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Abstract. Progressive addition lenses (PALs) are engraved with permanent marks at standardized locations in
order to guarantee correct centering and alignment throughout the manufacturing and mounting processes. Out
of the production line, engraved marks provide useful information about the PAL as well as act as locator marks
to re-ink again the removable marks. Even though those marks should be visible by simple visual inspection with
the naked eye, engraving marks are often faint and weak, obscured by scratches, and partially occluded and
difficult to recognize on tinted or antireflection-coated lenses. Here, we present an extremely simple optical
device (named as wavefront holoscope) for visualization and characterization of permanent marks in PAL
based on digital in-line holography. Essentially, a point source of coherent light illuminates the engraved
mark placed just before a CCD camera that records a classical Gabor in-line hologram. The recorded hologram
is then digitally processed to provide a set of high-contrast images of the engraved marks. Experimental results
are presented showing the applicability of the proposed method as a new ophthalmic instrument for visualization
and characterization of engraved marks in PALs. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
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1 Introduction
A critical issue in the production of ophthalmic lenses is to guar-
antee the correct centering and alignment of both front and back
lens surfaces throughout the manufacturing and mounting proc-
esses. Aimed to that, progressive addition lenses (PALs) are sup-
plied with two types of markings for layout, power verification,
dispensing, and identification purposes: removable and perma-
nent marks.1 Removable or temporary markings are inked on
and permit the identification and verification of the lens zones
(essentially, distant, near, and corridor zones). Permanent mark-
ings are engraved upon the surface and provide useful informa-
tion, such as model identification and addition (add) power of
the PAL, as well as to serve as locator marks to re-ink the remov-
able marks if needed. Both marks are placed at standardized
locations at the lens.

Because of their enduring characteristics, permanent marks
are the most important ones. Both mineral glass and lightweight
plastic PALs are marked at various stages of production for
internal tracking purposes as well as for final production.
The marking process involves sometimes the engraving of
lens molds, or the semi-finished lenses, or polished ones, and
it can be performed by using either mechanical erosion (abrasive
process) or laser engraving systems (laser ablation process).
Nowadays, laser engraving systems are the most used ones
due to the development of new Excimer engraving stations pro-
viding high reliability, ease of operation, low maintenance
downtime, high volume applications, and significantly reduced
operating costs.2

Laser engraving can be applied to both mineral and plastic
materials at two different stages in the working flow of PAL
production.3 On one hand, markings containing relevant infor-
mation about the PAL, such as reference points, add-power,
manufacturer logo, lens model, and material, are engraved
before coating the lens. Some examples of coatings are hard
coating, adhesion layers, antireflection multilayer, and hydro-
phobic coating. Thus, the engraved marks (holes or grooves
in the base material depending on the laser operating mode)
are filled with the coating material. On the other hand, engrav-
ings can also be performed after coating and before lens inspec-
tion, printing, edging, and final packaging. This is the preferred
case for branding the PAL and in such cases, the permanent
marks will exhibit a microrelief in the form of holes and/or
grooves as a consequence of the coating material elimination
during the engraving.

In any case, permanent marks must be clearly visible to the
trained optician but relatively unobtrusive to the eyeglass end-
user. This fact affects the manufacturing process of the perma-
nent marks. For instance, the marks created in uncoated lenses
should have enough depth in order to become visible after the
coating process but not in excess to avoid irregularities and inho-
mogeneities in the coating layer which will produce iridescences
and lack of visual comfort when looking through the lens. For
marks created on coated lenses, the marks must be very precise
with very clean edges in order to eliminate the risk of coating
delamination during lens wearing and cleaning. So, inspection
and/or characterization of permanent marks at different produc-
tion stages help to improve their final quality.4
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Characterization of permanent marks in PALs essentially
depends on the type of mark to be analyzed. For those marks
involving a micro-relief on the lens surface (i.e., engravings
performed before applying the coating and in the branding
stage), standard topographic measurement techniques such as,
for instance, scanning electron microscopy,5,6 atomic force
microscopy,6,7 confocal microscopy,8,9 and interference micros-
copy10–14 can be used to characterize the three-dimensional
(3-D) quantitative profile of the permanent mark. From all
those techniques, only confocal microscopy has been applied
for engraved marks characterization in ophthalmic lenses (see
the manual brochures of Laser 2000 company3). The reason
seems to be obvious: confocal microscopy and, in general,
all those previously commented techniques are time consuming
(invalid for direct implementation in the production line) and
involve very expensive equipment (only accessible for a few).
Moreover, the microrelief is lost after lens coating since the coat-
ing material fills the 3-D engraving; so confocal microscopy is
not useful under those conditions.

In such cases, engraved marks can be understood as a sand-
wich of two layers of different materials having different refrac-
tive index values and thicknesses. Under this perspective, the
phase of the wavefront transmitted by the PAL is distorted
(advanced or delayed) according to this two-layer sandwich.
Then, phase-sensitive techniques are on the pole position for
characterizing the engraved marks through measuring the
phase distribution. Among them, holography is a widely used
method for quantitative phase imaging with applications ranging
from the measurement of object displacement, shape deforma-
tion, and vibration monitoring15,16 to many others in life scien-
ces and biomedicine.17,18

Holography dates back to the year when Dennis Gabor
reported on a method to avoid spherical aberration and to
improve image quality in electron microscopy.19 Essentially,
Gabor’s architecture proposes an in-line configuration where
two beams interfere at the recording plane. One beam is the im-
aging beam caused by sample’s diffraction and the other one is
the reference beam incoming from the nondiffracted light pass-
ing through the sample. Both beams interfere in propagation,
and the resulting light distribution is recorded on a photographic
film. Finally, the reconstruction is obtained by illuminating the
film with a reconstruction wave identical to the reference wave
that was used in the recording process. This two-step holo-
graphic method was pioneering but suffered from three major
drawbacks: the reconstructed image is affected by coherent
noise, the twin image problem of holography that also affects
the final image quality, and a restricted sample range (weak dif-
fraction assumption) for preserving the holographic behavior of
the method. Nevertheless, the holographic principle proposed by
Gabor is the simplest holographic layout ever implemented and
its application to the visible (optical) range was performed by
Rogers a few years later.20

Nowadays, most of those drawbacks have been overcome
and new capabilities have been added due to the replacement
of the classical recording media (photographic plate) by digital
sensors (CCD and CMOS cameras).21,22 Thus, digital in-line
holography23–25 (DIH as the digital version of Gabor’s hologra-
phy) has been validated with coherent noise reduction by the use
of partially coherent light sources26,27 and also with twin image
elimination.28 Moreover, improved resolution images have been
reported using digital processing tools,29 pixel superresolution,30

and synthetic aperture generation31 strategies. And finally, the

Gabor’s approximation regarding the sample’s weak diffraction
assumption can also be beaten by abandoning the Gabor in-line
layout and externally reinserting the reference beam at the
recording plane in an angle (off-axis geometry) on both
classical32–34 and digital versions.35,36 However, the condition
imposed by the weak sample diffraction restriction is far
from a problem in our case since the engraved marks are one
of the best Gabor-like objects one can imagine. Since the
PAL’s engravings are essentially transparent (weak diffractive
sample), the in-line hologram highly approaches a Gabor holo-
gram where the powerless imaging wave caused by diffraction at
the PAL mark interferes with the strong nondiffracted light pass-
ing through it.

In this manuscript, we present a novel application of DIH
involving both an extremely simple visualization (identification)
and a characterization (quantitative measurement) system for
permanent marks in PALs.37 We have called the device a wave-
front holoscope (or simply as “w-holoscope”) since it permits
engraving mark inspection in a PAL looking its diffracted wave-
front and using a digital implementation of Gabor holography.
Although the term “holoscopy” has been previously adopted in
other disciplines such as 3-D imaging,38 optical coherence
tomography39,40 and digital holographic microscopy,41 holo-
scopy makes reference to whole (“hólos”) visualization (“sko-
pein”) of the object information, being our device one of its
simplest implementations. Light emitted by a partially coherent
light source is used to illuminate the PAL which is placed just
before a monochrome CCD sensor. Thus, the in-line recorded
digital hologram first provides a misfocused intensity image
of the permanent mark where the mark can be visualized and
identified; and second, it allows a digital postprocessing
stage of the recorded hologram by means of classical holo-
graphic tools applied in the digital domain (refocusing of the
mark, twin image removal by phase iterative algorithms,
phase contrast and 3-D imaging modes, etc.) in order to measure
and characterize the engraved mark.

The manuscript is organized as follows. Section 2 provides a
theoretical analysis as well as initial calibration of the proposed
experimental setup. Section 3 presents the experimental results
obtained when visualizing permanent marks in PALs with the
proposed wavefront holoscope. Finally, Sec. 4 provides some
discussion as well as the main conclusions of the paper.

2 Wavefront Holoscope Analysis and
Proposed Methodology

2.1 Main System Parameters

The proposed experimental setup is outlined through Fig. 1.
Essentially, a spherical point divergent beam illuminates the
PAL mark placed and centered before a CCD camera for the
recording of the in-line hologram. In DIH, the layout magnifi-
cation factor (M) is computed as the object geometric projection
into the recording device in the form of

M ¼ z1 þ z2
z2

; (1)

where z1 and z2 are the distances (see Fig. 1) from the CCD and
the illumination pinhole to the input object plane, respectively.
Typical values for those distances in lensless microscopy are
obtained by selecting z2 close to 1 mm (or even below, fact
that can generate experimental problems due to the proximity
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between hardware components) and z1 around 1 to 2 cm, thus
allowing M factors in the [10×, 20×] range (or even higher).
Nevertheless, there is no need to provide high magnification val-
ues since PAL permanent marks are supposed to be visible under
naked eye. Then, the requirement to place the input sample very
close to the illumination source is no longer required in our
setup thus relaxing experimental complexity. Even more, the
PAL position should be closer to the CCD than to the illumina-
tion source since a lowmagnification value is pursued in order to
frame the mark’s diffraction pattern into the available CCD
recording area.

However, an additional issue should be taken into account for
more realistic magnification calculation in the w-holoscope.
Since the PAL contains optical power, the distance z2 is changed
to z2 0 since the lens modifies the axial position where the illu-
mination beam is generated. However, the definition of the opti-
cal power is not easy since the PAL contains a progressive
dioptric power profile. Moreover, the situation is even worse
when inspecting the nasal and temporal permanent marks due
to the strong peripheral astigmatism as a consequence of the
continuous change in power along the PAL. So, it is difficult
to select the dioptric power of the engravings surrounding
area for the calculations. For the sake of simplicity and as
first-order approximation, we have selected the dioptric
power value corresponding with the spherical equivalent of
the PAL at the distant vision zone. Because of the spherical
equivalent is usually represented as M (the same letter than

for the magnification) and to avoid misunderstandings, we
have represented such value by NES (incoming from nearest
equivalent sphere, which is also used as an equivalent ophthal-
mic definition). Notice that the NES value will provide a z2 0

first-order approximation and specific power measurement at
those areas will be needed in order to precisely know the
real M value which, in general, will result from astigmatic
powers thus defining a different magnification value for each
lens meridian. In any case, the NES value can be replaced by
the specific dioptric power without additional penalties in the
calculations.

Thus and assuming thin lens approximation, we can apply
the Gauss equation to calculate the new z2 0 distance as:
z2 0 ¼ z2∕ð1þ NES z2Þ, z2 being a negative distance. As a
result, the new magnification value is defined as

M 0 ¼ z1 þ z2 0

z2 0
¼ z1ð1þ NES · z2Þ

z2
þ 1 ¼ M þ NES · z1;

(2)

where M is the previously defined magnification value
[M ¼ ðz1 þ z2Þ∕z2]. For example, for a NES ¼ 4 diopters (a
reasonable value for the spherical equivalent) and z1 ¼ 25 mm

(as it is set in our experiments), the new magnificationM 0 comes
from the addition of the original one (M) plus 0.1, that is, a very
small modification.

The other important parameter in a DIH layout is its spatial
resolution limit that will result as the most restrictive value from
two possibilities: the limits provided by the wave nature of light
(diffraction resolution limit) and by the sampling criterion at
the CCD plane (geometrical resolution limit). On one hand, res-
olution limit imposed by diffraction can be calculated as
R ¼ kλ∕NAdif , where NAdif is the numerical aperture of the im-
aging system due to its aperture size, λ is the illumination wave-
length, and k is a constant equal to 0.82 for coherent imaging
systems.42 In DIH, the CCD recording area (number of pixels in
horizontal and vertical directions times the pixel size) defines
the aperture of the imaging system and, thus, its NAdif value
once considering the z1 distance. For instance, using red illumi-
nation (λ ¼ 650 nm) and considering a permanent mark with a
typical detail size of ∼100 μm (see Ref. 3), the NAdif of the
imaging system should not be lower than 0.005 to resolve
such laser spot size. In our experiments, we have used a
A312f Basler camera (782 × 582 pixels, 8.3 μm pixel size,
12 bits∕pixel) placed at 25 mm from the inspected marks;
with those values, the NAdif values in the horizontal (H) and
vertical (V) directions are NAdif-H ¼ 0.13 and NAdif-V ¼ 0.1,
approximately. So, we are satisfying the resolution requirements
imposed by diffraction when analyzing a permanent mark com-
posed by laser spots of 100 μm in diameter. In addition, we have
used a 12-bit camera but, although 4096 gray levels will always
perform a better image quantization than 256 ones, the proposed
method could be perfectly implemented with 8-bit cameras.

On the other hand, geometrical resolution is a consequence
of the nonzero pixel size when sampling the recorded hologram.
In applications where a high magnification value is pursued
(z2 ≪ z1), the inspected object as well as the interferometric
fringes are magnified, thus relaxing the sampling requirements.
However, this point is a critical situation in our layout since the
recorded holographic fringes are no longer magnified.
Assuming two pixels (p ¼ 8.3 μm) as the minimum period that
can be sampled by the CCD (Nyquist sampling criterion), the

Fig. 1 Experimental setup arrangement of the w-holoscope. CCD and
SLD are the charged-coupled device and the super luminescent
diode, respectively.
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maximum NAsam value before aliasing can be calculated as
NAsam ¼ λ∕ð2pÞ ¼ 0.04. This value applies in the case when
the object is placed in close contact with the digital sensor.25

When magnification enters in the game, it can be seen as a factor
that reduces the effective pixel size since it magnifies the inter-
ferometric fringes. In our experiments, z2 ¼ 210 mm and
z1 ¼ 25 mm, and the magnification value is M ¼ 1.12, approx-
imately, value computed from Eq. (1) since the U.S. Air
Force (USAF) test does not contain optical power (it is a
thin plane-parallel glass plate). Thus, the effective sampling
NA value and its resolution limit are: NAsam-eff ¼ 0.044 and
Rsam-eff ¼ 14.8 μm.

Thus, although the NAdif of the CCD restricted area
approaches from 0.1 to 0.13 for the V and H CCD directions,
the effective NA of the experimental layout is defined from the
CCD geometrical constraints (NAsam-eff ¼ 0.044) limiting the
spatial resolution to 14.8 μm on both CCD directions, approx-
imately. Nevertheless, this value perfectly matches the require-
ments to resolve a laser spot size of 100-μm width in the PAL as
a typical value.3

In order to validate those assumptions, we have performed an
experiment involving a USAF resolution test target and a super
luminescent diode (SLD) source from Exalos (Model EXS6501-
B001, 10-mW optical power, 650-nm central wavelength, 6-nm
spectral bandwidth) to provide quasi-point divergent spherical
illumination. SLDs combine the advantages of both light-
emitting diode (LED) and laser diode (LD) sources since, on
one hand, SLDs provide temporal incoherence illumination
incoming from a broadband spectrum (such as LEDs) and,
on the other hand, SLEDs are similar in geometry to LDs
but without optical feedback mechanism for laser light emission
thus providing a high degree of spatial coherence. As a result,
SLDs provide partially coherent quasi-point illumination that
reduces noise incoming from speckle and coherent artifacts
while allowing interference according to its coherent length42

that can be calculated as Lc ¼ k λ2∕Δλ ≅ 50 μm, where
k ¼ 0.66 for Gaussian spectrum, λ the central wavelength,
and Δλ the spectral bandwidth.

Figure 2 presents the images where we have included two
different z1 distances: 25 mm (on first row) and 10 mm (on sec-
ond row). Images in (a1) and (a2) are the digital in-line

holograms while (b1) and (b2) show their numerical focusing,
respectively. Finally, images included in (c) and (d) present mag-
nified areas of the focused images. Note that image magnifica-
tion is a bit different (M ¼ 1.12 andM ¼ 1.04) as it comes from
the two presented layout cases (z1 ¼ 25 mm and z1 ¼ 10 mm,
respectively, and z1 þ z2 ¼ 23.5 mm on both cases).

Through Fig. 2(d1), we can see that the last resolved element
is Group 6-Element 1 (from now on named as GX-EY in generic
notation) for both H and V directions. Since we are using a rec-
tangular CCD, the resolution limits due to diffraction should be
different depending on the CCD direction that we consider. As
we have previously noted for z1 ¼ 25 mm, NAdif-H ¼ 0.13 and
NAdif-V ¼ 0.1 defining a resolution limits for the H and V CCD
directions of Rdif-H ¼ 4.1 μm ¼ 244 linepairs∕mm (lp∕mm)
and Rdif-V ¼ 5.3 μm ¼ 188 lp∕mm. Those resolution limits,
besides being different, will enable imaging of the G7-E6
and G7-E4 as last resolved test element for the H and V direc-
tions, respectively. Experimentally [Fig. 2(d1)], we have
obtained the same last resolved element for both directions
with a pitch of 15.6 μm ¼ 64 lp∕mm (G6-E1). In fact, the
G6-E2 (13.9 μm ¼ 71.8 lp∕mm) is not resolved in Fig. 2(d1)
due to noise but it is just in the limit after twin image removal
[see Fig. 5(b1) in next section]. Those values perfectly
match with our theoretical resolution sampling limit set
to 14.8 μm ¼ 67.6 lp∕mm.

The situation is a bit different for z1 ¼ 10 mm since the mag-
nification value is reduced until M ¼ 1.04 because the USAF
target is closer to the CCD. Then, the new theoretical values
are NAsam-eff ¼ 0.042 and Rsam-eff ¼ 15.56 μm ¼ 64.3 lp∕mm
corresponding with the G5-E6 USAF last resolved element
(17.5 μm ¼ 57 lp∕mm). As we can see in Fig. 2(d2), the last
experimental resolved element is G5-E6 thus matching again the
theoretical calculations. But G6-E1 (15.6 μm ¼ 64 lp∕mm) is
very close to our theoretical prediction and it is expected to
be resolved after twin image removal [see Fig. 5(b2) in next
section].

2.2 Digital Image Processing Stage

The proposed procedure for permanent mark inspection
(visualization and characterization) in PALs implies first the

Fig. 2 Experimental validation of the w-holoscope resolution limit using a USAF test target as input
object. The upper and lower rows show the cases of a propagation distances equal to 25 and
10 mm to focus the object.
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recording of the in-line hologram corresponding to the region of
interest (ROI) containing the diffracted wavefront of the
inspected mark, second a digital processing stage to remove
twin image contribution and focus the ROI, and third the prepa-
ration of final images. Holographic recording is accomplished
by placing the PAL into an XYZ translation platform in
order to correctly place the permanent mark ROI in front of
the CCD sensitive area. After that, the digital processing
stage implements a phase retrieval algorithm that consists of
the iterative application of back-and-forth numerical propaga-
tions considering some specific constraints of the ROI. After
a given number of iterations, the retrieved image contains no
information about the twin holographic image and exhibits bet-
ter-quality image concerning noise, halos, and contrast. Finally,
the retrieved complex amplitude distribution is imaged under
several imaging modalities, such as 3-D representation of the
mark’s retrieved phase, contrast image of the inspected mark,
plotting some regions for mark profiling, etc.

The constraints to apply during the phase retrieval algorithm
depend on the type of inspected object.43–45 In our case, a per-
manent mark can be considered as a pure phase object. The
flow diagram of the applied algorithm is represented in Fig. 3
where all the variables are spatially dependent [for instance:
A0 ¼ A0ðx; yÞ] but we have not included the ðx; yÞ coordinates
in the figure to save space. One iteration of our algorithm starts
with a digital propagation of the square root of the recorded
intensity (named as A0 and marked with a dashed line red rec-
tangle in Fig. 3) until focusing the engraved mark (O0). Then,
the obtained propagation distance to focus the mark is stored in
the computer’s memory. There are different numerical methods
for digital reconstruction of the diffraction integral.15,46 Among
them, we have selected to solve the diffraction Rayleigh-
Sommerfeld integral using convolution operation since it allows
an effective and economical calculation without any approxima-
tion. After numerical propagation at the plane where the mark
is focused (the real image plane and O 0

0), we retain the phase
distribution introduced by the numerical propagation (φ0) and
disregard the amplitude information (U0) since we a priori
know that the engraved mark can be closely approximated as
a pure phase object. This pure phase distribution is back propa-
gated again until the hologram plane (A 0

1) where the phase
information (φ1) is retained once again and the amplitude dis-
tribution (U 0

1) is replaced by the square root of the recorded
hologram intensity (A0). This synthetic hologram (A1) improves
the initial hologram because it contains the initial amplitude
information (A0) in addition with a tentative phase distribution
incoming from the first iteration (φ1). Then, the synthetic holo-
gram enters again in the same back-and-forth propagation algo-
rithm and the engraved mark’s phase distribution (φ 0

N) is
retrieved after a few iterations (N ∼ 20) and a final back propa-
gation to the object plane. Phase retrieval can be viewed as a
process where, from the two compatible available phase solu-
tions (real and twin images) resulting in the recorded intensity
hologram, only one is selected (the real one), and the other (the
twin one) is eliminated.

Figure 4 includes the images obtained when applying the
proposed algorithm to our USAF validation case. We have
included images concerning only one experimental configura-
tion (z1 ¼ 25 mm) since it is the one selected when using

Fig. 3 Flow diagram of the phase retrieval algorithm. The process
starts with the recorded hologram intensity (dashed red line frame)
and then the arrows guide the way of reading (clockwise direction)
until the N’th final iteration where the phase information is retrieved
(solid red line frame). The variables (I, A, U, O and their primes
indexes) in the chart are ðx; yÞ-spatially dependent.

Fig. 4 Experimental validation of twin image removal by phase retrieval using a U.S. Air Force test target
and z1 ¼ 25 mm (upper row in Fig. 2). The upper and lower rows show the case without and with phase
retrieval algorithm.
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PALs. Because of the USAF resolution test that is not a pure
phase object but a pure amplitude one, the constriction applied
in the phase retrieval algorithm is not to save the phase and dis-
regard the amplitude but just the contrary: we retain the real part
(O 0

0 ¼ realfO0g for the first back propagation at Fig. 3) while
removing the phase information (φ0 for the first back propaga-
tion at Fig. 3) when focused at the test.44,45

The upper row of Fig. 4 depicts the case where the phase
retrieval algorithm is not applied. The recorded hologram (cen-
tral image) can be digitally propagated to focus the USAF test at
both real (negative propagation distance) and twin (same propa-
gation distance but with opposite sign) imaging planes. Note
that the twin image is inverted (and conjugated but this fact
is not noticeable since the USAF does not contain complex
amplitude information) in comparison with the real image.
Moreover, we can see the halos and noise in the real focused
image incoming from the misfocused twin image at such
plane (and vice versa). Once the phase retrieval algorithm is
applied (lower row), the USAF real image term is retrieved with-
out twin image noise contributions, that is, with improved con-
trast and reduced noise fluctuation. Moreover, digital
propagation of the retrieved real image to the twin image
plane does not provide the in-focus inverted test image but
only the diffraction test pattern after propagation a distance
twice the distance used to focus at the hologram plane. In
other words, the twin image contribution is removed. Finally,
Fig. 5 shows the retrieved images with magnification of the cen-
tral regions after applying the phase retrieval algorithm for z1 ¼
25 mm (upper row) and z1 ¼ 10 mm (lower row) layout cases.
Note as now, G6-E1 is clearly visible on both cases while it is
barely resolved at Fig. 2(d1) and 2(d2), and even G6-E2 is sus-
pected to be resolved at Fig. 5.

3 Wavefront Holoscope Validation for
Engraved Permanent Marks on PALs

A double picture of the experimental setup is included in Fig. 6.
We can see that the system layout is very simple and composed

by a minimum of optical components, allowing the system to be
robust and with possibility to be miniaturized and compact.
Moreover, we have adopted an L-configuration (see Fig. 1)
for assembling reasons, but further dimensional reduction in
the experimental layout can be achieved by using, for instance,
a U-design with two folding mirrors at 45 deg. As we have pre-
viously commented, a SLD source (Exalos EXS6501-B001,
650 nm wavelength) is used to provide spherical point divergent
illumination of the PAL that is placed just before a CCD sensor
(Basler A312f, 582 × 782 pixels, 8.3-μm pixel size,
12 bits∕pixel). The PALs (not included in the pictures) are
mounted on an XYZ micrometric manual translation stage
and placed at z1 ¼ 25 mm and z2 ¼ 210 mm from the SLD
source.

For the experimental validation, we first present the results
provided by our wavefront holoscope when inspecting a PAL
from Hoya company model Hoyalux iD l45. Figure 7 presents

Fig. 5 Experimental results after application of the phase retrieval
algorithm.

Fig. 6 Pictures of the w-holoscope at the lab.

Fig. 7 Hoyalux iD PAL with the two inspected regions of interest
(ROIs), and the diffraction pattern at 25 mm of the nasal (orange rec-
tangle) and the temporal (green rectangle) marks. White horizontal
scale bars in lower images are 1 mm.
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the PAL and the two inspected ROIs are marked with different
color solid line rectangles. The two digital in-line holograms of
the inspected marks are also included in Fig. 7 and magnified to
clearly visualize the mark’s diffracted wavefront at the CCD
plane. The right one (orange rectangle) contains the nasal
engraved mark (“I45” quality mark of the PAL model), whereas
the left one (green rectangle) depicts the temporal mark contain-
ing information of the add power (3.5 diopters) and an addi-
tional letter “F” indicating “free form design” of the PAL.

As a whole example of digital processing, Fig. 8 shows the
case of the permanent nasal mark included in Fig. 7 with a bit of
digital magnification to optimize image visualization. Similarly
to Fig. 4, the upper row depicts the images obtained without
applying phase retrieval algorithm. The recorded hologram
(central image) can be digitally propagated to focus the
engraved mark at both real (left side) and twin (right side) im-
aging planes. We have included real as well as phase images at
both imaging planes just to show that the twin image phase
results conjugated as well as inverted when comparing with
the real image one. Once again, it is noticeable the halos and
noise in the focused real image incoming from the misfocused
twin image at such plane (and vice versa). After 15 iterations in
the phase retrieval algorithm (lower row at Fig. 8), the real image
term is retrieved without twin image contribution allowing mark
imaging with improved contrast and reduced noise. As is
expected, digital propagation of the retrieved real image com-
plex amplitude distribution shows no presence of the twin
image term when propagating twice the distance used to
focus at the hologram plane (central image).

Moreover, since phase information is retrieved, it is possible
to represent additional visualizations of the engraved mark (see
Fig. 9). Thus, not only bright field images of the mark [Fig. 9(a)
includes, for direct comparison, the same image than Fig. 8,
lower row, left phase image] are possible but phase contrast im-
aging [Fig. 9(b)], and 3-D representations of the unwrapped
phase distribution [Fig. 9(c)] where the color bar describes opti-
cal phase in radians. Figure 9 also presents the results derived
from the temporal marks included in Fig. 7. Figure 9(d) includes
the final bright field image after applying phase retrieval algo-
rithm (15 iterations), Fig. 9(e) shows the phase contrast image,
and Fig. 9(f) presents a 3-D view of the unwrapped phase dis-
tribution. The depression in the surroundings of the marks
(white color level in the 3-D graphs) can be attributed to a non-
total twin image removal when applying the phase retrieval
algorithm. As we can see, it supposes a phase step of around
0.2 rad over the background level [yellow color in the 3-D

graphs corresponding with −0.9 and −1.4 rad values calculated
from the unwrapped phase distributions included in (c) and (f)]
while the mark phase height is in the interval −0.8 to −1 rad
above the background level.

Additional results are included in Figs. 10 and 11 when
inspecting a Varilux PAL from Essilor. Figure 10 presents the
images corresponding to the PAL add power information.
This mark is engraved and then coated, so the final mark
does not contain microrelief (similar case than the ones included
in Fig. 9). Moreover, it is not composed by individual laser
spots but for continuous engraving trajectories. Figures 10(a)
and 10(b) represent, respectively, the real part and the 3-D
unwrapped phase distribution when looking at the in-focus
mark before and after applying the phase retrieval algorithm
(20 iterations), respectively. We can see that the bright halo sur-
rounding the in-focus image of the mark is fully removed after
applying the phase iterative retrieval algorithm, and this fact also
results in an improved 3-D characterization of the mark.

Figure 11 presents the results obtained when applying the w-
holoscope to the “Varilux” PAL brand. This mark differs from
the previous ones in the fact that it defines a microrelief in the
lens surface since the engraving removes a part of the coating.
The images in Fig. 11 represent three different visualizations of
the phase distribution without (upper row) and with (lower row)
using the phase retrieval algorithm with 25 iterations: the bright
field image in Figs. 11(a) and 11(d), their 3-D unwrapped phase
distribution in Figs. 11(b) and 11(e), and their phase contrast
images in Figs. 11(c) and 11(f). Through the 2-D images, we
can realize on a contrast improvement as well as a noise reduc-
tion and analyzing the 3-D views, we can observe that the height
of the letters from the background is approximately doubled
[from background at −3 rad and letters at approximately
−4 rad in Fig. 11(b) to approximately −2 rad and −4 rad in
Fig. 11(d), respectively] as a consequence of the twin image
removal.

As last example, Fig. 12 presents the results obtained when
inspecting a nonidentified dyeing sunglass. We have included
this example since it is very illustrative of the w-holoscope capa-
bilities. Figure 12(a) presents the recorded in-line hologram
showing that the lower inscription (AGS1) is a very faint
image in comparison with the upper mark (open ring). In
fact, the “AGS1” inscription is almost invisible when inspecting
it with the naked eye. After 30 iterations in the phase retrieval
algorithm, Fig. 12(b) includes the in-focus phase image showing
as the “AGS1” inscription becomes more visible (with higher
contrast). Figure 12(c) presents the 3-D plot of its unwrapped

Fig. 8 Experimental validation of twin image removal by applying phase retrieval algorithm using the w-
holoscope on the nasal engraved mark included in Fig. 7.
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phase distribution showing quantitatively that the phase delay in
the “AGS1” mark is much lower than in the upper ring.

Finally, we have performed an additional experiment for val-
idating the experimental results: we have compared the recov-
ered iterated phase distribution with the one provided by a

home-made digital holographic microscope. This is a typical
procedure for validating experimental results incoming from
phase retrieval algorithms (see, for instance, Refs. 47 and
48). Figure 13 includes the comparison for the “I” inscription
(line of 14 laser spots) of the engraving presented in the
Hoyalux iD l45 nasal mark [see Fig. 7, orange rectangle,
Figs. 8 and 9(a), 9(b), 9(c) cases]. In our especially assembled
digital holographic microscope, we have used a modified
Olympus BX60 upright microscope illuminated by a coherent
light source (laser diode, 650-nm, 15-mW optical power)
with the capability of inserting a reference beam in off-axis
mode at the recording plane. The lower available magnification
objective lens (Olympus UMPlan 5 × ∕0.15 NA) is selected for
imaging the engraved mark onto a digital camera (same camera
used in the w-holoscope). Due to geometrical restrictions in the
field of view when building the microscope, only 13 of the 14
laser spots fall in the CCD recording area but the comparison
becomes fully valid. The off-axis holographic recording permits
the recovery of the transmitted spectral band by Fourier trans-
forming the recorded hologram and Fourier filtering of one of
the hologram diffraction orders. Once the spectral filtered dis-
tribution is centered at the Fourier domain, inverse Fourier trans-
formation retrieves complex amplitude imaging. Figure 13
compares both the 2-D image as well as a plot of the unwrapped
phase distribution provided by the w-holoscope [case (a)] with
the one obtained by the especially assembled digital holographic
microscope [case (b)]. We have equalized the phase values
incoming from the w-holoscope to match it with the ones pro-
vided by the digital holographic microscope in order to directly
compare the plots.

Fig. 9 Additional representations of the inspected marks using the w-
holoscope: (a) phase contrast image, (b) plot along the blue dashed
vertical line included in (a), and (c) 3-D representation of the
unwrapped phase distribution incoming from the nasal permanent
mark; and (d) the retrieved bright field image, (e) its phase contrast
image, and (f) the 3-D plot of its unwrapped phase distribution for
the temporal permanent mark. Hot level scale in (c) and (f) represents
optical phase in radians. White horizontal scale bars in (b) and (e) are
1 mm.

Fig. 10 Experimental results when inspecting a Varilux PAL with the
w-holoscope: (a) real part (gray level image) and 3-D plot of the
unwrapped phase distribution (hot colormap image) when directly
focusing at the mark without applying phase retrieval algorithm,
and (b) the same cases but after applying the phase retrieval algo-
rithm. Black horizontal scale bar in (b) is 1 mm.
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Fig. 11 Experimental results when inspecting the Varilux branding with the w-holoscope: (a) bright field,
(b) 3-D plot of the unwrapped phase distribution, and (c) phase contrast images of the phase distribution
without applying phase retrieval algorithm, and (d), (e), (f) the same cases but after applying the phase
retrieval algorithm. White horizontal scale bars in (d) and (f) are 1 mm.

Fig. 12 Phase distribution of an unknown sunglass PAL: (a) recorded
in-line hologram, and (b) and (c) phase gray level image and 3-D plot
of the unwrapped phase distribution, respectively, after applying the
phase retrieval algorithm with 30 iterations. White vertical scale bar in
(b) is 1 mm.

Fig. 13 2-D images and 1-D plots of the unwrapped phase distribu-
tions provided by (a) the w-holoscope and (b) the especially
assembled digital holographic microscope when inspecting part of
the Hoyalux iD nasal engraving. Units at the plots are optical
phase in radians.
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Leaving aside the noise reduction in the image because of the
SLD usage (point previously commented in Sec. 2.1), we want
to stress two facts. First, the phase step from the background
provided by the laser spots is almost the same in both plots:
from 2.3 to 1.55 rad in Fig. 13(a) and from 2.4 to 1.6 rad in
Fig. 13(b), approximately. This phase step is in good concord-
ance with the phase step derived from Fig. 9. Second, the phase
modulation between consecutive laser spots is similar (∼0.4 to
0.5 rad) in both cases. These results show a high degree of
correlation between the unwrapped phase distributions provided
by both methods.

4 Discussion and Final Conclusions
In this manuscript, we have proposed and validated a new appli-
cation of DIH to solve the problem of visualization (identifica-
tion) and characterization (quantification) of permanent marks
in PALs. Although the basic layout and capabilities have
been previously introduced in Ref. 37, the proposed manuscript
expands the performance of the method by both providing a
wide range of experimental results (not only preliminary results
as in Ref. 37) and including a phase retrieval procedure that not
only minimizes but fully removes the twin image contribution at
the recorded holograms. Thus, the final image presents a high
quality with improved contrast and reduced noise in comparison
with the image that can be obtained by direct focusing the
recorded holograms.

The device and methodology have been named as wavefront
holoscope (w-holoscope), and it could be the background tech-
nology of a new type of ophthalmic instrument for inspection of
engraving marks in PALs. Experimental results have been
reported showing the applicability of the w-holoscope for char-
acterizing permanent engraved marks in different PALs types
such as a sequence of individual laser spots (Hoyalux PAL
example), a continuous engraving (Varilux PAL example),
marks without and with surface relief, and a dyeing sunglass.
All the presented cases contain a high amount of scratches
since they are old PALs; but this is not a handicap for the
w-holoscope as we have shown through the manuscript.

The proposed w-holoscope can be divided into two well-
identified parts. On one hand, the hardware is extremely simple,
containing a reduced number of optical elements (illumination
source, translation stage, and CCD sensor), easily adjustable to
inspect different PAL regions of interest, and with an open archi-
tecture to be assembled depending on the specific installation
requirements. On the other hand, the digital processing of the
inspected marks improves its image quality due to numerical
focusing and twin image removal. However, visualization and
identification of the marks are achieved by direct inspection
of the recorded in-line holograms since it comes from a dif-
fracted wavefront containing a reasonable amount of defocus
for identification of the numbers and/or symbols contained in
the marks.

Nevertheless, phase retrieval by digital image processing
finally yields the quantification of the phase profile transmitted
by the engraved mark. In our case, phase distribution contains
information mainly related with refractive index changes and
layer thickness, provided that the PAL does not contain a sig-
nificant surface relief (at least in a small surrounding area).
Then, considering the PAL as a two-layer sandwich of different
materials and thicknesses, the recovered phase distribution is
essentially proportional to the thickness profile generated by
the engraving. By knowing the refractive index values of the

materials involved in the sandwich (substrate material and
first layer of the coating), it is possible to directly translate
the optical phase values (in radians) to engraving mark profile
(in microns). Thus, the 3-D plot of the unwrapped phase distri-
bution provides a quantitative 3-D view of the surface relief gen-
erated by the engraving process in the substrate material but that
can be measured before or after finishing the lens.

Additional advantages of the w-holoscope can be derived
from its low sensitivity to external perturbations such as vibra-
tions and/or thermal changes due to the Gabor in-line architec-
ture and the reduced recording time, a high acquisition rate
(depending on the specific characteristics of the used CCD sen-
sor) since full information of the mark’s diffracted wavefront is
obtained from a single hologram, the absence of moving ele-
ments that can limit its accuracy, and the automation capability
of the digital processing reducing user interaction with the
device.

Future work will be directed into two directions: to further
improve the phase retrieval algorithm and to compensate for the
image distortion caused by the PAL peripheral astigmatism at
the inspected regions. The former will provide robustness to
the w-holoscope since it will generalize the phase retrieval
for a wide casuistic permanent mark range, and the latter will
improve the phase accuracy measurement because it will
allow engraving distortion compensation.
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