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8

Foundations of Video Coding

Video coding is an important application of digital video processing. The goal of video
coding is to reduce the data rate of a video sequence, so that it is feasible to transmit the
video in real time over a given communication channel. The channel bandwidth varies,
depending on the application and the transmission media. For video phone applications
using regular telephone lines, 20 kbps may be all that is available for video coding.
For broadcasting of standard-definition television signals over satellite, a data rate of
6 mbps may be available. In addition to communications applications, video coding is
also necessary for storage and retrieval, where different storage media have different
capacity and access rates, thus demanding varying amount of compression. Due 10
this wide range of data rates, different types of algorithms have been developed. One
class of algorithms allows efficient coding of arbitrary video signals without trying to
analyze the video content. A second class of algorithms identifies regions and objects
in a video sequence and codes those. We call the former waveform-based video coders
and the latter content-dependent video coders.

In this chapter, we first give an overview of different waveform-based and content-
dependent video coders in Section 8.1. Then, following a review of basic probability
and information theory concepts in Section 8.2, information theory used to optimize
lossless coding, and rate distortion theory used to optimize lossy coding are introduced
in Section 8.3. This is followed by descriptions of lossless coding (Section 8.4), and
the most basic lossy coding techniques, including scalar and vector quantization (Sec-
tions 8.5 and 8.6). Chapters 9 and 10 will discuss techniques for waveform-based and
content-dependent video coding, respectively.
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Figure 9.12  Video coding using both
uni- and bidirectional temporal prediction,
The arrows indicate the reference frames
used for predicting a coded frame. Frames
labeled I, P, and B are coded without
prediction, with unidirectional prediction,
; = and with bidirectional prediction,
Encoding order: 1423756 respectively.

bidirectional prediction (known as the PB-mode). On the other hand, the MPEG stan-
dard series, targeted mainly for video distribution, employs both uni- and bidirectional
prediction.

9.3 VIDEO CODING USING TEMPORAL PREDICTION
AND TRANSFORM CODING

A popular and effective video coding method is the one that uses block-based temporal
prediction and transform coding. This method is essentially the core of all the inter-
national video coding standards. In this section, we first provide an overview of this
coding method (Section 9.3.1). This will be followed by an extension, which uses more
sophisticated motion-compensated prediction (Section 9.3.2). Next, we consider the
issue of how to choose various coding parameters in this coding method to maximize
the coding efficiency under the rate constraint imposed by the underlying application
(Sections 9.3.3—4). As an optional advanced topic, we analyze the influence of motion
estimation accuracy and loop filtering on coding efficiency (Section 9.3.5).

9.3.1 Block-Based Hybrid Video Coding

In this coder, each video frame is divided into blocks of a fixed size and each block is
processed more or less independently, hence the designation “block-based.” The word
“hybrid” means that each block is coded using a combination of motion-compensated
| temporal prediction and transform coding. Figure 9.13 shows the key steps in this coding
”‘ paradigm. First, a block is predicted from a previously coded reference frame using
| block-based motion estimation. The motion vector specifies the displacement between
the current block and the best matching block. The predicted block is obtained from
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Figure 9.13 Encoding and decoding process for a block in a typical block-based hybrid
coding system.

the previous frame based on the estimated MV using motion compensation.* Then, the
prediction error block is coded, by transforming it using the DCT,' quantizing the DCT
coefficients, and converting them into binary codewords using variable-length coding.
The actual coding method is similar in principle to that described in Section 9.1.7. As
with the JPEG standard, the quantization of the DCT coefficients is controlled by a
quantization parameter, which scales a predefined quantization table. The quantization
tables, quantizer implementations, and run length coding methods employed by various
video coding standards are described in Chapter 13. Note that the encoder must emulate
the decoder operation to deduce the same reconstructed frame as the decoder, so that
there will be no mismatch between the reference frames used for prediction.

*The phrase “motion compensation,” here and subsequently in this book, will refer to motion-
compensated prediction.

Mdeally, if the prediction is very accurate, then the error pattern will be close to white noise and can
be effectively coded using scalar quantization. In reality, however, the use of a block-based motion model
often leads to structured error patterns. Transform coding is used to exploit the correlation between error
pixels.
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The preceding discussion assumes that temporal prediction is successful, in that
the prediction error block requires fewer bits to code than the original image block. This
method of coding is called P-mode. When this is not the case, the original block will be
coded directly using transform coding. This is known as intra-mode. Instead of using a
single reference frame for prediction, bidirectional prediction can be used, which finds
two best matching blocks, one in a previous frame and another in a following frame,
and uses a weighted average of the two matches as the prediction for the current block.
In this case, two MVs are associated with each block. This is known as the B-mode.
Both P- and B-modes are generally referred to as inter-mode. The mode information
and the MVs, as well as other side information regarding picture format, block location,
and so on, is also coded using VLC.

In practice, the block size for motion estimation may not be the same as that for
transform coding. Typically, motion estimation is done on a larger block known as a
macroblock (MB), which is subdivided into several blocks for which the DCT is evalu-
ated. For example, in most video coding standards, the MB size is 16 x 16 pels and the
block size is 8 x 8 pels. If the color subsampling format is 4:2:0, then each MB consists
of 4 Y blocks, 1 Cb block, and 1 Cr block. The coding mode (i.e., intra- or inter-mode)
is decided at the MB level. Because MVs and DC coefficients of adjacent MBs or
blocks are usually similar, they are typically coded predictively, using the MV and DC
coefficients of the previous MB or block as the predicted values. In all the video coding
standards described in Chapter 13, a number of MBs form a group of blocks (GOB) or
a slice, and several GOBs or slices form a picture. Sizes and shapes of GOBs and slices
differ among the various video coding standards and picture sizes, and can often be
tailored to the application’s needs. Prediction of MVs and DC coefficients are usually
restricted within the same GOB or slice. That is, the predicted MV or DC value for the
first MB or block in a GOB is set to some default value. This is to suppress error prop-
agation when the compressed bit stream is corrupted by transmission or storage etrors.

A frame may be coded entirely in the intra-mode, and such a frame is called an
intra-frame or I-frame. The first frame of a sequence is always coded as an intra-frame.
In applications employing high bit rates, or with relaxed real-time constraints, intra-
frames are also used periodically to stop potential error propagation, and to enable
random access. (Low-latency applications, such as video conferencing, cannot use
such periodic refresh, because the number of bits from an intra-frame is typically much
greater than for a predicted frame, and thus will cause a sudden surge in the transmitted
data.) A P-frame uses only a past frame for prediction, and depending on the prediction
accuracy, an MB can be coded in either intra- or P-mode, which is usually determined
based on the prediction etror. Finally, a B-frame uses bidirectional prediction, and an
MB in a B-frame can be coded in intra-, P-, or B-mode. A B-frame can only be coded
after the surrounding I- or P-frames are coded (see Figure 9.12). Both P- and B-frames
are generally referred as inter-frames.

In the MPEG-1 and MPEG-2 standards, the frames are partitioned into groups
of pictures (GOPs), with each GOP starting with an I-frame, followed by interleaving
P- and B-frames. (A typical GOP is illustrated in Figure 9.12). This enables random
access: one can access any GOP without decoding previous GOPs. The GOP structure

i
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also enables fast-forwarding and rewinding: fast-forwarding can be accomplished by
decoding only I- or I- and P-frames. Fast rewinding can be realized by decoding only
I-frames, in a backward order.

9.3.2 Overlapped Block Motion Compensation

In this and the next subsection, for notational simplicity, we do not specify the time
index in the video function. Rather, we use ¥ (x), ¥, (x), and ¥,(X) to represent the
coded frame, the reference frame, and the predicted frame, respectively. In block-
based motion compensation, every pixel in a block is predicted by a single pixel in the
reference frame, using

Yp(X) = Y, (X +dp), X € B, (9.3.1)

where d,,, represents the MV of the block B,,. When dp, is noninteger, an interpolation
is needed to obtain ¥/, (x + d,,). As previously described, when the estimated MV is
inaccurate, or when the blockwise translational model is not appropriate, the predicted
image will suffer from the notorious blocking artifact. To overcome this problem, two
approaches have been taken. One is to combine the motion estimates for neighboring
blocks to produce the predicted value for a given pixel, and another is to apply filtering to
the predicted image. We discuss the first approach in this section, and the filtering
approach in Section 9.3.5.

With overlapped block motion compensation (OBMC) [25, 26], a pixel is pre-
dicted based not only on the estimated MV for the block it belongs to, but also the
MV of its neighboring blocks, as illustrated in Figure 9.14. Let K be the total number
of neighboring blocks considered, and let By, x and d, ke K=1{0,1,2,..., K},

Xy y
Bm.4

Figure 9.14 An example of overlapped
block motion compensation, using four
neighboring blocks.
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