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ABSTRACT
Both industry and academia have extensively investigated hardware
accelerations. In this work, to address the increasing demands in
computational capability and memory requirement, we propose
structured weight matrices (SWM)-based compression techniques
for both field programmable gate array (FPGA) and application-
specific integrated circuit (ASIC) implementations. In algorithm part,
SWM-based framework adopts block-circulant matrices to achieve
a fine-grained tradeoff between accuracy and compression ratio.
The SWM-based technique can reduce computational complexity

from O(n2) to O(n logn) and storage complexity from O(n2) to O(n)
for each layer and both training and inference phases. For FPGA
implementations on deep convolutional neural networks (DCNNs),
we achieve at least 152X and 72X improvement in performance and
energy efficiency, respectively using the SWM-based framework,
comparedwith the baseline of IBMTrueNorth processor under same
accuracy constraints using the data set ofMNIST, SVHN, and CIFAR-
10. For FPGA implementations on long short term memory (LSTM)
networks, the proposed SWM-based LSTM can achieve up to 21X
enhancement in performance and 33.5X gains in energy efficiency
compared with the baseline accelerator. For ASIC implementations,
the SWM-based ASIC design exhibits impressive advantages in
terms of power, throughput, and energy efficiency. Experimental
results indicate that this method is greatly suitable for applying
DNNs onto both FPGAs and mobile/IoT devices.
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1 INTRODUCTION
Deep learning has increasingly drawn attentions in many research
fields, such as speech recognition [13], computer vision [12, 18], self-
driving cars [14, 36], and unmanned aircraft systems [29]. Large-
scale deep neural networks (DNNs) typically consist of multiple
layers, and at least millions of weight parameters for the entire
model [18]. One major advantage of the larger-scale DNNs is that
they extract more complex high-level features from the inputs (e.g.,
images/videos, speeches), and as a result, achieving a significant
improvement in model accuracy [36].

On the other hand, as the size of DNNs grows continuously, there
exist tremendous demands in increasing computational capability
and memory requirement. Therefore, improving the performance
and energy efficiency while maintaining the accuracy of DNNs
becomes extremely critical. Two trends have characterized the re-
search advance in order to achieve higher performance and energy
efficiency. The first trend is hardware acceleration. FPGA-based
accelerators have the advantage of friendly programmability and
high-degree parallelism. Stochastic Computing (SC), in which all
the inputs and weight values are represented as streams of random
bits, has been investigated and successfully applied to hardware
acceleration of DNNs [22ś26, 28, 33, 34, 41]. Data-path optimization
technique [8] have also been studied to map a limited number of
Processing elements (PEs) on FPGA and reuse the mapped PEs by
iterating data through them. On the other hand, ASIC-based imple-
mentations have been explored to further accelerate DNNs. A sub-
stantial number of high-tech companies have declared their ASIC
chip designs in DNNs such as Google [15] and IBM TrueNorth [6].
In the field of academia, Eyeriss [2], EIE [10], and DaDianNao [1]
mainly focus on the convolutional layers, the fully-connected lay-
ers, and the memory design/organization at the architectural level,
respectively.

The second trend is model compression motivated by energy effi-
ciency limitation of large DNN models. Weight pruning [11] and
lower rank approximation [37] have aimed to the reduce the number
of operations involved in DNNs. They achieve a parameter reduc-
tion to some extent with inconsequential accuracy degradation.
However, they have brought the new challenges into DNNs such
as irregular network structure caused by sparsity regularization
[40], and increased training complexity caused by the additional
pruning process [11] or low rank approximation step [37].

In this work, to address the limitations of existing works in
model size compression and acceleration and to achieve ultra-high
energy efficiency and performance for FPGA and ASIC-based hard-
ware implementations, we propose the structured weight matri-
ces (SWM)-based compression technique on both FPGA and ASIC
implementations. The SWM-based framework adopts the general
block-circulant matrices to achieve a fine-grained tradeoff between
accuracy and compression ratio. For FPGA implementations on
DCNNs, we achieve at least 152X and 72X improvement in per-
formance and energy efficiency, respectively using SWM-based
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Figure 4: An example of 8-point basic computing block for
FFT using butterfly units.

memory (BRAM). The control subsystem coordinates the actual
FFT/IFFT operations in the basic computing block and peripheral
computing block. The control subsystem also determines the input
size of FFT/IFFT operations. The twiddle factors in FFT/IFFT opera-

tions are stored in BRAM (i.e., theW i
n values including both real

and imaginary parts); the weights, e.g., the FFT results FFT(wi j )
are also stored in BRAM.

5.1.2 Computing Unit Designs. In the computing unit, the pe-
ripheral computing block mainly focuses on component-wise multi-
plication, activation (ReLU, Tanh, and Sigmoid), pooling etc., which
need lower computational cost and hardware footprint. The basic
computing unit consists of an FFT operation with a parallelization
degree of N and depth of logN . Fig. 4 shows an example of 8-point
FFT operation in the basic computing block using butterfly units.
The IFFT operation can also be implemented using the N inputs
basic computing unit in addition to a division operation (i.e., ÷N )
and two conjugations.

5.2 ASIC
In order to apply DNNs onto mobile/IoT devices, the DNN applica-
tions should be implemented in ASICs, due to the benefit of small
hardware volume. The great reduction in both parameter size and
computational time complexity makes our SWM-based method
suitable for ASIC implementations. Figure 5 shows the architec-
ture of our end-to-end ASIC implementation of the SWM-based
DNNs. The architecture consists of four main blocks: input/output
interface, storage system, processing system, and global controller.

The input/output interface is in charge of communicating with
the external environment of the chip and the on-chip storage sys-
tem. The input interface is composed of an input IO buffer and
an input distributor. Similarly, the output interface is composed of
an output IO buffer and an output distributor. In the view of data
flow, the input IO buffer first receives and buffers data, including
input images, weights, and biases from the external environment.
For the reason that the number of IO pads are usually limited to
a small number, whereas the bandwidth of the processing system
is rather large for achieving high parallelism of computation. This
mismatch in bandwidth requires an input distributor to temporally
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Figure 5: The architecture of the SWM-based chip.
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Figure 6: The architecture of the storage system.

hold the external data until the size of the data reaches the band-
width requirement of the storage system. Besides, there are three
storage modules inside the storage system for respectively stor-
ing inputs/intermediate activations, weights, and biases, the global
controller will decide where the buffered data should flow. With
the similar idea, the output distributor will receive final activations
from the storage system and be controlled to distribute a portion of
activations into the output IO buffer, which will further send them
back to the external system.

As depicted in Figure 6, the storage system composes three sub-
systems, including a memory bank for storing weights, a register
file for storing biases, and a ping-pong buffer (i.e., two alternating
register files) for storing image inputs and intermediate activations.

The processing system achieves following equation for each
layer: yj = h(ΣIFFT

(

FFT(wi j ) ◦ FFT(xj )
)

+ bj ), where wi j is the
vector of weights at the ith row and jth column of the weight ma-
trix, xj and bj are respectively the jth vector of inputs/activations
and biases, and h(·) is an activation function. According to above
equation, the processing system should contain the modules that
are illustrated in Fig. 7. As the first step in the core computation, the
image inputs are loaded from the storage system to the FFT module.
Since the weights are repeatedly used without changes, what the
weight memory bank stores are the weights in frequency domain.
Thus the inputs of the multiply module are FFT(xj ) and FFT(wi j ).
Next, the IFFT module performs the inverse FFT operation over
the element-wise production vector, converting the vector from
frequency domain to time domain. Then the summation is per-
formed by the Accumulator module that generates the dot-product
of inputs and weights. Finally, the Biase module adds up the biases
to the dot-products, and the Activation module produces a vector
of activations.

Another crucial module in the architecture is the global con-
troller, which takes the responsibility to generate control signals to
guarantee the whole system to function correctly.

6 EVALUTATION

6.1 FPGA
We implement the proposed framework on small to medium scale
DNNs using the benchmarks of MNIST, SVHN, and CIFAR-10 on
the low-power FPGA Intel (Altera) CyClone V 5CEA9. And we
implement the proposed method LSTM on the platforms of Xilinx
KU060 and Alpha Data’s ADM-7V3. The ADM-7V3 board contains
a Xilinx Virtex-7 (690t) FPGA and a 16GB DDR3 memory and the
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Figure 7: The architecture of the processing system.



Table 1: Comparison results on accuracy, performance, and energy efficiency of the proposed SWM-based FPGA designs and
baselines.

DNN Name Dataset Platform Data Quantization Accuracy Performance Energy efficiency
(kFPS) (kFPS/W)

Proposed MNIST 1 MNIST CyClone V 12 bits 92.9% 8.6 × 104 1.57 × 105

Proposed MNIST 2 MNIST CyClone V 12 bits 95.6% 2.9 × 104 5.2 × 104

Proposed MNIST 3 MNIST CyClone V 12 bits 99.0% 363 659.5
Proposed SVHN SVHN CyClone V 12 bits 96.2% 384.9 699.7

Proposed CIFAR-10 1 CIFAR-10 CyClone V 12 bits 80.3% 1383 2514
Proposed CIFAR-10 2 CIFAR-10 CyClone V 12 bits 94.75% 13.95 25.4

TrueNorth ([6]) MNIST TrueNorth 2 bits 99%+ 1.0 9.26
TrueNorth ([6]) MNIST TrueNorth 2 bits 95% 1.0 250
TrueNorth ([7]) SVHN TrueNorth 2 bits 96.7% 2.53 9.85
TrueNorth ([7]) CIFAR-10 TrueNorth 2 bits 83.4% 1.25 6.11

LSTM Name Dataset Platform Data Quantization PER Degradation Performance Energy efficiency

Proposed LSTM1 TIMIT ADM-7V3 16 bits 1.23% 330.275 14.359
Proposed LSTM1 TIMIT KU060 16 bits 1.23% 371.095 -
Proposed LSTM2 TIMIT ADM-7V3 16 bits 0.32% 179.687 8.168
Proposed LSTM2 TIMIT KU060 16 bits 0.32% 195.312 -

ESE [9] TIMIT KU060 12 bits 0.30% 17.544 0.428

Xilinx KU060 platform contains a Xilinx XCKU060 FPGA and two
4GB DDR3 memory. We connect the ADM-7V3 to the host through
PCI-e 3.0 X8 interface and the host machine used in the experiment
is a sever configured with an Intel Core i7-4790 CPU. The proposed
FPGA implementations of LSTMs are operating at 200MHz on both
platforms.

We compare the accuracy, performance (kFPS), and energy effi-
ciency (kFPS/W) of the proposed SWM-based FPGA implementa-
tion with the state-of-the-art IBM TrueNorth neurosynaptic proces-
sor ([6]) for DCNNs, and the state-of-the-art ESE accelerator on the
platform of Xilinx KU060 [9] for LSTMs. We first demonstrate the
results of three MNIST datasets targeting at different accuracies,
one SVHN dataset, and two CIFAR-10 datasets targeting at different
accuracies. The first two DNNs of MNIST datasets are multi-layer
perceptron (MLP) models which can achieve the accuracy of 92.9%
and 95.6%, respectively. The third DNN of MNIST dataset has a
CNN structure similar to LeNet-5 [20], which achieves 99.0% accu-
racy. The first DNN of CIFAR-10 has a simple structure while the
second DNN of CIFAR-10 adopts a wide ResNet model [12] which
can achieve 94.75% accuracy. The baseline system (IBM TrueNorth)
has two different DNNs of MNIST datasets at two accuracy levels.
Experimental results show that under the similar accuracy con-
straint, the gains of the SWM-based framework in performance and
energy efficiency are at least 152X and 72X, respectively. For the
LSTM implementation, we propose two structures: (i) the proposed
LSTM1 adopts a block size of 16 (FFT16), which the relative PER
degradation of the model is 1.23%; (ii) the proposed LSTM2 uses a
block size of 8 (FFT8), which the relative PER degradation of the
model is 0.32%. On the platform of KU060, we achieve 21X and 11X
performance speedup for the proposed LSTM1 and LSTM2 based
compression techniques compared with ESE. On the platform of
AMD-7v3, compared with ESE, we achieve 18.8X and 10.2X and
performance enhancement and 33.5X and 19.1X energy efficiency
gains using the proposed LSTM1 and LSTM2, respectively. Since the
power consumption of SWM-based LSTM is only half of the ESE,
the energy efficiency gain is higher than performance. Please note
that the manufacturing process of XCKU060 FPGA is 20nm while
the process of Virtex-7 is 28nm, which means the actual energy
efficiency gain should be more than the report here.

6.2 ASIC
In this work, we implement an ASIC design of the SWM-based
neural network for the image recognition task, and it is tested

Table 2: Hardware Performance of SWM-Based Neural Net-
work Implemented in ASIC

Metrics Performance
Clock Frequency (MHz) 200

Area (mm2) 1.3
Power (W ) 0.14

Throughput (Imaдes/s) 1.14 × 106

Energy Efficiency (Imaдes/J ) 8.08 × 106

with the MNIST dataset. The implemented neural network has the
original structure of 512 × 512 − 512 × 512 − 512 × 64 − 64 × 10,
and this network is transferred into an SWM-based structure. The
FFT module implemented in this work is a 64-point FFT, that is,
it takes a vector of 64 real value numbers as inputs and generates
their frequency domain representations. Consequently, the weight
matrices has the structure of 8×8×64−8×8×64−1×8×64−64×10,
where (m × n × s) represents the weight matrix hasm rows and n
columns, and each element is a vector containing s weights (s is 64
in this case). Our weight matrix transformation is not applied to
the output layer, so the weights in this layer still keep the original
structure of 64 × 10.

Our ASIC design is implemented with SMIC 40nm technology
(including memories) and synthesized with Synopsys Design Com-
piler 2016. Table 2 shows the hardware performance of our design.
It can be observed from the table, the SWM-based neural network
exhibits impressive advantages in terms of power (0.14W ), through-

put (1.14×106Imaдes/s), and energy efficiency (8.08×106Imaдes/J ),
suggesting that this method is greatly suitable for applying DNNs
onto mobile/IoT devices.

7 CONCLUSION
In this work, we propose and evaluate the SWM-based compression
technique on both FPGA and ASIC implementations. The SWM-
based framework adopts the general block-circulant matrices to
achieve a fine-grained tradeoff of accuracy and compression ratio
and it works for both FC and CONV layers and contains a mathe-
matically rigorous proof. For FPGA implementations, we achieve
at least 152X and 72X improvement in performance and energy
efficiency, respectively using SWM-based framework, compared
with the baseline of IBM TrueNorth processor under same accuracy
constraints using the data set of MNIST, SVHN, and CIFAR-10. For
the LSTM network, the proposed SWM-based LSTM can achieve up



to 21X enhancement in performance and 33.5X gains in energy effi-
ciency compared with ESE, respectively. For ASIC implementations,
the proposed SWM-based design exhibits impressive advantages in
terms of power, throughput, and energy efficiency. Experimental
results indicate that this method is greatly suitable for applying
DNNs onto both FPGAs and mobile/IoT devices.
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