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OmicABEL, GenABEL and GWAS RN HAeHEN

OmicABEL

@ A library part of the GenABEL framework for statistical genomics
@ High-performance solver(s) for (mixed-models) GWAS
@ Growing (work force, functionality)
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OmicABEL, GenABEL and GWAS RO e

OmicABEL

@ A library part of the GenABEL framework for statistical genomics
@ High-performance solver(s) for (mixed-models) GWAS
@ Growing (work force, functionality)

Genome-Wide Association Studies

@ Aim at identifying association between genetic markers and traits
of interest

@ Significant association highlights genomic regions involved in the
control of a trait
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@ Hair color, eye color.

@ Complex traits: diseases such
as coronary artery disease
(CAD), ...
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Source: David Hall

RWTHAACHEN
UNIVERSITY

@ Hair color, eye color.

@ Complex traits: diseases such
as coronary artery disease
(CAD), ...

Linear mixed-models

@ Generalized Least-Squares:
b= XTM1X)"1XTM 1y
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Computational problem TR

M = o?(h*® + (1 — h?)I)

{ b =(XTM X)X TM Yy

@ X ¢ R*P, SNP @ n € [1,000, ...,10,000]

@ y e R, trait @ pell,..,20]

@ be RP, genetic effect

@ h% 02 € R, heritability and res. variance

@ & € R™*™, Kkinship matrix (Al Il]
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Computational problem TR

b =(XTM X)X TMm 1y
M = o?(h*® + (1 — h?)I)

—1 -1 —1
| = L ] L ]
b X7 M Xt M Yy
® X ¢ R*», SNP @ n € [1,000, ..., 10,000]
@ y e R, trait @ pell,..,20]
@ be RP, genetic effect
@ h% 02 € R, heritability and res. variance
@ & ¢ R™*", kinship matrix (A]I]
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Computational problem TR

by = (X, TM X)) XTM Yy with1<i<m
M = o?(h*® + (1 — h?)I)

—1 -1 —1
| = L ] L ]
b XT M Xt M Y
@ X ¢ R"*?, SNP @ n € [1,000, ..., 10,000]
@ y e R, trait @ pell,..,20]
@ beRP, genetic effect @ m € [10°,...,107]
@ h% 0% € R, heritability and res. variance
@ ® ¢ R™*", kinship matrix (A]I]
Cle]s]

Diego Fabregat (AICES, RWTH Aachen) OmicABEL: An interdisciplinary collaboration June 2nd - 3rd, 2014 4/22



Computational problem TR

{ bij = (X" M;7 X)X T My, with1<i<m

M; = o3(h2® + (1 — h2)I) and1 <j <t.
—1 -1 —1
| = L ] L ]
b XT M Xt M Yy
@ X c R"*», SNP @ n € [1,000, .., 10,000]
@ y e R, trait @ pell,..,20]
@ be RP, genetic effect @ m € [105,...,107]
@ h? 0% € R, heritability and res. variance @ tis 1 or € [10°, ..., 10°]
@ ® ¢ R™*", kinship matrix (A]I]
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The challenge N NNERaTY

bij = (XiTM]ﬂXi)_IXiTMflyj with1 <i<m
M; = o5(h3® + (1 — h5)I) and1<j <t

Back in 2010...

@ n = 1,500, p = 4, m = 220k: 4 hours.
@ n = 1,500, p =4, m = 2.5m: =43 hours.
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The challenge
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{ bij = (X;'TMjilXi)_lXiTMjilyj withl <i<m

M; = o5(h3® + (1 — h5)I) and1<j <t
Scenario 1
@ n: 10,000
@ p 4
@ m: 36,000,000
@yl

@ Dataset: ~3TB
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The challenge

RWTHAACHEN
UNIVERSITY

biy = (X M X)) T X My,
M; = o5(h3® + (1 — h5)I)

withl1 <i<m

and1 <j <t

Scenario 1

@ n: 10,000

@ p 4

@ m: 36,000,000
@yl

@ Dataset: =~ 3TB

Tool Time
GWFGLS 20 days
FaST-LMM 20 hours
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The challenge N NNERaTY

{ bij = (X;'TMjilXi)_lXiTMjilyj withl <i<m

M; = o5(h3® + (1 — h5)I) and1<j <t
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@ p 4 @ p 4
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The challenge N NNERaTY

{ bij = (X?Mlez‘)_leMflyj withl <i<m

M; = o5(h3® + (1 — h5)I) and1<j <t
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@ n: 10,000 @ n: 1,000
@ p 4 @ p 4
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Tool Time Tool Time
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The challenge N NNERaTY

{ bij = (X;'TMjilXi)_lXiTMjilyj withl <i<m

M; = o5(h3® + (1 — h5)I) and1<j <t
Scenario 1 Scenario 2
@ n: 10,000 @ n: 1,000
@ p 4 @ p 4
@ m: 36,000,000 @ m: 1,000,000
eyl @ t: 100,000
@ Dataset: ~3TB @ Dataset: ~3TB
Tool Time Tool Time

GWFGLS 20 days GWFGLS 1.5 years

FaST-LMM 20 hours FaST-LMM 7.5 months
OmicABEL-CHoL | 6 hours OmicABEL-Eic | 12hours g
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@ Introduction

e Engineering OmicABEL

© Results

e Interdisciplinary collaboration hurdles
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Systematic/Engineering approach RN HAeHEN

How to attain OmicABEL-EIG’s speedup

@ Complexity: consider the problem in its entirety
@ Data management: analyze data movement to reduce I/O impact (tiling)

@ Performance and Scalability: blocking + hybrid parallelism (MT-BLAS +
OpenMP)
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Reducing complexity RN ERUEY

Consider the grid in its entirety
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Reducing complexity RN ERUEY

bij = (Xz‘TMjilxi)ilxerflyj withl1 <i<m
M; = a3 (h3® + (1 —hj)I) and1<j <t

Mj = 0j(h;® 4 (1 — hy)I)
\LOéj = O’j*hj,ﬂj = O'j*(l—hj)
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Reducing complexity RN ERUEY

bij = (Xz‘TMjilxi)ilxerflyj withl1 <i<m
M; = a3 (h3® + (1 —hj)I) and1<j <t

Mj = 0j(h;® 4 (1 — hy)I)
\LOéj :ZO'j*hj, i I:O'j*(l—hj)

& =272Wwz"
M; = Z(a;W + B;1) Z"
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Reducing complexity ROWTHRCHEN

bij = (Xz‘TMjilxi)ilxerflyj withl1 <i<m
M; = a3 (h3® + (1 —hj)I) and1<j <t

Mj:Uj(hjq)+(lfhj)I) 1 ZWzZT =&
< i<
laj:=0;*xhj,B; :=0;*(1—h;) z fo;{/1 :_Z;"X_i m
Mj:aj¢>+6jl 4 for 1 < j <t
5 y; = ZTy;
_ T e for 1 < j <t
¢ =2Wz . 7 Dj = o3(R2W + (1 — h2)I)
1
9 W; :Kfy;
M;t = Z(;W + B;1) 7' 2" oo for1<i<m
11 Wi = K X]
by = (X ZD;'Z" X)X ZD;' 2%y, 5 e W
VA 17
by = (X'{ D7 X') ™' X' D'y ° bij = Wiss ALT
14 bij := S;; bij cle[s]
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Reducing complexity ROWTHRCHEN

Approach 1GLS Single-trait Multi-trait Flops

Naive O(n?) O(mn?) O(tmn3)  0(10%°) - 100 ExaF
GWFGLS O(mn?) O(tmn?)  O(10'7) - 100 PetaF
Omic-EIG O(tmn)  O(10'%) - 100 TeraF

Setup: n = 1,000, m = 1,000,000, ¢ = 100,000.
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Data management RNTHVERLEY

i [loaol

2 for 1 < j <t

3 load y;

4 [...]

5 for 1 < i <m
6 load X;

8 store b;;
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Data management RNTHVERLEY

i [loaol

2 for 1 < j <t

3 load y;

4 [...]

5 for 1 < i <m
6 load X;

8 store b;;

Loads m x t times a vector X; (of size n): 10'* doubles ~ 1PB.
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Data management RNTHVERLEY
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Data management RNTHVERLEY

th t n
1 [...] . )
2 for 1 < j < t/ty
3 load block of y;’s
4 [...] m
5 for 1 < i < m/my n
6 load block of X;’s K
AL S d
9 for 1 < i < my m”
10 [...]
11 store block of b;;’'s
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Data management RNTHVERLEY

th t n
1 [...] . )
2 for 1 < j < t/ty
3 load block of y;’s
4 [...] m
5 for 1 < i < m/my n
6 load block of X;’s K
AL S d
9 for 1 < i < my m”
10 [...]
11 store block of b;;’'s

+ Overlap of 1/0 with computation!

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) OmicABEL: An interdisciplinary collaboration June 2nd - 3rd, 2014 13/22



Data management
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Performance and scalability

1 for 1 < i <m 1 X' :=2ZTX (GEMM)
2 X! :=ZTX; (GEMM) 2 YV :=2ZTY (GEMM)
3 for 1 < j <t 3 for 1 < j <t
4 y; == ZTy; (GEMV) 4 [acall _

s for 1 <j <t 5 for 1 < i <m
o [...] 6 [...]

7 for 1 < i <m

8 [---1

RWTHAACHEN
UNIVERSITY

Multiple mat-vec (GEMV) as a single mat-mat (GEMM).

All]
ClelS]

Diego Fabregat (AICES, RWTH Aachen) OmicABEL: An interdisciplinary collaboration June 2nd - 3rd, 2014 15/22



Performance and scalability ROWTRRCEY

i [lo=ol

2 for 1 < j <t

3 [...]

4 for 1 < i <m

5 Wi; == K] X] (SCAL)
6 Sij = WEWi; (GEMM)
7 bij == Wkv;  (GEMV)
8 bij := S;;'bi;  (POSV)

@ Memory bound operations, but compute bound as a block
@ Blocking increases performance
@ Explicit parallelism with OpenMP
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© Results
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- - RWTHAACHEN
Experimental results for challenge Scenario 2 UNIVERSITY
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Experimental results for challenge Scenario 2 UNIVERSITY

600 | ]
oo GWFGLS
----- ©-- FaST-LMM 1.5 years A
—&— Omic-EIG
@ 400 | 1
©
©
© 7.5 months
E onn | e I e O |
S ——
A 12 hours
Py . ‘ *
10* 5x 10% 10°
Number of traits (t)
Setup: n = 1,000, p = 4, m = 1,000,000. Full 40-core node. (Al Il]

ClelS]

Diego Fabregat (AICES, RWTH Aachen) OmicABEL: An interdisciplinary collaboration June 2nd - 3rd, 2014 18/22



e Interdisciplinary collaboration hurdles
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Interdisciplinary collaboration hurdles RO e

Remarkable results...
... at the expense of a long development time
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Interdisciplinary collaboration hurdles RN BCHEN

Remarkable results...
... at the expense of a long development time

@ Initial overhead in finding a common language
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Interdisciplinary collaboration hurdles RN HAeHEN

Remarkable results...
... at the expense of a long development time

@ Initial overhead in finding a common language
@ Continuous refinement of the problem definition
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Interdisciplinary collaboration hurdles RN BCHEN

Remarkable results...
... at the expense of a long development time

@ Initial overhead in finding a common language
@ Continuous refinement of the problem definition
@ Different priorities
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It is worth it! gh 7540

Once the initial overhead is overcome...

@ MPI: single- and multi-trait (Elmar Peise)
@ GPU: single trait (Lucas Beyer)
@ Related problem (OLS) (Alvaro Frank)

@ OmicABEL + OLS-based used by a third research group
@ Joint proposals, PhD
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Once the initial overhead is overcome...

@ MPI: single- and multi-trait (Elmar Peise)
@ GPU: single trait (Lucas Beyer)
@ Related problem (OLS) (Alvaro Frank)

@ OmicABEL + OLS-based used by a third research group
@ Joint proposals, PhD

In a broader sense
@ There is a gap between applications and HPC
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It is worth it! gh 7540

Once the initial overhead is overcome...

@ MPI: single- and multi-trait (EImar Peise)
@ GPU: single trait (Lucas Beyer)
@ Related problem (OLS) (Alvaro Frank)

@ OmicABEL + OLS-based used by a third research group
@ Joint proposals, PhD

In a broader sense

@ There is a gap between applications and HPC
o If...

o Application experts are patient and get involved
o HPC experts focus on application’s priorities

@ Then, experience shows that results can be remarkable
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Links:

@ http://hpac.rwth-aachen.de/
@ http://www.genabel.org/packages/0micABEL

@ Computing Petaflops over Terabytes of Data: The
Case of Genome-Wide Association Studies.
Fabregat et al. ACM TOMS. In press.
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