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Proto-Object Based Rate Control for JPEG2000: An Approach to Content-Based Scalability



what each group of pixels represents. It has been recognized that an abundance of research has produced algorithms for automatic image and video segmentation [9]–[11], and structuring of multimedia content [12], [13], but these techniques cannot overcome problems, such as partial occlusion, nonrigid motion, and over-segmentation, among many others. Many strategies reported so far are not efficient enough for representing generic scene content, and most practical applications are limited to the context of video-telephone applications with one person in front of a static background, i.e., typical head and shoulder scenes [4], [8], [14]. There is thus far still no suitable language to efficiently represent generic images at the object-level [15]. An alternative to object-based coding is the lower level process of region-based coding [16], [17], in which the focus is not on objects as semantic units, but rather on image regions defined by their statistical properties. Statistically homogeneous regions can be singled out by pixel-level segmentation techniques with the aim of encoding them efficiently, or allowing the user himself to identify a region of interest (ROI) [18] to be encoded with a higher priority, or with SPRITE or Panorama coding [15], [19] techniques that are used to encode the background, as envisaged in serval applications and standards [1]. These techniques can be seen as a midlevel computer vision image processing approach that divides an image into regions of coherent textures. Note that this is an extension of the block-based approach in that regions are now arbitrarily shaped. The shape of a region needs to be coded using shape coding algorithms. However, these techniques require very sophisticated motion analysis and prediction strategies to construct and transmit the background separately from the foreground. They cannot be seen as a tool that is easily applied to generic scene content. In this paper, we attempt to bridge the semantic gap between objectbased and region-based approaches by adopting the notion of a protoobject (PO). The notion of a PO is defined as a volatile unit of visual information that can be bounded into a coherent and stable object when accessed by focused attention [20]. As suggested by the name, a PO adds semantic meaning to the region-based description of an image, in which its semantic granularity is rougher than an object-level encoding but finer than a region-level encoding. We first segment an input image into biologically plausible PO regions and background (BG) regions ( a BG region refers to an image region not belonging to any PO regions.) using a computational visual attention model [21], [22], and then separately encode these regions within the JPEG2000 coding system. In order to produce an embedded code-stream that is compatible with the JPEG2000 standard, we propose a three-stage rate control system that performs region-based rate allocation and efficiently reduces the computational complexity and memory usage, as well as maintaining image quality comparable to the conventional post-compression rate distortion (PCRD) optimum algorithm for JPEG2000. The proposed approach adds to the JPEG2000 coding system the functionality of selectively encoding, decoding, and manipulating individual PO regions in an image, as well as content-based scalability to JPEG2000 coding system, with trivial modifications beyond the scope of the standard.
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Abstract—The JPEG2000 system provides scalability with respect to quality, resolution and color component in the transfer of images. However, scalability with respect to semantic content is still lacking. We propose a biologically plausible salient region based bit allocation mechanism within the JPEG2000 codec for the purpose of augmenting scalability with respect to semantic content. First, an input image is segmented into several salient proto-objects (a region that possibly contains a semantically meaningful physical object) and background regions (a region that contains no object of interest) by modeling visual focus of attention on salient proto-objects. Then, a novel rate control scheme distributes a target bit rate to each individual region according to its saliency, and constructs quality layers of proto-objects for the purpose of more precise truncation comparable to original quality layers in the standard. Empirical results show that the suggested approach adds to the JPEG2000 system scalability with respect to content as well as the functionality of selectively encoding, decoding, and manipulation of each individual proto-object in the image, with only some slightly trivial modifications to the JPEG2000 standard. Furthermore, the proposed rate control approach efficiently reduces the computational complexity and memory usage, as well as maintains the high quality of the image to a level comparable to the conventional post-compression rate distortion (PCRD) optimum truncation algorithm for JPEG2000. Index Terms—Bit allocation, embedded bit stream, JPEG2000, rate control, salient region.



I. INTRODUCTION Constraints inherent in a modern visual data transmission system, such as heterogeneous network, varying connection quality, or the need to operate on a variety of devices with a wide range of capabilities, motivate an intense worldwide research effort underway to develop an image/video codec that has the ability to provide content-based interactivity and scalability. However, currently even the state-of-art coding techniques, for example, JPEG2000 for still image coding [1], and H.264/AVC for video compression [2], [3], still code images/video on a pixel basis, a technique which does not facilitate the encoding of semantic meaning, and thus lacks such ability. To address this problem, content-based coding techniques [4]–[8] attempt to identify semantically, meaningful object regions in image, and code them separately and adaptively. The assumption is that an image is naturally composed of object regions. Ideally, once semantic object regions have been identified and described, we can add information to what is being coded so that it is more meaningful to both humans and computers. There are two main lines of research in this area, object-based coding and region-based coding. Theoretically, object-based coding of generic scene content requires segmentation techniques to classify pixels with markup tags specifying
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II. PROPOSED SYSTEM ARCHITECTURE In our augmented JPEG2000 system, as shown in Fig. 1, to support the content-based scalability, we first segment an input image into PO regions and BG regions, and then reconsider both the construction of an operational RD curve in the coding pipeline and the implementation of an efficient rate control scheme in terms of PO regions. Two major modifications are thus made to the standard JPEG2000 system: 1) using PO region segmentation instead of tile partition, 2) defining the quality
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Fig. 1. Framework of the proposed approach. Boxes in blue are augmented into the standard JPEG2000 coding system, and boxes in black are original components of the JEPG2000 system.



Fig. 2. Hierarchical partition in Tier-1 of the content scalable JPEG2000.



layer in terms of PO regions. These are reflected in the partition system and coding pipeline of the JPEG2000 system. A. Hierarchal Partition System The modified hierarchical partition system is shown in Fig. 2. First, we use the segmentation of PO regions and BG regions to replace the tile partition in the JPEG2000 system. This segmentation not only provides an approach to augment JPEG2000 the scalability with respect to content, but also forms the basis for a more efficient and accurate rate control scheme compared with PCRD. The PO region segmentation is based on the work of Walther et al. [22], which extends the Itti et al. [21] implementation of the saliency map-based model of bottom-up attention with a process that infers the extent of a PO at the attended location from the maps that are used to compute the saliency map. A PO region is obtained by extracting an image region around the focus of attention that corresponds to the approximate extent of a PO at that location. After the first PO region is determined, and by setting the saliency value of the locations belonging to the PO region to zero, we obtain a updated saliency map. A second PO region is obtained by performing the same PO region finding procedure on the updated saliency map. This PO location procedure is repeated until the maximum saliency value of the updated saliency map is below a predefined threshold. Finally, we treat pixels unassigned to any PO regions in the saliency map as belonging to BG regions. Each color component of a segmented region (including both PO regions and BG regions), e.g., region-component, is then decomposed into high-frequency and low-frequency subbands using a shape-adaptive wavelet transformation [23]. After the wavelet decomposition, each subband of a region-component is then approximately divided into rectangular blocks called precincts [18]. This is different from JPEG2000 in that we insert the precinct partition before code-block partition. Each precinct is then divided into smaller rectangular blocks called code-blocks, which define the smallest accessible spatial patch of the image in wavelet domain because their data is enclosed in the ultimate container of the code-stream.



Theoretically, code-block provides a source of spatial accessibility in JPEG2000. However, direct access to code-blocks is hampered by the fact that each code-block’s code-stream may be distributed across many quality layers, and the information describing their contributions is itself coded to exploit redundancy between neighboring code-blocks within the same subband. We use the term of precinct to overcome these obstacles, since it provides a spatial structuring element, in which each image resolution, LLd (see Fig. 2) of each region-component has its own precinct partition, and can collect code-block into spatial and resolution groupings. This naturally leads to that each segmented region or region-component has its own DWTs, its own set of code-block code-streams, and its own quality layers. Parameters controlling the number of DWT levels, quantization step sizes, the DWT kernels, and reversibility may all be adjusted on a region-component basis by including appropriate headers in the code-stream. Thus, individual regions or region-components may be readily extracted and rewritten as valid JPEG2000 code-streams in their own right. B. Redefinition of Quality Layer We redefine quality layers for a PO region based on two observations. First, the practical use of quality layers defined in the JPEG2000 may need to address two points: 1) the lack of quality scalability of code-streams containing a single or few quality layers, and 2) the ratedistortion optimality of regions of interest transmission. Second, we need to organize an embedded code-stream to enable scalability of quality, resolution, color component with respect to PO regions. The formulation of our quality layer involves modifications of both Tier-1 and Tier-2. In Tier-1, a region, after being extracted from an image, is treated as an image tile. Each region is elaborated upon independently for the DWT and EBCOT. We adopt a slightly modified Maxshift method [1] to identify these segmented regions, which does not require any shape coding or any shape information to be explicitly transmitted to the decoder. In the traditional Maxshift of JPEG2000, all regions of interest (ROI) use a single scaling value, which lacks the ability to identify each individual region. To overcome this limitation,
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Fig. 3. Organization of code-stream in Tier-2 of the content scalable JPEG2000.



the modified Maxshift proportionally assigns different scaling values to different regions according to their salientness. Only these scaling values are needed to signal the decoder. We also exploit the restart mechanism of Tier-1. The modified Tier-1 produces an embedded code-stream with a large collection of potential truncation points (one at the end of each coding pass) that can be used by the RD optimization techniques for each code-block. Thus, the code-stream of a code-block can be truncated by rate control algorithm to meet the target bit rate. In Tier-2, we organize quality layers in term of precincts. As the progressive order shown in Fig. 3, the quality layer of a PO region is formed by quality layers of precincts belonging to the PO region. Codewords of code-blocks in a precinct are enclosed in a single packet. This organization conceptually defines a packet in terms of a quality increment of one spatial location of one resolution level, and allows the identification of quality layers within the code-stream to be represented in collections of packets from different precincts with an equal number of the quality layers. The collection of quality layers comprises the final code-stream. III. THREE-STAGE RATE CONTROL In this section, we present a three-stage rate control approach to implement the PO based bit allocation mechanism. Within the proposed coding system, rate control reduces to choosing coding parameters so as to meet a target bit rate. A. Problem Formulation In JPEG2000, scalability by quality is provided by the optimized truncation of the code-streams produced for each code-block, and by the definition of quality layers. Quality layers are formed by collections of code-stream segments optimally selected using RD optimization techniques. Usually, a post compression RD (PCRD) optimization is applied after all the quantized wavelet coefficients have been entropy encoded. Specifically, let nj denote the jth potential truncation point of the code-stream produced for code-block Bi , with 0  j < Ti , Ti den n noting the number of coding passes of Bi , and let Ri and Di den < note, respectively, the bit rate and distortion of nj , with Ri Rin and Din < Din . PCRD computes first the RD slope Sin = n n n n n n n and 1Ri = Ri 0 1Di =1Ri , with 1Di = Di 0 Di n Ri , to identify those truncation points with strictly decreasing RD slope, i.e., those truncation points lying on the convex hull. Then by computing the total distortion of the image and the total bit rate of the n n code-stream as D = and R = respectively, and i Di i Ri



considering only the truncation points lying on the convex hull, PCRD approaches the RD optimization problem as follows: n



D() + R() =



n



Di + Ri



(1)



i



where fnj g stands for the set of truncation points, and the value of  that minimizes this expression yielding R(), which represents the optimal solution. By utilizing the actual RD functions of all the compressed data, the PCRD techniques attain the minimum image distortion for a given bit rate. However, since PCRD requires encoding all of the data and storing all code-stream segments even though a large portion of the data needs not be output, most of the computation and memory usage could be considered redundant in this process. More specifically, the rate control scheme searches the optimum truncation points for every quality layer based on RD-slopes using the same scheme as is used for one layer, which requires a great amount of computation. To address the problems aforementioned above, we present in the following subsections a three-stage rate control scheme to reduce the computational complexity and memory usage, as well as maintain a high image quality and precise bit rate comparable to PCRD. B. Pre-Coding Stage: Rate Allocation for PO Regions Let the target bit rate for the input image be R, and the ith PO region’s saliency be wi , where i = 0; . . . ; N 0 1, and N is the number of regions after PO region segmentation. The saliency of a region is defined as the maximum saliency of the region in the saliency map. Then the bit rate assigned to the ith region can be precalculated as



Ri = R 3



wi wi



(2)



before we start the Tier-1 coding. C. Coding Stage: Constructing the Operational RD Curve The operational RD curve is constructed in two steps: 1) the Tier-1 output code-stream segments with a set of truncation points for coding passes. The code-stream segment is the smallest unit for constructing the operational RD curve. 2) quality layers of PO regions are developed in Tier-2, and this forms the final operational curve for the further purpose of rate control. 1) Step 1: In its original formulation, PCRD forces a full encoding of the image even when few coding passes are included in the final code-stream. When encoding an image at low bit rates, this causes
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Tier-1 to consume more computational resources than is strictly necessary. To reduce the computational burden of Tier-1 when applying PCRD, we build RD curves in terms of coding passes. This allows further truncation of the code-stream segments within packets and, therefore, the optimal decoding of PO regions or the complete image area. However, to know the RD of coding passes in JPEG2000, we need to identify coding passes within the code-stream, and this further requires the decoding of the image, because a packet contains one or more coding passes, without any guarantee that the length of each pass is kept. To solve this problem, we make use of the restart variation mechanism in Tier-1. The restart variation mechanism is designed to restart the MQ coder at the beginning of each coding pass to facilitate the parallel implementation of coding passes. This mechanism enables the MQ coder to produce one codeword for each coding pass, and forces an explicit encoding of the length of coding passes in the headers of each packet. This allows the recovery of coding pass lengths through a simple decoding of packet headers, an operation with a low computational complexity. Furthermore, it scarcely penalizes the bit rate of the final code-stream. The completion of each coding pass (SPP, MRP or CP) results in a code-stream segment, and a potential truncate point associated with the corresponding bit rate and distortion. This forms the basis of the RD optimization for rate control schemes. Thus, for each code-block, Tier-1 outputs a code-stream that consists of several code-stream segments connected by a set of truncated points. This approach implies a modification slightly beyond the scope of the standard, since the encoder must store lengths of coding passes to an external file independently of the code-stream of code-blocks. However, note that the approach constructs fully compliant JPEG2000 code-streams and fits perfectly into the framework of interactive image transmissions. It is also should be noted that the creation of the external file of lengths, or the introduction of the restart coding variation to already encoded code-streams, is needed only once, without requiring the full decoding of the image. 2) Step 2: Once the final code-stream is constructed in the JPEG2000 coding system, the number and RD of quality layers becomes fixed and cannot be modified. The identification of quality layers within the code-stream enables the definition of progression orders primarily with respect to quality, which provides optimal RD representations of the image only when the code-stream is decoded at quality layer boundaries. For example, let a code-stream that is progressive primarily with respect to quality contain quality layers l+1 . When the allocated at bit rates 0 1 . . . N01 , with l l l+1 , ^ code-stream needs to be truncated at bit rate ^ , with the decoded image may have a non-optimal, or even a poor coding performance. This fact suggests two problems with the RD optimality of JPEG2000 code-streams: 1) the lack of quality scalability of code-streams containing a single or few quality layer, and 2) the lack of transmission of ROIs with RD optimality. The first problem can be avoided using an adequate strategy for the allocation of quality layers [24] in code-streams containing few or a single quality layer: code-streams constructed with inadequate allocations strategies may negatively impact the quality of the decoded image in more than 10 dB. The second problem concerns, the RD optimality achieved when decoding ROIs from a code-stream. When the encoder selects and truncates the code-stream segments to form quality layers, the complete spatial area of the image is considered, and therefore the overall bit rate of the quality layer. This decreases the precision of the rate control scheme. To overcome limitations in the quality layers in JPEG2000, we define quality layers for PO regions by using the quality layers of precincts. Each PO region has several precincts, and quality layers of a PO region
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are formed using quality layers of precincts belonging to the PO. More specifically, before logically partitioning a region into code-blocks, we introduces the concept of precincts. Although precincts are further partitioned in code-blocks, they define the smallest accessible spatial locations of the image because their data is enclosed in the ultimate container of the code-stream, the packet. A packet encapsulates some code-stream segments of code-blocks belonging to one precinct, can be decoded independently, and is the smallest access unit in a code-stream. This is important in supporting the quality progression of a region. For example, to randomly access to a specific region, we need only find packets of quality layers of precincts belonging to the region, and then decode these packets. As shown in Fig. 3, quality layers of a PO region provide a basis for more accurate rate estimation than the quality layers of JPEG2000. 0 1, Each precinct has several packets, referred to as 0pl , = 0 . . . denoting the number of quality layers. A quality layer of a PO region is formed using packets in the same quality layer but belonging to different precincts. Let a code-stream for a PO region that is progressive primarily with respect to quality contain quality layers allocated at bit rates p0 p1 . . . pN01 , with pl pl+1 . Let 1 pl denote the bit rate increment of the PO’s code-stream segments in layer . Then l ], where 1 l denotes the increment bit rate of the l 1 p 2 [0 1 original quality layer . This means that rate control using the quality layers of a PO region provides higher precision with respect to rate control using quality layer of JPEG2000.
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D. Post-Coding Stage: Fast RD Slope Estimation for Optimum Truncation By utilizing the actual RD functions of all the compressed data, the optimal truncation techniques attain the minimum image distortion for a given bit rate. Our rate control scheme is based on the estimation of RD slopes of the coding passes. Using these estimations, the selection of coding passes to yield a target bit rate can be performed without information related to the encoding process, or distortion measures based on the original image. To speed up the RD slope estimation of the coding passes, we adopt the concept of coding level in [25]. A coding level is defined as the coding pass of all code-blocks of the image at the same height, given by = ( 1 3) + , where stands for the bit plane and stands for = f2 for SPP 1 for MRP 0 for CPg. the coding pass type with Coding passes are scanned from the highest coding level of the image to the lowest level until the target bit rate is achieved. In each coding level, coding passes are selected from the lowest resolution level to the highest one, and in each resolution level, subbands are scanned in order [HL, LH, HH]. The hypothesis behind the coding level is that, within a subband, code-blocks with different number of magnitude bit planes will have different estimations, whereas the code-blocks with the same number of magnitude bit plane will have the same estimation. By identifying the number of magnitude bit planes in code-blocks, obtainable through the decoding of packet headers, RD slopes of coding passes can be estimated fairly closely. This assumption has been verified in [26]. The RD slope of coding passes is then computed as
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for SPP coding passes for MRP coding passes for CP coding passes
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where compels to select the coding passes from the highest to the lowest coding level of the image. Within each coding level, coding passes are selected using the value of . In order to assure that coding passes of MRP are always concatenated with the consecutive coding pass of type CP, we set MRP = 0, except for the MRP of the second
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highest bit plane, where EMRP = 0:99. For coding passes of type SPP and CP , EfSPP jCP g attempts to approximate the balloon effect [26] within each subband. We adopt values for these three parameters from the experimental results reported in [26]. The RD slopes of code passes in a code-block are monotonically decreasing with the bit rate. Different values of RD-slopes denote different image quality. After all the code-blocks are encoded, the quality layers for PO regions are divided simultaneously, and the optimal truncation points will be searched efficiently according to a given target bit rate. E. Computational Complexity Analysis PCRD for a standard JPEG2000 requires Tier-1 encoding of all of the quantized coefficients and the storage of the whole encoded bit-stream in the memory buffer, even though a large portion of them will not be included in the code streams after the optimal truncation. Its computational complexity can be up to 60% of the total CPU execution time [27]. Therefore, a significant portion of computational power and working memory size is wasted on computing and storing the unused data. Also, PCRD is a noncausal or offline process because the entire image/tile needs to be completely encoded before the code-stream can be determined and outputted. Hence, a long transmission delay is possible. Although PCRD can obtain the optimum truncation points for every code-block at a given bit rate based on the RD-slopes of coding-passes, it costs a great amount of computation to search the optimal truncation points among the coding passes in the whole image tile for each layer. Our three-stage rate-control approach for the content scalable JPEG2000 can not only ensure the image quality but also uses less working memory and reduces the computation complexity. First, because of the usage of saliency-based PO region bit allocation, when the original image is input, all of the target number of bytes for every image tile can be acquired. Therefore, The proposed method only uses a little resource to improve the compression performance. Second, with a given target bit rate, our approach can truncate the code-stream in parallel with the code-block coding. Because most needless data are truncated before being encoded, and this speeds up Tier-1 coding and reduces working memory. During encoding, the RD-slope of the current coding pass is calculated by means of fast estimation techniques to decide whether the code-block is truncated from the current coding pass according to its RD-slope and the remaining RD information. If the current coding pass can be truncated and its RD-slope is less than or is equal to the rest rate-distortion information, the current code-block will be truncated from the current coding pass, then Tier-1 coding will be reset and prepare to encode the next code-block or finish code-block coding. At the same time, the quality layers are divided according to the RD-slopes. Finally, the post-coding stage calculates the RD-slopes by means of estimation in order to save the memory of RD-slopes. Moreover, this estimation avoids searching the optimum truncation points based on RD-slopes through incorporating some quality layers into one layer. This not only attains approximately optimal quality of the reconstructed images, but also saves large memory on account of the RD-slopes. Fig. 4 presents the time consumption of the proposed system compared with Kakadu in coding the test images. Empirical results show that the modifications to the Kakadu software package do not cause an increase in computing complexity. IV. EXPERIMENTAL RESULTS AND DISCUSSIONS To demonstrate the effectiveness of the proposed system, we implemented it by modifying the Kakadu software package. The Kakadu software package is a complete implementation of the JPEG2000 standard, and is used as a benchmark to evaluate the performance of the



Fig. 4. Time consumptions by the proposed system and Kakadu software in encoding images.



Fig. 5. Evaluation of the coding performance achieved with the proposed system compared to JPEG2000 system. Average results for the images of both JPEG2000 test corpus and Kodak test corpus (gray scaled image, 512 512).
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proposed system. In the rest of this section, the proposed system is referred to as Ours, and the original Kakadu software is referred to as JPEG2000. In the following experiments, we compare our approach with the Kakadu software along three dimensions: 1) performance as an image codec; 2) performance of the proposed rate control scheme; and 3) content-based scalability. Experiments have been carried out using an image corpus belonging to the JPEG2000 test images which contains 10 pictures, and an image corpus belonging to Kodak Lossless True Color Image Suit1 which contains 24 pictures. A. Performance as an Image Codec We assess the coding performance of the proposed system compared with the JPEG2000. We set the number of PO regions to 2 or 3 by a predefined threshold of the PO segmentation procedure. For the purpose of comparison, we defined these PO regions as ROIs for JPEG2000 codec. However, the JPEG2000 codec does not support multiple ROIs, and can only code them as a single ROI region consisting of several subregions. These ROIs can not be decoded individually, while the proposed system can selectively code, decode and manipulate each individual PO region. The compatibility of the proposed system with the JPEG2000 standard has been testified by using a standard JPEG2000 decoder to decode the code-streams generated by the proposed system. Results are given as the PSNR obtained with our system and the PSNR obtained with the JPEG2000 when encoding at the same bit rate. The PSNR is calculated in two ways :) using the average RSNR of R, G, and B-component of images, or 2) using PSNR of the gray scaled images. Similar results are obtained. Fig. 5 reports the PSNR comparison average over all test images, as well as the standard deviation. It shows that on average for all bit rates and all images, our system is better than JPEG2000. We found that: 1) with a given bit rate, the proposed system generates less distortion than does Kakadu, at least 1 dB or so higher, and 2) with a given distortion, the proposed system generates smaller 1http://r0k.us/graphics/kodak
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Fig. 6. Three reconstructed images of the test image Dog at bitrate : . The labeled regions are PO regions for our system, and the ROI for JPEG2000. : dB, Middle) the JPEG2000 with P SN R : dB, and Right) the JPEG2000 with P SN R dB. Left) the proposed system with P SN R
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TABLE I COMPARISON OF TRUNCATION PRECISIONS BETWEEN PCRD IN JPEG2000 AND THE PROPOSED RATE CONTROL SCHEME. NOTE THAT 3 0 INDICATES THAT THE IMAGE CODED BY JPEG2000 AND TRUNCATED BY PCRD, 3 0 INDICATES THE IDEAL TRUNCATED LENGTH OF THE CODE-STREAM, 3 0 INDICATES THAT THE IMAGE CODED BY THE PROPOSED SYSTEM AND TRUNCATED BY THE PROPOSED RATE CONTROL SCHEME
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bit rate than does the Kakadu, at least 0.2 bpp or so. These results also hold for other coding parameters. Regarding the visual comparison, Fig. 6 shows three reconstructed Dog images which are encoded at 0.24 bpp, one by the proposed system, and two by the JPEG2000 with different ROI. The test image Dog is segmented into two PO regions. For the two reconstructed images of JPEG2000, one is obtained by setting the two PO regions as a whole ROI, and the other is obtained by choosing the most salient PO as the ROI. Obviously, the quality of the reconstructed image of the proposed system exceed that of JPEG2000, especially in areas that does not belong to the ROI. This is attributed to the saliency based bit allocation mechanism, which is able to distribute bit rate among PO regions and BG regions more reasonably compared with the JPEG2000. The noticeable artifacts appears in the reconstructed image from JPEG2000 codec is due to the sharp change in the bit rate allocated amount between the ROI and BG regions. Experimental results in Fig. 6 show that the proposed system can alleviate the artifacts caused by the change in the bit rate allocated amount between neighboring regions.



B. Rate Control Performance Comparison We also compare performance of the proposed rate control scheme in the proposed system with the PCRD algorithm in the Kakadu software. One of the PO regions is chosen as the ROI region for the Kakadu software. Some experimental results are presented in Table I, which shows that the proposed rate-control scheme provides more precise truncations than does PCRD. In the experiment, we also found that the precision of truncations is slightly affected by test image’s content type. For example, truncation points in Balloon image are closer to the ideal points than those in Airplane image. This may be explained by the computational attention model, since the saliency of a PO depends on its contrast compared to



O



the remain of the image. This limitation could be improved by selecting a more reasonable proto-object segmentation algorithm. C. Content-Based Scalability The advantages of the proposed system is twofold. On the one hand, it provides better characteristics in terms of operational RD curves, and a better rate control scheme, than the JPEG2000, without causing an increase in computational complexity. On the other hand, it also defines a framework for adaptive image delivery in terms of PO regions, and augment the content-based scalability of the JPEG2000 standard, as shown in Fig. 7. In particular, the content-based scalability not only enables the content search ability of images, but also improves visualization and interactivity in image delivery. The proposed system allows the use of multiple arbitrarily shaped regions within an image, with weights determined by the saliency that describes the degree of importance of each region, including the background so that these PO regions may be represented by different quality layers. We also compare PO region’s PSNR of the proposed system with the JPEG2000. A region’s PSNR is calculated by only taking pixels within the region into consideration. The experiment is done in two steps. First, we choose the most salient PO region as the ROI for the JPEG2000 system, and then calculate its PSNR for all bit rates and all images. The average result is presented in Fig. 8, where the results of ours and the JPEG2000 are referred as Ours-region, and JPEG2000-region, respectively. It shows that the proposed system can not improve the PSNR of a specified salient object compared with JPEG2000. This is because that the best PSNR can only be obtained by global optimization across the whole image. However, when the region’s PSNR is calculated average over all PO regions, and compared with the PSNR average over all corresponding regions in the reconstructed image of the JPEG2000, the empirical results presented in Fig. 8 show that the proposed system can indeed increase the PSNR of salient objects, where
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as well as maintain an image quality image comparable to the conventional post-compression rate distortion (PCRD) optimum truncation algorithm of JPEG2000. We believe that the suggested approach bridges several concepts in content-based image coding such as region-based coding and object-based coding. However, there is much further room for improving the proposed approach. First, the PO region segmentation approach we adopted is purely bottom-up, stimulus driven and has no prior notion of what constitutes an object. There is no guarantee that the segmented PO regions are really objects. A more accurate boundaries of these PO regions will enable a better content-based scalability as well as a better rate control performance. Second, even our saliency-based rata allocation mechanism greatly reduces artifacts caused by the sharp change in the allocated amount between neighboring regions. However, this does not mean that the problem is solved completely. The great challenge need to address in the future is how to find an useful quantitative metric to relate the image quality with the rate allocation.
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