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Summary

Sandia investigated reduced precision computing as a way to increase the performance of
processing raw radar data in a way that does not rely on Moore's Law. If less precision can be
tolerated, then more parallelism can be obtained from the same number of transistors. This
means increased processing performance without increasing size, weight and power (SWaP).

A core effort was an evaluation of the S1 processor from Singular Computing. Sandia evaluated
the performance of its S1 implementation of the convolutional backprojection (CBP) algorithm.
Sandia produced good-quality SAR images using reduced precision computations,
demonstrating reduced precision computation's utility.
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Introduction

With the expectation that Moore's Law cannot drive improvements in processor performance
forever, Sandia’s SAR business area looked into ways to increase performance from processors
that do not rely on Moore's Law. One of the strategies considered was reduced precision
computing. The concept is that if less precision can be tolerated, then more parallelism can be
obtained from the same number of transistors. This means more performance without
increasing size, weight and power (SWaP).

In 2013 Sandia became aware of a start-up called Singular Computing and their DARPA funded
S1 processor. The S1 is a prototype chip that implements reduced precision computing. It has
a large number of simple computing elements. The S1 provided Sandia the opportunity to
explore reduced precision SAR image formation in a concrete manner. The exploration
centered around implementing and evaluating the convolutional backprojection algorithm
(CBP) [1], [2] on the S1. This presentation summarizes Sandia’s initial experience with using the
S1 to form SAR images.
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S1 Concept and Architecture

The S1 chip is a chip from a start-up called Singular Computing. The S1's primary target is the
neural-net application space. Its design is inspired by the brain in that it strives to maximize
parallelism and communication and minimize power consumption [3]. To achieve these goals,
the S1 sacrifices precision in computations. In practice, the S1 increases the amount parallelism
obtained from a given number of transistors by limiting the capabilities of the individual
processing elements (cores).

At the heart of the S1 architecture are the Approximate Processing Elements (APEs) [4],[5].
Each S1 chip has 2112 APEs. An APE roughly corresponds to a CPU "core” but with restricted
capabilities. Each APE has 512 2-byte words of memory for a total of approximately 2
megabytes of memory per chip. Each APE has 8 2-byte general-purpose registers. The S1 has
three data types: Boolean, 16-bit integers and a 14-bit "approximate float" (occupying a 2-byte
word) which is similar to an IEEE half-precision floating point. (For brevity, the term "approx"
will be used for "approximate float" in the remainder of this document.)

The operations available for the approx datatype are Add, Sub, Mult, Div and Sqrt. The
operations available for integers are Add, Sub, And, Or, ShiftLeft, and ShiftRight. The S1 does
not provide machine instructions to multiply or divide integers. General-purpose integer
multiply or divide operations must be synthesized from long sequences of existing operations
and hence are much slower. All arithmetic machine instructions complete in a single clock
cycle.

Within the S1 chip the APEs are arranged in a grid with 48 rows and 44 columns. The APEs
operate in a SIMD (Single Instruction, Multiple Data) fashion with all APEs executing in lock-step
the same instruction at the same time. The APEs communicate with each other over a NEWS
(north, east, south, west) interconnection network.

One of the central features of the S1 architecture is the approx data type. It is similar to, but
not the same as, 14-bit floating point. One of the 14 bits is a sign bit, seven bits are an
exponent and the remaining 6 are a "logtissa" i.e. the log of the mantissa. The inherent
granularity of the approx data type is 1 part in 64 (about 1%). The approx data type has a wide
dynamic range (on the order of 10+/'20). One of the peculiarities of the approx data type is that
it cannot exactly represent zero.

Evaluation of Results

Our S1 implementation of the CBP algorithm produced the SAR image in Figure 1. Thisis an
image of Sandia's antenna test range on the south side of the Kirtland Air Force Base. The
vertical dark stripe in the center is a slab of smooth concrete with very low backscatter. The
grid of bright dots is an array of corner reflectors used for calibrating SAR images. The image in
Figure 2 is a reference image created from the same data by a CPU version of CBP using an Intel
Pentium processor and 64-bit IEEE floating point.
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Qualitatively the image produced by the S1 (left image) has reasonable appearance. To the
human eye it looks identical to the reference image (right) produced using double precision
floating point.
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Figure 1 SAR Image Produced by S1 Figure 2 SAR Image Produced by Intel CPU

Impulse Response

To better quantify the quality of the images, Figures 3 and 4 show the analysis of the IPR
(impulse response) of the center reflectors in the S1 and CPU images respectively. Overall the
IPRs of the two images are similar. The peak in the S1 image is a fraction of a dB weaker than in
the CPU image. The differences in the range IPRs are very minor. The differences in the
azimuth IPRs are more pronounced.

The most salient difference in the azimuth IPRs is the distinct sidelobe on the right side of the
azimuth IPR for the S1 image that is not present in the CPU azimuth IPR. Beyond this sidelobe,
the S1 image’s azimuth IPR does not have as deep nulls as the CPU image and the main lobe is
very slightly broader.

These effects are not enough to substantially change the quantitative metrics appearing at the
bottom of the figures. Other than the sidelobe at +20 pixels in the S1’s azimuth IPR, the
difference between the S1 and CPU IPRs is comparable to the variability between IPRs from
repeated collects of the same scene using the same radar and acquisition parameters.
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Point Impulse Response Point Impulse Response
Filename compleximagelFDriver_0000_S1.gff Filename compleximagelFDriver_0000_CPU gff
Point Point
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Range Azimuth Range Azimuth
Sidelobe Level Spec Met  false false Sidelobe Level Spec Met  false true
Half Power Width 1.94 pixels 1.8 pixels Half Power Width 1.94 pixels 1.79 pixels
18d8 Width 4.38 pixels 4.02 pixels 18dB Width 437 pixels 4.02 pixels
Peak Sidelobe Location 2.41 pixels 19.75 pixels Peak Sidelobe Location 2.41 pixels 3.94 pixels
Peak Sidelobe Value -12.64dB -28.63dB Peak Sidelobe Value -12.7dB -29.91d8
Peak Location 501 pixels 497 pixels Peak Location 501 pixels 497 pixels
Peak Value 21.07 dBsm 21.07 dBsm Peak Value 21.26 dBsm 21.26 dBsm
Peak/Clutter 47.78 dB 47.78 dB Peak/Clutter 47.96 dB 47.96 dB
Average SL/Peak 4126 d8 -53.33 dB Average SL/Peak -41.29d8 -54.54 dB
Average SL/Clutter 6.52dB -5.55dB Average SL/Clutter 6.67 dB -6.58 dB
Average SL Near/Far 097d8 N/A Average SL Near/Far 093 d8 N/A
Average SL Left/Right N/A 155d8 Average SL Left/Right N/A -0.39d8

Figure 3 IPR of Center Reflector of S1 Image | Figure 4 IPR of Center Reflector of CPU Image

Conclusions

While this work demonstrated the ability to form a SAR images on the S1 within the constraints
associated with the S1 architecture (approx data type, absence of integer multiply and divide,
etc.), the S1 has resource limitations that make it challenging in its current instantiation for
forming SAR images.

(1) The amount of memory available is a primary limitation. The largest image we can form
on a system with 16 S1 chips is approximately 1024 x 1024 pixels.

(2) 1/0 bandwidth between the Control Unit and the APEs is another primary limitation. For a
1024 x 1024 image size, data transfers to/from the APEs took 25 times as long as the
computation.

The S1 system used in this work is a prototype. Singular Computing expects to be able to scale
memory and I/0O bandwidth by a factor of hundreds in subsequent generations.

Writing software for the S1 requires managing low-level details: (1) data transfers, (2) memory
layout and management, (3) expressing computation at the level of individual operations.
Explicitly specifying all the low-level details bloats the software. The CPU version of the CBP is
less than 200 lines long. Largely due to having to code at such a low-level, the S1
implementation uses over 2000 lines of code to do the same thing as the 200 lines of CPU code.
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