CO 04 The Processor Pt2

1 Introduction

Performance of Single Cycle Processor

O Assume time for stages is

= 100ps for register read or write
= 200ps for other stages

Instr Instr fetch | Register | ALU op Memory | Register | Total time
read access write
d 200ps | 100ps | 200ps  |200ps | 100 ps -
sd 200ps 100 ps 200ps 200ps 700ps
R-format | 200ps 100 ps 200ps 100 ps 600ps
beq 200ps 100 ps 200ps 500ps
HAdh 1d IESEERATATERD, HEAHESEEN W MEiE, mERERRIERD
I EMREHR, FERREIKERRIRLT, FERFESRBEHIENX
longest delay determines clock period
critical path: load instruction
TN BEEIE S RESTR
2 RISC-V Pipiline
IF: inst fetch from inst memory
ID: inst decode & reqg read —EE R iLE7esiR IR
EX: execute operation or calculate address
MEM: access mem operand
WB: write result back to reg
I
Program
execution . 200 400 600 800 1000 1200 1400
Time T T T T T T T
order
(in instructions)
Id x1, 100(x4) '"sft;‘t’;:b“ Reg| ALU aE:e:s Reg
w200 200ps | Ires| AU | P32 e
Id x3, 400(x4) 200 ps | "Shacton Reg| ALU | D@ |Reg

200 ps 200 ps 200 ps 200 ps 200 ps

TRIXEM reg iRit, EEEERER, BERHAEFL
— AR BB RIRNES
SNEREM_ETESEURKE, RTEERIE, EBRERD A
Speedup due to increased throughput IBINTHLE, FRIEANTERE, (BHKRTIRE

2.1 Piplining and ISA Design



18 EEK, inst fetch and decode EfHE
§<1&LEIE, decode and read reg in one step

2.2 Hazards

Structure hazard: E—MEREIEAEIESER, EiKit ISA WAFTEZFHI
Data hazard: #iEKE, FE_RKIESHEER —FEISHER
Control hazard: BIEAESYIEEIESHI control action =480, T—2H] fetch BURF E—E 28 beq

2.2.1 Data Hazards

EMERRA stall (=471
MKEHFIIARIFRYS bubble

madd x19, x0, x1
sub x2, x19, x3

Ti 200 400 600 800 1000 1200 1400 1600
Ime T T T T T T >

[
add x19, x0, x1 IF —': ID %‘*MEM—EBE
bubble bubble) ( bubble bubble) ( bubble
@, @ 9 ®) ®
bubble bubblé bubble bubble bubble
© @ O O O
IF —= ID E MEM EB

sub x2, x19, x3 5 /

Bk ERNEEIEEERIES
B we, 10 RIEFXSSF, FREEBHER data hazard

2.2.1.1 Compute-Use FHFEEEF alLARE

Forwarding (aka Bypassing)

\/

O Use result when it is computed
= Don’t wait for it to be stored in a register

= Requires extra connections in the datapath

Program

execution _ 200 400 600 800 1000
order Time T r l I

(in instructions) I
add x1, x2, x3 IF —E ID >EX MEM WB§

sub x4, x1, X5 IF —= ID MEM WB |

Il ETERZE R-type, FoAEKHI, MES—FAY rd BFZFM rs, AJLARHTT stall, EEFE(EH datapath

2.2.1.2 Load-Use Data Hazard % {E—x



Load-Use Data Hazard

O Can’t always avoid stalls by forwarding
m If value not computed when needed
= Can’t forward backward 1n time!

Program

execution _ 200 400 600 800 1000 1200 1400
order Time T T . T T T .

(in instructions) I
Id x1, 0(x2) IF —=5 1D SEX—{MEM

sub x4, x1, x5 IF —L ID

WB

bubble bubble
@ O

MEM|— WB

R load 255 LA, BRABRMERER forwarding K, tHsAE—4% bubble

$) Code Scheduling

AILAESRIFRIAHRIL 1d 1281, TRILNRGEENE

2.2.1.2.1 example

Code Scheduling to Avoid Stalls

O Reorder code to avoid use of load result in
the next instruction

OCcodefora = b + e; c=Db + T;

1d x1, 0(x0) 1d x1, 0(x0)
1d MO) 1d
— add X3, xl,@ 1d
sd x3, 24(x0) add
1d (x4)16(x0 sd

0
T s add x5, xl,
sd

x5, 32(x0) sd x5, 32(x0)

AM: 2R load-data, 7 &ig<, FFLERE 4, —3£ 13
EM5k2E load-data [AJ5R

2.2.2 Control Hazards



Branch RETEHIR, T IF BURTF branch BER
TTREARE: 1E ID RF—Nbiskse

Stall on Branch

O Wait until branch outcome determined
before fetching next instruction

Program
execution Ti 200 400 600 800 1000 1200 1400 -
order Ime I I I I I I I >
(in instructions)
Instruction Data
add x4, x5, x6 tetch Reg| ALU access | R€9
Instruction Data
beq x1, x0, 40 <20Tps> fotch Reg access
bubble buble bubble/( bubble/(_ bubble
a
or X7, x8, x9 - »|Instruction Data R
Y 400 ps fetch access €9
/\ Warning

Bk ~EEBREHE, stall HiEZE NOP — T3 RERHE, 8—RIESAEMRZEASER, KIZE if id ex ma wb

RHLABERRIR IF 2%
IF Rk BT decode, TiEFIMTRHAIES

Prediction: E#Z=#H11T branch not taken?
BFE, WR&RE branch taken, IIAEEERRELITENRNS, FHEHEKX

2.2.2.1 Branch Prediction

Static: fRIFAYRHE=ERITTN
40 loop RriZigHR branch taken, taken BISEERLL untaken B

Dynamic: H4TAYRHEFEITFTN
e.g. record recent history of each branch
when wrong, stall while re-fetching and update history

3 Pipeline Overview
3.1 Datapath



Pipeline registers

O Need registers between stages
= To hold information produced in previous cycle

IF/ID ID/EX EX/MEM MEM/WB
=0
M 5
: PC » Address g . ZZ?:“,” dR:t:d‘l
—\ =1 Read >
Inl:terrl:l(::r“ym —e :’::erRzegisters 5aetaad2 Address z:?: g 1M
ﬁister Data u
| sata memory ¢
Write
data
32 Imm 64
A Gen —
R A, L/ THREFR
BERRRKELE/ 2 AR K& E
@ mMifkERTHL >
® [ J [ ] o
Multi-Cycle Pipeline Diagram
O Traditional form
Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC38 CC9
Program
execution
order
(in instructions)
Id x10, 40(x1) Insft::g:on In;(taréxc;:ct;gn Execution alc::)::s Write-back
sub x11, X2, x3 Instruction | Instruction Execution Data Write-back
fetch decode access
add x12, x3, x4 Instruction | Instruction Execution Data Write-back
fetch decode access
Id x13, 48(x1) Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction . Data .
add x14, x5, x6 fetch decode Execution access Write-back




Single-Cycle Pipeline Diagram

O State of pipeline in a given cycle

add x14, x5, x6 | Id x13, 48(x1) | add x12, x3, x4 | sub x11, x2, x3 | Id x10, 40(x1) |
Instruction fetch | Instruction decode | Execution | Memory | Write-back [
il DEX EXMEN VEME
Shift
left 1
(0
[
u b—>-1 Address Read
| 1x H g register 1 5;:‘11
2 Read
structi g register 2
Im!e u o‘ry = Ws:ne Registers ? !aadz 1M
register u
| cato 0
32 Imm 6‘\‘
O
— — — — ]
PCSrc
EX/MEM MEM/WB
_>
>AddSum
ift Branch
t1 L:
—— MemWrite
|
ALUSTe Zero | MemtoReg
) Add py Read
0 result ™ Address > (1
. data M
u /I/ Data u
———— - X

XEARFER branch 112 MEM £, HSLEEMIE EX KT

3.2 Control



PCSrc

ID/EX

[\ W8 LEX/MEM
1 WB
Control M L UEMNVB
EX M WB
Add > ’\‘
4 . Add Sum|
Shift Branch

left 1

IF/ID

ALUSrc

RegWrite

Address

u PC

MemWrite

Read

i Read
register 1 data1—

MemtoReg

Read
registe'_l: 2

{s] S
Write Read
register data 2

1 Instruction

Instruction
memory

Read
Address data |17

Data
memory

= [<)
x:g\
xc=Z ™

—-| Write
data <

Write
data

Instruction

(31-0] 32 /;;\63
A) @ Al
Instruction

[11-7] _

}

MemRead

Instruction
[30, 14-12]

» control

4 Data Hazards
4.1 Forwarding {4245

ForwardA = 00 ID/EX The first ALU operand comes from the register file.

ForwardA = 10 EX/MEM The first ALU operand is forwarded from the prior ALU
result.

ForwardA =01 MEM/WB  The first ALU operand is forwarded from data memory or
an earlier ALU result.

ForwardB = 00 ID/EX The second ALU operand comes from the register file.

ForwardB =10 EX/MEM The second ALU operand is forwarded from the prior ALU
result.

ForwardB = 01 MEM/WB The second ALU operand is forwarded from data memory

or an earlier ALU result.

4.1.1 EX hazard

if (

EX/MEM.Reglirite

and (EX/MEM.Rd != 0)

and (EX/MEM.Rd == ID/EX.Rsl)
) ForwardA = 10

4.1.2 Mem hazard load use

if (
MEM/WB.RegWrite
and (MEM/WB.Rd != 0) // A% WB
and not (
EX/MEM.Reglirite
and (EX/MEM.Rd != @) // L—%4856% wB



and (EX/MEM.Rd == ID/EX.Rsl)
) /] FT—FEAATFENT EX hazard forwarding
and (MEM/WB.Rd == ID/EX.Rsl)
) ForwardA = 01

4.1.3 Stall load use

if (
ID/EX.MemRead
and (
(ID/EX.Rd == IF/ID.Rsl)
or (ID/EX.Rd == IF/ID.Rs2)
)

) stall the pipeline

4.2 Forwarding
4.2.1 \N&ZIWEEZE forwarding igit

(n msuucuons) — — —
I—:l: T
sub x2, x1, x3 IM A|:|—5Reg - DM Reg

and x12, x2, x5 IM — H-Re

I

— 1
or x13, X6, X2 M Reg | [ }\TDM— —Reg

L
i\ A\
IE

&

add x14, x2, x2

g

\TQ_P

v sd x15, 100(x2) M FeRed [ [ o DM

WNRAHT forwarding, SIMEHE NRIIWEIES
EERIFIFHZ and, or ZE sub I

Forwarding &{4
EX/MEM.rd = ID/EX.rs1 or ID/EX.rs2 &8& EX/MEM.RegWrite
MEM/WB.rd = ID/EX.rs1 or ID/EX.rs2 && MEM/WB.RegWrite

if (
MEM/WB.ReglWirite
and (MEM/WB.RegisterRd != @) // &% WB
and not (
EX/MEM.ReglWirite
and (EX/MEM.RegisterRd != 0) // L —%454H% WB
and (EX/MEM.RegeisterRd == ID/EX.RegisterRsl)
) //
and (MEM/WB.RegisterRd == ID/EX.RegisterRsl)
) ForwardA = 01

if (
MEM/WB.ReglWrite
and (MEM/WB.RegisterRd != 0)
and

O Tip

Re_g:



RA LIS ID/EX AZRIERES, B4 EX/MEM BMERI—FKE<, MEM/WB BiEZRIB_KiE<, P5lich feo, f1, f2

f0 = ID/EX
f1 = EX/MEM
f2 = MEM/WB

if f0.rs != 0 and f0.rs == fl.rd and f1l.RegWrite:
f0.rs.data = fl.rd.data

else if f0.rs != 0 and f2.rd == f0.rs and f2.RegWrite:
f0.rs.data = f2.rd.data

¢ Double Data Hazard

O Consider the sequence:

add x1,x1,x?2
add x1,x1,x3
add x1,x1,x4

0 Both hazards occur
m Want to use the most recent

O Revise MEM hazard condition
= Only fwd if EX hazard condition isn’t true

ki forward BRFHIE, FRLASREEMAE EX/MEM #1T forwarding, (BB F—5%. ZEAHY, BIERISRRSE R A5
RIS,

4.2.2 Datapath with Forwarding

ID/IEX
// \\\ ’—’WB EX/IMEM
r‘ Control | M WB
[\ /f | MEM/WB
IF/ID \_/ EX Y L »'\WB|—
] ] ) ] ]
M
u
 — x
S B
é Registers t ALU > - - >
. 2 > u
PC Instruction | I~ —| X
memory " M Data
g | Y > memo
X ry
*>
IF/ID.RegisterRs1 Rs1 - |
IF/IDRegisterRsZr |Rs2
IF/ID_RegisterRd Rd EX/MEM.RegisterRd
;Fomrdmg\\; MEM/WB.RegisterRd —‘
> unit

4.2.3 Load-Use Hazard



4.2.3.1 Detection

f0 = IF/ID
f1 = ID/EX

if f1.MemRead and fl.rd == f0.rs:

insert a bubble

INREI—FIBSENREF, MHE rd EEA

4.2.3.2 How to Stall

{7’45 PC HZe8 A2
{R¥F IF/ID HFHAE
nop (no operation)

ID/EX R BEHIESHER,

5 Branch Hazards

AZ 5 A

FIESH rs, BBARSH—REHEE, & bubble

sttt 8%

5.1 Example: branch taken

| Example: branch taken

36:
40

44 :
48:
52:
56:

/2:

Id x4, 50(x7)
IF.Flush

sub
beq

and
orr

add
sub

1d

x10, x4, x8
x1l, x3, 32

x12, x2, X5
x13, x2, x6
x14, x4, x2
x15, x6, x7

x4, 50(x7)

// PC-relative branch
// to 40+32=72

| immediate

Bubble (nop)

beq x1, x3, 16 : sub x10 i before<1>

Hazard

detection |

1
1
1
unit } |

»@

Shift
left 1

Y

Registers

Clock 4

G

1
Forwarding
— =

/ 1

BN branch 1212 ID 4%, thrlggr=4£Z=/>— bubble

5.2 Dynamic Prediction



1-bit FEMZS l‘EEIEE_//\TjD& o

R (AR
MNTRERR, ERMINEERZE, SAREANERIESTEMRELERIITTN

F—R: T taken, {(BRSLPR EAEBEIRER, TEMUBI untaken
FUR, Tl untaken, {BESLER ENHFAANEREER, TREWNH taken

5.2.1 2-bit Preidctor

0 Only change prediction on two successive
mispredictions

Not taken .
Predict taken
Taken
Not takenl ‘ Taken
Not taken
Predict not taken
Taken "

v Check

LR FUUAEM A =Tl 2-bit WS, XFEFERKRPRSHE—IX

5.3 Calculating the Branch Target

() Question

BiEETNaE, MEFUNIER, HATETEBEERIERitbit

15 PC Bkigikay X ZMpk Table FZHEKFR Branch target buffer, #1117 branch BiEENITII R BEEEIEHIAGIES

If hit and inst is branch predicted taken, can fetch target immediately

5.4 Handling Exceptions

{%7F PC 3 Supervisor Exception Program Counter 57728, FH{ERERFENL
EHEIRID{RTFR Supervisor Exception Cause Register (SCAUSE), H{EERIERGFHOE

64 bits, XZ#%H

2 undefined opcode; 12 hardware malfunction
Bk#£ZE] handler

read cause, transfer to relevant handler

determin action required

if restartable: {IEFFFE SPEC J‘_IEI

pipeline FZ flush $HIRAYIES
else: 221E, EFIREEIR



© Vector Interrupts

BRI REZEIGZRIRR handler FHEEE, SMIBEEER, (BERMASEINSR RISC-V A ERH

:= Example >

 Exception on add in

x11, x2,
x12, X2,
x13, X2,
x1l, X2,
x15 X0,
x16, 100(x7)

40
44
48
4C

50
54

IIIIIIII

sub
and
orr

add

sub
1d

add x1, x2, x1
EX.Flu

orx13,... | an

X4
X5
X6
X1
X/

u
0% 7 X/MEM
u B!
0lX
X2

Clock 6

x12, ...




sd x26, 1000(x0) . bubble (nop) | bubble . bubble ,orx13, ...
! l EX.Flush !

IF.Flush

ID.Flush

/~ Hazard

L

T

'

T detection |
unit /

=

ters

1C090000

1 . ) !
Clock 7 ; | | —Forwaraingg—|

! | unit /<

| : l

' : I

| IXEBfY sd x26, 1000(x0) 2 handler PIEBHIIES

Multiple Exceptions: MISRER=4 T ZMEIR, WMBEREFENEIR
Imprecise Exceptions: E#S1EARKEHIRFIAE, ik handler SRIEIE, ME{4EINER

5.5 Instruction-Level Parallelism
5.5.1 Multiple Issue %

Static
FEHEHEIGESITRA issue slots &577&
JmiFenee 1Ak hazards
Dynamic
CPU 1ilESH, BN EREE—WESRIX
fmiesiie <> EHE
BIEERETENRIR, BAREEIES Ee LaLIBEIFIMEE
ZLEHI4T out-of-order execute
IR in-order commit
BILAZ I LANMERRAG, 18 KRE AR B

5.5.2 Speculation BilgiETT
BHSTNERRE

compiler {&f reorder
W42 look ahead

AL, ERTUEE
5.5.3 ILP in RISC-V

Static Dual Issue: compiler must remove some/all hazards
—£% ALU/branch inst
—2% load/store inst
64bit X335



Address | Instruction type Pipeline Stages
n ALU/branch IF ID EX MEM WB
n+4 Load/store IF ID EX MEM WB
n+8 ALU/branch IF ID EX MEM WB
n+12 Load/store IF ID EX MEM WB
n+16 ALU/branch IF ID EX MEM WB
n + 20 Load/store IF ID EX MEM WB
A
N| ] A B
+ ] M .
- j >\x/ ALU—> >
— f
L . egisters :
0090000—{'@» o |n:";rrl:1(:)t:3n — — i ’__v |
> > data
- { . Data L,
\2;5_(/'&?\ f memory
~ \\/ Address
$* Bug
£5% hazard BIRESTTEEX
5.5.3.1 Scheduling
Loop: 1d x31,0(x20) // X31l=array element
add x31,x31,x21 // add scalar 1n x21
sd x31,0(x20) // store result
addi x20,x20,-8 // decrement pointer
blt x22,x20,Loop // branch if x22 < x20
ALU/branch Load/store cycle
Loop: 1d x31,0(x20) 1
addi x20,x20,-8 2
add x31,x31,x21 3
blt x22,x20,Loo0p sd x31,8(x20) 4

5.5.3.2 Loop Unrolling




ALU/branch Load/store cycle
Loop: |addi x20,x20,-32 1d x28, 0(x20) 1
1d x29, 24(x20) 2
add x28,x28,x21 1d x30, 16(x20) 3
add x29,x29,x21 1d x31, 8(x20) 4
add x30,x30,x21 sd x28, 32(x20) 5
add x31,x31,x21 sd x29, 24(x20) 6
sd x30, 16(x20) 7
b1t x22,x20,Loo0p sd x31, 8(x20) 8

W register rename, EANSFEFSEBIEE—, B2 unroll [FA7TES hazard FERAZ




