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Non-contact infrared thermography measurement has exhibited advantages of cost saving,
fast inspection time, and high efficiency. However, infrared thermography has a relatively
low spatial resolution which leads to low quality thermal images. This paper suggests a new
wavelet-based technique by merging of new edge-directed interpolation (NEDI) with
wavelet zero padding (WZP), and discrete wavelet transform (DWT). The developed
technique is built upon the target of improving the visual effect of blurring thermal images
with increasing spatial resolution, thus producing high quality thermal images. The DWT
procedure is applied through dividing the low-resolution image to four frequencies of sub-
bands. For a good reconstruction of a high-resolution image, the sub-band of low-frequency
is estimated by applying WZP to the perceived image. The rest three sub-bands of high-
frequencies are handled by NEDI and a soft threshold-method so as to maintain more edges
and remove probable noise. The accomplishment of the suggested approach has been
examined on diverse types of thermal images. The experimental results appear the
distinction of the suggested technique above the interpolation and state-of-the-art wavelet-

based techniques.

1. INTRODUCTION

Primarily, IR thermography is defined as a non-contact
temperature measurement based on the emission of infrared
radiation of the objects with temperature that is above the
absolute zero [1]. The advantages of IR thermography are low
cost, high sensitivity, and very fast response and exposure
times [2]. IR thermography is split into two categories: Passive
and active. The passive approach does not require any external
excitation source to measure the temperature of materials
under test, which has wide applications on surveillance or
condition monitoring, etc. The active approach requires an
external thermal excitation source in order to generate a
discriminating thermal contrast and both quantitative and
qualitative analysis can be applied on the temperature response
[31.

IR thermography plays a key role in NDT technology. NDT
is a functional technique for revealing, determining,
distinguishing, and measuring the inner structure of the
materials without rising harm [4]. Contrary to the other NDT
techniques, such as Ultrasonic testing and X-ray testing, IR
thermography suffers a relatively low spatial resolution which
leads to low quality images. Although some thermal image
enhancement techniques have been developed, the spatial
resolution remains a challenge for industrial applications of
thermography [5]. Resolution enhancement has received
growing attention and has been employed for several
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implementations [6], like thermal imaging [7, 8], satellite
imaging [6, 9, 10], medical imaging [11, 12], and video
monitoring devices [13], etc.

Spatial resolution indicates to the pixels number for unit
area comprised in an image. Resolution enhancement
endeavor to recover a high-resolution (HR) image from the
perceived low-resolution (LR) image [14]. Employing an
elevated-end IR together with an increased spatial resolution
is expensive or impracticable owing to an elevated sample
average must to be utilized with materials like metals despite
they have a high thermal accessibility. Additionally, the border
objects or cut out in thermal images is not sharp such the
border objects in digital images. This depends on their imaging
principals: the digital imaging device is based on the reflected
energy by the surface of the observed object with wavelengths
in the range of 0.4-0.7 um, which leads to a high disparity and
improved resolution of the acquired digital image. However,
the infrared thermal imaging device is depended on reception
emitted energy for long wavelengths in the extent of 3-12 um,
which leads to a low contrast and blurring impact of the
obtained thermal image because of atmospheric variations and
aerosol turbulence [5]. Therefore, the need for an alternative
low-cost solution to improve the spatial resolution and create
a distinguished contrast without upgrading infrared sensor is
highly demanded.

Interpolation is the generally employed image resolution
enhancement technique. However, the interpolation methods
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such as: bicubic, bilinear, nearest neighbor, and Lanczos are
resulted in blurred edges and unwanted artefacts for
interpolated images [15]. The wavelet-based resolution
enhancement approach has emanated as an active procedure
for numerous image processing implementations. The
wavelet-domain approaches are eligible to take advantage of
the frequency and spatial-domains, and combine merits from
both. The appealing attributes, such as multi-resolution for the
wavelet transform (WT) cement it to resolve genuine-world
signals [16]. The WT divides an image information to sub-
bands of low and high- frequencies, and thereafter checks for
a resolution coincided to every sub-band scale [17]. The
feature for wavelet division is that image attributes are derived
from different scales which are separated and resolved: global
attributes are tested at rough scales, however local attributes
are resolved at soft scales [18].

A few preceding methods have been inserted so as to assess
the wavelet coefficients for high-frequency sub-bands. Jin et
al. [19] suggested an infrared image enhancement using
wavelet transform based on applying different filtering
coefficients toward different directions. They performed
directional smoothing over the tangential orientation of edge
in order to amend its continuity, while directional sharpening
over the normal orientation in order to upgrade the disparity.
Gao et al. [20] proposed a nonlinear method for enhancing
infrared images using discrete stationary wavelet transform
and contrast limited adaptive histogram equalization
(CLAHE) to address the problem of low contrast and low
resolution, blurring edge and noise for infrared images. In the
study by Binbin [21], a denoising method for infrared images
is presented, which uses the thresholding of wavelet
coefficients. This method is depended on the features of noise
allocation for infrared images, and the wavelet coefficients of
the transformed image for denoising the image. However, the
relatively low spatial resolution of thermal images remains a
challenge for industrial applications of IR thermography.

This paper suggests an image amended approach based on
a combination of three methods namely: WZP, and NEDI as
well as DWT. The motivation of this paper is to boost the
spatial resolution and contrast, and retrieve the sharp edges for
degraded thermal images of IR thermography.

The deficiencies in thermal images are summarized via a
minimum spatial resolution owing to the thermal sensor which
restricts the measurements precision and reliability for IR
thermography. Additionally, the border of objects at thermal
images is not acute which leads to low contrast and blurred
edges. Moreover, the noise artefacts resulted from recorded
images by infrared sensors which add additional blurring. The
paper is regulated as follows. Section 2 offered the developed
method. Results and discussions using five thermal images
were displayed at Section 3, and conclusions were exhibited at
Section 4.

2. THE ENHANCEMENT RESOLUTION TECHNIQUE

Preserving the high-frequencies (e.g. edges) for the noticed
LR image is the major objective for resolution enhancing
techniques. In this research, the DWT operation is applied to
insulate and maintain the edges components of the LR image,
and thereafter the up-scaling of insulate components at the
sub-bands of high-frequencies is applied. The idea is that
employing the interpolation of insulate components will
maintain preferable edges for the image in comparison to
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employing an immediate interpolation that degrades the edges.
A few methods based on DWT, which include DWT [22],
DASR [23], DWT-Dif [24], DWT-SWT [25], have been
evolved to maintain the edges at the interpolated sub-bands.
However, the possible wastage of edges is increased in these
sub-bands because of the degradation impact from their
applied interpolation methods. Therefore, NEDI [26]
technique is applied to combine with DWT, as suggested in
our previous approach, called DWT-NEDI [6] technique to
best maintain the edges for interpolated sub-bands.
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Figure 1. The graph of the proposed resolution enhancement
technique

This paper suggests to employ a collection of WZP [27]
method and the so-called DWT-NEDI approach to boost the
resolution and retrieve the wasted edges for low quality
thermal images. The principal concept of each method is that
the DWT [6] is a process of dividing the treated image into
quadrable sub-bands of frequencies; accomplished by
dilations and translations using the mother wavelet function.
Due to the down-sampling process that utilized by the DWT,
thereby every sub-band reduces to half size. The fundamental
concept of NEDI [26] is assessing new points by computing a
weighted average of the four nearest neighbour points over the
diagonal orientations. The concept of WZP [27] is represented
by exchanging low-frequency sub-band by perceived image,
whereas the high-frequencies are fulfilled for zeros. Firstly,
each level of DWT operation separates the input image to
quadric sub-bands of low and high (LL, LH, HL, and HH).
Secondly, the LL sub-band is replaced by the output of WZP
method on the LR image for the up-sample factor a/2. The rest
high frequencies of LH, HL, and HH are up sampled by
applying NEDI technique for the up-sample factor o. Image
information registered by infrared systems are become spoiled
by an additive noise, thus, to maintain extra details and
eliminate noise at the processed images, a soft-threshold



method [28, 29] is employed. The threshold T for the
considered sub-band is computed by:

T=o0,2log(N)/N 1

whereas ¢ and N mean the standard deviation and the
aggregate pixel numbers respectively. The function of soft-
threshold can be defined as below:

Xin(L) =1 X)) >7
Xout(,7) =40 X @Dl <7 )
Xin(LD)+1 Xip(,)) < -7

Soft-threshold heads for preserving signal larger
coefficients and minifying noise coefficients to zero. Finally,
IDWT operation is employed for performing the improved
image resolution by joining the assessed LL, LH, HL, and HH.
The graph of the proposed technique is clarified via Figure 1.
The specific processing steps and parameter selections can be
described by

(1) Considering the red component from the input image.

(2) Applying the DWT operation with one-level to separate
this component to four frequencies of sub-bands.

(3) Applying the NEDI method for the up-sample factor o
related to up-sample frequencies of LH, HL, and HH

(4) After computing threshold T for each sub-band, the soft-
thresholding should be employed to generate the assessed LH,
HL, and HH.

(5) Applying WZP method for the up-sample factor o/2 to
up-sample the LR image for generating the assessed LL of
low-frequency.

(6) Applying the IDWT operation to combine all these

(a) LR image

(d) WZP () DASR

= = -

{b) ROI of LR image

processed sub-bands for obtaining the improved channel.

(7) In regards to the blue and green components repeat step
2to 7.

(8) The amended HR colour image is produced by merging
the three processed components.

3. RESULTS AND DISCUSSIONS
3.1 Assessment of visual performance

This part demonstrates the empirical results of visual
performance assessment for testing the suggested method and
other considered resolution enhancement methods on thermal
images. The implemented technique was examined on five
thermal images Woman, Hands, Legs, CFC panel and Truck
axle for performance evaluation in terms of several kinds of
images. The intrinsic relationship between the adopted thermal
images is that these images with various features and for
diverse applications. The original HR images come with
variable scales; therefore, they were rescaled to 512x512
pixels and considered the row images. Additionally, the
blurring and down-sampling were applied to the row of HR
image, in order to create the scale of 128x128. They were
carried by employing two times DWT of wavelet dB.9/7
function. In other words, the LR image is considered as the LL
sub-band of the second-level DWT of the row HR image. This
LR image was more contaminated using a white Gaussian
noise of 40 dB SNR (Signal-to-Noise Ratio). Based on
literature survey, the Daubechies of (dB.9/7) has been adopted
as it is the best ordinarily employed wavelet function of the
separating operation by DWT for resolution enhancement and
it can also eliminate the problem of border artefacts [30].

{c) Bicubic

{f) Proposed method

» .

Figure 2. Images with improved resolution outcome of the suggested technique with up-sampling of "128 x 128" to "512 x 512"
of the CFC plate image. (a) LR complete image; (b) Partial LR image; the improved images are depicted in (c), (d), (e) and (f)
which stands for Bicubic, WZP, DASR and the new proposed technique respectively
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Figure 3. Images with improved resolution outcome of the suggested technique with up-sampling of "128 x 128" to "512 x 512"
of the truck axle image. (a) LR complete image; (b) Partial LR image; the improved images are depicted in (c), (d), (e) and (f)
which stands for Bicubic, WZP, DASR, and the new proposed technique respectively
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Figure 4. Images with improved resolution outcome of the suggested technique with up-sampling of "128 x 128" to "512 x 512"
of Hand image. (a) LR complete image; (b) Partial LR image; whereas the enhanced images are showed in (c), (d), (e) and (f)
which stands for Bicubic, WZP. DASR, and the new technique respectively

To present the visual results, three images were adopted has also the capability to enhance the contrast and significantly
from the five thermal images and examined by the suggested amend the visual effect for the observed images. For example,
technique. Figures 2-4 demonstrate the improved images by the edges of CFC plate and Truck axle images resulted from
the suggested technique and the other studied techniques for the suggested method are extremely immaculate, and the
an up-sampling from 128x128 pixels to 512x512 pixels of the border of objects of interested areas in these images is
three selected images. It is viewed from the visual results that distinguished clearly, in comparison to the images obtained by
the suggested technique has the ability to upgrade the acquired the other techniques. Identical visible outcomes were noticed
LR images by proving more edge details of interested areas. It from other examined images. Noise and aliasing effects were
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compressed by the suggested algorithm. The aliasing effects
of Hand image, for instance, are suppressed obviously by the
proposed method, while these effects are exhibited distinctly
in the images resulted from the other methods.

3.2 Assessment of quantitative performance

The distinction between the resolution improved images of
several methods is tiny and it is complicated to be checked
visually. This part displays the experimental values of
objective performance evaluation. Peak-signal-to-noise-ratio
(PSNR) was used to evaluate image quality, because it has
been known as the most important and ordinarily employed
quantitative measure; it was applied to quantify the ratio
between the resultant and the row HR images. It can be
computed as below:

2

PSNR =10 lOglo(W)

A3)
where, L means the top value at the image. Within grayscale
symbolized image of 8-bit, the L amount equals to 255. Mean-
Square-Error (MSE) was used to convey the ratio of the
improved X(i,j) and the row HR X(i,j) images. MSE is

computed by:
w H N 2
> RGN -xG)]
j=14md j=1

The root-mean-square error (RMSE) is as well one of the
generally employed objective measures [31], and it computed
as:

1

MSE =
W xH

“)

RMSE = VMSE (5)
Entropy is also employed to appreciate quantitatively image
performance when the mistake of images for various image
upgraded approaches are much relative to every other and it is
quite complicated to do appreciation. The entropy for a
negative mistake of image, called by E, is computed by

L
E= _Zk=1p (r)log,P (1) (6)

where, P (r;,) means the prospect of a brightness value ry. The
study by Wang et al. [32] shows the best refinement with the
minimal E.

Tables 1-3 display the objective results achieved through
PSNR, RMSE, and Entropy analysis for selected thermal
images. According to the PSNR and RMSE values, the
proposed method outperforms the others across all five tested
images. Figure 5 presents a comparative analysis of PSNR,
RMSE, and Entropy for all evaluated images. The results
indicate that the adopted method achieves the highest PSNR
and RMSE values (42.20 dB, 25.32 dB, 26.57 dB, 29.10 dB,
and 29.83 for PSNR; 1.89, 13.81, 11.97, 8.94, and 9.02 for
RMSE) for each of the five images, respectively, showing
improvements of 5%, 1%, 2%, 7%, and 5% over the DWT-
NEDI method, respectively. In terms of Entropy, the DWT-
NEDI method performs better for the Woman, Legs, CFC
panel, and Truck axle images, while the proposed method
excels for the Hand image. These findings suggest that the
effectiveness of the evaluated techniques varies depending on
the specific characteristics of the images and the metrics used
for performance evaluation.

Table 1. Results of PSNR (dB) with thermal images and improved resolution of 128x128 to 512x512

. Image Type

Techniques Woman Hands Legs CFC Truck
Nearest 3225 23.51 24.46 26.60 27.12
Bilinear 33.90 23.84 2493 27.42 27.67
Bicubic 33.88 23.87 2491 2741 27.69
Lanczos 33.82 23.82 24.86 27.36 27.68
WZP [27] 34.74 2435 2533 27.68 27.87
DWT [23] 34.66 24.29 25.29 27.58 27.81
DASR [24] 35.55 24.00 25.28 27.09 27.65
DWT-Dif [25] 31.94 22.78 24.08 25.75 26.40
DWT-SWT [26] 32.55 23.40 24.39 26.19 26.90
DWT-NEDI [6] 40.19 25.02 26.13 27.27 27.74
Proposed method 42.20 25.32 26.57 29.10 29.03

Table 2. Results of RMSE with the thermal images and improved resolution of 128x128 to 512x512

. Image Type

Techniques Woman Hands Legs CFC Truck
Nearest 6.23 17.02 15.26 11.93 11.23
Bilinear 5.15 16.40 14.46 10.85 10.55
Bicubic 5.16 16.33 14.49 10.87 10.52
Lanczos 5.19 16.42 14.58 10.92 10.54
WZP [27] 4.68 15.46 13.81 10.53 10.30
DWT [23] 4.72 15.57 13.87 10.65 10.38
DASR [24] 4.26 16.09 13.89 11.28 10.57
DWT-Dif [25] 6.45 18.51 15.96 13.16 12.20
DWT-SWT [26] 6.01 17.24 15.39 12.51 11.53
DWT-NEDI [6] 2.50 14.31 12.59 11.04 10.46
Proposed method 1.89 13.81 11.97 8.94 9.02
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Table 3. Outcomes of entropy with picked thermal images and improved resolution of 128x128 to 512x512

. Image Type
Techniques Woman Hands Legs CFC Truck
Nearest 5.21 4.32 3.58 3.85 3.22
Bilinear 5.79 4.25 3.58 3.69 3.11
Bicubic 5.84 4.27 3.60 3.73 3.13
Lanczos 5.91 4.32 3.65 3.77 3.18
WZP [27] 5.30 4.13 3.51 3.64 3.04
DWT [23] 5.22 4.15 3.54 3.66 3.07
DASR [24] 5.36 4.19 3.46 3.58 3.06
DWT-Dif [25] 5.36 4.29 3.70 3.56 2.92
DWT-SWT [26] 4.75 4.04 3.54 3.68 3.03
DWT-NEDI [6] 4.57 3.73 3.13 3.10 2.62
Proposed method 4.99 3.67 3.16 3.17 2.89
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Figure 5. Comparison of PSNR, RMSE, and entropy results
for tested images utilizing the suggested approach and
wavelet-based interpolation techniques
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3.3 Assessment of wavelet functions performance
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Figure 6. Comparison of PSNR results for the selected
images using different wavelet functions

Table 4. PSNR values for five thermal images using selected
high-performance wavelet functions, highlighting top five

results
Wave'let Woman Hands Legs CFC Truck
Functions
bicubic 33.54 25.04 26.60 31.18 30.77
dB1 38.32 26.73  28.54 33.56 32.32
dB2 40.84 26.79  29.08 3394 3258
syml6 42.37 27.21 29.55 3455 3283
sym20 42.33 2720 2955 3455 32.83
ciofl 42.30 27.11 29.40 3433 32.80
ciof2 36.17 2547 2750 3229 31.51
dB.9/7 42.22 2719 2951 3448 32.82
bior5.5 41.41 27.14 2949 3431 32.76
bior6.8 42.44 27.18  29.50 34.55 32.82
The suggested approach, along with other studied

techniques, was implemented using the optimal wavelet filter
dB.9/7. This section explores the feasibility of employing the
suggested DWT-NEDI-WZP method with alternative wavelet
functions for five thermal images. Our previous research [33]
demonstrates that choosing the wavelet function plays a
crucial part in enhancing achievement. An aggregate of 50
wavelet functions, encompassing sym.2-20, coif.1-5, dB.1-20,
and bior.1-6 [34], were evaluated using the DWT-NEDI-WZP
approach. Table 4 presents the PSNR results for selected
thermal images using nine wavelet filters—ciofl, ciof2, dB1,
dB2, dB9/7, sym16, sym20, bior5.5, and bior6.8—which were
chosen due to their superior performance compared to other
wavelet functions. Figure 6 illustrates a comparison of the
PSNR results for the tested images using these nine wavelet



functions. From Figure 6, it can be inferred that the proposed
approach performs well with various functions other than
dB.9/7. According to the PSNR outcomes, the top-performing
wavelet functions are sym20, sym16, bior6.8, bior5.5, and
coifl, although the differences among them are not distinctive.

4. CONCLUSIONS

A new resolution enhancement approach resulted from
special integration of WZP, and DWT and NEDI was
suggested in this research to generate a high contrast and
recover image details for different types of acquired low
quality thermal images. To best look after the sharp details and
eliminate noise in the processed images, a soft threshold
method is also employed. The developing of this approach is
not only to protect extra edges and suppress the noise caused
by infrared sensors, but also enhance the contrast and
significantly improve visual effect of degraded thermal images
for industrial applications of IR thermography. Five different
types of thermal images were tested by the suggested
technique and compared with other state-of-the-art wavelet-
based methods. Experimental results appear that the suggested
technique performs better than other studied techniques in
both visual and quantitative terms.

However, there was a limitation of the process to generate
the perceived LR image for the proposed approach. However,
there is no validated model which could completely explore
this subordinate process.
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