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Abstract: In this paper, based on Gaussian 1σ-criterion and histogram segmentation, a weighted least-
squares algorithm is applied and validated on digital holographic speckle pattern interferometric
data to perform phase separation on the complex interference fields. The direct structural diagnosis
tool is used to investigate defects and their impact on a complex antique wall painting of Giotto. The
interferometry data is acquired with a portable off-axis interferometer set-up with a phase-shifted
reference beam coupled with the object beam in front of the digital photosensitive medium. A digital
holographic speckle pattern interferometry (DHSPI) system is used to register digital recordings
of interferogram sequences over time. The surface is monitored for as long as it deforms prior
to returning to its initial reference equilibrium state prior to excitation. The attempt to separate
the whole vs. local defect complex amplitudes from the interferometric data is presented. The
main aim is to achieve isolation and visualization of each defect’s impact amplitude in order to
obtain detailed documentation of each defect and its structural impact on the surface for structural
diagnosis purposes.

Keywords: weighted least-squares algorithm; phase separation method; Gaussian 1σ-criterion;
quantification of defects in culture heritage; interferometry; DHSPI

1. Introduction

Structural diagnosis in artworks refers to the detection of structural conditions and
especially the documentation of structure abnormalities within the volume of the material
and the threat that poses on the precious surface [1–3]. Understanding the structural
condition and having detailed documentation of defects and their impact on the surface
is the first and crucial step in every restoration plan [4–9]. Despite this essential step
in culture restoration, the techniques used in structural diagnosis in everyday practices
are still in infancy with the most advanced conservation practice being the subjective
evaluation through touching and finger knocking on the precious surface, while qualitative
X-ray radiography is the only advanced alternative [10]. The everyday practice is thus
in both choices qualitative and fully dependent upon experience [11]. Shearography and
terahertz techniques are used as intuitive deformation acquisition tools for complementary
techniques in the field of heritage conservation [7], in which there is an urgent need for a
rapid response and high-precision non-destructive testing method.

Digital holographic speckle pattern interferometry (DHSPI) provides a non-destructive
non contacting remote operation portable prototype especially developed for cultural her-
itage applications, which signifies that the out-of-plane deformation common in expanding
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processes as artworks respond to the daily fluctuations of the environment. Coherent inter-
ferometry enables the structural diagnosis many advantages over the current practices as
non-contact non-destructive full-field imaging with high resolution inherently quantitative
data visualizing all sorts of different defects, in which they profile the depth from the
surface to many tenths of a millimeter deep [12,13]. The plethora of advantages upgraded
the method as the most promising one in cultural heritage structural diagnosis, creating a
variety of techniques [14].

However rich the information content one can obtain from an interference image
extracted from a surface revealing its sensitivity to environmental factors and invisible
defects and defect impact to the surface, there is a main drawback in the data visualization
creating problems in the unwrapping of defected surfaces and this referred to as fringe
pattern complexity [15,16]. This is due to the high resolution of coherent interferometry
rendering from one hand possible to investigate real artworks of complicated structural
construction as the multi-layered mixed organic–inorganic objects are, including the most
common artworks such as panel paintings, icons, wall paintings, frescoes, decorative items
on furniture, etc., but from the other very dense complex interferograms due to plethora of
defects. This is a very rich source of fringe pattern formation for detailed structural analysis
and in-depth diagnosis but, on the other hand, creates a highly discontinuous interference
field since the structural complex construction is affected more by the local complexity of
the unavoidable presence of defects.

When such complex artworks are investigated for the detection of their defects the
interferometric result can be very dense in terms of localized unique formation of interfer-
ence fringes. The analysis requires a phase unwrapping on discontinuous interferograms.
Therefore, the aim is to resolve the continuous interference fringes generated from the
overall displacement of the whole body of the artwork; naturally or artificially, the very
many distinct or interconnected fringe patterns of seemingly random appearance interrupt
the otherwise expected smooth intensity distribution of the interference field.

Hence, in the structural diagnosis documentation context where each retrieved defect
is to enter a defect map with exact coordinates for defect position, defect dimensions,
shape and quantitative representation of the impact on the surface, then unwrapping
becomes a tedious process which the unwrapping procedure itself alone fail to deliver
or depict clearly. The unwrapping thus becomes a less adequate method for complex
interferograms in cultural heritage diagnosis and this drawback needs correction. In order
to make unwrapping more valuable in the artwork documentation problem, a method to
separate the displacement due to the overall movement of the object that is the interference
whole field from the local distinct defect pattern emerging from the whole field interrupting
it, we need additional mathematical tools to add to the unwrapping procedure.

To this aim, we present here a phase separation method that can help advance the
solution of complex defect patterns and there is evidence of the possibility to perform
this procedure routinely as a variety of data tested prove and validate the method. This
method is based on Gaussian 1σ-criterion and histogram segmentation, and we propose a
weighted least-squares algorithm [17] to separate the deformation of the whole body vs.
the local body. In this paper on this very important problem for the automatic recognition
of defects, we use complex interferometry data from real artworks to show that complex
interferograms are accessible to detailed documentation and quantitative evaluation, by
separating the whole field and examining the local field representing each defect and
its impact.

2. Experimental Methodology
2.1. Phase Separation Method of Whole Field vs. Local Field

Due to the arctangent operation, the value range of phase difference with regard to
the deformation is between (−π, π), which is generally in the form of fringe patterns.
A common method for quantifying defects directly with fringe patterns is to count the
fringes of the interferogram with line profiles on both the x and y axes. However, the
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interferometric result of the investigated complex artworks can be very dense in terms of
localized uniquely shaped interference fringes. Therefore, we propose a phase separation
method based on a weighted least-squares algorithm to isolate the phase of the local body
(or defect region) for accurate quantification.

Since thermal or other excitation-induced method waves reach the surface of the mural
in the form of spherical waves, they will excite both the local body and the whole body at
the same time. We unwrap the obtained fringe patterns as

Φ(x, y) = UNWRAP[∆ϕ(x, y)] ≈ Φw(x, y) + Φl(x, y), (1)

where ∆ϕ(x, y) represents the phase difference (i.e., fringe pattern) with regard to defor-
mation, UNWRAP[·] indicates the phase unwrapping operation, Φw(x, y) and Φl(x, y)
represents the whole-body phase and local-body region phase, respectively.

Assuming that the whole body of the mural is isotropic in a uniformly distributed
laminated structure, based on the spherical waveform characteristics of acoustic excitation,
we accept that the deformation of the whole body can be manifested as a quadratic term
phase. Thus, Φw(x, y) can be written as

Φw(x, y) ≈ u1 + u2x + u3y + u4xy + u5x2 + u6y2, (2)

where x = x1, x2, . . . , xN ; y = y1, y2, . . . , yM; N, M ∈ Z.
Equation (2) expresses an overdetermined equation [17–20]. The overdetermined

system in the traditional least-squares algorithm [21] can be expressed as
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where ϕ(x, y) represents any phase information.
The above roughly corrected phase is divided into 10 × 10 grids, and then the

maximum–minimum–average–standard deviation (MMASD) evaluation metric is used
for pre-compensation, from which the weighted matrix ω(x, y) can be obtained by the
threshold segmentation based on the Gaussian 1σ-criterion [17].

By introducing the weighted least-squares algorithm, based on Equation (3) accurate
quadratic term coefficients would be obtained as

Uω =
[
S(x, y)T · S(x, y) · ω(x, y)

]−1
·
[
S(x, y)T · ϕ(x, y) · ω(x, y)

]
, (4)

where S(x, y) =
[
1 x y xy x2 y2] represents the matrix of the polynomials in

Equation (3), Uω =
[
u1 u2 u3 u4 u5 u6

]T represents the vector of quadratic esti-
mation coefficients, where the superscript T represents the transpose of a matrix or vector.

Therefore, the above quadratic term phase information Φw(x, y) can be eliminated,
and thus, Φl(x, y) can be separated from Φ(x, y) as

Φl(x, y) ≈ Φ(x, y)− S(x, y) · Uω, (5)

Based on an object-beam reflection-based optical setup, the strain distribution of the
defect can be derived to achieve accurate quantification. Therefore, we can obtain the
deformation δ(x, y) of the local body by

δ(x, y) ≈ λΦl(x, y)
4π

(6)
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where λ = 532 nm represents the wavelength of the laser.
As shown in Figure 1, the whole field vs. local field phase can be separated using

the proposed phase separation method. Figure 1(a1,a2) show the fringe patterns and the
corresponding unwrapped phase, respectively. Folds appear at the densest fringes in
Figure 1(a1), and, as mentioned earlier, too-dense fringes interfere with the quantifica-
tion of defects. The unwrapped phase presents the spherical wave characteristics of the
quadratic term. Based on the weighted least-squares algorithm, the 10 × 10 grid phase
of Figure 1(b1) and the weighted matrix ω(x, y) of Figure 1(b2) are obtained sequentially.
Using Equation (5), the phases of the whole body and the local body are separated, as
shown in Figure 1(c1,d1), respectively. Figure 1(c1,c2) exhibit the same phase characteristics
as that of Figure 1(a1,a2), which demonstrates the effectiveness of our method in separating
the whole field phase. From Equation (6), Figure 1(d1,d2) show the phase and strain distri-
bution of the local body, respectively. The local-body phase is on a relatively flat plane, and
the abnormal strain can be clearly displayed in the above phase distribution. The strain
distribution of the defect in Figure 1(d2) is in the micron level, which is beyond the range
of λ/2, indicating that interfering fringes can occur in the fringe pattern. The proposed
method achieves the “fringe-pattern-free” of the local-body phase, which shows that our
method can also eliminate the above-mentioned interfering fringes.
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Figure 1. The process of phase separation method with the experimental data: (a1,a2) are wrapped
phase and the corresponding unwrapped phase, respectively; (b1,b2) are the grid phase and weighted
matrix ω(x, y), respectively; (c1,c2) are re-wrapped phase map and the 3D rendering of the separated
whole-body phase distribution, respectively; (d1,d2) are the isolated local-body phase distribution
and the corresponding 3D rendering, respectively.

2.2. System View

In DHSPI, the interferometric comparison is achieved by two beams of the same laser
after amplitude-modulated beam splitting providing the two arms of an interferometer,
from which one is mirror driven and the collimator expanded to illuminate by a controlled
divergence beam the surface. As shown in Figure 2a,b, the light source is a continuous
wave solid state at 532 nm, the digital recording component consists of a CMOS camera
of 5 Mp, and a PZT crystal for the phase shifting [22]. The beam illuminating the object is
termed Object Beam and the other, spatially filtered and collimated, that is used to serve
as a reference for the interference phenomenon to take place is termed Reference Beam.
As a result, interference is produced and collected on a CMOS plane to be acquired by
a frame grabber and further analyzed by numerical processes via specially developed
software. Schematic representation of the DHSPI optical geometry satisfying fundamental
holographic interferometry operation principle. The collected interferometric data provides
hundreds of images depending on the initial excitation and the conservation state of the
examined artwork [13]. The complex interferometry field is combined by the displacement
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due to the induced excitation and the impact of subsurface defects that are displaced
with their own dynamic. The result is a simple or complex interference field of surface
displacement and defect, which is generally displayed in the form of fringe patterns.
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Figure 2. (a) DHSPI portable system scheme and (b) system on scaffold investigating Giotto layers.

For provoking the optical displacement of the surface to visualize the impact of defects
on the surface in order to perform a standardized protocol of defect documentation, two
infrared lamps of 175 W are used as excitation sources. The reference state of the surface is
registered prior to induced displacement and the sequential acquisition step starts after
the surface has been displaced. The focal length of the convex lens is 25 mm to provide a
field of view of 30 cm × 30 cm, with the size of the pixel being 3.45 µm × 3.45 µm. The
deduction magnification of CCD imaging is about 40×. Therefore, the lateral resolution of
the system for defect detection is about 3.45 µm × 40 = 138 µm. In the reflective deformation
measurement of DH [23], according to the minimum grayscale value subtracted from the
two adjacent holograms detected by CCD, the axial resolution of the system for defect
detection is 532/(2 × 256) ≈ 1 nm.

3. Experimental Results
3.1. Comparison of Quantitative Methods

The fringe patterns provide a direct visual tool to identify local-faulted bodies of struc-
tural discontinuity in regards to the overall surface displacement from its initial position.
Deformation occurs as a result of instantaneous or continuous or gradual displacement
processes that influence the physicmechanical integrity or physicochemical composition of
materials deteriorating the constitution and construction of objects [15,24].

Deformation occurs as a result of instantaneous or continuous or gradual displacement
processes that influence the physicmechanical integrity or physicochemical composition of
materials deteriorating the constitution and construction of objects [25]. The traditional de-
fects quantification method is the direct analysis of the fringe patterns and the unwrapped
phase, which is prone to blurring and low-precision results. In the fringe patterns, the
whole-body phase dominates in the graphical representation, which would mask minor
abnormalities in the local body. Based on the phase separation method, the above graph-
ical representation of the whole-body phase can be effectively removed; thus, the phase
distribution of the local body will be separated for quantitative analysis, followed by the
strain distribution of the local bodies obtained based on Equation (6).

Figure 3 illustrates and compares three types of phase information for identifying
surface and subsurface defects: the wrapped phase (i.e., fringe patterns) in Figure 3b, the
unwrapped phase in Figure 3c, and the isolated local-body phase using our method in
Figure 3f. Figure 3a,b are the original photos of the sampling fresco area and the obtained
fringe patterns map, respectively. The red dashed lines in Figure 3b circle the identification
of pattern classifications in the fringe patterns. Figure 3b shows five typical fringe species:
circular fringes; curved fringes; density changed fringes; direction-changed fringes; and
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dead-end fringes. The fringe pattern classification to defect identification is verified through
experimental and mathematical verification and is validated through “known-defect”
applications which is the term indicating a reverse engineering verification approach
through the use of purposefully induced defects in technical samples. Figure 3c shows the
unwrapped phase map of the above fringe pattern. Using Equations (5) and (6), the phases
of the whole body and the strain distribution of the local body are separated, as shown
in Figure 3d,f, respectively. Figure 3d,e exhibit the same phase characteristics as that of
Figure 3b,c, which demonstrates the effectiveness of our method in separating the whole
field phase. The blue dashed line in Figure 3f marks the range of strain anomalies in the
sampling area. Redrawing the red dashed line of Figure 3b and the blue dashed area of
Figure 3f into Figure 3a, respectively, we can see that there is an overlap between the red
dashed and blue dashed areas, illustrating the consistency of our method with the fringe
identification method. At the same time, our method can obtain more accurate lateral and
axial detection ranges, indicating the high accuracy of the phase separation method.
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Figure 3. A comparison of the method with the traditional identification method: (a) original photo of
the sampling fresco area; (b) obtained fringe patterns map; (c) unwrapped phase map; (d) separated
whole-body phase map; (e) re-wrapped phase map of (d); (f) isolated local-body phase map.

3.2. Contrast Treatment of Simple and Complex Fringe Patterns

Fringe pattern classification is especially useful for qualitative defect diagnosis as a
direct on-field diagnosis method. In the fringe pattern, the whole-body phase dominates
in the graphical representation, which might mask minor abnormalities in the local body.
Based on the phase separation method, the above graphical representation of the whole-
body phase can be effectively removed, thus the phase distribution of the local body will
be separated for quantitative analysis.

Figure 4(a1–a4,b1–b4) show the fringe patterns, unwrapped phase, separated whole-
body phase and the corresponding local-body strain distributions of single and complex
fringes, respectively. Figure 4(a1,b1) show fringe patterns acquired in the same sampling
area, showing low-density and high-density fringe patterns due to different excitation
times. Obviously, the fringe identification table in Section 3.1 obtains less defect qualitative
information for low-density fringe patterns. The unwrapped phase maps of Figure 4(a2,b2)
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are skewed, which can be misleading to actual defect quantification. Figure 4(a3,b3) separate
the whole-body phase maps and verify the tilt and spherical aberration described above.
For the effectiveness of phase separation, we have a visual demonstration of the separation
effect. According to our hypothesis, the whole-body phase and the local-body phase have
different phase characteristics. As shown in Figure 4(a3,b3), the whole-body phase is similar
to the spherical wave, has the characteristics of quadratic term aberration, and carries the
polynomial coefficients of the radius of curvature and the angle of inclination, as noted
in Equation (2). As shown in Figure 4(a4,b4), the local-body phase is characterized by an
up-and-down phase or strain change in the defect region on a relatively flat plane. The black
dashed line indicates a relatively flat area, while the red dashed line indicates the strain
distribution in the defect area. The strain distribution of the local body of Figure 4(a4,b4)
has great similarity in the transverse direction, indicating the effectiveness of the proposed
method. At the same time, due to the difference in excitation time, the local-body phase
of simple fringes and complex fringes has numerical differences in the axial direction,
indicating that the defect parts are susceptible to excitation and have a cumulative effect.
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3.3. Mural Cooling Process

The reflected photons statistically interfere with neighboring photons involved in
the same path and change to produce displacement of the same phase change value,
which gives rise to interference fringes extended in the surface for as far as the phase
value remains the same. Non-destructive thermal excitation refers to achieving about
2 ◦C (such as 21.5–23.5 ◦C) in a short period of time, followed by a slow cooling-down
duration. We chose the cooling process of the mural and obtained the fringe pattern
within 567 s of cooling. Figure 5 shows the fringe patterns, unwrapped phase map, the
separated whole-body phase map and local-body strain distribution from the cooling
process of 6 groups, respectively. Observing the fringe patterns of Figure 5a–f, it can
be seen that the fringe density gradually decreases with the increase in cooling time.
However, in Figure 5e,f, fringe density is hard to be used as a direct quantitative criterion.
The unwrapped phase maps of Figure 5a–f have different degrees of skew and spherical
aberration. The unwrapped phase maps of Figure 5e,f cannot distinguish the location of
the defects as that in Figure 5a–d, which means that the qualitative analysis of defects using
the unwrapped phase map fails.
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Figure 5. Cooling process of the mural: (a) obtained fringe patterns, unwrapped phase, separated
whole-body phase and local-body strain distribution of 6 s; (b) obtained fringe patterns, unwrapped
phase, separated whole-body phase and local-body strain distribution of 102 s; (c) obtained fringe
patterns, unwrapped phase, separated whole-body phase and local-body strain distribution of 228 s;
(d) obtained fringe patterns, unwrapped phase, separated whole-body phase and local-body strain
distribution of 324 s; (e) obtained fringe patterns, unwrapped phase, separated whole-body phase
and local-body strain distribution of 432 s; (f) obtained fringe patterns, unwrapped phase, separated
whole-body phase and local-body strain distribution of 540 s.

Figure 5a–f show the separated whole-body phases, and it can be observed that as the
cooling time increases, the center of the spherical difference varies. As can be observed
from the local-body strain distributions of Figure 5a–f, the proposed method can robustly
obtain the position and shape of the defect and even perform precise quantification at each
stage with the cooling time.

4. Conclusions

In this study, a phase separation method based on the weighted least-squares algo-
rithm is applied and validated to conveniently isolate the local phase distribution from
the whole, complex fringe pattern. This method is examined to accurately quantify the
deformation distribution of defects in simple and complex fringes. In experimental work,
the DHSPI system is used to register digital recordings of interferogram sequences over
time. The proposed method enables highly accurate quantitative post-processing analysis
for investigating defects and their impact on a complex antique wall painting of Giotto.
Results show that the suggested phase separation method allows isolation and visualization
of each defect’s impact amplitude as well as quantified surface deformation providing a
detailed documentation of each defect and its structural impact on the surface for structural
diagnosis purposes to the conservators. Since 3D digitization is of great significance to the
protection and display of CH [26,27], in future work, we will combine 3D digitization to
estimate and reconstruct internal defects.
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