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Indoor localisation

Indoor localisation is a challenge since GPS does not work well indoors.
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The indoor magnetic field

Courtesy of Arno Solin, Simo Särkkä, Juho Kannala and Esa Rahtu, Terrain Navigation in the Magnetic Landscape:
Particle Filtering for Indoor Positioning. Proceedings of the European Navigation Conference (ENC), 2016.
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Indoor localisation using the magnetic field

Using the magnetic field for indoor localisation does not require any
additional infrastructure. Furthermore, magnetometers are small, cheap,
available in (almost) every smartphone.
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General overview
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Modelling the magnetic field

Gaussian process models: Estimate a function f(x) from observations
and prior knowledge about the shape of the function.
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Interpolating magnetic fields using Gaussian processes

A

B

C

D

E

D E

Independent
GPs

D E

Scalar
potential

GP

A B C

Hx

Hy

Hz

● How much can each component change?

● Over which distance does it typically change?

● How much measurement noise is there?
● How are the 3 different components related to each other?

● Constant Earth magnetic field + local deviations
● Maxwell’s equations: Gradient of scalar potential field

Learn from data
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Modelling the magnetic field

The magnetic field is the gradient of a scalar potential field φ.
Encode prior physical knowledge about φ in a Gaussian process (GP)

covariance function.

ym,t = −Rbw
t ∇ϕ(p)∣

p=pw
t
+ εm,t,

ϕ(p) ∼ GP(0, κlin.(p,p′)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Constant earth
magnetic field

+ κSE(p,p′))
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Squared exponential

,

εm,t ∼ N(0, σ2mI), ym,t ∈ R3.

If the position pw
t and orientation Rbw

t are known, the magnetic field
map can be learned using standard GP regression.
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Building magnetic field maps

https://www.youtube.com/watch?v=enlMiUqPVJo

Arno Solin, Manon Kok, Niklas Wahlström, Thomas B. Schön and Simo Särkkä. Modeling and interpolation of the ambient
magnetic field by Gaussian processes. IEEE Transactions on Robotics, Vol. 34, Issue 4, pp. 1112-1127, 2018.
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Magnetic field SLAM: RBPF

xt+1 =
⎛
⎜
⎝

pw
t +∆pt + εp,t

∆RtR
wb
t expR(εR,t)

mt

⎞
⎟
⎠

ym,t = Rbw
t ∇Φt(pw

t )mt + εm,t

Estimate the nonlinear states pw
t and Rwb

t and the conditionally linear
states mt using a Rao-Blackwellised particle filter

Each particle carries its own magnetic field map estimate.
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Estimate the nonlinear states pw
t and Rwb

t and the conditionally linear
states mt using a Rao-Blackwellised particle filter1.

Each particle carries its own magnetic field map estimate.

1T. B. Schön, F. Gustafsson and P.-J. Nordlund, Marginalized particle filters for mixed linear/nonlinear state-space
models, IEEE Transactions on Signal Processing, 2005.
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Experiments

● ARKit visual-inertial pedestrian
dead-reckoning (PDR) provided by Apple.

● Remove jumps in the PDR due to visual
relocalisation.

● Convert a 6-DoF (position and orientation)
PDR movement trajectory to ∆Rt and ∆pt.
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Experimental results

https://youtu.be/pbwWLoh6mvI

Manon Kok and Arno Solin, Scalable Magnetic Field SLAM in 3D Using Gaussian Process Maps. Proceedings of the 21st
International Conference on Information Fusion, pp. 1353 - 1360, Cambridge, UK, July 2018.
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Magnetic field SLAM: RBPF (2)

 

 

RMSE from 1.68 to 0.16 meters.

Frida Viset, Jan Tommy Gravdahl and Manon Kok, Magnetic field norm SLAM using Gaussian process regression in
foot-mounted sensors, Accepted to the European Control Conference, Rotterdam, the Netherlands, June 2021.
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Magnetic field SLAM: Particle smoothing

xt+1 =
⎛
⎜
⎝

pw
t +∆pt + εp,t

∆RtR
wb
t expR(εR,t)

mt

⎞
⎟
⎠

ym,t = Rbw
t ∇Φt(pw

t )mt + εm,t

● Particle smoothing to improve loop closures

● Conditionally linear states mt don’t have any dynamics (the map is
assumed to be constant).

● We need to do Bayesian estimation of the conditionally linear
states.

● Particle smoothing for any SLAM problem with a conditionally
(almost) linear map.
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xt+1 = f(xt,ut,wt)
yt ≈ C(xt)θ + vt

p(θ) = N (µθ,Pθ)
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Smoothing algorithm

● Similar idea to PGAS from lecture 14.12

● Run RBPF with ancestor sampling assuming constant map to
sample reference trajectory that can be used in next MCMC
iteration.

1A. Svensson, T. B. Schön and F. Lindsten, Identification of jump Markov linear models using particle filters,
Proceedings of the 53rd IEEE Conference on Decision and Control, 2014.

2A. Svensson, T. B. Schön, T. B. and M. Kok, Nonlinear state space smoothing using the conditional particle filter,
IFAC-PapersOnLine, 2015.
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Path degeneracy

Filter Smoother

Rao-Blackwellized Particle Smoothing for Simultaneous Localization and Mapping (to be submitted) –
Manon Kok, Arno Solin, Thomas B. Schön, 2021.
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Improved loop closures (1)

Odometry

Max weight Weighted mean Smoother

Rao-Blackwellized Particle Smoothing for Simultaneous Localization and Mapping (to be submitted) –
Manon Kok, Arno Solin, Thomas B. Schön, 2021.
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Improved loop closures (2)

Odometry Max weight Weighted mean Smoother

Rao-Blackwellized Particle Smoothing for Simultaneous Localization and Mapping (to be submitted) –
Manon Kok, Arno Solin, Thomas B. Schön, 2021.
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Conclusions and future work

Conclusions

● SMC very useful for practical application like magnetic field SLAM,
which is inherently nonlinear and the posterior is often
non-Gaussian.

Future work

● Magnetic field SLAM using only inertial sensors and
magnetometers.

● Use SMC and GPs more widely in sensor fusion.
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Thanks!

Thomas Schön
Arno Solin

Niklas Wahlström

Simo Särkkä
Frida Viset

Jan Tommy Gravdahl
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Thank you for your attention!

Questions?

https://www.tudelft.nl/staff/m.kok-1/
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