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A wavelet-based quality measure for evaluating the degradation of pan-sharpened images due to local contrast inversion Dr. Vladimir Buntilov Mahidol University, Dep. of Comp. Eng, RM 6267 25/25 Phuttamonthon 4 Rd., Nakornprathom, 73170 Thailand. ABSTRACT Pan-sharpened images can effectively be used in various remote sensing applications. During recent years a vast number of pan-sharpening algorithms has been proposed. Thus, the evaluation of their performance became a vital issue. The quality assessment of pan-sharpened images is complicated by the absence of reference data, the ideal image what the multispectral scanner would observe if it had as high spatial resolution as the panchromatic instrument. This paper presents a novel method to evaluate the degree of local quality degradation in pansharpened images, which is the result of contrast inversion of the fusing bands. The proposed method does not require a reference image. Firstly, the algorithm identifies the areas in which the contrast inversion may be confidently detected. Then, based on the found spatial consistency violations, the quantitative degradation index is calculated for the fused product. The proposed approach was validated with the use of very high resolution optical imagery. The experiments have shown that the proposed measure objectively reflects local quality deterioration of pan-sharpened images. Keywords: image quality evaluation, pan-sharpening, image fusion, wavelet transform



1. INTRODUCTION Usually, a satellite remote sensing system is able to acquire a set of multispectral bands, which maintain a high fidelity of spectral information, and the higher spatially resolved single panchromatic band. Pan-sharpening is a process of enhancing the spatial resolution of the multispectral bands by fusing them with the panchromatic band.1 Taking into account a growing number of pan-sharpening methods proposed in recent years,1–4 evaluating the quality of the fused product becomes a vital issue. Traditionally, to assess the quality of the pan-sharpened product, the resulting image is compared with the reference image by using simple mathematical indices such as bias, correlation, RMSE or more complex scores.5–7 The problem becomes complicated by the fact that in most situations the reference image, that is the image which the corresponding multispectral instrument would observe if it had as high spatial resolution as the panchromatic one, is unavailable. Therefore, a formal approach is to firstly downgrade the spatial resolution of the fusing images before the actual pan-sharpening. In that case, the original multispectral band serves the ”ideal” image.8 However, this approach is only able to approximately predict the behaviour of a fusion algorithm in case it is applied to a real full-resolution dataset, since the spatial features may change as the scale changes. Many researchers agree that the quality of pan-sharpened products depends on the chosen merging algorithm as well as on the properties of the fusing bands.8–10 For example, often those methods which are able to produce the result which spatial resolution is as high as of the panchromatic band, produce serious spectral distortions in the fused product. At the same time, generally, wavelet-based fusion methods preserve spectral fidelity of the multispectral bands at a greater extent, but the sharpness of the product is sometimes insufficient.10, 11 Moreover, numerous investigations have shown that most of the methods fail to effectively sharpen the multispectral bands in the regions where they have low spectral similarity with the panchromatic image.2, 12 In fact, without a Further author information: (Send correspondence to Dr. Vladimir Buntilov) E-mail: [email protected], Telephone: +66 (2) 889-2138 ext. 6255, Fax: +66 (2) 889-2138 ext. 6268.



proper modification, fusion of data which exhibit significantly different spectral characteristics, might result not in enhancement but in a severe deterioration of the geometrical quality of objects.13 Therefore, in order to objectively evaluate the quality of the pan-sharpened image, an assessment technique has to take the specific objectives and requirements of pan-sharpening process into consideration. From the review of the available works, it has been concluded that this field requires further elaboration. Undoubtedly, the development of the quality score which fits the above mentioned requirements is a challenging task. As a step forward, this paper presents a novel method which aims at a specific task of evaluating one of the most serious artefacts in the fused product due to the local contrast inversion of the fusing bands. The proposed metric explicitly takes the objectives of the pan-sharpening task into consideration. The method does not require a reference image and relies on the information extracted from the original panchromatic and multispectral bands. The remaining part of the paper is organised as follows: The concept of local contrast inversion with the examples from real imagery is explained in Section 2. The procedures of calculating the proposed quality degradation measure are described in Section 3. The carried out experiments for the validation of the proposed measure are present in Section 4. Finally, Section 5 concludes the paper.



2. LOCAL CONTRAST INVERSION The spectral response of a sensor characterises the sensitivity of the sensor with respect to the wavelength of the electromagnetic radiation. Multispectral sensors have relatively narrow profiles of spectral response curves, which allows to effectively capture the properties of sensed objects with respect to the particular wavelength range. Contrary, a panchromatic sensor covers a wide range of the wavelengths. Thus, the panchromatic modality does not provide a precise spectral characterisation. Due to the differences in spectral responses, the intensity values of the pixels corresponding to the same object may differ for the multispectral and the panchromatic images significantly. For example, an object may appear relatively bright in the panchromatic image, but be almost invisible in a multispectral band (since the multispectral sensor may not be sensitive to the dominant wavelength reflected from the surface of the object). Reverse situations are possible as well.2 A number of studies showed that serious artefacts in the fused product are found in the areas in which the panchromatic and multispectral bands exhibit local contrast inversion.2, 13 An example is shown in Figure 1. The covering of the middle part of the stadium (probably grass) appears much darker in the IKONOS blue band depicted in Figure 1(a) compared to the panchromatic band shown in Figure 1(b). As a result, the behaviour of one-dimensional profiles depicted in Figure 1(e) is opposite for the panchromatic and the multispectral band: the transition from the middle part of the stadium to the tracking field (elements 20–30) is represented as a rising in the panchromatic band and as a descent in the multispectral band. The pan-sharpened results of the multispectral band are shown in Figures 1(c)–(d), while the corresponding one-dimensional profiles are plotted in Figure 1(e) as well. As can be seen, HSV-based fusion changes the original descent multispectral profile to the rising, i.e. it forced the result to resemble the panchromatic image. The wavelet-based fusion produced the result which is more similar to the original multispectral profile. However, in the region of the actual transition (elements 20–30) the fused profile exhibits a substantial geometric distortion. Thus, in both cases, the pan-sharpening process failed to enhance the multispectral profile in the region of the transition. This does not necessarily mean that other areas were not enhanced. Usually, in the areas of strong similarities between the fusing bands, most fusion techniques perform relatively well. Therefore, in order to objectively assess the performance of a particular pan-sharpening method, a quality evaluation technique needs to undertake a local, not global approach. However, most of the conventional image quality metrics perform globally over the entire testing image, thus, are not suitable to assess the quality individually in certain areas of the image. A novel approach which is specifically designed to evaluate the degradation in the regions of local contrast inversion is described in the following section.



3. A PROPOSED QUALITY MEASURE 3.1 Localisation of the areas of interest A conventional requirement for most pan-sharpening algorithms is that both images have the same geometric size and are precisely aligned. Hereafter, P AN denotes the panchromatic image, while M S denotes an individual multispectral band, which is upscaled and registered to match P AN .
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element number (e) Figure 1. A local contrast inversion example for IKONOS imagery. (a) 150 × 225 pixels subscene of the blue band, (b) the corresponding panchromatic image, (c) the fusion result using HSV-based algorithm, (d) fusion result using a wavelet-based method, (e) one-dimensional profiles from the images shown in (a)–(d).



The first step of the proposed approach is the detection of the areas of local contrast inversion. The areas of interest are characterised by the presence of edge features, since there should be a transition between the grey-levels in order some contrast exists in the area. In addition, the edge should exist in both P AN and M S, while the grey-level transition corresponding to the edge must be opposite for P AN with respect to M S. Thus, a technique which is able to detect a local presence of edges, as well as to characterise their slope patterns must be developed. For this, it was decided to employ the wavelet transform. The high frequency part of the wavelet transform (W D, wavelet details) has relatively high absolute values in the areas of spatial variabilities such as edges. Moreover, if the wavelet filter used for decomposition is chosen properly, the sign of the wavelet details characterises the slope of the edge. In this work, the quadratic spline wavelet14 is used to perform the wavelet transform for all experiments. Considering a one-dimensional case, the wavelet details of a step or ramp edge produced by the chosen wavelet function are all either positive or negative (depending on the slope of the edge) with one clear extremum. Therefore, the wavelet transform bears the information about the presence of edges in the magnitudes of the wavelet details and characterises the slopes of edges by the sign values of the wavelet details. By comparing the values of wavelet details of P AN and M S (W DMS and W DP AN ) at the same locations, it is possible to detect the areas of local contrast inversion, since the values in that areas would have different signs. An important parameter which needs to be defined is the decomposition level of the wavelet transform. If the level of decomposition is too small, W DMS would not reflect objectively the spatial details of the image. In addition, for small decomposition levels, the wavelet details are heavily contaminated by noise. At the same time, decomposing an image to a very deep level would remove fine spatial details because of the decreasing spatial resolution. The actual choice of the decomposition level depends on the ratio between the spatial resolutions of M S and P AN . For example, the spatial resolutions of IKONOS multispectral and panchromatic bands are 4m and 1m respectively. In this case the above mentioned ratio is 4. A single level of wavelet decomposition reduces the spatial resolution twice, thus after the second level the spatial resolutions of the wavelet details of M S and P AN can be regarded equal. Hence, for IKONOS dataset, the third level of wavelet decomposition should be Na a chosen as the analysis level Na , i.e. the local contrast inversion areas are determined from W DMS and W DPNAN , where Na = 3. Figure 2(a) shows one-dimensional profiles from M S and P AN of IKONOS imagery containing 100 elements. Analysing the profiles, it can be seen that there are a few spatial features present. Elements 18–33 correspond to a discernible edge, which slope rises (if seen from left to right) in both M S and P AN . The wavelet details of the third level of decomposition, depicted in Figure 2(b), reflect the presence of the edge by relatively large 3 absolute values for elements 18–33. In addition, the sign of both W DMS and W DP3 AN is negative for this area. An opposite situation can be observed for the region covering elements 53–66. Although the edge is present in both bands, the slope is different for M S and P AN . As a result, the wavelet details in Figure 2(b) for elements 3 53–66 have different signs in W DMS and W DP3 AN , which is the case of local contrast inversion. Na a It was found that the multiplication signal of the wavelet details M U Na = W DPNAN ∗ W DMS is particularly suitable for the detection of areas of local contrast inversion. Firstly, as can be seen from Figure 2(c), M U Na reveals peaks in the regions in which edges are present in both M S and P AN (e.g. elements 14–17, 18–33, 35–44, 53–66). In this case, the sign of M U Na characterises the presence of contrast inversion: the negative sign corresponds to the edges with different slope patterns in M S and P AN (elements 53–66), while the positive sign of M U Na shows the local absence of contrast inversion (elements 14–17, 18–33, 35–44). Furthermore, the magnitude of M U Na drops at the positions at which any of the wavelet details has small magnitudes. This may be attributed to either the absence of any substantial spatial features in both P AN and M S (e.g. elements 45–53) or low visibility in either of the bands (e.g. elements 5–10, 67–80). Another reason of low magnitude Na a values of M U Na is local shifting of the corresponding features in W DPNAN and W DMS due to misalignment of the bands or loss of spatial accuracy after a relatively deep wavelet decomposition.



The areas of local contrast inversion could be extracted using the multiplication signal M U Na by simple thresholding, i.e. all elements which values are smaller than a certain negative threshold would be assigned to the regions of contrast inversion. However, this approach would not be accurate since it greatly depends on the actual values of M U Na : low contrast edges would result in small magnitudes in M U Na and may be neglected after the thresholding. In order to solve this issue, a local normalisation of M U Na is performed as follows:
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(d) Figure 2. Using of the normalised wavelet details multiplication signal to detect local contrast inversion. (a) 100 elements 3 3 one-dimensional profiles from M S and P AN , (c) the corresponding profiles of the wavelet details W DM S , W DP AN and 3 3 3 pan-sharpened W DM SP AN using HSV-based fusion, (c) the multiplication signal W DM S ∗ W DP AN , (d) the normalised 3 3 multiplication signal M Unorm . The local contrast inversion region is easily observed in (d) as negative values in M Unorm (elements 53–66).



1. The original M U Na is undertaken an initial thresholding which keeps only relatively large magnitudes. This helps to avoid different instabilities issues. The elements which absolute values are smaller than the threshold are set to zero. It was found that a pertinent choice for the threshold value is a mean of absolute values of M U Na , i.e. th1 = mean(abs(M U Na )). 2. The positions of local extrema of the thresholded in 1. M U Na are found. 3. The neighbourhood elements of each local extremum are normalised by the absolute value of the correNa sponding extremum. As a result, all extrema values in the normalised signal M Unorm have a value of either 1 or -1, while all values in the vicinities of extrema have absolute values smaller than 1. The neighbourhood elements for each extremum are determined according the distance to the two neighbouring extrema. This guarantees that the normalised signal is relatively smooth and the ”regions of influence” for each extremum do not overlap. Figure 2(d) depicts M U Na from Figure 2(c) which undertook the described above normalisation procedure. As can be seen, there has been only four spatial features left after the thresholding and normalisation, which correspond to relatively strong edges discernible in both P AN and M S. Obviously, there is only one area of Na profile. Experimentally it local contrast inversion (elements 53–66) and it can be easily extracted from M Unorm Na was found that the elements for which M Unorm has relatively large negative magnitudes are most reliable for the Na quality assessment. Thus, only elements for which M Unorm < th2 , where th2 = −0.6 are marked as the areas of interest.



3.2 A quality degradation measure Once the regions of local contrast inversion have been discovered, the quality score for the pan-sharpened image M SP AN can be calculated. The current approach aims at evaluating the degree of quality degradation of the fused result in the areas of local contrast inversion. The idea of the degradation score is based on the assumption that the process of pan-sharpening should not change the slope pattern of spatial features, i.e. if an edge had a rising (descending) slope pattern before pan-sharpening, it should remain rising (descending) afterwards with a sharper profile. Therefore, if the status of a certain element, with respect to its belonging to a local contrast inversion area, is found to change after the pan-sharpening, the quality degradation is considered to occur. This concept is to demonstrated in Figure 2(b). From the procedures described above, elements 59–62 are found to 3 be the area of local contrast inversion. The corresponding elements of W DMS from Figure 2(b) are all positive, 3 while the same elements in the wavelet details of the pan-sharpened result (W DHSV – HSV-based fusion) became negative. In general, the following formula is used to quantitatively evaluate the degradation: N (X) − NMSP AN (X) N (X)



(1)



where X is a set of elements belonging to a particular analysing area of local contrast inversion, N (X) is the number of elements in this area, NMSP AN (X) is the number of elements belonging to the same area which did not Na a change their sign of the wavelet details after pan-sharpening, i.e. the condition W DMS (X)∗W DPNAN (X) < 0 P AN holds true.



3.3 Extension to two-dimensional case So far the proposed procedures have been described for a one-dimensional case. The extension to two-dimensional case is straightforward. The undecimated wavelet transform employed in all experiments produces two planes of N N wavelet details for each decomposition level: the horizontal (HDX ) and the vertical (HDX ) wavelet details.14 Therefore, the described in Section 3.1 procedures for the detection of areas of local contrast inversion are Na Na performed individually for each row of V DX and each column of HDX . The results are recombined to twodimensional images and only the regions which area is larger than 50 pixels are kept for to the next step. Afterwards, the quality degradation is measured for each detected region using Equation (1). Finally, the mean value of degradation quality index for all found areas of local contrast inversion is calculated. Figures 3(a), (b) depict 512 × 512 pixels patches of the multispectral blue band and the panchromatic image from IKONOS satellite. As can be seen from Figure 3(c), a number of areas of local contrast inversion are found in the scene.
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(c) Figure 3. An example of the found areas of local contrast inversion for 512 × 512 pixels images from IKONOS dataset. (a) blue band, (b) the panchromatic band, (c) the found regions of local contrast inversion: only the regions which areas are larger than 50 pixels are displayed.



4. EXPERIMENTS Validation of the proposed quality degradation measure was carried out with the use of very high resolution optical imagery from IKONOS and QuickBird satellites. The multispectral imagery of both satellites consists of four modalities: R - red, G - green, B - blue and NIR - near-infrared. Firstly, the four multispectral bands from each dataset were aligned and upscaled to match the panchromatic image. Afterwards, smaller scenes were chosen for further processing, making sure that the images contain different types of spatial features such as roads, buildings, plants, etc. It must be noted, that the purpose of the conducted experiments is not to assess the performance of a particular pan-sharpening method, but to evaluate applicability and relevance of the proposed quality measure. Therefore, the multispectral bands were pan-sharpened with the use of classic fusion methods, whose strong and weak points are well-known. The following pan-sharpening techniques were employed: 1. Wavelet-based fusion with full details substitution rule (WT):15 Each multispectral band was sharpened individually by combining the approximation image with the wavelet details of P AN . The same wavelet as described in Section 3.1 was used for analysis. The ratio of spatial resolutions of M S and P AN is four for both satellite datasets, thus the second level was chosen as the deepest decomposition level. 2. Substitutive wavelet technique using a-trous decomposition method (AWM):16 The high-frequency wavelet planes, extracted from P AN , were added to each M S band approximation individually. 3. PCA-based method (PCA):17 In this method the first principal component P C1 of the entire set of the multispectral bands was replaced by the panchromatic band. 4. HSV-based method (HSV):17 In this method the imagery was sharpened by replacing its intensity component V by the panchromatic band. Since HSV-based fusion can handle only three bands at the same time, the pan-sharpening was performed separately for different triplets of the multispectral bands. 5. Combination of PCA- and wavelet-based techniques (PCA-WT):18 In this method the first principal component P C1 of the decorrelated M S bands was replaced by its sharpened counterpart P C1∗ . To obtain P C1∗ , P C1 was spatially enhanced by P AN using the WT method. 6. Combination of HSV- and wavelet-based techniques (HSV-WT):19 In this method the intensity component was sharpened by P AN using the WT method. After pan-sharpening, the degradation index was calculated for each fusion method for each band individually. Table 1 summarizes the outcome of the evaluation procedures. The quality degradation is expressed as percentage: from 0% (no degradation at all) to 100% (all pixels in the found regions are degraded by the pan-sharpening). A well-known fact that the wavelet-based fusion methods preserve the spectral fidelity better than HSV or PCA methods is reflected by significantly lower degradation indices for WT and AWM techniques compared to HSV or PCA for all bands. In fact, the conducted experiments have shown that HSV and PCA methods are not able at all to handle the areas of local contrast inversion: the degradation index is always close to 100%, which means that pan-sharpening inverted the local contrast of most of the analysed edges. Combining HSV- or PCAbased techniques with the wavelet-based method, however, helps to considerably reduce the degradation index, which is shown by relatively small numbers of degradation measure for HSV-WT and PCA-WT methods. The relative spectral response curve of the panchromatic sensor of IKONOS satellite is extended towards the red part of the electromagnetic spectrum.20 As a result, usually the blue band of IKONOS has more dissimilarities from the panchromatic image compared to other multispectral bands. Thus, the pan-sharpened blue band tends to have more inaccuracies than red, green or NIR bands if pan-sharpening is performed individually for each band (e.g. WT or AWM fusion). This fact is reflected by much higher values of the degradation index for the blue band than for other bands of IKONOS for WT and AWM techniques. It must be noted that relatively small values of the proposed quality degradation does not guarantee quality enhancement in the regions of local contrast inversion. The shown numbers of quality measure only reflect the presence of a severe degradation in the found regions. Moreover, if the found regions of interest exhibit another



Table 1. Quaity degradation indices (in %) calculated for the IKONOS and QuickBird scenes.
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type of quality degradation, the proposed measure is not able to reflect it. For example, the pan-sharpened result of PCA fusion for the NIR band has a very low quality, which is easily detected by visual inspection. However, this issue has nothing in common with the local contrast inversion problem, thus, the values of the proposed degradation index for the PCA-fused NIR band are extremely low.



5. CONCLUSIONS The process of pan-sharpening enhances the spatial resolution of the multispectral bands by combining them with the higher spatially resolved panchromatic image. However, if the fusing bands exhibit strong dissimilarities, the resulting image may suffer from severe deterioration of spatial and spectral content. This paper proposes the procedures to numerically express the degradation of the quality of pan-sharpened images in the regions in which the panchromatic and the multispectral bands have an opposite response with respect to the brightness of the sensed objects. These areas are called in this paper as the areas of local contrast inversion. Firstly, the regions in which the local contrast inversion exists between the panchromatic and the multispectral bands are found with the help of the wavelet transform. Afterwards, analysing the behaviour of the wavelet details of the fused image, the quality degradation is measured for the detected regions. To validate the proposed procedures, the behaviour of the well-known pan-sharpening methods was compared with the use of IKONOS and QuickBird imagery. The experiments have shown that the novel measures objectively reflect the degradation of pan-sharpened products due to the presence of areas of local contrast inversion. However, it was found that, at the present stage, the proposed measure cannot be used alone to assess all types of degradation of pan-sharpened imagery.
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