Benchmarking Deep Learning Models on Myriad and
Snapdragon Processors for Space Applications

Emily R. Dunkel *, Jason SwopeT, Alberto Candela¥, Lauren West §, Steve A. Chien!, and Zaid Towfic I
Jet Propulsion Laboratory, ** California Institute of Technology, USA

Léonie Buckley ', Juan Romero-Cafias #*, Jose Luis Espinosa-Aranda % and Elena Hervas-Martin 11
Ubotica Technologies, Ireland

Mark R. Fernandez ***
Hewlett Packard Enterprise

Future space missions can benefit from processing imagery onboard to detect science events,
create insights, and respond autonomously. One of the challenges to this mission concept
is that traditional space flight computing has limited capabilities because it is derived from
much older computing to ensure reliable performance in the extreme environments of space,
particularly radiation. Modern Commercial Off The Shelf (COTS) processors, such as the
Movidius Myriad X and the Qualcomm Snapdragon, provide significant improvements in small
Size Weight and Power (SWaP) packaging and offer direct hardware acceleration for deep neural
networks, although these processors are not radiation hardened. We deploy neural network
models on these processors hosted by Hewlett Packard Enterprise’s Spaceborne Computer-2
onboard the International Space Station (ISS). We find that the Myriad and Snapdragon
DSP/AIP provide speed improvement over the Snapdragon CPU in all cases except single
pixel networks (typically >10x for DSP/AIP). In addition, the discrepancy introduced through
quantization and porting of our JPL models was usually quite low (<5%). Models are run
multiple times, and memory checkers are deployed to test for radiation effects. To date, we have

found no difference in output between ground and ISS runs, and no memory checker errors.

*Data Scientist, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Mail Stop 158-242, Pasadena, CA 91109,
USA, emily.dunkel @jpl.nasa.gov
TData Scientist, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA 91109, USA
#Data Scientist, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Mail Stop T1721, Pasadena, CA 91109, USA
$JPL Student Intern, Harvey Mudd College, Claremont, CA 91711, USA
IEngineering Fellow, Senior Research Scientist, and Group Supervisor, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak
Grove Dr, Mail Stop 301-221, Pasadena, CA 91109, USA
I Group Supervisor, Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Mail Stop 161-260, Pasadena, CA 91109,
USA
*#(c) 2023 All rights reserved. Government sponsorship acknowledged. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not constitute or imply its endorsement by the United States Government or the Jet
Propulsion Laboratory, California Institute of Technology.
TTComputer Engineer, Ubotica Technologies, Old Finglas Rd, Glasnevin, Dublin, Ireland
#Software Engineer, Ubotica Technologies, Camino de Moledores s/n, Incubadora de Empresas, Local 0.32, 13005, Ciudad Real, Spain
§§Principal Engineer, Ubotica Technologies, Camino de Moledores s/n, Incubadora de Empresas, Local 0.32, 13005, Ciudad Real, Spain
Software Engineer, Ubotica Technologies, Camino de Moledores s/n, Incubadora de Empresas, Local 0.32, 13005, Ciudad Real, Spain
***Principal Investigator, Spaceborne Computer-2, Hewlett Packard Enterprise, 1701 E. Mossy Oaks Rd., Spring, TX 77389, USA



I. Introduction

Deep space missions have limited contact with ground operations teams, making it difficult to account for a
dynamic environment. This is due, in part, to the finite number of Earth-based ground communication stations and
geometric constraints. Surface missions are typically commanded daily or every few days, and orbiters are typically
commanded only weekly. Onboard autonomy can mitigate this by enabling spacecraft to autonomously respond to
a changing environment in between command cycles. However, traditional space flight hardware has very limited
computational capabilities. A new generation of embedded processors, such as the Intel Movidius X [1], and the
Qualcomm Snapdragon 855 [2]], enable fast onboard inference by supporting neural networks directly in hardware [3].
This technology potentially offers more powerful onboard autonomy with edge processing.

We benchmark deep learning inference on Movidius Myriad X and Snapdragon processors on the ground, as well
as onboard the ISS. Hosting of these processors onboard is enabled by Spaceborne Computer-2 (SBC-2) by Hewlett
Packard Enterprise (HPE) [4]. Previously, these models have been deployed on the ground on laptop, desktop, or cluster
computers only. Here, we port these models to the Myriad and Snapdragon edge processors, and run inference on the
ground and onboard the ISS. Although the radiation on the ISS is not as great as onboard a satellite, the radiation
is higher than on Earth. We run onboard inference with these models at various times to see if errors occur, and in
addition, run algorithms specifically designed to find memory errors, to quantify potential radiation effects. Models
benchmarked cover a range of the types of algorithms we may want to run onboard a spacecraft in the future.

The ISS deployment is a step towards running such models operationally on a satellite, lander or rover. This would

enable onboard data analysis, targeted downloads, commanding of space assets, and onboard science interpretation.

I1. Experimental Setup and ISS Deployment

Two Snapdragon 855 development boards (with radios disabled) and two Movidius Myriad X Processors were
integrated with the Hewlett Packard Enterprise (HPE) Spaceborne Computer-2, which was launched on February 20th,
2021, as part of the Cygnus NG-15 resupply mission to the ISS. The Snapdragons receive the required 12-V DC power
from a standard PCI slot via a 2 pin power cable and communications via a standard internal USB connection. The
Mpyriad X processors are connected through a USB connection. There is no third party hardware involved in the
integration, and the processors do not become space-grade when hosted in the HPE computer. Uplinks are possible
periodically to load new software.

An additional two Snapdragon 855 boards and two Myriad X Processors were included in HPE’s ground testbed.

We show our experimental setup in Figure[I] Jet Propulsion Laboratory (JPL) and Ubotica port the models to the
edge processors, develop and test locally on the ground. JPL tests on HPE’s Ground Testbed. JPL sends HPE a test
harness script, and they run the tests on their Flight Testbed on the ground. Once the models have been verified, HPE

uploads and deploys the models on SBC-2 onboard the ISS. Results are then sent back to JPL for interpretation. All
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Fig. 1 Experiment Setup. 1: JPL and Ubotica port the models and test locally on the ground. 2: JPL tests on
HPE’s Ground Testbed. 3: HPE tests on their Flight Testbed, which is located on the ground. 4: HPE uploads
the models and data to the ISS and tests. 5. HPE sends results back to JPL for interpretation. SBC-2 imagery
courtesy of HPE; ISS Image Credit: NASA.

Snapdragon and Myriad X processors used in this experiment, are the same versions and do not have any radiation
hardening. In addition, the same models and data are tested on all the processors, whether they are local, on a testbed, or
on the ISS.

The Snapdragon and Myriad X processors on the ISS receive more radiation than on Earth; the ISS is in a low Earth
orbit, with an apogee of 420 km, perigee of 380 km, and a 51.6 degree orbital inclination. The ISS does not go over the
Earth’s polar regions, where it would be subject to increased radiation due to reduced Van Allen Belt protection [35]] [6].
In addition, the processors are shielded by the ISS itself.

Trained deep learning models are ported to formats that can be run on the Myriad X and/or the Snapdragon.
Snapdragon deep learning models are ported using the Qualcomm Neural Processing Software Development Kit [7] to
DLC (Deep Learning Container) format. We also test some scikit-learn 8] models ported to the Snapdragon (CPU

only) using Python-for-Android by Kivy [9]. Myriad models are ported using OpenVINO [10] and the CogniSat-TK.

A. Processors

The Qualcomm Snapdragon 855 has multiple subsystems, which include a CPU, GPU, Compute Digital Signal
Processor (DSP), and an Al Processor (AIP). The CPU subsystem is made up of a heterogeneous cluster of § ARM
cores. One core operates at 2.8 GHz, three at 2.4 GHz, and four at 1.8 GHz. The Snapdragon also includes an Adreno

GPU, which operates at 585 MHz and is geared for floating-point processing. In general, GPUs have been used widely



(a) Snapdragon 855 (b) Movidius Myriad X (c) Nvidia Jetson Nano

Fig. 2 Photos of the Snapdragon 855 development board, Movidius Myriad X chip, and Nvidia Jetson Nano
board. We show a quarter (diameter of about 1 inch) in each photo for size reference.

for training and inference of neural networks, due to their parallelizable nature, and have allowed for development of
larger and more accurate networks. However, the Snapdragon Hexagon DSP is even faster for inference than its GPU,
due to its higher core speed and long vector length SIMD (Single Instruction Multiple Data) instructions for fixed-point
computation. The DSP includes four cores operating at 1.2-1.3 GHz. The AIP adds accelerated computation for specific,
commonly utilized, neural network functions. We compare results using the CPU, GPU, DSP, and Neural Processing
Unit (NPU), which may include computation with the AIP; the NPU is the API that can be used to select the right
component for a given task. The CPU and GPU support floating point numbers, while the DSP/NPU support fixed-point
only and thus models must be quantized [2]]. The Snapdragon Neural Processing Engine (NPE) Software Development
Kit (SDK) [7] and Python-for-Android by Kivy [9] were used to develop our applications. The Snapdragons we
benchmark run the Android operating system. A picture of the Snapdragon we test on locally is shown in Figure[2]

Snapdragon processors have been used in vehicles, drones, and even the Mars Ingenuity Helicopter and base station
[L1]. Experiments are being performed to assess the level of radiation that can be tolerated. Reference [12]] discusses
the results of experiments performed on Snapdragon processors at the Texas A&M University’s Accelerator Laboratory.
The boards were irradiated while running our Mars MSL model (Section [[ILA.2) and memory checkers (Section [V.B).
The Single Event Functional Interrupt (SEFI) was characterized as a function of beam energy. As long as the processors
remained running and did not crash from the radiation, there was no deviation in output found in the experiment; that is
all inference outputs were as expected and the memory checkers found no errors.

The Intel Movidius Myriad X Vision Processing Unit (VPU) features two Neural Compute Engines (NCEs). The
NCE is a dedicated hardware block for accelerating neural network inference. The Myriad X VPU also includes 16
SHAVE vector processors - VLIW SIMD cores that can be used to execute inference operations and computer vision
algorithms. These two NCEs can be run in parallel, meaning that the inference time when utilising both NCE’s can be
halved. Note that unless specified, the execution time provided for the Myriad X includes the time required to transfer
from the host machine to the Myriad, and takes into account the benefit of using both NCE’s. If only the inference

execution time on the Myriad X is used, the benefit of using both NCE’s will not be taken into account, that is, the time



reported will be for a single NCE. The VPU is programmable using Ubotica’s CogniSat-TK™ [[13]. Half precision
floating point is supported. See Figure 2]for an image of our local hardware.

A previous generation Myriad VPU, the Myriad 2, flew on the on the ®-Sat-1 satellite, a CubeSat mission from the
European Space Agency [3]], which launched in September 2020 and completed operation in December 2021 when the
mission objectives were achieved. The extent to which the Myriad 2 is affected by radiation was analyzed as part of the
@-Sat-1 project in order to thoroughly characterise its radiation response and to ensure reliable operation in orbit [[14].
Myriad characterisation in heavy ions and protons was performed, as well as characterisation for Total Ionizing Dose
(TID). This extensive radiation characterisation campaign provides insight into the expected performance in orbit.

We compare results from the Snapdragon CPU, GPU, DSP, and NPU, the Myriad X, and a test laptop, all on the
ground. When available, and for the majority of our models, we also compare with an NVIDIA Jetson Nano, which
has been developed for embedded GPU and Al intensive applications [[15]. The NVIDIA Jetson Nano features a
128-core NVIDIA Maxwell™ GPU and Quad-core ARM® A57 CPU that operates at 1.43 GHz. The Jetson Nano
power consumption ranges from 5-10W [16]. The test laptop is a 2019 MacBook Pro, with a 2.4 GHz and 8-Core Intel
19 processor, operating at 3.1W idle and 94W max (includes monitor and other externals), running Ubuntu 18.04 in a
docker container.

We also looked into the Rad750 processor, which has been used on many prior missions, including the Mars Science
Laboratory (MSL) and Mars 2020 Mars Rover Missions [17]. We were not able to run deep learning on the RAD750,
however, due to lack of common deep learning framework support (e.g. TensorFlow [18]]). We were also not able to
benchmark with the SBC-2 NVIDIA Tesla T4 GPU [19] due to incompatibility between CUDA driver/libraries with our
deep learning frameworks. We used TensorFlow v1.6 and Caffe [20] libraries, which were supported by our version of
the Snapdragon SDK (version 1.39.1) [21]], but which are incompatible with the newer CUDA drivers. We do, however,

provide benchmarks with a modern MacBook laptop and the Jetson Nano, a common embedded Al processor.

B. Methods

We benchmark a variety of models developed at JPL of the type we may want to run onboard in the future. In
addition, we test some standard pre-trained classification models that come with the Keras package [22], since fine-tuning
pre-trained networks is a common approach, especially when training data are limited. These models are first ported to
and benchmarked on the Snapragon CPU, GPU, DSP, NPU, and Myriad X on the ground. When available, we also
include Jetson Nano results. The models we benchmark range from image classification to image segmentation and
spectral unmixing. The datasets we used are the test sets used by the model developers.

Our goals are to see which models can be ported, analyze which types of models receive a speedup from running on
these edge processors, measure any errors that the model porting may cause, and assess the effort to port/deploy for

future applications. Not all neural network layers are supported by the Myriad X or Snapdragon Software Development



kits (SDKs). At the time we performed these experiments, the Snapdragon SDK was not compatible with TensorFlow 2
or PyTorch. The models that we benchmark were originally in or compatible with TensorFlow 1 or Caffe Deep Learning
Framework.

In addition to these ground-based tests, we also test onboard the ISS to see if there are any effects from radiation.
The radiation environment on the ISS is not as great as on a satellite but is greater than on Earth. Finally, we run
memory checkers onboard the ISS to quantify possible radiation effects.

For each experiment, we report the run times as well as the error from porting the model (the difference in output
between a reference MacBook run and run on the edge processors). We call this error the quantization discrepancy.
Models that are run on the Snapragon DSP/NPU must be quantized (fixed point), and on the Myriad X must be
transformed to half precision floating point. This leads to a discrepancy in model output. Models are quantized to fixed
point for the Snapdragon using a separate validation set, and results are reported on the held-out test set. Errors may
also occur from porting to the Snapdragon GPU due to floating point operation differences from the CPU.

For a classification algorithm, for example, we report the number of predicted classes that deviate between a
MacBook run versus a edge processor run. This is not the number of mis-classified objects, but is rather the difference
in classification output between a MacBook and edge processor run. Also, note that the inference output is exactly the
same with each run of the model; the quantization errors are the same no matter how many ground runs we do.

Each of our models have been run on the ground as well as onboard the ISS.

III. Benchmarking Results

We benchmark models trained on Mars and Earth imagery, as well as some standard classification models included
with the Keras package. As described in Section[II] we take these trained models and port them to the Snapdragon using
the Snapdragon NPE Software Development Kit [[7] or Python-for-Android by Kivy [9]. Myriad models are ported
using OpenVINO [10] and the CogniSat-TK. All results are for inference runs on a test set.

Inference results obtained were the same whether run on the ground or onboard the ISS, so we did not see radiation
effects here. We also run memory checkers onboard the ISS as an additional test for radiation effects, and to date, have
not found any errors.

In Section [[I.C] we summarize and compare benchmarking results over all the models.

A. Mars Imagery Models

In this section, we discuss classification models trained using imagery from the Mars Reconnaissance Orbiter (MRO)
and the Mars Science Laboratory (MSL) rover’s science cameras. We also benchmark an image segmentation model
trained on the MSL rover’s navigation cameras.

A subset of the results of MRO and MSL navigation imagery models were shown in [23]]. In addition, partial results
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Fig. 3 Example imagery for each HIRISENet classfrom the HiRISE instrument onboard MRO [25]. Imagery is
publicly available on the PDS Image Atlas (https://pds-imaging.jpl.nasa.gov/search/).

for MSL science imagery models were included in [24] (non-archival, link included in the bibliography). Here, we
include results from the Jetson Nano CPU and GPU for all Mars models, and give any errors from ISS deployment.
The Mars data is publicly available on NASA’s Planetary Data System (PDS) at https://pds-imaging.jpl.nasa.gov/.
In addition, the Mars HiRISENet and MSLNet models are planned to be available on the PDS website by end of 2023.
For our classification models, we find that the Snapdragon DSP/NPU and Myriad X have only small quantization
discrepancies, with up to 100x speed improvement over the Jetson Nano CPU. Our image segmentation model, however,
shows high quantization discrepancy for the Snapdragon DSP and less relative speed improvement (10x) over the Jetson
Nano CPU. The Snapdragon SDK was not able to pre-quantize our DeepLabV3 image segmentation model, so our

runtime quantization was likely the cause for greater discrepancy.

1. Mars HiRISENet Classifier

The NASA PDS maintains archives of data collected by NASA missions, and provides access to millions of images
of planets, moons, comets, and other bodies to the general public. This includes images from the High Resolution
Imaging Experiment (HiRISE) instrument onboard the Mars Reconnaissance Orbiter (MRO). Users can interactively
search these images for classes of interest using the PDS Image Atlas, which uses the predictions from HiRISENet
(https://pds-imaging.jpl.nasa.gov/search/).

Imagery from MRO is used to study Martian surface features. HiRISENet is trained on classes that include dunes,
craters, the debris from impact or volcanic eruptions (impact ejecta), and features formed by sublimating CO2 (spider

and swiss cheese) [25]. Examples of these classes are shown in FigureEl HiRISENet was built using transfer learning



Table1 Mars HiRISE Classifier Benchmarks

Processor Quantization Discrepancy Inference Time  Energy
MacBook Reference - 56.9 ms 237"
Snapdragon CPU 0 87.8 ms 0517
Snapdragon GPU 1 (0.1%) 16.3 ms 0.05117J
Snapdragon DSP 15 (0.8%) 7.6 ms 0.0167J
Snapdragon NPU 15 (0.8%) 7.6 ms 0.014171
Myriad X 2 (0.1%) 16.2 ms 0.032]
Jetson Nano CPU 0 1,069 ms 5.3-10.77J
Jetson Nano GPU 0 234 ms 1.2-231]

from AlexNet [26] using Caffe. Test images were 227x227 pixels and in grayscale.

Models that are run on the Snapdragon DSP/NPU must be quantized (fixed point), and on the Myriad X, must
be transformed to half precision floating point, which can lead to a discrepancy with the predicted class. Models are
quantized using a separate validation dataset and quantization discrepancy errors are reported on a held-out test set.
Table [T shows quantization discrepancy, inference time, and power relative to a run on the test laptop: MacOS 2019,
2.4GHz, 8-core, 3.1W idle, 94W maxﬂ Inference was performed on 1,793 test images; we show the number of images
that have predicted class values different than the reference laptop, as well as the percentages out of the 1,793 image test
set. Inference time and energy consumption shown are per image. On the test laptop, the time reported is walltime. The
Snapdragon DSP/NPU and Myriad X have only small quantization discrepancy, with up to 10x speed improvement over
the Snapdragon CPU, and over 100x speed improvement over the Jetson Nano CPU. To put the quantization discrepancy
in context here, HIRISENet has 92.8% test set accuracy [25]], so the quantization error is a small fraction of the model
error. Also, note that inference gives the exact same results each time, so the quantization error stays the same with each
run.

To measure energy consumption on the Snapdragon 855 development board [2], the Snapdragon Profiler tool
[27] was used to collect power utilization over time. The tool logged power utilization as well as inference runtime
while monitoring the subsystem on which the algorithm was performed. In order to compute the energy expended per
inference, we multiplied the run-time per image (measured in milliseconds) by the power utilization at the time the
image was analyzed. The product of which is utilized energy for inference per image, converted to Joules.

To measure the energy consumption on the Myriad X, the device is connected to a USB 2.0 port through the
YZXStudio USB meter ZY 1270. Each model that was benchmarked was compiled to run on 12 of Myriad X’s available
vector cores.

The Jetson Nano uses between SW to 10W [16]. We were not able to measure the energy consumption directly, so

we give a range determined from the timing and device wattage range.

*This energy figure includes display, keyboard and other laptop elements



_.
.

(a) Arm cover (b) Dist. landscape (c) Dirill hole

(f) Light-toned veins (g) Other rover part (h) Sun (i) Wheel (j) Wheel tracks

(e) Layered rock

Fig. 4 Example imagery from MSL Curiosity Rover’s science cameras showing some example classes [25].
Imagery is publicly available on the PDS Image Atlas (https://pds-imaging.jpl.nasa.gov/search/).

We see that the energy consumption by the Snapdragon NPU, DSP, and Myriad X are orders of magnitude lower
than the Jetson Nano and laptop reference. The Snapdragon GPU uses an order of magnitude less power than the
Snapdragon CPU for the same computation.

The Snapdragon HiRISENet model has been run for 9 iterations, and the Myriad model has been run for two
iterations at various times on the ISS. With each iteration, the models are run a total of 3 times. No differences have
been found between ground and ISS runs of these classifiers.

In the future, a similar model could enable data analysis and science interpretation onboard an orbiter.

2. Mars MSLNet Classifiers

The NASA PDS Image Atlas also maintains archives of images from the Mars Science Laboratory (MSL) Curiosity
rover’s science cameras, as well as class predictions on these images from MSLNet. Users can interactively search
these images for classes they are interested in. Specifically, MSLNet classifies images collected by the Mast Camera
(Mastcam) and the Mars Hand Lens Imager (MAHLI) instruments mounted on the MSL Curiosity rover. Mastcam is a
two instrument suite with left and right-eye cameras, and MAHLI is a single focusable camera located at the end of the
rover’s robotic arm.

MSLNet is actually made up of two networks: MSLNetl and MSLNet2. MSLNetl1 is trained on 19 classes, including
float rock, light-toned veins, sun, wheel, and wheel tracks [25]]. If MSLNetI predicts "other rover parts", the image will
be passed through MSLNet2 for finer grained classification of 24 possible classes [28]. See Figure [ for some example

images with their class.



Currently, these classifiers are used only on the ground by the PDS Image Atlas, but running these classifiers directly

onboard the rover could improve data collection and enable autonomous tasking.

Table 2 Mars MSL1 and MSL2 Classifier Benchmarks

Quantization Discrepancy Inference Time
Processor MSL1 MSL2 MSL1 MSL2
MacBook Reference - - 654 ms  69.1 ms
Snapdragon CPU 0 0 86.6ms  81.6 ms

Snapdragon GPU 1 (0.2%) 1 (0.2%) 16.2 ms 16.2 ms
Snapdragon DSP 15 (2.5%) 27 (2.1%) 7.6 ms 7.6 ms
Snapdragon NPU 15 (2.5%) 27 (2.1%) 7.6 ms 7.6 ms
Myriad X 3 (0.5%) 7 (0.5%) 16.1 ms 16.1 ms
Jetson Nano CPU 2 (0.33%) 0 1,122 ms 1,109 ms
Jetson Nano GPU 2 (0.33%) 1 (0.1%) 286 ms 242 ms

MSLNets were built with transfer learning from AlexNet [26] using Caffe, similar to our Mars HiRISE model. Test
images were 227x227 pixels and RGB. Models that are run on the Snapdragon DSP/NPU must be quantized (fixed
point), and on the Myriad X must be transformed to half precision floating point, which can lead to a quantization
discrepancy.

Benchmarking results are similar for both classifiers, as they have the same model structure. Table [2] shows
quantization discrepancy and timing on a test set of 602 images for MSLNet1 and 1,305 testset images for MSLNet2,
relative to a run on the test Mac laptop. We show the number (and percentage) of test set images with class predictions
that do not match the reference run. Inference time is per image. On the test laptop, the time reported is walltime.

The Snapdragon GPU has 5x speed improvement over the Snapdragon CPU, and the DSP/NPU are 2x faster than
the GPU. The Myriad X speed is similar to the Snapdragon GPU. The Jetson Nano processors are more than an order of
magnitude slower than the Snapdragon DSP/NPU and Myriad X. Quantization discrepancies were low for all processors.

Snapdragon models have been run for 9 iterations on the ISS, 3 times for each iteration, for a total of 27 runs.
Myriad X models have been run for two iterations on the ISS, 3 times for each iteration, for a total of 6 runs. No

differences have been found between ground and ISS runs of these classifiers.

3. Mars NavCam Image Segmentation

This model was trained using data from the MSL rover’s navigation cameras (NavCam) [29], instead of its science
cameras like MSLNet. In addition, the NavCam model does image segmentation; instead of predicting a single
classification per image, it predicts a single classification per pixel. This model was developed to support MSL Rover
Planners for hazard assessment and slip analysis, but could also be run onboard to improve rover safety. The model was

built using TensorFlow 1 and a DeepLabv3 architecture [30].

10
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Fig. 5 Mars MSL NavCam Example Imagery and Label. Imagery is publicly available on the PDS Image Atlas
(https://pds-imaging.jpl.nasa.gov/search/).

Table 3 Mars NavCam Image Segmentation Benchmarks

Processor Quantization Discrepancy Inference Time
MacBook Reference - 1,886 ms
Snapdragon CPU 0.0% 6,235 ms
Snapdragon GPU 0.4% 2,233 ms
Snapdragon DSP 9.3% 192 ms
Snapdragon NPU n/a n/a
Myriad X n/a n/a
Jetson Nano CPU 0.0% 7,110 ms
Jetson Nano GPU 0.0% 2,717 ms

Figure 5] shows an example NavCam image with its corresponding label. Images are 513x513 pixels, and there are
four possible class labels: soil, bedrock, sand, and big rock.

Table 3] shows the average quantization discrepancy and inference times per image (there were 322 test images, and
each image was 513x513 pixels) for each processor. Models run on the Snapdragon DSP are quantized, and models
run on the other processors are un-quantized. The quantization discrepancy column shows the percentage of pixels
incorrectly labeled on average for each image. This quantization discrepancy on the Snapdragon DSP is relatively high.
The system was unable to use a pre-quantized model and used run-time quantization, which increases the network
initialization time, peak memory usage, and model file size, as well as affecting quantization discrepancy. We do not
show Myriad X results, as the model had incompatible layers. The Jetson Nano CPU and GPU runtime and performance
were similar to the Snapdragon CPU and GPU respectively. Run times on the Snapdragon DSP were more than 10x faster
than on the Snapdragon GPU or Jetson Nano GPU, although this comes at the price of high quantization discrepancy.

The Snapdragon models have been run for 7 iterations, 3 times for each iteration, for a total of 21 runs onboard the

ISS. No differences have been found between ground and ISS runs of these image segmentation models.
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B. Earth Imagery Models

Going back to Earth, we look at a variety of models ranging from image segmentation to spectral super resolution
and unmixing. Models include a UAVSAR segmentation model for flood mapping, single pixel cloud classifiers, a
model to predict fractional amounts of coral and algae, and a model that predicts higher resolution spectral data from
lower resolution data.

A subset of the results from the UAVSAR model were shown in [23]] [31], a portion of the super resolution results in
Reference [23]], and some of the spectral unmixing work in non-archival Reference [24]. Here, we go into more detail
on these models, and add benchmarks on the Myriad X for super resolution and spectral unmixing.

We find that single pixel models do not benefit from the embedded hardware, although the larger models have
significant speed-up. The hardware is optimized for larger network structures. Thus, we do not recommend using the
embedded hardware for single pixel models.

We also compare the run time of various single pixel machine learning models using the Python-for-Android routine
by Kivy [9], which allows porting of standard scikit-learn models [8] directly for the Snapdragon CPU. This is to
demonstrate the ability to run Python code directly on the Snapdragon CPU. We find, however, that the Snapdragon
CPU offers little to no improvement over the Jetson Nano.

Finally, we benchmark a set of models that come standard with the Keras package [22]]. We port these models to
formats that can be run on the Snapdragon and Myriad X processors. Transfer learning from these pre-trained models is
a common approach used when training data are limited, thus this may help with model selection for use with edge

processing.

1. UAVSAR Model for Flood Mapping

This model was trained to perform pixel-wise classification of UAV polarimetric L-band SAR imagery, to predict
areas that have been flooded. The model was trained on imagery of Houston, TX, USA, after flooding by Hurricane
Harvey [32]]. The net architecture follows a UNET [33] structure and was implemented in TensorFlow. In Figure @ we
show example output from a run on the Myriad X compared with the reference laptop; results are nearly indistinguishable.
The model outputs 6 possible pixel-wise classes: unknown, flooded vegetation, non-flooded vegetation, bare ground,
open water, and urban. To come up with a final classification output, classes are compressed into simply two classes:
flooded or non-flooded.

In Table ] we show benchmarking results for full classification and binary classification on the Snapdragon,
Myriad X, and reference laptop (we do not have Jetson Nano results for this model). Image patches are 64x64 pixels. A
run time of 1.3 image patches/second is needed to meet real time, and this is met by all platforms. All quantization
discrepancies are small.

In the future, this model could be run onboard a UAV for onboard alert generation or surveillance.
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(a) Reference (b) Myriad X Results

Fig. 6 SAR Image Segmentation Results. Light green denotes open water, dark blue denotes flooded vegetation,
and remaining colors denote non-flooded regions.

Table 4 SAR Image Segmentation Benchmarks: 64x64 pixel image patches

Processor Full Class. Discrepancy  Binary Class. Discrepancy Image Patches / Second
MacBook Reference - - 25
Snapdragon CPU 3 1 20
Snapdragon GPU 4 1 162
Snapdragon DSP 87,689 (0.74%) 44,844 (0.38%) 391
Snapdragon NPU 87,689 (0.74%) 44,844 (0.38%) 391
Myriad X 184,820 (1.56%) 82,519 (0.70%) 167

The Snapdragon model has been run for 7 iterations, 3 times for each iteration, for a total of 21 runs onboard the ISS.
The Myriad X model has been run for 3 iterations, 3 times each. No differences have been found between ground and

ISS runs of these models.

2. SMICES Single Pixel Cloud Classifier

In this section, we benchmark single pixel cloud classifiers built with scikit-learn [8]. We compare a single pixel
neural network model (a multi-layer perceptron model) with traditional classifiers on the Snapdragon CPU, Jetson Nano
CPU, and MacBook Reference. We do not show results on the Myriad X since scikit-learn models cannot be ported
with the Ubotica CogniSat-TK.

For the Snapdragon, we port these scikit-learn models using the Python-for-Android routine by Kivy [9]. This is

different than all other deep learning models discussed in this paper, which use the Qualcomm Neural Processing SDK
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Table 5 SMICES Classifier Run Times

Processor RDF Classifier MLP Classifier Bayes Classifier
MacBook Reference 2.0 ms 1.6 ms 0.3 ms
Snapdragon CPU 2.5 ms 3.0 ms 1.5 ms
Snapdragon GPU n/a n/a n/a
Snapdragon DSP n/a n/a n/a
Snapdragon NPU n/a n/a n/a
Myriad X n/a n/a n/a
Jetson Nano CPU 2.5 ms 5.1 ms 1.5 ms

to port models to DLC format; the Qualcomm SDK allows for more flexibility and more complex network structures,
and allows us to run on the Snapdragon GPU, DSP, and AIP as well as the CPU. Here, we simply demonstrate that
scikit-learn models can be ported directly for use on the Snapdragon CPU. Future work involves comparison of the
multi-layer perception scikit-learn model with a similar model in DLC format.

SMICES is an instrument concept for a "smart" deep convective storm hunting radar [34] [35] [36]. A look-ahead
radiometer acquires data to detect deep convective ice storms and radar is used to study detected storms in greater detail.
The SMICES machine learning application [37]] classifies simulated radiometer data into five separate cloud types to
identify the location of deep convective storms. The application runs a random decision forest (RDF), multi-layer
perceptron (MLP), and naive Bayes Gaussian classifier over 198,016 pixels with 8 bands of radiance. Each classifier is
run on the Snapdragon CPU in a single threaded python application and compared with performance on a reference
laptop and Jetson Nano.

Run times per pixel are shown in Table[5] For RDF and Bayes, the runtimes for the Snapdragon CPU are equal to
the Jetson Nano CPU. The MLP, however, runs 1.7x faster on the Snapdragon.

The Snapdragon SMICES classifiers have been run 9 times on the ISS Snapdragon, and we have found no differences

between ground and ISS runs.

3. Spectral Unmixing

Earth and planetary sciences often rely upon the analysis of spectroscopic data. Measured signals are called spectra
and contain recognizable features or patterns that can be used for composition analysis since different materials reflect,
emit, or absorb energy in unique ways throughout the electromagnetic spectrum.

This model addresses spectral unmixing, an approach for estimating the proportions or fractional abundances of at
least two components in each spectrum (e.g., 60% material A and 40% material B). Unmixing is more general than
conventional classification as it models mixtures of classes, as opposed to a single class (e.g. simply all material A or all
material B).

We benchmark the Deep Conditional Dirichlet Model (DCDM) [38], which is a probabilistic deep learning model
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(b) Coral reef map from the CORAL mission, which serves as the ground truth. (c) Coral reef map as predicted by the DCGM (93.6% accuracy).

Fig. 7 Benthic cover abundance maps of Heron Island as predicted by the DCDM using PRISM spectra [38].

for learning mixtures of classes. It can model both linear (non-intimate, i.e. that the signal is the weighted sum by
abundance of the each element signature), and nonlinear (intimate) mixtures. This method treats each pixel individually,
without looking at its surrounding neighbors. As a probabilistic method, it is robust to noise and also models uncertainty
propagation in the data.

We demonstrate performance using airborne data from the NASA Earth Venture Suborbital-2 (EVS-2) Coral Reef
Airborne Laboratory (CORAL) mission [39]]. The CORAL mission focused on mapping three benthic cover classes:
coral, algae, and sand. Data is from the NASA/JPL Portable Remote Imaging SpectroMeter (PRISM) (Figure[7). We
employ two flight lines from Heron Island, Australia on 17 September 2016 and Kaneohe Bay in Oahu, Hawaii on 6
March 2017. We use benthic reflectance products since they provide invariance to water column properties. These
products have a 420-680 nm spectral range and consist of 92 bands. The abundance maps were estimated and validated
by the CORAL mission with photomosaics collected in the field [40]. The test dataset consists of 1,200 representative
PRISM spectra together with their corresponding coral, algae, and sand fractional abundances.

Benchmarking results are shown in Table[6] We show performance on the Snapdragon subsystems, Myriad, and test
laptop, running in batch mode (all pixels passed in at once). Runtime is per-pixel, and MacBook time is wall time. The
quantization discrepancy is given as root mean square error (RMSE). For this model, the Snapdragon CPU is the faster
than the other subsystems, most likely due to the small size of the model and single-pixel nature. The time provided for

the Myriad X is the actual inference time and does not include the image transfer time. This model has been run three
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Table 6 DCDM Benchmarks

Processor Quantization Discrepancy (RMSE) Inference Time
MacBook Reference - Sus
Snapdragon CPU 0 15 us
Snapdragon GPU 0 270 us
Snapdragon DSP 0.05 39 us
Snapdragon NPU 0.05 39 us
Myriad X 0.06 340 us

Table 7 Super Resolution Quantization Discrepancy: Missed Pixels out of 1,000 for Range of Tolerances

Tolerance

Processor le-6 le-5 le4 le-3 le2 le-1
Snapdragon CPU 0 0 0 0 0
Snapdragon GPU 995 984 733 0 0
Snapdragon DSP 1000 1000 1000 1000 368
Snapdragon NPU 1000 1000 1000 1000 368
Myriad X 1000 1000 1000 956 0

S O O o O

times in one iteration on the ISS Snapdragon, and produced the same results as in the ground-based run.

4. Super-resolution

Earth and planetary scientists use high-resolution spectral measurements for rock and mineral identification. This
data tends to be sparse, compared to lower resolution data. A Deep Conditional Gaussian Model was created to infer
high-resolution measurements from low-resolution ones [41]. Specifically, it was trained to predict hyperspectral
(high-resolution) measurements from the Airborne Visible Infrared Imaging Spectrometer Next Generation (AVIRIS-NG)
using multispectral (low-resolution) Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
inputs. The data set consists of images covering Cuprite Hills, Nevada (Fig. [§); a well-studied region that is amenable
to remote sensing and has a high mineralogical diversity [42]. This model used 97 AVIRIS-NG bands and 5 ASTER
bands, both in the 2000-2500 nm spectral range.

In Table[7} we summarize the number of missed pixels (out of a 1,000 pixel testset) for a range of tolerances. There
are a total of 97 predicted bands for each pixel and band values range from O to 1. For a given pixel, we compare each
band with its reference value. If any of the band differences are greater than the listed tolerance, that pixel is considered
to be missed.

In Table[§| we show run time per pixel. Inference on the Snapdragon DSP/AIP is twice as slow as running on the
Snapdragon CPU (45 vs 21 ms per input). This is most likely due to the small size of the model and single-pixel nature.
The time provided for the Myriad X is the actual inference time and does not include the image transfer time.

This model has been for two iterations on the ISS Snapdragon, three times each iteration, and produced the same
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Fig.8 The super-resolution data set consists of spectroscopic measurements of Cuprite Hills, Nevada. Each pixel
in the image is associated with one low-resolution (ASTER) measurement and one high-resolution (AVIRIS-NG)
observation. The goal of super-resolution is to infer high-resolution spectra from low-resolution data [41]].

Table 8 Super Resolution Timing

Processor Inference Time
MacBook Reference 150 us
Snapdragon CPU 21 us
Snapdragon GPU 276 us
Snapdragon DSP 45 us
Snapdragon NPU 46 us
Myriad X 290 us

results as in the ground-based run.

5. Standard Classification Models

Transfer learning from pre-trained models is often used for model development (and was used for the Mars MSL
and HiRISE models we discussed earlier). We benchmark seven standard Keras [22] deep learning classification models
on the Snapdragon and Myriad X, which may help with model selection for edge processing. This work addresses run
time and quantization discrepancy only, not classification accuracy, which is also important in model selection. We
compare Snapdragon and Myriad X results with a MacBook run to get quantization discrepancies. As with our prior
models, this discrepancy is calculated using the model predictions obtained when running on the MacBook, not ground

truth. Run times are compared with a MacBook, Jetson Nano CPU, and Jetson Nano GPU.
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Fig. 9 Examples of each class in Imagenette [44]. Images are available through Apache License 2.0 on
https://github.com/fastai/imagenette.

All models were trained on ImageNet [43], which has 1,000 different classes, and contains internet imagery. For
testing, we use Imagenette [44]], which is a much smaller dataset, containing only 10 classes. Examples of each class
are shown in Figure[0] Note that each model still predicts 1,000 possible classes, it is just that our test set contains
only 10 classes. We randomly sample 10 images from each of these 10 Imagenette classes to create the test dataset
of 100 images. We benchmark the following standard Keras models: MobileNet, Xception, InceptionV3, ResNet50,
InceptionResNetV2, VGG16, and VGG19. The models were downloaded using the standard Tensorflow 1 Keras library,
and the appropriate image pre-processing was applied for each of the networks.

In [23]], we report benchmark results for the Snapdragon NPU only. Here we report on all Snapdragon systems, the
Myriad X, Jetson Nano (run time only available), and our test laptop. In Table[d] we show quantization discrepancy
on 100 test images from the Imagenette dataset compared with MacBook results. The quantization discrepancies for
VGG16, VGG19, and ResNet50 on the Snapdragon NPU reported here are slightly better than what we show in [23], as
we had swapped the red and blue channels of the input. We fix that pre-processing error here, although in both cases
we used the same image format for all processors, which is why the comparison results are similar. VGG16, VGG19,
and ResNet50 use the Caffe convention for normalization (red/blue swap and per channel subtraction of the ImageNet

mean), and the other models use pixel scaling from -1 to 1. Not all models were able to be run on the Snapdragon DSP
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due to incompatible layers (marked as n/a), although all models were able to be run using the Snapdragon NPU.

As previously mentioned, the quantization discrepancy is calculated using the model predictions obtained when
running on the MacBook, and not against the ground truth. The quantization discrepancy of these models tends to be
much higher than the JPL models we benchmarked. This is not surprising, as the number of classes these standard
models were trained on (1,000 classes) is much higher than the number of classes in our JPL models.

The quantization discrepancy of MobileNet is very high. The Snapdragon NPU has 100% classification discrepancy
(out of 1,000 different possible predicted classes), meaning the predicted class for every image was incorrect, while the
Myriad X had a smaller quantization discrepancy of 15%. The reason for these large quantization discrepancies for
MobileNet may be due to the fact that the structure of the net gives greater fluctuation ranges, which may make it not

easily quantize-able [435]].

Table 9 Pre-Trained Models: Quantization Discrepancy

MobileNet Xception InceptV3 ResNet50 InceptResNetV2 VGG16 VGGI19

Snapdragon CPU 0 0 0 0 0 0 0
Snapdragon GPU 0 0 0 1% 0 0 0
Snapdragon DSP n/a n/a n/a 4% n/a 0 1%
Snapdragon NPU 100% 11% 4% 4% 16% 0 1%
Myriad X 15% 16% 11% 8% 9% 1% 1%

In Table [I0] we show run times per 224 x 224 RGB image, along with the number of model parameters. Run
times are all in ms. The MacBook times are walltime for running the Keras models. Runtimes on the Jetson CPU and
GPU are much longer than for all other processors, regardless of model. Three models were not able to run on the
Jetson Nano GPU, and are marked as n/a. On the Snapdragon NPU, ResNet50 has the fastest inference time, whereas
the fastest inference time on the Myriad X was with MobileNet. Columns in Table |10 are ordered by the number of
parameters (shown in the first row). Run time versus number of net parameters is processor dependent. Run time on the
Snapdragon CPU, GPU, and Myriad X generally increase with number of net parameters, except for the Xception model.
Run time on the Snapdragon NPU is not predicted by the number of net parameters. Snapdragon models were created

from TensorFlow 1.6 models, while the Myriad X used TensorFlow 1.15.

C. Benchmarking Results Summary

In this section, we summarize the results of our benchmarking experiments.

The Snapdragon DSP or NPU provided inference speedups relative to the Snapdragon CPU in the majority of our
experiments. The Snapdragon DSP/NPU is optimized to run neural network inference, but the speedup depends on the
network architecture.

The Mars HiRISE, MSL1, and MSL2 classification models were all built using transfer learning from AlexNet,
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Table 10 Pre-Trained Models: # Params and Run Time per Image (224 x 224 pixels, RGB) in ms

MobileNet Xception InceptV3 ResNet50 InceptResNetV2 VGG16 VGGI19

# Parameters 4e6 23e6 24e6 25e6 55e6 138e6 144¢6
MacBook Ref 154 596 324 520 814 1,622 1,965
Snap CPU 200 505 368 388 872 1,192 1,496
Snap GPU 14 48 37 43 85 143 176
Snap DSP n/a n/a n/a 10 n/a 27 31
Snap NPU 60 53 27 10 56 27 31
Myriad X 20 59 29 41 74 169 220
Jetson Nano CPU 46k 95k 225k 19k 339k 165k 180k
Jetson Nano GPU n/a 49k 59k 19k 87k n/a n/a
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Fig. 10 Inference speedup using the Snapdragon DSP or NPU versus the Snapdragon CPU.

and have similar speedup; the Snapdragon DSP/NPU had greater than 10x speedup over the CPU for all three models.
We also benchmarked some standard Keras classification models using the same input data for all models, and found
speedups between 3 to 48x, depending on the network structure. While we found that the number of parameters does
not predict inference time on the NPU, as shown in Table [I0] it does generally correlate with the speedup factor. In
Figure[T0] we show the inference time improvements using the Snapdragon DSP or NPU over the CPU. The standard
Keras models are ordered by number of parameters, on the right side of the figure, from MobileNet to VGG19; we see
that the speedup factor increases as the number of parameters increases, except for InceptionResNetV2.

In addition to the classification models, we benchmarked two image segmentation models: Mars NavCam and
UAVSAR flood mapping model. The speedup factor of the Snapdragon DSP over the CPU was 32x for NavCam and
20x for the UAVSAR model.

We also benchmarked two single pixel models: a DCDM Spectral Unmixing model and Super-resolution model.
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Inference time for these models took longer on the DSP/NPU compared to the CPU. This is also shown in Figure[T0}
The Snapdragon DSP/NPU is not optimized for small single-pixel models such as these.

In Table[TT] we show which models were able to run on the Myriad X, the Snapdragon DSP, and the Snapdragon
NPU. The SMICES Scikit-learn Classifiers cannot be run on the Myriad X or the Snapdragon DSP or NPU. We were,
however, able to port these directly to the Snapdragon CPU using Python-for-Android by Kivy. All other models could
be run on the Myriad X except the NavCam DeepLabV3 model, which had incompatible layers. This model was also
not able to be run on the Snapdragon NPU. Over half of the standard Keras models could not be run on the Snapdragon

DSP, although they could be run on the NPU; the NPU selects the right component for a given task, so it is more flexible

than the DSP.
Table 11 Model Summary

Model Type Myriad X Myriad X discr. DSP  NPU DSP/NPU discr.
HiRISE Classifier yes 0% yes yes 1%
MSL1 Classifier yes 1% yes yes 3%
MSL2 Classifier yes 1% yes yes 3%
NavCam Image Segmentation no n/a yes no 9%
UAVSAR Image Segmentation yes 2% yes yes 1%
SMICES Scikit-learn Classifiers no n/a no no n/a
Unmixing Single Pixel yes 0 (RMSE) yes yes 0 (RMSE)
SuperRes Single Pixel yes 0 (tol 1e-1) yes yes 0 (tol le-1)
MobileNet Classifier yes 15% no yes 100%
Xception Classifier yes 16% no yes 11%
InceptV3 Classifier yes 11% no yes 4%
ResNet50 Classifier yes 8% yes yes 4%
InceptResNetV2  Classifier yes 9% no yes 16%
VGG16 Classifier yes 1% yes yes 0%
VGG19 Classifier yes 1% yes yes 1%

In Table [TT] we also show the quantization discrepancy for the runs. The Snapdragon DSP and NPU quantization
discrepancies are identical, so we capture those results in a single column. The classification discrepancies are reported
as a percentage, the Spectral Unmixing is reported at root mean square error (RMSE), and Super-resolution in terms of
a tolerance, as discussed in those sections.

The quantization discrepancy for NavCam was 9% for the Snapdragon DSP. Pre-quantization of the model gave an
error so we used run-time quantization, which can affect the quantization discrepancy. Many of the standard Keras
classification models had quantization discrepancies greater than 5% for both the Snapdragon NPU and Myriad X.
These standard classification models have much higher discrepancies in general than our JPL models, but these models
were trained to predict many more classes, so this is not surprising. MobileNet had 100% quantization discrepancy for

the Snapdragon NPU. This may be due to the structure of MobileNet which gives greater fluctuation ranges and may be

21



more difficult to quantize. For future work, we plan to investigate the Qualcomm efficiency toolkit [46], which may
improve network quantization.
All runs gave the exact same inference results no matter how many times they were run, and whether they were run

onboard the ISS or on the ground.

IV. Related Work

In this section, we discuss some prior benchmarking work on Myriad and Snapdragon processors, as well as other
edge processors that are being explored.

Operating in a space environment introduces power, mass, and radiation tolerance constraints on computing hardware.
Previous reviews of appropriate machine learning algorithms and hardware for space applications have been conducted
[47] 48] [49].

In the broader literature, there are many image-based deep learning benchmark results for Myriad and Snapdragon
processors. Deep learning models ranging from image classification, deblurring, and super resolution for Smart-
phones [50] to super-resolution for drone landings [51] have been benchmarked on a Snapdragon 835 (prior generation).
In addition, the base station for the Mars Ingenuity Helicopter uses the Snapdragon 801 [[11].

The Myriad 2 (previous generation of the Myriad X) has been used for a variety of applications. This includes
benchmarking in combination with a Raspberry Pi [52]] on applications ranging from real time imagery for vehicular
edge computing [53] to detection of pathogens with microscopy imagery [54]. In [55], the Myriad 2 was benchmarked
in conjunction with a Field Programmable Gate Array (FPGA) on the PASCAL VOC dataset [S56]. Skin cancer detection
models [[57]] and wild animal classification models [58]] have also been demonstrated. More similar to our applications,
the performance of a star identification algorithm on a Myriad 2 has been compared to other vision processors in [59]. In
addition, a cloud detection CNN has been run on a Myriad 2 on the ®-Sat-1 Earth Observing Satellite. This European
Space Agency (ESA) mission was the first demonstration of on-board AI CNN inference on a dedicated chip [3][l60]].

The Myriad X has been used for tasks ranging from Chinese character recognition [61] to license plate recognition
[62] to wildfire prediction [63]. Further benchmarking of models to detect and classify anomalous behaviour in telemetry
data has also been performed on the Myriad 2 and Myriad X [64].

Due to the limitations in deep space mission on up/down-link bandwidth and onboard compute, there is interest in
using COTS (Commercial Off The Shelf) devices to offload processing from traditional space flight hardware [65]. The
offloading of this processing allows for increased data processing at source, an improvement in reaction times of space
systems, and a significant reduction in the downlink bandwidth required to relay results with ground operations teams
[66]. As algorithms used in space applications increase in both complexity and power consumption, the benefits of
offloading this processing from the space flight hardware also increases [67].

Prior flights of traditional machine learning software flew on conventional flight processors. The Autonomous
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Sciencecraft on Earth Observing One flew Support Vector (SVM) Machine Learning [68]], Random Decision Forest,
Bayesian Thresholding, and Salience [69] using a Mongoose V processor. The IPEX Cubesat [70] flew Random
Decision Forest Machine Learning and Salience on an ARM Cortex processor and a Gumstix co processor.

There has been additional work on Al frameworks for spacecraft, using non-radiation hardened processors. In
Reference [71], a Google Coral Edge Tensor Processing Unit (TPU) [72] based co-processor card is developed with a
planned AI demonstration on the ISS, along with a Myriad X, and Xilinx Deep Learning Processor (DPU) [73]. In
Reference [[74]], standard deep learning models, including ResNet and MobileNet, are benchmarked on the Xilinx Versal
platform, and reference [75] investigates the performance of a space-grade variant of the Versal. In addition, the RISC-V

platform has been radiation tested to assess space-readiness [76].

V. Memory Checkers
As shown in Section we found no effects of radiation in our benchmarking tests; there were no differences
in results between ground versus ISS runs. To explore this further, we run memory tests on both the Myriad X and
Snapdragon. Radiation effects on the ISS are expected to be less than on an Earth Orbiting spacecraft due to the ISS

acting as radiation shielding. However, these effects are greater than ground-based runs.

A. Myriad X Memory Checker

The memory system on the Myriad X consists of two main sections - 2.5MB CMX (Connection MatriX) memory and
512MB of DDR (Double Data Rate) memory consisting of 227 32-bit addresses. The addresses range from 0x80000000
to OxOFFFFFFFE. As each address is a 4-byte/32-bit value, the addresses are incremented by 0x4. For example, the first
four addresses are 0x80000000, 0x80000004, 0x80000008, 0x8000000C etc.

The purpose of these tests is to determine the health of the DDR Memory on board the Myriad X. Due to the
impact of radiation, elements of the DDR can become corrupted - either the actual memory or the memory addressing.
Corrupted memory presents itself in the form of a DDR address not correctly maintaining its value. A common form of
corruption is that a bit within a memory address becomes "stuck" as either a 0 or a 1, and even if it is written with the
opposing value it will not maintain that value and will always be read back as the stuck value. These memory errors can
lead to incorrect inference results, and thus it is important to periodically monitor the health of the DDR. Each of the
tests executed as part of this memory test suite consists of two stages - a write stage and a read stage. These stages may
be repeated and are described below:

* Write Stage - This stage consists of writing the entire DDR Memory with fixed values (these values depend on

which test is being executed).

* Read Stage - This stage consists of reading back the entire contents of the DDR Memory and comparing the

values with the expected results.
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Three tests are executed as part of the DDR Memory test suite, with each exercising the memory in a slightly
different manner. These tests are exercised extensively on ground prior to flight. Errors are injected into the memory
during testing to ensure that errors are detected. The following is performed to each bit in DDR memory:

1) Standard - This test writes to each address the address itself. For example, 0x80000000 is written as 0x80000000.
Once the write stage has completed, the memory range that was written to is then traversed, the value at each
address is read back and compared against the expected value.

2) Flipped Bits - This test writes to each address the bit-flipped address. For example, 0x80000000 is written as
Ox7FFFFFFF. The checking process is the same as in test 1.

3) Marching - Multiple read/write cycles are performed for this test. In each cycle, the same value is written to
each address, starting at 0x00000000. For each subsequent cycle, an additional bit is written as 1. This process
continues until all bits are set. In the next subsequent cycle, the process of flipping the bits back to 0 commences.
The checking process is different to the first two tests in that at the start of each round, the value at each address is
read back and compared against the expected value, and the value for the next round is written back to the address.
A visual representation of the flipping of the bits for a given addresses is shown in Figure A selection of the
written values for each round is given below:

* Round 0 - 0x00000000

* Round 1 - 0x00000001

¢ Round 32 - OxFFFFFFFF
* Round 33 - Ox7FFFFFFF
* Round 64 - 0x00000000

The tests described were developed to ensure full-coverage testing of the DDR memory, with each bit:

* Written as a 0 as part of a set pattern

* Written as a 1 as part of a set pattern

* Written fromaOtoa I

e Written froma ltoa0

Each of the tests was executed for 2 iterations on the ISS. No memory errors were found.

B. Snapdragon Memory Checker

The memory system on the Snapdragon 855 HDK is 6GB LPDDR4x RAM and 128GB USF2.1 Flash. Two memory
tests were developed to check both the static and dynamic aspects of the RAM.

The static test operates by allocating three GB of memory and then waiting one full orbit to check the memory bits.

This equates to checking the memory every 90 minutes for any errors. The dynamic memory check is implemented by
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Fig. 11 DDR Marching Memory Test. 0’s are represented by blue blocks and ones by green blocks. The round
number is shown on the right.

allocating three gigabytes of memory, checking the memory, and then clearing the memory. This process is run as many

times as possible. Both of these tests were run over six orbits, or 540 minutes. No memory errors have been found.

VI. Conclusions

We have demonstrated the Myriad X and Snapdragon 855 edge processors for faster and lower power deep learning
in space on the ISS. Models benchmarked include image classification, image segmentation, spectral unmixing, and
super resolution, and use data from Earth or Mars. The Myriad X VPU and Snapdragon DSP/AIP provide speed
improvement over the Snapdragon CPU in all cases except the Spectral Unmixing and Super-resolution single pixel
networks. Speedup for the Snapdragon DSP/AIP versus the CPU for non-single pixel JPL models was greater than 10x.
Quantization discrepancy was low in all JPL models (less than 5%), except where runtime quantization was used (Mars
NavCam model on the Snapdragon DSP).

The standard convolutional neural networks (Mars HiRISE and MSL1 and MSL2) and UNET image segmentation
model could be ported to to all Snapdragon processors and the Myriad X. The more complicated DeepLabV3 image
segmentation model, however, could not be ported to the Snapdragon NPU or Myriad X due to layer incompatibility.

We also demonstrate Kivy for porting scikit-learn models to the Snapdragon CPU. Using Kivy allows us to run
Python code directly on the Snapdragon. This option, however, is not available to the other Snapdragon subsystems or
the Myriad X.

Since fine tuning from pretrained networks is a common approach, we benchmarked a set of standard Keras
classification models, trained on ImageNet, on the Snapdragon, Myriad X, Jetson Nano, and reference laptop. Run
time versus number of network parameters is processor dependent, and is correlated with the speedup factor from
the Snapdragon CPU to NPU. Quantization discrepancy was 16% or lower for all models except MobileNet. The
discrepancies we find for the models are higher than our JPL models, which is as expected, since the number of classes
they are trained on is much higher. The speedups of the Snapdragon DSP/AIP compared with the CPU ranged from 3 -
48x.
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We did not observe radiation effects during the running of our models as no discrepancies were found between
ground and ISS runs for any of our models.

Future work benchmarking toolkits for the Snapdragon includes comparing the performance of the SMICES multi-
layer perceptron (MLP) model ported using Kivy, with a DLC model obtained using the Qualcomm Neural Processing
SDK. We also plan to investigate Qualcomm’s efficiency toolkit [46], which may improve network quantization for our
deep learning models.

In addition to comparing results obtained on the ground versus in space, we also ran memory checkers on the
Myriad X and Snapdragon 855. We found no errors during our ISS runs. Thus, we have seen no effects from radiation
on our processors onboard the ISS. These results, along with the demonstration of a prior version Myriad on an Earth
observing satellite [3]] [60] and prior version Snapdragon as a base station for Ingenuity on Mars [11]], support that these
processors may be safe to run in space. In addition, experiments have been performed on the Myriad X and Snapdragon
to assess the level of radiation that can be tolerated (see Section [lI.A).

We have shown fast and accurate inference with these COTS processors and hope this will be a step towards a new

era of powerful onboard autonomy with edge processing.
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