SR R

sshif: IRSHRSMKEERE-2

”
G
‘

Fif: [HEF. =i

2024FFKZ=



S 5. T Vév"a Z »‘ﬁ
FEEIR Derry
- FIE(EIIE:

« BLXEUEE10B17THME, 1083158 L

+ BURGIE(FEE, GradingfZE(thl (FFEHLARTBSIH)
108208~11H205

- BIRHIEEL: 11B255-128255

- HAfPpEi: ~118275

- RBHIRER

i}

BEBH &5HE <2>

C



E § 01. IBSEFIEE

CONTENTS
. EISFRITE
. KR ERtaE
. KRB



[l : +ARRKEEE

- FKENEITHER - REENRMNTAFE

L »
NELTE®

s PEKING UNIVERSITY

i}

BIEEH REHE <4>

C



[l : +ARRKEEE

- KEEITHR - IRESEMRNB/HRFER (IESinstruction/cycle, CPI)

| add

L »
NIECE 2

s PEKING UNIVERSITY

icroprocessor

| nor

fetch decode ALU mem writeback

(w1 O O OOO%

A

2

nor

add

noop
add

i}

,EL',H*EEE %@#@ <5>

C



1TEHCPURTRIK RS E

k\»‘“v‘v,
§ Q
S &
< Y e l
/o) L]
5 <
I3598%

PEKING UNIVERSITY

. §~ *EimKEt

Bl FEAFE

3

Execute as many instructions at the same time as possible.
e Pipelining: 12-20+ cycles

e Multiple pipelines

Pentium:

2 pipelines, 5 cycles each (10 instructions “in flight”)

Pentium Pro/Il/IlI

3 pipelines (kinda), 12 cycles each (kinda)

* Instructions can execute out of their original program order
Pentium IV

* 4 pipelines, 20 cycles deep

* Prescott: 4 pipelines, 31 cycles deep (could be clocked up to 8 GHz with
special cooling)

Core i7 (Nehalem)
* 4 pipelines, 16 cycles deep

<6 >
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. SEERIKAGIT: Fetch, Decode, Execute, Memory, Writeback

Fetch Decode Execute Memory Writeback

IE —gf

===

B
. A ‘ U
-1 PC Inst = m Register
mem I file . ;&
e et M U Data

u memory
X

: Sign extend I'

0-2

= =

16-18

18
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.+ PCIEHIMIES Memory EigERAg it

ATEHPCAIFEFIES (jmpF)

O Design a datapath that can fetch an instruction from
memory every cycle.
* Use PCtoindex memory to read instruction
* Increment the PC (assume no branches for now)

O Write everything needed to complete execution to the
pipeline register (IF/ID)
¢ The next stage will read this pipeline register.
* Note that pipeline register must be edge-triggered

Instruction
memory

Rest of pipelined datapath

en

-I— IF / ID Pipeline register
20

<8>
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E_%: DecodegS
- IRIEIESHregisterpregisterSEBEHERLEEFIERIE

BRiZRBEENIESIETI|: opcode regA/Data regB/DestReg

O Design a datapath that reads the IF/ID pipeline register,
decodes instruction and reads register file (specified by
regA and regB of instruction bits).

* Decode is easy, just pass on the opcode and let later stages figure
out their own control signals for the instruction.

Destre_g»

D :'=|_t_alb

Register File

d Write everything needed to complete execution to the
pipeline register (ID/EX)
* Pass on the offset field and both destination register specifiers (or
simply pass on the whole instruction!).

i Contents || Contents
i Of regB || Of regA
Rest of pipelined datapath

L=
e
1]
o
(1]
-
[1+]
o
=
[ S
s
Q
(V18
-
()]
oo
E
7y ]

nstruction
bits

* Including PC+1 even though decode didn’t use it.

IF / ID Pipeline register ID / EX

i}
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=% : Execute:
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3 Design a datapath that performs the proper ALU operation
for the instruction specified and the values present in the
ID/EX pipeline register.

* The inputs are the contents of regA and either the contents of
regB or the offset field on the instruction.
¢ Also, calculate PC+1+offset in case this is a branch.

Decode datapath [Y

3 Write everything needed to complete execution to the
pipeline register (EX/Mem)
* ALU result, contents of regB and PC+1+offset
* Instruction bits for opcode and destReg specifiers

Stage 2

* Result from comparison of regA and regB contents

FAA

,L,EEE %@#@ <10 >
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- BALULZE R registeriZERERFEAMemory, sk MemoryiEd,

CLiI> »
ANEZES]

PEKING UNIVERSITY

This goes back to the MUX
before the PCin stage 1
MUX control

for PCinput

3 Design a datapath that performs the proper memory
operation for the instruction specified and the values
present in the EX/Mem pipeline register.

* ALU result contains address for Id and st instructions.

¢ Opcode bits control memory R/W and enable signals.

3 Write everything needed to complete execution to the
pipeline register (Mem/WB)
e ALUresult and MemData
* Instruction bits for opcode and destReg specifiers

Stage 3: Execute datapatn

Rest of pipelined datapath

44

i}
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BR%%: WritebackiE(E
- ALUitRZRekData MemoryiZEIRI4ERS(OldestReg

3O Design a datapath that completes the execution of this
instruction, writing to the register file if required.
* Write MemData to destReg for Id instruction
* Write ALU result to destReg for add or nand instructions.
* Opcode bits also control register write enable signal.

Memory
Read Data

=
)
(1]
Q.
(1]
+—
(1]
=)
-
(=]
=
Q
=
<
a
oo
(1]
i)
v

nstructio
bits

Mem/WB

i}
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C

This goes back to data

This goes back to the
estination register specitier

register write enable

CLiI> »
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bits 0-2

bits 16-18

<12 >
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add
nor

add
SW

[T ST N T STy

~N U B UM

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

RSTESHRIKE L

=

PC

Inst
mem

NI
C‘\ V‘;
e::::'ﬁ
< )
“—
l59%

ez XY

PEKING UNIVERSITY

target
PC+1 PC+1 ]
roj O >
eq:
- | resa] M R AL L S
= R2 It
2 [[ess) vala X — |u
= n i ALU X
E‘. = R L result —
=] _E RS valB M U Data
o RE
]
o R7 X memary data
offset dest
valB
Bits 0-2 — — —
Bits 16-18 37 dest dest dest
Bits 22-24
op op op
IF/ID ID/EX EX/Mem Mem/WB
<13 >
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add
nor

add
SW

[T ST N T STy

~N U B UM

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

RSTESHRIKE L

o

PC

é&‘\”% »
NELTE®

PEKING UNIVERSITY

0
u u ] P
rof O
rif 36 0
r2] 9 0 M
0 U
nst H 8 = :i:: - 0 0 X
w2 | J e L
*E RS ? D | | M u Datﬂ
B0 R6 41 U memory
] &= grl22  — X data
U e dest
0
Bits 0-2 ‘hl
Bits 16-18 D 0 0 0
Bits 22-24
[ala} [a]n] o0
IF/ID ID/EX EX/Mem Mem/WB
TR -
%)Jtl:l'lklm\ . tO <14 >
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add
nor

add
SW

UV N N S

~N U B UM

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

-1 PC Inst
add123

YAz A ¥

PEKING UNIVERSITY

add 1 2 3
nor :,i j 2-{]
Time 1l -Fetch:add 123 w3 &2
sw 3 7 10
0
1 0
rof O
k1|36 0
E_ rz] 9 0
— raj 12 0 A
|-= o
o || =P a8 L 0 0
=~ -b‘g i 0 M U Data
o Re 41 u memory
&= gy 22 X data
0 dest
0
Bits 0-2
Bits 16-18 | ¢ 0 0 0
Bits 22-24
oo 00 oop
IF/ID ID/EX EX/Mem Mem/WB
<15 >
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add 1 2 3
nor 4 5 6
Iw 2 4 20
add 2 5 5
SW 3 7 10
FEEE F5HE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

CUNIN »
A A\ >
N Ie 7 ) ¥

PEKING UNIVERSITY

ESTESRimIKE L

nor 4 5 6
Time 2 - Fetch: nor456 w3 220
sw 3 7 10
M
u
X
+ o -
2 1
rof O
N r1l 36 0 n
g 2 = 36 \/
a 12 | raf12 A
PC Inst R
mem || ¥ g Fl = j L L L
< -’% 1L 9 M U Data
& reld4l U / memory
& gy 22 X data
3 dest
0
Bits 0-2
Bits 16-18 37 3 0 0
Bits 22-24
add 00 0o
IF/ID ID/EX EX/Mem Mem/WB
hor456 add 123

<16 >
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add
nor

add
SW

[T ST N T STy

~N U B UM

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

PC Inst
lw 2420

NI
(‘\ Vf‘
e::::'ﬁ
< )
“—
l59%

ez XY

PEKING UNIVERSITY

add 1 2 &
. nor -11 5 5‘;
Time 3 - Fetch: lw 2 4 20 w3 220
sw 3 7 10
3
4 4
3 2
rof O
A rf36 0
3 e rz] 9 36 0
N o 12 18
& | plE =18 . 45 B
5] T
S ||l |z “2 7 M Data
B0 R6 41 U memory
= grif22 X data
6 dest
9
Bits 0-2
3
Bits 16-18 B 6 3 0
Bits 22-24
nor add oop
IF/ID ID/EX EX/Mem Mem/WB
hor456 add 123
<17 >
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add
nor

add
SW

UV N N S

~N U B UM

20

10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

CUNITIN »
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PEKING UNIVERSITY

add 1 L 3
. nor -‘! 5 i;;
Time 4 - Fetch:add 255 w3 220
sw 3 7 10
M
w
X
3]
> 8
4 3
rof O
2 r1] 36 0
E_ a rz] 9 18 a5
-1 PC Inst H : 1 o =2 >
mem wn -P;; Ral18 v 24 I35 0
D | N ey 18 M Data
a0 R6 41 ] memory
e grf22 X data
20 dest
7
Bits 0-2 3
Bits 16-18 B 4 S B 3
Bits 22-24
Iw nor add
IF/ID ID/EX EX/Mem Mem/WB
add 255 lw 2420 nor456 add 123
<18 >
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nor 4 S5 6
Time 5 - Fetch:sw3 710 w3 220
sw 3 7 10
M
u
X
20
add 1 2 3 ;reg3=regl+reg2 I 2 3 * 23
nor 4 5 ; regb=regdnorregb rol O
Iw 2 4 20 ; regd= Mem[reg2+20] 2 r1]36 0 By 45
add 2 5 5 ;regS=reg2+reg5 £ 5 :iﬁ 9 >
w
sw 3 7 10 ; Mem[reg3+10]=reg7 -] PC "t S —plE ~fas 29 0
mem - = 8
S || |z ¥ 7 M Data
& R6 41 U memory
= grif22 20l x data
5 dest
18
Bits 0-2
4 6 3
Bits 16-18 ?-h 5 4 6
Bits 22-24
add lw nor
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 w2420 nor456 add

FEEH FaHE <19 >
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nor 4 5 6
Time 6 — no more instructions w3 2
sw 3 7 10
M
u
X
5
add 1 2 3 ;reg3=regl+reg2 a + A
nor 4 5 ; regb=regdnorregb - >
Iw 2 4 20 ; regd= Mem[reg2+20] ; 136 0 2
add 2 5 5 ;regS5=reg2+reg5 1 =Le = 3 28
45
SW 3 7 10 ; Mem[reg3+10] =reg?7 -1 pc Inst | ' @ =
mem -"'E Rel18 7 16 I35 99
N 22 M Data
@ RSH U memory
e grf22 X data
10 dest
7
Bits 0-2 a 6
Bits 16-18 Eﬁ 7 B2 5 4
Bits 22-24
swW add lw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw 2420 hor

FEEH FaHE <20 >
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nor 4 5 6
Time 7 — no more instructions a3 2 20
sw 3 7 10
M
u
X
10
add 1 2 3 ;reg3=regl+reg2 5 + 15 [~
nor 4 5 ; regb=regdnorreg5 ~To
Iw 2 4 20 ; regd= Mem[reg2+20] l36 0
add 2 5 5 ;regS=reg2+reg5 Rzl 9 45 16
r3] 45
SW 3 7 10 ; Mem[reg3+10] =reg?7 -1 PC Inst H - o 99
[reg3+10] =reg et S F m! CEN e 0
=Pl " M Data
o R 24 u memory
&= g7l 22 10l x data
dest
22
Bits 0-2 5 4
Bits 16-18 ?:' Z 7 5
Bits 22-24
sw add
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw

BEEH FREHE <21>
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add 1 2 3
nor 4 5 6
Iw 2 4 20
add 2 5 5
SW 3 7 10

BIEEH REFHE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

E =i

PC

mem

Inst P

NI
(‘\ Vf‘
& A
< e
‘—
l59%

ez XY

PEKING UNIVERSITY

add 1 L 5
- - - 110.1. i 5 g’
Time 8 — no more instructions w3 220
sw_ 3 7 10
+
roj O
rif36 16
rz2] 9 55
| » Mlas
g ol = s 2 0
_’E Ft5- M Data
& R6 -24 U memory
€ gprf22 X data
22 dest
Bits0-2 Ny 5
Bits 16-18 :u 7
Bits 22-24
sw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add
<22 >
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add 1 2 3
nor 4 5 6
Iw 2 4 20
add 2 5 5
SW 3 7 10
FEEE F5HE

yreg3=regl+reg? |/+
; regb=regdnorreg5
; reg 4= Mem[reg2+20] a1l 36

; reg5=reg2+reg5 i
; Mem[reg3+10] =reg 7 -1 pC Inst H

Time 9 — no more instructions

xc =

N

rof O

C I »
~ ) - N
ez ) ¥
{598 PEKING UNIVERSITY

raf 45

mem

Ve

Register file

rsj 16
rej-24
rR7j22 X

M Data

c

memory

Bits 0-2 \'"'I

data

dest

Bits 16-18 | U

Bits 22-24

IF/ID ID/EX EX/Mem

Mem/WB
sSw

<23 >
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add 1 2 3
nor 4 5 6
Iw 2 4 20
add 2 5 5
SW 3 7 10
BRREE FE5HE

; reg3=regl+reg2

; regb=regdnorreg5
; reg 4= Mem[reg2+20]
; regS>=reg2+regd

; Mem[reg3+10] =reg 7

RSTESHRIKE L
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Time: 1 2 3 4 5 6 7 8 9
add | fetch | decode | execute |[memory jwriteback
nor fetch | decode | execute fmemory |writeback
Iw fetch | decode | execute |memory Jwriteback
add fetch | decode | execute | memory |writeback
SW fetch decode | execute [memory |writeback

<24 >
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- Data hazards : since register reads occur in stage 2 and register writes occur in stage 5

it is possible to read the wrong value if it is about to be written.

« Control hazards : A branch instruction may change the PC, but not until stage 4. What

do we fetch before that?

- Exceptions: Sometimes we need to pause execution, switch to another task (maybe the

OS), and then resume execution... how to we make sure we resume at the right spot

REER FEHE <26 >
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- RAWJ[ag: Read After WriteZ{}E iz

Recall: registers add 1 2 E
are read /sourced
In the “decode” stage nor g Q
RAW Dependency
time

| | | | | | ’

add fetch decode execute memory writeback
<«  Hazard
nor fetch decode execute memory writeback

If not careful, nor will read a stale value of register 3

i}

,EL',H*EEE %@#@ <27 >
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|a)8%1: Data Hazards
- RAW[@fi: Read After WriteZ§ifEhze

ec«"‘””@ »
7S e 70
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add
nor

[TV
AN
v |w

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* dée execute

BIERFRERINE: /KZEIR (Pipeline Stall)

i}

,EL',H*EEE %@#@ <28 >
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- RAWJ[ag: Read After WriteZ{}E iz

1 add 1 2 3 g
2 nor 3 ?5 .
3 add 6 7 + target
PC+1 PC+1
4 lw 3 6 10 ro| O
e | © il ALU
5 SW 2 12 g._ regB R2 1A result I\S
Upc Inst |l 2 R3 va A
mem{l & .«,,i—: R4 j L r::::lt ™Imdata X
S % . valB u Data
g Re memory
& g7 data
dest
ﬁ—_dest dest
) . file op op op
\/ IF/ ID/ EX/ Mem/
ID EX Mem WB
IF/ ID/
ID EX

HNERRIE: Detect and Forward
EiEEE BEHE BRI <295
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- RAWJ[ag: Read After WriteZ{}E iz

Time: 1 P 3 4 H b 7 8 g9 10 1 12 13
add1?2 IF ID EX. ME WB
1. add 123 \
5 nor 3 ?5 nor3 4 IF ID EX \ME WB
3. add 6
4. 36 10 add6 37 IF 1D EX ME WB
5. SW {2 12
w3610 IF ID EX ME . WB
swb212 F ID* ID EX ME WB

#A ) / \: :
o N EERIE: Detect and Forward o



|a)8%1: Data Hazards 3"?*5]
- Detect and ForwardZ{jl Cycle 38I#ER
-
add123 //r3=r1+1r2 2 e — !
Rr1| 14
nand 345 //r5 = r3 NAND r4 g Sl N
pell] Tost || & _—gg rs3[ 10 14 A g
add 637 /17 =13 +16 men| o | = il Ju i
A data_/ -‘;3;, re[ 1 7 1I\J_4 U Data
w3610 //r6 = MEM[r3+10] EEE < e
swb6212 // MEM[r6+12]=r2
add
[twa] [fwa [tw]
IF/ ID/ EX/ Mem/
D EX Mem WB

,EL!,H\?FE\QEE %ﬁ#@ <31 >
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|a)8%1: Data Hazards

« Detect and Forward=Z{jl Cycle 3/53E&
-
3 2
add123 //r3=r1+12 Ro| 0
] /—\—"gA— :; 1—; M
nand 345 //r5=r3 NAND r4 met || & [ —=2B 1 =S 10 U
T mem || a i &:Jm 11 j i 21 ] >
add 637 //r7=r3+r6 = ais o o T 1 MY[ U Data
—1& K¢ u memory
W3610 //r6 = MEM[r3+10] ekl X
swbHb212 // MEM[r6+12]=r2
an add
1F/ ID/ EX/ Mem/
ID EX Mem WB

,EL!,H\?FE\QEE %ﬁ#@ <32>
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 Detect and Forward3&fl Cycle 481%E% (forwarding)

MaoE

o o

add123 //r3=r1+12

w

New Hazard

0

nand 345 //r5=r3 NAND r4

W regh | :; 1-; M
Inst & 2 r3| 10 U
add637 //r7=r3+716 {pC mem-m-W&uu i X
a N 2 »s[77
w3610 //r6 = MEM[r3+10] s G wal 1 memory
rR7| 8§
swb212 // MEM[r6+12]=r2
an / add
1K/ 1D/ EX/ Mem/
1D EX Mem WB

i}

BIEBEH FEHE <33>
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e Detect and ForwardZ2i) Cycle 4/5E&
-
add123 //r3=r1+1r2=21 . ) -
r1| 14
nand 345 //r5=r3 NAND r4 z/——f;\i‘;— = ” I
1 | w L RS z A [
add 637 //r7=r3+16=22 | = 5 Jt 4
setewitl | |GH 7 e
w3610 //r6 = MEM[r3+10] % w[8 - x >
sw6212  // MEM[r6+12]=r2
add an add
IF/ ID/ EX/ Mem/
D EX Mem WB

i}

BIEBEH FEHE <34 >
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- Detect and ForwardZ{jl Cycle 5BI3ER
4
add123 //r3=r1+712 No Hazard|[ o[ 0
_ 3 A r1| 14
nand 345 //r5=r3 NAND r4 el b | ST
1F¢ mem- : i ém 11
add 637 /J/r7=r3+1r16 3\@%%?’7
tau A8 w1
w3610 //r6 = MEM[r3+10] alil
swb6212 // MEM[r6+12]=r2
1F/
ID

i}

BIEBEH FEHE <35>
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PEKING UNIVERSITY

- Detect and ForwardZ#l Cycle 5/53E&

gi

HaE
L |

=]
th
=
=

add123 //r3=r1+12

14

regh
regB

nand 345 //r5=r3 NAND r4

21
11
77

Upc Inst || i
add637 //r7=r3+r16 mem \%ﬂﬂ
w3610 //r6 = MEM[r3+10] =

swb212 // MEM[r6+12]=r2

22

1 T9 Ms

Data
memory

egister file
253 FC 8 2EZ
2
\_/
=Nl
]
Y
\* c g/

R
A
=

I

Mg

10

1w nand

IF/ ID/ EX/ Mem/
ID EX Mem WB

i}

,EL!,H\?F~\§EE| %ﬁ#@ <36 >
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|a)8%1: Data Hazards
- WAWFHIWAR|[aJZi: Write After Write¥JWrite After Read

i »
TR )
e 7 K

PEKING UNIVERSITY

« False or Name dependencies

— WAW — Write after Write
R1=R2+R3
R1=R4+R5

— WAR — Write after Read
R2=R1+R3
R1=R4+R5

. EIRFRARS RIS ERS HIAE
. IESIFRGIAEIIEE, THMRegisterEGBIER (SEEFRITRNNRR)

BIEBEH FEHE <37>
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 Branch3g$

i »
TR )
e 7 K

PEKING UNIVERSITY

Fetch: read instruction from memory

be 1110
« Decode: read source operands from reg ]
sub 345
 Execute: calculate target address and
test for equality t, t t, t, t, t,
« Memory: Send target to PC if test is equal beq [ £ Il D |l E N M LW
sub F D !E_ squash A/J

Writeback: Nothing left to do

i}

BIEBEH FEHE <38>
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[AJ§H2: Control Hazards B e 7

s PEKING UNIVERSITY

. WfaIfiERControl Hazards

Avoidance (static)
« No branches?
« Convert branches to predication
« Control dependence becomes data dependence
Detect and Stall (dynamic)

« Stop fetch until branch resolves

Speculate and squash (dynamic)

« Keep going past branch, throw away instructions if wrong

i}

BIEBEH FEHE <39 >
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|a]8%2: Control Hazards
- Detection and Stall: 1&0-{=4EE

Detection

« In decode, check if opcode is
branch or jump

Stall
« Hold next instruction in Fetch

« Pass noop to Decode

beq
CPI increases on every branch
Are these stalls necessary? Not always! b
Assume branch is NOT taken sU
Keep fetching, treat branch as

noop

time

éx"‘”% »
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v

fetch

If wrong, make sure bad Target:

instructions don’ t complete
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decode

fetch

execute

fetch

memory

fetch

writeback

fetch

or

fetch
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|a)§5H2: Control Hazards

- Speculate and Squash: Z#1-HI1EHH

Speculate “Not-Taken”

« Assume branch is not taken

Squash

« Overwrite opcodes in Fetch,

Decode, Execute with noop

« Pass target to Fetch
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|a)gk2: Control Hazards
- Speculate and Squash: &#1-#ILEFHIAYRIER

L »
ANEZES

PEKING UNIVERSITY

Always assumes branch is not taken

Can we do better? Yes.
« Predict branch direction and target!

« Why possible? Program behavior repeats.

More on branch prediction to come...
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* Instruction-level parallelism

Processor Performance = ------emeee---
Program

Cycles I Time

Instructions I

~|"Brogram ¥ | instruction | 1| Cycie

(code size) I (CPI) I(cycle time)
EEEFEE | BRENEIEE | BREN/EE

Architecture -->|Implementation |-> Realization

Compiler Designer I_Processor Designer Chip Designer
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1. Upper Bound on Scalar Pipeline

Throughput

2. Performance Lost Due to Rigid In-

order Pipeline
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More complex hazard detection

 2X pipeline registers to forward from
« 2X more instructions to check
« 2X more destinations (MUXes)

* Need to worry about dependent instructions in the same stage

i}
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Superscalar: BIF=SAES

* Instruction-level parallelism

Instruction parallelism
Number of instructions being worked on

Scalar Pipeline (baseline)
Instruction Parallelism = D
Operation Latency = 1

Peak IPC =1
D
e
'd ™
LIJ%) | ] | 7
%9 1 2 I s I |F DE EX WB
CDL_) 3 .............
WS 4 |
O[I 5
O~ v 6
72 L L | L L
= | | | | | | |

0 1 2 3 4 5 6 7 8 9
TIME IN CYCLES (OF BASELINE MACHINE)
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Peak IPC
The maximum sustainable number of instructions that can
be executed per clock.

Superscalar (Pipelined) Execution

IP = DxN
OL = 1 baseline cycles
Peak IPC = N per baseline cycle
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Out-Of-Order: ELFHITAIMEES: NI
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« Missed Speedup in In-Order Pipelines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
addf £0,fl,£f2 F D E+ E+ E+ W
mulf £2,£3,£2 F D d° d° E* E* E*¥ E* E* W
subf £0,fl,f4 F p* p* D E+ E+ E+ W

What' s happening in cycle 47
« mulf stalls due to RAW hazard
« OK, this is a fundamental problem
« subf stalls due to pipeline hazard

« Why? subf can’ t proceed into D because mulf is there
« That is the only reason, and it isn’ t a fundamental one

Why can’ t subf go into D in cycle 4 and E+ in cycle 57?

i}
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Out-Of-Order: FLEHITHIBES:

* Instruction-level parallelism
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« CPI of in-order pipelines degrades
sharply if the machine parallelism is
increased beyond a certain point.

w N =
——
Z

« when NxM approaches average
distance between dependent
instructions
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« Forwarding is no longer effective

 Pipeline may never be full due to
frequent dependency stalls!

i}

,EL!,H\?F~\§EE| %ﬁ#@ <47 >

C



Out-Of-Order: FLEHITHIBES:

« The Problem With In-Order Pipelines

INIELE TS
I3598%

PEKING UNIVERSITY

A

o | > T >
> : DS
B regfile R
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ID EX Mem WB

* In-order pipeline
« Structural hazard: 1 insn register (latch) per stage

« 1 instruction per stage per cycle (unless pipeline is replicated)

« Younger instr. can’ t “pass” older instr. without “clobbering” it
« Out-of-order pipeline

« Implement “passing” functionality by removing structural hazard
,EL',H*EEE %@#@ <48 >

i}

C



Out-Of-Order: ELEHMITAIELS
. AT =S TR

Dynamic scheduling
« Totally in the hardware
« Also called “out-of-order execution” (0Oo00O)

Fetch many instructions into instruction window
« Use branch prediction to speculate past (multiple) branches
 Flush pipeline on branch misprediction

Rename to avoid false dependencies (WAW and WAR)

Execute instructions as soon as possible
« Register dependencies are known

« Handling memory dependencies more tricky (much more
later)

Commit instructions in order
« Any strange happens before commit, just flush the pipeline

Current machines: 100+ instruction scheduling window

FIEBH FEAE
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Out-of-order execution

Execute instructions in non-sequential order...

+Reduce RAW stalls
+Increase pipeline and functional unit (FU)
utilization

Original motivation was to increase FP unit
utilization

+Expose more opportunities for parallel issue (ILP)
Not in-order — can be in parallel

..but make it appear like sequential execution

Important
—But difficult
Next few lectures

<49 >
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Out-Of-Order: ELRFHITAIEEE
- _ add p2,p3,p4
. ELEETATCH? cub pz/;?/f 5

mul p2 ,P6
div p4,4,p7

regfile

15 insn buffer

A A

Ready Table

P2 |P3 |P4 (P5 |P6 |P7
Yes|Yes add p2,p3,p4

t | |Yes|Yes|Yes sub p2,p4,p5 and div p4,4,p7
Yes|Yes|Yes|Yes Yes| mul p2,p5,pb6
Yes|Yes|Yes|Yes|Yes|Yes

 |Instructions fetch/decoded/renamed into /nstruction Buffer
« Also called “instruction window” or “instruction scheduler”

« Instructions (conceptually) check ready bits every cycle

« Execute when ready
,EL',H*EEE %@#@ <50>
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A dependency exists independent of the hardware.
« So if Inst #1" s result is needed for Inst #1000 there is a
dependency

* Itis only a hazard if the hardware has to deal with it.

 So in our pipelined machine we only worried if there wasn’ t a

"buffer” of two instructions between the dependent instructions.
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- True/False Data Dependencies
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» True data dependency « False or Name dependencies
« RAW — Read after Write « WAW — Write after Write
R1=R2+R3
R1=R2+R3 |
R1=R4+R5
R4=R1+R5 « WAR - Write after Read
R2=R1+R3
. /
 True dependencies R1=R4+R5

revent reorderin . .
P J « False dependencies prevent reordering

* (Mostly) unavoidable « Can they be eliminated? (Yes, with renaming!)

i}
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SURARHE]

- True/False Data Dependencies

R1=MEMI[R2+0] //A /A\
R2=R2+4 // B @

R3=R1+R4 /] C
MEM[R2+0]=R3 //D /

o9

HRrRAW  BEwAw  [BEWAR
,EL',H*EEE %@#@ <53>
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SURARHE]

- True/False Data Dependencies

R1=MEM[R3+4]
R2=MEM [R3+8]
R1=R1*R2
MEM[R3+4]=R1
MEM[R3+8]=R1
R1=MEM[R3+12]
R2=MEM[R3+16]
R1=R1*R2
MEM[R3+12]=R1
MEM[R3+16]=R1

i}
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Well, logically there is
no reason for F-J to be
dependent on A-E.
So.....

- ABFG

« CH

- DEIJ

— Should be possible.

But that would cause
either C or H to have
the wrong reg inputs

How do we fix this?

— Remember, the dependency
is really on the name of the
register

— So... change the register
names!

<B4 >
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 The register names are arbitrary

« The register name only needs to be consistent
between writes.

R1=...

_ R1 S The value in R1 is “alive” from when the value is
" written until the last read of that value.
.= ... RT

R1= ...

Bl FEAFE
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AR EHE
. il 2BRegisterEiBATHE

A B P1=MEM[R3+4] //A

R1=MEM[R3+4] // A \. < A B
R2=MEM[R3+8] // B @ P2=MEM[R3+8] //B NN
R1=R1*R2 /] C S T SNST— P3=P1*P2 //C @
MEM[R3+4]=R1 // D @ E @ MEM[R3+4]=P3 //D @‘/ \E
MEM[R3+8]=R1 // E / MEM[R3+8]=P3 //E

R1=MEM[R3+12] // F ?/ P4=MEM[R3+12] //F F @
R2=MEM[R3+16] // G \ P5=MEM[R3+16] //G \
R1=R1*R2 // H }D P6=P4*P5 //H )]:D
MEM[R3+12]=R1 // I Y\ MEM[R3+12]=P6 //I N\
MEM[R3+16]=Rl1 // J D é] MEM[R3+16]=P6 //J D QD

HBraAw B waw B WAR

i}
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« Every time an architecture register is written we assign it to a
physical register

« Until the architected register is written again, we continue to

translate it to the physical register number

« Leaves RAW dependencies intact
« Itis really simple, let" s look at an example:

« Names: rl,r2,r3

« Locations: p1,p2,p3,p4,p5,p6,p7

 Original mapping: r1—pl, r2—p2, r3—>p3, p4—p7 are “free

MapTable

rl

r2

r3

FreelList

n

Orig. insns

pl

p4,p5,p6,p7

pS,p6,p7

p6,p7

37

BIEEH FREHE

add r2,r3,rl
sub r2,rl1/xr3
mul r2 35;31
div rl,4,rl
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Architecture register

FEPARIZRIR A =5

Physical register

SCRRAYEE ISR A 25

Renamed insns

add p2,p3,
sub p2,p 5
mul p2 5{56
div p4,4,p7
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