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Parallelism: Making our Processor Fast

 Processor architects improve performance
through hardware that exploits the different types
of parallelism within computer programs

e Instruction-Level Parallelism (ILP)
— Parallelism within a sequential program

e Thread-level parallelism (TLP)

— Parallelism among different threads

e Data-level parallelism (DLP)

— Parallelism among the data within a sequential
program
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Instruction-Level Parallelism (ILP)

 Refers to the parallelism found within a
sequential program

e Consider the ILP in this program segment

ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3

AND R6,R6,R2
ADDI R7,R7,3
LW R2,0 (R3)

 Superscalar pipelines exploit ILP by duplicating
the pipeline hardware
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Two-Way Superscalar Pipeline

IF B ID B EX B MEM B WB
A
IM Reg >> DM Reg
N
%
IF/ID ID/EX EX/MEM MEM/WB
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Instruction Sequence on 2W SS

v
— >

IM Reg
ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0(R3)

DM Reg

5

)
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Instruction Sequence on 2W SS

IM Reg
ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2

ADDI R7,R7,3
LW R2,0(R3)

|
|
v
— >
|
|
Y

DM eJ

5

)

ADD R1,R2,R3
OR R4,R4,R3
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Instruction Sequence on 2W SS

M Reg

ADD R1,R2,R3
OR R4,R4,R3
:tSUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0 (R3)

|

|
v
— >

|

|
Y

DM eJ

5

)

SUB R5,R2,R3 ADD R1,R2,R3
AND R6,R6,R2 OR R4,R4,R3

Lecture 27: 8




Instruction Sequence on 2W SS

M Reg
ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2

ADDI R7,R7,3
LW R2,0 (R3)

|

|
v
- >

|

|
Y

DM 9

5

)

ADDI R7,R7,3 SUB R5,R2,R3 ADD R1,R2,R3
LW R2,0 (R3) AND R6,R6,R2 OR R4,R4,R3

Lecture 27: 9




Instruction Sequence on 2W SS

M

ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0 (R3)

Re

|
Q

|
v
- >

|

|
Y

DM 9

5

)

ADDI R7,R7,3 SUB R5,R2,R3 ADD R1,R2,R3
LW R2,0 (R3) AND R6,R6,R2 OR R4,R4,R3
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Instruction Sequence on 2W SS

IM

ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0(R3)

Re

ADDI R7,R7,3
LW R2,0 (R3)

SUB R5,R2,R3  ADD R1,R2,R3
AND R6,R6,R2 OR R4,R4,R3
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IM

ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0(R3)

Re

Instruction Sequence on 2W SS

v
— >
|

DM

5

)

ADDI R7,R7,3
LW R2,0 (R3)

SUB R5,R2,R3
AND R6,R6,R2
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Instruction Sequence on 2W SS

IM Reg
ADD R1,R2,R3
OR R4,R4,R3
SUB R5,R2,R3
AND R6,R6,R2
ADDI R7,R7,3
LW R2,0(R3)

|

|
v
— >

|

|
Y

DM eJ

5

)

ADDI R7,R7,3
LW R2,0 (R3)
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Limitations Due to Data Dependences

 Consider this program sequence

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R2,R3
AND R6,R6,R5

e The ADD and the OR, and the SUB and AND,
cannot execute at the same time

— Hardware would detect these dependences and issue
the instructions (send them to EX) one by one

e Addressed by hardware that performs
out-of-order execution
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Out-of-Order Execution

e Processor hardware executes instructions
out of the original program order

ADD R1,R2,R3 » ADD R1,R2,R3
OR R4,R1,R3 SUB R5,R2,R3
SUB R5,R2,R3 ><:OR R4,R1,R3
AND R6,R6,R5 » AND R6,R6,R5

e Key component is an issue queue that tracks

the availability of source operands
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Issue Queue

e Hardware structure where instructions wait
until source operands can be bypassed

IF

Issue Queue

ID

EX

T

I

MEM

Reg
File
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Issue Queue Structure (Single Issue)

ADD R1,R2,R3
OR R4,R1,R3

SUB R5,R2,R3
AND R6,R6,R5

Issue Queue

—

|-
»

>

IMNV

[RT]

|-
»

[RS

»
»

to EX

> (if selected}

RD of issued instruction

Rdy bits
from all
queue

entries

Selection
Logic

selected
queue
entry

Lecture 27:17




Example Dual Issue Queue Operation

ADD R1,R2,R3

AND R6,R6,R5

>]|[E [«] @0[H [«] 00

AND

[RE]

SUB R5,R2,R3

o] |H [=] ©0|H [»] 0@

SuUB

v

to EX

v

[R2]

[R3]

Cycle 1

OR R4,R1,R3

~|H[«] 00[F [=] 00

OR

[R3]

H =] 00H [+] 00

ADD

[R2]

[R3]
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Example Dual Issue Queue Operation

AND R6,R6,R5 OR R4 ,R1,R3

OO
OO

]

o |[{ [«] @O [=] OO

L] @o|]

~H [«] O0[H [=] ©®
OO|]

AND OR >

v

X » to EX X » to EX

[RE]

v
X
v

CyC|e 2 Lecture 27:19




A More Troublesome Piece of Code

* Now consider this program sequence

Loop ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

AND R1,R6,R5
BEQ R2,R1,Loop

 Superscalar pipeline would send instructions
one by one through EX, MEM, and WB

— 1 ALU, 1 memory port, and 1 RF port would sit idle,
perhaps through 1000 loop iterations!

 But what if we had a second program to run?
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Multiprogramming and Multithreading

 Multiprogramming is the sharing of the computer
hardware among multiple active programs

* Programs may be time multiplexed, in which they
take turns using the processor

e Or they can use the hardware at the same time!
— Using multiple cores (next time)

— Using the same core at the same time

 For multiple simultaneously running programs, or multiple
threads of the same program
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Thread-Level Parallelism (TLP)

 Refers to the parallelism among different threads

— A thread is a path of execution within a program
— Each uses its own registers but they share memory

e Consider two threads that we want to run

Thread 1 Thread 2
Loop ADD R1,R2,R3 LW R7,0(R1)
OR R4 ,R1,R3 ADD R4,R7,R2
SUB R5,R4,R3 SUBI R5,R4,1
AND R1,R6,R5 SW R5,R1,0
BEQ R2,R1,Loop ADDI R1,R1,1

e We can run them on separate cores (later), or
create a superscalar pipeline that can run them
both at the same time
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IF

Two-Way Multithreaded Pipeline

ID

Reg

EX

MEM

Reg

PC[__ ]
PCL__ ]

IF/ID

IDIEX

DM

WB

Reg

Reg

EX/MEM

MEM/WB

 Two threads share many of the pipeline resources

 Each thread has its own PC and registers

 This is one example of multithreading, called
Simultaneous Multithreading (SMT)
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Example Multithreaded Operation

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

Reg

v
— >

PC[__ ]
PCL__ ]

IF/ID

Reg

IDIEX

Reg
% DM
} Reg
%
EX/MEM MEM/WB
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=~J{ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

= ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

Reg

Example Multithreaded Operation

PC[__ ]
PCL__ ]

IF/ID

ADD R1,R2,R3
ADDI R7,R1,0

Reg

IDIEX

\ — — :
oL DM Rp9
%
X Reg
L
(
EX/MEM MEM/WB
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ADD R1,R2,R3
=JOR R4,R1,R3

Example Multithreaded Operation

Reg

SUB R5,R4,R3

ADDI R7,R1,0
= ADD R4,R7,R2

Reg

SUBI R5,R4,1

PC[__ ]

OR R4,R1,R3

PCC— IF/D

ADD R4,R7,R2

IDIEX

ADD R1,R2,R3
ADDI R7,R1,0

\ — — :
oL DM Rp9
%
X Reg
L
(
EX/MEM MEM/WB
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ADD R1,R2,R3
OR R4,R1,R3
= SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
=P SUBI R5,R4,1

Example Multithreaded Operation

PC[__ ]
PCL__ ]

IF/ID

SUB R5,R4,R3
SUBI R5,R4,1

A

> \ Re

Reg S DM eg
%

Reg } Rég
i
ID/EX EX/MEM MEM/WB
OR R4,R1,R3 ADD R1,R2,R3

ADD R4,R7,R2 ADDI R7,R1,0
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Example Multithreaded Operation

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

PC[__ ]
PCL__ ]

IF/ID

A
g \ Re
R&9 >L DM g
%
Reg X Rég
L
=
ID/EX EX/IMEM MEM/WB
SUB R5,R4,R3  OR R4,R1,R3 ADD R1,R2,R3
SUBI R5,R4,1  ADD R4,R7,R2  ADDI R7,R1,0
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Example Multithreaded Operation

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

Re

4¢)

Reg

v
— >

PC[__ ]
PCL__ ]

IF/ID

Reg

DM

e

IDIEX EX/MEM

SUB R5,R4,R3
SUBI R5,R4,1

Reg

OR R4,R1,R3
ADD R4,R7,R2

MEM/WB

ADD R1,R2,R3
ADDI R7,R1,0

Lecture 27:29




Example Multithreaded Operation

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

Re

4¢)

PC[__ ]
PCL__ ]

IF/ID

Reg

IDIEX

A D
> DM R
%
RN
Reg
L
=
EX/MEM MEM/WB
SUB R5,R4,R3 OR R4,R1,R3
SUBI R5,R4,1 ADD R4 ,R7,R2

Lecture 27:30




Example Multithreaded Operation

ADD R1,R2,R3
OR R4,R1,R3
SUB R5,R4,R3

ADDI R7,R1,0
ADD R4,R7,R2
SUBI R5,R4,1

Reg

PC[__ ]
PCL__ ]

IF/ID

Reg

IDIEX

\ — — :
oL DM Rp9
%
X Reg
L
(
EX/MEM MEM/WB

SUB R5,R4,R3
SUBI R5,R4,1
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Data-Level Parallelism

Consider the following C code
char a[4], b[4], c[4];

0; i < 4; i++)
b[i] + c[1i]~

for (i
a[i]

Arrays a, b, and c contain four 8-bit elements

— a[0], a[1], a[2], a[3] for array a

Same operation is done for each data element

Can replace the 4 add operations in the loop

above by 1 SIMD add instruction
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SIMD Instructions
Single Instruction, Multiple Data

Special instructions for vector data (arrays)

Identical operation is performed on each of the
corresponding data elements

Data elements are stored contiguously
— 1 load (store) can read (write) all the elements at once

— Register file is wide enough to hold all the elements in
one register
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Implementing the for Loop Using SIMD

char a[4], b[4], c[4];

for (i
af[i]

0; 1 < 4; i++)
b[i] + c[1i];

v

; load b and ¢ from memory

LW RO, O(R4) ;R4 pointstob

LW R1, O(R5) ; Rb pointstoc

; vector add

ADD.V R2, RO, Rl ;1instdoes 4 adds!

; Store result
SW R2, O0(R3) ;R3pointstoa

Assumes 32-bit rather than 16-bit registers,

and that a word is 32 bits Lecture 27: 34




Adding Support for ADD.V to the ALU

IF

IM

ID

IF/ID

Re

g

MEM

DM

WB

Reg

EX/MEM

8-bit ALU

MEM/WB

Carry Logic propagates carry
for ADD but not for ADD.V
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Example ARM SIMD Instruction

VADD.I16 Q0, Q1, Q2

127 112111 96|95 80 79 64 63 48 47 32 31 16 15 0
Q2 Vector
Q1

127 W 112[111 9695 80 79 64 63 48 47 32 31 16 15 0
QO

___J

Lane
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ILP, TLP, and DLP

Many processors exploit all three

— Best performance/watt achieved with each in
moderation rather than one/two to the extreme

ILP
— Typically 2 to 6-way superscalar pipeline

— Performance improvement tapers off with wider
pipelines while power may increase significantly

TLP

— Support for 2 threads may require small amount of
additional hardware over single threaded SS pipeline

— May improve HW efficiency compared to SS alone
DLP (via SIMD)

— Many applications (graphics, video and audio
processing, etc) make this worthwhile Lecture 27: 37




Next Time

More Advanced Topics
Case Study
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