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Graphics processing units (GPUs) are highly efficient devices for high-performance computing (HPC) and
are widely adopted to construct heterogeneous (i.e., CPU-GPU) supercomputers. However, the small GPU
memory capacity necessitates the use of out-of-core computation to process excess data, involving the
time—consuming CPU-GPU data transfer prone to limit the overall performance

In this thesis, for two out—of-core GPU applications, we propose data—centric computing techniques to
address the problem that the CPU-GPU data transfer limits the overall performance. The first application
is a branch-and-bound (B&B) method to solve the 0-1 knapsack problem, which is a widely used
combinatorial optimizer. The second application is stencil computation that occurs in various scientific
fields. The proposed techniques significantly reduce the CPU-GPU data transfer, improving the
performance of the studied applications. Moreover, the two applications have very different runtime
characteristics. Most notably, the B&B 0-1 knapsack solver changes memory footprint at runtime, whereas
the stencil computation uses a fixed amount of memory at runtime. Despite the difference between
applications, the proposed techniques follow the same mindset of data—centric computing: making as much
use as possible of the data residing on the GPU and reducing as much as possible of the CPU-GPU data
transfer.
The proposed data—centric computing techniques are in detail explained in three parts of the thesis. In
the first part, an out-of-core B&B method to solve large 0-1 knapsack problems on a GPU is proposed.
Given a large problem that produces many subproblems, the proposed method dynamically swaps subproblems
to CPU memory. Because such a CPU-centric subproblem management scheme increases CPU-GPU data transfer,
we adopt three data—centric techniques to eliminate this side effect, including (1) an out—of-order
search (03S) technique that reduces the data transfer overhead by adaptively transferring subproblems
between the CPU and GPU, (2) a GPU stream compaction technique that reduces the sparseness of arrays to
be transferred, and (3) an explicitly-managed pipelining technique that hides the data transfer overhead
by overlapping data transfer with GPU B&B operations.
Experimental results demonstrate that the out—-of-core solver with proposed techniques stored 41X as
many subproblems as a previous in—core solver that manages subproblems in GPU memory, solving
approximately twice as many problem instances on the GPU. In addition, compared to a previous breadth-
first search (BFS) technique, the proposed 03S technique achieved an average speedup of 7.5X.
In the second part, we extend a stencil framework to address data transfer problems. We propose two
data—centric computing techniques: (1) a direct-mapping technique that eliminates host (i.e., CPU)
buffers, which intermediate between the original data and device buffers, and (2) a region-sharing
technique that significantly reduces CPU-GPU data transfer by allowing contiguous data chunks to share
common regions on the GPU. The extended framework was applied to an acoustic wave propagator,
automatically extending the length of the original serial code 2.3-fold to generate the out-of-core
code. Experimental results reveal that the generated code ran 41.0X, 22.1X, and 3.6X as fast as
implementations based on Open Multi-Processing (OpenMP), Unified Memory, and the previous framework
respectively. The generated code also demonstrates usefulness with small datasets that fit in the device
capacity, running 1.3X as fast as an in—core implementation
In the third part, we propose a data—centric technique that further accelerates out—-of—core GPU stencil
computation with on—the—fly GPU compression, introducing a novel data compression scheme that solves the
data dependency between contiguous decomposed data chunks. We also modify a widely used GPU compression
library to support pipelining that overlaps data transfer with GPU computation. Experimental results
show that the stencil code with the proposed technique achieved a speedup of 1.13X with a tolerable
fidelity loss, compared with a code that involves no compression.
Our work demonstrates that data transfer should be weighed more than computation in optimizing large GPU
codes. The two studied applications show that the proposed data—centric computing techniques effectively
improve overall performance and thus emphasize the importance of data—centric computing techniques to
present and future large—scale GPU applications.
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