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Abstract: The Communication-Based Train Control System (CBTC) has become the mainstream infrastructure for
the railway signal systems around the world. Unlike traditional track circuit-based railway control systems, CBTC
adopts a more flexible and accurate control mechanism to provide uninterrupted services to enable the safety
guarantee between adjacent trains and protection for over-speeding. Therefore, CBTC significantly improves the
efficiency and safety of train-based transportation. Although CBTC can accurately conduct the real-time control, its
design and implementation are extremely complex due to the integration of heterogeneous computation,
communication and control components. Consequently, the accidents caused by CBTC design flaws are inevitable.
Therefore, how to guarantee the trustworthiness of CBTC, which is a typical safety-critical system, is becoming a
big challenge for researchers and practitioners. Due to the huge success in both hardware and software domains,
formal methods are now considered as a promising means for the trustworthy construction of CBTC systems. This

article surveys the three most important stages during the trustworthy construction of CBTC systems, i.e.,
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requirement analysis, design modeling, and bottom-level implementation. It does not only comprehensively present
the important roles of the state-of-the-art formal methods and tools during the trustworthy CBTC construction, but
also introduce the development trends as well as technical challenges for the future CBTC.
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Fig.1 Formal method-based trustworthy construction framework for CBTC
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AN RGAT AN P AU R LR T LTL MR 518 € X T % Hl 4T i 7 32 %5 (Control Action
Temporal Logic, CATL),J##& i AHE B CATL A kN G 5 AN F KRGS EK Tl g % T
VEBE B R T o [ 51 ZR32 4T 450 4% 3 4%(Chinese Train Control System Level3, CTCS-3)f1% 4 75 sk i #,
N R G R 58 SR it 1 k4.
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ZEAD N 58 PO T S TR SR A — AR 7 A T B SR AR A4 R )0 % UML [ R S
AR ARG R 2H (Modeling and Analysis of Real-Time Embedded systems, MARTE)?7CSP )52 3™
J& Timed CSP. 53 4h HL 422 $1L (¥ 3845 R. Alur A1 D. Dill #7817 1 31 L(Timed Automata, TA)®*, & 7E 4 BRRZS
H Z LI LAl b 3 7 H e B0 P e e A i DA 280 1 5 4 7 PR B TR, T DAV 5 3 2 7 SIEI R 5 1) % o
] 29 A AT 9. e SR B 1 5 Hoare 55 A IKA 42 H (11 B 5. (Duration: Caleulus)™, G665 5 F T xR & R 4t
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5 _E RV BIE b A DUAR 2 AR T BE 75 SR 1 B 0 D R 7 SRR L HE — 2D 4 i B 45 2R 91 40, CSP B0 SEi 1k
KH)YJ& Timed CSP.&L 46 iR CBTC H i SRAS B A4, FATT 730 93X Be 07 vk AR e 0 0 R B Ll T L ik
77 B SIEARRER PR MR TIRE . eSS 1 75 R S BT i AE TR SR b,
AT A T A T AR AR AT 0 g A 0, — R T T B 2 A R T SRR BB, SR UML @R TR 28
40 Z PR AR 3 HUA 26 B LBV ) R AL

MF 1R BLE 2T UML. PSL A1 SDL ) 75 2 00 28 % 75 3K T 6 ) @ A5 (Bt my DLIE s 47 Fe 1) 0 =X
AL Ty e R A1 AR ) B TR B RE RO U5 R B TR AR B A, R 8 LS 4 THD A % 7 SR AR AE S I
tH, B BTIERAEE — A G — AR SR DhRe 5 3R o 22 4 1t 75 5Kk 15 S 1 55 SR 10 48— A, TR b %o X 25 R 1) g
R TR L PP ATy L5 AT AR M J T

Table 1 A comparison of requirement modeling methods and supporting tools

R FREEIELE ST A
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T CBTC REGEAIE AN SCI 1 DU SR i 4 22 4 BRI 5 20 56 1) 72 9 2R 48 7 SRS A T 3t 4 b
A7 AE 52 e Y ] B 22 4 R R DR G 23 0 X B 42 2R 0 i SRR Y R AT 0 IE 38 5 7E 7 SR IS UE B B AT RVE 77
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WAL SCAG IR AE . F v B B — e G2 ) 5 SROBE A 75 77 95 1% 77 kIR L ] R 5 T AT A Dl AR AR 3 1)
V2N TR LA SR AT N G 0 R SRR e R A 92 A BEAT AR )RR DA E 5 R A 2 T IR 3
SR Y F P RS sl g 1 SR 75 A 1) 5 SR A R — R R, AR R A 1 B A v A A POCT
L R e R A U0 AN 24 BARAT SR S IR T SR e 5 SR AL D R R AT X B 75 56 DK I R G
T 2 1370 307 AL DN R, P LA 55 SRR, I MR A0 S B 0K 45 SRR T 300 i S 00— 3500k BOxl ) 7R SRR
IR 2 5P A 5 SRR AU, 0K 2t m] DLW 5% 75 SR RS2 15 30 2 22 A PR S5 P o R a4 K B E v 2
LR AR RS U A0 5 BEAIE XA B BE 4T B ZhERUE. 3 2 VRGN T LR A1 4 U AL I A SR AR LA fR B
T3 N AT BAA 8 A 5 i R R A e v R T i e SRR T A T ) 5 i AT R T AR T o
2206, T A PR R R R AU 5 SR 017 A 0 153X 1 A 77 95 ) T R AL T TR TR AE A1) R 8 0 7 SR 2 BT
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Table 2 A comparison of trustworthiness guarantee methods for CBTC requirements
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BFLPE B, 75 R 2 R0 H R AR A BB (N2 192 L (9020 Esterel*” 55 Simulink™*) B UL 7E TR I, 7
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T AADL 2B E 4. AADL (Architecture Analysis & Design Language):&— Fhik £ 4 # ik g 51,
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SCRR[67150 AT 7 2 T HELIBIE M CTCS-4 A% RGN R Thfie B8 501141 9 3R G5 47 2 8 /DN 38 B ) ol Jo 2 DA
SIS F Petri [ 5% 2 40 22 A% 1) S ASE B 2, D £ S A1) AR DB BRI FE I CPN BEAY B A1t T ¥R BEAill. BT R H CPN L
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SR G5 1E SPN BEAY ZAE R 43 BT 1 K 5 R TG 46 1) 26 b OB i AT R RS Bl B BRI 5 A7 oL R YA 45
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I RS AR 7 AT 422 52 Y 2 L SCRR[7 1] 1 X6 81045 3R e idE AT B Ak 40 b, R 5 JR R SR Y s R 2 L T A B
TH SR A AN S AT AR TR | IE AT N R TR R R AT AR R G i B S AT, BT DA BT A R A R R AR R R
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T A AR N T R e P, Timed RAISE #£ RAISE &5 _EAn N T IR X 7. SCER[74] 40 A Timed
RAISE X CTCS-3 25475 R G i) RBC YJ 4 P B3E AT AR, T 2 0 A5 28 1) T Aff M AR SIC I A8 AT B
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K CBTC R 40 [H e, AT /8 28 B8 (R} 252 05 008 24 i = 0 A A1 BT B 280 8 — 35 51 S TR SE ik, 2
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Table 3 A comparison of modeling methods and supporting tools in design phase

R 3 B BUE BT A RS TR SR
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Table 4 A comparison of trustworthiness guarantee methods for design models
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JE B B & S AELHIE B i fiX 1E1E Coq'™), Rodin!®"
bE2y Wil
——— méz’i‘i i FER+IRAIT 5 ] #7216 | PRISM[®!]
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TR ARy — AN SR [ S 2 N R G 7E CBTC 3R 1 I 75 256 28 45 1 A58 = 1 % L 7 J A J i
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4.2.2 E TR RARAE ) 5 ¥

YERFIERZIE EN A7 #E(EN50129,EN50128) 58 ZH 4k 457 5K FH I AR, T 2 Ak B0 11 0 48 33 ¥ 43 18 Sk 8k 22 (1
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Table 5 A comparison of test case generation methods for CBTC implementations
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A R B R G IR B BRI LA D3 A R I A B S 2 05 R S LT IR B R R 24 A o B
AH OGS I BEVE . SCHBR[ 1071450 4 2% & G it ) B S HLASE AL o A7 A8 10 JE 18 1 1k 2 3 500 ik A 400 A i 2 0 B2 7 5
THE U i R R T — R T A IR S 4 AR T o o T PR U AR A, R B UPPAAL Cover X BVEREAT T SE
.
5.1.3 ZEF UML BP0 R4 R
PE s siz b Db i BEFR i UML DA B 552252 3] T CBTC 77 )Mk SR R AH DA 58 N 4R T % Tl
PLUML #8849 M A2 i 25 (R 5 v B a0, SCRR[ 108142 H 7 — FioR Y™ B UML TE 3 B N B E 45 R 41 %
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ARG I AN 7V, Ik T 16T B AR T o AR E LT R A OGS R 7 i v TN R R P s P 481 AR
i SCHR[109] 5 T — Pk T- UML  F A3 30 [ A= B o 42 Wl A9 1) 5 ¥ % 5 o0 F 4 1 43 D vk v
Ty e 4 N 8 s R AT 23 B I 45 G oAH B2 o 4 U AV ) I v 4R BRI A% AR I i A el T A R s R R G AT
TE TSR 5 B AR A8 B RE A TRl 2 A AR e 72 R RGBT A= A8 78 23 1. SCER[110] 4
XF % FR G TR BORR 1 SR FH [R] IR A T PT35GB AT D IRIR 3 TR A7 LR 12 10 2 5 L 10 O =X AR il i
) 32 75 v S R YA DG A A D), e TR B A B G i N 1 AL SR ) A R R L 25 - S 4RI N
2 TSR AN SR AR 20 SREAT SRR AR ECE AR I 491 (H R R T R R LR AR T UML A58 B A By A= Rl ik
A% IEF] UML ARGk Z Pk — B A5 2 8200 A ik 88 6 1) AT A5 M 1) il IR T, HCAE T R FH 22 4 1 07
THI FF) #5585 6 A8 A DA
5.1.4  F TR o IR A B

W RRE -2 4 3 IF) i CBTC A48 S I %2 4 10 10 B8 B2 e vt Mg X P i T S 25K 38 45 1 o BORR AR o A W e g
DA 1) 7 SO S R FE 4% 3R 04T N 3 ) 22 AR B 4 8 A7 B 3 0 S8 4T . MR A L WS TR
e S UV o ok At e A 0 B Kb LD P R A 73088 5 50 AR SR A1, R 2% 1 %) EL I 95 38 I e s AR AR A
A B A= TR T, G SRASCRe F DA 5 R0 200 5 20 5 4 g = AR AIE A A o VAR S A2 v 7 i I K 7 R

T AR (AR ¥ 2 DA A I %ot S P AN A7 E T SR B A s P sl AR 2, e N3
H M A AR AEPIESTEAE T & RGN I AR P A B T2 (0 B2 B R N1 2 48 4 BRRR E g B A R R
FHN it 4 07 2077 A AT RIS 58 Gt 5% 380K AR (R 48 T 00 28 45 AR IE 28 S0 3 P N e £ i 7 155 10
ST A TN P R ) R N R R AT SR R R L T R A AR RS A
R SR P R R N T 92, 38 AT I R R N R R H U4 Ferrari. Doctor. Xception. Ftape.
Fiat. Holodeck %5 T. HL.#f0 /& FL R 4 i ()38 AT I B v N T2 2L AR, I T2 B AR 7F R 40 55 UL 58 Jl s 7R R AT
B BOA RE T DA S 4 77 325, AS R SRR F 491 1) 1 3l A il R bk ZE B R IR BN R T v B4 A CBTC itk
J7EE I R WA Rl G B T A 29 A 1) U AR B SR B Ry N B AR AT 71 LR CBTC &R 48
ST 75 S A — ANMEL AR QT 100 LR T S 1) AR A % ) R R AR i T — R R AT IR

A% S MK (Mutation  Testing) & — it 25 T~ il B iy 8040 W3 07 ¥ A% 48 3% 07 92 F T P A0 AR v Ul 4R A 1
A RO R TR o3 Ve T AT R B Xt LA i v T DA A% 0 B AR R IIAR A i Y A T 1 B ) ok 22 1) AR
R0 AR R V2 SR R 2 B 5T N R IR T2 O, G e FEAE 3R v 2 A OGRS UL & b I SR LA 158
AR R — A LT 3 (X e A ok R 8 S B AR 5 i L SCRR[116] 42 T — Al 56 TOLTS ML 28 57 (1)
2 A AR — S MR 7 VE A R T4 5 AL R G A Oy ik e R TR SR B R E
T2 A AT 7 52 B I I T 1 P G R e P A il e e BB N 0 fl A 558 1) REERALL T B B Ak B i ok T 2R,
AP e 22 A ARG I 10 7 1 P2 5 SRR (116 78 A 24 )2 THD S A S 1) 00 3K A6 i SRS AN [, SCRR[ 11 718 3378 it AE
J 2 S S5 I K 3 5 S A e A AR S 0 S L P T T N R) [ S AL AR R v A A o R G AR
IR T 14 A EENRI FOHEH 15 A8 R 870 kAT A8 7, DU A0 2 e s 40 1 A ik

6 ¥ CBTC ZHMRBRXAGEMWENHTEZSIRYE

Fe T AR Y B T 2 7 v DA™ 55 PR 0 2 e ORI 31 g B8 At i o CR 0 455 2R M Bl % 1) 75 oK e B AR )
SEPUARHD B RS 10 FE A BT 0 2 B R B B = W 1) — S IR B IS TS R I & H AR CFFIX FE — A i 2
14 A iy JE AT R 6 A SR B 2 T SRR B e 5 325 A% 0o AE I R B L 4E A BIE AN 0 ] SCRE s 2 4
RE e a AR T R T HBAT 7T 2 RN BT, 7 TR 2 M N B E A R, Rodin®? .
SCADE E{£P8, UPPAALMY, CPN T HOY% T HEW K s[5 CBTC AL ) 12 S AN I T & F
B ASCME AN AL TELET RSN W5 520 =ANB B 0 vl {3 48 1& B 50 R 15 L.

6.1 Rodin

Rodin™/& 3§ Event-B [f) A% 5 5601FF . Event-B & 5 T4 4k i 57 R 4t (1% 2k @iy vE U7 S0 wE &
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GEIRINEEM AT AF T 2000 BIES, 8T AR AE T 72,7 Event-B 11, RGP 43 i ® LAEH
B3P R A B 0 A SCAEALAS P BN ES 3 20, 80 32 0 5] AR AS A8 5 R0 24 SO A5 2 33 A7 4 4k, TR] B 7E RS {72
FhoE T E B 5% ORIE % S IR B ) — BV AE 8 B 1R S K B — 51, Event-B 2 24 Fi ££ $LIE 28 388 43 b 4k 45 A
BN Z TR AR 7722 —, Thales AR FIBCBI RS Siemens 2 & f X I35 6] R A M EIEH R4
Systerel 2 ®] IF EFEHIFIE 5 RS AeS AR MR EBIIH . CASCO 2 w1 DX 75 i #4555 #5872 H S AL iy
Tk 4. Rodin 4R E SCHRSEFIAL A, S FEXT LA FORS AL ATER S8 i 4 Jg 9 BT LU S 5 B Event-B ik B8 H
)58 EATE R L4 (proof obligation) [FE ALK (H 52, Bl 56 ML 25 HF IZ 20 5] N IPIRZASAE &R0 T4 S 44 it 38 o,
UE AR S 55 23 8k 68 22 AL 140 TE A A AF B %) s R Bl 2 n oK

6.2 SCADE &

SCADE (Safety-Critical Application Development Environment)®*1/& Esterel 2 5 BIF /& [ % 4 M 2 M R 4845
GHRAEE, B 02FPIES Lustre. SCADE FFRMGERRME T AFERIEELE., BRARIE. REEE
B WA 7 B RAE T AR SR BRI LIS SCADE e r LG R REFHE T A KBEE T ANE =T E
AT B4 H I, SCADE J& AN T B & it CBTC BF % 4 P2 2l SCHF FE JE fi e B ¥ — A 7E SCADE 2
PR 2 P Y B ER B R R i e SR IS A | R AN R AR A ST R, TR ST 9 ) A A T 2 s i ) i
B € B AT HEAT .08 AT 2 Lustre £ SCADE H Y AL @ B TR AL 285 B 6 B TR R ik A H T HRom — A
PAT AT BT 5.5 Event-B E T T RS2 M T e AN 7], SCADE M@ RIS RERU T m 08718
FHIT R AR T BT BL B 3 A B 2 EN50128 # i AR, AT, 48 5 1 B H T T R SUTE 28 8 JR 48 h A 0 22 4
oA, SR ) 22 B Sh PRI BT R R gE . K dEh) 88 . IR G5
6.3 UPPAAL

UPPAALME DA () 5 Zh AL A ZE Al 1 1 X6 S i R 48 1) T Ak 46 T R PR 85, SR AL B30 B AL AR B A
DA RS T BEAE N B4R & UPPAAL (1) R G A DU 8] B B LI 48 75 /£ UPPAAL 1 &A™ R 4
FET DA — AN A SR HI M. e, B F A E SCRR B BT R B A B AL, 3R 2 )
{3 {5 AT DA T8 3R] 20 A 4% 5228 B 58 )L B B DA A UPPAAL 3 $2 436 A 38 BE 4 23 A I L DA E R4 R I 4%
AMESS R TS G5 76 W I 8] P4 58 ). A8 1 AL UPPAAL 48 St 1) S R G0 M R B4 = 450 U7 SC iR (571 3% F
UPPAAL ## 74X CBTC XI5 7 5 e i 0T 18] 1 AL 25 458 B, %o A5 Y 1) ST i PR R 22 A AT T 58
UESCHR[T18]# Y T — M5 T UPPAAL )2t T & @A FIIIE 7 V5, MiE T T IR M2 2t 551 &
LAY I DAL O BRIl 0 22 P 6 B OB R GUR MEdEAT TR L BIE. A 2¢ UPPAAL MK LR CBTC R4
AR TR R L EAE 5. 1.2 FTHEAT T IR,

6.4 CPN TH

CPN LR PIA & Petri MO I AL A8 T HAE SRR A B @8, 5. 2 #r. SiEss
Ty e (B AR B B0 U D RE P IF AN SRR OB A2 1. DX 1 Hoft TRCF 65 ,CPN TR 10 8 25 45 i 2 X 57t 2D 8 (5 7
SRR ADLAE A5 7T DA S B0 IR ) 9 R T AR A 4 O A OB SR 1191 R A € Petri WM 23R EAT TR
A AR, I IR 25 22 18] 0 M e A R D REREAT 1 22 A VE SR E A 07 0. SCHR 10114438 T —FhJE T CPN 951 42 42
B AR 7 51 5 304 7 15, 6% CPN L B DY REREAT 7 J& B JE AL L AT RGeskAT 1 A A k.

R T H AP 5 #R2 LUB AR 5 300 R GE AT 8 1 R BE AT BT e S A SR R ST AT RE AT
B AR 45 AR A TR B 4% T 2 S0 B 1P A I BT A A < bR A A TR AR ORI L K] W, R 3 A 8RR A 2 8] 2
TriE AR I TR G M T CBTC RGEHTA IR IR 2R 6 f5 25 T RARFEREAT 1 X L.

Table 6 A comparison of construction tool features for CBTC

* 6 Bl CBTC #ig T R4S AL
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TR DR TEAS TERIEAE | BAREE | AENAGE
| FHEEERRALFEM | o or o o | oo o RS TRA
Rodin QERHMAR gy | TORITEL BT | SR - G, DB R4
LA LRSI, A . A
SCADE | Shfmask, LA | RiFBEL SME | % riE i BRalik - S A
0 g AR5
R R TR, B e N .
UPPAAL™Y | pe macit et son o | dken it | SETRIE 2 ok IE
i, SR E SRR A e R
FR PR R, B
CPN TR | i i 2o M | WRUHEL, WAWEL | AR i Ty A
HRBL. (i, 5PBT AR E ’

7 RESRE

TEBRE K 7R JE k-5 4R 1 08 38 38 55 50T B UF B AR ) 322 AR SR (0 77 b 2 B, R ATT A 4R S5l 2 56 5%
CBTC T A&GHIH LW REE S, M s2Pl B 38 CBTC F SR A5 (R N T — AN B Bk ik 1k i A4 45
CBTC $5 4 MR 443547 P53 4 H 0] {5 AR AR 3 Ao R 3N 7 4278 CBTC JF K MIRCR, BRI CBTC #iti
HRME ERTRZEM CBTC R4 W IR MZ BTA FHFRRE. BT REH S ME &MU BT GRS T
T4, CBTC 16 R 72 A AR SRIE A7 A8 U R 1) fi
® TEFRINEL W T CBTC XFISATEEARHE I T IWE R RG A %5 L AME A Rt SR 1)
B 5 AR Thae 7 SR A R, 3 LA S AN 2 5 7 SR BT SR 19 B Bh L e B T8 AT E B R CBTC
RA T RMIEUT VL, TCIETT AT X CBTC KRR RBEM IR RS AETIBE T R vp 28 BT, 1K 3t 5 30
M CLPEAl A B 2 SR CBTC R G0 SR (KR, 3 FLXE DU IE A% 4 B 10 75 3R Yok 6 ok, A e 30 18
R 5 L B E B P S G B A DL B AR E.

® RV BAR B AT A7 SR F & i BERURN B IE 1 T B AR A B AT K8 R R A I E S R SRR
TR AN ] B AR 2 ) e 4R AR BT B Y E A T R T R B S IR A0 R T R AR
TUAE T A IR I AR AR 5 51 A ofR A =5 MR 45 ), 5 350 B Al O 19 T2 B JEVETE #UE HIRT 1] Py
52 R A I IE AT 55

® ERZLDUNIM,HT LA (synthesis) HBILFEBER,CBTC (75 SRR 5 ¥ 1AL IR M 5 3h kg A:
R Z RIS, /E CBTC #it A T A T FoRS i f2 v 5 E R E AN T 10, IR e | T A F it 5
TF R I FEASTT 8 G A7 A 5 K AR

®  TEH TR ARG R A, BT B2 AN [ e G A 2 A1 [F) SR ) 7 15, ,CBTC 7 3R 5 1% TT 15 B i 56
WS R G SCHLZ YR I 56 0E A B S 36 45 S JE VR B SRR — B 5 IE # M Ak DL RS X S EUR
B T R I TR AR R AT BE AU N 536 L EHIZ) T CBTC ARG AKKITT K& .

BARERA T TN CBTC Ui il 5t 1M & 4t vl (5 MR B - B R IS T 4 A BB I BRI H A
I8 AAE S BRI Tl 545 21 4 1H S B % CBTC SUs M 3% 0T 5 3 2 4% 1 H 5, GSM-R il {5 #1] 4G LTE @15
U201 1) e M T B4 o) B 2 2 R G5 1 K88, 7T LAY, Tl A6 34 CBTC it HF RS HAE_ BRI K 5 i 5
KAEFESWEIN CBTC REAT L, A £8 fRUE AT 3E 19 CBTC T 55 1 ) i BB AT 2 A Rt /b vl 15 i i
FIARA, B4 A CBTC A& [ IR Bk . IR 2 R A Tk R IE R A B ik, TRATFE UK TSRS L
T — 25 BN BT 78 0] 76 SR 5 CBTC R {5 A4 11 ) IR, 2% i sl 3 47 £8P T2 204k D7 V2 BT o SR 10 12 22 PR A1
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