3 |No Qi

LD FO 0 R1 2 Store1 |No

MULT F4 FO F2 2 Store2 [No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
O Mult1 |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

2 80 Qi Load1 Mult1
ZS 2015
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Priklad smycCky - cykl 3

Instruction status Executior. Write

Instruction J k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 |No Qi

LD FO 0 R1 2 Store1 |Yes 80 [Mult1

MULT F4 FO F2 2 Store2 [No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
0O Multt |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 [No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

3 80 Qi Load1 Mult1

* Poznamka: MULT1 nema zadna jména registri v RS
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Priklad smycCky - cykl 4

Instruction status

Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 [No Qi

LD FO 0 R1 2 Store1 |Yes 80 [Mult1

MULT F4 FO F2 2 Store2 |[No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 |[No SD F4 0 R1
0 Mult1 |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 [No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

4 72 Qi Load1 Mult1
ZS 2015
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Priklad smycCky - cykl 5

Instruction status

Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 [No Qi

LD FO 0 R1 2 Store1 |Yes 80 [Mult1

MULT F4 FO F2 2 Store2 |[No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 |[No SD F4 0 R1
0 Mult1 |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 [No BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

5 72 Qi Load1 Mult1
ZS 2015
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Priklad smycCky - cykl 6

Instruction status

Executior Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |Yes 72

SD F4 0 R1 1 3 Load3 |[No Qi

LD FO 0 R1 2 6 Store1 |Yes 80 |Mult1

MULT F4 FO | F2 2 Store2 |No

SD |F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
0O Mult1 |[Yes MULTD R(F2) Load1 SUBI R1 |R1 #8
0 Mult2 |No BNEZ R1 |Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

6 72 Qi Load?2 Mult1

* Poznamka: FO nikdy nevidi vysledek operace Load1

ZS 2015
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Priklad smycCky - cykl 7

Instruction status

Executior Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |Yes 72

SD F4 0 R1 1 3 Load3 |[No Qi

LD FO 0 R1 2 6 Store1 |Yes 80 |Mult1

MULT F4 FO F2 2 7 Store2 |No

SD |F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
0O Mult1 |[Yes MULTD R(F2) Load1 SUBI R1 |R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 |Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

7 72 Qi Load2 Mult2

* Poznamka: MULT2 nema zadna jména registri v RS

ZS 2015
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Priklad smycCky - cykl &

Instruction status Executior. Write

Instruction )i k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |Yes 72

SD F4 0 R1 1 3 Load3 |No Qi

LD FO 0 R1 2 6 Store1 |Yes 80 [Mult1

MULT F4 FO F2 2 7 Store2 |Yes 72 |[Mult2

SD F4 0 R1 2 8 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
O Mult1 |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

8 72 Qi Load2 Mult2
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Priklad smycCky - cykl 9

Instruction status Executior. Write

Instruction J k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 9 Load1 |Yes 80

MULT F4 FO F2 1 2 Load2 |Yes 72

SD F4 0 R1 1 3 Load3 |No Qi

LD FO 0 R1 2 6 Store1 |Yes 80 [Mult1

MULT F4 FO F2 2 7 Store2 |Yes 72 |[Mult2

SD F4 0 R1 2 8 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD F4 0 R1
0O Multt |Yes MULTD R(F2) Load1 SUBI R1 R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

9 64 Qi Load?2 Mult2

* Load1 dokoncuje; co na ni ceka?
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Priklad smycky - cykl 10

Instruction status

Executior. Write

Instruction J k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 Load2 |Yes 72
SD F4 0 R1 1 3 Load3 [No Qi
LD FO 0 R1 2 6 10 Store1 |Yes 80 [Mult1
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:
0 Add1 |[No LD FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 |[No SD F4 0 R1
4 Multt |Yes MULTD M(80) R(F2) SUBI R1 R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
10 64 Qi Load2 Mult2

* Load2 dokoncuje; co na ni ceka?
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Priklad smycCky - cykl 11

Instruction status

Executior Write

Instruction J k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 9 10 |Load1 [No

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 |Yes 64 |Qi

LD |FO 0 R1 2 6 10 11 |[Store1 |Yes = 80 |[Mult1

MULT F4 FO F2 2 7 Store2 |Yes 72 |Muli2

SD F4 0 R1 2 8 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
3 Mult1 |Yes MULTD M(80) R(F2) SUBI |[R1 |R1 #8
4 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 |Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

11 64 Qi Load3 Mult2
ZS 2015
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Priklad smycCky - cykl 12

Instruction status

Executior Write

Instruction J k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 9 10 |Load1 [No

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 |Yes 64 |Qi

LD |FO 0 R1 2 6 10 11 |[Store1 |Yes = 80 |[Mult1

MULT F4 FO F2 2 7 Store2 |Yes 72 |Muli2

SD F4 0 R1 2 8 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
2 Mult1 |Yes MULTD M(80) R(F2) SUBI |[R1 |R1 #8
3 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 |Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

12 64 Qi Load3 Mult2
ZS 2015
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Priklad smycCky - cykl 13

Instruction status

Executior Write

Instruction J k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 9 10 |Load1 [No

MULT F4 FO F2 1 2 Load2 |[No

SD F4 0 R1 1 3 Load3 |Yes 64 |Qi

LD |FO 0 R1 2 6 10 11 |[Store1 |Yes = 80 |[Mult1

MULT F4 FO F2 2 7 Store2 |Yes 72 |Muli2

SD F4 0 R1 2 8 Store3 |No

Reservation Stations S1 S2 RS forj RS for k

Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
1 Mult1 |Yes MULTD M(80) R(F2) SUBI |[R1 |R1 #8
2 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 |Loop

Register result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

13 64 Qi Load3 Mult2
ZS 2015
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Priklad smycCky - cykl 14

Instruction status

Executior Write

Instruction )i k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 14 Load2 |[No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |[Store1 |Yes = 80 |[Mult1
MULT F4 FO F2 2 7 Store2 |Yes 72 |Muli2
SD |F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:
0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
0O Mult1 |[Yes MULTD M(80) R(F2) SUBI |[R1 |R1 #8
1 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 |Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
14 64 Qi Load3 Mult2

* Mult1 dokoncuje; co na ni ceka?
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Priklad smyCky - cykl 15

Instruction status

Executior Write

Instruction )i k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 14 15 |Load2 [No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |Store1 |[Yes 80 |M(80)*R(F
MULT F4 FO F2 2 7 15 Store2 |Yes 72 |Muli2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:
0 Add1 [No LD |FO 0 R1
0 Add2 |[No MULTF4 FO F2
0 Add3 [No SD |F4 0 R1
0 Mult1 [No SUBI |[R1 |R1 #8
0 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 |Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
15 64 Qi Load3 Mult2

* Mult2 dokoncuje; co na ni ceka?

ZS 2015
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Priklad smyCky - cykl 16

Instruction status

Executior Write

Instruction J k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 14 15 |Load2 [No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |Store1 |[Yes 80 |M(80)*R(F
MULT F4 FO F2 2 7 15 16 |[Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1

0 Add2 |[No MULTF4 FO F2

0 Add3 [No SD |F4 0 R1

0O Mult1 |Yes MULTD R(F2) Load3 SUBI |[R1 |R1 #8

0 Mult2 [No BNEZ R1 |Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30

16 64 Qi Load3 Mult1
ZS 2015
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Priklad smyCky - cykl 17

Instruction status

Executior Write

Instruction J k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 14 15 |Load2 [No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |Store1 |[Yes 80 |M(80)*R(F
MULT F4 FO F2 2 7 15 16 |[Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 Store3 |Yes 64 |[Mult1
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD |FO 0 R1

0 Add2 |[No MULTF4 FO F2

0 Add3 [No SD |F4 0 R1

0O Mult1 |Yes MULTD R(F2) Load3 SUBI |[R1 |R1 #8

0 Mult2 [No BNEZ R1 |Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30

17 64 Qi Load3 Mult1
ZS 2015
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Priklad smycCky - cykl 18

Instruction status Executior. Write
Instruction J k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Load1 [No
MULT F4 FO F2 1 2 14 15 |Load2 |[No
SD F4 0 R1 1 3 18 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |Store1 |[Yes 80 |M(80)*R(F
MULT F4 FO | F2 2 7 15 16 |[Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 Store3 |Yes 64 |Mult1
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Q Qk Code:

0 Add1 [No LD FO 0 R1

0 Add2 |[No MULT F4 |FO F2

0 Add3 [No SD |F4 0 R1

O Multt |Yes MULTD R(F2) Load3 SUBI [R1 |R1 #8

0 Mult2 |No BNEZ R1 |Loop
Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30

18 56 Qi Load3 Mult1
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Priklad smycCky - cykl 19

instrukce status Executionzapis
instrukce J k iteration Issue completevysledek Busy Address
LD FO 0 R1 1 1 9 10 | Load1 | No
MULTDF4 FO F2 1 2 14 15 | Load2 | No
SD F4 0 R1 1 3 18 19 | Load3 | Yes 64 | Qi
LD FO 0 R1 2 6 10 11 Store1 | No
MULTF4 FO F2 2 7 15 16 | Store2 | Yes 72 | M(72)*R(7
SD F4 0 R1 2 8 19 Store3 | Yes 64 | Mult1
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Code:
0 Add1 | No LD FO 0 R1
0 Add2 | No MULTF4 | FO F2
0 Add3 | No SD | F4 0 R1
0O Mult1 | Yes MULTD R(F2) Load3 SUBIL R1 | R1 #8
0 Mult2 | No BNEZ R1 | Loop
reqistr vysledek status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
19 56 Qi Load3 Mult1
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Priklad smycCky - cykl 20

instrukce status Executionzapis
instrukce )i k iteration Issue completevysledek Busy Address
LD FO 0 R1 1 1 9 10 | Load1 | No
MULTF4 FO F2 1 2 14 15 | Load2 | No
SD F4 0 R1 1 3 18 19 | Load3 | Yes 64 | Qi
LD FO 0 R1 2 6 10 11 Store1 | No
MULTF4 FO F2 2 7 15 16 | Store2 | No
SD F4 0 R1 2 8 19 20 | Store3 | Yes 64 | Mult1
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Code:
0 Add1 | No LD FO 0 R1
0 Add2 | No MULTF4 @ FO | F2
0 Add3 | No SD | F4 0 R1
0O Mult1 | Yes MULTD R(F2) Load3 SUBIL R1T | R1 #8
0 Mult2 | No BNEZ R1 | Loop
reqistr vysledek status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
21 56 Qi Load3 Mult1
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Tomasulo schéma prinasi dvé hlavni vyhody

1. Distribuovanou logiku detekce hazardu

— distribuované rezervacni stanice a CDB (Common Data Bus)

— Ceka-li vice instrukei na jediny vysledek & kazda instrukce
ma dalSi operand, mohou byt instrukce uvolnény soucasné
operaci broadcast po CDB

— Jestlize byla pouzita centralni registrova sada, jednotky budou
muset Cist vysledky z registri, jakmile jsou sbérnice registru
volne

2. Vylouceni bublin zpusobenych hazardy WAW a
WAR
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Nevyhody Tomasulova mechanizmu

Slozitost
— opozdéni 360/91, MIPS 10000, Alpha 21264, IBM PPC 620 !

Mnoho rychlych asociativnich paméti (CDB)

* Vykon omezeny sbérnici ,,Common Data Bus*

— Kazdy CDB musi prochazet k vétSimu poctu funkcnich jednotek
—velke kapacity, velkd hustota propojeni

— Pocet funkCnich jednotek, které mohou dokoncit v jednom cyklu je
omezen na jednu!
* Nasobn¢ CDB = vice FU logiky pro paralelni asociativni paméti
Neprecizni interupty!
— Zminime se o nich pozdé&ji
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/Zaver #1

* Vliv implicitniho paralelismu na vykon: instrukce
Level paralelism

* Rozbaleni smycCek kompilatorem pro zvySeni ILP
* Predikce vétveni pro zvySeni ILP

* Dynamicky HW vyuzivajici ILP
— Funk¢ni 1 kdyZ nejsou znamy zavislosti v dobé prekladu
— Miize maskovat vypadky L1 cache
— Kod napsany pro jeden stroj muze dobie béZet 1 na jiném
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/Zaver #2

* Rezervacni stanice: renaming na vétsi soubor registri + ukladani zdrojovych
operandi

— Potlacuje neptiznivy vliv malého poctu registru

— Vylucyje hazardy WAR, WAW

— Umoznuje rozbalovani smycek v HW
* Neni omezeno jen na zakladni bloky

(integer jednotky vykonavaji instrukce doptedu, 1 za vétveni)

* Pomaha pii vypadcich cache
* Trvaly pfinos

— Dynamicke planovani

— Pfejmenovani registrii

— Potlageni nepiiznivého vlivu Load/Store operaci

* 360/91 nasledniky jsou Intel Pentium 4, IBM Power 5, AMD
Athlon/Opteron, ...
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