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Abstract



Detection of local maxima. One of the most basic ways of detecting stars is to search for local maxima in the image. If the noise, gradients in the background, and crowding in the image are small enough, this method will suffice. As soon as any of these conditions are violated, stars may remain undetected or artifacts may appear. To avoid detection of spurious noise peaks in the background, a minimum detection threshold can be used, under which no stars will be detected. All the detection methods treated below are based upon this detection method, but with the image being processed in some way first. The purpose of this processing is to bring out as much detail that is due to stars, and suppress as much as possible of the rest of the information in the image, e.g. a continuous background intensity that is not due to stars, noise in the image, galaxies with larger sizes than stellar images. High pass filtering. With plain detection of local maxima a sloping background will affect the position of the star, or, if the slope is steep enough, will not allow the star to be detected at all. A local variation of the background can be caused by the presence of a bright star, where the wings of the Point Spread Function (PSF) can be steep enough to hide faint stars. Band pass filtering. High pass filtered images still contain all the high spatial frequencies, many due to pure Poisson noise. If the image is sufficiently well sampled, the response of a point source illumination, the PSF, does not contain as many high frequencies as present in the noise, so a suitable low pass filter will remove part of the noise. This will turn the previous high pass filter into a band pass filter. Matched filtering. The design of the above mentioned bandpass filter requires careful consideration. Only spatial frequencies that are present in the PSF should be allowed to pass, and preferably nothing else. An easy way of achieving part of this is to use the PSF as a spatial filter: all higher frequencies will be smoothed out to have the same frequencies as the PSF. The low frequency cut-off of this matched filter is a bit harder to define. When a matched filter with infinite extent is used, all low frequencies are allowed to pass. If the matched filter is truncated at a certain radius, and lowered so the integral of the filter equals zero, this will add a low frequency cut-off. Proper design of the filter will allow for modest resolution enhancement: the wings of the PSF will be suppressed, while the core will be amplified. Least squares fitting methods. When the matched filter is properly designed, the solution obtained is equivalent to the least squares solution (see e.g. Cool and King, 1995). With least squares fitting instead of matched filtering it is possible to omit bad or doubtful pixels from the least squares fit. Like this, it is possible to get a better solution than with a matched filter, allowing for possibly better detections or fewer artifacts. Deconvolution based methods. The ultimate aim of detecting stars in an image, is to have a delta function at each position where a star is present, and zero response where there



A comparison is made between some conventional and new methods for detecting stars in crowded stellar images. The new methods are (1) Lucy-Richardson deconvolution of the image before detection, and (2) fitting the Point Spread Function to each pixel in the image. These methods are applied to both a synthetic image and a real one. The deconvolution method looks very promising, and gives better results than the conventional ones, provided a large number of iterations are applied.



1 Introduction To be able to measure the position and intensity of stars, these have to be identified as such first. In the case of few stars in the image this is not a problem. As soon as stars start overlapping, problems arise that may cause stars to remain undetected. Undetected stars will affect both the measured position and intensity of a detected star. Therefore, if high accuracy is needed, care must be taken to identify as many stars as possible. One of the largest problems with detecting stars is that a typical CCD exposure covers an enormous dynamic range. It is not unusual to have stars in the same exposure differ a factor 1000 in intensity. Detecting faint stars in the presence of bright ones is the main problem here. The human eye/brain is still one of the most effective tools in detecting stars. In a well exposed and sufficiently well sampled image many stars can be detected with the help of suitable gray-scale and/or pseudo colour displays of the image. The brain will adapt to effects of crowding. The main problem is the amount of time required to identify all the stars. In an image of a globular cluster tens of thousands of stars can be visible, and identifying all of these interactively is not feasible. Therefore, an automated method should be used. In this paper some conventional and more advanced methods will be regarded, with the attempt to achieve as high a detection rate as possible without making too many false detections.



2 Overview of some detection methods The accuracy of detection does not need to be very high. A rough guess of the position and intensity of a star is usually enough as a first approximation, and can be refined in further analysis. The Boolean part of the detection is much more important: is there a star or not? It is also possible to detect a star where there in reality is none. These so called artifacts can mistakenly be identified as stars, and their number should be kept as low as possible. In general, as the fraction of detected stars rises, so does the number of artifacts. 1



are no stars. In principle this is possible with deconvolution, since an observed stellar image is a convolution of such delta functions with the PSF of the image. For deconvolution the PSF must be known. In practice, it is not easy to deconvolve an image. Due to incomplete knowledge of the PSF, noise, and limited resolution of the image, the deconvolved image will only be an approximation of the ideal image. The common problem with this method is that the intensities of the stars are affected, so accurate measurements in the deconvolved images are difficult. To facilitate detecting stars however, it is a useful method, provided some precautions are taken. First of all, a good estimate of the PSF should be known. Since significant gain in resolution usually is obtained, any errors in the PSF could result in artifacts. Depending on which deconvolution method is used, rings with significantly lower intensity than the local background may appear around bright stars. With methods that are restricted to positive intensities only, this ringing can be suppressed by subtracting an estimate for the (local) background from the image before deconvolution. There are many deconvolution algorithms. The one used in this investigation is known as the Lucy-Richardson (LR) deconvolution (Lucy, 1974). One of the interesting properties of this algorithm is that it forces the deconvolved image to be positive. This is a good assumption, since the detected stellar intensities are by definition non-negative.



3 Theoretical limits for detection One can estimate the signal to noise ratio (S/N) in a star or in a pixel of the image. In nearly all astronomical cases the signal is photon noise limited, which means that a large part of the error is due to the statistical uncertainty of the detected number of photons in a pixel. This uncertainty is equal to the square root of the number of photons detected. By adding the (known) noise characteristics of the detector and errors introduced by preliminary reduction of the data (e.g. flat fielding), one can calculate the S/N for a single star. In the case of overlapping stars it becomes more complicated. If a faint star lies in the wings of bright star, the statistical uncertainty of the intensity of the wings will add to the noise of the faint star, but not to the signal. The S/N will be lower, and if the S/N becomes too low, the star can not be distinguished from a spurious increase in intensity due to noise. In the case of deconvolution, the PSF of the image is used to increase the resolution of the image. If the PSF is wrong, the details in the higher resolution image may also be wrong. Consider the bright and faint stars mentioned above. If there is an uncertainty in the PSF of, say, 1% at the position of the faint star in the wings of the PSF, the accuracy of the intensity of the faint star can never be better than 1% of the intensity of the bright star. The deconvolved image could contain many such 1% peaks around the bright star (due to errors in the PSF) instead of real stars hidden in the wings of the bright star. For calculating the S/N of a detection, the expected error in the PSF should also be included. It is also possible that due to insufficient knowledge of the PSF, stars or continuous background intensity in the proximity of a bright star, can be "eaten" by the deconvolved bright star,



making it impossible to detect the faint star, and leaving the earlier mentioned ringing around bright objects in the image.



4 Application to an image of a crowded stellar field Two images were used for testing the usefulness of the various algorithms. The first one was a fully synthetic test image with known PSF, positions and intensities of the stars (Fig. 1). The second one was a section of a CCD image of the globular cluster M15, taken with the Nordic Optical Telescope (Fig. 3). The PSF used to generate the synthetic image was the one derived from the M15 image, and thus represents a realistic situation.



4.1 The synthetic image A synthetic image was created to resemble a typical crowded field, covering an area of 255 by 255 pixels, with a total of about 1000 stars in a 200 by 200 pixel area. The rest of the image was filled with constant background and noise, as present in the entire image, but devoid of stars. If any stars are detected in this blank area, they must be artifacts. The image was subjected to the detection algorithms covered above. Detection by eye. To get a comparison of how well the various detection methods work, it is interesting to see how well the human eye and brain perform. The small section that is displayed in Fig. 1 in the middle and on the right, contains 41 stars, some of them severely overlapping. The position and brightness of these stars can be seen in the right part of Fig. 1. The image was displayed with a false colour look-up table, facilitating the visualisation of faint stars. The upper and lower display limits where then adjusted in several steps, and for each step the clearest stars that showed up were marked and their position recorded. A total of 21 stars were successfully identified, and three artifacts were detected. The problem with experiments like this is that they are not very repeatable, and very subjective, so comparison with other results is difficult (Fig. 2, right). Detection of local maxima. No stars are detected near the bright stars, since the wings of the bright stars cause too large a gradient in the background for the fainter ones to emerge as a local maximum (Fig. 2, left). In this and the following methods, the detection threshold is set so as to detect only a few peaks in the area devoid of stars. These peaks must be artifacts, since no stars are present in this part of the image. The detection of only a few artifacts in this part, should mean that the number of artifacts due to pure noise in the rest of the image is also low. By choosing the detection threshold so the number of artifacts in this part is comparable for all detection methods, an objective comparison is obtained. If the detection level would have been kept constant for all methods, large differences in the number of detected stars would have resulted, due to the different intensity levels resulting from the various methods. High pass filtering. The high pass filtering effectively removes all background and a large part of the slope of the wings of the brightest stars. One disadvantage is that negative rings appear around the centres of the stars. The choice of the high pass filter determines the size and amplitude of these



Figure 1: The test image. Left: entire image (empty region omitted), middle: central upper part (five times enlarged), right: the same area as in the middle, but now with five times sharper PSF, showing the true positions of the stars. rings. If a faint star happens to lie in one of these rings, it will escape detection. The filter used here was the GOP hpfilt7 filter (fg51caahp), an isotropic Gaussian frequency design filter of 5 by 5 pixels (ContextVision, 1987). All the local maxima present in the original image are still present in the high pass filtered image, any artifacts due to high spatial frequency noise included (Fig. 2, middle left). The large blank areas surrounding the brightest stars in the unfiltered image are not present after the high pass filtering. Truncated lowered Gaussian filtering. Some kind of intermediate between band pass and matched filtering can be done by using a lowered Gaussian as the spatial filter. The core of stellar images, observed through the Earth’s atmosphere, can be well approximated by a Gaussian. The low pass part of the filter is supplied by the Gaussian. For the high pass part, the spatial filter is truncated at a certain radius and lowered so the integral over the spatial filter equals zero. This filter is used to help detect stars in the widespread stellar photometry program DAOPHOT (Stetson, 1987). The Full Width at Half Maximum (FWHM) of the Gaussian for the kernel was set to 3.5 pixels, corresponding to the measured FWHM of the PSF. The cut-off radius for the filter was equal to 1.5 sigma or 0.637*FWHM. The result seems at a first glance very similar to the high pass filtered image, but additionally, the high spatial frequency noise (that can’t be due to stars but is the result of Poisson noise) has been reduced, resulting in fewer detections of artifacts, or, allowing a lower detection threshold thus detecting fainter stars (Fig. 2, middle). Least squares fitting. As mentioned above, matched filtering and PSF fitting should, in the case where all pixels are used with identical weight, give identical results. The program used here (S. Sp¨annare, private communication) did not allow for negative intensities, so the "filtered" image looks rather different from the truncated lowered Gaussian filtered one. The detected maxima are nearly identical though (Fig. 2, middle right). It should be noted that this version of the program did not correct for any outlying pixel values, such as detector defects or cosmic ray events (CREs). Deconvolution. As mentioned before, for deconvolution the PSF of the image needs to be known. In the case of a stellar image it is generally not too difficult to extract the PSF from the image, and in the case of the synthetic image the PSF is



perfectly known. The deconvolved image looks very different from the filtered images. Since no negative values are allowed, the characteristic negative rings around the bright stars are absent. The stars are also sharper, facilitating detection. In this case, with LR deconvolution, the noise is also modified, removing the high spatial frequency noise, but forcing it to look like stars, so artifacts can still be present. When deconvolution was driven to extreme values (100 accelerated LR iterations), the faintest stars disappeared, including all the noise in the background. This is somewhat surprising, but the LR method is known to be non-linear in the intensities of the stars in practical cases. When the number of iterations was kept low, the increase in resolution was also low, giving problems detecting faint stars in the wings of bright ones. Adding a constant background value to the entire image, on the other hand, increases the number of detected faint stars. Unfortunately, it also increased the number of artifacts. With some experimentation, it was possible to get the combination of background level and number of iterations right, in such a way that it was possible to detect artifacts in the star-devoid region, but that the gain in resolution was significant. (Fig. 2, right).



4.2 The M15 image The M15 image is part of a larger image of the core of the globular cluster. A section lying near the very centre of the cluster was extracted. In this image a clear gradient of stellar density is present, so crowding effects can be studied at various levels (Fig. 3). Besides crowding, this image contains so called Cosmic Ray Events (CREs), which leave small but sometimes very bright specks in the image. These CREs occur randomly and should preferably not be detected as stars (although they can usually be easily identified afterwards). Also, some stars are saturated, and of course a very large number of undetectable, very faint stars is present. Since the PSF of this image is basically the same as in the synthetic one, and the crowding and noise characteristics are comparable, the various algorithms are expected to give similar results. One exception is the deconvolution. In the case of the synthetic image the PSF was perfectly known. For a real observation, this is not so, and errors may be present in the PSF that is used for the deconvolution. This may result in



Figure 2: A small part of the test image. Top row: filtered images, bottom row: detected local maxima above the detection threshold. From left to right: Original unfiltered image, high pass filtered, matched filtered, PSF fitted, and deconvolved. The last image pair are the true positions (top), and the stars detected by eye (bottom).



5 Results



In the test image, with known positions, it is possible to check how many stars were detected and how many of the detections were artifacts. To discern between proper detection and artifact, a detection should have a corresponding star nearby. Artifacts are thus due to noise, multiple detections of the same star, and detections that were off by too many pixels.



Figure 3: Part of the observed M15 image. From left to right: unfiltered image, high pass filtered, matched filtered, and deconvolved.



fewer detected stars and/or more detected artifacts. Truncated lowered Gaussian filtering. The matched filter deals without problems with the different levels of crowding in the image. Where the crowding is very high, fewer faint stars are detected (Fig. 3, middle right). Deconvolution. Despite the fact that the PSF is not exactly known, deconvolution still produces a significant increase in resolution. Detailed study of the images shows that, in some parts of the image, the matched filter produces better results, while, in other parts with similar crowding, the deconvolved image produces best results. On the whole it seems that the detection using the deconvolved image is about as good as for the matched filtered image (Fig. 3, right).



This test was made for the entire image, the results of which are shown in the right part of table 1. The subimage of the testimage, displayed in Fig. 2, shows some typical features for the various methods. With no filtering at all, the local maxima around bright stars are absent due to the large gradient in the local background, as a result of the wings of the bright star (Fig. 2, left). With high pass filtering, these gradients partly disappear, but a large number of noise peaks are detected as artifacts (Fig. 2, middle left). With matched filtering and PSF fitting, the results are very similar (Fig. 2, middle and middle right). The difference of one star in the subimage is most likely the result of a slightly different value of the detection threshold. The number of artifacts in the subimages for these two methods is unusually low. Scaling of the number of artifacts detected in the entire image with the ratio of the area of the large image to the subimage would suggest around five artifacts. Only one is detected. This may depend on the local distribution of stars, since an area with a relatively bright star was picked for the subimage. For the deconvolved image (Fig. 2, right) the number of detected stars is slightly better, but the number of artifacts is also higher, but not higher than would be expected from the scaling of the number detected in the entire image. An interesting image is the one showing the results of interactive detection (Fig. 2, far right). This is the result of a subjective detection, and can not be compared with the other results on an equal basis. The results are slightly better than with matched filtering, but not as good as with deconvolution. The number of detected stars is rather small, so not too much weight should be given to such small differences.



subimage entire image stars artifacts stars artifacts 41 0 1022 0 12 16 391 816 19 33 590 625 20 1 538 150 19 1 535 145 23 7 539 119 21 3 * *



Table 1: Detected stars and artifacts for the various methods, both for the subimage and the entire image. The number detections by eye is only available for the subimage.
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The distribution of proper detections as function of the magnitude of the stars is given in Fig. 4. The left of the magnitude scale represents the brightest stars. A difference of 5 magnitudes means a factor 100 in intensity. As can be seen from Fig. 4, the deconvolved image shows more stars than any of the other methods, at least down to a certain magnitude. For fainter stars the high pass and matched filters perform slightly better, but at the cost of an enormous amount of artifacts for the high pass filter. The artifacts are not shown in the figure, since no measurement of their intensity has been made. Only their number is available, not their distribution in intensity. The number of artifacts increases significantly for fainter stars (Linde and Sp¨annare 1993). For the M15 image no exact positions are known, so it is not possible to check the detected stellar positions. No complications were encountered, and the detected positions for the matched filtering and deconvolution correspond well with each other, with some small differences where one method misses a star, while the other detects it. On the average there is no significant difference, as expected from the investigation with the synthetic image.



6 Conclusion The deconvolution method gives best results, with an acceptable amount of artifacts. The differences between matched filtering and PSF fitting on the one hand, and deconvolution on the other, are small, both in detected number of stars and in number of artifacts. Interactive detection by eye gives similar results. Pure high pass filtering detects many stars as well, but too many artifacts.



7 Discussion This paper dealt only with the initial detection of the stars. In all practical cases this is followed by some kind of further analysis, where better positions and intensities for the stars are derived. This way, it is possible to iteratively detect the stars, first detecting the brightest ones, fitting PSFs to these, and subtracting them from the original image. If any faint stars are present but have remained undetected, and the residuals after subtracting the known stars are small enough, it is possible to make another pass over the image to detect any missed but now visible stars. This could be repeated until the errors in the fits of the stars (and thus the residuals in the image after subtraction of the stars) have become of the same order as the intensities of the undetected stars.
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Figure 4: Number of properly detected stars in the synthetic image as function of stellar magnitude. The Lucy-Richardson deconvolution is an iterative method, where the number of iterations plays an important role. The highest number of iterations used in this investigation was 100, and this also gave best results. The suggested maximum number of 10-20 iterations, as mentioned by Linde and Sp¨annare, can not be confirmed here. Results indicate that 100 accelerated iterations perform better than 50, which in turn perform better than 20. The Lucy-Richardson deconvolution used for this investigation is of course not the only one. There are a number of different algorithms, with sometimes very different properties. Since photometric linearity is not important for detecting the stars, there is no need to exclude methods that are known to give bad results when the intensities of the stars in the deconvolved image are concerned. A very interesting method to try would be Maximum Entropy Method deconvolution. This method gives better resolution enhancement where the S/N allows it. If there is no indication for a feature in the data, it is not enhanced. This should keep the number of artifacts down.
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