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ABSTRACT: This paper considers the problem of bitrate control for object-based video coding, notably for the MPEG-4 video coding scheme. In this context, an algorithm efficiently distributing, for each time instant, the available bitrate among the various (arbitrarily shaped) video objects (VOs) in the scene, is presented. Several criteria for the joint rate control of multiple VO coding are studied and relevant results, for various bitrate conditions, are presented.

1. Introduction


With the increasing demand for multimedia technologies providing new and improved functionalities, notably giving the user the capability to interact and manipulate audio-visual (AV) data, new representation methods based on a more natural approach to AV information are needed [[1]]. These needs, and the corresponding requirements, are currently being addressed by MPEG-4 [[2]] which, in contrast with currently available video coding standards, understands a visual scene as a composition of Video Objects (VOs) characterised by their shape, motion, and texture. Each VO is individually coded and corresponds to an elementary bitstream that can be individually accessed and manipulated, while composition information is sent in a separate stream. An instance of a VO at a given time instant is called a Video Object Plane (VOP).


With this object-based approach, MPEG-4 may efficiently represent (semantically relevant) AV objects of both synthetic and natural origin, providing mechanisms to interactively access these objects through a wide range of storage and transmission media. The independent representation of each object provides coding flexibility, allowing to privilege the subjectively more important objects, e.g. in quality, error protection, or resolution. The distribution of the available resources can even be guided by the application’s user himself depending on his specific interests.


Although VOPs can have arbitrary shapes (binary or grey-level), the video coding scheme described in the MPEG-4 Video Verification Model (VM) [[3]] relies on a Macro-Block (MB) structure. Texture coding as well as motion estimation and compensation tools are similar to those used in the currently available standards. Binary shapes are coded with a Context-based Arithmetic Encoder (CAE) algorithm while grey-level shapes are coded by separately processing its support as a binary shape, and its transparency as luminance only texture information.

2. Object-based Bitrate Control


This paper addresses the problem of how to manage the available resources in the context of object-based video coding architectures, notably the distribution of the available bitrate among the several VOs of an MPEG-4 coded video scene. These VOs may have very different characteristics and needs, and thus an adequate allocation of resources is essential.


It is well known that, unless some feedback control is introduced, the output rate of video encoders is highly dependent on the scene content and consequently of variable bitrate. Since most storage and transmission media have bandwidth restrictions, e.g. average bitrate, peak bitrate, length of peaks, buffering mechanisms are typically used to smooth these variations. Since the occupancy of the output buffers is normally used as feedback information to control the encoding process, a compromise must be achieved concerning the buffer size: while high buffer sizes will introduce long delays (applications such as videotelephony and digital video games may have strict requirements in terms of delay) and increase the hardware cost, small buffer sizes will compromise the ability of the encoder to deal with peaks in the scene activity, e.g. scene changes. Finally the rate control mechanism must guarantee that the output buffer does not overflow or underflow.


While for constant bitrate (CBR) environments, there is an absolute need to keep approximately constant the number of bits transmitted to the channel per time unit by controlling the encoder, for variable bitrate (VBR) environments the constraints on the encoder are less strict since it is assumed that the network itself may absorb higher bitrate variations. In fact, a CBR rate control has typically the goal of keeping constant the output bitrate while maximising the subjective quality (the network cannot absorb rate variations), and a VBR rate control has typically the goal of keeping constant a chosen quality measure while constraining the output bitrate within (less strict) negotiated bounds, notably in terms of bitrate average and peaks. 


MPEG-4 brings a new challenge to the definition of bitrate control mechanisms since a scene is now understood as a composition of visual objects, typically with quite different characteristics. This means that, in addition to shape, motion, and texture information, also composition information has to be transmitted. In this context, the total output rate of an MPEG-4 video encoder is given by the following equation:

R total = R header data + R motion data + R shape data +

R texture data + R composition data

In the generic case, the bitrate control must accomplish the following tasks:

1. Estimate for each time instant the number of bits that will be spent after discounting the bits for composition and (fixed) header data ‑ target number of bits (TNB) estimation.

2. Distribute the estimated TNB among the various VOs to be coded at a certain time instant.

3. For each time instant and for each VO (in fact for each VOP), distribute the bits allocated between the different types of data - motion, shape, and texture.

4. Distribute the TNB within each VOP in order to achieve the best subjective quality, taking into account the characteristics of the VOP.

5. Within each VOP, compute the coding parameters to use.

The distribution of the available bits within each VOP has to take into account the “complexity” of each MB, in view of the maximisation of the final subjective quality. This “complexity” evaluation may consider several parameters, such as the intensity variation, for Intra coded MBs, the prediction error variation, for Inter coded MBs and the perception of quantisation noise depending on local image characteristics.

3. Joint Rate Control for Multiple VO Coding


This paper considers the case of multiple VO bitrate control for CBR applications, following the steps above described. A similar approach has been presented in the context of MPEG‑4 [[4]].


In order to better understand the various mechanisms involved in the joint rate control of multiple VO coding, it is essential that, in a first stage, the possible degrees of freedom are limited. In the scenario considered in this paper, it is assumed that all the VOs composing the scene are encoded at the same time instants, and that the bitrate for composition data is immediately subtracted from the total available bitrate. Moreover, since motion, and shape data are very important, they will not be subject to bitrate control in the sense that the necessary bits for motion and for lossless shape coding will be always allocated, using the remaining bits for texture coding. However, some reduction on the number of bits needed for shape coding may still be obtained in this context, by means of shape simplification implemented as a pre-processing stage. 


Concerning texture information, the bitrate control will be mainly based on the variation of the quantization parameter (QP) for the DCT coefficients.

3.1 Target Number of Bits (TNB) Estimation


As mentioned above, the first step of bitrate control is to estimate a TNB for each time instant following the method described in [[5]]. The TNB depends on the following factors:

· The available average bitrate.

· The number of bits spent in the previous time instant:

· The size and the occupancy of the encoder output buffer.


For the situations where a minimum target number of bits cannot be achieved, the rate control mechanism may decide to skip the VOP coding for that time instant. In this case all VOs are skipped.

3.2 Distribution of the TNB Among the Various VOs


After distributing the bitrate for the relevant time instants, the problem of how to distribute the available bitrate among the various VOs composing the scene appears. In this context, two scenarios are possible:


I.
Independent bitrate control for each VO

For this case, a pre-defined bitrate is assigned to each VO and independent bitrate control is performed for each VO. The output bitrate is the sum of the individual rates for the various VOs:





However this approach is a rather sub-optimal way of distributing the bitrate since the characteristics of the objects (e.g. the size, the activity, the complexity, etc.) are not taken into account and thus quite inadequate rate allocations may appear along the sequence since VOs may significantly change along the time. This fact motivates a dynamic allocation of the available resources among the various VOs by means of a joint rate control that considers the evolution of the relevant characteristics of the various VOs.


II.
Joint rate control for the VOs composing 
the scene

When a joint bitrate control is used, an instantaneous bitrate is assigned to each VO, depending on the current VOP priority and a set of VO characteristics, notably:

· The normalised VO priority ‑ reflecting the VO subjective importance or the need of additional error resilience:





where Pi ( 0.

· The normalised VO coding mode weight ‑ reflecting the VOP coding mode (Intra (I), Inter (P), or Bidirectionally Inter (B)):





where Ki may take three different values, KI, KP, or KB, according to the VOP coding mode.

· The normalised VO size ‑ reflecting the number of MBs to be coded in the current VOP:





where Si is the number of non-transparent MBs in the current VOP.

· The normalised VO activity ‑ reflecting the VOP motion:





where Ai is the sum of the absolute values of the current VOP motion vectors.

· The normalised VO complexity ‑ reflecting the texture complexity:





where Ci is the variance of the prediction error for the current VOP.


The individual TNB for each VO (TNBi) is then given by the following equation:




where 

 and TNB is the total target number of bits for a certain time instant.

The adequate balance between the various bitrate allocation criteria (( weights) is very important and needs further study.

3.3 Computation of the Target Coding Parameters


After setting TNB for each VOP (TNBi), the bitrate control mechanism has to distribute these bits among the corresponding MBs, taking into account their characteristics. A simple way of doing it is by controlling the quantization step used for the DCT coefficients, depending on the image characteristics. Although for the moment the shape and motion bits are not immediately discounted from TNBi, this should happen in the future since a pure texture-based rate-distortion model is used.


In this paper, the first step towards the determination of the coding parameters is the computation of an ideal quantization step to be used for each VOP, depending on the target bitrate and on the rate-distortion model being used. In this paper, the quadratic rate-distortion model, proposed in [[6]], will be used:




where X1i and X2i are the model parameters, Eci is a measure of the encoding complexity, and Qi is the quantization parameter. Since the computation of this ideal quantization step assumes the VOP to be homogeneous and this is usually not true, the above quantization step should be used as the initial quantization step, which may change depending on the bits effectively used for the various MBs. After each VOP is encoded, the model parameters for each VO are updated based on the encoder output.

4. Results


In this section, the performance of the joint rate control  algorithm here proposed is illustrated, using the MPEG-4 test sequence “News”. This sequence has four objects - background, speakers, monitor, and logo - and will be coded in QCIF format at a temporal resolution of 10 Hz, for the MPEG-4 class B sequences bitrates: 24, 48, and 112 kbps. Figure 1 shows one frame of each object.

Remind that here all the VOs composing the scene have the same encoding frame rate, and that motion and (lossless) shape data always get all the bits they need. Moreover no bitrate control is applied for Intra VOPs. In this case only the first VOP of each object is coded in Intra mode.
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Figure 1 - News objects: Obj0 - background; Obj1 - monitor; Obj2 - speakers; Obj3 - logo.

4.1 Study of VOP Bitrate Allocation Criteria

One of the most relevant questions to study in the context of the methodology proposed here is the efficacy of the various VO bitrate allocation criteria. 


Figure 2 shows the Peak Signal to Noise Ratio (PSNR) curve for the luminance when coding Obj1 and Obj2 with independent bitrate control, using 24kbps for each object (total of 48 kbps). It can be seen that the two objects have significantly different coding qualities, measured by means of the PSNR, due to their different characteristics in time: Obj1 - small size but with high activity and several scene cuts; Obj2 - large size but with low activity.


However Figure 3 shows that using the size as the only criterion to distribute the bitrate among the various VOs is not an efficient solution. In this case, the total bitrate - 48 kbps - is distributed among the two VOs according to their size, in terms of coded MBs. It can be seen that Obj2, since it is larger and has low activity, takes most of the available bits and achieves much higher PSNR than Obj1.

Figure 4 shows the behaviour of the joint rate control algorithm using the activity of the objects - based on the motion vectors - as the only bitrate distribution criterion. Clearly the two PSNR curves become closer indicating that the two objects are coded with much similar qualities.


Another measure that takes into account relevant characteristics of the objects is the complexity measure - based on the variance of the prediction error. Its effectiveness as a bitrate distribution measure is shown in Figure 5. Similarly to the previous case, the PSNR curves of the two objects get closer.



Figure 2 - News - Independent rate control (24 kbps/object)



Figure 3 - News - Size criterion - 48 kbps



Figure 4 - News - Activity criterion - 48 kbps



Figure 5 - News - Complexity criterion - 48kbps


Since more than one criterion seems to bring advantages in terms of VO bitrate allocation, it is natural to test the combined performance of various criteria. A possible solution is the combined use of the size and activity criteria, as proposed in [[4]]. Figure 6 shows that the PSNR curves get closer, but some significant fluctuations along the sequence still exist.


Finally, in Figure 7, the result of combining the three previously tested criteria, using 

, 

, and 

, is shown. As can be seen, the PSNR curves for the two objects are very close all along the sequence and the PSNR variations are smoother, indicating an uniform quality distribution both within the composed scene and along the time.



Figure 6 - News - Size and activity criteria - 48 kbps



Figure 7 - News - Size, activity, and complexity criteria - 48 kbps

4.2 Performace for Various Bitrates

Figures 8-13 show the performance of the size/activity/complexity combined solution for three different bitrates - 24, 48, and 112 kbps - when coding all the VOs of the “News” sequence. Both PSNR and Bits/VOP figures are provided. The logo (Obj3) is synthetically generated and thus should ideally be coded with a more appropriate algorithm (available in the context of MPEG-4) than the DCT-based MPEG-4 Video VM, adequate for natural video data. This would allow a much higher coding efficiency for that object.


As can be seen, the algorithm keeps its expected behaviour for three objects: the monitor (Obj1), the speakers (Obj2) and the logo (Obj3). However, for the background (Obj0), the results show something different since there is a significant difference in terms of PSNR (much higher), mainly because it is static and thus the bits it gets allocated are used to code it with higher quality. The fact that the background object has a higher quality may have a negative subjective impact since the observers may find even worse the quality of the foreground objects, where they usually concentrate their attention. This effect requires the bitrate control to be adjusted in order to avoid it.



Figure 8 - News - PSNR Y at 24 kbps



Figure 9 - News - Bits/VOP at 24 kbps



Figure 10 - News - PSNR Y at 48 kbps



Figure 11 - News - Bits/VOP at 48 kbps



Figure 12 - News - PSNR Y at 112 kbps



Figure 13 - News - Bits/VOP at 112 kbps

5. CONCLUSIONS

This paper proposed a joint rate control methodology for scenes with multiple arbitrarily shaped video objects based on a set of tasks targeted to achieve as much as possible near constant quality within the scene and along time in the context of CBR environments.

The performance results shown for the sequence News coded at the corresponding MPEG-4 bitrates (class B bitrates) indicate that gains are to be obtained by using a joint rate control mechanism. However since the results are still partial due to some simplifications made, notably in terms of motion and shape rate control, object encoding frame rates, and coding modes allowed, further studies are still needed.
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