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Abstract: On-board edge computing has the problems of limited computing power, difficulty in resource reuse, and com-
plication in on-orbit programming of hybrid heterogeneous spacecraft, an on-orbit heterogeneous programming method based
on CPU and operating system processing modes is proposed. This method flexibly uses file system version management and
maintenance, solves the problem of task oriented heterogeneous computing in on-orbit programming, and reconstructs both
the CPU main controller and co processors. To verify the feasibility oh this method, on-board edge computing for meteoro-
logical satellites based on ZYNQ processor is reconstructed, and heterogeneous computing on-orbit reconstruction method is
verified. simultaneously meeting the edge computing needs of polar orbit satellites and high orbit satellites. This algorithm is
validated for pixel by pixel positioning and calibration algorithm of meteorological satellite optical cameras, including the CPU
side APP and co processor acceleration algorithms and hybrid heterogeneous algorithms, all of which meet the requirement of
on-orbit real-time processing, realizing the real usability of hybrid heterogeneous on-orbit programming methods and the re-
use of computing power resources.
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# size-cells = <<1>;

USER SPACE - firmware-name = "design_1_wrapper. bit. bin";

KERNEL SPACE b
}s
fragment@1 {
E—— target = < &.amba>>;
13 ARM Trusted Fimmware (ATF)

PMU Microblze

FPGA MANAGER FLOW DIAGRAM

¥ 3 FPGA Manager & 4i#E &

SIEBLE R, A Sl S b BT SRS
DevC 5 #8544 35 5 3
devefg: devefg@{8007000 {
compatible = "xlnx,zynqg-devefg-1. 0"
interrupt-parent = < &.intc>;
interrupts = <0 8 4>
reg = < 0xf8007000 0x100>;
clocks = <C&.clke 12>, <C&.clke 15>, < &.clke 16
>, <&clke 17>, <&.clke 18>
clock-names = "ref clk", "fclk0", "felkl", "fclk2",
"fclk3";
syscon = << &.sler>>;
}s
fpga_full: fpga-full {
compatible = "fpga-region" ;
fpga-mgr = << &.develg™;
address-cells = <<2>;
size-cells = <<2>;
}s
2.4 FPGA thAbIE2RRENZ S ME
J& FPGA-manager Bt B B}, 3% & W 35 55 Bl kernel — & 4
PEn#, 1E£/proc/device/amba _ pl@O0/F5 S F & A pl dtsi T
M M. B FPGA-manager J5, %5 )4 % in b
AhFRER BT 05 . FPGA P 4b ¥ 25 9K 361 { F| Device-Tree-Over-
lay Zi&5 N4 . 78 FPGA-manager #F . 75 B 2 45 W N i #
R3O pl. dtbo, MR NG TE Linux SO 2 G0 B 3CAF 19
./ proc/ device/amba/ A JBUHT Y A BRLER B2 4595 s . Overlay
BB SR Brs
Overlay B #7755 3014
/dts-v1/;
/plugin/;
/A
fragment@0 {
target = < &.fpga_full>;
4 address-cells = <<1>;
£ sizecells = <1>;
__overlay__ {

# address-cells = <1>;

__overlay  {
axi_gpio_0;: gpio@a0000000 {
# gpio-cells = <2>;

compatible = "xlnx, xps-gpio-1. 00. a";

gpio-controller ;
reg = < 0x0 0xa0000000 0x0 0x10000>;
xlnx, all-inputs = <0x0>;
xlnx,all-inputs-2 = < 0x0>;
xlnx,all-outputs = <0x1>;

l-outputs-2 = <<0x0>;

1
x1
xInx, dout-default = <C0x00000000>;
xInx, dout-default-2 = <C0x00000000>;
xInx, gpio-width = <<0x8>;

xInx, gpio2-width = <<0x20>;
xInx,interrupt-present = < 0x0>;
xInx,is-dual = <<0x0>;

xlnx, tri-default = < 0xFFFFFFFF>;

xInx, tri-default-2 = <<OxFFFFFFFF>;
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G4 nand 3 X AP AR ZEBL B SO, TERLEM A
WA b TR FUEA A RS T Rl R
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GA. bin, u-boot. bin, image. ub, rootfs. tar. gz, A] 3
BN 45 FPGA. bin, B4 SCHF pl. dtbo. Hrib
PR ALK 3 3C 4 dma-proxy. ko SCHF. i FFE T APP. elf,
FPGA. bin 3 ff /1 vivado2019. 1 B 4 . pl. dtsi 304
iy vivado2019. 1-SDK 4 i, XF pl. desi 3C A #F 47 % 5.
Wom DMA AH B B4 95 5, JF M Petalinux TF2 o i/
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1 FPGA. bit design_1_wrapper. bit. bin Vivado2019. 1
2 u-boot Boot. BIN
3 kernel image. ub

pew. dtsi
pl. dtsi
A 5 W zynqmp. dtsi/zynqmp-clk-ccf. dtsi | Petalinux
A system-top. dts 2019.1

system-conf. dtsi

system-user. dtsi
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7 | Wik APP APP. elf SDK2019. 1

A B4 R BB 2 B ) R R A Ak B AR TR
PRAE R G0 45 LAl I 55 SR AT AR B AS A0 55 A DG TE B . A
A EEVE4E HE H . FSBL. elf 3. uboot X . kernel,
RGNS SO B petalinux T H 471,

4.1 Vivado B4 TR i%it

E 6 MIEE T LK. Vivado i Petalinux #2
PERE (A fC 58, B {5 5 0T L L B SOk - hdl ST

1€ Vivado2019. 1 8 p i @ ZYNQ T8 . 723
DMA B f1 HLS B % B He i 75 o6 w4~ 1P iy
Wif5 551 HE ZYNQ . W 6 fix. fEi%E DMA
Bf T 2 4] % SG. PL i iy B g 451 % 3% £ 200 MHz,
ZYNQ v i #: O aHEM A, 0., DMA 1)
HEA T8 E £ 64 bit, B A7 8 £E 32 bit,

FPGA. bit X1 Vivado #BAF g 13 2, F N TEHL
T A 2 o R 2 R . Petalinux 78 4 3% 58 W5 7T K
FPGA ) bit 3CfF— & 4T f1 3 22 BOOT. bin ST, %%

&4 M. petalinux-package —-boot --fsbl-fpga ~ /work/
petalinux/ * * % % 09/images/linux/system. bit ——u-boot
-—force

Wk JTAG fff H a5 % 3 ZYNQ 9 gspi-flash 1,
18 fsbl. elf 3 30 Z J5 3% — #& 47 12 £ BOOT. bin [
FPGA-bit L,

4.2 Petalinux 3% 4 Ti2i& it

Petalinux T. B2 Xilinx #£4t ) ZYNQ 1B & 5+ #4
ERGBIT it TH, KREE EAHE Uboot BLE . ker-
nel L& . XHREBE.

4.2.1 U-boot Bt &

U-boot2019. 1 H1 [¥) image. ub f£ i #£ gspi-flash Hr,
u-boot JB 3 )5 H 3 I 23X gspi-flash t kernel X 18 im-
age. ub B 18 CfF. Qspi-flash 73 X 40 F fr 7. QSPI-
flash By 43 [X i 15 petalinux-config #£ 471X B . nand-flash
F9 73 DX 150 A B A N SO R R AT BB, 1R system-us-
er. dtsi U HEAT 23 X BCE .

0. boot: 0x0000000-0x1FC0000 ;

1. bootenv: 0x1FC0000-0x2000000 ;

2. kernel : 0x20000000-0x3E80000 ;

3. bootscr:; 0x3E80000-0x4000000 3
U-boot2019. 1 fii J A9 ] ¥ T. H & petalinux2019. 1,
Petalinux2019. 1 48 & 58 W J5 . @ 1d 47T T B (petal-
inux-package —-boot --fsbl --fpga --u-boot —force) 4 i
BOOT. bin, Il vivado FIffj & &5 K BOOT. bin $& A
gspi-flash Hr, 8] DL image. ub #1 BOOT. bin —#2 T
WEeE AN QSPl-flash A, =% & i tftp64 M 45 % im-
age. ub & A ZYNQ-DDR, SX/5 i Ji] sf fir %, B A aspi-
flash [ XK. 5 gqspi-flash iy 47U F Frs
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pl_ps_irq0[2:0]
UltraSCALE*
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pl_resetn0 &
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]
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-
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Mersi_accelerate (Pre-Production)
n
u
introu

AXI Direct Memory Access
xlconcat_0

In0[0:0]
In1[0:0] dout[2:0]]
—=n2[0:0]

Concat

Processor System Reset
AXI Interconnect
axi

M+ S00_AXT

- n_n
SO01_AXT X

=+ S02_AXI <M MOO_AXI + i

L Cack .
———

AXI SmartConnect

% 6 vivado T.FEHE &
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’imagc. ub 565 A gspi-flash |

tftpboot image. ub
sf probe
sf erase 0x2000000 0x1b00000

sf write 0x10000000 0x2000000 0x1b00000

4.2.2 kernel it &

Kernel #il{E T. H & F petalinux2019. 1, 7EI/E ker-
nel G5 N T A AR & N AF SO R GE . fH 2 kernel (1 3C
F AR G0 8 AT LUl 3 u-boot 1 Y bootargs Ff 45 48
it B % F) kernel WA T . Bootargs W] LI H H: 1)
SO BRI SO B AR TR s SO 2R B ubifs,
H M RSB B N nand-flash fY rootfs 43X : boot-
args= console = ttyPS0, 115200n8 noinitrd ubi. mtd =1

rootfstype=ubifs root=ubi0: rootfs rw init=/sbin/init,

1t petalinux-config % & W image [/ 3C {528 AU i 5k $&
other 28, X FEi 13 u-boot £ rootfstype= ubifs root
=ubi0: rootfs Z¥UMmf, AT LK SCHF R G S AU B
ubifs B, FE u-boot 1z 417 )2 3h J5, 8 if titp64 ¥ im-
age. ub f& A ZYNQ-DDR 1, i@t sf. nand iy 244 ker-
nel 5 ALE Al 5 AR N 1Y 53 X
4.2.3 XMFRGRE

A SCHIME ) S R GEAF A TE nand-flash v, SCHF R
e BN ubifs B, UM RGN rootls. tar. gz,
404l Ubuntu X R4, BT DL E @ 1T ubuntu M3
g%

F 2 WA BRATSAT
i AT 1 9

//#F mtd

128 MB 17X % i kernel

HF A ubuntu LR S
FF 175 FPGA-bit 34

F Al medl B
¥ mtdblockl 5 ubi #E 7 % $2
ubiformat /dev/mtdl ubi2 I A & — 4> volume, ro-

ubiattach /dev/ubi_ctrl -m 1 otfs 24 bootargs H1 root= ubi0

ubimkvol /dev/ubi0 -N rootfs -m | _0: rootfs ] “rootfs”, %4 F A

mount -t ubifs /dev/ubi0_0 /mnt | —8t 2 H B VES $E: 848 14

RGR MR

1% nand #:2F]/mnt H3F,
ubiattach /dev/ubi_ctrl -m 1 R

mount -t ubifs /dev/ubi0_0 /mnt | # nand ##F|/mnt HRET.

cat /proc/mtd
mtd0: 04000000 00100000 "kernel"
mtdl: 3c000000 00100000 "rootfs"
mtd2: 04000000 00100000 "fpga"

B e R G B A nand H . {7 E 3 3 kernel (RAM
B BRI G . 4 roots. tar. gz i M4 1E A ZYNQ
Hr, $:3K nand-rootfs 43 X, 4K J5 ¥ rootfs. tar. gz fif
1 nand-flash HAUH 481X b TR 2 ZYNQ 48 50 1
FFTE u-boot T % kernel WM CIF R G KM, 13
kernel Ji . FI S HAR IR S, u-boot (1 3R 5 A5 i 1 %

k. bootargs = console = ttyPSO, 115200n8 noinitrd
ubi. mtd=1 rootfstype=ubifs root=ubi0: rootfs rw init
= /sbin/init, FFZFE linux 24t N, X nand: rootfs 43
KA A% AL M BB ubuntu SCIF &R 48 K 46 10 15 A
linux £24t . f# % rootfs. tar. gz | nand 43 X,
5 MXKEWERTH

MRAEHETILE T EIR G S i B 1 52 Ak #0804
TR TR AT AT X U T 2 S AT 2 S RO S 0
UE. 2R A 5 0 78 B g B2 5 0E 1 D RE PR RE G bR .
TS AR TR EG B B . R 58 S 3 A
o TR EUR A AL .
5.1 sEMENXT R

¥ pl. dtbo F1 design _ 1 _ wrapper. bit. bin 3 {438 1<
W 25 8 UL 2 /lib/firmware/ H 3 &, @ R lib T & A
firmware X4, Wi f] mkdir -p /lib/firmware ¥s il 3

PFde. 3% 3 a4 AT 4 pl. dtbo SCIF
3 BRI B AT

fir &
0 mkdir -p /lib/firmware
1 echo 0 > /sys/class/fpga_manager/fpga0/flags
2 mkdir /configfs
3 mount -t configfs configfs /configfs
4 cd /configfs/device-tree/overlays/
5 mkdir full
6 echo -n "pl. dtbo" > full/path
7 linsmod /lib/modules/4. 19. 0-xilinx-v2019. 1/ extra/dma-proxy. ko
8 rmdir full
9 mkdir fulll
10 echo -n "pl. dtbo" > fulll/path

A B # T ATENME B 7 B, A\ s
B ple debi IR0 AR B AR BEAR A Y A . PR AL B R S i
By ATENE BAnE 8 B, ARG B & B R 1 R AE/
dev/ "I A JSCHK B X LAY B A 44 ARG APP IR . AR I SC
R R S0 0 28 5€ I G A TS AR R APP B PE
5.2 LBWHER

S 56 I 3 e R T A e M A S B A R 0

root@mageubuntu3711:/proc/device-tree# cd amba
root@imageubuntu3711:/proc/device-tree/amba# 1s

#address-cells dma@ab004600 dma@f fae0000

#size-cells dma@fd4c6000 _dma@f fafeoee
CTRL_56_REG@a0601660| dma@fd500000 dma_proxy1024@0
PERTPHERAL@T 380000 dma@fd510000 dma_proxy512@6
PERIPHERAL@f 990000 dma@fd520000 dma_proxyin@o

afio dma@fd530000 dma_proxyout@e
ahci@fdoceeee dma@fd540000 ethernet@ffobooee

ams@f fa50000 dma@fd550000 ethernet@ffoc0000

can@f f060000 dma@fd560000 ethernet@ff0doooe

can@f f070000 dma@fd570000 ethernet@ff0e0000
cci@fd6e0000 dma@f fa80000 gpio@ff0a0000

compatible dma@f fa90000 gpu@fdaboeee
ddr4@400000000 dma@f faab000 12c@f 020000

dma@a0000000 dma@f fab0ooo i2c@f 030000

dmaa0002600 dma@f fac6000 memory-controller@fdo70000
dma@ato03000 dma@f fadeooe memory-controller@f 960000

root@imaqeubuntu3711: /proc/device-tree/amba#

T VAR T EL A I SO Sl A N OSSR AT ED
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%33 %

root@imageubuntu3711:/dev# 1s

autofs ptydl
block ptyd2
btrfs-control ptyd3
char ptydd
console ptydS
cg dma_latency ptyd6

_proxy_rxin ptyd7
dma_proxy txin ptyds
fd ptyd9

P8 bin A G5 K Sl 2 ) £ B T ED
i P 1 e R A R R 1 A TR G S R AL AR R
o B R T AL PE 45 R R AT matlab X &5 R 808 o 17
OrHT. A AR ANE 9~10 R

40
35/l 2000
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1500
25
20 1000
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500
10

100 105 110 115 120 125 130

630
730
830

930

-100
-200
=300
-400

-500

1500 1600 1700 1800 1900 2000 2100 2200 2300
B 10w TR G St Ab 25

EEZCR BRSSP R AR IR R BT, )
BT A R TR S S BT A S I E 6 A AL B
% PTRCEIR G S P R DT SRR AN R TR 2
o AT 2 o B di b PR TR IO FE U R A 2. OB S A R
G S TR B U A R 55

6 4RIE

BEDGITEF 6 8 ai iy CPU 5 i 32 40 B 4%
TP AL BEEHR A SR R R, R B Ak B SR A
H— CPU R TIRA WA TE R, BREG RWEN SR
FRAE 1 % i B BN G T B 0 SRR AT . A SUIKFE R =
A AR RO T 5. A R & A T &
Wi ER TR, LW FY-3 TEM FY-4 T A1
s AL P ) RE . B UETR & 5 B APP FER AL 2 2
B o i TR e EE A O 3. RO AR THIR A A A B AR TE L
ERHAEE. RAAHEEBGHERA T,
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