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In this paper we propose super resolution measurement and post-processing strategies that can be applied in 

thermography using laser line scanning. The implementation of these techniques facilitates the separation of two 

closely spaced defects and avoids the expected deterioration of spatial resolution due to heat diffusion. 

The experimental studies were performed using a high-power laser as heat source in combination with pulsed 

thermography measurements (step scanning) or with continuous heating measurements (continuous scanning). 

Our work shows that laser line step scanning as well as continuous scanning both can be used within our developed 

super resolution (SR) techniques. Our SR techniques make use of a compressed sensing based algorithm in post- 

processing, the so-called iterative joint sparsity (IJOSP) approach. The IJOSP method benefits from both - the 

sparse nature of defects in space as well as from the similarity of each measurement. In addition, we show further 

methods to improve the reconstruction quality e.g. by simple manipulations in thermal image processing such 

as by considering the effect of the scanning motion or by using different optimization algorithms within the 

IJOSP approach. These super resolution image processing methods are discussed so that the advantages and 

disadvantages of each method can be extracted. 

Our contribution thus provides new approaches for the implementation of super resolution techniques in laser 

line scanning thermography and informs about which experimental and post-processing parameters should be 

chosen to better separate two closely spaced defects. 
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. Introduction 

Due to its diffuse nature, heat propagation in thermography im-

oses a spatial resolution limit that is difficult to circumvent. Neverthe-

ess, some approaches have already been investigated that try to break

hrough this spatial resolution limit, e.g. the use of virtual waves, which

ffer 3D image reconstruction and a higher signal-to-noise ratio than

hermal waves [1,2] . Moreover, structured heating has been used for

esolving defects more accurately [3] . Methods like laser line scanning

hermography [4] exhibit fast data acquisition and are attractive for

ndustrial applications, but suffer from the degrading effect of heat dif-

usion in terms of defect detectability. 

SR laser scanning has already attracted great interest in fields of

tructured illumination microscopy where also scanning patterned il-

umination has been used to enhance the spatial resolution significantly

5,6] . Apart from optical SR, also software based SR image process-

ng gains more and more attention even in the field of thermography

7] where sub-pixel image localization could be shown based on sub-

ixel camera position shifts. The main challenge in this technique is the
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xact determination of the camera position [8] . Therefore, in our work,

e show a way to process the data without knowing the exact positions

nd to use the position shifts with the laser source instead of the camera

esulting in blind SR laser scanning. 

In our recent work we have already shown that the application of

hotothermal SR techniques can enhance the spatial resolution limit by

sing pseudo-random blind illumination patterns with a laser array and

he IJOSP approach in post-processing [9] . The combination of laser

canning [10,11] with SR techniques could be of particular interest for

ndustrial applications, as it offers the possibility to monitor the resulting

eat propagation from laser heating with a high resolution. An irregular

eat propagation could be recognized and leads to indications of defects.

Metallic samples have a high thermal conductivity and high ther-

al diffusivity. Therefore, to follow the heat flow in these metallic sam-

les, after laser excitation, high camera frame rates of the infrared (IR)

amera are necessary. Now, measuring a thermal film sequence over

5 minutes in high definition with a high frame rate results in big data

ets. Since the IJOSP algorithm, which is used in our SR techniques, is

ot performant enough to process such a big data set, one can reduce

he data size of the film sequence for example by simply extracting the
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Fig. 2. The experimental data was measured with an IR camera (Infratec 

IR9300, 𝑓 𝑐𝑎𝑚 = 100 Hz, full frame: 1280 x 1024 pixel) in transmission config- 

uration. A high-power laser was used (maximum output power 𝑃 max = 500 W, 

𝜆 = 930 − 950 nm). The front view (illuminated side of the sample) shows a real 

measurement with a certain laser line width (see the red line on the right side of 

the front view picture). The control system controls the translation stage where 

the specimen and the IR camera are moved along the vertical translation axis. 

The control system consists of a computer connected with an embedded device 

(National Instrument MyRIO 1900). The connection lines represent the cable 

paths. The black lines on the front surface of the investigated specimen were 

engraved by a laser and serve as absorption lines for the laser beam. The ma- 

terial of the specimen is steel S235JR. The distances between the absorption 

lines are 0.5, 1, 2 and 4 mm, respectively. An absorption line has a width of 

1 mm. The thickness of the specimen is given by 4 mm. The distance between 

the absorption line pairs and to the edge of the sample from the first and last 

absorption pair is 10 mm. This setup represents the illumination with a single 

laser line which belongs to a measurement shown in Fig. 1 a) or b). (For inter- 

pretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

 

t  

p  

e  

s  

u  
aximum thermogram of each measurement inside the long thermal

lm sequence [12] . 

In this paper we show how to implement different SR strategies for

aser scanning and highlight the effect of the experimental design as well

s of certain image post-processing methods. Different laser scanning

ethods like step scanning and continuous scanning are described, as

oth methods require different experimental and post-processing strate-

ies to achieve the highest reconstruction quality. The basis for outper-

orming conventional thermographic evaluation methods is to perform

ultiple measurements with a slight position shift enabling optical su-

er resolution. This allows for a combination with compressed sensing

CS) based algorithms which benefit from multiple measurements in a

ointly sparse regime and is discussed in details in this work. 

Regarding experimental parameters, we studied the influence of

hoosing different laser pulse lengths for step scanning and homoge-

eous illumination, different laser line widths for step and continuous

canning as well as different scanning velocities for continuous scan-

ing. In post-processing we require the thermographic point spread

unction (PSF) [13] to make use of our CS based algorithm called IJOSP.

ince the shape of the thermographic PSF will be modified using differ-

nt velocities in the continuous scanning technique, this should be taken

nto account. Further, the effect of choosing the regularization parame-

er within the IJOSP algorithm will be discussed. Finally our work shows

ifferent ways for implementing IJOSP in order to make use of the joint

parsity property, so that higher reconstruction qualities are reached

ith a higher probability. 

. Methodology 

.1. Experiment 

Fig. 1 shows a graphical explanation of step scanning and continuous

canning and a conventional homogeneous illumination, respectively. 

It can be seen that the step scanning includes a cooling process after

ach measurement for one position which implies that pulsed thermog-

aphy measurements are used in the step scanning strategy. In contrast,

he continuous laser scanning method shows continuous heating while

oving the specimen constantly with a certain velocity until the end of

he specimen is reached. 

Fig. 2 shows the experimental setup that has been used to investigate

he SR techniques for laser line scanning. 
ig. 1. Different laser line scanning strategies: a) step scan: i. laser pulse, ii. let 

he specimen cool down and move the specimen with the translation stage to the 

ext position, iii. start the next measurement by using again the laser pulse, but 

ow for a different position; b) continuous scan: illuminating the specimen with 

he laser while moving the specimen with the translation stage with a certain 

elocity, c) homogeneous illumination: laser illuminates the whole front surface 

f the specimen. 
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In order to compare all the experiments which have been performed,

he irradiance has always been adjusted according to the variation of the

ulse length t pulse in the step scanning and homogeneous illumination

xperiments, of the laser line width w beam 

in the step and continuous

canning experiments and of the scanning velocity v scan in the contin-

ous scanning experiments. Consequently, the measured data was in

he same temperature range for different measurement configurations

around 3 − 5 K temperature rise by excitation). 

Step scanning was performed by moving the specimen with a fraction

f the laser line width. The moving distance should be smaller than the

aser line width such that we have measurements with a certain overlap

o that we can benefit from the joint sparsity property within the IJOSP

lgorithm. 

.2. Mathematical description of the measured data 

The image processing was performed in Matlab. After importing the

ata, the loaded thermograms were converted to arrays by using the

ean over the vertical pixels in the region of interest. An exemplary

onversion is shown in Fig. 3 . 

Calculating the mean over the pixels along the vertical axis as

hown in Fig. 3 results in the matrix of measured temperature values

 𝑚𝑒𝑎𝑠 ∈ ℝ 

𝑁 𝑟 ×𝑁 𝑡 . The variable r stands for the position in the horizon-

al axis with 𝑟 = 𝑘 𝑟 ⋅ Δ𝑟 𝑐𝑎𝑚 = [1 …𝑁 𝑟 ] ⋅ Δ𝑟 𝑐𝑎𝑚 and t for the time with 𝑡 =
 𝑡 ⋅ Δ𝑡 𝑐𝑎𝑚 = [1 …𝑁 𝑡 ] ⋅ Δ𝑡 𝑐𝑎𝑚 , whereby Δ𝑡 𝑐𝑎𝑚 = 𝑓 −1 𝑐𝑎𝑚 represents the time

esolution and Δr cam 

stands for the spatial resolution. Thus, sampled val-

es can be described by 𝑇 𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] = 𝑇 𝑚𝑒𝑎𝑠 ( 𝑘 𝑟 ⋅ Δ𝑟 𝑐𝑎𝑚 , 𝑘 𝑡 ⋅ Δ𝑡 𝑐𝑎𝑚 ) , whereby

he round brackets designate a continuous function and squared brack-

ts designate discrete values, respectively. We measured with a spatial

esolution of Δ𝑟 𝑐𝑎𝑚 = 54 𝜇𝑚 which indicates that we cover with one cam-

ra pixel an area of 𝐴 𝑝𝑥 = (54 𝜇𝑚 ) 2 . However, the step scanning strat-
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Fig. 3. Elimination of dimension y by calculating the mean over the vertically 

arranged pixels: a) shows an exemplary measured thermogram, b) represents 

the corresponding mean over the pixels around the temperature rise of a). 
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gy requires different measurements as described in Fig. 1 . For this rea-

on the matrix changes only for the step scan case to 𝑇 𝑚 𝑚𝑒𝑎𝑠,𝑠𝑡𝑒𝑝 [ 𝑟, 𝑡 ] with

 

𝑚 
𝑚𝑒𝑎𝑠 ∈ ℝ 

𝑁 𝑟 ×𝑁 𝑡 and 𝑚 = 1 …𝑁 𝑚𝑒𝑎𝑠 , whereby m stands for the measure-

ent number. In the following T meas designates temperature differences

uch that 𝑇 [ 𝑟, 𝑡 ] = 𝑇 0 [ 𝑟 ] + 𝑇 𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] , whereby T stands for the absolute

easured temperature value and T 0 for the initial measured tempera-

ure. 

Taking into account the calculation of the average value over the ver-

ically arranged pixels in y-direction (see y-direction shown in Fig. 2 ),

he underlying physics in the experiment can be described mathemati-

ally as follows [14] : 

 

𝑚 
𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] = ( 𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 𝑥 𝑚 )[ 𝑟, 𝑡 ] (1)

ith 𝑥 𝑚 [ 𝑟, 𝑡 ] = 𝐼 𝑚 [ 𝑟, 𝑡 ] ⋅ 𝑎 [ 𝑟 ] for a separable 𝐼 𝑚 [ 𝑟, 𝑡 ] = 𝐼 𝑚 𝑟 [ 𝑟 ] 𝐼 𝑡 [ 𝑡 ] = ( 𝛿𝑚 𝑟 ∗ 𝑟
 𝑠,𝑟 )[ 𝑟 ]( 𝛿𝑡 ∗ 𝑡 𝐼 𝑠,𝑡 )[ 𝑡 ] = ( 𝐼 𝑚 𝑟 ⊗ 𝐼 𝑡 )[ 𝑟, 𝑡 ] . 𝜙𝑃𝑆𝐹 ∈ ℝ 

𝑁 𝑟 ×𝑁 𝑡 stands for the ther-

al point spread function which is calculated by the Green’s function

s a fundamental solution of the heat diffusion equation for a point

ource. 𝑥 𝑚 ∈ ℝ 

𝑁 𝑟 ×𝑁 𝑡 describes the product of the illumination pattern

 

𝑚 ∈ ℝ 

𝑁 𝑟 ×𝑁 𝑡 and the absorption pattern 𝑎 ∈ ℝ 

𝑁 𝑟 ×1 (see black lines on

he front surface of the investigated specimen in Fig. 2 ) for each mea-

urement m so that x m designates the absorbed energy from illumina-

ion. 𝐼 𝑠,𝑟 ∈ ℝ 

𝑁 𝑟 ×1 and 𝐼 𝑠,𝑡 ∈ ℝ 

𝑁 𝑡 ×1 are shape functions referring to the

aser radiation in spatial and time domain, respectively. The shapes of

hese functions are determined by the choice of the laser line width in

patial domain and the laser pulse length (for step scanning and homo-

eneous illumination) in time domain. 𝐼 𝑚 𝑟 ∈ ℝ 

𝑁 𝑟 ×1 and 𝐼 𝑡 ∈ ℝ 

𝑁 𝑡 ×1 are al-

ost equal to the shape functions, but differ due to a space or time shift

ealized by the convolution with the Dirac delta functions 𝛿𝑚 𝑟 ∈ ℝ 

𝑁 𝑟 ×1 

nd 𝛿𝑡 ∈ ℝ 

𝑁 𝑡 ×1 which designate the illuminated position in space and

ime, respectively. The operator ⊗ stands for a tensor product and ∗ for

 convolution (in space: ∗ 𝑟 , in time: ∗ 𝑡 , in space and in time: ∗ 𝑟,𝑡 ). With

his knowledge we can continue the notation of Eq. (1) by 

 

𝑚 
𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] = ( 𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 𝑥 𝑚 )[ 𝑟, 𝑡 ] 

= 

(
𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 [( 𝐼 𝑚 𝑟 ⊗ 𝐼 𝑡 ) ◦( 𝑎 ⊗ 1)] 

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑥 𝑚 
𝑙𝑖𝑛𝑒 

)[
𝑟, 𝑡 

]

= ( 𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 𝑥 𝑚 𝑙𝑖𝑛𝑒 )[ 𝑟, 𝑡 ] , 

(2) 

hereby ◦ stands for the Hadamard-product. Thus, 𝑥 𝑚 
𝑙𝑖𝑛𝑒 

considers the

nfluence of the laser line width as well as of the laser pulse length. 

In this paper we make use of the CS based IJOSP approach. According

o the well-known compressed sensing theory [15,16] , we obtain the

ighest reconstruction quality within the IJOSP approach if x is as sparse

s possible and 𝜙 has a high mutual incoherence. This is actually given

y choosing 𝜙 as a line spread function where the laser line width and

ulse length are considered. For this reason the equations in (2) can be
ewritten as follows: 

 

𝑚 
𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] = ( 𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 𝑥 𝑚 )[ 𝑟, 𝑡 ] 

= 

( 

𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 
(
[( 𝛿𝑚 𝑟 ∗ 𝑟 𝐼 𝑠,𝑟 ) ⊗ ( 𝛿𝑡 ∗ 𝑡 𝐼 𝑠,𝑡 )] ◦( 𝑎 ⊗ 1) 

)) [
𝑟, 𝑡 

]
= 

( 

𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 [ 𝐼 𝑠,𝑟 ⊗ ( 𝛿𝑡 ∗ 𝑡 𝐼 𝑠,𝑡 )] 
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝜙𝑙𝑖𝑛𝑒 

∗ 𝑟 ( 𝛿𝑚 𝑟 ◦𝑎 ) 
⏟⏟⏟

𝑥 𝑚 
𝛿

)[
𝑟 
]

= ( 𝜙𝑙𝑖𝑛𝑒 [ ⋅, 𝑡 ] ∗ 𝑟 𝑥 𝑚 𝛿 [ ⋅])[ 𝑟 ] . 

(3) 

The Eqs. (1) - (3) are valid for step scanning, but can be simply rewrit-

en for continuous scanning. Based on the aforementioned Eq. (3) and

he different experimental scanning strategies, the mathematical model

or the performed measurements can be stated as follows: 

𝑇 𝑚 𝑚𝑒𝑎𝑠,𝑠𝑡𝑒𝑝 [ 𝑟, 𝑡 ] = 

(
𝜙𝑙𝑖𝑛𝑒,𝑠𝑡𝑒𝑝 [ ⋅, 𝑡 ] ∗ 𝑟 𝑥 𝑚 𝛿,𝑠𝑡𝑒𝑝 [ ⋅] 

)
[ 𝑟 ] 

𝑇 𝑚𝑒𝑎𝑠,𝑐𝑜𝑛𝑡 [ 𝑟, 𝑡 ] = 

(
𝜙𝑙𝑖𝑛𝑒,𝑐𝑜𝑛𝑡 [ ⋅, 𝑡 ] ∗ 𝑟 𝑥 𝛿,𝑐𝑜𝑛𝑡 [ ⋅, 𝑡 ] 

)
[ 𝑟 ] 

 𝑚𝑒𝑎𝑠,ℎ𝑜𝑚𝑜𝑔 [ 𝑟, 𝑡 ] = 

(
𝜙𝑙𝑖𝑛𝑒,ℎ𝑜𝑚𝑜𝑔 [ ⋅, 𝑡 ] ∗ 𝑟 𝑥 𝛿,ℎ𝑜𝑚𝑜𝑔 [ ⋅] 

)
[ 𝑟 ] 

𝑥 𝑚 
𝛿,𝑠𝑡𝑒𝑝 

[ 𝑟 ] = 𝐼 𝑚 
𝛿,𝑠𝑡𝑒𝑝 

[ 𝑟 ] ⋅ 𝑎 [ 𝑟 ] 

𝑥 𝛿,𝑐𝑜𝑛𝑡 [ 𝑟, 𝑡 ] = 𝐼 𝛿,𝑐𝑜𝑛𝑡 [ 𝑟, 𝑡 ] ⋅ 𝑎 [ 𝑟 ] 

𝑥 𝛿,ℎ𝑜𝑚𝑜𝑔 [ 𝑟 ] = 𝐼 𝛿,ℎ𝑜𝑚𝑜𝑔 [ 𝑟 ] ⋅ 𝑎 [ 𝑟 ] . 

(4) 

ince 𝜙line considers the physical properties of the used laser line such

s the laser pulse length and laser line width, it can be rather described

s a thermal line spread function (LSF). 

The LSF for continuous scanning contains the variation of the veloc-

ty and does not include the pulse length [17,18] . Since we are interested

n the reconstruction of the defects which can be described by the quan-

ity a , our initial goal is to obtain the unknown variable x . The equations

n (4) show that x varies depending on the used method due to varying

llumination pattern. In step scanning the illumination pattern differs

or each measurement m because for each measurement m a different

osition is illuminated. In continuous scanning the illumination pattern

iffers due to the motion of the laser, which leads to a time dependence

f the illumination pattern. In the homogeneous illumination method

he illumination pattern neither depends on the measurement number

or on the time since there is no position shift or motion involved. 

T meas is known and 𝜙line can be calculated numerically [12,13] : 

𝑙𝑖𝑛𝑒,𝑠𝑡𝑒𝑝 ∕ ℎ𝑜𝑚𝑜𝑔 ( 𝑟, 𝑧 = 𝐿, 𝑡 ) = 

2 
4 𝜋𝛼𝜌𝑐 𝑝 

⋅ ∫ 𝑡 

0 ∫
∞
−∞ 𝐼 𝑠,𝑟 ( 𝑟 − ̃𝑟 ) 𝐼 𝑡 ( 𝑡 − ̃𝑡 ) 

⋅𝑒 − 
𝑟 2 
4 𝛼𝑡 ⋅

∑∞
𝑛 =1 𝑅 

2( 𝑛 −1) 𝑒 − 
(2 𝑛 −1) 2 𝐿 2 

4 𝛼𝑡 𝑑 ̃𝑟 
𝑑 ̃𝑡 

𝑡 

(5) 

he above shown formula for 𝜙 considers the laser pulse length (convo-

ution in time with the variable t) and the laser line width (convolution

n space with the variable r). 𝜌 stands for the mass density, c p for the

pecific heat, 𝛼 for the thermal diffusivity, R for the thermal reflectance

rom the material to air, and L for the thickness of the specimen. Since we

nvestigated steel S235JR, we have used the following values for the ma-

erial parameters: 𝜌 = 7800 kg/m 

3 , 𝑐 𝑝 = 440 J/kg/K , 𝛼 = 1 . 6 ⋅ 10 −5 m 

2 /s

nd 𝑅 = 1 . The Eq. (5) can be used for step scan and homogeneous illu-

ination, the difference of the calculation of 𝜙step and 𝜙homog is the laser

ine width w beam 

. 𝜙cont looks different due to the missing convolution in

ime with the laser pulse length since there is no real pulse length. The

aser is continuously switched on so that I t can be neglected. Therefore,

e have used the following 𝜙cont [18] 

𝑙𝑖𝑛𝑒,𝑐𝑜𝑛𝑡 ( 𝑟, 𝑧 = 𝐿, 𝑡 ) = 

2 
4 𝜋𝛼𝜌𝑐 𝑝 

⋅ ∫ 𝑡 

0 ∫
∞
−∞ 𝐼 𝑠,𝑟 ( 𝑟 − ̃𝑟 ) ⋅ 𝑒 − 

( ̃𝑟 − 𝑣 ⋅𝑡 ) 2 
4 𝛼𝑡 

⋅
∑∞

𝑛 =1 𝑅 

2( 𝑛 −1) 𝑒 − 
(2 𝑛 −1) 2 𝐿 2 

4 𝛼𝑡 𝑑 ̃𝑟 
𝑑 ̃𝑡 

𝑡 

(6) 

q. (6) now considers the motion by adding v · t in the exponential term.

urther, the integration over time considers the superimposed influence

f the heating from the previous time steps. 

Fig. 4 shows different shapes for the LSF 𝜙line . The figure shows how

he experimental parameters - the laser pulse length and the laser line

idth - influence the Gaussian shape of 𝜙. 



S. Ahmadi, P. Burgholzer and P. Jung et al. Optics and Lasers in Engineering 134 (2020) 106279 

Fig. 4. Different shapes of the line spread function 𝜙 are shown over position 

r as normalized temperature values, normalized by the maximum temperature 

amplitude. We varied the laser pulse length and laser line width. 

Fig. 5. The FWHM is plotted over the variation of the laser pulse length. We 

have calculated the FWHM for five different pulse lengths and interpolated the 

calculated values. It can be observed that a small laser pulse length as well as a 

small laser line width results in a small FWHM of the used thermal PSF for the 

super resolution studies. 
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Fig. 7. (a) the absorption or defect pattern a , (b) 
∑

𝑚 ( 𝑥 𝑚 𝛿 ) = 
∑

𝑚 ( 𝛿𝑚 𝑟 
◦𝑎 ) and (c) ∑

𝑚 ( 𝑥 𝑚 𝐿𝑊 
) = 

∑
𝑚 ( 𝐼 𝑚 𝑟 

◦𝑎 ) . These diagrams have been created on the basis of the 

chosen experimental parameters so that we have used a position shift of 0.4 mm 

between each measurement m and a laser line width of around 0.4 mm which 

leads to the fact that considering the laser line width in x with x LW 

enables to 

reconstruct the absorption pattern a much better than with x 𝛿 . 
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In this paper work we are also studying the effect of choosing dif-

erent scanning velocities in continuous scanning on our SR techniques.

herefore, in Fig. 6 we show the shape variation of the thermal LSF

epending on the chosen scanning velocity. 

The Figs. 4, 5 and 6 indicate the extent of the effect in the variation

f the experimental parameters. Thus, a change in the scanning velocity

rings a strong asymmetry into the Gaussian profile. Furthermore, for

maller scanning velocities we can see a high influence by the super-

osition of the previously heated regions from the previous time steps.

igher scanning velocities lead to a stronger shift of the temperature

aximum. 
ig. 6. In this image two diagrams for different scanning velocities are shown. 

n each of both diagrams we varied the time step to observe the shape change 

f the thermal LSF. 
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n  
In Fig. 6 it can be observed that the change in the shape of the ther-

al LSFs becomes smaller for higher time steps. This means that a quasi-

tatic level can be reached after a certain time where the shape of the

hermal LSF does not change for further time steps. 

.3. Image processing based on SR laser line scanning 

The results in Section 3 (step scanning and continuous scanning)

ere generated by using a 𝜙 which does not consider the laser line width

o that the laser line width is still in the solution x , more precisely - ac-

ording to the equations in (4) - in the illumination pattern I . Thus, we

ave used the following mathematical description in our implementa-

ion: 

 

𝑚 
𝑚𝑒𝑎𝑠 [ 𝑟, 𝑡 ] = ( 𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 𝑥 𝑚 )[ 𝑟, 𝑡 ] 

= 

( 

𝜙𝑃𝑆𝐹 ∗ 𝑟,𝑡 [( 𝐼 𝑚 𝑟 ⊗ 𝐼 𝑡 ) ◦( 𝑎 ⊗ 1)] 
) [

𝑟, 𝑡 
]

= 

( (
( 𝜙𝑃𝑆𝐹 [ 𝑟, ⋅] ∗ 𝑡 𝐼 𝑡 [ ⋅])[ 𝑡 ] 

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Φ𝑃𝐿 

∗ 𝑟 
(
𝐼 𝑚 𝑟 ◦𝑎 

)
⏟⏞⏟⏞⏟

𝑥 𝑚 
𝐿𝑊 

) [
𝑟 
]

= ( 𝜙𝑃𝐿 [ ⋅, 𝑡 ] ∗ 𝑟 𝑥 𝑚 𝐿𝑊 

[ ⋅])[ 𝑟 ] , 

(7) 

hereby PL stands for pulse length in time domain and LW for the laser

ine width in spatial domain. The reason for rewriting 𝜙line to 𝜙PL in

he implementation is that choosing 𝜙line results in x 𝛿 which is based on

irac delta peaks in space. These Dirac delta peaks have a distance of the

osition shift which is much larger than our measured spatial resolution

54 𝜇 m) that defines the width of a Dirac delta peak. Hence, it is not

ossible to reconstruct an absorption line with a certain width perfectly

sing 𝜙line . In contrast, calculating with 𝜙PL , it would be possible to

econstruct the absorption line much more accurate since the solution

 LW 

considers the laser line width which is even for our studies with

he smallest laser line width around 0.4 mm and therefore larger or

s large as the position shift. Thus, using 𝜙PL enables to reconstruct the

bsorption lines perfectly (see Fig. 7 (b) vs (c) for better understanding).

.3.1. Realization of a framework for the IJOSP approach 

As explained in details in Ref. [12] different reconstruction tech-

iques can be used to obtain a sparse representation of the measured
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ata. The step scanning method requires such a method, otherwise we

an not apply the IJOSP approach in a performant manner. Using such a

econstruction technique before applying IJOSP allows for calculations

nder one minute with our computer for the IJOSP approach. Otherwise

he calculations would take more than one hour. 

We applied the simplest reconstruction technique - the extraction

f the maximum thermogram from the IR camera film. Extracting the

aximum thermogram for each measurement in the step scanning data

nables to reduce the data size by a factor of 2000 since we measured

000 frames per measurement. Consequently, we obtain 𝑇 𝑚 𝑟𝑒𝑐,𝑠𝑡𝑒𝑝 [ 𝑟 ] with

 

𝑚 
𝑟𝑒𝑐,𝑠𝑡𝑒𝑝 ∈ ℝ 

𝑁 𝑟 ×1 . We also apply the maximum thermogram method as

ata reduction technique to the matrix 𝜙PL,step so that we obtain 𝜙rec,step 

nd eliminate the time dimension. In the following we write T rec,step [ r,

 ] instead of 𝑇 𝑚 𝑟𝑒𝑐,𝑠𝑡𝑒𝑝 [ 𝑟 ] and x LW,step [ r, m ] instead of 𝑥 𝑚 
𝐿𝑊 , 𝑠𝑡𝑒𝑝 

[ 𝑟 ] . Further,

e determined a 𝜙rec,cont by choosing a very high time stamp t 0 with

𝑟𝑒𝑐 ,𝑐 𝑜𝑛𝑡 ( 𝑟 ) = 𝜙𝑐𝑜𝑛𝑡 ( 𝑟, 𝑡 = 𝑡 0 ) . A very high value for t 0 is necessary since

e are reaching after a certain time t qs , the - in the previous subsection

lready described - quasi-static level. Based on this knowledge, in our

tudies we decided to take 𝑡 0 = 20 𝑠, where we definitely reached the

uasi-static level. 

IJOSP relies on the compressed sensing principle. Our above men-

ioned mathematical description leads to the following IJOSP frame-

ork: 

 𝑟𝑒𝑐,𝑠𝑡𝑒𝑝 [ 𝑟, 𝑚 ] = 

(
𝜙𝑟𝑒𝑐,𝑠𝑡𝑒𝑝 [ ⋅] ∗ 𝑥 𝑠𝑡𝑒𝑝 [ ⋅, 𝑚 ] 

)
[ 𝑟 ] 

𝑇 𝑟𝑒𝑐 ,𝑐 𝑜𝑛𝑡 [ 𝑟, 𝑡 ] = 

(
𝜙𝑟𝑒𝑐 ,𝑐 𝑜𝑛𝑡 [ ⋅] ∗ 𝑥 𝑐𝑜𝑛𝑡 [ ⋅, 𝑡 ] 

)
[ 𝑟 ] 

(8) 

he equations in (8) exhibit great similarity due to the aforementioned

ransformations. If one now equates the variable m with the variable t,

he same equations would be used to describe the data from step and

ontinuous scanning. 

The quantity T is given by the measured data for each scanning strat-

gy, respectively. T was already described in the Eqs. (4) and (8) and is

hown in Fig. 8 for all scanning strategies. 

.3.2. Application of the IJOSP approach 

The IJOSP approach tries to find a solution �̂� in the following mini-

ization problem [19,20] : 

in �̂� 
1 
2 
∑𝑁 𝑚𝑒𝑎𝑠 

𝑚 =1 
∑𝑁 𝑟 

𝑘 =1 
|||(𝜙𝑟𝑒𝑐 [ ⋅] ∗ �̂� [ ⋅, 𝑚 ] 

)
[ 𝑟 𝑘 ] − 𝑇 [ 𝑟 𝑘 , 𝑚 ] |||2 

+ 𝜆1 ‖�̂� ‖2 , 1 + 

𝜆2 
2 ‖�̂� ‖2 2 , (9) 

here 𝜙 can be replaced by 𝜙rec,step or 𝜙rec,cont , �̂� is the solution of the op-

imization algorithm which ideally equals x . ̂𝑥 and T can also be replaced

y �̂� 𝐿𝑊 , 𝑠𝑡𝑒𝑝 or �̂� 𝐿𝑊 , 𝑐𝑜𝑛𝑡 and T rec,step or T rec,cont , respectively. Two regular-

zers are involved in the minimization problem that are controlled by the
ig. 8. a) T rec from step scan: Here, we have used 𝑤 𝑏𝑒𝑎𝑚 = 1 . 5 mm and 𝑡 𝑝𝑢𝑙𝑠𝑒 = 1 s . 
o reduce the measurement time we decided to perform a high position shift 

etween two defect pairs. Since we investigated four defect pairs, we had to 

erform three high position shifts. These are recognized by the three cuts in the 

mage at measurement number (no.) 23, 43 and 63 since we performed about 20 

easurements for each defect pair. The first measurements were taken at around 

0 mm, so that the position was shifted towards the position 0 mm. b) T meas from 

ontinuous scan: 𝑤 𝑏𝑒𝑎𝑚 = 1 . 5 mm , 𝑣 𝑠𝑐𝑎𝑛 = 1 mm/s , the laser line movement starts 

rom 0 mm and ends at around 60 mm. c) T meas from homogeneous illumination 

square): 𝐴 𝑏𝑒𝑎𝑚 = 60 × 60 mm 

2 , 𝑡 𝑝𝑢𝑙𝑠𝑒 = 2 s . 

3

3
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t  

h  
egularization parameters 𝜆1 and 𝜆2 which control the impact of block

parsity ‖�̂� ‖2 , 1 = 

∑𝑁 𝑟 

𝑘 =1 

√ ∑𝑁 𝑚𝑒𝑎𝑠 

𝑚 =1 |�̂� [ 𝑟 𝑘 , 𝑚 ] |2 and Tikhonov regularization

�̂� ‖2 2 . 
The IJOSP approach is not suitable for the data generated by the ho-

ogeneous illumination or does not lead to an improvement compared

o the other two methods. The reason is that it is only one measurement

ith complete illumination of the surface, so that the joint sparsity of

ifferent measurements cannot be exploited by the position shift or the

ovement like in step or continuous scanning. 

In our studies we solved the minimization problem in Eq. (9) us-

ng the Block-Fast Iterative Soft Thresholding Algorithm (FISTA) which

oes not make use of the Tikhonov regularization and the Block-Elastic-

et algorithm [14,21] which does. Since FISTA and the Elastic-Net al-

orithm both use a gradient-based optimization, a step size L can be

hosen. In fact we update our solution within the iterative optimization

ith the factor 2/ L , whereby the factor 2 comes from the calculation

f the derivative. This means that L (the Lipschitz constant) is rather

 quantity standing for the step size resolution since the step size de-

reases with increasing L, but due to simplicity we call L the step size

arameter. Thus, we can choose two parameters ( L and 𝜆1 ) for FISTA

r three parameters for the Elastic-Net approach ( L, 𝜆1 and 𝜆2 ) which

ave an influence on our result. 

.4. Methods to improve the reconstruction quality 

In our work we found interesting ways to improve the reconstruc-

ion quality of our measured data and tried to investigate the following

oints to achieve the highest reconstruction quality: 

1. Choose the optimal experimental parameters for the laser line width,

pulse length for step scanning, camera frequency and scanning ve-

locity for continuous scanning 

2. Choose suitable parameters in the Block-FISTA approach for L and

𝜆1 or in the Block-Elastic-Net approach where we have to choose 𝜆2 ,

too 

3. Consideration of motion in continuous scanning: Variation of the

thermal LSF 

In order to investigate the influence of the experimental and post-

rocessing parameters we varied all mentioned parameters in 1. and

. to figure out the best configuration for the application of the IJOSP

pproach. 

The consideration of the motion can be important for higher ve-

ocities since the shape of the LSFs changes significantly according to

q. (6) as one can see in Fig. 4 . 

. Results and discussion 

.1. Determination of the reconstruction quality 

For a fair comparison of each result after applying the IJOSP algo-

ithm to all measurement data sets with the corresponding variation of

he experimental parameters as well as the regularization parameters in

he Block-FISTA algorithm [20] , a reconstruction quality factor is intro-

uced as the variable ”rq ”. The reconstruction quality can be calculated

y the following formula [12] : 

𝑞 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝑚𝑎𝑥 ( ̂𝑥 ⋆ 𝑥 ) 
𝑚𝑎𝑥 ( 𝑥 ⋆ 𝑥 ) 

if ( 𝑁 𝑝𝑒𝑎𝑘𝑠 ≥ 8) ∧ ( 𝑁 𝑝𝑒𝑎𝑘𝑠 ≤ 16) 

0 𝑒𝑙𝑠𝑒 

(10) 

hereby ⋆ stands for the cross-correlation and rq is a number in [0,1].

o get a better idea of how �̂� can look like, one can have a look at the

JOSP/ Block-FISTA result in Fig. 9 after structured SR heating. 

Using the cross-correlation for the determination of the reconstruc-

ion quality can lead to false conclusions e.g. if the IJOSP result �̂� ex-

ibits 100 narrow peaks with a small FWHM compared to the width of
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Fig. 9. These results refer to step scan measurements. The curve designated by 

homogen. describes the calculated mean over the time from the homogeneous 

illumination measurement (see Fig. 8 (c)). SR refers to the result from applying 

our super resolution structured heating and calculating the maximum values 

for each measurement of T rec (see Fig. 8 (a)). An additional application of IJOSP 

using Block-FISTA as optimizer results in the red solid curve. The defects are 

standing for the absorption lines on the front surface of our investigated speci- 

men. The diagram in (b) is just a zoom from diagram (a). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 10. The reconstruction quality is plotted over the laser pulse length for dif- 

ferent laser line widths. In addition, the mean over all laser line widths is shown. 

We determined the reconstruction quality values by calculating the maximum 

rq value over all variations of 𝜆1 and L using Block-FISTA within the IJOSP 

approach. 

Fig. 11. Investigation of the influence choosing different post-processing pa- 

rameters within the Block-FISTA routine on the reconstruction quality (shown 

in colors). Here, the mean rq value over all measurements was calculated for 

each parameter pair. 
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ne absorption line and some of them are in the region of the absorption

ines. This leads to high rq values although there are many peaks de-

ected outside the region of interest. Therefore, we decided to introduce

eak detection boundaries so that we reduce the probability of false con-

lusions for calculating with the cross-correlation function. We took as

ower boundary eight peaks due to the fact that we have four absorption

ine pairs and as upper boundary 16 because it is possible that we obtain

s IJOSP result for example two peaks in the region of one absorption

ine. Obtaining more than one peak in the region of one absorption line

s reasonable since we are using very slight position shifts and use more

han one measurement where we illuminate the same absorption line.

herefore, our algorithm detects only peaks with a minimum distance

etween each other of at least one position shift. Moreover, the number

f measured peaks depends on the area covered by one camera pixel. 

.2. Comparison of rq values 

Before comparing the rq values for step and continuous scanning,

t should be noted that we were not able to use the homogeneous il-

umination technique to resolve the investigated absorption lines (see

ig. 9 ). 

.2.1. Results for step scan 

To perform our SR studies we investigated three different laser line

idths 𝑤 𝑏𝑒𝑎𝑚 = 0 . 38 , 0 . 75 , 1 . 5 mm and different laser pulse lengths in the

ange t pulse ∈ [100, 1000] ms. We have chosen these experimental pa-

ameters because of our optics equipment which allows us to create

aser lines with the aforementioned line widths. The pulse length and

he power of the laser were adjusted so that we measure a temperature

ise of around 5 K as a maximum measured value in our transmission

onfiguration. We always tried to keep the pulse duration as small as

ossible to obtain a small FWHM for the thermal LSF. 

Furthermore, we varied the post-processing parameters

 ∈ [0.85, 2.12], 𝜆1 ∈ [0.2, 3] for Block-FISTA or 𝜆1 ∈
10 −6 , 10 −5 , 10 −4 , 10 −3 , 10 −2 , 10 −1 , 1} and 𝜆2 ∈ [0.01, 0.1] for Block-

lastic-Net, respectively. The ranges for the parameters L, 𝜆1 and 𝜆2 

ere chosen individually since we saw realistic results in these range.

owever, one of these ranges (the range of 𝜆1 in Block-Elastic-Net) was

hosen for demonstrative reasons. Since both algorithms are based on

n iterative optimization and we would like to make the study more

omparable, we set for all studies a fixed value for the number of
terations 𝑁 𝑖𝑡𝑒𝑟 = 500 . We took this value due to our testing experience,

ostly we do not see any more differences after 500 iterations because

he convergence has already been achieved. 

At first the results for using the Block-FISTA approach are discussed.

ig. 10 shows the obtained results by varying the laser line width and

he laser pulse length. 

Fig. 10 illustrates the degradation of the reconstruction quality when

hoosing high pulse lengths as well as high laser line widths. Nonethe-

ess, the differences are not so high since the shape variation of the ther-

al LSF is also not high which leads to small differences in the FWHM

see Fig. 5 and Fig. 4 ). 

The influence of the post-processing parameters for FISTA is shown

n Fig. 11 . It can be seen that the reconstruction result is more tolerant

egarding the choice of the step size L than regarding the choice of the

enoising parameter 𝜆1 . This is reasonable since 𝜆1 serves as a control

arameter of the joint sparsity term and therefore thresholds the mea-

ured data. Also one can observe that there are certain parameter pairs

hich can enhance the rq value significantly. Hardly visible, but also

easonable is the slight tendency of better choosing higher values for

1 if one increases the value for L . Since we are updating with the fac-

or 2/ L , a higher value for L means a small step which also means that

e do not reach our final solution that represents our defects. Using

 higher 𝜆 leads to a higher sparsity and threshold sensitivity so that
1 



S. Ahmadi, P. Burgholzer and P. Jung et al. Optics and Lasers in Engineering 134 (2020) 106279 

Fig. 12. The effect of choosing different values for the Thikonov regularization 

parameter 𝜆2 on the result is shown for a fixed L and 𝜆1 . The curves were deter- 

mined by calculating the maximum values over all measurement configurations 

(different laser line widths and laser pulse lengths). 

Fig. 13. The reconstruction quality is plotted over the laser pulse length for 

different laser line widths after using Block-Elastic-Net. In addition, the mean 

over all laser line widths is shown. We determined the reconstruction quality 

values by calculating the maximum rq value over all variations of 𝜆1 , 𝜆2 and L 

using Block-FISTA within the IJOSP approach. 
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Fig. 14. Investigation of the influence choosing different post-processing pa- 

rameters within the Block-Elastic-Net routine on the reconstruction quality 

(shown in colors). We calculated the mean rq value over all experimental config- 

urations. The 10 x in the y-axis labelling indicates a semi-logarithmic illustration 

of the data. 
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e obtain clear peaks as shown in red in Fig. 9 which results in a high

econstruction quality. 

To compare the results from Block-FISTA with Block-Elastic-Net, we

erformed the same parameter studies again. Before showing the results,

ome different results using Block-Elastic-Net are illustrated in Fig. 12

o understand the following discussion. 

The curves in the diagram in Fig. 12 show a high difference com-

ared to the clear peaks which result from applying Block-FISTA (see

or comparison the result of Block-FISTA in Fig. 9 ). The consideration of

he Thikonov-regularization with a 𝜆2 > 0 decreases the effect of making

he result sparse. This can be seen by increasing the value for 𝜆2 . This di-

gram shows the importance of the joint sparsity term. To decide which

lgorithm is better depends on the area of application: Block-FISTA pro-

ides clear peaks and an indication that defects exist even with defects

hich have a distance of 0.5 mm whereas the Block-Elastic-Net perhaps

etter reconstruct the defect geometries, but struggles to resolve closely

paced defects. 

In addition, the new shape of our solution curves from using Block-

lastic-Net can lead to false conclusions after calculating the reconstruc-

ion quality according to Eq. (10) since we do have a suitable number of

eaks and the curve has a high value over all absorption lines. However,

e decided to still use the calculation of the reconstruction quality value

ccording to Eq. (10) to see how the experimental and post-processing

arameters influence the quality of the result from Block-Elastic-Net. 

Fig. 13 demonstrates the effect of the experimental parameters on

he reconstruction quality 
The influence of the post-processing parameters on the Block-Elastic-

et result is shown in Fig. 14 . 

In this figure we varied the denoising parameter 𝜆1 with large dis-

ances so that we can see how important it is to take the correct 𝜆1 .

erforming these studies takes a lot of time and it is not easy to de-

ermine the right value. Although there are algorithms to determine the

est suited value such as cross validation or the L-curve method [22,23] ,

hese methods do not always provide the best suited value [24] . Apart

rom that, Fig. 14 further exhibits enhancing rq values for increasing 𝜆2 .

nfortunately, this result leads to false conclusions as explained before

ccording to Fig. 12 the curve for 𝜆2 = 0 . 1 has a higher rq value than

or 𝜆2 = 0 . 01 although the curve for 𝜆2 = 0 . 01 looks better as it indicates

etter the absorption lines. 

.2.2. Results for continuous scan 

The continuous scan measurements are much faster than the step

can measurements, but therefore hard to evaluate due to the fact that

ur heat propagation depends on the scanning velocity. 

In our studies we focused on three different scanning velocities:

 𝑠𝑐𝑎𝑛 ∈ {10 −3 , 10 −2 , 10 −1 } m/s and took again three different optics for

ur fiber-coupled laser to realize the three laser line widths as described

efore. We have adjusted the power of the laser line so that we obtain

 comparable maximum value of 5 K temperature rise. 

All the results shown in the following have been calculated by using

ne motion considering thermal point spread function 𝜙rec,cont which has

een calculated according to Eq. (6) . 

Moreover, we investigated the results generated by using Block-

ISTA as optimization with joint sparsity as a prior. The post-processing

arameters have been chosen equally to the values and ranges described

n the step scan Block-FISTA section. 

Fig. 15 shows the mean rq values over all chosen post-processing

arameters for different scanning velocities and laser line widths. 

The mean rq value tends to be higher for smaller scanning velocities

nd smaller laser line widths. However, we had a closer look and double

hecked the results by plotting some results for certain post-processing

arameters. We discovered that we are able to resolve practically ev-

ry absorption line pair with very fast continuous scanning ( 𝑣 𝑠𝑐𝑎𝑛 = 100
m/s). Fig. 16 shows the result. 

According to our calculation of the thermal LSF, one can see from

ig. 6 that the higher the scanning velocity is, the smaller will be the

hape variation of the thermal LSF. 

With a scanning velocity of 𝑣 𝑠𝑐𝑎𝑛 = 100 mm/s we obtain a step size

f Δ𝑟 = 𝑣 ∕ 𝑓 = 1 mm from one measurement to the next measure-
𝑠𝑐𝑎𝑛 𝑐𝑎𝑚 
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Fig. 15. The reconstruction quality is plotted over the scanning velocity for 

different laser line widths. In addition, the mean over all laser line widths is 

shown. We determined the reconstruction quality values by calculating the mean 

rq value over all variations of 𝜆1 and L using Block-FISTA within the IJOSP 

approach. 

Fig. 16. An exemplary plot of the result after applying IJOSP with Block-FISTA 

on the measured data from very fast continuous scanning for certain parameters: 

𝑣 𝑠𝑐𝑎𝑛 = 100 mm/s , 𝑤 𝑏𝑒𝑎𝑚 = 0 . 38 mm , 𝜆1 = 1 , 𝐿 = 2 . 1213 . 
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ent. This means that the thermal LSFs for each time stamp are quite

imilar and almost independent from each other. For these reasons we

btain clear peaks as shown in Fig. 16 . However, it should be noted that

his diagram also shows deviations in the positional accuracy for defect

econstruction. This is reasonable since the modeling of 𝜙cont is much

ore complex than modeling 𝜙step due to the motion consideration in
ig. 17. Calculated rq values for a variation of the denoising parameter 𝜆1 and 

he step size L . The rq values were determined by calculating the mean over 

ll measurement configurations regarding the variation of the scanning velocity 

nd the laser line width using the Block-FISTA within the IJOSP approach. 
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F  
cont . Using a linear table to move the specimen includes an acceler-

tion and deceleration process which complicates the exact modeling

ssuming a constant velocity for the whole process. Especially for high

canning velocities as shown in Fig. 16 , the acceleration and deceler-

tion process have a big influence since the investigated specimen has

nly a total length of 60 mm. 

For the sake of completeness, Fig. 17 shows the rq values for different

alues for 𝜆1 and L . 

Fig. 17 does not provide relevant information except for the fact that

e rather have to use high values for L and not too high values for 𝜆1 

o obtain higher rq values. 

Finally, it should be noted that we obtain similar results by using a

ime-dependent thermal LSF for all our studies in terms of continuous

canning without extracting just one LSF. We further studied that the

hoice for the velocity of the thermal LSF should be quite accurate in

rder to obtain a high reconstruction quality. 

. Conclusion 

This paper work discusses how to obtain the optimal reconstruction

uality using SR techniques based on laser line scanning. The investi-

ations were mainly focused on experimental parameters such as the

aser pulse length for step scanning, the laser line width as well as the

canning velocity for continuous scanning and on post-processing pa-

ameters such as the step size L , the denoising parameter 𝜆1 and the

hikonov control parameter 𝜆2 (see Eq. (9) ). The resolution improve-

ent is clearly given by a magnification of the SNR realized by the

ardware based optical SR and the CS based post-processing. Since the

JOSP algorithm promotes sparse solutions, we will always obtain clear

nd high SNR based signals. According to Ref. [25] an improvement

f the SNR results in a reduction of the corresponding Abbe-limit. De-

reasing the Abbe-limit makes also defects with submillimeter distance

o each other resolvable. 

Our studies show that the reconstruction quality is influenced by

ach of these methods and parameters. The optimal experimental pa-

ameters are given if the laser pulse length as well as the laser line width

re chosen as small as possible (one should pay attention that the irra-

iance is high enough to see an appropriate temperature rise) for step

canning and the scanning velocity for continuous scanning could also

e chosen relatively high to obtain a sharp shape for the thermal LSF and

herefore clear peaks according to our defects. Further, we could show

hat the optimal reconstruction is obtained by considering the spatial

roadening by the laser line width within the solution x by 𝑥 = 𝑥 𝐿𝑊 

as

escribed in Eq. (7) . The choice of the denoising parameter 𝜆1 is not

ntuitive and should be adapted to the noise level of the measurement

ata. This parameter proved to be critical and it has been difficult to

nd the parameter that leads to the highest reconstruction quality. Fur-

hermore, it could be shown that a higher value for 𝜆2 smoothens our

econstruction result. Also we could demonstrate that the effect of the

tep size strongly correlates with the choice of 𝜆1 and 𝜆2 so that all post-

rocessing parameters are connected. Continuous scanning requires an

daption of the thermal PSF which makes the mathematical model more

omplex, but outperforms step scanning in terms of measurement time

1 second vs 30 minutes). Step scanning data needs to be reduced by

ethods like extracting the maximum thermogram and eliminating the

ime dimension since the data size is too high, but benefits from more

easurements in terms of positional accuracy in the reconstruction. 

In total, our work shows that both methods - step scanning and con-

inuous scanning - are suitable strategies for our so far used SR approach

n combination with IJOSP. The combination of a single laser based op-

ical super resolution with IJOSP leads to outstanding results without

 need of laser arrays which makes this approach very attractive for

ndustrial applications. 

As an outlook, these studies encourage us to find a suitable method

o automatically calculate the investigated post-processing parameters.

inally, we are interested in testing our SR techniques on specimens
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