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Conventional method  →  ISI > 𝐽 

Conventional recording of AEPs 



Matrix Deconvolution 



EEG  𝑦(𝑡) 

Stimulus  𝑠(𝑡) 

 𝑠 t ∗ 𝑥(𝑡) 

𝑦 𝑡 = 𝑠 𝑡 ∗ 𝑥 𝑡 + 𝑛(𝑡) 

AEP  𝑥(𝑡) 

Noise  𝑛(𝑡) 

The EEG as a convolution model 



𝑦 𝑡 = 𝑠 𝑡 ∗ 𝑥 𝑡 + 𝑛(𝑡) 

𝐲 = 𝑆𝐱 + 𝐧 

𝐲 

= 

𝑆 

𝐱 

+ 

𝐧 

0𝑠 

… 

(𝑁 x 1) (𝑁 x 𝐽) 

(𝐽 x 1) 

(𝑁 x 1) 

𝑁 – length of EEG 
𝐽 – length of AEP 
𝐽 << 𝑁 

Matrix formulation 



𝐲 

= 

𝑆 

𝐱 

+ 

𝐧 𝑦1 = 𝑆11𝑥1 + 𝑆12𝑥2 + ⋯+ 𝑆1𝐽𝑥𝐽 + 𝑛1 

𝑦2 = 𝑆21𝑥1 + 𝑆22𝑥2 + ⋯+ 𝑆2𝐽𝑥𝐽 + 𝑛2 

 
𝑦𝑁 = 𝑆𝑁1𝑥1 + 𝑆𝑁2𝑥2 + ⋯+ 𝑆𝑁𝐽𝑥𝐽 + 𝑛𝑁 

𝑁 equations,  𝐽 unknowns 

⋮ 

Let´s imagine an AEP of 2 samples  (𝐽 = 2) 

𝐲 

= 

𝑆 

𝐱 
+ 

𝐧 𝑦1 = 𝑆11𝑥1 + 𝑆12𝑥2 + 𝑛1 
𝑦2 = 𝑆21𝑥1 + 𝑆22𝑥2 + 𝑛2 
 
𝑦𝑁 = 𝑆𝑁1𝑥1 + 𝑆𝑁2𝑥2 + 𝑛𝑁 

𝑁 equations, 2 unknowns 

⋮ 

𝑥1 

𝑥2 𝐱  

𝐱 = (𝑆T𝑆)−1(𝑆T𝐲) 

𝐲 = 𝑆𝐱 + 𝐧 

Matrix Deconvolution 

𝑁 – length of EEG 
𝐽 – length of AEP 
𝐽 << 𝑁 



(𝐽 x 𝑁) 

𝐲 

= 

(𝑁 x 1) 

𝑆T 

(𝐽 x 𝑁) (𝐽 x 1) 

(𝑆T𝐲) 

𝐱 = (𝑆T𝑆)−1(𝑆T𝐲) 

𝑆 

(𝑁 x 𝐽) 

𝑆T 

(𝐽 x 𝐽) 

= 

(𝑆T𝑆) 

𝑁 – length of EEG 
𝐽 – length of AEP 
𝐽 << 𝑁 

Matrix Deconvolution 



 AEP of 200 ms @ 16,384 Hz 

 𝐽 = 3,277 samples   (𝑆T𝑆)(3277 x 3277) 

 How long does deconvolution take? 

 9 seconds 

V 

N0 

P0 

Na 

Pa 

Nb 

Pb / P1 

N1 

P2 

I 

𝐱 = (𝑆T𝑆)−1(𝑆T𝐲) 

Example of Matrix Deconvolution 



x1 x1 x1 x1 x1 x1 

60 dB HL 

x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 

x1 x2 x3 x2 x3 x2 

80 dB HL 

60 dB HL 30 dB HL 

x1 x2 x3 x2 x3 x2 x1 x3 x2 x1 x1 

Multi-response Deconvolution 



𝑦 𝑡 = 𝑠 𝑡 ∗ 𝑥 𝑡 + 𝑛(𝑡) 𝑦 𝑡 = 𝑠1 𝑡 ∗ 𝑥1 𝑡 + 𝑠2 𝑡 ∗ 𝑥2 𝑡 + ⋯+ 𝑠𝐾 𝑡 ∗ 𝑥𝐾 𝑡 + 𝑛(𝑡) 

For 𝑲 different classes 

(𝐽 x 1) 

𝐱  

= 

(𝐽 x 𝐽) 

(𝑆T𝐲) 

(𝐽 x 1) 

(𝑆T𝑆)−1 

x1 x2 x3 x2 x3 x2 x1 x3 x2 x1 x1 

For 1 class 

x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 x1 

𝐱 = (𝑆T𝑆)−1(𝑆T𝐲) 

(𝐾 · 𝐽 x 1) 

= 

(𝐾 ∙ 𝐽  x  𝐾 ∙ 𝐽) (𝐾 ∙ 𝐽 x 1) 

𝑆1
𝑇𝑆1 𝑆1

𝑇𝑆2 𝑆1
𝑇𝑆𝐾 ⋯ 

𝑆2
𝑇𝑆1 𝑆2

𝑇𝑆2 ⋯ 𝑆2
𝑇𝑆𝐾 

⋮ ⋮ ⋮ ⋱ 

𝑆𝐾
𝑇𝑆1 𝑆𝐾

𝑇𝑆2 ⋯ 𝑆𝐾
𝑇𝑆𝐾 

𝑆1
𝑇𝐲 

𝑆2
𝑇𝐲 

𝑆𝐾
𝑇𝐲 

⋮ 

𝐱 𝒂𝒍𝒍 

𝑥1 

𝑥2 

𝑥𝐾 

⋮ 

 (𝑆𝑎𝑙𝑙
𝑇 𝑆𝑎𝑙𝑙)

−1 (𝑆𝑎𝑙𝑙
𝑇 𝐲) 

(de la Torre et al., IERASG 2023) 

Multi-response Deconvolution 



Example of Multi-response Deconvolution 

V 

N0 

P0 

Na 

Pa 

Nb 

Pb / P1 

N1 

P2 

I 

 AEPs of 200 ms @ 16,384 Hz     

𝐽 = 3,277 samples 

 𝐾 = 10 classes  (𝑆𝑎𝑙𝑙
𝑇 𝑆𝑎𝑙𝑙)(32,770 x 32,770) 

 (𝑆𝑎𝑙𝑙
𝑇 𝑆𝑎𝑙𝑙)(32,770 x 32,770)  1,073,872,900 numbers 

* 8 bytes  8,6 GB 

 Deconvolution takes 1065 s 

 For 𝐾 > 10 classes, Out-of-memory! 



Latency-Dependent 

Filtering & Downsampling 



100-3000 Hz 10-300 Hz 1-30 Hz 

Conventional representation Desired representation 

CAEP ABR MLR 

Frequency (Hz) 

1 10 100 1000 10000 

Representation of evoked potentials 



Time Frequency 

𝑇0 
1

2𝑇0
  

What is a filter like? 



𝑥𝑓𝑖𝑙𝑡 𝑛 = ℎ 𝑛 ∗ 𝑥 𝑛  𝒙𝒇𝒊𝒍𝒕 = 𝐻𝐱 

= 

𝐻 𝐱 𝒙𝒇𝒊𝒍𝒕 

…
 

…
 

…
 

…
 

…
 

The same filter is used in all samples 

…
 

…
 

…
 

…
 

…
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Conventional filtering 



= 

𝐻 𝐱 𝒙𝒇𝒊𝒍𝒕 

…
 

…
 

…
 

…
 

…
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…
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Conventional filtering Latency-dependent filtering 

= 

𝐻 𝐱 𝒙𝒇𝒊𝒍𝒕 

…
 

…
 

…
 

…
 

…
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Latency-dependent filtering 



Latency-dependent filtering & DOWNSAMPLING 

= 

𝐻 𝐱 𝒙𝒇𝒊𝒍𝒕 

…
 

…
 

…
 

…
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Conventional filtering Latency-dependent filtering 

= 

𝐻 𝐱 𝒙𝒇𝒊𝒍𝒕 

…
 

…
 

…
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Latency-dependent filtering & downsampling (LDFDS) 

CAEP 

ABR 

MLR 

𝐽 = 10,000 



Latency-dependent filtering & downsampling (LDFDS) 

V 

N0 
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Nb 

Pb / P1 

N1 

P2 

N2 

I 

= 

𝐱 

(10,000 x 1) 

(43 x 10,000) 

𝐱𝑟𝑒𝑑 

(43 x 1) 

𝑉 

 Project the AEP from the time domain 
onto the reduced space  

(43 x 10,000) 

𝑉 



V 

N0 

P0 
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Pa 

Nb 

Pb / P1 

N1 

P2 

N2 

I 

Latency-dependent filtering & downsampling (LDFDS) 

= 

𝐱 

(10,000 x 1) 

(43 x 10,000) 

𝐱𝑟𝑒𝑑 

(43 x 1) 

𝑉 

(10,000 x 1) 

𝐱𝑓𝑖𝑙𝑡 

= 

𝐱𝑟𝑒𝑑 

(54 x 1) 

𝑉𝑇 

(10,000 x 43) 

(43 x 10,000) 

𝑉 
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I 

 Project the AEP from the time domain 
onto the reduced space  

 Filter by projecting back the AEP from the 
reduced domain onto the time domain 



Optimised Deconvolution  
 
(performed in the subspace defined by LDFDS) 



(𝐽 x 1) 

𝐱  

= 

(𝐽 x 𝐽) 

(𝑆T𝐲) (𝑆T𝑆)−1 

𝐱 = (𝑆T𝑆)−1(𝑆T𝐲) 

Matrix Deconvolution Subspace Constrained Matrix Deconvolution 

𝐽𝑟𝑒𝑑 ≪ 𝐽 

𝐱 𝒓𝒆𝒅 = (𝑉𝑟𝑒𝑑  𝑆
T𝑆 𝑉𝑟𝑒𝑑

𝑇 )−1(𝑉𝑟𝑒𝑑  𝑆
T𝐲) 

(𝐽𝑟𝑒𝑑 x 1) 

𝐱 𝒓𝒆𝒅 

= 

(𝐽 x 𝐽𝑟𝑒𝑑 ) 

(𝑉𝑟𝑒𝑑  𝑆
T𝐲) 

(𝐽 x 1) 

(𝑉𝑟𝑒𝑑             𝑆
T𝑆         𝑉𝑟𝑒𝑑

𝑇 )−1 

(𝐽𝑟𝑒𝑑 x 𝐽) (𝐽𝑟𝑒𝑑 x 𝐽) 

(𝐽 x 𝐽) 

(𝐽𝑟𝑒𝑑 x 1) 

𝐱 𝒓𝒆𝒅 

= 

(𝑉𝑟𝑒𝑑  𝑆
T𝐲) (𝑉𝑟𝑒𝑑  𝑆

T𝑆 𝑉𝑟𝑒𝑑
𝑇 )−1 

(𝐽𝑟𝑒𝑑 x 1) (𝐽𝑟𝑒𝑑 x 𝐽𝑟𝑒𝑑) 

Optimised Matrix Deconvolution 

(𝐽 x 1) 



Example of Multi-response Deconvolution 

V 

N0 

P0 

Na 

Pa 

Nb 

Pb / P1 

N1 

P2 

I 

 AEPs of 200 ms @ 16,384 Hz 40 functions/decade  

 𝐽 = 3,277 samples 𝐽𝑟𝑒𝑑 = 91 samples 

 𝐾 = 10 classes   (𝑆T𝑆)(32,770 x 32,770)  

(𝑆𝑟𝑒𝑑
T 𝑆𝑟𝑒𝑑)(910 x 910) 

 Deconvolution takes 1065 s 30 s 

 For 𝐾 > 10 classes , Out-of-memory! Deconvolution 

is now feasible 



Research possibilities 



Threshold estimation 

Level (dB) 

Probability of 

occurrence 

0 10 80 60 30 50 40 70 20 

Level (dB) 

Time 



Binaural hearing 

Individual subject 

Stimulation artifact 

Grand-Average (n=27) 

V 

N0 
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Na 

Pa 

Nb 

Pb / P1 

N1 

P2 

N2 

50 ms 

100 ms 

160 ms 

250 ms 

380 ms 

Source on 
the left 

Source on 
the right 

Binaural Interaction Component (BIC) 

Ferber et al. (2016) s1 

s2 

Deconvolution of multiple overlapping AEPs 

𝐱 𝟐  

𝐱 𝟏 



Neural adaptation 

Individual subject 

I 
V 

N0 

P0 

Na 

Pa1 

Nb 

P1 

N1 

P2 

III 
Pa2 

Grand-Average (n=10) 

𝐱 𝟐 

𝐱 𝟏 



Speech processing 

Temporal Response Function 

Deconvolution of multiple overlapping AEPs 



Matrix deconvolution 

Latency-dependent filtering and downsampling 

Deconvolution in a reduced representation space 

References 

Multi-response deconvolution 
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 Matrix Deconvolution enables evoked potentials to be recorded at fast rates, increasing flexibility in experimental design. 

 The compact representation provided by latency-dependent filtering and downsampling (LDFDS) facilitates (1) a comprehensive 

representation of evoked potentials along the auditory pathway, and (2) an important dimensionality reduction. 

 Performing deconvolution in the reduced space defined by LDFDS significantly reduces computational load. 

 Multi-response deconvolution is appropriate to model multiple neurophysiological processes evoked by complex stimuli. 

 MATLAB / Octave toolkits with functions and simulations are available to help understand and use these methodologies. 
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