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icroprocessor

| nor

fetch decode ALU mem writeback
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d Execute as many instructions at the same time as possible.
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PEKING UNIVERSITY

e Pipelining: 12-20+ cycles

e Multiple pipelines
d  Pentium:

e 2 pipelines, 5 cycles each (10 instructions “in flight”)
ad  Pentium Pro/II/ll

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

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

e 4 pipelines, 20 cycles deep

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

d Corei7 (Nehalem)
4 pipelines, 16 cycles deep
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. SIRiRIKEEIRIT: Fetch, Decode, Execute, Memory, Writeback

Fetch Decode Execute Memory Writeback
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- PCEHIMESMemory BiZERAG AL

FAFEHPCAXTIEFNIES (jmps)

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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- [RiEIESAIregisterpregisterfEB$iEENE R FAERIE

BRIZEEEREINIESTET,: 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.

Dest : :
Rttt Register File

O 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!).

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

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

IF / ID Pipeline register ID / EX

BIEEH REHE <9>
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SB=%%: 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.
e 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

* Result from comparison of regA and regB contents

Stage 2

FAA
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- 15 ALU?E%_‘_Ereg|ster1*E!2E%T')\Memory, M MemoryiE

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

for PC input

O 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.

£q
ae
C Y=
(e l=]

O 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 datapat1

Rest of pipelined datapath

Mem/WB

FIEEHR #5HE <11 >
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- ALUitH %Rk Data MemoryiER ISR SO destReg

3 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.

Alu
Result

Read Data

This goes back to data

=
e
©
=8
©
i)
(1]
=]
-
(=]
£
Q
S
<
a
(=T+]
(1]
i)
v

bits 0-2

This goes back to the
estination register specitier

Mem/WB bits 16-18

register write enable
h

i}
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add
nor

add
SW

(TR S T N R S,

~l U B U0~

20

10
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; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

K& Lk

=

PC

Inst
mem

NT
GONIN
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4

target
PC+1 PC+1]™ ]
rofj O "
aq:
- | resa] M =] AL L] S
= R2 It
2 [[ess) vala X — | u
= n i ALU X
E‘. = R L result i
=] _E RS valB M U Data
o R6
U
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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i
u
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= 0
= u u -
add 1 2 3 ;reg3=regl+reg2 ol 0
nor 4 5 ; rege=regdnorreg5 r1| 36 0 -
Iw 2 4 20 ; regd= Mem[reg2+20] R2f 9 B 0 'lj'
add 2 5 5 s reg5S=reg2+reg5s 4 o inst M § I L 12 A J
2 [| - ~[zs j o 0
SW 3 7 10 ; Mem[reg3+10] =reg7 mem T E
— * E R ﬂ | B | M u D-ﬂta
2 "o U memory
= Ry 22 — ¥ data
o dest
0
Bits 0-2
Bits 16-18 ?' 0 0 0
Bits 22-24
oo oo oo
IF/ID ID/EX EX/Mem Mem/WB

B FZFaHE ?‘}Jté‘){k%ﬁ tO <14 >
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add
nor

add
SW
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; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

-1 PC Inst
add123

ez XY

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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nor j :-T‘ El
Time 2 - Fetch: nor456 w3 4020
sw 3 7 10
M
u
X
: reg3=regl+reg?2 _gi o
2 1
; regb=regdnorregb o
; reg 4= Mem[reg2+20] 1 r1| 36 0
0
; reg5=reg2+reg5 o 2] ® 192 36 \/
I~ R3,
M 3+10] = 7 -1 PC Inst H * H o A
em[reg ] =reg . | _....; raf18 j L 0 0
< e i L 9 M U Data
o reldl ] / memory
e gy 22 X data
3 dest
0
Bits 0-2
Bits 16-18 37 3 0 0
Bits 22-24
add oo oop
IF/ID ID/EX EX/Mem Mem/WB
nor456 add 123
<16 >
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; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

PC Inst
lw 2420

L »
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add 1 2 3
. nor -11 5 'EI
Time 3 - Fetch: lw 2 4 20 w3 220
sw 3 7 10
3
1 2 B
23 2
rof O
A r1] 36 0
=3 c r2] 9 36 0
5] 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 ?:I 6 3 0
Bits 22-24
nor add oo
IF/ID ID/EX EX/Mem Mem/WB
nor456 add 123
<17 >
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; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7
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adda 1 z J
nor :,l 5 5‘;
Time 4 - Fetch:add 255 w3 4220
sw 3 7 10
M
u
X
3]
> 8
4 3
rof O
2 r1] 36 0
E_ a rz] 9 18 a5
-1 PC Inst : - v 22 >
mem wn -P;; Rajls 2 24 I35 0
O | N ey 18 M Data
o Re 41 u memory
e gy 22 X data
20 dest
7
Bits 0-2 3
Bits 16-18 B 4 £ B 3
Bits 22-24
I nor add
IFf'ID IDfE}( EXfMEm MemeB
add 255 lw 2420 nhor456 add123
<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 ; rege=regdnorreg5 rol O
lw 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
meim = ;
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
BREEB FE5HE <19>
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Time 6 — no more instructions i 4 4 ﬁ”
add 2 § £
sw 3 7 10
M
u
X
5
add 1 2 3 ;reg3=regl+reg2 a + A
nor 4 5 ; rege=regdnorreg5 - >
lw 2 4 20 ; regd= Mem[reg2+20] .| =|z8 0 2
add 2 5 5 ;reg5=reg2+reg5 1 LS = cl 2
ra] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 PC Inst -P'"_: N 16 |5 -
mem = 7
=iz "} 22 M Data
) REH U memory
€ grf22 X data
10 dest
7
Bits 0-2 a 6
Bits 16-18 Eﬁ 7 B2 5 4
Bits 22-24
SW add Iw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw 2420 nor

i}
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nor 4 5 6
Time 7 — no more instructions w3 ¢ 20
sw 3 7 10
M
u
X
10
add 1 2 3 ;reg3=regl+reg2 5 + 15 [~
nor 4 5 ; regb6=regdnorreg>5 ~To
Iw 2 4 20 ; regd= Mem[reg2+20] 36 0
add 2 5 5 ;regS=reg2+reg5 Rzl 9 45 16
R3] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 -1 pc Inst | - o 99
mem -P.E M! 55 16 0
=] 5 " M Data
& Re 24 U memory
e gr]22 10| x data
dest
22
Bits 0-2 5 s
Bits 16-18 \:-" - 7 5
Bits 22-24
sw add
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 Ilw

i}

,EE*QEE %ﬁ#@ <21 >

C



SRk e RISLRRSRB)
- (RRIETUTESESRRKE L

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BREEB FE5HE

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

E =i

PC

mem

Inst P

NT
AL
S A
< &

< o
! <)

T59%

ez XY

PEKING UNIVERSITY

add 1 2 3
L] L] L] 110.1. i 5 g’
Time 8 — no more instructions w3 220
sw 3 7 10
+
rof O
ri| 36 16
rz2] 9 55
| o ™ 45
g il = =1 2 0
_._E RE'- M Data
8 Rref-24] U memory
e grj22 X data
22 dest
Bits02 My 5
Bits 16-18 ;J 7
Bits 22-24
swW
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add
<22 >
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- BRETLUTH

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BREEB FE5HE

y reg3=regl+reg?

; regb=regdnorregb
; reg 4= Mem[reg2+20]
rregS=reg2+reg5

; Mem[reg3+10] =reg 7

L »
ANEZES

Time 9 — no more instructions

PEKING UNIVERSITY

M
u
X
|'>)
rof O
ri|36
Rz 9
PC Inst H x o o =
mem -’h; g
iz P2 M Data
B0 Ré -24 U memory
e prj22 X data
dest
Bits 0-2 \'"'I
Bits 16-18 U
Bits 22-24 )
IF/ID ID/EX EX/Mem Mem/WB
sSwW

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

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

NI
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8 -
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ez XY
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Time: 1 2 3 4 5 6 7 8 9
add | fetch | decode |execute |memory |writeback
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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RIERSRA K e nl REfFTEAT AlIRR?
- 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

1

,%*EEE %‘ﬁ#@ <206 >

C



|A)EA1: Data Hazards NI EY

PEKING UNIVERSITY

- RAW[aJEi: Read After WriteZiiEihse

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 %gﬁ:@ <27 >
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|a)8%1: Data Hazards
- RAW[@gi: Read After WriteZ{iiE hzs
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add
nor

[TV
AN
v W

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* dée execute

BIERARRINE . IR/ (Pipeline Stall)

i}
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|a)8%1: Data Hazards

- RAW[aJEi: Read After WriteZiiEihse

add 1 2 3

nm'3§Z%
7

[ N e S I L N
0 )
S Q.

o

o)

[

+ target
PC+1 PC+1

(;ﬁﬂtm
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ALU

REG
file

IF/
ID

FIEBH FEAHE

result

roj O
eq?
E. regA R1
R2
41 regB
Inst ] R3 valA A
1°¢ 15 Q@ ALU
mem|l & = R4
= - L result
[
= 5 valB M U
g e U
& gy

Data
memory

Imdata

dest

op op

IF/ ID/ EX/
ID EX Mem

ID/
EX

MR RTMZE: Detect and Forward

op

Mem/
WB

data

dest

<29 >
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- RAW|n)8ii: Read After WriteZ{iE hz

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 &ZE) nor 3 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* 1D EX ME WB

IR Detect and Forward
o HERIRTNE . Detect and Forwar Y



|aJ8%R1: Data Hazards IANEIF LS
- Detect and ForwardZZfl Cycle 3R
-
add123 //r3=r1+12 il I — -
r1| 14
nand 345 //r5 = r3 NAND r4 g (Sl o5 N
ool mst || & [, =[10 14 A g
add637 //r7=r3+16 | e Pl J1 i
o data/'gn - 7 11\31 U Data
w3610 //r6=MEM[r3+10] e U L
sw6212 // MEM[r6+12]=r2
add
[iwa] [1wa] [iwa]
IF/ D/ EX/ Mem/
D EX Mem WB

i}

BIEBEHR FEHE <31>
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|a)g%1: Data Hazards
- Detect and Forward %l

add123 //r3=r1+1r2

nand 345 //r5 =r3 NAND r4
add 637
w3610 //r6 = MEM[r3+10]
// MEM[r6+12]=r2

//r7 =13 +7r6

swb212

i}
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HPC

Mo

Cycle 3j5¥E%

w

Inst |

mem
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ro| O
% r1| 14
2 g B o
Tre:
= _—g _ ®[10 10 A U
a C: R4| 11 L 21 m X
= N 94 _% Rs) 77 11 M Y Data
..:-'a/ e Ro| 1 U memory
M r7| 8 X
an add
1K/ ID/ EX/ Mem/
1D EX Mem WB

<32>
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+ Detect and Forward 3l Cycle 4HER (forwarding)
add123 //r3=r1+12 3 |>/+
New Hazard ro| 0
nand 345 //r5=r3 NAND r4 . /’:\ ) i 3
add637 //r7=13+r6 fec iﬁi-:-%ﬂﬂﬂ i X
e S rs[77
w3610 //r6 = MEM[r3+10] N emory
R7| 8
swb6212  // MEM[r6+12]=r2
IF/ ID/ EX/ Mem/
D EX Mem WB

i}

,EE*QEE %@#@ <33>
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« Detect and ForwardZ{5i Cycle 4/5£ES
> |
add123 //r3=r1+1r2=21 : —T0 :
ri| 14
nand345 //r5 =r3 NAND r4 z oy B I 21 M
ol mst || o Ue—— 1., [0 1 A .
add637 //r7=r3+16=22 = Pl Ju i
w3610 //r6 = MEM[r3+10] 2 w[8 Hx >
sw6212 // MEM[r6+12]=r2
add an add
IF/ ID/ EX/ Mem/
1D EX Mem WB

i}
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|a)8%1: Data Hazards

« Detect and ForwardZfjl

add123 //r3=r1+1r2
nand 345 //r5 =r3 NAND r4
add637 //r7=r3+7r6
w3610 //r6 =MEM[r3+10]
swb6212 // MEM[r6+12]=r2

i}

FIEEH FREHE
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N Ak 7 F 2
I359%

Inst |

mem
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Cycle 5EIHER
-
4 3
No Hazard| ro| 0
- 3 waa] M 21
i ey o 1";, 1
o | % rRe| 11 —
= N . % ﬁ TI 10 Data
= |2 oS memory

add 7 an add
IF/ ID/ EX/ Mem/
1D EX Mem WB

<35>
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- Detect and ForwardZ2fl Cycle 5[3#EX

H =
2/

~\
\Tj

L

add123 //r3=r1+7r2 —
nand 345 //r5=r3 NAND r4 > =t 2 =
Upc Inst || o — P r3| 21 2 A g
add637 //I’7=I’3+r6 memj| LER4 11 jL by ||
o \ %1{5 717 M U Data
w3610 //r6 = MEM[r3+10] g me memory
sw6212  // MEM[r6+12]=r2

1K/ ID/ EX/ Mem/
ID EX Mem WB

i}

,EE*QEE %ﬁ#@ < 306>
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|a)8%1: Data Hazards
- WAWFIWAR|g)gE: Write After Write#1Write After Read

(D »
NEFE

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

. IR RS RN RS TR
. IESEERTUSEIMAE, TRMRegisterEREER (BEEFITRNRE)

,E&,H\ZFEQ EE %@#@ < 37>
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 Branch3Eig$

L3}

Fetch: read instruction from memory

beq 1110
« Decode: read source operands from reg
sub 345
 Execute: calculate target address and
test for equality bt | ) &, ot
. Memory: Send target to PC if test is equal °8d L LD Il E LM | S
sub F D !E_ squash A/J

Writeback: Nothing left to do

i}

,EE*QEE %@#@ <38 >
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. WfAfRControl 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}

,EE*QEE %@#@ <39 >
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- Detection and Stall: & -{=imN&l

Detection

« In decode, check if opcode is
branch or jump

Stall
« Hold next instruction in Fetch

« Pass noop to Decode

CPl increases on every branch
Are these stalls necessary? Not always!
« Assume branch is NOT taken
« Keep fetching, treat branch as
noop
 If wrong, make sure bad
instructions don’ t complete

BIEEH REHE

beq 1 1 10
sub 3 4 5
time
[ [ [ [ [ [
beq fetch decode execute memory  writeback
sub fetch  fetch fetch  fetch
or
Target: fetch

<40 >



|a)gk2: Control Hazards
- Speculate and Squash: &#-HlILEHNE

Speculate “Not-Taken”

« Assume branch is not taken

Squash

« Overwrite opcodes in Fetch,

Decode, Execute with noop

« Pass target to Fetch

i}

FIEEH FREHE

C

COI »
o 0 a (T~ J’ »‘}7
5 579 =

1598 PEKING UNIVERSITY

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

<41 >



|a)gk2: Control Hazards
- Speculate and Squash: 5#-H1EHHIRYAIER

G »
~ \") D
e 7 X ¥

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...

i}

,EL',H*EEE %@#@ <42 >
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* Instruction-level parallelism

Processor Performance = ----=---seenee-
Program

Instructions I Cycles I Time

“|"Brogram |F | instraction 1| Cyele

(code size) I (CPI) I(cycle time)
BiAiERiair | WREWIEE | $REE/8IE

Architecture -->|Implementation |-> Realization

Compiler Designer I_Processor Designer Chip Designer

Bl FEAFE

Y At 7 X
5os PEKING UN IVERSITY

FABRS:
1. Upper Bound on Scalar Pipeline

Throughput

2. Performance Lost Due to Rigid In-

order Pipeline

<43 >
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(D »
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PEKING UNIVERSITY

More complex hazard detection

o 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}

350 E EE %@#@ <44 >
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Superscalar: BIFSHIES

* Instruction-level parallelism

Instruction parallelism
Number of instructions being worked on

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

Peak IPC =1

D

A

- ~

UJ%),I | | V]
:ZC—) I i |F DE EX WB
%l— 2 3
DO 2
Qe 51 5
o
-
I e S e e A e e

0 1 2 3 4 5 6 7 8 9
TIME IN CYCLES (OF BASELINE MACHINE)

BIEEH REFHE

y) It 7
{39 PEKING UNIVERSITY

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

- N

[N I 8

© oo~

IF DE wB

<45 >



Out-Of-Order: ELEEHITHIBES: NP TS

« Missed Speedup in In-Order Pipelines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
addf £0,f1,£f2 F D E+ E+ E+ W
mulf £2,£3,£2 F D d d" BE* E* E* E* E* W
subf £0,f1,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 EEEE%G#@ <46 >



Out-Of-Order: ELEHITEIHBES:

* Instruction-level parallelism

L »
ANEZES

PEKING UNIVERSITY

« CPI of in-order pipelines degrades
sharply if the machine parallelism is

1
increased beyond a certain point. 2 }N
3
« when NxM approaches average 451 _

distance between dependent 6

] : 7

instructions 8

9 _

- Forwarding is no longer effective i DE EX wB

« Pipeline may never be full due to
frequent dependency stalls!

i}

,EE*QEE %ﬁ#@ <47 >
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Out-Of-Order: ELFEHITRIEEE
« The Problem With In-Order Pipelines

éx"'\”"e »
TP

PEKING UNIVERSITY

IS \ 4
B regfile
P
|
<
IF/ ID/ EX/ Mem/
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)
« Youngerinstr.can’ t “pass” older instr. without “clobbering” it
« Out-of-order pipeline

« Implement “passing” functionality by removing structural hazard
BIEEH REHE < 48>
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Out-Of-Order: ELEHRITEIEES

. AT =S S

Dynamic scheduling
« Totally in the hardware
« Also called “out-of-order execution” (O00)

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

BIEEH REFHE

y) It 7
{39 PEKING UNIVERSITY

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: ELEHITAIEES
- _ add p2,p3,p4
.« ELEE{THIMAIEIN? cub pz/;?f ;

mul p2 ,P6
div p4,4,p7

A

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
,EE*EEE %@#@ <50>
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s PEKING UNIVERSITY

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.

i}

,EL',H*EEE %@#@ <51>
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« True/False Data Dependencies

L »
ANEZES

PEKING UNIVERSITY

» 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

prevent reordering

, - False dependencies prevent reordering
 (Mostly) unavoidable

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

i}

BIEBEHR FEHE <52>
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« True/False Data Dependencies

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

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

o9

BrAW  BEwAw  BWAR
,EL',H*EEE %@#@ <53>

i}

C



PEKING UNIVERSITY

« True/False Data Dependencies

= * Well, logically there is
A B no reason for F-J to be
R1=MEM[R3+4] // A4 dependent on A-E.
R2=MEM[R3+8] // @ So.....
R1=R1*R2 // TN ‘ éiFG

)

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 //

- DEIJ

/ — Should be possible.
E But that would cause
either C or H to have
\4 the wrong reg inputs

* How do we fix this?
\ — Remember, the dependency

is really on the name of the
register

— So... change the register

HRAW  EWAW  EWAR names!

g H - Q" H O Q W P

i}

,EE*QEE %@#@ <54 >
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» SuperscaleriBirEZEMIi%iT

» fifiRFalse Dependency|a]gR

i}
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