
Supplemental Document

On-chip TIRF nanoscopy by applying Haar
wavelet kernel analysis on intensity fluctuations
induced by chip illumination: supplement
NIKHIL JAYAKUMAR,1,3 ØYSTEIN I. HELLE,1 KRISHNA AGARWAL,1

AND BALPREET SINGH AHLUWALIA1,2,4

1Department of Physics and Technology, UiT The Arctic University of Norway, Tromsø 9037, Norway
2Department of Physics, Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110016, India
3nik.jay.hil@gmail.com
4balpreet.singh.ahluwalia@uit.no

This supplement published with The Optical Society on 9 November 2020 by The Authors under
the terms of the Creative Commons Attribution 4.0 License in the format provided by the authors
and unedited. Further distribution of this work must maintain attribution to the author(s) and the
published article’s title, journal citation, and DOI.

Supplement DOI: https://doi.org/10.6084/m9.figshare.13077950

Parent Article DOI: https://doi.org/10.1364/OE.403804



On-chip TIRF nanoscopy by applying Haar 
wavelet kernel analysis on intensity 
fluctuations induced by chip illumination : 
supplemental document 
 

S1. HAWK transform  

Consider the situation of a single pixel which has an intensity trace of 4 frames. This data 

stack of 4 frames in general may be represented as . The corresponding transformed 

intensity  trace can be obtained after multiplication with a 4×4 Haar matrix as shown 

below.  12 12 12 1212 12 −12 −121√2 − 1√2 0 00 0 1√2 − 1√2
	 		= 	

+ + +2+ − −2−√2−√2
= 	 	 

 

The next step is to apply the desired filter level m. The possible values of m are integers 
in the range 1 to log , where N is the total number of frames in the original data stack. 
The filtered pixel intensity trace can be calculated by applying the condition =  to 

get the resultant vector 

1234 . 
12 12 1√2 012 12 − 1√2 012 −12 0 1√212 −12 0 − 1√2

=	 2 + 2 + /√2
2 + 2 − /√2
2 − 2 + /√2
2 − 2 − /√2

= 	 1234 = 	  

 

For m = 1 the resultant vector is: 



1234 = 	
( − )2−( − )2( − )2−( − )2

 

For m = 2 the resultant vector is: 

 

1234 = 	
( + )4 − ( + )4( + )4 − ( + )4−( + )4 + ( + )4−( + )4 + ( + )4

 

The resultant vectors are then appended together to get the HAWK processed data stack. 
HAWK plugin in Fiji takes the desired filter level m as input from the user. After 
processing using HAWK, the negative values in the processed data stack are redressed 
positive or the positive and negative values are separated into two stacks and negative 
values are redressed positive. For the experiments presented in this manuscript, the latter 
condition is chosen with filter level = 3.  

 

S2. A simple numerical example to illustrate the effect of the transform 
levels of HAWK  

To understand the influence of HAWK on the original image stack, consider a temporally 

varying signal such as =	 100101512 .	 This intensity trace is an example of a pixel 

lying on the border of a bright-dark band of the MMI pattern. The intensity trace of a 
pixel over time varies in proportion with the illumination intensity as the MMI pattern 

shifts transversally. The transformed traces for this particular pixel are 

45−451.5−1.5  for 

= 1 and 

20.7520.75−20.75−20.75  for = 2.  It can be seen that if the original data stack is used for 

SOFI reconstruction, this particular pixel will be rendered dim in the SOFI reconstructed 
image compared to pixels lying on a bright fringe. But after processing with HAWK the 
transformed intensity trace can lead to a higher pixel value in the SOFI reconstructions 
thereby aiding in alleviating the reconstruction artifacts due to the MMI pattern.    

 



Similarly, an emitter lying on a bright band of the MMI pattern over the entire sequence 

of four frames can be represented as 

100869590 . This corresponds to an emitter exhibiting 

fluctuations with low temporal frequency. The transformed traces for such a pixel are 7−72.5−2.5  for = 1 and 

0.250.25−0.25−0.25 	for = 2. The non-linear response of SOFI images to 

brightness is therefore reduced after HAWK which helps prevent masking of the weaker 
emitters.  

 

Lastly, let us consider an emitter exhibiting high temporal fluctuations. It can be 

represented as 

100169510 . The corresponding transform traces are 

42−4242.5−42.5  for = 1 and 

2.752.75−2.75−2.75  for = 2. It can be seen that a highly fluctuating signal is represented pre-

dominantly by = 1 filter while low temporal frequency information of emitters is 
retained by the higher order filter levels. Therefore, by appropriately choosing the filter 
level the artifacts generated by SOFI due to MMI patterns can be alleviated via HAWK 
processing. Ideally the correct filter level has to ensure that all the emitters get adequately 
represented in the reconstructed image.  

 

S3. HAWK helps depopulate regions with higher fluorophore density and 
increases the fluctuations  

The next challenge for SOFI is in reconstructing those regions of the sample, which have 
high fluorophore density. A high fluorophore density yields lower fluctuations, which in 
turn leads to a lower pixel value in the SOFI reconstructions. This is experimentally 
demonstrated by Fig. S1. For this particular experiment, Alexa Fluor 647 is coated on a 
Tantalum pentoxide waveguide surface. Images are acquired every 30 ms in epi-
fluorescence mode. A region with a high density of fluorophores as shown in Fig. S1 is 
chosen and the ratio of standard deviation to average over 300 frames is calculated. The 
same data stack of 300 frames is then processed using HAWK and the ratio of standard 
deviation to average is again calculated. The filter level = 3 is chosen so as to match 
with the experimental particulars described in the main article. It can be seen that the ratio 
of standard deviation to average increased two orders of magnitude for this experiment 
after the application of HAWK.  
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