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Abstract of Thesis

The c¢omputing architeciures are shifiing quickly as we move forward to exascale computing.
Heterogeneous compuiing architectures emploving accelerators like graphics processing unit (GPU) have
become the mainstream approach for high-performance computing (HPC) systems {rom supercomputers to
mebile devices. However, (he increased layers of the memory hierarchy in heterogeneous archifectures
have hindered the users to extract the full poteatial and maximum scalability of the hardware.
Communication cost for transferring data between memory hierarchy dominates the overall processing time
for most applications and the floating-point operations per second (ilop/s} has become comparatively
irrelevant.

In this work, we look into two applications to address the problems in acceleraling applications
with GPUs. The first application is the cone beam compuied tomography (CT) recomsiruction, which is an
widely used by medical imaging devices. The second application is a matrix decomposition algorithm
called randomized singular value decomposition (RSVIY. We show that the CPU-GPU data transfer is the
main bottleneck for processing large scale dala on GPU-enabled systems. We [irsl propose methods (o
accelerate RSVD by reducing the daia iransier hetween the CPU and GPU. We then propose algorithms which
aedily the original RSVD fo [it into the heterogeneous compiting architecture. The pro- posed methods
successfully move the performance bottleneck from CPU-GPU bandwidih bound to compute bound, so thai the
computation ability of the GPUs can be fully utilized for acceleration

This thesis is divided into ihree parts. In the [irst part of this work, we propose a cache- aware
optimization method {o accelerate the out~of-core cone beam CT reconstruction on a GPU. Qui-of-core data
here are data that are too large to fit into the GPU memory at once. Utilizing the GPU in recomstructing
CT images has gained ils popularity for its high performance and low cost implementation compared to
other meihods. The proposed method extends a GPU-based previous method by increasing the cache hit rate
to speed up the reconstruction of high-resclution volumes that exceed the capacity of GPU memory. More
specifically, our approach accelerates the well-known Feldkamp, Davis, and Kress (FDRK} algorithm by
utilizing the following three strategies: (1) a loop organization strategy that identifies Lhe best
trade-o< point between the cache hit rate and the number of o<-chip memory accesses: (2) a data structure
that exploits high locality within a lavered texture; and (3) a fully pipelined sirategy for hiding file
input/output (I/0) time of GPU execution and data transfer time. We implement our proposed method on
NVIDIA' s Maxwell architecture and provide a tuning guideline for adjusting the execution parameters,
which include the granularity and shape of thread blocks as well as the granularity of I/0 data to be
streamed through the pipeline, which maximizes reconstruciion performance. Our experimental results show
that it took less than three minutes to reconstruct a 2048%-voxel volume from 1200 2048°-pixel projection
images on a single GPU; this transiates to a speedup of approximately 1.47x as compared to a previous
method. We also make clear a trade-off beiween the texiure cache hit rate and the number of memory
accesses. Concerning GPU optimization, we found that it is not necessarily elfficient to compact as many
tasks as possible inlo kernmel execution (o decrease total execution time. Instead, proper tuning is
required to identify the optimum number of tasks that will minimize the overall time. With the aid of




{exture interpolation and cache-aware strategies., our presented GPU implementation achieves performance
advaniages over other computing platforms.

In the second part, we propose iwo acceleration methods, namely Fused and Gram, for reducing the
out-ol-core dala access when performing RSVD on GPUs. Both methods accelerate GPU-enabled RSVD using
the following three schemes: (i) a highly tuned general matrix-matrix multiplication (GEMM) scheme [or
processing out-of-core data on GPUs; (2) a data~access reduction scheme based on one-dimensional (ID)
data partition; and (3) a first-in, {irst-out (FIF0) scheme that reduces CPU-GPU data transier using a
reverse iteration. The Fused method [urther reduces the amount of out-of-core data access by merging
two GEMM operations into a single operation. In contrast, the Gram method reduces both in- core (i.e.
all the working data can be held on the GPU memory} and cut-of-core data access by explicitly forming
the Grem mairix. According to our experimental resulis, the Fused and Gram methods improved the RSVD
performance by up to 1. 9x and 5. 2%, respectively, compared with a straight{orward method that deploys
schemes {1) and (2) on the GPU. In additiom, we present a case study of deploving the Gram method for
accelerating robust principal component analysis (RPCA), a convex optimization problem in machine
learning.

In the third part, we propose a iwo-pass RSVD, named block randomized SVD (BRSYD). designed for
matrices with a slow-decay singular spectrum that is oftien observed in image data. BRSVD fully utilizes
the power of modern compuling system architectures and efficiently processes large-scale data in a
parallel and batched fashion. Our experiments show that BRSVD effectively moves the performance
bottleneck from dala transfer to computation, so that ouiperforms existing RSVD methods in terms of
speed with retaining similar accuracy. We also show an application of randomized SYD to convex RPCA on
a GPU, which shows significani speedup in computer vision applicaiions.

Our work demonstrates that communication cost is an importani facior to influence the overall
performance. The [irst application demonstrates 1that cache-aware optimization improves overall
performance effectively. The second application shows that reducing the communication cost at the expense
of increased compulational cost is.a viable approach in a computing environment where communication cost
exceeds the computational cost. Furthermore, our work shows thai redesigning algorithms to fit for the
heterogeneous computing architecture is a feasible appreach in dealing with bandwidth bound problems.
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