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Abstract. 
In H.264/AVC, the encoding process can occur according to one of the 13 intraframe coding modes or according to one of the 8 available interframes block sizes, besides the SKIP mode. In the Joint Model reference software, the choice of the best mode is performed through exhaustive executions of the entire encoding process, which significantly increases the encoder's computational complexity and sometimes even forbids its use in real-time applications. Considering this context, this work proposes a set of heuristic algorithms targeting hardware architectures that lead to earlier selection of one encoding mode. The amount of repetitions of the encoding process is reduced by 47 times, at the cost of a relatively small cost in compression performance. When compared to other works, the fast hierarchical mode decision results are expressively more satisfactory in terms of computational complexity reduction, quality, and bit rate. The low-complexity mode decision architecture proposed is thus a very good option for real-time coding of high-resolution videos. The solution is especially interesting for embedded and mobile applications with support to multimedia systems, since it yields good compression rates and image quality with a very high reduction in the encoder complexity.
 

1. Introduction
The latest technological advances in multimedia systems have brought us a wide range of multimedia-capable devices, such as mobile phones, personal digital assistants (PDAs), portable computers, and digital televisions. Recently, high-resolution video applications are much more common even in battery-operated portable devices in order to provide more and more visual quality for consumers. In addition, video streaming and digital television applications introduce the requirement of real-time processing. This scenario implies in a very high amount of data to be processed, stored, or transmitted.
Video coding standards, such as H.264/AVC [1], include a series of coding tools to achieve high compression rates while preserving the video visual quality. The prediction steps of H.264/AVC (composed by intra-frame prediction and inter-frames prediction) are responsible for the main contribution of compression provided by this standard, which results, for example, in 50% fewer bits to represent a video when compared to MPEG-2 [2]. This result was achieved through the insertion of a large number of coding modes in the prediction steps, which must be evaluated and compared to each other (for this reason they are also called candidate modes) so that the best one is selected to encode each macroblock (MB).
Rate-distortion optimization (RDO) [3, 4] is a well-known technique used in video encoding to achieve the best coding efficiency by measuring and comparing the distortion and the bit rate of an encoded MB for all available prediction modes. However, the computation of a large number of prediction modes provided by H.264/AVC standard is extremely expensive in terms of computational complexity. For example, considering an HD 1080 p (
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 pixels) video sequence with a group of pictures (GOP) composed by one intraframe followed by five interframes (IPPPPP), more than 8 million iterations composed by prediction, transform, quantization, inverse transform, inverse quantization, and entropy coding (called in this work as encoding loop) are needed for each video frame (148 iterations for each intramacroblock and 168 iterations for each intermacroblock). This large number of iterations leads to high energy consumption levels, which is critical in portable battery-operated multimedia devices. Besides, performance is also seriously affected, sometimes even forbidding the encoder to manipulate high-resolution video sequences in real time.
Recently, several works have proposed fast mode decision algorithms and VLSI designs for the H.264/AVC encoding process [5–12]. Even though all these works apply some heuristics at a certain point of the mode decision process, all of them use the RDO technique in some stage to select prediction modes and block sizes, limiting the reduction in terms of computational complexity and energy consumption of a fully RDO-based decision. The method presented in this paper is different. We propose a set of heuristics based on raw video data (which is available in the beginning of encoding process) to select the intra- and interframe coding modes before the encoding process itself, completely eliminating the use of RDO. Our technique was developed targeting a VLSI implementation into an H.264/AVC video encoder. The approach yields a computational complexity reduction of 47 times (in terms of encoding loop iterations) when compared to the original RDO-based solution. An average increase of 6.84% in bit rate and an average decrease of 0.25 dB in peak signal-to-noise ratio (PSNR) are noticed in worst-case decisions, but these drawbacks are still small when compared to the significant complexity reduction which satisfies real-time requirements of recent high-resolution video applications running into portable devices. The implemented VLSI design for intra- and interframe mode decisions allowed quantifying such gains provided by the heuristics.
The rest of this paper is organized as follows. Section 2 shows an overview of H.264/AVC coding modes and RDO-based mode decision. Section 3 presents some previous, related works found in the literature. Section 4 exposes the proposed method for fast mode decision, and Section 5 presents the VLSI design of each mode decision module. Section 6 presents rate-distortion performance results, a computational complexity analysis for the proposed method and the architectural synthesis results. Section 7 presents comparisons with related works, and Section 8 concludes this work indicating some future research directions.
2. Mode Decision in H.264/AVC
Intra-frame prediction explores the spatial redundancy in the current frame based on spatial neighbor samples, whilst inter-frame prediction, formed by motion estimation (ME) and motion compensation (MC), explores the temporal redundancy between frames.
Two intra-frame prediction types are defined for luminance (Y) samples: intra frame 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 (I16 MB) and intra frame 
	
		
			
				4
				×
				4
			

		
	
 (I4 MB). For I16 MB, one mode among four prediction modes (shown in Figure 1) is chosen. Each mode generates a predicted MB using the 32 neighbor samples at the top and left boundaries of the original MB. For I4 MB, the MB is broken into sixteen 
	
		
			
				4
				×
				4
			

		
	
 blocks that are individually predicted through nine prediction modes using up to 13 neighbor samples at the boundary of each 
	
		
			
				4
				×
				4
			

		
	
 block (shown in Figure 2). For chrominance samples, the prediction is always applied over 
	
		
			
				8
				×
				8
			

		
	
 blocks and uses the same I16MB modes, although it uses less neighbor samples and another order to identify the modes. The same prediction is applied for both blue and red chrominance channels [13].





	
		
		
		
		
		
		
		
		
		
		
		
	



































































































































































































































































































































































































































































































































	
		
	



	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	



































































































































































































































































































































































































































































































































	
		
	



	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	



































































































































































































































































































































































































































































































































	
		
	



	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	



































































































































































































































































































































































































































































































































	
		
	



	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	




Figure 1: I16 MB prediction modes.









	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	




	
		
	
	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
		
		
		
		
		
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	




	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	



	
		
	
	
		
	
	
		
	


	
		
	
	
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
	
	
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 2: I4 MB prediction modes.


In inter-frames prediction, the ME module searches in the reference frames the block which is the most similar to the current block. When the best match occurs, a motion vector (MV) is generated. One of the new features of H.264/AVC is the variable block-size motion estimation (VBSME), where one MB can be divided according to four partition types: P
	
		
			
				1
				6
				×
				1
				6
			

		
	
, P
	
		
			
				1
				6
				×
				8
			

		
	
, P
	
		
			
				8
				×
				1
				6
			

		
	
, and P
	
		
			
				8
				×
				8
			

		
	
, as shown in Figure 3. Each P
	
		
			
				8
				×
				8
			

		
	
 partition (called sub-macroblock) could be further subpartitioned according to four subpartition types: SMB
	
		
			
				8
				×
				8
			

		
	
, SMB
	
		
			
				8
				×
				4
			

		
	
, SMB
	
		
			
				4
				×
				8
			

		
	
, or SMB
	
		
			
				4
				×
				4
			

		
	
, as shown in Figure 4. Each partition or subpartition is predicted separately and has its own MV to point to a different block of the reference frame [13].









	
		



	
		



	


	


	


	


	


	


	


	


	


	


	


	
	


	
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	


Figure 3: Partition types of a macroblock.











	
		



	
		



	


	


	


	


	


	


	


	


	


	


	


	


	


	
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
	


Figure 4: Subpartitions types of a P
	
		
			
				8
				×
				8
			

		
	
 sub-macroblock.


Besides these partition and subpartition sizes, the inter-frames prediction can decide to use the SKIP mode, which is a special block which does not send any information to the decoder. This case happens when the rate-distortion cost of sending MB information is higher than the cost of not sending any information regarding this MB [13].
As previously mentioned, the rate-distortion optimization (RDO) technique is suggested by the H.264/AVC standard to select, among all the candidate modes, which is the most efficient one in terms of compression and image quality. Equation (1) shows the Lagrangian rate-distortion cost formula, in which 
	
		
			

				𝐷
			

		
	
 denotes the distortion (measured in PSNR), R denotes the bit rate, λ denotes the Lagrangian multiplier, and 
	
		
			

				𝐽
			

		
	
 is the final rate-distortion cost
	
 		
 			
				(
				1
				)
			
 		
	

	
		
			
				𝐽
				=
				𝐷
				+
				𝜆
				⋅
				𝑅
				.
			

		
	

Equation (1) is applied to each prediction mode for all MB inside a frame. Figure 5 shows the sequential execution flow of the H.264/AVC encoder in the JM reference software [14]. The first part, represented by intra-/inter-prediction, performs the intra- or interframe prediction considering one possible encoding mode. In the case of intra-frame prediction, this stage determines the predicted samples for one of all I16 MB and I4 MB modes presented in Figure 1 and Figure 2 and also for the chrominance blocks. In the case of inter-frame prediction, the most similar block is searched in the reference frames considering one of all possible partition and sub-partition sizes (P
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, P
	
		
			
				1
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				×
				8
			

		
	
, P
	
		
			
				8
				×
				1
				6
			

		
	
, P
	
		
			
				8
				×
				8
			

		
	
, SMB
	
		
			
				8
				×
				8
			

		
	
, SMB
	
		
			
				8
				×
				4
			

		
	
, SMB
	
		
			
				4
				×
				8
			

		
	
, SMB
	
		
			
				4
				×
				4
			

		
	
). After the intra-/interprediction, residual generation, transforms (T), quantization (Q), and entropy coding are applied, the bit rate for the prediction mode is calculated. The distortion is evaluated after the inverse transform (IT), the inverse quantization (IQ), and the addition of the residue to the reconstructed prediction samples for each mode. All grey blocks in Figure 5 are executed once for each possible intra- and intermodes, whilst the mode decision block (in white) receives all prediction modes’ bit rates and distortions (dashed lines) generated in each iteration of the encoding loop, calculates the rate-distortion cost according to (1), and finally selects the mode with the lowest cost to be used in the encoding process.







	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	




	
	
	




	
	
	
	
	
	
	


	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	




	
	
	
	
	




	
	
	
	


	
	
	
	
	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	


	
	
	
	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	




	
		
		
			
		
	


Figure 5: Diagram of the RDO-based encoding process.


It is possible to perceive that the RDO technique is extremely complex, making its use in encoders for real-time systems and high-resolution videos difficult, especially when portable devices are considered (since energy consumption is directly proportional to computational complexity). The use of fast algorithms and hardware architectures is thus of essential importance to reduce the mode decision complexity, increasing the encoder performance with negligible PSNR drop and small bit rate increase.
3. Previous Works
Recently, several works have proposed fast mode decision algorithms for the H.264/AVC encoding process. All of them aim at the reduction of the decision process complexity by decreasing the number of possible encoding modes considered in the RDO process [5–12].
In [5, 7, 9, 11] some heuristics are proposed to discard intraprediction modes for RDO calculation based on the transformed coefficients. The method proposed in [9] uses the low-frequency transform coefficients to detect image homogeneity, selects the best intrablock size, and then performs the selection of intramodes based on the RDO technique. In [11], the authors propose a SATD-based intra-frame decision in which the modes with high sum of absolute transformed differences (SATDs) values are not considered in the RDO process. In [5] the transformed coefficients of each block are analyzed in order to determine which modes would be evaluated by the RDO process. The work claims that each transform block tends to assume a formation pattern according to the encoding mode applied in the intra-prediction process. In [7], the SATD value is also used to discard the less probable modes, as in [11]. However, the algorithm applies a bit rate estimation technique based on the number of coefficients quantized to zero after the quantization step. In [9], the low-frequency components of the transformed blocks are analyzed in order to identify the homogeneity of the original image, as proposed in this work. However, [9] is limited to decide only the best block size, so that the best 
	
		
			
				4
				×
				4
			

		
	
 and the best 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 intraframe modes are still chosen through RDO iterations. As in [7, 11], the work [9] also eliminates probable modes by the analysis of SATD values.
The mode decision proposed in [6] chooses the best intra-frame mode based on the analysis of the directional gradient of each block. The two modes with the lowest gradient levels are selected and the RDO technique is applied to both of them and the DC mode. In [10], an intra-frame fast mode decision is performed based on the analysis of the motion field continuity. The Sobel operator is used in that work in order to detect borders and predict the spatial continuity of the objects.
Other works proposed heuristics for inter-frame mode decision. In [12], a set of heuristics for intra-frame and inter-frames mode decisions are proposed. The method is composed by stationarity detection through sum of absolute differences (SAD) calculation and border detection using the Sobel operator. When a specified condition is achieved, the RDO process is finalized and the encoding process occurs according to the best RDcost found so far. If no condition is achieved, all possible modes are still checked. The Sobel operator is also used in [10] to select larger or smaller partition blocks for inter-frames prediction. In [8], a fast mode decision algorithm based on the occurrence frequency of each prediction mode in P frames is proposed. The algorithm evaluates the performance of the most frequent modes before the less frequent modes. The method also applies a conditional evaluation of intra-frame modes, which happens only if the spatial correlation level is higher than the temporal correlation level.
Architectural designs based on heuristics have been also proposed in some works aiming at decreasing the encoding time for one MB [15–17]. In [15], a hardware design which applies a method similar to that in [6, 10] is proposed for the intramode decision. A filtering technique is used to perform the edge detection so that the number of modes is reduced from nine to four in I4 MB blocks. For I16 MB and chrominance block decisions, only the detected mode and the DC mode are selected to be evaluated by the RDO technique. In [16], a low-complexity intra mode decision algorithm based on a cost function composed by distortion calculation and bit rate estimation is implemented in a hardware architecture. In [17], a modified three-step algorithm performs the intra mode decision decreasing the number of I4 MB candidate modes (from nine to seven) to be evaluated by the RDO technique. Regarding the inter mode decision, to the best of the authors knowledge there are no published works yet which propose a hardware architecture for the inter mode decision independently from the implementation of a motion estimation module.
Even though all these works propose the use of some heuristics, they apply the RDO method in some stage to select prediction modes and block sizes and do not allow the achievement of significant reductions in terms of computational complexity compared with the fully RDO-based decision.
4. Fast Hierarchical Mode Decision
In this work, a fast hierarchical mode decision for the H.264/AVC standard targeting high-resolution video encoding is proposed. The goal of the method is to perform a heuristic decision which uses only the original frame and the reference frames information instead of performing the complete RDO process. The heuristic solutions and their respective architectures were all developed for low-complexity video encoding systems and are thus based on the baseline profile of H.264/AVC. They can be, however, easily incorporated into other profiles.
The hierarchical mode decision was divided into two steps: intra-prediction decision and inter-prediction decision. To reduce the computational complexity, we have considered that P slices support only P blocks (I blocks are not supported, as explained in the next subsections), so that the two proposed decision modules are independent from one another. This way, the first module is used only for I slices (generated only by intra prediction) whilst the second one is used only for P slices (generated only by inter prediction). Even though B (bipredictive) slices are not supported in our work, the techniques proposed for P slices could be easily extended for B slices.
4.1. Fast Intramode Decision
The intra-frame mode decision was divided in a hierarchical way aiming at computational complexity decrease and modularization of the whole process. The steps which comprise intra-frame decision are as follows:(a)decision for equal block size:(i)decision of the best I4 MB mode for each 
	
		
			
				4
				×
				4
			

		
	
 luminance block,(ii)decision of the best I16 MB mode for the luminance channel of the macroblock,(iii)decision of the best 
	
		
			
				8
				×
				8
			

		
	
 mode for the chrominance channels of the macroblock,(b)block-size decision for the luminance MB (I4 MB or I16 MB).
Each decision for equal block size (step (
	
		
			

				a
			

		
	
)) is independent from one another and can be performed in parallel. The luminance block-size decision (step (
	
		
			

				b
			

		
	
)) is performed after all decisions in step (
	
		
			

				a
			

		
	
) are complete. Figure 6 presents the flow of decisions for the intra-frame prediction. As stressed by the orientation of the arrows in the flow, the decision process starts at the bottom of the hierarchy trees, which means that the best luminance I4 MB, I16 MB and chrominance 
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 modes are decided before the final decision of the best luminance block size.





	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	












	
	
	
	
	
	
	
	


	
	
	


	
	
	
	




















	
	
	
	
	


	


	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	


	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	
	
	


	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	
	
	
	
	












	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
			
			
				
			
		
		
			
				
			
		
	
	
		
			
				
			
			
				
					
				
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
		
		
			
		
	
	
		
			
		
	


	
	
	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


Figure 6: Hierarchical intra mode decision flow.


4.1.1. Intra Mode Decision for Equal Block Sizes
A distortion-based method was used to define which are the best modes for 
	
		
			
				4
				×
				4
			

		
	
 luma block (I4 MB), the best mode for 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 luma block (I16 MB) and the best mode for 
	
		
			
				8
				×
				8
			

		
	
 chroma block. These three steps were presented as Decision a.i, Decision a.ii, and Decision a.iii in the flow presented in Figure 6. The method consists simply in comparing the block prediction error of all candidate modes and choosing the mode with the lowest value as the best one.
The block prediction error may be computed through the use of several distortion metrics. The use of sum of absolute differences (SADs), sum of absolute transformed differences (SATD) and sum of squared differences (SSDs) was evaluated [13]. Table 1 presents a comparison between the uses of the three distortion metrics in the mode decision module. All results are presented as relative increase or decrease in comparison to the use of SAD.
Table 1: Comparison among SAD, SSD, and SATD.
	

	SATD versus SAD	SSD versus SAD
	

	PSNR (dB)	Bit rate (%)	Number of Sums (%)	PSNR (dB)	Bit rate (%)	Number of Sums (%)
	+0.008	−0.63	+361.29	+0.079	−1.13	+348.39
	



Even though SATD and SSD present slightly better rate-distortion performance results (around 1% bit rate decrease), the computational complexity of these metrics is extremely larger than the computational complexity of SAD (an increase around 350% for both metrics). As the main goal of this work is to design a faster and low-complexity intra mode decision heuristic, the SAD metric was used in the method proposed in this work. Besides that, a hardware architecture design for SAD calculators is much simpler than a hardware architecture for SATD (which includes a 
	
		
			
				4
				×
				4
			

		
	
 Hadamard transform) and for SSD (which includes a multiplier and a square root). 
4.1.2. Intramode Decision for Different Block Sizes
As previously explained, the second step of the intra mode decision process, shown as Decision b in Figure 6, consists in deciding the best macroblock size (I4 MB or I16 MB). In the proposed method, the choice between the use of 16 
	
		
			
				4
				×
				4
			

		
	
 predicted blocks (I4 MB) or just one 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 predicted block (I16 MB) is made using the SAD results calculated in the first step of the mode decision. 
The proposed algorithm picks the total distortion of the 16 
	
		
			
				4
				×
				4
			

		
	
 blocks (I4 MB), which had all their best modes individually decided by Decision a.i (Figure 6) and compares it with the distortion of the unique 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 block (I16 MB), which had its best mode decided by Decision a.ii. In most cases, I4 MB would present the smallest distortion value, since a finer prediction granularity was used in it and more encoding modes are allowed for 
	
		
			
				4
				×
				4
			

		
	
 blocks than for 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 blocks (Figures 1 and 2). This way, a simple SAD comparison cannot be used between them. On the other hand, when the differences between these two distortion values in RDO-based mode decision are analyzed, a good correlation between it and the best block size is perceived. 
A set of simulations were performed with seven video sequences typically used by the video coding community (Station 2, Sunflower, Tractor, Man in Car, River Bed, Rolling Tomatoes, Rush Hour) using the Joint Model (JM) H.264/AVC reference software set in full-RDO-based decision and intra-only MB modes [18]. It was possible to notice that in most cases when I16 MB had been chosen, the distortion values of I4 MB and I16 MB were very close. This happens because in such cases most of the 16 
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				×
				4
			

		
	
 blocks inside an I4 MB presented the same prediction modes, and thus only one 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 block for the whole MB can be used (i.e., I16 MB is chosen), since it generates less encoding information. On the other hand, when an I4 MB is chosen, the distortion values of I4 MB and I16 MB were very different. This happens because most of the 16 
	
		
			
				4
				×
				4
			

		
	
 blocks inside a I4 MB presented different modes, and then choosing only one 
	
		
			
				1
				6
				×
				1
				6
			

		
	
 mode would generate a lot of residual information. 
To better evaluate the relation presented in the previous paragraph, (2) was defined. This equation shows the difference of distortion (DD) calculation, where SADI4MB represents the sum of all residual generated by the 16 best 
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 modes and SADI16 MB is the residual generated by the best 
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Figure 7 shows a graph in which the occurrence frequency of each block size chosen by the RDO-based mode decision is plotted with the corresponding DD calculated as in (2). It is possible to perceive that in most cases when I16 MB is selected (grey line) the DD value is very small. Around 97% of the macroblocks encoded as I16 MB presented a DD smaller than 600. On the other hand, when I4 MB is chosen by the RDO-based mode decision, the DD value is generally very large. Around 84% of the macroblocks presented a DD value larger than 600. This way, a threshold value for the DD value can be used to choose the best block-size for intra prediction with a small error regarding the decision. 











































































































































































	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	


	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	



	
	
	
	



	
	
	


	
	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	




Figure 7: Occurrence of I4 MB and I16 MB and corresponding difference of distortion (DD) values.


The best threshold value was experimentally chosen aiming at the best results in terms of PSNR and bit rate, as follows. Firstly, all video sequences used in the simulations were encoded using the RDO-based mode decision for different block sizes. Meanwhile, distortion values and chosen block sizes were saved for future analysis. Then, the DD values were calculated and compared with the chosen block size, as in Figure 7. Simulations were performed with a threshold ranging from 0 to 1000, adjusting it to improve bit rate and video quality. The threshold value set to 600 generated the best results in terms of bit rate and video quality for the evaluated sequences. 
4.2. Fast Inter Mode Decision
As in the intra-frame mode decision process, the inter-frames decision was hierarchically divided, aiming at the simplification of the problem in simpler and independent steps. As previously mentioned, the first decision to reduce the inter prediction decision complexity was the elimination of I blocks support into P slices. This way, only P blocks generated through the inter-frames prediction are allowed in such slices. The impacts of this simplification were measured through tests using the reference software and the previously cited video sequences. A reduction of only 0.01 dB in video quality and an increase of only 0.39% in bit rate were noticed when P slices were restricted to inter predicted blocks. 
Previous analyses of the occurrence frequency for each mode in P slices were performed in order to identify which mode should be evaluated first. The same eight video sequences related above were used in these analyses. The obtained results show that SKIP and P 
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				×
				1
				6
			

		
	
 macroblocks represent almost 60% of the whole set of used modes in 1080 p (
	
		
			
				1
				9
				2
				0
				×
				1
				0
				8
				0
			

		
	
 pixels) video sequences, while the use of sub-macroblock partitions smaller than 
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				×
				8
			

		
	
 represents about 6% of occurrence, as shown in Table 2. Other important result of Table 2 is that intra modes are rarely used (3.8%) and, as cited before, the elimination of these modes in P slices causes a very small reduction in rate-distortion performance. Similar tests were performed for 720 p (
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				2
				8
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				7
				2
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 pixels) video sequences, which presented a small increase in the occurrence of small block sizes (
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, 
	
		
			
				4
				×
				8
			

		
	
 and 
	
		
			
				8
				×
				4
			

		
	
). As this work is focused on high-resolution video sequences, only results for 1080p sequences are presented in Table 2. 
Table 2: Average occurrence and frequency for each mode in P slices.
	

	Mode	Occurrence	Frequency
	

	SKIP	83,645	29.1%
	P 
	
		
			
				1
				6
				×
				1
				6
			

		
	
	83,651	29.1%
	P 
	
		
			
				1
				6
				×
				8
			

		
	
	30,364	10.6%
	P 
	
		
			
				8
				×
				1
				6
			

		
	
	33,187	11.5%
	SMB 
	
		
			
				8
				×
				8
			

		
	
	27,251	9.5%
	SMB 
	
		
			
				8
				×
				4
			

		
	
	7,700	2.7%
	SMB 
	
		
			
				4
				×
				8
			

		
	
	8,472	2.9%
	SMB 
	
		
			
				4
				×
				4
			

		
	
	2,331	0.8%
	Intramodes	10,895	3.8%
	



It is possible to conclude from Table 2 that the partition/subpartition occurrence is higher when the block size is larger especially for large video resolutions. These results confirm the high-definition digital video characteristics of containing a large amount of homogeneous and stationary areas. Based on this occurrence order, a sequence of steps was developed for fast inter mode decision. This sequence prioritizes the identification of the most frequent modes before the least frequent, thus decreasing the average number of performed decision steps. 
Figure 8 shows the inter-frames hierarchical mode decision flow proposed in this work. The first performed inter mode decision step is at the top of the tree, as indicated by the arrows direction. In the first step, an analysis of the original and the reference macroblocks is performed in order to allow stationarity detection between two neighbor frames. The second step, based on heterogeneity detection, decides whether or not subpartitioning is necessary. The third and the fourth decisions are quite similar and are based on gradient calculation to detect object borders. The next subsections describe each step in details. 









	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
















	
	
	


	
	
	
	


	
	


	
	


	
	
	


	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	


	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	




	
		
		
			
		
	



	
		
		
			
		
	




	
		
		
			
		
	


	
		
		
			
		
	





	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	



	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
		
			
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	
	
		
	


Figure 8: Hierarchical mode decision flow for inter-prediction decisions.


4.2.1. Stationarity-Based SKIP Mode Decision
Natural video sequences present the characteristic of being composed by constant motion and by temporally stationary regions. This characteristic is highly noticeable especially in background images [12]. In the JM reference software, when the RDO-based decision is used, the SKIP mode is selected when the cost of not encoding residual information is smaller than the costs of all the other possible modes. Otherwise, a set of four conditions must be satisfied for a macroblock to be encoded with the SKIP mode. In [19], the authors affirm through experimental results that the satisfaction of one of them is already enough for a good indication of SKIP mode usage. Such condition dictates that the transform coefficients of the SKIP mode residue block are all quantized to zero. 
Stationarity, also called stillness, is a simple and efficient way of identifying the similarity level of each frame and its neighbor frame in a video. In this work, the simple distortion calculation between a macroblock and its colocated macroblock is proposed to detect stationarity. If the SAD between the two macroblocks is smaller than a pre-defined threshold, the image region is considered temporally stationary, and this region is thus encoded as SKIP. 
A series of tests were performed in order to verify the threshold SAD value between neighbor frames when SKIP and non-SKIP macroblocks were selected by the RDO-based decision. Average values obtained for both cases were used in tests which varied the SAD threshold for SKIP decision from 200 to 700. The best results in terms of rate-distortion performance were obtained when the value 500 was used. This means that the proposed SKIP decision consists in computing the SAD between co-located macroblocks in the reference and the current frame and then comparing this value with the threshold (500). If the SAD is smaller than it, the macroblock is considered stationary and it is encoded as SKIP. Otherwise, the macroblock is not considered stationary and it is encoded with another mode. 
As the heuristic is a suboptimal solution of the RDO decision, it may select more or less SKIP macroblocks, depending on the video sequence. The average results have shown that, in general, more SKIP macroblocks were selected than in the RDO process. This caused an increase in the bit rate and also in the image quality when this heuristic was inserted in the reference software. An average increase of 0.04 dB was noticed in the PSNR when this heuristic was applied. On the other hand, the bit rate presented an increase of 1.75% when compared to the RDO-based decision. 
4.2.2. Heterogeneity-Based SubPartition Detection
Natural video sequences are also composed by a large amount of homogeneous regions. According to [20], these regions generally present similar directional motion, while heterogeneous regions present disordered movements. This happens because homogeneous areas tend to belong to stationary regions of an image or tend to belong to regions of the same object of an image, which is composed by parts that move together and continuously in the same direction. This way, homogeneous regions are, in general, encoded using large block sizes, such as 
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, and 
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				6
			

		
	
, while heterogeneous regions are encoded using smaller block sizes. 
We have shown in a previous work that the heterogeneity of a macroblock can be detected through the analysis of some coefficients generated after the application of a forward transform, such as the Hadamard and the DCT [21, 22]. The heterogeneity 
	
		
			

				𝐻
			

		
	
 of a macroblock is thus calculated from a set of low-frequency coefficients from the transformed block. In [21], we propose to use only the first line and the first column of the transformed coefficients in the heterogeneity calculation, as shown in (3), where 
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 is the transformed macroblock and 
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 and 
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 are the macroblock lines and columns, respectively. The higher is the value of 
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, the higher is the heterogeneity of the macroblock
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A set of experimental tests led to a threshold value which can be used to determine if subpartitions are used or not. If the heterogeneity of the macroblock is high (i.e., the 
	
		
			

				𝐻
			

		
	
 value is higher than the threshold), sub-partitions should be used. Otherwise, only large partitions should be used. Figures 9 and 10 show graphs in which each point represents a macroblock of the Man in Car video sequence. In Figure 9, each point is a macroblock encoded as P
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, P
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 or P
	
		
			
				8
				×
				1
				6
			

		
	
 (i.e., without sub-partitions) and in Figure 10 each point is a macroblock encoded with sub-partitions. The decisions were all performed by the RDO process. It is possible to notice that most of the macroblocks encoded without sub-partitions present an 
	
		
			

				𝐻
			

		
	
 value smaller than 10,000, while most of the macroblocks encoded with sub-partitions present an 
	
		
			

				𝐻
			

		
	
 value larger than 10,000. As this behavior is presented in most of the analyzed videos, the value 10,000 was defined to be used in this heuristic as the threshold between the use of large partitions and the use of sub-partitions. Experimental results have shown that an increase of only 0.62% in the bit rate and a negligible image quality loss (around 0.01 dB) were perceived when this threshold was used in such decision step. 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































