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A fully up-to-date guide to transformative
consumer technologies

Video compression - or video coding - has been at the centre of a
revolution in the way video is produced, delivered, and consumed. lt
has made the switch from analogue to digital video possible and has

enabled fundamental shifts in the way we now watch video. New video
compression standards, together with adaptive streaming protocols,
are used to deliver high-quality video to homes and workplaces around
the world.

Coding Video provides a practical and comprehensive guide to the new
landscape of video coding and video streaming. This book explains the
core technologies with a wealth of practical examples and illustrations,
covers key standards such as H.265/HEVC and includes an introduction
to the new H.266AA/C standard. Coding Video will appeal to engineers,
application developers, product designers and digital video professionals,

as well as to graduate students and researchers in Engineering, Computer
Science and related subjects.
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of Video Coding at the Robert Gordon University, Aberdeen, Scotland.
He is the author of four other books on video coding, which include two
widely-cited books on the H.264 Advanced Video Coding standard.
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2

Video Coding and Video Quatity

2.L lntroduction

Video coding or video compression bridges the gap between displayable or uncompressed

video and practical methods of storing or transmitting data. Digital video is made up of a
series of frames or pictures, each of which contains hundreds of thousands or millions of
picture elements or pixels. Storing or transmitting video in its original, uncompressed form
can require an impractically large amount of storage capacity or bandwidth. A video
encoder comprlesses video inio a smaller and more compact form known as coded video,

suitable for storage or transmission. A video decoder reverses this process, extracting dis-
plalable video from coded video (see Figure 2.1), The complementary pair of an encoder
and a decoder is a video codec.

In this chapter, I will introduce each of the following aspects of a video codec, before

covering them in further detail throughout the book:

InIrutB and outputs: The dau inputs and outputs for a video codec. The input to an

encoder and the output of a decoder are uncompressed or rawvideo data, i.e. video that
can be displayed, The output of an encoder and the input to a decoder are an encoded,

compressed bitstream that is suitable for storage or transmission.
Data sftuctures: A video codec processes data in a hierarchy from a complete video

sequence, e.g. a video scene or programme, through groups of coded frames and indi-
vidual coded frames, down to basic coding units (CodingTree Units [CTUs], Macroblocks

[MBs] or Superblocks) and sub-blocks.
PredicEon: Some or all of the data to be coded are predicted from previously coded data.

We can predict a block of video data from neighbourtng data in the same video frame.

This is known as intra prediction. Inter prediction uses video data from previously coded

frames to predict a block of video data. Once the prtdiction is created, it is subEacted
ftom the original block to form a residual block, which typically contains less informa-
tion than the original block.

Ttansfotm and quandaadon: Blocks of video data or residual data are transformed into
another form, such as a fiequency domain r€presentation, and then quantised to reduce

the data precision. This has the effect of removing or discarding much of the inforrnation
in a block, at the expense of a loss ofvisual quality.

Codhtg!4d.eo: A Pmctiql Gulde to HEVC and Belnnd, First Edition. Iain E. Richardson,
@ 202 John Wiley & Sons Ltd, Published 2024 by John ltrlley & Sons Ltd.
Companion website: wwwwiley.com/go/rtchardson/codiD gvideo I
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Figure 6.24 Prediction from a past or future frame

N + 1, and so the encoder predicts Block 2 from the future frame, N + 1. The reference frame

for Block t is frame N - 1, and the reference frame for Block 2 is ftame N * 1.

Figure 6.24 illustrates the two options of creating a prediction from a past frame - forward
prediction, and creating a prediction from a future ftame - backrrard prediction.

6.3.4 Bipredlction from Two Frames

A third option is to create an inter prediction by combining pixels in two reference

frames. Figure 6.25 shows current frame N, which is part-way through a dissolve or
fade between two scenes, a crowd scene shown in Frame N - 1 and a city scene shown
in Frame N + 1. The highlighted block contains elements of both scenes - it is a com'
posite of a girl's shoulder from the crowd scene and a building from the cityscape. It
may not be possible to create an accurate prediction from either the past frame N - 1 or
the future frame N + 1. However, the encoder might be able to create a good prediction

by combining or averaging pixels from the past frame and the future frame. This is

known as biprediction.
A biprediction block is created by averaging each pixel of two source blocks, each from a

different frame, as shown in Figure 6.26. The encoder identifies a block in the first frame,

Source 1, and a block in the second frame, Source 2. The biprediction block is formed by

averaging each pair of pixels from Source 1 and Source 2. This biprediction block is then

subtracted from the original block to create a prediction residual. Biprediction, prcdicting

a block from two reference frames, can often give a better prediction than uni-directional
prediction, which predicts frorn a single refurence frame. However, the encoder needs to

Frame N - 1 Frame /V Frame A/ + 1

Figure 6,25 Biprediction exampte: create btock in frame N as average of past and future regions
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Flgure6,27 Biprediction: one past and one
future frame

send offsets to two pr€diction source blocks, e.g. Source L and Source 2 in Figure 6.26, so

biprediction may require more bits to sigral the choice of prediction source.
Biprediction has been a feature in video coding since the publication of the MPEG-I and

MPEG-2 video coding standards in the early 1990s. In these early standards, the encoder
was restricted to creating a biprediction using a specific past frame and a specific future
frame (Figure 6.27). Recent standards such as H.264 and HEVC girre the encoder more flex-
ibility so that a bipredicted block can be created from one past and one future fiame, or
from two past frames, or from two future fiames, as illustrated in Figure 6.28. In theory
more prediction options are possible, such as creating a prediction by combining data from
three or more frames. Again, biprediction has implications for the way in which reference
pictures are handled, which we will discuss further in Section 6.7.

6.4 lnter Prediction Block Sizes

In the previous sections, we saw how inter prediction predicts a block within the current
frame from a region in a previously coded frame. How should the encoder choose the size
of this block?

i:..
'-.j

\/
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168 6 lnter Predlction

reference frame in a position two pixels left and one pixel down. If we want to predict the

block containing the ball, we can use a motion vector (-2, -1), and we will create an accu-

rate prediction.
Unfortunately, objects in a scene rarely move in neat, integer steps. In Figure 6'4o, the

ball in the current frame is in the same position as the previous example. However, the ball

in the reference frame can be found 1.5 pixels to the left and 0,5 pixels down, i.e. the ball

has moved by a non-integer number of pixels from one frame to the next. In a natural video

scene, objects will tend to move by arbitrary amounts, for example, by 0.87 pixels, -14.92
pixels, etc.

We can create a better prediction in the example of Figure 6.,() if we can make it possible

to send a non-integer motion vector, in this case (-1,5, *0.5). We can do this by re'sampling

the reference fi:ame to a higher resolution, for example, by re-sampling at half-pixel posi-

tions as shown in Figure 6.41 and choosing a motion vector that points to pixels in the

re-sampled reference frame.
You may have noticed that the above examples are simplifications of the real situation,

In reality, the ball would appear much more pixelated than shown. Let us look at a more

realistic example. Figure 6.42 shows a section of a current frame with a dark rrertical line
that is two pixels wide. The same line exists in the refercnce ftame shown on the left of the

figure, but because of ftactional-pixel movement from one frame to the next, the line
appears smeared across three horizontal pixels. If the encoder tries to predict a 4x4 block

in the top left, of the region, Figure 6.43, right, it will fail to find a good match at an integer-

oftet position, Figure 6.43, left.

Bslor€nce framo Current frame

Roference fram€

Flgure 6,42 Reference fr

Relerence frame

Best match:
lntggerotf6et predlction

Flgure 6.43 Blockto be

Figure 6.44 shows the

nal, integer prxel positit

are interpolated from n

the number of samples

The encoder can nov

We can find a better m

Flgure 6.44 Reference fr
lnterpotated to hatf-plxetMotlon vector: (-1.5, -0,5)

Flgure 6.40 Object movlng bya non-integer number of pixets

Reference frame

_ 1 plx€l dlstance

Flgure 6.41 Reference frame sampted to
t/2-pixel positlons

+H

a a a a

a :,4a

aI

I

- 
1D plxel distance
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Flgure 6.45 Best match ln re-sampted reference frame
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Forcman sequence

Flgure 6.46 Resutt of lnteger and hatf-pixet prediction

points to this block is (+1.5, 0). This is not a perfect match because the re-sampled pixel

values are not identical to the current fiame pixel values, but it is a better match than the
integer position shown in Figure 6.43.

Figure 6.46 shows the current 4x4 block and the results of creating an integer-pixel
prediction and a half-pixel prediction. The integer prediction is clearly not a good match
for the original block. The half"pixel prediction shows the 'best match'sample values
selected from the half-pixel interpolated grid, i.e, the black dots in Figure 6.45. The half-
pixel prediction is a better match, but it is not an exact match. The brightness or luma
levels of the interpolated pixel positions are not identical to the original pixels, because

these interpolated values are created by averaging integer pixel values, as shown in
Figure 6,,14. In a sense, the actual pixel values we are searching for do not exist in the
reference frame. At most, sub-pixel prediction can create interpolated samples that are

closer to the pixel values in the current frame, as this example shows.

6.6.1 What Does a Sub-Plxet lnterpotated Reference Frame look Llke?

On the left-hand side of Figure 6.47 is a close-up of a Quarter Common Intermediate
Format (QCIF) frame, resolution 176x1M pixels, without any interpolation. Interpolating
the ftame to half-pixel positions, shown as the middle image, creates four times the number
of pixels. This interpolated image looks smoother, but there is no new information in it. In
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Close-up of CIF frame

contrast, a higher-resolution version of the original frame, shown at the right, has more
actual detail. For example, the eye in an actual higher-resolution CIF frame on the right is
clearer and more detailed than ttre eye in the interpolated QCIF frame in the middle, even
though there is the same number of pixels in both images, i.e. 352x2gg pixels for the
whcile frame,

6.6.2 lnterpolation Fllters

Interpolated sub-pixel positions are created by combining neighbouring pixel values, typi-
cally using filtering. The way in which neighbouring ralues are combined or filtered has an
effect on the quality of the interpolation. For example, on the left of Figure 6.49 is a 40x40
pixel close-up of a QCIF fi:ame from the Foremansequence, shown in Figure 6.4g. For com-
parison, Figure 6.49 shows the same region from the cIF version of the f:ame on the right.
Note that the QCIFframe is significantlyless detailed than the CIF frame, aswewould expect.

Close-up of OCIF frame eClF frame interpotated
to half-plxel posltions

Flgute 6.47 QCIF frame ctose-up, interpolated version, CIF version

Flgure 6.48 QCIF frame from
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Notice that even though the step size is the same,

Quantiser (b) produces more zero-\ralued coeffi-
cients than Quantiser (a). We would therefore
expect Quantiser (b) to compress video mone and

to introduce more distortion in the decoded video
frames than Quantiser (a).

Instead of quantising every coefficient in the

same way, it can be useful to weight the quantisa-

tion step size so that lower-frequency coefficients
are quantised less and higher-fi,equency coeffi-
cients are quantised more. An example of
frequency-weighted quantisation is shown in

7.5 Tmnsforn ond Quantisation in Practice 255

16 16 16 16 17 18 20 24

16 '16 't6 17 18 20 24 25

16 't6 17 18 20 24 25 28

't6 17 18 20 24 25 28 33

17 '18 20 24 25 28 33 41

't8 20 24 25 28 33 41 54

20 24 25 28 33 41 54 71

24 25 28 38 4'l 54 71 9t

Figure 7.40. The quantiser step size increases Figure 2.40 Frequency-weighted
towards the bottom right of an 8x8 block, where quantisation

the coefficient frequencies are higher. Lower-
ftequency coefficients, towards the top left of the block, tend to be more important for
visual quality, and a weighted quantiser can retain more information in the important
lower frequencies whilst removing more information from the higher frequencies.

7.5 Transform and Quantisation in Practice

The trensform and quantisation stages in avideo codec are closely connected. The trans-
form does not provide compression by itself but is designed to work with the subsequent
quantisation stage, which quantises each transform coefficient,

In a practical codec, the transform and quantiser should be designed with certain goals

in mind, including:

r Maximising rate-distortion performance - maximum qualityand minimum compressed

bitrate.
o Minimising computational complexity.
o Ensuring compatibility between encoders and decoders.

r Providing flexibility, for example, in the selection of transform size and guantiser
step size.

In recently developed video coding standards, these goals are satisfied by approaches

such as the following:

o Speciff a transform that can be implemented using a minimal nurnber of basic arithme-
tic operations such as additions, subtractions and binary shifts, with as few multiplica-
tions as possible since these tend to be more computationally expensive than additions
and shifts.

o Speci$ a transform that can be efficiently implemented in different ways to maximise
efficiency on different software and hardware platforms.

r Specifu a particular approximation to transform weighting factors such as the irrational
numbers in the 4 x 4 DCT, as shown in Eq. (7 .7),

i

I

i':

and rescaled to zeroi
to *8; and so on.

t a different mapping
r in Figure 7.39). With
thenrescaled to?,ero.

lscaled to +8. Original
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: 7.38 since more coef-
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f values -7 to +7 that
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254 7 Transforn ond Quontlsotion

o Avoid divisions and fractional arithmetic if possible.

o Limit the number of bits of precision required during computation. For example, if the
input samples are 8 bits, what is the maximum dynamic range required during the com-
putation of the transform and quantisation stages?

o Share aspects of the design across multiple transform sizes where possible.

r Speciff the quantiser to give an effective level of control of the trade-off between quan-

tiser step size, bitrate and quality.

We will examine the transform and quantiser design in the HEVC/H.265 standard and
see how these goals are achieved in practice.

'Classic

SamPles DC']x

Samples otx7.6 HEVC Transform and Quantisation

We saw in Chapter 4 how each HEVC coding unit (CU) is partitioned into one or more
transform units (TUs). In a colour video sequence, each TU comprises a luma transform
block (TB) and two chroma TBs. Luma TBs can range from 4 x 4 to 32x32 samples in size.

Each CU or TB can be processed in one of the following ways, as illustrated in
Figure 7,41:

1) Transform the TB using a block transform and quantise the resulting coeffrcients. Code

the coefficients using transform sub-block (TSB) coding.
2) Bypass the transform and quantise the TB samples directly, Code the coefficients,4x4

at a time, usingTSB coding, see Chapter 8.

3) Bypass both the transform and the quantisation stages and pass the TB samples directly
for TSB coding.

4) In pulse code modulation (PCM) mode, directly code the CU samples in the bitstream.

The first option is probably the most common approach to coding a TB. We will discuss

this in detail next.
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7.6.1 Overylew of HEVC Transform and Quantisation

The classic block-based transform and quantisation process is shown at the top of
Figure 7.42. A block of samples X is ransformed, for example, using a two-dimensional
DCT, into a block of coefficients Y. The coefficients are quantised, for example, by dMding
by a quantiser step and rounding, to produce a block of quantised levels L.
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Flgure7.47 CU andTB processing in HEVC
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'Classic'forward DCT and Quantisa
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FlEure 7.42 HEVCforward transform and quantise

The equivalent process in an HEVC encoder is shown at the bottom of Figure 7.42.The

block of samples is transformed by D6 a scaled approximate DCT. At the output of the

transform, each coefficient is multiplied by a factor/, and then bit-shjfted down to the cor-

rect dynamic range to produce output level block L.
A classic inverse process is shown at the top of Figure 7.43. Each quantised level in block

L is rescaled, for example, by multiplying with quantiser step Qrt"p, to produce a block of
coefficients Y. The coefEcient block is inverse-bansformed, using a two-dimensional

inverse DCI !o produce an output blockX'.
The equivalent process in an HEVC decoder, shown at the bottom of Figure 7.43, applies

a rescaling factor gn followed by a bit shift to rescale the coefficients. A scaled approximate

inverse discrete cosine transform (IDCT) Dr processes an output block X'.
We will consider how the HEVC forward and inverse processes are developed from the

'classic' transform and quantise processes,
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Figure 7.45 HEVC rescale and inverse transform
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boundarles four-sample segment and a horizontal four-sample segment, Filtering decisions are made

based on the values of 16 samples perpendicular to the four-sample boundary, as shown in
Figure 9.20.

A boundary strength parameter Bs is calculated, ranging ftom 0 !o 2 (see Figure 9.21). If
either adjacent 4x4 region is intra-coded, Bs is set to 2, and both luma and chroma samples

are filtered. Otherwise, if the nro adjacent regions have different motiou parameters, or if
either rcgion has non-zero coefficien6 and the boundary is a transform block boundary
then Bs is set to 1 and only luma samples are filtered. If none of these conditions are tnte,
Bs is set to 0, and no filtering takes place,

A further decision process (see Figure 9.22) determines whether a strong filter, a weak
filter or no filter is applied to the samples on either side of the grid boundary. If Bs is 0 or if
the segment is not actually on a TU or PU boundary, no filtering is applied.
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