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Abstract : Atomic clocks are core components of satellite navigation and precision timekeeping systems. However, their signal quality is
often compromised by anomalies. To address the limited adaptability of the traditional ordinary least squares (OLS) method to complex
anomaly patterns in integrity monitoring, this paper proposes an interference-resistant modeling and anomaly repair method based on the
random sample consensus (RANSAC) algorithm. This method utilizes RANSAC to construct highly robust phase or frequency prediction
models from noisy data. By combining an inlier optimization strategy with a dynamic threshold mechanism based on median absolute
deviation (MAD) , it achieves precise detection and repair of anomalies. Validation experiments were conducted using real data from
hydrogen masers and cesium atomic clocks, employing datasets containing outliers, phase jumps, and compound anomalies. The
proposed method was compared with traditional methods, the robust Kalman filter ( RKF), and M-estimation methods. Results
demonstrate that the proposed method exhibits superior performance across various anomaly scenarios. In the comparison of robust
algorithms, the RANSAC method achieved an F1-score of 0. 953 8 in hydrogen clock tests, outperforming M-estimation (0.924 7) and
the RKF with optimal parameters (0.817 7). Although its F1-score was slightly lower than that of the RKF with optimal parameters in
cesium clock tests, the performance of the RKF degraded significantly under non-ideal conditions with parameter mismatch. Convergence
analysis indicates that with appropriate minimum subset sizes and iteration counts, the fitting results achieve significant convergence,

with the standard deviation of the fitting slope approaching zero. Furthermore, the processing latency for a single sliding window is in the
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millisecond range. Under a 1 Hz sampling rate, the computational load is less than 1% , meeting the requirements for real-time integrity

monitoring. Experimental results validate the adaptability and robustness of the RANSAC algorithm in the absence of precise prior noise

information, providing reliable technical support for autonomous integrity monitoring in precision time-frequency systems.
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TP + FP

5) A IR R B S A5 Pl TR I Y B A
W I A i e 7 B

Recall = L (6)

TP + FN

6) F1 5P BZr G5 IR R 5 A M2 F1 4380w,

VLIAFE MR PE 5 S0 8 2 (R R 3] T e i Ay, B
2 X Precision X Recall
F1 - score = (7)

Precision + Recall

2.4 BEFHEiEE

SE G UL AR E R B E R A% B H L (National Time
Service Center, NTSC) F=4: AR FF) UTC (NTSC) 554
B2 SIS E IR 20°C AN 45% HFa e
BHLG  FELAE P AT EUR T80 H1 JF B R4, itk ik
% H ( modified julian day ,MJD) [X[&] [ 60 400, 60 670) ,%
FEMRIFEA 1 h, FEARER 6 480, K HI M EidE A 9
WIS, R T T O T M DA, X R A B AT
TALPE IS, o] H1 AHA 0 v B AL T A 47 A 5 3 15 A
101 AbARGIBRAS  FEARICAREE N | F 3R 3 e f B4R .
{2 47 REBSHEE AL 101 ZbAIOZBEAE A7 47 b B REE S
101 AAHAZ BRSNS S AniET 1~3 s,

(a) FENBEHEALIS 3025 B 48 i 22

(a) Dynamic Allan deviation with outliers

>10%+8.911 9+10°

HBLZE s

0 OI.S 110 1‘.5 2I.0 X10I7
I [A)/s
(b) FENERHEJE AR

(b) Phase difference with outliers

BT A 47 AEBSHEE A HI SRR
Fig. 1 Time-domain plot of H1 with 47 outliers

(a) FEANRLBEAE J5 3025 B 48 i 22

(a) Dynamic Allandeviation with phase jumps

" x102+8.911 9x10#

AHALZE /ns

0 0‘.5 1 :0 1 f5 2..0
I i /s
(b) FENARBLBRAE J5 (AR b 2

(b) Phase differencewith phase jumps

B2 FEA 101 ZRAHOZBAZE 5 B9 HI B ARAE
Fig.2 Time-domain plot of H1 with 101 phase jumps

%107

X B AR B SRR AE I A B, SR 345 600 s (19
SRt oA s A PR 22 | 45 50 o | 45 28 58 X
Y RS 7 BT A8 g 22 T 2 rp 34 2 8 3 R R AR 7 B
TR(E S AL AR 22 A o B A i 22 B 7 38 KRR 0 ke
#, fiH RANSAC HLIA B 6 78 MR 500 15 3
HARBR 2 i 8k 8. 06x1077 , MAD Hy 4.8x107" | 5% 2%
(B ANER 250 E 2553 I R —6. 521077 5 7x1077,

L2
0

(2) NS A 5% 5 K Bh AT i 22

(a) Dynamic Allandeviation withcombined anomalies



24

B EARTHR 25 . RANSAC 78 I 748 5 f- P Wi ) o7 FH

203

8XI03+8_‘)1I 9x10%

& of
&
B

st

4l

0 015 l.IO 1.I5 2f0 5 10‘7
B /s
(b) FEANE A5 5 AL ZE
(b) Phase difference with combined anomalies
K3 AL G HL RERAE

Fig. 3 Time-domain plot of H1 with combined anomalies

SISl AR EE o [ n] ARSI EE x[ n] Z2—BY
220345 IHEA K= (8) i,

) _x[n]—x[n—l]

yln] = .

Hrpr, ry JRFERIRG

(8)

3 SRIGIEF

kRS AT
[ 4 XFLE T OLS 5 RANSAC J7¥:xt HI &4 58 i
PR HIILARCR, B 180 h 5t , RANSAC 2525 {8 1%
9 1.5x107  ZEARRECH 10, OLS BLA LSRR R
47.83%x107°/d, i 3 =T RANSAC (1. 89x107'°/d) , ffi FH

3.1

FRAA O B IE B B8 TH 5 24 J7 1% 22 (oot mean square
error, RMSE) 435118 2. 34x 107" 1 4.05x10™% s, 24%f
PEAFAE SR, OLS BIA e v 22 21 B T4k, S5l 4
i 2k fm g B s kA%, T RANSAC 7 ik Bl 46 4 2 S
HAAMET AR A A A B R AE T

x>|() 13
o JREHBE
--- OLSH#l &
| —— RANSACH#I&
H
&
-
3 °
®
z

o

0 00

-~
o

)

o

0 1.0 20 3.0 4.0 5.0 6.0

T fE /s x10°
4 180 h i /N OLS 5 RANSAC Hy#L& Lhig

Fig.4 Comparison of OLS and RANSAC over a

180-hour window

F1RIRT 6 M7 e HI AL BE b ARG I A
PAGZER . OLS-SD A WAL 0. 574 5, 0LS-MAD £
AT (F1=0.894 1) fHH TR G 22, A %
{24 0.808 5, RANSAC-SD Fll RANSAC-MAD AL,
3SRk F 1.0, R B PG SR AE 71, Window-
MAD K AT REEPL G A M5 (0. 340 4) 7E4# ] MAD
B R AR, X T AMEIE ) P-RANSAC-MAD % H]
T e 0 22 BB S5 A D 1L, A 800/ B E A9 7R DR
i 1. 0 A [FAT, A |54 0. 936 2,

O OF

®1 HIEUBERERULER
Table 1 Anomaly detection results on H1 phase data

S H A LORIIDIRES MR/ EREEY R2BE/ s KR PENE: S F1 3%
0LS-SD 48/48 5 1 0.574 5 0.729 7

RANSAC-SD 48/48 5 1x1071° 1 1 1
" Window-MAD 48/48 5 1 0.340 4 0.507 9

BIA

OLS-MAD 48/48 5 1 0.808 5 0.894 1

RANSAC-MAD 48/48 5 1x1071° 1 1 1
P-RANSAC-MAD 48/1 8 1x107° 1 0.936 2 0.967 0
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0.3128(F1=0.476 6) , A XF F 55 4 508 19 3 7
PE2E, 3 PP RANSAC 2Ry A AE P2 S R v 25 S B 4
FEFRI O, A ZE R N JC AN, P-RANSAC-MAD 7£ 4 3R
B R G VR A = B (AR SXMAD) | BV AT SEEL S A6

Wi, Window-MAD 52 2 S8R 197 22 i 35 F1 43 06K
0.964 1(FHLALBKZS) 1 0. 971 (BA W), BRI RG,
B34 F OLS-SD ; R H A #5404 19 OLS-MAD 7E +H {7 Bk
A P BE A BB T (AR A b R BCH IE T
[ (H 2 0.902 6, F1 5340 0.948 8) IR BL T H 4 7%
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125 43 e 45 3o B 08 T B0 1 e T R I (A M G RN



204 & L R ¥ W W4T %
F2 HlNEHFEREKRNER
Table 2 Anomaly detection results on H1 frequency data
SR K 5 i HERK/ B 1o i R 4 BRBE FER 4 al =% F1 53451
OLS-SD 180/180 5 1 0.396 0 0.567 4
RANSAC-SD 180/180 5 1x107" 1 1 1
T Window-MAD 180/180 5 1 0.930 7 0.964 1
OLS-MAD 180/180 5 1 0.940 6 0. 969 4
RANSAC-MAD 180/180 5 1x107" 1 1 1
P-RANSAC-MAD 180/1 5 1x107" 1 1 1
OLS-SD 180/180 5 1 0.312 8 0.476 6
RANSAC-SD 180/180 5 1x107" 1 1 1
s Window-MAD 180/180 5 1 0.943 6 0.971 0
OLS-MAD 180/180 5 1 0.902 6 0.948 8
RANSAC-MAD 180/180 5 Ix107" 1 1 1
P-RANSAC-MAD 180/1 5 1x107" 1 1 1
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PO SRR, MAD fE 0 o A R AF 15 5 e K, I A
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0.396) BECFAHOLER , 0 T AR 55000 19 22 53 e
FEBL ST H AT (AR kAR 5 S B Jik o | 2L o5 B B
RGNS B A6 ) 18 TR B, A OR T i A 5, HL OLS
T SD X AR ok vt JE U, AT R R 1 R W g R AL

HAMEZER R, A% B, M Z T, RANSAC K07
Tl BEATLRAE — SRS R 2 1 AR IR 2 1
WS AR v T4, JCTe A 34 0 25 1) A o7 B0l 30 2 Mgt
PR B E G T 0K T8 F5 fkE I g

SRR T A A MBS U FBP H2 (MID X [R]
[60 370, 60 670) ), 4 Jii % Cs1 (MJD IX[H] [ 60 369,
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(R4 1 h, AL BE S 43 50 A 100,51, 116 Ab 55 HEE,
RK3JRINT 6 Fh s kil A i i HEREXT LE
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Table 3 Anomaly detection results on H2, Csl and Cs2 phase data

B RS i gy 2 HEK/BRK BERE AZEREs KR gREER F1O80 KRNSEER/s BE TR /s
OLS-SD 48/48 5 1 0.6364 0.777 8 0.27 0.001 8
RANSAC-SD 48/48 5 2 %1071 1 1 1 0.37 0.002 5
Window-MAD 48/48 5 1 0.8788 0.9355 0.07 0.000 5
H2 7 200
OLS-MAD 48/48 5 1 0.9798  0.989 8 0.13 0.000 9
RANSAC-MAD 48/48 5 2x1071° 1 1 1 0.38 0.002 5
P-RANSAC-MAD 48/1 8 2x107° 1 1 1 21. 80 0.003 0
OLS-SD 180/180 5 1 0.7451 0.8539 0.04 0.002 0
RANSAC-SD 180/180 5 4x107° 1 1 1 0.09 0.004 5
Window-MAD 180/180 5 0 0 0 0.01 0.000 5
Csl 3 600
OLS-MAD 180/180 5 1 0.9804 0.990 1 0.03 0.001 5
RANSAC-MAD 180/180 5 4x107° 1 1 1 0.09 0.004 5
P-RANSAC-MAD 180/1 5 5x107° 1 1 1 15. 04 0. 004 4
OLS-SD 180/180 5 1 0.7586  0.8627 0.08 0.002 0
RANSAC-SD 180/180 5 4x107° 1 1 1 0.22 0.005 5
Window-MAD 180/180 5 1 0.6552 0.7917 0.05 0.001 0
Cs2 7 200
OLS-MAD 180/180 5 0.8112 1 0.895 8 0.06 0.001 5
RANSAC-MAD 180/180 5 4x107° 1 1 1 0.11 0.002 8
P-RANSAC-MAD 180/1 6 4x1078 1 1 1 36. 80 0. 005 2
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