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@ High-performance computing
numerical computations, parallel architectures
— time-to-solution, efficiency, scalability, . . .

@ Automatic computing
optimization, search, but also derivation & deduction
— range of algorithms, productivity

@ Applications / Simulation science
— application-specific properties & needs, large
scale, full code
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Collaborative approach

*J High-performance Computing
Disconnect with applications = (too) general assumptions
Often marginal gains (vs. algorithmic improvements)
Cyclic, long development; focus on asymptotic behaviour

@ Applications / Simulation Science
Disconnect with state-of-the-art algorithms
Legacy, non-extensible code
Culture of “wait-for-faster-computer”
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Simulation codes

@ GenABEL Prof. Y. Aulchenko (SD-RAS) www.genabel.org
Statistical genomics

New package. Goal: new analysis, “mixed models”; performance

@ FLEUR Prof. S. Bllugel (FZ-Jilich) www.flapw.de
Investigation of structural, electronic and magnetic properties of periodic systems

Existing code. Goal: scalability & portability (of performance)

@ LAMMPS Prof. A. Ismail (RWTH) lammps.sandia.gov
Molecular Dynamics Simulator

New kernel. Goal: new algorithm for 1/r5 potential; linear complexity
g
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Genome-Wide Association Studies

Yurii Paolo
“Mixed models” 277
Linear regression with non-independent outcomes 277

Generalized least-square problems

b= (XTMX) " XTM 1y

@ Inputs: M eR™™ X ecR™P, yecR"

@ Qutput: beR?P

*To be repeated millions of timesx
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Mixed models b:= (XTM1X)" X7 My

Genome-wide association analysis

@ y: phenotype (outcome; vector of observations)
E.g.: height, blood pressure for a set of people

@ X: genome measurements and covariates
(design matrix; predictors)
E.g.: sex and age over height

@ M': dependencies between observations
E.g.: tall parents have tall children

@ b: relation between a variation in the outcome (y)
and a variation in the genome sequence (X)
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Problem definition (1)
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Problem definition (1)

b= (XTM1X) " XTM~Yy

“to be repeated millions of times”

I

fori=1,....m
bi = (XTM; X)) XT My,

I
Problem size
M; e R™™*™ 1000 < n < 20k+ 7.5MBs —3GBs
X; eR™P  3<p<20 30 — 625KBs
y; € R™ 8 — 780KBs
b, € RP 24 — 160 Bytes
Total 10 <m < 108 7.5—3000 TBs
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Problem definition (2)

b= (XTM;' X)) XT My,
J
fori=1,....m
b= (XTM-1X,) XMy,
and X; = [X|Xg;]
U
Problem size
M e R™™ 1000 <n < 100k 7.5MBs —74.5GBs
Xgri € R” 8 — 780KBs
b, € RP 24 — 160 Bytes
Total 10° <m < 108 74GBs — 7 TBs
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Problem definition (3)

b= (XTM1X,) " XT M1y
4
fori=1,....m
forj=1,...,¢
_ =1l —
b = (XTM;'X;) XMy,
and XZ' = [XLlXRi]a
and Mj :O']((I)-l-hj.[)

Moreover, eithert = 1 or t < 10°
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GWAS: complete problem definition
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GWAS: complete problem definition
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Problem size
M e R?*n 1000 < n < 100k 7.5MBs — 74.5GBs

)(Riayﬁ € R™ 8 — 780KBs
bij € RP 3<p<20 24 — 160 Bytes
Total m < 10%, t<10° 1.5-100s TBs
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Algorithm 1

LLT =M
X:=L'X
S :=XTXx
GGT =58
y:=L"y
b:=XxTy
b:=G b
b:=G"Tb

LLT =M
X :=L'X
QR =X
y:=L""y
b:=Q"y
b:=R b

Algorithm 20

ZWZzZT = o

D :=(hW+(1—h)I)~"
KKT =D
X:=7ZTX
X:=KT'X

QR =X

y:=L""y

b:=Q"y

b:=R'b

Algorithms generated
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Many algorithms! Predictions?

Flop count — rough estimate

Alg. 1 Alg. 2 Alg. 20

Zirflle)instance 0(n3) O(n?) O(n"’)

?tD;eSuence O(tn® + mtn?®)  O(tn® + mtn®) O(n® + mtn)

W

Analytic models Model-based prediction
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Algorithm — implementations
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M input MBs — 80 GBs read once

b  output 100s MBsor 10s TBs streaming to disk
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Algorithm — implementations

operands

X input 100s GBs — 2 TBs streaming from disk
y  input 1—-10 GBs streaming from disk
M  input MBs — 80 GBs read once

b  output 100s MBsor 10s TBs streaming to disk

Does M fit in memory?

@ YES = single node + multithreading
streaming HD«++CPU, double buffering, in-core implementation

Does M fit in GPU-memory?
o Yes = accelerator
streaming HD<«++>CPU+«+>GPU, triple+double buffering, CPU+GPU implementation

@ NO = distributed memory + MPI
partitioning + streaming HD<>CPUs, double buffering, data distribution
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Results
Single-
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runtime [s]
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Results

M
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Comments & lessons

HPC'’s perspective

@ Computation time

— in-core efficiency
— how to sustain efficiency?
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Comments & lessons

HPC’s perspective App’s perspective
@ Computation time @ Many data formats
— in-core efficiency @ Missing data, bogus data
— how to sustain efficiency? @ Output data. Post-processing?

@ New features

@ Language barrier!

@ Problem-specific properties:
Expose them, exploit them!

@ HUGE gap:
algorithm «» optimized implementation
(data management, parallelism)

@ Development cycle: several months!
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FLEUR: Density Functional Theory

Schrédinger equation — self-consistent cycle

Initialization:
non-interacting
spherical Vj(r)

V(r)ln]

'seudo-charge method;
FFT

Charge density
for next cycle

n(r)

Convergence check;
setup update

Calculation of
ground state energy

Ey — n(r)

b=l
E. Di Napoli

Collection of eigenpairs

Calculation of
full-potential

Generalized
eigenproblems

Axx = \Bxx

Solving for many
Schrodinger-like
equations

Wavefunctions
generation

Ya(k,r)

Matrices generation
Ax =< (k)| H|¢' (k) >
By =< ¥(k)|S|v' (k) >

Eigenproblems
distribution and setup
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FLEUR: Density Functional Theory

Sequences of problems, accuracy vs. speed, evoluti

Calculation of
full-potential

V(r)[n]

Initialization:
non-interacting
spherical Vy(r)

Solving for many
FFT Schrédinger-like
equations

seudo-charge method.

Wavefunctions
generation

Ya(k,r)

Charge density
for next cycle

n(r)

Convergence check.
Tteration setup

Matrices generation
Ax =< (k)| H|¢' (k) >
By =< p(k)|S]¢' (k) >

Calculation of
ground state energy

Ey — n(r)

Generalized
eigenproblems

Axr = A\Byx

Eigenproblems:
distribution and setup

Eigenpairs selection
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Weak scalability Strong scalability
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Cycle evolution

Eigenvectors Hamiltonian

of k-point 33 and all eigs Matrix entries variation for k-point 1 and iteration 4
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Conclusions

@ Simulation science = new computer science

Opportunities for a paradigm shift

@ From problems in isolations
= sequences of operations

@ From black box libraries
= problem-specific knowledge

@ From isolated algorithms
= integration into simulation code

@ Morale:
Instead of one semi-expert in different fields
= different experts at one table
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