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Abstract: Fourier ptychographic microscopy (FPM) is a recently developed microscope
technology that overcomes the resolution limit of a low numerical aperture objective lens by
employing angular varying illuminations. Combining the concepts of ptychography, synthetic
aperture, and phase retrieval, FPM achieves high-resolution, wide-field, and quantitative
phase imaging at the same time. In typical FPM systems, the angular varying illuminations
are achieved with LED arrays whose positional misalignments bring significant errors in
the reconstruction procedure. In previous studies, several LED array alignment methods
are developed, which iteratively recover the positional misalignment parameters during the
reconstruction. These methods consume additional calculations in FPM reconstruction and
may not be practical in other microscopy system. In this work, we represent a preprocessing
LED array alignment method by accurately localizing the brightfield area on the sample
plane. By applying particle swarm optimization method and random sample consensus
method, the global misalignment parameters can be estimated with high accuracy and
speed. Both numerical simulations and actual system experiments are carried out to evaluate
the effectiveness of our method and the results show that the reconstruction quality of high-
resolution images is significantly improved by using our method.

Index Terms: Coherence imaging, microscopy, imaging system.

1. Introduction
Fourier ptychographic microscopy (FPM) is a lately developed technique for high-throughput
biomedical observation and quantitative phase imaging [1]–[4]. In FPM, a programmable light emit-
ting diode (LED) array is used to provide oblique plane waves. When the specimen is illuminated by
oblique plane waves, high frequency information in Fourier space is shifted into the passband of the
objective. Similar to the concept of synthetic aperture [5]–[7], FPM collects images containing high
frequency information and stitches them together in Fourier space to enlarge the signal passband
of the system. To recover the phase information lost in the acquisition process, FPM also applies
a phase retrieval technique [8], [9]. The basic idea of FPM is developed from a lensless imaging
method named ptychography [10]–[12] that scans the specimen with a focused beam. The intensity
and phase of an illuminated specimen section can be recovered from the diffraction patterns with
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phase retrieval methods. Different from ptychography, FPM scans the object spectrum with the
objective NA in Fourier space [1]–[4].

Without any mechanical moving components or phase measurements, FPM offers a flexible and
low-cost approach to achieve high-resolution, wide-field and quantitative phase imaging. Within
a few years, FPM has been applied in many applications such as hematology [13], pathology
[14], [15] and quantitative phase imaging [16]. Numerous studies have been implemented lately to
improve FPM, including system aberrations correction [17]–[20], rapid acquisition procedure [21]–
[24], modified microscope system setup [25]–[28] and the concept of Fourier ptychography even
extends to macroscopic imaging [29], [30]. These applications and modifications show the great
potential of FPM in biomedical observation and clinical diagnosis. Besides the implementation in
FPM, LED arrays have been applied in many other microscopic systems such as differential phase
contrast imaging [31] and 3D imaging [32] for their good monochrome, high luminous efficacy and
low cost.

In ptychography, a high-quality reconstruction builds on the precise knowledge of the probe
scanning positions [10], [33]. Similar to ptychography, the position of the LED array directly affects
the reconstruction performance of FPM. Because the incident wave vectors are determined by
the relative positions between the LED elements and the sample in FPM. The pcFPM method
proposed in [19] can effectively calculate four global positional factors (rotation, horizontal shift and
height) of the LED array. However, it needs additional calculation in each iteration, which slows the
reconstruction down. Besides, the combination of FPM reconstruction and misalignment correction
limits the application on other microscope systems.

In this paper, we propose a preprocessing LED array alignment method termed BFL (brightfield
localization). By utilizing the spatial relationship between the LED elements and the brightfield
locations on the sample plane, the global misalignment parameters can be estimated. To improve
the accuracy and speed, we employ PSO [34] and RANSAC [35] algorithm in this method. Based
on FPM theories and the global misalignment model, we achieve the LED array misalignment
correction for FPM. Simulations and experiments are carried out to evaluate the effectiveness of our
method and the FPM reconstruction results with and without BFL are shown. Both the simulations
and experimental results show that the positional misalignment of LED array can be accurately
corrected by using BFL and a much higher accuracy is achieved comparing with previous methods.

2. Theories and Methods
2.1 Positional Misalignment in FPM

As shown in Fig. 1(a), a thin specimen o(r) is illuminated with oblique plane waves with wave vectors
ul (l = 1, 2, · · · , N L E D ) and the optical field exiting the specimen is e(r) = o(r) exp(i2πulr). The optical
field at the aperture plane is the Fourier transform of the exit field, F{e(r)} = F{o(r) exp(i2πulr)} =
O (u − ul), where u = (fx , fy ) represents the 2D frequency coordinates in Fourier domain. With the
optical field low-pass filtered by the objective pupil function P (u), the complex fields at the image
plane can be expressed as

gle(r) = F−1 {
P (u)O (u − ul)

}
(1)

which is the forward model of FPM.
By reversing the forward model of FPM, the reconstruction process synthesizes sub-spectrums

corresponding to different illumination angles into a higher throughput spectrum. However, the
phase information is lost when the image sensor records the intensities. For this reason, the sub-
spectrums cannot be synthesized directly like synthetic aperture methods. To recover the lost phase
information from captured intensity images, various phase-retrieval algorithms are introduced into
FPM. Most algorithms solve the FPM problem by minimizing the difference between the measured
and estimated amplitudes (or intensities), formulated as

min
O (u)

ε = min
O (u)

∑

l

∑

r

∣∣∣
√

I lc(r) − ∣∣gle(r)
∣∣
∣∣∣
2

(2)

Vol. 10, No. 1, February 2018 6900113



IEEE Photonics Journal Precise Brightfield Localization Alignment

Fig. 1. The basic concept of FPM. (a) The system setup of FPM. (b) The reconstruction procedure of
FPM.

where I lc(r) is the low resolution intensity images recorded by the camera. As shown in Fig. 1(b),
the most common strategy is to replace the estimated amplitudes with the measured amplitudes,
which can be formulated as

O u (u − ul) = P (u)F
⎧
⎨

⎩

∣∣∣
√

I lc(r)
∣∣∣

∣∣gle(r)
∣∣ gle(r)

⎫
⎬

⎭
(3)

where O u (u − ul) is the updated sub-spectrum. At last, by transforming the spectrum back to the
spatial domain, the high-resolution intensity and phase are extracted.

In FPM, the wave vectors of oblique plane waves are determined by the positions of LED elements
so that the accuracy of LED positions directly affects the quality of FPM reconstruction results. When
non-negligible misalignment exists, there will be significant errors in recovered intensity and phase.
A comparison of simulated FPM reconstruction results with and without positional misalignment
is shown in Fig. 2. The ideal LED positions are labeled with blue X marks and the actual LED
positions are labeled with orange dots in Fig. 2(a). Fig. 2(b) and (c) show the recovered intensity
and phase of FPM with and without misalignment respectively. It can be observed that the positional
misalignment introduces significant errors into the recovered high-resolution intensity and phase.

Typically, the LED array can be regarded as a rigid object and the LED elements are uniformly
placed on the array. So that we can build a global misalignment model and the positional deviation
of each LED element can be directly calculated from the global model. The global misalignment of
LED array in FPM can be modeled with four parameters that are shift factors along x-axis and y-axis
�x , �y , rotation factor θ and height factor h . The magnified area in Fig. 1(a) shows the misalignment
parameters of LED array in FPM. The red LED is in central position of the array and corresponding
to 0 row, 0 column. The position of each LED element can be expressed as

[
xm,n ym,n

] = [
nd md

] ·
[

cos θ sin θ

− sin θ cos θ

]
+ [

�x �y
]

(4)
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Fig. 2. The positional misalignment in FPM. (a) shows the aperture positions corresponding to different
oblique plane waves in Fourier domain. (b) represents the recovered intensity and phase of FPM when
positional misalignment exists. (c) shows the recovered results when no misalignment exists.

where m , n present different rows and columns of the array (m, n = −2,−1, · · · , 2) and d is
the distance between adjacent LED elements. The wave vector of each LED element can be
formulated as

[
fx fy

] = − 2π

λ · √
(xm,n − �x)2 + (ym,n − �y)2 + h2

· [
xm,n − �x ym,n − �y

]
(5)

Once the misalignment parameters are corrected, the reconstruction performance can be signifi-
cantly improved.

2.2 LED Array Precise Alignment With Brightfield Localization (BFL)
In conventional FPM, the LED array is considered to be sufficiently far from the specimen, so that
the illumination of each LED is approximately a plane wave from a specific angle. For a small region
of interest in the specimen, this assumption is accurate enough for the algorithm to reconstruct
a complex field of the region. But in a large field of view (FOV), the size of the specimen cannot
be ignored comparing with the illumination distance. Accordingly, each position in the specimen
has a different illumination angle, as shown in Fig. 1(a). The pixel lies in the brightfield when the
corresponding illumination NA (sinusoidal value of the illumination angle) is less than the objective
NA and in the darkfield when the corresponding illumination NA is larger. As a result, the ideal
brightfield shape of a LED element should be a shifted circle, as shown in Fig. 1(a). If the brightfield
of each LED element can be measured, the LED array can be easily aligned. However, the brightfield
area is larger than the imaging area of the detector in most microscope systems. To locate the whole
brightfield of a LED elemtent, we can either dicrease the distance between the LED and the sample
plane or shift the LED horizontally and stitch images together to enlarge the equivalent imaging
area. In condition of the periodic repetition of the LED array, it is possible to combine several images
corresponding to neighboring LEDs and enlarge the sampling area of illumination angle.

In the experimental setup of our FPM system, we stitch the information corresponding to 25 LEDs
(5 rows, 5 columns) to calculate the accurate misalignment parameters of the LED array, because
this offers a large enough searching area and requires little calculation. No specimen is placed
on the stage when corresponding images are captured so that the brightfield can be precisely
localized in the images. The edge points of the brightfield are used to locate the brightfield because
this reduces calculation and edge points are easy to locate. Using geometric transformation, all
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Fig. 3. The flow diagram of applying BFL in FPM reconstruction. The BFL include three steps that are
preprocessing, PSO method and RANSAC method.

edge points in these images are combined into one coordinate which is the object plane of the
central LED. The position of each edge point on the object plane can be expressed as

[
p x ′ py ′ ] = −1

β

([
p xm,n p ym,n

]) − [
nd md

] ·
[

cos θ sin θ

− sin θ cos θ

]
(6)

where p xm,n and pym,n are the original positions on the image plane corresponding to different
images, β is the magnification of the objective lens. Afterwards, the misalignment estimate problem
is translated into an optimization problem which is to find the best parameters to model the brightfield
circle, formulated as

(
�̂x, �̂y, θ̂, ĥ

) = arg max
�x,�y,θ,h

∑
P

(
p x ′, py ′),

(
p x ′ ∈ px′, py ′ ∈ py′) (7)

P (x, y) =
⎧
⎨

⎩
1, if

∣∣∣∣

√
(x + �x)2 + (y + �y)2 − R

∣∣∣∣ < th

0, otherwise
(8)

R = h · tan (arcsin (NA)) (9)

where �̂x, �̂y, θ̂ and ĥ are the estimation of the actual misalignment parameters, px′ and py′ are the
collection of positons of all edge points, R is the radius of the estimated circle and th is the distance
threshold. The function P (x, y) in (8) distinguishes whether the edge point is on the estimated
brightfield circle or not. As long as the distance between the edge point and the circle centered
in (−�x,−�y) is less than the predefined threshold th , the edge point is considered to be on the
estimated brightfield circle. By maximizing the number of edge points on the estimated brightfield
circle, the global misalignment parameters �x,�y, θ and the radius R can be estimated. The last
misalignment parameter h can be calculated using R and the objective NA. In fact, the optimization
problem defined in (6)–(9) is rather tough to solve with numerical solutions. Under the assumption
that the global misalignment model is valid, the accurate solution can be regarded as a point in a
four-dimensional continuous space defined by four misalignment parameters. Therefore, we can
use optimization search method to find the approximate solution in a predefined support domain
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Algorithm 1: Brightfield localization (BFL).
Input: 25 Images corresponding to the central 25 LEDs;
Output: The estimation of misalignment parameters �̂x, �̂y, θ̂ and ĥ ;

Step 1: Image preprocessing
1: Use the Otsu algorithm to segment the image;
2: Use the Canny opeartor to detect all edge points;
3: Record the positions on the image plane of all edge points;

Step 2: PSO algorithm
4: Initialize J particles. Each partlcle has a random estimate θj ;
5: for i = 1 to N i terati on do
6: for j = 1 to J do
7: Calculate the positions on the object plane of all edge points with θj ;

Step 3: RANSAC algorithm
8: for k = 1 to K do
9: Randomly select 3 edge points.

10: Calculate the circle parameters
(−�̂xk,−�̂yk

)
and R̂ k determined by these points ;

11: Calculate the value of the function P (x, y);
12: Record the parameters corresponding to the largest fitness in all RANSAC sampling;
13: end for
14: Record the parameters of all PSO particles in one iteration;
15: end for
16: Record the parameters of all PSO particles in all iteration;
17: Update the estimation θj(j = 1, 2, ..., J ) and speed of all particles according to the fitness

of all PSO particles in all iteration;
18: end for
19: Pick up the best estimation �̂x, �̂y, θ̂ and ĥ corresponding to the largest fitness.

of all misalignment parameters. As long as the misalignment parameters are within the support
domain and the optimization search method is effective, we can reach an accurate enough solution
to correct the misalignment. Specifically, we divide this optimization search problem into two parts
for the consideration of speed and accuracy. Part one is the searching of θ and part two is the
estimation of �x,�y and h . Given an estimation of θ, the positions of edge points on the object
plane are defined, then the estimation of �x,�y and h can be reached by fitting the brightfield circle
with the edge points. So that, the part two is actually embedded into part one. To solve the problem
of part one and part two, we use two optimization algorithm RANSAC and PSO. RANSAC is an
iterative method to quickly estimate parameters of a mathematical model from a set of observed
data that contains outliers. Since there are thousands of edge points, containing hundreds of outlers,
RANSAC is very suitable for estimating the parameters of the brightfield circle. PSO method is a
kind of evolutionary algorithm to search the global optimal solution quickly and precisely with a
predefined fitness. Hence, we use PSO algorithm to search the approximate solution of θ. The
fitness of RANSAC is the value of the function P (x, y) and the fitness of PSO is the fitness of the
best RANSAC estimation. We name the method that aligns LED array with brightfield localization,
RANSAC algorithm and PSO algorithm as the BFL method. With the nested iteration of PSO
algorithm and RANSAC algorithm, an accurate enough solution of the misalignment parameters is
achieved. As the pixel size is of several microns, the accuracy of estimated parameters is at the
micron level. The detailed processes of BFL are listed in Algorithm 1 and the flow diagram of BFL
is shown in Fig. 3.

The misalignment parameters can be reached with BFL and used to perform the FPM recon-
struction. The rotation θ̂ and the shift factors �̂x, �̂y is directly calculated during the PSO iterations
while the height factor ĥ can be calculated with circumcircle radius R̂ and the objective NA. With
all misalignment parameters imported into the global misalignment model, the positions of all LED
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Fig. 4. An example of positional misalignment correction with BFL. (a) shows the corresponding positions
of three LED position sets in Fourier domain. (b) represents the recovered results of FPM when positional
misalignment exists. (c) shows the recovered results corrected with BFL. (d) shows the recovered results
corrected with the actual misalignment parameters.

elements can be corrected. Applying the corrected LED positions, a more accurate reconstruction
can be performed.

3. Experiment Results
3.1 The Effectiveness and Robustness of BFL Under Noise

We first validate BFL using numerical simulations before implementing it to an experimental sys-
tem. The simulation parameters are carefully chosen to model a real FPM system, with an incident
wavelength of 629 nm, 2160 × 2560 imaging pixels of 6.5 μm size and a 4× objective of 0.13 NA.
We simulate sets of images with different misalignment and noise levels and apply BFL on these
image sets to correct the misalignment. The root-mean-squared errors (RMSE) between the es-
timated misalignment parameters and the real parameters are recorded to quantitatively evaluate
the effectiveness and robustness of BFL. The simulations are carried out on a personal computer
equipped with an Intel i7-6700K CPU, 16 GB DDR4 memory. The numerical calculation software
we use is Matlab 2016b which is installed on a Windows 10 operating system.

Fig. 4 is an example of our numerical simulation. Fig. 4(a) shows the aperture positions corre-
sponding to different LED elements. The uncorrected positions with predefined misalignment are
labeled with blue X marks, the actual positions are labeled with green diamonds and the corrected
positions are labeled with orange dots. The reconstruction results corresponding to these three set
of LED positions are shown in Fig. 4(b)–(d) respectively. The simulation results indicate that the
LED array can be accurately aligned with BFL and the FPM reconstruction results are significantly
improved after the correction.

To numerically analyze the effectiveness and robustness of BFL, we test the performance of BFL
under different noise levels. Brightfield or darkfield images are generated based on the positional
relationship between the LED array and the specimen. White Gaussian noises with the noise
standard deviation σ = 0, 0.01, 0.02, 0.04, 0.08 are added to the simulated images. Under each
noise condition, 100 random positional misalignments are simulated and the RMSE of the BFL
estimated misalignment parameters (�x,�y, θ, h ) are recorded, as shown in Fig. 5. Limits are
set to the range of simulated positional misalignment parameters as �x ∈ [−3000 μm, 3000 μm],
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Fig. 5. The performance of BFL under different noise conditions. (a)–(d) show the RMSE of four position
factors (�x,�y, θ, h ) during iterations of BFL with standard deviation σ = 0, 0.01, 0.02, 0.04, 0.08.

TABLE 1

The RMSE of BFL Misalignment Estimation Under Different Noise Conditions

Parameter RMSE under different noise standard deviation θ

0 0.01 0.02 0.04 0.08

�x(μm) 5.63 4.57 5.03 4.92 4.81

�y(μm) 5.10 4.70 5.16 4.95 4.93

θ(◦) 0.16 0.15 0.16 0.16 0.14

h (μm) 12.13 12.53 12.46 12.28 11.60

�y ∈ [−3000 μm, 3000 μm], θ∈ [−10◦, 10◦] and h ∈ [−3000 μm, 3000 μm]. In a real experimental
condition, the LED array can be easily aligned manually to insure that the positional misalignment
parameters are within the limits so that the BFL is able to correct the misalignment. Table 1 shows
the RMSE of estimation of four misalignment parameters under different noise levels using BFL.
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Fig. 6. Positional misalignment correction with 55 images. (a) The intensity images corresponding to the
central 55 LEDs. (b) The edge points combined into the same coordinate and the estimated brightfield
boundary. (c) The combined image using the estimated parameters.

As shown in Fig. 5 and Table 1, the misalignment parameters can be precisely estimated even
when severe noises exist. This is because that the estimation accuracy of BFL only depends on
the positional accuracy of detected edge points and the edge points can still be precisely located
under severe noises. As a contrast, the pcFPM method proposed in Reference [19] is seriously
affected by noise and its accuracy decreases by one to two orders of magnitude when severe
noises exist. Besides, BFL method is not very sensitive to the size of searching area for the
reason that �x , �y and h are directly estimated using RANSAC method rather than searching in
a predefined range. Comparing with the simulation in Reference [19], the BFL method corrects
the misalignment in a much larger area and the calculation only costs less than 10 s. In summary,
the simulation results show that BFL offers an accurate, fast and robust approach to detect and
correct the positional misalignment of the LED array and the FPM reconstruction performance can
be significantly improved with BFL.

3.2 The Implement of BFL on a FPM System

To evaluate the validity of BFL experimentally, we correct the global misalignment of a real FPM
system with BFL and compare the reconstruction result with and without BFL. The experimental
microscope system is modified from a biological microscope and equipped with a 4× objective of
0.13 NA. A scientific CMOS (sCMOS) camera with 2560 × 2160 pixels (6.5 μm pixel size) is used
for FPM intensity capture. We place a customized 13 × 13 LED array (8.128 mm interval) 100 mm
below the specimen for providing angle-varied illumination (629 nm central wavelength). The field
of the system is 16.64 mm × 14.04 mm and the equivalent NA of the FPM reconstruction result is
about 0.7. The LED is manually aligned before applying BFL and the LED array misalignment is in
the same range with simulations. All images are recorded with 100 ms exposure time and a noise
suppression operation is applied to all images.

Before capturing the intensity images for FPM reconstruction, the intensity images corresponding
to the central 5 × 5 LEDs without specimens on the stage are captured, as shown in Fig. 6(a).
The positional misalignment parameters of the LED array are estimated using the 5 × 5 images
with BFL. All edge points in these images are combined into the same coordinate and labeled
with little orange hollow circles in Fig. 6(b). The red circle shown in Fig. 6(b) is the brightfield
boundary estimated with BFL. Fig. 6(c) shows the combined image in the object space using the
estimated parameters. Afterwards, corrected positions of all LEDs can be calculated with the global
misalignment model. With the application of PSO and RANSAC algorithms, the global misalignment
parameters can be estimated with high accuracy and speed.
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Fig. 7. Reconstruction result of a USAF target segment. (a) The low resolution intensity image. (b) The
magnified ROI in (a). (c) The recovered ROI with uncorrected LED positions. (d) The recovered ROI with
corrected LED positions using BFL. (e)–(g) The line traces of the resolution target image corresponding
to (b)–(d).

We compare the recovered intensity of a USAF target segment with the uncorrected LED positions
and corrected LED positions using BFL. Fig. 7(a) presents the low resolution image of the resolution
target and a magnified region of interest (ROI) is shown in Fig. 7(b). Fig. 7(c) and (d) are the
recovered intensity images of the region with uncorrected and corrected LED positions. Fig. 7(e)
and (f) show the intensity line traces of the resolution target corresponding to Fig. 7(b)–(d). The
high-resolution complex field of the ROI is recovered with 169 intensity image sections of 100 ×
100 pixels and the recovered size is 350 × 350 pixels with equivalent 0.7 NA. More details, higher
contrast and fewer distortions are achieved with BFL. With the application of BFL, the positional
misalignment parameters are efficiently estimated and the reconstruction quality is significantly
improved.
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Fig. 8. Reconstruction result of an animal intestine tissue segment. (a) The low resolution intensity
image. (b) The magnified region of interest (ROI) in (a). (c) The recovered ROI with uncorrected LED
positions. (d) The recovered ROI with corrected LED positions using BFL. (e)-(f) The recovered phase
corresponding to (c)-(d).

The reconstruction performances of an animal intestine tissue with uncorrected LED positions
and corrected LED positions using BFL are also compared. Fig. 8(a) shows the whole FOV of the
specimen and a ROI is magnified in Fig. 8(b). Fig. 8(c) and (d) are the recovered intensity images of
the ROI with uncorrected and corrected LED positions. The recovered phase images are shown in
Fig. 8(e) and (f). It can be observed that the reconstruction results with uncorrected LED positions
are obviously distorted because of the positional misalignment. With the help of BFL, the distortions
in the results are removed and a high quality reconstruction result is reached.

4. Conclusion
In this paper, we have proposed a preprocessing LED array alignment method named BFL for FPM
reconstruction with brightfield localization. The basic idea of BFL is to locate the brightfield of the
central LED elements by utilizing the relationship between the brightfield positions and the illumi-
nation angles. With the PSO and RANSAC algorithms, the positional parameters can be reached
with high accuracy and speed. To quantitatively analyze the performance of BFL, we generate
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randomly selected misalignment parameters under different noise level and use BFL to estimate
the misalignment parameters. The simulations show that BFL can accurately correct the misalign-
ment of the LED array even in severe noise condition and the FPM reconstruction is significantly
improved with BFL. We also build an experimental FPM system to validate the effectiveness of BFL.
Experiments show that the LED array is precisely aligned and the reconstruction quality of high-
resolution images is significantly improved by applying BFL. Different from previously developed
methods that iteratively recover the global positional parameters during FPM reconstruction, BFL
method calculate these parameters in a preprocessing step. This makes it possible to apply BFL to
any microscope system that uses a LED array as illuminations. In conclusion, the BFL method is a
flexible and effective method to accurately align the LED array in FPM or other microscope system.
It will promote the practical use of FPM in biomedical observation and clinical diagnosis.

In addition, BFL method is based on the fact that the illumination NA is not the same in different
regions of the specimen. In other words, the size of the specimen cannot be ignored comparing with
the illumination distance. The differences of illumination NA decrease the reconstruction results of
FPM because FPM assumes the illumination NA does not change in a single image. It will be a
future work for us to build a model to describe the illumination difference for FPM and try to improve
the reconstruction results.

Acknowledgment
The authors wish to thank the anonymous reviewers for their valuable suggestions.

References
[1] G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field, high-resolution Fourier ptychographic microscopy,” Nature Photon.,

vol. 7, no. 9, pp. 739–745, Jul. 2013.
[2] G. Zheng, “Breakthroughs in photonics 2013: Fourier ptychographic imaging,” IEEE Photon. J., vol. 6, no. 2, Apr. 2014,

Art. no. 0701207.
[3] X. Ou, R. Horstmeyer, G. Zheng, and C. Yang, “High numerical aperture Fourier ptychography: Principle, implementation

and characterization,” Opt. Express, vol. 23, no. 3, pp. 3472–3491, 2015.
[4] K. Guo, S. Dong, and G. Zheng, “Fourier ptychography for brightfield, phase, darkfield, reflective, multi-slice, and

fluorescence imaging,” IEEE J. Sel. Topics Quantum Electron., vol. 22, no. 4, Jul./Aug. 2016, Art. no. 6802712.
[5] T. M. Turpin, L. H. Gesell, J. Lapides, and C. H. Price, “Theory of the synthetic aperture microscope,” Proc. SPIE, Adv.

Imag. Technol. Commercial Appl., vol. 2566, pp. 230–240, Aug. 1995.
[6] V. Mico, Z. Zalevsky, P. Garcı́a-Martı́nez, and J. Garcı́a, “Synthetic aperture superresolution with multiple off-axis

holograms,” J. Opt. Soc. Amer. A, vol. 23, no. 12, pp. 3162–3170, 2006.
[7] T. R. Hillman, T. Gutzler, S. A. Alexandrov, and D. D. Sampson, “High-resolution, wide-field object reconstruction with

synthetic aperture Fourier holographic optical microscopy,” Opt. Express, vol. 17, no. 10, pp. 7873–7892, 2009.
[8] J. R. Fienup, “Phase retrieval algorithms: A comparison,” Appl. Opt., vol. 21, no. 15, pp. 2758–2769, 1982.
[9] A. M. Maiden and J. M. Rodenburg, “An improved ptychographical phase retrieval algorithm for diffractive imaging,”

Ultramicroscopy, vol. 109, no. 10, pp. 1256–1262, 2009.
[10] J. M. Rodenburg and R. H. T. Bates, “The theory of super-resolution electron microscopy via Wigner-distribution

deconvolution,” Philos. Trans. Phys. Sci. Eng., vol. 339, no. 1655, pp. 521–553, 1992.
[11] H. M. Faulkner and J. M. Rodenburg, “Movable aperture lensless transmission microscopy: A novel phase retrieval

algorithm,” Phys. Rev. Lett., vol. 93, no. 2, 2004, Art. no. 023903.
[12] J. M. Rodenburg et al., “Hard-X-ray lensless imaging of extended objects,” Phys. Rev. Lett., vol. 98, no. 3, pp. 17–21,

2007.
[13] J. Chung, X. Ou, R. P. Kulkarni, and C. Yang, “Counting white blood cells from a blood smear using fourier ptychographic

microscopy,” PLoS One, vol. 10, no. 7, 2015, Art. no. e0133489.
[14] R. Horstmeyer, X. Ou, G. Zheng, P. Willems, and C. Yang, “Digital pathology with Fourier ptychography,” Comput. Med.

Imag. Graph., vol. 42, pp. 38–43, 2015.
[15] A. Williams et al., “Fourier ptychographic microscopy for filtration-based circulating tumor cell enumeration and analysis,”

J. Biomed. Opt., vol. 19, no. 6, 2014, Art. no. 066007.
[16] X. Ou, R. Horstmeyer, C. Yang, and G. Zheng, “Quantitative phase imaging via Fourier ptychographic microscopy,”

Opt. Lett., vol. 38, no. 22, pp. 4845–4848, 2013.
[17] C. Zuo, J. Sun, and Q. Chen, “Adaptive step-size strategy for noise-robust Fourier ptychographic microscopy,” Opt.

Express, vol. 24, no. 18, pp. 20724–20744, 2016.
[18] X. Ou, G. Zheng, and C. Yang, “Embedded pupil function recovery for Fourier ptychographic microscopy,” Opt. Express,

vol. 22, no. 5, pp. 4960–4972, 2014.
[19] J. Sun, Q. Chen, Y. Zhang, and C. Zuo, “Efficient positional misalignment correction method for Fourier ptychographic

microscopy,” Biomed. Opt. Express, vol. 7, no. 4, pp. 1336–1350, Apr. 2016.

Vol. 10, No. 1, February 2018 6900113



IEEE Photonics Journal Precise Brightfield Localization Alignment

[20] R. Horstmeyer, R. Y. Chen, X. Ou, B. Ames, J. A. Tropp, and C. Yang, “Solving ptychography with a convex relaxation,”
New J. Phys., vol. 17, no. 5, 2015, Art. no. 53044.

[21] L. Bian, J. Suo, G. Situ, G. Zheng, F. Chen, and Q. Dai, “Content adaptive illumination for Fourier ptychography,” Opt.
Lett., vol. 39, no. 23, pp. 6648–6651, 2014.

[22] S. Dong, R. Shiradkar, P. Nanda, and G. Zheng, “Spectral multiplexing and coherent-state decomposition in Fourier
ptychographic imaging,” Biomed. Opt. Express, vol. 5, no. 6, pp. 1757–1761, 2014.

[23] J. Sun et al., “Coded multi-angular illumination for Fourier ptychography based on Hadamard codes,” in Proc. SPIE,
Int. Conf. Opt. Photon. Eng., vol. 9524, Jul. 2015, Paper 95242C.

[24] L. Tian, X. Li, K. Ramchandran, and L. Waller, “Multiplexed coded illumination for Fourier ptychography with an LED
array microscope,” Biomed. Opt. Express, vol. 5, no. 7, pp. 2376–2389, 2014.

[25] S. Dong, K. Guo, P. Nanda, R. Shiradkar, and G. Zheng, “FPscope: A field-portable high-resolution microscope using
a cellphone lens,” Biomed. Opt. Express, vol. 5, no. 10, pp. 3305–3310, 2014.

[26] K. Guo, Z. Bian, S. Dong, P. Nanda, Y. M. Wang, and G. Zheng, “Microscopy illumination engineering using a low-cost
liquid crystal display,” Biomed. Opt. Express, vol. 6, no. 2, pp. 574–579, 2015.

[27] W. Luo, A. Greenbaum, Y. Zhang, and A. Ozcan, “Synthetic aperture-based on-chip microscopy,” Light, Sci. Appl.,
vol. 4, no. 3, 2015, Art. no. e261.

[28] S. Pacheco, G. Zheng, and R. Liang, “Reflective Fourier ptychography,” J. Biomed. Opt., vol. 21, no. 2, 2016, Art.
no. 026010.

[29] S. Dong et al., “Aperture-scanning Fourier ptychography for 3D refocusing and super-resolution macroscopic imaging,”
Opt. Express, vol. 22, no. 11, pp. 13586–13599, 2014.

[30] J. Holloway et al., “Toward long-distance subdiffraction imaging using coherent camera arrays,” IEEE Trans. Comput.
Imag., vol. 2, no. 3, pp. 251–265, Sep. 2016.

[31] Z. Liu, L. Tian, S. Liu, and L. Waller, “Real-time brightfield, darkfield, and phase contrast imaging in a light-emitting
diode array microscope,” J. Biomed. Opt., vol. 19, no. 10, 2014, Art. no. 106002.

[32] L. Tian and L. Waller, “3D intensity and phase imaging from light field measurements in an LED array microscope,”
Optica, vol. 2, no. 2, pp. 104–111, 2015.

[33] A. Shenfield and J. M. Rodenburg, “Evolutionary determination of experimental parameters for ptychographical imag-
ing,” J. Appl. Phys., vol. 109, 2011, Art. no. 124510.

[34] J. Kennedy and R. Eberhart, “Particle swarm optimization,” in Proc. Int. Conf. Neural Netw., vol. 4, 1995, pp. 1942–1948.
[35] M. A. Fischler and R. C. Bolles, “Random sample consensus: A paradigm for model fitting with applications to image

analysis and automated cartography,” Commun. ACM, vol. 24, no. 6, pp. 381–395, 1981.

Vol. 10, No. 1, February 2018 6900113



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


