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Why parallelism?

More efficient programs!
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Why parallel?

‘G961 ‘Y7L L 'd g ou Qe "|OA ‘SDIU0IIO8|T
,'S1N2JID pajesbalul 0JuUo suauoduod alow bulwwel?), ‘@I00|\ '©)

O

IO I MO N — O O 0O ™~ © IO < O N

Al

\| | Al \| |

uoiloung pajeabalul Jod
sjuauodwo9 Jo JaquinN ayi jo z6o7

GLok

|24
clOk

¢/lo}k

WAG)"
0.6}

090}

890 |
/90|

Q00|
GO0k
12%]6)"
o990 |

c90 |
196 |

096}
0G0}

Year

© Christian Lessig, 2019



Why parallel?

(B g ] - W i Wy s = e s s W W B W

e AMD‘A&hlon 64, 2
10,000 AMD Athlon, 2.6 G}
Intel Xeon EE 3.2 GHz

8 Intel DB50EMVR motherboard (3.06 GHz, Pentium 4 processor with Hyper-Threading Technology) 6,0

O IBM Power4, 1.3 GHz gz* 199

= Intel VC820 motherboard, 1.0 GHz Pentium Il processor . #4° Sl

— Professional Workstation XP1000, 667 MHz 21264A 1,779

S 4000 A Digital AlphaServer 8400, 6/575, 575 Mtz 21264 g% 1207 ...
.* 993

< AlphaServer 4000 5/600, 600 MHz 21164 '6219

= Digital Alphastation 5/500, 500 MHz x"

0 7481

3 Digital Alphastation 5/300, 300 MHz x'éSO

8 Digital Alphastation 4/266, 266 MHz ,'1'53

S 4004 |BMPOWERStation 100, 150 MHz @717

g Digital 3000 AXP/500, 150 MHz @ ¢

— HP 9000/750, 66 MHz R

L /.51

DG_) IBM RS6000/540, 30 MHz_ 4 54 52%/year

MIPS M2000, 25 MHz '18
MIPS M/120, 16.7 MHz gz~

10 oo i

Sun-4/260, 16.7 MHz %<9

VAX 8700, 22 MHz %

‘4

“

AX-11/780,5 MHz ="

-
-

.-=""25%/year & 5 vax-11/785

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 .

[1] J. L. Hennessy and D. A. Patterson, Computer architecture: a quantitative approach, sixth edition. Morgan
Kaufmann, 2017.

© Christian Lessig, 2019



Why parallel?

"The La-Z-Boy programmer era of relying on
hardware designers to make their programs go
faster without litting a finger is ofticially over.”

Hennessy & Patterson [2017/]
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Why parallel?
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Why parallel?
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Number of parallel computers
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Number ot parallel computers
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Number ot parallel computers
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What makes parallel
programming difficult?



What makes parallel programming difficult?

o Many algorithms do not lend themselves naturally to
a parallel implementation

o Parallel execution leads to indeterminism

© Christian Lessig, 2019
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Parallel programming?

© Christian Lessig, 2019

"[Serial] algorithms have improved faster than
clock over the last 15 years. [Parallel] comput-
ers are unlikely to be able to take advantage of
these advances because they require new pro-

grams and new algorithms.”

Gordon Bell (1992)

G. Bell, “Massively parallel computers: why not parallel
computers for the masses?,” in The Fourth Symposium on

the Frontiers of Massively Parallel Computation, 1992, pp.
292-297.
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Why parallel: the hardware side
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Why parallel?

P=(C.-V?.

R. Gonzalez, B. M. Gordon, and M. A. Horowitz, “"Supply and threshold voltage scaling for low power CMOS,"” |EEE
J. Solid-State Circuits, vol. 32, no. 8, pp. 1210-1216, 1997.
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Why parallel?
capacitance frequency

POWET voltage

R. Gonzalez, B. M. Gordon, and M. A. Horowitz, “"Supply and threshold voltage scaling for low power CMOS,"” |EEE
J. Solid-State Circuits, vol. 32, no. 8, pp. 1210-1216, 1997.
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Why parallel?

capacitance

e

POWET voltage

R. Gonzalez, B. M. Gordon, and M. A. Horowitz, "Supply and threshold voltage sca

J. Solid-State Circuits, vol. 32, no. 8, pp. 1210-1216, 1997.

© Christian Lessig, 2019

frequency

not independent

ing for low power CMOS," |EEE
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Why parallel?
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Why parallel?

© Christian Lessig, 2019

Clock rate (MHz)

10,000
Intel Pentium4 Xeon  Intel Nehalem Xeon
3200 MHz in 2003 3330 MHzin 2010
------------ y""-"""".
Intel Pentium 1| )
1000 MHz in 2000 .-
OO0 Ao
Digital Alpha 21164A
500 MHz in 1996
o 1%/year
Digital Alpha 21064
150 MHz in 1992
OO0 e X
MIPS M2000
25 MHz in 1989 ..~
‘e 40%/year
10 oo et I ...... SUN-4 S AR G e
________ 16.7 MHz in 1986
Digital VAX-11/780
5 MHz in 1978
15%/year
1 I I I I I I I I I I I I I I I I
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

J. L. Hennessy and D. A. Patterson, Computer architecture: a

quantitative approach, Fourth edi. Morgan Kaufmann, 2007, p. 24

23



Why parallel?
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Why parallel?
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Why parallel?
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Why parallel?
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E =Pt

enerqgy time
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Why parallel?

Energy is critical:
o Handheld: major tactor tfor customer satistaction

> Warehouse scale computing: major cost factor

© Christian Lessig, 2019
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Why parallel?

Energy is critical:
o Handheld: major tactor tfor customer satistaction

> Warehouse scale computing: major cost factor

... and to keep our planet alive.

© Christian Lessig, 2019
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How to get arouna
neat limit?
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How to get arouna
neat limit?

(or be as energy efficient as possible)



Why parallel?

processor heat limit

specialize parallelize

© Christian Lessig, 2019
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Why parallel?

processor heat limit

specialize parallelize

multi-core

instruction level

data-parallel

© Christian Lessig, 2019
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Why parallel?

processor heat limit

field programm. graphics
Drocessor

gate array

neuromorphic
computing

© Christian Lessig, 2019

specialize parallelize

multi-core

tensor instruction level

processing

It data-parallel
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Why parallel?
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Parallelism
to avoid heat
limit
(and increase
energy
efficiency)

35



Why parallel?
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Nvidia Fermi

(2010)
Clock frequency 1.3 GHz
Power 250 Watt
FP throughput 665 GFlops

https://wiki.rice.edu/confluence/download/attachments/4435861/comp322-s16-lec-slides.pdf

Nvidia Kepler
(2012)

1.0 GHz
195 Watt

1310 GFlops

36



Why parallel?
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Central Processing Unit

https://en.wikipedia.org/wiki/Von_Neumann_architecture
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Why parallel?

Von Neumann
architecture

© Christian Lessig, 2019

Central Processing Unit

Arithmetic/Logic Unit

https://en.wikipedia.org/wiki/Von_Neuma

Output
Device
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Why parallel?

Von Neumann
architecture

von Neumann
bottleneck

© Christian Lessig, 2019

Central Processing Unit

https://en.wikipedia.org/wiki/Von_Neumann_architecture
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Why parallel?

Von Neumann
architecture

Input
Device

von Neumann
bottleneck

Latency: 1990: 6 and 8 cycles
2010: up to 180 cycles

© Christian Lessig, 2019

Central Processing Unit

m

https://en.wikipedia.org/wiki/Von_Neumann_arc

hite

cture
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Why parallel?

frequency latency

2000 1 GHz 20 ns

Data: https://en.wikipedia.org/wiki/CAS_latency, http://www.intel.com/pressroom/kits/quickreffam.htm

© Christian Lessig, 2019

bandwidth
100 MT/s
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Why parallel?

frequency latency

2000 1 GHz 20 ns

2003 2 (GHz 15 ns

Data: https://en.wikipedia.org/wiki/CAS_latency, http://www.intel.com/pressroom/kits/quickreffam.htm

© Christian Lessig, 2019

bandwidth
100 MT/s

333 MT/s
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Why parallel?

© Christian Lessig, 2019

frequency latency

2000 1 GHz 20 ns
2003 2 (GHz 15 ns

2007/ 4.5 GHz 10 ns

Data: https://en.wikipedia.org/wiki/CAS_latency, http://www.intel.com/pressroom/kits/quickreffam.htm

bandwidth
100 MT/s

333 MT/s

800 MT/s
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Why parallel?
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| normalized performance
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Data: https://en.wikipedia.org/wiki/CAS_latency, http://www.intel.com/pressroom/kits/quickreffam.htm

— Frequency
Bandwidth
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Why parallel?

How to get around von
Neumann bottleneck?

© Christian Lessig, 2019
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Why parallel?

von Neumann bottleneck

caching

© Christian Lessig, 2019
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Why parallel?

von Neumann bottleneck

caching pipelining

© Christian Lessig, 2019
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Why parallel?
Caching:

CPU

© Christian Lessig, 2019

main memory
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Why parallel?
Caching:

"
-

© Christian Lessig, 2019

main memory
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Why parallel?

von Neumann bottleneck

caching pipelining

© Christian Lessig, 2019
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Why parallel?

Pipelining:
_

~ | compute

© Christian Lessig, 2019

- memory
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Why parallel?

Pipelining:
__ I

~ | compute

© Christian Lessig, 2019

- memory
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Why parallel?

Pipelining:
A B

| compute | memory

© Christian Lessig, 2019
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Why parallel?

Pipelining:
a &

| compute | memory
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Why parallel?

Pipelining:
A ©H B

| compute | memory
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Why parallel?

Pipelining:
a 5 =8

| compute | memory

© Christian Lessig, 2019
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Why parallel?

Pipelining:
a 5 =B

| compute | memory

© Christian Lessig, 2019
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Why parallel?

Pipelining:
a 5 =B

| compute | memory

© Christian Lessig, 2019
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Why parallel?
Pipelining:

| compute | memory

© Christian Lessig, 2019
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Why parallel?
Pipelining:

| compute | memory

© Christian Lessig, 2019
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Why parallel?
Pipelining:

© Christian Lessig, 2019
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Why parallel?
Pipelining:

© Christian Lessig, 2019
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Why parallel?
Pipelining:

typically
realized by
compiler or

hardware

| compute | memory

© Christian Lessig, 2019
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Why parallel?

Instruction level parallelism: exploit indepence at assem-
pler level

> Pipelining (memory access and computation)

o Different arithmetic units (diff. computations)

© Christian Lessig, 2019
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Why parallel?

Functional unit Latency Initiation interval
Integer ALU 0 1

Data memory (integer and FP loads) 1 1

FP add 3 1

FP multiply (also integer multiply) 6 1

FP divide (also integer divide) 24 25

J. L. Hennessy and D. A. Patterson, Computer architecture: a quantitative approach, Seventh ed. Morgan Kaufmann, 2017, p. C-53

© Christian Lessig, 2019
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Why parallel?

© Christian Lessig, 2019

core / CPU

Nt

stu

cache
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Instruction level parallelism

Out-of-order execution:

© Christian Lessig, 2019

Instruction
stream A

add a, b, c
mul d, b, e
mul f, a, e
adda, d, g
fmul h, a, f

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.
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Instruction level parallelism

Out-of-order execution:

© Christian Lessig, 2019

Instruction
stream A
add a, b, ¢ :
Instruction
mul d, b, e
fetch
mul f, a, e
adda, d, g
fmul h, a, f
Instruction
decode

Instruction dependencies A
add a, b, c muld, b, e

mUIWVmar d: g

FmuiRsaf

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.
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Instruction level parallelism

Out-of-order execution:

© Christian Lessig, 2019

Instruction
stream A
add a, b, Instruction
mul d, b, e farah
mul f, a, e Instruction dependencies A
add a, d, g add a, b, c muld, b, e
fmul h, a, f N
Instruction mul f, a, e add 3, d, g
decode Va
FmuiRsaf
fmul h, a, f
mul f, a, e add a, d, g
add a, b, c muld, b, e Schedule
Integer Integer Floating point
ALU ALU ALU

Write
reordering

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.
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Instruction level parallelism

Out-of-order execution:

processor extracts parallelim
from instruction stream

© Christian Lessig, 2019

Instruction
stream A
add a, b, ¢ :
Instruction
mul d, b, e fateh
mul f, a, e Instruction dependencies A
add a, d, g add a, b, c mul d, b, e
fmul h, a, f N
Instruction mul f, a, e add 3, d, g
decode h/a
FmuiRsaf
fmul h, a, f
mul f, a, e adda, d, g
add a, b, c muld, b, e Schedule
Integer Integer Floating point
ALU ALU ALU

Write
reordering

'l'_i_i'

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.



Instruction level parallelism

Very long instruction worad
DroCesSOrs:

© Christian Lessig, 2019

Instruction stream

adda,b,c muld, b, e
mulf,a,e adda,d, g
fmul h, a, f

Instruction
fetch

!

Instruction
decode

Instruction dependencies

adda,b,c muld, b, e

v

mulf,a,e adda,d, g

v

fmul h, a, f

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.
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Instruction level parallelism

Very long instruction worad
DroCesSOrs:

compiler extracts parallelim
from program code

© Christian Lessig, 2019

Instruction stream

adda,b,c muld, b, e Instruction
mulf,a,e adda,d, g fetch
fmul h, a, f
Instruction dependencies
. adda,b,c muld,b,e
Instruction ¢
decode
mulf,a,e adda,d, g
* fmul h, a, f
fmul h, a, f
mul f, a, e adda, d, g
add a, b, c muld, b, e Schedule
Integer Integer Floating point
ALU ALU ALU

+_l_+

Write
reordering

D. R. Kaeli, P. Mistry, D. Schaa, and D. P. Zhang, Heterogeneous computing

with OpenCL 2.0, Ch. 2.
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Why parallel?

Instruction level parallelism: exploit indepence at assem-
pler level

> Pipelining

o Different arithmetic units

=> Exploited since 1980s and standarq, but
no longer significant improvements
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Further reading

o J. L. Hennessy and D. A. Patterson, Computer architecture: a quantita-
tive approach, fourth edition. Morgan Kautmann, 2007.

o http://cva.stantord.edu/classes/cs99s/
o http://research.ac.upc.edu/HPCseminar/SEM9900/Pollack1.pdf

o http://groups.csail.mit.edu/cag/raw/documents/\Waingold-Comput-
er-1997.pdf

o http://cacm.acm.org/magazines/2009/5/24648-spending-moores-divi-
dend/tulltext
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