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Abstract

Image Phase Alignment Super-sampling (Im-
PASS), Fourier Ptychography, and Structured Il-
lumination Microscopy are computational imag-
ing methods that combine a series of low-
resolution images into a single high-resolution im-
age. All three methods process the image sets in
the Fourier domain. There has been speculation
on whether ImPASS is related to one of the other
methods. To gain insight on this question, Im-
PASS processing was applied to image sets cre-
ated for the other methods to assess similarities
between the methods.

1 Introduction

Image Phase Alignment Super-sampling (Im-
PASS) is a computational imaging method
that combines a sequence of slightly-displaced
low-resolution images to create a single high-
resolution image. The approach was first pre-
sented in 2004 [1] but recent work demonstrated
that the process can yield super-resolution in ad-
dition to super-sampling. [2] Super-resolution is
defined here as image resolution that exceeds the
diffraction limit of the optical system. The im-
age acquisition is comparatively simple, requiring
no specialized optics or active illumination of the
target. Either the camera or scene is translated
by fractions of a pixel to produce the slightly
displaced image set. Processing consists of im-
age registration, interpolation, and application of
blind deconvolution. [3]

ImPASS has been compared to the Fourier
Ptychography and Structured Illumination.

Fourier Ptychography (FP) also produces a
single high-resolution image from a set of com-
paratively low-resolution images. The sample is
illuminated by an LED array where individual
LEDs can be selectively activated. [5, 4] This
allows capture of a sequence where each frame
is illuminated from a different angle. FP pro-
cessing typically consists of applying an iterative
phase retrieval process in the Fourier domain to
reconstruct the high resolution image. [6] For
Structured Illumination Microscopy (SIM), [7]
low-resolution images are acquired as the sample
is illuminated with a sinusoidal-like pattern.
This pattern is displaced or rotated for every
new image to build a sequence. The images are
processed using a phase optimisation method or
similar technique [8, 9] to create a single image
with higher resolution.

All three methods make use of processing in
the Fourier domain to reconstruct high resolu-
tion information. It is important to note that the
term ‘phase’ is used differently for these methods.
For FP and SIM, ‘phase’ refers to the phase of the
electromagnetic wave incident on the sample. For
ImPASS, phase refers to the phase component of
the Fourier transform of an image.

A question posed by reviewers was whether Im-
PASS is a distinct approach or a variation of ei-
ther FP or SIM techniques. ImPASS is not ma-
ture enough for this to be determined through
theory. Alternatively, insight can be gained by
applying ImPASS image processing to image sets
created for these other methods. If application
of ImPASS processing produces significant super-
sampling or super-resolution, then the informa-
tion gathered from these methods is related. Fur-
ther investigation of the technique’s similarities
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Figure 1: Processing flow chart for Im-
PASS. Slightly-displaced low-resolution images
are aligned, up-sampled and averaged. Blind de-
convolution is applied to produce a single high-
resolution image. (Picture Credit: Author)

would be warranted. However, if the results of
this exercise are not positive, this supports the
argument that ImPASS is distinct from FP or
SIM.

2 ImPASS Image Processing

A full description of the ImPASS processing ap-
proach was provided in Reference [3] but is sum-
marized here. The processing flow, shown in Fig-
ure 1, consists of four primary steps. Unless im-
age displacements are determined by some other
means, phase correlation [10] is used to deter-
mine translation differences between each frame
and a reference image. Corrective alignments are
applied to the images after up-sampling to the
images. The up-sampled images are averaged to-
gether to produce a single image with resolution
consistent with the low-resolution images. [2] Ap-
plication of the blind deconvolution method SeD-
DaRA [11] produces the super-sampled informa-
tion.

3 Processing Results

3.1 FP Image Set

Figure 2: (Top) A single frame of the “stained”
image set showing fixed human osteosarcoma ep-
ithelial cells. (Bottom) Application of SeDDaRA
to a single image produces significant resolution
improvements as a result of optical blur removal.
(Picture Credit: University of California, Berke-
ley, open domain)

The FP image sets used for this study were cre-
ated and provided by the Computational Imag-
ing group at University of California, Berkeley,
and are available as open source. [12, 13] ImPASS
was applied to seven sets with no significant dif-
ferences in the results, regardless of target. The
representative set displayed in Figure 2 originally
consisted of 202 images of fixed human osteosar-
coma epithelial (U2OS) cells with image dimen-
sions 2560 X 2160 pixels. Processing with FP
improved the resolution from numerical aperture
of 0.2 to 0.7. [13] Most frames in this set were
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considered ‘dark field’ where illumination of the
sample originated from outside the optics’ field-
of-view. Initial attempts at ImPASS processing
showed that inclusion of dark field images pro-
duced adverse artifacts in the processed result.
As such, processing was limited to the 20 suit-
able light field images, those in which the illumi-
nation was within the field of view. The images
were cropped to size 5122 pixels (shorthand for
512 × 512).

Figure 3: The frame-by-frame displacements (cir-
cles) of the “stained” set in pixels as determined
by phase correlation. The fractional portion of
the displacements (crosses) reveal that there are
large gaps in the pixel space.

Application of phase correlation to this set pro-
duced frame displacements as a function of pixel
index, as shown in Figure 3. The goal for effec-
tive ImPASS processing is to evenly sample the
pixel space. At first glance, this data seems to be
somewhat evenly spaced, but integer movements
do not contribute additional information to the
set. For example, a shift of 1.2 does not add any
information that is not provided by a shift of 0.2
or -0.8. When the integer shifts are removed, as
shown in Figure 3(crosses), considerable gaps in
the pixel space are evident. This limits the reso-
lution that can be recovered.

An additional issue with this set is that while
the images can be aligned globally, the features,
being three dimensional cells being illuminated
from different angles, do not align locally. Im-
PASS has only previously been applied to im-
age sets that possess spatially invariant displace-
ments.

The final step is application of blind deconvo-

lution. This process not only recovers the super-
sampled resolution but also removes optical blur.
As such it is important to compare the blind de-
convolution of low-resolution images to blind de-
convolution of the up-sampled combined images
to ensure that resolution improvement can be at-
tributed to super-sampling. The deconvolution
of a single frame, shown in Figure 2(bottom),
demonstrates that there is considerable optical
blur in this image set.

The aligned image set was up-sampled in steps
by a factor of MSS = 8 creating images of size
40962 pixels. The central 10242 pixel portion of
the image is shown in Figure 4 (top) alongside
a representative deconvolution. The result has
some artifacts in the form of vertical bars that
can be attributed to insufficient pixel sampling,
but there is a visible improvement in resolution.
This improvement, however, is not significantly
greater than that achieved by applying deconvo-
lution to the original image.

This was also the case for the other six FP im-
ages sets. Application of ImPASS to FP-created
images sets did not result in super-sampled im-
ages, i.e. resolution that is smaller than the pixel
size of sensor.

3.2 SIM Image Set

Six SIM data sets were acquired from the Uni-
versity of Bielefeld Biophotonics Group github
site. [14] The images were provided as open-
source for reference [15] and development of the
fairSIM method. The sets varied in number of
frames and image sizes. ImPASS was applied to
all six sets with generally the same results. The
representative set, referred to as ‘OMX-U2OS-
Tubulin-525nm’, had 120 frames with image size
of 5122 pixels and description ‘U2OS, Tubulin
stain excitation at 488nm, emission at approx.
525nm’. Forty frames were removed as the im-
ages had significant blur, leaving 80 frames for
the processing.

Application of phase correlation image regis-
tration to the SIM set produced shifts that were
close to zero. The data is shown in Figure 5
where the dotted circle represents the accuracy
of the registration. [16] This suggests that SIM
frames do not have significant displacements and
the pixel space is not sufficiently sampled. Im-
PASS processing was applied to both aligned and
non-aligned sets with no significant difference in
the results. A portion of the average of the low
resolution set (top) and the subsequent blind de-
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Figure 4: A portion of the SIM up-sampled, com-
bined image before (top) and after (bottom) de-
convolution. The improvement in resolution is
not sufficient to attribute to super-sampling.

Figure 5: Frame displacement measurements of
the OMX-U2OS data set. Most measurements
fall within 1/17 of a pixel, the measured accuracy
of the alignment.

convolution (bottom) is shown in Figure 6. The
deconvolution is slightly clearer indicating that
the image set contains some optical blur.

Figure 7 shows a portion of the up-sampled
(MSS = 8) image on the top and the ImPASS re-
sult on the bottom. The final image is somewhat
clearer but resolves no features that are not visi-
ble in the low-resolution deconvolution (Figure 7
(bottom)). This image can be directly compared
to the result of SIM processing in Reference [15]
supplemental Figure 3d which achieves greater
resolution. The arrow points to a feature that
was resolved as two strands using SIM but is not
resolved by ImPASS.

4 Comments

ImPASS processing was applied to image sets cre-
ated for comparable technologies to assess the re-
lation between the methods. Seven sets of FP
images were processed where ImPASS produced
no significant super-sampling. Six sets of SIM im-
ages were processed using the ImPASS algorithm,
also without any evidence of super-sampling. As
such, information obtained using FP or SIM is
distinct from information obtained by collecting
slightly displaced images. This provides evidence
than ImPASS can be considered a distinct tech-
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Figure 6: (Top) The average of 80 frames
from the “OMX-U2OS-Tubulin-525nm” set at
the original resolution without alignment. (Bot-
tom) Application of SeDDaRA blind deconvolu-
tion removes some optical blur from the image.
(Image Credit: University of Bielefeld Biopho-
tonics group, open source)

nology from these other methods.
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Hübner, and T. Huser, “Open-source im-
age reconstruction of super-resolution struc-
tured illumination microscopy data in Im-
ageJ,” Nat. Commun. 7(1), 1-6 (2016).

[16] J.N. Caron, M. J. Montes, and J. L.
Obermark, “Extracting flat-field images from
scene-based image sequences using phase cor-
relation,” Rev. Sci. Instrum. 87(6), 063710
(2016).

Figure 7: (Top) A 762 pixel region of the up-
sampled, combined image before deconvolution
is applied. (Bottom) The image after deconvolu-
tion. The arrow points to two strands that are
resolved using SIM processing not resolved by the
ImPASS process.
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