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Abstract

Iterative deconvolution algorithms exhibit increased ringing artifacts at higher number of
iterations. Quantitative image analysis techniques such as optical flow algorithms are sensitive
to these artifacts. We propose to use an image quality metric to identify the terminal step of
iterative restoration algorithms. Frequency based metrics have difficulties in distinguishing the
ringing artifacts from the image features. Spatial analysis techniques require extensive
processing making them unsuitable for real-time image quality measurement as needed in
iterative image restoration. We propose a novel ringing metric using binary morphological
operators and demonstrate the method on the images of random cotton fibers acquired using
white light confocal microscope.

1. Introduction
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Figure 1. Schematic representation of Figure 2. Principle of a pinhole
a confocal microscope. detector.

The basic concept of confocal microscopy was originally developed by Marvin Minsky. A
confocal microscope can be used to image a 3D microscopic specimen at various depths
without physical sectioning. Figure 1 shows the schematic representation of a confocal
microscope. Light from a light source passes through a pinhole, gets reflected by a dichroic
mirror and illuminates the specimen. The light reflected from the specimen passes through the
dichroic mirror and a series of detector pinholes mounted on a rotating disk and forms an image
of the specimen in the CCD camera. The role of the detector pinhole is crucial in allowing only
the reflected light from the focal plane. Figure 2 shows the role of a detector pinhole in
blocking the light from the out-of-focus planes. The size of the detector pinhole determines the
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amount of light from the out-of-focus planes reaching the CCD camera. Smaller pinhole size
results in sharper images, but also limits the amount of light reaching the CCD camera. Thus a
compromise must be reached.

Depth: 0 microns Depth: 80 microns Depth: 160 microns Depth: 240 microns

Figure 3. Image stack of lamina cribrosa of cow retina

Figure 3 shows a stack of images of lamina cribrosa of cow retina. Confocal microscopy is
well suited for imaging thick specimens, cells and molecules. A non-laser light source is
suitable for imaging in vivo. White light sources such as xenon lamps provide a non-coherent
laser light source [1, 2]. The images used in this research were obtained using a custom built
white light confocal microscope (WLCM) at the LSU Eye Center, New Orleans.

An image obtained from a confocal microscope can be modeled as g = h* f +n, where g is
the image observed using WLCM, f is the original image at the object plane, * is the
convolution operator, /4 is the point spread function (PSF) of the WLCM and # is the additive
noise present in the optical system. Image restoration algorithms compute an estimate of the
original image f using the observed image g and the impulse response /# of the WLCM [3, 4].
These algorithms can be broadly classified as 1. Direct methods [5], 2. Iterative methods [6]
and 3. Blind deconvolution methods [7]. The direct and iterative methods estimate the original
image f using the observed image g and the PSF 4. The blind deconvolution algorithms
estimate both the original image f and the PSF / from the observed image g. The direct
methods are faster but the solution computed is sensitive to the image noise [3]. As opposed to
the blind deconvolution, iterative deconvolution algorithms use a priori knowledge of the
blurring process in computing an estimate of the original image f.

Iterative deconvolution algorithms derive an estimate of the original image f from the
observed image g in iterative steps. A usual stopping criteria for an iterative deconvolution
algorithm is an error functional of the form || f,,, — f, |[where, f,is the estimate of the
original image at k™ iteration. We observed that the images restored using iterative
deconvolution algorithms such as Lucy-Richardson restoration algorithm exhibit prominent
oscillations around the edges with sharp intensity transitions at higher number of iterations.
These spurious oscillations around the edges are known as ringing artifacts. Thus an error
functional based on a difference measure cannot measure the amount of ringing present
introduced in the images during restoration. Hence there is a clear need to incorporate an image
quality metric, specifically a ringing metric in place of an error functional to identify an
appropriate stopping criterion for an iterative deconvolution algorithm.

The objective quality metrics such as peak-signal-to-noise ratio (PSNR) and MSE metrics do
not correlate with the quality assessed by a human visual system [8]. The assigned image
quality metric should confirm with the human visual perception and hence assigning an
objective image quality metric is a very difficult problem [9]. Image quality assessment can be
broadly classified as no-reference methods and full-reference methods. The full-reference
methods compute a quality metric of a given image using a reference or undistorted-original
image. No-reference methods do not require a reference image in assigning a quality metric.
Recently several image quality metrics has been proposed to measure the blur and blocking
artifacts introduced by image/video compression algorithms [10-13]. A frequency based
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ringing metric will have difficulties in differentiating the ringing artifacts from the image
features. Spatial analysis techniques require extensive row-by-row processing [11] and are not
suitable for real-time image quality measurement as needed in iterative deconvolution
algorithms.

We propose a novel ringing metric using simple binary morphological operations to measure
the amount of ringing artifacts present in an image. Section 2 explains an experimental
procedure to estimate the PSF of a WLCM. Section 3 investigates the choice a contrast based
quality metric and the proposed ringing metric. Section 4 presents the results of our proposed
method. In section 5 we conclude this research and suggest directions for future work.

2. Restoration of white light confocal microscope images

The impulse response of an imaging system can be obtained by imaging a point light source
under the usual imaging conditions. In an ideal imaging system, the intensity distribution of
this point light source image will closely resemble a delta function. Due to imperfect imaging
conditions and limitations on the pinhole aperture size, the observed single point will instead
have a Gaussian signature as shown in figure 3a. Thus the impulse response is referred as the
smearing or point spread function (PSF) of the optical system [14].

P

Figure 3a. Intensity plot of PSF Figure 3b. Image of a 5-micron sphere

We determined the PSF of the WLCM by imaging 5-micron diameter micro-spheres, in focus,
under the usual imaging conditions as in [15-18]. We reduce the noise sensitivity of the
observed PSF by averaging 3 frames of on-focus micro-spheres. The PSF is then normalized
such that its pixel intensities sum to 1.0 to conserve the energy arising from each pixel
positions. Now the observed image g can be iteratively restored using Lucy-Richardson (LR)
deconvolution algorithm [19] as follows. ~

fen )= £ o) (h=x,= ) * g, 3)) [ (e, ) * 7, (5 0) ) )
Section 3 investigates the choice of a contrast measure to assess the quality of the restored
images and proposes a ringing metric to measure the ringing artifacts present in the restored
images.

3. Image quality metrics
3.1 Contrast measure

Deconvolution is a deblurring process and the restored images typically exhibit sharp edges
with an overall increase in the high frequency contents of the image. Therefore, our first choice
for an image quality metric was to use a gradient based method. We define a contrast measure
using Sobel gradient operators S, and S, as in [20] as follows.

Gradient at pixel (m, n):  S(m,n) = \/(Gx (m,n)* + G, (m, n)? )

2

M N .
Focus/Contrast measure: Z Z (S (m,n)— S )

m n
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Here, G, and G, are the image gradients in the x and y direction respectively, computed using
the Sobel gradient operators and § is the mean gradient in the gradient image S. Figure 4
shows the image of random cotton fibers acquired using WLCM, the image restored using LR
algorithm at iteration 6 and the focus measures plotted at various LR iterations.
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Figure 4. Images of a random cotton fiber restored using LR algorithm

An increasing trend in the focus measure plot confirms that the restoration algorithm reduces
the blur. However we noticed that the focus measures did not converge due to the introduction
of significant ringing artifacts at higher number of iterations. This led us to develop a ringing
metric to quantify the amount of ringing artifacts introduced during iterative image restoration.

3.2. A ringing metric

The proposed ringing metric uses the edge profiles of the observed image g and the images
restored f, to isolate the ringing artifacts introduced during restoration. We create a reference
edge profile E.r of the unprocessed image g using canny edge detector. To detect the ringing
artifacts in the restored images, we create a binary edge mask EM,.¢ by dilating the E,.¢ with a (r
X 1) structuring element where r is an approximate width in pixels from an edge to cover the
ringing artifacts. We used an (8 x 8) structuring element. At the end of each iterative
restoration step, we compute the edge profile E, of the restored image. Now the edges and any
ringing artifacts around the original edges can be selected by a simple pixel wise logical AND
operation between EM,r and E, and stored in E,(masked). Since restoration preserves the
edges present in the reference image, the additional edges observed around the reference edge
profile in the restored image typically represent the ringing artifacts. We define the following
ringing metric to indicate the quality of the restored image.

Ringing metric = (ZZEn (masked) — ZZEM j/ZZEmf
i i i
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4. Results
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Figure 5. Unprocessed image g and its edge profile
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Figure 6. Ringing metric of the images restored using LR iterative algorithm

Figure 5 shows the observed image and its edge profile E,.; superimposed on the binary edge
mask. Figure 6 shows the image of a restored image exhibiting ringing artifacts, its edge profile
superimposed on the reference edge profile and binary edge mask and the associated ringing
metric plot obtained during LR iterative restoration. Increasing ringing-metric trend in the plot
indicates the introduction of ringing artifacts at higher number of iterations and confirms with

the visual inspection of the restored images.
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5. Conclusion

Quantitative image analysis algorithms are sensitive to image artifacts. WLCM images are
generally noisy and show a high degree of blur due to limitations of the optical system.
Therefore, image restoration algorithms that utilize robust feedback metrics are necessary. The
ringing metric proposed here is less sensitive to the noise amplification during restoration and is
computationally efficient making it suitable for real-time image quality evaluation. Visual
inspection of the restored images confirms the increase in ringing artifacts during restoration as
pointed by the computed ringing metric. We are currently conducting a subjective experiment
to evaluate the quality of the restored images in terms of the amount of ringing present. We
will be using the proposed ringing metric for real-time restoration of WLCM images
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