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The estimation drifts
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Drift-free absolute position
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Intermittent measurements —
unavailable indoors, under trees, etc..
Variable accuracy — centimeters to a
few hundred meters

* Complementary sensor characteristics

* GPS-aided VIO: Low-cost, robust, drift-free, indoor/outdoor localization



. . . {E}: ENU (East-North-Up) frame,
Motivation: Parameters Needed | sesreference frame
{V'}: VIO reference frame
{G}: GPS sensor frame
{I}:IMU sensor frame
* GPS measurement Zg4, attime {j by Position of @ in b frame

®R : a to b frame rotation matrix

_ F _ F EpV
Zg, — PG, — PV VR PGy g,

Reference transformation

between {V }and{FE'}

Vka — fok + {/{GRTIPG

IMU { } pose at t  Extrinsic

in {1V}

VIO trajectory



Challenges

° {xb/ij EpV}
- No initial guess -> Need initialization

{E}: ENU (East-North-Up) frame,
GPS reference frame

{V'}: VIO reference frame

{G}: GPS sensor frame

{I}:IMU sensor frame

bpa: Position of a in b frame

®R : a to b frame rotation matrix

- May not have GPS measurement at the beginning (e.g. start indoor)

- Noisy GPS measurement -> Need robust initialization

° {{/kRTvvak} {IpG}
- Asynchronicity between GPS and VIO
- Intermittent GPS measurement
- Time offset calibration?

¢




Observability Analysis
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Observability Analysis

* Question: Does using GPS make the state fully observable?
* State to analyze

I, -V E- E 1

VX — [V q P, v q PV pG] gq : Quaternion form of ZR

* Found 4 unobservable directions corresponding to:
* Rotation along the axis of gravity between {1/} and { '}
* Translation between {V'} and { E'}

The system still retains 4 unobservable direction inherited from
VIO system, due to estimation of the frame transformation




Proposed Fully Observable System

e Transform the state and its covariance to the ENU frame {E}

X = g(vxa XE/q_a EpV) — []I:_écq Epfk \E/Cj Epv IpG}

x=U"x, Pg=UP 0"

* Marginalize {\L}j@, EPV} term and get the following state

marg(x) — ¥x = [gﬂq Epr, IpG: , marg(Pg) — P

‘ The system is now fully observable ‘




GPS-VIO Initialization

1) VIO can be independently initialized without GPS measurement
- Multi-State Constraint Kalman filter (MSCKF) state Xg:

X — :ka XC’;J

{W
® IMU clone

MSCKF window ® Marginalized IMU clone



GPS-VIO Initialization

2) Collect GPS measurements and sparse IMU keyframes

- Collect GPS measurements {“pc,, - ,"pa, }
- Sparse IMU key frames bound the GPS measurement {"prn. -, pr.}
EPGS
E
G
EPGl poe

{V} MSCKF window

- AOW @® IMUclone
n o
Key ® Marginalized IMU clone

©® Keyframe 8



GPS-VIO Initialization

3) Compute 4 d.o.f. transformation between {V'} and {E}
- Use 'p¢ and the IMU keyframes to compute GPS pose in {V}

Vpe, =Vpr, + iR pe = {Vpa,,--,Vpa, }

- Compute {7, “py } that aligns {€pc,, - . Fpe,} and {V .-+, ' PG, }
by solving quadratic constraint least-squares problem

v

{V} © Pg;

_ o’pg,
XE/Q7 EPV%\Q\Q/—\Q




GPS-VIO Initialization

4) Post process
- Perform delayed initialization to further correct {%}7@, Epv}
- Marginalize all the keyframes
- Transform the state to ENU { E'} reference frame

- Marginalize {{¢, “ py } from the state
{E} wscrunees .

{M
® IMU clone

® Marginalized IMU clone
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GPS-VIO Initialization: Simulation Results

TABLE I: Average position and orientation errors over ten runs for different
initialization distances and GPS noise values in units of meters/degree.

dist\e  0.lm 0.5m Im 2m 5m

5m 1.59/70.65 7.08/3.20 14.32/6.56 29.37 /69.84 69.17 / 92.37
I0m 1.39/0.52 523/223 10.22/4.39 19.80/47.79 45.02/ 91.85
20m 0.90/70.29 268/ 1.08 5.02/2.07 978 /4.08 2549/ 49.75
50m puldeas A Qa5 Q0L 030 Sl de 4

100m

The larger GPS noise magnitude,
less accurate initialization
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GPS-VIO Initialization: Simulation Results

TABLE I: Average position and orientation errors over ten runs for different
initialization distances and GPS noise values in units of meters/degree.

dist\e  0.lm 0.5m Im 2m 5m

Sm 1.59/70.65 7.08 /320 14.32/6.56 29.37/69.84] 69.17 / 92.37
10m 1.39/0.52 5.23 /223 10.22/4.39 19.80 /47.79)45.02 / 91.85
20m 0.90/0.29 2.68/1.08 5.02/2.07 9.78/4.08 2549/ 49.75
50m 0.55/70.08 0.77/0.16 1.09/030 188/0.61 | 458/ 1.49

100m 0.51/70.09 0.49/70.06 0.55/0.12 085/0.24 | 2.18/0.63

The longer trajectory used,
more accurate initialization
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GPS-VIO Initialization: Simulation Results

TABLE I: Average position and orientation errors over ten runs for different
initialization distances and GPS noise values in units of meters/degree.

dist\e  0.lm 0.5m Im 2m 5m

5m 1.59/70.65 7.08/3.20 14.32/6.56 29.37 / 69.841 69.17 / 92.37
I0m 1.39/0.52 5237223 10.22/74.39 19.80/47.79445.02 / 91.85
20m 090/029 268/108 502/207 978/408 2549/4975
50m
100m 051/009 049/006 055/012 085/024 218/063

The longer trajectory used,
more accurate initialization

The larger GPS noise magnitude,
less accurate initialization

11

The larger GPS noise requires longer trajectory for the initialization
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GPS Measurement Update/Calibration

E
PG,

e GPS measurement function

Zgy, = Eka — Epfk + JIE‘?RTIPG —@—

—O
ta b ty
- The measurement is asynchronous/intermittent to the VIO system:

No {¥R,Pp;}inthe state

- GPS measurement can be delayed or sensor clocks mismatch:
Need time offset model/calibration



GPS Measurement Update/Calibration

E
PG,

A I —A

Zg, = Eka — Epfk T JIE’?RTIPG r A W A —\

e GPS measurement function

Ita Uk tp

* Linear interpolation to get IMU pose at tx & model the time offset
- The bounding IMU poses at taand ty (ta < tr <tp)

'R = Exp ()\ Log (gRgRT)) LR, Pp; =(1-\Ppr +A\Ppy,

_ (et to—ta)
A= T

Exp() and Log() are the SO(3) matrix exponential and logarithm functions



GPS-VIO Update/Cal. Simulation Results
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GPS-VIO Update/Cal. Simulation Results
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GPS-VIO Update/Cal. Simulation Results
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GPS-VIO Update/Cal. Simulation Results
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Fig. 4: The calibration errors respect to the size of GPS measurement noise. dataset time (s)

Can calibrate large initial errors * Errors are bounded by 3 6 bound — Consistent!

Convergence affected by GPS noise magnitude
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Conclusion

 Proved the state contains VIO to ENU reference frame transformation has
4 unobservable directions by the observability analysis.

* Proposed the state transformation that removes the transformation
parameters and become fully observable.

* Proposed the GPS-VIO initialization procedure that is robust, observable,
and can handle intermittent GPS measurements

* Proposed asynchronous GPS measurement update method and
spatiotemporal calibration method
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