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I eh [E] 25, AR A A] [E] 22, a2 2 Ak 2R G0 S R85 R 55 IR, BA7E 1978 4R B R 23R 1S
% Lamport #IRaE H I8 FD R AR R G R SBABEA W, FE% 21 Rl R R A
J&, NITRT 284k 2 409 2 B B A 2URDB 3R T B R EEeR, iX IR R A M 4 R 48 H 281838 B A
AT, HBE & A AR . ST . SRR . AT S5 K BN A S (R 25 (I B S A e
Bkl — (25, e JEF TDMA HLEI 40 BUE & TE R S B B NBAR LA — A4 & — Bk b LU E
I B2 1B EL AR T30 2 AT (1 22 T AL S R Bt Xt 80 26 10 A 42 06 B SR b 8 4 B Y
FT b HobR; VR P A DM E 815 75 A0S 5 Tk 5 35 1 Bh A K PR IR 85 v 4 Rl R U S i 145
JEVCHLAS ) I R P 37 5 #0281 i 2 A3 4 [R5 B 5 A GPS tHE LRI [R5 . 7645 BRL
5 TRRAE, b D FR R R W [P SR o O S T A B B AR b R g A TR I, A 75
L5Ab R GE AN RN G VS R T B BT A — M R e 22 I B A M B — R FR R R AR B
R Bk AR 4R AR il S i . Hicda iR 2% 1)

0 28 A B ) 20 e — 28 SR (0 56 T3 435 0 4 FROBR A ik il L. SR B [R1D F ) H bR A 8 BT 452
PUIEERS G, AN HMERNTE BN 5 B AR I B2 B — MR 88 F— /M S R, HRZ4s « 2T
FL N B R IR G 0 AR AR N f WIIRGE S, fi 2 —RBEYLEh &SRR ARYE SCik (6] %5, it
HOAR I B kb A B Bt B RS 1R] ¢ BOTE B BRE ¢ (¢), A= A2 L7 B PO A B e o e
¥, i

ci(t) = fi(t —to) + ci(to), (1)

to FEATUGAITZ, ¢;(to) W BHRTARIS ZIMITHEUE, sk B3 (1) AV HN BhZE SR 0 B I B oY 3L
T f; BRI ARYE, 9 R0 SRR B A Tt 7 (0)

7i(t) = (ei(t) = eilto))/ i + milto), (2)

X (©2) F, fi X AR AT, 75 (to) BT S AERIAA 1 FE 2 R AS LR 5] 3 7% B4R A0
SEAE AR R IR I TE) P R RS FO AR AL SR B N L P ANAR, 0 Ja s i b U AL fT Al 159 21035 R 1) 28 1k P
BRRERL. TCLR AL AR X 2T AT R AR a3 A R A, — R R s ) A P TR s
I B, AE R A4 B BT TG 46 B A B A 40 22 5, DR B SR AR A AT R S AN AH D, [RTET fi
PRI f; WIBENURRE 2 BEIABEIR 28, Wi B o PR 256 1 OB 1 R AR AR, 4535 A RS 1 A I
WA AR ERIEL MR, SRR (2) vk, A0 TR S R . AR A AN R & T 8
BRI D9 288 B 3 S ) RO B B s A . T DA O o 5 6 1) A b B B P 3R R A B AR 5 T 2 A S 2 I
Z5FHIR], S5 R0 L, W E A BRI, 5 BN S 1 A7 AN b I B A i IR S A
SE 2R, R o0t — S 1k B T SR SR R LR 20, L uniEshas . EAER MR (1) Tk UK R —
KSR S VeI BR, FEA0% £, nT LA RS e A 38 B AR, X 51T R A AR IR AR 1) TE 2 A S 2 I
S8 (A)BEARSHE 75 (¢), DRI Tl DA IO f AR ] R0 7 o e 35 SR 37 6t 5 A R 30056 5 4 7 4 31 [ 25 ol f.
(2) DA DA 9 SR FE A 5 M 000 A v ARG I P A8 AT T 22 8% U I AL, oF 723 P9 48 I Al T4V 250 £
S P B TR BT 220, A )20 1 TR K 55 S 00 77 (10 ) 8% 53 0 AN 5 T, AR ) At DA SIZ B Dy 7 S RE AR B 119
SR Tl PLAR .

B At )25 S04 R D 4% 25 R AN [ BT KA S 2 R o A U, a1 1 BoR, 1R 2 Gl 4 25
Frp RER AR RS RE TN Z MAAERE E KR, BN 254 e 2 % & 1 2 7
MAE A N 28 28 2 v, 1 s M 2 S50 1, MO (36 FH AR [RITR (R, T o2 e I 2 LA 0
RO JE K 1 SRR AR PR b A L RN SRR T T SR8 1 2 REFERI 20 . B M5 5 25 T I
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Hierarchical structure Distributed structure
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Figure 1 Two types of clock synchronization algorithms corresponding to network structures
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b E ) 20 4, FET IS SR B TV 28 P ] |G CAF 20207, By Tk H 3 A6 Bl
R TT % RIS, Bl B2 HOR H 28 5 e tH W R 1 = FRAE, — 071, & R T B A R T 3 57
WFIZE, Sy filE T % B B S ZBARPRE, 15K AN R L7 S 2 bR 1) B4 IR ELIE . L
PR NME. 55— T7 18, I3 S e BOR B AL Jind R IS, B an b sl A I — B L+ kB/s 2L
+ MB/s ZI8]. BEFE MEAE BRI KR, I SR R BRI I 20 LS BB R & R 4t
P T R R A Tl A X8 i g T P 4% 428 ) 3 R A FR B8 7 i) ) 3 SIS Tk DAOK R 3, #
R S 1) T v A S o L T O s e, B SR 2R 8 R B T 2R 8 oL T R e T B
W FAR AR — AR (A Y B 2 A 0T — e PR Re R A0 5 0K, [R) A0S R i B SR AE L AL 22 40
FOEEAN, DRI b DAOK D ) v b 8 B b () 0 BT B 2w 70 3L ) Tl BUK W 145 Modbus/TCP,
Ethernet/IP, Ethernet Powerlink, PROFINet, EPA, EtherCAT &5 TAT MM AIE ARG, K2 HT
IEEE 1588 AR#E#EAT I B [R5 AL #E. IEEE 1588 ARk e 36 [ B 5 B 7~ TREIN 2242 T 2002 SEAAT FOHE
ARARE, BEXS AN & S48 KRG E X T —FRoRE % 0 80 B 2P W0 (precision time protocol, PTP),
REME AL AP 2 [R5 K P 8. IEEE 1588 ST A — i i) ok DAOK X F) J2 4 = e [R5 W0, 3=
BB BN, 73 ) v SR A I b 5 S I TR AR T ] 222 1) R RS R B A T R S A
()P R 24 A N 1) SESR P S L. IEEE 1588 Ayl F AR St 77 58 O A KB SCHIRFI AR T4, A
AFFER.

IEEE 1588 FRifiAy —ANBRAEARR 15, B EESR A A8 P A5 v i i) S AR i () B P o0 2806 R, T X AE
SRR A A A A AN T RER. SRS Guruswamy T TR ST, AR ST
R KA 25 14 Bae AR AN iff 2 i 21 i S8 7 SR PR B b B S A B vk 19, — B B T e il L Al vk 2% B s 1)
B HE A AE I TR 7 vk 01 SEEGUF B L A vF 2838 7 il TH iR 22 AR W@ S O BRIt T 38 I3 T R 22,
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PR A T 28 B A f R M S IR S B AN . A0 IR 4% 3 5 Mk 7 ) B, Giorgi 4% (11 12) R ¥ bR
IEEE 1588 [AP Wl it 15T Kalman JEH A FAFil R Kalman JE I 1) A S 0 4] AR s LA
SPIFREFE IR, Levy 55 18] 3 Gauss MBS, Wit TAROKAMA M THES, HU0EZ AN T35 X BUR
TBIBRAR T 5 TR 2. Exel 28 M4 2047 7520 IEEE 1588 R GUHT Bl [F20 88 FE it L K 2%, A HE I
(R PR 5T B o o [A) R4 e RIS RSB I 430 o I b B B PR R B M AN AR XS R AL Rl B AR E IS 55, $R 1 —Fib
FEE T B TS U PR R PR M2 S 8% 2 e B 2 R I I 52, 1% SR (WAL i R AE B 2L PTP WS At b i
KAEFEHLHII T AL FRPEAT RT3, Anyaegbu 55 5] £F X —28 TTU-T W45 1 ZEm K514, i@ Gt
S5 V1) I B 1) 285 5 X 4% B ) B PR AR A3 BTt T 8 T SRR S R DB 48, 2D I B R A REAE
AN T R 28 3k B pig T DCRCERPE T At — MRS RE R 2. % B )RS B B i 22 B e R B 42 R AR )
R Xu 55 D61 G775 MR HE R Kalman JERAREAS IERI A PT 42 i) 45 8 2 Al iR B 22, @
T S BOAIE 12 7V BETE DY Bk I 28 A [R5 K P AR RF 59.37 ns. TEATMLR 7 TH, Li & U7 48 THF
IEEE 1588 )3 FH 77 58 (1) JEC R I 4 £ A5 1 INF (18] [ 20 J7 32, 1207 R LA B A BR0E A RG AL} S0 2
BRGNS H AR, HAS 5@ A S A KOG & A A, MR g i DRI JelE b6
25 PRBE RSB0 B, 1% AR G0 T DA S IRARORD ZHONS FE INF (8] [5)25 96 2 va b 8 U JEOUL U D) 8% 4] I (][]
K. Dominicis % 18] [ [ TEC 61850 HLAbrifE, MHL ) RAHME R . FP TR WIRT R L4
YESEZ T VR /34 7 IEEE 1588 WhXAE B i AR Bl H 346 R G b B A BB Rk Kk e i

SR, TEEE 1588 ARAEFE AL T —Fh S iy i b [R5 RV, AR5 1035 0[] e D) 24 &6 v 5 T i 1 4
PSSR . AT AR B . KRB Hb R 2 B I 2840 2 48, I Calr 2 EBRE 4 Tl A 3h ik
P& T LE R 58 Tl PUK RIARAERS B R A, F P i S A e A7\ A 2R . 55— 5T, IEEE 1588
FRiE B TR E oy — e A AR St 7 07 (B Rt S B CaRE AN O, Bk, 25T IEEE 1588 [}
Bt )20 50 R B SCFE lk DAOK Y 813852 B K G VE.

3 SHARHESEIEMR
3.1 EBRNHARLSHEERE

UL BEAFE R, 0T oA IR N 25 I e [R5 WSS 21 T Tz 7 0~28) ) Q08 5 DL ) B ) i 3
it R« SRR SRR« RS R ORI MR ) IEEE 1588 ARiEas, (HIX L4 fi ) A5 B il
REAE KT SCT A G, EATT— BCRORURS B AR SO FE AL SEBL R 2, I Wu AT Leng
T XA R SCATHRATAE (IE IS o] R LEFR T 4 PG TEELE, 58 1 PR B AR AL T I e
FE B e FEEG Alvh 2% 290 58 2 FhoR Bt X E I Fa 800 A T R E A FE IR AR A T 2% B0 58 3
ol T LA DX TRV v 10 56 42 20 A 2O b 5] 20 500 1B 35 4 ket 00 S8 IR AR R 1E 0 AR IG5 AR K
LR T &3 375 Wb e AR D Bk I i 5, 3 i 00 P 52 B 077 ) BB AR A5 B 4 A U B X B2 e
ol ACHE A 1 ) 4 A U B AR L FL A e [ 20 S50 8 S v RS 12, (ELR FLAAN 2 A1 HE B v O
BIREE, B E 2, XK RED PR B Jm VA 45 D A5 A0 (R g il . ot BA ORI SR T
Werner-Allen 5542 H (1) T8 K 2 70 H R [F P8I Reachback Firefly Algorithm (RFA) I 4[]
AL B3 AE RFA Wb, 15 f0n] DUR A 25 (R REAR A5 S B AR ) s AR AL AR i [R)AP A 2. RFA
e Mg A AN D P, (5 R I Bl 223047 7 AMER TR 25 REAMEE AN [R] A I B Rt R Al
ZE. AP EN, BB E RS HE AT, 1 RUBAE 2 B 1 B30 JE Tk, Bae 45 B6) R T AR TR R P
IO N 8] [R5 559, Du &5 B7) 2ok 7 XA R SO R WM, SR T R AT B A A A
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IR R T SR TR S50 %) 528 4 43 A S B[R] 25 B0, Chot 55 B8 32 1 204 SR A0 I )
¥ (distributed asynchronous clock synchronization) X, 1B A& — N3 T-41 & PR (1) 7 20 )
B R) A WM, I R 3 I 5 AR IR (5 SR A 7 ) 5 ) SRR AR R IS T 8 2 A 5% R I e [ 2 ) L
Ahmed %5 B B3R AN T SE (R TCLBERS, 25 18 11 s AR I 20500 S A b 55 RTINS 200 S R AN
FEATIETE I, Vet 1R 140 0 s B O 22 A5 SR & 1) S 20 SO i S, A FH AL B AR
BB BA T BRSSP, . Baldoni &5 MO EEXFRHIEREE 2%, $EH T 5 T A0 & B 7 5 AW 5 RUEE
[ S 48 ] 25 (coupling-based Internal clock synchronization) 5%, Huang 25 41 $2H T 3 T 44065
JEE e SR 7 R B A ] 2 A, 2 P BCR FH AN 8 PR SRS AL, 7T DL 3 S R AN AR I B AR IR T
B, MM B BE SRV #E. Brown & 420 5521 BEATL RO Y B o [R) 20 R0 B R USC S 70 43 b B2 26 A, 1331
T BN Y [F) 28 B A WS A AT B BR 45 R (HZ B MOEURE € 18 AE B 5 775 FHR L
SEIAIAE 5 22 (1 43 FREE. W 55 431 St 7 — B - ot {5 AL 1 IR P R i b [F) 0 B0k IR 2
I At A} 3 AN el 22 23 1) R R B 4 SR WD AR IR AS O~ S5, AT A B b AP — B Stankovie S5 HIAF
JEE ST [ YA 8 T AR i e R IE BR B, SEEII 175 168 P 0 JC A SR i D 2% T R OE 144450 R Rs, )
A B[R BRI T E N AN AT, (R SRR M T e 2 B, B A R HEA R 2,
HAEBAZEAR A FE B B8 SR A 78 S A D LU, IR 3B — AN X SERR BRI B @ B # (A
&, AT R B DR DA At B P R o S 0 8 D DR T e B B AR 2 PR R, AR AE BVEAT BRI A
fiff 1012 55 R B,

IRAT, A B ] AU 2 3 5N SOV R o SR g e I e [ 28 ) i 146~531 7R B R B AR R4t
AU, KT B EE O OB GA I B B 7T, AR AR A8 R 0 (045 S8 58 B S B A Ak [ 1
F 154~581 i e [0 (¥ H A 2 A BE BT B A e R A [ PR B (R, — S5orE SR0Ei H A 5 i )20 1
HARA BRI A LR R W20l R AR 28k, WA, 2 AR, I8N L nE
i BEALI AU 58 R EERFAE, — AT BRI [R5 300 200 80 I TG 28 W 2% 1) [ 6 R ALE, R
PR I EER S A A L . BIERL RSN, T Ho B AR A SR N B B, TG T
X 6 o) F PRI AE 2 R e AR — SRR AT A R RS R M BTN, SN2 B Rk — S i ok
A ] 20 1) A 3 LA AR A ). AR R (1) B Ao A ), ARH T 4Rk e
SR A FEREACHE, X AT AR SR SR AT AR B R BUA AR SR LR 75 (2) HREAT T ) [ e ik 2 B v
IREIE, BT B 5 TREFPAL, TR HOTHSLREREIR /N, (3) — Btk BEik e s A0 b 0F IS b s 23 A v 22 2
ATAME, TR 715 U IR B ARG R N — Btk it e B AR SE RS, I R0 T DLIA 25—
FEIAL i o1 22 R e AR — Bk ). X T SEBR O ) BRI SR SIUE B ANSE, sk B B AR
PR B S BRI S RS A0y, WERAEBUA A B RS ikt R b o &, IR
PR TT R 2 B O, =R B e R i I R D R — B A O¢ R AR R AT
— RSN BAR SR OC B BT T O, SCE SO SRAESN AR K .

3.2 ET—M—HMNSHXRHELEZL

FEF— B — B 0 23 A s 80 R 2P 55 B Schenato 25 PU 2 HUFY) Average TimeSynch (ATS) Hf
B ED PN SE B SEI. ATS AR AR 15 B i T AR, BB 780 B IR UE ATS B3k n] LA
T Hsesl, AT AT SR 4= P I B [R5 — e, i BVERI I 1720 (2) 19 7 (0) X 7 () HOZRAE 5 Ae fe
VERFIEIRAEI B, B 7,(t) = u(O)7i(t) + Bi(t), qult) NIBERIER, (1) NBHEMmE. AR FED K
H SRy — BHE BRI R T, oo [73(1) — 75()] = 0. FAMUE T AL j KIBLG TR 0 (KR
FANVICHE R, &4 ID;, a5, B;, 1 Sk, — BT &0 BB R AL, [Eio o R %1 ¢ (E 54
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TR AL R GUN B AP ik

BN BME 7;(¢]), o T6AT8 5 IOE b UBAEI %I, fE58 A Ar AR, BT 5 R H BT HRIE
15 BRI EAE S, BTl AT R P RE RIS 4 e, L ATS SER R 741 ¢ Bkt
A 2 PR D) SR IE B LR A2, AR SCHR [51,59] 5%, WAERI Bl 4, T2 — B i [F) 28 SR 4
T ERSEI:

(1) % SRR aiy(k) = oy /ou, FTREPFIS BRI ZRMERERL, AR AR ARAG T o AT —
X R SR P AR IS R A S SR AT, B

Tj (ti) - Tj(ti—ﬂ
Q5 k)= g - s 3
B ) ?)
(2) BRI A
&;(k) = p(t)ai(k — 1) + (1 — p(t)) i (k)& (k — 1), (4)
Hep BUE p(t) € (0,1).
(3) B 2= F M2
Bi(k) = Bilk = 1) + (1 — p(1)) (75 (t) — F:(t3)), (5)

Hr, BUE p(t) € (0,1).
M (4) F1(5) ATELE 2, FIHERATLE 2 B 1A ERARASE R, ATS FERH T4
— BT — B EE S R AME AR HZ R Z B AN 7, RS S PR UE B I B (1) (R
FeF— B — S0 A0 AR b [R5 Rk B SR B R RSHERER SR 22 AL Xiong Al
Kishore 47481 LM T 0 10 25 — SO I B B (R 20 53T AR /& Schenato %5 TAE IR TE TE.
Sommer %5 (60 35 H (4 FE IS [A] 38 (gradient time synchronization protocol, GTSP) Z3R 31 x5 W 2 it
A JE T RS B A AT B R, — R b R T oA N EIVE AT AL AL Liao 45 (61 42
HE ety B N 7 20 S e (R 2D B, S T Markov BEALUI# A0 4h T I BVEI T U Sk, (H Mg S
AT TR 1, IXTE— B R LIRE] T AAE AR S B T 4. Maggs &5 162 BT 347
B IR RSk, vevt 7 — B A [F2P 5L (CCS). He 51T 1 e K — B 9 [ 28 5k (MTS),
FHEE ATS B3k, MTS BIEEESHAMIBEALIAH T I RECEA PRI A] py PRI Sk, MTS BB IRIEE
TR A AN G BB (g 72 T T YRS, R AEAS AR TELE IS (1B 00T, B BRI b (T 1 AT 9 2 R (63~661 He
it — R T I AT B A IR BRI 1 00, BTt T AR T AR I A A AR I B AR IE S
A 12 4 P — BT B R D 5L (SATS) 1670 122 4 i K — Stk B[R] 20 59% (SMTS) 98], Tshii
VT T — T F AR AL (691 [ — B0k A0 R, S TR IR B (45 Bk v e 4B &
V) 7 R0 AR 0, X LA TT LA ARG P 286 38 4 £ HH 5 Be RV E, (RIS BB CRUE [R) 20 08 B3 Ok
FEVEH (701 Sun &5 T Beit—FpBENL EIEEHLHI T 19— SOk ) [F)22 H9% (RBDS), BIZE D@5 I
ZIREE | i 22 3 (R MEERTLE JE O 38 135 5 10 22 BRI 52 PR VR 5 A2 SRR, i RV Te il 7 ATS A MTS
SEIAE 7 22 AR AL R I8 A5 I 2 T BRI B ) R BRYE. Gasparri S8 AN 5] 82 85 28 B 7 1) AN 5] [7]
RS LT T M ) — Bk I TR [R5 07 52, 8 T Ik R AT S0 AR AT A I e [ 5 R T X 24 A A
RE B Z (AP DG R 7278 2 5 Gasparri 85 M Bit T —Fon G S i & (1 50dE— Bk i 7] 20
5% (RoATS), 1% BFH] FH oot 9 s (8] [FE Rl A2 AL, e ik 1 ARt ATS BVEAEA FHE R $3)
IR HELA R, Tian 25 ) FH AR S R 00 388 VT B /s 36 ik -y R R 1) 2 98 1) BB th S8 T oSk i) — 3K
Ve D B (LSTS) 724 FHAEmS T iz il 1, R M sk 4s 7 ATS M MTS %5 [0
FOEAEIE RSN N R EUBARARYE, I Hath 7 — PG — i — B G i e [F) 25 SRR B A
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B, NG SR R EVESRAE T HMMER S % B9, Panigrahi 5§ 76~781 | F BEA0S0VE R FMRAL I A1 5 25
%TLHT SWSCE L . RERTHFEZ AT R R B BT L AL AR N 45— FBRIA AN ), W 55 [79)
BET T EE T AR N FRANR 5 % 2 18 B P2 3 — S R 22 50K, Berger 48 891 £FXH5ERE 1A TR
(R \AL AR B AN 80211 VA%, vt =K Bt il Ui 0 2T R85 720 BORM LI AR 70 25 1 B i
BREOR, SEHURE A B AR R AR 25 , AR Htt AR BP0 Rt BT 7 JeR 2 B A SR 25

3.3 ET-M—HMMIH X HESEE

Carli 55 81 4 th— T 7477 2 [R5 SR I b [0 202 il R A D B B R 8 10 Jm) s it — Sk 42
i) i L, LT A SR IR S S AR AT ] B b 2 B e A S I b s 22, - AE R 28 90 Fh o e I RT3 T
AL S R R A 15 AT LAARIIE.  KRAE STk (81, 82) &, HVEMERMNT, M (2), W r(t) = fi/fi =
(7i(t) — 7i(to))/(t — to) RALEEIFIFPHME 5 BRI [AMEZ BRI LR, vy (1) 2AE— VG A B3N, ik, 7]
Xt 7 AT @i (t) fEAMEE, AME RIS BISRN ripi(t), A& 7:(t) TS A

7i(t) = ripi(H)(t — to) + 7i(to). (6)

it & 7(0) AZHEE. 5 3.2 R R E—F, B oM REE R e E R R
T2 JCI A ST 1T a5 4 Jey 3@ A5 R SE BT I P 1, (A A S R B I R AR % 4R
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Table 1 Technical features of representative clock synchronization algorithms
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Abstract Clock synchronization is a classical topic in the field of networked systems. Real-time industrial Eth-
ernet and wireless sensor networks are two typical kinds of networked systems that have important applications in
modern industry. In the industrial Ethernet, people usually adopt IEEE 1588 clock synchronization mechanism,
and in wireless sensor networks, people often employ distributed synchronization algorithm due to the limited
resources, unreliable communication links, and the dynamic network topologies. In recent years, along the de-
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veloping of theoretical framework of distributed multi-agent consensus, there are more and more scholars in the

control community shifting their focus to distributed clock synchronization algorithm and applications, and there
have been key breakthroughs in the algorithm convergence theorems. Thanks to the robustness, flexibility and

easiness for implementation, distributed consensus clock synchronization protocols have a good prospect, however,

there are still lots of challenging scientific problems. In this paper, we summarize the newest research trends on
hierarchical and distributed clock synchronization algorithms, especially highlight the representative clock syn-
chronization algorithms based on consensus control in the last five years, and discuss the future directions, which

aim at providing valuable academic references for relevant researchers.

Keywords networked systems, clock, synchronization, hierarchical networks, distributed algorithms, consensus
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