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Concurrency and energy efficiencyConcurrency and energy efficiency

20.1 PFLOPS (1015 flops/sec.)

2012 DOE/NNSA/LLNL Sequoia

109 core level109 core level         
(Power BQC, 1.60 GHz → 12.8 GFLOPS)

101 node level10 node level         
(16 cores/node)

105 cluster level    
(98.304 nodes)
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Concurrency and energy efficiencyConcurrency and energy efficiency

20.1 PFLOPS (1015 flops/sec.) 2020 EFLOPS (1018 flops/sec.)

2012 DOE/NNSA/LLNL Sequoia

109 core level 109 5 core level109 core level         
(Power BQC, 1.60 GHz → 12.8 GFLOPS)

101 node level

109.5 core level         

103 node level!10 node level         
(16 cores/node)

105 cluster level    

10 node level!         

105.5 cluster level    
(98.304 nodes)
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Concurrency and energy efficiencyConcurrency and energy efficiency

Green500 vs Top500 (November 2012) 

Rank

Green/Top

Site #Cores MFLOPS/W MW to
EXAFLOPS?

Green/Top

1/253 National Institute for 
Computational 
Sciences/University of 
Tennessee

9.216 (Intel Xeon E5) 

8.640 (Intel Xeon Phi)

2,499.44 400.09

Tennessee

3/1 DOE/SC/Oak Ridge National 
Laboratory

560,640 (AMD Opteron) 

261,632 ( NVIDIA K20)

2,142.77 466.69

( )
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Green500 vs Top500 (November 2012) 

Rank

Green/Top

Site #Cores MFLOPS/W MW to
EXAFLOPS?

Green/Top

1/253 National Institute for 
Computational 
Sciences/University of 
Tennessee

9.216 (Intel Xeon E5) 

8.640 (Intel Xeon Phi)

2,499.44 400.09

Tennessee

3/1 DOE/SC/Oak Ridge National 
Laboratory

560,640 (AMD Opteron) 

261,632 ( NVIDIA K20)

2,142.77 466.69

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

( )

( )
1,630 MWe
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Concurrency and energy efficiencyConcurrency and energy efficiency

Green500 vs Top500 (November 2012) 

Rank

Green/Top

Site #Cores MFLOPS/W MW to
EXAFLOPS?

Green/Top

1/253 National Institute for 
Computational 
Sciences/University of 
Tennessee

9.216 (Intel Xeon E5) 

8.640 (Intel Xeon Phi)

2,499.44 400.09400 MW ≈ 315 MEuro/year!
(visit xe com for ₤ ;-)Tennessee

3/1 DOE/SC/Oak Ridge National 
Laboratory

560,640 (AMD Opteron) 

261,632 ( NVIDIA K20)

2,142.77 466.69

(visit xe.com for ₤ ; )

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

( )

( )
1,630 MWe
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Concurrency and energy efficiencyConcurrency and energy efficiency

Systems ranked #1 in Green500

2500

3000 Intel Xeon Phi

1500

2000

1000

1500

MFLOPS/W

0

500
IBM BlueGene/Q prototypes
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Concurrency and energy efficiencyConcurrency and energy efficiency

Systems ranked #1 in Green500

2500

3000 Intel Xeon Phi

1500

2000Goal: 20MW for 1 EFLOPS by 2020

1000

1500

MFLOPS/W
Maintaining the x5 improvement rate of 
last five years → 40 MW by 2020!!!

0

500
IBM BlueGene/Q prototypes
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Concurrency and energy efficiencyConcurrency and energy efficiency

Reduce energy consumption!
Costs over lifetime of an HPC facility often exceed 
acquisition costs
C fCarbon 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-obliviousScientific apps. are in general energy oblivious
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Numerical analysis and energy efficiencyNumerical analysis and energy efficiency

Trading stability for performance
Old idea, revisited many times

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

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

Energy-aware numerical algorithms

ILUPACK for multicore processorsp

The CG method for hybrid CPU-GPU platforms
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BasicsBasics…

Remember:

E  =    0,T P  dt =   Pavg ·  T

P Power (Watts)

Energy (Watts-hour)

T
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ILUPACK on multicoreILUPACK on multicore

Incomplete LU Package (http://ilupack.tu-bs.de)
Iterative Krylov subspace methods
Multilevel ILU preconditioners for 

/ / fgeneral/symmetric/Hermitian positive definite systems
Based on inverse ILUs with control over growth of inverse 
t i l f ttriangular factors
Specially competitive for linear systems from 3D PDEs
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ILUPACK on multicoreILUPACK on multicore
Task parallelism

Multi-threaded parallelism (real s.p.d. systems)
Leverage task parallelism
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ILUPACK on multicoreILUPACK 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 multicoreILUPACK on multicore
Task parallelism

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

Dynamic scheduling via (OpenMP) runtime
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ILUPACK on multicoreILUPACK on multicore
Experimental setup
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ILUPACK on multicoreILUPACK on multicore
Experimental setup

CPU (performance) P-states:

AMD
2 AMD O t 6128 48GB

Intel
2 I t l X E5504 32GB2 AMD Opteron 6128, 48GB 

DVFS per core
2 Intel Xeon E5504, 32GB
DVFS per socket
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ILUPACK on multicoreILUPACK on multicore
Experimental setup

CPU (power) C-states:
C0: normal operation mode
C1, C2,…: disable core components (L1/L2 caches), clock 
signal, memory controller,… 
Trade off power for wakeup time
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ILUPACK on multicoreILUPACK on multicore
Experimental setup

National Instruments NI9205+NIcDAQ-9178
1,000 samples/sec. per channel

Mainboard

Only 12 V lines
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ILUPACK on multicoreILUPACK on multicore
Power model
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ILUPACK on multicoreILUPACK on multicore
Power model (AMD)

March, 2013NASC Seminars – Manchester (UK)



ILUPACK on multicoreILUPACK on multicore
Power model (AMD)
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ILUPACK on multicoreILUPACK on multicore
Power model (AMD)
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ILUPACK on multicoreILUPACK on multicore
Power model (AMD)

Pi
S depends on Vcci

2

E.g., P0 (1.23V) → P3 (1.09V):  -21.47%

Pi
D depends on Vcci

2 · fi
E.g., P0 (1.23V, 2.00GHz) → P3 (1.09V, 1.00GHz): -60.73%E.g., P0 (1.23V, 2.00GHz) → P3 (1.09V, 1.00GHz):  60.73%

These values agree within 2.5% with the 
experimental linear regression models!
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

Moving to a higher P-state results in ↓power
↓Power = ↓energy?

For a compute-bounded operation, fi is linear to time-1

In principle, for a memory-bounded operation (ILUPACK), 
reducing fi should have a minor impact on performance
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

1st attempt: Dynamic Static voltage-frequency scaling

Why?
Is really ILUPACK a memory-bounded operation?
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

1st attempt: Dynamic Static voltage-frequency scaling

• Combined effect of linear decrease of CPU performance 
and memory bandwidth!y

• Decrease of Ps
i (P0 → P3 :  -21.47%), decrease of PD

i
(P0 → P3 :  -60.73%) but PY does not change!
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

2nd attempt: DVFS during idle periods

Calculation of preconditioner

March, 2013NASC Seminars – Manchester (UK)



ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

2nd attempt: DVFS during idle periods

Why?
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (AMD)

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

Active polling for work…
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ILUPACK on multicoreILUPACK on multicore
Leveraging P- and C-states (AMD)

3rd attempt: DVFS and idle-wait
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ILUPACK on multicoreILUPACK on multicore
Leveraging P- and C-states (AMD)

3rd attempt: DVFS and idle-wait

U f bl ki d ll t tUse of blocking mode allows cores to enter
C-state saving modes (C1, C2,…)!
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ILUPACK on multicoreILUPACK on multicore
Leveraging P- and C-states (AMD)

3rd attempt: DVFS and idle-wait:
S i f 6 92% f t t lSavings of 6.92% of total energy
Negligible impact on execution time

…but take into account that
Idle time: 23.70%
Dynamic power: 39.32%
Upper bound of savings: 39.32 · 0.2370 ≈ 9.32%
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ILUPACK on multicoreILUPACK on multicore
Leveraging P-states (Intel)

DVFS

DVFS per socket, not per core!
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ILUPACK on multicoreILUPACK on multicore
Leveraging P- and C-states (Intel)

Average reduction: 9.5% for LU and 6.5% for Solve

DVFS DVFS+idle-wait
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The CG method on CPU-GPUThe CG method on CPU-GPU

GPU (or other hardware 
l t I t laccelerator, 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!

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

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?What is the idle CPU doing?
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The CG method on CPU-GPUThe CG method on CPU-GPU 
Experimental setup

Platform: 
Intel i7-3770K (Ivy Bridge), 16GB
NVIDIA GeForce GTX480 (Fermi)

Cases from two matrix collections
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The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

CG: Sparse matrix-vector (SpMV) + CUBLAS
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The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

CG: Sparse matrix-vector (SpMV) + CUBLAS

Leveraging P-states:
B i ll ll i f d h GPU• Basically all computation performed on the GPU

• Apply static VFS to reduce power of CPU!
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The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

CG: Sparse matrix-vector (SpMV) + CUBLAS

Leveraging C-states:
Wh i h CPU d i hil idl ?• What is the CPU doing while idle?

• CUDA offers polling (active-wait) vs blocking (idle-wait) 
operation modesoperation modes 

March, 2013NASC Seminars – Manchester (UK)



The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

Trading off power for time: 
CUDA blocking mode w.r.t. CUDA polling mode
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The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

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

E = Pavg · Tavg
For AUDIKW_1:

• Time 3.6% ↑
• Power 29.16% ↓

→ Energy 26.6% ↓gy ↓
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The CG method on CPU-GPUThe CG method on CPU-GPU
Basic implementation

Trading off power for time: 
CUDA blocking mode w.r.t. CUDA polling mode
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The CG method on CPU-GPUThe CG method on CPU-GPU
Merged implementation

Can we attain polling performance and blocking 
d t ?energy advantage?

Requires a reformulation of CG (merge kernels)q ( g )
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The CG method on CPU-GPUThe CG method on CPU-GPU
Merged implementation

Time vs. CPU energy

Maintain performance of polling…
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The CG method on CPU-GPUThe CG method on CPU-GPU
Merged implementation

Time vs. CPU energy

Maintain performance of polling…

…while leveraging power-efficiency 
of C-states via CUDA blocking mode
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SummarySummary

A battle to be fought in the core arena
More concurrency
Heterogeneous designs
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SummarySummary

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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SummarySummary

Being energy-aware scientists?
Spring in Castellón: 21º C degrees (71º F) today!
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SummarySummary

Being energy-aware scientists?
…but come back to Manchester for the summer
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q
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Parallel Computing, 2011
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