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Problem 3.4: Branch Prediction
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Branch Prediction

Branch
Target
Address
Known

h

Branch

Direction & —t—

Ale|—|@|M|o|>

PC Generation/Mux

Instruction Fetch Stage 1

Instruction Fetch Stage 2

Branch Address Calc/Begin Decode
Complete Decode

Steer Instructions to Functional units
Register File Read

Jump E | Integer Execute
Register } Remainder of execute pipeline
Target (+ another 6 stages)
Known
Instruction Taken known? Target known?
(At the end of) (At the end of)
BEQZ/BNEZ R B
J B (always taken) B
JR B (always taken) R
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Add Branch History Table (BHT)...

03/18/2016

if a branch
is predicted to

PC is redirected

PC Generation/Mux
Instruction Fetch Stage 1
Instruction Fetch Stage 2

Branch Address Calc/Begin Decode

o)

I

_|
m|oO|—w|—=|W|TM]|oO|>

Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y
BEQZ/ Y N
BNEZ N v
N N
Always taken
! (No lookup) Y
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

if a branch
is predicted to

PC is redirected

PC Generation/Mux
Instruction Fetch Stage 1
Instruction Fetch Stage 2

Branch Address Calc/Begin Decode

o)

I

_|
m|oO|—w|—=|W|TM]|oO|>

Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N
BNEZ N v
N N
Always taken
! (No lookup) Y
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

if a branch
is predicted to

PC is redirected

PC Generation/Mux
Instruction Fetch Stage 1
Instruction Fetch Stage 2

Branch Address Calc/Begin Decode

o)

I

_|
m|oO|—w|—=|W|TM]|oO|>

Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N 6
BNEZ N v
N N
Always taken
! (No lookup) Y
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

if a branch
is predicted to

PC is redirected

PC Generation/Mux
Instruction Fetch Stage 1
Instruction Fetch Stage 2

Branch Address Calc/Begin Decode

o)

I

_|
m|oO|—w|—=|W|TM]|oO|>

Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N 6
BNEZ N v c
N N
Always taken
! (No lookup) Y
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

PC is redi

if a branch
is predicted to

PC Generation/Mux

Instruction Fetch Stage 1

Instruction Fetch Stage 2

Branch Address Calc/Begin Decode
Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

rected

o

T

_|
mlO|lw|—=|lw|T|o|>

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N 6
BNEZ N v c
Always taken
! (No lookup) Y
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

PC is redirected
if a branch
is predicted to

PC Generation/Mux

Instruction Fetch Stage 1

Instruction Fetch Stage 2

Branch Address Calc/Begin Decode
Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

o

T

_|
mlO|lw|—=|lw|T|o|>

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually L
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N 6
BNEZ N v c
Always taken
! (No lookup) Y 3
Always taken
R (No lookup) Y
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Add Branch History Table (BHT)...

03/18/2016

PC is redirected
if a branch
is predicted to

PC Generation/Mux

Instruction Fetch Stage 1

Instruction Fetch Stage 2

Branch Address Calc/Begin Decode
Complete Decode

Steer Instructions to Functional units
Register File Read

Integer Execute

o

T

_|
mlO|lw|—=|lw|T|o|>

Remainder of execute pipeline
(+ another 6 stages)

Predicted Actually Lo
Taken? Taken? Pipeline bubbles
Y Y 3
BEQZ/ Y N 6
BNEZ N v c
Always taken
! (No lookup) Y 3
Always taken
R (No lookup) Y 6
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later A| PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) ; e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y
Y Y N
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y
N Y N
N N Y
N N N
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later A| PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) ; e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y
N Y N
N N Y
N N N

6.823 Spring 2016
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later Al PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) 1 e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N 6
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y
N Y N
N N Y
N N N
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later Al PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) 1 e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N 6
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y 3
N Y N
N N Y
N N N

6.823 Spring 2016
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later Al PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) 1 e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N 6
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y 3
N Y N 6
N N Y
N N N
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later Al PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) 1 e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N 6
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y 3
N Y N 6
N N Y 6
N N N
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Add Branch Target Buffer (BTB)...

03/18/2016

BHT in later Al PC Generation/Mux
ipeline stage .
;c)oerects whgn BTB| | P| Instruction Fetch Stage 1
BTB misses a F | Instruction Fetch Stage 2
predicted BHT| | B| Branch Address Calc/Begin Decode
taken branch.
I | Complete Decode
J | Steer Instructions to Functional units
R ] Register File Read
E | Integer Execute
(BHT) 1 e
BTB Hit? | Predicted Actually Pipeline bubbles
Taken?
Taken?
Y Y Y 1
Y Y N 6
Conditional Y N Y Cannot occur
Branches Y N N Cannot occur
N Y Y 3
N Y N 6
N N Y 6
N N N 0

6.823 Spring 2016
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ADDRESS INSTRUCTION

0x1000 BR1: BEQZ R5, NEXT ; always taken
0x1004 ADDI R4, R4, #4

0x1008 MULT R3, R5, R3

0x100C ST R3, 0(R4)

0x1010 SUBI R5, R5, #1

0x1014 NEXT: ADDI R1, R1, #1

0x1018 SLTI R2, R1, 100 ; repeat 100 times
0x101C BR2: BNEZ R2, BRIl

0x1020 NOP

0x1024 NOP

0x1028 NOP

Initial Snapshot

. BR1 | 1|1
Valid) Predicted
vV Entry PC Target pPC
1 O0x101C 0x1000 Br2 0] 0
BTB BHT

1X : Guess Not Taken

0X : Guess Taken
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ADDRESS INSTRUCTION BR1 | 1|
0x1000 BR1: BEQZ R5, NEXT ; always taken .
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0 (R4)
0x1010 SUBI R5, R5, #1 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
Ox101cC BR2: BNEZ R2, BRI ' )
0x1020 NOP O ntry pe Taraes sc
0x1024 NOP 1| 0x10lc | 0x1000
0x1028 NOP

BTB

TIME —>
Address Instruction 11213415 7 O [ 10|11 {1213 |14 |15[16 17|18 |19 20|21 |22 |23
0x1000 | BEQZ R5, NEXT aAlplrlBlI R
0x1014 | ADDI R1, R1, #1
0x1018 | SLTI R2, R1, 100
0x101C | BNEZ R2, LOOP
0x1000 | BEQZ R5, NEXT
0x1014 | ADDI R1, R1, #1
03/18/2016 6.823 Spring 2016 19



ADDRESS INSTRUCTION BR1 | 00
0x1000 BR1: BEQZ R5, NEXT ; always taken
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0 (R4)
0x1010 SUBI R5, R5, #1 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
Ox101cC BR2: BNEZ R2, BRI . )
011020 NOP e hatry be targes b
0x1024 NOP 1| 0x10lc | 0x1000
0x1028 NOP 1| 0x1000 | 0x1014

BTB
TIME —>
Address Instruction L2314 (516|789 1011 [I12{13][14[15]|16]|17[18]19]20]21]22]23

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1

0x1018 | SLTI R2, R1, 100

0x101C | BNEZ R2, LOOP

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1
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ADDRESS INSTRUCTION BR1 | 00
0x1000 BR1: BEQZ R5, NEXT ; always taken
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0 (R4)
0x1010 SUBI R5, R5, #1 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
Ox101cC BR2: BNEZ R2, BRI . )
011020 NOP e hatry be targes b
0x1024 NOP 1| 0x10lc | 0x1000
0x1028 NOP 1| 0x1000 | 0x1014

BTB
TIME —>
Address Instruction L2314 (516|789 1011 [I12{13][14[15]|16]|17[18]19]20]21]22]23

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1

0x1018 | SLTI R2, R1, 100

0x101C | BNEZ R2, LOOP

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1

03/18/2016 6.823 Spring 2016 21



ADDRESS INSTRUCTION BR1 | 00
0x1000 BR1: BEQZ R5, NEXT ; always taken
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0 (R4)
0x1010 SUBI R5, R5, #1 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
Ox101cC BR2: BNEZ R2, BRI . )
011020 NOP e hatry be targes b
0x1024 NOP 1| 0x10lc | 0x1000
0x1028 NOP 1| 0x1000 | 0x1014

BTB
TIME —>
Address Instruction L2314 (516|789 1011 [I12{13][14[15]|16]|17[18]19]20]21]22]23

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1

0x1018 | SLTI R2, R1, 100

0x101C | BNEZ R2, LOOP

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1
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ADDRESS INSTRUCTION BR1 | 0] 0
0x1000 BR1: BEQZ R5, NEXT ; always taken .
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0(R4)

01010 SUBI R5, R5, 41 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
0x101C BR2: BNEZ R2, BR1 S edicten
110 (Valid) redicte
0x1020 NOP vV Entry PC Target PC
0x1024 NOP 1| o0x10lc 0x1000
0x1028 NOP 1| 0x1000 0x1014
BTB
TIME —

Address Instruction 1 {23415 7 O 11011 [ 1213141511617 |18[19 (20|21 (22123

0x1000 | BEQZ R5, NEXT aAlplrl|B I R

0x1014 | ADDI R1, R1, #1 A P F B I J R E

0x1018 | SLTI R2, R1, 100

h A|P|E|B]I R |E

0x101C | BNEZ R2, LOOP A P F B I J R E

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1
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ADDRESS INSTRUCTION BR1 | 0] 0
0x1000 BR1: BEQZ R5, NEXT ; always taken .
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0(R4)

01010 SUBI R5, R5, 41 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
0x101C BR2: BNEZ R2, BR1 S edicten
110 (Valid) redicte
0x1020 NOP vV Entry PC Target PC
0x1024 NOP 1| o0x10lc 0x1000
0x1028 NOP 1| 0x1000 0x1014
BTB
TIME —

Address Instruction 1 {23415 7 O 11011 [ 1213141511617 |18[19 (20|21 (22123

0x1000 | BEQZ R5, NEXT aAlplrl|B I R

0x1014 | ADDI R1, R1, #1 A P F B I J R E

0x1018 | SLTI R2, R1, 100

h A|P|E|B]I R |E

0x101C | BNEZ R2, LOOP A P F B I J R E

0x1000 | BEQZ R5, NEXT

0x1014 | ADDI R1, R1, #1
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ADDRESS INSTRUCTION BR1 | 0] 0
0x1000 BR1: BEQZ R5, NEXT ; always taken .
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0(R4)

01010 SUBI R5, R5, 41 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
0x101C BR2: BNEZ R2, BR1 S edicten
110 (Valid) redicte
0x1020 NOP vV Entry PC Target PC
0x1024 NOP 1| o0x10lc 0x1000
0x1028 NOP 1| 0x1000 0x1014
BTB
TIME —

Address Instruction 1 {23415 7 O 11011 [ 1213141511617 |18[19 (20|21 (22123

0x1000 | BEQZ R5, NEXT aAlplrl|B I R

0x1014 | ADDI R1, R1, #1 A P F B I J R E

0x1018 | SLTI R2, R1, 100

h A|P|E|B]I R |E

0x101C | BNEZ R2, LOOP A P F B I J R E

0x1000 QZ RS,

X BEQZ R NEXT A P F B | J R E

0x1014 | ADDI R1, R1, #1
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ADDRESS INSTRUCTION BR1 | 0] 0
0x1000 BR1: BEQZ R5, NEXT ; always taken .
0x1004 ADDI R4, R4, #4 sr2 0o
0x1008 MULT R3, R5, R3
0x100C ST R3, 0(R4)

01010 SUBI R5, R5, 41 BHT
0x1014 NEXT: ADDI R1, R1, #1
0x1018 SLTI R2, R1, 100 ; repeat 100 times
0x101C BR2: BNEZ R2, BR1 S edicten
110 (Valid) redicte
0x1020 NOP vV Entry PC Target PC
0x1024 NOP 1| o0x10lc 0x1000
0x1028 NOP 1| 0x1000 0x1014
BTB
TIME —

Address Instruction 1 {23415 7 O 11011 [ 1213141511617 |18[19 (20|21 (22123

0x1000 | BEQZ R5, NEXT aAlplrl|B I R

0x1014 | ADDI R1, R1, #1 A P F B I J R E

0x1018 | S 2, R1, 100

* PR R AlP|FIB|I|JI|RIE

0x101C | BNEZ R2, LOOP A P F B I J R E

0x1000 QZ RS,

X BEQZ R NEXT A P F B | J R E

0x1014 | ADDI R1, R1, #1 Alplelell b IrRTE
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Problem 3.6: Out-of-order execution with Physical register file
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Out-of-order execution with Physical register file

Rename Table Physical Regs Free List
R1l21]| p4g PO 8016 p 24
R2 |22 P5 P1 6823 p L
R3[23]P6 P2 8000 D pg
R4 [ PO P3 7 D P7
P4 P8
PS5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X Iw p | P2 r1 P1 P4
commit X addi | p | P2 r2 | P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available >
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Out-of-order execution with Physical register file

1. The first three instructions from the next loop iteration are issued into the ROB.

Rename Table Physical Regs Free List
R1 |21 | P4 PO 8016 p P4
R2 |22 P5 P1 6823 p L
R3[23 ] P6 P2 8000 D P
R4 [ PO P3 7 D P7
P4 P8
PS5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X lw p | P2 r1 | P1 P4
commit X addi | p | P2 2| P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available >
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Out-of-order execution with Physical register file

1. The first three instructions from the next loop iteration are issued into the ROB.

Rename Table Physical Regs Free List
R1|22[PE[ P7 PO 8016 D =)
R2 |22 P5 P1 6823 p L
R3[23 ] P6 P2 8000 D Pg
R4 | PO P3 7 D P7
P4 P8
P5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X Iw p | P2 r1 P1 P4
commit X addi p | P2 r2 P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available |—] x lw P5 r1 P4 P7
N
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Out-of-order execution with Physical register file

1. The first three instructions from the next loop iteration are issued into the ROB.

Rename Table Physical Regs Free List
R1|22[PE[ P7 PO 8016 D =)
R222 | P5| PS P1 6823 p L
R3[23 ] P6 P2 8000 D Pg
R4 | PO P3 7 D P7
P4 P&
P5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X Iw p | P2 r1 P1 P4
commit X addi p | P2 r2 P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available |—] x lw P5 r1 P4 P7
\ X addi P5 r2 P5 P8
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Out-of-order execution with Physical register file

1. The first three instructions from the next loop iteration are issued into the ROB.

Rename Table Physical Regs Free List
R1|22[PE[ P7 PO 8016 D =)
R222 | P5| PS P1 6823 p L
R3[23 ] P6 P2 8000 D Pg
R4 | PO P3 7 D P7
P4 P&
P5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X Iw p | P2 r1 P1 P4
commit X addi p | P2 r2 P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available y] X lw P5 r1 P4 P7
X addi P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

2. All instructions which are ready execute.

Rename Table Physical Regs Free List
R1|22[PE[ P7 PO 8016 D =)
R2 22 [P5| P8 P1 6823 D pg
R3[23 ] P6 P2 8000 D Pg
R4 | PO P3 7 D P7
P4 P&
P5 P9
loop: Tw rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X Iw p | P2 r1 P1 P4
commit X addi p | P2 r2 P2 P5
X beqz P4
X addi | p | P3 3] P3 | P6
next X bne P51 p | PO
available y] X lw P5 r1 P4 P7
X addi P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

2. All instructions which are ready execute.

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 6823 p L
R3[23 ] P6 P2 8000 D P
R4 | PO P3 7 P P7
P4 P&
P5 P9
Toop: 1w rl, 0 (r2) P6
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X X | Iw p | P2 r1 P1 P4
commit X | X | addi p | P2 r2 P2 P5
X beqgz P4
X X | addi p | P3 r3 P3 P6
next X bne P51 p | PO
available > X lw P5 r1 P4 P7
X addi P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

2. All instructions which are ready execute.

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 6823 p L
R3 22| P6 P2 8000 p 2s
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
loop: 1w rl, 0 (r2) P6 8 P
addi r2, r2, 4 P7
begz rl1, skip P8
addi r3, r3, 1 P9
skip: bne r2, r4, loop
Reorder Buffer (ROB)
use ex op p1 PR1 p2 PR2 Rd LPRd PRd
next to > X X | Iw p | P2 r1 P1 P4
commit X | X | addi p | P2 r2 P2 P5
X beqgz P4
X X | addi p | P3 r3 P3 P6
next X bne P51 p | PO
available > X lw P5 r1 P4 P7
X addi P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

2. All instructions which are ready execute.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 6823 p L
R3[23]P6 P2 8000 D P
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 p
r2, 4 P7
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X X | Iw p | P2 r1 P1 P4
commit X | X | addi p | P2 r2 P2 P5
X begz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne p | P35 PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

3. As many instructions as possible commit.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 6823 p L
R3[23]P6 P2 8000 D P
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 p
r2, 4 P7
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > X X | Iw p | P2 r1 P1 P4
commit X | X | addi p | P2 r2 P2 P5
X begz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne p | P35 PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

3. As many instructions as possible commit.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 6823 p L
R3[23]P6 P2 8000 D P
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 p
r2, 4 P7
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit N X | X | addi p | P2 r2 P2 P5
X begz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne p | P35 PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

3. As many instructions as possible commit.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 —B823—p (=7
R3[23 ] P6 P2 8000 D P
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 p P1
r2, 4 P7
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit N X | X | addi p | P2 r2 P2 P5
X begz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne plP5]p | PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

3. As many instructions as possible commit.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p 24
R222 | P5| PS P1 —B823—p (=7
R3[22]P6 P2l =Bo00—kp pg
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 p P1
r2, 4 P7 P2
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit = | X |addi | p | P2 r2 P2 P5
X begz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne plP5]p | PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

4. The processor detects that the beqz instruction has been mispredicted, and

thus, recovery action is taken.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipgx| P7 PO 8016 p R4
R2 122 | ps P8 P1 —B823—p B
R3 22| P6 P2 —8000—Jp ps
R4 | PO P3 7 P P7
P4 0 p P&
P5 8004 p P9
0 (r2) P6 8 P P1
r2, 4 P7 P2
skip P8
r3, 1 P9
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit = | X |addi | p | P2 r2 P2 P5
X X |beqz | P | P4
X X | addi p | P3 r3 P3 P6
next X bne plP5]p | PO
available ] X lw P | P5 r1 P4 P7
X addi | P ]| P5 r2 P5 P8
X beqz P7
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Out-of-order execution with Physical register file

4. The processor detects that the beqz instruction has been mispredicted, and
thus, recovery action is taken.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipa| P4 PO 8016 p 24
R2[=22p5| P5 P1 —B823—Fp A
R3|R3[P6| P3 P2| 8OO0 —H4p i
R4 | PO P3 7 P P7
P4 0 p P8
P5 8004 p P9
0 (r2) P6 P1
r2, 4 P7 P2
skip P8 P6
r3, 1 P9 :
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit = | X |addi | p | P2 r2 P2 P5
X X |beqz | P | P4
== | X | addi p | P3 r3 P3 P6
next ///”ZQC bne plP5]p | PO
available >| == lw P | P5 r1 P4 P7
—x= addi | P | P5 r2 PS5 P3
== beqz P7

6.823 Spring 2016

42




Out-of-order execution with Physical register file

5. The begz instruction commits.

Toop: 1w
addi
beqz
adds

skip: bne

03/18/2016

rl,
r2,
ri,
r3,
r2,

Rename Table Physical Regs Free List
R1l2ipa| P4 PO 8016 p 24
R222 | P5| P5 P1 —B823—p pPE
R3|23|[P6| P3 P2) -—BOOO 4P 26
R4 | PO P3 7 P P7
P4 0 p P8
P5 8004 p P9
0 (r2) P6 P1
r2, 4 P7 P2
skip P8 P6
r3, 1 P9 :
r4, loop
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to > =2 | X |Iw p | P2 r1 P1 P4
commit = | X |addi | p | P2 r2 P2 P5
X X |beqgz | P | P4
== | X | addi p | P3 r3 P3 P6
next / =X bne plP5]p | PO
available >| == lw P | P5 r1 P4 P7
—x= addi | P ]| P5 r2 PS5 P8
== beqz P7
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Out-of-order execution with Physical register file

5. The begz instruction commits.

Rename Table Physical Regs Free List
R1 |P4 PO 8016 p P9
R2 |P5 P1 E1
R3 |P3 P2 P2
R4 [P0 P3 7 p P6
P4 0 P P7
P5 8004 p P8
loop: 1w rl, 0 (r2) P&
addi r2, r2, 4 P7
beqz rl, skip P8
addi r3, r3, 1 P9 :
skip: bne r2, r4, Tloop 1
Reorder Buffer (ROB)

use ex op pl1 PR1 p2 PR2 Rd LPRd PRd

next to

commit \

next //ﬂ
available
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Out-of-order execution with Physical register file

6. The correct next instruction is fetched and is written into the ROB.

loop: 1w
addi
beqz
addi

skip: bne

03/18/2016

rl,

rl,
r3,
r2,

Rename Table Physical Regs Free List
R1 |P4 PO 8016 p P9
R2 |P5 P1 E1
R3 |P3 P2 P2
R4 [P0 P3 7 p P6
P4 0 p P7
P5 8004 p P8
0 (r2) P6
r2, 4 P7
skip P8
r3, 1 . :
r4, loop 1
Reorder Buffer (ROB)

use ex op pl1 PR1 p2 PR2 Rd LPRd PRd

next to

commit \

next //ﬂ
available
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Out-of-order execution with Physical register file

6. The correct next instruction is fetched and is written into the ROB.

Rename Table Physical Regs Free List
R1[P4 PO 8016 p P9
R2 |P5 P1 E1
R3 |P3 P2 P2
R4 | PO P3 7 p P6
P4 0 P P7
P5 8004 p P8
loop: 1w rl, 0 (r2) P6
addi r2, r2, 4 P7
beqz rl, skip PS8
addi r3, r3, 1 P9 :
skip: bne r2, r4, loop ]
Reorder Buffer (ROB)
use ex op pl1 PR1 p2 PR2 Rd LPRd PRd
next to
commit \
[ X bne |[p | P5 | P | PO
next
available /
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That’s all for today...



