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implement an architecture in

Application
Software

hardware

Operating
Systems

Processor:
— Datapath: functional blocks

Architecture

— Control: control signals

Micro-
architecture

Logic

Digital
Circuits

Analog
Circuits

Devices

Physics

Copyright © 2007 Elsevier

programs

device drivers

instructions
registers

datapaths
controllers
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» Multiple implementations for a single architecture

— Single-cycle

« Each instruction executes in a single cycle
— Multicycle

« Each instruction is broken up into a series of&isteps
— Pipelined

« Each instruction is broken up into a series ghste

« Multiple instructions execute at once.
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 Program execution time

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

 Definitions:
— Cycles/instruction = CPI
— Seconds/cycle = clock period
— 1/CPI = Instructions/cycle = IPC
» Challenge is to satisfy constraints of:
— Cost
— Power
— Performance
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» We consider a subset of MIPS instructions:
— R-type instructionsand, or , add, sub, st
— Memory instructionslw , sw
— Branch instructionseq

 Later consider addinaddi andj
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» Determines everything about a processor:
- PC
— 32 registers
— Memory
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o Datapath
e Control
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» First consider executinlgy
e STEP 1. Fetch instruction

PC Instr
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» STEP 2: Read source operands from register file

2521

Instr I , ->
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» STEP 3: Sign-extend the immediate

e [
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e STEP 4. Compute the memory address

ALUControl,,

Signimm
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» STEP5: Read data from memory and write it back to
register file
RegWrite
CLK
N
ReadData
iﬁ
—
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« STEP 6: Determine the address of the next instruction
CI‘_K
FCy N pc
PCPlus4
4
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e Write data inrt to memory
MemWrite
1
CLK
<&
| WriteData
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* Read fronrs andrt
» Write ALUResult to register file
* Writetord (instead oft )

RegDst ALUSrc MemtoReg
0
ALUResult
Result|
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» Determine whether valuesisa andrt are equal
» Calculate branch target address:
BTA = (sign-extended immediate << 2) + (PC+4)

PCSrc
Branch
1
pC Zero
1
PCBranch
+
>
>

_A,
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Control
Unit ( — MemtoReg
— MemWrite
Oncode . |—Branch
p s Main | isre
Decoder
— RegDst
— RegWrite
ALUOp10
Y
)
ALU
Functs.g— Decoder — ALUControl,
—
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Fsoo Function
000 A&B
001 A|lB
010 A+B
011 not used
100 A& ~B
101 A|l~B
110 A-B
111 SLT
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ALUOp,;., |Meaning

00 Add

01 Subtract

10 Look at Funct

11 Not Used
ALUOp,.q | Funct ALUControal,.q
00 X 010 (Add)
X1 X 110 (Subtract)
1X 100000 &dd) 010 (Add)
1X 100010 $ub) 110 (Subtract)
1X 100100 &nd) 000 (And)
1X 100101 6r) 001 (Or)
 1X 101010 ¢lt ) 111 (SLT)
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A RD

Instruction
Memory

Instr

Register
File

L

PCPlusd|

A3

e o

151 )
WiiteReg,,

Signimm
150

WriteData

ﬁBﬁB’anch
+
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Ingtruction Ops,o RegWrite | RegDst AluSrc Branch | MemWrite | MemtoReg | ALUOp;,,
R-type | 000004
Iw 100011
sw | 101011
beq |000100
T
[Branch
[ALUControl, ,
“2op  [aLusre
S Funct [RegDst
_—

Resull

Instruction Ops.o RegWrite RegDst AluSrc Branch MemWrite | MemtoReg | ALUOp,,,

R-type | 000000 1 1 0 0 0 0 10
w 1100011 1 0 1 0 0 0 00
sw 1101011 O X 1 0 1 X 00
beq |000100 O X 0 1 0 X 01
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MemtoReg

C: I
ontrollyemwrite

Unit
Branch

|ALUControl,

“2op  [aLusrc

) Funct |RegDst

egWrite
—
CI‘.K 1

0
WE3

L Ny D[] Instr i == =RBe

Ll

ALUResult

WriteData

CI‘_K

0

WD

Memory A3 r
»| w3 Regllster

File
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! |Instruction 5 - -
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1
1
'
'

WriteReg, o

" P(iPIus4

4 [l
1
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PCBranch

WE

A RD
Data
Memory
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* No change to datapath

/———\MemtoReg
(Control MemWrite
Unit
Branch
JALUCOntrol, PCSrc
31:26
——Op  |ALUSIc
H9 Funct [RegDst
egWrite
j
CLK CLK
CLK l L
WE3 WE
nstr__ 2] AL RDL Steh
— A RD I\D ALUResult A RD ReadData
Instruction I
Memory 8 A2 RD2 see| < Data
A3 i 2 WriteData Memory
w3 Register WD
File
PCPlus4
4
PCBranch
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Insruction | Opy, | Regwrite | RegDst AluSrc | Branch | MemWrite | MemtoReg | ALUOp,,
Rupe | 000000 1 1 0 0 0 0 10
w 1100011 1 0 1 0 0 1 00
sw 1101011 O X 1 0 1 X 00
bea 1 000100] O X 0 1 0 X 01
addi | 001000
7.<29>
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Instruction | Opg, RegWrite | RegDst Alusrc Branch | MemWrite | MemtoReg | ALUOPp,,
Rupe | 000000 1 1 0 0 0 0 10
w 100011 1 1 0 0 1 00
sv 1101011 O X 1 0 1 X 00
bea | 000100] O X 0 1 0 X 01
addi 1001000 | 1 0 1 0 0 0 00
ELSEVIER
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Jump

07 PC'
1

PCJump

270 3128

Instr
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Instruction | Opy, | RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp,, | Jump
Rupe | 000000 1 1 0 0 0 0 10| O
w 1100011 1 0 1 0 0 1 00| O
sv 1101011 O X 1 0 1 X 00 | O
beg 1000100, O X 0 1 0 X 01 ] O

i 000100
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Instruction | Opy, | RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp,, | Jump
Rupe | 000000 1 1 0 0 0 0 10| O
w 100011 0 1 0 0 1 00| O

sv 1101011 O X 1 0 1 X 00 | O
beg 1000100, O X 0 1 0 X 01| O

j 000100 O X X | X 0 X XX |1
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Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)

=#instructionsx CPI x T

Copyright © 2007 Elsevier
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» T.is limited by the critical pathw )

31:26

|20 |

Contro) MemtoReg

ontrol .

Unit MemWrite
Branch

IALUControl,, .

Op  |ALUSIC
Funct |RegDst

egWrite
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WriteReg,
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» Single-cycle cr

T

Cc

itical path:
= tpCCLPC + tmem+ maX¢RFread tsa(t + tmux) + tALU + tmem+ tmux +
RFsetup

* In most implementations, limiting paths are:

— memory, ALU

, register file.

- Tc = tpcq_PC + Ztmem + tRFread+ tmux + tALU + tRFsetup

Copyright © 2007 Elsevier
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Element Parameter Delay (ps)
Register clock-t0-Q| tyeq pc 30
Register setup tsetup 20
Multiplexer tux 25

ALU taLu 200
Memory read tmem 250
Register file read | trrreag 150
Register file setup | treserup 20

T.=

Copyright © 2007 Elsevier
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Element Par ameter Delay (ps)
Register clock-t0-Q| tyeq pc 30
Register setup tsetup 20
Multiplexer tux 25

ALU taLu 200
Memory read tmem 250
Register file read | trrreag 150
Register file setup | treserup 20

Te = toeg pc + Zmem ™ treread™ tmux * tatu + tresetup
= [30 + 2(250) + 150 + 25 + 200 + 20] ps

=925 ps

Copyright © 2007 Elsevier
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» For a program with 100 billion instructions exengton a single-
cycle MIPS processor,

Execution Time =

Copyright © 2007 Elsevier 7-<39>
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» For a program with 100 billion instructions exengton a single-
cycle MIPS processor,

Execution Time = # instructions x CPI x T

= (100x 10°)(1)(925 x 1012s)
= 92.5 seconds

Copyright © 2007 Elsevier 7-<40>
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+ simple

+ higher clock speed

Copyright © 2007 Elsevier

» Single-cycle microarchitecture:

- cycle time limited by longest instructiolw)
- two adders/ALUs and two memories

» Multicycle microarchitecture:

+ simpler instructions run faster
+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times

« Same design steps: datapath & control

7-<41>
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single unified memory
— More realistic
CI‘.K

CLK |

CI‘.K

WE

RD —
—_ A —]

Instr / Data
Memory —

Al
A2

A3

wD3

WE3
RD1

RD2

Register
File
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* Replace Instruction and Data memories with a

A
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» First consider executinlgy
e STEP 1: Fetch instruction

IRWrite

PC Instr

Copyright © 2007 Elsevier
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Anste [EE—
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Signlmm
15:0
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ALUControl, ,

Signimm
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lorD

Data

ALUOut
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RegWrite
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PCwrite

ALUSICA ALUSICB,,

PC
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* Write data inrt to memory

MemWrite

Copyright © 2007 Elsevier
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¢ Read fronrs andrt

* Write ALUResult to register file
* Write tord (instead oft )

RegDst MemtoReg

Copyright © 2007 Elsevier 7-<51>
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» Determine whether valuesia andrt are equal
» Calculate branch target address:
BTA = (sign-extended immediate << 2) + (PC+4)

PCEn

Branch

Zero
PCy

PCSrc

Copyright © 2007 Elsevier 7-<52>
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CLK

f‘%ﬂ PCWrite

Branch

PCEn

lorD| Control |PCSrc
MemWrite[ Unit |ALUControl,
IRWrite ALUSICB,
326 | ALUSIrcA

Funct RegWrite

Pl
CLK S CLK
CLK | CLK ] |
WE 2 N
0 RD
. Adr A A2
Instr / Data
Memory a1 C\| A3 .
WD CLK =1 Register
0 File
Data 1 wD3

Signimm
Sign Extend
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C?Jr:‘tirtol — MemtoReg
— RegDst
— lorD
) — PCSrc
Main L Al UsrcB,,
Controller
Opcode, ;— (FSM) — ALUSIrcA
— IRWrite
— MemWrite
— PCWrite
— Branch
—— RegWrite
ALUOp,
Funct; DeA(\:I(_)ger ALUControl,,.,
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SO0: Fetch

Reset

CLK
~— pewrie 1
Branch 0 PCEN
lorDf Control | PCSrc
Memwrite| Unit [ALUControl
IRWrite ALUSIGB,
ALUSTCA
RegWrite

CLK
PC.
'
[y Instr / Data
' Memory
Register
| o File
| wo3
'
'
'
'
' = Sign Extend
'
'
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ALUSIrcB = 01
ALUOp = 00
PCSrc=0
IRWrite

Sign Extend

PCWrite, cLK
~— pewiite 1
Branch 0 PCEN
lorD| Control [PCSrc
Memwrite| Unit [ALUControl,

ALUSICB, |

ALUSTCA

RegWrite

T "‘ """"" I
CLK
CLK Lo g
- Vo WE 3
f Adil, = 2 :
[y Instr / Data Il
1 Memory ] i
Register
| e 3 g\‘le 1
' I- wp3 '
' 1 |
| '
| Il
' . '
| '
| '
' ]
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lorD=0
AluSrcA =0
ALUSrcB =01

Reset

S1: Decode,

o

CLk
/‘%7q PCWrite 0
Branch PCEn
lorD| Control | PCSrc.
Memwrite| Unit [ALUControl,,
IRWite! ALUSICB
P P 3
Funct RegWrite
\J
FEE
CLK 2 |2 ck cLK
Lk I lo g 0
X WE N WES A
PC PC
iJAHA RD " Is
X
2 Instr / Data
Memory
Register
-I' File

wD3
1
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lorD =0

Reset AluSrcA =0
ALUSIcB = 01
ALUOp = 00

PCSrc=0

IRWrife
PCWrite

~— pcwrite 0

lorD

CLK

Branch o PCEn
Control |PCSrc

S2: MemAdr

Unit [ALUControl,

IRWrite
126

feo |

ALUSTCB, |
ALUSICA
RegWrite

CLK

pc| Mec
=

Instr / Data
Memory
WD

saboy
[Bazoiwa |\
o
-2
%

Register

-!]_ File
WD3
1

Signimm
Sign Extend
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lorD =0
AluSrcA =0
ALUSrcB =01
ALUOpD = 00
PCSrc =0
IRWrife

Reset

PCWrjte CLK
~— pcwiite 0
Op =LW Branch 0 PCEN
or lorD| Control | PCSrc
S2: MemAdr Unit | ALUControl,
IRWrite ALUSICB,
szl ) ALUSIcA
ALUSICA =1 20 Funet | RegWrite
ALUSICB = 10
ALUOp =00 E)
8
CLK & CK o
7
jad WE3
re [Mec - AL RDL
en e M A2 RD2
? Instr / Data
Memory I IV
wD 1 X Register
-!]_ File
WD3
1

I/LSlgnlmm

sign Extend [~
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lorD =0
AluSrcA=0
ALUSrcB =01
ALUOp = 00
PCSrc =0

Reset

ALUSrcA=1
ALUSICB =10
ALUOp = 00

S4: Mem
Writeback

RegDst = 0

g=
RegWrite

Copyright © 2007 Elsevier
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lorD =0
AluSrcA =0
ALUSrcB =01
00

Reset

ALUSICA =1
ALUSICB = 10
ALUOp = 00

S5: MemWrite

lorD=1
MemWrite

RegDst = 0

g=1
RegWrite

£
ELSEVIER
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Reset
ALUSrcB = 01
ALUOp = 00
PCsrc=0

Op = R-type
S6: Execute
ALUSIcA =1

ALUSICB = 10
ALUOp =00

ALUSICA = 1
ALUSICB = 00
ALUOp = 10

RegDst = 1
MemtoReg = 0
RegWrite

MemWrite

RegDst =0

g
RegWrite

£
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Reset

ALUSICA = 0
ALUSICB = 11
ALUOp =00

ALUSIcB =01
ALUOp = 00
PCSrc=0
IRWrite
PCWrite

ALUSTCA = 1
ALUSICB = 10
ALUOp = 00

ALUSICB = 00
ALUOp = 10

RegDst =1
MemtoReg = 0
RegWrite

lorD=1
MemWrite

RegDst =0

ALUSIcA =1
ALUSIcB = 00

PCSrc=1
Branch

g=
RegWrite

Copyright © 2007 Elsevier
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S1: Decode,

ALUSrcA =0
ALUSICcB = 11
ALUOp = 00

S2: MemAdr

ALUSrcA=1
ALUSTIcB = 00
ALUOPp = 10

ALUSrcA=1
ALUSIcB =10
ALUOp =00

S5: MemWrite

RegDst =1
MemtoReg = 0
RegWrite

lorD=1
MemWrite

S4: Mem
Writeback

RegDst=0

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

g=1
Copyright © 2007 Elsevier RegWrite
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ALUSrcA =1
ALUSIcB = 10
ALUOp =00

lorD=1
MemWrite

RegDst =

ALUSIcA =0
ALUSICB = 11
ALUOp =00

ALUOp = 10

RegDst = 1
MemtoReg = 0
RegWrite

RegWrite

Copyright © 2007 Elsevier
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ALUSrcA =1
ALUSIcB = 10
ALUOPp =00

lorD=1
MemWrite

RegDst =0

ALUSIcA=0
ALUSIcB = 11
ALUOp =00

ALUSICA = 1
ALUSTICcB = 00
ALUOp =01
PCSrc=1
Branch

ALUSIcA
ALUSrcB

ALUOp = 10

RegDst = 1
MemtoReg = 0
RegWrite

MemtoReg

=1

ALUOp = 00

RegDst = 0
=0
RegWrite

10

g=1
RegWrite

Copyright © 2007 Elsevier
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PC_

128

PCsrc,

00
01
10
PCJump
270
0 qunp)
Copyright © 2007 Elsevier 7-<67> P 3
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ALUSrcA =1
ALUSIcB = 10

RegDst =0

ALUSICA =0
ALUSICB = 11
ALUOp = 00

ALUSICB = 00
ALUOp = 10

RegDst = 1
MemtoReg = 0
RegWrite

lorD=1
MemWrite

ALUSrcA =1
ALUSIcB = 00
ALUQ; 1
PCSrc =01
Branch

ALUOp =00

RegWrite

g=
RegWrite
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lorD=0
AluSrcA =0
ALUSIcB =01
ALUOp = 00
PCSrc =00
IRWrite
PCWrite

Reset

ALUSICA =0
ALUSICB = 11
ALUOp = 00

PCSrc =10
PCwrite

ALUSIcA = 1
ALUSICcB =00
ALUOp = 01
PCSrc =01
Branch

ALUSrcA =1
ALUSIcB = 10
ALUOp = 00

ALUSICA = 1
ALUSICB = 00
ALUOp = 10

ALUSIcA = 1
ALUSIcB = 10
ALUOp = 00

loD=1 RegDst =1 RegDst =0
Memwrite MemtoReg =0 MemtoReg = 0
RegWrite RegWrite

RegDst =0

g=1
RegWrite
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 Instructions take different number of cycles:
— 3cycles: beq,j
— 4 cycles: R-Typesw, addi
— 5cycles: lw

» CPIlis weighted average

 SPECINT2000 benchmark:
— 25% loads
— 10% stores

11% branches

2% jumps

52% R-type

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

Copyright © 2007 Elsevier 7-<70>
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* Multicycle critical path:

Cc
CLK
/‘%‘ PCWwrite
Branch PCEn
lorD| Control | PCSrc
i Unit | ALUControl,,
IRWrite ALUSICB, ,
S ALUSIcA
lso {Finee  [Reawrite
S -
Eol =
CLK B[S ok cLk
CLK L CLK S 5
WE Nl WE3 A
PC, PC Ad 0 lead Instr Al RD1 B
HIEY j]a Woa- 7 e A2 RD2
| Instr / Data
1 Memory
: CLK Register
| we File
| Data WD3
| Signimm
| 150 Sign Extend
Copyright © 2007 Elsevier 771>
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* Multicycle critical path:

Tc = tpoq + tmux + maX(tALU + tmux* tmem) + tsetup

CLK
/‘%‘ PCWwrite
Branch PCEn
lorD| Control | PCSrc
i Unit | ALUControl,,
IRWrite ALUSICB, ,
EEL P ALUSIcA
lso | runey  |[Reawrite
S -
0 =
CLK 2 g ck CLK
CLK L CLK S |8
WE P18 WE3 A
PC PC Ad vy . Instr AL RD1 A
HREY j]a Woa- 7 o A2 RD2 1
| Instr / Data |
i CLK Register :
| we 0 File |
' Data 1 wos '
Copyright © 2007 Elsevier 7-<72>
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Element Parameter Delay (ps)
Register clock-t0-Q| t,q 30
Register setup tsetup 20
Multiplexer tux 25

ALU taLu 200
Memory read tmem 250
Register file read | trrreag 150
Register file setup | treserup 20

T.=

Copyright © 2007 Elsevier
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Element Par ameter Delay (ps)
Register clock-t0-Q| tyeq pc 30
Register setup tsetup 20
Multiplexer tux 25

ALU taLu 200
Memory read tmem 250
Register file read | trrreag 150
Register file setup | treserup 20

Tc = tpoq_PC + tmux + r~na~X¢ALU + tmux1 tmen’) + tsetup

= tpcq_PC + tmux

+ tmem+ tsetup

= [30 + 25 + 250 + 20] ps

=325 ps

Copyright © 2007 Elsevier
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» For a program with 100 billion instructions exengton a multicycle

MIPS processor
- CPI=4.12
— T.,=325ps

Execution Time =

Copyright © 2007 Elsevier 7-<75> 3
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» For a program with 100 billion instructions exengton a multicycle
MIPS processor
- CPI=4.12
— T.,=325ps

Execution Time = (# instructions)CPI x T,
= (100x 10°)(4.12)(325 % 10712
= 133.9 seconds

» This isslowerthan the single-cycle processor (92.5 seconds). AWhy

Copyright © 2007 Elsevier 7-<76> 3
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Execution Time = (# instructions)CPI x T,

» This isslowerthan the single-cycle processor (92.5 seconds). AWhy
— Not all steps the same length
— Sequencing overhead for each stgp £ ty.,5= 50 ps)
Copyright © 2007 Elsevier 7-<77> 3

For a program with 100 billion instructions exéngton a multicycle
MIPS processor

- CPI=4.12

— T.,=325ps

= (100x 10°)(4.12)(325x 1013
= 133.9 seconds

ELSEVIER

Jump Com IMem!oReg
ontro! Ny

Unit MemWrite
Branch

ALUControl, o

Op  |ALuSIc
[ Funct [RegDst

egWrite
—
CI‘.K

PCSrc

3126

CI‘_K

WE3 WE

Instr [2221] A1 RD1 )

A RD D| ALUResult ReadData
A RD 1

Instruction 2016
A2 RD2 | 1o SrcB < Data
1

Result

Memory
Memory

WD

A3 -
Register WriteData
WD3 o
File

m—"c‘
- 1
WriteReg, ,

PCJump
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CLK

~L— pewiite

Branch

lorD | Control |PCSrc

PCEn

Unit  |ALUControl,

IRWrite ALUSICcB, o
a5 ALUSIcA
o |Funet  [ReaWiite
\y —
o =
3
2|8
CLK
CLK CiK CLK CiK

0 SrcA
WE " WE3 Aoz
PC| PC Ad RD Instr Al RD1 S 1
N e A2 RD2

Instr / Data 4—

Memory EiD—— A3 .

wD CLK N Regillseler [_'
—D wbD3

LU

PCJump |—

!
g
5

ImmExt
50 Sign Extend

0.0

270

Copyright © 2007 Elsevier

ELS

sl
EVIER

» Temporal parallelism

Divide single-cycle processor into 5 stages:
Fetch

Decode
Execute
Memory
Writeback

< Add pipeline registers between stages

Copyright © 2007 Elsevier

o

ELSEVIER

40



Single-Cycle

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 190Q
Instr ' T T T T T T T T T T T T T T T T T >
Time (ps)
1 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read / Write | Reg
2 Fetch Decode | Execute Memory Write
Instruction | Read Reg ALU Read / Write | Reg
Instr
1 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write | Reg
2 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write | Reg
3 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write Reg

Copyright © 2007 Elsevier
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Ilw $s2, 40($0)

add $s3, $t1, $t2

sub $s4, $s1, $s5

and $s5, $t5, $t6

sw $s6, 20($s1)

or $s7, $t3, $t4

Copyright © 2007 Elsevier

8 9 10

.

< $0 [ S <
o W] [ B o[
et

Time (cycles)

o I |EI" I [ow] $s4

e P e
sw IIEI.’ I m $ss
{2
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A

Memory

RD
Instruction

CLK

< WE3

Instr == AL RD1

PCPlus4

] A2 RD2

A3
wps Register
File

Zero

ALUResulf

WriteData

WriteReg,
1

Signimm
10
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+ | —Pceranch
ctk
CEK [P ALUOuW.
CLK Cv CLK Ok
WE3 zerom WE
A RD insup__ (22 AL RD1 =
1 ALUOUtM A ro H
Instruction 00
Memory A2 RD2 Data
—— a3 Memory
wps Register WiteDamE. witeDatam |
File
= WriteRegE, ,
1501
SignimmE P
Sign Extend PCBranchM
+
Resutw
etch Decode Execute Memory Writeback
7-<83> L S 13
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* WriteReg must arrive at the same time as Result

CLK
] ALUOUtW.
CLK CLK Cli
CLK A L L ~
WE3
InstrD 224 AL RD1 H
| A RD H | ReadDataW’
Instruction 2016] po rD2 H
Memory
A3 i WriteDataM
wD3 Reg»lster \WriteDataE. WD
File
016 RE i N i
WriteRegE, WriteRegM,, WriteRegW,,
1501 RAE
. PCBranchM
PCPlus4F PCPIlus4D PCPIus4E
Resultw
Fetch Decode Execute Memory Writeback

Copyright © 2007 Elsevier
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CLK CLK CLK
—— |RegwriteD RegWiiteE RegWiiteM RegWiitew
ijm,'tm MemtoregD | [ MemtoregE MemtoRegM MemtoRegW
n
! D MemWriteM
BranchD BranchE BranchM
2 op ALUControiD| | ALUCONtroIE, Pesiem
F9— Funct | |aLUSIeD ALUSICE
RegDstD RegDStE
— ] ALUOutW
CLK CLK . CLK
CLK ! | !
252 WE3 ZeroM WE
InstrD. AL RD1 H
| A RDH awoum ||, o ReadDataw
Instruction 206 1
Memory A2 RD2 Data
A3 . Memory
wD3 Reg»ls!er \WriteDataF WriteDataM WD
File
016 RIE
0] WriteRegE,,,, WriteRegM, , WriteRegW, o
1511 ReE]
4 Signimme . PCBranchM
PCPIus4F PCPlus4D. PCPIus4E
Resultw.
Copyright © 2007 Elsevier 7-<85>

Control delayed to proper pipeline stage

ELSEVIER

» Occurs when an instruction depends on results
from previous instruction that hasn’t completed.

» Types of hazards:
— Data hazard: register value not written back to register

file yet

— Control hazard: next instruction not decided yet

(caused by branches)

Copyright © 2007 Elsevier
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o

add $s0, $s2, $s3

and $t0, $s0, $s1

or $t1, $s4, $s0

sub $t2, $s0, $s5

Copyright © 2007 Elsevier

>
Time (cycles)
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* Insertnops in code at compile time
* Rearrange code at compile time
» Forward data at run time

Stall the processor at run time

Copyright © 2007 Elsevier

A
ELSEVIER

44



* Insert enouglimop s for result to be ready
» Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

-
-

Time (cycles)

add $s0, $s2, $s3

nop

nop

and $t0, $s0, $s1

or $t1, $s4, $s0 or IIEI'B I m su
sub $t2, $s0, $s5 mi'ﬁi" I [ow] $|2

Copyright © 2007 Elsevier 7-<89> 3
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1 2 3 4 5 6 7 8

o
-

Time (cycles)

add $s0, $s2, $s3

and $t0, $s0, $s1

or $t1, $s4, $s0

sub $t2, $s0, $s5

Copyright © 2007 Elsevier 7-<90> 3
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ForwardAE
ForwardBe

RegWriteM
RegWriteW

[ Hazard Unit

Copyright © 2007 Elsevier

U
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» Forward to Execute stage from either:
— Memory stage or
— Writeback stage

» Forwarding logic fofForwardAE:

it (( rse '=0)AND ( rskE == WiteRegM AND
then For war dAE =10
else if (( rse '=0)AND ( rskE == WiteRegW AND
then Forwar dAE =01
else For war dAE =00

with rtE

Copyright © 2007 Elsevier

RegWiteM

RegWiteW

* Forwarding logic folForwardBE same, but replaasE

g s
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Iw $s0, 40($0)

and $t0, $s0, $s1

or $tl1, $s4, $s0

sub $t2, $s0, $s5

Copyright © 2007 Elsevier
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Iw $s0, 40($0)

and $t0, $s0, $s1

or $t1, $s4, $s0

sub $t2, $s0, $s5

Copyright © 2007 Elsevier
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en
ar

stallF
stalp
FlushE

MemtoRegE

[ Hazard Unit

Copyright © 2007 Elsevier
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 Stalling logic:
Iwstall =( rsD ==rtE)OR( rtD ==

StallF = Stall D = FlushE = | wstall

Copyright © 2007 Elsevier

rt E)) AND Ment oRegE
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Copyright © 2007 Elsevier 7-<97>

* beq :
— branch is not determined until the fourth stagthefpipeline
— Instructions after the branch are fetched befoaedh occurs
— These instructions must be flushed if the braregipbns

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

vl
ELSEVIER

CLK CLK CcLk
— | RegwriteD RegWriteE RegWriteM RegWritew
ij‘:“i'f MemioRegD. MemtoRegE MemtoRegM MemtoRegW
MemWriteD MemWriteE MemWriteM
ALUControID, ALUContolE, ,
auzs
= op ALUSIcD ALUSICE
50 Funce
RegDstD RegDStE PCSIeM
BranchD Branche BranchM, | |
~—
CQI;K ciK — cLk
WE3 ] WE
nsup_[224 AL RDL i
— A RO H It ALUOUIM A RD ReadDataw
Instruction 1
jeoied
Vemory A2 RD2 Data
] A3 Regist WriteDataM Memory
egister
wog REZ® wb :
" RsD RSE ALUOUtW.
RO RE
0 —rr{01 WriteRegE,, WriteRegM, , WriteRegW,,
o RdD RE F
F—H1
Sign SignimmD SignimmE
Extend
+H K
PCPlus4F PCPlus4D PCPIUSAE. —|
B PCBranchi
Resultw
” m
H H H 3
] HH 5 g
8 8 z HH ] g
Copyr( Hazard Unit
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9

.

20 beq $t1, $t2, 40
[E—

24 and $t0, $s0, $s1

28  or $t1, $s4, $s0

2C  sub $t2, $s0, $s5

30

64 st $t3, $s2, $s3

Copyright © 2007 Elsevier
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Flush
these
instructions
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CLK CLK CLK
| RegwriteD RegWriteE RegWriteM RegWriteW
ijmw MemtoRegd MemloRegE MemtoRegM MemloRegW
nit MemWriteD. MemWriteE MemWriteM
|8 Funct RegDstD RegDstE
o) n
- S}
cLk cLk Equalp]—PCsreD) cLk
~—L - L
nsup A2 A1 wes RD1 e
A roH = | ALuoum A RO ReadDataw/
Instruction 2016
Memory a2 RD2 Data
—t— A3 e Memory
wD3 Reglslev DataM wD
ile by
‘ o vt
— RO WriteRegE, WriteRegM, , WriteRegW,
oY RoE 7
.
PCBranchD - -
_—
u ] H 2
] 5 H HE g H
[ Hazard Unit
copyiight@ 2007 Elsevier [Ntroduced another data hazard in Decode stage 7-<io> AR
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20

24

28

2C

30

64

9

o

beq $t1, $t2, 40
[E—
and $t0, $s0, $s1

or $tl, $s4, $s0

sub $t2, $s0, $s5

slt $t3, $s2, $s3

Copyright © 2007 Elsevier
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Time (cycles)

Flush
this
instruction
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» Forwarding logic:
Forwar dAD =( rsD !=0) AND( rsD == WiteRegM AND RegWiteM
ForwardBD =( rtD !=0) AND ( rtD ==WriteRegM) AND RegWiteM

« Stalling logic:
branchstall = BranchD AND RegWiteE AND
(WiteRegE == rsD ORWiteRegE == rtD)
OR

BranchD AND Ment oRegM AND
(WiteRegM == rsD ORWiteRegM == rtD)

StallF = Stall D = FlushE = Iwstall ORbranchstall

&
Al

Copyright © 2007 Elsevier 7-<103>
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* Guess whether branch will be taken

— Backward branches are usually taken (loops)
— Perhaps consider history of whether branch was
previously taken to improve the guess
» Good prediction reduces the fraction of branches
requiring a flush

& T
j
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Ideally CPI =1
But need to handle stalling (caused by loads aaddhes)
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
What isthe average CPI ?

Copyright © 2007 Elsevier 7-<105>
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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 isthe average CPI?
Load/Branch CPI = 1 when no stalling, 2 when stalling. Thus,
CP|, =1(0.6) + 2(0.4)= 1.4
— CPle,=1(0.75) + 2(0.25) = 1.25
— Thus,

Average CPI = (0.25)(1.4) + (0.1)(1) + (0.11)(1.25) + (0.02)(2) + (0.52)(1)

Copyright © 2007 Elsevier — 1 15 7-<106>
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» Pipelined processor critical path:

T, =max {

tpcq + tmem + tsaup
2(tRFread + tmux + teq + tAND + tmux

tpcq Flpux tt

t t

pcq + memwrite

Copyright © 2007 Elsevier

mux + tALU
+1

2(tpcq + tmux + tRerite) }

+

tL@;ia'(up)

7-<107>
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Element Parameter Delay (ps)
Register clock-to-Q tocq PC 30
Register setup tsetup 20
Multiplexer tux 25
ALU taLu 200
Memory read tmem 250
Register file read treread 150
Register file setup trEsetup 20
Equality comparator teq 40
AND gate tano 15
Memory write Tmemwrite 220
Register file write trewrite 100 ps

Tc = 2(tRFread + tmux + teq + tAND + tmux + tsetup)
= 2[150 + 25 + 40 + 15 + 25 + 20] psH50 ps

Copyright © 2007 Elsevier
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» For a program with 100 billion instructions exengton a pipelined
MIPS processor,

e CPI=1.15
e T,=550ps

Execution Time = (# instructions)CPI x T,
= (100x 10°)(1.15)(550 x 10%?)

= 63 seconds
Execution Time | Speedup
Processor (seconds) (single-cycleisbaseline)
Single-cycle | 95 1
Multicycle 133 0.71
Pipelined 63 151

& T
j
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* Unscheduled procedure call to #aeeption handler
» Casued by:
— Hardware, also called anterrupt, e.g. keyboard
— Software, also callelaps, e.g. undefined instruction
* When exception occurs, the processor:
— Records the cause of the exceptiGaifse register)
— Jumps to the exception handler at instruction eskl®x80000180

— Returns to progranEPCregister)

Copyright © 2007 Elsevier 7-<110> 13
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quential circuits.|

dll We (¢ o113 ]
Figure 2.1l shows a
inputs, A and B, and on
box indicates that it is
is case, the function is

KeyAccess

The netwark KeyServer, which is required by KeyServer
M ontrolled programs, cannot grant you permission ta mn
thiz program. |f pou think you have received this
message in emor, please contact pour KeyServer
Administrator.

Visio.exe - Application Error E

L] P
g The exception unknown software exception (0xc06d007e) occurred in the application at location 0x7c81eb33,
Harris &
r—2R4
GHAP

.................................. S d ol vyt Y B oGRS oy e N ndeha e
the function performed is A OR B.q
¢ The implementation of the combinational circuit is independent of its:
fonctianalite Fionre 2 1 and Fienre 77 chow rwa nacihle imnlom nnr-.}.f .
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» Not part of the register file.
— Cause
« Records the cause of the exception
« Coprocessor 0 register 13
— EPC(Exception PC)
« Records the PC where the exception occurred
« Coprocessor 0 register 14
* Move from Coprocessor 0
— mfcO $t0, Cause
— Moves the contents @ause into $t0

mfcO

‘ 010000‘ 00000 ‘ $t0 (8)‘ Cause (13) ‘ 00000000000

31:26 25:21  20:16 15:11 10:0

3
|

ELSEVIER
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Exception

Cause

Hardware Interrupt

0x00000000

System Call

0x00000020

Breakpoint / Divide by O

0x00000024

Undefined Instruction

0x00000028

Arithmetic Overflow

0x00000030

Copyright © 2007 Elsevier

We extend the multicycle MIPS processor
to handle the last two types of exceptions.

7-<113>
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EPCWrite  IntCause CauseWrite

| Overflow

Copyright © 2007 Elsevier
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MemtoReg,

Copyright © 2007 Elsevier

8
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S12: Undefined, S14: MFCO

PCSrc =11
PCWrite
IntCause = 1
CauseWrite
EPCWrite

RegWrite

Op = others

oD =0 Op = mico
AluSrcA =0
ALUSICB = 01
ALUOp = 00

Reset

ALUSIcA =0
ALUSrcB = 11
ALUOp =00

PCSrc =10
PCWrite

ALUSTCA =

1
00

PCSrc=11

RegDst = 1 PCWrite RegDst =0
MemtoReg = 00 IntCause = 0 MemtoReg = 00
RegWrite CauseWrite RegWrite

EPCWiite

RegWrite
Copyright © 2007 Elsevier
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» Deep Pipelining

» Branch Prediction

» Superscalar Processors
* Out of Order Processors
* Register Renaming
 SIMD

* Multithreading

* Multiprocessors

Copyright © 2007 Elsevier
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» 10-20 stages typical
* Number of stages limited by:
— Pipeline hazards
— Sequencing overhead
— Power
— Cost

Copyright © 2007 Elsevier
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Ideal pipelined processor: CPI =1
Branch misprediction increases CPI

Static branch prediction:

— Check direction of branch (forward or backward)
— If backward, predict taken

— Otherwise, predict not taken

Dynamic branch prediction:
— Keep history of last (several hundred) branches in a
branch target buffer which holds:
« Branch destination
* Whether branch was taken

Copyright © 2007 Elsevier 7-<119>

ELSEVIER

add $s1,%$0,$0 #sum=0
add $s0,$0,$0 #i =0
addi $t0, $0, 10 #$t0=10
for:
beq $t0, $t0, done # if i == 10, branch
add $s1, $s1, $sO0 # sum =sum + i
addi $s0, $s0, 1  #increment i
j for
done:

-

Copyright © 2007 Elsevier 7-<120>
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* Remembers whether branch was taken the last time and

does the same thing
» Mispredicts first and last branch of loop

& T
j

ELSEVIER

Copyright © 2007 Elsevier 7-<121>

» Only mispredicts last branch of loop

‘ predict taken predict taken
taken taken
taken taken taken

taken

predict
not taken

predict
not taken

Copyright © 2007 Elsevier 7-<122>
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» Multiple copies of datapath execute multiple instructions

at once
» Dependencies make it tricky to issue multiple instructions
at once
CLK CLK
CLK
| f IPC A RD| |: A%
Instruction |:Ag Register 22 ;g; —
Memory AB File Data
\"Ng% Memory
VD1
r WD2
7-<123> ‘5? 3
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lw $t0, 40($s0)
add $t1, $t0, $s1

sub $t0, $s2, $s3 Ideal IPC: 2
and $t2, $s4, $t0 Actual IPC: 2
or $t3, $s5, $s6
sw $s7, 80($t3) 1 2 3 4 5 6 7 8
Time (cycles)
W $10, 40($50) w M o H Mso
add $t1, $s1, $s2 HQ HH = :B— II $'1
$s1

sub $t2, $s1, $s3 n H $s3 ,

$53
and $t3, $s3, $s4 e
or $t4, $s1, $s5 H
sw $s5, 80($s0) |

7-<124>

|
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lw  $t0, 40($s0)
add $t1, $t0, $s1
sub $t0, $s2, $s3 Ideal IPC: 2

and $t2, $s4, $t0 Actual IPC: 6/5=1.17
or $t3, $s5, $s6
sw  $s7, 80($t3)

Iw $t0, 40($s0)

add $t1, $t0($s)

sub $t0, $s2, $s3

and $t2, $s4, $t0

or $t3, $s5, $s6

sw $s7, 80($t3]

Copyright © 2007 Elsevier 13
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* Looks ahead across multiple instructions to issue as many gs

possible at once

* Issues instructions out of order as long as no dependencies
» Dependencies:

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

— WAR (write after read): one instruction reads, andter lestruction
writes a register (also called antidependence)

— WAW (write after write): one instruction writes, andager
instruction writes a register (also calledaatput dependence)

Copyright © 2007 Elsevier 7-<126>
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e Instruction level parallelism: the number of instruction
that can be issued simultaneously (in practice average < 3)

» Scoreboard: table that keeps track of:
— Instructions waiting to issue
— Auvailable functional units
— Dependencies

Copyright © 2007 Elsevier 7-<127>
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lw  $t0, 40($s0)
add $t1, $t0, $si1

sub $t0, $s2, $s3 Ideal IPC: 2
and $t2, $s4, $t0 Actual IPC: 6/4=15
or $t3, $s5, $s6

sw $s7, 80(5t3) vl s la s e[ 7| s

Time (cycles)

sw $s7, 80(613)_ )
two cycle latency
between load and \RAW
use of $t0

add $t1, $tQ
WAR
sub ':@: 2, $s3
RAW
and $t2, $s4, %10 ()

Copyright © 2007 Elsevier 7-<128>
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lw $t0, 40($s0)
add $t1, $t0, $s1

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

and $t2, $s4, $t0 Actual IPC: 6/3=2

or $t3, $s5, $s6

sw $s7, 80($t3) 1 7

-
|

Time (cycles)

Iw $t0, 40($s0) I

sub

sub $r0, $s2, $s3

2-cycle RAW
and $t2, $s4,

sw $s7, 80($t3)_)

Copyright © 2007 Elsevier 7-<129> 13
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» Single Instruction Multiple Data (SIMD)
— Single instruction acts on multiple pieces of detance
— Common application: graphics

— Perform short arithmetic operations (also catiacked
arithmetic)

» For example, add four 8-bit elements
* Must modify ALU to eliminate carries between 8-

blt Values padd8 $s2, $s0, $s1
32 24 23 16 15 87 0 Bit position
| a, ‘ a, ‘ a, ‘ a, | $s0
+ | b, ‘ b, ‘ b, ‘ by | $s1
| a,+b, | a,+b, | a,+b, | a;+b; [$s2
Copyri i *
opyright © 2007 Elsevier 7-<130> 3
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* Multithreading

— Wordprocessor: thread for typing, spell checking,
printing

* Multiprocessors
— Multiple processors (cores) on a single chip

ELSEVIER

Copyright © 2007 Elsevier 7-<131>

* 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

* In a conventional processor:
— One thread runs at once
— When one thread stalls (for example, waiting fermory):
¢ Architectural state of that thread is stored
« Architectural state of waiting thread is loadetbiprocessor and it runs
¢ Calledcontext switching
— But appears to user like all threads running gamgously

Copyright © 2007 Elsevier 7-<132> A
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e One thread runs at once
* When one thread stalls (for example, waiting for memory):
— Architectural state of that thread is stored

— Architectural state of waiting thread is loadetiprocessor and it
runs

— Calledcontext switching
» Appears to user like all threads running simultaneously

ELSEVIER

Copyright © 2007 Elsevier 7-<133>

» Multiple copies of architectural state

» Multiple threadsactive at once:

— When one thread stalls, another runs immediatelynéed to store
or restore architectural state)

— If one thread can't keep all execution units basygther thread
can use them
» Does not increase instruction-level parallelism (ILP) of
single thread, but does increase throughput

Copyright © 2007 Elsevier 7-<134> A
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» Multiple processors (cores) with a method of
communication between them

» Types of multiprocessing:

— Symmetric multiprocessing (SMT): multiple cores with a shared
memory

— Asymmetric multiprocessing: separate cores for different tasks

(for example, DSP and CPU in cell phone)
— Clusters: each core has its own memory system

&
Al
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» Patterson & Hennessy'€omputer Architecture:
A Quantitative Approach

* Conferences:

— www.cs.wisc.edu/~arch/www/

— ISCA (International Symposium on Computer
Architecture)

— HPCA (International Symposium on High Performance
Computer Architecture)
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