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Supplementary Figure 4 

List of LEDs and optical filters used for the RainbowCap 

 

row optical bandpass filter 
(Shenzhen Nano Macro Photonics Technology) 

LEDs 
 

max nm 
LED+filter 

 article No. 
center 

wavelength 
(CWL) 

full-width at 
half-maximum 

(FWHM) 

Article No. 
(distributor or 
manufacturer) 

center 
wavelengths 
(CWL) in nm 

 

1 10312090 381 ± 2 nm 4 ± 2 nm 
LL5_310 VI 

(Reichelt/Luckylight) 
394 381 

2 10310831 415 ± 5 nm 24 ± 5nm 
EVL 383UBC_H2 

(Reichelt/Everlight) 
428 415 

3 10312091 444 ± 3 nm 12 ± 3 nm 
LED EL 5-22500KW 
(Reichelt/Everlight) 

452 + 560 445 

4 10310832 470 ± 3 nm 20 ± 4 nm 
RND 135_00178 
(Distrelec/RND 
Components) 

 
468 

 
471 

5 10312092 500-505 nm 9 ± 3 nm 
RND 135_00176 
(Distrelec/RND 
Components) 

 
503 

 
503 

6 10310833 520 ± 4 nm 20 ± 4 nm 
RND 135_00038/00177 

(Distrelec and Reichelt/RND 
Components) 

 
 

520 
 
 

523 

7 10312093 555 ± 3nm 17 ± 3 nm 
LED EL 5-23000WW 
(Reichelt/Luckylight) 

453 + 580 556 

8 10311851 592 ± 3nm 10-15 nm 
RND 135_00169 
(Distrelec/RND 
Components) 

 
593 

 
591 

9 10310835 621-633 nm 20 ± 4 nm 
LED 5-11000RT 

(Reichelt/Kingbright) 

 
620 

 
630 

10 10312095 670 ± 3 nm 20 ± 3 nm 
KBT L-7113HD 

(Reichelt/Kingbright) 

 
660 

 
661 

11 / / / / / dark 

12 / / / LED EL 5-14250WW 
(Reichelt/Everlight) 

455 + 602 white 

 

  



 

  



 

  



 

  



 

  



 

  



Supplementary Figure 10 

Overview of replicates used for the diagrams 
 

 
experiment 

replicates  

used for 
figures Illumination 

times in ms 
number of pooled wells 

from several plates 

number of independent 
experiments 

(=number of plates) 
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Supplementary Methods 

Fitting the action spectra of rhodopsins to a Govardovskii nomogram by using 
Bayesian hierarchical modeling 

 

Figure 1: A: Schematic of an exemplary parameter 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼with a prior distribution (yellow), 
the likelihood of the data (blue) and the resulting posterior distribution (red) by applying the 
Bayes theorem. B: Different illumination times (corresponding to different photon counts) 
plotted against the Glosensor activity for each wavelength (filled dots). These measurements 



can be used to estimate 𝐼𝐼50𝜆𝜆  (circles) and 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 . Additional dark activity information is 
used in the model to allow for appropriate scaling. C: The Govardovskii template is applied to 
estimate the α- and β-bands, which are summed up to obtain a normalized spectrum that can 
be used to fit the 𝐼𝐼50𝜆𝜆  (D and E). The estimated 𝐼𝐼50𝜆𝜆  and 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚  from the dose-saturation 
curve then describe the collected data and the underlying activity spectra. The estimated 
parameters are then applied in the dose-saturation equation to fit the activity spectra with 
varying photon exposure (F). 

Govardovskii template 
The rhodopsin nomogram developed by Govardovskii et al. (Govardovskii et al. 2000) was 
used as a basis for describing the α-band and β-band of the spectrum: 

𝑆𝑆𝛼𝛼(𝑥𝑥) =
1

𝑒𝑒𝐴𝐴(𝑎𝑎−𝑥𝑥) + 𝑒𝑒𝐵𝐵(𝑏𝑏−𝑥𝑥) + 𝑒𝑒𝐶𝐶(𝑐𝑐−𝑥𝑥) + 𝐷𝐷
 

𝑆𝑆𝛽𝛽(𝜆𝜆) = 𝐴𝐴𝑒𝑒−�(𝜆𝜆−𝜆𝜆𝑚𝑚𝑚𝑚)/𝑏𝑏�
2
 

Bayesian framework: 
In a Bayesian framework we estimate the spectral density not as a single estimate but a 
distribution of probable outcomes (posterior distribution: 𝑃𝑃(𝑀𝑀 ∣∣ 𝑦𝑦 )), which are in line 
with the already existing information about parameters (prior distribution: 𝑃𝑃(𝑀𝑀)) 
weighted by the likelihood (𝑃𝑃(𝑦𝑦 ∣∣ 𝑀𝑀 )) of the experimental data (𝑦𝑦).  

𝑃𝑃(𝑀𝑀 ∣∣ 𝑦𝑦 ) ∝ 𝑃𝑃(𝑀𝑀)𝑃𝑃(𝑦𝑦 ∣∣ 𝑀𝑀 ) 

Starting points for parameters were informed using Govardovskii et al. (Govardovskii et al. 
2000) as basis for model parameter priors with added uncertainty. For the construction of 
the model, we followed the workflow proposed by Gabry et al. (Gabry et al. 2019) 
simulating data first, testing the model and then applying the model to the real data set. 
First, we tested whether the parameter values proposed by Govardovskii et al. 
(Govardovskii et al. 2000) are appropriate to fit to our data. For this we compared the fixed 
parameters model, which excludes the possibility of adjusting for shape differences, as 
proposed by Govardovskii et al. (Govardovskii et al. 2000), with a flexible parameter 
version of the model. The fixed-parameter model performed worse when comparing the 
model’s expected log pointwise predictive density (ELPD) as described by Vehtari et al. 
(Vehtari et al. 2017). This suggests that the self-adjusting parameter model describes the 
observed activity better than the fixed parameter model. Hence fitting the activity spectra 
was performed using the model with non-fix parameters. 



Estimation of dark activity: 
Dark activity (𝑦𝑦𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) is defined as the Glosensor activity recorded prior to any light 
activation of the construct. This activity has to be subtracted from the light-induced activity 
and can be described by a gamma distribution with a shape parameter (𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) and the 
mean (𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷). The mean of the dark activity is estimated by combining a general activity 
independent of the group (𝛽𝛽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) with group specific dark activity (𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) and inter-
experiment variability (𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒). 

𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑖𝑖 = 𝑒𝑒
𝛽𝛽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷+𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖+𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒+𝑍𝑍𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖

𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖  

𝑦𝑦𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑖𝑖 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺�𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,
𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑖𝑖

� 

Estimation of 𝝀𝝀𝒎𝒎𝒎𝒎𝒙𝒙𝜶𝜶 and 𝝀𝝀𝒎𝒎𝒎𝒎𝒙𝒙𝜷𝜷: 

The α- and β-peaks are estimated for the different construct groups (𝛾𝛾𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) and 
include experimental variability between well plates in the parameters (𝑍𝑍𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒

). 

𝜆𝜆max𝛼𝛼𝑖𝑖 = 𝑒𝑒
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼+𝛾𝛾𝜆𝜆max𝛼𝛼

𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖+𝑍𝑍𝜆𝜆max𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖  
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛽𝛽𝑖𝑖 = 𝛽𝛽max1 + 𝛽𝛽max2𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑖𝑖 

Estimation of the normalized spectrum: 
The normalized spectrum (𝑆𝑆) is calculated by adding the different normalized spectra to 
the α- and β-peak, respectively. 

 

𝑎𝑎𝛼𝛼𝑖𝑖 = 𝑎𝑎1𝛼𝛼 + 𝑎𝑎2𝛼𝛼𝑒𝑒
−
�𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑖𝑖

−300�
2

11940  
𝑏𝑏𝛽𝛽𝑖𝑖 = 𝑏𝑏𝛽𝛽 + 𝜔𝜔𝛽𝛽𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑖𝑖 

𝑥𝑥𝑖𝑖,𝜆𝜆 =
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑖𝑖
𝜆𝜆

 

𝑆𝑆𝛼𝛼�𝑥𝑥𝑖𝑖,𝜆𝜆� =
𝑒𝑒𝐴𝐴𝛼𝛼�𝑎𝑎𝛼𝛼𝑖𝑖−1�+𝐵𝐵𝛼𝛼�𝑏𝑏𝛼𝛼𝑖𝑖−1�+𝐶𝐶𝛼𝛼�𝑐𝑐𝛼𝛼𝑖𝑖−1�+𝐷𝐷𝛼𝛼

𝑒𝑒𝐴𝐴𝛼𝛼�𝑎𝑎𝛼𝛼𝑖𝑖−𝑥𝑥𝑖𝑖,𝜆𝜆�+𝐵𝐵𝛼𝛼�𝑏𝑏𝛼𝛼𝑖𝑖−𝑥𝑥𝑖𝑖,𝜆𝜆�+𝐶𝐶𝛼𝛼�𝑐𝑐𝛼𝛼𝑖𝑖−𝑥𝑥𝑖𝑖,𝜆𝜆�+𝐷𝐷𝛼𝛼
 

𝑆𝑆𝛽𝛽�𝑥𝑥𝑖𝑖,𝜆𝜆� = 𝐴𝐴𝛽𝛽𝑒𝑒
 −�

𝜆𝜆−𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛽𝛽𝑖𝑖
𝑏𝑏𝛽𝛽𝑖𝑖

�

2

 

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�𝑥𝑥𝑖𝑖,𝜆𝜆� =
𝑆𝑆𝛼𝛼�𝑥𝑥𝑖𝑖,𝜆𝜆� + 𝑆𝑆𝛽𝛽�𝑥𝑥𝑖𝑖,𝜆𝜆�

1 + 𝑆𝑆𝛽𝛽 �𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛽𝛽𝑖𝑖�
 



Scaling of normalized spectrum to fit activity spectra: 
To fit activity spectra amplitudes, we utilized a hierarchical version of a dose-saturation 
curve, incorporating information about experimental and construct differences for 
different wavelengths. The mean amplitude for a given construct, experiment, illumination 
time, and wavelength (𝜇𝜇𝑖𝑖,𝜆𝜆) is the sum of the dose-saturation curve and existing dark 
activity.  

𝜇𝜇𝑖𝑖,𝜆𝜆 =
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[𝑡𝑡𝑖𝑖]
𝐼𝐼50𝑖𝑖,𝜆𝜆 + [𝑡𝑡𝑖𝑖]

+𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 

The illumination times (𝑡𝑡) can be considered parts of the substrate for opsin activation as 
they are proportional to photon exposure. The relative sensitivity at different wavelengths 
(𝜆𝜆) represented by 𝐴𝐴1𝜆𝜆  can be described by a scaled inverse of the Govardovskii template 
(Fig. 1E). 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒
𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖

+𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖  

𝐼𝐼50𝑖𝑖,𝜆𝜆 =
𝐼𝐼50𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒

𝛾𝛾𝐼𝐼50𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�𝑥𝑥𝑖𝑖,𝜆𝜆�
 

The data are fitted using a Gamma distribution (positive continuous) with a shape (𝛼𝛼) and 
an experiment specific rate parameter (𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒). The shape parameter 𝛼𝛼 of the distribution 
can be written to include the mean (𝜇𝜇). Here the mean activity for any given construct, 
experiment, and wavelength (𝜇𝜇𝑖𝑖,𝜆𝜆) is the sum of the dark activity for the construct and 
experiment (𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖) and the estimated activity for the construct, experiment, illumination 
time, and wavelength (𝑣𝑣𝑖𝑖,𝜆𝜆). 

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 = 𝛽𝛽𝑒𝑒
𝑍𝑍𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖

+𝑍𝑍𝛽𝛽𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑖𝑖  

𝛼𝛼𝑖𝑖,𝜆𝜆 =
𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖
𝜇𝜇𝑖𝑖,𝜆𝜆

 

𝜎𝜎2𝑖𝑖,𝜆𝜆 =
𝛼𝛼𝑖𝑖,𝜆𝜆
𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖

 

𝑦𝑦𝑖𝑖,𝜆𝜆 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 �𝛼𝛼𝑖𝑖,𝜆𝜆,𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖� 

Peak wavelength of activity spectra: 

As described by Govardovskii et al. (Govardovskii et al. 2000) reading the parameters 
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼  alone might not be meaningful depending on the other parameters and does not 
reflect the overall maximum. However, the peak (𝜆𝜆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) can be calculated by finding the 
wavelength (𝜆𝜆) which maximizes the function for the normalized spectrum: 

𝜆𝜆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 = arg max
𝜆𝜆

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑥𝑥𝑖𝑖,𝜆𝜆) 

This peak reflects the mixture of α- and β-components and is the location of the total 
maximum activity.  



Parameter Priors: 
Parameters for the Govardovskii template: 

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼 ∼ 𝑒𝑒𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(log(498),0.07) 
𝐴𝐴𝛼𝛼 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(80,80/69.7) 
𝐵𝐵𝛼𝛼 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(20,20/28) 
𝐶𝐶𝛼𝛼 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(−14.9,5) 
𝐷𝐷𝛼𝛼 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0.674,0.05) 
𝛼𝛼1𝛼𝛼 ∼ logit−1(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(1.9877,0.45)) 
𝛼𝛼2𝛼𝛼 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0.0459,0.01) 
𝑏𝑏𝛼𝛼 ∼ logit−1(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(2.4698,0.5)) 
𝑐𝑐𝛼𝛼 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(1.104,0.1) 

 
𝐴𝐴𝛽𝛽𝑘𝑘 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(5,0.05) 
𝐴𝐴𝛽𝛽𝜇𝜇 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(10,10/0.26) 

𝐴𝐴𝛽𝛽 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 �𝐴𝐴𝛽𝛽𝑘𝑘 ,𝐴𝐴𝛽𝛽𝑘𝑘/𝐴𝐴𝛽𝛽𝜇𝜇� 
𝛽𝛽max1 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(500,500/189) 
𝛽𝛽max2 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(300,300/0.315) 
𝑏𝑏𝛽𝛽 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(−40.5,10) 
𝜔𝜔𝛽𝛽 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(20,20/0.195) 

 
 
Estimation of dark activity: 
 

𝑘𝑘𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(4,4/15) 
𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∼ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(3,0,1) 
𝛽𝛽𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(log(0.025) , 1) 

 
Estimation of dose-saturation curve: 
 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(7,/0.3) 
𝐼𝐼50𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∼ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(4,4/7500) 

 
Estimation of group (opsin/retinal) specific parameters: 
 

𝛾𝛾𝜆𝜆max𝛼𝛼
∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,0.05) 

𝛾𝛾𝐴𝐴1 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,0.5) 
𝛾𝛾𝐴𝐴0 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,1) 

𝜏𝜏𝛽𝛽𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.5) 

𝑍𝑍𝛽𝛽𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 �0, 𝜏𝜏𝛽𝛽𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺� 
 
Estimation of experimental hierarchy: 



 
𝜏𝜏𝜆𝜆max𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒

∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.0025) 
𝜏𝜏𝛾𝛾𝜆𝜆max𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒

∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.05) 

𝜏𝜏𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.5) 
𝜏𝜏𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.05) 

𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.0025) 

𝜏𝜏𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑙𝑙+(0,0.1) 
Ω = Ω𝐿𝐿Ω𝐿𝐿𝑇𝑇 

Σ = (𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜏𝜏)Ω𝐿𝐿)(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜏𝜏)Ω𝐿𝐿𝑇𝑇)𝑇𝑇 
Ω ∼ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(2) 

𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 ∼ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(0, Σ) 

 

Link to repository: 

https://github.com/danielparthier/Vogt-et-al-2024 
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