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¢
< Qutline

* Overview of High Performance
Computing

* Look at some of the adjustments that
are needed with Extreme Computing
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< White House HPC Initiative

The White House
Office of the Press Secretary

For Immediate Release July 29, 2015

Executive Order — Creating a

THE WHITE HOUSE

National Strategic Computing WASHINGTON
Initiative

EXECUTIVE ORDER

CREATING A NATIONAL STRATEGIC COMPUTING INITIATIVE

By the authority vested in me as President by the Constitution and
the laws of the United States of America, and to maximize benefits
of high-performance computing (HPC) research, development, and
deployment, it is hereby ordered as follows:

Section 1. Policy. In order to maximize the benefits of HPC for
economic competitiveness and scientific discovery, the United
States Government must create a coordinated Federal strategy in
HPC research, development, and deployment. Investment in HPC
has contributed substantially to national economic prosperity and
rapidly accelerated scientific discovery. Creating and deploying
technology at the leading edge is vital to advancing my
Administration's priorities and spurring innovation. Accordingly,



= NSCI has 5 Strategic Themes

* Create systems that can apply exaflops of
computing power to exabytes of data.

* Keep the United States at the forefront of HPC
capabilities.

* Improve HPC application developer productivity

* Make HPC readily available

» Establish hardware technology for future HPC
systems.
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State of Supercomputing Today

- Pflops (> 10> Flop/s) computing fully established
with 81 systems.

* Three technology architecture possibilities or
“swim lanes” are thriving.
« Commodity (e.g. Intel)
« Commodity + accelerator (e.g. GPUs) (104 systems)
« Special purpose lightweight cores (e.g. IBM BG, ARM,
Intel’s Knights Landing)
 Interest in supercomputingis now worldwide, and
growing in many new markets (around 50% of Top500
computers are used in industry).

- Exascale (108 Flop/s) projects exist in many
countries and regions.

 Intel processors have largest share, 89% followed
by AMD, 4%.
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H. Meuer, H. Simon, E. Strohmaier, & JD
- Listing of the 500 most powerful

Computers in the World
- Yardstick: Rmax from LINPACK MPP
Ax :b, dense problem TPP performance
- Updated twice a year : C

SC*xy in the States in November
Meeting in Germany in June

- All data available from www.top500.0org o



¢. Performance Development of HPC over
“" the Last 24 Years from the Top500
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«- November 2015: The TOP 10 Systems

. Rmax | 7 of || Power IMFIops
Rank Site Computer Country Cores [Pflops] | Peak || mw] |V Watt
National Super Tianhe-2 NUDT,
1 Computer Center in | Xeon 12C + IntelXeon Phi (57¢c) 3,120,000 33.9 62 17.8 || 1905
Guangzhou +
2 peEs e s Zg)é - 560640 | 176 | 65 || 8.3 || 2120
Oak Ridge Nat Lab vidia Repier N ‘ : :
ad Custom
DOE / NNSA Sequoia, BlueGene/Q (16¢)
3 L Livermore Nat Lab + custom 1,572,864 17.2 & 7.9 || 2063
RIKEN Advanced K computer Fujitsu SPARC64
4 Inst for Comp Sci VIIIfx (8c) + Custom . PO o 93 | 12.7 || 827
DOE / 0s Mira, BlueGene/Q (16c) '
5 Argonne Nat Lab + Custom 786,432 8.16 85 3.95 || 2066
DOE / NNSA / Trinity, Cray XC40,Xeon 16C +
6 Los Alamos & Sandia Custom 301,056 8.10 80
. iz Daint, Cray XC30, Xeon 8C + .
7 Swiss CSCS Nvidia Kepler (14c) + Custom Swiss 115 984 6.27 81 2.3 || 2726
Hazel Hen, Cray X¢40, Xeon
8 HLRS Stuttgart 12C+ Custom 185,088 5.64 76
Shaheen II, Cray XC40, Xeon
9 KAUST 16¢ + Custom 196,608 5.54 77 2.8 || 1954
Texas Advanced tampede, Dell Intel (8c) + Intel
10 | Computing Center Xeon Phi (61c) + I8 204900 | 517 | 61 || 45 || 1489
500 (368) Karlsruher MEGAWARE Intel Germany 8 .206 95




o .
< Countries Share

Absolute Counts

US: 201
China: 109
Japan: 37
~ UK: 18
| ——biac (T France: 18
. — Germany: 32

41
i

China nearly tripled the number of
systems on the latest list,

while the number of systems in the
US has fallen to the lowest point
since the TOP500 list was created.
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-Recent Developments

< US DOE planning to deploy O(100) Pflop/s systems for 2017-
2018 - $525M hardware

< Oak Ridge Lab and Lawrence Livermore Lab to receive IBM
and Nvidia based systems

< Argonne Lab to receive Intel based system
> After this the Exaflop

< US Dept of Commerce is g
groups from receiving In- §
cle

= s — il A

» National SC Center Changs

10
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Since the Dept of Commerce Action ...

Expanded focus on Chinese made HW and SW
 Anything but from the US

- Three separate developments in HPC

 Wuxi

« Sunway TaihuLight 125 Pflops Peak, all Chinese, ShenWei Proc,

June 2016 (ISC2016)

« NUDT
« Tianhe-2A O(100) Pflops will be Chinese ARM, 2017

« CAS ICT
« Godson MIPS and new processors

In the latest "5 Year Plan”

 Govt push to build out a domestic HPC ecosystem.

« Exascale system, will not use any US chips

« Targeting China’s key industrial apps, via SW
“¢énters.

11



Technology Trends:

Mico rocessor C:

Gordon Moore (co-founder of

Intel) Electronics Magazine, 1965
Number of devices/chip doubles
every 18 months

2X transistors/Chip Every
1.5 years

Called “Moore’s Law”
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The future of integrated electronics is the future of electron-
ics itself. The advantages of integration will bring about a
proliferation of electronics, pushing this science into many
new arcas.

Integrated circuits will lead to such wonders as home
computers—or at least terminals connected to a central com-
puter—automatic controls for automobiles, and personal
portable communications equipment. The electronic wrist-
watch needs only a display to be feasible today.

But the biggest potential lies in the production of large
systems. In telephone communications, integrated circuits
in digital filters will separate channels on multiplex equip-
ment. Integrated circuits will also switch telephone circuits
and perform data processing.

Computers will be more powerful, and will be orzanized
in completely different ways. For example, memaries built
of integrated electronics may be distributed throughout the

The author

Dr. Gordon E. Moore is one of
the new breed of electronic
engineers, schooled in the
physical sciences rather than in
electronics. He earned a B.S.
degree in chemistry from the

machine instead of being concentrated in a central unit. In
addition, the improved reliability made possible by integrated
circuits will allow the construction of larger processing units.
Machines similar to those in existence today will be built at
lower costs and with faster turn-around.

Present and future

By integrated electronics, I mean all the various tech-
nologies which are referred to as microelectronics today as
well as any additional ones that result in electronics func-
tions supplied to the user as irreducible units. These tech-
nologies were first investigated in the late 1950°s. The ob-
Ject was to miniaturize electronics equipment to include in-
creasingly complex electronic functions in limited space with
minimum weight. Several approaches evolved, including
microassembly techniques for individual components, thin-
film structures and semiconductor integrated circuits.

Each approach evolved mpidly and converzed so that
each barrowed techniques from another. Many researchers
believe the way of the future to be a combination of the vari-
ous approaches.

I'he advocates of semiconductor integrated circuitry are
already using the improved characteristics of thin-film resis-
tors by applying such films directly to anactive semiconduc-
tor substrate. Those advocating a technology based upon




Moore’s Secret Sauce: Dennard Scaling

Moore’s Law put lots more transistors on a
chip...butit’s Dennard’s Law that made them
useful

Dennard observed that voltage

and current should be proportional to
the linear dimensions of a transistor

Dennard Scaling :

» Decrease feature size by a factor of A and
decrease voltage by a factor of A ; then

* # transistorsincrease by A2

* Clock speed increases by A

* Energy consumption does not change

2x transistor count
40% faster
50% more efficient

Design of Ion-Implanted MOSFET’s with
Very Small Physical Dimensions

ROBERT H. DENNARD, MEMBER, 1EEE, FRITZ H. GAENSSLEN, HWA-NIEN YU, mEMBER, IEEE, V. LEO
RIDEOUT, MEMBER, 18£8, ERNEST BASSOUS, axo ANDRE R. LEBLANC, MEMBER, 1EEE

Abstract—This paper considers the design, fabrication, and
characterization of very small MOSFET switching devices suitable
for digital integrated circuits using dimensions of the order of 1 u.
Scaling relationships are presented which show how a conventional
MOSFET can be reduced in size. An improved small device struc~
ture is presented that uses ion implantation to provide shallow
source and drain regions and a nonuniform substrate doping pro-
file. One-dimensional models are used to predict the substrate
doping profile and the corresponding threshold voltage versus
source voltage characteristic. A two-dimensional current transport
model is used to predict the relative degree of short-channel effects
for different device parameter combinations. Polysilicon-gate
MOSFET’s with channel lengths as short as 0.5 u were fabricated,
and the device characteristics measured and compared with pre-
dicted values. The performance improvement expected from using
these very small devices in highly miniaturized integrated circuits
is projected.

Manuseript received May 20, 1974; revised July 3, 1974
The authors are with the IBM T. J. Watson Research Center,
Yorktown Heights, N.Y. 10598.
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List oF SyMBOLS

Inverse semilogarithmic slope of sub-
threshold characteristic.

Width of idealized step function pro-
file for channel implant.

‘Work function difference between gate
and substrate.

Dielectric constants for silicon and
silicon dioxide.

Drain current.

Boltzmann’s constant.

Unitless scaling constant.

MOSFET channel length.

Effective surface mobility.

Intrinsic carrier concentration.

Substrate acceptor concentration.

Band bending in silicon at the onset of
strong inversion for zero substrate
voltage.

[Dennard, Gaensslen, Yu, Rideout, Bassous,

Leblanc, IEEE JSSC, 1974] 13




Unfortunately Dennard Scaling is Over:
What 1s the Catch?

Powering the transistors without melting the chip
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Clock Rate of Processors :

Breakdown is the result of small feature sizes,
current leakage poses greater challenges,
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and also causes the chip to heat up

Intel = Green
IBM = Orange
AMD = Pink
Fujitsu =Red
Sun= Brown
DEC = Salmon
MIPS =Blue
Centaur = Gray

T
1994

T
1996

T
1998

T
2000

20b2 2054 2606 2058 2610 2612
CPU DB: recording microprocessor history, CACM, V 55 N 4, 2012,

http://dl.acm.org/citation.cfm?id=2133822

T
2014

1
2016



Dennard Scaling Over
Evolution of processors

The primary reason cited for the breakdown 1s that at small sizes, current
leakage poses greater challenges, and also causes the chip to heat up,
which creates a threat of thermal runaway and therefore further increases
energy costs. Can’t continue to reduce the cycle time.

Dennard scaling
breakdown
Single-core Era

3.4 GHz_

Multicore Era
_3.5GHz

1971
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High Cost of Data Movement

Operation Energy
consumed

200 pJ
800 pJ

2000 pJ

/500 pJ
Read 64 bits from DRAM 12000 pJ

Communication is now almost all of the parts cost,
almost all of the time spent, and almost all of the
energy and power consumed!



Peak Performance - Per Core

FLOPS = cores x clock x RIrs

cycle

Floating point operations per cycle per core

+
+
+
+
+
We
are ‘ +
here

(almost)

Most of the recent computers have FMA (Fused multiple add): (i.e.
X €X + y*zin one cycle)

Intel Xeon earlier models and AMD Opteron have SSE2

+ 2 flops/cycle DP & 4 flops/cycle SP

Intel Xeon Nehalem (‘og) & Westmere ("10) have SSE4

+ 4 flops/cycle DP & 8 flops/cycle SP

Intel Xeon Sandy Bridge('11) & Ivy Bridge (‘12) have AVX

+ 8 flops/cycle DP & 16 flops/cycle SP Ny
Intel Xeon Haswell ("213) & (Broadwell (14)) AVX2
+ 16 flops/cycle DP & 32 flops/cycle SP

+ Xeon Phi (percore) is at 16 flops/cycle DP & 32 flops/cycle SP
Intel Xeon Skylake (server) AVX 512
+ 32flops/cycle DP & 64 flops/cycle SP
+ Knight's Landing




CPU Access Latenciesin Clock Cycles

Main memory I 167/ Cycles
L3 Cache Full Random access I 33
L3 Cache In Page Random access [ 18
L3 Cache sequential access M 14
L2 Cache Full Random access [l 11
L2 Cache In Page Random access 1l 11
L2 Cache sequential access 1M 11
L1 Cache In Full Random access W4
L1 Cache In Page Random access W4

L1 Cache sequential access W4

0 50 100 150 200
Cycles



¢ Classical Analysis of Algorithms
- May Not be Valid

- Processors over provisioned for
floating point arithmetic

- Data movement extremely expensive

- Operation count is not a good
indicator of the time to solve a
problem.

- Algorithms that do more ops may
actually take less time. . D

6/3/16
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Singular Value Decomposition
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3 Generations of software compared

square, with vectors

50 T T T T T T T T T T
36 4
satad, 4.
sleioatee:
AN % « 40F
RO 8
R 4 G .
T 30k = LAPACK QR (BLAS in ||, 16 cores)
o = = LAPACK QR (restricted to 1 core)
g_ 50 ~ LINPACK QR
§ I — EISPACK QR
[0}
Q QR refers to the QR algorithm
? 10t ] for i:)l’fl;?.ltﬁlg fhe ei;ei(\)llelllum
.—’-—h._.—‘~0- =t g o= =0
0 - ; — 3 Dual socket— 8 core
Ok 4k 8k 12k 16k 20k Intel Sandy Bridge 2.6 GHz

columns (matrix size N x N) (8 Flopsper core per cycle)



Bottleneckin the Bidiagonalization

The Standard Bidiagonal Reduction: xGEBRD
Two Steps: Factor Panel & Update Tailing Matrix

fa!l r panel k then update =» factor panel k+1

Requires 2 GEMVs

% A XPH
¥ Characteristics AP

350 | “*"dgemm Level-3 BLAS
=#=dgemv Level-2 BLAS

 Total cost 8n’/3,(reduction tobi-diag . amemros | ., oooeseosoeeek
* Toomany Level 2 BLAS operations §=
* 4/3n*from GEMV and 4/3 n® fromG i _ -y aon

* Performance limited to 2* performan £ 100
* =>»Memory bound algorithm. N

0 St
0 2000 4000 6000 8000 10000 12000
Matrix{Vector] Size N

LO
N
N
»e

y=axx+y

16 cores Intel Sandy Bridge, 2.6 GHz, 20 MB shared L3 cache.
The theoretical peak per core double precision is 20.4 Gflop/s per core.
Compiled with icc and using MKL 2015.3.187




Recent Work on 2-Stage Algorithm

Second stage
Bulge chasing *
To bi-diagonal *

—w

First stage
To band

nz = 3600

¥ Characteristics
*  Stage1:
* FullyLevel 3 BLAS
* Dataflow Asynchronous execution

*  Stage 2:
* Level “BLAS-1.5”
* Asynchronous execution
* Cache friendly kernel (reduced communication)




Recent work on developing new 2-stage algorithm

Second stage
Bulge chasing
To bi-diagonal ~

First stage
To band

20
— )
40

0 20 40 60
nz = 3600

n—nb

i ~ % an3 3 103 3
ops =~ Sgl n; -+ (nt —s)3ng + (nt —s) 30 +(nt —s) x (nt —s)5n;
n—ny
)
+ : 20} + (nt—s—1)3n + (nt—s—1)n}+(nt—s) x (nt —s —1)5n;]

S—

Q

10 .3, 10n, 2 | 2np 3
3 07+ 37N+ =3tn

10 _ 2
?n?’ (gemm) g stage flops =6xn, xn (gemv)second stage

Q

More Flops, original did 8/3 n’
25% More flops



Recent work on developing new 2-stage algorithm

Second stage
Bulge chasing
To bi-diagonal ~

First stage
To band

T T T T T
|| ——2-stages / MKL (DGEBRD)

__ time of one-stage 50
~ time of two-stage

speedup

4n3 /3Pgemv + 4n3 /3Pgemm E‘-
10n3 / 3Pgemm +6ny, n? / Pgemv

84 84
— 75 < Speedup < Tz

—_— 18 S Speedup S 7 2k 4k 6k 8k 10k 1ékMat:iiksize1ék 18k 20« 22k 20k 26k
16 Sandy Bridge cores 2.6 GHz

if Pyornm is about 22x Py, and 120 < n;, < 240.

25% More flops and 1.8 — 7 times faster #

12 1
2
9%@»
4

6 5




Parallelization of LU and QR.

_ [

“ Parallelize the update: dgemm
— * Easy and done in any reasonable software. ]
* This is the 2/3n3 term in the FLOPs count. - - -I

* Can be done efficiently with LAPACK+multithreaded BLAS

\\ WV

dgetf2
I<— Iu(I) 1
2NN
dtrsm (+ dswp)
l l l l l Fork - Join parallelism
b\ l l l l l Bulk Sync Processing

dgemm

- = Q\l/y




% Synchronization (in LAPACK LU)

Stept ——> Step2 —— > Step3 —> Step4 - - -

N\

N\

» fork join




C PLASMA LU Factorization

N Dataﬂ()w Driven Numerical program generates tasks and

run time system executes tasks respecting

data dependences.

et
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dett Brttt{ et etiretrs
¥ 0000
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Batched LA

LU, QR, or Cholesky
on small diagonal matrices

TRSMs, QRs, or LUs

Sparse / Dense Matrix
System

All Al2 Al3 Al4

Ay TRSMs, TRMMs

A, Updates (Schur complement)
GEMMs, SYRKs, TRMMs

Ay And many other BLAS/LAPACK, e.g., for application

specific solvers, preconditioners, and matrices

w@
=
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< OpenMP tasking

- Added with OpenMP 3.0 (2009)
 Allows parallelization of irregular problems

« OpenMP 4.0 (2013) - Tasks can have
dependencies

e DAGS
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< Tiled Cholesky Decomposition

#pragma omp parallel
#pragma omp master
{ CHOLESKY( A ); }
CHOLESKY( A ) {
for (k = 0; k < M; k++) {
#pragma omp task depend(inout:A(k,k)[0:tilesize]
{ POTRF( A(k.k) ); }
for (m = k+1; m < M; m++) {
#pragma omp task \
depend (in:A(k,k)[0: tilesize]) \
depend (inout :A(m,k)[0: tilesize])
{ TRSM( A(k,k), A(m,k) ); }

o W N » O
o W N

}
for (m = k+1; m < M; m++) {
#pragma omp task \
depend (in:A(m,k)[0: tilesize]) \
depend (inout :A(mm)[0: tilesize])
{ SYRK( A(m,k), A(m,m) ); }
for (n = k+1; n < m; n++4) {
XGEMM .F'NA'- #pragma omp task \
depend (in:A(m,k)[0: tilesize], \
A(n,k)[0: tilesize]) \
depend (inout:A(m,n)[0: tilesize |)
{ GM( A(m,k), A(n,k), A(myn) ); }

1
¥,

- xPOTRF . XxTRSM . XSYRK
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Dataflow Based Design
<Ob jectives

> High utilization of each core - Q;%ZOQ;%ZG

> Scaling to large number of cores [ @#;f%i@? - "i

» Synchronization reducing algorithms é{ﬁ( - ‘
SMethodology rah

> Dynamic DAG scheduling

> Explicit parallelism

> Implicit communication

> Fine granularity / block data layout
TArbitrary DAG with dynamic scheduling - &

==
- Fork-join parallelism
EI_- . . "
% = ====1 Notice the synchronization

penalty in the presence of
DAG scheduled heterogeneity.
parallelism

Cores

Time 30
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< Avolding Synchronization

- "Responsibly Reckless™ Algorithms

* Try fast algorithm (unstable
algorithm) that might fail (but rarely)

* Check for instability

* If needed, recompute with stable
algorithm

31



Introduction

[ U decomposition (Gaussian Elimination) for the solution of Ax = b

fork =1tondo v

,  Qk+1:nk
Ak+1:nk S g, L

ak+1:n,k+1:n — ak+1:n,k+1:n — dk+1:n,k X Ak k+1:n
end for

@ Stability issue: ai may be small or zero = large element growth =
elements of normal size lost in summation.

e Partial pivoting (GEPP): swap rows so that each ay is large.
row k is exchanged with row p such that |ay«| — m>akx |ajk|

Eventually, PA = LU (P permutation matrix). :

6/3/16
32



Pivoting Is expensive

@ Complete pivoting, partial pivoting, tournament pivoting, etc.
@ GEPP implemented in most numerical libraries (LAPACK...)

@ No floating point operation in pivoting but it involves irregular
movements of data

@ Communication overhead due to pivoting: O(n?) comparisons

100

80

60

% of ime

20

0

[Puoting overnead === |0

40

2 4 B8 8 10 12 14 18 18 20 22
Matrix size x 1024

Cost of partial pivoting in LU factorization (MAGMA), Nvidia Kepler K20



Random matrices are nice (for pivoting)

(see [ Trefethen and Schreiber, SIMAX 90 ], [ Yeung and Chan, SIMAX 97 ])
ctability of LU with or without pivating on random matrices

107 sample of 100 matrices per matrix size
LU without pivoting

10—3; * LU with partial pivoting
-0

107 F ) o x
e . toox ’ . ox X § x

107 x x X § Pox X ' &

= | Cox BRI -

= 1o : 3 I

é % x x

D L X

T 1072k : l I

g L B *

= —-13

10 E g

107 T L L L
g X

10-1'5:_ ; n N

1oL

| | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800
matrix size



How to remove pivoting

No pivoting by randomizing instead:

@ For general systems (LU factorization):
Initially proposed by [ Parker, 1995 |
Revisited in [ MB, Dongarra, Herrmann Tomov, TOMS 2013 ]

@ |dea: the original matrix is transformed into a matrix that would be
sufficiently “random” so that, with a probability close to 1, pivoting is
not needed.

6/3/16
35



How to avoid pivoting with randomization?

Random Butterfly Transformation (RBT)

Ax=b = UTAV V7 'x = U'b

@ Compute A, = UTAV with U, V random (recursive butterflies)
Q@ Factorize A, without pivoting (GENP)
@ Solve A,y = Ubthen x = Vy

Requirements :
@ Randomization must be cheap

@ Fast GENP (“Cholesky” speed)
@ Accuracy close to that of GEPP (possibly IR)



Butterfly Matrix

A butterfly matrix is defined as any n-by-n matrix of the form:

(7 =)

where R and S are random diagonal matrices.

()

Remark:



Numerical issues

Stability of RBT ?
@ "Average“ growth factor expressed in [ Parker, 95 |

o lterative refinement is systematically added

1: e < b— AXy_4
2: solve Ly = ry
3:solve Uz =y

4. Xy — X1 + Z
check convergence

@ Backward error (available from IR process) is sent back
@ Future work: probabilistic error bounds



Tests on accuracy

Matrix Cond GENP GEPP QR RBT REC [ IR
augment 4.10% 1.28.10—% | 228.10—" | 299.10—"8 | 2.81.10—16 1 1
gfpp 5.102 9.01.10—01 6.88 . 10—01 1.06-10—1% | 1.27.10—18 1 1
chebspec 2.10™ | 1.19.10—" | 329.10—"% | 522.10—1° | 3.23.10— "4 1 0
circul 1.108 1.74.10—"% | 166.10—"° | 266-.-10—1° | 266-10—1° 1 0
condex 1.102 7.32.10—"° | 598.10—"° | 834.10—'° | 650-10—"° 1 0
fiedler 7-10° Fail 211-10—" | 154.10—"% | 7.90.10—" 1 0
Hadamard 1-.100 0-10° 0-10° 7.58-10—1% | 833.10—1 1 0
normaldata | 3-10% 203-10—'2 | 630.10—" | 238.10—'% | 330.10—16 1 1
orthog 1.109 | 564.10~ 0" | 433.10—" | 370.10—"% | 431.1016 2 1
randcorr 3.108 512.10—1% | 404.10—7% | 573.10—1% | 592.10—16 1 0
toeppd 7-10° 253.-10—'% | 260-10—" | 839.10—1° | 571.10—"° 1 0
Foster 5. 102 1-10°0 1-100 1.90-10—'% | 3.30.10—16 2 1
[—1,1] 2-.108 219-10—" | 519.10—" | 233.10—% | 235.10— 16 1 1
[0, 1] 4.104 1.97-10—12 | 285.10—" | 215.10—" | 179.10—1° 1 1
{—1,1) 4.108 Fail 396-10—1 | 238.10—"8 | 270.10—16 2 1
{0, 1} 5.104 Fail 439-10—" | 219.10—" | 1.09.10—1° 2 1
Turing 5.1019 0-100 0-10° 7.16-10—13 | 1.05.10—14 2 1
i — j| 7-10° Fail 333.10—"% | 154.10—"% | 6.05.10—"° 1 0
max (i, ) 3.10° | 216-10—" | 121.10—"% | 146.10—1% | 227.10—1° 1 1

Componentwise backward error (n = 1024, tile size=8)




Performance on GPU

LU =molvaer parformance

800 T Parti'al Pivéting T T T T T T T T T T T T
RBT without IR -~~~ '..._...;;;!.-..-_-_-
— RBTwith IR ---=--- ‘::.__,.'-«".'"

€00

400

Gflop/s

200

100

- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1088 2112 3136 4160 5184 6208 7232 B256 9280 10304 1132812352 13376 1440015424 1644817472

Size

Performance on 12 Intel Xeon X5680 cores + 1 Nvidia Kepler K20
Using same number of flops used for each implementation.



RBT vs other solvers (accuracy)

1e-13

I 1 1 | | | | | 1 1 1 1 1 1 PRBT 1 i
[ H-CALU ---#%- ]
magma_dgetrs &

1e-14 |

Backward error

1 1 1

1 1 1 1 1 1 1 1

fetsl— 1 1
1024 2048 3072 4096 5120 6144 7168 8192 9216 1024011264 12288 13312 14336 15360 16384 17408

Matrix size

Comparison of componentwise backward error (double precision)
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“Mixed Precision Methods

* Mixed precision, use the lowest
precision required to achieve a given
accuracy outcome

= I[mproves runtime, reduce power
consumption, lower data movement

= Reformulate to find correction to
solution, rather than solution; Ax rather
than x.

J(xi)

J(xi)

_ S Gxa)
0 T f/(xi)42

Xi+1 = Xi —
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< ldea Goes Something Like This...

o Exploit 32 bit floating point as much as
possible.
= Especially for the bulk of the computation

e Correct or update the solution with selective
use of 64 bit floating point to provide a
refined results

 Intuitively:
= Compute a 32 bit result,

= Calculate a correction to 32 bit result using
selected higher precision and,

= Perform the update of the 32 bit results with the
correction using high precision.

43



N . . . . .
~ Mixed-Precision lterative Refinement

- Iterative refinement for dense systems, Ax = b, can work this

way.
L U = lu(A) o(n’)
x = L\(U\b) o(n’)
r=b- Ax o(n?)
WHTILE || r || not small enough
z = L\(U\r) o(n?
X=X+2Z o(n’)
r=>b- Ax o(n?)
END

= Wilkinson, Moler, Stewart, & Higham provide error bound for SP fl pt
results when using DP fl pt.



N . . . . .
~ Mixed-Precision lterative Refinement

- Iterative refinement for dense systems, Ax = b, can work this

way.
= u(A) SINGLE o(n’)
x = L\(U\b) SINGLE o(n’)
r=b- Ax DOUBLE o(n?)
WHTILE || r || not small enough
z = L\(U\r) SINGLE o(n’)
X=X+12Z DOUBLE o(n’)
r=b-Ax DOUBLE o(n’)
END

= Wilkinson, Moler, Stewart, & Higham provide error bound for SP fl pt
results when using DP fl pt.

= |t can be shown that using this approach we can compute the solution
to 64-bit floating point precision.

Requires extra storage, total is 1.5 times normal;
O(n3) work is done in lower precision

0(n?) work is done in high precision

Problems if the matrix s ill-conditioned in sp; O(108)




N . . . . .
~. Mixed precision iterative refinement

Solving general dense linear systems using mixed precision iterative refinement

1600

1400 =4-SP Solve

1200 /
-
1000 DP Solve

n
~—
5 /
O 800
2 7
O 600 /
400 GPU K20c (13MP @0.7 GHz, peak 1165 GFlop/s)
200 CPU Genuine Intel (2x8 @2.60GHz, peak 333 GFlop/s)
y
0 | | | | | | | | | |

VI I VI IR TR I R S
W o ¥ g S LSS FS
DM I RN R R S S

Matrix size 46

Using same number of flops used for each implementation.



N . . . . .
~. Mixed precision iterative refinement

Solving general dense linear systems using mixed precision iterative refinement

1600
=+=SP Solve

1400

-&-DP Solve (MP

1200 / lter.Ref.)
1000 -#-DP Solve

= -l
~—
Q.
O 800
5 /
O 600
400
GPU K20c (13MP @0.7 GHz, peak 1165 GFlop/s)
CPU Genuine Intel (2x8 @2.60GHz, peak 333 GFlop/s)
200
0 | | | | | | | | | |
© A o VN Q Q Q ™ Q
X e} N &) Q Q Q Q > QO

Matrix size 47

Using same number of flops used for each implementation.
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< Mixed precision iterative refinement

Solving general dense linear systems using
mixed precision iterative refinement

L o,
/I/:
4000
-+-CPOSV

2 / = 7CPOSV
3 3000 / -=-7POSV
LL. 2500

O / / 26 X

2000 / /

1500

1 / GPU TITAN X (3,072 CUDA cores @ 1.076 GHz)

1000 Z/C GEMM peak ~ 190 /5,600 GFlop/s; Maxwell
J CPU Intel Xeon X5660@2.80GHz (2 x 6 cores)
500 J
0 —a—8—= = L - =l
2500 5000 7500 10000 12500 15000 17500 20000

Matrix size

Using same number of flops used for each implementation.



¢ Critical Issues at Peta & Exascale for
~Algorithm and Software Design

* Synchronization-reducing algorithms
= Break Fork-Join model
« Communication-reducing algorithms
= Use methods which have lower bound on communication
* Mixed precision methods
= 2x speed of ops and 2x speed for data movement
* Autotuning

= Today’s machines are too complicated, build “smarts” into
software to adapt to the hardware

* Fault resilient algorithms
* Implement algorithms that can recover from failures/bit flips

* Reproducibility of results

= Today we can’t guarantee this. We understand the issues,
but some of our “colleagues” have a hard time with this.



N
< Summary

* Major Challenges are ahead for extreme
computing
= Parallelism O(10°9)
e Programming issues
= Hybrid
e Peak and HPL may be very misleading
« No where near close to peak for most apps

= Fault Tolerance
e Sequoia BG/Q node failure rate is 1.25 failures/day

= Power
e 50 Gflops/w (today at 2 Gflops/w)

* We will need completely new approaches and
technologies to reach the Exascale level



