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APPLICATION OF WAVELET ANALY SIS AND
DIFFERENTIAL-INTEGRAL GRAPHICAL METHODS
FOR THERMOGRAMS PROCESSING IN THERMAL
NONDESTRUCTIVE TESTING
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The problem of increasing the informativeness and reliability of the results of non-destructive testing of high-tech objects of
complex structures by the active thermal method is considered. To solve this, we suggest combining the developed integral-dif-
ferential signal processing method with existing information processing methods based on the formalization of the description of
temperature fields. The stages of this transformation are considered: the formation of an operator that characterizes the tempera-
ture field that arises on the surface of the control object due to the action of thermal influence and boundary conditions associated
with its state and structure. The relations between the stages were analyzed, based on which obstacles and noises were identified
that might arise at each of them and thus limit the informativeness and probability of detecting continuity violations. The fol-
lowing sources of interference were considered: non-uniform heating of the surface of the control object and non-uniformity
of the adhesive layer under the honeycomb structure cladding. A set of methods for reducing the impact of these interferences
is proposed, including wavelet analysis, joint and differential filtering methods, integral analysis methods, decision-making
criteria, and classical image processing methods adapted to the infrared range. It has been shown that the use of these methods
reduces the interference level to 0.6 °C (instead of 2 °C). The temperature contrast caused by the different thicknesses of the
adhesive layer can be reduced to 0.4 °C (instead of 1.2 °C). Statistics obtained during thermal non-destructive testing of a batch

of honeycomb samples showed that the probability of detecting suprathreshold defects can reach 90%. 9 Ref., 3 Fig.
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Introduction. The thermal method is widely used
for non-destructive testing of critical industrial prod-
ucts, such as complex honeycomb structures used in
aerospace engineering. A thermal non-destructive test-
ing (TNDT) system usually consists of a heater (source
of thermal excitation), a device for scanning the surface
of the test object (TC), and a thermal imager (record-
ing device) [1]. Hidden defects in the TC (for exam-
ple, cracks and voids) are detected on the thermogram
obtained with a thermal imager as local areas with in-
creased or decreased temperature. A useful signal from
the defect is the local temperature contrast AT . Howev-
er, such areas also arise for other reasons not related to
defects. This may be uneven heating along the surface
of the TC, its structural inhomogeneities, etc. As a re-
sult, interference occurs that reduces the sensitivity of
TNDT systems and the probability of detecting defects.

Problem statement. In the process of TNDT, ob-
stacles arise both in the control object itself and in the
environment, and in the recording equipment. Inter-
ference can be added to the true temperature signal 7'
(additive interference 2[) or multiply with it (multi-
plicative interference M ) [2]:

u(x,y,1) =MT(x,y,r)+ A.
It is obvious that the registered signal u =7 only

if M=1and 4=0.

The best TNDT procedure is one in which the sen-
sitivity of the method is limited by the radiation de-
tector, i.c. M =1 and 4 — min . The limiting value of
the registered signal is the passport temperature sen-
sitivity of the thermal imager AT, , which reaches in
modern models 0.01 °C.

Further improvement of temperature resolution
is possible by using the accumulation method [3-5].
However, in natural conditions, air convection and ex-
ternal emitters create noise at approximately 0.1 °C,
which can be considered the temperature sensitivity
limit of TNDTs in real conditions [6]. Each type of
noise can be described in terms of temperature. There

are structural /AT, , hardware JAY_“af,p and external

str 2
noise. Using these terms for uncorrelated noise, the
signal-to-noise ratio can be determined as [7]:
AT,

J(AT, ) +(AT, ) +(AT,, )
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where AT __— hardware noise; AT, — structural

. re . str
noise; AT, ,— external noise.
When using time parameters, the equivalent time

noise can be estimated by the expression [3-5]:

AT = oT (1)
ot

External noise is created by the heat flux from sur-
rounding objects, either reflected from the object un-
der inspection or directly entering the thermal imag-
er. Sources of this noise are heaters, the sun, heaters,
electric lighting lamps, etc. Direct radiation is elimi-
nated using hoods, screens, filters, etc. The most diffi-
cult to eliminate is radiation reflected from the object
under inspection. In an active TC, the main source of
external noise is the heater. For example, during the
optical heating of metals, residual lamp radiation can
seriously distort the appearance of thermograms and
lead to incorrect estimates of defect parameters if only
temperature models of thermal defectometry are used.
Therefore, the development of methods for combating
interference characteristics of TNDTs and means of in-
creasing the level of the useful signal is an urgent task.

To accomplish the task, thermograms of a honey-
comb sample were used, obtained using an infrared
camera IRTIS-200 with the following characteristics:
spectral range of 3-5 pum, sensitivity of 0.05 °C, and
spatial resolution of 2 mrad.

The selected class of TC is characterized by such
sources of interference as non-uniform heating of the
TC surface and non-uniformity of the adhesive layer.
In order to reduce the level of each of the interferenc-
es, the following methods are proposed:

e two-dimensional discrete wavelet Meyer trans-
form and frequency filtering to reduce the level of
non-uniformity of the heater thermal field;

o differential-integral graphic image processing
methods to minimize the influence of interference
with a characteristic differential profile such as the in-
homogeneity of the adhesive layer.

Application of the wavelet analysis. The pres-
ence of interference leads to the detection of a non-ex-
istent defect, i.e. to a «false alarmy, or to the failure
to detect an existing defect. New opportunities for in-
terference compensation are provided by the use of
the wavelet analysis apparatus. Wavelet transforms
of a one-dimensional signal consist in its expansion

At.

in terms of the basis y, constructed from a localized
function (wavelet) and having certain properties of a
localized function (wavelet) through scale changes
and transfers. Each of the functions of this basis char-
acterizes both a certain spatial (or temporal) frequen-
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cy component of the signal and the localization of this
component in physical space (or time) [3].

The wavelet analysis apparatus includes a large
number of various wavelet transforms [4, 5], but in
this work we are interested in one-dimensional and
two-dimensional dyadic wavelet transforms.

It is known that a multiscale analysis algorithm has
been developed for an orthonormal wavelet basis on
a binary lattice [4]. The algorithm is based on the fol-
lowing assumptions:

e the signal space V' can be partitioned into hier-
archically nested subspaces V; that do not intersect,
and the union of which gives the space in the limit
L*(R);

e for any function s(¢) €V, its compact version
belongs to the space V,_;;

e there exists a function ¢(x) eV}, for which its
shifts @,, =@(t—k), k € Z form an orthonormal ba-
sis of the space V.

Then since the functions ¢, (f) form an or-
thonormal basis of the space, the functions
Q4 ()= 277227/t —k) also form an orthonormal
basis V.

The scaling function ¢(¢) (parent wavelet) is com-
monly called a scalable function because it creates by
@, ,(#) scaled versions of itself in the signal space.
A signal s(¢) can be represented by a set of succes-
sive approximations s;(¢) in subspaces V. The vari-
able j is called the scale factor. The signal s(¢) is the
approximation limit s, () eV, i.e. s(t)=lims, (7).
Therefore, for small j values, rough approXimations
s(t) are obtained, and for large values, more accurate
ones.

Function v € L (R) is called R-function, if for
this function the scaling functions {\y jk} form a ba-
sis, which is defined by the expression:

v, (0 =2""y@Q@ t-k), jkeZ, (1)
where — Z — the set of integers is a Riesz basis
[3, 4].That is, for the function v, there are two

constants 4, and B, , for which the condition is
fulfilled 0< 4, < B, <, then the expression

2
2 2
{Cjk}H < chﬂc‘l’jk {C/k }“
JEZL kel

is a wavelet framework and holds for any (limited by

A, <B,

a twice quadratic sum) sequence {c jk} :

2 2
fenl =X Xfeul <
JEL kel

The Riesz basis is unconditional, that is, the order
of the vectors in it can be arbitrary.
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Any localized R-function e I? (R) is called
an R-wavelet (mother wavelet or simply a wavelet)
if there exists a function \y € L*(R) for it (its pair,
twin) such that the families {\|/ jk} and {\|1 jk} , are
constructed according to (1) and:

V() =272y t—k), j.keZ,
are even bases of the functional space L (R). Here
{\if jk} — is pair of the basis {\V jk(} in the sense that the

scalar multiplication of these functions satisfies the
condition:
<‘|’jk s‘ilzm> =88,
where 8,8, are Kronecker symbols.
In the general case, the signal reconstruction at the
n-th resolution level is given by the expression:

0= 204,50, 0+ 2 D dyvi (0, ()
f=—o0 J=Jy k=0
where a; , and d;; — approximating and detailing
coefficients at the n-th level of decomposition,
respectively. They are determined by the ratios:
a,. = [ 500, (0t d;, = [ s, (Ot . (3)

The wavelet y(¢) determines the fine structure of
the analyzed signal, and the scaling function ¢(¢) is
responsible for its coarse approximation [3, 6, 7].

The pair of relations (2) and (3) defines the one-di-
mensional dyadic wavelet transform.

In the case of a two-dimensional dyadic wavelet
transform, the one-dimensional signal under investi-
gation s(¢) is replaced by a function of two variables
s(x,y), of which an image is a special case.

Then the wavelet basis also becomes a function of
two variables:

v, (V) =272y -k),

“4)

¢, (V)=27"29Q27V -k),
where V(x,y)eL*, (j.k)eL’.

. o ¥ F ___In

Thus, for image processing, it is better to use the
two-dimensional dyadic Meyer wavelet transform, which
is defined by relations (2) and (3) using relations (4).

A raster image is a discrete signal to which two-di-
mensional discrete wavelet transforms can be applied.
The proposed idea of combating interference in TNDT
by wavelet image processing is as follows. First, using
a direct two-dimensional dyadic wavelet transform, we
decompose the original image using the maximum pos-
sible number of decomposition levels. Then we equate
all approximating and detailing coefficients at this max-
imum decomposition level to zero and restore the im-
age using an inverse two-dimensional dyadic wavelet
transform. The described transformations were tested
on an infrared image using the discrete Meyer wavelet,
resulting in a significantly corrected spatial distribution
of the thermal field (Fig. 1). The proposed algorithm
implements the application of a low spatial frequency
filter to the original image and removes thermal field
variations with the largest spatial scales [6]. This does
not lead to a loss of information about defects, since
their characteristic spatial scales are usually smaller.
The criterion for selecting a wavelet transform from a
large number of wavelets was the features of the ge-
ometry of the thermal field created by the heater [8].
Taking into account the properties of the sample ther-
mogram, a discrete Meyer wavelet was selected. In this
case, it is quite smooth, and therefore was used in these
studies. The result of the processing is shown in Fig. 1.
To further reduce the level of interference, other pro-
cessing methods must be used.

The resulting contrast image (Fig. 1, c¢) allows us to
identify areas with probable locations of defects, but
their precise determination requires the use of addition-
al methods of modern image processing equipment.

Using differential-integral graphic methods of
image processing. Along with wavelet transforms,
additional filtering methods were used to increase the
reliability of control results. To eliminate certain types
of interference caused by the heterogeneity of the cel-
lular panel structure, a number of additional joint fil-
tering methods were used. The combined approach

A [el

Fig. 1. Thermogram processing: a — visible image of a sample of a honeycomb panel (CB Yuzhnoye) with carbon fiber skins and paper
filler with hidden defects of the «not glued» type; b — thermogram; ¢ — corrected spatial distribution of the thermal field
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significantly increased the reliability of the TNDT
method. If the reliability of the developed method is
considered as the probability of correct processing of
results, then it is formed as the inverse probability of
the total probability of two erroneous decisions [6]:
P =1-(R+h)/2, (5)

To increase the capacity and effectiveness of point es-
timates of risks of the first and second kind, which also
reflect the probabilities of these erroneous decisions, it
is necessary to conduct multiple experiments to check
clearly non-defective and clearly defective samples [9].

It is known that the statistical probability of a de-
fect detection event is equal to the ratio of the number
of favorable outcomes to the total number of possible
outcomes [9]:

where P(A)is probability of an event 4; m —number
of favorable outcomes to event A; n — total number
of possible outcomes. From this it can be seen that the
more accurate each individual measurement, the more
accurate the entire control, therefore it is advisable to
use an additional method of differential filtering.

To eliminate the second type of interference caused
by the non-uniformity of the adhesive layer, it is pro-
posed to use the differential filtration method [7]. It is
known that the thickness of the adhesive layer between
the honeycombs and the shell is non-uniform. It has
been established that the different thickness of the adhe-
sive layer is equivalent to a change in thermal resistance
and leads to the appearance of temperature contrasts on
the surface of the TC. Analysis of the obtained experi-
mental data showed that these contrasts differ from the
useful signal (AT caused by a defect) time dependence
AT(1). This fact was used to construct a method for
suppressing this interference by computer processing of
thermograms, based on obtaining the derivative 67/dt
as a function of the coordinate x for the interference
and for the defect containing the TC (Fig. 2).

According to Fig. 2, after processing, the difference
between these functions is easily noticeable in the nature
of the behavior of the partial derivative of the function
F, which for the signal has a positive value in the first
phase and a negative value in the second, which for the
noise has the opposite value in the corresponding phas-
es. This is the basis of the method. Signals, the partial
derivative of which corresponds to noise, are filtered.
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Fig. 2. Image of the two-dimensional dependence of the partial derivative F over time on the coordinates x and y for the original

image (a) and after processing (b)
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Fig. 3. The result of the final processing of the thermogram of the sample: a — initial thermogram; b — thermogram after processing

with detected defects
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The essence of the method is to calculate a two-di-
mensional operator, the elements of which are the cor-
responding partial derivatives with respect to time [5]:

_ a]:,’] (xa y)
n a
where T ;(x,) is element of the operator of corrected
temperatures; i,j — integers, corresponding pixel

numbers inx and y; F; ; —element of the characteristic
operator.

After calculating the operator (5), the thermogram
recovery procedure is carried out, but without signals
responsible for a certain interference. The processed
thermogram takes the form shown in Fig. 3, . Com-
parison of this thermogram with the original (Fig. 3, a)
confirms the fact that the reliability of detecting de-
fects (shown by light spots) has significantly increased
after processing [9]. At the same time, the interference
level due to the different thickness of the layers of
multilayer objects is reduced from 1.2 to 0.4 °C.

Conclusions

Experiments have shown that the use of discrete
Meyer wavelet transforms in processing the results of
TNDT of a honeycomb panel allowed to reduce the
level of interference caused by uneven heating by 2
times from 1.4 to 0.7 °C. This transformation in com-
bination with differential-integral methods allows to
significantly increase the sensitivity of the method to
detect defects such as «delamination» and «ungluingy
in honeycomb structures and other multilayer compo-
sitions. As for the interference caused by the inhomo-
geneity of the emissivity, it was possible to reduce it
to 0.6 °C (instead of 2 °C), and the temperature con-
trast caused by the different thickness of the adhesive

layer was reduced to 0.4 °C (instead of 1.2 °C). Statis-
tics obtained during TNDT of a batch of cellular sam-
ples showed that the probability of detecting suprath-
reshold defects can reach 90%.

The use of the above methods creates all the pre-
requisites for moving from an individual method of
defect identification in production to an automated
one based on appropriate technical means.
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BUKOPUCTAHHS BEVBIIET-AHAJII3Y TA JU®EPEHIIAJIbLHO-IHTET PAJIbBHUX
'PAOIYHUX METOMIB VST OBPOBKU TEPMOI'PAM V TEIINIOBOMY
HEPYUHIBHOMY KOHTPOJII
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Po3nstHyTO TpoGIeMy MiBULIEHHS iH)OPMATHBHOCTI Ta IOCTOBIPHOCTI PE3y/IbTaTiB HepyHHIBHOTO KOHTPOIIO BUCOKOTEXHOIOTTYHIX
00’€KTIB CKJIAJIHOI CTPYKTYPH aKTHBHHUM TEILIOBUM MeTonoM. It ii BUpIIIeHHS 3alpoIiOHOBaHO BUKOPHCTOBYBATH KOMOIHAIIii po3-
PpoOneHux iHTerpanbHO-IH(pEePEHIIaTBHIX METOIIB 00POOKH CUTHAIIIB y CYKYITHOCTI 3 ICHYFOUMMH MeToaMu o0poOKH iHdopMarlii,
3aCHOBAaHMMH Ha (hopMaJtizaLlii OrMcy TemreparypHHX MojliB. PO3MISIHYTO eTary [bOro mepeTBOpeHHs: (hopMyBaHHS OIEpaTopa, sIKUi
XapaKkTepH3ye TeMIIepaTypHe II0JIe, 1110 BUHUKAE Ha MOBEPXHi 00’ €KTa KOHTPOITIO BHACIIIOK Jiii TEIUIOBOTO BIUIMBY Ta IPAHIMYHUX YMOB,
TIOB’$I3aHUX 3 OTO CTAHOM Ta CTPYKTYporo. [ [poananizoBaHO 3B’3KK MK eTariamMH, Ha MiJCTaBi YOTO BHSBIICHO TIEPEIKON Ta IITYMH,
SIKi MOXKYTb BHHUKATH Ha KOXKHOMY 3 HUX 1 TAKMM YHHOM OOMEXyBaTH IHQOPMATHBHICTb i BIPOTiAHICTh BUSBJICHHS MOPYIIEHb CYLIIb-
HocTi. J1st po3misiy NpUHHATI TaKi pKeperta NeperIko, sSIK HeOTHOPITHICTh HarpiBaHH MOBEpXHi 00’ €KTa KOHTPOITIO Ta HEOHOPIHICTh
KJICHOBOTO IIapy IIiji OOIIMBKOIO COTOBOI CTPYKTYPH. 3alPOIIOHOBAHO KOMILIEKC METO/IIB 3HIDKEHHS BILTHBY IIMX TIEPEILIKOL, CEPeT SIKUX
BEHBIIET-aHAITI3, METO/IM CHUIBHOT Ta AM(epeHIiiaabHOT (UIBTpaLLii, IHTerpabHi METOM aHaIi3Y, KPUTEPIl IPUIHATT PillieHb 1 KIIACHYHI
MeTo 00POOKH 300paKeHb, SIKi aJIalITOBAHO JI0 iH(ppauepBOHOTO JTiana3oHy. [loka3aHo, 110 3aCTOCYBaHHS BKA3aHHX METOIIIB 3HIDKYE
piBens nieperxonu 10 0,6 °C (3amicts 2 °C). TemriepaTypHUi KOHTPACT, BUKIMKAHUN Pi3HOTOBIIMHHICTIO KJICHOBOTO IIapy, BAAETHCS
3mennmtH 10 0,4 °C (3amictsb 1,2 °C). CrarrcTika, siKa OTpHMaHa Py MPOBE/ICHHI TEIIOBOr0 HEPYHHIBHOIO KOHTPOJTIO MAPTIl COTOBUX
3pas3KiB, IOKa3aJa, IO BiPOT1IHICTH BUSBICHHS HAAOPOTOBUX eekTiB Moyke pocsratn 90%. bibmiorp. 9, puc. 3.
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