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Autonomous management method of
multi-source navigation system on unmanned aircraft vehicle

YANG Wei-ping1,2, ZHANG Xiao-dong2, TANG Zhuo2†
(1. College of Instrument Science and Optoelctronic Engineering, Beihang University, Beijing 100083, China;
2. Flight Automatic Control Research Institute, China Aviation Industry Group, Xi’an Shaanxi 710065, China)

Abstract: A hybrid architecture based multi-sensor self-manage method is developed, since the autonomy and integrity
of the information fusion strategy, which fully depends on the global navigation satellite system (GNSS), can not be guar-
anteed, while as the accuracy of the other autonomous navigation methods. The GNSS jam detection problem is solved
by utilizing the joint failure diagnose method, so the integrity is satisfied. An information optimization strategy which is
based on the D–S evidence reasoning theory is proposed. A simulation analysis is carried out towards typical scenes of the
unmanned aircraft vehicle (UAV) missions. The experiments show that the information optimizing strategy can effectively
reduce the false alert rate when multiple failure detection methods are simultaneously used, and the navigation accuracy is
improved.

Key words: information fusion; integrity; joint fault detection; D–S evidence reasoning

1 (Introduction)
/

, .
,

, [1–2]; 2011
RQ–170 ,
, ,

. ,
.

(defense advanced research projects
agency, DARPA) 2012

(all source positioning and navigation, ASPN)
[3–4].

, .
, ,

[5],

. ,
.

.

,
, .

,
.

, [6],
, .

, ,
, .

, ,

: 2015−05−08; : 2015−09−25.
† . E-mail: tzaa2024@sina.com; Tel.: +86 29-88399015.



11 : 1479

.

, ,

, ,

.
, ,

.

,
,

, ,

, ,

, .
(inertial navigation system, INS),
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2 (Mixed integrat-
ed navigation structure)

1 .

1

Fig. 1 Mixed integrated navigation system structure
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.

1 ,
:

1( ): ,
,

GNSS .

H =

⎡
⎢⎢⎢⎣
HGNSS

HCNS

HSAR

HEO

⎤
⎥⎥⎥⎦ ,

: HGNSS , HCNS

, HSAR HEO

.

2( ):
, GNSS ,

,
, 1 .

H =

⎡
⎢⎣HGNSS

HCNS

HEO

⎤
⎥⎦ .

3 (Union fault detection)
, 1 X̂k/k−1

, 2
, ,

:

X̂k/k−1 = Φk/k−1X̂k−1, (1)

Pk/k−1 = Φk/k−1Pk−1Φ
T
k/k−1 +Qk−1; (2)

:

X̂ = X̂k/k−1 +Kk(Zk −HkX̂k/k−1), (3)
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Pk/k−1 = Φk/k−1Pk−1Φ
T
k/k−1 +Qk−1, (4)

Kk = Pk/k−1H
T
k (HkPk/k−1H

T +Rk)
T. (5)

: X̂k/k−1 2 ; Pk 2
. GNSS r(k) (6)

[7–8]:

r(k) = ZGNSS(k)−HGNSS(k)X̂k/k−1, (6)

: ZGNSS(k) GNSS ; HGNSS(k)

.

λ(k) = rT(k)S−1(k)r(k), (7)

λz(k) m χ , λz(k) ∼
χ2(m), m ZGNSS(k) , m 2, Sk

.

S(k) = HGNSS(k)Pk/k−1H
T
GNSS(k) +

RGNSS(k), (8)

RGNSS(k) ZGNSS(k) .

:

λ(k) > Tz , ;

λ(k) � Tz , .

Tz , Pf .

4 (Navigation information
select strategy)

, D–S GNSS
[9–13]. 1
2

.

4.1 D–S (D–S evidence theory)
D–S ,

Θ={A1, A2,· · · ,An} (frame
of discernment).

Θ Ai , 2Θ Θ ,
Θ [9].

1 m : 2Θ → [0, 1] Θ

(basic probability
assignment, BPA), :

m(∅) = 0,
∑
A�Θ

m(A) = 1. (9)

m(A) A , m(A)

> 0, m(A) A , m(A) = 1

, m(A) = 0 .

2 Θ , A Θ ,
m(A) > 0, A .

(A,m(A))

, .

3 Dempster , Θ

A B, Ai(i

= 1, 2, · · · , n) Bj(j = 1, 2, · · · ,m),
m1(Ai) m2(Bj),

[13]:⎧⎪⎨
⎪⎩

m(x) =
1

1−K

∑
Ai∩Bj=x

m1(Ai)m2(Bj),

m(∅) = 0.

(10)

K ,
:

K =
∑

Ai∩Bj=∅

m1(Ai)m2(Bj). (11)

4.2 D–S GNSS
(Fault detection method for GNSS base on

D–S evidence theory)

:
( 1)

( 2) GNSS
; Dempster

;
GNSS , 2 .

2 D–S GNSS

Fig. 2 Fault detection method for GNSS base on D–S evidence theory
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, : Θ ={
, , }.

1) .

m(1), m(0) m(1 ∪ 0)

, GNSS
,

( ), GNSS
[12]. (6) , ZGNSS(k)

X̂k/k−1 , GNSS
,

, .
(

) m(1) = 1, m(0) = 0;
( ) m(1)

= 0, m(0) = 1

, .

,
: 1) ,

GNSS ,
( ) ;

2) GNSS , ,
GNSS , .

1
.

‖S‖ ‖R‖
GNSS , (8)

:

‖S‖ =
√

S[1][1] + S[2][2], (12)

‖R‖ =
√

RGNSS[1][1] +RGNSS[2][2]. (13)

1 ,
,

, :

BPA 1.

m(1) +m(0) +m(1 ∪ 0) = 1; (14)

BPA .

BPA ,
. ,

, :

m(x) =
b1‖S‖+ b2‖R‖
a1‖S‖+ a2‖R‖ , x = 1, 0, 1 ∪ 0. (15)

a1 1; b1 m(x)

‖S‖ → ∞ ; a2 b2

m(x) ‖S‖ → R .

1
Table 1 Fuzzy control rules

m(1) m(0) m(1 ∪ 0)

: ‖S‖ → ‖R‖ 0.7 0.2 0.1
: ‖S‖ → ‖∞‖ 0.5 0 0.5

: ‖S‖ → ‖R‖ 0.2 0.7 0.1
: ‖S‖ → ‖∞‖ 0.1 0.4 0.5
: ‖S‖ → ‖R‖ 0.9 0.05 0.05
: ‖S‖ → ‖∞‖ 0.5 0 0.5

: ‖S‖ → ‖R‖ 0.05 0.9 0.05
: ‖S‖ → ‖∞‖ 0.1 0.4 0.5

3 a2 1
‖S‖ :

3 a2

Fig. 3 The curves of BRA towards different a2
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3 , a2 BPA ‖S‖
, . GNSS

10 m ,
, a2

10 , a2 = 9.

, 2 .

2
Table 2 Detect result basic belief functions’ fitting

parameter

a1 a2
m(1) m(0) m(1 ∪ 0)

b1 b2 b1 b2 b1 b2

1 9 0.5 6.5 0 2 0.5 0.5
1 9 0.1 1.9 0.4 6.6 0.5 0.5
1 9 0.5 8.5 0 0.5 0.5 0
1 9 0.1 0.4 0.4 8.6 0.5 0

2) .

2 ‖S‖ 1
m1(1), m1(0), m1(1 ∪ 0) 2 m2(1),

m2(0), m2(1 ∪ 0), 2
m(1), m(0), m(1 ∪ 0).

3) .

m(0) > 0.5 GNSS , .

, 1 , 2
, ;

1 , 2 ,
, 2 1 .

.

4.3 (Integrity calculation)

, ,
, ANP(

) HPL/VPL( / )
[14],

. RAIM

, ,
, RAIM
[15–16]. , 2

, 1 2
, 1 ,

1 , 4 .

2
(5) Pk 2×2 , :

[
σ2
x σ2

xy

σ2
xy σ2

y

]
, (16)

λmax=
(σ2

x+σ2
y)+

√
(σ2

x−σ2
y)

2+4σ4
xy

2
. (17)

2 99.9% ET,

ET = 3.3×
√

λmax. (18)

L 1 2 , HPL= L+ET.

4

Fig. 4 The theory of integrity calculation

5 (Simulation analysis)

D–S
GNSS

.

, – –
3 5 .

3
Table 3 Trace design of land detecting for

high-altitude long-time flying

/s
0–420

421–3320
3321–6400
6401–9100

5 3

Fig. 5 Space trace
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. 4.

4
Table 4 System error list

/s

0–10000

: 0.0015(◦)/
√
h

: 0.003(◦)/h
: 0.003(◦)/h

: 2 ppm
: 2

: 5 μg/
√
Hz

: 20 μg
: 10 μg

: 20 ppm
: 2

0–10000 : 10 m

420–9100
: 10

: 20

5800–5900
8000–8100 10 m

5.1 GNSS (GNSS jump fault)
GNSS 1500–1550 s

(200 m, 200 m) ,
( 1 , 0 )

‖S‖ 6 . 1 2 BPA
7.

6(a)

Fig. 6(a) Filter detect result

6(b) ‖S‖
Fig. 6(b) Filter detect ‖S‖ curve

7(a) 1 BPA

Fig. 7(a) BPA curve of theory 1

7(b) 2 BPA

Fig. 7(b) BPA curve of theory 2

Dempster 1 2
BPA ; BPA ,

8 .

8 BPA

Fig. 8 BPA fusion result

, ,
, ,

GNSS .

5.2 GNSS 1(GNSS slope fault 1)
GNSS 2000–5000 s 0.2 m/s

, 9 .
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9(a)

Fig. 9(a) Filter detect result 1

9(b)

Fig. 9(b) Local result

9(c) ‖S‖
Fig. 9(c) ‖S‖ curve

9 ,
, ,

4550 s ,
, , 4590 s

. GNSS
, 4590 s .

BPA 10.
4590 s GNSS
, 2 1

, .
11

.

10(a) 1 BPA

Fig. 10(a) BPA curve of theory 1

10(b) 2 BPA

Fig. 10(b) BPA curve of theory 2

10(c) BPA

Fig. 10(c) BPA fusion result

11

Fig. 11 Detect precise comparison

,
GNSS ,

. ,
.
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5.3 GNSS 2(GNSS slope fault 2)
6000–6500 s 0.2 m/s

, 6500 s ,
12 .

12(a)

Fig. 12(a) Filter detect result

12(b) ‖S‖
Fig. 12(b) ‖S‖ curve

12(a) , GNSS
,
, , 6500 s

.
, GNSS

, 1
.

1 2 BPA
13. BPA ,

14 .

13(a) 1 BPA

Fig. 13(a) BPA of theory 1

13(b) 2 BPA

Fig. 13(b) BPA of theory 2

5.1 1 , 2
, 5.1 2 ‖S‖ 400 m,

2 ‖S‖ 80 m, 2
, 2 1 ,
GNSS , ,
.

14 BPA

Fig. 14 BPA function confusion result

15,
D–S

, D–S
GNSS .

15

Fig. 15 BPA function confusion result
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5.4 (Navigation precision
and integrity of whole trace)
16 ,

,
.

17
.

16 GNSS

Fig. 16 Full-time fault detection result and GNSS error

17

Fig. 17 Full-time navigation precision and protect threshold

[17]:
(

1 ), 17 GNSS
, ,

.

6 (Conclusion)
1) ,

+
. 2)

,

. 3)
, .

(References):
[1] NIELSON J, BROUMANDAN A, LACH G. Spoofing detection and

mitigation [J]. GPS World , 2010, 21(9): 27 – 33.

[2] DANESHMAND S, JAHROMI A J, BROUMANDAN A, et al. A
low-complexity GPS anti-spoofing method using a multi-antenna ar-
ray [C] //Proceeding of the ION GNSS. USA, Nashville: the Institute
of Navigation, 2012: 1233 – 1243.

[3] STRATEGIC TECHNOLOGY OFFICE DARPA-BAA-12-45. Al-
l source positioning and navigation(ASPN) [R]. Arlington,VA: De-
fence Advanced Resaerch Projects Agency, June 11, 2012.

[4] KAESS M, JOHANNSSON H, ROBERTS R. Spoofing detection
and mitigation [J]. International Journal of Robotics Research, 2012,
231(2): 217 – 236.

[5] SMITH D, SINGH S. Approaches to multisensor data fusion in target
tracking [J]. IEEE Transactions on Knowledge and Data Engineer-
ing, 2006, 18(12): 1696 – 1710.

[6] HU H D, HUANG X L, LI M M. Federated unscented particle fil-
tering algorithm for SINS/CNS/GPS system [J]. Journal of Central
South University of Technology, 2010, 17(4): 778 – 785.

[7] RUAN W, QIN H L, CONG L, et al. Improved residual inspection in
navigation fault detection of application [J]. Electronic Measurement
Technology, 2012, 35(11): 124 – 128.

[8] , , . x2 UKF
[J]. , 2009, 30(12): 2568 – 2573.

(LIU Jianye, LI Dan, XIONG Zhi. Research on an improved residual
Chi-square fault detection method for federated unscented Kalman
filter [J]. Chinese Journal of Scientific Instrument, 2009, 30(12):
2568 – 2573.)

[9] , , . [M]. :
, 2006, 1 .

(HAN Chongzhao, ZHU Hongyan, DUAN Zhansheng. Multi-
information Fusion [M]. Beijing: Tsinghua University Press, 2006.
Edition 1.)

[10] , , , .
[J]. , 2013, 25(2): 317 – 321.

(SUO Bin, CHENG Yongsheng, ZENG Chao, et al. Reliability mod-
el of typical systems for imprecise probability using evidence theory
[J]. Journal of System Simulation, 2013, 25(2): 317 – 321.)

[11] MURTHA J F. An evidence theoretic approach to design of reliable
low-cost UAVs [D]. Blacksburg: Virginia Polytechnic Institute and
State University, 2006.

[12] . [D]. :
, 2006.

(HOU Jun. The research of evidence theory in integration, evaluation
and application [D]. Xi’an: Northwestern Polytechnical University,
2006.)

[13] JING L, YU H, FENG L. Evidence theory-based mixture particle fil-
ter for joint detection and tracking of multiple targets [J]. IET Radar
Sonar Navig, 2012, 6(7): 649 – 658.

[14] RTCA DO-289 CHG 1. Minimum aviation system performance
standards (MASPS) for aircraft surveillance applications (ASA) [S].
USA: RTCA, 2006, 12, 13

[15] BHATTI U I. An improved sensor level integrity algorithm for
GPS/INS integrated system [C] //Procceding of ION GNSS 19th
International Technical Meeting. Fort Worth, Texas: ION GNSS,
2006: 3012 – 3023.

[16] CALL C, IBIS M, MCDONALD J, et al. Performance of honeywell’s
inertial/GPS hybrid (HIGH) for RNP operations [C] //Honeywell
International, Aerospace. New York: Honeywell, 2006: 244 – 255.

[17] RTCA DO-236B. Minimun aviation system performance standards:
required navigation performance for area navigation [S]. USA: RT-
CA, 2006, 10, 28.

:
(1972–), , ,

, E-mail: keylab@facri.com;

(1973–), , ,

, E-mail: zhxd 2001@sina.com;

(1988–), , ,

E-mail: tzaa2024@sina.com.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


