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Abstract

A DSP for sparse-BLAS is realized in 40nm CMOS. Featur-
ing an efficient data stream reordering scheme and an intelli-
gent, CSC-aware memory controller, the DSP achieves a peak
energy efficiency of 190 GFLOPS/W at 0.6V, 160MHz, and a
peak performance of 4.12 GFLOPS at 1V, 515MHz showing
more than 6,600%, 2,700%, 1,100%, and 450% higher energy ef-
ficiency than state-of-the-art CPU, GPU, DSP, and FPGA
hardware designs, respectively.

Introduction

With the explosive growth of the Internet of Things (IoT),
mobile and embedded systems are being asked to support more
and more computationally intensive applications such as aug-
mented reality, neural networks, 3D gaming, portable medical
imaging, and mobile health monitoring—all of which rely on
the manipulation of very sparse data sets [1,2]. The energy ef-
ficiency of the sparse basic linear algebra subroutines (sparse-
BLAS) has always significantly lagged behind that of their
dense counterparts by 2 to 3 orders of magnitude. In existing
architectures, sparse matrix-vector and matrix-matrix multipli-
cations (SpMxV and SpMxM) are almost exclusively calcu-
lated as series of dot products using the compressed sparse row
(CSR) sparse matrix data format. However, due to low compu-
tational complexity and the irregular memory accesses of CSR,
frequent cache misses and data hazards force the processor to
stall for dozens to hundreds of cycles [2] (Fig. 1), further exac-
erbating the 100% energy gap between computation and
memory accesses [3]. In order to improve the energy-effi-
ciency of sparse-BLAS for embedded IoT applications, this pa-
per presents a dedicated sparse linear algebra DSP, based on
the compressed sparse column (CSC) data format, in a 40nm
CMOS technology.

System Architecture

We designed a scalable sparse-BLAS architecture (Fig. 2)
with CSC to roughly halve the number of required memory ac-
cesses and eliminate the data hazards present in CSR. It con-
sists of a sparse-BLAS controller (with an integrated memory
controller), 4 processing elements (PE), and a 512Kb cache
memory. Each PE uses CSC to calculate SpMxV (y = 4x) as a
series of column-wise vector additions of 4 weighted by each
element of x. Due to the format of the memory references in
CSC, the resulting column-major operations allow each ele-
ment of x to be fetched sequentially and reused (as opposed to
multiple random accesses and no reuse for CSR). For example,
a sparse matrix with ~10 nonzero elements per column results
in a 40% reduction in the memory bandwidth using CSC versus
CSR due to reuse. Additionally, every CSR partial product re-
sults in a data hazard that stalls the processor for 3-8 clock cy-
cles (fused multiply-add latency) due to the recursive data de-
pendencies of the row-based approach. In principle, CSC
avoids these data hazards by accumulating partial products
from different rows each clock cycle, but it does not eliminate
them. CSC sparse matrices on average see one data hazard for
every 15-50 nonzero elements [1,2].

To eliminate the remaining data hazards, a stall-free “Shuf-
fler” has been designed to manage the flow of data in each PE.
Fig. 3 shows a block diagram and layout of the PE. In addition
to the “Shuffler,” each PE occupies 0.055mm?, contains a sin-
gle FPU (32b FP adder and multiplier), and a 16Kb dual-port
SRAM (DP-SRAM) to compute and update partial products in
the same clock cycle. When enabled, the “Shuffler” first fills a
FIFO-like buffer (depth of 4) for each element of the data ma-
trix (4y), vector (x;), row address (i), and Valid signal used to
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calculate a partial product. The “Shuffler” then monitors the
last 4 addresses of i issued to the FPU (the latency of our 32b
FP adder) for potential data hazards in the buffer. When the
first item in the buffer causes a data hazard, the shuffler substi-
tutes the first available, hazard-free, partial product. If no haz-
ard-free, partial product exists in the buffer, the “Shuffle FSM”
stalls the PE until the data hazard is resolved. However, a
buffer depth equal to the adder latency guarantees zero data
hazards. Using this strategy, data can be continuously streamed
into each PE with a small startup overhead equal to the com-

bined latency of the adder, multiplier, and the “Shuffler” buffer.

When the “Shuffler” is disabled, the PE must stall for 4 clock
cycles to resolve a data hazard.

To provide a scalable, high-speed data interface between the
2GB of DDR2 memory on our FPGA system and each of the 4
PEs (chosen to optimize energy per bandwidth, Fig. 2), an on-
chip, 512Kb, DP-SRAM is used as a memory cache. The re-
sulting memory hierarchy is top heavy compared to CPUs,
GPUs, and DSPs (Fig. 1). Since each PE can only store a finite
number of elements, the PE contains a partial working copy of
the vector being computed (the 16Kb DP-SRAM in each PE is

chosen to optimize energy per partial product computation, Fig.

2). Blocking is performed along the rows of 4 by the on-chip,
sparse-BLAS controller (i.e. each PE is assigned up to 512
rows of A for computation). The final vector is then assembled
by concatenating the output of each PE during memory write-
back (requiring no additional latency).

Measurement and Comparisons

SpMxV was performed on 10 unstructured matrices [1,2] us-
ing our DSP and the results are compared to existing CPU,
GPU, and DSP architectures [2,4-6]. Detailed in Fig. 1, FP re-
source utilization hovers around 1-2% for CPUs, 0.2-0.5% for
GPUs, and 18-20% for DSPs. Our DSP achieves a maximum
utilization of 99.92%, with an average of 95.29% (Fig. 4). To
measure its effectiveness, the “Shuffler” was disabled and the
tests were repeated. The average utilization dropped to 75.82%
due to the PEs having to stall for 4 clock cycles once every ~20
nonzero elements due to data hazards.

The power consumption and operating frequency of the
sparse-BLAS DSP were measured vs. supply voltage (Fig. 4).
The minimum energy point (MEP) is found to be at 0.6V,
which corresponds to 6.73mW at 160MHz. At this point, the
sparse-BLAS DSP achieves a peak throughput of 1.28
GFLOPS for an energy-efficiency of 190 GFLOPS/W. The
maximum operating frequency of the sparse-BLAS kernel is
515MHz at Vpp=1V, achieving 3.2x higher throughput than
the MEP at the cost of 2.9% lower energy efficiency.

Our sparse-BLAS kernel is compared to several CPUs and
GPUs, as well as prior FPGA and DSP chip implementations
for SpMxV (Fig. 5) [2, 4-6]. Overall, it achieves a 2x higher
throughput, while averaging 6,600 better energy efficiency
(~100x% from reduction in processing time and memory access,
3x from voltage and 20% from frequency scaling), than a CPU
running architecture-specific software. Similarly, it achieves
2x higher throughput than the prior DSP chips, with a 1,100x
higher energy efficiency. Both the GPU and FPGA SpMxV
implementations average ~4x higher throughput, while using
~20x more memory bandwidth than our sparse-BLAS kernel.
However, our DSP has 2,700x and 450x higher energy effi-
ciency than the GPU and FPGA designs, respectively. Con-
suming less than 10mW, the 0.927mm? sparse-BLAS kernel in
40nm CMOS (Fig. 6) can provide an energy savings of 2 to 3
orders of magnitude, enabling a variety of IoT applications.
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Fig. 3 Block diagram and layout of the sparse-BLAS PE with stall-
free, data stream reordering.
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