UDC 004.932 https://doi.org/10.15407/vidbir2020.48.079
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The method for visualization of details on the image of the still fracture surface of impact testing
specimen on the base of the series of optical microscope images with the small focus depth is
proposed. A series of images of a still object was obtained by successive change of the distance
to focal plane with a certain fixed step. The local contrast maximum principle was applied to
images in the sequence for construction of aggregated all-in-focus image. A level map was
formed from the indexes of the image in the series, which at certain pixel indicates the most
probable distance to the corresponding point of the object. The Chebyshev best approximation
was used for estimation of the height of the relief to provide better 3-D visualization of a three-
dimensional image of the fracture surface. The area of fracture surface was estimated by train-
gulation of alpha shape.

Keywords: shape from focus, local contrast, 3D fracture surface, best Chebyshev approximation.

3D BI3YAJII3ALISI TIOBEPXHI 3JIAMY 3A CEPIEIO
PI3BHOPIBHEBUX 30BPAKEHb

O. P. beperyasik, P. A. BopooeJnb, I. b. IBacenko, I'. B. KpeukoBcbka,
0. 3. Crynenr, I'. M. Hukudopuun

®dizuxo-mexaHiynui iHcTuTyT iM. I'. B. Kapnenka HAH Ykpaiun, JIbBiB

3anporoHoBaHO MeToJ hopMyBaHHS (pakTorpadiyHOro 300paXKeHHs 31aMy CTaJeBOTr0 3pa3ka,
BUNPOOYBaHOTO HAa yAapHY B’SI3KICTh, Ta Bidyauli3auii enemMeHTa Horo moBepxHi 3a cepieto 300-
pakeHb MaJIol ITMOWHM Pi3KOCTi, OTPUMAHMUX 3a JOMIOMOT'OI0 ONITHYHOT0 Mikpockorna. Cepiro 300-
pakeHb HEPYXOMOTO 00’€KTa OTPHIMAHO MOCTIJOBHOO 3MiHOIO BiJICTaHi 10 (POKAIBHOI IUIOIIH-
HU 3 IEBHAM (iKCOBaHMM KpOKOM. Maja rmmbuHa pi3KOCTI YHEMOKIIHBIIOE OTPHUMAHHS Pi3KO-
ro 300pakeHHs HETUIOCKOTO TPUBHMIPHOTO 00’€KTa. ArperoBaHe 300pakeHHs MoOyIOBaHE Ha
OCHOBI BHOOPY ONTHYHOTO 3pi3y (YiTKOi YaCTHHM) KOKHOTO 300paXKeHHS cepil 3 ypaxyBaHHAM
KPHUTEPII0 MAaKCUMYMY XapaKTEPUCTHUK JIOKAIbHUX OKOJIB, 1[0 OMUCYIOTh YiTKICTh, a caMe CTe-
MIEHEeBOT0 KOHTpAacTy. Bubip cTeneHeBoro KOHTpacTy 3yMoBieHu Horo amantuBHicTio. Cdop-
MOBAHO KapTy PiBHIB 3 HOMEPIiB 300pakeHHs 31 cepii, 10 JJIsI KOXKHOTO TiKCceTa BKa3ye HalBi-
POTiHILIY BiICTaHb /0 BiAMOBIAHOI TOUKH 00’ €KTa. 1151 MOOYI0BU MPOCTOPOBOT MOz 00’ €K-
Ta KOOPIWHATH Ha TUIONIMHI 00YMCIICHO 32 PO3AUIHHOIO 3aTHICTIO 300pakeHb Ta 3a 301IbIIeH-
HSl ONTHYHOTO MIKPOCKOTIA, a BUCOTY OIIIHEHO BiAMOBITHO 0 (POKYCHOI BifCTaHI 300paKeHHS
MOCJTiTOBHOCTI BIATIOBITHOTO HOMepa KapTH piBHIB. [lig 4ac OLiHKM BHCOTH IS Bi3yamizamii
TPUBUMIPHOTO 300pa)KCHHS TIOBEPXHi 3aCTOCOBAHO YEOHIIOBCHKI HAOMIKEHHS, 1[0 J]AJI0 3MOTY
Kpallle BiATBOPUTHU MOBEPXHIO 31amy. [1101y moBepxHi 31aMy OIiHEHO Ha OCHOBI TPHUAHTYJIs-
uii anpga-popmu. HaBeneHo npukiiag 3acTOCYBaHHs 3alpOIIOHOBAHOTO METOY AJIsI TOOYI0BH
arperoBaHoro 300paxeHHs, popMyBaHHsI KapTH PiBHIB Ta Bi3yasizauii HOBEpXHi 37aMy CTaii
JIONATKH MapoBoi TypOiHM 3a cepiero 300pa)keHb, OTPUMAHHX 3a JOMOMOTOI0 ONTHYHOTO MiK-
pockorra NEOPHOT-21 3i 36umsmenssm 500 ta kpokom 1 MkM. [IpoaHamizoBaHo mpoOiemMu
3pOCTaHHS 4Yacy ONpAIfOBaHHS JaHWX Ta 30UIbIICHHA iX 00°€My, SIKi BHHHUKAIOTH Wi 9ac Bij-
TBOpeHHS 3D MOBEPXOHB 371aMiB BEITMKHX PO3MIpiB.

Kawuosi caoBa: ¢opma 3 poxycy, roxkanvruii konmpacm, 3D noeepxua snamy, Haiikpawa
4eOUUOBCLKA aNPOKCUMAYIS.
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Introduction. Reconstruction of high-quality images of three-dimensional objects
is very important for assessing the real shape of destroyed elements (in particular, the
operating surfaces of fractures of elements of important structures such as blades and
disks of rotors of thermal power plant steam turbines, elements of the drill strings,
damaged sections of gas and oil pipelines, etc.). This is necessary for comparing them
with original shape and analyzing the loading circuits of these elements, which led to
their failure. However, even more important is the reconstruction of the surfaces relief
of the fractured elements, which is necessary to establish the fracture mechanism of
failure and the causes of its occurrence as a basis for choosing an action program to
prevent such damage in the future. The scanning electron microscope provides a detailed
and clear image of fracture surfaces and the experience of reconstruction of fractographic
images provides good opportunities for quantitative assessments of the defining elements
of such images [1]. In particular, its use made it possible to build the correlation de-
pendence between the fractographic features of the failure of steels operated on gas
pipelines and current value of their impact toughness [2—4]. But such a microscope is
expensive and often inaccessible to the staff operating such facilities. At the same time,
the optical microscope is used by almost all metallographic laboratories at energy, gas
and oil production and pumping enterprises. Unfortunately, this microscope has a
drawback — a shallow depth of field, due to which it is impossible to obtain a clear image
of a non-planar three-dimensional object. In this regard, it is advisable to use image
processing methods to form two-dimensional image aggregated from all images of
series and restore the three-dimensional surface of the object of observation [5].

In addition, a three-dimensional reconstruction of the fracture surfaces will make
it possible to estimate their area, which is important for electrochemical studies. The
cycle of electrochemical studies [6-7] is carried out using not ordinary polished speci-
mens with a known area, but also using fracture surfaces, the areas of which are unknown.
It was shown that the sensitivity of electrochemical parameters to degradation of steels
during their long-term operation on gas pipelines determined on the surfaces of frac-
tured specimens is much higher than on the conventional polished samples. However,
this did not take into account the actual areas of the fracture surfaces, which also depended
on the degradation degree of the steels. After all, the current density determined in such
studies depends on the surface area of the metal in contact with the corrosive-active
environment. Consequently, the estimation of the actual fracture area of the specimens
by their reconstructed surface using 3D modeling, opens up prospects for the creation
of a highly sensitive method for monitoring the real technical state of steels during
long-term operation using electrochemical studies.

One of the approaches is to use a series of multi-focus images of shallow depth of
the field of a stationary object, obtained on optical microscope by changing the focal
length [8]. The idea of the method is to establish a criterion for selecting a clear part
(the so-called optical slice) of each image and to form the original image from the optical
sections of the image sequence. The relief height is estimated according to the focal
length of an individual image from sequence in order to build a spatial model of an object.

Gaganov and Ignatenko [9] formulated a shape from focus problem in a Bayesian
framework using Markov random fields (MRF). Their method can produce stable depth
estimates in non-textured regions. The 3D model of the scene is found as a minimum
of the MRF energy function. This energy function combines sharpness cues taken from
images and smoothness priors on reconstructed surface shape. Enforcing smoothness
priors allows their algorithm to produce stable results in poorly exposed, non-textured
and highlighted regions.

Aydin and Y. Akgul [10] proposed a new focus measure operator for Shape From
Focus to recover a dense depth map of a scene. Their method can handle depth discon-
tinuities and edge bleeding by using adaptively shaped and weighted support windows.
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The weights of the support windows are selected according to similarity and proximity
criteria. This method has high computational complexity due to the need to calculate
the weights for the support windows.

A new focus measure that more reliably measures the degree of focus was
proposed in [11]. By setting a gap and viewing pixels that are farther from the pixel of
interest, the filter can detect more informative pixel values. The disadvantage of this
method is the quantization effect.

A sum-modified-Laplacian operator developed to provide local measures of the
quality of image focus was proposed in [12]. The author developed a model to describe
the variation of focus measure values due to defocusing. The Gaussian interpolation is
used for focus measure values and depth estimates.

A combination of depth from focus and depth from defocus approaches was pro-
posed in [13]. Authors calculated defocus distance by depth from the defocus method.
Then this result is used as a search step in searching the stage of the depth from the
focus method. Experimental results show that the method efficiency is at least 3-5 times
higher than that of the traditional DFF method. However, an inaccurate estimation can
directly affect the searching efficiency or lead to focusing failure.

Pertuz and Puig [14] analyzed focus measure operators for shape-from-focus. They
experimented with gradient-based, Laplacian-based, wavelet-based, statistics-based,
discrete cosine transform-based and miscellaneous operators that do not belong to any
of the previous five groups. The root mean square error (RMSE) has been used as a
quality measure for the comparison of the performance of different focus measure
operators. Experiments showed that Laplacian-based operators had the best overall
performance in normal imaging conditions.

Pertuz et al. [15] experimented with image fusion for combining images captured
with different camera settings to yield a higher quality all-in-focus image. The proposed
algorithm includes focus measure, selectivity measure and image fusion. It was per-
formed on gray-scale images and can be extended to color images by applying the
fusion rule independently to each color plane.

An analysis of the state-of-the-art of research shows that the creation of new methods
for three-dimensional surface visualization using microscope image processing, based
on the "shape from focus" approach, is an important task at present.

The proposed method. Let {I,}\; be the series of images with the small focus

depth, where n=1, N is index of image in series, N is number of images in series, I,(i, j)

is intensity of pixel with coordinates (i, j) on the n™ image (i€l N1, jel, N2
N1x N2 isthe size of image), | is resulting aggregated image.

For every coordinate (i, j) the index of image in series is chosen to best fit the
distance to the corresponding point of the object. The maximum principle of local
window characteristic is the criterion for image index choice. This characteristic should
describe sharpness. Dispersion of gradient module, contrast etc. can be selected for
such characteristic [5, 16]. We propose to use the power description of image contrast
[17], because it has a certain degree of flexibility due to the value of power:
(i, 1) = TG0, ) )
| @)

LMAX

Cn(ivj):(

where C, (i, j) is local contrast at pixel with coordinates (i, j) in n™ image, I, (i, j)

is the mean value of intensities in local window centered at (i, j) on the n™ image,
LMAX is the maximum possible value of intensities, p is power parameter.
The mathematical description of criterion for image index choice is the following
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R(i, j) =argmax(C,(i, j)), n=1N 2

The map of levels R is constructed by assignment to R(i, j) the index of image
in series that has maximum local contrast value at pixel with coordinates (i, j) .

The aggregated image is formed by assignment to pixel with coordinates (i, j)
the intensity of pixel with the same coordinates (i, j) at image of series in which the
maximum of local power contrast (1) is achieved

LG, ) =Trg,p (@, ). @)
The height h(i, j) estimation for 3D visualization of fracture surface should be

accomplished taking into account the index of image with maximum local contrast
R(i, j) and height coefficient Kk :

h(l’ J) - R(l, J) ' kh )
the height coefficient k;, is set by the step of focal length change for the series of images.
While the image in series is taken with this certain step of focal length, it is possible
that real height is between two consecutive steps of focal length. Therefore, for the

estimation of the height we propose to use the best Chebyshev approximation [18] as it
minimizes approximation error. The height is calculated as the value of abscissa at the

vertex of the parabola P(x) = Ax? + Bx + C that approximates seven values

Y ={y}={C, (i, j), m=R(, j)-3:R(, j) + 3}

the maximum value of contrast and three closest values from the series on the right and
on the left:

max|y(x) = P(x)| = minmax|y(x) ~U () @

where

V ={U |U(x)=ax’*+bx+c}, X =R(,j)-3:R(,j)+3.

Then the height is estimated with the parameters of parabola calculated by the best
Chebyshev approximation

(i ) = K (5)

The 3D visualization of steel fracture surface is performed with estimated height values (5).

The area of the fracture surface is estimated by alpha-shape triangulation [19].
The alpha-shape creates a bounding volume that envelops a set of 3-D points with the
usage of alpha radius — the smallest radius of the alpha sphere that sweeps over the
points enclosing all of them to create the alpha-shape. The area of such alpha-shape
created on the set of points {(u(i, 1), v(i, J), hi, j))| iel,N1 jel N2} is taken for
estimation of the area of steel fracture surface. Here u and v coordinates on the plane
are estimated based on the image of the length standard taking into account resolution
of images and microscope magnification and height h is approximated by the proposed
method described above (4)—(5).

Experimental results A fracture surface of the specimen fractured during impact
tests from the 15X11M®A steel of steam turbine blades was used for research. Using
an optical microscope NEOPHOT-21 at a magnification of 500, a series of 18 images
with a shallow depth of focus with a resolution of 300 dpi and size 531x551 pixels was
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obtained. The step of changing the focal length was chosen equal to 1um. The obtained
series of images is shown in Fig. 1.

Fig. 1. Series of images of the steel fracture surface with the small focus depth
obtained by optical microscope NEOPHOT-21 with 500 magnification through focal
length change with a step of 1 um.

The map of levels R and aggregated image | for series of images in Fig. 1 calcu-
lated by the proposed method (2)—(3) based on local power contrast (1) with p = 0.8 are
shown in Fig. 2 (a) and (b) respectively.

The 3D visualization of steel fracture surface by the proposed method (1)—(5) for
series of images from Fig. 1 is shown in Fig. 3. For more realistic visualization the post
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processing by average smoothing in sliding window of 3x3 was applied. Based on the
image of the length standard taken at the same resolution (300 dpi) and optical micro-
scope magnification (500) the coordinates on the plane are estimated to have the dis-
tance between two adjacent pixels equal to 0.2 um. The height is estimated by the pro-
posed method (4)—(5), taking into account that focal length change of image series was
setto 1 um. The area of such fracture surface is estimated by alpha-shape triangulation.
Direct estimation gives the surface area value equal to S = 0.029 mm®. However, the
problem of reliability of quantitative estimation of surface parameters remains the
subject of further investigations. The resolution of the used optical system is the basic
component of estimation. It determines the spatial distinction of the surface relief.

e BTk

Fig. 2. The map of levels R (a)
and aggregated image | (b) calculated
by the proposed algorithm
for series of images in Fig. 1.

The carried out experiment on 3D visualization of the steel fracture surface revealed
a number of problems to be discussed. The first one is that in case of small difference
in local contrasts of some pixel in all images of series, it is impossible to estimate credibly
the surface height at this point. Such point on fracture surface with high probability
doesn’t belong to focal plane of any image in series. The second problem is connected
with possibility of reconstruction of the overall fracture surface of investigated sample
at once. Fig. 3 demonstrates the relief of the surface with height range of 0.02 mm. The
construction of the surface relief with a wider range of height causes registration of
images with significantly bigger size on the one hand, and bigger amount of data on the
other. The time of acquisition of experimental data is growing. It makes difficult to
satisfy the requirements of minimization of motion influence of the image registration
system on the base of microscope. The time of data processing is also growing.

600
/ 600

Fig. 3. The 3D visualization of the fracture surface by the proposed method, based on the series
of multi-focus images from Fig. 1. (i, j are pixel coordinates, h is estimated height).

CONCLUSIONS
The method of 3D visualization of the steel fracture surface based on the series of
multi-focus images is proposed. The Chebyshev best approximation is used to estimate
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the relief height of the surface and provide good 3-D visualization of the fracture surface.
The local power contrast is used as sharpness feature estimator at pixel by images in
series. For more realistic visualization the average smoothing is applied. The surface
area is estimated by standard procedure for alpha-shape. The example of the method
application to a series of microscope images is presented. The results of investigation
approve the perspective of further development of the proposed approach.
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