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Energy Efficient On-Chip Cache Architectures and Deep Neural Network Accelerators
Considering the Cost of Data Movement
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This thesis aims to propose energy-efficient cache architectures and DNN accelerators by
reducing the cost of data movement in various processing tasks. In data processing, the cost
of data movement often dominates the hardware performance. Based on factors that affect
the prediction capability of the cost of data movement, this thesis investigates representative
types of processing tasks as general-purpose processing and special-purpose processing such
as Deep Neural Network (DNN). This thesis discusses the processing properties that affect
the cost of data movement in each situation. Considering the cost of the data movement, this
thesis designs four energy-efficient hardware to explore the effectiveness of the data
processing properties. This thesis consists of six chapters.

Chapter 1 provides an overview of the thesis, including the objectives, issues, and approaches
of this study.

Chapter 2 proposes an energy-efficient hybrid cache memory system to exploit the non-linear
relationship between the cache miss rate and the cache capacity.  As the cache capacity
increases from zero, the cache miss rate decreases rapidly due to the property of access
locality. The rapid decrease however becomes slow down as the capacity of the cache
increases. Exploiting this non-linear relationship between the cache miss rate and the cache
capacity, a hybrid 2-level on-chip cache architecture which has an energy-efficient Standard-
Cell Memory (SCM) as the first level and an area-efficient SRAM as the second level, is first
introduced. This thesis then discusses a method for finding the best mix of SCM and SRAM,
which minimizes the energy consumption of the hybrid cache under a cache area constraint.

Chapter 3 presents a dense DNN accelerator and an analytical evaluation model based on
properties that determine the cost of data movement in DNN processing. In DNN processing,
the data movement between memory and processing elements consumes most of time, energy,
and area. At the same time, the number of operations in DNN processing is usually much
larger than the scale of hardware resources. The key idea is that a whole processing task can
be divided into easy-to-handle small tasks for a fine-grained evaluation of the cost of data
movement. In this thesis, two hardware properties are investigated to describe the required
number of memory accesses and the memory capacity in each memory hierarchy. Based on
the two properties, this thesis proposes a DNN accelerator for large-scale processing with a
regular access pattern in DNN and a new set of hardware metrics to analytically estimate
energy, throughput, and area from processing dataflows. Based on the analytical evaluation
of various processing dataflows and various processing environments, the proposed evaluation
metrics can effectively evaluate processing dataflows without a hardware implementation.
Designers are able to use the proposed evaluation metrics to significantly reduce hardware
design effort.

Chapter 4 introduces a sparse DNN accelerator handling irregularity based on the property that




helps enhance the utilization of processing elements in sparse DNN processing. This thesis
also addresses a PE utilization issue in sparse DNN processing and sparse DNN properties.
The key idea is to directly infer the number of operations from the number of loaded non-zero
input-feature-map (ifmap) pixels and the number of loaded non-zero weights. Focusing on
the index-matching property in Deep Neural Network, this thesis aims to decompose sparse
Deep Neural Network into easy-to-handle processing tasks to maintain the utilization of
processing elements. This thesis proposes an efficient hardware accelerator called MOSDA
for an irregular data access pattern in sparse DNN. MOSDA does not require complex
control logic in sparse DNN processing and speeds up the processing by skipping zero data.
According to the case study of this thesis, MOSDA outperforms state-of-the-art CNN
accelerators in sparse Alexnet.

Chapter 5 discusses a memory hierarchy which is energy-efficient for Binary Neural Network
(BNN) processing. Based on the proposed memory hierarchy, this thesis presents an energy-
efficient BNN accelerator. This thesis further proposes a hybrid memory system with an
energy-efficient memory architecture for small-scale processing with a regular access pattern
in BNN processing. Based on dedicated dataflows for matrix multiplication and convolution,
the proposed hardware achieves energy-efficient processing in BNN processing without
crossbar logic for accumulating partial sums.  The proposed architecture outperforms state-
of-the-art BNN accelerators in the case study of this thesis.

Chapter 6 concludes this thesis to summarize processing properties that may affect the cost of
data movement and four energy-efficient hardware designs to explore the processing
properties.
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