
VU Research Portal

Scientific Supercomputing with Graphics Processing Units

Werkhoven, B.J.C.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Werkhoven, B. J. C. (2014). Scientific Supercomputing with Graphics Processing Units. [, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/9cbcb3b6-0cbd-4eb9-8797-b7d60d3897dd


121

Chapter 6

Conclusion

GPUs offer a large amount of compute power against low hardware costs and
power consumption. This is why GPUs are such a promising platform for su-
percomputing applications. As a result, supercomputing systems have become
more diverse, as different combinations of multi-core CPUs and many-core GPUs
are used to build these systems. Developing scientific applications that execute
efficiently on these systems has become much more challenging, but not less im-
portant. Supercomputer systems are large investments and even a reduction of
10% in the execution time of applications can save millions of dollars [30].

In this chapter, we first summarize the contents of this thesis. This is followed
by a discussion of the contributions of our work towards answering the challenges
of using GPUs for scientific supercomputing, as presented in Chapter 1. After
this, we will present the overall conclusions of this thesis.

6.1 Summary

In this thesis we have investigated how to simplify the use of Graphics Process-
ing Units (GPUs) in scientific supercomputing applications, increase application
performance, and increase our understanding of the performance of these GPU-
enabled applications. In order to structure our approach we have formulated five
challenges that are covered in the different chapters of this thesis. The challenges
require much more work than is possible within the scope of this thesis to be
solved completely. Instead we aim to gain more understanding of the fundamen-
tal problems that give rise to these challenges and provide contributions towards
a general solutions for each challenge.

To develop techniques that are applicable to the entire landscape of floating-
point intensive scientific applications, we have looked into two application do-
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mains, Multimedia Content Analysis and Climate Modeling. Multimedia Content
Analysis is a representative application domain for compute-intensive applica-
tions, whereas Climate Modeling is representative for data-intensive applications.
Chapters 2 and 3 focus on applications from the domain of Multimedia Content
Analysis, Chapter 4 on a Climate Modeling application, and Chapter 5 focuses
on a set of compute kernels from both these and other application domains.

In Chapter 2, we have shown how GPU execution can be integrated into
high-level parallel programming models that are ready to be used directly by
application domain experts. It is essential to develop such efficient programming
environments that hide the intrinsic complexity of GPU computing, as it is unre-
alistic to expect domain researchers to also become experts in high-performance
computing.

Specifically, we have replaced the compute kernels that implement the al-
gorithmic patterns of the Parallel-Horus programming system for multimedia
computing with equivalent GPU kernels. Next, we have used a lazy paralleliza-
tion approach to optimize the execution of multiple compute kernels applied in
sequence. Based on a finite state machine specification, we insert GPU mem-
ory management operations at runtime, whenever necessary. Our approach has
proven to constitute a simple, yet scalable and effective method for the inter-
kernel optimization of MMCA applications on GPU-clusters.

We have evaluated the performance of the extended Parallel-Horus system
using multiple versions of a representative line detection application on two dif-
ferent GPU clusters. Our evaluation shows that lazy parallelization improves
performance in all tested cases. We have demonstrated that the model is capa-
ble of significantly accelerating a fully sequential program, without requiring any
additional effort from the application developer.

In Chapter 3, we have presented an extensive optimization study of 2D con-
volution, a representative operation for compute-intensive applications in many
application domains. Convolutions are essential to signal and image processing
applications, and are typically responsible for a large fraction of the application’s
execution time. We have introduced a new approach for solving shared memory
bank conflicts in the context of convolution operations as well as an optimization
approach, called adaptive tiling, for implementing efficient, yet flexible, convolu-
tion operations on modern GPUs. We have also presented an implementation
that combines adaptive tiling with loop unrolling to obtain a less flexible, yet
highly efficient implementation. The latter approach is less flexible, as the filter
sizes used by the application at runtime have to be known at compile time.

We have evaluated the performance impact of many different implementa-
tions for the 2D convolution operation and separable convolution on the GTX680,
GTX480 and Tesla K20 GPUs. All optimizations combined have a large impact
on performance. Our final optimization step demonstrates a performance im-
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provement of up to a factor 9.14 over naive GPU implementations. This is not
only due to the adaptive tiling combined with unrolling optimization, but also
because the best performing combination of thread block size and tiling factor is
selected for each individual filter.

In Chapter 4, we have investigated whether and how data-intensive applica-
tions can benefit from using GPUs. This chapter considers the Parallel Ocean
Program (POP), a representative climate modeling application. We have inves-
tigated the performance characteristics of POP to identify what specific parts of
the application can benefit the most from execution on GPUs. In addition, we
have described in detail how the existing software should be modified to efficiently
include GPU execution. Finally, we report the impact that the use of GPUs has
on performance, also when using multiple GPU clusters simultaneously.

We have identified three functions that are part of the vertical mixing pipeline
of POP to be good candidates for GPU execution. To efficiently include the use
of GPUs within the existing software, we have created multiple versions of each
GPU function to experimentally verify which version realized the highest overlap
between GPU computation and CPU-GPU communication. In addition, the
execution of all GPU kernels as well as all data transfers is fully overlapped with
the execution of other functions on the CPU. As such, the functions executing
on the GPU have practically disappeared from the application’s execution time.
Our evaluation shows that the use of GPUs is beneficial for performance, even
though the application itself did not have any real computational hotspots.

These are promising results, as currently the majority of the execution time
per kernel is spent on PCIe transfers. When more computation is moved to
the GPU, more data can be reused on the GPU, and some intermediate data
structures that result from computation may even never have to leave the GPU.
In that case, many the PCIe transfers can be eliminated completely. In future
work we hope to produce a complete GPU implementation of the vertical mixing
part of POP.

In addition, we have shown that it is possible to improve the load balancing
of POP such that it can run successfully in a multi-cluster setting. Moreover, our
evaluation shows that the combination of GPU execution and the hierarchical
load-balancing scheme improves performance even further. This is a remarkable
result, as the hierarchical partitioning scheme prefers small block sizes, while
the GPU code prefers larger sized blocks to increase GPU utilization. However,
GPU utilization is again increased by the fact that all MPI tasks running on a
single node share a single GPU for all their GPU computations. As such, the two
approaches work in concert to improve application performance.

In Chapter 5, we have presented techniques that are necessary to optimize
CPU-GPU communication intensive applications for performance. Many GPU
applications perform data transfers to and from GPU memory at regular inter-
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vals. Overlapping GPU computation with CPU-GPU communication can reduce
the costs of moving data. Several different techniques exist for transferring data
to and from GPU memory and for overlapping those transfers with GPU compu-
tation. The different implementations require completely different host codes as
well as modifications to the GPU kernel. Implementing all alternatives is often
a large programming effort and not feasible. This chapter provides insight in the
performance of GPU applications and proposes an analytical performance model
that includes PCIe transfer and overlapping computation and communication.

Our evaluation shows that the performance models can be used to correctly
select the best performing implementation strategy for a set of real-world kernels
on three different GPUs. In all cases, the prediction error is below 10% of the
observed execution time. We have also used our performance models to detect
performance issues in earlier versions of our implementations. Overlapping GPU
computation and CPU-GPU communication improves the performance of the
kernels in our evaluation by almost a factor of 2. The results clearly indicate the
applicability and effectiveness of our performance models.

6.2 Discussion

In this thesis, we set out to seek answers to the five challenges we have formulated
that cover the major difficulties of using GPUs for scientific supercomputing. In
the following, we discuss the contributions of our work towards answering each
challenge and formulate the insights gained from the research carried out as part
of this thesis.

Challenge 1 How to lower the threshold for domain experts to use GPU equipped
computing systems?

GPU computing has always been considered difficult. This is in part because
GPU computing programs are implemented using specialized programming mod-
els such as CUDA or OpenCL. While these programming models only expand the
C programming language with a few keywords, writing GPU programs requires
a different mindset on parallelism and concurrency.

Over the years, a variety of programming tools, such as compiler directives
and source-to-source optimizing compilers, have been developed to abstract away
some of the complexity of GPU programming. The problem with creating ab-
stractions is that the features that are abstracted may be irrelevant for some
applications, but crucial to the performance of others. For example, many auto-
matic optimization tools for GPUs apply optimizations that are known to improve
the performance of a matrix multiplication kernel. However, this approach is far
from guaranteed to yield efficient implementations of other GPU kernels.


