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 17 

ABSTRACT 18 

Chemical imaging systems help to solve many challenges in various scientific fields. Able to deliver 19 

rapid spatial and chemical information, modern infrared spectrometers using Focal Plane Array 20 

detectors (FPA) are of great interest. Considering conventional infrared spectrometers with a single 21 

element detector, we can consider that the diffraction-limited spatial resolution is more or less equal to 22 

the wavelength of the light (i.e. 2.5 to 25 m). Unfortunately, the spatial resolution of FPA 23 

spectroscopic setup is even lower due to the detector pixel size. This becomes a real constraint when 24 

micron-sized samples are analysed. New Chemometrics methods are thus of great interest to overcome 25 

such resolution drawback, while keeping our far-field infrared imaging spectrometers. The aim of the 26 

presented work is to evaluate the super-resolution concept in order to increase the spatial resolution of 27 

infrared imaging spectrometers using FPA detectors. The main idea of super-resolution is the fusion of 28 

several low-resolution images of the same sample to obtain a higher-resolution image. Applying the 29 

super-resolution concept on a relatively low number of FPA acquisitions, it was possible to observe a 30 30 

% decrease in spatial resolution.   31 

 32 

 33 

 34 

KEYWORDS: Super-resolution, Chemometrics, Infrared Imaging, Focal Plane Array Detector, 35 

Spatial Resolution. 36 
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 38 

 39 
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INTRODUCTION 41 

Fourier Transformed Infrared Spectroscopic imaging is a valuable tool in order to obtain information 42 

concerning the molecular distribution of various compounds in complex samples. FTIR spectrometers 43 

are thus coupled with microscopes to enable the spectral analysis of physically small samples or even to 44 

focus on specific regions of these. The spatial resolution of a microscope is ideally determined by 45 

diffraction of the selected radiation. When a point source monochromatic radiation is passed through the 46 

microscope, the well known Airy pattern is observed at the beam focus. The central circular area, the 47 

Airy disc has thus a radius r given by: 48 

r = 0.61.( /NA)                                                                                                                                        (1) 49 

with  the wavelength of the radiation and NA the numerical aperture of the microscope. Considering 50 

the previous equation, two objects are completely resolved if they are separated by 2r and hardly 51 

resolved with r (Rayleigh criterion of resolution). In this way, one can consider that the diffraction-52 

limited spatial resolution is more or less equal to the wavelength of the light when conventional 53 

Cassegrainian objectives are used in the air. Unfortunately, this relation is never observed for many 54 

reasons. First, the detector is not a point and has a finite size. The pixel detector becomes a sort of 55 

aperture. When the pixel size of the sample plane is higher than the wavelength, the system is said to be 56 

„pixel size-limited‟ [1]. In these conditions, the spatial resolution is limited by pixel size and less by 57 

diffraction phenomenon. Second, a low axial spatial resolution (z-direction, depth of the sample) can 58 

degrade the achievable optimal lateral spatial resolution. Third, optical setup of the microscope has a 59 

direct influence on the spatial resolution. The number of aperture in the optical pathway is an example 60 

[2,3]. For all the above reasons, it is often impossible to find and use a theoretical model in order to 61 

evaluate the spatial resolution of a micro-spectrometer particularly when Focal Plane Array detectors 62 

are used. The preferred approach is to propose a direct estimation based on real measurements for the 63 

considered instrumental setup.  64 
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Even if the evaluation of spatial resolution is not straightforward, the main issue comes from its 65 

intrinsic value observed in mid infrared spectral range (2.5-25 m). Considering few microns-sized 66 

samples, the spatial resolution of far-field infrared imaging spectrometers is always too low in order to 67 

observe many details. The aim of the presented work is thus to propose the super-resolution concept in 68 

order to increase the spatial resolution of infrared imaging spectrometers using FPA detectors. Super-69 

resolution is defined by the use of image processing algorithms in order to overcome the limitations of 70 

optical systems [4,5,6]. The main idea of super-resolution is the fusion of several low-resolution images 71 

(LR) of the same object to obtain a high-resolution image (HR) [7,8,9]. The first paper dealing with 72 

recovering high resolution image using multi-frames was written by Tsai and Huang [10]. It was shown 73 

that fusing under-sampled low resolution images with relative sub-pixel motion could give a super-74 

resolution image with few or no aliasing effects. The first paper dealing with super-resolution and 75 

vibrational spectroscopy was published recently by Duponchel and co-workers [11]. Very interesting 76 

results were presented in the field of Raman imaging. The main novelty of this paper is applying super-77 

resolution concept to FTIR imaging. 78 

  79 

EXPERIMENTAL 80 

Spatial resolution evaluation methods 81 

There are numerous experimental methods to estimate the spatial resolution of an imaging system 82 

[12,13]. The purpose of the presented work is not to find the best one but to propose a precise technique 83 

to objectively and quantitatively estimate the improvement brought by the new concept of super-84 

resolution.  85 

The first method is called „step-edge‟ or the „knife-edge‟ [14]. The main idea is to observe a step on 86 

the considered sample. Considering the knife-edge as the input to an optical system, then the signal 87 

along the perpendicular direction to the edge is the Line Spread Function (LSF) (Figure 1a). The 88 

derivative of the LSF with respect to position is the Point Spread Function (PSF) in the considered 89 

direction. The PSF is the response of the system to a point source observation. The latter function is then 90 
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used as a measure of resolution by calculating its full width at half maximum (FWHM). The second 91 

method uses the Rayleigh‟s criterion in order to determine whether a pattern of identical consecutive 92 

bars are resolved or not (Figure 1b). Considering now the signal along the perpendicular axis to the bars, 93 

if the signal between two consecutive peaks (S) is less than 8/
2
 (i.e. 81 %) of the intensity of the peak 94 

(Smax), then the two bars are declared resolved. The resolution is meant here as the distance between the 95 

two signal maxima considering the smallest resolved bars.   96 

 97 

Materials 98 

In order to evaluate the spatial resolution and explore the super-resolution concept, all spectroscopic 99 

measurements were done on the 1951 USAF resolution target. This chart is a resolution test pattern 100 

conformed to the MIL-STD-150A standard, set by US Air Force in 1951. The resolution target a has 101 

chrome metal coating pattern on soda-lime glass. It is an appropriated sample for the infrared imaging 102 

experiment: contrasted images are obtained due to the high reflectivity of metal and the high absorbance 103 

of glass. The pattern consists of groups of three bars with dimensions going from large to small. More 104 

precisely, it consists of nine "groups" divided in five layers of patterns (Figure 2). The largest groups, 105 

forming the first layer, are located on the outer sides. The smaller layers repeat the same pattern but are 106 

progressively smaller toward the center. Each group consists of six elements, numbered from 1 to 6 107 

(except for group 9). Within the same layer, the odd-numbered groups appear contiguously from 1 108 

through 6 from the upper right corner. The first element of the even-numbered groups is at the lower 109 

right of the layer, with the remaining 2 through 6, at the left. As described in Figure 2, the scales and 110 

dimensions of the bars depend of the spatial frequency LP i.e. the number of line pairs per mm. Given 111 

the group g and the element e, the spatial frequency is determined by the Equation: 112 

  (unit: line pairs / mm)                                                                                                  (2) 113 
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Table 1 shows the evolution of the spatial frequency and the line width (LW) for a given element. As it 114 

can be noticed, it is even possible (if necessary) to analyse patterns with sub-wavelength dimensions 115 

from high group numbers considering the mid infrared spectral range (2.5 to 25 m). 116 

 117 

FT-IR measurements 118 

 An  Equinox  55  spectrometer  (Bruker,  Ettlingen,  Germany) coupled with a Hyperion 3000 119 

microscope equipped with a 64 × 64 Mercury-Cadmium-Telluride Focal Plane Array (MCT-FPA) 120 

detector was used to acquire the IR reflectance spectra between 3900 and 900 cm
−1

 at 32 cm
−1

 resolution 121 

under N2 purge. After signal integration at a defined wavenumber from reflectance spectra, it was thus 122 

possible to obtain an image of 64 × 64 pixels.  The number of scans was 5 corresponding to an 123 

acquisition time of few seconds. The surface analyzed by one FPA measurement was a 270 m × 270 124 

m area due to the x15 Cassegrainian objective (NA=0.45). The pixel size of the sample plane was thus 125 

4.22 m x 4.22 m on raw FPA measurements. Between two FPA measurements, it was possible to 126 

move the sample with a XY-motorized stage with a repeatability of 0.1 m in position.    127 

 128 

 Super-resolution concept 129 

The aim of this part is to describe a global framework of the super-resolution concept. More detailed 130 

procedures can be found in numerous papers [4,5,9]. As in image processing papers, images are 131 

represented column-wise lexicographically ordered for matrix notation convenience. Given are N 132 

measured low resolution images 
1

N

k k
Y


, where each image is defined by M × M  pixels and represented 133 

by the unfolded matrice kY  of size [M
2
 × 1]. These LR images are different representations of a single 134 

HR image (L x L pixels) represented by the unfolded matrice X of size [L
2
 × 1], where L > M for 135 

1 k N  . Considering 16 FPA measurements for our experiment, N = 16, M = 64 and L = 256. L is a 136 

user defined parameter satisfying the rule of thumb: 137 

2 2L NM                                                                                                                                                  (3) 138 
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In fact, it can be considered that each LR image measured is the result of a particular geometric warping 139 

(translations in our microspectrometric case), linear space-invariant blurring and uniform rational 140 

decimation performed on the ideal HR image X. Additive Gaussian noise is also considered corrupting 141 

the low resolution images. It is thus possible to propose an analytical model (eq. 4), in order to express 142 

the steps described previously:  143 

k kk k kY D H F X V                                                                                                                                  (4) 144 

The matrix kF  of size [L
2
 × L

2
] corresponds to the geometric warp operation between the X  image and145 

kY . The matrix kH  of size [L
2
 × L

2
] is the blur matrix defined by the optical system's Point Spread 146 

Function. The matrix kD  of size [M
2
 × L

2
] corresponds to the decimation resulting in kY . In other 147 

words, this step corresponds to the reduction of the number of observed pixels in the measured images. 148 

The additive Gaussian noise observed in the k-th measurement is described by the vectors 
1

N

k k
V


with 149 

zero mean. In this way, super-resolution is an inverse problem since X  has to be found from known 150 

low resolution images  
1

N

k k
Y


. It is necessary to evaluate kD , kH  and kF  matrices for all 1...k N in 151 

order to resolve (eq. 4), For our spectroscopic experiment kF  are just defined by the motion between 152 

low resolution images  
1

N

k k
Y


 and one of the low resolution images (such as, say, 1Y ) chosen as a 153 

reference. These motions are micron (sub-pixelic) translations induced by the XY stage between two 154 

FPA measurements. Concerning kH blur matrices, we consider that all low resolution images are 155 

obtained with the same optical system and thus viewed through the same PSF that is to say , kk H H  . 156 

H  is usually estimated from a spatial resolution evaluation but even a rough guess of it like a Gaussian 157 

filter can be used. The matrix kD  depends only on the decimation ratio between the HR image and the 158 

measured LR image i.e. the ratio between the number of pixel in the LR image 2M  and the HR image 159 

L
2
. Considering a generalization of the analytical model (eq. 4) applied on all N given LR images we 160 

have:  161 
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1 1 1 1 1

N N N N N

Y D H F V

X

Y D H F V

     
     

 
     
          

                                                                                                               (5) 162 

It is now possible to retrieve the HR image X  with many classical restoration methods like Maximum 163 

A Posteriori estimation [15,16,17,18,19]. Due to the high dimension of the equation system (Eq. 5) and 164 

inherent numerical instability of such inverse problems, regularization procedure are also necessary in 165 

order to find a stable solution of X . Several regularizations methods like Bilateral Total Variation and 166 

Tikhonov were tested but we only present in this paper the best resolution results obtained with the 167 

“Norm 1 + Bilateral Total Variation” algorithm [4,5]. Matlab v  7.1  computing  environment  (The  168 

Mathworks,  MA,  USA) and the multi-dimensional signal processing (MDSP) toolbox [20] were used 169 

for all calculations reported below. More details about the whole procedure can be found in our previous 170 

work dealing with Raman imaging [11]. From a practical point of view, the super-resolution calculation 171 

is not time consuming since it takes only few minutes with a personal computer.    172 

 173 

RESULTS AND DISCUSSION 174 

Spatial resolution evaluation 175 

The first objective of the presented work was to estimate the advantages and inconveniences of the 176 

„step-edge‟ and the „Rayleigh criterion‟ methods. Figure 3 illustrates the application of these two 177 

methods on an infrared test chart image at 3600 cm
-1

 for the evaluation of the spatial resolution along 178 

the x direction. Both A and B white arrows indicate zones where the 'step-edge' method was applied 179 

while the black ones indicate zones where the „Rayleigh‟s criterion‟ was used (element 1 group 5 to 180 

element 5 group 6). On Rayleigh‟s criterion bars profiles, the green dotted lines represent the limit of 181 

8/
2
 for the Smax/S ratio. It can be observed without ambiguity that bars are resolved from the element 1 182 

group 5 to element 3 group 6 because the S minima are always below this limit. Since the element 5 183 

group 6 are not resolved, the effective resolution is thus between these elements and the element 5 group 184 

6. Considering the characteristics of these elements (Table 1), the resolution would be between 9.84 m 185 
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(2 x LWG6E5) and 12.40 m (2 x LWG6E3). Thus this method is not so accurate and rather difficult to use. 186 

Firstly, there is a dependency with the size of consecutive patterns proposed on the test chart. Any 187 

intermediate value of resolution is impossible to estimate. Secondly, considering smaller patterns, the 188 

bars profiles are defined by an lower number of points . Thus it becomes really difficult to observe the 189 

real minima and maxima. In this way, the real Smax/S ratio cannot be estimated and the comparison with 190 

the 8/
2 

is risky. It is even more difficult to appreciate the ratio because the C contrast always decreases 191 

for smaller patterns.  192 

C =                                                                                                                                             (6) 193 

The last problem is the number of FPA measurements necessary for the analysis of all bars profiles. In 194 

our case, three FPA acquisitions are necessary in order to observe all profiles from element 1 group 5 to 195 

element 5 group 6 due to the fact that the analysed region of one FPA measurement is only 270 m x 196 

270 m. The 'step-edge' method is less restrictive and more accurate. In our example (Figure 3), the 197 

derivative of the 'Step-edge A' profile obtained from only one line of a single FPA acquisition allows, 198 

after a Gaussian fit, to find a resolution of 9.19 m. The same procedure applied on the step-edge B 199 

(square with smaller dimensions) gives a consistent result of 9.13 m. It is obvious that the precision of 200 

this method is related to the number of experimental points on the LSF. When possible, a higher number 201 

of points should be used in order to obtain a better Gaussian fit and a more accurate resolution. So in 202 

this example, 'Step-edge A' profile is preferred. Moreover, a single FPA measurement gives several 203 

evaluations of the resolution by the analysis of successive and parallel LSF in the same zone. It is then 204 

possible to propose an error for the evaluation of the resolution. Therefore the quality of the proposed 205 

method is demonstrated.  206 

 Figures 4a and 4b present the evaluation of the spatial resolution from raw FPA images at 207 

different wavenumbers in the x and y directions. For each wavenumber, 17 different LSF profiles are 208 

used in order to evaluate dispersion of the resolution. We use a classical boxplot representation for 209 

which the bottom and top of the box are the 25th and 75th percentile, the bold band near the middle of 210 
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the box is the median, the ends of the whiskers are the lowest resolution still within 1.5 IQR 211 

(Interquartile range) of the lower quartile, and the highest resolution still within 1.5 IQR of the upper 212 

quartile, and circle are the outliers. The dotted line is the mean resolution value. It can be observed that 213 

for a given wavenumber the resolution dispersion is rather low indicating the robustness of the „Step-214 

edge‟ method. Moreover it was shown that resolution is wavelength dependent i.e. the higher 215 

wavenumber the better resolution. Nevertheless it does not follow Eq. (1) because the system is not 216 

diffraction limited but pixel size-limited. Comparing Figure 4a and 4b, one can notice that spatial 217 

resolution is not the same in x and y direction. This is due to the instrumental setup.  In fact, a half 218 

mirror instead of a beam splitter is used to direct the IR light into the objective. With this device, the full 219 

numerical aperture of the objective is only used in the parallel direction to the half mirror (x direction). 220 

In the perpendicular direction to the half mirror (y direction), only the half numerical aperture is 221 

available. Therefore the spatial resolution is different for the two directions. In order to obtain the same 222 

resolution in x and y direction, it would be necessary to use a beam splitter in order to direct the IR light 223 

into the objective. Nevertheless, considering the reflexion mode, in this case only 25 % of the light 224 

would finally reach the detector compared to the 50 % obtained for our half mirror setup.     225 

 226 

Super-resolution concept evaluation 227 

The raw low resolution images were obtained successively by moving the sample with a micron step 228 

(sub-pixelic moves) in the x and y directions between FPA measurements. Figure 5 presents the 229 

application of the super-resolution concept on 16 raw FPA images at 3600 cm
-1

. This global number of 230 

FPA images was optimized in order to obtain a better spatial resolution within a reasonable time for all 231 

spectroscopic analysis (less than 1 minute). First we notice visually the uncontested improvement of the 232 

spatial resolution between the original FPA and the super-resolved image. Moreover, the „step-edge‟ 233 

method applied to this new image gives a resolution of 6.09 m compared to 9.13 m at the same 234 

wavenumber in Figure 3. Considering the super-resolution method as an over-sampling technique is a 235 

counterintuitive idea. There are indeed more points on the LSF but its shape is also narrower. Figure 6a 236 
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and 6b present the evaluation of the spatial resolution of super-resolved images at different 237 

wavenumbers in x and y direction. Comparing these results with Figure 4, one observes a 30% 238 

improvement for the spatial resolution in both directions and all wavenumbers which is a rather 239 

spectacular result. It can be also noticed that the dispersion on the evaluation of the resolution is less 240 

important for super-resolved images than for raw FPA images at a given wavenumber. This is mainly 241 

due to a higher image signal to noise ratio obtained with the super-resolution algorithm. Figure 7 242 

proposes a visual representation of this improvement according to the wavenumber.    243 

 244 

CONCLUSION 245 

 This work presents the first attempt to use super-resolution methodology applied to FTIR 246 

imaging spectroscopy. In the first part of the paper, it was proposed to evaluate the „step-edge‟ and the 247 

„Rayleigh Criterion‟ methods for the measurement of the spatial resolution. The „step-edge‟ method was 248 

the more accurate and the easier to use. Applying the super-resolution concept on a relatively low 249 

number of FPA acquisitions, it was possible to observe a 30 % improvement in the spatial resolution. It 250 

is a very important result since FPA imaging spectrometers have in general a rather low spatial 251 

resolution. Future works will be focused on the study of factors affecting the performance of multi-252 

frame super-resolution restoration. It will be interesting to apply super-resolution on another FPA 253 

spectrometer with a higher density pixel and a higher magnification objective for which the spatial 254 

resolution is more dictated by wavelength-limited diffraction than the pixels size. Another challenge 255 

will be to use super-resolution on time resolved FPA measurements in order to propose chemical images 256 

over time with a higher spatial resolution. Finally, super-resolution has to be tested on infrared 257 

spectrometers with single element detector in order to know if sub-wavelength imaging is possible.              258 

 259 

 260 

261 
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FIGURE CAPTIONS 262 

 263 

Figure 1. Spatial resolution evaluation with a) the „Step-edge‟ method and b) the „Rayleigh‟s criterion‟ 264 

method. 265 

Figure 2. The 1951 USAF resolution target used for all spectroscopic measurements.  (LP = line Pairs / 266 

mm) 267 

Figure 3. Spatial resolution evaluation along the x direction on an infrared test chart image at 3600 cm
-

268 

1
.  269 

Figure 4. Spatial resolution evaluation of raw FPA images at different wavenumbers in a) x and b) y 270 

directions. 271 

Figure 5. Application of the super-resolution concept on 16 raw FPA images at 3600 cm
-1

. Spatial 272 

resolution of the super-resolved image. 273 

Figure 6. Spatial resolution evaluation of super-resolved images at different wavenumbers in a) x and b) 274 

y directions. 275 

Figure 7. Visualization of the spatial resolution improvement at various wavenumbers. 276 

 277 

 278 

TABLE CAPTIONS 279 

Table 1. Evolution of the spatial frequency LP (number of line pairs / mm) and the line width (LW) for 280 

a given element in a group for the USAF test chart.  281 

 282 

  283 
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http://ees.elsevier.com/aca/download.aspx?id=691639&guid=bb0b5209-8b37-4e65-be74-2e57457a842d&scheme=1


Page 16 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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