imaging often from limited be �optically by moving the object along the optical axis; in images. of-focus is a fusion algorithm that combines those into one single composite. promising methodis based on the wavelet transform. In this how the image fusion improved and easily extended to multi-channel data. the use of which seem to traditional transforms. Second, a to apply multi-channel images that not colors, an multi-channel imaging. our method on simulated stacks and give results relevant to biological imaging.1. INTRODUCTIONLimited is a common problem in imaging with light microscopy. the turns out to be than the depth. Portions of the outside in the image This as the magnification the smaller. Consequently, acquisition will be compromised and show certain parts the specimen in and out of focus. common to image the whole is by taking images at planes. The becomes to from slice the that is in to an image projection that is In this way, it is possible to the physical limitation the numerical aperture of the objective lens (see Fig. 1).written on image fusion some solutions to be more others. An be found in [1-3]. of known methods is on the transform, which we propose two extensions in this Fig. 1. Microscopic imaging system, depth-of-focus.of image slice of the object, builds up the wavelet of the composite by a selection rule. The composite image is obtained computing the complex transform. For application multi-channel images, an and as a and post-step. In this method in dynamic of the image obtained fusion and avoids the introduction of colors [4]. propose a quantitative validation that allows to our method with other and also results with real specimens.2. EXTENDED DEPTH-OF-FOCUS USING THEWAVELET TRANSFORMTo the first to in-focus criterion. Typically, an image that is a maximal number of visible details. On the other by the that the an image that contain more high analysis, using the Fourier does not provide any spatial localization. The wavelet transform, by contrast, seems to be the ideal detection, since it allows a local analysis of content. Unlike transforms, this type of multi-resolution

lense

n

adapts to various sizes of details. the 3. IMAGE FUSION ALGORITHMThe image fusion algorithm in this on two conditions prior to processing. The first is that images must be aligned throughout the stack and is that they must be at the same level. Both conditions met if the original images taken by a traditional light with the being along the optical axis to obtain slices. For best visual results, the should be with translation steps z3.1. Complex-valued Wavelet TransformThe fusion in many example, The bi- orthonormal basis decompositions and thus information in bands is unique. However, not all wavelets have the same the complex independly by Lawton and by Lina and They a byfiltering with finite-length complex low and high filters. They provide complex of degrees and thus an adjustment of the of is possible. the complex with moments and 6/6 taps filters, they provide orthonormal decomposition, which is useful additional denoising step, and For each slice s(.,.) of the stack {s(z, we a CWT: s jcj j.found that the robustness to the selection rule and 3.2. Selection Rule and Consistency ChecksThe absolute of the in subbands will to brightness and to the most salient A goodintegration rule consists in selecting the slice with absolute of the at j() = cj(n,m; arg maxz j()|).The on the combined be in to obtain acomposite image. store the number of the slice pixel in a map. It may be used consistency checks or topological visualization.choice of the coefficients. The two most important are Spatial consistency: the majority of j() in a 3 3 window from adifferent slice j, then j() is changed to k( Subband consistency: two out of ing subband attributed to the slice, then the third one is taken from that slice, too.matrix to get an CWT : j .In the pixels of the image complex numbers. the onvalues by the absolute of complex number pixel and by just taking the 4. PRE- AND POST-PROCESSING STEPS4.1. Pre-processing: Multi-channel conversionUsing the fusion method on the one would be tempted to apply the algorithm to data, by treating Such an could be useful multi-channel the details not However, if the channels jointly contribute to details, method will saturation and colors. would to the whole algorithm times, which multiplies the computation time and a method to color images greyscale in order to apply the algorithm once.The traditional method to color RGB images to consists in a fixed of the colors (i.e., Y = 0.30˚Red +0.59˚Green + 0.11˚Blue). This is a good to in images. in images, a color might be highly (e.g., a using a the weights the k to their .In this way, a predominant color will be given weight during the subsequent fusion algorithm.Fig. 2. One slice of a stack showing Peyer plaques from theintestine of a mouse. Multi-channel conversion with (left)and without (right) adaptive weights.

The images more by simply using fixed weights (see Fig. 2).4.2. Post-Processing: ClippingFusion in the wavelet domain yields results that combinations of the pixel values of the images; a of retaining the maximal For typical images, of the pixels are over or the original dynamic of all images. Such an of dynamic the global of the image, the noise level, and amount of saturation.To at least avoid the aalgorithm that the closest to the original data. q(k)()(k)(z()-s()|).outliers and diminishes effects (see Fig. 3). Moreover it can be applied to the multi-channel pixel data, without color by construction.Fig. 3. Mouse epidermis. Clipping (left) diminishes ringingeffects (right).5. COMPARISON WITH OTHER METHODSTo our method simulated and the image with the truth. our complex method 5.1. Classical approachThe method is on the assumption that regions of the image to high of intensity. The a 3 3 window in to the pixelis in a The pixel along the with highest is the composite image. algorithm has the advantage of computational simplicity.5.2. EvaluationFour simulated stacks as illustrated Fig.˚4. (D18, D22, D23, onto a and using interpolation along the z-direction. Next, the volume by a filter that contains a blur slice with width as the the method, the method and the complex method. used

Fig. 4. Construction of a simulated data stack by projectingtexture on a surface.6/6˚tap complex since they same number of vanishing moments. of clipping and of the For all the (SNR) with to the ground truth. results to the method given Tab.˚1. found that both methods the method. The quality of the output image the method is quite poor. Problems the contains homogenous Comparing complex and wavelets, the complex give us about 0.7 dB gain. Clipping about 0.3 dB both methods. improve the quality of the result, they combined with clipping. the turned out to be costly with storage space and computation time. For the stacks (typical resolution of 1996 ·1450, about 40 set them aside perform the complex wavelet method with clipping.5.3. Results

Fig. 5.a. The variance method (left), and the real waveletmethod (right) with clipping. Fig. 5.b. The complex wavelet method with clipping.

Performance gaincompared toVariance MethodSpline 3˚CDaub 6˚CDaub 6˚Spline 3˚No manipulations2.49 dB˚3.21 dB˚0.72 dB˚2.87 dB˚3.51 dB˚0.64 dB˚Spatial Check3.55 dB˚3.67 dB˚0.12 dB˚Spatial Check, Clipping3.74 dB˚3.89 dB˚0.15 dB˚Subband Check4.14 dB˚4.50 dB˚0.36 dB˚Subb. Ch., Clipping4.33 dB˚4.70 dB˚0.37 dB˚Tab. 1. The average performance gain of the real and the plex wavelet method with preprocessing and checks compared to the variance method. left give the average difference of the with respect to variance method. right column gives the differences of the complex wavelet method and the real The SNRs of both wavelet methods range between 23 — 29 dB.discuss our results on the of from the intestine of a mouse Fig. 5 a, b). specimen is strongly stained with a red colorant.Also the complex method clipping in this the fusion method. It gives more details in the regions, but does not introduce artificial details.6. SOFTWARE PACKAGEimplemented our method in as an in. ImageJ is a widely used multi-platform public domainsoftware for the analysis of biological images. Our It allows the fusion of a stack of images by just single mouse click, see Fig. 6.7. CONCLUSIONSa method to the of images. By on data and by examples on real images, that of a complex and the method. that asubsequent avoids the introduction of colors, and artifacts. Our algorithm is freely as a plug-in ImageJ and is used in practice by biologists at the The algorithm applied to visualize and light Another application includes the of a DIC image, structural information of a biological specimen, that is In the future, will denoising the domain and on improving the heightmap an estimation of an and

Fig. 6. Screenshot of our software package, which is freelyavailable as a plug-in for the ImageJ Java Image Processing8. ACKNOWLEDGEMENTSimages courtesy of Jelena Mitic at and at Lausanne. first author the financial support from the Academy of Scientists Leopoldina 9901/8-64) and from European Union�s Human Potential Program 9. REFERENCES[1] H. Li, B.S. Manjunath, and Mitra, �Multisensor Fusion Using the Wavelet Transform�, Graphical Models Image , Academic Press, Vol. 57, 3, May, 235-245, 1995.[2] A.G. Valdecasas, D. Marshall, J.M. Becerra, and J.J. the extended depth of focus algorithms for bright microscopy�, , Elsevier, Vol. 32, pp. 559-569, 2001.Marshall, and Depth-of-focus Algorithms in Brightfield European Microscopy and , Rolston Communications, Vol. 79, pp. 15-17, September 2002.[4] J. Berent, �Extended depth of focus through image using the wavelet transform�, Technical , Lausanne, June 2003. [5] Lawton, �Applications of complex valued transforms to subband decomposition�, on Signal , Vol. 41, no. 12, pp. [6] Lina and Mayrand, �Complex Wavelets�, Applied and Computational Harmonic ,Academic Press, Vol. 2, p. 219-229, 1995.[7] S. Mallat, A Wavelet Tour of Signal , Press, 1998.[8] Kagalwala and Kanade, �Reconstructing Using Microscope Images�, Tr. on Systems, and Cybernetics-Part B: Cybernetics, IEEE, Vol. 33, No. 5, 728-737, October 2003.