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Abstract: Cyber-physics systems (CPS) are widely used in many key areas, such as industrial control and intelligent manufacturing. As
a system deployed in these key areas, its quality is vital. However, due to the complexity of CPS and uncertainty in the system (such as the
unpredictable sensing error of sensors used in the system), the quality assurance of CPS faces huge challenges. Verification is one of the
effective ways to ensure the quality of the system. Based on the system model and specifications, verification can prove whether the

system satisfies the required properties. Significant progress has also been made in the verification of CPS. For example, model checking
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technology has been used in existing works to verify whether the system’s behavior under the influence of uncertainty satisfies the
specification, and if not satisfied a counterexample will be given. An important input to these verification methods is the uncertainty model,
which specifies the uncertainty in the system. In practice, it is not easy to accurately model the uncertainty in the system. Therefore, the
uncertainty model used in the verification is likely to be inconsistent with the reality, which will lead to inaccurate verification results. To
address this problem, this study proposes an uncertainty model calibration method based on counterexample validation to further improve
the verification result accuracy. First, it determines whether the uncertainty model used for verification is accurate by validating whether
the counterexample can be triggered during the execution of the system. For inaccurate models, the genetic algorithm is used for
calibration, and the fitness function of the genetic algorithm is constructed based on the results of the counterexample validation to guide
the search. Finally, hypothesis testing is used to help decide whether to accept the calibrated models. Experimental results on
representative cases demonstrate the effectiveness of the proposed uncertainty model calibration method.

Key words: cyber-physical system; uncertainty model; counterexample validation; genetic algorithm
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Fig.2 Overview of the calibration approach of uncertainty models
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Fig. 3 An example of the environment construction for a counter example
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SRR 10 S 51 48 2% DL VA 36 VI HR 8 ) A0 A 8 e M A A A 6 98 R B 108 S /I 3 I B R 50 1) A G e e A
T T 3@ O R B 6 81 1 512 AR S N T SR S 2 A) P 2 S T L R R AN A R R P R 2 X (R 5 4
A 34T AR ), T X B SR AR A LA (¥ 2 B0 491 v 07 o0 A ) SAIAE RN T 28 TR bt 4 R T R O A R gk 3R B A
38 7 PEE BRI PR AN B i AR R S I L. T T, FRATT VR A A 38 IO T R B e SC LA R BT s (4 2R Bk
2.3.1  IEREE B E X

T R B AR R 2R IR R bR, R I AR A D I B A B T T 0N LA S A0 A B IR A i
T e R BT i S A8 1) T SR 6 0 S R M 22 ) (S — B0 FRATT I S T S R R R [ ) 22 R O 4
Xof AR B AN B AR 9] A AN BOR B R A —B0PE RIAZ B i T 3RATA B AR & 3R 2138 24 3% 22 X 8] A0 43 A 19 2 $1E.
{58 75 T 34 % 090 S A8 (1 U1 SR 2R 5 S o MR 6 2 1] B9 — B30 /N BT AR AT L B L T AR — S50k 110 e 1
SRE N BE BRI A T SRAR B 1 S A 2 FR AT L 2R G IR AR A B AT S AT [ i R B IR G I A8 B i R Tk
B B i R KBS R L AR R S S8 S B BB R bR T S A AN BORT REAR 22, BT DLSR ERUIT A IR A9 ) SE2 s 1R
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AT R AR W AR 5 AN SEFR I, BT DABAT A B 1 F 0 S B OR A A e 3 S B 1) S s v LU AR 22 (E R 3K
AT e 18 3 A o W 4 1A S 49 S R T DA AR AR HE S 7.

B U=(uy,ug,e. i) 2 BLE ANHE R BT ZHUN — AR, 0 = {0y,0,,...,0,} RIEFEITRBIE S
AN, e U< i< m) A LU 22 X)) B PR B0 2 A1 L 25 0 A (14 2 B, 3 4 2 RS A 3 8 X [A] B U 1. 491
U, ZRAL 15 i o0 A (0 2 B B AN 5 22, ZRAE Y 21 0 A (I 2 O X TR K R IRAT LR AR — D o, e O < i< n) B
—AMRIE A E MR U T EAR R T EMR cal, B F — A AN RE P AR B S BR MR acr. & B R HUH
THr RIS BI AR cal; R act; Z 181022 57, 58 A2 sC() IR, B T BAT 2 A S i, A 168 Y e 51 46
HIE T B AT D9 3d P BB EE P n S S A B 3 N o IR A R H AR R S, R X BB AT 1 1

AR A R /M IS B o ) B
fitness = lzg‘eedwali - acz‘,.)2 (N
n &=

232 MMRHEZE

FEFE T R BV PAT TREAR AT IE A Y 2 00 F5 B8 2 0055, € L B0k L AU AR ORI 8 A% B0 55 I e 5
P EA AR RHE, AT B T AN [ 6 37 5 A € L B9k 5 A 4008 K B AR 2 ) 48 R S0, AT R IR 2 2% — A ik
AR AT 4 R, 1 V2 108 AR 1 BT R R A B 12 ) — T 34 VR A R A SR A 3R R, T A — IR AE M R
25 1A v i 22 A R S 3 SRV R 1k T 9 5 P e L. DR b 7 BT 4 1 A v S A VR AT R A
SR ) BN — H B AL £ BT SR AMATEAE, AR 13 1 AR S5 B AT DU B R ke 4. &2
SCFAAR S5 25 48 A 301 LA 21 BRUAT S5 D0 ML A A 7 Al > 40 5 i D 98 ) 3 30 2 2 O P — A 0k 7 2 o 4. e 1
WAL R JUAS KB B 73, a0 B4 A (B A s £ AR R AT S )« 28 SCHR A (R AR AT AN AN SCARAE 7
)~ AL AR (BRI AR (T A2 57— A O MBI A P e A B (RD AR (T 22 A5 1 ARRR ).

FRATVAE FH 38 4% B30 S A g 1A o 880, FL O AR G0 B9 1 BT SR I S N B8 Al e MRS R U 30 s 1) e 91 F 4R
& 0. fEREIEP FEREFRL A FZAMAH—ANBEE n —ANEEL e, BIEA AN & AR BT 46 T B,
% MATLAB 4 5 (9 g 100, 2408 B2 13 o H0h 1 AR O KT 5 AN W1 AR RSO LIRS 50,88 5 AN
LA 200 B ARAE N BB 2 MRS vy DR 445 22 96 130 A7 R 6 08 o o A0 R A A58 4 SVA e 1
B LI R T SR AT B L 1) 45 ORI, A RSB O, 388 A S0k U B A — AR I ] g A . — ol 6 DL £ A R )
R o R AR P 75105 2 AR 2 BR P BB AN S N R B (B U R B BEAS J 3R B ULV L P B L 3 2 2 — A
E AR, Py 5 208 T A A e PR R, RS O I B RAE S A AR B b 2 K (R4 9K B B AL 22 4% 1)
HEAAE R EE.

BiE 1 BTG BRI RE.

AN E PR U B B AR & 0,5 RIEAIKEL n, BIE « (H T8 2 UGESPFANE Z AN 22 57);

it A S AN MR 5.

: fit:=the fitness function;
pop:=generatelnitialPopulation(U); //pop & — RN FHHE I 7] &
evalValue:=0;
k:=0;
repeat

evalValue':=evalValue;

fitnessValue:=evalFitness(fit,0,pop); //fitnessValue is a vector

evalValue:=min(fitnessValue);

A A o o

pop:=select(pop.fitnessValue);

_.
e

pop:=crossOver(pop);
pop:=mutate(pop);

—_—
—_—
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12: ket

13:  until k>n or evalValue—evalValue'<e

14:  individual:=selectMostFitted(pop);

15:  s:=decode(individual);

16: return s;

04 U L I PR AN 8 M AR TR R G 0 1 L I A A2 58 A A R 1, B A R )R 8 110 S 8 S R A A R 1%
FEIT AT PASERL B , FRATTR: T A RN 7 PEAS TR SR AR ) G P . o S e AN e MR R U TR R G AR B I
T i R T 2 JE X T A B AN p,, BELHE O AR (AN 0 508 1 8O 1 B80A 0),p,, IV EUE J5 22
I BAT 18 R A% L 40 2 FE AR FE (Lines 5~13), Ho o Bl EEAT 3E AL IF BLAMEAR IS EATHI VP AN B 4 ik
P 208 B B RAEACTREL n, B T 1) B A DA I A P S 2 A8 A (R A S 2 0k AR 1 B R VP A5 £ < Tl 1 22 /N T
€ I AR LA IRJG  T0E A I AR AR D, LASRAS S N A8 B HOAEL, BT i 17 R AE IR AN 1 I A 2.

FEIEAGERE b A JUA B A B A 26 # (Line 9). 22 X(Line 10)F148 5 (Line 11). F [ 3RATHE4H N LA 41,

o GEFEEMAE VPG (E D T AR AR L B A ARAR XS T — AN VA eval, A2 38 B BR B AN 0
AR R BE fie RATRA T — BRI 5 vE R A8 7 %), b MK 0 Bk IR 2
eval[/Z:;leval_,, eval; FEANMA i (KPP B m AR S AN B AR PR A AR B FE s B it .

o AT X MR AT AN SARA AR HT R AN HT 0 3R O Tl R A g E AR
M p ., FATHEHL L TN 3 3% pxm/2 A S AE BARIRZE AR o, 8 538 USRS B2 F AR 5, 326 9% s o
AR T A

o AR5 R I PR vh RS AR BEAT /N B RE B SR Sk 57 it AL 2 KRR R AL R RE S R B R I
[) FRATTIZA 1 X 2 50 o (R AR LA 35, 7 LA S B3R p,, BEHTL B o0 430 (491 o DA g o) 2 =X s R FR) A
RETFHE N 0 BN 1),

WL EVE S B I, 3 X p. 52 AR p,,) VB A 0] ). — AR, 3 DA S A8 W] B 1
BHE I 2 AP (B2 S 80 20l T 70 B AR 2 1) b AT 38 K 7 28 SUME 2R, AT 2 BURLVATE fif 25 18] L ARRHER i X
B AT R RAT AT DUAR A S50 1) S 15 SR T R S B R A B SCHRE S5 T 1 2 8 I A I & 50, g ERATT Ak 2
I R 2 2 U5 AR 2 3, AA[0.4,0.9145[0.0001,0. 1750 43 71 356 28 50 SN 26 i1 A% S5 Wk 26 1 £ 2 22 4 1 SV 3R A9 1
AL B T RS ARHE IR A M AR 1) 2 40 B (AL
2.4 Rt

FEFRATIR AE A K 1 (¥ A 2 AR Y 2 5 0 5 2 10 3 S R VR IR AR 2R AT AR 2 — A 1o, IR g 8 7 36 L P B 8
A LAPPAl A A B B AE B B Ao A b 0 5T B (EL A R ] R o B2 DL G T X B O T A X — P AL 3RAT
GUNT B ) B A B R AR, SR AR e 56 Sk 345 B FATD 40 B 263X AN 38 1) 088 1 A R B A R 8 1 U AR SR A
TR (R AN 5 AR o 5 A A 0 ) A A B e T SR I TR AR S REAS L REAR 5 R 0 22 St i R R 22 51
(1 T8 A R 2 31 i 01 9 T 7 D7 v O 5 A Ji R S ke A PO R AE (A S R, AR e e BRI AT 1 B
THHEER, 0 AR Ve R 12 1 41 48 00 2 9 52 185 1 18 T AR VA0S 300 R 2 10 A 508 S 1R 5% T S R R B SRR B (o) 5 6 ik
ABRBE (A ). TR TR A A B P FE BT AR 9 AR AR B0l 3R AT (A 36 8 v, 00 2 75 482 52 B4 448 JR AR et A1
FR i B 7 5, AL B ARG 90 A [ 2 S 1) L e A v ) AN A s PR AR Y 75 R RS 1 A0 I IR A B A, R
SE VERS RORS A IS, S A9 1) U SRR 5 SE B W 238 2 [R)AS B2 A7 7 B S 10 22 5 i T ol 8% JRAT 4R Ho 5 H W —
WA T B HER A 01,0, 0, FRATTF AR HE S5 BN 58 PERE BT B — A R (1 ST <n)IMEZE cal, I 7E
SEIG HR3REN L SERR AR car, Wb — R AFAR B T n XL M EE R (cal act,),(caly,acty),...,(cal act,). % d(1<
1<n)/& o; T M ZR 5 S PRt 2 2 22 B0 d=cal—act, B T8 —A> d, # 2 B AN 8 M50 5 RE i (R S 284 2 W] )
{5 2 5 S, FC 48 G T 4 T DL 52 A M R M — A TS A0 M, ~ N (502 ) 11,2, B

dy RSB N (11,07 ) 9= A REAR e, g, 0 RN I T A BEA, T BRI (B Hy 1, =0 15 Hy 2 pr, # 0. Ho R
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7N R A )T OB R ST PR 2R 2 (AN W e AR H, RN ENZAIFEREZE S T, RATHE ER R
R A DR Ho a0 RHZ FRATR] DUA S O M A5 HA 45 10 5 HE R Y 2 JE A B 1, O 40 42 LR e A5 DU,
AT TN 2 1 SEIRE AR MEAT R, JF B SR HE R 2, B R e Jar DA vl 2 ohe 1) AN S PSR,

FRAVFEAR BT 56 b R 2 2 A8 ) p 4B 7775 p AEA8E SO AE JEBCR L 15 L T 384515 S bRl 22 )
Fit 45 SR AR 1) e B AW o ) ARE 2 A L 77 3 b RN S N EABR Ho 1 p 9% — A B o i AE AR 9 R 06 1 6 25
PR, — B 5% 1%, AR p (8 /) T 85 T 1% 5 1) 82 35 MK (o), 0 56 32 B 48 B 1 030 &5 DA e s — 3,
AT I Ji A ¥ IS 122 A A 48 75 DA, 49 32 D AR A1) A FH — A5 L K @=0.05, 24 p<0.05 I AR B 4B 26,24 p>0.05 i)
F2 52 JRAR . IR L p A AU B2 ATV G 6 P S B8 A8 R D i, AT 1 e € — MRS B ARV 2 i
I8 48 tF 5 (W1 paired tests. Z-tests. t-tests F1 Chi-squared tests), % 428 52 il @R H5t 1 451 40, Z-tests 3& I T 460 56 ™
6 RN TEZS 43 AT B HE 25 O 0 ISR IR BB T ¢-tests 36 P T 7E B8 R A 09 2 A R (B 15 58 /0 ) K 56 35) 4L A PR A, 56
Gt SR 5 3L T A A B AT ATE S p (B0 0, T — AN IR BT A N, o) (L, ook S o S 4
TSI g AT (B A 56, P AR I8 B A Ly g = g, H 2 e # gt FRATVE FA BB ARV 32 R A A 56 42

= ?/‘jﬁ ,Fer, XORFEAMIIE,S ARREA HIRRAEZE 0 SEREAR B RCRE (BB A B P R R S i
n
B IER 6,2 0 KT O p 5T P, {|11<¢), Bt /DT 0B p HSET P, {|11< ). FZIA MG TR

Ho

#SCRF p AE A A ST SELAETAT ARG T B L FAR R 0 R T p . d 5 5] R KER dyd,...d, BIME
AT 22 ARAEAE A BRI AT A R 0 S i & e = R AT A

;(/_\/’S,ﬁﬁ)ﬁ%?ﬁ%*ﬁﬁjlﬂ‘]ﬁﬁﬂzz% ;’ﬁ
P B 0 VR T B3 p £, 96 15 55 KT AT L, 26 B AT 0 1 R oo 3L 5%, 1R p A T o
Ko 22 191 AR % 5 S B 22 2 11 8 5 1 2 5 T T L B 8 R . R T e
5 R R P T Dy SR LI p (T o UR 0 26 B S 09 0 S 15 S B2 2 160 77 16 )
FY 2 5 7 12 05 40 0 1, 0 80, 5 30— 5 v 50 75 5 3 10U 09 9 K BB 2002 0 5 o M 2 3k
T B R (A, 208 (0 2 (B 0 b FRATT TV T — TR B A, B AT A A R
I 5 015 G B 15 512 R DR, 1) 5 X 86 1 9 8 39 K /R 5 R

3 SEEIFAH

A ATV RS HE T I R, B AR R DL AN A ) A

W T 1) B 1 FRATT AR 7 2 RS B AT 280 A2 v A g e e A R 2

T F0 1) R0 25 At SR 0 L, AT T e w5 P 190 30 A vk 3 B 2 e 2

FEVEAl AR FRATTAE FH 55 1 1528 B 3R 5l 2 101 v SE 36 % 2.2 CPS i ] ISM BEAT ZE B, PE4T ) TSM AR R B [
SCHR[4,9]. 15 By A TAE 58 1IE 77 125, v] LA 2 B 37N 28 R GOHEAT IRAIE, 3R BUR e 10 A9 7 5 H I e i 491 1)
2.
3.1 BUERBMM

AR SIS PP A A SR FH AT 5 1A HE CPS H A K B 1 AN 1 5 M ASS 2R (004 280k o 7 VR A R v [ 2k vk 3R
AT 2 75 B4 B AR 8 10 AN B s MEASE B AT A 1 I 755 5 0 10 A8 L 0 A7 55 L S 36 vh A h ) AS R A ) AN o
PEAE R R AE CA B — AN RSB RO A MR L SO A5 B 0 AR IRAT O 1 TAEM @ K B E BN E R
G 1) S 56 R LA I, A5 FH A — S A AN B s R AT D v i £ 5 2 481 0 M TR Lk AT AL X AN E 5 IS
Tif 2 P R 0 K T 1100, ATt R L A g S 365 F R T 100 AS T 5 e A TR ) 5 e A R 80 100 AS T o A 2R 7
XA (5 2 X 18] 9 [-6,6], 53 4 N i W 40 A1 N(0,22) HIZE 4k 115 21 1.

FARSRUEFRATIR AN T 3 AN il AR i 5 2 X IR) LA B 43 A (V) 35048 R 7 22 3 6 A8 i fF) AR A0 DARR IR e R — A
AR [ 52 45 7 AT 10, FRA TR K A 4y A1) B K Bk T 1 2, B AN AR AR AT TR 1B 2,38 K
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1802 3t 4 FhAg Ab S8 I — R B SR RAS B FRAT 7 152 75 T DA BT R TS LEASKE B B AN E PR T R T 8
B /INIE 2R LK) AP R HE AN B B AN s PR R, 1 B0/ 4 R 3 (R A A S 9 0 LA UF SR R A S B =R 1 55
MR 2 AN K B0 10 AS it R A TR o B4 380 1, S P 3 A A SIE B T BT 3RAS (. 2R 5 R T e AN A Al AN E
R 5 g A1) — R A% 3 4 FRATT A HE T VA EAT RS HE.

R 1 RN RAE YRS S0 BT B S U0 45 R S o 08 AN i K AN B o AR A4S 2 1) S (34T T
BN, AT BRI S 9 B T SE R 5 S Bz 5 oh St TH A5 21 S B R 2 18] 22 7 ORI L AT o0 He kAT T
TR FRATHRE R B OO AN 2 VA TR AR DN PP A S v J A TR P S T 55 2 S DR S O ANl e PR AR O T LA
A AR, A6 FEY IR PR 20 R R AR 2 [ 22 S AR DX TR PR 1 BBR we 3ME n RO 2 v LR
TR m B 4 ASUERE BT A my 55 my 2 IRTEIKSRBE B8 d 2 U — 1) + (=) + (=) + (v, =) BT 192
0 R B =11+ )RG5 BT . 548, 9B 0,1, B2 ) B
o (E AR U R P AR 56 A — U =1 AR 1 55 3 BUFRAT AT LA B AR AL 08 1 A 5], AR 1 1 Al o 1
R 50 A R R 2 ) H P20 FE A 0.077 21 0.500 2 18122 A (#9249 0.309). 75— 5 THT A5 #E i P AN f s A S
A EAT S RS R 2 A R HOE A TR RSO (EE 4 FIPTR) B JE B ARG A 0.552 F 0.757
Z A A, ST LA 0,689, i 1 122.7%, 1K 7% W 5 v J A% TR ARS8 0 20 K3 e, L B0 S S 22 £y 7K
1 FRATIE T 3R 1738 N B HOPF A I AR ORI G884 S04 2 AR FEIS 1), 0 0 LR 1 55 5 SUANER 6 41 3RATTA
JRAB B e 96 A 745 1 ff 5 A A (1 AN 5 1 A TR 1 A i e il EL LA AR M 0 RS 36 B0 T8 I 1) 1%, I R R 2 51
N 10 A BB A ek e v B AR AR T T3 2 18 42 28 OIS TR0 SN BT B B FD S o W 3 e 75 38 1o S 45
A SR B8 1 3R AT AE S 5 b BATIR I L S B [ R 4R AT 7 100 K AR HUCH SERRBE R AR 1, a0k 1 55 7
B o, AT 1 75 7 2 R B S e 2R A

Table 1 Calibration results obtained using data from real scenario on the motivating example

R 1 AERBH B EAEH RS R b R R AT R HE S R

T O AR S 1 HE ) B . EIEEART) | BOEBEORHER) | PP | SR (s) | K IR fe 5
Range1 [-5.91,5.88],M(0.03,1.92%) 0.414 0.741 168 477 1
Range-2 [-6.09,6.11],N(~0.04,2.07%) 0.261 0.757 291 10.03 2
Range+1 [-6.16,5.89],N(~0.09,1.90°) 0.414 0.692 213 9.02 1
Range+2 [-5.21,6.13],N(=0.06,2.05%) 0.261 0.755 424 15.47 1
Mean-1 [-5.96,5.94],N(0.13,1.89%) 0.500 0.688 346 12.33 1
Mean-2 [-5.86,6.15],M(0.22,2.03%) 0.333 0.755 502 18.49 2
Mean+1 [-604,5.781,N(=0.14,1.89%) 0.500 0.665 257 9.23 1
Mean+2 [-6.17,5.77],N(=0.05,2.11%) 0.333 0.650 466 16.44 2

Variance—1 | [-5.94,5.68],N(0.15,1.97%) 0.250 0.726 295 10.11 1
Variance—2 | [-6.28,6.06],N(0.02,2.09%) 0.200 0.682 553 19.53 3
Variance+1 | [-5.79,5.90],N(~0.05,2.15?) 0.167 0.600 485 17.33 2
Variance+2 [-6.14,6.03],N(0.08,2.19?) 0.077 0.552 601 22.74 3

FEGETE S S B 5 A LR I 7 Lk 2R GEAE S AT L ) SR 37 57 vh 22 KB AT W 58 S 9 75 2 ik A A K%
il A B R D9 T AR G T R AR T RE i HE B 12 AT I BN %R T REME 2 (B, el T AE SE BRI b R R B
S A5 9 B AR, TR 7 3R B VR i 1) 8 T8 AT TAE AR 7 5 v thoox B Bl EAT 1 S B2 D B A AEARAD S B
o BATRAEA ABIAAT T 1 000 K UAGE T HSEBR A 55 40 UL SRR A — AN 1 Ak 2 AT DA e R AU ST 56
CHORE f AN B0 2 A R O S A T T 2 0 K A TR TR A v T AT AR 2 Rl M T ANBREABL S 36 v i
AR S ] A S B B AT I HE S A3 B S5 2R LR AT 4 /MBS I AR A 35 T ORS00 AN B 5 PR R R iR 2 X
0] [—6,6] = Mi 23 A N(0,2%).F 1] 4 A ASEAL (A8 e B 1 100 A B0 10 /S W 5 AR AL 4R 2 (X 1A [—6,61. o 0 4 A
N(1,2%).J5 4 AL AR A BE 1 (F0RS 8 10 AN s PEAS AR R i 22 IX [A)[—6,6] i T 43 A N(0,3%). AT LA, Bk L
S35 T RIS 45 R A BN SR It — ELOREF B

i B RN A2 B P A BUARL VL L (0, 10,45 09 — R P Af e o, BRI 1 AR AR 15 S B 11
TR i A0 A B M G 5 A 5 ) R AV S W i 52 L 40k S5 A e, DR bt IR S e e A 9 gt 4 LB AR T 3K 2 — T o 11
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A5, DR Ry S B b 3RATT T DS 3o 884 0 e 9 A0 A ) 80 A 5t B AR A S 6 v R AG 6 FX) 4 SR R WY AR A A HE £
RAT YRI5 T S5 AL LU e BT CABRAT T 38 8 — 2D A 3 2 345 B v PO 8 23, DT 3o 398 A
IS A8 FH F6) e M) i, B 08 e A A 6 ) A A DRI 211X — H 110, (8 55 L ) I A 2 R A HE Fl A th 2 B 7

Table 2 Calibration results obtained using data from simulation on the motivating example

2 TEIRBH M) LA B Sorh i B IR AR R k4 R

LAY AR AR RS HE A5 Y HILERR) | B EORER) VP B | RN A(s) | KIRF R
Range-1 [-6.03,5.95],N(0.02,1.95%) 0414 0.829 254 3.09 2
Range-2 [-6.11,6.16],N(0.06,2.01%) 0.261 0.829 322 11.02 3
Range+]  |[-5.93,5.90],N(~0.02,1.96) 0.414 0.833 201 7.43 1
Range+2 | [-6.08,6.10],N(0.12,1.94%) 0.261 0.773 290 9.49 1
Mean-1 [-5.96,6.04],N(1.08,2.07%) 0.500 0.768 512 13.22 2
Mean-2 [-5.82,5.84],N(0.92,1.95?) 0.333 0.757 775 16.16 3
Mean+1 [-5.99,5.89],N(1.04,2.08?) 0.500 0.742 432 13.56 1
Mean+2 [-6.02,5.94],N(0.95,1.87%) 0.333 0.662 660 14.61 2

Variance-1 | [-6.01,6.11],M(~0.05,2.96°) 0.167 0.789 359 12.06 2
Variance—2 | [5.98,5.97],M(0.04,3.02%) 0.111 0.883 556 15.23 3
Variance+1 | [-5.95,5.99],7(0.09,2.94%) 0125 0.729 402 13.26 2
Variance+2 | [-6.13,6.01],3(0.03,3.01%) 0.059 0.872 598 14.74 3

32 ROEEELER

FRA I I P 3 A BV R A 2R A 3 I B S /N R A A s A TR 2 I, DA I SR SR AR A A 1 R Bk d
A B3 A I AT DA S R At S50 T AR R A 1) R, L 0 S 1 43 BT O VR B A R R IR G D T BTG
J7 2, A VR B S5 HoA 7 VR AT T B B A 3R R T 5 A 3 B LA AR R M 1 SISk SR AR X AN 1) R — ol
BT BAERAHENL el SR SRR Kk SR

ST I BV R R T ) B BT VR FE A v e T 3R s A T 1 5 Y R O AL H A R A

M MATLAB {46 T E A v i “finunc™ 5K i 8 32 4 9 20 A 7735 R BASEBL R N AT S B0 17 € 1L i AL
B REEE, DL R AN E A TR 2 B L, AT 53 7 R /A PSR DTG Ly B3 2 — A A R TE 1 B
V5 W ARAS B B E A SRR PR AN Tl 1 AN B 5 A R PO X T AR ADL IR 2 BR AT 4 45 2Rt 8L L O TR K ke
AN E PERR L A LASR I8 A HAt LA 250 QS W 000 B L B Tl R RIE AR TR 2 R STHR (191, 9146 U B2 1 %
BEE A L0 e, T BRI A RS /N T LRI, AT 2230 7 LA A [F S 88 USRS SE 4 (9 P G I 28 4% 17 100
TENPILRIRIE . 0.96 1y R IR E R LUK 20 /RIS AAREAE LLB s g h, R ot 3 R EEARE 7 JAlT it A%
S A R HE 77 05 B HL A 0 A BB SR AT AR DR FF AR

AT VA T IR S48 14 g 5256 d 0 R A ) AN i PE SRR R R 2 XD N [—6,6] i 40 A N(0,2%).
T RAER S BI I SEPrBER R B T HR 5 R 3 on 1 4 MARISIRIORHES R AR — A& A Bl i oo
e 3 MU 1 ASRBME S AN R R R i AT T ) B LB 2 A SRR ) T S
(6], 55 3 A2 B oA 56 (1 58 B AR BATI U5 925 o, B O ANl e PR R 40 48 I, 75 2858 2 1) IR AR D i A
AR B ARAEL AR, IF H 75 B S ) T SR AN S PR AR SR T, B SR AC e R R A 9 S 2 1 N (], T
X ELFEAE BT S TR) P R HE A SR B A IR FE 4 5 I BT DR 2% R e I R 3R b BATME A 54
TR BATIRAGRAE I 45 R

MR BATA] DL B, — ok it 2 T 8 4% SE I 7705 B SR A LA 3 ROk AT 45 SE 4 RV 8% SVAAE 8
L FKY ST ) A T 550 T SR A B AN 5 A TR S A b i, P T N T R B LR Ak BT DA BT R I RE D AR
PR, P59 E 5 BT B SN D 2Q il e AR A AE 2 1 58 2 B SR TR L SRS AR — OB R AR 2R 1Y
I T A 2 (EL L8 i A8 =) A i I8 P S A A5 A oA R0 AN Al 2 PR AR TR 8 ) B e A e 22 IRIE 48, e B T AR E, B
AP [ 2 T BATHI A A0 S 90 45 R P, Tt S 45 ) 12 AN RHEANHA 5E PERER o 1 9 A e fBeix
KB 5 UCHEADUR K BRI QL R34 (5L 475388 B KA 1 L, 22 T DA 3o 0 ) s 6 4 SR T Jfm, AT 1 2 T A
S IR HE 7V AT LAAT 2 ANl P A T,
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Table 3 Comparison of different algorithms in solving calibration problems
T3 ARG SRR ) L A LA
WO AR UL AT VALK A7N € i 32 REAR K
- (Bl 2/ Tl /e B0 Bl B/ AR | (B /() AR 80 | GRRI BE /i 1) /56 0
Range-1 0.741/4.77 s/1 0.692/30.25 s/4 0.633/45.26 s/5 0.703/29.06 s/4
Range-2 0.757/10.03 s/2 0.708/75.80 s/4 #/69.43 s/5 0.717/64.98 s/5
Range+1 0.692/9.02 s/1 0.646/55.87 s/5 0.621/47.07 s/4 0.628/50.09 s/4
Range+2 0.755/15.47 s/1 0.748/92.29 s/5 #/89.01 s/5 0.709/88.55 s/5
Mean-1 0.688/12.33 s/1 0.682/94.81 s/4 #/83.42 s/5 0.630/90.98 s/5
Mean—2 0.755/18.48 s/2 #/126.36 s/5 #/88.76 s/5 #/99.20 s/5
Mean+1 0.665/9.23 s/1 0.627/80.69 s/4 #/54.08 s/5 0.612/68.27 s/4
Mean+2 0.650/16.44 s/2 #/134.47 s/5 #/103.82 s/5 #/119.07 s/5
Variance—1 0.726/10.11 s/1 0.671/90.82 s/4 0.602/70.38 s/3 0.629/78.92 s/3
Variance—2 0.682/19.53 s/3 #/143.94 s/5 #/120.66 s/5 0.599/129.66 s/4
Variance+1 0.600/17.33 s/2 0.561/203.49 s/4 0.528/164.33 s/4 0.536/180.82 s/4
Variance+2 0.552/22.74 s/3 0.496/239.09 s/5 #/190.22 s/5 0.476/211.38 s/5
33 i it

AL AR TT R B R TT RE 2 52 B 70 P BE AL B4 5 0 B AL 6 SR YR T R T vh R T M I B M R
FRIGE T LA B IR VHE IR 48 28 A8 a8 A% BE0E R T IR/ e A0 SEBR45 10 10 A A S e AT R T — s ) 4 e, L A
15 0 T SEPR MR GE i Th AR R BEALIE, D9 T AR GE T (9 s 1 ) 2R M AR 5 S B RS Rl RE AR 77, R AT B4 B £
FESEBRA B REAT T 100 X2 AT PAGE i HOR AR, R I AR BLUIR BT 32 4T 17 1 000 Xt TR AE I 18 22 fi
FH A% 530 B B A7 A8 B BE AL, BRI FE SE IR B BOR 48 A TARI4R S 200 DL 2 S0, 0 VA ) S 80k AT
TR AR I . FRATTH 7 3 0 AR B BEAG 96k ) 748 2t R 8 P AR B LA S i B 4 . 5 b AR SC AR B AN 1
P 2 R A SRS I SRR 3R 22 3 AN R M, 0 T HL Al 51 G 30 1 BRAT SR B AN S AV, R AR R OR AR 4k S B
BRI,

4 HEIE

H1T CPS 4 H SRFAIE LA (0 52 2% k72 CPS B VF 22 777 11 #0052 BANIH 58 1k A7 42 SCRR[2]8E 7E 1 13
B RGN PR 40 28,0 4% R SC FR MO CPS AR IR PEREAT T 4 A T R R & R IR
T BEARAE AT E VE X LE AN E VE 2 CPS Hh B A 7 AE I, E CPS Ui 5 S B R vp 75 B X Kt AT 5 18 5
AbBR 5 R % 2 AL B AN E MR AR FT RE 2 BE I CPS Y IE A2 AT 28 T -5 0% 4t B 2% A [ L B0 E 2 — A R0
Jo B ORI 75 75, AT AR S0 UE CPS I 5 AR AN 5 1, 7T LR I 58 495 o VF 2008 18 11 1) LB 56 31E IR s
AT AN T S A1 A TR AR X A S A7) gl T L HE ARG B A TR B A ST Y 1 — b A Tl 8 P AR T vk A o T
NS ZH R BT AR, B AR ELEE CPS rh AN & 1 A0 BE LA R A 7Y A #E 7 THT ) LA

JETT AR E IR EELAH CPS WA E VERIWE T AL T R B 24108 TIRANELfE CPS i B AN E 1,
Zhang %5 N PUSE i [ 4% ATUS B6 22 VRO BT AR A T — AN S T A AR A A S A AL L B CPS
(K] 3 ANZIZ UG R FEAZEH 2 AL R AT UML KRB BL L OCL Z3 4R FoR AR M 0y 1 ki
R A ATTZE PRI AN AN [R] ) Tolk S50 BN € PEREAT T U0 SR O 1k — Bk CPS o (AN & 1, BT FE N
R T 2 RO E VE BT 0 Cheng 5 NPPHR I T —Fh K18 5 RELAX @i #rk TREM W1 8 € R4
SR R AN T RE A2 DA AT A B AZ T8 5 R B2 — A B A R Rk S S5 H A B AR AE R 3 A6 B A
Fg — o A2 A SRR A Tk R W, L e B A2 A T A IR A SR AN TR S 1 B % AR B 2% AR SCHR (23] SysMIL 7 5K B 4
7 CPS AN E P, I A AR P b PR ER AN SE MR ELCPS W RN L. IR,y T %I CPS th
NHIANGE PEAT 9, SCRR (24148 H 1 —F i B 29 BROVE 1R & OB SJR.CPS o AN € 1k W] RE 2 F2 i R 421
IBAT I AT RE S O™ 5 R A ] R — At B AN E R X CPS ISR O 1 SR 1] AN B SE R Y
CPS AR IR B MK, SCHR[25 14 T —MHESE, LB X mk 25 (test ready ) B8 2 i A0 71 (55 CPS TUIYIAT W B
RGPATIREE, I AT LR T B AR O R 91 56 UE 2 R AN 8 PR 4G CPS i SR 1 AT RE 1] 2 11 73 — P& 4%.CPS
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FHE I B0 AR e 2 726728 (B RAg — s T /ROI2E B h B 0 2% 08 T R B E PE T R GRS RAN 2 BT i
{EHET ISM BEALX CPS #EAT 1 50 ilk, H 7 56 1iE 7 38 1% 22 X [H) DA RN 6 43 A0 06 AN e PR dEAT 17 PR A 3455, AH LG
FLARASZE BB AN M (0 30 UF 77 V2 AT 1 B M PR 00 I 45 SR H IE 40 22 B TR, T 3R 0 AN A S AR R R A
JE A AGRALE.

TR S — N8 ) ) AR A AE B o B AT LA SR R 7 DAty A 8 0 8 4% K 5 R R AT o0 N 3
Aff 58 PEAE B RS A v, — b B 0 SR B R E e BRI S MR S HOR B AN PR AL S 2 R, AR S
SR ERPRIARE 1 0 5 A Tk 0 5% A ) 7 A R D (1 A 2% 5 R SRS W A ff P A B e e e TN R AR M S A S M A
RUTT B8 T 30— AN 0] R0 O L N R A S S M T B B A B 1) S 49 T B 2 5 SR Y 22 BEAROK LT
FRATTI A2 4 Rt ) N 5 R 4 U, A 225 SR O B ) FRAT TR 48 R SR B 4 (38 AT 25 R SR S HEAS ff s PR B, LA 450 1o
TS HE S 1 A i 5 P A 4 380 11 B F & SR B8 e SI2 B R X AN 2 o AN A S T AR 2 5 1) 5 T T e A AN AN
B (0. G025 e AT LR (] U 308 gk R o G T o 2 e P R s 2K R R A R A R OO AT A 1 R e e
A T8 VR AN E MRS 1 S 4, DA R ASE 2R RUTT R A b AR SE PR A E M. — 2R S5 MO AR A
K #E(model calibration), H: H bR & 22 45 Hh i 30 70 2 B {75 5t BB 0% o8 o 1t S e 0522 Vanni 45 A\ ZE SCHR
[32]FF S g H T A B v v P o Lo R TR AR M P A N R AR HE B b, B B UL A0 R (PP i S W%
4 (0 VT BC AR ), 38 3R S RO 4 ST AR 1 45 120 T2 1) SR BT 3 36 O B 1Y) B i R S B4 SR s TE LA 1K
HR B P 03 R R R BN R IR /s ek AR bR B AR SCAE R HE R R R BN T3 B R BR B
A8 FH B R R T B /N 3 ik TE S U R SR W 5 T, 8 ol 88 A 1 7 V2 SR AR R A () 2 B (1 48 2% ) 7L, g3 T S
(9 2 9ok 5 1234 L RADUIR K VR 38 A B vk UV Lo 37 D vt Y S A R A ) e ST AR 2 R 1 e
G0, I DU e 2 T SR T 00 45 SR, DL SR AE 500 (R ALL AR R 0 45 H B B IS B, BRItk 4R R B A
T SEBLIK — A, TR T R AT R SRR B 7 R MR S 8 B A T U T R SR R AR,

5 B %

nn =A

CPS (s 137 FAR 22 #5222 4 A0SR B, 06 22 G A B2 A 6 50 v 11 2 SR ANl 2 PR 2 2 1) CPS 384T (05
3 THI T A7 AR %o FEBEAT 2 24 b PR AT A 430 2 40 o B 7 A A OK R T 52 e 36k W LA T SO AN E MEXT CPS
J R A2, S A B A G e A e O AR AR ) AT T S B0 IE CPS I i AR AN E 1 B
2% RS T AN S8 1R X A% G0 RS20 AR B A% G2 7R AT 17 5 D o B 14 6 E 28 SR R T,k 00 e R PR AN T (1
FERVHCYE FE A RO AN AL AR XEAE S5 ) 00K B 3 S B8 2R 00 5 3R 5 2 [ 5 L (R AN 3 P AR ST Y T — R CPS
HR AN B0 AN R A AR 0 5 925, 2 D 9 0 P S AN B A TR Al I e 1 ) T SRR SR N 5 S 56 T T 3R 1R K
A B S B A A M R R TX — WL R AT S A TR Y A A e e A Dy — A R ) R 2 R A SRR
figt 1% i) R, B A6 45 S 491 A T SRR 2R S B R 22 S /I ARG T80 0 S 1 S TR £ B f A A B 1) WA AR
Jei B AN 8 AR 5 R K ity L A 3L T DL IRC T 328 5 1) B 9] 3k 1 5 B S 81 1) SR 56 4 SRR WY, AT 7 %
RE 0% A RO RS AN T 0 AN B 5 PR,
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