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Introduction

* Modern and upcoming space systems require increasing levels of
computing power

* Traditional space processors cannot provide this performance level
* Need for higher performance hardware in space systems
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METASAT Overview @

* Modern aerospace systems require new, advanced functionalities
 Artificial Intelligence (Al)
* High Resolution Sensors
e Optical communications
* Advanced Robotics...

* Advanced functionalities require complex hardware and software
compared to the existing space technologies

* High Performance Hardware technologies: Advanced Multi-cores,
GPUs, Al accelerators

* Programming high performance hardware requires complex software:
parallel and GPU programming



Model-Based Design 5

* Model-Based Design can reduce the development and verification
time for these complex platforms

* Development can be assisted by high level design methods (models)
from which code can be automatically generated

 Correct-by-construction

* Various levels of verification: model-in-the-loop, software-in-the-loop,
processor-in-the-loop etc

* Virtual platforms allow starting software development before the hardware is
ready

* Break the dependency between hardware and software development



Hardware Selection @

* No hardware with such architectural complexity exists for the space
domain

e COTS Embedded Multicore and GPU devices provide these features
but depend on non-qualifiable software stacks

* GPU drivers available only for Linux
* Blocking point for use in institutional missions

* Design a prototype hardware platform based on the RISC-V ISA

Multicore GPU

CPU CPU

Cu Cu
SPARROW

SIMD Unit
L2 L3 H L2

CPU CPU

Cu Cu
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Virtualisation @

* Time and Space isolation provide benefits for faster and easier
Integration

 Components can be developed and tested in isolation
 Fault Detection, Isolation and Recovery (FDIR)

© 2023 Consortium Confidential



METASAT C

 METASAT will rely on open source and standardized technologies

* Maximise interoperability and avoid vendor lock-in t" t
* Facilitate the development of a space ecosystem asSte

* ESA’s TASTE Open Source Model Based Design framework,
enhanced with support for high performance platforms such as
multicores and GPUs

* Open Source Processor technologies such as Gaisler’s NOEL-V
RISC-V processors

* Enhancement with Al processing acceleration capabilities



The METASAT RISC-V Platform

* Mixed Criticality Platform
* FPGA Prototype on a Xilinx VCU118

 Multicore CPU Based on NOEL-V +
SPARROW Al SIMD Accelerator

* Qualifiable software stack for high
criticality software with moderate Al
acceleration needs

e

METASAT

High-Criticality,
Qualification,
Real-time
requirements

High-Criticality,
Qualification,
Real-time
requirements

High-Criticality,
Qualification,
Real-time
requirements

Low-Criticality,
Best effort task

Partition
Management
Software
Partition

Xtratum Partition
for application 1

Xtratum Partition
for application 2

Xtratum Partition
for applicationN

Monitoring
Management

Satellite
Management
Other

Functionalities

Application sw
(possibly
legacy)

Qualifiable FT GPU sw
stack/middleware

GPU remoting API

Ada/ €/ RTEMS (SMP)

Application sw
(possibly
legacy)

Qualifiable FT GPU sw
stack/middleware
GPU remoting API
LithOS APEX

Application sw

Linux sw
libraries
GPU driver

Portable Middleware exposing a common API for all the Middleware GPU
considered hypervisor technologies remoting API

Hypervisor (Xtratum) GPU Driver

(Multicore) CPUs + SPARROW Al SIMD Accelerator
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The METASAT RISC-V Platform 55

e SPARROW AI SIMD Accelerator AS B3 A2 | B2 Jl A1 | Bt J_ A0 ] BO

| | [ [

* High-performance, Low-cost at least
30% smaller than conventional vector
processors with similar performance

 Minimal core modifications
* incremental qualification

* Key features: reuse of integer register
file, short SIMD unit (8-bit), swizzling,
reductions

* Intrinsics-like software support similar
to ARM’s NEON
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The METASAT RISC-V Platform

* Mixed Criticality Platform
* FPGA Prototype on a Xilinx VCU 118
* Configurable Vortex RISC-V GPU

e Enhancements for real-time execution and
reliability

e Qualifiable software stack for tasks
requiring very high performance

* Enable the use of GPUs from bare metal,
or RTOS

e Share the GPU among partitions

* The hardware platform will be open
sourced as well as much of its
software

11

e

METASAT

High-Criticality,
Qualification,
Real-time
requirements

High-Criticality,
Qualification,
Real-time
requirements

High-Criticality,
Qualification,
Real-time
requirements

Low-Criticality,
Best effort task

Partition
Management
Software
Partition

Xtratum Partition
for application 1

Xtratum Partition
for application 2

Xtratum Partition
for applicationN

Health
Monitoring
Update
Management

Management
Functionalities

Application sw
(possibly
legacy)

Qualifiable FT GPU sw
stack/middleware

GPU remoting API
Ada/ €/ RTEMS (SMP)

Application sw
(possibly
legacy)

Qualifiable FT GPU sw
stack/middleware

GPU remoting API

LithOS APEX

Application sw

Linux sw
libraries
GPU driver

Linux Kernel

Portable Middleware exposing a common API for all the Middleware GPU
considered hypervisor technologies remoting API

Hypervisor (Xtratum) GPU Driver

(Multicore) CPUs + SPARROW Al SIMD Accelerator
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The METASAT RISC-V Platform: Current Status" %

= NOEL-V Integration with Vortex GPU
= AXI interface added to Vortex
= Started a simple experiment offloading a GPU kernel to the GPU

= Established a programming methodology for using OpenCL in the METASAT
platform Precompile a GPU kernel

= Common practice in safety critical systems (OpenGL SC, Vulkan SC)

" Include the kernel binary in the program executable in a dedicated GPU
memory area

= No filesystem
" Linker script modifications

© 2023 Consortium Confidential



The METASAT RISC-V Platform: Current Status{™™""

= FPGA Resource utilisation

= Current configuration:

= 4 NOEL-V high performance + 2 SPARROW
accelerators: 48% utilisation

= To include also L2 cache L2Lite

= GPU: 4 CUs, 4 threads each, 64bit L2 GPU cache
50% Utilisation

= Once the design is fully functional a design space
exploration will be performed to find the best
configuration for the project use cases

Multicore
CPU

13



The METASAT RISC-V Platform: Current Status" %

. Able to ru n Open IVI P prog ra mS On both FPGA = unet32alphal_0_upsample — root@a3ded8h(
a n d QE M U u n d e r RTE IVI S root@a3de48bca934: /workspace/app/matrix_multiplication_bench# ./sim-qemu

OPENMP DISPLAY ENVIRONMENT BEGIN
_OPENMP = '201511'

= See [1] for performance results and TR
comparison with other multicore T

OMP_STACKSIZE = '@°
. OMP_WAIT_POLICY = 'PASSIVE'
a rCh Ite Ctu res OMP_THREAD_LIMIT = '4294967295'
OMP_MAX_ACTIVE_LEVELS = '1'
OMP_NUM_TEAMS = '@°

OMP_TEAMS_THREAD_LIMIT = '@’

OMP_CANCELLATION = 'FALSE'

OMP_DEFAULT_DEVICE = '@’

OMP_MAX_TASK_PRIORITY = '@'

OMP_DISPLAY_AFFINITY = 'FALSE'

OMP_AFFINITY_FORMAT = 'level %L thread %i affinity %A'
'

= On going work to support SPARROW in RTEMS e

GOMP_STACKSIZE = '@"
GOMP_SPINCOUNT = '30000'

= RTEMS Compiler modifications completed O eon s

= Support for SPARROW control register to
be added to RTEMS

and has id of @x@0000

>Device: 0.0000000000 millisecon ds
el: B4672.7812500000 millisecon ds
ce->Host: 0.0000000000 millisecon ds

[ RTEMS shutdown ]

CPU: 2

RTEMS version: 6.0.0.3612dc7dé61d91e@bc121b2d226a1b3882ff9e333

RTEMS tools: 12.2.1 20230224 (RTEMS 6, RSB bfed51462eafcb6a5102a2d6d8@b233f3c6ef635, Newlib 17ac4ee)

eeeee ting thread ID: 8x0a010002

[1] M. Solé, J. Wolf, |. Rodriguez, A. Jover, M. M. Trompouki, L Kosmidis, D.

sokk FATAL sokk

Steenari. Evaluation of the Multicore Performance Capabilities of the Next
Generation Flight Computers. Digital Avionics Systems Conference (DASC) 2023 R R



The METASAT RISC-V Platform: Current Status{™™s

= Preliminary Results Block size: 1024
base lcore: 392.225896 s
transposed 1lcore: 86.701770 s - walid
omp 4cores: 280,271344 s - valid

omp transposed 4core: 19,934385 s - valid

sparrow lcore: 20.878695 s - expected error (non transposed sparrow)
sparrow transposed lcore: 19.400293 s - valid

sparrow omp 4core: 6.340939 s - expected error (non transposed sparrow)
sparrow omp transposed 4core: 5.664588 s - wvalid

= SPARROW on a single core NOEL-V provides similar performance with a 4-core OpenMP
implementation

= 15x overall speedup by using both multicore and SPARROW

© 2023 Consortium Confidential
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The METASAT RISC-V Platform

= METASAT multicore CPU to be modeled in
QEMU and SIS
= Add also support for SPARROW

= VVortex GPU to be simulated in Verilator
= Cycle-accurate behavioural simulation
= SystemVerilog to SystemC/C++

= Work started with GR740 and GR712RC models
= Accurate modeling of the GR740 GRFPU

= Cannot handle subnormal numbers as input,
raise unfinished Fpop exception

= Handling denormalized numbers with the GRFPU

= https://www.gaisler.com/doc/antn/GRLIB-AN-
0007.pdf

= Can boot unmodified Linux and RTEMS
binaries

lkosmidi@Caosl7:

$ gemu inst/bin/gemu-syst

em-sparc -machine gr740 -serial stdio -kernel ~/rcc-1.3.0-gcc/rc
c-1.3.0-gCC/src/sanptlesy/ rtems-shell gr740
VNC server running on 127.0.0.1:5900
-_RIS_TNPNLOGY - --
| -> DEV 0xd52b8 GAISLER LEON4
[-> UEV UXd53Z0 GALSLER_AFBISI
| -> DEV 0xd5388 GAISLER_IRQMP
| -> DEV 0xd53f0 GAISLER GPTIMER
| -> DEV 0xd5458 GAISLER APBUART

You can use the shell commands drvmgr and pci to find out
more about the system

Creating /etc/passwd and group with three useable accounts
root/pwd , test/pwd, rtems/NO PASSWORD

RTEMS Shell on dev/console. Use 'help' to list commands.

PV0

9 g
sit: IPv6, IPv4 and MPLS over IPv4 tunneling driver
NET: Registered protocol family 17
Key type dns resolver registered
Freeing unused kernel memory: 5760K
This architecture does not have kernel memory protection.
Run /init as init process

Starting syslogd: OK

Starting klogd: OK
Running sysctl: 0K

Saving random seed: random: dd: uninitialized urandom read (32 bytes read)

0K

Starting network: OK
random: crng init done

ssh-keygen: generating new host keys: RSA DSA ECDSA ED25519

Starting sshd: 0K

9% bash 1$ bash

2% bashECEEINER]
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METASAT MBE Workflow and Toolchain -

System Requirements & Tests Procedure :

¢—Test Case Traceability

External Reqluirements System Requirements :

Baseline Tests i Virtual Processor in the

loop (VPIL) testing

1 : Software in the loop T G T
: I 2 i (SlL)testing : Real Equipment

: [c5) A= B 3 ; H :
L : Control || Control Control
Simulink Test / Simulink — ; Function 1||Function 2|** *|Function n (FDIR) ‘
Coverage : i Glue Code e
: 4 : ol PolyORB-HI-C Middleware ] |:
Requirement Simulink Requirements ° i : - ]
Management Tools ) Toolbox M?I’II;}IJSEINK@ : | XtratuM Hypervisor | :

Executable code

System Requirement
Specification

Design Models | GPU H RISC-V CPU |

HW layer

.................................................................................. ' Digital Twin ltem-level Digital Twins |:

/ Embedded Coder

|

Application Code ; : [ PolyORB-HI-C Middleware |

5 (C/C++, CUDA, DL Network code) | |
17 MATLAB 4 ' —

i SSIMULINK® 1

XtratuM Hypervisor
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Executable code

: System Architecture | Design Tl Real Equment
: i i ot Traceability Control || Control Control || Al ' TControl F o :
: Functional Architecture System Architecture ‘| |Function 1| [Function 2|***|Function n||(FDIR) E oniollionctiontd); | | Verification
H i idati : o fControlFunction i |1 || | oo,
; Model Design and Validation ; A= 'E C°"°“" b
: N : 1l Environment | '~-- Ve : 3 Collins Aerospace
| | : e 1| L SEvRe
AADL l€«—Data Types—l . : MATLAB / Simulink MATLAB / Simulink .
; — : - : v Virtual Digital Twin ¢ .
: Data Type Specification | | MATLAB 4\ i Hybrid Digital Twin
: i Model skeletons| N i1 || Control || Control Control Al :
: TASTE Interface View N generation | Ni-coeiioiiii SIMULINK ,,,,,,,,,,,,,,,,,,,,,,,,,,, Function 1| |Function 2|" " *|Function n||(FDIR) i Control Control Control Al
H H . i 1| |Function 1||Function 2|***|Function n||(FDIR)
Architecture integration ASN.1 H SyStem Destgn o | ClusiGods | - | Glue Code ‘ i
validation : o | PolyORB-HI-C Middleware | HE o
: Physical Architecture ) ; 1 el enisan 1 [ PolyORB-HI-C Middieware | |
; Model : P | XtratuM Hypervisor ‘ i
' TASTE Data View ' Executable code ' i
: I ! Executable code
[«—Data TypesJ ystem Integration: 1 ’ GPU H RISC-V CPU ‘
| | Verification | (7. @y | || RsevoUgemy
: : i . i Physical ]
: ' ! Virtualized HW layer . Gpu  Hybrid HW layer
: TASTE Deployment View ta Ste : : .
: : mi
v [ Environment 4| [ Environment
Code Generation : Executable code :
: Generated source code : l :
: Control || Control Control Al
Matlab Coder / Control Control Control Al : Kazoo + Ocarina Function 1|Function 2|" " "|Function n||(FDIR)| | :
H Simulink Coder / Function 1| Function 2 *** Function n| (FDIR) i« | Glue Code
: GPU Coder ' :




METASAT Toolchain Data Flow

taste

Architecture Design

MATLAB 4\
SIMULINK

! ) Design Model = @
Functional Architecture N g O N NX
Model : Matiab Coder /
H Model skel_etons Simulink Coder /
! generation Embedded Coder
AADL
Data Type ! (" External Requirements )
Specification : Baseline
- Application code
( Kazoo + Ocarina ] | (C/C++, CUDA, DL Network code) | : . :
N N | Tests i {Environment model;{ Requirements
c CUDA 3 : i :
| 1 5 = =
3 2 : i A= B :
META : 3 : b :
| i ! Requirement
L D Management Tools
" J
R i A ¢ Sigier than
DEGYRE RT simulationt & gt gimulztion
OHB real 1
o Recorded EGSE ||
@ ASAM XIL testbench |\ i) Ethernet fraces |!
v ASAM XIL < (9., peap)
Control Control Control T R ‘ ------ S
Function 1| Function 2|* " *|Function n (FDIR} Tm' “:;;-r‘;;{;l OHB testing environment
[ Glue Code | FMI |
[ PolyORB-HI-C Middleware |
| XtratuM Hypervisor | | ED-247 |
Executable code
v
| GFU | RISC-V CPU | META
ey @emu
. Standars
Virtualized HW layer [ Models
[ SW binaries
META

L
METASAT
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RISC-V Support in TASTE

RISC-V support added in TASTE
 RTEMS

* RISC-V compiler

 QEMU RISC-V Simulator

Minimal communication example:

HEL

O

&
e

z, @
4

Caller | MCOMHD L] Callea

X

ste@tasteld
ste-simul
Star

ot

META

~/communication_example/work/binaries

ate-leon3 partition 1
tup
t

leon3 rtems.exe

© 2023 Consortium Confidential



Project Use Cases

* 3 Project Use cases will be implemented

* OHB/DLR Use Case
* Hardware interlocking
* Protect against wrong software behaviour

* Implement interlocks at software level instead
of hardware

* Reduce cost
* Implement Al Based FDIR

* To be accelerated on the CPU using the
SPARROW Al accelerator

* Housekeeping data from ENMAP

© 2023 Consortium Confidential



Project Use Cases

* 2 BSC provided use cases based on ESA’'s OBPMark-ML Open Source
Benchmarking suite

* Cloud screening

400

* To be executed on

META

False color Ground truth

4 Channels RGB/NIR mapped to binary mask (cloud/no cloud)

3 8 8 8 B8 B8 &
& & & & & & ©

the GPU

3 8 8 & 8B B B
8 8 8 8 & & &

3 8 8 & 8 B B
g€ 8 8 8 s &8 &
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META

Conclusion

= METASAT will achieve a major milestone towards the use of GPUs and high
performance platforms in space

= Will provide an open source reference hardware platform
" FPGA and virtual

= Possible starting point for a future GPU tape out on a radiation tolerant/hardened
process

= Solve key limitations preventing GPUs to be adopted today in institutional missions
" Qualifiable software stack

" Model-Based design methodology supporting TASTE
= Evaluation to be performed with relevant space use cases

" Promising early results
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Evaluation: Matrix Multiplication from [1] g
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[1] M. Solé et al. Evaluation of the Multicore Performance Capabilities of the Next Generation Flight Computers.
% Digital Avionics Systems Conference (DASC) 2023 © 2023 Consortium Confidential



e
METASAT

Evaluation: 2D Correlation from [1]
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Fvaluation: Sliding FFT from [1] mETRSAT
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METASAT

Evaluation: FIR from [1]
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Evaluation: 2D Convolution from [1]
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Evaluation: CIFAR-10 Inference from [1] Clp™
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Evaluation: SIMD Matrix Multiplication [1] Eig™
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