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Overview
"

Announcement

O Homework 2 release date: Sept. 11

This lecture
O Data Hazards
O Control hazards in the five-stage pipeline

O Multicycle instructions
Pipelined
Unpipelined



Data Hazards

True dependence: read-after-write (RAW)

O Consumer has to wait for producer

Loading data from memory.
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Data Hazards

True dependence: read-after-write (RAW)
O Consumer has to wait for producer

Loaded data will be available two cycles later.

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)
O Consumer has to wait for producer

Inserting two bubbles.

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)
O Consumer has to wait for producer

Inserting single bubble + RF bypassing.

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)

O Consumer has to wait for producer

Using the result of an ALU instruction.

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)
O Consumer has to wait for producer

Using the result of an ALU instruction.

| |

Forwarding ALU result. @~ — || - —




Data Hazards

True dependence: read-after-write (RAW)
Anti dependence: write-after-read (WAR)

O Write must wait for earlier read

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)
Anti dependence: write-after-read (WAR)

O Write must wait for earlier read

Time (in clock cyclesy
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Data Hazards

True dependence: read-after-write (RAW)
Anti dependence: write-after-read (WAR)
Output dependence: write-after-write (WAW)

O Old writes must not overwrite the younger write

Time (in clock cycles ¥
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Data Hazards

True dependence: read-after-write (RAW)
Anti dependence: write-after-read (WAR)
Output dependence: write-after-write (WAW)

O Old writes must not overwrite the younger write

Time (in clock cyclesy
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No WAW hazards in 5-stage pipeline!




Data Hazards

Forwarding with additional hardware

ID/EX EX/MEM MEM/WB

Zero?

Data
memory




Data Hazards
O

How to detect and resolve data hazards

O Show all of the data hazards in the code below

R1& Mem[R2]
R2& R1+R0
R1€ R1-R2

Mem[R3] € R2



Data Hazards

How to detect and resolve data hazards

O Show all of the data hazards in the code below

R1& Mem[R2] WAR

WAW
RAW

Mem[R3] € R2



Control Hazards

Example C/C++ code
for (i=100; i != 0; i--) {

sum = sum T i;

}

total = total + sum;

How many branches are in this code?



Control Hazards

Example C/C++ code
for (i=100; i != 0; i--) {
sum = sum T i;
}

total = total + sum;

add r1, rO, #100

for: beq r0, r1, next

cadd r2,r2, rl

sub r1, r1, #1

J for

next: | add r3i r31 r2
What are possible target instructions?



Control Hazards

for:

hext:

Example C/C++ code

add r1, rO, #100

for (i=100; i != 0; i--) {

sum = sum T i;

}

total = total + sum;

beq r0, r1, next

cadd r2, r2, rl

sub r1, r1, #1

J for

add r3! r3! r2

IM Reg ALU DM Reg
| A1 AU
IM Reg
AU
DM Reg

A A

IM I“ Reg ALU DM [
- = A

IM L Reg ALU
L AT
IM [T = Reg

What happens inside the pipeline?




Handling Control Hazards

1. introducing stall cycles and delay slots

O How many cycles/slots?

O One branch per every six instructions on averagel!

add r1, rO, #100

for: beq rO, r1, next

add r2, r2, rl

sub r1, r1, #1

J for

Reg

ALU DM Reg
i A
5 Reg ALU DM Reg
|_/__ | A1 yd
M [ : Reg | | ALU DM 1 [ Reg
_—L/_ yd —I_ A
IM 5 Reg ALU DM
|| |_/ A
* M [ : Reg | | ALU
g I sl

2 additional delay slots per 6 cycles!




Handling Control Hazards

00000000
1. introducing stall cycles and delay slots
O How many cycles/slots?

O One branch per every six instructions on averagel!

add r1, rO, #100 IM Reg ALU DM Reg
| A A
—
for: beq rO, r1, next IM [.Res = ALY si DM pl Reg
i M [  Reg | | ALU DM 1 H R
—
add r2, r2, rl IM In Reg Is ALU pl DM
sub r1, r1, #1 m H  Reg | | ALU
|| e T
J for M —IfReg_

1 additional delay slot, but longer path




Handling Control Hazards

1. introducing stall cycles and delay slots
O How many cycles/slots?

O One branch per every six instructions on averagel!

add r1, rO, #100 IM Reg ALU DM Reg
| A A
: beq r0, r1, next M = Reg ALU DM Reg
for ars.ri |2l | A i
nothing M —@ ALU LM [ [LRes
|| : | | A1 AU
|
add r2, r2, r1l IM Reg ALU DM
S | e A
J for M é"'ié"eg_r ALU
L] Lo Ay
IM —Eé""ré;g_

Reordering instructions may help
next: [ add r3,r3, r2




Handling Control Hazards

1. introducing stall cycles and delay slots
O How many cycles/slots?

O One branch per every six instructions on averagel!

add r1, rO, #100 IM Reg ALU DM Reg
| A A
for: beq r0, r1, next M |'_ oo [ ] [ ] Ae] [TLOM T [LRee
add r2,r2, rl IM 1 |" Reg s ALU pl DM
J for m H 75 Reg | ALU
[ : R s
subrl, rl, #1 Jump and function calls can be M TR

next:  add r3, r3, r2 resolved in the decode stage.




Handling Control Hazards

00000000
1. introducing stall cycles and delay slots

2. predict the branch outcome

simply assume the branch is taken or not taken

predict the next PC

add r1, rO, #100 IM Reg ALU DM Reg
| A1 AU
for: beq r0, r1, next M |'_ oo | ] [ AT LM T [LRee
add r2,r2, rl IM -_—M_ A3~ rlom 1 s
sub rl, r1, #1 IM 1 |'_ Reg IE ALU sl DM
J for IM
next: addr3,r3, r2

May need to cancel the wrong path



Multicycle Instructions

Not all of the ALU operations complete in one cycle
O Typically, FP operations need more time

EX

Integer unit

EX

FP/integer
multiply

IF ID MEM WB
EX

FP adder

EX

FP/integer
divider




Multicycle Instructions

Not all of the ALU operations complete in one cycle
O pipelined and un-pipelined multicycle functional units

Pipelined vs. un-pipelined? Integer unit
EXI

FP/integer multiply

M1 M2 MSI M4I M5I M6 M7
IF D MEM WB

FP adder

I

FP/integer divider
D




Multicycle Instructions

Structural hazards
O potentially multiple RF writes

Integer unit

d

FP/integer multiply

M1 M2 M3 M4| MSI
IF D

FP adder
Possibly multiple

Al A2 A3 Ad
J J J writes to the Register

FP/integer divider File
D




Multicycle Instructions
e

Data hazards
O more read-after-write hazards

load f4, O(r2)
mul O, f4, f6
add f2, fO, 8

store 2, O(r2)



Multicycle Instructions

Data hazards
O more read-after-write hazards

qud( r2)
mu|f6

add(f2)(f0) 8
s’rore O(r2)



Multicycle Instructions

Data hazards
O more read-after-write hazards

qud( r2)
mu|f6

add(f2)(f0) 8
s’rore O(r2)

IF |

[0 M1 [M2]m3[malm5[me[m7[ma

1o |

WE!




Multicycle Instructions
e

Data hazards
O potential write-after-write hazards

load f4, O(r2)
mul f2, f4, f6
add f2, fO, 8

store 2, O(r2)



Multicycle Instructions

Data hazards
O potential write-after-write hazards

load(f4) 0(r2)
mul f f6
add(f2) fo, 8
s’ror 0(r2)



Multicycle Instructions

Data hazards
O potential write-after-write hazards

load(f4) 0(r2)
mul £2,(t4) 6

add(f2) f0, 8

s’rore O(r2)

IF |

M2

M3[MaIM5IM6IMZIMAMWE

Al

ID

WB




Multicycle Instructions

Data hazards
O potential write-after-write hazards

load(f4) 0(r2) | [IF ] 1D [EX|mAWSE}

mul £2,(4) f6 L1 [0 M [M2]m3]Ma]m5 Mo M7 [malws

OutofOrder
add(f2) f0, 8 - [F [l o [ar][a2[A3[a4[MAWE | 1 rite-backl!

soref20rr2) ¢ [ o ex VA e




Multicycle Instructions
e

Data hazards
O potential write-after-write hazards

load £4, 0(r2) | [IF | 1D [EX[MA/wB|

mul £2, f4, f6 UF [10 M1 [M2]M3[M4]M5[MO]M7IMAIWE:

In-Order

add 2, fO, f8 ’E‘D'Al .A2.A3.A4_MA.WB% . Writes
store £2,00c2) | o e R e




Multicycle Instructions
e

Imprecise exception

O instructions do not necessarily complete in program
order

load f4, O(r2)
mul 2, f4, f6
add 3, fO, 8

store 2, O(r2)



Multicycle Instructions
e

Imprecise exception

O instructions do not necessarily complete in program
order

IF | ID | EX [MAWE

IF [ 1D M 1[M2|M3[M4|M5[ME[M7|MAWB

| iF Il 1D [A1]A2]A3[A4[MAWB

F [ o [ex | A Ve




Multicycle Instructions
e

Imprecise exception

O instructions do not necessarily complete in program
order

load £4, 0(r2) | [IF | 1D [EX[MA/wB|

mul £2, 4, f6 [ [0 M1 [M2]m3[majms[me[m7[malws; | Overflow!

add f3, 0, f8 E- D |A1|A2|A3|A4|MAWE!

store 2,0(r2) [ o ex [N WE




Multicycle Instructions
e

Imprecise exception

O state of the processor must be kept updated with
respect to the program order

load £4, 0(r2) | [IF | 1D [EX[MA/wB|

mul £2, £4, £6 UF [10 M1 [M2]M3[MA]MS[MO M7 IMAIWE]
add 3, fO, {8 E- D |A1]A2]A3]A4 -MAWB ;
store 2,0(2) [ o ex [N VA WE

In-order register file updates




Reorder Buffer

Multicycle Instructions

mul £2, 4, £6
add 4, 0, f1
sub 6, £3, f7

Integer unit

d

FP/integer multiply

M1

M2

FP adder

Ints. Dest.

11

FP/integer divider

D




Reorder Buffer

Multicycle Instructions

Integer unit

mul 2, f4, f6 =
add f4, fO, 1 —:I
sub f6, f3, f7

FP/integer multiply

M1 M2 M3I M4I MSI

IF ID
FP adder
Al A2l | A3
Ints. Dest.
mul f2
FP/integer divider add f4
D sub f6




