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Datova cesta
= usporadani funkcnich blokl umoZnujici
zpracovavat instrukce a data uvnitr procesoru

Navrh datové cesty
= vychazi z cilové instrukcni sady
= identifikace prvkl datové cesty
= propojeni prvkid a navrh fizeni



Procasor WIS (1)

Registry
= 32 general-purpose registrd (ro-r31)
* s0-s7, to-tg, zero, ao-a3, vo-vi, gp, fp, sp, ra, at
Operace
= aritmetika registr/registr, registr/immediate
= presuny registr/registr, registr/pamét’
+ load/store architektura

= nepodminené skoky, skoky do podprogramu
+ HW neimplementuje zasobnik

= specialniinstrukce



Procasor WIS (2)

Zakladni typy instrukci
= zakladni format (32-bit)

= r-format (aritmetické instrukce s registry)

= i-format (presuny, vétveni, pfimé operandy)

__op | s | rt | addess/immediste

= j-format (nepodminény skok)

“ target address



VPSS eVENEateoVEIGES LY

Obecny postup zpracovani instrukci
= precist instrukci z pameti
= precist 1di2 registry
= provést operaci odpovidajici instrukcnimu kodu
+ predist/zapsat registry z/do paméti
+ provest operaci s registry
+ podminény/nepodminény skok



WIPSs Prviey czitoy edsiy ()

Ctenf instrukce

Instruction

Instruction
Memory




WP Pryley czigoya edsiy (2)

Operace s daty v registrech

4.| ALU operation

Read
reg. 1

Read
reg. 2

Write  Registers > ALU
register Result

Write Read /
data data 2

RegWrite

—»

Zero
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Cteni/zapis z/do paméti

‘ MemWrite

Read
Data

Data Memory

—P

MemRead
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Podmineny skok

PC+4 from Instruction Datapath —»

>
32 Branch
target

4 | ALU operation
Rd. reg. 1
Data 1

ALU

Rd. reg. 2
Registers > Zero —»

Wr. reg.

Data 2 To branch
Wr. data /control logic

RegWrite




MBS batoyvarcesta

-

N ext.]

Read addr.

Instruction

Instruction
Memory

Readreg. 1 Datal
Read reg. 2

Registers
Write reg.

Write data Data 2

| RegWrite

ALUSrc

ALU

Add
> Result

ALU operation

Zero

Result

| MemWrite

Address

Read Data
Data Memory

Write Data

MemRead

¢

MemToReg
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R|,d|,C|, Slgnély PCSrc
= programovy citac regDs!
. . RegWrite
= registrove pole MemRead
> Instruction .
= pameét pro data MemWrite
MemToReg
= ALU ALUSrc

ALU oper.

Podporovane instrukce
* |load word, store word, branch equal
= add/subtract, logical and/or, set on less than



WEven flzanf ckiggvd easiy (1)

Kombinacni obvod
= nastavuje ridici signaly datové cesty
» dekodér z instrukcniho kédu
Format instruk¢niho kodu

= vyznamne ovliviuje slozitost a rychlost dekodéru

+ pravidelnost, symetrie

Viceurovnoveé dekddovani

» rozdéleni ridiciho obvodu do vice bloku
+ podrizeny blok pro fizeni ALU

7 7

= zjednoduseni navrhu ridici casti



Hzpelié AL

3 rezimy prace v zavislosti na instrukci
= add, subtract, funct

address/immediate

target address

Operacni Funct Pozadovana ALU
kod Operace operace ALU | control ALUOp
F5(F4|F3|(F2|F1|FO Opl | Op2
LW load word X|X[X|X|X]|X|add 0010 0 0
N\ store word X|X|X|X|[X]|X|add 0010
BEQ branch equal X|X|X|X|X]|X |subtract 0110 X 1
R-TYPE add 1/10(0|0({0 |0 |add 0010
R-TYPE subtract 1(0/0|0(|1]|0 subtract 0110
R-TYPE AND 110(0|1(0]|0 |and 0000 1 X
R-TYPE OR 110({0|1(0]|1 | or 0001
R-TYPE setonlessthan (1 (0 |{1|0|1|0 setonlessthan| 0111




Micalroviioyd dalkdeovzind

Radi¢ ALU
= zjednodusSeni fizeni ALU ze 4 bitu na 2

+ podle typu instrukce, funkci nastavuje ALU Control

PCSrc
RegDst

RegWrite

MemRead
Instruction

MemWrite

MemToReg

ALUSrc

ALUOp ALU
operation




MIPS: Datova cesta s radicem ALU

Add
Result

[5:0]
®

[25:21]
Read addr. Readreg. 1

I[20:16]

Instr [31:0] Read reg. 2 Data 1l

MemWrite

. i Registers
Instruction [15:11] Wr|.te Result Address
Memory 1 register

Read Data
Data Memory

RegDst Write data Data 2

RegWrite ALUSrc

Write Data

MemRead

MemToReg




NEven rlvninie fzdiés (1)

Dekddovani instrukce

address/immediate

target address

= ridici signaly plné urceny operacnim kodem

(o10]

% S ® % — o

) O ‘- ) i o o

Instrukce 2| & E = nE= % S1 8|8

HAEIIEIHHEHEIE

| < | 2 | ¢ | 2| 2| o8|l <| <

R-format 1 0 0 1 0 0 0 1 0

LW 0 1 1 1 1 0 0 0 0

SW X 1 X 0 0 1 0 0 0

BEQ X 0 X 0 0 0 1 0 1




MIPSsDatovarcestarsthiavnim

oy

" |Add
Result

Instr [15:0] (addr/imm) 16 ign 32

.
|

ext.

Instr [5:0] (funct) ALU
‘ —

control

Instr [25:21] (rs)
Read addr. Read reg. 1
Instr [20:16] (rt)

Instr [31:0] Read reg. 2 Data 1 ’7
MemWrite

Instruction Instr [15:11] (rd Wri.te . Address
Memory [ [ 1(rd) register Registers

Read Data
Data Memory

Write data Data 2

RegWrite ALUSrc

» Write Data

RegDst - MemRead
\ RegWrite -t

ALUSrc MemToReg

MemToReg

Instr [31:26]

MemRead

MemWrite




MIESSRstukcerypuiRerormat

Instr [5:0]

Read addr.
Instr [31:0]

Instruction
Memory

Instr [25:21] (rs)

Instr [20:16] (rt)

> Read reg. 1

Instr [15:11] (rd)
¢

Read reg. 2 Data 1l

Write
register Registers

Instr [31:26]

Write data Data 2

RegWrite

RegDst=1

ALUSrc

ALU

control

MemRead

\ RegWrite=1
\ ALUSrc=0

MemToReg=0

MemToReg

MemRead=0

MemWrite

MemWrite=0

/ ALUOp=10

/ Branch=0




MipPSsinstrukceload\Word

Instr [15:0] (addr/imm) 16 ign 32

.
|

ext.

ALU ALUOp
control

Instr [25:21] (rs)
Read addr. Read reg. 1
Instr [20:16] (rt)

Instr [31:0] Data 1
ALU Zero MemWrite

Instruction Write .
M register Registers Address
emory

Read Data
Data Memory

Write data

RegWrite ALUSrc

Write Data
RegDst=s0 ﬂ MemRead
\ RegWrite=1 )1(

\ ALUSrc=1 MemToReg

<l
-

MemToReg=1
Instr [31:26]

> MemRead=1

MemWrite=0
/ ALUOp=00
/ Branch=0




MIPS: Instrukce Branch Equal

Instr [15:0] (addr/imm)

16 /sign) .32

Read addr.
Instr [31:0]

Instruction
Memory

Instr [25:21] (rs)

.
|

ext.

Instr [20:16] (rt)

> Read reg. 1

Instr [31:26]

RegWrite=0

Read reg. 2 Data 1l

Registers

Data 2

RegWrite

\ ALUSrc=0

MemToReg=X

ALUSrc

Result

ALU

control

MemRead

MemToReg

Control MemRead=0

MemWrite

MemWrite=0

/ ALUOp=01

/ Branch=1




WEven nkivaino fidida (2

Jednocyklovy radic

* instrukce trva 1 takt

Vstup
nebo
vystup

Signal

= kombinacni obvod

Hlavni nevyhody
= delka cyklu odpovida

Vstupy

Op5

Op4

Op3

Op2

Op1l

Opo

délce nejdelsi
instrukce
+ ve sporu s “optimize
for common case”

= duplicitni prvky

Vystupy

RegDst

ALUSrc

MemToReg

RegWrite

W E L EED

MemWrite

Branch

ALUOp1

ALUOp?2

o|lr|lolojo|r|o|lo|r|o|o|o|o|o|o|R-format

OO 0I0OR R (RIRORKROIOCOCIRI|LW

OC0CI0O|R OO X KR (X|[R|= O Kk Ool|ISW

R|lOo|r|Oo|o|o|X|0o|X|o|o|r |0 |o(o|BEQ

v datové cesté




Viea-eyldou rzclié

Zakladni princip
= instrukce rozdélena do kroki
= v kazdem taktu proveden 1 krok

+ pocet taktl se pro ruzné instrukce lisi
+ instrukcni cyklus vs. strojovy cyklus

= nutno uschovavat mezivysledky
Hlavni vyhody
= vysSivykon a efektivita
+ aproximace promenné délky cyklu
+ neni nutné duplikovat nékteré funkcni prvky



M ESHERREPNVIGCEC I OV EIdatOVEICESTY

Instruction
Read reg. 1

Address register Data
Read reg. 2 1

Instruction er.te
or Data register
Memory

ALUOut

Write data Memory data Write 2
register data Registers




MIESTVIGE=cyhd oValdatoydaicesta

lorD

MemWrite

Address

Data

Write data

Memory

MemRead

IRWrite

Instruction
Register

[25:21]
[20:16]
[15:0]

RegWrite

Memory data
register

|

Readreg. 1
Data

Read reg. 2 1

Write
register  Registers

Data
Write 2

data

MemToReg

ALUSrcA

ALUSrcB
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Rozdéleni instrukci do kroku

= sekvencni a paralelni casti vykonani instrukce
Instrukcni cyklus (MIPS)

= nacteni instrukce
= dekdédovaniinstrukce a precteniregistru

= vykonani instrukce, vypocet adresy, dokonceni
vétveni

= pristup do paméti a zapsani vysledku
= dokonceni cteni z paméti



MIBSSnstrkenreykius (@)

Nacteni instrukce
* IR <= Memory [P(]

+ precteniinstrukce do instrukcniho registru
= PC<=PC+4

+ posun PC na adresu dalsi instrukce



WIPSS Inserulednt evidus (2)

Dekddovani instrukce a precteni registru
= A<=Reg][IR.rs]

+ precteni obsahu zdrojového registru 1
» B<=Reg[IR.rt]
+ precteni obsahu zdrojového registru 2

= ALUOut <= PC + (sign-extend (IR.addr) << 2)

+ vypocet adresy podminéného skoku
+ pokud instrukce neni skok, nevadi



W32 [nseruleénf eyldus (3)

Vykonani, vypocet adresy, dokonceni vetveni
= Pristup do pameti
« ALUOut <= A + sign-extend (IR.addr])
+ obsah zdrojového registru + offset
= Aritmeticko-logicka operace
* ALUOut <= A funct B
= Podminény skok
+ if (A ==B) then PC <= ALUOut
+ adresa skoku z predchoziho kroku

= Nepodmineny skok



MIPSSstrvkeRifcykiis )

Pristup do pameéti, zapis vysledku
= Pristup do paméti (load)
* MDR <= Memory [ALUOut]
+ obsah paméti precten do pomocného registru
= Pristup do paméti (store)
« Memory [ALUOut] <=B
+ obsah registru zapsan do pameéti
= Aritmeticko-logicka operace
+ Reg [IR.rd] <= ALUOut
+ vysledek operace zapsan do cilového registru



WIS [nsieulednt eylidus (5,

Dokonceni Cteni z pameti
= Pristup do paméti (load)
+ Reg[IR.rt] <= MDR
+ zapis prectene hodnoty do registru



PSS Ferelid o lonadn 7 zionzie (1)

Hrubé schéma

Instruction fetch/decode and
register fetch

Memory access R-type Branch
instructions instructions instruction




WIPS: Herellé filco on=én g ziutonzie (2)

Instruction fetch & decode

Instruction Fetch
MemRead

ALUSrcA=0
lorD=0
IRWrite

Instruction decode/
Register fetch

ALUSrcA=0

ALUSrcB=01
ALUOpP=00
PCWrite
PCSource=00

Op='LW' or Op='SW'

ALUSrcB=11
ALUOp=00

Memory-

reference FSM R-type FSM

Branch FSM




PSS Beldid faildo Kon=dn g zuion ()

Memory reference FSM

Memory address computation

ALUSrcA=1
ALUSrcB=10
ALUOpP=00

Memory Memory
access access

MemRead MemWrite
lorD=1 lorD=1

Memory read
completion step

RegWrite
MemToReg=1
RegDst=0

To state
(0]




MIPSTRAdIc aRoIkon echyiattomaid)

R-type instruction

Execution

ALUSrcA=1
ALUSrcB=00
ALUOp=10

R-type

completion

RegDst=1
MemToReg=0
RegWrite=1

To state
(0]




W PSs Belddié il Kon=dndzioniz (5)

Branch instruction

Branch completion

ALUSrcA=1
ALUSrcB=00
ALUOp=01
PCWriteCond
PCSource=01

To state
0




MIPSIRadIC) aRoIkonechyiatitoma o)

Jump instruction

Jump completion

PCWrite
PCSource=10

To state
0




W PSs Belddié il <on=dn i ziuioniz (7

Instruction decode/

MemRead
Instruction Fetch Register fetch
1 ALUSrcA=0

ALUSrcA=0
lorD=0
IRWrite - ALUSrcB=11
ALUSrcB=01 ALUOp=00
ALUOpP=00
PCWrite
PCSource=00

Op='LW' or Op="SW' Op=R-type Op='BEQ’ Op='J'
Memory address Branch Jump
computation Execution completion completion
ALUSrcA=1 ALUSrcA=1 ALUSrcA=1
ALUSrcB=10 ALUSrcB=00 ALUSrcB=00
ALUOp=00 ALUOp=10 ALUOp=01
PCWriteCond
PCSource=01

PCWrite
PCSource=10

Op='swW'
Memory R-type
completion

Memory
access access

Op="LW'

MemRead MemWrite 7 RegDst=1
lorD=1 lorD=1 MemToReg=0
RegWrite=1

Memory read
completion step

RegWrite
MemToReg=1
RegDst=0




Pocdoorz vijimalez ofarusag

Hardware

= zastaveni vykonavani instrukce
+ dllezité je zachovat korektni stav procesoru
= zajistit moznosti identifikace priciny
+ priznak indikujiciho pricinu
+ pripadné dalsi upresnujici informace
= uschovat adresu instrukce, pfi které vyjimka nastala
= skok na adresu obsluzné rutiny
+ stejna adresa pro vsechny typy vyjimek

+ rtzné adresy pro rtizné vyjimky



WIPS: Rodoeorzl wijimale ofaiddar]

R-type instruction

Execution

ALUSrcA=1
ALUSrcB=00
ALUOp=10

R-type
completion

RegDst=1
MemToReg=0
RegWrite=1

Not
overflow

Overflow

To state
0

Arithmetic
overflow

IntCause=1
CauseWrite
ALUSrcA=0
ALUSrcB=01
ALUOp=01
EPCWsrite
PCWrite
PCSource=11




WIPS: RPodoorz wijimals raolziinz nserilics

Undefined instruction

Undefined Instruction

IntCause=0
CauseWrite
ALUSrcA=0
ALUSrcB=01
ALUOp=01
EPCWrite
PCWRite
PCSource=11




ProucovdorzicovEnd (1)

Zpracovani instrukci procesorem (MIPS)
= nacteniinstrukce z paméti
= precteniregistru a dekddovani instrukce
= vykonani operace nebo vypocet adresy
= pristup k operandim v paméti
= zapis vysledku do registru

Jednocyklove vs. proudové zpracovani

= vykon zavisi na nejpomalejsi operaci



Proucdovd zorzicoving (2)

Jednocyklova datova cesta

= instrukce load word (nejdelsi)
* prace sregistry 100ps, ostatni 200ps

1200 1600 2000

Execution order |_|_|_|_|_|_|_|_|_|_|_>T|me

Iw $1, 100 (S0)

Iw $2, 200 (S0)

Iw $3, 300 ($0)




Provdovdzoezicovinl )

Proudova datova cesta

= instrukce load word (nejdelsi)
+ jednotlivé kroky 200ps

1200 1600 2000

Execution order |_|_|_|_|_|_|_|_|_|_|_>T|me

Iw $1, 100 (S0)

Iw $2, 200 (S0)

Iw $3, 300 ($0)

200 200 200 200 200




Provdovd zoezicgvinf (21

Navrh instrukcni sady (MIPS)
= instruk¢ni kod stejne délky
+ jednoduché nacitani instrukci do pipeline
= omezeny pocet formatl instrukcniho kddu
+ Cteni registru probiha zaroven s dekddovanim instrukce

= pamét'ové operandy pouze v load/store operacich
+ vypocet adresy ve fazi vykonani instrukce
+ pristup do pameéti v nasledujicim kroku

= operandy na zarovnanych adresach

+ pristup do paméti vyzaduje pouze 1 stupen pipeline



Provdovdzoezicovinf (5)

Konstrukce datové cesty
= zpracovani rozdéleno k stupnit (stages)
+ nejpomalejsi stupen urcuje rychlost pipeline
+ obdoba nejdelsi instrukce v jednocyklové datove cesté

= registry pro predavani dat mezi stupni
+ obdoba pasu na vyrobni lince
+ obdoba pomocnych registri ve vicecyklové datové cesté



WIPSs Jadnioeyidovz) deigoyz) edsi:

IF: Instruction Fetch

ID: Instruction Decode/

Register Read

EX: Execute/
Address Calculation

MEM: Memory Access

Address

Instruction

Instruction
Memory

Read reg. 1
Read reg. 2

Write

register

Write data

Datal

Registers

Data 2

WB: Write Back

Address

Read Data
Data Memory

Write Data




WIPSE Brodeovz cdzigovE easee ()

> 4—>

Instruction Fetch

Instruction Decode

Execution

Address

Instruction

Instruction
Memory

Readreg. 1
Read reg. 2

Write

" register

Write data

Datal

Registers

Data 2

Add
Result

EX/MEM

Memory Access

Write Back

MEM/WB

Address

Read Data

Data Memory

Write D

ata




WIPSs Proucdovi daiovE casiz (2

> 4—>

Instruction Fetch

Instruction Decode

Execution

Address

Instruction

Instruction
Memory

Readreg. 1
Read reg. 2

Write

. register

Write data

Datal

Registers

Data 2

Add
Result

EX/MEM

Memory Access

Write Back

MEM/WB

Address

Read Data

Data Memory

Write D

ata




Provcdovd 2orzicovinf (§)

Reprezentace pipeline
= relativni ¢as (v hodnovych cyklech)
= vSechny faze trvaji 1 cyklus

Execution order

Time

lw $10, 20 ($1) [cvcles]

sub $11, $2, $3

add $13, $3, 54

Iw $13, 24 (51)

add $14, S5, $6




WP Prodclovd ckitovs) easiz) ()

add $14, $5, $6

Iw $13, 24 ($1)

add $12, $3, $4

sub $11, $2, $3

Iw $10, 20 ($1)
4+—>

Instruction Fetch

Instruction Decode

Execution

Memory Access

Address

Instruction

Instruction
Memory

Readreg. 1
Read reg. 2 Datal

Write Registers

o register

Write data Data 2

Add
Result

EX/MEM

Write Back

MEM/WB

Address

Write D

Read Data

Data Memory

ata




Provcdovd zorzicovinf (7,

Rizeni proudové datové cesty

= ruzné instrukce v rtznych fazich
+ ridici signaly pro jednotlive stupné pipeline
= plvodnijednocyklovy radic
+ kombinacni obvod dekddujici operacni kéd
+ signaly zapsany do pipeline registru pri nacteni instrukce



MIPSAPTOUEoYNdatoVacestaN @)

Sign
extend

Address

Instruction

Instruction
Memory

Readreg. 1 Registers

Read reg. 2

| Write
" register

Write data

Datal

Data 2

! RegWrite

> ALU
Zero

Result

EX/MEM

Branch

MEM/WB

MemToReg

| MemWrite

Read

Address Data

o Write  pata
Data  Memory

.
|

l MemRead




W PS: Bizanf oroudovd daiigyd cagiy

RegWrite

\ MemToReg |

MemRead

MemMWrite

Control | Branch

ALUSrc

ALUOp
/ RegDst

MEM/WB




Dzitov nizizzife v ogoldoyvdnn ZzorzicovEing (1)

Forwarding/bypassing
= poskytnuti mezivysledku nasledujici instrukci
= nelze forwardovat zpatky v Case

Forwarding unit (MIPS)

= zdrojovy operand vykonavané instrukce je cilovy
operand vysledku drivejsi instrukce
+ EX/MEM.RegisterRd = ID/EX.RegisterRs
+ EX/MEM.RegisterRd = ID/EX.RegisterRt
+ MEM/WB.RegisterRd = ID/EX.RegisterRs
+ MEM/WB.RegisterRd = ID/EX.RegisterRt



Forwzrding v urotdoydm Zoszicoyz)]

Execution order

Time
[cycles]

sub $2, 51, $3

and $12, 52, $5 |II.

or $13, $6, $2

add $14, $2, 52

sw $15, 100 ($2)




Forwzrding v urotdoydm Zoszicoyz)]

Execution order

1 2
| | |
| | |
Time
sub $2, 51, $3
[cvcles]

and $12, 52, $5 |II.

or $13, $6, $2

add $14, $2, 52

sw $15, 100 ($2)




Dzitovd rizizzife v ofotdoyvdnn 2oyl (2)

Zpozdeniinstrukce v pipeline
= pouziti operandu bezprostredné po nacteni
+ load-use dependency

Hazard detection unit (MIPS)

= zdrojovy operand dekddované instrukce je cilovy
operand drivejsi instrukce cteni z pameti
+ IDJEX.MemRead and

(ID/EX.RegisterRt = IF/ID.RegisterRs or
ID/EX.RegisterRt = IF/ID.RegisterRt)



Zoozddnf v oroudoydn zorzico v ()

Execution order

Time
[cycles]

Iw $2, 20 ($1)

and $4, $2, S5

or $8, 82, $6

add $9, $4, 52

slt $1, $6, $7




Zoozddnf v oroudoydn zorzico v ()

Execution order

Time
[cycles]

Iw $2, 20 ($1)

and $4, $2, S5

or $8, 82, $6

add $9, $4, 52

slt $1, $6, $7




Zoozedni v oroudoydn 2orzico vl (2)

4

Execution order

1 2 3
| | | |
| | | |
oo [ IR
[cvcles]
and becomes nop |II. ] O—
or $8, 52, $6 |]

add $9, $4, 52




Afclfef fzzirel v uroudovdm 2oezicovEnf (1)

Rozhodnuti o adrese dalsi instrukce
= v pipeline jsou rozpracovaneé instrukce

+ rozhodnuti zavisi na vysledku

= hlavni typy ridicich hazardu
+ vetveni

+ vyjimky

OsSetreni ridicich hazard(
= forwarding nelze (adresa je, nevi se zda pouZit)
= snaha o minimalizaci prodlev v pipeline



N

RidicthaZandipraletenina)

Execution order

e A
| [cvcles]

44: and $12, 52, S5 |] ] .

48: or $13, $6, $2

52: add $14, $2, 52

"

72: lw $4, 50 ($7)







