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Abstract—This paper discusses the noise robustness of 

DeepOrientation, a convolutional neural network developed for fast and 

accurate local fringe orientation map estimation, enhancing full-field 
optical measurement techniques such as interferometry and holographic 

microscopy. Using neural networks to determine the final result of the 
optical measurement may raise legitimate metrological concerns, and 

therefore, we still recommend using fully mathematically sound 
solutions for both fringe pattern prefiltration and phase retrieval.  

DeepOrientation does not replace mathematically rigorous algorithms 
but supports them by providing a fringe orientation map vital for 2D 

Hilbert transform phase demodulation, requiring prefiltered fringe data 
for optimal performance. Using simulated data, we analyze 

DeepOrientation sensitivity to prefiltration noise-related accuracy and 
validate results with experimentally recorded fringe patterns.  
 

 

Optical testing techniques such as interferometry, 
holographic microscopy, fringe projection, and moiré 

techniques are among the most precise methods, offering 
rapid, non-invasive full-field measurement [1]. A feature 
that the aforementioned methods have in common is that 

they give the results in the form of a fringe pattern 
(interferogram/hologram/moiregram), where the phase 

function (optical path difference, measurand) is encoded 
in the intensity distribution (shape of fringes). Therefore, 
the information retrieval process consists of two steps: an 

opto-electronic measurement based on interferometry, 
holography and microscopy, followed by numerical 
processing to compute the intensity-encoded phase map. 

Two categories of numerical algorithms can be utilized 
for phase map demodulation: multi-frame [2] and single-

frame [3-6] methods. While multi-frame methods are 
known for their highest accuracy, they are challenging to 
implement for transient events or unstable environments, 

highlighting the necessity and significance of developing 
single-frame algorithms. Improving the accuracy of 
single-frame methods is an important issue affecting the 

overall accuracy of the measurement. It is to be 
highlighted that the fringe orientation map is essential in 

various fringe processing and analysis tasks, where it 
enables or greatly enhances the calculations [7]. The 
examples are fringe filtering (denoising) [8], fringe 

pattern boundary padding [9], fringe skeletoning 
(contouring/following/tracking) [10], local fringe spatial 
frequency (fringe period) estimation [11] and fringe 

pattern phase demodulation [12]. 
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The quantity called local fringe orientation (FO) stores 
the information about the azimuth of the vector locally 

normal to fringes [7]. It can be calculated directly from 
the fringe pattern, and it is a  modulo π indicator. From the 
definition, FO can be estimated as an arctangent of the 

orthogonal spatial derivatives of phase function φ(x,y): 
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Estimating the local fringe orientation map is inherently 
challenging because the phase function required for 
accurate orientation determination is embedded in the 

argument of a cosine function within the fringe pattern, 
making it inaccessible in direct experimental scenarios. 
Our proposed approach, called DeepOrientation [13], 

addresses this problem using a convolutional neural 
network (CNN). The network takes a prefiltered grayscale 

fringe pattern (e.g., interferogram, hologram, moirégram) 
as input, and its output is defined using a known 
simulated phase function.  

The important aspect to mention at this point is the fact 
that in some applications, the local fringe orientation map 
in the form of modulo π needs to be further unwrapped to 

its modulo 2π form – local fringe direction map. For 
accurate unwrapping, discontinuities in the orientation 

map at steps of π must be preserved. However, due to the 
nature of convolution operations in CNN, these critical 
discontinuity lines tend to blur, which cannot be entirely 

avoided despite mitigation efforts. Consequently, directly 
using the local fringe orientation map derived from Eq. 
(1) as the network output would make unwrapping to the 

fringe direction map impossible. To address this issue, we 
encode the fringe orientation map using a vectorial 

representation—two 2D matrices containing the cosine 
and sine of the orientation angle. Since the local FO map 
is defined as modulo π, we exploit the full periodicity of 

sine and cosine functions by encoding the doubled fringe 
orientation map in their arguments. These two encoded 
functions form the output of DeepOrientation, with FO 

easily accessible upon trigonometric decoding 
(arctangent). 

Using neural networks to determine the result of the 
optical measurement may raise legitimate metrological 
concerns. Therefore, for the sake of versatility and 

independence from measurement techniques, we still 
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recommend using fully mathematically sound solutions 
for both fringe pattern prefiltration and phase retrieval. It 

is worth acknowledging that the proposed 
DeepOrientation network does not supersede 

mathematically rigorous phase extraction algorithmic 
solutions but only supports them. Because we aim to 
process prefiltered fringe patterns [14], our simulated 

training dataset is free of varying backgrounds, amplitude 
modulation, and noise. This assumption was the main 
reason that we achieved a successful and universal 

learning outcome on a relatively small training dataset, 
including 2400 fringe patterns [13]. Consequently, the 

DeepOrientation input data must be prefiltered to get 
satisfactory results. In this work, we discuss the influence 
of noise on the resultant FO map estimated via the 

DeepOrientation network. 
 

Although we assumed that the data input to the neural 
network would be prefiltered to minimize noise 

effectively, it remains valuable to examine the sensitivity 
of the proposed DeepOrientation method to noise. It is 

particularly interesting to explore whether low noise 
levels have a negligible impact on the accuracy of the 
estimated FO map, potentially reducing the strictness of 

prefiltration requirements. Since the local orientation 
maps consist of the angle information, to preserve its 
periodic nature, we introduced the orientation error (OE) 

[13], which may be considered as modified RMSE, where 
the straightforward difference between the retrieved map 
and its ground truth was replaced by the sine of that 

difference. Figure 1 presents an analysis of the proposed 
method’s performance under noisy conditions, compared 
to a classical FO estimation algorithm, the combined 

plane fitting/gradient method (CPFG) [15]. Gaussian 
noise was simulated, with its intensity quantified by the 

standard deviation.  

 

Fig. 1. Comparison of the performance of the DeepOrientation approach and classical one (CPFG [5]) in the presence of noise using simulated 

fringe patterns. (a) The orientation errors of both methods calculated for different levels of noise, (b) simulated FO  map, (c), (d), (e) exemplary fringe 
patterns with no noise (std=0), medium (std=0.25) and high (std=0.5) level of noise, respectively, FO maps estimated by (f), (g), (h) DeepOrientation 

and (i), (j), (k) classical CPFG approach without any denoising and FO maps estimated by  (l), (m), (n) DeepOrientation and (o), (p), (r) classical 
CPFG approach with gaussian denoising. 
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The results clearly show that unfiltered fringe pattern 
intensity noise propagates into the estimated FO map. The 

FO map becomes increasingly obscured as noise levels 
increase, eventually completely blending with the noise. 

However, at moderate noise levels (e.g., std = 0.25) or 
with simple Gaussian filtering, it is still possible to 
achieve a high-quality FO map suitable for fringe pattern 

analysis applications. Importantly, in noisy environments, 
DeepOrientation significantly outperforms the classical 
approach, demonstrating greater robustness to noise. This 

extends the potential applications of DeepOrientation and 

allows for a relaxation of stringent data prefiltration 
requirements. The conclusions drawn from numerical 

analysis are further validated by results obtained using an 
experimentally recorded interferogram, shown in Fig. 2. 

In the case of experimental data, the reference orientation 
map was calculated from Eq. (1) using a highly accurate 
multi-frame estimated phase map. The orientation error 

for DeepOrientation was equal to 0.01 for the fringe 
pattern without the noise and 0.07 for the noisy fringe 
pattern. In the case of the classical CPFG approach, the 

orientation error was 0.01 and 0.31, respectively. 

 

Fig. 2. Comparison of the performance of the DeepOrientation approach and classical one (CPFG [10]) in the presence of noise using experimental 

data. 

The analysis highlights the superior robustness of the 
DeepOrientation method to noise, outperforming the 
classical CPFG approach, particularly under moderate to 

high noise levels. These findings suggest that 
DeepOrientation not only enhances the quality of FO 
maps but also reduces the necessity for stringent 

prefiltration, broadening its applicability to diverse fringe 

pattern analysis scenarios. 

This work has been partially funded by the National 

Science Center Poland (PRELUDIUM 2021/41/ 

N/ST7/04057). Studies were supported by the FOTECH-1 

project granted by the Warsaw University of Technology 

under the program Excellence Initiative: Research 

University (ID-UB). 

 

 

References 
 

[1] G. Popescu, Quantitative Phase Imaging of Cells and Tissues, 
(McGraw Hill Professional, 2011). 

[2] D. Malacara, M. Servin, Z. Malacara, Interferogram Analysis for 
Optical Testing (Marcel Dekker, 1998). 

[3] M. Takeda, H. Ina, S. Kobayashi, J. Opt. Soc. Am. 72(1), 156 (1982). 
[4] Q. Kemao, Appl. Opt. 43(13), 2695 (2004). 

[5] K.G. Larkin, D.J. Bone, M.A. Oldfield, J. Opt. Soc. Am. A 18(8), 1862 
(2001). 

[6] M. Trusiak, M. Cywinska, V. Mico, J.-A. Picazo-Bueno, C. Zuo, 
P. Zdankowski, K. Patorski, Sci. Rep. 10, 13955 (2020) 

[7] B. Jahne, Practical Handbook on Image Processing for Scientific 
Applications (CRC, 1997). 

[8] F. Zhang, W. Liu, J. Wang, Y. Zhu, L. Xia, Opt. Commun. 282(12), 
2318 (2009). 

[9] J. Villa, J.A. Quiroga, I. De la Rosa, Opt. Lett. 34(11), 1741 (2009).  
[10] Q. Yu, X. Liu, X. Sun, Appl. Opt. 37(20), 4504 (1998).  

[11] H. Wang, Q. Kemao, Opt. Express 17(17), 15118 (2009). 
[12] J. L. Marroquin, R. Rodriguez-Vera, M. Servin, J. Opt. Soc. Am. A 

15(6), 1536 (1998).  
[13] M. Cywińska, M. Rogalski, F. Brzeski, K. Patorski, M. Trusiak, Opt. 

Express 30(23), 42283 (2022). 
[14] M. Cywińska, M. Trusiak, K. Patorski, Opt. Express 27(16), 22542 

(2019). 
[15] X. Yang, Q. Yu, and S. Fu, Opt. Commun. 273(1), 60 (2007). 


