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Abstract

In this paper, we propose a new method to re-
construct high resolution images from structured il-
lumination microscopy. It consists of estimating
the illumination pattern parameters with a multi-
scale analysis in the Fourier domain and filtering
the significative features with a statistical test. Our
method is fast and automatic, aiming at being com-
putationally effective for in vivo biomedical applica-
tions.

1. Introduction

Structured illumination microscopy (SIM) is a
technique that enables to go beyond the resolution
limit imposed by the phenomenon of diffraction [1].
It has the advantage of being a full field method
that can be implemented as an add-on to a standard
fluorescence microscope.

The method consists in illuminating the sam-
ple with a spatially structured light, generally sinu-
soidal stripes, to create moiré fringes and acquiring
three images by shifting the pattern twice by 2π/3.
The fringes display information originating from
the frequency region outside the cutoff of the mi-
croscope. Such images are actually the sum of three
information components that can be computation-
ally separated. The reconstruction of the high res-
olution image consists in repeating this process for
several orientations of the illumination, and repo-

sitioning the information to its proper position in
the reciprocal space. This is generally done by com-
paring the different information components where
they overlap [3]; the translations are estimated by
registering data in the Fourier domain.

As described in [2], the overall process is under
the supervision of an operator that has to find the
optimal settings by balancing between ringing arte-
facts and gain in resolution. This process is time
consuming and not easily amenable to automati-
zation, which limits its use in modern biological
applications that require fast dynamic imaging.

In this paper, we propose a new method for au-
tomatic reconstruction of the SIM high resolution
images which is fast and computationally effective.
Our approach consists in precisely localizing the
Dirac spots associated with the illumination pat-
tern with a wavelet product and a statistical hy-
pothesis testing based on a Bessel function.

The paper is organized as follows. Section 2 de-
tails how the reconstruction parameters can be esti-
mated from the localization of Dirac spots. In sec-
tion 3, we present the proposed multiscale wavelet
product for spot detection and the associated sta-
tistical hypothesis test. Finally, experimentations
are described in section 4.

2. Reconstruction from structured il-
lumination parameters

Considering a horizontal orientation of the illu-
mination pattern, the intensity in the plane of the



three acquired images, noted In, n ∈ {0, 1, 2}, can
be modeled by:
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where px is the illumination period and φ is the
phase shift of the illumination perceived by the mi-
croscope. In the Fourier domain, this leads to:
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The different components, noted Ĩ−, Ĩc and Ĩ+,
that compose these images can be separated by lin-
ear combination of the different Ĩn:
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The reconstruction method proposed by
Gustafsson consists in moving each component to
its proper position by registering Ĩ− and Ĩ+ with
Ĩc, as they should represent the same spectral
information where they overlap [1].

We approach the reconstruction process from a
different angle. Instead of registering data, we pro-
pose to estimate the parameters of the illumination
pattern. The parameters are then used to shift the
spectral components to their proper position be-
cause the translation corresponds to the illumina-
tion orientation and frequency (eq.4-5).

As the Fourier transform of a sinusoidal striped
illumination has only three components, this illumi-
nation pattern appears in the Fourier transforms Ĩn

of the acquired images as three Dirac spots. The
distance of the spots to the DC corresponds to the
illumination frequency (fig.1).

We thus propose to estimate the reconstruction
parameters by localizing automatically the Dirac
spots associated with the illumination in the spec-
tral domain. To obtain a significative resolution
improvement, the period of the sinusoidal stripes
has to be as small as possible. In the case of linear
SIM, this means that the location of the spots in
the Fourier domain has to be close to the cutoff fre-
quency of the microscope. Considering the shape of

(a) SIM image
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(b) Illumination pattern

Figure 1. Structured Illumination pattern
in the Fourier domain.

the optical transfer function, this is where the sig-
nal to noise ratio is the lowest. As a consequence,
Dirac spots appear in the Fourier amplitude do-
main as gaussian spots in very noisy background.
To detect them, we propose a multiscale algorithm
based on an undecimated wavelet representation of
the data and a selective filtering of the wavelet co-
efficients, as described in the following section.

Once the spectral components are repositioned,
the phase shifts (e−/+iφ) can be calculated by com-
paring the phase of the three overlapped DC com-
ponents of Ĩc, Ĩ− and Ĩ+. All the reconstruction
parameters can thus directly be obtained from the
illumination pattern parameters.

3 Gaussian spots detection with
multiscale product

3.1 À trou Wavelet representation

We use the à trou wavelet transform based on
a cubic spline [6]. Three specificities are exploited:
i) the inherent adaptiveness of the analysis to the
objects size, ii) the correlation of the wavelet coeffi-
cients of objets across consecutive scales and iii) the
low computational cost that allows fast reconstruc-
tion. From an amplitude image A = |Ĩn|, we com-
pute separable convolutions to obtain the smoothed
approximations Ai and Ai+1. The detail images
Wi = Ai −Ai+1 are obtained as the differences be-
tween consecutive approximation levels.

As the spots are supposed to be Dirac delta func-
tions, we limit our analysis to the finest scales and
therefore only compute the first and second approx-
imation images by convolution with the filters:
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3.2 Spots detection

Considering the very strong variations of ampli-
tude in the Fourier domain, it is difficult to distin-
guish the Dirac spots from what can be perceived as
noise by analysing one detail image only. Following
the method proposed in [4, 5], we consider that the
Dirac spots are features of interest represented by
a small number of coefficients, that are both large
and correlated across the scales. On the contrary,
the discontinuities that correspond to noise have
smaller coefficients that do not propagate across
levels.

We compute the correlation image Pn which cor-
responds to the multiscale spatial product between
the two detail images:

Pn(i, j) = W1(i, j)W2(i, j). (8)

The coefficients of Pn with high values correspond
to small but significant isotropic objects.

3.3 Statistical Hypothesis testing

For more robustness, we filter the coefficients of
Pn with a statistical hypothesis test. We consider
that the Fourier amplitude image A is corrupted by
an additive white gaussian noise. We first estimate
the variance σ of the noise in A by filtering it with
a high-pass Daubechie wavelet filter and by com-
puting the median absolute deviation of the filtered
data. This corresponds directly with the noise vari-
ance of A as this wavelet transform does not change
the shape of the noise distribution, nor its variance.
The variances σ1 and σ2 of the noise in W1 and W2

are computed from σ and used to normalize the
noise in both detail images. The distribution of the
noise in Pn corresponds to the product of two cor-
related Normal distributions with variance 1, it has
the following PDF [5]:

p(x) =
K0(|x|) exp(ρ|x|)
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where K0 is the modified Bessel function of the sec-
ond kind, of zero order, and ρ is the correlation
between two normally distributed variables.

Our test is based on the corresponding cumula-
tive density function. We compare the pvalues of
the correlation image Pn with a predetermined de-
tection level, and filter out the spots associated to

coefficients below the threshold. The Dirac spots
are then identified as the strongest and furthest
apart symetric spots among the remaining coeffi-
cient. We interpolate the data locally for sub-pixel
accuracy.

4 Experimentations

4.1 Dirac spots localization

Figure 2 presents the result of the proposed au-
tomatic detection of Dirac spots when the illumi-
nation pattern corresponds to isotropic Gaussian
spots. The studied sample is made of 200nm beads
on a microscope slide, imaged with a x60 objective
(NA1.2). We used a small illumination period so
that the spots are located almost at the cutoff fre-
quency, and have quite a low amplitude. As can be
seen in figure 2d, our method leads to the correct
localization of the Dirac spots.

(a) An (b) Pn (c) Filtered (d) Result

Figure 2. Automatic localization of the
Dirac spots.

We generated more images with the beads, aim-
ing at increasing the difficulty of the detection by
creating spots with distorded shapes. Two corre-
sponding results are presented in figure 3, with a
zoom on the vicinity of one Dirac spot. In each
case, the multiscale product correctly filters the in-
formation associated with the spot, and the statis-
tical hypothesis test facilitates the spot detection.

4.2 Reconstruction method

Once the Dirac spots are precisely localized, we
can compute the reconstruction parameters (sec.2).
In figure 4, we present the result of our automatic
reconstruction method, using the estimated param-
eters of the illumination pattern. Figures 4a and 4c
show on one example that we reach the resolution
enhancement that can be achieved by SIM. Figures
4b and 4d correspond to the intensity distribution
in the small square depicted in figures 4a and 4c.



(a) An (b) Pn (c) Filtered (d) Result

(e) An (f) Pn (g) Filtered (h) Result

Figure 3. Automatic localization of the
Dirac spots (zoomed areas).

As can be seen, the unique spot in figure 4a has
been clearly resolved into two different spots in the
reconstructed image, illustrating the gain in sepa-
ration ability.

Finally, figure 5 shows the point spread function
in an image obtained with the proposed SIM re-
construction method, and the PSF corresponding
to the observation with a conventional microscope.
The width of the SIM PSF at mid-height is smaller
by a factor of 1.807, thus quantitating the gain in
resolution.

(a) Standard Image

(c) Reconstructed SIM Image (d) SIM zoomed area

(b) Zoomed area

Figure 4. Resolution comparison.

Figure 5. PSF comparison.

5 Conclusion

We have presented a new method to recon-
struct high resolution images in SIM. Our approach
aims at improving the computational time for re-
constructing SIM images and increasing the effec-
tiveness of the system for biological applications.
Rather than registering data in the Fourier domain,
we proposed to estimate the reconstruction param-
eters by localizing the Dirac spots associated with
the illumination pattern in the reciprocal space.
We increase the robustness of the method thanks
to selective filtering of features given by a wavelet
transform. It is automatic and fast compared to
the current reconstruction method. The effective-
ness of the method was assessed on real data and
proved its promising use for biological applications.
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