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ELE 655
Microprocessor System Design

Section 2 — Instruction Level Parallelism

Class 1 — Pipeline Review



« Basic Pipeline

Time (in clock cycles)

cc1t | cc2 | ccs | occa i occs i cce i oc7r i ccs

Program execution order (in instructions)

Notes: Reg shows up two places but actually is the same register file
Writes occur on the second half of the clock cycle, reads on the first half
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Basic Pipeline Implementation

+

Address

Instruction
memory

IFID

ID/EX

Instruction
Ty

EX/MEM

A A

Read
register 1 Read
data 1

Read
register 2

Registers oo
Write data 2
register
Write
data

Sign-
extend

R

Read
Address data

Data
memory

Write
data

MEM/WB

Notes: Writes occur on the second half of the clock cycle, reads on the first half

ELE 655 —Fall 2015
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« Basic Pipeline with Control

ELE 655 —Fall 2015

MemtoReg

“xez2°

RegDst

PCSrc
ID/EX
B LEX/MEM
WwWB
Control M | | MEM/WB
M wB
IF/ID =
Add
a
" Branch
E
5 | B
Ly (O s £
M =
u PC Address s Reeildt : ot £
g % ey 1 data 1 I\ =
‘g Fieeild Zero —
Instruction = pegistar A ALU a1y | Read | |_|
memory Write "dl:?aag - O rew Address data
register o Data
» Write x
data 1 gemeny
Write
data
Instruction I
[15-0] 16 sign- | 32 S ALU
| extend " control [ Memfead |
Instruction |
[20—16] & ALUOp
M
Instruction u
[15-11] i
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* Pipeline Hazards

« Hazards are conditions where the next instruction cannot perform
its assigned pipeline action in the next clock cycle

e 3types
« Structural
« Data
« Control

ELE 655 —Fall 2015 5 ©tj
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e Structural Hazards

» These hazards result from a resource conflict

» Classic case is Harvard vs. vonNeuman memory architectures
« vonNeuman architectures share a single memory for program and data

« Alw or sw command requires access to data memory to load or store the
data value

« [t would not be possible to fetch the appropriate instruction during this
clock cycle since the memory would be in use

* The IF would be stalled and a “bubble” would be created in the pipeline

ELE 655 —Fall 2015 6 © tj
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e Structural Hazards

« vonNeuman memory architecture

Time | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 |

IF LW 2 3l uStall a4 5 6 7 8 9 TR |4.i2 4oal3e| i
ID LW 2 3 Ngubble 4 5 6 7 8 9 B w1 [ 12 8ds
EX w2 bubble 4 5 6 7 8 9 g Q™|
MEM 2 3 bubble 4 5 6 7 8 9 10 11
ction fetch bubble 4 5 6 7 8 9 10

Wiata memory acces nts a concur@nt in

ELE 655 —Fall 2015 7 ©tj
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e Structural Hazards

Too few registers

Complex instructions - multi resource requirements (dual write)
Non-pipelined functions

Mismatched pipelines

ELE 655 —Fall 2015 8 ©tj
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 Data Hazards

« These hazards result from a dependence of one instruction on
another instruction still in the pipeline

» Consider the following code snippit

add $s0, $t0, $t1
sub $t2, $s0, $t3

« The value of $s0 is needed to perform the subtraction

ELE 655 —Fall 2015 9 ©tj
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 Data Hazards

add $s0, $t0, $t1
sub $t2, $s0, $t3

Time | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 |

[ DTN STURSIE: BROENEAR (NP7SE| TSR NI, SUANESY PRGN TREr 1> |13 "] 14
ID add  stall  stall 3 4 5 6 7 8 9 10 11 12 13
EX add bubble bubble 3 4 5 6 7 8 9 10 1 12
MEM add] [bubble|bubblelsnaiiined Hansal a6 Ml 7abass | o | 10 | u
WB [Eadaaloubble bubblelSms Hl et cubues 61 | B 5 10

» 2 clock cycle bubbles are created

« [t would be 3 bubbles — except we can take advantage of our convention
« writes occur in the first half of the clock cycle
* reads occur in the second half of the clock cycle
» the WB occurs during the same clock cycle as the register read

ELE 655 —Fall 2015 10 ©tj
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 Data Hazards

add $s0, $t0, $t1
sub $t2, $s0, $t3

200 400 600 800 1000 1200 1400 1600
T T

Time T T

T j T T
bubble bubble bubble bubble bubble
0 @ © @ O
bubble bubble bubble bubble bubble
@ @) @) Q@ ®

sub $12, 550, 13 B @:’_MEM_lB;

» 2 clock cycle bubbles are created

» It would be 3 bubbles — except we can take advantage of our convention
« writes occur in the first half of the clock cycle
* reads occur in the second half of the clock cycle
» the WB occurs during the same clock cycle as the register read

ELE 655 —Fall 2015 - ©tj
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 Data Hazards

* In many cases the compiler can avoid a data hazard

add $s0, $t0, $t1
sub $t2, $s0, $t3
or $s2, $t0, $t1
and $s3, $t0, $t3

add $s4, $t1, $t3 re-order the instruction to remove

the hazard condition
add $s0, $t0, $t1

or $s2, $t0, $t1
and $s3, $t0, $t3
add $s4, $t1, $t3
sub $t2, $s0, $t3

ELE 655 —Fall 2015 .. ©tj
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 Data Hazards

« Hardware can also be used to avoid data hazards
 called forwarding or bypassing
« provide the needed data as soon as it is valid
* requires extra circuitry

Program

execution _ 200 400 600 800 1000
order Time T T T T T

(in instructions)

add $50, $t0, $t1 43
MEM 4IB

ELE 655 —Fall 2015 13 ©tj
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 Data Hazards

>

Time (in clock cycles)
Value of CC1 CC2 CC3 CC4 CC5 CC6

register $2: 10 10 10 10 10/-20 F=U

Program
execution
order

(in instructions)

sub $2, $1, $3 R DM gl

and $12, $2, $5

Q

or $13, $6, $2 R DM

add $14, $2,$2

4 sw$15, 100($2) R

ELE 655 —Fall 2015 14
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Detecting the need for Forwarding

4,
. 0."’"#"" » ‘
|
)

* Conditions:

la) EX/MEM.RegisterRd = ID/EX.RegisterRs
« EX/MEM currently holds a value needed by an instruction about to enter EX

1b) ) EXMEM.ReqisterRd = ID/EX.RegisterRt
« EX/MEM currently holds a value needed by an instruction about to enter EX

2a) MEM/WB.RegisterRd = ID/EX.RegisterRs
« MEM/WB currently holds a value needed by an instruction about to enter EX

2b) MEM/WB.RegisterRd = ID/EX.RegisterRt
« MEM/WB currently holds a value needed by an instruction about to enter EX

ELE 655 —Fall 2015 15 © tj
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Pipeline with Forwarding

ID/EX
I_’WB EX/MEM
Control > M ~WB MEM/WB
IF/ID L EX > M > \WB—
u
> U >
L)L
c . —
el 2
8 -
s Registers ALU - . -
. £ > u
Instruction | =i ~u X
memory - A Data
r T x 9 memory
L o
IF/ID.RegisterRs Rs -«
IF/ID.RegisterRt | |Rt
IF/ID.RegisterRt _| [Rt =m EX/MEM.RegisterRd
IF/ID.RegisterRd _|  |Rd . b —
S
m..: MEM/WB.RegisterRd
l\ unit VN
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 Data Hazards

 Hardware cannot avoid all data hazards

« cannot go backwards in time !

ELE 655 —Fall 2015

200

400 600 800 1000

Time

lw $s0, 20($t1) E.—El

sub S$t2, Ss0, $t3 El_EII:’

Program
execution 200 400

600 800 1000 1200

1400

order Time
(in instructions)

lw $s0, 20($t1) El—f |

sub $t2, $s0, $t3

bubble bubble¢ (_bubble
@ @ O
: |

B
bubble/ (_bubble
@ @
MEM

e
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 Data Hazards

» Forwarding plus compiler optimizations can avoid additional data
hazards

Tw $tl, 0($t0) Tw $t1l, 0($t0)

W 1w

o |— add  $t3, $ti;(5t2) 1w
SW $t3, 12($t0) add

Tw (5t4)-8(5t0) .
stall |— add  $t5, $t1, add  $t5, $t1,
Sw $t5, 16($t0) Sw $t5, 16($t0)

ELE 655 —Fall 2015 18 © tj




Stalling the pipeline and inserting a bubble

( Hazard ) ID/EX.MemRead
4:4» detection |«
unit /
Qo
s ID/EX
T m S EX/MEM
. »(Control > u M wB thEM/WB
£ X — i —
= IF/ID U 0 EX - M e
E Y & < | ul | [
m
M
= U >
S > X
‘ g Registers \i ~ M
. = > ~ ALU u
pcL, | Instruction =] <
memory sl M Data &
> u -~ memory
. X
IF/ID.RegisterRs | -
IF/ID.RegisterRt v
IF/ID.RegisterRt R Rt M
IF/ID. RegisterRd Rd,| ¥
L ID/EX.RegisterRt - J - ——
:s Forwarding
T a -
™ unit )=
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 Branch Hazard

Consider the following code snippit

beq $1, $3, skip

and $13, $6, $2
add $14, $2, $2
skip lw $4, 50($7)

« The branch decision is known after the calculation of the branch
address and the comparison (subtract and check for zero), and is
available in the MEM stage

 |f the branch is ignored — we will have the and, add and Iw
Instructions in the pipeline — all is well

 If the branch is taken we will have the and, add and Iw instructions

in the pipeline — but we do not want them to execute
ELE 655 — Fall 2015 20 © tj
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« Addition of Branch Logic
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PCSrc
ID/EX
wWB
Control M
IF/ID 2
g
)
o
5 Read
£ T register 1 Read
3 data 1
o
= register
Instruction g r
memory Wiltas &% Read
register data 2
Write
data
Instruction
(15-0] 16 [ sign- | 32
‘ @ |
Instruction
[20-16]
Instruction
[15-11]

X/MEM
wWB
MEM/WB
M WB
Branch
2
E
@
=
R
Address d::d il
Data
memory
Write
data
|
MemRead

MemtoReg

=

xexz©
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Branch Hazard

* In our current implementation
« We assume branches are not taken

» We would need to flush the pipeline for taken branches
« Branch decision is available in the MEM stage
» Assuming the branch target is not already in the pipeline
« -2 inserting 3 bubbles into the pipeline

« ? —How far can we move the decision forward to reduce the impact
of taken branches

ELE 655 —Fall 2015 22 ©tj
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Branch Hazard

« Most branches are simple comparisons

equal - all bits the same
negative/positive = look at msb

We can move most of the branch prediction logic forward to the ID stage
*  We have register values (some may be forwarded!)
* Need to modify the forwarding logic to account for branches

We can move the branch address calculation forward to the ID stage

Still have a single cycle stall — IF of the next instruction is occurring in
parallel with ID detection of the taken branch

ELE 655 —Fall 2015 23 © tj
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« Early Branch Detection

and $12, $2, $5 | beq $1, $3, 7 sub $10, $4, $8 before<1> before<2>

IF.Flush

/ Hazard

detection |
unit  /

©

1
IDJEX

Z—_-_-———_-—___________

m
by

EM

il MEM/WB

)| U
72 1

® : 2

Regi * —
$3
8 Data

memory
10
pr—
Forwarding :
l unit it

c=

xec=s

Clock 3

ELE 655 — Fall 2015 24 ' © tj




eI ™

 Branch Hazard

« This approach reduces the impact of branch hazards

* There may still be data hazards that cannot be avoided

» Branch dependent on previous Iw instruction
lw $1, 50(%7)
beq $1, $4, skip
the Iw result will not be available until the MEM cycle is complete
- 2 stall cycles

Tw ¢1, addr IF H ID H EX _MEM_ WB

beq stalled IF H ID :O : O

beq stalled _ ID _ OHO

beq 1, %0, target _ D' _ EX HMEMH WB

ELE 655 — Fall 2015 25 , © t]
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 Branch Prediction

« For deeper pipelines — the cost of missing a branch decision can
be significant — many clock cycles lost

» Leads to branch prediction

» Static — Compile Time
« Dynamic — Execution time

ELE 655 —Fall 2015 26 ©tj
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Static Branch Prediction

* Freeze the pipeline until decision known
* Do not allow additional instructions until branch decision known
* Insert No-op instruction(s)

. Assume NOT taken Compiler can help
- Allow sequential instruction into pipeline E by ordering instructions
« HW must prevent commits until decision known to match the HW
« Must have HW to nop currently executing instructions
* This is our simple pipeline solution

 Assume Taken

« As soon as target address available — start reading instructions
» Used when complicated conditional instructions are part of the IS

ELE 655 —Fall 2015 27 © tj



« Static Branch Prediction

« Delayed Branch

Branch instruction
Sequential successor (always executed instruction) - delay slot
Branch target if taken

ELE 655 —Fall 2015 28 ©tj
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« Static Branch Prediction

- Delayed Branch kel osus v, 15, 15 i |
if R2 = 0 then if R1 = 0 then
) _ [ Delay slot DADD R1, R2, R3 Delay slot
Branch instruction R~ o then 0% 77, 78, A9
Sequential successor e DSUB R, RS, R6 <]

Branch target if taken

becomes becomes becomes

DSUB R4, R5, R6

- —

DADD R1, R2, R3

if R2 = 0 then if R1 = 0 then

DADD R1, R2, R3 DADD R1, R2, R3 OR R7, R8, R9

£UB R4, R5, R6 -——-

if R1 = 0 then

| DSUB R4, RS, R6

(a) From before

(b) From target

(c) From fall-through

ELE 655 — Fall 2015 29 Must be OK whether branch takenornot ©4j
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« Static Branch Prediction

« Better than nothing — but not good enough for complex pipelines

25% -
22%

20% A 18%

15% 15%
-

0,
12% 11%12/»

10% -

Misprediction rate

5% -

Integer Floating-point

Benchmark
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« Dynamic Branch Prediction — 1 bit

Use a small branch prediction buffer
* nwords deep
» 1 bit of prediction value (1 bit word)

n is derived from the PC value
» last 8 bits of PC - 256 words deep

The PC value references one of n predictions values
* Assuming a branch instruction

» Take the branch if the prediction value is setto 1

« Don’t take the branch if the prediction value is setto O

If the prediction was wrong — invert the prediction value

ELE 655 —Fall 2015 o © tj
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« Dynamic Branch Prediction — 1 bit

ELE 655 —Fall 2015

<

Branch Table

ADDR B
0x00000000 0
0x00000001 0
0x00000010 1
0x11111110 1
0x11111111 1

©tj
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« Dynamic Branch Prediction — 1 bit

* [Ssues

« Multiple PC values point to the same branch table location
« over write each other

- Wrong guesses

« Each incorrect guess can lead to 2 wrong guesses
* eg. Assume mostly loop back — bit setto 1
when you do not loop back — you stall and set bit to O
next cycle you want to loop back but bit is 0 — stall and set bit to 1
« 2stalls

ELE 655 —Fall 2015 - ©tj
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« Dynamic Branch Prediction — 2 bit

» Use 2 bits to make prediction decisions
« Only change the prediction on 2 successive mispredictions
* Resolves the 2 stall issue of 1 bit prediction

PC Branch Table

ADDR B1|BO
= [ ] 0x00000000 | 0 | 0
0x00000001 0| O
0x00000010 1]0

Option: Include bits in cache block
instead of separate location — issue?

0x11111110 0|1

0x11111111 1
ELE 655 —Fall 2015 34 ©tj




« Dynamic Branch Prediction — 2 bit

Not taken R
Taken
Not taken J [ Taken
Not taken
( Predict not taken
Taken )
ELE 655 — Fall 2015 35
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« Dynamic Branch Prediction — 2 bit

nasa7

matrix300
tomcatv
doduc
¢
5 A
£ spice
[&]
=
Q
Q
(o]
f
8 PpPpP
w
o
7
gce
espresso
eqgntott

0% 2% 4% 6%
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0%

| ——

0%
0%

| R4

S
2

5%
5%

9%
9%

9%
9%

|

5%
5%

|

[l 4096 entries:
2 bits per entry
[ Unlimited entries:
2 bits per entry

|

12%
1%

|

10%
10%

Frequency of mispredictions

18%
18%

8% 10% 12% 14% 16% 18%

36

Misprediction rate

25% A
22%

20% - 18%

15%

15% -

o,
11%12/0

10% - 9%

12%

F &P F D F B R S
@Q@ @0‘6\ Q&% N 606 \\b‘o @6\\ q,\gb
P & S
Integer Floating-point

Benchmark
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