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ABSTRACT

Circle fitting is a fundamental operation in recognition, localization, and measurement tasks across diverse scientific and technical
domains. Traditionally, this process relies on image acquisition and subsequent digital processing, typically implemented via
integrated electronic circuits. However, the inherent latency from sequential post-processing poses a significant challenge,
particularly in applications that require real-time responsiveness or involve high-throughput data processing. Inspired by the
Hough gradient method widely used in computer vision and leveraging the real-time, post-processing-free nature of optical

computing, we propose an all-optical circle fitting technique based on a metasurface-integrated 4f spatial filtering system. A pair

of optical vortex—antivortex kernels are compactly merged within a single dielectric metasurface, allowing simultaneous gradient

extraction and intersection accumulation via passive optical convolution. The proposed framework demonstrates high robustness,

accurately detecting circular features across a broad range of radii and structural imperfections. This work establishes a platform

for integrated optical shape analysis and underscores the promise of metasurface-enabled optical computing in real-time machine

vision and advanced metrology.

1 | Introduction

Circles are one of the most fundamental geometric shapes,
appearing ubiquitously in natural systems, engineered structures,
and scientific imagery. Accurate detection and fitting of circular
features are thus essential for a broad range of localization
and measurement tasks. To address this need, circle fitting has
emerged as a foundational computational technique capable
of both distinguishing circular patterns from input image and
accurately locating centers, which has been widely applied in
many fields including computer vision [1, 2], industrial inspection

[3, 4], biomedical imaging [5, 6] and robotic navigation [7-
9]. Conventionally, these operations are performed using digital
algorithms implemented on electronic processors. However, in
scenarios requiring real-time response or high data volumes,
digital computing increasingly encounters limitations due to
unavoidable latency introduced by sequential post-processing. In
contrast, optical computing, which harnesses light to encode,
transmit, and process information, enables instantaneous view-
to-result computation, eliminating the need for post-processing
and offering a promising solution for ultra-fast and low-latency
tasks [10-18]. Embedding circle fitting algorithms within optical
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computing frameworks holds significant promise for enabling
real-time geometric analysis.

In recent years, metasurface, a flat optical element composed of
subwavelength nanostructures, has emerged as a powerful plat-
form for precise manipulation of light at the nanoscale. Owing to
their exceptional ability to freely tailor the phase, amplitude, and
polarization of incident light, metasurfaces offer unprecedented
flexibility in wavefront engineering, while maintaining ultrathin
form factors and excellent integration compatibility [19-24].
These unique characteristics make metasurfaces highly attractive
for a wide range of applications in flat optics and computational
photonics. Notably, metasurface-based optical computing has
enabled novel implementations of optical differentiator [25-31],
optical accelerator [32, 33] and optical neural network [34-
37]. While optical computing has achieved remarkable progress
in various tasks, the experimental realization and practical
deployment of high-precision optical circle fitting on integrated
metasurface platforms remain largely unexplored. This is primar-
ily due to the lack of a suitable optical computing architecture
and algorithm capable of performing optical circle fitting without
prior knowledge of geometric parameter and in the presence
of substantial defects — let alone achieving high accuracy,
precision, and robustness.

Here, we propose and experimentally demonstrate a high-
precision and robust all-optical circle fitting technology based
on a dielectric metasurface, which merging a pair of vortex-
antivortex convolution kernels within a 4f spatial filtering system.
By optically mimicking the Hough gradient method widely used
in computer vision [38], our design enables real-time, accu-
rate circle detection and localization. The experimental results
demonstrate the proposed architecture’s powerful capability in
discriminating subtle shape differences, detecting circular fea-
tures with defects, and achieving high-precision localization in
practical scenarios, laying the groundwork for advanced optical
computing in vision and metrology applications

2 | Results
2.1 | The Principle of Optical Circle Fitting

Inspired by the circle fitting process of the Hough gradient
method widely used in computer vision, we construct an opti-
cal analogue for implementing all-optical high-precision circle
fitting, named as the optical Hough gradient method (OHGM).
The underlying principle is illustrated in Figure 1a and involves
two main stages. The first stage applies a gradient operator to
the input image to extract the gradient information of edges,
represented as a gradient vector map (marked as red arrows in
Figure 1a. In the second stage, these vectors are extended to find
their intersections, and an accumulator is used to record the
number of the vectors passing through each intersection point. A
point with a count exceeding a predefined threshold is identified
as the center of a circle. If no such point exists, the input pattern
is classified as non-circular.

In the corresponding optical architecture, both processing stages
of the circle fitting can be implemented via optical convolution
operations. Figure 1b presents two typical optical convolution

kernels used in our OHGM. One kernel, referred to as kernel
U, features a vortex phase profile with a topological charge of
I = +1 and a donut-shaped amplitude distribution. The other,
denoted as kernel V, possesses an antivortex phase profile with
a topological charge of | = —1 and incorporates a radial reverse
operator consisting of concentric annular zones with alternating
phase shifts of 0 and z. The vortex convolution kernel U is a
continuous 2D gradient operator, which can construct a finer and
faithful gradient vector map by sampling the intensity variations
in all directions around a central point (see Section S1 for details).

The antivortex phase structure in the proposed kernel V plays
a key role in realizing the optical intersection accumulator. The
working principle is illustrated in the left panel of Figure Ic.
During convolution, the input image slides over a fixed kernel;
therefore, the azimuthal angle 6 defined in the kernel’s coordinate
varies as the image moves, whereas the gradient vectors extracted
from the circular boundary remain their orientation angle y
unchanged. When the center of the input circle (marked as a
red cross) is precisely aligned with the kernel center (denoted as
the origin of the kernel coordinate system), the gradient vectors
(red arrows) obtained from the circular boundary naturally point
toward the kernel center. Here, the orientation of each gradient
vector represents the phase of the local gradient field. Due to their
uniform angular distribution, the vector sum of these gradients is
close to zero.

However, by multiplying the gradient vector map with an antivor-
tex phase kernel exp(-i6), each gradient vector is rotated clockwise
by its corresponding azimuthal angle 6, producing a rotated
vector map (blue arrows). In the perfectly centered case, the
azimuthal angle 6 defined in the kernel coordinate coincides with
the orientation angle y of the boundary gradients, enabling ideal
alignment toward a common direction. Consequently, the vector
sum becomes significantly enhanced, yielding a bright spot at the
kernel center, which serves as an indicator of the circle center.

The superimposed reverse operator on the antivortex phase is
also indispensable to further suppress the full-width at half-
maximum (FWHM) of the center peak in circle fitting output,
and enhance localization precision. As illustrated in the right
panel of Figure 1c, when the circle center is slightly offset from
the kernel center, the azimuthal angle 6 no longer equals the
gradient orientation angle y. As a result, the rotated gradient
vectors are no longer perfectly aligned. Nevertheless, they still
point roughly toward a similar direction (quasi-alignment), and
thus their vector sum can remain relatively strong, producing
an erroneously high response at off-center locations. To suppress
such off-center responses and produce a sharper peak strictly at
the true circle center, we introduce an additional radial reverse
operator on top of the antivortex phase kernel. This modulation
exhibits a radially periodic structure composed of alternating red
(phase 0) and blue (phase ) concentric rings. Specifically, the
blue rings are designed as reversal zones, where any gradient
vector falling within these regions will undergo a directional flip,
while the vectors falling within the red rings retain their original
direction. This alternating modulation ensures that, when the
input circle is slightly offset from the kernel center, a portion of
the rotated vectors fall within the blue reversal zones are flipped
(depicted as brown arrows in Figure 1c, thereby breaking the
quasi-alignment of the gradient vectors and inducing destructive
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FIGURE 1 | The principle of optical circle fitting using OHGM. (a) The basic principle diagram of OHGM. (b) The two proposed optical vortex-

antivortex kernels. Kernel U corresponds to gradient operator and kernel V corresponds to accumulator operator. (c) Principle of the kernel V. Kernel
V is composited of an antivortex phase which can rotate gradient clockwise by its azimuthal angle 6 and a reverse operator which can flip the gradient
fall within the blue(r) ring. Left: Center enhancement achieved via the antivortex phase. Right: Off-center suppression enabled by a reverse operator

superimposed on the antivortex kernel. (d) Enhancement in localization precision enabled by reverse operator. The profiles show intensity distributions

along lines passing through the estimated circle centers.
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FIGURE 2 | Design and fabrication of metasurface device. (a) Experimental set up for circle fitting using the OHGM. (b) Illustration of the
metasurface transmission function #(p, ¢). Scale bar: 200 um. (c) Schematic of the designed dielectric metasurface. Inset: perspective view of a single

unit cell. The parameters L, W, H, Pand ¢ denote the nanorod length, width, height, square lattice constant, and rotation angle, respectively. (d) Top-

view scanning electron microscope (SEM) images of the fabricated metasurface. Scalebar: 1 um. (e) Fabricated test sample containing various geometric

shapes. Scalebar: 500 um. (f) Experimental demonstration of OHGM.

cancellation in their vector summation. Consequently, off-center
responses are effectively suppressed, while all vectors contribute
constructively at the correct center position to produce a sharply
localized bright peak.

To demonstrate the enhancement in localization precision
enabled by the reverse operator, we numerically simulated and
compared the optical circle fitting performance with and without
it, as shown in Figure 1d. An intensity profile was extracted along
a line passing through the fitted circle center. The FWHM of the
response obtained using the reverse is only 4.96% of that without
it, indicating a more than 20-fold enhancement in the localization
precision of optical circle fitting.

2.2 | Design and Fabrication of Metasurface

Figure 2a presents a schematic illustration of the optical setup
for optical circle fitting using the OHGM. The core architecture
is a standard 4f imaging system, with a metasurface device

positioned at the Fourier plane of the system. According to the
principle of spatial filtering [39], the output image under coherent
illumination is the convolution result of the input light field and
the system’s coherent point spread function (cPSF). This cPSF can
be approximated by the Fourier transform of the metasurface’s
transmission function #(p, ¢).

In our design, the cPSF is engineered as the convolution of two
vortex-antivortex kernels, U(r, 6) and V(r, 6), as follows,

cPSF=U(r,0)QV (r,0) = F[t(p, )] @

where (r, 6) and (p, ) represent the polar coordinates in the spa-
tial domain and the spatial frequency domain, respectively, and
® denotes the convolution operation. According to the Fourier
transform theory, the transmission function of the metasurface
can be further derived as t(o, ) = u(p, ) X v(p, @), where
u(p, @) = FU(r, 6)] and v(p, p) = F[V(r, 6)]. Owing to the
conservation of orbital angular momentum (OAM) under Fourier
transform, u and v inherit the respective OAM values of the
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convolution kernels U and V. This results in the merging of vortex
and antivortex components within the metasurface, effectively
canceling out their phase topological structures. Consequently,
the resulting transmission function #(p, ¢) becomes radially
symmetric and depends solely on the radial coordinate p, as
shown in Figure 2b. In our implementation, #(o) is designed
as a real-valued binary-phase function, where positive values
correspond to a phase of 0 and negative values correspond to a
phase of 7 (see Section S3 for details).

Figure 2c shows the schematic of the proposed dielectric metasur-
face, which consists of silicon nitride rectangular nanorods with
a long axis L = 210 nm, short axis W = 100 nm, and height H
= 600 nm. The metasurface leverages linear cross-polarization
modulation to realize the transmission function described in
Figure 2b. The polarization response of a single nanorod rotated
by an angle ¢ is described by the Jones matrix:

0

M =R(-9) (tgt )R @)

' @
B < t.cos’ + t,sin’¢p (£, —t,) sin¢cos¢)
(

~ \(t, = t,) singcosg t,sin’$ + t,cos’

where t, and ¢, are the complex transmission coefficients for
linearly polarized light along the x and y directions, respectively.
When x-polarized light |H) is incident on the metasurface, the y-
polarized component |V) transmitted through a crossed polarizer
can be analytically expressed as:

lout) = (8 (1)) M |H)=(t,—t,) singcosp |[V)  (3)

Since identical nanorods are used throughout the metasurface,
the transmission coefficients ¢, and ¢, can be treated as con-
stants. By precisely adjusting the rotation angle ® of each
nanorod, the amplitude of the transmitted y-polarized light
can be continuously modulated, while the phase is restricted
to two discrete levels (0 or =), consistent with the binary-
phase profile shown in Figure 2b. At the design wavelength of
450 nm, we select a square lattice constant p = 400 nm to ensure
high polarization conversion efficiency and accurate amplitude
modulation. Unlike conventional designs that rely on multiple
discrete nanostructures, our approach employs a single nanorod
geometry to achieve near-continuous amplitude modulation via
rotation, simplifying fabrication and enhancing design flexibility
(see Section S5 for details).

Figure 2d shows scanning electron microscope (SEM) images
of the fabricated metasurface. The device was constructed from
a 600 nm-thick silicon nitride film deposited on a transpar-
ent substrate. Using electron beam lithography (EBL) followed
by inductively coupled plasma-reactive ion etching (ICP-RIE)
technology, we fabricated a metasurface with a diameter of
2 mm. To evaluate the device’s circle detection performance,
a complementary test mask was fabricated via ultraviolet (UV)
lithography and lift-off processes, as shown in Figure 2e. Each
test pattern has a lateral size ranging from 500 to 800 um.
According to the principles of our proposed OHGM, circular
input patterns should generate a distinct bright spot at the center
in the output image. Figure 2f shows the experimental recognition

results for a variety of input geometries, including triangles,
squares, pentagons, circles, ellipses, crosses, and pentagrams. As
observed, only the circular input results in a sharply focused
intensity peak at its center, confirming the effectiveness of the
metasurface-based OHGM in accurately identifying true circular
features.

2.3 | Performance Evaluation of the
Metasurface-Based OHGM

To assess the shape discrimination limits of the metasurface-
based OHGM, we designed two additional test samples. The first
sample comprises both circular and elliptical patterns, while the
second includes circular shapes alongside regular polygons. A
circle can be considered a special case of an ellipse where the
major and minor axes are equal. As the axial ratio — defined
as the ratio of the major axis to the minor axis — approaches
unity, the ellipse increasingly approximates a circle. For the circle-
vs.-ellipse discrimination experiment, we fabricated a series of
test masks containing circular and elliptical patterns with axial
ratios incremented in steps of 0.05, as illustrated in Figure 3a. The
corresponding optical circle fitting results are shown in Figure 3b.
To quantitatively evaluate detection performance, we introduce
an accumulator score defined as the ratio of the total intensity
between the nearest valleys surrounding the local peak region
to the total intensity within the corresponding output area. This
metric serves as a quantitative indicator to differentiate circular
from non-circular patterns, with higher scores reflecting greater
similarity to an ideal circle. Figure 3c depicts the accumula-
tor score as a function of axial ratio. The experimental data
demonstrate that the device can resolve ellipses with axial ratio
differences as small as 0.05. Notably, it distinctly differentiates a
perfect circle from an ellipse with an axial ratio of 1.05, showing
a relative accumulator score difference of 9.8%.

Furthermore, a circle can be interpreted as a limiting case of a
regular polygon with an infinite number of sides. As the polygon’s
side count increases, its shape progressively approximates a
circle. To investigate OHGM’s discrimination capability in this
context, we fabricated a series of test masks featuring both
circular and regular polygonal patterns, as shown in Figure 3d.
The corresponding optical circle fitting results are presented
in Figure 3e. With increasing side number, polygons more
closely resemble circles, resulting in a gradual increase in the
accumulator score (Figure 3f). Nonetheless, the device reliably
distinguishes a perfect circle from a regular 16-gon, with the
former exhibiting a relative accumulator score advantage of
8.2%. In addition to shape recognition, we also evaluated the
localization precision of OHGM. Figure 3g (left) presents a
magnified view of a selected circular pattern (highlighted in
red) alongside its corresponding circle fitting output. The circle
center (marked with a red cross) is calculated from the sample
and compared with the experimentally observed bright spot. The
intensity profile along orange dotted line is presented in the right
panel of Figure 3g, where the experimental peak aligns closely
with the calculated center position. This agreement confirms the
high localization precision of the proposed OHGM.

In practical applications, circular features often vary in size
and may be partially occluded or incomplete due to defects.

Laser & Photonics Reviews, 2026

50f10

85U8017 SUOWILLOD 3ATe810 3|(dedldde ayy Aq peusenob ae Sapie YO ‘8sN JO S9INJ o} Akeid18UlUO A8]IM UO (SUO1IPUOO-pUe-SWISH W0 A8 |ImAeIq Ul |uo//SdnLy) SUORIPUOD Pue SWB | 841 88S *[9202/T0/62] Uo AriqiTauliuo &M ‘Aiseaun BuilueN Aq 252205202 10d|/200T 0T/10p/woo"As | Afeiq jeuluo//Sdiy Wwolj pepeojumod ‘0 ‘6688£98T



Sample

Sample

Accumulator score(%)

0.0

1.00 1.05 1.10 1.15 1.20 1.25
Axial ratio(L/W)

2.0

1.0 1

Accumulator score(%)

00 L 1 L 1 1 1
6 8 10 12 16 lo'e]

Polygon sides

Normalized intensity
o
(4]

0
-150 -100 -50

FIGURE 3 | Shape discrimination capability of OHGM. (a) Sample consist of circular and elliptical patterns with axial ratios incremented in steps of
0.05. (b) Circle fitting result obtained using OHGM for a. (c) Performance of OHGM in discriminating between circles and ellipses. (d) Sample consisting
of circular and regular polygon patterns. (e) Circle fitting result for d. (f) Performance of OHGM in discriminating between circles and regular polygons.

(g) Left: Magnified view of the sample and output from the red-highlighted region. Red cross marks the calculated circle center. Right: Intensity profile

along the orange dotted line. Scale bars: 400 um in a, b, d and e; 100 pm in g.

Therefore, a robust circle fitting approach must tolerate geometric
variations including size changes and incomplete shapes such
as semicircles and sectors. To evaluate OHGM’s robustness
under these conditions, we fabricated two sets of test masks: (i)
circular patterns with varying radii (Figure 4a); and (ii) sector-
shaped patterns with different central angles (Figure 4d). The
corresponding experimental results are displayed in Figure 4b,e,
respectively. As illustrated in Figure 4c, the accumulator score for
circular patterns remains nearly constant across different radii,
demonstrating the scale invariance of OHGM. Figure 4f plots the
accumulator score as a function of sector central angle, showing
a monotonic increase, which indicates that OHGM sensitively
detects partially circular features. To further assess localization
under partial input, Figure 4g (left) presents a zoomed-in view

of a sector with a central angle of 37/2 (highlighted in red),
together with its circle fitting output. The calculated circle center
(red cross) closely matches the experimentally observed intensity
peak (Figure 4g, right), demonstrating OHGM’s high local-
ization precision and robustness under incomplete geometric
conditions.

2.4 | Verification of High-Precision Positioning
Applications

The proposed OHGM-based optical circle fitting technique
enables highly accurate detection of circular features, precise
localization, and robust performance under geometric variations,
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Performance of OHGM for sectors with different central angles. (g) Left: Magnified view of the sample and output from the red-highlighted region. Red

cross marks the calculated circle center. Right: Intensity profile along the orange dotted line. Scale bars: 400 um in a, b, d and e; 100 um in g.

making it a promising tool for practical applications such as
feature recognition, spatial positioning, and dimensional metrol-
ogy. A representative application is the precise alignment of
printed circuit boards (PCBs), which is essential for ensuring
the accurate placement and reliable soldering of electronic
components. While this task is conventionally addressed using
computer vision algorithms, we demonstrate the potential of
our metasurface-based approach for high-precision, all-optical
alignment in PCB applications.

As illustrated in Figure 5a, we performed alignment experiments
on a standard PCB sample. Four circular alignment holes, located
in designated regions of the board (highlighted in orange in
Figure 5a), were selected as test targets. The OHGM method was
applied to determine their precise center positions. The captured

optical image and the corresponding circle fitting results obtained
via the metasurface are presented in Figure 5b,c, respectively.
To assess the alignment accuracy, the calculated circle centers
(indicated by red crosses) were superimposed on the output circle
fitting image, as shown in Figure 5d. As evident, the bright
intensity peaks generated by the metasurface coincide precisely
with the true centers of the alignment holes, highlighting both the
high localization precision and the practical utility of the OHGM
technique in PCB positioning applications.

3 | Discussion

In summary, we propose and experimentally demonstrate a high-
precision optical circle fitting framework using the proposed
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FIGURE 5 | (a)Schematic diagram of the PCB sample. (b) Optical image of specific regions on the PCB. (c) Circle fitting output obtained using
OHGM. (d) Magnified view of the color-coded regions from the corresponding circle fitting output. Red crosses mark the calculated circle centers. Scale

bars: 600 um in b and c; 200 pm in d.

OHGM based on a metasurface-integrated 4f spatial filtering
system. By introducing two specifically designed vortex-
antivortex optical convolution kernels — a gradient operator
and an intersection accumulator — OHGM enables accurate
circle detection in a fully passive optical manner. Compared with
traditional computer-based algorithms, OHGM leverages the
inherent parallelism and ultrafast nature of optical computation
to achieve circle fitting with minimal computational burden,
suggesting broad potential for applications in machine vision,
automated manufacturing, and optical information processing.

Beyond circle fitting, the presented framework is inherently
extensible. By designing geometry-matched optical convolution
kernels, it can be generalized to ellipse fitting and, more
broadly, to the fitting and localization of arbitrary shapes.
From a more practical perspective, future efforts can also
be focused on scalable and cost-effective fabrication strate-
gies to realize larger-aperture devices, enabling higher spatial
resolution, improved fitting accuracy, and broader deploya-
bility in industrial production. With these advances, OHGM
has the potential to serve as a versatile optical comput-
ing platform for high-throughput inspection and dimensional
metrology, in-line quality control in automated manufactur-
ing, robotic vision and alignment, semiconductor/display/panel
defect inspection, and optical information processing and
sensing.

4 | Methods
4.1 | Sample Fabrication

The metasurface is fabricated using electron-beam lithography
(EBL) on a 600 nm thick silicon nitride film (SiNx) film with
quartz substrate to pattern the specific arrays. First, a 600 nm-
thick silicon nitride film is deposited on a fused silica substrate
using plasma-enhanced chemical vapor deposition (PECVD).
The gases required for the film deposition are SiH,, NH;, and
N,. Then, a 200 nm-thick electron beam resist (ARP6200) and
a thin charge dissipation layer (ARPC5090) are spin-coated onto
the SiNx film. Then, the sample is exposed through EBL, and the
patterns are revealed after the development process. Afterward,
a 30nm thick Aluminum layer working as the hard etching
mask is deposited on the sample by electron-beam evaporator,
and the lift-off process is completed by immersing the sample
in N-methyl-2-pyrrolidone (NMP) solution heated to 80°C for
10 min. Next, the patterns are transferred to SiNx film by induc-
tively coupled plasma-reactive ion etching (ICP-RIE) technology,
where CHF; and SF, are utilized during the etching process.
Finally, the metasurface composed of silicon nitride nanopillars
was obtained after complete removal of the aluminum mask
using aluminum etchant (Sigma-Aldrich Aluminum Etchant

Type A).
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