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Outline and objectives

You will learn about the beamforming source reconstruction technique:
how it works, and what is needed to make it work.

• Concept of source reconstruction (short recap)

what and why?

• Beamforming

source estimation at work.

• Best practices

and common concepts in beamforming.
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Superposition of source activity
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Source reconstruction

Goal: We want to estimate the source activity underlying our sensor measurements.

sensor signals estimated
source activity

Problem formulation:

Ŝ(r, t) = W>(r)b(t) Ŝ = source estimate at location r and time point t
W = beamformer weights, M ⇥ 3
b = measurement (data of M channels), M ⇥ 1
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The inverse problem: a closer look

Ill-posed problem: many more grid points (thousands) than sensors (hundreds).

• infinite number of solutions

• use constraints to make solvable
I biophysical constraints:

forward model
I constraints on the inverse model

Figure: Tim Noble & Sue Webster, 1998
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Beamforming or spatial filtering

• Originally developed for sonar and
radar applications.

• Use cases:
e.g., advanced WiFi routers or 5G
networks

• Adapted for EEG and MEG in the
1990s

Figure: Wikipedia, by Goodtiming8871
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Spatial filtering

Idea: Estimate activity for every position independently.

Set up a source space grid

• for every point: get a spatial filter

• project measured data through filter
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Inverse modelling: constraints and solution

Linearly-constrained minimum variance (LCMV) beamformer

Searching the optimal W per location r.

Ŝ(r) = W>(r)B

unit-gain constraint:

W>(r)L(r) = I

In an ideal world . . .

W>(r)L(q) = 0

Ŝ = estimated source activity
W = inverse model
B = measured sensor data
L = forward model solution

Fig. 1: modified from FieldTrip Tutorial forward modeling
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Inverse modelling: constraints and solution

Linearly-constrained minimum variance (LCMV) beamformer

Searching the optimal W per location r.

Ŝ(r, t) = W>(r)B

minimize source variance:

min var(Ŝ)

var(Ŝ) = tr cov(Ŝ)

= tr[ŜŜ>]

= tr[W>BB>W]

= tr[W>CW]

unit-gain constraint:

W>(r)L(r) = I

Ŝ = estimated source activity
W = inverse model
B = measured sensor data
L = forward model solution
C = data covariance
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Inverse modelling: constraints and solution

Linearly-constrained minimum variance (LCMV) beamformer

The optimal W per location r:

min tr[W>(r)CW(r)] subject to W>(r)L(r) = I
attenuate other sources while passing the source of interest

This minimization problem can be solved:

W>(r) = [L>(r)C�1L(r)]�1L>(r)C�1

. . . and this is how you compute the weights!

Ŝ = estimated source activity
W = inverse model
B = measured sensor data
L = forward model solution
C = data covariance
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Spatial filtering: results

Beamforming

Pros and Cons:

• activity gets estimated over whole
brain

• beamformer is selective to activity

• needs a precise forward model

• can be tricky with correlated

sources

Figure: MNE-Python
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Beamformers in FieldTrip

cfg = [];

cfg.method = ’lcmv’;
...
source = ft sourceanalysis(cfg, tlk)
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Beamformer types

Figure: FieldTrip tutorial

• Linearly-constrained minimum variance beamformer
(LCMV):
time-resolved data

• Dynamic Imaging of Coherent Sources (DICS):
frequency-resolved data

• cfg.method = ’lcmv’ or cfg.method = ’dics’
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Beamforming: to keep in mind

Covariance matrix estimation and rank deficiency

• e.g. through: sampling, ICA,
SSS, ...

• rank-deficient covariance
matrix can pose problems
during inversion

• regularization:
cfg.lcmv.lambda = ’1%’

• whitening, truncated
pseudo-inverse

Figure: Westner et al., 2022
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Beamforming: to keep in mind

Forward model accuracy

Beamforming is sensitive to forward model accuracy:

• Forward model type (more realistic = better, especially for EEG)

• Coregistration accuracy
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Coregistration

Unifying all elements in one coordinate system.

Example: MEG
Volume conductor model: MRI space  ! sensors: MEG head space.

Fig. 3: FieldTrip Toolbox
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Beamforming: to keep in mind

Depth bias (center of head bias)

• deep sources have lower forward field coe�cients

• this leads to bigger beamformer weights

• spatial normalization can mitigate this bias

• array-gain beamformer (leadfield normalization)
cfg.lcmv.weightnorm = ’arraygain’

• unit-noise-gain beamfomrmer (weight normalization)
cfg.lcmv.weightnorm = ’unitnoisegain’
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Beamforming: to keep in mind

Correlated sources

• beamforming assumes sources to be uncorrelated in time

• correlated sources cannot be resolved properly

• make use of noise in your data

Hey, also talk about common spatial filters!

Figures: Van Veen et al., 1997; FieldTrip
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Which inverse method for what?

Dipole fitting:

• single and focal source assumed

MNE:

• distributed activity assumed

• imprecise forward model

Beamforming:

• focal activity

• can deal with external noise
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Beamforming: the (very) deep dive

Concepts, maths, and best practices:
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