IMAGE PROCESSING AND PATTERN RECOGNITION

UDC 681.78 https://doi.org/10.15407/vidbir2019.47.054

54

THREE-STEP ELECTRONIC SPECKLE PATTERN INTERFEROMETRY
METHOD WITH ARBITRARY PHASE SHIFTS OF REFERENCE WAVE
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The method of three-step electronic speckle patteanferometry (ESPI) with arbitrary phase
shifts of a reference wave is proposed. This methaeb not require the calibrated phase shif-
ting techniques, which are necessary for recordpegkle interferograms (Sl) with fixed phase
shifts by conventional temporal ESPI methods. Intast to the two-step ESPI method with
blind phase shift of a reference wave, the propdkesk-step method does not use the time
consuming procedure of the reference and objecevimensity distribution recording. So, to
retrieve the phase map of surface displacemernssptbthod uses only three SI before applying
the load to the studied specimen and three SI afiplying the load. The proposed method is
faster than aforementioned two-step method, bectesintegrating bucket approach can be
used for its realization.

Keywords: electronic speckle pattern interferometry, arbiygshase shifts, surface displace-
ment, phase map.

METO/] TPUKPOKOBOI EJJEKTPOHHOT CHEKJI-IHTEPC'I.)EPOMETPIT
3 JOBIJIBHUMH ®A30BUMHU 3CYBAMMU OIIOPHOI XBUJII

JI. I. MypaBcekuii
®iznko-mexaniynuii iHcTuTyT imM. I'. B. Kapnienka HAH Ykpainn, JInBiB

3anpornoHOBaHO METOJ TPHKPOKOBOI €IeKTpoHHOI crieki-intepdepomerpii (ECI) 3 noBinbHIME
(ha30BUMH 3CyBaMH OTMOPHOI XBUIII AJISl BIATBOPEHHS IOJI IEepeMilleHb MOBEpXHi 00’ €kTa 10-
ciijpkeHb. BiH He BUMarae BUKOPHUCTaHHS KaaiOpoBaHMX (ha30BHX 3CyBiB OMOPHOI XBHUII, HEOO-
XigHuX s peectpauii cneki-inrepdeporpam (CI) tpapuuiinumu Metogamu dazoscysHoi ECI.
Ha Bigminy Bix nBokpokoBoro meroxy ECI y npornoHoBanoMy BincyTHs motpeba y peectpariii
PO3IIOAITY IHTEHCHBHOCTEH IIPEIMETHOI Ta ONOPHOI XBIIIb. METO/ TakoXk Mae IepeBart Hopis-
HSHO 3 TPHKPOKOBUMHU Merofamu y3aranbHeHoi ECI 3 HeBimoMumu ojxHakoBuMH (ha3oBHMH
3cyBamMHd. Y LHX METOJax BiHIMaoTh Bif 3apeectpoBanux Cl ycepeanenuii GpoH, KU MiCTUTD
BHCOKI IIPOCTOPOBI YacTOTH, HPHYOMY YacTOTHHII cHEeKTp (OoHYy MOXKe CYTTEBO 3MIHIOBaTUCH
ITiCIIsT IPHUKIIaJaHHs HaBaHTaXKEHb 10 00’ €KTa, II0 BHOCHTH JOJATKOBI IIOXHOKH y BIATBOPEHY
¢aszoBy mMany nosist iepeminieHb. CyTh METOy MOJITa€e y NPsIMOMY BH3HAUCHHI KyTiB (a3oBux
3CyBIB OIIOPHOI XBHIII B iHTEpdepoMeTpi 3a JOMOMOT0IO T. 3B. KOPEILILIHHOTO MiJX0y IMIIIXOM
obumcneHHs KoeginieHTa mapHoi Kopersii Mix aBoMa 3apeectpoBaHuMy Cl, oCKiIbKH iX MOXKHA
pO3rIIsIIaTH SIK LEHTPOBaHi 6araTOBUMIpHI BEKTOPH, KOMIIOHEHTH SIKMX € BiIHOCHHUMH iHTEH-
CHBHOCTSIMH IIIKCENIB y NU(GPOBUX 300paxkeHHAX X iHTepdeporpam. Komir rorepHe Mozenio-
BaHHS CHCTEMaTHYHUX ITOXHOOK OOUMCIEHHs (ha30BHX 3CYBIiB 3a JIONOMOT00 KoedillieHTa map-
HOI KOpesiLil MoKa3ao, Mo i MOXUOKH 3MEHIIYIOTHCS 31 301IbLICHHSM LIOPCTKOCTI MOBEPXH.
A ockineku yci merogn ECI npunarthi nume a1 ONTHYHO MIOPCTKHX IIOBEPXOHb, TO KOPEIs-
niitani migxin epexrusnimmit s ECI, Hik Meroqu dasoscyBHOI iHTepdepomeTpii st Bix-
TBOPEHHSI ONTHYHO TJIAIKUX IOBEPXOHb MarepiaiB. Y metozi 3a Tppoma Cl 3 nmomnepenHbo 00-
YHUCJICHUMH JIOBUTEHUMU (ha30BHMH 3CyBaMH ONOPHOTO IIPOMEHSI BU3HAYAIOTh PI3HUMIO (a3 y
KO’KHOMY HiKceni ABOX (pa30BHUX MaI MOBEPXHI JO 1 MiCJIs IPUKIIQaHHs HaBaHTAXXEHHS, po3pa-
XOBaHHUX 3a 3apeectpoBaHuMu Cl. B pesynbrari oTpuMaroTh mykany $a3oBy Mary JBOMipHOTO
OIS TIepEeMIIIeHb OBEPXHi ITiCIIs MPUKIIalaHHs HaBaHTa)KeHHS. MeTox 1ae MOXKJIMBICTD IIJIaB-
HO 3MIHIOBATH (ha3y OIOPHOTO MPOMEHS IS 3abe3nedeHHs BUCOKoI mBuakocTi peecrpamii CI.

KumiouoBi ciioBa: enexmponna cnexa-inmepgepomempis, 008invhi ¢azosi 3cysu, nepemivyenis
noegepxni, pazoea mana.
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Introduction. Electronic speckle pattern interferometry (ESP&chhiques
became efficient tools to study the deflected mofdgtructural materials and members
[1, 2]. The conventional phase-shifting ESPI teghes are based on given exact phase
shifts of a reference wave. Obviously, phase shiftaultiples ofr/2 or equal to &/N,
whereN is an integer [1, 2], are the most widespread a@ribam. In order to realize
these techniques, calibrated phase shifters shHmildsed to obtain the given or the
same arbitrary phase shifts and to generate netthes three speckle interferograms
(Sls) for each fixed studied surface state, wheadé to labor-consuming procedure of
displacement field retrieval.

One of possible solution of this problem consistgpiioducing series of speckle
interferograms differing by arbitrary phase shiffsa reference wave. For example,
some phase-step methods used two fringe pattethsui shift for initial and defor-
med surface conditions [3, 4], though such shiftsutd be produced by a calibrated
phase shifters. On the other hand, Sesselman amsh{Bes [5] proposed the technique,
in which any given phase shift except those closa inultiple ofrt, can be used. But
this technique also demands implementation of iareaed phase shifter to provide the
predetermined phase step. Another method of two{st@se-shifting ESPI with blind
phase shift of the reference wave was proposedadde the full-field retrieval of a
surface displacement map by producing only twodblisitial and deformed surfaces
and two similar Sls differing by blind phase shifta reference wave [6]. It can be
implemented for phase shifts ranging from Ortan contrast to the two-step phase-
shifting technique with small unknown phase shié. & 173) [7]. This method realizes
recording of two Sls before deformation of the sddsurface, namely, the initial SI
si(k, 1) and Slsy(k, I) with the reference wave shifted on an arbitrarglaa, and two
Sls after the surface deformation, namelys{, 1) without phase shift of a reference
wave and Sky(k, I) with phase shift of the reference wave on theesanglea, where
k, | is the image pixel coordinate. The spectral andetation approaches to the blind
phase shift extraction were used in this methodieNbat the correlation approach
applied to the two-step ESPI technique was adopted the two-step phase-shifting
interferometry technique with blind shift of a reface wave developed by Muravsky
et al. [8, 9]. However, to eliminate the backgrowamd retrieve the searched displace-
ment phase map by these techniques, it is necessaegord additionally the spatial
distributions of the reference and object wave.

In this paper, we propose the new method of three&SPI with arbitrary phase
shifts, which excludes recording of a reference @jdct waves to eliminate the back-
ground. The correlation approach is used to caleulaknown blind phase shifts in
this method.

Method of three-step ESPI with arbitrary phase shifts. Let's consider three Sl
of the structural material optically rough surfaarea. These Sl are recorded before
applying the load or at the intermediate stagavafling. Sls are recorded in two-beam
interferometer with a normal incidence of the obje@ve on the studied target.
Twyman—Green or Michelson interferometers can kel dsr this purpose. Each Sl
differs from other Slis only in an arbitrary phasétsrelative to the object wave, and
the initial phase of the reference wave in thet {85 is zero. Therefore, the spatial
distribution of these Sls recorded by computerlmaexpressed as

iy (k,1) =1 (k,1)[1+V (k1) cosp k,1)]
ip(k, 1) =i" (k, {14V (koW & | rag} 1)
i3(k,1) =i (k, {14V (k1) codw ik, 1)+ agy ]}
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wherei'(k, I) =iq(k, I) +i;(k, 1) is the background intensity distribution repraésdras a
sum of the object and reference beams intensitiespectively, V(k,I) =

_ 2l &)

iO(k!|)+ir(k!|)
rough surface before deformatidg,l are the pixel numbers in digital speckle inter-
ferograms recorded by a computer, angd as; are the arbitrary (blind) phase shifts of
the reference wave relative to its initial positigith a phase equal to zero.

If the arbitrary phase shifts,; andas; are unknown, the set of equations (1) can’t
be solved. In order to find these phase shiftscareuse the correlation approach pro-
posed and developed by Muravsky et al. [8, 9]. Aditg to this approach, phase
shifts are calculated using pair correlation betwse Sls, that is

([ = Gate) ik 1) -6 ) )

05 = arcms : )
O, (,1) O, (k 1)

([, = {iate D) J[ia 1) = 1))])

O3 = arcms , 3)
0i, (k1) Oi5k 1)

is the fringe visibility,p(k, 1) is the spatial phase distribution of the

where o 1y, Oi,(k,1)» Oiy(k,1) are the RMS of the intensity distributions in &(&, ),

io(k, 1, i3(k, 1), respectively.
After deformation of the studied specimen, thensity spatial distributions of
three Sls can be written as

i4(k,l):i"(k,I){1+V’(k,l)cos[qJ(k,I)+A¢(k,|)]}
i5(k,|)=i"(k,|){1+V'(k,|)co{q;(k |)+A¢(k,|)+a54]} , )
ig(k,1) :i"(k,I){l+V'(k,I)cos{L|J(k,I)+Aq>(k,l Y+ 0(64]}
wherei"(k, 1) = i'o(k, I) +i/(k, I) is the background intensity distribution aihgk, 1) is

2\Jig K1), K1)
ok, +i kI)
is the fringe visibility after applying the load@(k, 1) is the searched spatial distribu-
tion of the displacement phase map in each pix¢hefstudied surface area, amg,
Oeq are the arbitrary (blind) phase shifts of the mefiee wave relative to its initial posi-
tion with a phase equal to zero. As in the coneeati ESPI [2], we suppose that spa-
tial distribution of the surface phaggk, |) before and after applying the load remains
unchanged due to the absence of the surface nliefareanges.

The arbitrary phase shift anglag, andog, are determined in the same way as
angleso,; andag; that is

([iatk. = (i) Jlisk D) =G sk 1)])

Oy =arccos : 5)
Oiy(k,1) Ois(k 1)

([iat)) =(ia0D)][i s 1) =G ok 1))])

Oggq = arccos , (6)
Oiy(k,1) Oig(k 1)

the object wave intensity distribution after apptyithe loadV'(k, 1) =

where i, 1), Oi 1)+ Oigk,)) are the RMS of the intensity distributions in Sls
ia(k, D), is(k, 1, ie(k, 1), respectively.
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In order to find the searched displacement phasé &d(k, ), it is necessary to
extract the phase surfaggk, 1) before deformation from the set of equationsafid to
extract the phase surfaap(k, I) + Ad(k, 1] after deformation from the set of equations
(4). With this purpose, we transform the sets ofé¢hequations (1) and (4) into sets of
two equations omitting the pixel coordinatksl) for brevity, that is

i2 _i’ — COS(lIJ +G21)

=C0S0,q — tanp sim 5

i =i’ cosy
i1 i cos(y+ag) ’ (7)
37 _ 31) _ .
= = -t
i, —i' cos COSO 31 — tany sim g
i —i" cosy+Ap+a '
ij i Séoﬁ(lumcp)m) = costg ~ tar{y + Ag)sinas, o
i —i" cosy+Ap+a '
=i 3::(os(w +A¢)64) = costigy = tar(y + Ad)sind e,
Solving the systems of equations (7) and (8) wepect to phasg, we obtain:
-_4a
tanp=-—=, )
by
where
b = (il - iS)SinG 7t (i 5=l ]) sina 3,
¢ = (ip—ig)+(ig=iq)cosa y+(i - ) cost g,
and
tan(y +A¢) = _L (10)
b
where

b, =(is —ig)sinas,+ (i 5=i 4 Sinat g,

¢, =(i5 —ig) +(ig—i 4)COSU 54+ (i 4= 5 COM ..
Thus, the wrapped phase mAp(k, 1) of the displacement phase field in each
(K, I)th pixel of the optically rough surface is given as

ad (k1) =[w(k, 1)+ (k.1)]-w(k,I)

= arctar{— z E:z :ﬂ - arctaE— ;E :z :ﬂ : (11)

The obtained wrapped PM can be considered asrtesfage of the displacement
field retrieval. A flow graph of the first stage tife method implementation is shown
in the figure. This stage is completed by the eetrl of a wrapped PM(k, 1) with a
phase range adjustment ta < [Adu(k, I)] < 1t To carry out this adjustment, we jump
from the final valuesqy/b;) and €,/by), which are the input parameters in equation
(11), to two pairs of input parametexs b, andc,, b,, that are the functions of the sine
and cosine values, respectively. This jump camiggemented by using, for example
the “atan2” function [10]. Retrieval of a final PMf the studied object from the
wrapped PMA,(K, ) can be finished by the standard unwrapping proeed
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Recording of iy, iy, i3 Recording ofiy. is, ig

¥ ° 4 X

Extraction of ay; Extraction of o3; Extraction of asy Extraction of ogy4
\ Y N v
Calculation of b; and ¢4 Calculation of b, and ¢,

° ¢

Ag = arctan(—c,/b,) — arctan(—c,/b;)

v

Phase range adjustment to —t < Ap <7

Flow graph of the proposed method.

CONCLUSION

The new method of three-step ESPI with arbitrargsehshifts of a reference wave
is proposed. In contrast to the similar two-stef? E®@ethod [6], this method does not
require registration of spatial distributions o€ treference and object waves to elimi-
nate the background. In this method, the systenatiors for calculation of blind
phase shift®i,;, 03, andasg, 04 do Not exceed similar errors for the aforementione
two-step ESPI method. The method allows usingritegrating bucket approach [11],
due to which the speed of Sls recording before after applying the load raises.
Therefore, this method is more suitable for thé fasonstruction of in-plane and out-
of-plane surface displacements in comparison wightivo-step ESPI1 method.

1. Yang, L.; Ettemeyer, A. Strain Measurement by Thremdisional Electronic Speckle
Pattern Interferometry: Potentials, Limitationsdakpplications.Opt. Eng.2003, 42, 1257-
1266.

Sirohi, R. S Optical Methods of Measurement: Wholefield Techesqd™ ed.; Taylor &

Francis Group: Boca Raton, FL, London, New York, 2009.

Almazan-Cuellar, S.; Malacara-Hernandez, D. Two-Stepsetshifting Algorithm.Opt.

Eng.2003, 42, 3524-3531.

Yu, Q.; Fu, S.; Liu, X.; Yang, X.; Sun, X6ingle-Phase-Step Method with Contoured Corre-

lation Fringe Patterns for ESRpt. Express2004, 12, 4980-4985.

Sesselmann, M.; Gongalves Jr., A. A. Single Phase-Sigprithm for Phase Difference

Measurement Using ESHRroc. SPIE—Int. Soc. Opt. EntP98, 3478 153-158.

Muravsky, L. I.; Kmet’, A. B.; Voronyak, T. I. Two Appazhes to the Blind Phase Shift

Extraction for Two-Step Electronic Speckle Pattentedferometry.Opt. Eng 2013, 52,

101909.

Huang, Y. H.; Hung, S. Y.; Janabi-Sharifi, F.; Wang, Wu, Y. S. Quantitative Phase

Retrieval in Dynamic Laser Speckle Interferome®ypt. Lasers Eng2012, 50, 534-539.

8. Muravsky, L. I.; Ostash, O. P.; Kmet’, A. B.; Voronyak l.; Andreiko, I. M. Two-Frame
Phase-Shifting Interferometry for Retrieval of Sifo&urface and Its Displacemen@ypt.
Lasers Eng2011, 49, 305-312.

9. Muravsky, L. I.; Kmet', A. B.; Voronyak, T. |. Retwing the Relief of Low-Roughness
Surface Using a Two-Step Interferometric Method wilind Phase Shift of a Reference
Wave.Opt. Lasers Eng2012, 50, 1508-1516.

10.Wikipedia, the Free Encyclopedia. atan2. https.Wipedia.org/wiki/Atan2 (accessed Nov
20, 2019).

11.Greivenkamp, J. E. Generalized Data Reduction for deyere InterferometryOpt. Eng
1984, 23, 350-352.

2 S

~

Received 17.09.2019

58 ISSN 0474-8662. | nformation Extraction and Process. 2019. | ssue 47 (123)



