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Introduction

* Microarchitecture: how to
implement an architecture
in hardware

e Processor:

— Datapath: functional blocks
— Control: control signals

-
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Microarchitecture

e Multiple implementations for a single
architecture:

— Single-cycle: Each instruction executes in a
single cycle

— Multicycle: Each instruction is broken into series
of shorter steps

— Pipelined: Each instruction broken up into series
of steps & multiple instructions execute at once
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Processor Performance

* Program execution time

Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)

e Definitions:
— CPI: Cycles/instruction
— clock period: seconds/cycle
— IPC: instructions/cycle = IPC

 Challenge is to satisfy constraints of:
— Cost
— Power
— Performance

%
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MIPS Processor

* Consider subset of MIPS instructions:
— R-type instructions: and, or, add, sub, st
— Memory instructions: Tw, Sw
— Branch instructions: beq




Architectural State

URE

 Determines everything about a processor:
— PC
— 32 registers
— Memory
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MIPS State Elements
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e Datapath
e Control
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Single-Cycle MIPS Processor
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Single-Cycle Datapath: Iw fetch
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STEP 1: Fetch instruction
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Single-Cycle Datapath: Iw Register Read

URE

STEP 2: Read source operands from RF
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Single-Cycle Datapath: Iw Immediate
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STEP 3: Sign-extend the immediate
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Single-Cycle Datapath: Iw address

™ @ oem
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STEP 4: Compute the memory address
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Single-Cycle Datapath: lw Memory Read

* STEP 5: Read data from memory and write
it back to register file

RegWrite
1
CLK
|

ReadData
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Single-Cycle Datapath: Iw PC Increment

STEP 6: Determine address of next instruction

CLK
\
pc, PC

PCPlus4
4
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Single-Cycle Datapath: sw

URE

Write data in rt to memory
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Single-Cycle Datapath: R-Type

e Readfromrsandrt
e Write ALUResult to register file
e Write to rd (instead of rt)

RegDst ALUSIc
1 0

ALUResult
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Single-Cycle Datapath: beQ

e Determine whether valuesin rs and rt are equal
e C(Calculate branch target address:
BTA = (sign-extended immediate << 2) + (PC+4)

PCSrc

0 PC
1

>@;Bﬂrranch
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Single-Cycle Processor
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E! Review: ALU
=D
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Review: ALU
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Control Unit: ALU Decoder

| 00 Add
[IL&J.]J: 01 Subtract
H~l 10 ook at Funct
E: 11 Not Used
ui ALUOp,, Funct ALUControl,.,
o 00 X 010 (Add)
q: X1 X 110 (Subtract)
@ 1X 100000 (add) | 010 (Add)
mi 1X 100010 (sub) 110 (Subtract)
J 1X 100100 (and) | 000 (And)
N; 1X 100101 (or) 001 (Or)
E: 1X 101010 (sIt) | 111 (SLT)
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Control Unit Main Decoder
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R o B

RegWrite
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Single-Cycle Datapath: Or
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Extended Functionality: add
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RegWrite  RegDst Branch

MemWrite

Control Unit: add
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RegWrite  RegDst

Branch

MemWrite

Control Unit: add
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TURE

RegWrite  RegDst  AluSrc  Branch  MemWrite

Control Unit: Main Decoder
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RCHITECTURE

MICROA

R-type | 000000 1 0 o | 10
Iw | 100011 0 0 1 00
sw | 101011 X 1 X | 00
beq | 000100 X 0 X | 01
J | 000100 X 0 X | XX
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Control Unit: Main Decoder

RegWrite  RegDst  AluSrc  Branch  MemWrite

MemtoReg ALUOp,.,
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Review: Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions x CPI x T




Single-Cycle Performance
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 Single-cycle critical path:

Tc = tpcq_PC T tmem t max(tRFread’ ts
toem T 1

mem mux T 1:RFsetup

— memory, ALU, register file

- T

¢~ 1:pcq_PC t 21:mem t tRFread +1

MICROARCHITECTURE
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Single-Cycle Performance

ext + 1:mux) + 1:ALU +

 Typically, limiting paths are:

mux t tALU t tRFsetup
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Single-Cycle Performance Example

S

| Element Parameter

1 Register clock-t0-Q |t pc 30

| Register setup teetup 20

: Multiplexer tux 25

j ALU taLL 200
‘ Memory read tem 250
; Register file read torread 150
s- Register file setup | tareeryp 20

E

E TC =7?

MICROARCHITECTURE
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Single-Cycle Performance Example

Register clock-t0-Q | tyc, pc 30
Register setup tsetup 20
Multiplexer tux 25
ALU taLu 200
Memory read tem 250
Register file read torread 150
Register file setup | tareeryp 20

Tc = tpcq_PC T 2tmem T 1:RFread t tmux T tALU T tRFsetup
= [30 + 2(250) + 150 + 25 + 200 + 20] ps

= 925 ps
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Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # Instructions X CPI x T
= (100 x 10%)(1)(925 x 1012s)
= 92.5 seconds

MICROARCHITECTURE

T B
N PR
I‘-.T‘- gl 41‘.7
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4 Multicycle MIPS Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (1w)
- 2 adders/ALUs & 2 memories

* Multicycle:
+ higher clock speed
+ simpler instructions run faster
+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times

e Same design steps: datapath & control

MICROARCHITECTURE
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Multicycle State Elements

* Replace Instruction and Data memories with
a single unified memory — more realistic

CLK CLK
CLK | | | |
WE WE3
pc' ] pc D — Al RD1 p—
EN -1 A —1 A2 RD2 [
Instr / Data
Memory —1 A3 _
— wp Reg.lster
File
-1 WD3

MICROARCHITECTURE
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STEP 1: Fetch instruction

RCHITECT

OA

L B B B A T B

MICR
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Multicycle Datapath: Instruction Fetch
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Multicycle Datapath: Iw Register Read

URE

STEP 2a: Read source operands from RF

: A
Instr |25'21 ) *E—

ARCHITECT

O

L

[ . B 2. T »

MICR
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[ R [} s T L [ _— N .

ARCHITECT
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STEP 2b: Sign-extend the immediate
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Signlmm

[ . B 2. T »

MICR
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Multicycle Datapath: Iw Immediate
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Multicycle Datapath: Iw Address

URE

STEP 3: Compute the memory address

[ R [} s T L [ _— N .

ARCHITECT

O

L

Signimm

MICR

© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <44>




Multicycle Datapath: Iw Memory Read

™ @ oem

URE

STEP 4: Read data from memory

0 ] Adr
ALUOQut
1 a Al

CLK

RCHITECT

X BN N - . 1 a— o 1

OA

MICR
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Multicycle Datapath: Iw Write Register

URE

STEP 5: Write data back to register file

RCHITECT

[ R [} s T L [ _— N .
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STEP 6: Increment PC

Multicycle Datapath: Increment PC

P e

RCHITECT

X BN N - . 1 a— o 1

OA

MICR
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Write data In rt to memory

RCHITECT

B 4
5
< 3

CLK
2016 » ‘mi

Multicycle Datapath: Sw

O

v W ]

MICR
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Multicycle Datapath: R-Type

e Read fromrsandrt

o Write ALUResult to register file
o Write to rd (instead of rt)
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Multicycle Datapath: beq

ers==rt?
« BTA = (sign-extended immediate << 2) + (PC+4)

— e —— —1 i 1 —1 o
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Multicycle Processor
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Multicycle Control
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Main Controller FSM: Fetch
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Main Controller FSM: Fetch

—

—

S0: Fetch
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IRWrite
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-

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWTrite
PCWrite

—

Reset

—

S1: Decode

=

Main Controller FSM: Decode

MICROARCHITECTURE

CLK
PCWrite 0
Branch 0 PCEn
4 lorD| Control |PCSrc
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lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWrite

Reset

-

Main Controller FSM: Address

MICROARCHITECTURE
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Instr / Data 0 2016 Bii 4 —
' Memory o A3

WD CLK 1] X Register
i 0 File
r Data 1 wD3
r <<2
I I/ Signimm
[ 150 |_Sign Extend
| !
f .~ 4"{
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Main Controller FSM: Address

lorD=0
AluSrcA =0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWrite
PCWrite

Reset

i Op=LW
or CLK
[ S2: MemAdr PCWirite 0
Branch 0 PCEn
lorD| Control |PCSrc
ALUSIrcA =1 MemWrite[ Unit | ALUControl,
| ALUSIrcB = 10 IRWrite ALUSIcB,
' ALUOp =00 22| o ALUSIcA
i 9 | Funct RegWrite
L J
§
' cLK ? 5 cx CLK 1
CLK L0 CLK IS % \ 0 S
X WE 128 WE3 A . X
> RD Instr [ < A1 RD1 H 1 Lo ~
Add EN 2016 A2 RD2 B ALUResult i,
. 1 "
| Instr / Data 0 2016 Bj p/p—
Memory A3
15:11 1 .
1 wD CLK ) X Reg_lster
0 File
’ Data WD3
! 1
i <<2
I
|/ Signimm
15:0 S

1 ign Extend

MICROARCHITECTURE
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Main Controller FSM: Iw

RE

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWrite

Reset

Tu

S

ALUSrcA = 1
ALUSICB = 10
ALUOp = 00

RCHITEC

S3: MemRead

OA

S4: Mem
Writeback

RegDst =0
MemtoReg = 1
RegWrite

MICR

L
ER
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RE

Main Controller FSM: sw

lorD =0
AluSrcA =0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWrite

Reset

Tu

—

ALUSrcA=1
ALUSIrcB =10
ALUOp =00

S5: MemWrite

RCHITEC

OA

-

MemWrite

RegDst =0

MemtoReg = 1
RegWrite

MICR
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TURE

_ A

OARCHITEC

. N |

MICR

© Digital Design and Computer Architecture, 2" Edition, 2012

N

Main Controller FSM: R-Type

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWrite
PCWrite

Reset

Op=Lw
or
Op =Sw

lorD=1

MemWrite

ALUSrcA=1
ALUSrcB =00
ALUOp =10

S7: ALU
Writeback

RegDst = 1
MemtoReg =0

RegWrite

ALUSrcA=1
ALUSrcB = 10

ALUOp =00

Op =SW
Op=LW

RegDst =0

MemtoReg =1
RegWrite

Chapter 7 <60>
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TURE

=4

OARCHITEC

— )

N

MICR

Main Controller FSM: beg

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc=0
IRWTrite

Reset

ALUSICA =0
ALUSICB = 11
ALUOp = 00

Op=LW Op =BEQ
or Op = R-type
Op =SW
S8: Branc
ALUSrcA=1
ALUSrcA=1 ALUSrcA=1 ALUSIrcB = 00
ALUSIrcB =10 ALUSrcB =00 ALUOp =01
ALUOp =00 ALUOp =10 PCSrc=1
Branch
Op = SW
Op = LW
_ RegDst = 1
NII(;:EV\;rilte MemtoReg = 0
RegWrite
RegDst =0
MemtoReg = 1
RegWrite
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Multicycle Controller FSM

D‘ SO: Fetch S1: Decode
lorD=0
§ Reset AluSrcA=0
ALUSrcB =01 ALUSrcA=0
" ALUOp =00 ALUSICB = 11
| PCSrc=0 ALUOp =00
H “ | I IRWrite
Op = LW Op =BEQ
[ or Op = R-type
S2: MemAdr =
| Op =Y S6: Executg
S8: Branc
£ ALUSrcA=1
ALUSrcA=1 ALUSrcA=1 ALUSIrcB =00
¢ ALUSrcB =10 ALUSrcB =00 ALUOp =01
‘ ALUOp =00 ALUOp =10 PCSrc=1
Branch
ME Qp = SW
Op=LW .
‘ P S5: MemWrite V?r?fe?);gk
[ql S3: MemRead
' lorD = 1 RegDst =1
‘ MemV\?rite MemtoReg = 0
. RegWrite
<
£
l S4: Mem
Writeback
o 1
RegDst =0
¥ MemtoReg = 1
( RegWrite
L JE )
e VI R
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TURE

=4

OARCHITEC

— )

MICR

N

Extended Functionality: add

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc =0
IRWrite

Reset

ALUSIrcA=0
ALUSrcB =11
ALUOp =00

_ Op = ADDI
LW Op = BEQ
Op = R-type
SW
ALUSrcA=1
ALUSrcA=1 ALUSrcA=1 ALUSrcB = 00
ALUSrcB =10 ALUSrcB = 00 ALUOp =01
ALUOp =00 ALUOp =10 PCSrc=1
Branch
Qp = SW
Op =LW
_ RegDst = 1
I\/IIZZEV\;r;e MemtoReg = 0
RegWrite
RegDst =0
MemtoReg = 1
RegWrite
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Main Controller FSM: add i

-

lorD=0

' Reset AluSrcA=0
‘ ALUSrcB =01 ALUSIrcA=0
. ALUOp =00 ALUSIrcB =11
PCSrc =0 ALUOp =00
I IRWrite
o = gag 0P = ADDI
i Op = LW P =BEQ
or Op = R-type
iy Op = SW
§
ALUSIcA=1
i ALUSIcA=1 ALUSrcA=1 ALUSrcB =00 ALUSIcA=1
ALUSrcB =10 ALUSrcB =00 ALUOp =01 ALUSrcB =10
( ALUOp = 00 ALUOp = 10 PCSrc = 1 ALUOp = 00
Branch
4 Op=LW
El
f lorD = 1 RegDst = 1 RegDst =0
MemV\?rite MemtoReg = 0 MemtoReg = 0
‘ RegWrite RegWrite
mg
Ul
N[ RegDst = 0
_ MemtoReg = 1
t RegWrite
{
f
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ECTURE

PC!

\IRCHITEC

A

25:0 (jump)

Extended Functionality: }

31:28

PCJump

O

PCSrc,

00

10

MICR
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Main Controller FSM: }

-

lorD =0

: Reset AluSrcA=0
‘ ALUSrcB =01 ALUSrcA =0
- ALUOp = 00 ALUSICB = 11 Op=J
PCSrc =00 ALUOp =00
I IRWrite
Op — By QP = ADDI
! LW p =BEQ
Op = R-type
| sw
{
ALUSrcA=1
i ALUSrcA=1 ALUSrcA=1 ALUSrcB =00 ALUSrcA=1
ALUSIcB =10 ALUSrcB =00 ALUOp =01 ALUSrcB =10
l ALUOp = 00 ALUOp = 10 PCSrc =01 ALUOp = 00
Branch
£ Qp = SW
[ Op =LW
|
Ef lorD = 1 RegDst = 1 RegDst =0
MemV\?rite MemtoReg = 0 MemtoReg = 0
‘ RegWrite RegWrite
mg
Ul
N RegDst = 0
' MemtoReg = 1
[ RegWrite
(
L
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-

Main Controller FSM: }

lorD =0

’ Reset AluSrcA=0
‘ ALUSICB = 01 ALUSIcA =0 B
- ALUOp = 00 ALUSICB = 11 Op=J
PCSrc = 00 ALUOp = 00 PCSrc = 10
I IRWrite PCWrite
o - geg 0P = ADDI
i Op=LWw p=BEQ
Op = R-type
-y S
t
ALUSICA = 1
¢ ALUSICA = 1 ALUSICA = 1 ALUSICB = 00 ALUSICA = 1
ALUSICB = 10 ALUSICB = 00 ALUOp =01 ALUSICB = 10
l ALUOp = 00 ALUOp = 10 PCSrc = 01 ALUOp = 00
Branch
g Qp = SW
g Op = LW
El
1 lorD = 1 RegDst = 1 RegDst = 0
MemV\?rite MemtoReg = 0 MemtoReg = 0
‘ RegWrite RegWrite
me
Ul
N[ RegDst = 0
MemtoReg = 1
[ 3 RegWrite
L
g
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— 52% R-type

E‘ Multicycle Processor Performance
Er e Instructions take different number of cycles:
Ut — 3 cycles: beq, }
L — 4 cycles: R-Type, sw, addi
H:, — 5 cycles: 1w
I~ ° CPlisweighted average
(J° « SPECINT2000 benchmark:
M — 25% loads
Qi — 10% stores
8~ — 11% branches
; — 2% jumps
O

Average CPI = (0.11 + 0.2)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12
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Multicycle Processor Performance

Multicycle critical path:

Tc = 1:pcq T 1:mux T maX(tALU T 1:mux’ tmem) T tsetup

CLK
/‘%7ﬁPCWrite
Branch PCEn
lorD| Control |PCSrc

MemWrite| Unit |ALUControl,.,
IRWrite ALUSICB,
31:26 op ALUSr(.:A
50 | Funct RegWrite
. J/
D |5
CLK 2 3 CLK CLK
e ‘ ciK 5 g ‘ =10 SrcA
WE % s | |8 WE3 A , Zero CLK
PC' PCl 5~ RD. Instr Al RD1 L 40
. ’ Adr| D N 2 A2 RD2 B ) = | ALUResult Luoud |
i — Instr / Data 206 [3) 4=—01 |sie[ <
Memory ] A3 10
WD CLK i | Register N
0 File
Data 1 WD3
|' <<2
15:0

1 Sign Extend

MICROARCHITECTURE

sl
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S

-y Element Parameter
J Register clock-to-Q | t,,q pc 30
El Register setup teetup 20
N: Multiplexer tux 25
iy ALU " 200
Uﬂ Memory read tem 250
m; Register file read toFread 150
OI" Register file setup | tareeryp 20

i
m: T.=7?
O
El
© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <70>
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Multicycle Performance Example

U Register clock-t0-Q | t,., pc 30

& Regiéter setup tsetup 20

- Multiplexer tux 25

iy ALU " 200

U Memory read tem 250

m Register file read torread 150

8 Register file setup | tareeryp 20

m Tc = tpcq_PC T tmux T max(tALU T tmux’ tmem) t tsetup

U = tpcq_PC t tmux T tmem T tsetup

E = [30 + 25 + 250 + 20] ps
=325 ps >
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Chapter 7 :: Topics

TURE

For a program with 100 billion instructions executing on a multicycle
MIPS processor

- CPI=4.12
- T.,=325ps

_ A

Execution Time =

\RCHITEC

OA

" e TR

MICR

Pe
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S

For a program with 100 billion instructions executing on a multicycle
MIPS processor

- CPI=4.12
- T.,=325ps

-

Executlon Time = (# instructions) x CPI x T,
= (100 x 107%)(4.12)(325 x 1019
= 133.9 seconds

EB O B e — R

This is slower than the single-cycle processor (92.5 seconds). Why?

-

1

= =

MICROARCHITECTURE

-
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Multicycle Performance Example

Program with 100 billion instructions

Execution Time = (# instructions) x CPI x T,

= (100 x 10°)(4.12)(325 x 10-1?)
= 133.9 seconds

This 1s slower than the single-cycle processor
(92.5 seconds). Why?
— Not all steps same length
— Sequencing overhead for each step (t;qq * teeqp= 50 PS)

MICROARCHITECTURE
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_l‘

Rev

|IeW:

Single-Cycle Processor

Jump

— \MemtoReg

0lpc

PCJump

CLK

PC A RD

Instruction
Memory

Instr

31:26

Control
Unit

MemWrite

Branch

ALUControl,,

Op

ALUSTrc

Funct

25:21

RegDst

—/
CLK
I

RegWrite

Al

20:16

A2

A3

20:16

WD3

WE3

Register

RD1

SrcA [T~

RD2

File

SrcB

Zero

ALUResult

PCSrc

CLK
I

WE

ALU [

WriteData

Data
Memory

15:11

WriteReg,

o
0:|
l

WD

A RD |

0
ReadData 1

Result

PCPlus4

Signlmm
4 150 Sign Extend

<<2

PCBranch

27:0 | 31:28

MICROARCHITECTURE
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Review: Multicycle Processor

|

S

tj

= g
.
s’ A

S

9

——\ PCWrite
Branch PCEn

lorD | Control |PCSrc
MemWrite| Unit  |ALUControl,.
IRWrite ALUSrcB,
31:26 ALUSIcA

Op :
Funct RegWrite

5:0

7
\\

| CLK Cl‘-K CLK CI‘_K CLK
WE ' WE3 31:28 Zero CLK
3 =D Instr |52 Al RD1 A | =
1 Add A EN 2016 A2 RD2 B ALUResult Luout | .
g Instr / Data 20:16 B\l u 10
Memory 1511 y A3 ) bCIum
WD CLK Reg_llster p
0 ile
Data -D- WD3

|
N
=
N
~N
o

I/ ImmExt
15:0

1 Sign Extend

25:0 (Addr)

Vi h
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MICROARCHITECTURE

Pipelined MIPS Processor

e Temporal parallelism

 Divide single-cycle processor into 5 stages:
— Fetch
— Decode
— EXxecute
— Memory
— Writeback

« Add pipeline registers between stages




—A—

— -

MICROARCHITECTURE

Single-Cycle vs. Pipelined

Single-

0 100 200 300 400 500 600 700 800 900 1000 11

Cycle

00 1200 1300 1400 1500 1600 1700 1
T T T T T T T

8|00 19|00>

Instr - .
l . Time (ps)
. 1 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read / Write | Reg
!
5 Fetch Decode | Execute Memory Write
¢ Instruction Read Reg ALU Read / Write | Reg
!
: Pipelined
i Instr
: 1 Fetch Decode | Execute Memory Write
g Instruction Read Reg ALU Read/Write Reg
; 2 Fetch Decode | Execute Memory Write
[ Instruction Read Reg ALU Read/Write Reg
i 3 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write Reg
i
\
£
p
[
¢ &N
W R R
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Pipelined Processor Abstraction

- wm re——

—

1 2 3 4 5 6 7 8 9 10

$0

Iw $s2, 40($0) [ 'ln-[ RF |40 ]:E'_]T DM $s2[ -
$t1

add $s3, $tl, $t2 M add]{ RF W]ZB_]T om|_| [8s3[R;
$s1

sub $s4, $s1, $s5 IM S”b]{ "3 $S5]:B_]T om || [$s4]5F
$t5

and $S5, $t5, $t6 IM and]{ RF [st6 .ﬁ ]TDM $s5 RE
$s1

RF 20 ]:EI—]T DM[ {1856

$t3
or $s7, $t3, $t4 Vs ]{RF $t4j|:E ]TDM

-

>

Time (cycles)

a—

———

p

d

ar—

=1

e

sw $s6, 20($sl) M Y

1

=

-

$s7

RF

I

o

MICROARCHITECTURE
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ingle-Cycle & Pipelined Data

i CLK CLK
CLK | | '\L | |
. WE3 Zero WE
nstr_[224 AL RD1 SO = 5
A RD -] ALUResult A RD ReadData
Insltruction 2016] Ao RD2 ) srcB < Data
emor
\ y A3 ) 1 . Memory
WD3 Register WriteData WD
File
| . )
2046 ?)L| WriteReg,
15:11 y
PCPlus4
Signimm
4 15:0 - <<2
- Sign Extend PCBranch

MICROARCHITECTURE
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Result
CLK
<P1ALUOUtW
CiLK CLK CiLK CLK
CLK I | K
S 25:91 WE3 N ZeroM WE
A RD InstrD === Al RD1 »
] ALUOUtM ReadDataW
. A RD 1
Instruction 216 pp RD2
Memory Data
A3 i WriteDataM Memory
WD3 Register WD
File
RtE
— 0 WriteRegE,,
1511 RdE 1 _|
SignimmE
150 Sign Extend <<2 PCBranchM
PCPlus4F PCPlus4D PCPIus4E
I ResultW
Fetch Decode Execute Memory Writeback




Corrected Pipelined Datapath

CLK
CLK R ALUOUtW
CiK CLK K + CLK
CLK | | | |
| [~ st WE3 N ZeroM WE
0]rc PCF InstrD = Al RD1 H 0
1 A RD H ALUOUtM A RD ReadDataW 1
Instruction 2016 po RD2 - ]
Memory Data
! A3 i i - i | writeDatam Memory i
i WD3 Reg}Ster i WriteDataE i WD i
1 Flle 1 1 1
] pos RE , . .
! - ! ROE 0 WriteRegE,., ! | WriteRegM, I |WriteRegW .,
! 15:11 ! 1 ! !
1 i — i i
1 i ISignimmE 1 1
: o H P o : :
4 i ' Sign Extend i i PCBranchM i
1 1 1 1
PCPlus4F i PCPlus4D i PCPlus4E i i
- L - -
; ; ; i
i i i i
i i i i ResultwW
1 1 1 1
Fetch ; Decode ; Execute ; Memory i Writeback

WriteReg must arrive at same time as Result

MICROARCHITECTURE

L%l
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Pipe

lined Processor Control

CLK

CLK

-rO pc' | |PcE
1

PCPIlus4F

A RD

Instruction
Memory

InstrD

MICROARCHITECTURE

CLK CLK CLK
— |RegWriteD 67 RegWriteE 6 RegWriteM 67 RegWriteW
C%nt.EOI MemtoRegD MemtoRegE MemtoRegM MemtoRegW
ni
MemWriteD MemWriteE MemW riteM
BranchD BranchE BranchM
31:26
Op ALUControlD| ~ [ALUControlE,, PCSrcM
20 1 Funct | |ALUSKCD ALUSICE
RegDstD RegDstE
\ ) ALUOUtW
CLK — CLK
| L |
. WE3 ZeroM WE
23211 A1 RD1 H SrcAE .
-] ALUOUtM ReadDataW
~ ~_| - A  RDH 1
2016} po rD2 0 sreBE < Data
A3 Regist 2 WriteDataM Memory
egister i
WD3 Igile WriteDatak WD
. RtE
20,16 ?)\ WriteRegE,,., WriteRegM,., WriteRegW .,
RdE - . -
1511 1
/
M 1 [Somme <
ign Exten ignimm PCBranchM
PCPlus4D PCPIlus4E
ResultW

 Same control unit as single-cycle processor
e Control delayed to proper pipeline stage
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MICROARCHITECTURE
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Pipeline Hazards

 When an instruction depends on result from
instruction that hasn’t completed

* Types:
— Data hazard: register value not yet written back to
register file

— Control hazard: next instruction not decided yet
(caused by branches)

i _}! .
SN
bt »
=
L F



—

-

add $s0, $s2, $s3

p

and $t0, $s0, $si

or $tl1, $s4, $sO

=1

sub $t2, $s0, $s5

1

-

- .

—

MICROARCHITECTURE

Data Hazard

1 2 3 4 5 6 7 8
>
Time (cycles)
$s2
M [2dd RF [$s3 I:E] || DM $s0 .
(SO~
v [20d) N Re $Sl
4
Tl
IM Llil-[RF SO L]

sub

© Digital Design and Computer Architecture, 2" Edition, 2012
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- —f =t p—g————t

— p— - —i— =
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Handling Data Hazards

* |nsert NOPs in code at compile time
 Rearrange code at compile time
 Forward data at run time

e Stall the processor at run time




nop

nop

MICROARCHITECTURE

add $s0,

and $tO,

or $ti,

sub $t2,

$s2,

$s0,

$s4,

$s0,

* Insert enough nops for result to be ready
e Or move Independent useful instructions forward

Compile-Time Hazard Elimination

1 2 3 4 5 6 7 8 9 10
|
Time (cycles)
$s2
$s3 [ v ﬂ[l{ RF [$s3 ]:El—]-l— DM —[I$S—O RF
IM mﬂﬂ{ RF ]:D_]T D#" —[I— RF
IM mEljl-[ RF ]—I— D'V'—I I— RF
$s0
$s1 v (204 I RF $sl]T oV —[I$—0 RF
$s4
$s0 M ]{ RF $SO]:E'_]T om|_[]stifzs
$s0

$s5 IM &bﬂ{ RE $SS]:B_D_I_ DM $t2 -
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Data Forwarding

- o ce——

—

—

|
' Time (cycles)
| $s2M -
i add $SO , $32 ” $S3 IM add RF |$s3 :B_ $s0 IﬁF
g . B
$s0 7 ~
and $t0, $s0, $si v 12094 RE [o1 D#A $to[=-

d

=1

e

1

=
RF

$sd M Mst1
or $tl1, $s4, $s0 M 2F -[RF $s0 —l—DM— RF
$s0M o
sub $t2, $s0, $s5 YR ECL $s5 :B— DM S P

-

MICROARCHITECTURE
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MICR

" e TR

Data Forwarding

ForwardAE
ForwardBE

RegWriteM

[ Hazard Unit
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Data Forwarding

 Forward to Execute stage from either:

— Memory stage or

— Writeback stage
 Forwarding logic for ForwardAE:

it ((rskE = 0) AND (rstE == WriteRegM) AND RegWriteM)
then ForwardAE = 10

else 1T ((rsE '= 0) AND (rskE == WriteRegW) AND RegWriteW)
then ForwardAE = 01

else ForwardAE = 00

Forwarding logic for ForwardBE same, but replace rsE with rtE

MICROARCHITECTURE
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Stalling

- o ce——

—

—

i 1 2 3 4 5 6 7 8
|

i Time (cycles)
| | $0 9 Ms$s0
i Iw $s0, 40($0) IM l[I-[ RF |40 :B— T DM —— |F|:
‘ S

and $t0, $s0, $sl M 204 T RE [gs1 B T le/l_ SO r
( $s4 ] $t1
. or $tl, $s4, $s0 M P H| RF [sso _|_DM_ e
g ||
i $sO0M

sub $t2, $s0, $s5 M 2 U RE [5s5 :B— DM S

-

=
;
=
5 {
:
:
&
3
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- wm re——

—

-

a—

Stalling

———

p

Iw $s0, 40($0)

and $tO0, $s0, $si1

ar—

or $tl1, $s4, $sO

=1

-

sub $t2, $sO, $s5

o

MICROARCHITECTURE
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1 2 3 4 5 6 7 8 9

L

Time (cycles)

$0
IM Ilﬂ.[ RF |40 ]:B_ _rDM_r$SO RF
M 229 H R [ss1] [f{RF fesd] [ e M RF
o gsa
v 12 (v 22 H] RE 30| [0 TPT-DM-—4V$t1 RF
Stall
$s0

i J242f 1T RF Tges r}:] | DM st2[e

s v m‘é_.'-*!
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Stalling Hardware

ECTURE

RCHITEC

OA

-

StallD
FlushE

StallF

MemtoRegE

[ Hazard Unit

MICR

L |
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Stalling Logic

Iwstall =
((rsD==rtE) OR (rtD==rtE)) AND MemtoRegE

StallF = StallD = FlushE = lwstall

] AT T ] == — —— -

MICROARCHITECTURE

-m O W . TR B . W =
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4 Control Hazards

* beq:
— branch not determined until 4th stage of pipeline
— Instructions after branch fetched before branch occurs
— These instructions must be flushed if branch happens

 Branch misprediction penalty
— number of instruction flushed when branch is taken
— May be reduced by determining branch earlier

MICROARCHITECTURE
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i
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E ¥
[
¥,
st 4
qﬁ
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MICROARCHITECTURE

© Digital Design and Computer Architecture, 2" Edition, 2012

Control Hazards: Original Pipeline

CLK CLK CLK
RegWriteD % RegWriteE % RegWriteM % RegWriteW
C‘EJ”F:"' MemtoRegD MemtoRegE MemtoRegM MemtoRegW
ni
MemWriteD MemWriteE MemWriteM
ALUControlD,, ALUControlE,,
31:26
——1©p ALUSrcD ALUSIcE
5.0
=~ Funct
RegDstD RegDstE PCSIM
BranchD BranchE BranchM
CLK CLK 1 CLK
CLK @ | | |
2521 WE3 ZeroM WE
-F pC' PCE| A RD InstrD 444 Al RD1
1 m B ALUOUtM ReadDataW
= . A RD |~
Instruction 2016 a0 RD2
Memory Data
A3 Redi WriteDataM Memory
ister WriteDataE riteDatal
WD3 eg_ ste riteDatal WD
File 1
25:01 RsD RsE ALUOuUtW 0
’ RtD RtE
2016 [0 WriteRegE,, WriteRegM, WriteRegW,, o
RdD RdE - - — :
15:11 y
- Sign SignimmD SignimmE
4 Extend
PCPlus4F o PCPIlus4D o PCPIlus4E
I('ZT [ o - -
PCRranchM
Resultw
w
ww = s =
. 4k
w [a) <= [ g =1 = =
= = £ =)
< [ a 2 54 = [
o a T 2| s & ¢
Hazard Unit
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20

24

p

28

2C

=1

30

1

64

-

- .

—

MICROARCHITECTURE

Control Hazards

beq $t1, $t2, 40

and $t0, $sO0, $si

or $tl1, $s4, 3$sO

sub $t2, $s0, $s5

1 2 3 4 5 6 7 8 9
L
Time (cycles)
$tl
IM 'i[l{ RF $t2j|:8_j|T DM —[I— RF
$s0 —
IM and RF $s1 ]T DM I | RE

slt $t3, $s2, $s3

or

$s4

RE\$s0

© Digital Design and Computer Architecture, 2" Edition, 2012

$s0

IM S‘b

RF [$s5

=

]TDM_D_RF

$s2
M Y N RF [$s3
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MICROARCHITECTURE

Early Branch Resolution

CLK CLK CLK
RegWriteD 67 RegWriteE 67 RegWriteM % RegWriteW
C?Jnt_';m MemtoRegD MemtoRegE MemtoRegM MemtoRegW
ni
MemWriteD MemWriteE MemWriteM
ALUControlD,., ALUControlE,.
31:26
—1 Op ALUSreD ALUSIcE
20 Funct RegDstD RegDstE
BranchD
PCSrcD
CLK CLK Equald CLK
CLK 67 | = _ |
. WES3 WE
07 rc [M]pcr nstro 2 Al RD1 Jo0)
1 - - A RD H (1)(1) ALUOUtM ReadDataW
S Instruction [ A RDF
20:16
Memory A2 RD2 Data
A3 Red et WriteDataM Memory
i r WriteD: E rntebDatal
WD3 eg‘Ste riteDatal WD
File 1
2521 RsD RSE_ ALUOUtW o
. RtD RtE
20:16 T]‘I WriteRegE,, WriteRegM,.o WriteRegW,.
RdE RdE - ]
15:11 y
o Sign SignimmD SignimmE
4 Extend
PCPlus4F o PCPlus4D 2
2| ey
T PCBranchD
Resultw
w
w|w 2
£|e g E g
w sls I} S
w a} = g2 g 2 2
5 5 g g 5 2 g
& & Z gle s ¢ [
Hazard Unit

Introduced another data hazard in Decode stage
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TURE

J

—
N: N
Il =
M; "
<

O

— )

N

MICR

Early Branch Resolution

beq $tl1, $t2,

and $t0, $sO,

or $tl1, $s4,

sub $t2, $sO0,

slt $t3, $s2,

1 2 3 4 5 6 7 9
|
Time (cycles)
$t1
40 | 'iﬂ{ RF $t2j|:8—j|-r DM —[I— RF
| ’xg $s0 v Flush
$s1 M 2 ]{RF ss1| [ 7] I DM—I I_ RF :I this
instruction
$s0
$s5
$s2
$s3 A TV ELEE N e $33th:}___{}T_DM $t3[
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4 Handling Data & Control Hazards

RE

= — I

£

MICROARCHITECTU
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Control Forwarding & Stalling Logic

 Forwarding logic:

ForwardAD = (rsD !=0) AND (rsD == WriteRegM) AND RegWriteM
ForwardBD = (rtD !=0) AND (rtD == WriteRegM) AND RegWriteM

o Stalling logic:

branchstall = BranchD AND RegWriteE AND
(WriteRegE == rsD OR WriteRegE == rtD)
OR
BranchD AND MemtoRegM AND
(WriteRegM == rsD OR WriteRegM == rtD)

StallF = StallD = FlushE = lwstall OR branchstall

MICROARCHITECTURE

S 'm‘é_.'-*!
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Branch Prediction

 Guess whether branch will be taken
— Backward branches are usually taken (loops)

— Consider history to improve guess

 Good prediction reduces fraction of branches
requiring a flush




Pipelined Performance Example

- wm re——

 SPECINT2000 benchmark:
— 25% loads
10% stores
11% branches
— 2% jumps
— 52% R-type
e Suppose:
— 40% of loads used by next instruction
— 25% of branches mispredicted
— All jumps flush next instruction

 What is the average CP1?

-

—_— a—

X BN N - .,

A

)

[ W B A T

MICROARCHITECTURE
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MICROARCHITECTURE

Pipelined Performance Example

SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 11% branches
— 2% jumps
— 52% R-type
Suppose:
— 40% of loads used by next instruction
— 25% of branches mispredicted
— All jumps flush next instruction
What is the average CPI1?
— Load/Branch CPI = 1 when no stalling, 2 when stalling
— CPIl, =1(0.6) +2(0.4)=1.4
— CPlyq =1(0.75) + 2(0.25) = 1.25

Average CPI = (0.25)(L.4) + (0.1)(1) + (0.11)(L.25) + (0.02)(2) + (0.52)(1
=115 j
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Pipelined Performance

= * Pipelined processor critical path:
iﬂ: T. =max{

H\; tpcq t lnem + tsetup

E: 2(tRFread + 1:mux + teq + 1:AND + tmux
M; tpcq + tmux + tmux + 1:ALU + 1:setup
m; tpcq T tmemwrite T tsetup

2(tpcq t 1:mux T 1:Rerite) }

Chapter 7 <104>

+

tsetup )

ELSEVIER



Pipelined Performance Example

Tc = 2(’[RFread + tmux . teq . tAND . tmux i tsetup) |
= 2[150 + 25 + 40 + 15 + 25 + 20] ps = 550 ps i,

© Digital Design and Computer Architecture, 2" Edition, 2012

<

B

>

% Register clock-to-Q toeq pC 30
m Register setup tsetup 20
L Multiplexer toux 25
oy ALU taLu 200
I Memory read tem 250
M Register file read teFread 150
m Register file setup trFsetup 20
w Equality comparator teg 40

| AND gate tAND 15
O Memory write T memwrite 220
S Register file write terwrite 100 ps
E
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Pipelined Performance Example

Program with 100 billion instructions

Execution Time = (# Instructions) x CPI x T,
= (100 x 10%)(1.15)(550 x 1019
= 63 seconds

MICROARCHITECTURE
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E! Processor Performance Comparison
-

f Execution

H Time Speedup

W= Processor  (seconds)  (single-cycle as baseline)
-

I: Single-cycle |92.5 1

g Multicycle |133 0.70

q: Pipelined |63 1.47

2

7

M
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Review: Exceptions

« Unscheduled function call to exception handler
o Caused hy:

— Hardware, also called an interrupt, e.g. keyboard
— Software, also called traps, e.g. undefined instruction

* \WWhen exception occurs, the processor:
— Records cause of exception (Cause register)

— Jumps to exception handler (0x80000180)
— Returns to program (EPC register)

MICROARCHITECTURE
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Example Exception

Figure 2.11 show

1nputs, A and B, and on The netwark, KeyServer, which iz required by EepSerer
ébﬂ:{ indicates that it is o n::u:_mtrn:ulle::l programs, cannot grant you pn_armissic_ln ko rLin
e . _ _ this program. [ you think, youw have received this

gth.ls case, the hunction is message in error, please contact your KeyServer

: Adriniztratar.

a

Visio.exe - Application Error E

]
@ The exception unknown software exception (Oxc06d007e) occurred in the application at location 0x7cdleb3a,
Harris ¢
—
Ok
CHAF

....................................................................................................................................................

the function performed is A OR B. :
. The implementation of the combinational circuit is independent of its:

E‘i:l'II"||:"|'il'lI"|'.:||i‘|"‘|.." FiI2|'11r"|'J ..-' I '.:Il"lni'] Fi-:rnr'.n .} ..-' {hl'ﬂ.?i.." TRarm Hl‘liiil"llﬂ imr\|nm.':-r‘|1'-.:|-5

MICROARCHITECTURE
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Exception Registers

 Not part of register file
— Cause

e Records cause of exception

e Coprocessor O register 13
— EPC (Exception PC)

e Records PC where exception occurred

e Coprocessor O register 14

e Move from Coprocessor 0
— mfcO0 $t0, Cause

— Moves contents of Cause into $t0
mfcO

010000 | 00000 | $tO (8)| Cause (13) | 00000000000

MICROARCHITECTURE

31:26 25:21  20:16 15:11 10:0 & QN
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Exception Causes

Exception Cause

URE

R o B

\IRCHITECT

A

O

Hardware Interrupt 0x00000000
System Call 0x00000020
Breakpoint / Divide by O 0x00000024
Undefined Instruction 0x00000028
Arithmetic Overflow 0x00000030

two types of exceptions

MICR

© Digital Design and Computer Architecture, 2" Edition, 2012

Extend multicycle MIPS processor to handle last
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URE

EPCWrite IntCause CauseWrite

CLK
CLK 0x30 ] cause
0x28 N

EPC

-

EN

=4

pC'

RCHITECT

— N N |

OA

T

Overflow

Exception Hardware: EPC & Cause

PCSrc,,

0x8000 0180

MICR

N
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S12: Undefined

PCSrc =11
PCWrite
IntCause = 1
CauseWrite
EPCWrite

-

a—

Op = others y

ontrol FSM with Exce

S14

: MFCO

RegDst =0
Memtoreg = 10
RegWrite

lorD=0
AluSrcA=0
ALUSrcB =01
ALUOp =00
PCSrc =00
IRWrite

Reset
ALUSrcA =0

ALUSIrcB =11
ALUOp =00

1

Op = R-type

p—-——

ALUSIrcA=1

]

ALUSrcB =10
ALUOp =00

Qp = SW

—

e

ALUSrcA=1
ALUSrcB =00

ALUOp = 10

Op =mfc0

Op=J
PCSrc = 10
PCWrite

Op = ADDI
Op = BEQ

ALUSrcA=1
ALUSIcB = 00
ALUOp =01
PCSrc =01
Branch

ALUSrcA=1
ALUSIrcB =10
ALUOp =00

Op=LW Overflow Overflow

S13:
Overflo

PCSrc =11

lorD =1 RegDst = 1 PCWrite RegDst = 0
¢ MemWrite MemtoReg = 00 IntCause = 0 MemtoReg = 00
RegWrite CauseWrite RegWrite
EPCWrite

E=1

—

b=

RegDst =0

-

MemtoReg = 01
RegWrite

MICROARCHITECTURE
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TURE

A

Cause |~
o1101 | co

EPC 01110

15:11

RCHITEC

OA

MICR

L |

MemtoReg, ,
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MICROARCHITECTURE

Advanced Microarchitecture

Deep Pipelining

Branch Prediction
Superscalar Processors
Out of Order Processors
Register Renaming
SIMD

Multithreading
Multiprocessors
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Deep Pipelining

e 10-20 stages typical

e Number of stages limited by:
— Pipeline hazards
— Sequencing overhead
— Power
— Cost

F



Branch Prediction

e |deal pipelined processor: CPlI =1
 Branch misprediction increases CPI

e Static branch prediction:
— Check direction of branch (forward or backward)
— |f backward, predict taken
— Else, predict not taken

 Dynamic branch prediction:
— Keep history of last (several hundred) branches in
branch target buffer, record:

* Branch destination
e Whether branch was taken

MICROARCHITECTURE
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Branch Prediction Example

; add %$s1, $0, $0 # sum = O

1 add $s0, $0, $0 # 1 =0

| addi $t0, $0, 10 # $t0 = 10
for:

beq %$sO0, $t0, done # if i == 10, branch
add $s1, $s1, $sO # sum = sum + i

addi $s0, $s0, 1 # increment i
3 for
done:

MICROARCHITECTURE
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1-Bit Branch Predictor

e Remembers whether branch was taken the
last time and does the same thing

 Mispredicts first and last branch of loop

F



2-Bit Branch Predictor

S

—

taken

predict
not taken

predict

predict
taken not taken
n

take

taken predict taken
taken
taken taken

EB O B e — R

Only mispredicts last branch of loop

-

1

= =

MICROARCHITECTURE

-

Etsle
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4 Superscalar

 Multiple copies of datapath execute multiple
Instructions at once

e Dependencies make it tricky to issue multiple
Instructions at once

CLK CLK CLK CLK

CLK
PC RD Al
—| I—A A2
|: A3 RD1 et ﬁl :ﬂ
RD4 [ Al RD1
A4 -
Instruct {as Regist %3 A2  RD2[]
Memory Ab File Sgg ] < Data
wps 11— Memory
WD1
WD2

MICROARCHITECTURE
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Iw $tO0,
add $t1,
sub $tO,
and $t2,
or $t3,
sw $s7,

Superscalar Example

40($s0)

$t0, $s1

$s2, $s3 Ideal IPC: 2

$s4, $tO Actual IPC: 2

$s5, $s6

80(St3) 1 | 2 s 4 s s 1

|
Time (cycles
$SO§7 N $t0
Iw $t0, 40($sO Iw ||
52 IM RF 5121 :E'_ DM sl B
add $t1, $s1, $s2 add 552 :E'_ || [t
M 519 Mst2
b $t2, $sl1, $s3 sub ||
. > > IM {RF iﬁi :E'— DM -
and $t3, $s3, $s4 and _[ o2 E || [st3
M $s1 N V$t4
or $t4, $sl1, $s5 or -
° > IM {RF iﬁg E_ DM B

sw $s5, 80($s0) sufin o :E'_ $s5| |

© Digital Design and Computer Architecture, 2" Edition, 2012
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Iw $t0, 40(%$s0)
add $t1, $tO, $s1
sub $t0, $s2, $s3
and $t2, $s4, $t0
or $t3, $s5, $s6
sw $s7, 80($t3) .

— —

Superscalar with Dependencies

add $t1, , $s1

sub $t0, $s2, $s3

lw  $t0, 40($s0) E['i[

and $t2, $s4, @

or $t3, $s5, $s6

sw  $s7, 80()

Ideal IPC: 2
Actual IPC: 6/5=1.17
2 3 4 5 6 7 8 9
>
Time (cycles)

MICROARCHITECTURE
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=
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N
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Out of Order Processor

 Looks ahead across multiple instructions
e |ssues as many instructions as possible at once

e |ssues instructions out of order (as long as no
dependencies)

Dependencies:

— RAW (read after write): one instruction writes, later
instruction reads a register

— WAR (write after read): one instruction reads, later
instruction writes a register

— WAW (write after write): one instruction writes, later
instruction writes a register

MICROARCHITECTURE
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4 Out of Order Processor

* Instruction level parallelism (ILP): number
of instruction that can be issued
simultaneously (average < 3)

e Scoreboard: table that keeps track of:
— Instructions waiting to issue
— Available functional units
—Dependencies

MICROARCHITECTURE
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A

-

lw  $t0, 40($s0)
add $t1, $t0, $si

—

Out of Order Processor Example

© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <126>

>

M:il sub $t0, $s2, $s3 Ideal IPC: 2

H ~and $t2, $s4, $tO Actual IPC: 6/4=1.5

. OF $t3, $s5, $s6

:I:a sw $s7, 80($t3) 12 3 4 5 s 7T 8
¢ | Time (cycles)

Mg Iw  $t0, 40($s0) ) —jzov:a_v - _?m

m{ or $t3) $s5, $s6 " Jor _zzz :El— _ 513

q; M :;?W%E M [5s7] M

Q )2l

e o ST
' sub Wégz $s3 subj $23:E|— || |$to

N and $t2, $s4, @ and?{ ] :t0§ e $t2 |

S 2
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Register Renaming

Iw $t0, 40(%$s0)
add $tl1, $t0, $si
sub $t0, $s2, $s3 Ideal IPC: 2
and $t2, $s4, $t0 Actual IPC: 6/3=2
or $t3, $s5, $s6

sw $s7, 80($t3) 2 3

N $50 .
lw  $t0, 40($s0) Tw 40 | [0+
RF :B

5 6 7
L

Time (cycles)

Msto

RF

$s2
sub $r0, $s2, $s3 sub S0

4
/
DM ]
$s3 :B —
2-cycle RAW v $s4f v v
and $t2, $s4, eﬂ and $ro| o i | [Y]se2
IM { RF n DM RF

$s5
or $t3,\$s5, $s6 or 356 13

=

Y

>

=
@
t
o

V V
add $ti1, , $s1 addill st (L
M RF [se3 g"’; RF
sw  $s7, 80() =1 H 8o -

MICROARCHITECTURE
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SIMD

* Single Instruction Multiple Data (SIMD)

— Single instruction acts on multiple pieces of data at once

— Common application: graphics

— Perform short arithmetic operations (also called packed
arithmetic)

 For example, add four 8-bit elements

padd8 $s2, $s0, $sl

32 24 23 16 15 87 0  Bit position
a, a, a, a, $s0
+ b, b, b, b, $s1
a;+b, | a,+b, | a,+b, | a,+b, [$s2

MICROARCHITECTURE
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Advanced Architecture Techniques

 Multithreading

— Wordprocessor: thread for typing, spell checking,
printing

 Multiprocessors

— Multiple processors (cores) on a single chip




Threading: Definitions

* Process: program running on a computer

— Multiple processes can run at once: e.g., surfing
Web, playing music, writing a paper

* Thread: part of a program

— Each process has multiple threads: e.g., a word
processor may have threads for typing, spell
checking, printing

MICROARCHITECTURE
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Threads in Conventional Processor

e One thread runs at once

 When one thread stalls (for example, waiting
for memory):

— Architectural state of that thread stored

— Architectural state of waiting thread loaded into
processor and it runs

— Called context switching

e Appears to user like all threads running
simultaneously

MICROARCHITECTURE
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4 Multithreading

 Multiple copies of architectural state
 Multiple threads active at once:

— When one thread stalls, another runs immediately

— |f one thread can’t keep all execution units busy,
another thread can use them

 Does not increase instruction-level parallelism
(ILP) of single thread, but increases
throughput

Intel calls this “hyperthreading”

MICROARCHITECTURE

© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <132> ES;Z



Multiprocessors

e Multiple processors (cores) with a method of
communication between them

* Types:

— Homogeneous: multiple cores with shared memory

— Heterogeneous: separate cores for different tasks (for
example, DSP and CPU in cell phone)

— Clusters: each core has own memory system

MICROARCHITECTURE
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Other Resources

e Patterson & Hennessy’s: Computer
Architecture: A Quantitative Approach

e Conferences:
— www.cs.wisc.edu/~arch/www/

— ISCA (International Symposium on Computer
Architecture)

— HPCA (International Symposium on High Performance
Computer Architecture)

MICROARCHITECTURE
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