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Abstract—In this paper, we propose a pattern-matching-
based algorithm for video compression. This algorithm, named
multidimensional multiscale parser (MMP)-Video, is based on
the H.264/AVC video encoder, but uses a pattern-matching
paradigm instead of the state-of-the-art transform-quantization-
entropy encoding approach. The proposed method adopts the
use of multiscale recurrent patterns to compress both spatial
and temporal prediction residues, totally replacing the use of
transforms and quantization. Experimental results show that the
coding performance of MMP-Video is better than the one of
H.264/AVC high profile, especially for medium to high bit-rates.
The gains range up to 0.7 dB, showing that, in spite of its larger
computational complexity, the use of multiscale recurrent pattern
matching paradigm deserves being investigated as an alternative
for video compression.

Index Terms—Dictionary-based coding, recurrent pattern
matching, vector quantization, video coding.

I. Introduction

SEVERAL decades of video coding standards have con-
firmed the hybrid model as the most successful archi-

tecture for video compression algorithms. In these methods,
a motion-compensated prediction or an intraframe prediction
stage reduces the temporal and spatial redundancy of the
signal. The resultant residue is then compressed using tradi-
tional transform-quantization-entropy coding methods, which
efficiently exploit the remaining data’s statistical correlation.

This general architecture was also maintained in the suc-
cessful H.264/AVC [1] standard, which achieves more than
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twofold gains over its predecessors. Such coding performance
gains are not the result of a change of coding paradigm, but
come mainly from the exploitation of a richer set of tools for
each of the encoders’ modules, resulting in a more complex,
but highly efficient method [2].

Unlike in the case of image compression, there have been
rare proposals to adapt pattern matching-based algorithms to
video coding applications. Some exceptions can be found
in [3]–[10], but, to the authors’ knowledge, none of these
methods has been able to achieve a performance near to that
of current state-of-the-art methods.

In this paper, we investigate a new approach to video
compression, which can be described as a method that re-
lies only on the pattern matching paradigm. For that pur-
pose, the transform-quantization-entropy coding step used in
H.264/AVC [1] was replaced by the multidimensional multi-
scale parser (MMP) [11] algorithm.

MMP is a generic lossy data compression algorithm that
combines traditional approximate pattern matching coding
with two important features: an adaptive dictionary and the use
of geometric transforms, which are used to scale code vectors
in order to recurrently approximate variable-length blocks of
the input signal.

Previous works have demonstrated that MMP can achieve
high coding efficiency for a wide range of signals, such as
still images [12], [13], compound documents [14], stereoscopic
images [15], or even ECGs [16], just to name a few. In [17],
early experiments on the application of MMP for motion
compensated residue coding have been described. They used
a hybrid model based on an H.264/AVC video encoder [1].

These previous works motivated us to study adequate
encoding architectures and to perform some specific MMP
optimizations, in order to allow the exploitation of particular
features of video signals. This resulted in the new video
encoder described in this paper, which is entirely based on the
pattern matching paradigm. Several parameters were optimized
for video signals’ compression, and an optimized dictionary
configuration is proposed, which is able to efficiently exploit
both the intra and inter residues statistical distribution. The use
of a coded block pattern (CBP)-like flag is also proposed for
MMP, in order to better exploit the characteristics of motion
estimated residues.

The performance of the new encoder is evaluated against
the current state-of-the-art video compression algorithm: the
H.264/AVC high profile video encoder [1].

In Section II, the MMP algorithm for image encoding is
briefly described. Section III presents an overview of video
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encoding, with emphasis on the features that have impact on
the design of the proposed algorithm. The main features of the
proposed algorithm are described in Section IV. Experimental
results are presented in Section V, and Section VI summarizes
the conclusions of this paper.

II. Multidimensional Multiscale

Parser Algorithm

The MMP algorithm was proposed as a generic pattern
matching lossy data compression algorithm [11], and it has
since been successfully used to compress several types of
signal sources.

Traditional pattern-matching image coding algorithms ap-
proximate image blocks by using code-vectors stored in a
dictionary or codebook. Among these algorithms, two classes
of methods are arguably the most popular and well known:
Lempel–Ziv (LZ) methods [18]–[20] and vector quantization
(VQ) [21]. The main difference between them is that LZ-
based algorithms use an adaptive dictionary, which grows with
patterns learned while compressing previous segments of data,
while VQ-based methods usually use a fixed set of vectors or
codewords to approximate data segments of fixed size. Addi-
tionally, VQ algorithms are lossy compression schemes, while
LZ methods were originally proposed as lossless compression
methods.

MMP can be seen as a combination of these two approaches,
as data segments are approximated by codewords such as
in VQ coders, but these codewords are adaptively generated
by previously encoded data segments, such as in LZ-based
methods. Furthermore, MMP has another feature that distin-
guishes it from previous algorithms, and that is the key feature
for its high degree of adaptiveness: it allows scale adaptive
pattern-matching. While traditional pattern matching methods
approximate each fixed size image block Xl using one code-
vector Sl of a dictionary Dl with the same dimensions as Xl,
in MMP, an original vector Xl, of scale l, can be approximated
using one vector Sk of a dictionary of scale k, different from l.
A 2-D scale transformation T l

k [11] is used for this purpose, in
order to convert Sk into a scaled version Sl before performing
the match. The scale transformation T l

k is implemented using a
traditional separable sampling rate change, which is described
in detail in [11]. The advantages of using multiscale pattern
matching over the traditional fixed size pattern matching for
Gaussian vectors are also demonstrated in [11].

MMP first divides the input data into fixed size image
blocks, Xl, that are processed sequentially. For each block, the
dictionary codeword that better represents Xl is chosen, based
on an rate-distortion (R-D) optimization function J , given by

J = D + λR (1)

where λ is a Lagrangian multiplier [22] that weights the
relative importance of the rate R required for the representation
over its resultant distortion D.

After selecting the code-vector that minimizes the La-
grangian cost function, the algorithm segments the original
block into two new blocks at a lower scale, Xl−1

1 and Xl−1
2 ,

Fig. 1. (a) Segmentation of an image block. (b) Corresponding binary
segmentation tree.

each with half the pixels of the original block. The match-
ing procedure described is then recursively applied to each
subblock, down to elementary 1×1 subblocks.

Recursively, the sum of the representation cost of the two
halves is then compared with the cost of representing Xl with
a single code-vector, in order to decide whether to segment or
not the larger block.

Originally, in the MMP algorithm [11], blocks were seg-
mented in a pre-established direction for each scale, alternating
horizontal and vertical directions. In [12], a new segmentation
scheme was proposed, where the segmentations both in the
horizontal and vertical directions are tested at each scale, with
the one with the lowest Lagrangian cost being selected for
each case. This resulted in a more adaptive algorithm, as it
allows MMP to exploit more efficiently the image’s structure,
with considerable gains for all tested image types.

The segmentation pattern used for each block can be repre-
sented by a binary tree, T , as shown in Fig. 1 for a case where
the original block size is 4×4 pixels. Each leaf of T corre-
sponds to a nonsegmented block, Xl, that is approximated by
a single code-vector, Sl

i, identified by its index, i. Each node nl
i

corresponds to a segmented block, which is approximated by
the concatenation of two codewords, represented by the child
nodes of nl

i. Each level of T has a direct correspondence with
the scale of the block that it corresponds to. The segmentation
process can go on recursively down to blocks of dimensions
1 × 1.

Once the optimal segmentation tree T is obtained, it is
converted into a string of symbols, using a top-down approach.
Two distinct flags are used to indicate whether a node corre-
sponds to an horizontal (H) or vertical (V) segmentation. A
third flag (NS) is used to identify tree leaves (not segmented
blocks), being followed by the index of the code-vector that
should be used to approximate the corresponding block.

For example, the tree represented in Fig. 1 is encoded using
the following string of symbols (note that the two bottommost
leaves correspond to 1 × 1 blocks that cannot be further
segmented):

V H V NS i0 V i1 i2 NS i3 NS i4.

An adaptive arithmetic encoder [23], with independent prob-
ability models for each symbol type and segmentation tree
level, is used to compress the generated symbols.

Whenever a block is segmented, the concatenation of the
code-vectors corresponding to the two halves, Sl−1

0 and Sl−1
1 , is

used to update the dictionary. Additionally, the scale transfor-
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mations make this new code-vector available to approximate
blocks of different dimensions.

In order to further improve the efficiency of the adaptive
dictionary, several dictionary design techniques were proposed
in [24]. In these approaches, for each extra pattern created,
additional codewords are generated, by using geometric trans-
forms and displacements of the original block. However, in
order to avoid the insertion of useless blocks in the dictionary,
the updating strategy also uses some redundancy control tools.

One redundancy control tool is intended to avoid the
insertion of blocks that show little distortion gains, while
increasing the average entropy coding of the indexes. For this
purpose, a new code-vector is only inserted in the codebook
if the distortion relatively to any pre-existing code-vector is
superior to a given threshold d2. The value of d controls the
redundancy among the dictionary elements and depends on
the coding parameter λ, used in the Lagrangian RD control
algorithm [24].

The other redundancy control tool was the result of the
observation that the probability of a scaled codeword being
useful tends to be low when there is a large difference between
its scale and that of the original codeword. This can be used
not only to more efficiently exploit the statistical distribution
of the adaptive arithmetic coder, but also to reject codewords
that have a low probability of usage in the future, limiting the
availability of the new patterns to the scales that are close to
the original one.

Since the dictionary is updated with concatenations of
previously processed blocks and their respective scale and
geometric transforms, the decoder is able to replicate this
process using only information that can be inferred exclusively
from the received bitstream. Thus, there is no need to transmit
any side information during the coding process. Every time
a segmentation flag is received, the decoder only needs to
decode the dictionary indices used to represent each half of
the block, concatenate them, and generate the same transforms
as in the encoding process. The initial dictionaries for each
scale are very sparse, composed only by uniform blocks with
luminance intensities distributed over the dynamic range of the
input signal. During the compression process, the dictionary
is populated with new code-vectors corresponding to those
patterns that will occur in each particular image, resulting in
a high adaptability. In [11], a theoretical study demonstrates
the advantage of this method over fixed block size VQ for
Gaussian sources.

III. Video Coding Overview

The success in the exploitation of both the spatial and
temporal redundancy of video sequences is determinant
for the R-D performance of a video encoder. A common
strategy, used by many state-of-the-art video standards, as
H.264/AVC [1] consists in applying spacial or temporal pre-
diction to each slice, coding the resultant residue using a
transform-quantization strategy.

Intrapredicted (I) slices are coded using only spatial predic-
tion, based on previously coded regions in the same picture.
These slices can then be used to generate temporal prediction

to subsequent slices (interprediction), through motion esti-
mation (ME). Moving objects appear in several frames with
different spatial positions inside the scene. For this reason, an
effective way to encode this information is to divide the image
into blocks, and for each block, transmit a motion vector (MV),
representing the position of a similar block in a previously
encoded slice. ME is the process of finding the best references
for each of the encoded blocks.

With this approach, the transmission of the luminance values
for a displaced block can be replaced by the transmission of a
2-D vector, resulting in high compression ratios. Additionally,
a residue can also be encoded in order to reduce the distortion
of the encoded block.

ME can be performed using either only past slices as
reference, or also future slices, in a bipredictive scheme. In
the first case, we refer to the predicted slice as a P slice, while
in the second case as a B slice. The use of a bipredictive ME
generally allows a better coding efficiency, but also requires
added computational complexity, as more references need to
be tested and stored.

Although all previously encoded slices could be used as
references for ME, generally only I and P slices are used for
this purpose. For this reason, these slices are called key-slices,
and a good performance while coding them is essential for the
video encoder’s efficiency. The way nonkey slices are encoded
tends to have only a local impact on the R-D performance.
On the other hand, the way key slices are coded has a
global impact on the codec’s performance, as it will determine
the interprediction’s quality for subsequent slices. Thus, a
particular attention is required when encoding key slices in
order not to compromise the overall encoding performance.

A. ME From a Pattern Matching Point-of-View

An interesting relation can be established between ME and
pattern matching algorithms, as in LZ schemes, the references
for ME correspond to a previously encoded portion of the
message. We can thus compare the MVs in H.264/AVC with
the LZ77 pointers. The length of the message used in each
approximation is implicitly encoded by the partition size used
in the MC process. The LZ search buffer is defined by the
reference frames that are used for each slice. Additionally, it
presents an interesting additional feature in relation to the basic
LZ scheme: the use of B slices allows the use of a combination
of blocks from different reference frames. This means that
each segment of the message may be encoded as a combination
of two previously encoded segments of the message.

We can also regard the patterns stored in the reference
frames as an adaptive dictionary. Because the dictionary
is composed by previously encoded segments of the video
sequence, this may be related either to an LZ78 or a VQ
algorithm. Each MV acts as an index that identifies the
chosen code-vector. The use of different partition sizes in the
MC process can be regarded as the use of several dictionaries,
which store blocks with different dimensions. The dictionary
indexing process is implicitly determined by the partition size
choice.

Furthermore, the dictionary adaptation process consists in
the use of a variable set of code-vectors, which are chosen
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Fig. 2. Basic architecture of MMP-Video encoder.

according to temporal (related to the choice of reference
frames) and neighborhood (represented by the search window)
criteria. This increases the dictionary’s efficiency, because
these code-vectors are likely to be similar to the current block.
As for the LZ77 analysis, the use of B slices can be interpreted
as an extension of the dictionary-based coding paradigm, to
the case where a weighted combination of two code-vectors is
employed. The weights’ values are dependent on the particular
implementation of the bidirectional weighted prediction used
by each encoder.

IV. Video Coding With Multiscale Recurrent

Patterns−−MMP-Video

Previous results [24] demonstrate the efficiency of the
MMP algorithm for encoding intraprediction residue patterns.
Furthermore, previous approaches in ME residue coding were
also described [17]. This motivated the development of an
H.264/AVC-based hybrid video encoder, entirely based on
pattern-matching, with all H.264/AVC transforms being re-
placed by MMP. The new coder, named MMP-Video, is based
on the H.264/AVC architecture, sharing the basic structure of
JM reference software [25]. Fig. 2 presents a simplified block
diagram of an MMP-Video encoder.

When compared with the H.264/AVC architecture, it can
be seen that only the blocks corresponding to the transform
and quantization steps are substituted by MMP. All the other
features remain the same in the proposed video encoder,
including the RD optimization scheme. Since the proposed
encoder does not use transforms, the QP used on H.264/AVC
to control the target compression ratio does not apply directly.
However, a relation between the QP value and that of the
Lagrangian multiplier λ, which controls the compression ratio
on MMP, can be established, resulting in a compression ratio
control method similar to that of H.264/AVC.

The values of the QP parameter are set independently
for the I/P slices (key slices) and for the B slices (nonkey
slices) [26], and have a direct correspondence with the value
of the Lagrangian multiplier λ [27], used to perform the RD
optimization of the built-in MMP encoder.

The encoding of intra and intermacroblocks is explained in
detail in Sections IV-A and IV-B, respectively.

Fig. 3. (a) Original and (b) modified causal pixel neighborhoods.

A. Intra Macroblock Coding

Despite being encoded as still images, without any reference
on past or future slices, intra MBs are determinant for ME-
based encoders’ performance. Intraslices are used both as
direct and indirect references for ME, since motion-estimated
slices can also be used as reference to other slices. Conse-
quently, the distortion introduced in the compressed I slice will
potentially propagate through the video sequence, limiting the
ME’s effectiveness, and compromising the encoder’s overall
performance.

MMP-based compression of intra MBs has already been
well documented in previous works [12], [13], [24], for still
image encoding. Several approaches were investigated [24],
[28]. The best results have been obtained using a hierarchical
intraprediction scheme, similar to the one used in H.264/AVC,
but with the introduction of several other features, like the use
of new prediction schemes and prediction block-sizes.

For each original block Xl, the encoder first determines
the prediction block Pl

m for each available mode. All of
the generated residue blocks Ql

m are then encoded using
the MMP algorithm, in order to select the option with the
lowest R-D cost. The used prediction modes are based on the
H.264/AVC [1] ones with some adaptations.

1) The DC mode used in H.264/AVC was replaced by a
different prediction mode, which uses the most frequent
value (MFV) among the reference pixels, instead of the
average value of those pixels. Experimental tests showed
that this mode is more favorable for the MMP’s dictio-
nary adaptation process than the original DC mode [24].

2) A prediction mode based on least-squares prediction
(LSP) [13], [29] was added. This extra mode uses
the blocks’ causal neighborhood [Fig. 3(a)] to compute
linear prediction coefficients, according to an N th-order
Markovian model.
Nevertheless, since the encoding is block-based, only
pixels from the previous block are available for use in
the predictor. When reconstructed pixel values inside the
block being predicted are not yet available, their pre-
dicted values are used instead, allowing us to maintain
the prediction on a pixel-by-pixel basis.
A convenient choice of the training window is the
double-rectangular window that contains M = 2T (T + 1)
elements, as shown in Fig. 4(a).
However, in a block-based prediction approach, pixels in
the right of the predicted position may not be available
for training, since some of them may belong to a block
that still needs to be encoded. For these cases, both
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Fig. 4. (a) Original and (b) modified causal training windows.

the pixel neighborhood and the training window are
modified, in order to include only causal elements [see
Figs. 3(b) and 4(b), respectively].
The training sequence is arranged in an M × 1 column
vector y = [X(n − 1) . . . X(n − M)]T , and with the
prediction neighbors we form an M × N matrix

C =

⎡
⎢⎣

X(n − 1 − 1) . . . X(n − 1 − N)
...

...
X(n − M − 1) . . . X(n − M − N)

⎤
⎥⎦ .

This way, the coefficients can be determined finding the
solution for min(||y − Ca||2). One closed-form solution
that minimizes the mean square error is given by

a = (CT C)−1(CT y). (2)

Finally, the prediction is generated using the following
equation:

X̂(no) =
N∑
i=1

aiX(ni). (3)

3) A prediction mode based on inter component correlation
was added for chroma MB prediction [30]. This has been
done because, despite the significant inter component
decorrelation achieved with the use of the YUV color
space, some residual correlation can still be exploited
between the luma and the chroma components. For each
chroma component, a linear model is used in order to
generate a prediction based on the previously encoded
components. As Y, U, and V are encoded sequentially,
it is possible to use Y to linearly predict U, and both
Y and U to predict V, resulting in the following linear
models:

Û(x, y) = αY ′(x, y) + β (4)

V̂ (x, y) = γY ′(x, y) + δU ′(x, y) + ε (5)

where Û(x, y) and V̂ (x, y) represent the U and V gener-
ated predictions, respectively. Y ′(x, y) is the subsampled
reconstructed Y block and U ′(x, y) the reconstructed U
block.
The parameters that define the linear model are consid-
ered to be independent of the pixel coordinates (x, y)

within a block, since it is reasonable to suppose that the
blocks of an image constitute a stationary process. In
this case, parameters are estimated for the whole block,
by minimizing the square of the prediction error

ξ(x, y) = U(x, y) − Û(x, y). (6)

In this case, α is 1-D and the equation can be written
as follows:

∂E[ξ2]

∂α
= 0 ⇒ α =

RY ′,U ′

RY ′,Y ′
(7)

where RA,B means the cross-covariance between com-
ponents A and B. With the same approach, β can be
obtained by the equation

∂E[ξ2]

∂β
= 0 ⇒ β = Ū ′ − αȲ ′ (8)

with Ū and Ȳ denoting the mean of the chrominance
and luminance neighbor samples, respectively.
The linear model parameters used to predict the V
components are obtained with an analogous procedure,
resulting in the following equations:

∂E[ξ2]

∂γ
= 0 ⇒ γ =

RU,Y ′ − δRY ′,V ′

RY ′,Y ′
(9)

∂E[ξ2]

∂δ
= 0 ⇒ δ =

RU,V ′ − γRY ′,V ′

RV ′,V ′
(10)

∂E[ξ2]

∂ε
= 0 ⇒ ε = Ū − γȲ ′ − δV̄ ′. (11)

Finally, replacing (10) in (9), γ can be calculated as
follows:

γ =
RV ′,V ′RU,Y ′ − RU,V ′RY ′,V ′

RY ′,Y ′RV ′,V ′ − RY ′,V ′RY ′,V ′
. (12)

In order to avoid the transmission of extra information,
the parameters are optimized using a training region
located in the causal neighborhood of the block being
encoded. The parameters that minimize the prediction
error in the reconstructed training windows are consid-
ered to be suitable for the block being encoded, and are
used to compute its linear prediction. With this approach,
the decoder is able to determine the same parameters
as the encoder, using only the information existing in
the causal neighborhood of the block, with no need for
transmitting any extra overhead.

When, in inter slice compression, the ME fails in some
blocks due to occlusions or scene changes, this is solved by
encoding MBs from interslices as intra MBs. This option is
tested in the R-D optimization loop, and selected when its cost
is smaller than that of ME, as in H.264/AVC.
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Fig. 5. Adaptive block sizes used for partitioning each MB for motion
compensation.

In order to reduce the computational complexity of the
algorithm, we have limited to four (MFV, vertical, horizontal,
and LSP) the number of used prediction modes to encode
intra MBs on P and B slices. This allowed us to maintain the
algorithm’s R-D performance, while considerably reducing the
computational complexity.

A detailed description of still image coding using MMP is
presented in [13] and [24].

B. Inter Macroblock Coding

As in H.264/AVC, MMP-Video uses adaptive block sizes
(ABS) to perform ME/compensation of the interpredicted
MBs. The resulting 2-D residue is then encoded using MMP.

In order to optimize the encoding process, the encoder
tests exhaustively several encoding options. Because of the
high complexity of MMP, the computation of the R-D cost
function in MMP-Video is performed using the same metrics
as in the H.264/AVC encoder. This means that the distortion
is estimated based on the transform coding of the residues,
either by using the sum of absolute differences (SAD) or the
sum of absolute transformed differences (SATD). Unlike the
case of H.264/AVCs, the residue block with minimal SAD
or SATD is not necessarily the block that would be more
efficiently encoded by MMP-Video. This means that the MC
parameter search is suboptimal from the MMP coding point-
of-view. Nevertheless, our simulations have demonstrated that
the use of these error measures still allows MMP-Video to per-
form efficiently, with a significant reduction in computational
complexity when compared to a version that would perform
ME with the MMP in the loop [17].

The use of ABS motion-compensation means that each MC-
prediction error macroblock (with 16 × 16 luma samples) can
be the result of the concatenation of several smaller segments,
depending on the used partition sizes (see Fig. 5).

H.264/AVC encodes this residue MB using transform cod-
ing with a block size that depends on the MC partition
size. MMP-Video disregards the MC partitioning choice and
processes the entire 16×16 residue block. MMP is thus able
to segment the 16×16 block in a way that optimizes the RD
cost for the MC residue. Experimental tests showed a marginal
performance gain for this option, when compared to the case
when the original MC partitioning was considered, especially
for B slices.

Apart from the motion-compensated residual data, which
is compressed with MMP, all information transmitted by
MMP-Video is encoded using the techniques employed by

H.264/AVC [1]. This includes all MC information, like the par-
tition modes and the MVs for each block, as well as sequence,
slice and MB headers. In these cases, the original H.264/AVC
options were maintained, namely the use of VLC or context-
based adaptive arithmetic coder (CABAC), depending on the
used encoding profile. Furthermore, the in-loop deblocking
process was also maintained, since experimental tests demon-
strated the efficiency of this method for MMP-Video.

C. Dictionary Design for MMP-Video

Several dictionary design techniques have been investigated
for MMP-based still grayscale image compression [24]. How-
ever, in a color video coding framework, the MMP dictionary
design possibilities increase significantly, as it becomes pos-
sible to exploit some additional signal features. Similarly to
H.264/AVC, MMP-Video divides the video sequence into I, P,
and B slices, which are encoded using different tools. There-
fore, one may expect the residue signals to vary accordingly.
Also, depending on the number of compressed slices, MMP-
Video may have a longer period for dictionary adaptation, i.e.,
to “learn” new residue patterns, which is desirable for this type
of dictionaries.

Additionally, the decorrelation that results from the use
of the YUV color space will generally lead to an average
lower energy for the chroma residues, when compared with the
residues resulting from the luma compression. Therefore, the
information about the slice type or the YUV color components
can also be used in the MMP-Video dictionary design process,
in order to better exploit the statistical distribution presented
by the residues generated for each case.

The new design possibilities motivated an extensive research
on new dictionary techniques and architectures, specifically
optimized for color video coding. The knowledge gathered
from the work on MMP grayscale still image coding dictio-
nary [24] was used, both in order to evaluate the impact of the
former techniques and to develop new dictionary architectures,
which are better suited for video compression.

In [24], the use of a single dictionary was proposed for
grayscale still image coding. Furthermore, context condition-
ing techniques were applied, using separate contexts to encode
indices corresponding to blocks that were originated at differ-
ent scales. This allowed exploiting the different probability of
using a given index, according to the original scale where the
corresponding block was originally created. Two dictionary
design methods were jointly investigated for the video coding
dictionary: the use of independent dictionaries for different
image components and/or slice types; and the use of context
conditioning techniques based on the slice type and/or color
component.

In the former technique, each dictionary only “learns” the
specific residue patterns of each type of source data. This
results in highly specialized dictionaries, but each MB can only
be approximated by blocks of the corresponding dictionary. As
a result, each dictionary tends to have a smaller approximation
power than a more general (and thus more complete) one, but
lower average entropy for its indices. In the latter technique, all
blocks are kept in a single dictionary, whose elements are or-
ganized into different partitions, which use independent proba-
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bility contexts for the arithmetic encoding of the indexes. The
following criteria were used to define the probability contexts:

1) the slice type: each partition contains the vectors that
were created for the I, P, or B slices;

2) the color component: each partition contains the vectors
that were created for the Y, U, or V color components.

A set of experimental tests was performed to evaluate the
relative performance of several dictionary configurations. Each
tested dictionary configuration varied according to the number
of independent dictionaries (for the I, P, B slices and Y, U, V
color components) and the context partitioning criteria.

For that purpose, we have selected a set of eight video
sequences, presenting a wide range of motion types and levels
of spatial detail: Bus, Container, Flower, Foreman, Mobile
and Calendar, News, Tempete, and Waterfall. These sequences
were compressed using the competing dictionary architectures,
in order to access which one was able to achieve, on average,
the higher performance. The results from these experimental
tests show that two dictionary configurations achieved the best
overall results.

1) The use of three independent dictionaries, respectively
for I, P, and B slices, that learn the residue patterns that
correspond to every MB of all three color components
of each slice type.

2) The use of a single dictionary to approximate all residue
blocks, independently of their corresponding component
and slice type. This dictionary uses context conditioning,
by considering segments that are created according to
the original scale of each new block. The use of a
single dictionary means that all dictionary blocks are
always available, regardless of the slice type and color
component that is being encoded.

A small performance advantage was observed, on average,
when separate dictionaries for each slice type were used.
This may be explained since, for the cases where ME is
able to generate accurate predictions, the motion-compensated
residue blocks tend to have a lower energy than that of
intrapredicted residues. This reduces the probability of using
dictionary blocks created for intraslice types in interslices
and vice versa. Consequently, a marginal improvement in the
dictionary’s approximation power is, in general, not enough to
compensate the increase in the average entropy of the indices,
from a R-D point-of-view. This was also the case when we
combined the P and B MBs in a single dictionary. In this
case, the more accurate prediction achieved by using multiple
reference slices also justifies the infrequent codeword sharing
between P and B slices. The use of a single dictionary has
also an additional disadvantage, associated with the larger
computational complexity, as it is necessary to test a larger
set of codewords for each block.

The experimental results also showed that the use of a
common YUV dictionary is advantageous, when compared
with separate dictionaries for each color component. This
happens because the chroma dictionary adaptation process
is conditioned by the lower energy (on average) associated
with the predicted color blocks. This limits the number of
MMP segmentations and dictionary updates, resulting in a

sparser dictionary. By combining the luma and chroma blocks
in a single dictionary, MMP is able to use a richer, more
efficient dictionary to encode the chroma components. As a
downside, a small efficiency loss may be observed for luma
encoding, but the overall results remain advantageous. Note
that the use of downscaled chroma MBs does not impose any
constraint, since the multiscale pattern matching adjusts the
block dimensions before performing the match. In this case,
the larger dictionary scales are simply not used while encoding
the chroma components.

The dictionary redundancy control scheme and the scale re-
striction technique, originally proposed in [24] for MMP-based
still grayscale image compression, were also optimized for the
new dictionary configuration and source characteristics. The
maximum dictionary capacity was fixed on 100 000 elements
for each dictionary scale, with the older and less used code-
vector being discarded when the dictionary is full and a new
pattern is created. With this approach, the encoder is able to
efficiently adapt to the statistical distribution of the residue pat-
terns. The maximum dictionary capacity was defined through
experimental tests, as a compromise between coding efficiency
and computational complexity. Larger dictionaries tend to be
advantageous from a R-D performance point-of-view, but at
the cost of a greater computational complexity.

It is important to notice that the dictionary growth process
depends not only on the compression ratio but also on the
amount of details of the video sequence being encoded, as
described in [24]. When the compression ratio is low, the
distortion becomes more relevant in the optimization criterium,
resulting, on average, in more segmentations. As new patterns
are originated by concatenation of segmented blocks, more
code-vectors are inserted in the dictionary. Similarly, highly
detailed sequences tend to require more segmentations for the
same target distortion, resulting in more dictionary updates.
This dictionary adaptation scheme is able to generate a large
number of code-vectors, when they are required, but is also
able to create a sparse dictionary, when the rate is the major
concern in the optimization process.

The dictionary redundancy control scheme and the scale
restriction technique, developed for MMP-based image com-
pression [24], were also optimized to be used in MMP-Video.
The use of redundancy control introduces consistent quality
gains for all sequences. As for the case of still image encoding,
the best value for the used distortion threshold, d, depends on
the target rate, and is related to the value of λ. An experimental
optimization of the d(λ) rule was performed, according to a
procedure similar to the one described in [24] for grayscale
still image coding. Experimental results show that the rule
proposed in [24] is also appropriate for color video signals.
As in the case of still image compression, the restriction of the
scale transforms used in dictionary updating [24] also achieves
relevant computational complexity gains, without a noticeable
impact on the R-D performance of MMP-Video.

D. Use of a CBP-Like Flag

The H.264/AVC standard uses a CBP parameter to spot the
existence of the encoded residue block transform coefficients
(for instance, the absence of nonzero AC coefficients), for each
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MB. This allows the encoder to avoid transmitting informa-
tion associated with some null residual coefficients, saving
overhead bits. MMP is less efficient in compressing these null
residual blocks: one flag and one code-vector index have to
be encoded for each of the three components, i.e., a total
of six symbols. Despite the fact that the arithmetic encoder
will adapt and decrease the entropy of these symbols, the
adaptation process can take some time to converge, resulting
in some inefficiency when the prediction is very effective, as
in sequences with low motion.

In order to overcome this inefficiency, a 1-bit value is
encoded using an adaptive arithmetic encoder and transmitted
for every tree leaf, immediately before the MMP’s dictionary
index, which encodes the residue patterns. The null residual
pattern is represented by the flag zero, with the index being
omitted. Other patterns are encoded using the flag one fol-
lowed by the corresponding index.

The use of this approach was investigated for each mac-
roblock type, in order to determine performance changes in
each case. An experimental test has demonstrated that the use
of such a CBP-like flag was only advantageous when applied
just to inter MBs, degrading the overall R-D performance of
the algorithm when used for intramacroblocks.

The explanation of these results seats in the global impact of
a local decision. Using a CBP-like flag, it becomes much more
attractive, from a Lagrangian cost point of view, to transmit
null residue patterns, due to their very low rate. This results in
much more blocks coded as zero residue blocks, contributing
to a higher global distortion and lower bitrate. From a strictly
local RD-optimization point of view, this approach tends to
have a positive impact on the encoder performance, since the
lowest Lagrangian cost is always selected. However, it may
have a negative impact on the long-term performance, for two
distinct reasons.

1) Codewords that could be useful in the future are not
created because of the rate-conservative approach. The
low Lagrangian cost of the null pattern limits the code-
book growth, especially for patterns of low energy. In
other words, blocks that could contribute to a long-term
decrease in the global coding cost are discarded based
on a local decision.

2) Despite being determined based on a local optimization,
the additional distortion can have a significant impact on
the temporal prediction of other blocks. In other words,
spending some extra bits to encode the present MB with
lower distortion can, in some cases, be compensated
by a better prediction reference for subsequent blocks,
increasing the overall R-D performance of the encoder.

V. Experimental Results

In this section, we present a comparison between the ex-
perimental results of the proposed method versus the JM17.1
H.264/AVC reference software.

In order to evaluate the relation between the performance
of the encoders, the test set was composed by several video
sequences of different types. However, we have observed
that the relation between the results remained consistent,

independently of the input video sequence. Therefore, due to
space limitations, only the results of four representative CIF
sequences are presented: Bus and Foreman that only present
moderate movement, and Mobile and Calendar and Tempete
that contain strong motion.

For the experimental tests, a set of commonly used param-
eters was adopted, namely a GOP size of 15 frames with an
IBBPBBP pattern, at a standard frame rate of 30 f/s. This
configuration guarantees that two reference intraframes are
transmitted every second, resulting in a low synchronization
time for the video sequence.

The high profile, RD optimization, and the use of intra MB
in interpredicted frames were enabled, while no error resilience
tools and no weighted prediction for B frames were used. The
CABAC option was set for both encoders. For ME, we used
a fast full search with ±16 search range and five reference
frames. Variable bit rate mode was adopted and the encoders
were tested for several quality levels of the reconstructed video
sequence, by setting the QP parameter for the I/P and B slices
separately [26], namely, for four different combinations of QP
values: 23–25, 28–30, 33–35, and 38–40, respectively.

Figs. 6–9 present the average PSNR in all frames versus
bitrate, for the first 120 frames of each sequence, in order
to evaluate the global performance of the proposed method
when compared with JM17.1 reference software, for each
color component of the video sequences.

Third degree polynomial functions were used to interpolate
the four R-D points (one for each QP) obtained with each
encoder for each sequence. This approach is known to present
a low interpolation error relatively to the exhaustive test of all
available QPs [31], and provide a clear visual interpretation
of the obtained results.

In order to better demonstrate the comparative results of
our method, we also computed the Bjøntegaard delta (BD)
PSNR [31] for each color component. This measure reflects
the average PSNR gain of the proposed method relatively to
JM17.1, along all the tested bitrate ranges, and can be seen
in Table I. This table also summarizes the results presented in
Figs. 6–9.

The BD-PSNR is a metric that has been widely used to
compare results between different encoders, especially when
the results are close to each other. Because it is computed
as the average gain in the interval of overlapping bitrates for
the results, it provides a reliable indication of which encoder
performs better on average. This measure is specially useful
when the plots present several intersections and it is difficult
to clearly identify by mere visual inspection of the plots which
encoder has the best performance.

As can be seen from BD-PSNR, the proposed method
is able to globally outperform state-of-the-art H.264/AVC
video encoder for all the tested sequences, at all compression
ratios, and for all the color components. Analyzing the rate
versus distortion behavior of each encoder for each separate
color component, it can be seen that MMP-Video surpasses
H.264/AVC, except for chromas at high compression ratios
(highest QP tested). However, the BD-PSNRs tell us that,
on average, the proposed method brings better results than
H.264/AVC. It can be seen that the performance advantage of
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Fig. 6. Comparative results for MMP-Video encoder and the H.264/AVC
high profile video encoder, for the sequence Bus (CIF).

the proposed algorithm generally increases for sequences with
a high degree of nonsmooth elements and strong movements.
The gains achieved over JM17.1 are more expressive for a
sequence like Mobile and Calendar than for sequences with
less activity, like Foreman, because of the high degree of
adaptivity presented by MMP. The transform-based approach
relies on the assumption that most of the transform coefficients
representing the highest frequencies are of little importance,
and can be submitted to a coarse quantization or even ne-
glected. However, since such a model does not fit well to high
activity sequences, this results in a decrease of the algorithm’s
performance. On the other hand, MMP does not make any

Fig. 7. Comparative results for MMP-Video encoder and the H.264/AVC
high profile video encoder, for the sequence Mobile and Calendar (CIF).

assumption about the spectral content of the input sequences
and has the ability to adapt its dictionary to their particular
features, as it grows as signal blocks are processed. These
lend MMP a high performance for nonsmooth signals, when
compared with transform-based algorithms.

In Table II, results for the sequence Bus are presented
separately for I, P, and B slices, in order to allow a more
complete evaluation of MMP-Video’s results. The results for
intraframes are consistent with those presented in previous
works regarding still images encoding, like [13] and [30].
MMP-Video is able to outperform H.264/AVC for all se-
quences, except for the chroma components at high compres-
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Fig. 8. Comparative results for MMP-Video encoder and the H.264/AVC
high profile video encoder, for the sequence Foreman (CIF).

sion ratios. The performance of both encoders is close for
I slices, with MMP-Video being, on the average, marginally
superior to H.264/AVC. Despite the small gain observed for
the I references, MMP-Video has the ability to generate
considerably better P slices than H.264/AVC, reflected by a
larger BD-PSNR for P frames. This is possible thanks to a
better performance while compressing MP residues, which
becomes even clearer for B slices, resulting in an average
performance for MMP-Video above that of H.264/AVC.

The subjective quality of reconstructed video sequences
obtained using both encoders was also compared, since it
is well known that the objective and subjective quality does

Fig. 9. Comparative results for MMP-Video encoder and the H.264/AVC
high profile video encoder, for the sequence Tempete (CIF).

not always match. The perceptual quality proved to be very
close for both cases, differing mainly in the type of artifacts
introduced by each encoder. As the objective performance of
both methods is very close for high compression ratios, the
perceptual quality difference is also small. When the com-
pression ratio decreases, the objective performance advantage
of the proposed method increases, but the perceptual quality
is so high in both cases that it is difficult to clearly identify
a perceptual quality advantage of the proposed method over
H.264/AVC.

Figs. 10 and 11 present details from sequences encoded us-
ing both encoders in order to demonstrate the typical artifacts
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TABLE I

Comparison of the Global R-D Performances of MMP-Video and H.264/AVC JM 17.1

H.264/AVC MMP-Video BD-PSNR
QP BR Y U V BR Y U V Y U V

[I/P-B] [kb/s] [dB] [dB] [dB] [kb/s] [dB] [dB] [dB] [dB] [dB] [dB]
23–25 2223.56 39.07 42.52 44.28 1825.34 38.48 43.14 44.86
28–30 1126.33 35.03 40.18 41.95 926.81 34.51 40.39 42.14 0.54 0.47 0.50

B
us

33–35 560.95 31.24 38.52 40.02 482.17 30.97 38.32 39.83
38–40 274.56 27.73 37.39 38.61 254.88 27.83 36.79 37.98
23–25 2384.86 38.53 39.32 39.95 2057.89 38.43 40.09 40.57
28–30 1212.11 34.34 36.15 36.79 1087.08 34.45 36.77 37.32 0.77 0.72 0.67
33–35 606.44 30.22 33.46 34.05 559.36 30.54 33.72 34.29

C
al

en
da

r

38–40 298.52 26.46 31.60 32.17 277.89 26.78 30.71 31.36
23–25 700.09 40.22 43.26 46.08 667.82 40.49 43.90 46.60
28–30 332.99 37.21 41.18 43.83 314.49 37.33 41.49 44.23 0.33 0.14 0.20
33–35 172.23 34.31 39.71 41.77 166.13 34.43 39.50 41.62

F
or

em
an

38–40 94.71 31.46 38.55 39.78 96.08 31.71 37.46 38.56
23–25 2121.89 39.11 40.27 41.84 1756.62 38.52 40.93 42.32
28–30 897.94 34.66 37.47 39.54 808.16 34.63 37.81 39.68 0.41 0.32 0.20
33–35 403.09 31.16 35.31 37.73 390.02 31.39 35.18 37.60

Te
m

pe
te

38–40 188.55 27.91 33.80 36.39 186.79 28.17 33.05 35.85

The BD-PSNR corresponds to the performance gains of MMP-Video over H.264/AVC.

TABLE II

Comparison of the R-D Performances by Slice Type of MMP-Video and H.264/AVC JM 17.1 for the Bus Sequence

H.264/AVC MMP-Video BD-PSNR
Frm type Qp Avg bits/frm Y U V Avg bits/frm Y U V Y U V

[I/P-B] [bits] [dB] [dB] [dB] [bits] [dB] [dB] [dB] [dB] [dB] [dB]
23-25 209 086 40.64 43.27 44.90 209 554 40.73 43.65 45.31
28–30 137 741 36.42 40.42 42.23 130 490 36.04 40.56 42.36 0.19 0.16 0.16I
33-35 84 127 32.45 38.56 40.05 76 143 32.03 38.35 39.78
38–40 45 218 28.64 37.36 38.52 42 160 28.53 36.74 37.77
23–25 115 350 40.08 42.70 44.40 113 696 40.64 43.59 45.22
28–30 63 380 35.99 40.17 41.93 59 561 36.12 40.48 42.26 0.73 0.30 0.35P
33–35 35 523 32.04 38.44 39.95 30 721 32.17 38.28 39.83
38–40 15 760 28.34 37.32 38.56 15 533 28.69 36.74 37.97

B
us

23–25 44 125 38.51 42.38 44.18 24 786 37.40 42.91 44.68
28–30 17 186 34.50 40.16 41.93 9421 33.71 40.34 42.07 1.48 1.10 1.27B
33–35 6622 30.80 38.55 40.04 4159 30.38 38.33 39.83
38–40 2898 27.40 37.42 38.64 2268 27.42 36.79 37.98
23–25 74 116 39.07 42.52 44.28 60 813 38.48 43.14 44.86
28–30 37 542 35.03 40.18 41.95 30 863 34.51 40.39 42.14 0.54 0.47 0.50Global
33–35 18 696 31.24 38.52 40.02 16 041 30.97 38.32 39.83
38–40 9149 27.73 37.39 38.61 8465 27.83 36.79 37.98

The BD-PSNR corresponds to the performance gains of MMP-Video over H.264/AVC.

Fig. 10. Subjective evaluation of frame 40 from sequence Foreman, coded
using QP38/40. (a) Original. (b) H.264/AVC (30.99 dB). (c) MMP-Video
(31.39 dB).

introduced by each one. A high compression ratio was chosen
for the comparison in order to enhance the visual effect of
such artifacts.

The introduction of ringing and blurring artifacts be-
comes obvious in the sequence encoded using H.264/AVC
[Figs. 10(b), 11(b)]. Ringing artifacts can be seen, for example,
on the characters’ borders in Fig. 11(b), and Fig. 10(b)

Fig. 11. Subjective evaluation of frame 96 from sequence Calendar, coded
using QP38/40. (a) Original. (b) H.264/AVC (26.90 dB). (c) MMP-Video
(27.35 dB).

shows more blurring and overall detail losses than Fig. 10(c),
encoded using the proposed method. The coarse quantization
of high-frequency coefficients performed by transform-based
algorithms in order to achieve high compression ratios is
responsible by a significant degradation of highly detailed
areas. In contrast, MMP is able to encode these high-frequency
components more efficiently. Thus, the reconstruction obtained
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using the proposed method presents a lower overall reduction
of the details, as can be observed in Fig. 10(c) (see the man’s
eyes, ears, chest). Additionally, one can notice an annoying
artifact on the man´s mouth, when H.264/AVC is used at such
a high compression ratio. Nevertheless, the blocking effect has
a tendency to be more pronounced while using the proposed
method, due to its intrinsic characteristics, as can be seen
in Fig. 10. However, the use of blocks at different scales
contributes to make it visually less annoying.

It is important to point out that, as a pattern matching
method, MMP-Video’s R-D performance advantage comes
at the expense of a higher computational complexity when
compared to H.264/AVC. This can be an obstacle in some
applications. However, in applications where the input video
sequence is only encoded once, in computationally powerful
devices, and decoded many times, the impact of the higher
computational complexity tends to be smaller, and may be
justified by the gains in the R-D performance.

This paper was focused on the algorithm’s R-D perfor-
mance, without regards on the computational complexity of
the method. The computational complexity of the proposed
encoder is, on average, three orders of magnitude larger than
that of JM17.1 H.264/AVC reference software, when using
similar encoding parameters. Future investigations regarding
this topic will constitute an important research line for future
work, and promising results were already obtained using
techniques such as those proposed in [32] and [33].

The increasing computational power available in multicore
processors and GPUs can also have an important role in
affirming pattern matching methods as a viable alternative for
the transform-based paradigm, as pattern matching algorithms
generally involve repetitive integer precision operations, such
as dictionary searches, that have a high degree of paralleliza-
tion potential.

VI. Conclusion

In this paper, we presented MMP-Video, a video compres-
sion algorithm based on multiscale recurrent patterns. The
proposed encoder adopted the use of the MMP algorithm to
encode both the intraprediction and the ME residues, replacing
the traditional transforms and quantization used in state-of-the-
art image and video encoders. This way, the use of transforms
and quantization is totally abolished, resulting in an algorithm
entirely based on the pattern matching paradigm. The proposed
method presented results competitive with those from the
state-of-the-art transforms-quantization-entropy encoders, like
H.264/AVC.

Several functional optimizations for MMP were investi-
gated, especially oriented to video signal features. It resulted
in an efficient algorithm, able to compete against the state-of-
the-art H.264/AVC encoder. Experimental tests showed that,
in spite of its larger computational complexity, MMP-Video is
able to outperform the H.264/AVC JM17.1 reference software
in terms of the R-D compromise, especially for medium
to high bitrates, being particularly efficient while encoding
bipredicted slices.

The high coding efficiency achieved by MMP-Video also
demonstrated once again the high versatility presented by

the multiscale recurrent pattern methods, which are able to
outperform state-of-the-art compression algorithms for a wide
range of input signal types, from ECGs to video sequences.
Despite the algorithm’s high computational complexity, these
results showed that the use of the multiscale recurrent pattern
matching paradigm for video compression deserves further
investigation as an alternative to transform-based hybrid video
encoders.
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