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Message

In coming years, software will have to adapt to hardware more

than previously.

Our solution:
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Processor types

e Single-core
e Optimized for latency
e Multi-core

e Still optimized for latency, but
just more than one

e Many-core

e Optimized for throughput
e High performance/Watt
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Performance per Watt

Performance and Power efficiency of #1 TOP500
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Ma ny-core processors

features

e throughput oriented
e fast evolution of the architecture

e architectural features for high performance

Difficult to program, especially for high-performance
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Future processors

Control
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Moore’s Law ending

Lithography over years
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e energy wall
e memory wall
e Moore's law — Moore's wall
result
hardware without compromises to the interface to

programmers — difficult to program —

e programming wall
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Large demand for computational power

Chemistry

e in vitro — in silico

Machine Learning

e Shooting with a computational cannon

Increase in data to process

e For example gene-sequence alignment
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Increase in data
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Increase in data
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Many-core era

e window of 5-10 years to figure out:

e what hardware is going to look like
e how to program for performance well
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To deal with energy problems hardware will be:

e highly parallel
e throughput oriented
e architectural details for performance

e difficult to program

Result

e More responsibility for software developers

e Increase in performance relies on software
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Ecosystem for Performance and Correctness

Application
e clusters of many-cores MCL
e obtain high performance
e understanding performance
Cashmere
e correctness with model checking

Constellation
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Programming in MCL

A program is an algorithm mapped to hardware

Program

Algorithm

i IV.Iappin.g
YOy Yy

Hardware

Solution
Incorporate hardware descriptions in the programming model
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Hierarchy of hardware descriptions

A perfect ...
T g

portability mic .o gpu

xeon phi  nvidia--., amd

performance

fermi kepler-.
B control

gtx480 gtx680 V

16/28



Stepwise-refinement for performance

89 GFLOPS 89 GFLOPS
v1: 100 GFLOPS
v2: 92 GFLOPS

perfect .. v3:205 GFLOPS
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| | 205 GFLOPS

Feedback
Using 1/8 blocks per smp. Reduce the amount of shared

memory used by storing/loading shared memory in phases
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Model checking: mCRL2

e effective tool for software flaws
e support rich data structure

e versatile

e memory access problems
e correctness of optimizations

Goals

e non-intrusive

e feed back verified properties into
the compiler for optimization
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Performance-correctness co-refinement
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Accelerating Verification

e exploit symmetry in many-core
programs

e use many-cores to accelerate
model checking

e accelerate the term-rewriting
core in mCRL2
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Many-core cluster computers

Application
e Supports heterogeneous
many-core clusters MCL
e Can handle large-scale
applications
Cashmere
e Excellent load balancing and

scalability

Constellation
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Scalability results forensics application
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Load balancing

20 g T LRI O 0RO D
T
A A AT INTTANE HHHHHHHHHHHHHHHHHH\HH
[ TITTT T TTT T TTITTTOTT [ ITTOTIATTITETTIr T T T IT TITIT TT TT TTITOE T

Titanx o LI LT TTTTTL T 1T TITTTIT T T P IT TIT TTTTTT T 1T TTTTIT T TT T ITTTTTTT T 1]
[TTTIT TITTTTITITITIIT TITTTTITTIT TITT TTTTT [T TTTTT TTTT TIT
TTTTTTIOIT TITT T I T T IT 0T TIT T ITT T TOITTOITT TT T T T T T

Titan X 1

T TTIT T TTTITTITT T TITT TITITIT T IT I T IT TIT T IT T IITITTIITTCIT 1T

i NIRRT E NI IIIIIIIIIIIIII]]_IJIIIIIIIIIIIIIIIIIIIIIIIIIIII
TitanX-Pascal 0 T T ITCIT T [T I CICCITIT T T CITTITTIIIL]
N A A 1 |||||||||||||||||||||||||

TitanX-Pascal 1

ML LTI T I T T O T LT TTT TOTTT TIT T T TP LT ITTIT T
T T LTI T O T T T IO IO T T T I T T e
N I D ) A ) ) A A

kao EE=LLLT [ TT TT TTT TTT [ TT T TT TTT [ TT TTTT [ TTT T 0
[ TT TT TT T TT T [ TTT T [ TTOTTT T T TTTT [ T T ITT T TT 1
[T T TT TTTT [ TT TITT T T TT 10 [ TT T [ TT TT T T 171
[TOTM T TT T ITTTITIT TIT TTT T T TT T TIT I TIT T T T IT T ITT T T IT T T T T
Titan X 3

Titan X 4




Visualizing kernel execution

Hardware descriptions designed such that they can be drawn:

Device perfect

Memory mem
C A B

Interconnect ic

mmmn

Execution group cores

0,2

1,2

N = =)
° =) ©
[N} = =)
= = -
N =)
w w
N} = =)
IS S kS

2,2

24/28



Bioinformatics application

Motif-aware multiple sequence alignment

A

>Sequencel
CATGCGGTA

CLUSTAL 2.1 multiple sequence alignment

CATG----CGGTA 8
>Sequence2 CATGTGGTCGGTA 12
CATGTGGTCGGTA 7 D oY
CATGTGGTCGGTA  CAABaBBACGGTA cAaBaBBACGGTA CATGTGGTCGGTA
CATGCGGTGTA chaByBBaGTA craByBBo--GTA CATGCGGT--GTA
TGTGGTCGGTA oBaBBUCGGTA --aBaBBacGGTA —--TGTGGTCGGTA
ATGCGGTCGGTA RoBYBRACGGTA -2aByBRaCGGTA -ATGCGGTCGGTA

ACGT ACGT o B Y

A1l AT
co1 clo1
G0O1 Glo o1
TOOO1 Tl0 001

a0 0 0 1|MMW

Blo 0 1 0fjMsSW MMW

y[0 1 0 offMsw Msw mMwj




Natural Language Processing application

Word embeddings

e Map words to vectors or real numbers (word2vec)

e Take large corpus, create large multi-dimensional vector
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Conclusion

In coming years, software will have to adapt to hardware more

than previously.

Our solution:
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FPGAs

e high-level synthesis: as successful as automagically
parallelizing compilers
e only for:

e extremely low latency applications
e extremely power efficient
e prototyping hardware

e tools are of low quality
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