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A New Denoising Methodology to Keep the Spatial Resolution of IR Images Equal to 1 Pixel
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This paper proposes a noise suppression methodology to improve the spatio-temporal resolution of infrared images. The methodology is divided in two steps. The first one consists in removing the noise from the temporal signal at each pixel. In the second step, the residual offset is identified by considering thermal images for which no mechanical loading is applied. In this case, the temperature variation field is homogeneous and the value of temperature variation at each pixel is theoretically equal to zero. The method is first tested on numerical images. The results demonstrate that this approach permits to keep the spatial resolution of infrared images equal to 1 pixel. The methodology is then applied to characterize thermal activity of a defect at the surface of inorganic glass submitted to cyclic mechanical loading.

Introduction

Thermal and calorimetric effects accompanying the deformation of materials are widely studied in literature to investigate thermomechanical couplings, fatigue and failure, non-exhaustively. Infrared thermography has proved to be a relevant technique for studying engineering materials such as steel, aluminum and composites. Experiments in this field consist in applying a mechanical loading and in measuring the temperature field induced at the material surface using an infrared camera. Temperature variation field is generally processed from temperature field to determine hydrostatic stress field by using thermoelastic stress analysis (TSA) [START_REF] Dulieu-Barton | Development and application of thermoelastic stress analysis. journal of strain analysis for engineering design[END_REF], to investigate calorimetric response of materials or to access mechanical dissipation [START_REF] Chrysochoos | Plastic and dissipated work and stored energy[END_REF]. The results obtained provide information of importance for the understanding of deformation and damage mechanisms such as Luder's bands [START_REF] Chrysochoos | Thermal and dissipative effects accompanying luders band propagation[END_REF], fatigue [START_REF] Berthel | Thermoelastic analysis of fatigue dissipation properties of steel sheets[END_REF][START_REF] Pastor | Applying infrared thermography to study the heating of 2024-t3 aluminium specimens under fatigue loading[END_REF] strain localization [START_REF] Wattrisse | Analysis of strain localization during tensile tests by digital image correlation[END_REF] or strain-induced crystallization [START_REF] Samaca Martinez | Thermal and calorimetric effects accompanying the deformation of natural rubber. Part 1: thermal characterization[END_REF][START_REF] Samaca Martinez | Thermal and calorimetric effects accompanying the deformation of natural rubber. Part 2: quantitative calorimetric analysis[END_REF]. In such conditions noise pollution does not alter significantly the measured temperature variation field and can be removed with the help of non-uniformity [START_REF] Harris | Nonuniformity correction of infrared image sequences using the constant-statistics constraint[END_REF] correction of the infrared detector combined with a spatio-temporal filtering process. If the signal-to-noise ratio of infrared images in terms of temperature variation becomes low, processing infrared images is more complicated. Recent work has been carried out on this topic to characterize temperature variation gradients induced during a cyclic three points bending test applied to soda lime glass [START_REF] Le Cam | A new experimental route in thermomechanics of inorganic glasses using infrared thermography[END_REF] and during cyclic compression test applied to a chalcogenide glass disk with a hole [START_REF] Robin | First steps towards the thermomechanical characterization of chalcogenide glass using quantitative infrared thermography[END_REF]. It is all the more complicated if higher gradients are induced during the mechanical loading. For example in the imprint zone after identation process [START_REF] Cook | Direct observation and analysis of indentation cracking in glasses and ceramics[END_REF], the use of an average filter in these conditions can smooth or remove the thermal activity. The present study aims at proposing a methodology to significantly improve the spatio-temporal resolution of thermal images in challenging conditions.

Image Processing Methodology

After performing the Non Uniformity Correction [START_REF] Honorat | Analyse thermomcanique par mesure de champs des élastomères[END_REF][START_REF] Poncelet | Multiaxiality, material and stress heterogeneities of self heating tests and high cycle fatigue tests[END_REF] and once the mechanical tests starts and infrared images are stored, image denoising algorithms consist classically in applying a spatio-temporal filtering: one dimension in time, two dimensions in space. In this case, the spatial resolution cannot be a priori equal to 1 pixel. This is why we propose to perform image processing in two steps. At first, images are filtered only temporally (at this step1 the user can use any type of filter) and the second step consists in spatial treatment of images. We propose to use one way of investigation based on the thermodynamic principle that if no mechanical loading is applied, no temperature variation can be observed. Typically, for images stored just before starting the mechanical test, the temperature variation field must be homogeneous and equal to zero. Therefore, residual offsets can be identified from these images, and removed for each thermal pixel. In practice the process leading to residual offset removing was performed by applying the following processing scheme with Matlab software:

M s .x; y/ D I step1 .x; y; t D t 0 / I step1 .x D x 0 ; y D y 0 ; t D t 0 / (4.1)
where M S (x, y) is the matrix of background shifting. Its components give the difference between the value at the reference pixel in reference image I step1 (x,x,tD t0), which coordinates are i0 and j0, and the value at all the other ones. t0 is the time corresponding to the first image of the infrared movie. At t0, the value of temperature variation must be equal to zero at any pixel, since no mechanical loading is applied. Istep1 denotes the infrared image at step 1, meaning after the temporal filtering.

Numerical Evaluation of the Proposed Methodolgy

Noised Numerical Image Construction

The procedure consists in comparing anoriginal numerical noised image and its denoised version. However we must generate representative synthetic noise. In the case of infrared thermography, noise is due to two phenomena. The first one corresponds to photoelectric conversion and interference of signal processing circuits [START_REF] Scribner | Measurement, characterization, and modeling of noise in staring infrared focal plane arrays[END_REF]. The second one is induced by experimental conditions, typically convection, radiations and image background. To avoid the development of models taking into account such phenomena, the noise was extracted experimentally from a repeatability test. This repeatability test was then performed at ambient temperature with a black body. The repeatability test consists in measuring the stabilized and homogeneous temperature field at the surface of a black body. Each infrared detector of the camera therefore provides a value of temperature that oscillates around the temperature of the black body. Consequently, extracting the noise means subtracting the average value of the corrupted signal to itself for each pixel. This enabled us to obtain the temporal evolution of the noise generated by the infrared camera considered in this study. The extracted experimental noise was then added to synthetic images. As the goal of this study is to keep 1 pixel spatial resolution after noise suppression, synthetic images without noise simulate local thermal activity of patterns "X", "O" and "C" with a width set to 1 pixel (Fig. 4.1).

Fig. 4.1 Generation of numerical images

The thermal activity of these patterns, denoted T swn evolved sinusoidally according to the following equation:

T swn .x; y; t/ D A cos 2 p .t t 0 / C B (4.2)
where A, B and p are amplitude modulation, offset and signal period, respectively. Such signal enables us to simulate thermal response of material under cyclic loading conditions. The signal amplitude modulation A was chosen to be equal to 0.05, i.e. close to temperature variation amplitude found experimentally in a previous study dealing with inorganic glass [START_REF] Le Cam | A new experimental route in thermomechanics of inorganic glasses using infrared thermography[END_REF]. t corresponds to the image number and t 0 corresponds to the value chosen at the beginning of thermal activity. The period p corresponded to 200 frames and is related in practice to the loading frequency.

Denoising of Numerical Noised Images with the Proposed Method

Figure 4.2 presents result obtained with a spatio-temporal approach. More precisely a 3 3 41 average filter. This filter is the smallest spatial one. It should be noted that this type of filter has previously been used for the detection of thermal activity in soda lime glasses [START_REF] Le Cam | A new experimental route in thermomechanics of inorganic glasses using infrared thermography[END_REF]. It appears clearly that patterns are smoothed: crosses and diagonal lines are not distinguishable anymore. The spatial resolution is significantly altered by such a filter. Results clearly show that this type of basic filtering is not suitable to process low temperature variations combined with high temperature variation gradients. The objective is to show that even with basic temporal filters used during the first step, our methodology provides promising results in terms of spatial resolution. Denoising methodology was evaluated with these three filters:

• Average filter: In our case, a preliminary observation of thermal signal was carried out to determine a suitable kernel size which has to be lower than a quarter of the signal period. This kernel size leads to a filtered signal with sufficient modulation amplitude. Here, the kernel size was set at 41 images. • Fitting with a polynomial form: Here, to avoid any oscillation due to noise, polynomial degree was set to 3 and the kernel size was chosen with respect to the period size, typically one-quarter of the signal period. Here, the kernel size was set at 61 images. • Short time Fourier Transform: For each temporal signal, i.e. at each pixel, the maximum STFFT magnitude is determined.

The cut-off value corresponds to the higher value of maximum STFFT magnitude field. Here, it is equal to 0.019 and the kernel size was set at 201 images. 4.4, and 4.5 gives results obtained by applying the background shifting after average, fit and STFFT temporal filtering, respectively. The pattern shape ("X", "O" and "C") is clearly retrieved. This demonstrates that this filtering methodology preserves the full spatial resolution of infrared images even with basic temporal filters. Nevertheless, even with the background shifting, thermal images still appear noisy after the fit filter (Figs. 4.2 and 4.3). It is due to oscillations induced by fit and average filters. In this paper, temporal filters used are basic ones. It should be noted that if the temporal filter used is more efficient and leads to very low oscillation amplitudes, the background shifting is the equivalent of removing fixed-pattern noise (FPN) [START_REF] Perez | Empirical frequency do-main model for fixed-pattern noise in infrared focal plane arrays[END_REF]. The difference lies in the fact that classically FPN has a spatial structure [START_REF] Schulz | Nonuniformity correction and correctability of infrared focal plane arrays[END_REF][START_REF] El Gamal | Modeling and Estimation of fpn Components in cmos Image Sensors[END_REF][START_REF] López-Alonso | Principal-component characterization of noise for infrared images[END_REF][START_REF] Zhao | Efficient scene-based non-uniformity correction and enhancement[END_REF][START_REF] Zhao | Scene-based non-uniformity correction and enhancement: pixel statistics and subpixel motion[END_REF][START_REF] Guadagnoli | Thermal imager non-uniformity sources modeling[END_REF][START_REF] Medina | A frequency domain model for the spatial fixed-pattern noise in infrared focal plane arrays[END_REF], which is not the case here. 

Experimental Set-Up

The mechanical tests performed were based on the Brasilian test. In the case of the Brazilian test the specimen geometry is a disk while it is a ring in the present study. It is submitted to cyclic compression loading by means of a 5543 Instron testing machine. An overview of the experimental setup is given in Fig. 4.6.

The signal shape was sinusoidal. The minimum and the maximum values of the force were 7 N and 70 N, respectively. This corresponded to a displacement of 0.07 mm. The sample was submitted to fifteen cycles at a frequency equal to 3.6 Hz. Specimen geometry corresponded to a ring of soda lime glass. The specimen was 20 mm in external diameter, 13 mm in internal diameter and 2.8 mm in thickness. The ring was cut with a water jet cutting machine. An imprint was made at its surface with the help of a Matzusawa Vickers indenter. This is illustrated in Fig. 4.6. The indentation load was set to 50 N. The resulting surface defect was observed with a VHX Keyence microscope. Temperature measurements were performed at ambient temperature using the same X6540sc FLIR camera than that used for extracting the noise (section B). It features a focal plane array of 640 512 pixels and detectors with a wavelength range of 1.5-5.1 m. The integration time was equal to 1,000 s and the acquisition frequency was set at 200 fps. The resolution is equal to 20 mK at 25 ı C, which is approximately equal to room temperature during the test. The thermal emissivity of the material is close to 1 (>0.84 for soda lime glass). The spatial resolution was such that the size of the pixel was equal to 0.015 mm, which is the size of the IR detectors. In order to ensure that the internal temperature of the camera was stabilized before performing the measurements, it was switched on 4 h before the experiment. Then, the Non Uniformity Correction (NUC) was performed by using the manufacturer's protocole. Once the temperature field at the specimen surface was stabilized, the temperature measurement was started.

Experimental Results

Figure 4.7 presents the superposition of temperature variation field obtained for the maximum of the cyclic force applied to the ring with the STFFT filter during first step.

Thermal activity was detected along the chips border, not at the tip of the radial cracks. The fact that no thermal activity was detected at the tip of the radial cracks does not mean that no stress variation occurred in these areas. Indeed, temperature variations are due to the variations of the sum of the principal Cauchy stresses, this is the basis of TSA (thermoelastic stress analysis [START_REF] Dulieu-Barton | Development and application of thermoelastic stress analysis. journal of strain analysis for engineering design[END_REF]). So, if the mechanical loading induces a variation in the sum of the principal Cauchy stresses at the tip of the radial cracks, temperature variation will be detected. If the Cauchy stress tensor is mainly composed by a deviatoric part, a stress variation exists but does not induce temperature variation. In the present case, the only conclusion is that there is a variation in the sum of the principal Cauchy stresses at the chip's borders, not at the tip of the radial cracks.

Conclusion

In this study, a denoising methodology has been proposed to improve the spatial resolution of infrared images. The methodology is composed of two steps which consist first in removing the noise of the temporal signal at each pixel and second in shifting the residual offset value, which is different from one pixel to another. Results show that the approach is effective at preserving the spatial resolution of infrared images equal to 1 pixel, contrarily to the traditional spatio-temporal approach. By applying this denoising methodology to an imprint zone at the surface of a soda lime glass submitted to mechanical loading, results showed that thermal activity was detected in the chip zones. Negative and positive temperature variations were measured simultaneously, meaning that at a given time during the mechanical test, chips are submitted to very different loading conditions. The results obtained with this denoising methodology are promising and opennew ways of investigation to determine temperature variation fields in case of low signal-to-noise ratio. This is particularly valuable for understanding the thermomechanics of glassy materials, since stresses and heat sources in an imprint zone can henceforth be determined from accurate temperature field measurements.
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