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Abstract- Coherent holographic metrology provides the non-
contact potential to retrieve directly from surface measurements  
of the spatial displacement information originating from the 
bulk of complex objects suffering inherent faults or physical 
deterioration. These damage factors endanger the structural 
integrity and lessen the life span of works of art, inevitably 
reaching the fragile and precious surface. Interferometry 
techniques via interference fringes offer NDT for surface 
authentication and impact analysis and overall quality control in 
order to provide a signature of precious surface responses or 
exempt faulted products from the production line. In this paper 
the 2D interferometry information is instead implemented as a 
NDT to prevent artworks from physical deterioration. It is 
proposed a structural diagnosis method via 2D spatial data 
derived from interference intensity profiles. Thus the paper 
introduces the concept to diagnose the structural condition via 
direct contactless interference examination of artwork surface 
with the prospect of timeless documentation in art conservation 
field.  

Keywords- Holographic Interferometry; Interferometry; 
Holography; Optical Metrology; Art Conservation;  Quality 
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I. INTRODUCTION 
In authentication and preservation of works of art the 

fundamental informat ion to document, understand, restore and 
plan preventive maintenance is mostly based on short term 
evidence captured by the curator’s “critical or t rained eye” [1-3]. 
Documentation and restoration practice is missing 
quantitative accurate and repeatable methods that could 
enable development of efficient long-term practises.  

The spatial data provided by surface illumination in  
structural monitoring via interferometry techniques represent 
a self-produced “surface-matrix” of object  points that could 
be used as the input for timeless comparison purpose and a 
fingertip originality method against impact and fraud.  

In this context a  brief on the concept of the structural 
documentation, the state of the art of modern techniques 
involved, the princip les of spatial coordinate’s formation and 
its signature retrieval propert ies through comparative 
interferometric records are presented. 

A. Object Points Infinity  
Any structural object at the t ime of construction is defined 

by an infinite number of points at initial positions whereas by 
the aging and natural decay of structure results to their 
displacement from the init ial position to altered positions in 
an ever going process. These alterations affect the structural 
condition that determines the preventive conservation and 
maintenance strategies in order to avoid artwork damage [4-6].  

If the structural condition is micrometrically revealed and 
quantified, it can provide a “self-reference” value of a 
“surface-matrix” of points as first spatial data documentation 

against which a mult ipurpose tool is obtained: from assessing 
impact and deterioration to originality and fraud to plan and 
correct maintenance and microclimate over times to come. 
The structural condition is traced by surface acquired spatial 
coordinates as they are altered throughout their ag ing process. 
Damaging act ions or successful interventions are deducted 
upon comparison of the last to the in itial-reference position of 
the spatial field enfo lded into surface points. This is the 
concept that forms the subject of the paper. As this is the first 
paper on the use of spatial coordinates for timeless 
multipurpose documentation a thorough introduction to the 
concept is considered thereafter. 

II. STATE-OF-THE-ART 
The aging, either natural or induced by accidental 

handling or careless environmental loading, provokes 
structural modifications both to the surface, interfaces and the 
bulk of the object. These structural modificat ions cannot be 
detected by x-ray tomographic, coherent tomographic, 
confocal or spectroscopic imaging since none of these 
methods operates on spatial data basis and none of these is 
sensitive to spatial displacement.  

X-ray radiography, x-ray computed tomography and 
multip lanar axial tomographic imaging visualize qualitatively  
non-uniformly composed material depending on the 
absorption proportional and beam attenuation of the object. 
By utilizing the physical properties of the ray an image can  be 
developed displaying clearly, areas of different density and 
composition and computer assisted reconstruction is used to 
generate a 3D representation. The application on artworks 
allows developing scanning devices using greater resolution 
and penetrating power to allow  peering inside without 
damaging it.  

Optical coherence tomography (OCT) v isualise detailed  
images from transparent layered surfaces in micrometer-
resolution. It can generate three-dimensional images from 
within optical scattering media such as varnishes in a video 
rate. Optical coherence tomography is based on 
interferometry with typical wavelengths in Near IR to allow 
penetration into scattering medium. OCT compared  to 
confocal microscopy can achieve better penetration depths. 
Depending on the properties of the light source as lasers, 
superluminescent diodes and ultrashort pulsed lasers Optical 
coherence tomography may achieve sub-micrometer 
resolution with wide-spectrum sources emitting over a 
~100 nm wavelength range. Many scanning schemes offer 
broad applicability in the technique and system adaptability to 
harsh environments and more recently in art conservation 
research [7-11].  

Confocal imaging aims to overcome some limitations of 
traditional wide-field microscopes or fluorescence 
microscopes by eliminating the out of focal plane signals and 
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creating high contract sharp focus slices of the structure under 
investigation. In a conventional wide-field  fluorescence 
microscope the entire sample is being illuminated from the 
light source. All parts of the specimen in the optical path are 
excited at the same time and the resulting fluorescence signal 
is detected by the microscope’s photodetector or CCD. Thus it 
is included a large unfocused background part of the structure 
generating high image to noise ratios. In contrast, a confocal 
microscope uses point illumination and a pinhole in  an 
optically conjugate plane in  front of the detector to eliminate 
out-of-focus signal. Hence only light produced very close to 
the focal plane is detected, and the image’s optical resolution, 
particularly in the sample depth direction, is much better 
compared to wide-field microscopes. However, the light from 
sample is severely  blocked  at the p inhole and increase in  
resolution is accompanied by decreased signal intensity with 
requirements for long exposures in optical tables. As only one 
point in the sample is illuminated at a t ime, 2D or 3D imaging 
requires scanning over a regular rectangular pattern of parallel 
scanning lines in the specimen. The achievable thickness of 
the focal plane is defined mostly by the wavelength of the 
used light divided by the numerical aperture o f the object ive 
lens and by the optical properties of the artwork structure. The 
thin optical sections provide particularly accurate 3D imaging 
and surface profiling of structure. Different types of confocal 
microscope with particular advantages and disadvantages 
have been developed and are either optimised for resolution or 
high recording speed (i.e. v ideo capture) [12, 13]. 

Multi-spectral imaging is used to capture image data at 
specific frequencies across the electromagnetic spectrum 
extracting data outside the visible spectrum. The wavelengths 
may  be separated by interference filters blocking or 
transmitting the chosen wavelengths or by the use of 
instruments that are sensitive to particular wavelengths, 
including IR. Dividing the spectrum into many bands, mult i-
spectral is the opposite of panchromatic which records only 
the total intensity of radiation on each photosensitive element 
or pixel. Multispectral images with  more numerous bands or 
finer spectral resolution or wider spectral coverage may be 
called hyperspectral or ultra-spectral. The difference in light 
reflectivity makes parts of the scene more clearly depending 
to the filter being used and by using advanced digital image 
processing techniques underdrawings, hidden text  and other 
elements can be recovered. Multispectral cameras are robust, 
easy to use and transportable devices allowing on-field  
application in harsh environments and as such have been 
easily accepted from the conservation community [14, 15]. 

Another range of techniques which is not based on the 
chemical properties of surface of the artwork but on the 
geometrical properties of the surface is termed  
photogrammetry. 

Photogrammetry is used to determine the geometric 
properties of objects from photographic images by measuring 
the distance between two points that lie on a plane parallel to 
the photographic image plane that determines their d istance 
on the image. If the scale s of the image is known, the 
measured distance is mult iplied by 1/s.  

While photogrammetry is mostly used for two-
dimensional measurements, the stereophotogrammetry, 
involves estimating the three-dimensional coordinates of 
points on an object. These are determined by measurements 
made on two  or more photographic images taken from 
different positions according to the principles of stereoscopy. 

The usual practice involves the extraction of common po ints 
on each image with a line of sight (or ray) being constructed 
from the camera location to the same point on the object. It is 
the intersection of these rays that determines the three-
dimensional location of the point based on the principles of 
triangulation. Specially developed algorithms are used to 
exploit  apriori knowledge of the scene allowing 
reconstructions of 3D coordinates from only one camera 
position. Photogrammetry which is used in many d ifferent 
fields for topographic purposes and on artworks has been 
introduced for shape reconstruction[16]. Geometrical properties 
can be also revealed by modern Fringe Projection techniques 
or structured-light 3D scanners to measure the three-
dimensional shape of an object. The method lies on 
structured-light project ion on the surface of the object. The 
structured by interference light patterns are then captured by a 
camera system. Projecting a narrow band of light onto a three-
dimensionally shaped surface produces a line of illumination 
that appears distorted from other perspectives than that of the 
projector, and can be used for an exact geometric 
reconstruction of the surface shape (light section). A faster 
and more versatile  method is the pro jection of patterns 
consisting of many stripes at once, or of arbitrary fringes, as 
this allows for the acquisition of a multitude of samples 
simultaneously. Seen from d ifferent viewpoints, the pattern 
appears geometrically distorted due to the surface shape of the 
object. Although many other variants of structured light 
projection are possible, patterns of parallel stripes are widely  
used. The displacement of the stripes allows for an exact 
retrieval of the 3D coordinates of any details on the object’s 
surface and the displacement of any single stripe can directly  
be converted into 3D coordinates. The optical resolution of 
fringe projection methods depends on the width of the stripes 
used and their optical quality and it is limited by the 
wavelength of light. An ext reme reduction of stripe width 
proves inefficient due to limitations in depth of field, camera 
resolution and display resolution. Therefore the phase shift 
method has been widely established using typically 10 
exposures with slightly shifted stripes. The limitation of 
application in highly reflecting or transparent objects causes 
extra d ifficu lties in case of varnished surfaces since double 
reflections cause the stripe pattern to be overlaid with 
unwanted light, entirely eliminating the chance for proper 
detection. Reflect ive or transparent cracks or cavities due to 
worm-tunneling, organic decayed surfaces with holes and 
damage due to moth-d ispersion are therefore difficult to  be 
recorded. The method is extensively used in  industrial 
applications of large scale structures and in this context can be 
very useful in documentation of shape of monumental cu ltural 
objects [17]. 

The natural progressively developed dimensional changes 
witnessed in the surface and the bulk of layered or solid 
artworks  as a consequence of slow but steady deterioration 
processes in order to be acquired  presuppose use of 
techniques sensitive to spatial displacement. By using a laser 
beam to illuminate the surface of artwork, the surface 
displacement can be used to visualize alterations both in the 
bulk and in the surface. The laser interferometry techniques 
acquire the internal structural condition from surface react ions, 
causing the laser light to generate unique intensity patterns of 
displacement. The application does not require contacting, 
interacting or interfering with artwork structural condition. 
Since an  artwork has extended life span of constant 
deterioration, the spatial alterat ions may vary  from sub-
micrometric to many mult iples of micrometer range. In  recent 
years different optical interferometry geometries have been 
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introduced to provide the required  variety in  displacement 
sensitivity and direct ion. An optical interferometer provides 
in-plane sensitivity for stress and strain measurements[18, 19]. 
Holographic interferometry provides high out-of-p lane 
sensitivity for deformat ion measurements[20-22]. Speckle 
pattern interferometry provides moderated displacement 
sensitivity[23-25]. Digital shearography provides sheared wave 
insensitivity to extraneous low-frequency displacements while 
the implementation of photorefractive crystals provides high 
resolution laboratory requirements. Thus the applicability of 
optical metro logy in artwork research and documentation is 
significantly broadened [26-30].    

In the context of the paper only the interference techniques 
contributing to the use of spatial informat ion as a tool to 
detect minor spatial d isplacement are hereafter considered 
with main emphasis to the higher sensitivity holographically  
modulated intensity profiles. 

III. EXPERIMENTAL PRINCIPLE 
The concept of “surface-matrix” composed of spatial 

displaced values as a key to artwork documentation is 
founded on holography interferometry (HI) principle[31]. HI 
can obtain whole-field image of high information content in 
quantitative manner from complex and inhomogeneous 
artworks  difficu lt to  assess with other techniques and these 
results can be used as a reliable tool fo r artwork 
documentation through precise investigation protocols[32-35]. 
The results are obtained from the interferometry fringe-pattern 
data formulated from induced surface displacements.  

Holography and coherent metro logy techniques are being 
used to measure the displacement, deformation and shape of 
solid mechanical objects and have been equally successful 
used in research of conservation of artworks[36-40]. The 
techniques are based on optical path displacement of object 
points which are diffusely reflect ing light towards the detector 
[41].  

A general purpose two-in-one basic HI hybrid  
experimental setup is shown in Fig. 1. 

 
Fig. 1 An hybrid coherent geometry to capture an optical hologram from 

object O and its displaced position captured electronically in a holographic 
interferogram 

BS: Beam Splitter, PZT: Piezoelectric Transducer, SFC: Spatial Filter 
Collimation, M: Mirror, H: Hologram Optical, A: Aperture, BCX: Biconvex 

Lens, BCV: Biconcave Lens Diffuser 

The setup is a geometry arrangement to generate a master 
hologram of object O and a Holographic Interferogram (HI) 
from the displaced position of the object O. The basic 
geometry may  vary considerably but to obtain  the resolution 
of holographic modulation a reference beam is essential.  

In this geometry  the spatial displacement creat ing the 
interferogram is captured by a camera lens via the aperture A 
and the focusing lens BCX. To make a spatial coordinates 
record, many d ifferent geometries imply ing laser sources in 
interferometry designs are developed according to purpose[42-
45]. The laser beam is div ided by a variable beam splitter (BS 
or VBS) into the reference (RB) and the object beam (OB). 
The reference beam is reflected upon a mirror mounted 
piezoelectrically controlled translator (PZT). The relat ive 
phase of the reference beam can thus be shifted in order to 
extract the phase from the interferogram by phase-stepping 
interferometry [46, 47]. The diffuse illumination of the object is 
achieved by the object beam passing first from a biconcave 
lens (BCV) and then through an optically random phase plate. 
The object is viewed through the hologram by a CCD-camera. 
The specularly reflecting object surface and the extended 
source (BCV- G) must be arranged so that all points on the 
object surface reflect a  part of the diffuse illumination towards 
the hologram and the CCD-camera. In the setup shown, a 
ground glass plate (G) is employed as the random phase plate. 
There can be many variants of the described configuration in 
both beams and recording system with each variant offering 
advantages and disadvantages in the recording procedure[48-50]. 

The challenge in designing an optical geometry for 
metro logy purposes is to cope with the experimental object ive 
and in particular in the Cultural Heritage with the required 
sensitivity for documentation and range of applications [51]. 
Most artworks are considered diffusely reflect ing objects, and 
are illuminated by a large divergence diffuse object wave.  

 
Fig. 2 A schematic of an object surface O displacement to O’ position 

 Each infinitesimal surface area can be described by vector geometry of Ki: 
illumination vector, kr: reflection vector, K: sensitivity vector 

During a deformat ion, a  point, p, on the object surface is 
displaced to a new point, p', see Fig. 2, and assume n points of 
the object surface have displaced to new position O', the 
corresponding phase shift of the reflected object wave is given 
by  

     δ = d-K                                            (1) 

where d = p' - p is the vector displacement of the surface and 
K is the sensitivity vector. The sensitivity vector K is 
determined by the difference between the wavevector of the 
incident wave, ki, and the wavevector kr, of the reflected wave 
from the surface, i.e.   

K = kr - ki                                                                 (2) 

The surface of the object is considered: i) to follow the laws 
of reflect ion so that the sensitivity vector K  lies parallel to the 
local surface normal or in general case in the bisector of the 
angles; ii) the angles of the incident and the reflected wave 
obey the law of reflection; and iii) all points p of the surface 
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statistically reflect to the same direct ion towards the 
photosensitive medium, thus:  

kr · K = - ki · K                                         (3) 

Multiplying Eq. 2 by K, using Eq. 3 and writ ing K as K = 
Kn and kr = 2π/λkr yields the expression for the sensitivity 
vector:  

   nnkK r ˆ)ˆˆ(4
⋅=

λ
π                                  (4) 

where λ  is the laser wavelength and k, the unit  vector in  the 
viewing direct ion. Inserting the sensitivity vector in Eq. (1) 
the phase shift of the reflected wave causing the secondary 
fringes to appear becomes:  

)ˆ)(ˆˆ(22 dnnkr ⋅⋅=
λ
πδ                            (5) 

The expression for the phase change is leading to the 
expression for the Fizeau  fringes [52] where the geometrical 
condition of interference among non-coplanar or non-parallel 
plates is satisfied due to presence of two or more partially  
reflecting surfaces (4–30% reflectance). As such can be 
considered the two exposures required for the synthesis of a 
fringe pattern from the overlapping or the numerical 
reconstruction of two holograms to unwrapped phase maps.  

The surfaces of artworks are other than parallel so the 
refection properties should be considered in infin itesimal 
small angles for each single point as Fig. 2 schematically  
shows for one surface point [53]. The statistical synthesis of 
each neighbor of surface point results to fringe contours of 
equal displacement used to assess the displaced surface. From 
Eq. 5 it is seen that the maximum sensitivity is achieved when 
the viewing direction is parallel to the plane that is vertical to 
the surface or in other terms to the surface normal. This out-
of-plane configuration is most sensitive to the z-direction 
displacement towards which the deformat ion is manifested.  

The dimensional changes in Cultural heritage objects are 
responsible for defects expressed vertical to the surface  such 
as detachments between interfaces in mult ilayer composites 
eg panel paintings. These defects are commonly found in 
many types of artworks’ construction independent of material 
composition varying from wall paintings, panel paintings, 
icons, polychromes, painted artworks, etc. to marquetery, 
furniture, decorative elements etc. These have in common that 
are objects made of more than one layer, characterized as 
multilayer construction, thus many layers are on top of bulk 
materials in order to achieve the desirable aesthetic 
appearance of the artwork. The most important issue for 
conservation practices is that the interface irregularit ies are 
not detectable unless they get irreversible macroscopic 
dimensions.  

When measuring on specularly reflecting surfaces as 
varnishes, the direction of the sensitivity vector is always 
parallel to the local surface normal, regardless of the viewing 
and the illumination angle. Th is differs from the well-known 
situation where a diffuse scattering object surface is 
illuminated by a plane or a spherical object wave. In this 
situation the size and direction of the sensitivity vector are 
determined by both the illumination angle and the viewing 
angle, but is independent of the direct ion of the surface 
normal. In  the special case of a p lane object surface and equal 
angles of illumination and scattering/reflect ion, the two  
situations become identical. 

By comparing two  holograms of an  object recorded at  
different deformat ion states, a pattern of interference fringes 
is formed as a result of the optical path difference between the 
two states. The use of CCD cameras can replace 
photosensitive mediums avoiding the time consuming wet  
processing. The resolution R=(1.22λ)/2NA however depends 
on Numerical Aperture which decreases with NA increase in  
image-plane recordings. The lensless holographic interference 
is replaced by the speckle modulated interference with 
characteristic speckles of b dimensionss sizes determined by 
the aperture of the lens bs=1.22λ(f/D) with the Nyquist 
theorem requiring 2.3 p ixels per point to resolve two closely 
spaced points.  This translates into a pixel size of R/2,3. 
Nowadays with average pixel sizes of 6,5 μm and for 
λ=0.532μm and setting #F=8, bsp=2.44λf/D=2.44λF one 
provide resolution bs=10.38μm among resolvable surface 
points and an average of 1.8 p ixels per finite surface point is 
required. The holographic images are recorded onto a CCD 
detector (1024x1024) and digitally stored in a computer. The 
phase difference of the interference between the two images is 
numerically reconstructed [59].  

For the HI case, holograms of the object are recorded at 
two different t imes t1 and t2 after an optical path displacement 
is introduced due to an induced load that displaces the object 
from position O to O’. An intensity distribution in form of 
fringe pattern results from the optical path difference between 
the two holograms. This fringe pattern has the spatial 
informat ion of surface points and is needed  to quantitatively 
evaluate the amount of the static or dynamic deformat ion 
amplitude and phase, or to qualitatively assess the actual 
object shape. The introduction of a dig ital h igh speed 
acquisition system means that quite fast changing events can 
be studied and also that the system may be taken out of the 
laboratory-controlled environment.  

IV. EXPERIMENTAL PROCEDURE PROOF OF PRINCIPLE 
In the following examples the recording geometry is based 

on digital holographically modulated phase shifted 
interference of speckle patterns developed for interferometry  
application on artwork research and on-field investigations. In 
Fig. 3 it shows the optical recording geometry. 

 
Fig. 3 Optical geometry of recording system, RB: Reference beam, OB: 

Object beam, BCX: Bicnvex lens, BS: Beam Splitter, CCD: Coupled Charge 
Device 

The damage factors can be identified from surface 
coordinates of structural displacement and are termed defects. 
The direct and contactless examination of surface as a 
function of time supports the concept to develop comparative 
routine investigation protocols for retrieval of spatial 
coordinates provided by optically coherent laser 
interferometry technology within art conservation field [58].  
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In order to test as timeless the method of documentation 
through one-dimensional measurement of spatial coordinates, 
a technical sample in simple construction without defects is 
forced to change from one environment to another while 
surface changes are recorded at  interval t imes t=0.31, 0.43, 
2.20, 3.18, 3.47, 4.45 min. The fringes are generated and 
recorded at each six interval times. The positions are digitally  
registered and matrixes of coordinates corresponding to fringe 
number provide tables of the value of displacement in  
directions of sensitivity.  

In this context  multifunctional metadata have been 
generated from: a) numerical reconstruction of wrapped phase 
b) registration of x, y coordinates for each pixel position of 
each single stored fringe pattern as visually  usable at any later 
time for comparison purposes; c) tables of defect trace 
localisation with sizes in coordinates and further post-
processing routines with analysis; d) defect 2D topography 
and risk priority maps; and e) processing of unwrapped phase 
of fringe patterns with 3D map of deformation values.  

The fringe intensity distribution [cos(x)=sin(π/2+Χ)], per 
randomly  chosen coordinate position upon surface reactions 
of technical sample is shown in  four graphical representations 
a-d, Fig. 4 a-d. Six g raphs across a constant x axis of surface 
are drawn in each of a-d. In  graph (a) constant x at position x: 
354, at (b ) x: 426, at (c) x: 547, and (d ) x: 609. Each x is 
evaluated from six responces in time a tn (t=0.31, 0.43, 2.20, 
2.18, 3.47, 4.45 second) starting from t0 (Δt=tn-t0), and with 
varying y while the sample undergoes natural surface change.  

-0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0
0,00

2,66

5,32

 δ=Nλ/2
 y = a + b*x

∆d
 in

 µ
m

A

Equation y = a + b*x
Adj. R-Square 0,51987

Value Standard Error
B Intercept 1,08598 0,95397
B Slope 0,86089 0,33993

 
Fig. 4 Normalised intensity profiles showing spatial displacement of surface 

retrieved phase-wrapped fringe data 

B. Controlled Alteration on Artwork Samples 
In order to prove the method of spatial coordinates as 

timeless documentation in real artwork cases, the method of 
detection of known defects is used [64]. The experiment should 
provide detectable changes in micrometer scale within a t ime 
period in which any natural damaging effect couldn’t have 
any detectable influence. In this context aging of technical 
samples is essential.  

Typical technical samples simulat ing painted mult ilayered  
wood icons as artworks with induced structural particularities 
as defects are constructed to follow an art ificial ag ing 
protocoli aiming to produce stimulated aging in short period. 
Aged samples with known defects are expected to react fast in  
externally induced disturbances. Table I p resents an example 
of defects induced in the constructed samples. 

According to literature, with simple heating at 102 ± 3οC, 
the maximum deformat ion, at all d irections (3 dimensions), 
would take place, due to the loss of the contained “natural” 

moisture[54-56]. This type of ageing could be described as 
oxidation. Although the other deterioration mechanisms of 
lignin, i.e. hydrolysis and photoxidation, are theoretically not 
introduced to the samples by this procedure, the macroscopic 
results on the structure simulate the condition o f o ld paint ings 
on wood such as post-Byzantine icons.  An accelerated ageing 
procedure in a stove (Memmert Company) with maximum air 
recycling is performed. The indoor relat ive humidity varies 
from 45 to 50% during the whole procedure. Stimulated aging 
is performed under the aging protocol to initially reach 73 
years of aging. Samples are examined prior the ageing and 
after two ageing cycles. 

TABLE I SAMPLE CONSTRUCTION1 

Sample Layer  Defect  

Byzantine 
icon 

Wooden substrate knots 
 

Textile;  
preparation layer 

(gesso+animal glue) loss of ground layer 

Bole  

layer of gold partial loss of gilding 

Paint layer (pigments + 
egg yolk)  

Varnish  

C. Acquiring the Reference State 
As reference state is considered hereafter the spatial 

displacement recorded via the interferometry geometry at the 
first examination of the icons under an experimentally  
controlled load that provoks dimensional displacement. The 
whole object is displaced a distance, d, in the z-d irection from 
its initial position and the first measurement is taken.  

As can be seen in Fig. 2 the object surface is displaced an 
optical path change is introduced. The optical path change 
corresponds to a measurable quantity with the optical d istance 
d being an integer multiple of λ/2, so that d = N · λ/2, N 
integer. In acquiring the reference state the induced optical 
path displacement is used for the whole surface of the artwork.  
The first measurement is taken at reference position and the 
sequence of measurements with the whole object displaced at 
a distance, S, from its initial position.  

If the entire object gets same quantity of induced change 
replies with a whole-field displacement, thus the displacement, 
d0, is common to the entire surface and the fringes describe 
the displacement. Displacement in x, y direction is visualised 
as parallel or strain fringes and in z as circular or concentric. 
If the object includes structural discontinuities, as in the case 
of the induced defects in the Byzantine icon sample, the 
displacement is not common to the entire surface and the 
fringes change direction tracing the discontinuous presence. 

The surface topography can be calculated from the 
measured surface normal to x, y orthogonals or to z direction 
from the 0 order fringe as it terms the 0 displacement field of 
the steady or non-displaced object points. The zero-order is 

                                                 
1 1 Constructino and ageing of Byzantine icon sample performed by Dr Eleni 
Kouloumpi, head of science conservation department of National Gallery of 
Athens Alexandros Soutzos Museum, for the R&D Annex of MultiEncode 
project (EC funding SSPI-00006427) 
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easily identified by a localized increase in intensity 
measurements via a photometer. If there are defects which are 
displaced randomly then these defects cause irregularities in  
the surface topography since the 0 to 0’ position is not equal 
for all object surface points. The produced fringe pattern 
irregularity is direct ly visualizing the effect on the surface 
localizing the defect with local number of fringes being 
distinct from the whole field number of fringes. 

D. Acquiring the Comparison State 
For the comparison state a displacement, S, of the whole 

surface is required and according to the type of load the 
direction of displacement is expected. Ageing is performed in  
conservation labs. It is assumed that the ageing has produced 
changes in the structure of the icons.  

If the entire object gets same quantity of induced change 
replies with a whole-field d isplacement d1≠d0 different from 
the reference state, the same d1≠d0 applies for the 
displacement in case of the known induced defects. 
Interference fringe d istribution is assessed by intensity 
profiles across wrapped interferogram phase of reference-
comparison states.  

Localised fringe patterns produce inhomogeneous 
intensity values across the intensity profiles and x, y  
coordinates are extracted in position registering tables. To  
quantify the localized patterns the surface topography method 
is used. By measuring three values of the phase shift 
corresponding to three displacements, di  I = 1, 2, 3, a set of 
three phases for the three components of the surface normal 
Eq. 5 can be solved with N getting values of fringe numbers 
accordingly. A simple solution is found by choosing the set of 
di  to be three orthogonal displacements in  directions parallel 
to the axes of a Cartesian system of coordinates. The sys tem 
of coordinates is chosen with the z-axis parallel to the viewing 
direction, kr. The three components of the surface normal, n(x, 
y), each defect is determined from three measurements 
providing the exact localization of each.  

E. Reference State to Comparison State Assessment 
In optical metro logy applications the deformation plot  

resulted after the post-processing of phase unwrapped fringe-
data is used to visualise the induced surface change. In this 
application the assessment starts before the fringe post-
processing analysis and the unwrapped phase. The spatial-
coordinates of the phase wrapped fringe-data is the first data-
source in the documentation. The physical analytical method 
can be described in terms  of the analogue method of real-t ime 
speckle interferometry [57] in which the accurate repositioning 
of the reference record  of surface speckled-pattern with the 
comparison state allowing the generation of interferometry  
fringes among the two states solely depend on the amount of 
speckle correlat ion.  

If the object on the comparison state is fully correlated to 
the reference state no interference appears, if in the 
comparison state it has been translated by an amount L so that 

πδ )12( += N  a degree of uncorrelation between speckle 
patterns which modulates interferometrically the object 
surface is observed. The fringes outline regions of the object 
which have the same component of displacement, normal to 
the bisector of interfering beams Fig. 1, and lying in the p lane 
containing k1 and k2 (reference-comparison directions).  

In this methodology the resulted fringe patterns are 
holographically  modulated and the speckle patterns become 

sensitive to normal displacements. The out-of-plane direction 
is mostly important for complex o rganic structures of 
artworks due to  dimensional expansion. Hence the addition of 
the coherent reference wave in  the z d irection of the speckle 
field via a combiner beam splitter changes the relative phase 

in displacement direct ion Δz, so z∆+=∆ )cos1(2
1θλ

πϕ . As 

the surface moves in axial direction uncorrelation of speckles 

appear in 
1cos1 θ

λ
+

=∆
Nz  , with N=0, 1, ,.., Eq. 6.  

While the speckle pattern is unchanged and fully 

correlated if 
1cos1

)
2
1(

θ

λ

+

+
=∆

N
z  , with N=0, 1, , this allows x, 

y, z spatial coordinates of object surface to be recorded in 
fringe patterns speckle irradiance distribution or speckle 
interferogram with spatial resolution comparab le to 
holographic interferometry.  

To avoid speckle decorrelat ion during experimental 
recordings the relat ive displacement should be experimentally  
controlled by an induced stepwise incrementally increased 
load. For the same reason in the p resented application that a 
comparative in future time measurement is required, the 
object maintenance should be kept under control to avoid 
excessive deterioration.  

V. RESULTS 

A. Proof in Technical Sample with Known Defects 
In Fig. 4 it  shows extraction of intensity profiles values 

from the reference state at time t0. Surface responses is 
recorded in  form of phase wrapped cosinusoidal interference 
fringes. Fringe distribution values are extracted in randomly  
chosen normalised intensity profiles shown in  Figure 4 to 
provide access to the spatial coordinates indicating the 
displacement form each distinct surface position.  

The technical sample used was fixed in  one position while 
the surrounding environment was changing[59]. The graphs are 
taken across constant x axis with varying y at d ifferent tn from 
t0 (Δt=tn-t0), while sample undergoes the natural surface 
change. The dimensional displacement generates a fringe 
pattern similar to the thermal expansion pattern of circular 
fringe distribution. Due to material unhomogeneities the 
centre of the circle is originating with axial y asymmetry as 
shown in the normalised graphs. The asymmetry depends on 
fringe density, in coordinate x: 354 that is closer to the centre 
of the sample and in g raphs of t=0.31 the asymmetry is shown 
from p ixel 250 to 1000 and for t=0.43 sec from p ixel 300-
1000, and shrinks variab ly as the fringe density increases with 
time. There is also decrease in fringe distance evidential of 
unknown defect in  the position 220-250 shown well in  
coordinate x: 426 for t=0.43 s and x: 547 at t=031 s, t=3.47 s, 
and for x: 609 the normalised graphs still shows evidence of 
affected fringe d istribution at t=0.31. t=0.43, t=2.20, t=3.18 
and t =3.47 at pixels from 480-520. A known defect instead 
can be localised at near 500 p ixel position for most t and in 
coordinates from x: 426, x: 547, x: 609.  

The length of the known defect is found by the coordinate 
x,y and is registered as 1.48 cm in  x and 1.70 in y d irection, 
while the unknown defect is registered as unstable among 1.1 
to 1.5 cm in  x,y accordingly. This observation allows the 
following hypothesis: the known defect appears mostly stable 
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in regards to the effect that produces on the surface while the 
unknown defect produces unstable effect. This indicates that 
different defects can be differentiated from the effect the 
surface as dynamically stable or dynamically  unstable as the 
in-growth defects [60-63].  

According to Eq. 6 a range of displacement for each t and 
for random choice coordinates along y with constant x is 
summarised in Table II: 

TABLE II MEASURED DISPLACEMENT FOR RANDOM COORDINATES AT 
VARYING T 

Time 
(sec) 

y: 354 y:426 y:547 y:609 

0.31 0.532 0.532 0.532 0.532 

0.43 1.064 1.596 1.064 1.064 

2.20 4.788 6.384 6.916 6.916 

3.18 4.788 4.256 6.384 5.852 

3.47 3.724 5.320 5.320 4.788 

4.47 3.724 3.724 3.724 3.724 

Documentation in terms of spatial coordinates is allowed 
and sets of spatial coordinates eg x1.yc: 354,500 x2.yc: 426,500 
x3.yc: 547,500 x4.yc: 609,500 and for any  x, y  corresponding 
to pixel intensity values 0-255 in t imes t0-n for a unique record  
of the investigated artwork is formed. A retrievable and 
known intensity modulation representing surface point 
fluctuations and phase change alteration is registered. In the 
presented examples the phase fluctuation for majority of 
points is >π/2 in consequent records witnessing the structural 
stability of surface. 

The fringe density if plotted as the sum of d isplacement in  
transient process of surface alteration increases linearly with 
time as seen in graphs shown in Fig. 5.  
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Fig. 5 Linear increase of fringe density with time 

Since as basis to the compared next  values is used the first 
reference value of the phase-shifted interferometric time-
interval o f surface change then the generalized increase seen 
in graphs it showns an expected ongoing process.  

 For the displacement of surface po ints across chosen 
coordinate, the plot follows the fringe intensity fluctuation 
visualizing the deformation across the line as seen in graphs 
of Fig. 6.  
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Fig. 6 Surface response in selected time intervals to a range of coordinates 

In the graphs in Fig. 6 it  is evident that the surface 
response in the selected time intervals differs to the range of 
coordinates while the variations in density is expected since 
the surface is deformed randomly and coordinates are 
randomly  chosen corresponding to different regions of the 
object surface. The observed increase in density in  graphs is 
related to coordinates with higher slope.  

The asymmetry in d istribution is observed in some 
coordinates located further far from the centre o f generated 
circular fringe pattern. The deformat ion trend of surface at 
times t0-n for a unique record  of the investigated artwork is 
registered to complete artwork “fingerprint” documentation. 
In case of defects visualized through local asymmetry  
distributions, they are separately traced and processed. For 
comparison identification purposes the information is stored 
in database. An exemplary table is shown in Table III. 

TABLE III DEFECT REGISTRATION 

Number of 
Area/Defect Direction Measured Size Coordinates 

No_1 x 1.48 cm 354,500 to 
609, 500 

No_1 y 1.7 cm 354,500 to 
354, 733 

No_1 z 1.2 um as in No_1  x,y 

The database registers through coordinate sets of the 
examined area, each intensity profile, size and deformat ion 
corresponding to a set of crit ical boundary conditions. 

B. Proof in Icon Case Sample 
The icon samples with artificial aging are then 

investigated before and after the ageing process with time 
interval ensuring h igher temporal separation among the 
reference and comparative states. The sample was examined 
before the ageing and then has undergone an ageing process 
that simulated 72 years of ageing (Heating at intervals at 
102oC, for totally 66.5 hrs in two cycles of ageing process).   

Following the same experimental procedure as in prior to  
ageing examination that provided the reference state, in  
simulation terms 72 years ago, the new comparative positions 
are acquired. The coordinates showing known defects are 
located and new profiles are ext racted and sized.  Fig. 7a, b  
shows the surface responses obtained before the simulation of 
ageing of 72 years from phase wrapped maps in form of 
cosinusoidal interference fringes extracted in normalised 
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intensity profiles to provide the displacement in spatial 
coordinates for the one dimensional measurements.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The graphs are taken across constant value at x axis with  

varying y and across constant y with varying x, at different tn 
from t0 (Δt=tn-t0), while sample undergoes natural surface 
change. The modulated interference fringe distribution before 
ageing is expressed with expected circular fringe generation 
located at the centre as can be seen at coordinate x:300, y:500 
for Fig. 7b  and 7a correspondingly. Hence before ageing is 
not retrieved any dominant asymmetry.  

After the ageing processes material inhomogeneities are 
dominantly expressed and can be seen at Figure 8. The centre 
exhibits axial x mostly asymmetry as shown in the normalised 
graphs across position x. At position across y is observed a 
shift of central peaks to the left ev idenced with the different x 
coordinate, since exemplary x,y coord inates were chosen to 
cross the centre of thermal expansion. Observing the 
micrometric shift of coordinates before and after ageing the 
different responses of surface points become apparent and any 
shift is retrieved, localised, sized and isolated to pinpoint and 
identify the corresponding artwork reg ion in time.  

In contrast to the technical sample and the measurements 
with small time intervals of graphs in Fig. 5, in graphs Fig. 7 
and Fig. 8, the surface responses vary considerably indicating 
defects and structural instability. The induced thermal load 
provokes higher value of surface reaction at the start of the 
unloading process compared to the natural upload of previous 

experiments and it is expressed in the high increase in relat ive 
displacement values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The displacement has been again calculated for the 
various t0-n for both x, y axes before and after the ageing 
process for the different coordinates, as shown in Table IV: 

TABLE IV MEASURED DISPLACEMENT FOR RANDOM COORDINATES AT 
VARYING T 

Time 
(Sec) 

Before 
Ageing 

across X 

Before 
Ageing 

across Y 

After 
Ageing 

across X 

After 
Ageing 

across Y 
1.01 14.364 11.704 14.896 12.108 

1.21 11.172 10.64 11.704 9.044 

2.08 4.788 7.980 5.320 8.512 

3.01 3.724 5.862 3.192 5.852 

Thermodynamically  the linearity in fringe density is 
expected since the unloading cycle forces the icon to react 
faster in the start of the physical process in order to achieve 
equilibrium with the environment. The surface tends to slow 
the reaction in accordance to the decrease of thermal 
differences and finally to reach equilibrium. Thus the 
displacement value is decreased with  time. The slope of 
deformation remains proportional before and after ageing 
cycles with the after ageing cycle exhib iting coordinates shift 
and marginally  higher displacement values. It is locally  
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Fig. 7 Before ageing: Icon  surface responses in form of phase 

wrapped cosinusoidal interference fringes extracted in normalised 
intensity profiles providing the spatial coordinates’ displacement 

The graphs are taken a) across constant x axis with varying y and 
b) across constant y with varying x, at different tn  from t0 (Δt=tn-

t0) while sample undergoes induced surface change 
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Fig. 8 After ageing: Icon surface responses in form of phase 

wrapped cosinusoidal interference fringes extracted in 
normalised intensity profiles providing the spatial 

coordinates’ displacement 
The graphs are taken a) across constant x axis with varying 

y and b) across constant y with varying x, at different tn  
from t0 (Δt=tn-t0) while sample undergoes induced surface 

change, sample has been aged in conservation ageing 
l  



Journal of Basic and Applied Physics                                                                                            Aug. 2012, Vol. 1 Iss. 2, PP. 39-48 

- 47 - 
 

witnessed distortion on fringe d istribution indicat ing evidence 
of structural instability and risk for deteriorat ion in terms of 
generation of defects. It is seen in the case of x: 225, y: 500 
where a steep phase change in consequent fringes is taking 
place and a crack is exh ib ited. At x: 100 y : 488 to x: 200 y: 
488 the constant fringe intensity parallel to axis is the 
evidence of detachment growth. Some coordinates remain  
comparable but the coordinates at y: 500, at y : 488 before and 
after ageing are d istorted across axis and is difficult to find 
one surface point reacting in same values as before ageing. 
Thus the corresponding points of the profiles are registered as 
instable and correlated to  the artwork actual surface areas 
produce an updated documentation of risk. 

VI. DISCUSSION 
In this paper a feasibility experiment to exp loit  and  

implement spatial 1d-2d data as derived from interferometry  
fringes for surface authentication and impact analysis was 
performed. It is confirmed that intensity profiles across 
cosinusoidal fringe distribution exhib it the surface point 
fluctuations and can be implemented to register structural 
informat ion with a resolution of average 10 μm or sharper 
depending on the recording geometry and medium settings as 
interference angle, recording medium, pixel size and 
numerical aperture.  

The intensity profile data reveal the extent of fringe 
fluctuation and distortion which can be used to assess the total 
surface reaction and unknown inhomogeneities or defect 
growth and deterioration. It also seems to be possible to 
differentiate from the slope of fringe change the type of defect. 
The 2D dimensional data are interference-fringe sensitive 
holding the advantage of a highly secure and anti-fraud 
method with the d isadvantage of requiring  routine database 
update.  

Interferometry visual data are very unique and important 
due to high information content and resolving capabilit ies. 
However the usual fringe pattern data are cumbersome for 
human eye and automatic post processing is not yet applicable 
to the art conservation field due to the complexity  of objects 
which generates highly d istorted fringe patterns. Intensity 
profiles hold potential for fringe interpretation and analysis by 
a scholar while hold potential to aid to the effort of 
automisation especially in relation to the complex problems of 
phase-unwrapping in art conservation field. It should be noted 
that application on industrial materials or typical engineering 
objects do produce less complexity of fringe patterns due to 
material homogeneity.  

Therefore exp loring in art  conservation research the 
unique structural in formation provided by coherent 
interferometry for which known commercially available 
software fail to respond it is a dedicated field of research 
addressed in the presented research paper.  
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