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Design and Implementation of OBCP Engine based on Lua VM for
AT697F/VxWorks Platform
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ABSTRACT .

The OBCP called ‘operator on board’ is that of a procedure to be executed on-board, which can be easily be loaded,
executed, and also replaced, without modifying the remainder of the FSW. The use of OBCP enhances the on-board
autonomy capabilities and increases the robustness to ground stations outages. The OBCP engine which is the core module
of OBCP component in the FSW interprets and executes of the procedures based on script language written using a
high-level language, possibly compiled, and it is relying on a virtual machine of the OBCP engine. FSW team in KARI
has studied OBCP since 2010 as FSW team’s internal projects, and made some OBCP engines such as Java KVM, RTCS/C
and KKOMA on ERC32 processor target only for study. Recently we have been studying ESA’s OBCP standard and
implementing Lua and MicroPython on LEON2-FT/AT697F processor target as the OBCP engine. This paper presents the
design and implementation of Lua for the OBCP engine on AT697F processor with VxWorks RTOS, and describes the

evaluation result and performance of the OBCP engine.
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S o83l OSRA-SAVOIR[5] (On-board Software
Reference Architecture)oll 4] & GA|AZEQ o] FF o}
71 E T4 2 AAE Aot SAVOIR-FAIREo! A
T sl =83 AT EY 0] ATUER OBCP (On—Board
Control Procedures)ell th3l ®F[6]S A olstdom ESA
FHAARJN GMV, SSF o4& OBCP #%=ol m} OBCP
E AA 7 2 8 'FAE Frlska ok
OBCP= 7| 91749 Algke A-&4E 37171
o A)gellA R a 240 3 ZEAAE AFet
AL EY o] (FSW, Flight SoftWare)2] OBCP HZEWE
A ApsA o m ZRAAE Fagth FSWe| OBCPo 34
2 OBCP dlxel™, OBCP d7& ~AHE 7[dke] Z2A|
Ag A 9 g3 5 9l JAHZYEHE YEHo2 VM
(Virtual Machine)< 7FA3L it} 2 d=ollA= @A 71
Gl AMEE T QE QXA 7)He] Lual7]S EAAT
Eg o] OBCP gIxle 2 ARgsl7] $18 LEON2-FT/ATEI7F
z2AM 2 VxWorks RTOS 2 a$7doll A Lua 7]4k
OBCP 4dIzle] A % & wiiel] 7|38, AA| st=so]
oAl & AlEd|olEle A 9] Bl~E Ao} 3 AT vl &

Ne g,

I. On—Board Control Procedures

© & "Operator on Board"& &1 7]&
HALZES S MASHA] oA AR A EE
SHEA WH I ZAo] X3 5 LRAAE =Y, A
29 9 Ag g 5= 9)7] il 71E A9 AlE AHEA
S TN F o IS FTUE 9

o O

1. OBCP A|A&Hl

OBCP A|~Hle gubdoz HEZHC MTL (Mission
Time Line) 7]8ke] W23} ~aHE 7|8kl OBCPE &5
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VMew 4%, OBCP 8 T 277l st
FSWoll @77} Huts#] A A€

on-board
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TC |TM |TC

3%l 1. The OBCP System

2. OBCP #-gAH 9 /J4A3

ESA0A+= d8AAE Ea& vperst Wi ow OBCPE
T@skler, OBCP el AHE ol F o|& 7| )
AR = 9lom ¥ 73t © OBCP-BBE A&7 Aolsha
Z2ERS Jdekar vk % OBCP /E-& AHE-$ ESA
AL Eureca $141°l™ ©]F Rosetta, Venus Express,
Mars Express, SMART-1, Exomars, Herschel/Planks-°l
A AFEE AT 9ol A= Hzlok $14d¢l OBCPSF A
3l Airbus Eurostar 30002] IP (Interpreted Program)= A}
|35tk

OBCP<] 421 OBCP dlx1e] -9~ Airbusoll A& A4
o= 73 IPE A8star low, Rosetta®] 7-%- SCLIS]
(Spacecraft ~ Control  Language)s  AME3sFg oM,
Herschel/Planck®] 73-¢- A} 28 OCLI[9] (On-board Control
Language) & AH&-3H3ith o] Z-9- OBCPE 913 A=
AE AlEAl AYsliersta OBCP Aod & A5
o] wEol] OBCP +H|387d T-%3a st B2
AZF} o] &~ ¥t} x|k Thales Alenia Space?] 7

=S Histe 9tk OBCP xFelA= OBCP
language capabilitiesE A 2l5t 2™, SAVOIR-FAIRE=
&3] OBCP-BB 7d& 93l 77} zl8x] o], SSFell A=
Herschel/Planckell A AH&-E AT OCLS =7dsthe= %aH10]
oF et o, GMVE A% Lua JHEZIHE
OBCP dlxo = 7fdH11]st Aot 18]ar ESA9A+=
George RoboticsE &3 ARM 7|9kl MicroPythons
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OBCP Fault Containment + Dynamic Code Updates OBCP = Dynamic Code Updates
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1. Lua and Virtual Machine

Luas= 19931 Pontifical Catholic tlgtel|A] 7=l o,
& /A %} oio]; g]_;q-oqoii 2 F Q= A
o7 AA¥Yr} Luax ANSI CE 243
il AHE-E©] A7) wji]
gol3hH, did oz ke C APIE 7HXaL 9tk Lua
+ #A2=H 7|9k VMS 74| aL glom 32hit WEo] A=
AREF ZAA QD AT HE 7HA] 3L 9tk #A) Lua #
AWHS 5345 AFsta gorn FgedodE 7E
ERC32 Z2ZAME 93l 7IE Lua 523 7|We=2 &}of
AT6ITF Z2AM T T3 WHdS 28319k

7

9 93
Aol 2 F5A 0
]

)
32 ol o
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2. Lua Interpreter

Lua &= QIEZH doj2r ~aHES 2rsla 23
317] 918 command line interpreterE 2holX.ele] &
A&t} Luas ANSI C 2 A= o™, C Z=0A Lua
=2 3% Lua interpreter[13]S AR 4= 9lth Lua

AE 2z Adofolx vk ] A g bytecode HE|=
i Atk o] A wlolve] Y WAow wredt
) 7Wre] ~aHEAT I 2 A 314 7]

W A7 Qoll Lua 2~ HES REshal A

i E

> =
gl

I~
m +

=

el L (1

o] &
Atk
C Z=oA Lua
interpreter

4y 2 o Hu

2AHES Ast7] fsiM = WA Lua

AdsloF gt Aol M=
lua_open() IS TETFOEHA lua_StateE Z7]3}3Ht}
o] GAIE o W Fa43}A =, o2 7l9] Lua interpreter
S A = Aok

=

reference S o]
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e GAlAE Lua 2T HEN A ALgeH= glolBelE]E
523t} Luas math, string 2lolBgjg] el & 7|27 ¢)
golBelg]E AlFsk=d, luaopen math(), luaopen_string()
I} e 5 & O E M math, string 2Ro|HEElE 5
53 4 9tk Lua 23 HENA = A2 2443 C &4
338 = 9tk Luaold %3 C 3 vg] 5238 oF
ahH, Lua Z2EZ we} HoJsfjof gt =, Lua APL &

& o] 83X LuaZH-E IevEE 2a, Luaz 294E

_‘

gl

a

S5-© 2 Lua interpreter= 2 3% bytecodeS Z=3F
o] BAIME vEl HuA = bytecodeE =3 % A,

Lua 23 HE 2HlE 228 % gtk 2A9ES 2E3

o

749 Lua lexer, Lua parser 2 Lua compilerE AR&3iA]
bytecodeE A4 ettt vl =2 2 Lua interpreteri=
EH A bytecodeZF-E] VM instruction= 3L A3 gkc},

222

3. Lua Instructions

Lua VM £ instruction[14]- 32bit= A=, tfF-E2
instruction = ¥ 37} Zo] #X|2FH 7]4ke] 3-address
formatg W2t} Opcoder 6H1ER FA =M, Be C+= 3
ArAtE=A HALE 52 e E 7 vk A A4
HE At dA=EHoluh 71

a=a+1<SADDx x
y 2 H3E =, x= a HEE 7 e B aE Ay A
T3k 15 YERAY.

0123 456 7 % 91011121314151617 1819 20 21 22 23 24 25 26 27 28 29 30 31

0P A B C
0P A Bx
0P A sBx

12! 3. Lua Instruction Format

Luav= ¥l B} #ol= Ao] ofa} gk Aol Bl
S E9]+= dynamic-typed 21°]e]t} nil, boolean, number,
string, table, function, userdata, thread®] 8714 B} A
gtk Nil& gho] 2718P7F ¥4 e 4%, 5 ko] sle
9o AR&3slE EFdolth. Numbers double—precision
floating—point E4] 64°]Eo]t}. Table2 array & F-AFSHH)
index’} WFEA] 4 vt it ofE glozw
F J3, o #= 7Fd vk Function Lua
function®| A} Lua Z2EZol| w2} A2]% C function ©]
t}. Userdatai= AH&AF A2l mRE] E5of gk 22E
olt}. Threade FAlol A&EE coroutines HHERAITE

[e)

index

s}
=

ThreadE ©]-&3bH 319 Lua interpreterol A o2 71<]
FAYES AP = 9l BEA 2TAHE] HAYS HFA
U (yvield), H5 258 oAl A& AlA (resume) 3 5
At



AT697F/VxWorks Z2HZ0||A Lua 7HAHHAI 7|2to] OBCP ¢MIEl M7 2l 25
Lua 50 7152.% 35719 instructions ©] &A3kc}. thH- data: 408bytes, bss: 8200bytes)E& AFE-3It} 7]& Java
B2 AkE sk 3 & Wapdl] 3 ARSI S S ERC32 Z2AAe T8 S ul 270Kbytes

N

o] 2]o| if-then—else #°]t} loop
Tdst7] A& jump
instruction®= At} HAZ~HE= run-time stackS AHESH=
dl, 2o m= wjdoe]r] wie] HAAHES] HS W
2] o]t} ot Luat dynamic-typed $1ojo]”] wfj&
of, = HAY A4S wf 7|2 R B A% A A
Z3fjof ﬂu}. e e BARslEE 8 byte?] 3 4 byte]
Bty ARE A Fdlof stRR WAl IERE 3 T4
A=} & 5“3} o] FFo] AsHAA H]-go] o] A3}
FEo|ck

¥ 1& Lua 23HEE

| €% instruction®]th.

[e)
&

Fig
—Y‘—I‘

control  structureE

L

L

bytecode= ¥2gH of|Alo|t}. Lua

interpreter= 9% 99| Lua scripts 234 222 d9
bytecode® ZA¥}A3F % instruction @12 bytecodeE 2
WAL ReE xA A2 E evishzn], a Was
R(0), b ®= R(1), m ¥4 R@)oll A=)
H 1. Lua A3 ZEQ} bytecode OIH|
Lua script Bytecode
function max (a,b) 1 MOVE 200 ; R(©) = RO
local m = a 2LT 001; RO <R
if b > a then 3 JMP 1 ; to 5 (4+1)
m=>b 4 MOVE 210; R2 =RQ)
end 5 RETURN 2 2 0 ; return R(2)
return m 6 RETURN 01 0 ; return
end

IV. Lua 7|%F9] OBCP % AA 9 &

1. Implementation of Lua to AT697F/VxWorks

Lua’} ANSI C2 2= 817] wtol] VxWorks 5401 7
A= A2 F oflRo] floy f1delA ALE-E= AT
QAAQ VxWorks®] 75 3t A 2~5lE 28817 7]
ol LuaolA AH8-%+&= fopen(), fread(), fwrite() 9} 22
olB e g]& AME-3t 4= glo EF UART QHHo|~E
1 AE49S P oF stth Lua 23HEL] FPA|7HS
43171 91381ME os_clock()olgk= Lua APIE AHE-3H=
d), o] 2 VxWorks clock_gettime() @ —’Fi HEEA] W
g3 F2ojof st} 18]al va_start(), va_arg() 2 va_end()
£ 93k ANSI stdarg 2he]2.2]g]9] 49 SPARCO.2 A&+
3] gxgg]oqe]: Eia=g

KN
=

oot 8 o @

>~1

&
|

A 4S5 LuaolA #HE g9] hxmzy) 4=
| ] 12 Tornado®ll Al Lua shell 5 & 71%5< ¥3ts}
o 1= & 79 A5} S AMEEA] ZUs ) A}
qe

232.97Kbytes (text: 22456Kbytes, data: 408bytes,
bss: 8200bytes) A71& 7HAH HAs) A1E 2= A4
sfed 79~ 143.86Kbytes (text: 135.45Kbytes,

=5k

11

footprintE 7F A& 11| v Lua®] A3zt o] wRe]
footprint7} 242 A& & < Ao 9438 AFE ] =
L34S 18T A9 9] AN THseith

A &% Lua 714k OBCP A2l 7% Lua Ak <]
s el 1A M=o, gRiLzEole} AF
T2 AEEA D d oA olth Al ES o] A
2 Lua®] O/S gtelBefg] APl & & AlFo|H o]&
Azl o2 a3k Alg ot

=4
A
-
=,
o

|Rko.z ZpAlel 91/del A= OBCP <

N

2. Test Lua on AT697F/VxWorks

Td¥ Lua EIZEE 98] AT6IF ol &l
laysim-at6977]59Fe]  K6-FSSel|A] Ttk
AT697F UART B7F Lua shell2 A% UART A2l 7
- VxWorks Target Shell2 A}&-#t} K6-FSSolA 520
2 Lua 2EE o258k VxWorks task® 335HH
Lua shell®] *+&53= RS 203 4 9t Lua B3+
VxWorksoll Al $-4<=9] 10002 F25taL Jom gz
280 2 2550bytesE A&} Lua shelloll A dofile() =&
% %3]] Lua iﬂwE yq_oIo]q. Lua 744.01& EOH /Kg/\éE]
bytecoded 29 & 4= 2.2 Lua shellollA] thket HHE-S
T3 T A5 BAAoE st s I+ Urk

O9 4= A2E 7|9ke] Lua 23 HEE AT697F UART
BE FlA 29 R H3st 435 BojFETh HAE 7Nk
Lua 232 HE7 29 HWH HA 28 719-e] Lua VMoIA
T3 = SRR Axglo g AaHEE w2 An
=] bytecode® W2 HFHO = Lua 2=8jdl] A Ajx] o
e ¢ A €tk Lua Z23HEE ¥]E] S2E FAFH
A Lua Ao e (uac)E ©l&-3ste] dld ~aAHEES A
gt 749 bytecode® A HT) o] 49 AAH bytecode”}
x8 T 2~E FFE ] little-endian ﬁéEﬂi 2324 % 7] wfl ol
big endian”|¥+e] AT6I7FS} 335 A b= A7) LAY %
th ol & AAHo= JiHe Wk o]-&-3}¢]
bytecodeE big-endiano.2 WHEs||ofF 3}, bytecodeE =
Q3 A il b 2 A I §lo] bytecode A=
= et it 23HE EYAIZE Bp -2 A7ho]
At

1% 5% factorial S

HXEES

P

A= N
==

[ed

B2
fo

Artetes Lua 23 HEE luacs %
&l bytecode A3 ¥ AT6ITFE $18) big-endian L™
oz W3ty Axjoltl Bytecode listE Elshd A1HA|
3709l instructionoZ  FAEW  JFHo=
factorialel2h= $5 sht 7HA 3L Qlek factorial 2 9711¢]
instruction©. 2 FAE™ slte] parameterS Wrolx 423)
At} AT6ITFE 913 W3hE bytecodes] o] X3S 3ol
3HH 0x00 ~ 0x11714] 18bytes LUA 3t7F 1o, Ox11 ~
0x437H4] mains 913t Z=7F 9o, Ox4d ~ 0xdlL

main<



SIEAMYHELMSIS| =2 X| HM[123 3=

factorial & 9IgF Z=7F 9lom YwA]= tail IEo|th I M= s olg] ZEo] @A H2E sloF $rh Lua
A FHE Lua VM| 745 AT6I7F UART BE E3lA shello] ARE-E]= -5 ZAgE ofl2] WA|A] 7} &2 = a1, T4A]

W A HE 9 bytecode— 24 sk = glon F5 94X Lua shell& A4&2s sHA duf 1812 LuadlA e &5

A Qe o]

“goltt.

Fo JEC she A48 AT o

2 Tamao - Shall 12700 1@URGHTPC
& t Buld Debug Toos Window Help

Function factorial(n)
local x = 1
for i = 2,n do

Copyright 1995-1999 U5

H2lE 23l tryO2} peall)S &3l exceptions 2] & &
Aok 19 62 3709 Lua 23 HES 2Ysta HAES
F8lald HI/LO gho] 242 AAFA7] ujiol] A o
e g 1 e B 0 il [ R R g = I S R [ g i
3 HI/LO & a2 w7 g 5 Aa4spd, A44
S 2 exceptionglo] A= & g2l T 5 9l

F3 94 OBCP xlez AMEE7] 9J@AE Luad
exception handling WYl st A7 o Z Qs &

SN hy A S Sk 2= = =
AzLEolst AEH o1 Fag o) WA 5 U oF
end - - -
- Aeupobs vl sol it}
33 4. Lua with VxWorks Test on K6—FSS
® Ao s =k -
[Lua Script File - erri.lua]
[Lua Script File] [P T e, )
1£ ot status then return s ond
function factorial(n) e
local x =1 Tocal 10 -0 - renove Tocal
for i = 2; n. do function some_function (n)
x=x71 1 res”them oot shoutin-t get here: * __ res) end
end end
return x function hi_function (n)
end 1 res o i bxcepeiont than NI = HEs1
[Lua bytecode 1i5ting] z:se:f res then error(res, 8) -- rethrow
end
main <factorial.lua:0,08> (3 instructions at @0398EB8)
0+ params, 2 slots, 1 upvalue, @ locals, 1 constant, 1 function j_g__l 6 Lua Exception Test
1 [71 CLOSURE 00 ; 00391528
2 [1] SETTABUP 8 -10 ; _ENV "factorial”
3 [71 RETURN °1
function <factorial.lua:1,7> (9 instructions at ©0391528) 4- EXperlment
1 param, 6 slots, © upvalues, 6 locals, 2 constants, @ functions
1 [2] LOADK 1-1 ;1 o= ) ’
2 i3] Loa 22 2 Lua A% =4 AMJEJA AFHE  Ackermann's
3 [3] MOVE 30 . . e . . .
4 [3]  Loapk 4-1 ;1 Function, Array Access, Matrix Multiplication, Fibonacci
5 [3] FORPREP 21 ;to7 : T
6 [4] MUL 115 Number 47}4 2] dAIS =3 Lua 18 ZglE o] Axe ~
T S 9] AE Bl Lua Qe ZelEle] 452
8 6 RETURN 12 = 5 >
s B R 32 AYE, bytecode 7]%2. 2 ATEITF/VxWorks FH0l A =
[Lua bytecode for AT697F] zg—g}gi;],. H]J—I/_ EH}ZD]'Q—E C 3=z :Ilz:si% %%lz:;l_ EﬂZ:E%
00000000 : 1B 4C 75 61 52 00 00 04 04 04 08 00 19 93 @D A 5 = = =
A5l & = 717} Aaste] Z=alskad
00000010 : 1A GA 00 00 00 00 00 00 00 00 00 O1 02 00 00 00 HAs 4 00, 028 717t A4&3ste] Fsfstrt
00000020 : 03 00 00 00 25 80 00 00 08 00 80 00 1F 00 00 00 e N
00000030 : 1 04 0O 00 80 OA 66 61 63 74 6F 72 69 61 6C 80 O3 63 o] Lua 23HEES =4 2 A3k A A|7F
00000040 : 00 00 00 01 00 00 60 01 00 00 00 07 O1 00 06 00 o
00000050 : 00 00 09 00 00 00 41 00 00 40 81 00 00 00 (O 00 I} bytecodeE =W % A3YPI HAA AXHS vlwspd
00000060 : 00 01 01 80 00 00 Al 00 81 40 4F 7F FF 40 A@ 01 ’
00000070 : 00 00 SF 00 80 00 1F 00 00 00 02 03 3F FO 00 00 o] ol Alsls Ay ]t AL wE S
00000080 : 00 00 00 00 03 40 00 00 00 00 00 00 00 00 00 00 bytecode® =1 B A A7t A+t 5% NSRS
00000090 : 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 ol & 4= 9 o o) == 13 Bl
©00000AD : 00 00 00 0O 0O 00 00 00 O1 A1 00 00 00 00 00 00 < Atk o)A Shol|A] AF gk AAH HAE 74k
©00EEOBO : 00 00 B0 B9 OO O 00 00 00 09 00 -
= o ] o
) L ATYEE 59 4 AAGes S 3 A
12l 5, Bytecode of Factorial Lua Script = A|7bo] bytecode 2 249 3= AR} ok ou) =2]7] o
=1 ° 5 o
wolth AA FYANES 18T Ae 23adEY
3. Lua Error Handling and Exception = P 2 A0 3
8 p bytecode 55 @349] Woll A aAIzbo] BT 512 3
_ - - o]l - 2=~ o 5 o o o) &
LuaolA o8] 2 e FA#E Lua AAZFoE A2s 2 g 5= AT} F bytecode W3 o] $of AT FU3F
— = - O =35 kv e Ay
A9 S g T A oz =2 gEdit) A9 e H, o] AL FF EAlLZES oA OBCP Z2AA =24
Lua Scipt Execution Total Time (ms) Lua Bytecode Execution Total Time (ms) &= [T Peformance Slow Down|
Benchmark | Execution Optimization Level 8 Optimization Level 2 Optimization Level 8 Optimization Level 2 ::::"::\:; (L?z::"“ (Lua Bytecode vs C)
Load |Execution| Total . Execution | Total .| Execution . . Execution .
— " Ting | Load Time " Ting |Load Time| “C Total Time (Load Time| © o | Total Time| -00 | -02 | S/B (08) | $/B (02) [Lua/C (00)|Lua/C (02)
\Ackerman Ack(3,5) 6.363| 1037.826| 1044.189 4.529 492.777| 497.385 1.417 1037.82 1839.346 9.963 492.818 493.781| 49.99|33.33 1.085 1.007 28.791 14.815
Arrary AccesqArry3(100) 7.569| 1892.798| 1900.368 5.15 898.304 903.455 1.403 1892.618 1894.022 0.983 898.102 899.085| 66.66|16.67 1.003 1.005 28.413 53.934
Matrix Matrix(58) 5.892| 30836.538| 30842.43 4.371| 15120.823| 15125.194] 1.444| 30651.479| 30652.924, 1.1@5| 15809.785| 15010.889| 1420 528 1.806 1.008 21.587 28.867
Fibonacci Fib(30) 5.13| 6@284.465| 60289.595 3.742| 28498.664| 28502.397 1.343| 60284.612| 60285.954 ©.958| 28498.826| 28499.783| 1€3@ 568 1.000 1.000 58.53@ 58.892

12 6. Performance Comparison
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