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One-Pass Rate Control Scheme using ρ-domain for Scalable Video Coding Y. Pitrey, M. Babel and O. D´eforges



Abstract—This paper presents an attractive one-pass rate control scheme for the new MPEG-4 Scalable Video Coding standard. The scheme controls the bitrate at group-of-pictures and frame levels using a simple and effective bitrate modeling framework called ρ-domain. We use statistics from the previous frame to predict the output bitrate before quantization, so that each frame is encoded only once. To smooth the quality throughout the encoded video stream, we use frame type-dependant relative weights to dispatch the available bits among frames, based on their coding complexity. Our scheme controls the bitrate very accurately on all spatial, quality and temporal scalabilities, and handles interlayer prediction as well as hierarchical B frames. The error between the target bitrate and the actual bitrate is below 5%. In addition, the combination of frame level control and the simple ρ-domain rate model with our one-pass approach provides very low computational complexity. Indeed it represents only about 10% of the encoding process. The PSNR fluctuations are removed using our bit dispatching method and this improves the visual quality of the reconstructed sequence. Index Terms—Scalable Video Coding, Rate Control, ρ-domain, MPEG-4 SVC, low-complexity.



I. I NTRODUCTION



V



IDEO coding and processing have become central areas of interest for video communications. Using spatial and temporal redundancy removal, together with quantization and arithmetic coding, video coding standards such as MPEG-4 AVC/H.264 [1] manage to efficiently reduce the amount of data to transmit. However, current video applications have to cope with heterogeneous communication networks and videoreading devices. Indeed, various decoding devices such as residential televisions, personal computers and mobile phones do not have the same characteristics in terms of screen size and decoding capacity. Moreover, various communication channels such as wired and mobile networks have different transmission rates. Conventional video coding suffers from the lack of adaptability to these multiple targets. To address heterogeneous targets using conventional video coding, a different version of the video must be encoded for each target. Also, the redundancies between the different versions of the video are not exploited, which results in a waste of time, storage space and bandwidth. As a response, scalable video coding has been developed to cope with this need for adaptability. It allows several layers to be encoded in a single video stream, to address different targets. Recently a standard was supplied, with the Institute of Electronics and Telecommunications of Rennes (IETR), INSA of Rennes, FRANCE (www.ietr.org).



finalization of the new MPEG-4 Scalable Video Coding extension (SVC) [2], [3]. This standard supports three types of scalability. Spatial scalability affects frame resolution, to address variable screen sizes. Quality scalability acts on the signal-to-noise-ratio (SNR) to provide various levels of quality in the decoded video stream. Temporal scalability increases the number of frames per second to improve motion smoothness. Additionally, one of the most important features introduced by MPEG-4 SVC is the ability to exploit the redundancy between layers. An MPEG-4 AVC/H.264 compatible base layer is first encoded, then motion and texture information can be upsampled and refined to code the enhancement layers more efficiently. This new tool called inter-layer prediction enables MPEG-4 SVC to provide scalability features without losing too much coding efficiency when compared to MPEG-4 AVC/H.264 [4]. MPEG-4 SVC ensures that a video stream can adapt to different decoding targets. However, the standard does not provide any tools to cope with the communication channel capacity. Activity variations in the contents of a video sequence can cause great bitrate fluctuations at the output from the encoder. If not controlled, such fluctuations can cause undesirable display interruptions in the decoder. To transmit an encoded video stream on a communication channel, the bitrate of the stream must cope with the channel bandwidth. Rate control is a critical part of the encoding process, as it is intended to regulate the bitrate and attenuate these fluctuations. Generally, a budget is first determined according to the available bandwidth, and dispatched among the video frames. Then, a bitrate model anticipates the behavior of the output bitrate from the value of the quantization parameter, in order to reach the desired budget. Although rate control has been widely studied for conventional video coding such as MPEG-4 AVC/H.264 [5]–[7], only a few proposals exist for scalable video coding. In [8], the rate control scheme from [6] is implemented in MPEG-4 SVC but only affects the base layer. In [9], only spatial and quality scalabilities are handled and each macroblock is encoded twice, which dramatically increases the computational complexity of the encoder. The scheme presented in [10] is able to control each type of scalability in SVC using only one encoding pass. The statistics from the base layer and from the previous frame in the same layer are used to predict bitrate behavior and distorsion. Although these contributions are of great interest for rate control on MPEG-4 SVC, they remain quite complex and require a lot of calculations. Moreover the tested configurations do not reflect practical SVC applications, and do not cope with current video stream bitrate and size requirements, as specified in [11].
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In this paper, we present a new one-pass low-complexity rate control scheme for MPEG-4 SVC. We control the bitrate at frame level using a low-complexity linear bitrate model based on the ρ-domain framework [7]. This model is used to process the quantization parameter of each frame. In our previous work [12], each frame was pre-encoded to provide the bitrate model with initial values. Unfortunately, the computational complexity of the encoder was substantially affected. In this paper, we use the statistics from the previous frame to initialize the bitrate model. This way, each frame is only encoded once and the computational complexity of the whole rate control process is extremely low. Additionally, we dispatch the target bitrate inside each group of pictures to get smooth quality variations in the encoded stream. Frame weights based on their coding efficiency are used to reduce the PSNR variations in each group of pictures. This paper is organized as follows. Section II introduces the ρ-domain bitrate modeling framework, which is the basis of our scheme. Section III details the rate control process and the relative frame weight calculation. We illustrate the results of the presented scheme in terms of bitrate control efficiency and computation time on some representative scalable stream configurations in section IV. Section V concludes the paper. II. ρ- DOMAIN BASED RATE MODEL Conventional rate control approaches try to formulate the bitrate as a function of the quantization parameter (QP) [5], [13]. Indeed, the QP determines the amount of data lost during the encoding process and has a direct influence on the output bitrate. Based on this relationship, it is possible to choose the optimal value of QP, by predicting its impact on the output bitrate. However, the relationship between the QP and the bitrate is difficult to approximate correctly. To alleviate this problem, a common approach is to encode each image with several values of QP and choose the value that produces the bitrate closest to the constraint. This kind of exhaustive approach is not suitable in practice as it requires a lot of computations. Other approaches try to estimate the distribution of the data before quantization using Laplacian or Gaussian functions [13], [14]. This estimation is then used to predict the behavior of the bitrate from the value of QP. Unfortunately, the approximation step remains quite complex and suffers from inaccuracies. Another approach called ρ-domain uses the amount of null coefficients in a frame after quantization as an intermediate parameter between the QP and the bitrate [7]. It has been observed that this parameter, denoted as ρ, has a direct influence on the bitrate needed to code a frame [15]. The relationship between ρ and the bitrate is highly linear, which makes it easy to evaluate [7]. A relationship can be found between ρ and the QP, to relate the bitrate to the QP. In [16], the socalled ρ-domain rate model was used to successfully control the bitrate on MPEG-4 AVC/H.264. This section presents the model associated with the ρ-domain for MPEG-4 AVC/H.264. A. The ρ-domain model for MPEG-4 AVC After the prediction step, the residual information is transformed using an Integer Discrete Cosine Transform (IDCT).
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The transformed coefficients are then quantized and sent to entropy coding. Considering the DCT coefficients of a frame, it is easy to determine how many of them will be coded as zeros after quantization. Let cm ij be a transformed coefficient at position (i, j) in macroblock m. This coefficient will be coded as a zero if its value is below a specific dead zone threshold. In the quantization scheme used in MPEG-4 AVC, the threshold depends on both the position of the coefficient in the transformed macroblock and the value of the QP [16]. Let z(cm ij , i, j, q) ∈ {0, 1} be a function that indicates whether the coefficient is under the dead zone threshold. The relationship between ρ and the QP q in a frame f can be written as ρ(q) =



1 X X z(cm ij , i, j, q), M



(1)



m∈f (i,j)∈m



where M is the number of coefficients in the frame. In MPEG-4 AVC, the dead zone threshold value also depends on the macroblock mode used for prediction (i. e.: INTRA or INTER). To make the equation easier to read, the macroblock mode does not appear in (1). In [16], it is stated that ρ can be expressed as a function of bitrate R as follows: ρ(R) =



R0 − R × (1 − ρ0 ) , R0



(2)



where R0 and ρ0 are two initial values to be determined. It is obvious that this relationship is linear. Note that the couple of values (R; ρ) = (0; 1) is a solution of equation (2). Indeed, when the bitrate is equal to zero, all the coefficients are coded as zeros, so ρ is equal to 1. Using equations (1) and (2), we can find the value of QP qt that generates the closest number of bits to a target bitrate Rt : qt = arg min |ρ(q) − ρ(Rt )| .



(3)



q∈[0;51]



The ρ-domain modeling framework has several advantages. Firstly it is very accurate as the relationship in equation (2) has been proved to represent the relationship between ρ and the bitrate very accurately. Equation (1) does not need any approximation because the quantized coefficients are directly available during the encoding process. Secondly, the ρ-domain has very low computational complexity. The model in equation (2) is linear, so it is simple to compute. Equation (1) only needs a sum to be calculated and is also simple to compute. In the next section we prove the validity of the ρ-domain on MPEG-4 SVC by testing the linearity of the ρ-rate relationship. B. Validation of the ρ-domain model for MPEG-4 SVC In our previous work, we have validated the ρ-domain model for MPEG-4 SVC [12]. MPEG-4 SVC uses the same quantization scheme as MPEG-4 AVC/H.264. Equation (1) is therefore applicable to MPEG-4 SVC. Moreover, our tests on each type of scalability, using inter-layer prediction and hierarchical B frames, show that the ρ(R) relationship remains linear. As an illustration, figure II-B displays the relationship between ρ and bitrate R for several types of frame in different scalable
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frames and macroblocks. Then, the QP processing module uses a rate model to compute the value of QP that will generate the bitrate closest to the target. P frame spatial lay. 1



B frame quality lay. 2



B frame spatial lay. 2



B frame temporal lay. 1



B frame quality lay. 1



B frame temporal lay. 2



Fig. 1. Relationship between ρ and the bitrate for various types of frame in MPEG-4 SVC.



streams. As a result, equation (2) can be used for MPEG4 SVC. Consequently, the ρ-domain rate model presented in section II-A can be used for MPEG-4 SVC. C. Initialization of the ρ-domain model To compute the value of ρ, we need to access the quantized coefficients cm ij of the frame from equation (1) and ascertain the values of ρ0 and R0 from equation (2). However, the role of rate control is to choose the right value for the QP. So rate control has to be processed before quantization. This means that the quantized coefficients and the values of ρ0 and R0 are not available when rate control is processed. This problem is often referred to as the chicken and egg dilemma [17]. To alleviate this problem, two approaches have been proposed. In our previous work [12], such as in [7], [16], each frame or macroblock is pre-encoded to get the quantized coefficients. These coefficients are then used to process the value of ρ and choose the right value of QP, which is used in a second encoding pass. This so-called two-passes solution achieves good results, as the rate model is initialized with data from the frame itself. However, the encoding process is executed twice and the computation time is significantly increased. In this paper, we propose to use the information from the previous frame as a basis for the calculation of ρ. This kind of approach has already been studied in other bitrate representation contexts [6], [18]. Spatial and temporal correlations between consecutive frames are used to predict the coding parameters. The main advantage of this so-called one-pass alternative is that no pre-encoding step is needed. Each frame is encoded only once and the computing time is not significantly increased, consequently leading to lower complexity. The next section presents a one-pass rate control scheme for MPEG-4 SVC using the ρ-domain model. III. P ROPOSED RATE CONTROL SCHEME The main purpose of rate control is to regulate the output bitrate so that it fits with a specified constraint, or target bitrate. A rate control scheme basically contains two modules. First, the budget allocation policy determines how the target bitrate should be dispatched among groups-of-pictures (GOPs),



A. Global rate control strategy Our scheme was designed as a compromise between low computational complexity and accurate rate control. The low complexity requirement is very important given that the encoding process of MPEG-4 SVC is quite complex in itself. Indeed, several layers are encoded jointly and inter-layer prediction has to be performed to maintain good coding efficiency. For this reason, we execute the rate control step only once per frame and use the same QP for the whole frame. A drawback of this is that we generally cannot reach the exact budget for a frame. Changing the QPs for all macroblocks at a time induces a threshold effect between the reachable bitrates at the frame level. Some existing rate control approaches run at the macroblock level. They manage to control the bitrate more accurately, but at the cost of higher computational complexity. In our previous work, we pre-encoded each frame to initialize the bitrate model in equation (2). The encoding time is obviously highly increased by the pre-encoding pass. It is well known that the correlations between two adjacent frames in a video sequence are quite high. In this paper, we use the information obtained from the previous frame as a basis to process rate control on the current frame. This allows our scheme to encode each frame only once, which does not significantly affect the computational complexity of the whole encoding process. The quality of user visual experience is closely related to the quality variations inside the decoded video stream. Thus, we aim to reduce the PSNR fluctuations inside each GOP. To do this, we use a frame type dependant budget allocation to dispatch bits among frames according to their coding complexity. B. Budget allocation Budget allocation is an important part of a rate control scheme. Most of the choices are made at this stage, and the QP processing module is designed exclusively to respect these choices. In most practical SVC applications, each layer addresses a particular target, with specific bitrate requirements. So we specify a bits-per-second (bps) constraint for each layer, which is handled separately. This target bitrate is then converted into bit budgets at GOP and frame levels. 1) GOP-level budget allocation: The available bitrate is first dispatched among GOPs. Inside a given layer l, each GOP is granted the same budget. Gl defined as Gl = Sl ×



Cl + E, Fl



(4)



where Cl is the required target bitrate per second, Sl is the size of a GOP in layer l and Fl is the number of frames per second in layer l. We add a small feedback term E to compensate for allocation errors from previous GOPs. In our experiments, E is limited to 10% of the entire GOP budget.
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Once GOP level budget allocation is completed, we have to dispatch the budget among frames. Great care must be taken in dispatching the budget among the different types of frame, because it has a direct impact on output quality. The goal of our frame-level budget allocation policy is to minimize quality fluctuations (in terms of PSNR) within a GOP. The task is complex because of the different frame types supported by MPEG-4 SVC. To this end, we define the following frame weights. 2) Relative frame-weights: MPEG-4 SVC supports three types of frames (i.e.: I, P and hierarchical B-frames). Each type uses specific coding tools and has distinct coding performances. I frames use only intra-frame macroblock prediction and are the most reliable. However, their coding efficiency is not very high. P frames allow intra and inter-frame prediction and benefit from better coding efficiency than I frames. B frames use bidirectional inter-frame prediction and are the most effective. As a result, getting the same quality requires more bits for P frames than for B frames. MPEG-4 SVC also provides a hierarchical GOP structure using hierarchical B frames to ensure temporal scalability [19]. Successive B frames are encoded in a pyramidal fashion so that when a level is added, the number of frames per second is multiplied by two. This GOP structure causes the coding performances of hierarchical B frames to vary depending on their temporal level. MPEG-4 SVC allows eight temporal levels for B frames. We consider each temporal level as a different frame type, namely B1 , B2 , . . . B8 . To ensure constant quality within a GOP, we dispatch the allocated budget according to the coding performances of each type of frame. For each type of frame T in each scalable layer l, we introduce a frame weight KT,l . To understand its construction, we need to consider the quantization scheme of MPEG-4 SVC. After spatial and temporal prediction, each residual macroblock is transformed using an IDCT. The transformed coefficients are then quantized using a scalar quantizer. Let Wij be a transformed coefficient and q the value of QP used to encode the coefficient. Then, the value of the quantized coefficient Zij can be expressed as MF ), (5) 2qbits where M F is a constant factor given in [20] and qbits is given by



cause of this, we use 2q/6 × Zij as a measure of macroblock weight. To get the weight of the whole frame, we process the sum of macroblocks weights: KT,l = 2q/6 ×



X



Zij .



(8)



i,j



After quantization, the coefficients are sent to the entropy coder, which is the last step in the encoding process. The number of bits needed to code a frame f are closely related to the sum of the quantized coefficients. In equation (8) we replace the sum of quantized coefficients Zij with the number of bits needed to code them, say bf . The final frame weight for a frame is then defined as KTf ,l = 2q/6 × bf ,



(9)



where Tf is the frame type of frame f . As it depends both on the QP and the bitrate, this weight reflects the coding efficiency achieved for a frame. Basically, with equal QP, KI,l > KP,l > KB1 ,l > · · · > KB8 ,l . To obtain constant quality inside a GOP, we dispatch the available budget among frames according to each frame type’s weight. This step is processed by framelevel budget allocation, which is described in the next section. 3) Frame-level budget allocation: We use the frame weights to dispatch the GOP budget among frames. A frame needs to be allocated a budget that corresponds to its relative weight in the GOP. The target budget Rt for a frame at position f in a GOP in layer l is processed as follows: Rt = Pf −1 i=0



˜ T ,l K f × Gl + , PSl ˜ KTi ,l + i=f KTi ,l



(10)



where Ti is the type of frame at position i and  is a small feedback term to compensate for the allocation errors from previous frames. As rate control is processed before encoding frame f , we do not know its weight. As an estimation, we ˜ T ,l which is the weight of the last encoded frame that use K f has the same type in the same layer. Similarly, we use the ˜ T ,l for frames that have not yet last encoded frame weights K i been encoded.



Zij = round(Wij ×



qbits = 15 + f loor(q/6).



(6)



As we want relative weights, we can discard the constant terms in equations (5) and (6), as well as the rounding operations. Then, equation (5) leads to 2q/6 × Zij



∝ Wij .



(7)



Thus the distribution of the transformed coefficients Wij is a good indicator of the coding efficiency of a macroblock. If a good prediction has been found, the amount of residual information is small and the transform coefficients basically contain small values. However, if the prediction is not very accurate, the transform coefficients contain large values. Be-



C. QP processing Once the budget allocation step is complete, we choose the optimal value of QP for each frame. The optimal target value of QP, denoted as qt , is the one that minimizes the difference between the number of bits needed to encode the frame and the target number of bits, denoted as Rt . We use equation (2) to calculate the value of ρ that corresponds to Rt , denoted as ρt : ρt =



R0 − Rt × (1 − ρ0 ) . R0



(11)



In the two-pass approach we presented in [12], the frame is pre-encoded using an initial value of QP, denoted as q0 . R0 and ρ0 are the number of bits and the value of ρ measured after the pre-encoding pass. Then, according to equation (1) the value of qt is determined such that
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qt =



arg min



6



|ρ(q) − ρt | ,



(12)



q0 −∆q ≤ q ≤ q0 +∆q



where ∆q is the maximum allowed variation of QP between the first and the second pass (in our experiments, ∆q ≤ 6). The two-pass approach leads to very accurate rate control, as the bitrate model is initialized with data from the frame itself. However, the pre-encoding pass substantially increases the complexity of the encoding process. Consequently, we propose a one-pass approach exploiting the spatial and temporal correlations between adjacent frames. The values of R0 and ρ0 are obtained from the last encoded frame in the same layer and the same type of frame. This way, each frame is encoded only once and the overall complexity of the encoding process is not significantly affected. Using the one-pass approach, the target value of ρ is processed as ρt =



Rp − Rt × (1 − ρp ) , Rp



(13)



where qp is the value of QP used to encoded the previous frame of the same type in the same layer, Rp is the generated number of bits and ρp is the corresponding value of ρ. Then, the target QP is determined as qt =



arg min



|ρ(q) − ρt | .



(14)



qp −∆q ≤ q ≤ qp +∆q



In the next section, we present some experimental results to illustrate the results of our rate control scheme on each type of scalability of MPEG-4 SVC. IV. E XPERIMENTAL RESULTS In this section, we analyze the results of the presented rate control scheme on some representative scalable configurations. Spatial, quality and combined temporal/quality scalabilities are tested with inter -layer prediction. The encoded streams all contain three layers. Dyadic scalability is used in the spatial scenario (increase of the frame dimensions by two from one layer to the higher layer). Coarse-grain scalability (CGS) is used for quality scalability. Each layer uses the lower layer as a base layer. The GOPs contain 16 frames, except for combined scalability, for which the base layer contains 4 frames and the middle layer contains 8 frames. A target bitrate is specified for each layer separately. We test our rate control scheme with middle-range target bitrates, that correspond to current bitrate/quality applications [11]. The tested configurations are summed up in Table I. All our tests are performed using the JSVM Reference Software version 8.6 [3]. In each layer, we encode 600 frames from the common sequences named HARBOUR (which contains high details and texture) and SOCCER (which contains high motion). A. Rate control performances To evaluate the accuracy of our rate control scheme, we compute the error between the target and the achieved bitrate, denoted as δ, for each frame. Table IV-C compares the results of the two-pass approach with the results of the one-pass approach. δµ stands for the mean frame bitrate error and



δσ stands for its standard deviation. For both approaches, the mean bitrate error is under 5% of the target bitrate on each type of scalability. Overall, the two approaches have equivalent results in terms of mean frame bitrate error. It could be noticed that on some configurations the one-pass approach outperforms the two-pass approach, but as values are below 3%, this observation is not highly significant. However, the two-pass approach has better results in terms of bitrate error variation, which illustrates its higher accuracy. The one-pass approach is less accurate and the error percentage varies more significantly along the frames. The two approaches control the bitrate with great accuracy at GOP level. Figure IV-C shows the bitrates achieved per GOP for each configuration with the one-pass approach. Note that the results of the two-pass approach are equivalent, so they are not displayed. The achieved bitrates are very close to their targets, which shows the ability of our scheme to respect the specified bitrate constraints. A few variations can be observed on the results obtained with SOCCER. These variations are due to the high activity in the sequence, which makes it quite difficult to control. B. Encoding times and complexity The two-pass approach outperforms the one-pass approach in terms of rate control accuracy. However, the computational complexity of the one-pass approach is significantly lower as each frame is encoded only once. Table II compares the mean encoding time per frame using both the one-pass and the two-pass approaches. The mean encoding time without rate control is displayed as a reference. It can be seen that the one-pass approach is about twice as fast as the two-pass approach. Moreover, the time increase due to our rate control scheme itself is very low as it only represents about 10% of the encoding time without rate control. TABLE II E NCODING TIMES : NO RATE CONTROL AGAINST THE ONE - PASS AND THE TWO - PASSES APPROACHES .



no rate control one-pass two-passes



SPATIAL



QUALITY



TEMPORAL



0.16 s. 0.18 s. 0.35 s.



0.14 s. 0.16 s. 0.34 s.



0.10 s. 0.12 s. 0.26 s.



C. Quality considerations Figure IV-C displays the achieved bitrate at frame level. Using our budget dispatching policy, P frames are granted more bits than B frames, while B frames are granted more bits in the lower levels than in the higher levels. We compare our budget dispatching policy to a more simple policy that grants the same number of bits to each frame, referred to as ”constantbudget” policy. Figure IV-C compares the PSNR achieved by the two policies. Using our frame weights, the PSNR variations are substantially lower. Visually, this constant-budget policy produces some quality fading effects between the P frames,
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TABLE I T EST SCENARII FOR EACH TYPE OF SCALABILITY.



SPATIAL



QUALITY



TEMPORAL



base layer enh. layer 1 enh. layer 2 base layer enh. layer 1 enh. layer 2 base layer enh. layer 1 enh. layer 2



frame size (pixels) 176*144 352*288 704*576 352*288 352*288 352*288 352*288 352*288 352*288



which are unpleasant to the viewer. Using our policy, the quality is smoother and the overall quality impression is much better. It is interesting to note that we obtain a slight increase in PSNR. Actually, the quality of P frames is higher, so they make a better prediction for B frames. As a consequence, the quality of the whole encoding process is slightly higher using our dispatching policy. V. C ONCLUSION In this paper, we presented an attractive one-pass rate control scheme for MPEG-4 SVC, based on the low-complexity ρ-domain rate model. We perform rate control at frame level to minimize the computation increase due to our scheme. We use the information from the previous frame to initialize our bitrate model, so that each frame is encoded only once. The time increase due to the whole rate control scheme is about 10% of the total encoding time, which is quite negligible. Moreover our scheme controls the bitrate very accurately on all spatial, quality and combined temporal/quality scalabilities with interlayer prediction. The mean bitrate mismatch is below 5% of the desired bitrate. To smooth the quality in the encoded stream, we use frame type dependant weights to dispatch the available bitrate inside a GOP. Quality fluctuations are diminished and the visual impression is improved. Future work will focus on further exploiting the correlations between layers to perform more accurate rate control. The information from the base layer will be used to predict the bitrate behavior of enhancement layers. Perceptual quality measures will also be investigated. R EFERENCES [1] T. Wiegand, G. Sullivan, G. Bjontegaard, and A. Luthra, “Overview of the h.264/avc video coding standard,” Circuits and Systems for Video Tech., IEEE Trans. on, vol. 13, no. 7, pp. 560–576, July 2003. [2] J. Reichel, H. Schwarz, and M. Wien, “Scalable video coding - joint draft 4,” Joint Video Team, doc. JVT-Q201, Tech. Rep., 2005. [3] http://ip.hhi.de/imagecom G1/savce/downloads/, “JSVM Refer-
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TABLE III A LLOCATION ERROR FOR THE TWO - PASSES AND THE ONE - PASS SCHEMES .
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QUALITY



TEMPORAL



HARBOUR
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δµ



δσ



δµ



δσ
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δµ
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base layer



0.65%



11.80



0.69%



12.49



1.02%



21.78



2.00%



15.94



enh. layer 1



1.33%



7.15



1.20%



7.53



0.14%



12.86



2.83%



19.80



enh. layer 2



1.19%



5.56



1.24%



5.03



0.40%



5.10



3.40%



22.02



base layer



5.44%



6.29



2.11%



11.56



0.32%



14.53



3.66%



19.68



enh. layer 1



2.59%



4.69



2.05%



12.71



1.87%



12.77



4.75%



27.14



enh. layer 2



3.46%



8.19



4.02%



13.42



0.30%



9.80



4.18%



19.72



base layer



2.30%



3.27



3.18%



12.90



0.64%



5.98



4.83%



18.61



enh. layer 1



1.64%



9.21



4.34%



8.29



2.56%



19.88



2.90%



19.05



enh. layer 2



1.96%



8.03



4.02%



9.42



0.98%



14.81



3.65%



19.04



SOCCER



HARBOUR



SPATIAL



Fig. 2.
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GOP Bitrates using our one-pass rate control scheme.



QUALITY



TEMPORAL
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TEMPORAL



QUALITY



SPATIAL



HARBOUR



Fig. 3.



Achieved bitrates at frame level using our one-pass rate control scheme.
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(b)



(a)
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Fig. 4.



achieved PSNR: (a) using our frame weights; (b) same budget for each frame.
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