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Formal Modeling Approach for Aerospace Embedded Software

GU Bin', DONG Yun-Wei', WANG Zheng?

'(School of Computer Science, Northwestern Polytechnical University, Xi’an 710029, China)
%(Beijing Institute of Control Engineering, Beijing 100190, China)

Abstract: The success of aerospace depends on the correctness of aerospace embedded software. Such embedded software are usually
period-driven and can be decomposed into different modes with each mode representing a system state observed from outside. Such
software may also involve intensive computing in their modes. Currently, there is lack of domain-specific formal modeling languages for
such software in the relevant industry. To address this problem, this article proposes a formal visual modeling approach called SPARDL as
a concise and precise way to specify such software. To capture the temporal properties of aerospace embedded software, a property
specification language is provided based on interval logic. To support application in industry, code generation methodology is also
discussed. This modeling approach is applied in some real-life cases in aerospace industry.

Key words: aerospace embedded software; formal modeling method
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Mode m0
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Mode m6
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failure=4
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Fig.1 Architecture of SPARDL
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Fig.2 An example of mode diagram
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R B A LR R

(1) FETHE:SPARDL (3 A g 45 70 2 2 B R (mode)”, BFMH 30 26 B 2 Go Ak T4 < B 2 48 5 5 1
P il B

(2) WP I AR G AT A A AR T R G HT RS T HAR B T R G g RS 8 T 4 X
— ¢4, SPARDL $2:fit 7 Wi i 5 18 7] : A LWAYS, (condition) M EVENTUALLY (condition).LA&l 3 g,
T I I )T 3R] ALWAYS,(e>10)4EMR A 56 [ A5 BOL, FA TR B AT A8 RIA I x>10 £EIRAS 54,55 F
56 8T TR x>10 LEARE 54,55 R 56 LRI R B, ALWAYS, (> 10) AR 2 s6 LRAr. 8 T 1 2 i
[8) 1517 EVENTUALLY(x>5)7EIRAS 55 TR A %o, AT & A /R RIE N x>5 EIRAS 52 blor 215,
B x>5 ZEARAS s2 s, R, EVENTUALLY(x>5)1E B P RRRAS 55 _ERRAr.

(3) W 2 S UL - 52 o 4 BERA S v A 0 S B A — R 0 . B T DR a2 ) 2R 9 1R A R 2 R G A 4
o 5 1 5 ) (8] ¥ 29 1 .SPRADL  $& 1t T PR A [ I 3o 4%tV - AL WAY S [(vi=e)Fl EVENTUALLY (v:=
). Hil R ANAEHE TR I L AN A b 3 S PAT IR AE B AF vi=es 5 #5378 2B I 46, L A5
JAWIZ G S HAT— K vi=e.

@) SN FEH RGP AN KRR N R S (reactive system), 1% Pl 5 Gt % HR 25 5 1A I T 2 & Bk
AT V54T 45 SPARDL A58 280 v (1 455 2K i B T 42 o A 10 o 80 AN SR AN B 109 JT S A [ B8 ot
S A Ak A [ B ASE 2B BT A AN Fi) 4D 0 39490 o sk - o Je I3 A s S A o U, 7 Ak T L s s
RIS, 75 2 Sl A M R 8 R AR 3 DR b SR SR M 7 A T XA U | T R AR S DA Fa
LR R R A 2 R AR R A BRI DAL b, B TS A L, B A S ) ) S5 B R, DR S I B o

AR,
$2 53 S 5 f ©
2

S1

A >
« 3 >

Fig.3 An example of timed predicate
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Giotto!®4%,
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o FERSEHIER KA KT RS B AR A R R IE X A R A E T LR R T
PRAS P B (1932 50 3808 = (N 18] 185 3A)).
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B DGR T R IR S 3 R R 48,00 7 55 (0 HEM MR X Bl R 48 B B A5 28 1 Ron R RS R
SCVFAEERS LBy — AN A I T /R 1B kA2 i 1 gl 8 i 48 X R A A v A A5 2 P8 il R v S R e R A
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it L.

AADL J2& — 2 P LR/ 25 QI T R B 4244 3 A 5 BOVHE 5 e I ZhRe R B 35 18 B SR T
AT (Y B8 7 AR AR ) — AN TP A 42, T LUK I 1 7 v 48 B AADL AHESE. 3= ZE4G P R B it — o0y
AADL BERSEEAY R B0 T XA RL, W ] (8] B Zh AL Petri W4, —J& 28 AADL #H 5 111 AL R AR )5 DA
TXANEE R S Feh, 1 v B Ak SR E T 2.

Giotto j& Henzinger 25 A ¥ v (1) —Fi & JA 9K 30 1) AR 1E & .SPARDL 5 Giotto [192E ZE X £ T-% A MiH &
MUHIAT A Giotto 1B A ARVF 2 A IR IV SAT 55, V1 54T 55 (V) i PR A0 40 705 B 48 ek i /e A5 5K ) o T B34 T
G5 2 FRAT IR, LT AR 4 s A P O T AR P T AR T U B BB i L A R 25, T Giotto JULKS 47 i
T 1R A R B S BB B AR RS 1 45 84 U7 T, Glotto. NS RPN ST HE 5 I S I P R I B 4440 7
{1 B J7 11, Glotto 4 T3 K vHEAT 55 1 BE 1) ) ST AR SC b SPARDL AN i Wi B 24 7 T — 20 (1 LA b ¥
HIBGINZAES T SELE], LS Y H 35 5 2% AR IR A

SPARDL H— F HIARE R e AR I itk A = A48 1 R 46 vh I AT 2 R 10, B AR =X R DA S 1 AT — R A1
AR R 48 R] DA AP Oz AT 7R S A B B B L AN TR A R G T Re s N I — MR Mode 1)
E XK 1.

Table 1 Syntax of mode
F 1 AR

Mode = (name,period,Init,(Proc|Mode"),Trans)
Init = stmt*
Proc = stmt*
Trans = (priority,condition,Action,target)
Action = stmt*

TER 1 H name FREFEB 1 4 TR period IR 1 JE W, Init RFBEAX WG, Proc KA b B FE, Trans
PR BT B AR T DA A 1 B A s A A A RS A 1 e R 349 2 o 42 Tt v ) A T A2 A 5
RAEH A TR AR B AR (.

S AR RS Il AE R IR E LK 2.

Table 2 Syntax of condition and control flow
F 2 SR IR IR
IF condition THEN stmt* (ELSE stmt*)? ENDIF|
WHILE condition stmts*|
ALWAYS (v:=e)][EVENTUALLY (v:=e)|v:=¢
condition = truelfalse|p(e,...,en)|
condition AND condition |condition OR condition INOT
condition)|
ALWAYS (condition)|EVENTUALLY,(condition)
expression = cplf(ey,....e,)

T4 — > SPARDL 4% £ 428 il i i 45 1) 3R 4847 M ) 7 441,

PERI R GEHIAT 5 KA R A RS 1 600 />4 1 J& 301 4 14 2 B (| eof>1.0), 08 4 56 5% M R B HL(REA G=0),
32 AN 5 PO P 8 B (Ly=0), B BTIR 5C AT O, T B 8 42 il Jl 301,

PZAT R TR ) SPARDL it 1

IF ALWAYS 00(|@/>1.0) THEN
REAG:=0
EVENTUALLY3(LV:=0;EVENTUALLY3(LV:=0));

ENDIF

stmt

Wy LR IR A
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IF ALWAYS, 400(|0>1.0) THEN
REAG:=0
EVENTUALLY3,(LV:=0);
EVENTUALLY 4(LV:=0);

ENDIF
BWMNIRES S TFIA, JEE R PR (| f>1.0), JU3ZAT 0 75 3K 0F B (R 7 41 G ] 4 .
M ©0 O (
< 1500 »< 32— r»¢— 8 —>

Fig.4 An example of behaviour requirements
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Table 3 Syntax of interval temporal logic

=3 XN PN

T Term w= cAT,....,T,)IL
/NEY Formula = TRUE|IFALSE|p(T1,..., T,

NOT Formula|
F, AND F,|
F, OR F)|
Fi~F,

F# ¥ | F(Formula) := TRUE~(Formula~TRUE)

G H1 | G(Formula) = NOT (F(NOT Formula))

ITL AT E (). BB S (), L 2 MR A 7, 7 X I EEITL 1A 02
T E o A S I P ~Fy s — /N0 RUAR 9 WA 43 1R X )Ly 76 50— 38 20 I X )b s Fy 7 Ja —
93 (R DX 18] _E jle 57~ 8 R A Chop 87 I R 80 h 1K) G 87 FI F 887 B Chop 51758 X
Bl 5 HiR T IX R 5 RGAL T my I, 00 R AR, I8 4 0 Z0FE 100ms A V)45 BB mg”. 2
1) 2 M I 25 22 B (LTL) Jo v 58 4= Z X — 2 5, LTL /A 28 G(manfailure—F(mg) )N F 7R T V) B X mg”iX —
I A5 L, TG T8 100ms P97 NIX— KB AE B ITL A 20n) BUR Al iR i — g 5
(my, A (—failure ~ failure) ~ TRUE) —
[(m4 A (—failure ~ (failure A1 <100)) ~ mg ~ TRUE)J '

ESWIES
Fig.5 An example of ITL formular
K5 ITL 2 3Rfl
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DX T I 7 12 A T S AEIRES P A B BOREF A S=s0,51,.. .8, .., Fo 1 ABEAIR A 1 02 48 B B JLHUE 1Y
LSS AE DX 8] I Py 22 48 TR 2 3P o SR RE L3 4.

Table 4 Semantics of ITL
T4 XA E X ARR

T i AR
R 1(S,c)=c
Ak 1(S,v)=s0(v)
AL ISAT,....T))=US, T, ... IS, T,))

= Wk S=s;,....8;
g5 | mE S EETTREITS

XK | I(S.L)=

A G SR
. I(S,TRUE)=TRUE
i I(S,FALSE)=FALSE
i 3] 1S.p(Ty,....T))y=pU(S,Th),....p(S, 1))
# I(SNOT F)=NOT I(S,F)
&I I(S,F; AND F,)=I(S,F;) AND I(S,F>)
B I(S,F, OR F»)=I(S,F;) OR I(S,F)

ChOp I(S,F1~F2)=eXiStS k. I(S(),. . .Sk,Fl) AND ](Sk ..... Fz)

AR DX T I 2 R T 400 S TR AR G R AT DAy P B LA X T A TR T ok e, L B A Y X T I 2
A E PO T U0 BB DR b, A £ X TR I 32 4 10 Al B 2% 18 R BV AR G SR IS IR . AU T
RENT (R4 P ST 150 35 DR 38, e vk 17 o TP R, G 5 R 6 B,

Table 5 Templates of ITL properties
F 5 ITL PEBUBIRR

Gl ITL A3 it 1
1 G((=p~p~—p)—=(=p~(pAl=1)~—p)) R PE R p BSE I 4 B D VE SR AT ¢ AN [R) AT
2 G((=p~p~—p)=>(=p~(pAI<1)~—p)) R LR p BT84 5 22 3 41 AT ¢ AN I 8] B4
A G (=p ~(p ~—q) ~ TRUE) - SRR p AN N2 AR Ky ST, I8 4 b 2 405 ¢ A
(p~(PA-gAI<D)~q) N i) A 1 5T g 4% ST
4 G (=p~(pAl=1)~TRUE) > SRR p FESENL A D 6 A TRV TR 4 B
(—~pA((pAr—gnrl<t,)~q)) EZS U RN TR N VAR G (R YA

PR 1: —p p —p

«— > —> > Time
TR 2: —p p 4
«— <;—> " Time
R 3: —P PA—q H
«— < —> " Time
wia: [ p —~q [T
<« >y > <H> " Time

Fig.6 Templates of properties for software model

Bl6 BB E TR
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W 1 SR 5 S TR 45 5 M 5 A A P SRR A 1) 3 N A A 4R T TR IR ) R R A T X )
B PP SB AR T 75 S BB UE S0, SR AR R 10, 1) S 2R BE UL On'), Hor m JRES TP 9 o IR i, A
BAIE 1 23 35U B Chop S35 (AN 20 3847 96 TR IR AR AR AR £ A5 1, 7T LAl /D AN s BE R T B

3 REBER. MESHEREANE

s SPARDL 8 s A AR TR i) LA Bl Js 2R ARRED B8 I i 287 A4 T SR AT Rt P SR REAE 7 SR 20 W B B B TR
P L5 (L S K B A AT R LKA S A AT B AT LA O ME A B A it UL 7 gt T AR
P AR I REAT PR 07 I (K PR

l— Function: ...

#Re | 2 | &% || [meee
| T e [ 1] Ouiput:
B0 | Foa2 | 3 | -
I BTt Fiil
L SPARDL £ ]
i L incude ~ c
(- L . Modules.h
X h ModuleXXX.c,...
- EhlL
Data.h, Data.c T~ - N
AR EESE Y T =~ nelude- =~ System.h, $\d{em.c I
S ModeXXX.c,..
. 4 R LAY BRiHR |
|nt‘lude
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Fig.7 Process of code generation
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SPARDL A5 8 (i) — ANy (0 52 I 15 18 3], BRI, 122 108 ] (1 FCABOAN SR T 2 8 11 4 iR A8 1o ELAO T R e 1K) 1
SURZS I RO AL C 1R T EL SRR T AW — AN I 8] U5 1 2 15 J7, A e 58 BT S g SR A 7 %
VEIX A I 18] 5 3] T 0 A1 2R 2R A AN D SRS T R 7 G PR bk, Tl DAy A I [ 38 3] B — ATk i s 0 T
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S AR R R IR 2UFE ) SR A3 5 R S R B B A B

AR C R AR B B ) T R R A R R L TS B AN BB always R eventually, 5Y ) 4k BE
ALWAYS, (condition)F! EVENTUALLY (condition).ld 8 7~ T IX WA BB B 1| NS guard J&— N FEH
dit, T 7R I TA) U 3l v i) A R B 2K b AR B HPIRES T EARG S 2 N2 80 bound TR 2B 2 % kU B4 060 N T 1) TH] 3
W) L2 3 AN S8 2R U8R IR T d5 A 1 R I B R G — AN S 80— AN S B i 3R IR I (8] 38 1)
(4, FH - DX 20 AN [R] 9 B TAD 3 1) AN HE IAE SPARDL A% ) w11y ] 7] 15 1) #R 4 4 A0 X B U after TN duration
(K3 1AL ent_a RV ene_d 2 W TR0 ] (1 v 6 8, 1 9 A S AL 1K 1 20 931 /& SPARDL 7Y HIL ) ALWAYS il
W R EVENTUALLY i8R 30 H .

N .
Mode:m3 | failure!=0 | Modem2
32ms /\  3ms

ALWAY Se (failure=0)
AND b
TUALLY 309 (stable—l)\

=AFTERBURN
ALWAY Sy (failur Vs
/ /
1
!
/
/ 7’
\
// e ’/ \\
void mode 1 trat)éition 0 e 7 \
/ R \
if (always (?ai1ure!=0,0.08,0.064,0)), -7 ‘\
g \
mode flag=3; _- - !
} -~ void mode 3 transitiod ()
else if (cmd==AFTERBURN ) {
{ if (always (failure!==0,0.06,0.032,1)
mode_flag=2; && eventually (stable==1,0.3,0.32,0))
} {
} mode_flag=1;
float clock_a[1]={0,0f}; !
int eventually (int b,
float bound, float clock_d[2]={0,0f};
float periodLen,
int idx) int always (int b,
. . float bound,
if (clock_a[idx]>0.0f) float periodLen,
{ . . int idx)
clock_a[idx]+=periodLen; { )
if (clock_a[idx]>=bound) if (b!=0)
s dx1=0 Of: clock d[idx]+=periodLen;
f;flfrl;*f,[‘dx] g5 if (clock_d[idx]>=bound)
g clock d[idx]=0.0f;
else ) return 1;
if (b!=0) else
clock_a[idx]+=periodLen;
| ieturn 0; clock_a[idx]=0.0f;
return 0;

}
Fig.8 Code generation for temporal predicate
Bl 8 B i i AR A K bound
VF 22 AR T LA S Ry AR A AR5, 9 i1 MATLAB,RT-CASE,Giotto %555 A T H.AH Lk, SPARDL 2 4
TR RN SRR A AT 3R, R, A e A AR A v 0 5 M e
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PR AN AR TR — A SR S A 2R 00, DX T I 25 3 A B — B 0 I 25 2 O S 0% 2 M R TR G
PSR DLAE BI I A A2 2% 1 e A, DAL I S92 ) AR 23 A8 4, 7 7 2 36 AE ASE 201 75 3 A2 1 i 4 0 AR 8 WD A IR A
RGN IS AT PRI B B AT S 302 1 1 (¥ AHR 74 2 SPARDL A5 7Y 2 75 A2 DX ) I 222 4 1 5T I, A 19 A Jit
DA B ML 28 5 AR L2 — W SROCR IF AN & — BB R DDA A, T2 40 5 0 46 R 28 1) BB v L B
BIAEIR S AE 25 52 (3 1 A BEBUMB IR 58— A D — Pl S W XA 48, SPARDIL A6 7R ({47 Oy 32 b J PR (10 5% Wi 41 5
ISR A T AR R AL M S T i N A2 B8 Dt SPARDL A58 B T 4R & AT I, 4> A2 0 HU{E /e —
ANFF R R A 1 AL A R LR A R ) AT B R I i N A 1 B4 S T T B LA

MR AG A AE IR T p AERRL IR — IRBAT (— SR B 48) b 45 B A0 A AN IR A P 0043 A (1 Bl L AR Bt 6
R 1 32 2% 18 LA P A il A 45 e B MR p,

1) AR MR — 4840 ¢ Lop O H T RETE, RIS Hufh i

2) AT BB RENE AL TR T 45 ) B AR, RV B 4

XA 1) 8 5 WK 6.

Table 6 Stochastic model checking
R6 MARBILK LK

R RS HAGT
it N\ :m:SPARDL #5512 B RE e p: P 0 delta: B A7 X ) 2 K e AR
i H prob: T p BT IR MEZR.,
begin
N=(4xlog(1/delta))/(exe);
a=0
for i:=1 to N do
A RATURIRTS 0
AT m RAPIRE T or
ifp 76 tr LT then a=a+1
end loop
return a/N
end
R E PS5
f1 N\ :m:SPARDL B2 5! A i (R 17, p - T prob: M T p BT IR delta: EAR X IA) - K e: LA %
it /AR R p A m LSRR RS KT prob.
begin
r=0, po=prob+delta, p\=prob—delta,
while true do
A UVIRES 5o
AT m RIPREFH o
if p 76 tr 1 %OT then r=r+log(pi/po) else r=r+log((1-p1)/(1-po));
if r<log(beta/(1-alpha)) then return Yes
if r=log((1-beta)/alpha) then return No
end loop
end

3R 6 W ,alpha R beta 53 A 2 e A 56 10 55 BE 23 55, 1T LA 43 391 1 b g oK 1 R /N 1 4.
4 NMEAEA

FATAE FR A NI 5 B AERIE B R R AT 1 N 3% AR e 1K) A 55 02 AE M A AR REAT Bl 8, B X A
A 1B 9(a) 2 i B AT SR 73 AT 6 T S P D RE PR ORI B B e rh, B RS0 il L 2
FRPUZ 3 A A B 9(b) i H il 1 1 AT D B 2 it 2 e (VB 2 B AR 4 b 8 Bl A e o b T
WFEN RBIRRE SRR 2, 7T LA AR B R G0 TAE RN B DUK IR RE P45 4, & HH N B R ik B
T AR GERAT B ORI A A (1 TAE.

H1 T B R 5% [ R AT 1 SABUK TAR AR BB LU B =, AR Gt e vt s S AR, 3 U 5 SR AZ B4
B ARG T SORA IR AT 8 SR 20 #7752 A LA AT 55 75 SR IR AE SR PRI R vh A ] SPARDL. BERY S i
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AT R I A A TR B0, W AR, S T ARG T A B L IR R A PR IR, B v T K

PRI 0 0%
( aEmt )
:im%**\\[%mﬂﬁﬁ ] FREXXES JyAEREXX
4 I\ FLA B 5 8 ~.
SEPHR F“ b B Eae N g
b
- - FACERI =N FRSEXXFD, A XX FROXORD XX
7 g\
‘ s VMR
f)éﬂl’;u’“."*-\ N
\[ };@Euffﬁ;t] PNk S ity
~
(a) (b)
Fig.9 Mode diagram of an application
B9 B iU A
5 £RIE

A SCEE R RAGN KA 1T — T 85 3K 20 Fr 5 3250 56, B 8 AR 5 DB ) MLV A0 2R 75 SR SRS 98 5 %
CUAR YA ) i >R SCREHEAT A A, JF A3 Yt SPARDL RIS 5 78 LI BERY . SPARDL i BLTE 5 R AT B A\t
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