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Onboard computing demands for space missions are continually increasing due
to the need for real-time sensor and autonomous processing combined with limited
communication bandwidth to ground stations. However, creating space-grade
processors that can operate reliably in environments that are highly susceptible to
radiation hazards is a lengthy, complex, and costly process, resulting in limited
processor options for space missions. Therefore, research is conducted into current,
upcoming, and potential future space-grade processors to provide critical insights for
progressively more advanced architectures that can better meet the increasing
demands for onboard computing. Metrics and benchmarking data are generated and
analyzed for various processors in terms of performance, power efficiency, memory
bandwidth, and input/output bandwidth.

Metrics are used to measure and compare the theoretical capabilities of a broad
range of processors. Results demonstrate how onboard computing capabilities are
increasing due to processors with architectures that support high levels of parallelism in
terms of computational units, internal memories, and input/output resources; and how

performance varies between applications, depending on the intensive computations



used. Furthermore, the overheads incurred by radiation hardening are quantified and
used to analyze low-power commercial processors for potential use as future space-
grade processors.

Once the top-performing processors are identified using metrics, benchmarking
is used to measure and compare their realizable capabilities. Computational dwarfs are
established and a taxonomy is formulated to characterize the space-computing domain
and identify computations for benchmark development, optimization, and testing.
Results demonstrate how to optimize for the architectures of space-grade processors
and how they compare to one another for a variety of integer and floating-point
computations.

Metrics and benchmarking results and analysis thus provide critical insights for
progressively more advanced architectures for space-grade processors that can better
meet the increasing onboard computing demands of space missions. Trade-offs
between architectures are determined that can be considered when deciding which
space-grade processors are best suited for specific space missions or which

characteristics and features are most desirable for future space-grade processors.
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CHAPTER 1
INTRODUCTION

Currently available processor options for space missions are limited due to the
lengthy, complex, and costly process of creating space-grade processors, and because
space mission design typically requires lengthy development cycles, resulting in a large
and potentially increasing technological gap between space-grade and commercial-off-
the-shelf (COTS) processors [1-5]. However, computing requirements for space
missions are becoming more demanding due to the increasing need for real-time sensor
and autonomous processing with more advanced sensor technologies and increasing
mission data rates, data precisions, and problem sizes [5-7]. Furthermore,
communication bandwidth to ground stations remains limited and suffers from long
transmission latencies, making remote transmission of sensor data and real-time
operating decisions impractical. High-performance space-grade processors can
alleviate these challenges by processing data before transmission to ground stations
and making decisions autonomously, but careful consideration is required to ensure that
they can meet the unique needs of onboard computing [7,8].

To address the continually increasing demand for high-performance onboard
computing, architectures must be carefully analyzed for their potential as future space-
grade processors. Current space-grade processors are typically based upon COTS
processors with architectures that were not explicitly designed for the unique needs of
onboard computing. To ensure that future space-grade processors are based upon
architectures that are most suitable for space missions, trade-offs between various
architectures should be determined and considered when designing, optimizing, or

comparing space-grade processors, or when selecting COTS architectures for radiation
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hardening and use in space missions [9—11]. However, the range of available
processors is large and diverse, with many possible architectures to evaluate.

To analyze the broad range of current, upcoming, and potential future processors
for onboard computing, a set of metrics is used that provides a theoretical basis for the
study of their architectures [12—16]. Facilitated by these metrics, quantitative analysis
and objective comparisons are conducted for many diverse space-grade and low-power
COTS processors, from categories such as multicore and many-core central processing
units (CPUs), digital signal processors (DSPs), field-programmable gate arrays
(FPGAS), graphics processing units (GPUSs), and hybrid configurations of these
architectures. Metrics analysis provides insights into the performance, power efficiency,
memory bandwidth, and input/output bandwidth of specific implementations of these
processors to track the current and future progress of their development and to
determine which can better meet the computing needs of space missions [1].

Once the top-performing space-grade processors have been identified, a
benchmarking analysis is conducted to study the realizable capabilities of their
architectures. To characterize the broad space-computing domain, a comprehensive
study is performed to determine common and critical computing requirements for space
missions based upon application requirements. Using this information, computational
dwarfs are established, and an expansive taxonomy is formulated that broadly defines
and classifies the computationally intensive applications required by space missions.
From this taxonomy, a set of benchmarks is identified that is largely representative of
onboard computing requirements, and thus simplifies the space-computing domain into

a manageable set of computations. Then, a variety of these space-computing
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benchmarks are developed, optimized, and tested on top-performing processors to
analyze and compare the realizable capabilities of each architecture in terms of
performance and power efficiency. Benchmarking analysis provide insights into which
architectures and optimizations are most effective and which factors are limiting
additional performance from being achieved [9].

The remainder of this dissertation is structured as follows. Chapter 2 describes
background and related research for space-grade processors, metrics and
benchmarking analysis, and computational dwarfs and taxonomies. Chapter 3 describes
methodologies for metrics calculations and benchmark development, optimization, and
testing for space-grade processors. Chapter 4 provides a metrics analysis of current,
upcoming, and projected future space-grade processors, including comparisons of
space-grade processors to one another, detailed analysis of how the performance of
space-grade processors varies between applications and computations based upon
operations mix, comparisons of space-grade processors to the closest COTS
counterparts upon which they were based to determine overheads incurred from
radiation hardening, and comparisons of top-performing space-grade and COTS
processors to determine the potential for future space-grade processors. Chapter 5
provides a benchmarking analysis of top-performing space-grade processors, including
the formulation of a taxonomy that is used characterize the space-computing domain
and identify benchmarks, direct comparisons of space-grade processors to one another
in terms of performance and power efficiency, and an expanded performance analysis
using a variety of additional benchmarks. Finally, Chapter 6 provides conclusions. Data

for all results are tabulated and included in the Appendix.
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CHAPTER 2
BACKGROUND AND RELATED RESEARCH

Many radiation hazards exist in the harsh space environment such as galactic
cosmic rays, solar particle events, and trapped radiation in the Van Allen belts, which
threaten the operation of onboard processors [17,18]. Space-grade processors must be
radiation hardened to withstand cumulative radiation effects such as charge buildup
within the gate oxide that causes damage to the silicon lattice over time, and they must
provide immunity to single-event effects that occur when single particles pass through
the silicon lattice and cause errors that can lead to data corruption or disrupt the
functionality of the processor [19—-21]. Several techniques exist for the fabrication of
space-grade processors [22—-24], including radiation hardening by process, which
involves the use of an insulating oxide layer, and radiation hardening by design, which
involves specialized transistor-layout techniques.

Although COTS processors can be used in space, they cannot always satisfy
reliability and accessibility requirements for missions with long planned lifetimes within
harsh orbits and locations that are highly susceptible to radiation hazards. However,
creating a space-grade implementation of a COTS processor often comes with
associated costs [25], including slower operating frequencies, decreased numbers of
processor cores or computational units, increased power dissipation, and decreased
input/output resources.

Traditionally, space-grade processors have come in the form of single-core
CPUs [26]. However, in recent years, development has occurred on space-grade
processors with more advanced architectures such as multicore and many-core CPUSs,

DSPs, and FPGAs. For example, a space-grade CPU based upon a multicore ARM
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Cortex-A53 architecture is currently being developed through a joint investment of the
National Aeronautics and Space Administration (NASA) and the Air Force Research
Laboratory (AFRL) under the High Performance Spaceflight Comping (HPSC) program
[6—8,27,28]. This processor is referred to as the Boeing HPSC, although it may be
renamed upon completion of the program.

Metrics and Benchmarking Analysis

To analyze and compare processors for use in space missions, an established
set of metrics is used for the quantitative analysis of diverse processors in terms of
performance, power efficiency, memory bandwidth, and input/output bandwidth [12—-16].
These metrics provide a basis for the analysis of a the theoretical capabilities of
processors and enable the objective comparison of diverse architectures, from
categories such as multicore and many-core CPUs, DSPs, FPGAs, GPUs, and hybrid
configurations of these architectures.

Computational density (CD), reported in gigaoperations per second (GOPS), is a
metric for the steady-state performance of the computational units of a processor for a
stream of independent operations. By default, calculations are based upon an
operations mix of half additions and half multiplications. However, the default can be
varied to analyze how performance differs between applications that contain
computations that require other operations mixes. Multiply-accumulate functions are
only considered to be one operation each because they require data dependency
between each addition and multiplication. CD is calculated separately for each data type
considered, including 8-bit, 16-bit, and 32-bit integers, as well as both single-precision
and double-precision floating-point (hereafter referred to as Int8, Intl16, Int32, SPFP,

and DPFP, respectively). CD per watt (CD/W), reported in GOPS per watt (GOPS/W), is
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a metric for the performance achieved for each watt of power dissipated by the
processor. Internal Memory Bandwidth (IMB), reported in gigabytes per second, is a
metric for the throughput between a processor and onchip memories. External Memory
Bandwidth (EMB), reported in gigabytes per second, is a metric for the throughput
between a processor and offchip memories through dedicated memory controllers.
Input/Output Bandwidth (IOB), reported in gigabytes per second, is a metric for the total
throughput between a processor and offchip resources through both dedicated memory
controllers and all other available forms of input/output. Although no single metric can
completely characterize the performance of any given processor, each metric provides
unique insights into specific features that can be related to applications and
computations as needed. The most relevant metric for performance is CD when bound
computationally, CD/W when bound by power efficiency, IMB or EMB when bound by
memory, |IOB when bound by input/output resources, or some combination of multiple
metrics depending on specific application requirements. Although other metrics are also
of interest, such as the cost and reliability of each processor, this information is not
standardized between vendors and is often unavailable or highly dependent on mission-
specific factors.

Metrics can be calculated solely based upon information from vendor-provided
documentation and software, without the hardware costs and software development
efforts required for benchmarking, thus providing a practical methodology for the
comparison and analysis of a broad range of processors. However, metrics describe
only the theoretical capabilities of each architecture without complete consideration of

software requirements and implementation details that result in additional costs to
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performance. Therefore, once the top-performing processors have been identified using
metrics, more thorough performance analysis can then be conducted using
benchmarking to determine realizable capabilities through hardware and software
experimentation.

To analyze the realizable capabilities of space-grade processors, benchmarks
are identified for the space-computing domain, then developed, optimized, and tested
directly on each processor. Typically, vendor-provided libraries achieve the highest
performance for any given processor because they are carefully and specifically
optimized for its architecture [14]. However, these libraries are often very limited and are
unlikely to be optimized for the more esoteric computations used for autonomous
processing. Furthermore, most highly optimized numerical libraries are developed
specifically for the high-performance computing domain, which is primarily concerned
with floating-point data types, and thus do not support integer data types that are often
used for sensor processing. Therefore, the development of custom benchmarks
becomes necessary when existing libraries do not support all computations, data types,
and optimizations being considered.

Although benchmarking analysis of space-grade processors requires greater
hardware costs and development efforts than metrics analysis, the resulting insights are
specific to the computations required by the space-computing domain. Thorough
analysis becomes possible as processors approach theoretical capabilities and the
effects of their architectures on performance can be carefully studied. Therefore,
benchmarking provides an accurate and insightful methodology for comparing

performance trade-offs for various architectures, computations, and optimizations.
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Benchmarking of onboard processors has been conducted previously [11,29,30], but
there has been no research focused on analyzing and comparing the performance of
the advanced architectures used in current and upcoming space-grade processors.

Computational Dwarfs and Taxonomies

Before benchmarking analysis can be conducted, the computing domain being
considered must first be studied and characterized to identify computations that are
largely representative of its critical applications [31,32]. Thus, the University of California
at Berkeley (UCB) introduced the concept of computational dwarfs for designing and
analyzing computing models and architectures. A dwarf is defined as “an algorithmic
method that captures a pattern of computation and communication” [33, pp. 1]. Table 2-
1 lists the UCB dwarfs, which were defined at high levels of abstraction to encompass
all computational methods used in modern computing.

Table 2-1. UCB computational dwarfs.
Dwarf

Dense linear algebra

Sparse linear algebra

Spectral methods

N-body methods

Structured grids

Unstructured grids

MapReduce

Combinational logic

Graph traversal

Dynamic programming

Backtrack and branch-and-bound
Graphical models

Finite state machines

The UCB dwarfs are used to characterize applications by determining their
intensive computations and classifying them under the appropriate dwarf. For example,
computations such as matrix multiplication and matrix addition are both classified under

the dense and sparse linear algebra dwarfs, while fast Fourier transform and discrete
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wavelet transform are both classified under the spectral methods dwarf. Abstracting
applications as dwarfs enables analysis of computational patterns across a broad range
of applications, independent of the actual hardware and software implementation
details. For any computing domain, dwarfs can be identified and used to create
taxonomies that broadly define and classify the computational patterns within that
domain. This concept has been demonstrated in various computing domains, including
high-performance computing [34], cloud computing [35], and symbolic computation [36].
These concepts are used to establish dwarfs and a taxonomy for the space-computing

domain that is then used to identify a set of computations for benchmarking.
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CHAPTER 3
METRICS AND BENCHMARKING METHODOLOGIES

Established concepts in the analysis of processors are used and applied to
space-grade processors. These concepts include metrics analysis as an initial
comparison of a broad range of architectures and benchmarking analysis for further
insights into the top-performing architectures based upon performance and power
efficiency for various computations.

Metrics Calculations for Fixed-Logic and Reconfigurable-Logic Processors

To calculate metrics for a fixed-logic processor such as a CPU, DSP, or GPU,
several pieces of information are required about the architecture that are obtained from
vendor-provided documentation [12—14]. For example, Equations 3-1 to 3-15
demonstrate the process of calculating metrics for the Freescale QorlQ P5040, which is
a quadcore CPU [37-39]. CD calculations require information about the operating
frequency reported in megahertz (MHz), the number of each type of computational unit,
and the number of operations per cycle that can be achieved by each type of
computational unit for all operations mixes and data types considered. As shown in
Equations 3-1 and 3-2, there is one-integer addition unit and one-integer multiplication
unit on each processor core, allowing for one addition and one multiplication to be
issued simultaneously per cycle for all integer data types. There is only one floating-
point unit on each processor core, which handles both additions and multiplications,
allowing for only one operation to be issued per cycle for all floating-point data types.
CD/W calculations require the same information as CD calculations, in addition to the
maximum power dissipation. As shown in Equations 3-3 and 3-4, CD/W is calculated

using the corresponding CD calculations and the maximum power dissipation. IMB
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calculations require information about the number of each type of onchip memory unit,
such as caches and register files, and associated operating frequencies, bus widths,
access latencies, and data rates. As shown in Equations 3-5 to 3-7, IMB is calculated
for all types of caches available on each processor core. Assuming cache hits, both
types of L1 cache can supply data in each clock cycle. Although the L2 cache has a
higher bus width, it also requires a substantial access latency that limits the overall
bandwidth. IMB values are combined to obtain the total IMB. EMB calculations require
information about the number of each type of dedicated controller for offchip memories
and associated operating frequencies, bus widths, and data rates. As shown in
Equation 3-8, EMB is calculated for the dedicated controllers available for external
memories on the QorlQ P5040. IOB calculations require the same information as EMB
calculations, in addition to the number of each type of available input/output resource
and associated operating frequencies, bus widths, and data rates. As shown in
Equations 3-9 to 3-15, IOB is calculated for each type of input/output resource available
using optimal configurations for signal multiplexing. IOB values are combined to obtain

the total IOB.

CDneg/mt16/mez2 = 2200 MHz X 4 cores X 2 units X 1 operation/cycle = 17.60 GOPS (3-1)

CDsprp/pprp = 2200 MHz X 4 cores X 1 unit x 1 operation/cycle = 8.80 GOPS  (3-2)

CD/W i jimersimess = CDimtsjmerejmesz / 49 W = 0.36 GOPS/W (3-3)
CD/WSPFP/DPFP = CDSPFP/DPFP /49 W =0.18 GOPS/W (3-4)

IMB |1 gata cache = 2200 MHz X 4 cores X 8 byte bus = 70.40 GB/s (3-5)
IMB 1 instruction cache = 2200 MHz X 4 cores X 16 byte bus = 140.80 GB/s (3-6)

IMB 5 cache = 2200 MHz X 4 cores X 64 byte bus / 11 cycle latency = 51.20 GB/s (3-7)

21



EMBppr3 = 2 controllers X 8 byte bus X 1600 MT /s = 25.60 GB/s (3-8)

10Bpprs = EMBppgs = 25.60 GB/s (3-9)

[0Bgpjo = 1100 GHz X 32 ports = 4.40 GB/s (3-10)
[0Bp¢iezo = 8lanes X 4 Gb/s X 2 full duplex = 8.00 GB/s (3-11)
10B1ogige = 8 lanes X 2.5 Gb/s X 2 full duplex = 5.00 GB/s (3-12)
10Bgigr = 2 lanes X 1 Gb/s X 2 full duplex = 0.50 GB/s (3-13)
[0Bgp7420 = 2 lanes X 2.4 Gb/s = 0.60 GB/s (3-14)

[10Bgp; = 0.49 Gb/s X 2 full duplex = 0.12 GB/s (3-15)

To calculate metrics for a reconfigurable-logic processor such as an FPGA, the
process is more complex as compared to fixed-logic processors, and it requires several
pieces of information about the architecture that are obtained from vendor-provided
documentation, software, and test cores [12—16]. For example, Equations 3-16 to 3-30
demonstrate the process of calculating metrics for the Xilinx Virtex-5 FX130T, which is
an FPGA [40-43]. CD calculations require information about the total available logic
resources of the architecture in terms of multiply-accumulate units (MACs), lookup
tables (LUTs), and flip flops (FFs). Additionally, the use of software and test cores is
required to generate information about the operating frequencies and logic resources
used for all operations mixes and data types considered. A linear-programming
algorithm is used for optimization, based upon operating frequencies and the
configuration of computational units on the reconfigurable architecture [15,16]. As
shown in Equations 3-16 to 3-20, CD is calculated separately for each integer and
floating-point data type, based upon the operating frequencies and logic resources used

for additions and multiplications, where each computational unit can compute one
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operation per cycle and multiple implementations of each computational unit are
considered that make use of different types of logic resources. CD/W calculations
require the use software to generate information about power dissipation given the
configuration of computational units for each data type. As shown in Equations 3-21 to
3-25, CD/W is calculated separately for each integer and floating-point data type using
estimates for maximum power dissipation generated using vendor-provided software.
IMB calculations require information about the number of onchip memory units such as
block random-access-memory units and the associated operating frequencies, number
of ports, bus widths, and data rates. As shown in Equation 3-26, IMB is calculated for
the internal block random-access-memory units on the Virtex-5. EMB calculations
require the operating frequency, logic and input/output resource usage, bus widths, and
data rates for dedicated controllers for offchip memories. As shown in Equation 3-27,
EMB is calculated for dedicated controllers for external memories, where the maximum
number of controllers is limited by the number of input/output ports available. I0B
calculations require the same type of information that is required for fixed-logic
processors. As shown in Equations 3-28 to 3-30, IOB is calculated for each type of

input/output resource available. IOB values are combined to obtain the total IOB.

CDpg = 353.35 MHz X 2358 cores X 1 operation/cycle = 833.20 GOPS (3-16)

CDni16 = 380.95 MHz X 1092 cores X 1 operation/cycle = 416.00 GOPS (3-17)

CDyn32 = 301.93 MHz X 298 cores X 1 operation/cycle = 89.97 GOPS (3-18)
CDgsprp = 327.33 MHz X 246 cores X 1 operation/cycle = 80.52 GOPS (3-19)
CDpprp = 161.39 MHz X 108 cores X 1 operation/cycle = 17.43 GOPS (3-20)

CDJW, o = CDpneg / 15.87 W = 52.50 GOPS/W (3-21)
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CD/W, .. = CDini1s / 16.83 W = 24.72 GOPS/W (3-22)
CD/W, ..y = CDinisp / 14.07 W = 6.39 GOPS/W (3-23)
CD/W ¢ppp = CDsppp / 13.28 W = 6.06 GOPS/W (3-24)
CD/W ,ppp = CDpprp / 8.00 W = 2.18 GOPS/W (3-25)

IMBggay = 450 MHz X 298 units X 2 ports X 9 byte bus = 2413.80 GB/s (3-26)

EMBppr, = 266.67 MHz X 5 controllers X 8 byte bus x 2 data rate = 21.33 GB/s (3-27)

IOBDDRZ = EMBDDRZ = 2133 GB/S (3'28)
10B;rx = 20 transceivers X 6.5 Gb/s = 16.25 GB/s (3-29)
10B;p;o = 840 ports x 0.8 Gb/s = 84.00 GB/s (3-30)

To calculate metrics for a hybrid processor that contains some combination of
CPU, DSP, GPU, and FPGA architectures, the calculations must first be completed for
each constituent architecture. CD values are then combined to obtain the hybrid CD,
which is then divided by the combined maximum power dissipation to obtain the hybrid
CD/W. IMB, EMB, and IOB values are also combined to obtain the hybrid IMB, EMB,
and IOB, but they must account for any overlap of memory and input/output resources
that are shared between the constituent architectures.

Benchmark Development, Optimization, and Testing for CPUs and FPGAs

Benchmarks are developed for various data types, including 8-bit, 16-bit, and 32-
bit integers, as well as both single-precision and double-precision floating-point
(hereafter referred to as Int8, Int16, Int32, SPFP, and DPFP, respectively). Correct
functionality is verified using known test patterns, then execution times are measured
using randomized data. The total number of arithmetic operations, solved equations, or

memory transfers per second are calculated for each benchmark and reported in either
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megaoperations per second (MOPS), megasolutions per second (MSOLS), or
megatransfers per second (MT/s).

Data are generated using various development boards, including the Cobham
GR-CPCI-LEON4-N2X [44] for the Cobham GR740 [45-47], the Freescale P5040DS
[48] for the BAE Systems RAD5545 [49], the LeMaker HiKey [50] for the Boeing HPSC,
the Boeing Maestro Development Board [51] for the Boeing Maestro [52-54], the Xilinx
ML510 [55] for the Xilinx Virtex-5QV FX130 [56], and the Microsemi RTG4-DEV-KIT
[57] for the Microsemi RTG4 [58]. In some cases, the development boards used contain
close COTS counterparts because the space-grade processors are inaccessible.
Therefore, results for the GR740, RAD5545, and HPSC are adjusted to determine the
space-grade performance based upon differences in operating frequencies, where the
HPSC is estimated to operate at 500 MHz. Additionally, floating-point results for the
GR740 are adjusted to account for an estimated 30% performance reduction due to
differences in the number of floating-point units. Because the Virtex-5QV is
inaccessible, results are generated using vendor-provided software, and thus the COTS
counterpart is only used for functional verification. Although there are also two DSPs of
interest, they are not included due to lack of suitable resources for benchmarking
analysis.

For each of the CPUs being considered, benchmarks are developed in C, then
compiled and executed using a GNU/Linux operating system. Wherever possible,
benchmarks use optimized floating-point libraries [59,60]. For the GR740, RAD5545,
and HPSC, which are multicore architectures, computations are parallelized across

processor cores with a shared-memory strategy using the OpenMP interface [61].
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Additionally, benchmarks that have results reported in MOPS or MT/s are further
parallelized for the HPSC within each processor core using its single instruction,
multiple data (SIMD) units [62]. For the Maestro, which is a many-core architecture with
nonuniform memory accesses, computations are parallelized across processor cores
with a hybrid shared-memory and message-passing strategy using both the OpenMP
interface and the Tilera User Dynamic Network interface to preserve data locality and
control cache usage by manually scattering and gathering data between cores [63,64].
Results for parallel efficiency are based upon speedup calculated by dividing parallel
performance by serial baselines. Because power dissipation cannot be measured
directly, results for power efficiency are based upon estimated maximum power
dissipation as described in vendor-provided documentation.

For each of the FPGASs being considered, benchmarks are developed in VHDL,
then simulated, synthesized, and implemented using vendor-provided software.
Wherever possible, benchmarks use vendor-provided and open-source libraries
[42,43,65—68], and are further optimized by inserting pipeline stages into the design,
which reduces the propagation delay incurred per clock cycle, thus increasing
achievable operating frequencies. Based upon the resource usage of each benchmark
in terms of available MACs, LUTs, FFs, and block random-access-memories (BRAMS),
computations are parallelized across the architectures wherever possible by
instantiating and operating multiple benchmarks simultaneously. Because power
dissipation cannot be measured directly, results for power efficiency are based upon
data generated from vendor-provided software that provides the estimated power

dissipation for each design.
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CHAPTER 4
METRICS EXPERIMENTS, RESULTS, AND ANALYSIS

To enable quantitative analysis and objective comparisons of space-grade
processors, metrics are calculated for many diverse space-grade and low-power COTS
processors. First, space-grade processors are compared to one another. Next, top-
performing space-grade processors are further analyzed to determine how performance
varies between applications and computations based upon operations mix. Then,
space-grade processors are compared to the closest COTS counterparts upon which
they were based to determine the overheads incurred from radiation hardening. Finally,
top-performing space-grade and low-power COTS processors are compared to
determine the potential for future space-grade processors.

Metrics Comparisons of Space-Grade CPUs, DSPs, and FPGAs

Using the methods described in Chapter 3, Figure 4-1 provides CD, CD/W, IMB,
EMB, and IOB for various current and upcoming space-grade processors in logarithmic
scale, including the Honeywell HXRHPPC [69] and BAE Systems RAD750 [70], which
are single-core CPUs; the Cobham GR712RC [71,72], Cobham GR740 [45-47], and
BAE Systems RAD5545 [49], which are multicore CPUs; the Boeing Maestro [52-54],
which is a many-core CPU; the Ramon Chips RC64 [73-77] and BAE Systems
RADSPEED [78,79], which are multicore DSPs; and the Xilinx Virtex-5QV [41-43,56]
and Microsemi RTG4 [58,80-82], which are FPGAs. Data from Figure 4-1 are provided

within Table A-1.
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Figure 4-1. Metrics data for space-grade CPUs, DSPs, and FPGAs.
A) CD. B) CD/W. C) IMB, EMB, and 10B.

The HXRHPPC, RAD750, and GR712RC achieve lower CD and CD/W due to
slower operating frequencies and older single-core or dual-core CPU architectures with
limited computational units. Additionally, they achieve low IMB due to limited internal
caches, low EMB due to limited or no dedicated external-memory controllers, and low
IOB due to limited and slow input/output resources. CPUs such as the GR740,
RAD5545, and Maestro achieve a much higher CD than older CPUs due to their higher
operating frequencies, newer multicore and many-core architectures, and (in the case of
both the RAD5545 and Maestro), multiple integer units within each processor core. Of

all the CPUs compared, the Maestro achieves the highest CD and IMB due to its large
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number of processor cores and caches, whereas the GR740 achieves the highest
CD/W due to its low power dissipation.

Although the theoretical capabilities of space-grade processors are greatly
increasing due to newer CPUSs, even further gains are made with DSPs and FPGAs.
The RC64 achieves a high integer CD, and the RADSPEED achieves a high floating-
point CD due to large levels of parallelism for these types of computational units; and
both achieve a high IMB due to large numbers of internal caches and register files. The
Virtex-5QV achieves high CD and CD/W, and the RTG4 achieves high integer CD and
CD/W because they support large numbers of computational units at a relatively low
power dissipation; and both achieve high IMB due to large numbers of internal BRAM
units, high EMB because they support multiple dedicated controllers for external
memories, and high 0B due to the large number of general-purpose input/output ports
available.

By comparing space-grade processors using metrics, the changes in theoretical
capabilities of space-grade processors are analyzed. The performance achieved by
space-grade processors has increased by several orders of magnitude due to newer
processors with more advanced architectures that support higher levels of parallelism in
terms of computational units, internal memories, and input/output resources.

Performance Variations in Space-Grade CPUs, DSPs, and FPGAs

CD calculations for each processor are based upon an operations mix of half
additions and half multiplications by default because this is a common and critical
operations mix for many intensive computations that are used in space applications.
However, further analysis is conducted for other important operations mixes. Figure 4-2

displays several examples of computations used in space applications and their
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corresponding operations mixes of additions and multiplications [83—-88], where
subtractions are considered logically equivalent to additions. Although overheads are
required during implementation, these operations mixes characterize the work
operations involved, and thus provide a foundation for the performance of each

computation and the applications in which they are used.

= Addition = Multiplication

Figure 4-2. Operations mixes of intensive computations.

Figure 4-3 provides CD for top-performing space-grade CPUs, DSPs, and
FPGAs using all possible operations mixes consisting of additions and multiplications to
demonstrate how the performance varies between different computations. Data from
Figure 4-3 are provided within Table A-2. Further experimentation would be conducted
for additional operations mixes that relate to other computations consisting of operations
such as divisions, shifts, square roots, and trigonometric functions, but is not possible
because information about the performance of these operations is often not included in

vendor-provided documentation or they are accomplished using software emulation.
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The GR740 contains an integer unit for each processor core that can compute
one Int8, Int16, or Int32 addition or multiplication per cycle. The GR740 also contains a
floating-point unit for each processor core that can compute one SPFP or DPFP
addition or multiplication per cycle. Therefore, both integer and floating-point CD remain
constant for all operations mixes because additions and multiplications are computed in
the same number of cycles.

The RAD5545 contains several integer units for each processor core, including
two units that can each compute one Int8, Intl16, or Int32 addition per cycle and one unit
that can compute one Int8, Int16, or Int32 multiplication per cycle. Operations can be
issued to two of these units in the same cycle, resulting in the ability to compute both an
addition and a multiplication per cycle, two additions per cycle, or one multiplication per
cycle. Therefore, integer CD remains constant for operations mixes with a majority of
additions, but it decreases up to 50% as the percentage of multiplications surpasses the
percentage of additions due to more multiplications that cannot be computed
simultaneously with additions. The RAD5545 also contains a floating-point unit for each
processor that can compute one SPFP or DPFP addition or multiplication per cycle.
Therefore, floating-point CD remains constant for all operations mixes because
additions and multiplications are computed in the same number of cycles.

The Maestro contains several integer units for each processor core, including two
units that can each compute four Int8 additions, two Int16 additions, or one Int32
addition per cycle, and one unit that can compute one Int8, Int16, or Int32 multiplication
in two cycles. Therefore, integer CD decreases up to 94% as the percentage of

multiplications increases because multiplications take more cycles to compute than
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additions and have less computational units for each processor core. The Maestro also
contains a floating-point unit for each processor core that can compute one SPFP or
DPFP addition per cycle and one SPFP or DPFP multiplication in two cycles, with the
ability to interleave additions with multiplications. Therefore, floating-point CD remains
constant for operations mixes with a majority of additions but decreases up to 50% as
the percentage of multiplications surpasses the percentage of additions because
multiplications take more cycles to compute and this results in more multiplications that
cannot be interleaved with additions.

The RC64 contains several computational units for each processor core that can
compute eight Int8 or Int16 additions per cycle, four Int32 additions per cycle, four Int8
or Int16 multiplications per cycle, one Int32 multiplication per cycle, or one SPFP
addition or multiplication per cycle. DPFP operations are not supported. Therefore,
integer CD decreases up to 75% as the percentage of multiplications increases
because multiplications take more cycles to compute than additions. Floating-point CD
remains constant for all operations mixes because additions and multiplications are
computed in the same number of cycles.

The RADSPEED contains an integer unit for each processor core that can
compute one Int8 addition per cycle, one Int16 addition in two cycles, one Int32 addition
in four cycles, one Int8 or Int16 multiplication in four cycles, or one Int32 multiplication in
seven cycles. Therefore, integer CD decreases up to 75% as the percentage of
multiplications increases because multiplications take more cycles to compute than
additions. The RADSPEED also contains several floating-point units for each processor

core, including one unit that can compute one SPFP or DPFP addition per cycle and
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one unit that can compute one SPFP or DPFP multiplication per cycle. Operations can
be issued to both of these units in the same cycle, resulting in the ability to compute
both an addition and a multiplication per cycle but not two additions or two
multiplications per cycle. However, the ability to compute two operations per cycle only
applies to SPFP operations because DPFP operations are limited by bus widths.
Therefore, single-precision floating-point CD peaks when the percentages of additions
and multiplications are equal and decreases up to 50% as the percentages of additions
and multiplications become more unbalanced. Double-precision floating-point CD
remains constant for all operations mixes because additions and multiplications are
computed in the same number of cycles.

The Virtex-5QV and RTG4 contain reconfigurable architectures that support
computational units that compute one Int8, Int16, Int32, SPFP, or DPFP addition or
multiplication per cycle. As data types and precisions increase, slower operating
frequencies can typically be achieved and more logic resources are required. For Int8,
Int16, and Int32 operations, multiplications typically achieve slower operating
frequencies than additions and require more logic resources. Therefore, integer CD
decreases up to ~92% for the Virtex-5QV and up to ~99% for the RTG4 as the
percentage of multiplications increases. For SPFP and DPFP operations, multiplications
typically achieve slower operating frequencies than additions and require less logic
resources when multiply-accumulate units are used, but they require more logic
resources when these units are not used. Therefore, floating-point CD either increases
or decreases as the percentage of multiplications increases, depending on the use of

multiply-accumulate units. However, floating-point CD does not vary as much as the
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integer CD because the differences between logic resources used for additions and
multiplications are not as significant.

By matching the operations mixes from Figure 4-2 with the results from Figure 4-
3, the variations in performance between different computations are analyzed for each
top-performing space-grade processor. For all operations on the GR740, the floating-
point operations on the RAD5545 and RC64, and the double-precision floating-point
operations on the RADSPEED, CD does not vary between computations. For integer
operations on the RAD5545 and floating-point operations on the Maestro, CD is highest
for computations that use at least half-additions (such as matrix addition, fast Fourier
transform, matrix multiplication, and matrix convolution), becomes worse for
computations that use more than half-multiplications (such as Jacobi transformation),
and is lowest for computations that use all multiplications (such as the Kronecker
product). For integer operations on the Maestro, RC64, RADSPEED, Virtex-5QV, and
RTG4, CD is highest for computations that use all additions such as matrix addition and
becomes worse for all other computations where more multiplications are used. For
single-precision floating-point operations on the RADSPEED, CD is highest for
computations that use half-additions and half-multiplications (such as matrix
multiplication and matrix convolution), becomes worse for all other computations as
either more additions or more multiplications are used, and is lowest for computations
that use either all additions or all multiplications (such as matrix addition or the
Kronecker product). For floating-point operations on the Virtex-5QV and RTG4, CD

varies moderately between computations. Variations in CD demonstrate how the
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performance of space-grade processors is affected by the operations mixes of the
intensive computations used in space applications.

Overheads Incurred from Radiation Hardening of CPUs, DSPs, and FPGAs

Figure 4-4 provides CD, CD/W, IMB, EMB, and 10B for the closest COTS
counterparts to the space-grade CPUs, DSPs, and FPGAs from Figure 4-1 in
logarithmic scale, where the HXRHPPC was based upon the Freescale PowerPC603e
[89], the RAD750 was based upon the IBM PowerPC750 [90-92], the RAD5545 was
based upon the QorlQ P5040 [37-39], the Maestro was based upon the Tilera TILE64
[93,94], the RADSPEED was based upon the ClearSpeed CSX700 [95,96], and the
Virtex-5QV was based upon the Virtex-5 FX130T [40-43]. The GR712RC, GR740,
RC64, and RTG4 are not included because they were not based upon any specific
COTS processors. Data from Figure 4-4 are provided within Table A-3.

By comparing the results from Figures 4-1 and 4-4, the overheads incurred from
radiation hardening of COTS processors are calculated. Figure 4-5 provides the
percentages of operating frequencies, the number of processor cores for CPUs and
DSPs or computational units for FPGAs, power dissipation, CD, CD/W, IMB, EMB, and
IOB achieved by each space-grade processor as compared to its closest COTS
counterpart. Data from Figure 4-5 are provided within Tables A-4 and A-5.

The largest decreases in operating frequencies are for the multicore and many-
core CPUs because their closest COTS counterparts benefited from high operating
frequencies that were significantly decreased to be sustainable on space-grade
processors, whereas the closest COTS counterparts to the RADSPEED and Virtex-5QV
only required moderate operating frequencies to begin with, and therefore did not need

to be decreased as significantly.
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Figure 4-4. Metrics data for closest COTS counterparts to space-grade CPUs, DSPs,
and FPGAs. A) CD. B) CD/W. C) IMB, EMB, and IOB.

The largest decreases in the number of processor cores or computational units
are for the Maestro, RADSPEED, and Virtex-5QV because their closest COTS
counterparts contained large levels of parallelism that could not be sustained after
radiation hardening, whereas the closest COTS counterparts of the multicore CPUs did
not contain enough parallelism to require any decreases to the number of processor
cores during radiation hardening. The Maestro achieves a larger floating-point CD and
CD/W than its closest COTS counterpart due to the addition of floating-point units to
each processor core, resulting in the only occurrence of increases in metrics after

radiation hardening.
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Figure 4-5. Percentages achieved by space-grade CPUs, DSPs, and FPGAs after
radiation hardening. A) Operating frequency. B) Processor cores or
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and 10B.

Increases and decreases in power dissipation are more unpredictable because

they are dependent on many factors, including decreases in operating frequencies and
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the number of processor cores or computational units and changes to input/output
peripherals

By comparing space-grade processors to their closest COTS counterparts using
metrics, the overheads incurred from radiation hardening are analyzed. The largest
decreases in CD and IMB occurred for the multicore and many-core CPUs rather than
the DSP and FPGA, demonstrating that large decreases in operating frequencies had a
more significant impact on the resulting CD and IMB than decreases in the number of
processor cores or computational units. The smallest decreases in CD/W occurred for
the Virtex-5QV due to relatively small decreases in CD and only minor variations in
power dissipation. The largest decreases in EMB and IOB occurred for the older single-
core CPUs because their input/output resources are highly dependent on operating
frequencies that were significantly decreased. These overheads can be considered
when analyzing processors for potential radiation hardening and use in space missions.

Projected Future Space-Grade CPUs, DSPs, FPGAs, and GPUs

Figure 4-6 provides CD, CD/W, IMB, EMB, and IOB for a variety of low-power
COTS processors in logarithmic scale, including the Intel Quark X1000 [97,98], which is
a single-core CPU; the Intel Atom 23770 [99,100], Intel Core i7-4610Y [101-104], and
Samsung Exynos 5433 [105-107], which are multicore CPUs; the Tilera TILE-Gx8036
[108-110], which is a many-core CPU; the Freescale MSC8256 [111-113], which is a
multicore DSP; the Texas Instruments KeyStone-Il 66AK2H12 [114-116], which is a
multicore DSP paired with a multicore CPU; the Xilinx Spartan-6Q LX150T
[42,43,117,118], Xilinx Artix-7Q 350T [42,43,119,120], and Xilinx Kintex-7Q K410T
[42,43,119,120], which are FPGASs; and the NVIDIA Tegra 3 [121,122], NVIDIA Tegra

K1 [115,116,123], and Tegra X1 [106,107,124], which are GPUs paired with multicore
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CPUs. Several modern processors are considered from each category with power

dissipation no larger than 30 W. Data from Figure 4-6 are provided within Table A-6.
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Figure 4-6. Metrics data for low-power COTS CPUs, DSPs, FPGAs, and GPUs.
A) CD. B) CD/W. C) IMB, EMB, and 10B.

By comparing many low-power COTS processors, the top-performing
architectures are selected and considered for potential radiation hardening and use in

future space missions. Although the Core i7-4610Y is the top-performing CPU in most
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cases, the Exynos 5433 achieves the largest CD/W of the CPUs due to its low power
dissipation. The top-performing DSP, FPGA, and GPU are the KeyStone-II, Kintex-7Q,
and Tegra X1, respectively. However, if the architectures from these COTS processors
were to be used in potential future space-grade processors, several overheads would
likely be incurred during the radiation-hardening process that must be considered.
Therefore, the results for top-performing COTS processors from Figure 4-6 are
decreased based upon the worst-case and best-case radiation-hardening overheads
from Figure 4-5 to project metrics for potential future space-grade processors. Figure 4-
7 provides worst-case and best-case projections in logarithmic scale for potential future
space-grade processors based upon the Core i7-4610Y, Exynos 5433, KeyStone-ll,
Kintex-7Q, and Tegra X1 alongside the top-performing space-grade processors from
Figure 4-1 to determine how additional radiation hardening of top-performing COTS
processors could impact the theoretical capabilities of space-grade processors. Data
from Figure 4-7 are provided within Tables A-7 and A-8.

By comparing top-performing and projected future space-grade processors using
metrics, the potential benefits of radiation hardening additional COTS architectures are
analyzed. Although the results from Figure 4-5 suggest that the radiation hardening of
CPUs typically results in large overheads, the Core i7-4610Y and Exynos 5433 achieve
the largest CD and CD/W for each data type considered, as well as the largest IMB, out
of all space-grade CPUs even when using worst-case projections. However, the results
from Figure 4-5 also suggest that the radiation hardening of DSPs and FPGAs typically
results in smaller overheads. When using best-case projections, the KeyStone-Il and

Kintex-7Q achieve the largest CD and CD/W for each data type considered, as well as
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the largest EMB, as well as the largest IMB and IOB in most cases, out of all space-
grade processors. Finally, although there are no past results for the radiation hardening
of GPUs, the Tegra X1 achieves a large CD and CD/Wand a moderate IMB, EMB, and

IOB within the range of projections used.
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Figure 4-7. Metrics data for current and projected future space-grade CPUs, DSPs,
FPGAs, and GPUs. A) CD. B) CD/W. C) IMB, EMB, and IOB.
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Based upon the projections and comparisons from Figure 4-7, COTS processors
from each category have a high potential to increase the theoretical capabilities of
space-grade processors, even with the overheads incurred from radiation hardening.
Therefore, as expected, radiation hardening of modern COTS processors could benefit
onboard computing in terms of performance, power efficiency, memory bandwidth, and

input/output bandwidth; and these results help to quantify potential outcomes.
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CHAPTER 5
BENCHMARKING EXPERIMENTS, RESULTS, AND ANALYSIS

To analyze and compare the top-performing processors, benchmarking is
conducted to determine their realizable capabilities through hardware and software
experimentation. First, a taxonomy is presented that characterizes and classifies the
space-computing domain and is used to identify computations for benchmarking
analysis. Next, the performance of space-grade processors is analyzed to determine
how to optimize and parallelize computations for their architectures for both a sensor
processing benchmark and an autonomous processing benchmark. Then, space-grade
processors are directly compared to one another to provide insights into which
architectures perform best in terms of performance and power efficiency. Finally, an
expanded analysis is presented using a variety of additional benchmarks.

Space-Computing Taxonomy and Benchmarks

A comprehensive study of common and critical applications is presented based
upon space mission needs and is used to establish computational dwarfs and formulate
a corresponding taxonomy for the space-computing domain. Because thorough
consideration of every possible application is impractical, the space-computing
taxonomy provides a broad and expansive representation of the computing
requirements required for space missions. Table 5-1 presents the space-computing
taxonomy, which is composed of high-level dwarfs and their corresponding applications,

and is followed by discussion.
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Table 5-1. Space-computing taxonomy.

Dwarf

Applications

Remote sensing

Image processing

Orbital orientation

Orbital maneuvering

Surface maneuvering

Mission planning

Communication

Synthetic-aperture radar
Light detection and ranging
Beamforming

Sensor fusion

Hyper/multi-spectral imaging
Hyper-temporal imaging
Stereo vision

Feature detection and tracking
Image and video compression

Horizon and star tracking
Attitude determination and control
Orbit determination and control

Relative motion control
Rapid trajectory generation
On-orbit assembly

Autonomous landing

Hazard detection and avoidance
Terrain classification and mapping
Path optimization

Intelligent scheduling
Model checking
Environmental control

Software-defined radio
Error detection and correction
Cryptography

Requirements for onboard sensor processing are rapidly increasing due to
advancements in remote sensing and data acquisition, including radar and laser
applications and operations for combining sensor data, which impose intensive
computational demands [11,125-127]. Image processing is commonly required,
including imaging across frequency spectrums and in noisy environments, in addition to
resolution enhancement, stereo vision, and detection and tracking of features across
frames [128-131]. Because sensor data cannot always be processed onboard, and

communication bandwidth to ground stations is limited, data compression can reduce
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communication requirements to ensure that critical sensor data are retrieved and
analyzed [132-134].

Guidance, navigation, and control applications are critical to space missions, and
require intensive computing for real-time autonomous operations, including horizon and
star tracking, and determination and control algorithms for spacecraft attitude and orbit
[135-137]. Autonomous maneuvering is required in orbital missions for proximity
operations, including relative motion control for formation flying, rendezvous and
docking, and on-orbit assembly [138—-142]. Surface missions require autonomous
maneuvering to study foreign environments and to safely and precisely land on and
navigate unfamiliar terrain [143-147]. Autonomous mission planning consists of
profiling, intelligent scheduling, and abstract modeling of onboard science experiments,
environmental control systems, and spacecraft maneuvering operations [127,148-151].

Communication capabilities to ground stations or other remote systems are also
critical for space missions, increasingly based upon software-defined radio due to
higher flexibility and ease of adaptation [152]. Due to the unreliability of remote
communication systems and the hazards posed by the harsh space environment, fault
tolerance is critical for space missions, and data reliability can be strengthened by
periodically scrubbing memories and applying error detection and correction codes to
data transmissions [153,154]. Cryptographic techniques are often required to protect
sensitive and valuable data during transmission [155]. While mission security can
require specific, classified cryptographic algorithms, computationally similar unclassified
algorithms are also of significance for less sensitive or shorter duration missions

[156,157].
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To determine which computations to prioritize for benchmark development,
optimization, and testing, the taxonomy is decomposed to identify its most
computationally intensive parts, where most can be characterized by several of the
more abstracted UBC dwarfs such as dense and sparse linear algebra, spectral
methods, and combinational logic. Table 5-2 presents the set of space-computing
benchmarks, which largely represents the computations required by the dwarfs and
applications of the taxonomy.

Table 5-2. Space-computing benchmarks.

Benchmark

Matrix multiplication

Matrix addition

Matrix convolution

Matrix transpose

Kronecker product

Fast Fourier transform

Haar wavelet transform
Discrete wavelet transform
Kepler's equation

Lambert’s problem
Clohessy-Wiltshire equations
Artificial potential functions
Reed-Solomon codes
Advanced Encryption Standard

From this set of computations, space-computing benchmarks are developed,
optimized, and tested on space-grade processors using the methods described in
Chapter 3. First, space-grade CPUs and FPGAs are analyzed and compared using a
matrix multiplication benchmark with size 1024 x 1024 matrices, which largely
represents sensor processing, and a Kepler's equation benchmark with size 1024
vectors, which largely represents autonomous processing. Then, an expanded analysis
is conducted on space-grade CPUs using a variety of additional benchmarks to
determine how their architectures perform across a broad range of computations used

within the space-computing taxonomy. The expanded analysis uses a matrix addition
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benchmark with size 2048 x 2048 matrices, a matrix convolution benchmark with size
2048 x 2048 matrices and a size 3 x 3 Sobel filter, a matrix transpose benchmark with
size 2048 x 2048 matrices, and a Clohessy-Wiltshire equations benchmark with size
2048 vectors. By generating benchmarking data on space-grade processors, their
realizable capabilities are analyzed for computations that are used either within specific
applications or broadly across the space-computing domain.

Performance Analysis of Space-Grade CPUs

Figures 5-1 and 5-2 provide parallelization data for the matrix multiplication and
Kepler's equation benchmarks on space-grade CPUs, including the Cobham GR740,
BAE Systems RAD5545, Boeing HPSC, and Boeing Maestro. For each architecture,
speedup is achieved as computations are distributed across processor cores.
Performance is analyzed using increasing numbers of threads to quantify and compare
the parallel efficiency of each architecture. Data from Figures 5-1 and 5-2 are provided
within Table B-1.

For matrix multiplication, speedup is achieved on the GR740, RAD5545, and
HPSC, with minor increases once the number of threads exceeds the number of
processor cores. The GR740 achieves minor speedup, the RAD5545 achieves near-
linear speedup in most cases, and the Maestro achieves significant speedup. The
HPSC achieves moderate speedup for most data types but only minor speedup for the

Int32 data type that requires large data precisions for its results to prevent overflow.
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Figure 5-1. Parallelization data for matrix multiplication on space-grade CPUs.
A) GR740. B) RAD5545. C) HPSC. D) Maestro.

For Kepler's equation, parallel speedup is achieved on the GR740, RAD5545,
and HPSC, but decreases once the number of threads exceeds the number of
processor cores. The GR740 achieves minor to moderate speedup, the RAD5545
achieves near-linear speedup in most cases, and the HPSC achieves near-linear
speedup in all cases other than the less computationally intensive Int8 and Int16 data
types. The Maestro achieves the lowest speedup, where integer performance
decreases once more than only few threads are used, and floating-point performance

decreases once the number of threads approaches half the number of processor cores.
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Figure 5-2. Parallelization data for Kepler’s equation on space-grade CPUs.
A) GR740. B) RAD5545. C) HPSC. D) Maestro.

By analyzing the parallel speedup achieved by space-grade CPUs, the efficiency
of their multicore and many-core architectures is quantified and compared. In particular,
the GR740 achieves minor to moderate levels of parallel efficiency with more speedup
for Kepler’s equation than for matrix multiplication. The RAD5545 achieves the highest
levels of parallel efficiency with near-linear speedup in most cases, demonstrating that
the performance of its architecture does not suffer significantly from communication
overheads between processor cores. The HPSC achieves moderate speedup for matrix
multiplication, but benefits from the SIMD units within each processor core, and

achieves near-linear speedup for Kepler’'s equation with the more computationally
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intensive data types. The Maestro achieves the lowest levels of parallel efficiency
considering its large number of processor cores, demonstrating that some computations
cannot be efficiently parallelized even using a hybrid strategy. Results demonstrate the
realizable capabilities and limitations of space-grade CPUs and that future architectures
must be designed to minimize communication overheads between processor cores to
achieve progressively higher levels of performance.
Performance Analysis of Space-Grade FPGAs

Figures 5-3 and 5-4 provide resource usage for the matrix multiplication and
Kepler's equation benchmarks on space-grade FPGAS, including the Xilinx Virtex-5QV
and Microsemi RTG4. For each architecture, speedup is achieved wherever possible as
computations are distributed across the architecture by instantiating and operating
multiple benchmarks simultaneously. Resource efficiency is analyzed in terms of MACs,
LUTSs, FFs, and BRAMSs, to quantify and compare the resource efficiency of each

architecture. Data from Figures 5-3 and 5-4 are provided within Table B-2.
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Figure 5-3. Resource usage data for matrix multiplication on space-grade FPGAs.
A) Virtex-5QV. B) RTG4.
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Figure 5-4. Resource usage data for Kepler's equation on space-grade FPGAs.
A) Virtex-5QV. B) RTG4.

For matrix multiplication, the resources required by the designs are significant
enough that only one benchmark can be instantiated and operated. In most cases, the
limiting factors that prevent parallel speedup from being achieved on these architectures
are the availability of additional MACs for the Virtex-5QV and of additional BRAMs for
the RTG4. Thus, matrix multiplication is typically bound computationally on Virtex-5QV
and typically bound by memory on RTG4.

For Kepler's equation, the resources required by the designs are not nearly as
significant, which allows for many benchmarks to be instantiated and operated
simultaneously, where the number of benchmarks that can operate in parallel is highest
for Int8 data types and typically decreases as the level of data precision increases. In
most cases, the limiting factors that prevent additional parallel speedup from being
achieved on these architectures are the availability of additional LUTs and FFs because
the trigonometric functions used within Kepler's equation cannot be efficiently
synthesized and implemented using MACs. Thus, Kepler’'s equation is typically bound

computationally on the Virtex-5QV and RTG4.
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By analyzing the resource usage of space-grade FPGAs, the efficiency of their
reconfigurable architectures is quantified and compared. In particular, the Virtex-5QV
and RTG4 achieve much higher levels of parallel efficiency for Kepler's equation than
for matrix multiplication, due to significantly less resource usage that allows multiple
benchmarks to be instantiated and operated simultaneously. In most cases, the Virtex-
5QV is bound computationally, while the RTG4 is bound computationally for Kepler’s
equation and bound by memory for matrix multiplication. In some cases, floating-point
results are bound by the inability to route additional designs across the reconfigurable
architectures. Results demonstrate the realizable capabilities and limitations of space-
grade FPGAs and that future architectures must be designed to minimize resource
usage for arithmetic operations and trigonometric functions to achieve progressively
higher levels of performance.

Benchmarking Comparisons of Space-Grade CPUs and FPGAs

Figures 5-5 and 5-6 provide performance and power efficiency for the matrix
multiplication and Kepler’s equation benchmarks on space-grade CPUs and FPGAs in
logarithmic scale, including the GR740, RAD5545, HPSC, Maestro, Virtex-5QV and
RTG4. The realizable capabilities of their architectures are analyzed and directly
compared to one another. Data from Figures 5-5 and 5-6 are provided within Tables B-3
and B-4.

For matrix multiplication, the floating-point performance of the RAD5545 and
HPSC benefit significantly from the use of optimized libraries. Although integer
performance is also of importance for sensor processing, there is no equivalent library
available for integer data types. The HPSC also benefits significantly from the use of

SIMD units. The Virtex-5QV and RTG4 typically achieve higher performance for integer
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data types than for floating-point data types due to more efficient libraries that require

fewer cycles to compute each result and support higher operating frequencies.
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Figure 5-5. Benchmarking data for matrix multiplication on space-grade CPUs and
FPGAs. A) Performance. B) Power efficiency.
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Figure 5-6. Benchmarking data for Kepler’s equation on space-grade CPUs and
FPGAs. A) Performance. B) Power efficiency.

For Kepler’s equation, floating-point data types are typically required, but integer
data types can also be advantageous if potential increases in performance are worth
the loss in data precision. Although integer performance on space-grade CPUs is not
significantly higher than floating-point performance, the space-grade FPGAs achieve

much higher integer performance than floating-point performance due to the lower
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resource usage of the designs, which results in higher achievable operating frequencies
and the ability to instantiate and operate many more benchmarks in parallel. Therefore,
a trade-off between performance and data precision is likely not worthwhile on the
space-grade CPUs, but could be worthwhile on the space-grade FPGAs.

By analyzing the performance and power efficiency of space-grade CPUs and
FPGAs and directly comparing them to one another, the realizable capabilities of their
architectures are quantified and examined. Of the space-grade CPUs, the GR740
achieves high levels of power efficiency due to its low power dissipation, the RAD5545
and HPSC achieve high levels of floating-point performance due to the use of optimized
libraries, and the Maestro achieves high levels of integer performance in some cases
due to its multiple integer execution pipelines. However, the HPSC achieves the highest
performance in most cases largely due to its SIMD units. The space-grade FPGAs
achieve much higher performance and power efficiency than any of the space-grade
CPUs due to their ability to reconfigure their architectures specifically for each
benchmark, their ability to support high levels of parallelism in many cases, and their
low power dissipation. In particular, the Virtex-5QV typically achieves the highest
performance largely due to its relatively high operating frequencies and the RTG4
typically achieves the highest power efficiency due to its very low power dissipation.
Results demonstrate that the most desirable architectures for future space-grade
processors are multicore CPUs, FPGAs, and hybrid combinations of both, particularly
those that include SIMD units and better support for trigonometric functions.

Expanded Analysis of Space-Grade CPUs

Figure 5-7 provides performance for the matrix addition, matrix convolution,

matrix transpose, and Clohessy-Wiltshire equations benchmarks on space-grade CPUs

55



in logarithmic scale, including the GR740, RAD5545, HPSC, and Maestro. The
architectures of these processors are analyzed and compared to provide additional
insights into their realizable capabilities for onboard computing using a variety of

benchmarks. Data from Figure 5-7 are provided within Table B-5.
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Figure 5-7. Performance data for additional benchmarks on space-grade CPUs.
A) Matrix addition. B) Matrix convolution. C) Matrix transpose. D) Clohessy-
Wiltshire equations.

The HPSC achieves the highest performance in almost all cases, demonstrating
its advantages for arithmetic operations, trigonometric functions, and memory transfers.
The RAD5545 typically achieves the next highest performance, followed by the GR740,

and then by the Maestro. Results further demonstrate that multicore architectures are
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more desirable than many-core architectures for future space-grade CPUs due to better
parallel efficiency between processor cores and that the SIMD units of the HPSC are
highly beneficial for a variety of computations. By expanding the performance analysis
of space-grade CPUs using a variety of benchmarks, the realizable capabilities of their
architectures are quantified and compared across a broad range of computations used

within the space-computing taxonomy.
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CHAPTER 6
CONCLUSIONS

To address the continually increasing demands for onboard computing, research
is conducted into a broad range of processors using metrics and benchmarking to
provide critical insights for progressively more advanced architectures that can better
meet the computing needs of future space missions. Trade-offs between architectures
are determined that can be considered when deciding which space-grade processors
are best suited for specific space missions or which characteristics and features are
most desirable for future space-grade processors.

A metrics analysis is presented as a methodology to quantitatively and
objectively analyze a broad range of space-grade and low-power COTS processors in
terms of performance, power efficiency, memory bandwidth, and input/output
bandwidth. Results are generated to enable comparisons of space-grade processors to
one another, comparisons of space-grade processors to their closest COTS
counterparts to determine overheads incurred from radiation hardening, and
comparisons of top-performing space-grade and COTS processors to determine the
potential for future space-grade processors.

Metrics results demonstrate and quantify how space-grade processors with
multicore and many-core CPU, DSP, and FPGA architectures are continually increasing
the theoretical capabilities of space missions by supporting high levels of parallelism in
terms of computational units, internal memories, and input/output resources. In
particular, the best results are provided by the RC64, Virtex-5QV, and RTG4 for integer
CD and CD/W; the RADSPEED and Virtex-5QV for floating-point CD and CD/W; the

RC64 and Virtex-5QV for IMB; the RAD5545 and Virtex-5QV for EMB; and the
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RAD5545, Virtex-5QV, and RTG4 for IOB. Additionally, CD results for each top-
performing space-grade processor are further analyzed to demonstrate and evaluate
how the performance can vary significantly between applications, depending on the
operations mixes used within the intensive computations, with the largest variations
occurring for integer operations on the Maestro, Virtex-5QV, and RTG4.

The overheads incurred from radiation hardening are quantified using metrics
and analyzed, where the overheads incurred by the space-grade CPUs are typically
much larger than those incurred by the DSP and FPGA because they required more
significant decreases in operating frequencies. Overheads from past cases of radiation
hardening are used to project metrics for potential future space-grade processors,
demonstrating and quantifying how the radiation hardening of modern COTS
processors from each category could result in significant increases in the theoretical
capabilities of future space missions. In particular, the Core i7-4610Y and Exynos 5433
could provide the largest CD, CD/W, and IMB out of all space-grade CPUs; the
KeyStone-Il and Kintex-7Q could provide the largest CD, CD/W, and EMB out of all
space-grade processors, as well as the largest IMB and I0B in most cases; and the
Tegra X1 could provide the largest CD and CD/W out of all space-grade processors.

Once the top-performing processors are identified using metrics, a benchmarking
analysis is demonstrated as a methodology to measure and compare their realizable
capabilities. The space-computing domain is broadly characterized to establish
computational dwarfs, including remote sensing, image processing, orbital orientation,
orbital maneuvering, surface maneuvering, mission planning, and communication, and a

corresponding taxonomy is formulated and used to identify a set of computations for
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benchmark development, optimization, and testing. Results are generated on space-
grade CPUs and FPGAs for matrix multiplication, a sensor processing benchmark, and
Kepler's equation, an autonomous processing benchmark, and for a variety of additional
benchmarks on space-grade CPUs for an expanded analysis.

Of the CPUs analyzed using benchmarking, the GR740 achieves high levels of
power efficiency due to its low power dissipation, the RAD5545 achieves high levels of
parallel efficiency due to its low communication overheads, and the HPSC achieves
high levels of performance and power efficiency for a variety of computations due to its
SIMD units. Results demonstrate that multicore architectures are more desirable than
many-core architectures for future space-grade CPUs due to better parallel efficiency
between processor cores.

The space-grade FPGAs analyzed using benchmarking achieve much higher
performance and power efficiency than any of the space-grade CPUs due to their ability
to reconfigure their architectures specifically for each benchmark, their ability to support
high levels of parallelism in many cases, and their low power dissipation. In particular,
the Virtex-5QV typically achieves the highest performance largely due to its relatively
high operating frequencies and the RTG4 typically achieves the highest power
efficiency due to its very low power dissipation. Results demonstrate that lower resource
usage for arithmetic operations and trigonometric functions is desirable for future space-
grade FPGAs to increase the parallel efficiency of their reconfigurable architectures.

In conclusion, metrics results demonstrate that multicore and many-core CPU,
DSP, and FPGA architectures are continually increasing the capabilities of space

missions, and that radiation hardening of modern COTS processors from each category
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could result in significant increases in future capabilities. Benchmarking results
demonstrate that FPGAs achieve the highest levels of realizable performance and
power efficiency, and that the most desirable architectures for future space-grade
processors are multicore CPUs, FPGASs, and hybrid combinations of both, particularly
those that include SIMD units and better support for trigonometric functions. Future
research directions involve expanding these experiments using additional processors,

metrics, benchmarks, and optimizations.
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APPENDIX A
METRICS DATA

Table A-1. Metrics data for space-grade CPUs, DSPs, and FPGAs.
Processor CD (GOPS) Power CD/W (GOPS/W) IMB EMB 0B
Int8 Int16 Int32 SPFP_ DPFP (W) Int8 Intl6  Int32 SPFP DPFP  (GBIs) (GB/s) (GB/s)

HXRHPPC 0.08 0.08  0.08 0.08 0.04 760 001 001 0.01 0.01 0.01 1.92 0.00 0.16
RAD750 0.27 027  0.27 0.13 0.13 500 0.05 0.05 0.05 0.03 0.03 3.19 1.06 1.59
GR712RC 0.08 0.08  0.08 0.03 0.03 150 005 0.05 0.05 0.02 0.02 4.80 0.40 1.21
GR740 1.00 1.00 1.00 1.00 1.00 150 067 0.67 0.67 0.67 0.67 32.80 1.06 1.90
RAD5545 3.73 373 373 1.86 1.86 2000 019 019 0.19 0.09 0.09 55.58 12.80 32.48
Maestro 11.99 1132 1019 12.74 12.74 2220 054 051 0.46 0.57 0.57 152.88 8.32 15.07
RC64 102.40 102.40 30.72 19.20 0.00 8.00 1280 12.80 3.84 2.40 0.00 3840.00 4.80 24.80
RADSPEED 14.17 11.81 6.44 70.83 3542 1500 094 0.79 0.43 4.72 2.36 589.04 7.46 15.16
Virtex-5QV 503.72 21457 59.67 5193 14.96 9972 4430 2262 5.91 5.14 1.70 1931.04 16.00 109.16
RTG4 418.32 252.18 18.36 3.12 0.83 391" 5560 4171 568 1.96 0.74 707.40 5.33 68.70

a Averaged between data types (Int8: 11.37 W; Int16: 9.49 W; Int32: 10.09 W; SPFP: 10.10 W; DPFP: 8.78 W).
b Averaged between data types (Int8: 7.52 W; Int16: 6.05 W; Int32: 3.23 W; SPFP: 1.60 W; DPFP: 1.14 W).

Table A-2. Performance variations in space-grade CPUs, DSPs, and FPGAs.

Processor

CD (GOPS) for 100% additions

CD (GOPS) for 50% each

CD (GOPS) for 100% multiplications

Int8 Int16 Int32 SPFP__ DPFP__ Int8 Intl6  Int32 SPFP__DPFP _ Int8 Intl6  Int32 SPFP__ DPFP
GR740 1.00 1.00 1.00 1.00  1.00 1.00 1.00 100 100 1.00 1.00 1.00 100 100 1.00
RAD5545 3.73 3.73 373 186 186 3.73 373 373 186 186 1.86 1.86 186 186  1.86
Maestro 101.92 50.96 25.48 12,74 12,74 11.99 11.32 1019 12.74 1274 6.37 6.37 6.37 637 637
RC64 153.60  153.60 76.80 1920  0.00 102.40 102.40 30.72 19.20 0.00 76.80 76.80 19.20 19.20  0.00
RADSPEED 35.42 17.71 885 3542 3542 1417 11.81 6.44 70.83 3542 8.85 885 5.06 3542 3542
Virtex-5QV  2722.86  988.42  413.12 47.65 18.72 503.72 21457 59.67 51.93 14.96 293.83 117.01 33.15 5247 10.66
RTG4 3766.97 2180.88 1169.23  2.64  1.32 418.32 252.18 18.36  3.12  0.83 238.66 126.09 942 312  0.42
Table A-3. Metrics data for closest COTS counterparts to space-grade CPUs, DSPs, and FPGAs.

Processor CD (GOPS) Power  CD/W (GOPS/W) IMB EMB 0B

Int8 Intl6  Int32 SPFP__ DPFP__ (W) Int8 Intl6  Int32 SPFP__DPFP__ (GBIs) (GBIs) (GBIs)

PowerPC603e 0.27 027 027 027  0.13 3.50 008 008 008 008 004 6.38 0.00 2.13
PowerPC750 0.80 0.80  0.80 0.40  0.40 4.70 0.17 017 017 0.09  0.09 9.60 3.20 4.00
P5040 17.60 17.60 17.60 8.80  8.80 49.00 036 036 036 018 0.18 262.40 25.60 44.22
TILE64 4216  39.82 35.84 0.00  0.00 23.00 183 173 156 0.00 0.00 537.60 12.80 19.55
CSX700 19.20 16.00 873  96.00 48.00 10.00 192 160 087 9.60 4.80 792.00 8.00 20.72
Virtex-5 833.20 416.00 89.97 80.52 17.43  13.61® 52,50 2472 639 6.06 218  2413.80 21.33 121.58

a Averaged between data types (Int8: 15.87 W; Int16: 16.83 W; Int32: 14.07 W; SPFP: 13.28 W; DPFP: 8.00 W).
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Table A-4.

Radiation-hardening outcomes for space-grade CPUs, DSPs, and FPGAs.

Space-grade

Closest COTS counterpart

Percentages achieved by space-grade

Processor Operating Cores/units Power Operating Cores/units Power Operating Cores/units Power
frequency (MHz) (W) frequency (MHz) (W) frequency (%) (%) (%)

HXRHPPC 80.00 1 7.60 266.00 1 3.50 30.08 100.00 217.14
RAD750 133.00 1 5.00 400.00 1 4.70 33.25 100.00 106.38
RAD5545 466.00 4 20.00 2200.00 4 49.00 21.18 100.00 40.82
Maestro 260.00 49 22.20 700.00 64 23.00 37.14 76.56 96.52
RADSPEED 233.00 76 15.00 250.00 96 10.00 93.20 79.17  150.00
Virtex-5QV 226.472 6952 9.972 304.99° 820  13.61° 74.25 84.79 73.22

a Averaged between data types (Int8: 301.30 MHz, 1672 cores, 11.37 W; Int16: 205.80 MHz, 1043 cores, 9.49 W; Int32: 215.47 MHz, 276 cores, 10.09 W;
SPFP: 222.57 MHz, 233 cores, 10.10 W; DPFP: 187.20 MHz, 79 cores, 8.78 W).
b Averaged between data types (Int8: 353.35 MHz, 2358 cores, 15.87 W; Int16: 380.95 MHz, 1092 cores, 16.83 W; Int32: 301.93 MHz, 298 cores, 14.07 W,

SPFP: 327.33 MHz, 246 cores, 13.28 W; DPFP: 161.39 MHz, 108 cores, 8.00 W).

Table A-5. Percentages achieved by space-grade CPUs, DSPs, and FPGAs after radiation hardening.

CD (% CD/W (%

Processor Int8( : Intlé  Int32 SPFP__ DPFP _ Int8 ( )Int16 32 spep_pprp  MB(%)  EMB(%) 0B (%)

HXRHPPC 30.08 3008 3008 3008 3008 1385 1385 1385 13.85 13.16 30.08 a 7.52
RAD750 33.25 3325 3325 3325 3325 3126 3126 31.26 31.26  31.26 33.25 33.25 39.80
RAD5545 2118 21.18 2118 2118 2118 51.90 51.90 51.90 51.90  51.90 21.18 50.00 73.46
Maestro 28.44  28.44  28.44 a a 2046 2046  29.46 a a 28.44 65.00 77.08
RADSPEED 73.80 7381 7377 7378 7378 4896  49.38  49.43 4919  49.19 74.37 93.25 73.17
Virtex-5QV 60.46 5158  66.32 6449 8583 84.39 9150 9255  84.85  78.17 80.00 75.00 89.78

a Not applicable because original value was zero.

63



Table A-6. Metrics data for low-power COTS CPUs, DSPs, FPGAs, and GPUs.

Processor CD (GOPS) Power CD/W (GOPS/W) IMB EMB  10B
Int8 Int16 Int32  SPFP__ DPFP (W) Int8 Int16  Int32 SPFP__DPFP  (GB/s)  (GBIs) (GBIs)

Quark X1000 0.40 0.80 0.80 040 040 222 0.18 036 036 018 018 3.20 1.60 5.41
Atom Z3770 198.56  105.12 5840 46,72 2336 400 4964 2628 1460 11.68 584 280.32 17.36  18.79
Corei7-4610Y  626.60  348.20 177.00 124.80 62.40 1150 5449  30.28 1539 10.85 543 83520 2560  64.10
Exynos 5433 46160 25190 147.20 12160 5240  4.00 11540 62.98 36.80 30.40 13.10 696.00 1320  15.02
TILE-Gx8036 388.80  216.00 129.60 4320 4320 30.00 12.96 720 432 144 144 172800 1280  33.86
MSC8256 24.00 2400 1200 1200 6.00  6.04 3.97 397 199 199 099 28800 1280  17.94
KeyStone-I 145920  729.60 364.80 198.40 99.20 21.69 67.28 33.64 16.82 9.15 457 127040 28.80  48.22
Spartan-6Q 590.40  185.10 37.96 2122  7.86 7.04% 6058 2246 595 3.89 147 67536 24.00 57.80
Artix-7Q 124500  939.10 163.30 134.20 4552 14.70° 7549 52.65 13.73 893  3.72 359861 16.00  75.60
Kintex-7Q 229500 1696.00 380.60 224.30 91.95 27.41° 7428 51.36 18.03 872 350 655527 42.67 184.29
Tegra 3 265.98  137.98 73.98 7398 2560 200 13299 6899 3699 3699 1280 26560 10.68  16.33
Tegra K1 697.60  440.00 311.20 256.00 44.40 500 13950 88.00 6220 51.20 1952  625.60 6.40  33.58
Tegra X1 1152.00  704.00 480.00 384.00 7200 500 230.40 140.80 96.00 76.80 14.40 54400 2560  32.16

a Averaged between data types (Int8: 9.75 W; Int16: 8.24 W; Int32: 6.38 W; SPFP: 5.46 W; DPFP: 5.36 W).
b Averaged between data types (Int8: 16.49 W; Int16: 17.84 W; Int32: 11.89 W; SPFP: 15.03 W; DPFP: 12.23 W).
¢ Averaged between data types (Int8: 30.90 W; Intl16: 33.02 W; Int32: 21.11 W; SPFP: 25.74 W; DPFP: 26.27 W).

Table A-7. Metrics data for projected future space-grade CPUs, DSPs, FPGAs, and GPUs (worst case).

Processor CD (GOPS) CD/W (GOPS/W) IMB EMB OB

Int8 Int16 Int32 SPFP  DPFP  Int8 Int16  Int32 SPFP DPFP _ (GBIs) (GBIs) (GBIs)
Core i7-4610Y  132.73  73.76  37.49 2643 1322 755 419 213  1.50 0.71 176.91 8.51 4.82
Exynos 5433 97.78  53.36  31.18 2576 11.10 1598 872 510  4.21 1.72 147.43 4.39 1.13
KeyStone-I 309.09 15454  77.27 42.02 2101 932 466 233 127 0.60 269.09 9.58 3.63
Kintex-7Q 486.12 359.24  80.62 4751 1948 1029 711 250 121 0.46 1388.52 14.19 13.86
Tegra X1 24401 149.12 101.67 81.34 1525 31.91 1950 13.30 10.64 1.89 115.23 8.51 2.42

Table A-8. Metrics data for projected future space-grade CPUs, DSPs, FPGAs, and GPUs (best case).

Processor CD (GOPS) CD/W (GOPS/W) IMB EMB OB

Int8 Int16 Int32  SPFP__ DPFP _ Int8 Int16  Int32 SPFP__DPFP _ (GBIs) (GBIs) (GB/s)
Core i7-4610Y 46244  257.02 13057 92.08 5356 4598 27.71 1424 921  4.24 668.16 23.87 57.55
Exynos 5433 340.67 185.93 10859  89.72 4497 97.38  57.63 34.06 2579 10.24 556.80 12.31 13.49
KeyStone-lI 1076.92 53854 269.11 14639 8514 56.78 30.78 1557  7.76  3.57 1016.32 26.86 43.29
Kintex-7Q 1693.76 1251.86 280.76 16550 78.92 6268 47.00 16.69  7.39 274 524421 39.79 165.46
Tegra X1 850.20  519.64 354.09 283.33 61.80 194.43 128.84 88.85 65.17  11.26 435.20 23.87 28.87
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Table B-1. Parallelization data for space-grade CPUs.

APPENDIX B
BENCHMARKING DATA

Processor Threads Matrix multiplication speedup (x)

Kepler's equation speedup (%)

Int8 Int16 Int32 SPFP DPFP Int8 Int16 Int32 SPFP DPFP
GR740 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GR740 2 1.42 1.38 1.39 151 1.50 1.55 1.73 171 1.87 1.90
GR740 4 1.58 151 1.53 1.67 1.67 2.45 2.81 2.65 3.38 3.26
RADS545 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
RADS545 2 1.81 1.06 1.99 1.98 1.99 1.93 1.94 1.96 1.79 1.99
RADS545 4 3.62 2.22 3.98 3.98 3.95 3.71 3.60 3.70 2.95 3.87
RAD5545 8 3.99 2.03 3.89 3.91 3.90 3.32 3.46 3.73 2.84 3.51
RAD5545 16 3.45 2.03 3.90 3.89 3.90 2.83 3.31 3.56 2.68 3.25
HPSC 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
HPSC 2 1.35 1.30 0.20 1.43 1.43 1.62 1.60 1.95 1.93 1.92
HPSC 4 2.63 2.58 0.28 2.86 2.75 2.23 2.53 3.67 3.81 3.81
HPSC 8 5.20 5.01 0.32 5.52 5.47 2.80 2.33 7.13 7.43 7.34
HPSC 16 5.15 5.06 0.32 5.59 5.57 2.01 171 2.85 4.90 4.89
HPSC 32 5.22 5.07 1.73 5.61 5.62 1.73 1.54 2.40 4.48 4.41
Maestro 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Maestro 2 1.84 191 1.93 1.88 1.79 1.49 1.14 1.65 151 1.22
Maestro 4 181 2.19 2.75 2.81 3.05 1.74 0.96 154 1.48 1.21
Maestro 8 3.07 3.53 3.76 4.18 4.57 1.53 0.67 1.61 1.63 1.19
Maestro 16 4.82 5.06 5.10 5.10 7.89 1.01 0.47 1.77 1.96 1.39
Maestro 32 7.80 8.12 8.01 8.07 9.92 0.07 0.04 0.47 1.06 0.69
Maestro 45 10.63 11.00 10.82 10.84 12.20 <0.01 0.00 0.01 0.02 <0.01
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Table B-2. Resource usage data for space-grade FPGAs.

Matrix multiplication resource usage (%) Kepler's equation resource usage (%)

Processor Resource Int8 Int16 Int32 SPFP DPFP Int8 Int16 Int32 SPFP DPFP

Virtex-5QV2 MACs 80.00 80.00 80.00 30.00 55.00 23.13 14.38 6.25 60.00 34.69
Virtex-5QV2 LUTs 34.49 42.68 20.67 42.14 30.21 40.07 57.93 63.01 63.80 50.11
Virtex-5QV2 FFs 34.79 47.26 25.81 46.75 36.47 49.09 75.58 75.36 80.48 63.89
Virtex-5QV2 BRAMs 52.68 51.68 21.48 10.74 10.74 100.00 65.10 14.09 56.38 32.55
RTG4b MACs 27.71 27.71 41.56 55.41 55.41 14.72 14.72 19.05 15.15 20.78
RTG4P LUTs 25.83 30.75 26.72 81.72 30.85 37.42 69.29 62.57 67.23 33.72
RTG4P FFs 18.27 24.23 24.33 48.09 18.70 37.42 90.60 94.28 60.02 26.55
RTG4" BRAMs 61.24 61.24 61.24 61.24 30.62 98.56 98.56 32.54 77.03 44.50

a Total available resources are 320 MACs, 81920 LUTs, 81920 FFs, and 298 BRAMSs.
b Total available resources are 462 MACs, 151824 LUTSs, 151824 FFs, and 209 BRAMS.

Table B-3. Benchmarking data for matrix multiplication on space-grade CPUs and FPGAs.

Processor Performance (MOPS) Power (W) Power efficiency (MOPS/W)
Int8 Int16 Int32 SPFP DPFP Int8 Int16 Int32 SPFP DPFP

GR740 17.30 14.78 11.08 15.02 15.01 1.50 11.53 9.85 7.39 10.01 10.01
RADS5545 75.03 24.10 11.70 361.96 565.41 20.00 3.75 1.21 0.58 18.10 28.27
HPSC 3041.25 1503.63 468.10 1243.98 627.25 10.00 304.12 150.36 46.81 124.40 62.73
Maestro 63.21 60.75 58.55 57.18 50.33 22.20 2.85 2.74 2.64 2.58 2.27
Virtex-5QV 46692.03  40957.92 3537.45 794351  3528.65 3.25%  13996.41  12018.17 1187.86  2385.44  1099.27
RTG4 13653.13 13653.13 6023.50  4818.80 630.15 0.70° 20256.87 17662.52 7538.80 5682.54 1507.55

a Averaged between data types (Int8: 3.34 W; Int16: 3.41 W; Int32: 2.98 W; SPFP: 3.33 W; DPFP: 3.21 W).
b Averaged between data types (Int8: 0.67 W; Int16: 0.77 W; Int32: 0.80 W; SPFP: 0.85 W; DPFP: 0.42 W).

Table B-4. Benchmarking data for Kepler's equation on space-grade CPUs and FPGAs.

Processor Performance (MSOLS) Power (W) Power efficiency (MSOLS/W)

Int8 Int16 Int32 SPFP DPFP Int8 Int16 Int32 SPFP DPFP
GR740 0.83 0.79 0.80 0.43 0.41 1.50 0.55 0.53 0.53 0.29 0.28
RAD5545 0.86 0.19 0.21 0.47 0.70 20.00 0.04 0.01 0.01 0.02 0.04
HPSC 1.85 141 4.22 1.26 1.25 10.00 0.18 0.14 0.42 0.13 0.13
Maestro 1.75 2.65 0.35 0.13 0.11 22.20 0.08 0.12 0.02 0.01 0.01
Virtex-5QV 991.93 418.70 81.09 161.14 58.88 3.898 262.83 104.94 20.17 41.53 15.45
RTG4 302.29 194.65 68.46 26.75 11.99 0.73° 661.48 235.94 78.60 40.59 14.19

a Averaged between data types (Int8: 3.77 W; Int16: 3.99 W; Int32: 4.02 W; SPFP: 3.88 W; DPFP: 3.81 W).
b Averaged between data types (Int8: 0.46 W; Int16: 0.83 W; Int32: 0.87 W; SPFP: 0.66 W; DPFP: 0.85 W).
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Table B-5. Performance data for additional benchmarks on space-grade CPUs.
Processor Benchmark Performance (MOPS, MSOLS, or MT/s)
Int8 Int16 Int32 SPFP DPFP

GR740 Matrix addition? 52.37 37.43 21.40 30.62 15.96
GR740 Matrix convolution® 46.17 52.34 48.05 59.04 56.17
GR740 Matrix transpose® 5.98 4.82 4.78 6.74 6.28
GR740 Clohessy-Wiltshire equations® d d d 10.86 5.40
RADS5545 Matrix addition? 136.53 96.41 48.14 46.13 36.61
RAD5545 Matrix convolution® 149.11 98.33 126.72 126.10 117.90
RADS5545 Matrix transpose® 9.69 8.66 7.96 8.26 7.81
RAD5545 Clohessy-Wiltshire equations® d d d 17.07 17.42
HPSC Matrix addition? 1508.90 792.27 411.23 413.79 213.34
HPSC Matrix convolution® 459.87 456.67 461.30 408.74 1162.32
HPSC Matrix transpose® 143.96 68.40 33.69 33.48 53.09
HPSC Clohessy-Wiltshire equations® d d d 21.67 14.11
Maestro Matrix addition® 7.85 8.11 4.82 5.07 3.46
Maestro Matrix convolution® 81.54 67.59 67.91 65.57 44.19
Maestro Matrix transpose® 4.55 4.23 3.62 3.64 2.64
Maestro Clohessy-Wiltshire equations® d d d 0.76 0.47

a Performance reported in MOPS.
b Performance reported in MT/s.
¢ Performance reported in MSOLS.

4 Integer data types not applicable for this benchmark.
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