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Abstract: Different from the traditional filtering methods, factor graph provides another solution for the traditional
navigation information fusion calculation, and has become a research hot-spot in recent years. This paper combs the
application of factor graph method in the field of navigation and positioning. We analyze the mathematical derivation
method of factor graph model, and on this basis, we describe the method of location and multi-sensor integrated navigation
based on factor graph. Then we analyze the application status of factor graph in the fields of SLAM, GNSS, cooperative
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down inertial navigation system, SINS) N=E R4, K4
Bk L2 5 # 4t (global navigation satellite system, G-
NSS)ZE L 55 S HEATRlE, X SINSHEATIZIE, B
MRAF M TG 2T R EEA UL FA R ZAL.
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S RGN EHETE. AGNSS A, *GNSS H B #f
RN, RS SRR SREE.

3) YL AL A A5 SR A i R 1) 72 )
RO, VAT A B A7 B, 7 B A 5 R 5 i,
HIENVERLZE . SUE AL K 5 B RS T
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Table 1 Information fusion algorithm for inertial-based integrated navigation

S RRAE HE
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(Centralized KF) EHTERMERS, HEEKR, A2,
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(Federal filter) BB/, BEELT, AAE R .
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(Factor graph)
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2, M7 (AT 2R HE W
fEIE SRS N (R BEAL N EES), KT
MR R B CHp (), A
fp(m)dx —1. (1)
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Fig. 1 The Bayes net
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B AR AE W 72 oK SR S E R A T (maxi-
mum A posteriori, MAP). FREEECEESE 517, KRR
RRJERAG TR RN
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x
g maxfp(21) 273 . ©
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fsEs . BT E SRS ETC R, Kt (o))
fate
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Fig. 2 General form of factor graph model

2.3 RS

X T4 M 5 5 7, 38 H SR FH Cholesky, 1E32 =
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Fig. 3 Example of factor graph
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AR IR A R 2 R pR B0 AT R U e, B

(T, 21, X2, 22) =
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Fig. 4 Model of factor graph decomposition
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RAFSI(E B . BN AR & p(prior) FoRx AT H
S 5, TR 2o il T s ot

p(Ak|Zk) =
k
p(prior) p(si|si—1) Hlp(m”m“l’ si—1,2MY) x

[T pz4), 1)
2, €Z;/2MY

b p(z;| A FoR BIRERL; 76 TE AN FRAL & SR
TIHh, 2, IR GNSS, DVL S5 45 s 1 I S AH, i
AT RIRNFE— FHURE; 2MUE R SINS FREL)
15V 56 £ bim, BRS04 5 b B E Il & A
p(xi|xi_1, 8i1, 2M0) 3R 78 IMU [1) )5 56 BE 26 %5 12
p(8i|si_1) AN ZA 20w 1) f Do e 2

fprior fUSBLfMAGfDVL

I IR P A i, TS 2B S s i
L SICREEPA DL Sl U S VAL P PSR S S B
PRI L, BRI AT A2 LR R A

p(Ak|Zy) o T fi(A}), (22)

o Al FoR oA R
A SR E B B TE TR BN SRR, 5
BB RO er (AL, 2,), ¥ F A T-f, 5 02
FFIRE BRA. 25Ad () Fon A R, A5 3]
IR,
fi(A}) = d(eri (A}, z)), (23)
A (8)—(10) AT Hs 2(23) e Ak AR 2 M i /N — e iR
BOHAT KA.

K5 TG AU T RIHESE

Fig. 5 Factor graph framework of multi-source integrated navigation for unmanned ship
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(GEIER N
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PE AT TRALBE, Ji5 vty D) = L 6wy 1 45 SR AT S
filiit. IR, SLAMJ s A B8 A] A FH 96 % 55 R 7 R
AT SEBLRA,

JEVE 2 FH TR A8, 2 3T KF/EKF fl
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ANBE T A2 R (1) FF 28 M 2 85 oK A, A0 SIOTE R 22

PESCHRFARANE , AR R4, (HAAERL R ILILR, 12
T EIR S 22 [RLRAE N R B A VAR AT e i
VEHCHEAL RO EAE B3N T IR, DUMEIEIRZE RAR.
W E AN A, B ELF, (HIFRERCR
H T, 7 B A ESLAM A R FH 5132 BiE ik AN
PR B o0 L an e 2 .

& 2 JEEERETEESLAM Y 69341k
Table 2 Comparison of filter and factor graph in SLAM
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Fig. 6 SLAM based factor graph model
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(liDAR-inertial odometer, LIO)J7 [, 2% SC#ik [35]%}
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SCHR (39142 i —Fhifr st AR M X 5 B AL (graduated
non-convexity factor graph optimization, GNCFGO) ]
THERAR FGNSSENPERE, i JyGNSSTI & H 73 i
ANTR] A EE R 1 58 T R A RS 228 SR [40] 52 H
T — P B ) GNSS JE A7 77V, 78 R T B AE R R R
GNSSHEUHLBEAT IR M 1, 2 T (KA GNSS#: K
B A SEBL T 1.76 mAI2.96 m¥I~F 35 5 i 2. ARG
SEYGF S W TR, BEAN, AR I W] 5] N Fk
BT (zero-velocity update, ZUPT)iZ%: 41 B ZUPTE E
VESr B 29T 5 PR 7 B AT 4 B

IR -

Bl 7 BT 7 B GNSS & R 43 SE 40T
Fig. 7 Partial experimental platform for GNSS positioning
based on factor graph[38]
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b, 7T KERPIRAS Al THRESL A, SO ER R () ~F- 1 14
B oK 57 3] 7 E B e (42431 i [R] 7 PRI 2R RT3
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B [44)32 T — Fh 3 T S0 [AIFGO AR A Al v 5
VE, E AU 1] N GNS S ULIIAS 7] S 7 ) 3, A
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L
Ty =T — V1AL sin g+

"ljj_;,_lAt COS Y41 + =
VL AtQy, sin @y, + U, At cos @y,
Ur = Yk +vj 11 ALP 11 cOS i1+
U1 Atsingjiqg + -+
VL AtPy cos ¢, + U At sin @y
KQORAXGH AT
jk: =Ty —|—’lj(AtCOSQOj+1 + . +
At cos gOk) — @(vj+1 At sin ¢j+1+
<t oAt singy,), (32)
U = yr + 0(Atsinpjq + - -+ Atsingg)+
P(vjp1Atcos @iy + -+ + v At cos gy.),
UEIS, AN 2 AT 4 Rt

€1y}

Sy = 00xY + GOz,
bt (33)
5yk = véy}é + 4,053/2:,
o
dxj = Atcospjii + -+ + At cos gy,
5$f = v 1 Atsing;pq + - - - + v, At sin gy, (34)

(Syg = Atsin Pji+1 + -+ Atsjn@ka
Syl = vj 1At cos P41 4 -+ + VAL COS @y

v ] AR 2V R A, LA R AR R
PeAtivh 5 B AL 3T KPR R Az 75 2 R 0
I RERAT [ € FRPIRAS AL, 5 ZE5mAT [F) 20 2% SO0
F R, ANE F TR RIS EAN D L ALK B [
SE L[] 111 PR 50 AR IR S5 B S S B e

PAC A T3 VA g D B2 R 58 R B B[R] 5 A6 [ e
HAUH.

AT m T 5 B R AT SR AR, DAL A
T A B E e, R RO o P R A2 3 A5 R
% 7 JUS) AT ROBEAR AR . T 7K R IR ) AL,
FIR T ERE DR e vt B 2R 2 dh b b, BLHERAS
Mt pR K, W R]E ARG L 5 R B AN BORIE L,
EitHE LS BERTE. S 45 & /25
SRASEIABURL TR S BLTT R 5 B AR ), &
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BR7K RIRIE A, W R 1) 2 AU T USRI RS ER
B RESEAL A TE AWLEEREE AL, 27 3R [50]
WHFE 1 3T R AR A R oA = 5 A 532, R
IR 7 P 4 R AR A R R s A e T SR P PR 5 H oW A 2.
TCVEIFI G | T P A 7 55 i L, [ B AT DA SEE B M BB
WA R, 225 SCRR S 13 T — bR T A A
+ B(cycle factor graph, CFG) ¥ [F] & £ 5532, i
SINEEBS A5 AL A AE B CFG. SE568 K B: CFGIT)
% RMSE = 5.11 m/2000s, 1] EKF [ ~4iRMSE =
5.64 m/2000s. 2% 3k [52] #1556 ANLERE M =k
FE W) 5 A 1) R, % DR I AIKFEAT 45 . 18 id 7E &
TN EE AT KRR 22, A S S
GNSS{E BB IEEARE.
44 ZHEHAEIN

B & SHUEE 5] N Z RN E B 515
PEAS B G, BEm s T SR G IR, RIS
FEEE. BT 7 BB 2 ORI E LM r

5 RN AL E B A TR T A IE M AE SR,
ARSI 7 R B, Xt T INS/GNSSIX — i AU ZH & R S
=, AR E T A A SRR RO It
A T EA R T EAEK T DKL S, P CEO)/
WVEZH & ST DL SR R P A B A A A R R

1) 7K N OKTHA A S0

T 2K R OK A A SR, A5 T4
(RIS B 7 v, DRl TR 7 v e % O U M AR e %A%
TR SRR 2R 720 (1 1) /Y Sk (55180 F R B
T BT AUV Z 6 BRl & HESE, XTIMU, DVL,
MAG, Hb ¥ 4 B 25 S 00005 S AT A @ ik 1 B sk
BT 7K N SR B L. SCHR [56] 9 th— e T 1 E
HHETEMEHSMARSE BmA RS EE B
SINS, DVL, Jt3} %&4; (bei dou, BD) LK K S5 (ce-
lestial navigation system, CNS) (&R HEAT LA B4
PR FCSEIGAAR T T IR PRI RO B R REE.

Rt R T AUV T B A SRR B
5P B2, STHR 5718 F & SIMU R -1 AAH 45 &30
2[R LMESLIMU R, 38 TR A
B SR L AR AR R AT 2 ) SR 1) 5 S e 1)
T EME I, AT S ) AR W R A5 AT
PP, ARG SR SR, SCER S8R T —Fidt T
A7 B AL INS/USBLAL & ST 5. fEH L8 T Hh
BRI DL A bR R RT AR N, 2 T —ME T
PR FEE 5 P A TR S ) SO I TR A B, SR F 54
A E-HTIR. KR SIS S5 R B, MR T AR GiKF 7
1%, BB 2 RS B s AL A SRR B

VIR RS ST LA PR Y SR LB B 0 5 R

R

B AL B O

8 HT I FEIMIK FAA AL T-E 0
Fig. 8 Experimental platform of underwater integrated nav-
igation based on factor graph [58]

2) ENE BRI AFHL.

I o 0 15T 1 2 4 - 5T DA S SLAMATUS 1 F L5
WA, TSR e N B i 2H A AT A
AR T RKERIKE.

SCHR [59] #2817 —FhJk T I8l B AR A R 15T /4
WaIBOE T IR A AU 5. K R BB, S5
IEISSSSTIEAY RS- AUN RSN &SN (| BE
DAR) £ = L FLAE Bt AT S P Rl &, 76 mi = DL 2R 3L
I AT 4k SR AR AL T I SG IS B E0 LT B AR A 1Y)
ST, BT TR A T B, Rl AR T R HE LR
FXtLidar. B FE 1t (odometer, OD) LA S IMU/E B 4T
A0 ARG T ALES A RPIR S FIE A S5
A1, I TR O B IA S L AMENLEN S LLEAT B AR IR
i, TE TS5 CIRAEE R Al a2 .

SCHR (6113 17— 3 - b I A2 30 45 A s 11 2
T HFEIFISLAM 7%, 1% 53R R 20 i 1 5k
B AR, A AR T T SR B B R R 1
AN IR L, SCRR (62138 i 51 N — i e 3R 6 AH AL
(Polcam), | F iz Y3k HX 4 6w At A 45 S AE 9 5
=M. FRig N, RIEIMUR T, Bos L BT
(lidar odometer, LO)[A T Polcam[X-T- LA )i sh £ 7R
7T, A adem 7RSI, SCHk[63]
Pe 7R T AR ) TR Wb — 15 1 (GNSS-
visual-inertial navigation system, GVINS) & 4t, 1% /7
YRR AR R EIHELE R X GNSSTh R . 25 #h i |
PLSE LA RGPS ST B S, TS R SE il ot
G EYER T RS, B sl 7R -1
4 B F2 1+ (visual-inertial odometer, VIO)HVE L. Lk
[64]F% GNSS [1JH ifj &1 %2 L (precise point positioning,
PPP)EAR 5 VIO#T45 &, it 55T PPP/INS/ Visual
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SLAM [ 5 HE & £ 45: P3-VINS. 1% & 4 E K T KIHE
AN GNSS IR G E s o A5 A A BT Ak
&, TR0 3 PR R Gt 75 10 R LB BRSSOk
B A3 2 443 50 R UAV RS 1 5 A7 1 ) 83, SC ik
[65] 3% T R F I HEZL A iSAM HE B 432, 4857 T IMU/
GNSS/VIOZ Y515 B RlAAAY, @ id E #4 18 i 3l
T R/, SEEL T UAV I SERS B AL, S5 1% GBS
JTEARE, FGORIER AR FEHE 1 1.5-21%.

3) B RIERIAIE A S

BREAR S I BSRAEIS AT B ARSI 5T (a0 =
PO ISR =R H 25390, 2 4B RS RE 1 S Ue A hy
AR E R T FT TR0, At AL e T E Y etk
7, DA R AR R 2 W R T v A i B T A i)
I G W N A A N AT e SR A £ I =B S E R BN
BRIl L

B0} 2 N B 43 e AT SO TG R I E

A 5% i (ultra-wideband, UWB)IM FE{E S ) o] /3, Sk

(67132 Hi —FH 2L T K 7 E INS/UWB = N 17 N 4

e N EE, FRIE IS AL BRAR I 1) T AR e R 1 e
17 euEE. 07 ORI R I Z I AR T AR 4540 2 15 AU EKE,
P ERS PR R12914.94%. £H0F TRAR IEFR B BR 2E
H AT SR8 AL 7 3K, SCHR (6813 HH T —FpE T~ A1 Kl 1
R BA WU TT V5. AEA i 5 T B i UWB/INS )
A5 B RAHELSE B BEAE b, 2 B R S s A
[F] 1% O FUWB/INS IS 247 Rl &, ot S s p
fift. ZOTIEAERNE] AR R ZE I FE, FTEEME S A
PE VAL RN S EI N R

X = AT NE AL, STHR[69135T T — M T %
JEE 4 28 X 2% (depth neural network, DNN) f] Wi-Fi/fT
AW HE S (pedestrian dead reckoning, PDR) = N &
RLZG, T AT ENEAL AL, SChindE
TN O Y B T T A ) DR PR A AR R
& Wi-Fi #1 PDR fRE AL 25 IR, & 430 ve ik 1 Wi-Fi #il
PDR [RAE A R ZEBER ] BAEA B, i Rg 2
B e e AR . 2345 T EB 4 STk g
W TT5 R BT R ARG BEXT B

£3 WHAECM LR S BT RN

Table 3 Comparison of the accuracy of filter and factor diagram in some references

SR JEEEYE JEJERMSE X7 ERMSE FERAS T E

SCHR 2] EKF 7.32m/120's 3.87m/120s IMU/GPS

CHR[3] FF 452m/1350s  2.52m/13505s IMU/BDS/ODO

ik [36] EKF 16.21m/1200s  10.89 m/1200 s GNSS/IMU

HR[52] FF 229m/1550s  1.82m/1550s  IMU/GNSS/DVL/TAN/MCP/DM
CHR[54] FF 0.88m/3600s  0.74m/3600s SINS/BD/DVL/CNS
HR[56] UKF 1.69 m/400 s 1.48 m/400s IMU/GPS/USBL

R 2 370 1 SRR AT i, 7E AR TR L,
PRl T PRS0 (1) S A SRS P 5 B S B A P A 25 E
Rl Bk mT RIEA A FoD S E B, SEILRERIH,
JEFL 24 F KA A A A 858 sl A7 7E AR i R 7
B IEL A T .

LG IR 1 PR AT LA Ak B RS 2, 5 LA
] ARSI BT . AN R 8 SE AR ARG T A
[F) A 20 R s R ), R B T ) R PR R © %
PR DA R SR 3 P . — S Ok ) R Ry T
REAH FH B A A B Bl o 22 (MBS B, SR EDY
TEAREL, IR vE T REIHA S (R B
5 ETHETFEMAE SR

A SRS RES, BT BT I E 5
IIREE, AL AR5 2 B S 2 I 2 s 1 00
FELAT JRIRIE R, ST A2 R 22 SAR A i, B
AR R REBLUO. DR b, S AR A s A
L g2 .

FETHA FHUIIHE AR R B I VA TR WA
DA A BE 8% A FE HMRE R 35 A0 i RS 182 FH
FEHTINS/GNSSH A FHL R G, A A E R dH 5L

1 5 GNS S B A5 B EAT MR 7Y . 455 e b A )
SR, R R IR 1 R AT 1 IR S B3 R BN
B A, I ik s B ons 3 A e e gt ey i, AU
I FHARGRNING L S E B IE. fEINS/GNSSALE T

P R AR 1 T T R e e A A R, AR R T
HEZE T ELA 0 ()RR B 3005, TE MR G Ol N RS
FERER T, 36T+ T RG] S
6 S451H8

PR 7 Pl sk M 46 11 7 VR 3 R B o0 g, T
FURFA DO R, 0T SR o 0 ) B S RS A T
A R IR PR . AR e T IR A
RIEWT ik, BANA TN FEONEE S LA A
AR I L, R BRI B A I AT R 1 R
JRAE T R IA, v LR LS gEie:

D) B 7 B 7 30E T o AR 26 38 5 e 1 i o £
b, AR R ARG BRA PR . 2R
F, AT AR I HE A (KF/EKF) B A B () S pa
55

2) [RIF ] B RE B d i e AR £ A A0 A ) 8, (ELATS SR



12 W

TR WA T AT I AU LB AR R 7 5 A8 2139

FA — e 5 DN B BRS04 i) R
BRI, Rt SR 5 2 EMR, HR 2
RETAEEE T A AERRE Ao R 1 B, 72
WGy e TSR 8] 5 2 1], (R D 1 3G 5T N 22 1Y
WA S22, TR A A R A A, AR
PP BREAT AL AT BERE N SR B
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