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The CG Method

 Why?

 CG is key for the solution of s.p.d. sparse linear systems
 CG boils down to sparse matrix-vector product (SpMV), a 

crucial kernel for many other scientific apps.
 SpMV presents a memory-bound, irregular data access that 

reflects real-world apps.

HPCG benchmark (J. Dongarra & M. Heroux)!
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The CG Method

Memory-bounded kernels!
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Outline

 Characterizing architectures via CG
 Energy efficiency of PCG
 Energy saving for multi-core and GPU servers
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Characterizing architectures via CG
Setup

 Performance of CG depends on
 Target architecture: frequency-voltage setting, #cores, 

arithmetic floating-point precision, etc.
 Sparsity pattern 
 Storage format
 Compiler optimizations
 Programmer’s optimization effort
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Characterizing architectures via CG
Setup

 Target architecture (and compiler)
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Characterizing architectures via CG
Setup

 Standard benchmarks
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Characterizing architectures via CG
Setup

 Storage format CPU GPU
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Characterizing architectures via CG
Setup

 Optimization effort:
 Multicore x86-based: Intel MKL with CSR and BCSR, and 

CSB library
 Other multicore: CSR+OpenMP
 GPUs: ELLPACK & SELL-P, with further optimizations 

(described in last block)
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Characterizing architectures via CG
Setup

 Optimization for run time or energy efficiency?
 Choose the best combination of frequency-voltage setting, 

#cores, and storage format to optimize one of them

 Run time = GFLOPS
 Energy efficiency = GFLOPS/W
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Characterizing architectures via CG
Results
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Characterizing architectures via CG
Results
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Characterizing architectures via CG
Remarks

 GPUs deliver high energy efficiency with 
outstanding performance for CG

 GFLOPS/W of GPUs can be 
matched/outperformed by low-power devices

 General-purpose multicore processors provide a 
reasonable balance between these two extremes

"Unveiling the performance-energy trade-off in iterative linear system solvers
for multithreaded processors"
J. I. Aliaga, H. Anzt, M. Castillo, J. Fernández, G. León, J. Pérez, E. S. Quintana-Ortí
Concurrency and Computation: Practice & Experience, 2015
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 Characterizing architectures via CG
 Energy efficiency of PCG
 Energy saving for multi-core and GPU servers
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Energy efficiency of PCG
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Energy efficiency of PCG

 Incomplete LU Package (http://ilupack.tu-bs.de)
 Iterative 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
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Energy efficiency of PCG

 Multi-threaded parallelism (real s.p.d. systems)
 Leverage task parallelism
 Dynamic scheduling via runtime (OpenMP)
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Energy efficiency of PCG

 Run-time in charge of scheduling

"Exploiting thread-level parallelism in the iterative solution of sparse linear systems"
J. I. Aliaga, M. Bollhöfer, A. F. Martín, E. S. Quintana-Ortí
Parallel Computing, 2011
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Energy efficiency of PCG
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Energy efficiency of PCG

 Target architectures:

SERVER CPU #cores Freq. (GHz) Mem (GB)
SANDY Intel Xeon E5-

2620
12 2.0 32 (DDR3)

HASWELL Intel Xeon E5-
2603v3

12 1.6 32 (DDR3)

Xeon Phi Xeon Phi 5110P 60(+1) 1.053 8 (DDR5)
KEPLER K40 (GK110B) +

Intel i7-4770
2,880 +
4 3.40

12 (DDR5)
16 (DD3)
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Energy efficiency of PCG

 Architecture tuning:
 Exploit task-parallelism on multi-core and Intel Xeon Phi
 NUMA-aware execution
 Careful binding of threads/cores on Intel Xeon Phi

 Off-load appropriate kernels to GPU to exploit data-
parallelism
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Energy efficiency of PCG
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Characterizing architectures via CG
Remarks

 Many-core accelerators generally preferred for 
their high performance and energy efficiency 

 Rapid evolution of recent general-purpose 
processors with wider SIMD (vector) units and 
aggressive energy saving mechanisms, blurring 
part of the energy gap

"Characterizing the Eciency of Multicore and Manycore Processors for the 
Solution of Sparse Linear Systems"
J. I. Aliaga, M. Barreda, E. Dufrechou, P. Ezzatti, E. S. Quintana-Ortí
Computer Science – Research and Development, 2015
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Energy saving for multi-core servers

 Leveraging P-states during idle periods (DVFS)

Why?
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Energy saving for multi-core servers

 Leveraging P-states during idle periods (DVFS)
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Energy saving for multi-core servers

 Active polling for work…
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Energy saving for multi-core servers

 Leveraging C-states during idle periods (C-states)
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Energy saving for multi-core servers
Remarks

 Avoid active polling for work from idle threads
 Race-to-idle is more energy-efficient than exploiting P-states 

even in a memory-bound operation due to large system+static
power

"Assessing the impact of the CPU power-saving modes on the task-parallel solution 
of sparse linear systems"
J. Aliaga, M. Barreda, M. F. Dolz, A. F. Martín, R. Mayo, E. S. Quintana-Ortí
Cluster Computing, 2014
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Energy saving for GPU servers

 Leveraging P-states on CPU-GPU platforms?
 Apply DVFS to the CPU while computation proceeds on the 

GPU?

 Leveraging C-states on CPU-GPU platforms?
 What is the CPU doing while computation proceeds on the 

GPU?
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Energy saving for GPU servers
Avoid polling CPU

Can we reduce the number of CUDA kernels?
(activation/de-activation of CPU)
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Energy saving for GPU servers
Avoid polling CPU

 Fusion of (i.e., merging) CUDA kernels
 Separate DOT products into two stages: a+b

 …needs modification in the code

"Systematic fusion of CUDA kernels for iterative sparse linear system solvers"
J. I. Aliaga, J. Pérez, E. S. Quintana-Ortí
Euro-Par 2015 (Viena)
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Energy saving for GPU servers
Avoiding polling CPU

 Alternative: CUDA “dynamic parallelism” (DP)

“DP is an extension to the CUDA programming model enabling a CUDA kernel to create
and synchronize with new work directly on the GPU. […] The ability to create work directly
from the GPU can reduce the need to transfer execution control and data between host
and device, as launch configuration decisions can now be made at runtime by threads
executing on the device”

CUDA Dynamic Parallelism Programming Guide 
NVIDIA, August 2012

“Harnessing CUDA DP in the sparse linear system solvers”
J. I. Aliaga, J. Pérez, E. S. Quintana-Ortí
ParCo 2015 (Edinburgh)
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Energy saving for GPU servers
Avoiding polling CPU

 Intel i7-3770K, 16GB + NVIDIA Kepler K20c



Power & Energy-Aware HPC
on Emerging Technology

ISC High Performance Workshops
Frankfurt Am Main, 2015

Energy saving for GPU servers
Avoiding polling CPU

 Intel i7-3770K, 16GB + NVIDIA Kepler K20c
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Energy saving for GPU servers
Remarks

 Kernel fusion and DP are orthogonal
 With DP, CPU invokes a single “parent” CUDA kernel to 

launch the solver on the GPU, and can then be put to 
sleep

 Necessary to redesign DOT product and AXPY-like 
operations, into two-stage CUDA kernels, to avoid 
“nested” invocations to CUDA kernels
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Thanks and…

QUESTIONS?

EU Ref. #318793
TIN2011-23283

PA-HPC
Power-Aware High Performance Computing


