
If we can use a sky-point camera…
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• NLOS detection  using Omnidirectional Infrared Camera/Fish-

eye Camera. 
(J.Meguro, et al., IEEE trans. on ITS, 2009 and T. Suzuki and N. Kubo,. ION GNSS+ 2014.)

• Excessive NLOS exclusion leads to HDOP distortion and Large 

Positioning Error!

Related Work –Sky-Pointing Camera Aided GNSS 

Source: T. Suzuki and N. Kubo 2014

Fisheye camera
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New integration flowchart
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In FGO, we only revise the information matrix
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Modeling of Integrations using Tightly EKF/FGO
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System States:
◆ 𝑥𝑘 = (𝑋𝑘,𝑟

𝑒𝑐𝑒𝑓
, 𝑉𝑘,𝑟

𝑒𝑐𝑒𝑓
, 𝐵𝑘,𝑟

𝑏𝑜𝑑𝑦
, 𝛿𝑘,𝑟

𝑐𝑙𝑜𝑐𝑘)𝑇

◆ 𝑋𝑘,𝑟
𝑒𝑐𝑒𝑓

= (𝑥𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑦𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑧𝑘,𝑟
𝑒𝑐𝑒𝑓

)

◆ 𝑉𝑘,𝑟
𝑒𝑐𝑒𝑓

= (𝑣𝑥𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑣𝑦𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑣𝑧𝑘,𝑟
𝑒𝑐𝑒𝑓

)

◆ 𝐵𝑘,𝑖𝑚𝑢
𝑏𝑜𝑑𝑦

= (𝑎𝑘,𝑥
𝑏𝑜𝑑𝑦

, 𝑎𝑘,𝑦
𝑏𝑜𝑑𝑦

, 𝑎𝑘,𝑧
𝑏𝑜𝑑𝑦

)

◆ 𝜹𝒌,𝒓
𝒄𝒍𝒐𝒄𝒌

Propagation model:
◆ 𝑥𝑘 = 𝑓 𝑥𝑘−1, 𝑢𝑘 +𝑤𝑘

◆ 𝑢𝑘 = (𝑎𝑥𝑘
𝑏𝑜𝑑𝑦

, 𝑎𝑦𝑘
𝑏𝑜𝑑𝑦

𝑎𝑧𝑘
𝑏𝑜𝑑𝑦

)𝑇

Measurement model:
◆ 𝑧𝑘

𝐺𝑁𝑆𝑆 = ℎ 𝑥𝑘 + 𝑣𝑘
◆ 𝑧𝑘

𝐺𝑁𝑆𝑆 = (𝜌𝑘,1
𝐺𝑁𝑆𝑆 , 𝜌𝑘,2

𝐺𝑁𝑆𝑆, … , 𝜌𝑘,𝑁
𝐺𝑁𝑆𝑆)𝑇

System States:
◆ 𝑥𝑘 = (𝑋𝑘,𝑟

𝑒𝑐𝑒𝑓
, 𝑉𝑘,𝑟

𝑒𝑐𝑒𝑓
, 𝐵𝑘,𝑟

𝑏𝑜𝑑𝑦
, 𝛿𝑘,𝑟

𝑐𝑙𝑜𝑐𝑘)𝑇

◆ 𝑋𝑘,𝑟
𝑒𝑐𝑒𝑓

= (𝑥𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑦𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑧𝑘,𝑟
𝑒𝑐𝑒𝑓

)

◆ 𝑉𝑘,𝑟
𝑒𝑐𝑒𝑓

= (𝑣𝑥𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑣𝑦𝑘,𝑟
𝑒𝑐𝑒𝑓

, 𝑣𝑧𝑘,𝑟
𝑒𝑐𝑒𝑓

)

◆ 𝐵𝑘,𝑖𝑚𝑢
𝑏𝑜𝑑𝑦

= (𝑎𝑘,𝑥
𝑏𝑜𝑑𝑦

, 𝑎𝑘,𝑦
𝑏𝑜𝑑𝑦

, 𝑎𝑘,𝑧
𝑏𝑜𝑑𝑦

)

Motion model factor:
◆ ||𝑒𝑘

𝑀𝑀||
𝛴𝑘
𝑀𝑀

2 = ||𝑥𝑘+1 − ℎ𝑀𝑀 𝑥𝑘 ||
𝛴𝑘
𝑀𝑀
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IMU bias factor:

Pseudorange factor:
◆ ℎ𝑝 𝑆𝑉𝑘,𝑗 , 𝑋𝑘,𝑟

𝑒𝑐𝑒𝑓
= ||𝑥𝑆𝑉,𝑗

𝑥𝑦𝑧
− 𝑋𝑘,𝑟

𝑒𝑐𝑒𝑓
|| + 𝛿𝑘,𝑟

𝑐𝑙𝑜𝑐𝑘

◆ ||𝑒𝑘,𝑗
𝑃 ||

𝛴𝑘
𝑃𝑟

2 = ||𝜌𝑆𝑉,𝑗 − ℎ𝑝 𝑆𝑉𝑘,𝑗 , 𝑋𝑘,𝑟
𝑒𝑐𝑒𝑓

||
𝛴𝑘
𝑃𝑟

2

EKF FGO

◆ 𝒆𝑘,𝑎𝑐𝑐
𝐼𝑁𝑆 =

𝑣𝑥𝑘+1,𝑟
𝑒𝑐𝑒𝑓

𝑣𝑦𝑘+1,𝑟
𝑒𝑐𝑒𝑓

𝑣𝑧𝑘+1,𝑟
𝑒𝑐𝑒𝑓

−

𝑣𝑥𝑘,𝑟
𝑒𝑐𝑒𝑓

+ 𝑎𝑥𝑘
𝑒𝑐𝑒𝑓

∙ ∆𝑡

𝑣𝑦𝑘,𝑟
𝑒𝑐𝑒𝑓

+ 𝑎𝑦𝑘
𝑒𝑐𝑒𝑓

∙ ∆𝑡

𝑣𝑧𝑘,𝑟
𝑒𝑐𝑒𝑓

+ 𝑎𝑧𝑘
𝑒𝑐𝑒𝑓

∙ ∆𝑡

◆ 𝒆𝑘,𝑏𝑖𝑎𝑠
𝐼𝑁𝑆 = 𝐵𝑘+1,𝑖𝑛𝑠

𝑏𝑜𝑑𝑦

−ℎ𝑀𝑀 𝐵𝑘,𝑖𝑛𝑠
𝑏𝑜𝑑𝑦

GNSS pseudorange covariance matrix:
𝑹𝑛𝑥𝑛 (GoGPS library based on SNR and elevation angle)

INS factor:



Experiment Result
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Error Analysis
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