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Abstract

We propose the use of large dictionaries of tilings for videocompression and develop fast algorithms

to select the optimal tiling for both the motion compensation and transform stages of a video coder.

We illustrate the effectiveness of this approach by showingthat our tiling selection method results in

up to 23% savings in bit rate as compared to the H.264/AVC tiling selection, for several standard video

sequences.
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I. INTRODUCTION

Algorithms for best basis search in tree-structured dictionaries have been effectively used

for many signal processing problems, including noise removal and other estimation tasks [2]–
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[4], [10], [11], [18], [22], [30], image compression [7], [8], [12]–[15], [17], [23]–[27], audio

compression [20], [21], and image segmentation [19]. An important class of best basis algorithms

are methods that search for an optimal rectangular tiling ofan image [1]–[3], [7], [8], [12], [13],

[17], [19], [23]–[27]. Such methods can significantly improve image coding strategies based

on block or lapped transforms, through adapting the sizes and shapes of transform blocks to

the structure of an image. The utility of using variable block sizes in video compression has

recently been recognized, as well. For example, the H.264/AVC video compression standard

[16] incorporates variable block sizes both in the motion compensation stage [28] and in the

transform stage [29].

In the present paper, we show that compression performance can be further improved by

searching for the optimal tiling in ourdyadic andmultitree dictionaries introduced in [8], which

are both much larger than the set of tilings allowed for motion compensation and transform

in H.264/AVC. We define a rate-distortion cost and use the efficient tiling algorithm of [8]

to minimize the cost over our dictionaries, for both the motion compensation and transform

stages of our video coder. We show that, the proposed algorithms result in bit rate reductions of

up to 23% at typical PSNRs, compared to H.264/AVC, on severalvideo sequences commonly

used to evaluate the performance of video coders. This is accomplished through only a modest

increase in the computational complexity as compared to H.264/AVC. Note that, in general,

the use of finer tilings results in more overhead bits and therefore may increase the overall

bit rate. We show, however, that our optimal tiling search isso effective that the increase in

the number of overhead bits is more than compensated for by the reduction in the number of

bits required to encode the motion vectors and transform coefficients. Our experimental results

demonstrate that the additional overhead bits for the more complex multitree tilings lead to only

a small improvement in rate-distortion performance over the dyadic algorithm, making the more
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computationally efficient dyadic scheme perhaps more attractive in applications.

The rest of this paper is organized as follows. Section II overviews the tiling selection for the

motion compensation stage in H.264/AVC and introduces our proposed tiling selection methods

for motion compensation. In Section III we introduce optimal tiling selection methods for the

transform stage. Sections IV and V describe our evaluationsof the proposed methods: Section IV

describes our partial implementations of H.264/AVC and ourown proposed video coders; and

Section V presents the experimental rate-distortion curves. Section VI draws conclusions.

II. OPTIMAL TILINGS FOR MOTION COMPENSATION

A. Motion Compensation in H.264/AVC

There are two basic ways of encoding a frame of video:intra mode andinter mode. Intra-

frame compression only uses the information contained within the current frame. Inter-frame

mode predicts the current frame from one or several reference frames, and encodes the error

between the predicted frame and the actual one. The ability to accurately predict the current

frame is therefore crucial to the success of inter-frame compression. The prediction is typically

done by motion estimation methods which partition a frame into blocks and match every block

with a similar block in the reference frame. Conventional methods use square blocks of fixed

size. The choice of the block size is problematic for such methods: if the size is too small, too

many bits are spent on encoding the motion vectors; whereas if it is too large, the prediction

of complicated motion sequences is poor. Generally speaking, areas with no motion should use

large block sizes and areas with complicated motion should use small block sizes. Therefore,

H.264/AVC incorporates variable block sizes in the motion compensation stage.

Specifically, H.264/AVC allows partitioning each16 × 16 macroblock into rectangular sub-

blocks and performing motion estimation separately for each subblock. The specific tilings
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Fig. 1. Possible tilings of a16× 16 macroblock for the H.264/AVC motion estimation and compensation.
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Fig. 2. Possible tilings of a8× 8 sub-macroblock for the H.264/AVC motion estimation and compensation.

allowed by the standard are shown in Figs. 1 and 2. One of the four tilings in Fig. 1 may

be used for a16 × 16 macroblock. If the tiling of Fig. 1(d) is used, then each of the four

8 × 8 sub-macroblocks can be further tiled using the four tilingsof Fig. 2. The encoder in the

H.264/AVC reference software [9] selects a tiling for each macroblock based on a cost function.

Given a motion vectorv for such a subblock, [9] defines the distortiond(v) as the sum, over

all the pixels in the subblock, of the absolute differences between the pixel luminance and the

luminance of the corresponding pixel in the reference frame, for integer pixel search; and the sum

of absolute transformed differences for fractional pixel search. The rater(v) is defined as the

number of bits required to encode the difference between themotion vector and the predicted1

motion vector, as tabulated in [9]. The cost of a motion vector v is defined as

d(v) + λmr(v),

where the Lagrange multiplierλm is

λm =
√

0.85 · 2(QP−12)/3, (1)

andQP is the quantization parameter.

After determining the optimum motion vector for each subblock, the cost of each tiling of a

1A motion vector for a block is predicted based on the neighboring blocks, and then the difference between the prediction

and the actual motion vector is encoded.
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macroblock into subblocks is defined as a weighted sum of the tiling’s distortionD and rateR:

COST≡ D +λR. Both the distortion and the rate are assumed to be additive over the subblocks

in the tiling, i.e., it is assumed that the cost of a tiling that consists of subblocksP1, . . . , Pd can

be calculated as follows:

COST =

d
∑

i=1

(DPi
+ λRPi

), (2)

where DPi
and RPi

are the distortion and rate, respectively, for the subblockPi, and the

summation is taken over all subblocks in the tiling. Following [9], we define the distortion

DPi
to be the sum of the squared differences between each pixel2 in the subblockPi and its

motion-compensated reconstruction.3 We define the rateRPi
as the the sum of three terms: the

number of bitsR(t)
Pi

to encode the selected tiling, the number of bitsR
(e)
Pi

for the predicted motion

vector error, and the number of bitsR(c)
Pi

for the quantized transform coefficients for subblock

Pi:

RPi
= R

(t)
Pi

+ R
(e)
Pi

+ R
(c)
Pi

. (3)

We estimateR(c)
Pi

from training data, as explained in Appendix. Finally, the Lagrange multiplier

in Eq. (2) is defined asλ ≡ λ2
m whereλm is given by Eq. (1).

In our implementation of an H.264/AVC-compliant tiling scheme, we also follow [9]: the

costs of the four tilings of Fig. 1 are evaluated; if one of thetilings (a), (b), or (c) has the

lowest cost, this tiling is selected; if (d) has the lowest cost, the possibilities shown in Fig. 2

are evaluated for each of the four8× 8 sub-macroblocks. It is easily seen that the dictionary of

tilings that this scheme selects from, contains a total of3 + 44 = 259 tilings. Note also that the

procedure that selects a tiling out of these 259 tilings is not globally optimal, since the global

2Here, each pixel value is motion-compensated, i.e., it is the difference between the pixel value in the original frame and its

prediction.
3The reconstruction is the result of the inverse quantization and inverse transform of the transformed, quantized pixelvalues.
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minimum of the cost (2) may be achieved by a tiling which is finer than (d) even if tiling (a),

(b), or (c) has a lower cost than (d).

B. Proposed Optimal Tiling Algorithm

We propose to use large dictionaries of tilings and to extract globally optimal tilings from these

dictionaries using the algorithm developed in [8]. The proposed dictionaries are not H.264/AVC-

compliant but result in improved compression ratios. We presently review the optimal tiling

algorithm of [8], and then discuss its adoption to our motioncompensation and transform task.

The algorithm constructs optimal tree-structured tilingsof a rectangular image domain into

smaller rectangles via recursive bipartitioning. During this process, a rectangle may either be

used as a single tile or split further into two subrectangles. For example, the tiling of Fig. 3(a)

may be obtained through such a recursive bipartitioning process, as illustrated in Fig. 3(c,d). In

Fig. 3(c,d), a vertical (horizontal) line through a tree node signifies a vertical (horizontal) split

of the corresponding rectangle into two subrectangles. Note that in this case, two different trees

correspond to the same tiling. On the other hand, the rectangular tiling of Fig. 3(b) cannot be

obtained through such a recursive binary splitting process.

Referring back to Fig. 3(c,d), we point out that in some applications the important object

is the tiling produced by the leaves of the tree, and thus there is no distinction between the

different trees that may have produced the tiling. In our application, however, the various tilings

will be encoded by encoding the corresponding trees and therefore we will select the tree that

corresponds to the most efficient encoding. This motivates defining the following cost function

for a tree with leavesP1, . . . , Pd and intermediate nodesQ1, . . . , Qd−1:

C(tree) =
d

∑

i=1

e(Pi) +
d−1
∑

i=1

s(Qi), (4)

wheree ands are cost functions for individual tiles and intermediate tree nodes, respectively.
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(a) A tree-structured tiling. (b) A non-tree-structured tiling.

(c) A tree of splits. (d) Another tree of splits.

Fig. 3. An illustration of tilings and trees of splits. (a) Anadmissible tiling—i.e., a tiling that can be obtained via recursive

binary splitting. (b) An inadmissible tiling. (c) A tree of splits that leads to the tiling in (a). (d) Another tree of splits that leads

to the tiling in (a).
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Fig. 4. Example of possible dyadic and multitree tilings.

The smallest tile size that we use is4 × 4. We define two dictionaries of trees: the dyadic

dictionary and the multitree dictionary. The former contains all trees that produce tilings by only

splitting rectangles in the middle, horizontally or vertically. The latter allows splits at arbitrary

locations that are multiples of four. A tiling from the dyadic dictionary and a tiling from the

multitree dictionary are illustrated in Fig. 4.

An efficient algorithm for finding the globally optimal tree is developed in [8]. Specifically,
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H.264/AVC Dyadic Multitree

number of tilings 259 6857 68480

number of tiles 41 49 100

TABLE I: N UMBER OF TILINGS AND TILES

this algorithm performs the following bottom-up optimization:

C∗

P = min{e(P ), min(C∗

P ′ + C∗

P ′′) + s(P )}, (5)

whereC∗

P is the cost of the optimal tree with rootP , and the inner minimization is performed

over all pairs of subblocksP ′, P ′′ which partitionP . This efficient search algorithm exploits the

fact that although the number of possible trees and tilings is very large, the number of rectangular

tiles is much smaller and manageable, as shown in Table I.

When adopting the optimal tiling algorithm to motion compensation, we define the cost

function e(Pi) of Eq. (4) as a weighted sum of the distortionDPi
and the rateRPi

:

e(Pi) = DPi
+ λRPi

,

where, as in our implementation of H.264/AVC,DPi
is defined as the sum of the squared

differences between each pixel in the subblockPi and its motion-compensated reconstruction,

and λ = λ2
m with λm given by Eq. (1). We define the rateRPi

as the the sum of two terms:

the number of bitsR(e)
Pi

for the predicted motion vector error for subblockPi and the number

of bits R
(c)
Pi

for the quantized transform coefficients for subblockPi:

RPi
= R

(e)
Pi

+ R
(c)
Pi

. (6)

We estimateR(c)
Pi

from training data, as explained in Appendix. The cost function s(Qi) is defined

asλRQi
, whereRQi

is the number of bits for encoding the split of the rectangleQi. Thus, the
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(a) Original (b) H.264/AVC (c) Dyadic (d) Multitree

Fig. 5. A frame of theForeman sequence (left) and its three tilings for the motion compensation stage produced by three

different tiling methods.

overall cost of a tree is:

C(tree) =

d
∑

i=1

[

DPi
+ λ(R

(e)
Pi

+ R
(c)
Pi

)
]

+ λ

d−1
∑

i=1

RQi
, (7)

Fig. 5 shows examples of the different tiling selection methods for the motion compensation

stage.

III. OPTIMAL TRANSFORM TILINGS

In this section, we first overview the transform stage of H.264/AVC and then explain how to

apply the optimal tiling algorithm described above to extract the best transform tiling.

A. Transform Stage for H.264/AVC

Typically, a fixed4× 4 integer transform is used in H.264/AVC encoders. However, adaptive

block size transforms (ABT) are also supported by H.264/AVC[29]. The basic idea of ABT is

to associate the block size of the transform matrix with the block size of motion compensation

subblocks. In general, for a rectangularm × n imageBm,n, the transformB̂m,n is defined by

B̂m,n = Tv · Bm,n · T T
h , (8)

whereTv and Th are them × m and n × n transform matrices in the vertical and horizontal

directions, respectively. The maximum allowed block size in H.264/AVC is 8 × 8. If larger

subblocks (i.e.,16 × 8, 8 × 16, and16 × 16) are encoded,8 × 8 transform matrix is used.
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B. Optimal Transform Algorithm

We improve the compression algorithm further by using dyadic or multitree dictionary of

tilings for the transform stage. We extract the optimal sub-tiling for eachmotion compensation

subblock into transform subblocks, and jointly optimize the tiling for the motion compensation

stage and the sub-tiling for the transform stage. Note that we use the 2D discrete cosine transform

(DCT) for all block size transform matrices in this transform.

For each motion compensation subblockPi, we select the tree with intermediate nodes

{Qi,1, . . . , Qi,k−1} which generates the sub-tiling{Pi,1, . . . , Pi,k}, so as to minimize
k

∑

j=1

(DPi,j
+ λRPi,j

) +

k−1
∑

j=1

λRQi,j
, (9)

whereDPi,j
is the sum of the squared differences (SSD) for the transformsubblockPi,j, λ is a

Lagrange multiplier,RPi,j
is the number of bits for encoding the quantized transform coefficients

for the transform subblockPi,j, andRQi,j
is the number of bits to encode the split of the rectangle

Qi,j. We estimateRPi,j
from training data, as explained in Appendix.

The set of all valid dyadic transform splits is defined the setof all splits of a valid transform

subblock into two congruent valid transform subblocks. When using a multitree dictionary at

the motion compensation, two extra types of splits are allowed, in addition to the dyadic splits:

• A 12×m transform subblock may be split horizontally into an8×m and a4×m transform

subblocks, wherem is 4, 8, 12, or 16;

• A m×12 transform subblock may be split vertically into anm×8 and anm×4 transform

subblocks, wherem is 4, 8, 12, or 16.

Fig. 6 shows examples of the different tiling selection methods for the transform stage with

H.264/AVC motion compensation scheme. White and black lines indicate the tilings for motion

compensation and transform stages, respectively.
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Fig. 6. A frame of theCarphone sequence (left) and its two tilings: dyadic transform tiling with H.264/AVC motion compensation

tiling (center) and multitree transform tiling with H.264/AVC motion compensation tiling (right). The motion compensation tiling

and transform tiling are indicated with white and black lines, respectively.

IV. I MPLEMENTATION

A. H.264/AVC-Compliant Motion Estimation and Compensation, Transform, and Quantization

We implement H.264-compliant motion estimation and compensation, integer4×4 transform,

and quantization. Our search range for motion estimation is16 pixels, and we use half-pixel and

quarter-pixel refinements. We use DCT for optimal dyadic andmultitree transforms.

B. Entropy Coding

The entropy coding losslessly encodes the source symbols into a bitstream. Two modes of

entropy coding are used in H.264/AVC standard: context-based adaptive variable length coding

(CAVLC) and context-based adaptive binary arithmetic coding (CABAC).

In our simplified implementation, instead of performing CAVLC or CABAC, we estimate the

bit rate as the sum of the following three terms.

• The number of bits for the motion vectors, taken from a table in [9].

• The number of bits for the quantized transform coefficients,estimated as the entropy.

– Let discrete random variableX represents quantized and transformed coefficients, with

possible valuesx1, ..., xn; the entropy, the number of bits per symbol, then is calculated
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as:

H(X) = −
n

∑

i=1

p(xi) log2 p(xi)

wherep(xi) = Pr(X = xi).

– In order to capture the content-based adaptivity of the encoder, p(xi) is updated after

every frame.

– Thus, if the number of quantized and transformed coefficientis M , the number of bits

needed to encode these coefficients is estimated asM × H(X).

• The number of bits to encode the selected tiling:

– for the H.264/AVC-compliant scheme, we use two bits to encode the four possibilities

shown in Fig. 1, and eight additional bits if a refinement of Fig. 1(d) is selected;

– for the optimal dyadic tiling scheme, we use “0” to encode that a subblock is not split,

and “10” and “11” to encode a horizontal and a vertical split,respectively;

– for the optimal multitree scheme, we use one bit to encode whether or not a subblock

is split, and, if it is split, we use additionaldlog2(M + N − 2)e bits to encode the

location of the split, where4M × 4N is the size of the subblock.

V. EXPERIMENTAL RESULTS

The coding algorithms are evaluated usingMother and Daughter, Salesman, Highway, Fore-

man, andCarphone video sequences with 110 frames and±16 search range [Quarter common

intermediate format (QCIF),176 × 144, luminance only]. Among these sequences, there are

ones with little motion (Mother and Daughter andSalesman), with a medium amount of motion

(Highway), and with a relatively large amount of motion (Foreman andCarphone). We use a 15-

frame group of pictures (GOP) with coding pattern IPPPPPPPPPPPPPP, where I and P represent

intra-frame and inter-frame respectively. Since our implementation works with single-channel
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frames, and since our compression strategy only differs from H.264/AVC for inter-frames, all

our rate and distortion calculations are done with the luminance component of the inter-frames

only.

A. Experiment 1: Dyadic and Multitree Motion Compensations with Fixed 4 × 4 Transform.

In this experiment, the H.264/AVC fixed4 × 4 integer transform is used for all compression

algorithms. We use our implementation of H.264/AVC as a baseline, and evaluate our new

compression strategies which incorporate our proposed adaptive tiling algorithms in the motion

compensation stage only. Fig. 7 shows the rate-distortion curves for five test sequences. The

right column of the figure shows the rate-distortion curves for three schemes with the bit rates

displayed as percentages of the baseline bit rate.

It can be seen from Fig. 7 that the proposed dyadic and multitree motion compensation

algorithms result in up to 19% savings in bit rate as comparedto the H.264/AVC motion com-

pensation. Note that for sequences that do not contain much motion, i.e.,Mother and Daughter

and Salesman, dyadic motion compensation achieves more savings in bit rate than multitree

motion compensation at low PSNRs. The explanation for this is that when the transformed

motion-compensated pixels for such sequences are quantized with a large quantization step, the

overhead bits required to encode a split location will dominate the decision whether to split a

rectangular block or keep it whole. Since fewer bits are required to encode a split location under

the dyadic scheme than under a multitree scheme, the dyadic scheme will tend to select more

complicated tiling structures, to result in less distortion. Similarly, for the sequenceHighway

which has moderate amount of motion, the dyadic scheme has a slight advantage over the

multitree scheme at low PSNRs.

When applying our optimal tiling algorithm to the motion compensation stage, the running
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Fig. 7. The rate-distortion curves for compression with motion compensation using the H.264/AVC tiling scheme (dashedlines

with triangles) and our proposed dyadic and multitree schemes (respectively: dashdot and solid lines). The right column shows

bit rates as percentages of the bit rate for the baseline algorithm. The results are shown for frames 100 through 210 of “mother

and daughter” (top), “salesman” (second row), “highway” (third row), “foreman” (forth row), and “carphone” (bottom).
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times of our dyadic and multitree algorithms are only about afactor of 1.13 and 1.55, respectively,

slower than our implementation of the H.264-compliant scheme.4

B. Experiment 2: H.264/AVC Motion Compensation Tiling with Dyadic and Multitree Trans-

forms.

In this experiment, conventional H.264/AVC motion compensation is used for all compression

algorithms. We use our implementation of H.264/AVC as a baseline, and evaluate our new

compression strategies which incorporate our proposed adaptive tiling algorithms in the transform

stage only. Fig. 8 shows the rate-distortion curves for the test sequences. The right column of

the figure shows the rate-distortion curves for three schemes with the bit rates displayed as

percentages of the baseline bit rate.

It can be seen from Fig. 8 that the proposed dyadic and multitree transforms result in up to

13% savings in bit rate as compared to the H.264/AVC4× 4 integer transform. The figure also

shows that the rate-distortion curves for the dyadic and multitree transforms are very close in this

case: the percentage difference in bit rate is within 3%. Forsequences with little motion,4 × 4

integer transform performs better than our optimal transform at low PSNRs, due to the overhead

bits required to encode our transform tiling. In addition, comparing Fig. 8 with Fig. 7, we can

see that the average gain from using our optimal tiling algorithms in the motion compensation

stage is higher than the average gain from using them in the transform stage.

When we apply our optimal tiling algorithms to the transformstage, the running times of our

dyadic and multitree algorithms are only about a factor of 1.43 and 1.66, respectively, slower

4Note that these factors are different from those reported inan earlier version of this work [5]. This is due to our improved

implementation of the motion vector search.
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than our implementation of the H.264-compliant scheme.5

C. Experiment 3: Dyadic Motion Compensation Tiling with Dyadic and Multitree Transforms.

In this experiment, our adaptive tiling algorithm with dyadic dictionary is used in the motion

compensation stage. Our baseline is an H.264-compliant scheme which uses a fixed4 × 4

transform. We evaluate our new compression strategies which, in addition to the dyadic tiling

scheme in the motion compensation stage, incorporate the dyadic and multitree schemes in the

transform stage. Fig. 9 shows the rate-distortion curves for the test sequences. The right column

of the figure shows the rate-distortion curves for four schemes with the bit rates displayed as

percentages of the baseline bit rate.

The combined use of optimal dyadic tilings for motion compensation and optimal multitree

tilings for the transforms results in up to 21% savings in bitrate as compared to the baseline.

However, again, we do not observe significant difference between using the optimal multitree

tiling and the optimal dyadic tiling for the transform stage: the differences between the bit rates

for the two are within 3%. Just like in the previous experiment, we observe that, for sequences

with little motion, the4 × 4 integer transform is the best choice at low PSNRs.

D. Experiment 4: Multitree Motion Compensation Tiling with Dyadic and Multitree Transforms.

In this experiment, our adaptive tiling algorithm with multitree dictionary is used in the

motion compensation stage. Our baseline is an H.264-compliant scheme which uses a fixed

4× 4 transform. We evaluate our new compression strategies which, in addition to the multitree

tiling scheme in the motion compensation stage, incorporate the dyadic and multitree schemes

in the transform stage. Fig. 10 shows the rate-distortion curves for the test sequences. The right

5Note that these factors are lower than reported in an earlierversion of this work [6]. This is due to our improved

implementation of the motion vector search.
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Fig. 8. The rate-distortion curves for compression with motion compensation using the H.264/AVC tiling scheme in conjunction

with: fixed4×4 transform (dashed lines with triangles), proposed optimaldyadic transform tiling (dashdot), and proposed optimal

multitree transform tiling (solid). The right column showsbit rates as percentages of the bit rate for the baseline algorithm. The

results are shown for frames 100 through 210 of “mother and daughter” (top), “salesman” (second row), “highway” (third row),

“foreman” (forth row), and “carphone” (bottom).
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Fig. 9. The rate-distortion curves for compression with motion compensation using the dyadic tiling scheme in conjunction with:

fixed 4 × 4 transform (dashed), proposed optimal dyadic transform tiling (dashdot), and proposed optimal multitree transform

tiling (solid). Our baseline is an H.264-compliant scheme which uses fixed4×4 transform (dotted lines with triangles). The right

column shows bit rates as percentages of the bit rate for the baseline algorithm. The results are shown for frames 100 through

210 of “mother and daughter” (top), “salesman” (second row), “highway” (third row), “foreman” (forth row), and “carphone”

(bottom).
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Fig. 10. The rate-distortion curves for compression with motion compensation using the multitree tiling scheme in conjunction

with: fixed4×4 transform (dashed), proposed optimal dyadic transform tiling (dashdot), and proposed optimal multitree transform

tiling (solid). Our baseline is an H.264-compliant scheme which uses fixed4×4 transform (dotted lines with triangles). The right

column shows bit rates as percentages of the bit rate for the baseline algorithm. The results are shown for frames 100 through

210 of “mother and daughter” (top), “salesman” (second row), “highway” (third row), “foreman” (forth row), and “carphone”

(bottom).
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column of the figure shows the rate-distortion curves for four schemes with the bit rates displayed

as percentages of the baseline bit rate.

The combined use of optimal multitree tilings for motion compensation and transform results

in up to 23% savings in bit rate as compared to the baseline. However, again, we do not observe

significant difference between using the optimal multitreetiling and the optimal dyadic tiling

for the transform stage: the differences between the bit rates for the two are within 2%. Just like

in the previous experiment, we observe that, for sequences with little motion, the4 × 4 integer

transform is the best choice at low PSNRs.

Note that the shapes of the curves in the right columns of Figs. 10 and 9 are quite similar.

Comparing the two sets of curves, it can be inferred that, when combined with an optimal

transform tiling, the multitree motion compensation can save up to 4% in bit rate compared to

the dyadic motion compensation.

VI. CONCLUSION

In this paper we proposed algorithms for the selection of theoptimal tiling from large

dictionaries of tilings and illustrated their applicationto both motion compensation and transform

stages of H.264/AVC. Specifically, we constructed an implementation of an H.264-compliant

baseline and replaced the motion compensation and transform tiling modules for the encoding

of inter-frames with our proposed techniques.

We conclude that significant gains (up to 19% savings in bit rate) result from replacing

the standard H.264/AVC motion compensation tiling with ourproposed optimal dyadic tiling

selection method. We observe that this replacement resultsin consistent gains (between 4%

and 19% of bit rate) across a wide range of typical PSNRs and for all the five standard video

sequences that we used in our testing. These gains come at a cost of only about 13% in running
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time.

The more complex multitree tiling algorithm, when applied to the motion compensation stage,

results in a 55% increase in running time, however, does not provide significant bit savings as

compared to the dyadic algorithm. In fact, for sequences forlow amounts of motion, the multitree

algorithm works worse than the dyadic algorithm. This is dueto a significantly larger overhead

bit rate incurred by the multitree algorithm.

We also observe the similarity of the rate-distortion curves of the multitree and dyadic tiling

algorithms when applied to the transform stage of the coder.We therefore conclude that the

lower complexity of the dyadic algorithm makes it a more attractive choice. The use of the

optimal dyadic transform tiling is beneficial for sequenceswith moderate and high amount

of motion, although it may result in worse rate-distortion performance than the baseline H.264

method for sequences with low amounts of motion at low PSNRs.However, note that the present

paper does not take into account the encoding of intra-frames. For such frames, our still image

compression results from [8] suggest that the dyadic and multitree transform tilings can result

in very substantial gains.

Our results suggest that the use of our dyadic tiling algorithm in the motion compensation

stage is beneficial, in general. In addition, high-motion videos such as sports sequences or action

movies will benefit from using our dyadic tiling algorithm inthe transform stage. Low-motion

videos such as newscasts will not benefit from our optimal tiling algorithms in the transform

stage for the encoding of inter-frames; however, they may still benefit from these algorithms in

the transform stage of the intra-frame encoding, as suggested by [8].
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APPENDIX I

ESTIMATION OF THE NUMBER OF BITS FOR THETRANSFORM COEFFICIENTS

In our optimal tiling algorithms for motion compensation, the cost functions both for our

implementation of an H.264 baseline and for our proposed algorithms involve the estimates of

the number of bitsR(c)
Pi

required to encode the quantized transform coefficients forthe subblock

Pi—see Eqs. (2), (3), (6), and (7). Our optimal transform tiling algorithms also involve the

estimates of these rates, denotedRPi,j
in Eq. (9). This Appendix describes how these estimates

are constructed.

We estimateR(c)
Pi

using the first 99 frames of four sequences (Mother and Daughter, Salesman,

Carphone, andForeman). Note that these frames are disjoint from the frames that weuse to test

our algorithms in Section V. We first run our multitree algorithm on the first 99 frames of the

sequenceMother and Daughter, using the cost of Eq. (7) and assuming thatR
(c)
Pi

= 0. We run our

algorithm five times, with five different values of the quantization parameter (specifically, 20, 25,

30, 35, and 40). Since the quantization steps in our experiments are all larger than one, there are

511 possible different values for the quantized transform coefficients (i.e., all the integers from

-255 to 255). We take all the quantized transform coefficients from these five experiments and

construct their histogram with 511 bins,h
(1)
k , k = −255, . . . , 255. We then estimate the number

of bits required to encode the quantized transform coefficient whose value isk, as− log h
(1)
k .

We let j be the index of a pixel in the subblockPi, and we letc(j) be the value of the quantized
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transform coefficient at that pixel. We then form the following estimate of the rateR(c)
Pi

:

R
(c,1)
Pi

= −
∑

j∈Pi

log h
(1)
c(j).

Using this estimate in place ofR(c)
Pi

in the cost of Eq. (7), we rerun the five compression

experiments with the same sequence, and the same five quantization parameters. Since the cost

is different from the first run, the quantized transform coefficients may be different. We again

form their histogram, call ith(2)
k , and re-estimate the rateR(c)

Pi
as

R
(c,2)
Pi

= −
∑

j∈Pi

log h
(2)
c(j).

We then rerun the five experiments again, to re-estimate the histogram one more time.

We repeat the same procedure for all four video sequences andthree compression methods

(H.264 baseline, dyadic algorithm, and multitree algorithm), to generate a total of twelve his-

tograms. These histograms are combined into a single histogram hk by averaging the twelve

values for each bink. Our final estimate ofR(c)
Pi

which we use in Eqs. (3), (6), and (7) is as

follows:

R
(c)
Pi

= −
∑

j∈Pi

log hc(j).

A similar procedure is used to produce the estimate ofRPi,j
of Eq. (9) in the transform stage.
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