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Abstract
Optical vortices are getting attention in modern optical metrology. Because of their unique features, they
can be used as precise position markers. In this paper, we show that an artificial neural network can be
used to improve vortex localization. A deep neural network with several hidden layers was trained to find
subpixel vortex positions on the spiral phase maps. Several thousand training samples, differing by spiral
density, its orientation, and vortex position, were generated numerically for teaching purposes. As a result,
Best Validation Performance of the order of 10−5 pixel has been reached. To verify the usefulness of the
proposed method, a related experiment in the setup of an optical vortex scanning microscope has been
reported. It is shown that the vortex can be localized with subpixel accuracy also on experimental phase
maps.
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© 2021 Polish Academy of Sciences. All rights reserved

1. Introduction
Light fields in classical optics are characterized by amplitude, phase, and polarization state.
Nowadays many exotic optical fields can be produced with help of modern optical equipment,
which allows modulation of their amplitude and phase. An interesting example is a field carrying
optical vortices [1–3]. An optical vortex is a singular phase structure having a point to which
the equiphase lines converge (vortex point). They attract attention in modern optical metrology
because they are stable structures having a characteristic point of zero intensity (at the vortex
point) and can serve as precise position markers. On the other hand, they are well-defined points
on the phase map and can be localized with arbitrary accuracy, at least in theory. Several approaches to apply optical vortices in metrology have been proposed in different areas of optics
so far. For instance, they were used as encoders for position marking in displacement metrology [4, 5]. Speckle patterns appear as a result of interference of many waves having different
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phases and amplitudes. Each dark spot in a speckle field contains an optical vortex. These vortices can be uniquely identified by their internal structure and used to measure some dynamic
phenomena in fluids or on the solid sample surface. For example, tracing vortex movement
caused object by displacement enables to determine this displacement with high accuracy. Optical vortices can be also used as phase markers in optical vortex interferometry [6–8]. Tracing
a change in their position in the vortex lattice enables recovering the phase shift introduced
into the object beam. An interesting application of vortex structure are topography measurements [9, 10]. Here, the measured surface is mapped into an array of vortex points and surface
depth is reconstructed from angular rotation of the vortex point spread function assigned to the
measuring points. In High-Resolution Interference Microscopy [11, 12] singularities are born
in the field scattered or transmitted by nanostructures. Detecting them allows for its characterization and positioning. A light beam with the internal vortex phase structure can serve as
a kind of scanning tool. As a result of its interaction, the microscopic sample causes changes
in vortex localization within the beam. That can be used to characterize a sample’s feature or
position [13–15].
In the presented manuscript we investigate, for the first time, whether artificial neural networks
can be applied to enhance vortex localization in vortex metrology. Deep learning technology has
been widely utilized in image recognition. In the case of vortex beam, it has been used to recognize
its different spatial modes [16] or to differentiate between nearby spatial vortex states [17, 18].
In our work, we trained a neural network with help of numerically generated spiral phase maps
of different spiral densities [19], orientations, and positions. From the training set a high value
of Best Validation Performance was reached which showed that vortex position can be found
with subpixel accuracy. Then this algorithm has been used to find the vortex position in the
Optical Vortex Scanning Microscope – a novel optical instrument we proposed in our previous
papers [20–22]. The main idea of this instrument is to use a vortex as a scanning point. The
optical vortex here was introduced into the laser beam via the spiral phase plate (SPP) mounted
on the piezo stage. That enabled its shifting in the direction perpendicular to the optical axis. As
a result, vortex embedded in the beam was also shifted. Next, the vortex beam was focused by
a microscope objective and, in this way, a reduction of the vortex shift range was achieved. The
reduction rate depends on the objective power/magnification. A focused spot then was observed
on the CCD camera through the imaging system. If SPP is shifted by a very small step, then
the vortex observed on the CCD will be shifted within one camera pixel. Our previous vortex
localization procedures positioned it with the accuracy of one pixel. In this paper, we show that
an artificial neural network will improve this accuracy to 1/4 pixel.

2. Methodology
2.1. Vortex beam phase map description
One of the natural solutions of the paraxial wave equation is helical wave which can be
described in terms of the Laguerre–Gaussian mode. It contains the exp(imφ) phase term which
describes the phase vortex of topological charge m. The mathematical form of the complex
amplitude of such beam can be expressed in cylindrical coordinates (r, φ, z) by the equation:
ULG (r, ϕ, z) = E0
498

!
"
!#
w0  r  |m|
r2
kr 2
exp − 2 exp −i mϕ +
+ k z + ΦG ,
w w
2R
w

(1)

Metrol. Meas. Syst.,Vol. 28 (2021), No. 3, pp. 497–508
DOI: 10.24425/mms.2021.137131

s

z2
is the transverse beam radius, R(z) =
z 2R
kw02
z2
z *1 + R2 + is the radius of curvature of the beam wavefront, z R =
is the Rayleigh range and
2
z ,
ΦG (z) is the Gouy phase. At the fixed observation plane z, the intensity and phase maps reveal
characteristic features shown in Fig. 1. In the intensity picture, there is a characteristic bright ring
pattern (Fig. 1a). The phase picture reveals a spiral character (Fig. 1b). The end of the spiral on
the phase map indicates the position of the vortex point and is associated with the zero intensity
point. We will consider the beam with the topological charge m = 1.
where w0 refers to the beam waist, w(z) = w0 1 +

a)

b)

c)



Fig. 1. Vortex beam: a) intensity, b) phase plotted as arg(U L G ), c) pseudo phase, plotted as arg H
I (x, y) from (4).

The spiral seen on the phase map can have different numbers of turns and orientations,
depending on wavefront curvature or phase connected with beam propagation.
The spiral feature of the vortex beam phase in the experimental conditions can be extracted
from the interferograms via the Fourier methods [23]. In the case when it is not possible to
construct an interferometer which generates characteristic fork interference fringes, one can
apply the Laguerre–Gauss filter operation to intensity image and get so-called complex signal
H
I (x, y) [5, 24]:
H
I (x, y) =

Z Z+∞



(

)
LG( f x, f y ) · FI f x, f y exp 2πi f x x + f y y d f x d f y ,
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where FI ( f x, f y ) is a Fourier transform of the intensity image. Filter LG( f x, f y ) is defined as:
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where ρ = f x2 + f y2 and θ = arctan f x / f y and d serves as a bandwidth of the LG filter. Results
obtained by the operation (2) can be generally written as


I (x, y) → H
I (x, y) = H
I (x, y) exp iφ(x, y) = I (x, y) ⊗ FT LG(x, y),
(4)
here ⊗ denotes convolution, φ(x,y) is called the pseudo phase, FT LG(x, y) is the Laguerre–Gauss
function in the spatial domain (inverse Fourier transform of (3)) and can be written as [5]:


FT LG(x, y) = i · π 2 d 4 · r · exp −π 2 r 2 d 2 · exp(iϕ).
(5)
An exemplary pseudo-phase map obtained by performing convolution operation described by (4)
is presented in Fig. 1c.
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2.2. Vortex localization
The localization of the vortex point was carried out by finding the end of the spiral phase
line on the phase map. Figure 2 (upper left) shows the central part of the phase distribution
with the cross-marked position of the vortex point. Our present localization procedures point
out the approximate position of the spiral end. Then it takes a few pixels around and tests the
way the phase is changing while going around each pixel. It looks for the characteristics phase
changes pattern. We call this method Spiral End Detection (SED). This method indicates the
vortex position and gives a standard deviation of 1.5 pixels which gives localization accuracy
equal to 3 pixels. The other phase maps in Fig. 2 are plotted for four different vortex shift cases.
Vortex was shifted down by 0.25, 0.5 0.75, and 1 pixel from the initial position. In the case of
a shift by a distance smaller than 1 pixel, our localization procedures indicated the same vortex
position on the phase map (marked by cross symbol). At the first sight, the phase maps look the
same. However, if we inspect the phase values in the vicinity of this point, we observe that it
changes as the vortex point is moved. This fact is illustrated by the numbers shown below the
phase maps in Fig. 2 and on the bottom plot. This subtle phase change in the close vicinity of the
vortex point is a clue for the neural network for its more accurate localization. The input data for
the artificial neural network was a 20 × 20 pixel image of the phase map section. A fragment of
the phase map was chosen, so that the vortex point was in the centre of the image. The optical
vortex on the numerically generated phase map was of a size comparable to the experimentally
detected one.

Fig. 2. Part of the phase map containing optical vortex. The black cross indicates the vortex position found by our initial
localization procedures. On subsequent maps to the right, a vortex was shifted down by 0.25, 0.5, 0.75, and 1 pixel. In the
case of a shift smaller than 1 pixel, the localization procedure pointed out the same position on the phase map. Numbers
below the phase maps show the phase values at points 1, 2, 3, 4. Despite finding the same position of the vortex point with
the localization procedure, the phase in the vicinity of the localized point changes.

2.3. Deep learning
Artificial neural networks are often used to solve problems which are difficult to solve using
standard programming methods. In general, a neural network contains an input layer and an output
layer composed of artificial neurons, with hidden layers in between, as shown schematically in
Fig. 3. A neural network with the number of hidden layers bigger than 1 is called a deep neural
network. Each neuron applies a nonlinear transformation on its weighted and biased input, then
applies an activation function before the feed-forward process to the next layer of neurons.
A learning algorithm is then used to back-propagate the error, which results in the network’s
ability to learn.
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Fig. 3. Scheme of a deep neural network which has hidden layers.

This work uses a feedforward artificial neural network technique with several hidden layers.
The hidden layers had the hyperbolic tangent activation function and the output layer was characterized by a linear activation function. The Levenberg–Marquardt algorithm was used to train the
network. The tested networks had 400 input neurons for 20 × 20 pixel phase maps. The designed
neural networks had from 1 to 4 hidden layers. All tested networks had two output neurons
corresponding to the x and y coordinates of the localized optical vortex [25]. The diagram of the
tested networks is shown in Fig. 3.
In this work, we used a relatively simple structure of a neural network which does not
require high computing power. Phase maps for teaching and testing purposes were obtained
from numerical simulations, which correspond to an image register with a 3.5 µm pixel size
CCD camera. Several thousand phase map distributions with different features were generated as
samples for teaching purposes, differing by the density of the spiral, its rotation, and positions
of the vortex point relative to the center of the phase map. The numerically generated training
samples were also disturbed by noise and blurring which simulated detector vibration in the
experimental set-up. Figure 4 shows several examples of phase maps included in the training set.

Fig. 4. Sample phase maps for different densities and rotation of the spiral.
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Learning samples included Laguerre–Gauss modes with topological charge 1 and BesselGauss modes. With separate tests made on sets containing these two types of modes, no difference
was observed in the location accuracy of the optical vortices. This lack of differences is because
only small areas around the vortex point were analyzed. All trained artificial neural networks
had an input layer with 400 neurons and an output layer with 2 neurons. Tests started using an
artificial neural network with one hidden layer. Next, networks with two and three hidden layers
were checked. Applying such a configuration for deep learning has significantly reduced the
learning time of the neural network and improved the localization accuracy. For the analysis, two
networks were selected which had acceptable levels of the BVP (Best Validation Performance)
parameter. The neuron network with two hidden layers, after 19 learning epochs on the training
sample discussed above with 75,000 phase maps, reached BVP = 5.1e–5 pixel (Fig. 5a). In the
first hidden layer there were 36 neurons, and in the second – 20, which we denote as [36 20].
With the same training sample, the neuron network with three hidden layers [36 20 10], after 25
epochs, reached BVP = 2.62e–05 pixel.
a)

b)

Fig. 5. Vortex point localization accuracy plot for networks with
a) two hidden layers [36 20], b) three hidden layers [36 20 10].

In the next step, we tested the neural network localization procedure numerically. The vortex
point was shifted in the x-direction by a step equal to 0.1 pixel. Figure 6 shows the central part
of the phase maps (plotted area 4 × 4 pixels around the initial vortex localization) in the case of
five different sub-pixel shifts of the vortex point. Additionally, the vortex point position as found
by our spiral end detection (triangle) and neural network localization (circle) is shown there. One
can see that the SED localization procedure indicates the same pixel on the phase maps (triangle)
while the points found by the neural network (circle) shift gradually with the vortex shift. Figure 7

Fig. 6. Central part of the phase maps in case of sub-pixel vortex position. Vortex point position localized with initial
localization procedure (triangle) and neural network (circle) are pointed out.
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compares the results. The vortex was shifted by 5 pixels from its starting position (50, 50) with
the step of 0.1 pixel, which is shown on the horizontal axis. The calculated vortex position is
plotted on the vertical axis. We can observe that the vortex point found with the help of the SED
localization algorithm (crosses in Fig. 7) forms steps indicating a lack of vortex shift within the
subpixel area. There are 10 points on the step corresponding to 0.1 pixel shift. The same analysis
but with the vortex point found with the help of a neural network is plotted by circles in Fig. 7.
The position of the vortex point indicated by the neural network shifts linearly with the vortex
point shift, and no steps, in this case, are observed. Both neural networks produced the same
results.

Fig. 7. Comparison of vortex point localization: crosses – spiral end detection,
circles – neural network localization (both networks produced similar results).

3. Experimental results
Now we turn to demonstrate the vortex localization on the experimentally detected phase
maps. We note here that an artificial network was trained on the simulated images, on which
vortex position was precisely known. The phase images were detected in the experimental system
shown in Fig. 8. A Gaussian laser beam from a He–Ne laser (632.8 nm) passed through the spiral
phase plate which embedded the vortex structure into the beam. SPP was mounted on a piezo

Fig. 8. Scheme of the experimental setup. SPP-spiral phase plate mounted on the piezo stage enabling the transverse shift
with small steps, MO – microscope objective, OP – observation plane is imaged via the imaging system onto the CCD
camera. With the SPP shift, the vortex point is moved inside the beam. Exemplary phase maps are also shown.
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stage which enabled the shift of the vortex in the transverse direction by some distance with a step
which could be varied. Next, the vortex beam was focused on by the microscope objective MO.
At the observation plane OP vortex point was transversally moved as the SPP was shifted, but at
a reduced distance compared to the real SPP shift. The exemplary intensity and phase maps are
shown in Fig. 8. The trace of vortex points position forms a vortex trajectory which is a straight
line as the SPP is shifted along straight line [20]. The beam size illuminating the MO (20×
magnification) was 650 µm and the spot size at the OP was about 3 µm, so the trajectory length
was reduced about 216 times. The OP plane is imaged onto the CCD camera (pixel size 5.85 µm)
through the imaging system of 220× magnification. An analytical model of this system had been
presented in our previous work [20] and it was shown there that its experimental presentation fit
well with the analytical solution.
We studied two kinds of images registered in the experimental setup. In the first one reference
beam was added to generate interference fringes. Standard Fourier techniques were applied to
interferograms to recover the phase maps. In the second one only spot images (without a reference
beam) were detected which made the experimental set-up much simpler. These intensity images
were transformed to pseudo-amplitude images via the Laguerre–Gauss filters as was pointed out
in Section 2.1. A comparison of the phase maps recovered using both methods together with the
depicted trajectory (yellow circles) is shown in Fig. 9.

Fig. 9. Phase maps recovered from the experimental set-up. a) from an interferogram, b) from spot images via the
Laguerre–Gauss filter. At the observation plane (OP, see Fig. 8), the range of the vortex trajectory was 0.9 µm and the
distance between subsequent positions was 26 nm.

When the SPP is shifted by a relatively large step then the observed subsequent vortex positions
are separated and detected on different pixels of the camera. Exemplary results of such trajectories
are presented in Fig. 10. It shows the radial positions r (see Fig. 9a) of the vortex points versus
the SPP shift. In Fig. 10a the SPP was shifted with the step 6 µm over the distance of 0.2 mm
which was reduced to 0.9 µm at the OP (Fig. 8). In this case, looking through the imaging system,
the subsequent vortex positions were detected on the neighboring pixels on the CCD camera. We
calibrated the system with a micrometer target and we found this distance (at the OP) equal to
26 nm. In the case of a tighter SPP step shift (Fig. 10b, step 0.9 µm), the detected subsequent
vortex positions are smaller than the distance between the neighboring pixels on the CCD camera,
so our SED localization procedure put them in the same position which manifests as step-line
in Fig. 10b (similarly as in Fig. 7). The step line distance here is 26nm which is the smallest
vortex displacement we can see in this set-up configuration. Figures 10a–b were plotted for the
vortex points found from the interferogram–reconstructed phase maps. A similar analysis for
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pseudo-phase maps is shown in Fig. 10c–d. In Fig. 10b and Fig. 10d subsequent vortex positions
are connected by a line which illustrates experimental noise resulting from set-up vibration. The
change of the vortex position resulting from noise is not higher than 1 pixel. When comparing
vortex position obtained from both kinds of phase maps (taken from interferogram and pseudo
amplitude), we observed 3-pixel vortex discrepancy when the vortex point was at the maximum
off-axis position (the pseudo-phase method indicated a vortex shift bigger than resulting from the
interferogram). For the central vortex position, however, the SED procedure indicated a vortex
point in the same position on both phase maps.
a)

b)

c)

d)

Fig. 10. Vortex trajectory at the OP resulting from the SPP transverse shift plotted as a radial position of the vortex point
on the phase maps (from Fig. 9a) versus the SPP shift. a) SPP step shift equal to 6 µm; b) SPP step shift equal to 0.9 µm
(central part of the trajectory shown only). c)–d) the same but for pseudo phase (Fig. 9b).

The results shown in Fig. 10b, Fig. 10d indicate the need to localize vortex points with subpixel accuracy. Two types of neural networks described in Section 2.3 were used to investigate
the experimentally recorded data. To show the effectiveness of this approach we analyzed images
detected for the smaller SPP shift only (0.9 µm). Unfortunately, for some experimental phase
maps, a neural network with two layers produced false results. But the three-layer network
worked correctly in all cases we analyzed. Green circles plotted in Fig. 11 represent the vortex
position found by a neural network. They were plotted together with the vortex positions (crosses)
found by the spiral end detection algorithm. We can observe that the neural network algorithm
is able “to see” a much smaller vortex shift than resulting from our old procedure. In Fig. 11
one can find 4–5 points at one step (4–5 vortexes on the same pixel on the CCD camera) as
detected by spiral end localization. Neural network localization can distinguish these subsequent
positions, giving localization accuracy of 1/4 pixel. The accuracy of vortex point detection by
neural networks in the experiment is at a level sufficient to detect the noise of the measurement
system.
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a)

b)

Fig. 11. Comparison of spiral edge detection (crosses) and neural network (circles) localization in experimental conditions,
a) phase maps obtained from interferograms, b) phase maps obtained from pseudo-phase images.

4. Conclusions
In this manuscript we demonstrated the ability of deep neural networks to localize vortex
points with subpixel accuracy. Two networks which had acceptable levels of the Best Validation
Performance parameter, have been selected for vortex localization purposes. Two layers ([36 20])
and three-layers ([36 20 10]) network obtained very high accuracy of the order of 10−5 pixel. These
networks have been tested on numerically generated images representing the phase maps obtained
with an Optical Vortex Scanning Microscope and both of them provided the same, very accurate
localization results. In the next step deep learning was applied to the phase maps obtained in the
experimental conditions. In this way. two kinds of phase maps have been obtained: one recovered
from the interferograms and the other recovered from the intensity images via the spiral transform.
The three-layer neural network works properly for all detected phase maps. In experimental
conditions, the subpixel vortex shift was obtained by transverse shifting of the SPP within the laser
beam and by its constriction (via the microscope objective). The obtained experimental results
confirm the ones obtained from computer simulations. The numerical algorithm confirms the
accuracy of the vortex point locations at the sub-pixel level with the Best Validation Performance
of 10−5 pixel. Moreover, the algorithm based on neural networks is less sensitive to experimental
disturbances related to wavefront noise. Noise which causes the phase difference on the pitch
between the extreme values is smaller than errors resulting from finding the edge of the spiral.
Contrary to this, neural networks give accurate results for such noises.
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