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.ntroduction
. This document represents the second proposal from Aware, Inc. for the
'PEG-2 video coding standard. 1Its registration number is 04. This proposal
iescribes the architecture of a motion-compensated three-dimensional
iubband-wavelet coder. The encoder/decoder architecture is very flexible and
nan be adapted to the application and the complexity required. This
vrchitecture was designed for CCIR-601 digital video. .. However, it could be
vpplied to other formats. . The coder treats luminance and chrominance into
seperate channels but uses the same basic architecture for.both. The main
‘eature of the algorithm is the representation of the input video into several
#1deo layers at various resolution scales and frame rates. This architecture
i.s /a multi-resolution three-dimensional coder and is therefore easily scalable.

E.~§lgorithm description
1.1. Image format

The input video is CCIR-601 digital video. The frames are cropped to
nbtain the following format: :
luminance (Y): 704 x 240 x 2 x 30
chrominance (U, V): 352 x 240 x 2 x 30
The three components ¥, U, V go through the same coding architecture.
owever, some of the coding parameters are adjusted differently for luminance
and chrominance. The general encoder block diagram is given in Figure 1.

1.2. Temporal transform
1.1.1. Decomposition
The temporal transform is a motion-compensated subband
decomposition. Figure 2 illustrates the architecture of the transform.

The wavelet filters used for the temporal transfcrm are very simple 2-tap FIR
filters. When transforming the output of the low-pass filter recursively,
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you obtain a multi-level Haar transform. Consider two successive frames F1
and F2, the Haar transform of these two frames without motion compensation
generates a low-pass frame Fl+4F2 and a high-pass frame F1-F2. You can also
use block motion compensation as an option. In that case, the second frame F2
is divided into 16x16 blocks. Each block of F2 is matched to a block in F1
through classical motion estimation. We use a full search algorithm for the
motion estimation with a search area of 16 full pixel horizontally and 10 full
pixels vertically. The motion compensated Haar transform of the two frames F1
and F2 is done by computing the Haar transform of matched pairs of blocks for
each block in F2. If a pixel (x,y) in F2 belongs to a block whose motion
vector is (dx,dy), the low-pass pixel 1is F1l(x+dx,y+dy)+F2(x,y) and the
high-pass pixel is F1l (x+dx,y+dy)-F2(x,y). The high-pass pixel goes into the
temporal high band Bt at location (x,y). The low-pass pixel goes into the
temporal low band Lt at location (x+dx,y+dy). If a pixel in Fl at (x,y) is
matched more than once to a pixel in F2 or not matched at all, then this F1
pixel is intra-coded in the low band Lt by setting Lt(x,y) to 2*Fl(x,y).

If you apply the Haar transform to each pair of frames you get
two temporal bands Lt and Ht. You can repeat this process on the Lt band to
create another high band and a new low band and so on. If Nt is the number of
levels of the temporal decomposition, the number of temporal subbands is -
Nt+1l: one low band and Nt high bands. A Group of Frames (GOF) is defined as
the frames needed to generate one—frame from the Lt band. A GOF contains
2**Nt frames inter-coded together into Nt+l temporal bands. This decomposition
is*a pyramid of multi-level bands at different rates. At a given level, a
barid is half the rate of the previous band.

-~

1.1.2. Recomposition

From the motion vectors alone, the decoder can identify which
pixels of an Lt frame were matched only once to a pixel in the corresponding
Ht frame. The inverse Haar transform is computed for each such pixel. The
remaining pixels in Lt which were matched more than once or not at all, are
intra-coded and decoded by simply scaling them by 2. The pixels in the Ht
frame which were matched to a pixel in the corresponding Lt frame matched
more than once, are DPCM-coded and are decoded by simply adding the residual
from Ht to the previous frame pixel in Lt after proper scaling. 1In the
temporal pyramid decomposition, the last level temporal bands are recomposed
first. Namely each frame of the last level Lt and Ht bands corresponding to
a group of frames are recomposed first to form the two frames corresponding to
the Lt band of the previous level. The process is repeated down the hierarchy
until the complete GOF is reconstructed.

1.3. 0dd field shift

The input video is interlaced. To reduce the energy in the high
vertical spatial band caused by interlacing due to the horizontal camera pan,
the odd field is shifted so that the two fields are maximally aligned. This
is done by circularly shifting the odd lines of each frame of the low temporal
band Lt. The amount of shift is estimated by doing & full pixel search of
+- 8 pixels horizontally only. At the decoder, the odd field is shifted in
the opposite direction to restore proper interlacing.

1.4. Spatial transform

Each frame after temporal decomposition goes through an identical
subband decomposition. Figure 3 illustrates the structure of the spatial
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subband decomposition. This is done using a wavelet filter bank (6-tap
Daubechies FIR filters). Each frame row goes through two filters to generate
a low horizontal band Lh and a high horizontal band Hh after down-sampling by
2. Then each resulting columns go through the same process resulting into
four bands: LhLv, HhLv, HhHv, LhHv. After one level of spatial decomposition,
this process is repeated on the quarter frame size bands LhLv and LhHv (only
on the LhLv band for U and V). If the number of decomposition levels is Ns,
the total number of spatial bands is 6Ns-2. You get a multi-level pyramid of
bands corresponding to multiple resolution scales (octave band-splitting).

. The spatial subband recomposition is the reverse of the decomposition.
Since the decomposition is hierarchical, you start at the top of pyramid. The
last level is recomposed first. Each column of each band is up-sampled. A
colimn from the low band goes through the reversed low-pass FIR filter and its
corresponding column from the high band goes through the reversed high-pass
FIR filter. The output of the two filter are then added together. You repeat
the same process for each rows. This completes the reconstruction of one
level which becomes the LhLv band of the previous level. The process is
repeated until the full size frame is recomposed for each temporal bands.

1.5. Adaptive block quantizer

Once the spatial-temporal decomposition is completed, you get a
hierarchical collection of spatial-temporal bands or a spatial-temporal -
pyramid. Each one of those bands is divided into 3D spatial-temporal blocks
for adaptive quantization. The GOF is divided into Nt+1l temporal bands.

The Lt and Ht bands corresponding to the last level contain only one frame.
The Ht band of the first level contains 2**(Nt-1) frames, the next band
contains half as many frames and so on. The statistics for each

temporal band are gathered over the number of frames in that band
corresponding to the GOF. For example, for Nt=4:

. band: level: ¢ frames:.
- Bt 1 8 :
3 Ht 2 4 )
Bt 3 2
At 4 1
Lt 4 1

Several GOF’s can be grouped together to compute the statistics over a number
of frames multiple of 2**Nt. This will increase the encoding delay but
decrease the overhead bit rate.

' In addition, each spatial band is divided into blocks of Bv x Bh
pixels. The variance of each block of each spatial band is computed for each
temporal band over its corresponding number of frames. Once the variances are
computed for a GOF (or group of GOF’s), for a given target rate, the
bin-widths for each spatial-temporal block are computed to minimize the
overall distortion. The bin-widths are included into the bit stream as
overhead. The quantizers are standard uniform quantizers. BAlternatively to
the adaptive quantization scheme, fixed static quantization tables can be used -
for a simpler encoder with slightly worse performance. For the luminance, we
used Bv = 15 pels and Bh = 22 pels, over one GOF of 16 frames. This
corresponds to Ns=5 and Nt=4. For the chrominance signals U and V, adaptive
quantization was applied to each spatial-temporal band without sub-blocking.
The bin-widths are computed for U and V assuming they are coded together
(statistically multiplexed). At the decoder, de-quantization is performed
using bin-widths loaded from RAM in the static case or decoded from the bit
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stream in the adaptive case.

1.6..Coder

“Two types of codihg are used: FLC and VLC (entropy coder). The
different types of data are coded as follows: ) :

Coefficients from Lt (Nt-1)Lh(Ns-1)Lv(Ns-1) bands: FLC 16 bits

Coefficients from all other bands: - VLC
Motion vectors: VLC
Quantizer bin-widths: FLC 16 bits
Block standard deviations: o FLC 16 bits

. The VLC used is an entropy coder which is performed in two steps.
First, the quantized values of each band go through a modeler wich creates
symbols from them. Typically, the modeler identifies the zero run-lengths.
Different models are used depending on the bands being coded. Annex 1 gives
examples of models used in the VLC.

The histogram of the symbols is computed to generate dynamic Huffman
tables which are included in the bit stream. The number of tables is
flexible. Typically, you can use one table for each level of the
spatial-temporal decomposition. You can use fewer tables by grouping levels
together for a given table. The system will have worse performance but less .
overhead bit rate. Alternatively, you can use static Huffman tables which do’
not need to be transmitted. Examples of Huffman tables for models 1 and 2 are
given in annex 2.

2.i?unctionalities

2.1. Compatibility

r The only compatible mode we can claim is the switchable scheme.
(Cf . PPD) s 4

: 7 4

i 2.2. Random access

. To access a given frame randomly, the decoder needs to identify the
GOFrnumber where the frame belongs. The frames of the Lt temporal band are
the entry points in the bit stream. From the top of the temporal pyramid (Lt
frame), the decoder identifies the path in the tree that yields to the pair of
decoded frames containing the desired frame. Two frames at the top need to be
decoded and one frame at each level below. The decoding delay for random
access is therefore Nt+l frame delays added to the search time for the decoder
to identify the beginning of each decoded frame (marker identification). For
Nt=4, the delay is about 0.17 s. For channel switch, the delay is the same
added to the delay to identify the first available GOF.

2.3. Coding/decoding delay

In our implementation, we have tried to minimize the
buffers needed for the decoder (minimize decoder complexity).nugﬁzrd2£ogizge
delay is Nt+l frame delays (0.17 s for Nt=4). However, to achieve the low
decoding delay, the sequence of the frames in a GOF is such that the number of
frame buffers needed at the encoder increases rapidly with Nt. We need
2** (Nt+1) - 1 frame delays at the encoder, or 1.03 s for Nt=4,
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2.4. Fast forward/reverse

Fast forward and fast reverse modes are possible. The cecoder decodes
only the top of the temporal pyramid (Lt band). For Nt=4, this will yield
nbout 16 times the original speed. The decoder can also reconstructs the next

~emporal level yielding half the speed.

2.5. Scalability ' . :

Scalability is built in this architecture because of the
;smlti-resolution structure of the representation of the video signal. The
iecoder can do a partial reconstruction of the input video by skipping the
. ppropriate spatial-temporal bands. In that manner, the decoder can decode
rom the bit stream various fractions (powers of 2) of the original spatial
"esolution or frame rate. The decoding of the spatial-temporal pyramid is
‘lone from the top down, so the decoder can stop at whatever level is
..ppropriate for the application.

2.6. Architecture flexibility

The architecture described above presents various degrees of
‘lexibility. Various levels of complexity can be introduced into the
roder/decoder depending on the application, the cost and the performance of .
:-he system. : . : [

. Flexibility in the spatial-temporal transform: If the motion
::ompensation is turned off, the system becomes.a 3D wavelet-subband coder.
‘The number of levels Nt defines the depth of the temporal pipeline. With no
notion compensation, only one level of Haar transform can be used. You can
also switch to intra-coding mode only. In that case, the system is a 2D
~avelet transform coder. The flexibility in the transform impacts mostly the
amount of frame buffers needed at the encoder/decoder.

. Flexibility in the quantization: If adaptive block quantization is s
used, the level of adaptivity can be adjusted by the 3D block sizes. Also :
.static quantization can be used for simpler encoder/decoder. :

. Flexibility in the Huffman coding: If adaptive Huffman coding is
1sed, the number of dynamic tables used can be adjusted. BAlso static Huffman
icables can be used for simpler encoder/decoder.

. The architecture has flexibility in bit rate and can be used with
statistical multiplexing.

3. Implementation
3.1. Block motion estimation module

Same complexity as the MPEG-1 motion estimation, exceot this algorithm
1ses only forward prediction, and only full pixel accuracy.

3.2. Field shift estimation module
memory: 2 x line buffer x 8 bits

bandwidth: Fs (Fs = video sampling rate)
additions: 31/pel
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multiplications: 16/pel
tables: none

3.3. Spatial-temporal transform module
picture buffers (including delays):

ENC: 8 bit buffers
* 1 FB per level of temporal transform: Nt FB’s
* delay buffers 2%%(Nt+1) - 1

DEC: 8 bit buffers
" * 1 FB per level of temporal transform: Nt FB’'s
* delay buffers: none

Haar transform:
additions: 2/pel x Nt
multiplications: none

Other memory: .
* motion vectors buffer: FB/256 x 8 bits :
bandwidth: no requirement
* flag bits: FB x 2 bits
bandwidth: Fs

Wavelet Transform (WT) stage (same as IWT):
* memory:
6 x line buffer on chip - bandwidth: 5.2 Fs
. 1 FB x 16 bits off chip - bandwidth: 1.58 Fs -
* additions:
width: 16 bits
number: 199.0 millions
* multiplications:
: width: 16 x 16 = 32 bits
? number: 265.4 millions
* WT coefficients: 4 fixed
table LUT: none
* two on chip address generators needed, could be implemented
by registers, counters and 2 adders.

*

3.4. Adaptive quantizer module

Symmetric part (ENC and DEC):
* memory on/off chip: none
* additions:
width: 32 bits
number: 21.0 millions
* multiplications:
width: 16 x 16 = 32 bits
number: 21.0 millions
* table: 40 x 32 bits down-loaded
LUT speed: Fs
* others:
- very simple address generation on chip.

*

Non—symmetric part (ENC only)
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memory: .

on chip: (Nt+l) x 1024 x 56 biys static RaM
off chip: none

bandwidth: 2 Fs

additions: -

width: 16 bits

number: 21.0 millions

width: 40 bits

number: 21.0 millions

multiplications: o '
width: 16 x 16 = 32 bits

number: 21.0 millions
table: none
others:

- adaptive On matrix generation based on statistics
collected must be performed by off chip controller.

- for adaptive Qn to work, there must be a minimum of Nt
delay frames, this 1s satisfied by temporal decomposition
part (2**(Nt+l) - 1 frames).

3.5. Entropy coder module

Coded data buffer:

estimated 0.5 frame of low speed FIFO RAM -

Modeler and Huffman coder:

*

*

Bistogram

memory:

on/off chip: none

additions:

width: 16 bits

number: 84.0 millions

multiplications: none

table: 6 x 256 x 28 bits

bandwidth: Fs . :

note: )

the LUT’s for modeling (6 x 256 x 8 bits) are ROMable and
thus could be fixed. :

collector (ENC only):

* memory:

*

4. Test sequences

on chip: none

off chip: 6 x 256 x 16 bits

bandwidth: 2 Fs

additions:

width: 16 bits

number: 42.0 millions

multiplications: none

table: none

note:

this module is required for only the following two cases:
- adaptive Huffman code tables are required.
- accurate rate control (the exact rate can be

computed before encoding)

statistics

The statistics for the test sequences are given in Tables 1 through 7.
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The output of the "1s -1" for the corresponding coded bit stream files
follows:

14:32 flower_4Mbps

—IW-r———== 1 philippe 2483597 Nov 8

—rW-r-—-——= 1 philippe 5621195 Nov 8 14:31 flower_9Mbps

—yw-r--——— .1 philippe 2465349 Nov 8 14:29 mobile_ 4Mbps

-IW-r—=———= 1 philippe 5626559 Nov 8 14:32 mobile 9Mbps

—rw-r--—-- 1 philippe 5640059 Nov 8 14:33 popple_S9Mbps

—rW-r——-—-= 1 philippe 2498909 Nov 8 14:30 tennis_4Mbps
8 14:33 tennis_9Mbps

—IW-r—-——- 1 philippe 5599450 Nov
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