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Abstract

We propose the use of large dictionaries of tilings for vidempression and develop fast algorithms
to select the optimal tiling for both the motion compensatand transform stages of a video coder.
We illustrate the effectiveness of this approach by shovtireg our tiling selection method results in
up to 23% savings in bit rate as compared to the H.264/AV@gilelection, for several standard video

sequences.
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|. INTRODUCTION

Algorithms for best basis search in tree-structured dictiees have been effectively used
for many signal processing problems, including noise reahand 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]. Anartgmt class of best basis algorithms
are methods that search for an optimal rectangular tilingnoimage [1]-[3], [7], [8], [12], [13],
[17], [19], [23]-[27]. Such methods can significantly impeoimage coding strategies based
on block or lapped transforms, through adapting the sizesstmapes of transform blocks to
the structure of an image. The utility of using variable ll@izes in video compression has
recently been recognized, as well. For example, the H.26ad/&ideo compression standard
[16] incorporates variable block sizes both in the motiompensation stage [28] and in the
transform stage [29].

In the present paper, we show that compression performaacebe further improved by
searching for the optimal tiling in owyadic and multitree dictionaries introduced in [8], which
are both much larger than the set of tilings allowed for motemmpensation and transform
in H.264/AVC. We define a rate-distortion cost and use theciefit tiling algorithm of [8]
to minimize the cost over our dictionaries, for both the motcompensation and transform
stages of our video coder. We show that, the proposed algasitesult in bit rate reductions of
up to 23% at typical PSNRs, compared to H.264/AVC, on sewadsdo sequences commonly
used to evaluate the performance of video coders. This isnaglished through only a modest
increase in the computational complexity as compared t®6#HA&/C. Note that, in general,
the use of finer tilings results in more overhead bits andefioee may increase the overall
bit rate. We show, however, that our optimal tiling searctsaseffective that the increase in
the number of overhead bits is more than compensated for dyeithuction in the number of
bits required to encode the motion vectors and transfornfficemts. Our experimental results
demonstrate that the additional overhead bits for the momneptex multitree tilings lead to only

a small improvement in rate-distortion performance overdiiadic algorithm, making the more



computationally efficient dyadic scheme perhaps moredaitein applications.

The rest of this paper is organized as follows. Section Iiaesvs the tiling selection for the
motion compensation stage in H.264/AVC and introduces oopgsed tiling selection methods
for motion compensation. In Section Ill we introduce optiribng selection methods for the
transform stage. Sections IV and V describe our evaluatbtise proposed methods: Section 1V
describes our partial implementations of H.264/AVC and own proposed video coders; and

Section V presents the experimental rate-distortion air$ection VI draws conclusions.

II. OPTIMAL TILINGS FORMOTION COMPENSATION
A. Motion Compensation in H.264/AVC

There are two basic ways of encoding a frame of videtra mode andinter mode. Intra-
frame compression only uses the information containedimvithe current frame. Inter-frame
mode predicts the current frame from one or several referdraanes, and encodes the error
between the predicted frame and the actual one. The abditgcturately predict the current
frame is therefore crucial to the success of inter-framepression. The prediction is typically
done by motion estimation methods which partition a franme Wlocks and match every block
with a similar block in the reference frame. Conventionaltmes use square blocks of fixed
size. The choice of the block size is problematic for suchhods: if the size is too small, too
many bits are spent on encoding the motion vectors; whefaassitoo large, the prediction
of complicated motion sequences is poor. Generally spgakireas with no motion should use
large block sizes and areas with complicated motion shosélamall block sizes. Therefore,
H.264/AVC incorporates variable block sizes in the motiempensation stage.

Specifically, H.264/AVC allows partitioning eacté x 16 macroblock into rectangular sub-

blocks and performing motion estimation separately forheaabblock. The specific tilings
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Fig. 1. Possible tilings of 46 x 16 macroblock for the H.264/AVC motion estimation and comadios.
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Fig. 2. Possible tilings of & x 8 sub-macroblock for the H.264/AVC motion estimation and pemsation.

allowed by the standard are shown in Figs. 1 and 2. One of the tibngs in Fig. 1 may
be used for al6 x 16 macroblock. If the tiling of Fig. 1(d) is used, then each oé tlour

8 x 8 sub-macroblocks can be further tiled using the four tilio§$-ig. 2. The encoder in the
H.264/AVC reference software [9] selects a tiling for eachicnoblock based on a cost function.
Given a motion vectox for such a subblock, [9] defines the distortidfw) as the sum, over
all the pixels in the subblock, of the absolute differencetMeen the pixel luminance and the
luminance of the corresponding pixel in the reference fraiorenteger pixel search; and the sum
of absolute transformed differences for fractional pixehrgh. The rate(v) is defined as the
number of bits required to encode the difference betweenmmibion vector and the predicted

motion vector, as tabulated in [9]. The cost of a motion veetas defined as
d(v) + Apr(v),

where the Lagrange multipliex,, is

A = V0.85 - 2(@QP-12)/3 (1)

and QP is the quantization parameter.

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

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

and the actual motion vector is encoded.



macroblock into subblocks is defined as a weighted sum ofilihg’s distortion D and rateR:
cosT= D + AR. Both the distortion and the rate are assumed to be additwethe subblocks
in the tiling, i.e., it is assumed that the cost of a tilingttbansists of subblock®’, ..., P, can

be calculated as follows:
d

cosT= Y (Dp, + ARp), (2)

i=1

where Dp, and Rp, are the distortion and rate, respectively, for the subblétkand the
summation is taken over all subblocks in the tiling. Followi[9], we define the distortion
Dp. to be the sum of the squared differences between each? pix¢he subblockP; and its
motion-compensated reconstructibive define the ratdp, as the the sum of three terms: the
number of bitngﬁi) to encode the selected tiling, the number of b}?§§ for the predicted motion
vector error, and the number of bii%gﬁi) for the quantized transform coefficients for subblock
P

Rp, = RY + R + RY). (3)

We estimateRgfi) from training data, as explained in Appendix. Finally, thegkange multiplier
in Eq. (2) is defined as = A2, where )\, is given by Eq. (1).

In our implementation of an H.264/AVC-compliant tiling she, we also follow [9]: the
costs of the four tilings of Fig. 1 are evaluated; if one of tiimgs (a), (b), or (c) has the
lowest cost, this tiling is selected; if (d) has the lowesstcdhe possibilities shown in Fig. 2
are evaluated for each of the fogirx 8 sub-macroblocks. It is easily seen that the dictionary of
tilings that this scheme selects from, contains a total #f4* = 259 tilings. Note also that the

procedure that selects a tiling out of these 259 tilings isgiobally optimal, since the global

’Here, each pixel value is motion-compensated, i.e., itésdifference between the pixel value in the original framd #s

prediction.
3The reconstruction is the result of the inverse quantinasind inverse transform of the transformed, quantized piakles.



minimum of the cost (2) may be achieved by a tiling which is fittean (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 extyhabally optimal tilings from these
dictionaries using the algorithm developed in [8]. The @®gd dictionaries are not H.264/AVC-
compliant but result in improved compression ratios. Wesendly review the optimal tiling
algorithm of [8], and then discuss its adoption to our moempensation and transform task.

The algorithm constructs optimal tree-structured tilimjsa rectangular image domain into
smaller rectangles via recursive bipartitioning. Durifmgstprocess, a rectangle may either be
used as a single tile or split further into two subrectangtes example, the tiling of Fig. 3(a)
may be obtained through such a recursive bipartitioninggss, as illustrated in Fig. 3(c,d). In
Fig. 3(c,d), a vertical (horizontal) line through a tree aagignifies a vertical (horizontal) split
of the corresponding rectangle into two subrectanglese Nt in this case, two different trees
correspond to the same tiling. On the other hand, the reatangling 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 aggtions the important object
is the tiling produced by the leaves of the tree, and thusetli®mo distinction between the
different trees that may have produced the tiling. In ourliappon, however, the various tilings
will be encoded by encoding the corresponding trees ancfitrer we will select the tree that

corresponds to the most efficient encoding. This motivagdmithg the following cost function

for a tree with leaved”,, ..., P, and intermediate nodeg, ..., Q4_1:
d d—1
Cltreg =Y e(P)+ Y s(Qy), (4)
=1 =1

wheree and s are cost functions for individual tiles and intermediatetnodes, respectively.



(a) A tree-structured tiling. (b) A non-tree-structureling.

iy £

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

Fig. 3. An illustration of tilings and trees of splits. (a) Ammissible tiling—i.e., a tiling that can be obtained viauesive
binary splitting. (b) An inadmissible tiling. (c) A tree opbits that leads to the tiling in (a). (d) Another tree of splihat leads

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

The smallest tile size that we use4sx 4. We define two dictionaries of trees: the dyadic
dictionary and the multitree dictionary. The former consaall trees that produce tilings by only
splitting rectangles in the middle, horizontally or vedlly. The latter allows splits at arbitrary
locations that are multiples of four. A tiling from the dyadilictionary and a tiling from the
multitree dictionary are illustrated in Fig. 4.

An efficient algorithm for finding the globally optimal tree developed in [8]. Specifically,



H.264/AVC | Dyadic | Multitree

number of tilings 259 6857 | 68480

number of tiles 41 49 100

TABLE |: NUMBER OF TILINGS AND TILES

this algorithm performs the following bottom-up optimiwat:

C}h = min{e(P), min(Cp + Cpy) + s(P)}, (5)
whereC?, is the cost of the optimal tree with rodt, and the inner minimization is performed
over all pairs of subblock#’, P” which partition P. This efficient search algorithm exploits the
fact that although the number of possible trees and tiling®ry large, the number of rectangular
tiles is much smaller and manageable, as shown in Table I.

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

functione(P;) of Eg. (4) as a weighted sum of the distortiéh, and the rateRp,:

e(P;) = Dp, + ARp,,
where, as in our implementation of H.264/AVQ@)p, is defined as the sum of the squared
differences between each pixel in the subbld¢kand its motion-compensated reconstruction,
and A = A2 with )\, given by Eq. (1). We define the rater, as the the sum of two terms:
the number of bitngfi) for the predicted motion vector error for subblo€k and the number
of bits R}? for the quantized transform coefficients for subblagk

Rp, = RY) + RY). (6)
We estimateREﬁZ_) from training data, as explained in Appendix. The cost fiomct(Q;) is defined

as \Rg,, where R, is the number of bits for encoding the split of the rectangle Thus, the



(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 compéoa stage produced by three

different tiling methods.

overall cost of a tree is:

d d—1
Cltree) = > [Dp, + AR + B)| + 1Y Ra, @)
=1 =1

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

stage.

1. OPTIMAL TRANSFORM TILINGS

In this section, we first overview the transform stage of M/2§'C and then explain how to

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

A. Transform Stage for H.264/AVC

Typically, a fixed4 x 4 integer transform is used in H.264/AVC encoders. Howewdaptve
block size transforms (ABT) are also supported by H.264/A2@]. The basic idea of ABT is
to associate the block size of the transform matrix with tloek size of motion compensation

subblocks. In general, for a rectangutarx n image B, ,,, the transforml?m,n is defined by
Bm,n - Tv : Bm,n : T}?? (8)
whereT, and T}, are them x m andn x n transform matrices in the vertical and horizontal

directions, respectively. The maximum allowed block sireH.264/AVC is8 x 8. If larger

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

We improve the compression algorithm further by using dyamti multitree dictionary of
tilings for the transform stage. We extract the optimal slibg for eachmotion compensation
subblock into transform subblocks, and jointly optimize the tiling for the motion compensatio
stage and the sub-tiling for the transform stage. Note tleatise the 2D discrete cosine transform
(DCT) for all block size transform matrices in this transfor

For each motion compensation subblogk we select the tree with intermediate nodes

{Qi1,...,Qix—1} Which generates the sub-tiling?, , ..., P,x}, SO as to minimize
k

k-1
> (Dp,, +ARp,,) + Y ARq, (9)
j=1 Jj=1

where Dp, ; is the sum of the squared differences (SSD) for the transtarbblock P, ;, A is a
Lagrange multiplierfip, ; is the number of bits for encoding the quantized transforeffments

for the transform subblock; ;, and R, ; is the number of bits to encode the split of the rectangle
Qi;.- We estimatelip, ; from training data, as explained in Appendix.

The set of all valid dyadic transform splits is defined thedfedll splits of a valid transform
subblock into two congruent valid transform subblocks. Wihising a multitree dictionary at
the motion compensation, two extra types of splits are abhwn addition to the dyadic splits:

« A 12 xm transform subblock may be split horizontally into &r m and a4 x m transform

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

« A m x 12 transform subblock may be split vertically into anx 8 and anm x 4 transform

subblocks, wheren is 4, 8, 12, or 16.
Fig. 6 shows examples of the different tiling selection roethfor the transform stage with

H.264/AVC motion compensation scheme. White and blackslinelicate 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 glimith H.264/AVC motion compensation
tiling (center) and multitree transform tiling with H.28WC motion compensation tiling (right). The motion compatisn tiling

and transform tiling are indicated with white and black §ineespectively.

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

We implement H.264-compliant motion estimation and conspéion, integed x 4 transform,
and quantization. Our search range for motion estimatidbipixels, and we use half-pixel and

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

B. Entropy Coding

The entropy coding losslessly encodes the source symbimsaimitstream. Two modes of
entropy coding are used in H.264/AVC standard: contexetbaslaptive variable length coding
(CAVLC) and context-based adaptive binary arithmetic ngdiCABAC).

In our simplified implementation, instead of performing QAY 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 tabl¢9i.

« The number of bits for the quantized transform coefficieatimated as the entropy.

— Let discrete random variabl& represents quantized and transformed coefficients, with

possible values, ..., z,,; the entropy, the number of bits per symbol, then is caledlat
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as:

n

H(X) == plx:)logy p(;)

=1

wherep(z;) = Pr(X = z;).

— In order to capture the content-based adaptivity of the @eicop(z;) is updated after
every frame.

— Thus, if the number of quantized and transformed coeffiaedt, the number of bits
needed to encode these coefficients is estimated as H(X).

« The number of bits to encode the selected tiling:

— for the H.264/AVC-compliant scheme, we use two bits to eectied four possibilities
shown in Fig. 1, and eight additional bits if a refinement aj.Fi(d) is selected;

— for the optimal dyadic tiling scheme, we use “0” to encodd thaubblock is not split,
and “10” and “11” to encode a horizontal and a vertical spbspectively;

— for the optimal multitree scheme, we use one bit to encoddlveher not a subblock
is split, and, if it is split, we use additiondlog,(M + N — 2)] bits to encode the

location of the split, wherd M x 4N is the size of the subblock.

V. EXPERIMENTAL RESULTS

The coding algorithms are evaluated usiMgther and Daughter, Salesman, Highway, Fore-
man, and Carphone video sequences with 110 frames ahd6 search range [Quarter common
intermediate format (QCIF)]176 x 144, luminance only]. Among these sequences, there are
ones with little motion Mother and Daughter and Salesman), with a medium amount of motion
(Highway), and with a relatively large amount of motioRofeman and Carphone). We use a 15-
frame group of pictures (GOP) with coding pattern IPPPPHHHPPP, where | and P represent

intra-frame and inter-frame respectively. Since our immatation works with single-channel
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frames, and since our compression strategy only diffemn fi0264/AVC for inter-frames, all
our rate and distortion calculations are done with the lanae component of the inter-frames

only.

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

In this experiment, the H.264/AVC fixedl x 4 integer transform is used for all compression
algorithms. We use our implementation of H.264/AVC as a lmseand evaluate our new
compression strategies which incorporate our proposeptiadailing algorithms in the motion
compensation stage only. Fig. 7 shows the rate-distortiones for five test sequences. The
right column of the figure shows the rate-distortion curvesthree 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 naétitnotion compensation
algorithms result in up to 19% savings in bit rate as compé#oethe H.264/AVC motion com-
pensation. Note that for sequences that do not contain mutiom i.e.,Mother and Daughter
and Salesman, dyadic motion compensation achieves more savings in bit ttean multitree
motion compensation at low PSNRs. The explanation for thishat when the transformed
motion-compensated pixels for such sequences are quantide a large quantization step, the
overhead bits required to encode a split location will datenthe decision whether to split a
rectangular block or keep it whole. Since fewer bits are ireguto encode a split location under
the dyadic scheme than under a multitree scheme, the dyelder® will tend to select more
complicated tiling structures, to result in less distarti&imilarly, for the sequencklighway
which has moderate amount of motion, the dyadic scheme hdgla advantage over the
multitree scheme at low PSNRs.

When applying our optimal tiling algorithm to the motion cpemsation stage, the running
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Fig. 7. The rate-distortion curves for compression withiorotompensation using the H.264/AVC tiling scheme (dadhmes
with triangles) and our proposed dyadic and multitree s@e(respectively: dashdot and solid lines). The right colghows
bit rates as percentages of the bit rate for the baselineitiigo The results are shown for frames 100 through 210 ofthao

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

slower than our implementation of the H.264-compliant sobg

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

forms.

In this experiment, conventional H.264/AVC motion compim is used for all compression
algorithms. We use our implementation of H.264/AVC as a lmseand evaluate our new
compression strategies which incorporate our proposegatiaddiling algorithms in the transform
stage only. Fig. 8 shows the rate-distortion curves for g8t sequences. The right column of
the figure shows the rate-distortion curves for three sckewith the bit rates displayed as
percentages of the baseline bit rate.

It can be seen from Fig. 8 that the proposed dyadic and nagtitransforms result in up to
13% savings in bit rate as compared to the H.264/AV< 4 integer transform. The figure also
shows that the rate-distortion curves for the dyadic anditreg transforms are very close in this
case: the percentage difference in bit rate is within 3%.déguences with little motion, x 4
integer transform performs better than our optimal tramsfat low PSNRs, due to the overhead
bits required to encode our transform tiling. In additioomparing Fig. 8 with Fig. 7, we can
see that the average gain from using our optimal tiling allyors in the motion compensation
stage is higher than the average gain from using them in #mesfiorm stage.

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

dyadic and multitree algorithms are only about a factor df3land 1.66, respectively, slower

“Note that these factors are different from those reporteahirarlier version of this work [5]. This is due to our imprdve

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

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

In this experiment, our adaptive tiling algorithm with dyadictionary is used in the motion
compensation stage. Our baseline is an H.264-compliargnsehwhich uses a fixed x 4
transform. We evaluate our new compression strategieshywimcaddition to the dyadic tiling
scheme in the motion compensation stage, incorporate thdicdgand multitree schemes in the
transform stage. Fig. 9 shows the rate-distortion curveshi® test sequences. The right column
of the figure shows the rate-distortion curves for four scbemwith the bit rates displayed as
percentages of the baseline bit rate.

The combined use of optimal dyadic tilings for motion comgation and optimal multitree
tilings for the transforms results in up to 21% savings inrbte as compared to the baseline.
However, again, we do not observe significant differencevéen using the optimal multitree
tiling and the optimal dyadic tiling for the transform stagfee differences between the bit rates
for the two are within 3%. Just like in the previous experiteve observe that, for sequences

with little motion, the4 x 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 mtrike dictionary is used in the
motion compensation stage. Our baseline is an H.264-cantpicheme which uses a fixed
4 x 4 transform. We evaluate our new compression strategieswhicaddition to the multitree
tiling scheme in the motion compensation stage, incorpotta dyadic and multitree schemes

in the transform stage. Fig. 10 shows the rate-distortionesufor the test sequences. The right

°Note that these factors are lower than reported in an eavkesion 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 withiprotompensation using the H.264/AVC tiling scheme in confion

with: fixed 4 x 4 transform (dashed lines with triangles), proposed optuigabic transform tiling (dashdot), and proposed optimal

multitree transform tiling (solid). The right column sholbi rates as percentages of the bit rate for the baselineitilgo The

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

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

fixed 4 x 4 transform (dashed), proposed optimal dyadic transforimgti{dashdot), and proposed optimal multitree transform

tiling (solid). Our baseline is an H.264-compliant schertech uses fixed x 4 transform (dotted lines with triangles). The right

column shows bit rates as percentages of the bit rate fordkeline algorithm. The results are shown for frames 10Qutiro

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

(bottom).
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column of the figure shows the rate-distortion curves for Emhemes with the bit rates displayed
as percentages of the baseline bit rate.

The combined use of optimal multitree tilings for motion qmmsation and transform results
in up to 23% savings in bit rate as compared to the baselineeMer, again, we do not observe
significant difference between using the optimal multittéieg and the optimal dyadic tiling
for the transform stage: the differences between the lasridr the two are within 2%. Just like
in the previous experiment, we observe that, for sequendéslitie motion, the4 x 4 integer
transform is the best choice at low PSNRs.

Note that the shapes of the curves in the right columns of. Ri@sand 9 are quite similar.
Comparing the two sets of curves, it can be inferred that,b@mbined with an optimal
transform tiling, the multitree motion compensation camnesap to 4% in bit rate compared to

the dyadic motion compensation.

VI. CONCLUSION

In this paper we proposed algorithms for the selection of dp&émal tiling from large
dictionaries of tilings and illustrated their applicatitmboth motion compensation and transform
stages of H.264/AVC. Specifically, we constructed an im@etation of an H.264-compliant
baseline and replaced the motion compensation and tramgfiing modules for the encoding
of inter-frames with our proposed techniques.

We conclude that significant gains (up to 19% savings in ki¢)raesult from replacing
the standard H.264/AVC motion compensation tiling with guoposed optimal dyadic tiling
selection method. We observe that this replacement result®nsistent gains (between 4%
and 19% of bit rate) across a wide range of typical PSNRs analfdhe five standard video

sequences that we used in our testing. These gains come st af @amnly about 13% in running



21

time.

The more complex multitree tiling algorithm, when appliedtie motion compensation stage,
results in a 55% increase in running time, however, does rmtige significant bit savings as
compared to the dyadic algorithm. In fact, for sequenceferamounts of motion, the multitree
algorithm works worse than the dyadic algorithm. This is tlua significantly larger overhead
bit rate incurred by the multitree algorithm.

We also observe the similarity of the rate-distortion csreé the multitree and dyadic tiling
algorithms when applied to the transform stage of the codkr.therefore conclude that the
lower complexity of the dyadic algorithm makes it a more atdtive choice. The use of the
optimal dyadic transform tiling is beneficial for sequensgith moderate and high amount
of motion, although it may result in worse rate-distorticgrfprmance than the baseline H.264
method for sequences with low amounts of motion at low PSRsvever, note that the present
paper does not take into account the encoding of intra-feafRer such frames, our still image
compression results from [8] suggest that the dyadic anditne@ transform tilings can result
in very substantial gains.

Our results suggest that the use of our dyadic tiling algoriin the motion compensation
stage is beneficial, in general. In addition, high-motiatheds such as sports sequences or action
movies will benefit from using our dyadic tiling algorithm the transform stage. Low-motion
videos such as newscasts will not benefit from our optimadgiklgorithms in the transform
stage for the encoding of inter-frames; however, they malybetnefit from these algorithms in

the transform stage of the intra-frame encoding, as sugdédst [8].
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APPENDIX |

ESTIMATION OF THE NUMBER OFBITS FOR THETRANSFORM COEFFICIENTS

In our optimal tiling algorithms for motion compensatiohgetcost functions both for our
implementation of an H.264 baseline and for our proposedrdlgns involve the estimates of
the number of bitsRSﬁi) required to encode the quantized transform coefficientshi@isubblock
P—see EQs. (2), (3), (6), and (7). Our optimal transform glialgorithms also involve the
estimates of these rates, denofed ; in Eq. (9). This Appendix describes how these estimates
are constructed.

We estimateRgﬁi) using the first 99 frames of four sequenciE®ther and Daughter, Salesman,
Carphone, and Foreman). Note that these frames are disjoint from the frames thatiseeto test
our algorithms in Section V. We first run our multitree alglonn on the first 99 frames of the
sequencdother and Daughter, using the cost of Eq. (7) and assuming tﬁ?éﬁt) = 0. We run our
algorithm five times, with five different values of the quaation parameter (specifically, 20, 25,
30, 35, and 40). Since the quantization steps in our expetsrage all larger than one, there are
511 possible different values for the quantized transfooaffccients (i.e., all the integers from
-255 to 255). We take all the quantized transform coeffisidrdm these five experiments and
construct their histogram with 511 bins", k = —255,...,255. We then estimate the number
of bits required to encode the quantized transform coefficighose value i, as — log h,(j).

We letj be the index of a pixel in the subblodk, and we letc(;) be the value of the quantized
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transform coefficient at that pixel. We then form the follagiestimate of the ratéfgﬁi):

JER;

Using this estimate in place OREEB in the cost of Eq. (7), we rerun the five compression
experiments with the same sequence, and the same five cataotiparameters. Since the cost
is different from the first run, the quantized transform ¢icefnts may be different. We again

form their histogram, call it\”, and re-estimate the raﬂé}? as

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

We repeat the same procedure for all four video sequenceshaeel compression methods
(H.264 baseline, dyadic algorithm, and multitree algen}hto generate a total of twelve his-
tograms. These histograms are combined into a single hn&stog, by averaging the twelve
values for each birk. Our final estimate oﬂ%ﬁﬁi) which we use in Egs. (3), (6), and (7) is as

follows:
RE;CZ_) = — Z 10g hc(j).
JEPR;

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