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20.1 PFLOPS (107° flops/sec.)

2012 DOE/NNSA/LLNL Sequoia

= 10° core level
(Power BQC, 1.60 GHz — 12.8 GFLOPS)

= 10" node level

(16 cores/node)

= 10° cluster level
(98.304 nodes)
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20.1 PFLOPS (107° flops/sec.) 2020 EFLOPS (1078 flops/sec.)

2012 DOE/NNSA/LLNL Sequoia

= 10° core level = 10°° core level
(Power BQC, 1.60 GHz — 12.8 GFLOPS)
= 107 node level = 103 node level!
(16 cores/node)
= 10° cluster level = 10°° cluster level

(98.304 nodes)
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« Greend00 vs Topd500 (November 2012)

Rank #Cores MFLOPS/W

Green/Top
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« Greend00 vs Topd500 (November 2012)

Rank #Cores MFLOPS/W MW to
EXAFLOPS?

Green/Top

Most powerful reactor under construction in France
Flamanville (EDF, 2017 for US $9 billion):
1,630 MWe

NASC Seminars — Manchester (UK) March, 2013



Concurrency and energy efficiency
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« Greend00 vs Topd500 (November 2012)

Rank Site #Cores MFLOPS/W

Green/Top

1/253 National 400 MW —~ 31 5 MEurO/year| 2,499.44

Comput
Science

e (visit xe.com for £ ;-)

3/1 DOE/SC/Oak Ridge National 560,640 (AMD Opteron) 2,142.77
Laboratory

261,632 ( NVIDIA K20)

NASC Seminars — Manchester (UK)

EXAFLOPS?

400.09

466.69
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« Systems ranked #1 in Green500
3000 /Intel Xeon Phi

2500 )\‘/
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Concurrency and energy efficiency H

« Systems ranked #1 in Green500

Goal: 20MW for 1 EFLOPS by 2020

Maintaining the x5 improvement rate of
last five years — 40 MW by 2020!!!

NASC Seminars — Manchester (UK) March, 2013
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» Reduce energy consumption!

Costs over lifetime of an HPC facility often exceed
acquisition costs

Carbon dioxide is a hazard for health and environment
Heat reduces hw. reliability

= Personal view

Hardware features energy saving mechanisms
Scientific apps. are in general energy-oblivious

NASC Seminars — Manchester (UK) March, 2013



Numerical analysis and energy efficiency
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Trading stability for performance
Old idea, revisited many times

Mixed precision
Also an old idea (Von Neumann), but interesting

Probabilistic (or unreliable) systems-on-a-chip
Energy-aware numerical algorithms

NASC Seminars — Manchester (UK)
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= Energy-aware numerical algorithms

ILUPACK for multicore processors

The CG method for hybrid CPU-GPU platforms

NASC Seminars — Manchester (UK) March, 2013
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= Remember:

P Power (Watts)

Energy (Watts-hour)
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ILUPACK on multicore H
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= Incomplete LU Package ( )
lterative Krylov subspace methods

Multilevel ILU preconditioners for
general/symmetric/Hermitian positive definite systems

Based on inverse ILUs with control over growth of inverse
triangular factors

Specially competitive for linear systems from 3D PDEs

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore s
Task parallelism

« Multi-threaded parallelism (real s.p.d. systems)
Leverage task parallelism

PA
. H IR
(L G (149 / . I.
i Frf 3 [ | ] [ |
NN Em
L [ [
— (2,1) [
TT
G,1

St N y
(L) @31 (L3
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ILUPACK on multicore
Task parallelism

« Multi-threaded parallelism (real s.p.d. systems)
Out-of-order, dependency-aware execution of tasks
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ILUPACK on multicore UveaST
Task parallelism

« Multi-threaded parallelism (real s.p.d. systems)
- Out-of-order, dependency-aware execution of tasks

- Dynamic scheduling via (OpenMP) runtime

Problem data: A

- B BB — wortkertn 1
o
.-r-’ff---- -
Ol W= -l B BB — Worker Th. 2
Partitioning: x-\""‘-\-\.___\_\_ - . .
METIS/SCOTCH Queue of pending ﬁx“*uﬂ_ﬁﬂi - -
taszks (binary tree -
e - [ ———

Quenues of ready
tasks (no dependencies)

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Experimental setup

» Sparse linear system benchmark
. Laplacian equation -4u = fin a 3D unit cube 2 = /0,1F

- Linear system Au =5 with A » nxn, n =252°~ 16 million
unknowns and 111 millions of nonzero entries

ILUPACK muliilevel preconditioner (5 levels)
N T T
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. i .
T : : : :
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ILUPACK on multicore H
Experimental setup

« CPU (performance) P-states:

AMD Intel
2 AMD Opteron 6128, 48GB = 2 Intel Xeon E5504, 32GB
DVFS per core = DVFS per socket
P-state || VcC; | fi P-state || Vcc; | f;

B 1.23 | 2.00 Py 1.04 | 2.00
P, 1.17 | 1.50 Py 0.98 1.73
P 1.12 1.20 Py 0.95 1.60
Py 1.09 | 1.00 Py 1.01 | 1.87
Py 1.06 | 0.80

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore
Experimental setup

« CPU (power) C-states:

CO: normal operation mode

C1, C2,...: disable core components (L1/L2 caches), clock
signal, memory controller,...

Trade off power for wakeup time

CO HFM CO LFM ci/C2

Core voltage
Core clock
PLL

L1 caches

L2 caches

Wakeup time

Power

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Experimental setup

» National Instruments NI19205+NIcDAQ-9178
» 1,000 samples/sec. per channel

P traci icati
ower tracing Application node

server

- USB External Computer
—— powermeter Mainboard
— Power tracing Power

. 1

daemon @ ls_llrlllftp y

» RS232 Internal = :

Ethernet

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore UveaST
Power model

P = P(S)Y(stem) + pCPU) = pY + pS(tatic) + pD(ynamic)

. PC¢ is the power dissipated by CPU (socket): P° + PP
- P® is the static power

. PP is dynamic power

. PY is the power of remaining components (e.g., RAM)

Considerations:

PY and P are constants (though P grows with temperature)
Hot system

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Power model (AMD)

» System power: P=PY+PpP°+pPP

Estimated as idle power
Due to off-chip components:
e.g., RAM (only mainboard)

P¥ ~ P1 =80.15W

NASC Seminars — Manchester (UK) March, 2013
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Power model (AMD)

UNIVERSITAT
JAUME-I

» Static power:

(o8]
n
o
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Power (watts)

100

P =P" +P°+P"

Power dissipated as function of number of active cores

Ildle-wlait at I2‘00 (I}Hz

# active cores

4
Busy-wait at 2.00 GHz =~ %
Busy-wait at 1.50 GHz
Busy-wait at 1.20 GHz o e
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ILUPACK on multicore

Power model (AMD)
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= Dynamic power:

Power (watts)

(o8]
n
o
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Power dissipated as function of number of active cores
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P'(c)=ay+ byc=16859+9.12 - ¢ W
Busy-wait: P°, ~ byc=9.12- ¢ W
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ILUPACK on multicore

Power model (AMD)
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P-state P; || Ve | £, o; | B | APS | APP
Py 123 [ 2.00 | 16859 | 9.12 | - =
P, 1.17 | 1.50 | 161.10 | 5.77 | -9.52 | -32.14
P, 1.12 | 1.20 | 155.90 | 4.23 | -17.09 | -50.25
P, 1.09 | 1.00 | 152.94 | 3.15 | -21.47 | -60.73
P, 1.06 | 0.80 | 150.61 | 2.44 | -25.73 | -70.30

= P,> depends on Vcc?

E.g., Py (1.23V) — P, (1.09V): -21.47%
- PP depends on Vcc? - f

E.g., Py (1.23V, 2.00GHz) — P, (1.09V, 1.00GHz): -60.73%

= These values agree within 2.5% with the

experimental linear regression models!

NASC Seminars — Manchester (UK)
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ILUPACK on multicore

Leveraging P-states (AMD)

UNIVERSITAT
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P-state P; || Ve | £, o; | B | APS | APP
Py 123 [ 2.00 | 16859 | 9.12 | - =
P, 1.17 | 1.50 | 161.10 | 5.77 | -9.52 | -32.14
P, 1.12 | 1.20 | 155.90 | 4.23 | -17.09 | -50.25
P, 1.09 | 1.00 | 152.94 | 3.15 | -21.47 | -60.73
P, 1.06 | 0.80 | 150.61 | 2.44 | -25.73 | -70.30

= Moving to a higher P-state results in |[power

- |Power = |energy?

For a compute-bounded operation, f, is linear to time-"’

In principle, for a memory-bounded operation (ILUPACK),

reducing f; should have a minor impact on performance

NASC Seminars — Manchester (UK)
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ILUPACK on multicore
Leveraging P-states (AMD)
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= 1st attempt: Byramaie Static voltage-frequency scaling

P-state P; || T; PT E; AT, | APT | AE
Po 34.06 | 282.87 | 0,634.78 | - - -
Py 43.57 | 235.64 | 10,267.72 | 21.88 | -16.69 | 6.53
P 54.48 | 210.86 | 11.478.79 | 59.01 | -25.45 | 19.20
Ps 61.58 | 197.01 | 12.132.79 | 80.73 | -30.35 | 25.87
P, 76.50 | 186.86 | 14,205.18 | 124.47 | -33.04 | 48.28
Why?

Is really ILUPACK a memory-bounded operation?

NASC Seminars — Manchester (UK)

March, 2013



ILUPACK on multicore

Leveraging P-states (AMD)

UNIVERSITAT
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= 1st attempt: Byramaie Static voltage-frequency scaling

P-state P; || Vcc; f; T; AT;
Po 1.23 | 2.00 | 34.06 -
P 1.17 1.50 | 43.57 21.88
P> 1.12 1.20 | 54.48 59.91
P3 1.09 1.00 | 61.58 80.73
Pa 1.06 | 0.80 | 76.50 | 124.47

« Combined effect of linear decrease of CPU performance

and memory bandwidth!

 Decrease of Ps, (P, > P5: -21.47%), decrease of PP,
(P, > P53 -60.73%) but PY does not change!

NASC Seminars — Manchester (UK)

March, 2013



ILUPACK on multicore
Leveraging P-states (AMD)
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« 2nd attempt: DVFS during idle periods

E
B

11111

uuuuuu
IIIIII
uuuuuu

@n 22

L
an 12) (3 a4
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ILUPACK on multicore u];;vm
Leveraging P-states (AMD)

2nd attempt: DVFS during idle periods

E
B

11111

llllll
llllll
111111

R et ks 8 S e e e I
Why?

Fiil, il a5 B A o

17%
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ILUPACK on multicore H
Leveraging P-states (AMD)

« 2nd attempt: DVFS during idle periods

Problem data: A

- . . . -—— Worker Th. 1 Core 1

. . D . — - . . . . =-— Worker Th. 2 Core 2
Partitioning: . . .
METIS/SCOTCH Queue of pending -
tasks (binary tree)
il

Queues of ready
tasks (no dependencies)

-— Worker Th. p Core p

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Leveraging P-states (AMD)

= Active polling for work...

Power for different thread activities

120 T T T T
MKL dgemm at 2.00 GHz
T Blocking at 800 MHz ~—~ =
110 Polling at 2.00 GHz ~----===----"
R Polling at 800 MHz —
100 . By it bt aeak h Ak i daiad .'1'. ;_l" il ope L
- b e A Mg T f
E 90 e a
M
=3 80 et AR LR R e e -
g
S 70 (5 7
U il il el et e
50 ] ] ] ] ]
40
0 5 10 15 20 25 30

Time (s)
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ILUPACK on multicore
Leveraging P- and C-states (AMD)

= 3rd attempt: DVFS and idle-wait

THaEAa ¥
THaFAD &

THREAD ©

mmmmmm

1111111

1111111
mmmmmm

”WWWPWWWWWMMM

THaEaa ¥

THaFaa ®

THREAD ©

THEEsD 10

THmEs 1z

|||||||
1111111
mmmmmm

s
e e e e e ]|
| sossscssiosnsnssnasnsas s asisin s anan s an iz )
za&W
T

Task exec. [N Busy-wait [N Blocking [N
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ILUPACK on multicore UveaST
Leveraging P- and C-states (AMD)

3rd attempt: DVFS and idle-wait

Use of blocking mode allows cores to enter
C-state saving modes (C1, C2,...)!

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Leveraging P- and C-states (AMD)

3rd attempt: DVFS and idle-wait:
Savings of 6.92% of total energy
Negligible impact on execution time

...but take into account that
|dle time: 23.70%
Dynamic power: 39.32%
Upper bound of savings: 39.32 - 0.2370 = 9.32%

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
Leveraging P-states (Intel)

P-state Vg
Py 1.04
P 0.98
Py 0.95
P 1.01
DVFS
T, PT E, AT, | APT | AE;
Py || 56.43 | 135.17 | 7,627.97
o | P || 5906 | 127.96 | 785787 | 67 | 533 | -0.92
Py || 6293 | 12199 | 7.676.98 | 11.52 | -0.75 | 0.64
Py || 67.05 | 11622 | 7,792.77 | 18.82 | -18.82 | 2.16

DVFS per socket, not per core!
Fy || 148,94 | 155.27 | 23,123.99

Py || 14852 | 15107 | 22434.73 | -0.28 | -2.70 | -2.98
Py || 154.86 | 145.11 | 22.469.38 | 3.97 | -6.55 | -2.83
Py || 159.08 | 138.50 | 22,033.14 | 6.81 | -10.80 | -4.72

Solve

NASC Seminars — Manchester (UK) March, 2013
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ILUPACK on multicore H
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Leveraging P- and C-states (Intel)
Average reduction: 9.5% for LU and 6.5% for Solve
DVFS DVFS+idle-wait
P T [P AP Pl T | PIf] AE,
Fy || 56.43 Py || 55.96 | 122.83
LU Py || 59.06 -5.33 | -0.92 U Py || 59.50 | 116.5 0.87
Py || 62.93 -0.75 | 0.64 Py || 6237 | 112.42 2.03
Py || 67.05 : -18.82 | 2.16 Py || 66.84 | 107.34 4.39
Py || 14894 | 155.279 | 23,123.99 Fy || 147.40 | 146.6:
1 Py || 14852 | 151.09 | 2243473 {}-0.28 | -2.70 | -2.98 | | o, | Pr || 148.41 | 143.1§ -1.63
Solve Solve o
Py || 154.86 | 145.1 | 22.469.38 [] 3.97 | -6.55 | -2.83 Py || 151.39 | 138.9 -2.58
Py || 159.08 | 138.5(8 | 22.033.14 |} 6.81 | -10.80 | -4.72 Py || 158.28 | 132.6! -2.79

NASC Seminars — Manchester (UK) March, 2013
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The CG method on CPU-GPU

JAUME-I

« GPU (or other hardware
accelerator, e.g., Intel
Xeon Phi):

High throughput
Reasonable power

Reasonable(?) cost
(3,000 Euro NVIDIA K20)

MFLOPS/W!

= Systems #1 in both
green500 and top500!

NASC Seminars — Manchester (UK) March, 2013
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The CG method on CPU-GPU

JAUME-I

« Leveraging P-states on CPU-GPU platforms?
DVFS in the CPU while computation proceeds on the GPU?

« Leveraging C-states on CPU-GPU platforms?
What is the idle CPU doing?

NASC Seminars — Manchester (UK) March, 2013



The CG method on CPU-GPU
Experimental setup

UNIVERSITAT
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= Platform:

- Intel i7-3770K (lvy Bridge), 16GB
- NVIDIA GeForce GTX480 (Fermi)

= Cases from two matrix collections

| Source | Matrix || #nonzeros (n:) | Size (n) | nz/n |

AUDIEW 1 77.651.847 043,645 82.28

BEMWCRA 10.641,602 148,770 J1.53

_ CRANKSEG_ 2 14,145,858 63,835 221,63
URMC Fl 26,837,113 343,791 T78.06
INLINE_1 38.816,170 503,712 77.06

LDOOR 42493, 517 952,203 44 .62

AT00 6,940,000 1,000,000 6.94

Alle 13.907,370 2000576 6,94

Laplace AlS9 27 9s6,06/ 4,019,679 694
A200 55,760,000 =, 000, 000 6.94

A252 111,640,032 16,003,001 6.94

NASC Seminars — Manchester (UK)
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The CG method on CPU-GPU NS
Basic implementation

« CG: Sparse matrix-vector (SpMV) + CUBLAS

while ( ( ¥ < maxiter ) && ( res > epsilon ) ){
SSpMV <<<Gs,Bs>>> ( n, rowhk, colk, valAd, d, z );
tmp = cublasSdot ( n, 4, 1, z, 1 );
rho = beta / tmp;
gamma = beta;
cublasSaxpy (n, rho, d, 1, x, 1 );
cublasSaxpy (n, -rho, z, 1, r, 1 );
beta = cublasSdot( n, r, 1, r, 1 );
alpha = beta / gamma;
cublasSscal (n, alpha, d, 1 );
cublasSaxpy (n, one, r, 1, d, 1 );
res = sgrt( beta );
kK++;

} // end-while

NASC Seminars — Manchester (UK) March, 2013
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The CG method on CPU-GPU
Basic implementation

« CG: Sparse matrix-vector (SpMV) + CUBLAS

Leveraging P-states:
« Basically all computation performed on the GPU
* Apply static VFS to reduce power of CPU!

NASC Seminars — Manchester (UK) March, 2013
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The CG method on CPU-GPU
Basic implementation

« CG: Sparse matrix-vector (SpMV) + CUBLAS

Leveraging C-states:
« What is the CPU doing while idle?
« CUDA offers polling (active-wait) vs blocking (idle-wait)
operation modes

NASC Seminars — Manchester (UK) March, 2013
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The CG method on CPU-GPU e
Basic implementation

= Trading off power for time:
CUDA blocking mode w.r.t. CUDA polling mode

Total power polling
Total power blocking
CPU power polling
CPU power blocking

L T T . . Hh
"ll'r'rrl [P ﬂ"ﬂ'l "H Al | T il ﬁ W 'F"T e

A ML AL b A Ak

Inl 1 okl
B i (i e

30 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
e e e N R R GG PG M I
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The CG method on CPU-GPU
Basic implementation

= Trading off power for time:
CUDA blocking mode w.r.t. CUDA polling mode

E=P, T

avg
For AUDIKW 1:

- Time 3.6% T
* Power 29.16% |
— Energy 26.6% |

NASC Seminars — Manchester (UK) March, 2013



The CG method on CPU-GPU
Basic implementation
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= Trading off power for time:

CUDA blocking mode w.r.t. CUDA polling

15

mode

Decrease/increase (%)

-30

T o T PPy PPREpR ) P

R

N V.V V.V.P.V.V.V.V.9.9,

© B S O ] - o

AUDIKW 1
BMWCRA 1
CRANKSEG 2
F1

INLINE_1
LDOOR

e A200

A100

R Al26

Al59

A252

T Average
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The CG method on CPU-GPU

Merged implementation

« Can we attain polling performance and blocking
energy advantage?

« Requires a reformulation of CG (merge kernels)

e e L e o samas vonp

rho = beta / tmp; __.=~———_—___,___ _}—)- fusion 2 ( Gs, Bs, Ms, n, beta, rho, vimp );

gamma = beta; ——

cublassaxpy (n, rho, d, 1, x, 1 });————" __-——_-}—}hfuslon_;] <<<GS5, Bs, Ms»>>> ( n, rho, d, %, 2, £, vtmp );

cublassaxpy (n, -rho, 2, 1, r, 1 ); — — ' ——» fusion 4 ( Gs, Bs, Ms, n, vVtmp, vtmpZ );

tmp = eublassdot ( n, r, 1, r, 1 ); —

———— L fusion 5 <<<G&, Es>>> ( n, beta, gamma, alpha,

beta = tmp; —
alpha = beta / gamma; ———

__ - d, r, vimp );
cublassscal (n, alpha, d, 1 ); — — cudaMemcopy( &res, beta, sizeof|float),

cublassaxpy (n, one, r, 1, d, 1 };-*“"JJJ cudaMencpybDeviceToHoOSt ):
res = sgrt( beta ); res = sqrt( beta );
k++: k ++;

} // end-while } // end-while

NASC Seminars — Manchester (UK) March, 2013



The CG method on CPU-GPU
Merged implementation
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= Time vs. CPU energy

Maintain performance of polling...
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75
The CG method on CPU-GPU

JAUME-1
= Time vs. CPU energy
Maintain performance of polling...
/_\
T T T 1 I I
2r T % Polling Erwr=n
- Blocking E==2
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...while leveraging power-efficiency
of C-states via CUDA blocking mode
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= A battle to be fought in the core arena
More concurrency
Heterogeneous designs
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« A related battle to be fought in the energy arena
P-states and C-states:
“Doing nothing to save energy in matrix computations”

“Do nothing, efficiently...” (V. Pallipadi, A. Belay) or
“Doing nothing well” (D. E. Culler)

Better (numerical) algorithms will reduce dynamic power but
system power & static power are for the architects!
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« Being energy-aware scientists?
- Spring in Castellon: 21° C degrees (71° F) today!

Sl B 6 CE B EBIBEB ¢S & &K

Prob

Precip 0% 0% 0% 15% 25% 15% 5% 25% 30% 5% 5% 25% 25% 15%
Snow
bound 1800 1800 1700 1600 1700 1800
prov. (M)
Temp.
Min. / 10 / 21 9 f/ 19 9/ 18 11 f 21 12 / 21 14 / 21 14 f 21
max. (¢
c)
wind L L - v K L - A > > > A A -
(Km / h) 10 10 0 5 10 10 0 10 8 B 10 15 20 10 4]
Maximum
UV Index 6 4 i 3 3
Notices  S— b

No Risk No Risk
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« Being energy-aware scientists?
- ...but come back to Manchester for the summer

NCEP GFS Z=-maeter TEWPERATURE [*F]
Init: 12Z11AUGZ012 -~ [0] br ——2> Valid Sot 12Z11AUGZ012 -

*E35:REE

P L

O A
oWm

§28823aBBELELREBG S

208 [I:T] 5N

Z=matar bempardlre (ahoded] == Snegabal
MEEP CFS 1T80«BB0 sfiun Forecast Celd
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Thanks and... questions?
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