Universidad
Carlos ITT de Madrid - r C VO

Institutional Repository

This document is published in:

IEEE Transactions on Circuits and Systems for Video
Technology (2014). 24(3), 452-464.
DOI: http://dx.doi.org/10.1109/TCSVT.2013.2276857

© 2014 IEEE. Personal use of this material is permitted. Permission
from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising
or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted
component of this work in other works.


http://e-archivo.uc3m.es/
http://dx.doi.org/10.1109/TCSVT.2013.2276857

Improved Method to Select the Lagrange Multiplier
for Rate-Distortion Based Motion Estimation in
Video Coding
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Abstract—The motion estimation (ME) process used in the where@ is a combination of the different coding options (PS,
H.264/AVC reference software is based on minimizing a cost MV, Ref, QP, etc.);D(0) represents the distortion between
function that involves two terms (distortion and rate) that are the original and the reconstructed coding urditt@) is the
properly balanced through a Lagrangian parameter, usually . '
denoted as Amoson. In this paper we propose an algorithm rate needed to encode it (_the number of l:_nts needed to
to improve the conventional way of estimating Amotion and, €ncode headers, MVs, Ref indexes, and residual transform
consequently, the ME process. coefficients); andR. the maximum rate allowed (the rate

First, we show that the conventional estimation ofAmoiion  constraint).
turns out to be significantly less accurate when ME-compromising Using a Lagrange formulation, this constraint optimization

events, which make the ME process to perform poorly, happen. . )
Second, with the aim of improving the coding efficiency in these Problem tums to be an unconstrained problem [2]:

cases, an efficient algorithm is proposed that allows the encoder il

to choose between three different values of,.ori0n for the Inter meln{ mode }

16x16 partition size. To be more precise, for this partition size, with - D 2
the proposed algorithm allows the encoder to additionally test th Jmode (9) (8) + Amoac R(6), 2)
Amotion = 0 @Nd Apotion arbitrarily large, which corresponds to  \yhere A, is the Lagrange multiplier that weights the

minimum distortion and minimum rate solutions, respectively. By S .

testing these two extreme values, the algorithm avoids to make relative |mportance bet\{veelz(e) and R(#). A given value

large ME errors. of A,m,_de yields a solution@ (_A{,wde) that turns out to be
The experimental results on video segments exhibiting this type an optimal solution to the original RDO problem (1) for a

of ME-compromising events reveal an average rate reduction of particular value ofRR, = R(O*).

2.20% for the same coding quality with respect to the JM15.1 — Tpjg solution involves testing each combination of coding

reference software of H.264/AVC. The algorithm has been also . . .

tested in comparison with a state-of-the-art algorithm called optlonSQ for ea_ach_ Cod!n_g L_m't’ SO that the overdll along all .
CALM (Context Adaptive Lagrange Multiplier). Additionally, ~ the coding units is minimized subject to the rate constraint.
two illustrative examples of the subjective performance improve- Dynamic programming can solve this problem [3], but this
ment are provided. kind of approach is not feasible in practice due to the fact
that computational complexity grows exponentially with the
number of coding units. Therefore, in practical implementa-
|. INTRODUCTION tions of the H.264/AVC standard, such as the Joint Model
ODERN video compression standards such égM) [4], many simplifications are made in order to obtain a
more efficient solution. These simplifications are outlined next.

H.264/AVC [1] achieve a high compression efficienc . .
by allowing the encoder to choose among many Codi?%ereaﬁer, we select the macroblock (MB) as coding unit.

options, such as several partition sizes (PS), motion vectord 'St the MB independence hypothesis is made so that each
(MV), reference pictures (Ref), and quantization paramet can be.coded and_optlmlzed independently of the rest.
(QP). Therefore, the selection of the optimal combinatigfiithough this hypothesis is not true because éiechosen

of coding options from a rate-distortion (R-D) perspectivi?’ @h MB actually depends on thoée chosen for previously

becomes a critical task. Generally, the video codec perforfidded MBS, is a necessary approximation to obtain a practical

an optimization task called rate-distortion optimizatiorfolution of the optimization process.
(RDO), which aims to find the coding option that minimizes Furthermore, in order to avoid testing all the QP values
a distortion measure subject to a given rate restriction: ~ &llowed by the standard for a givel.q., a relationship
_ between the Lagrange paramelgr,q. and the QP has been
min {D(0)} subject toR(6) < R, (1)  experimentally derived ( [5], [6]):
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evaluation involves DCT-like transform computation, quantizaanalytically using thesét — D models as\,.oac = — 557

tion, entropy coding, and inverse processes for reconstructiphd], [15]).

The solution to this high-complexity problem consists on _ _ .
simplifying the MV search by minimizing a low-complexity S0me works take into account the actual video content in the

cost function instead of directly minimizing,,oq.. Thus, the 1@ @nd D modeling ( [15]-[19]). Specifically, in [16] &-D
ME process is usually formulated as the minimization of Bodel was proposed in which the; 4. selection depends on

second Lagrangian cost function: a parameter derived from the number of zero-quantized trans-
formed residual coefficients, which was dynamically adapted.
MT‘I/{iIQG s {Jmotion} This approach had the disadvantage of decoupling QP and

With Jotion = Dumotion(MV, Ref) + Amode, Making the rate-control process more difficult. In [15]

an algorithm was proposed to accurately select the value of
HAmotion Rmotion(MV, Ref), (4) Amode DY considering a Laplace distribution of the quantized
where D00, is the sum of absolute differences (SADyesidual and adapting th&,.q. value to the actual video
between the original and predicted blocks given by MV argequence, so that the overall coding efficiency was improved.
Ref; Rumotion IS an estimation of the number of bits neededhey modeled? andD as function of QP, some features of the
to encode the motion-related information; aig..., is a INPut sequence, and frame type. Thap,.q. was obtained by
Lagrange multiplier. following the corresponding analytical model. Although the
Once the set of near-optimal MVs and their correspondirigodel is elegant, its implementation turned out to be very
Refs have been found by the ME process, they are usedCc@nplex. Besides, some hypothesis have to be made to build
obtain the optimal PS by minimizing,,.q4., What is referred the model that require to implement specific solutions that
to as the mode decision (MD) process. This MD process @€ also used when these hypothesis are not met. In [17] a
the H.264/AVC context refers to the selection of the partitiohmode €Stimation process for 3-D wavelet-based scalable video
size for either intra- or inter- prediction; furthermore, the inte€oding is proposed\,,.qs. Was accurately estimated from the
prediction can use one or two (bi-prediction) reference imagdarget bit rate, some characteristics of the sequence, the motion
Finally, considering thatD in J,,.q is calculated as a estimation algorithm, and the wavelet filter, but the algorithm
sum of squared differences (SSD) all},otion IN Jmotion 1S CONCEived for medium to high bit rates. In [18] nowel
is computed as a SAD, an experimental relationship betweafd D models were proposed in the context of the emerging

Amotion @Nd Amoge has been established [5]: High Efficiency Video Coding (HEVC) standard. However,
the estimation estimation ok,,,q. from these models has
Amotion = V Amode- () been left for future work. In [19] another alternative for

At this point, given a QP value set by a rate-control algorithifiodeling theR and D terms based on a mixture of Laplacian
in order to meet certain target ralie, the Lagrange multipliers distributions was proposed, but again the estimatio,ofa.
can be estimated as in Egs. (3) and (5), and the optimal M\as not discussed in the paper.
and Ref, and PS can be obtained by minimizihg,;,, and .
Jmode, respectively. These considerations allow the system toSome works have been reported concerning A tion

; . . o parameter. In [20] a linear model was established for both
obtain a near-optimal representation of the MB, with a very R and D to obtain analvtically the optimal
significant reduction of the computational cost in compariso/{w"“’“"" value an'Emt?lne method did notyprov?/de a sigpnificant

H H motion ’
to the opumal sc_)Iutlon. . , . : improvement in performance against the reference model. The
The aim of this work is to find a coding option closer tOC‘ALM method presented in [6] adjustes, for each
otion

th.e °p“'f“a' th.an Fhe one P.b tamgd by the JM reference "T‘O‘]ﬁmk based on its context, that is, based on the Lagrangian
without incurring in a significant increase of the computationa . . . ) -
cost of its neighboring blocks. This approach has been im-

CQSt' Specifically, we allow t.he 'encod.er to choose betwegnamented in the JM reference software [4] since the 10.2
different values of\,,,.:i0n, Which is equivalent to change the

relation betweem\,, t0n and \,,0qc Lagrange multipliers. version.

Since the discrete version of Lagrangian optimization in- | this paper, we propose a new approach that aims to
troduced by Everett [2], many works have focused on thigovide the encoder with more freedom to decide on the
approach. For example, this Lagrangian optimization was usgd . \jue and, thus, on the optimal MV selection process.
in [7] in a source coding application. In [8] an algorithmy; is pased on the fact that the Optima),orion 1S actually
was proposed to obtain the optimal,,.. parameter, best content-dependent. The proposed method is simple and effec-
basis (wavelet packet), and quantization step size in a wave|gé and achieves good results in terms of PSNR and bit rate,

packet-based coding. In [9] particular QPs were selected {Qitperforming the algorithm proposed in [6].
each coding block to minimize thé under aR. in a

HDTYV digital recording application. Nevertheless, since these The rest of the paper is organized as follows: section
approaches turned out to be expensive in computational cbsexplains the motivation of the work. Section IIl gives
terms, many works were proposed to avoid testing all tle®me background and insights about the problem. Section
possible QP values by modelling and D as a function of the IV describes the proposed method in depth. Section V is
QP ( [10]-[13]). Furthermore, the value of the,,q. param- devoted to experiments and results. Finally, the conclusions
eter to be used in the optimization process can be obtaires@ summarized in section VI.



TABLE | N e = 5-397
PROBABILITIES (%) OF SELECTING AA} LOWER, EQUAL, OR HIGHER 1 mode
THAN Apotion = VAmode FOR A SET OF STANDARD SEQUENCES

Akiyo
Foreman| |

PAT < Amotion) | PO = Amotion) | PONT > Amotion) 08
Akiyo 1.21 93.87 4.92 ’
Carphone 5.26 70.67 24.07 07k
Claire 1.35 92.48 6.17
Foreman 6.07 60.27 33.66 ~ 0.6
Highway 9.61 72.04 18.35 é
Salesman 2.27 88.38 9.35 < 0.5
<
& 04
0.3
Il. MOTIVATION

The goal of this work is to raise the coding efficienc
of the H.264/AVC JM reference software [4] through ai motion
improvement of the ME-related RDO process that does r 0 1 2 3 4 5
incur in a significant computational cost. In particular, ot X
proposal relies on the observation that the approximation of B ‘

Jimode DY Jmotion tUrNs out to be suboptimal when the MECE)'gé?l)- Conditional pdf of\} given Anode = 5.397 and P(A} /Amode =
process is compromised. To achieve a better solution for these
cases, we provide the encoder with the possibility of choosing

a MV different from the one that actually minimize$,,sion -

accurate, we grouped the resultinginto three classes: lower,
equal, or higher tham\,,.0n. The resulting probabilities
A. Accuracy of \,,orion €Stimation are shown on Table IP(\f = M\,.on) represents the

To prove that we are building on a sound hypothesis, wobability of selectingA,,.o.ion as the best coding option;
start by investigating the cases in which the estimation 8f(A7 < Amotion) represents the probability of selecting
Amotion given in (5) is not accurate. To that end, given a valu < Amotion, therefore giving more weight to thB.otion
0f Amode, the encoder has been modified to test several valdg§M: and P(A7 > Anoiion) represents the probability of
Of Amotion. EACh value of\,oion produces a candidate MV SEIECUNGAT > Anorion, thus putting more emphasis on the
resulting from the optimization of,,,1., and each candidate [motion term. According to the obtained results, choosing
MV is tested on.J,,.... In this manner, the decision on the*motion @s the optimal one is undoubtedly the most likely.
best MV is made using the actudl and D values, instead Nevertheless, there is a significant probability of selecting a
of estimates. As a result, an optimal MV and, consequentfy; different from Anoion (especially, in some sequences).
an optimal value OfAmoron are selected. Thus, in those>Pecifically, video sequences presenting size-changing objects
cases in Which\orion = v/Amode is the best solution, this (€-9-, 200m, approaching objects), suchHighway, produce
approximation is proven to be accurate, and vice versa. h|gherP(>\;‘ < Amotion); S€quences exhibiting high transla-

Specifically,21 different values of\,,ori0, Were tested. An fional movements, such &sreman or Carphone, show higher
F, factor P(Xf > Amotion); @nd finally, in sequences showing low-

motion content, such aékiyo or Claire, \,,.1i0n bDECOMES
Fy=1ix AF, with i € [0,1,...,20],AF = 0.2, (6) optimal with high probability.

With the aim of illustrating these ideas with specific
examples, Fig. 1 shows the conditional probability density
function (pdf) of A} given\,,o4e, P(A/Ammode ), for Akiyo and
fmoti(m = Diotion + (Fi X Amotion) X Rmotion- (7) Foreman. As long as the relation} = /A4 iS accurate,
the mean of P(\!/An0de) Would tend tov/ A4 @nd its

On ”;]e one hand, as can be (_aﬁsny inferieds= 0 prpdduce_s & yariance would tend to zero. As can be observed, the variance
MV that minimizesD,,,.1i0n Without any rate consi eratlons.iS higher inForeman than in Akiyo, and P(\! = Apotion) iS

On the ot.her, th_e highef;, 'the more the .deC|S|.on depends O'%ignificantly lower.
R,.otion, IN detriment of distortion considerations. Hereafter
we will refer to Apotion as the value estimated &8\,,oq4c, 10
A; as the product; x Ap,otion, and to! as the optimal);

was introduced intd/,,.ti0on t0 deliberately alter the balance
betweenR,,.otion aNd D,otion:

' These results show a correlation with motion content. In
particular,\,,,.:0n, IS NOt @n accurate estimation for sequences
such asForeman, which exhibits random motion due to
value (th_e one_selected Ofhnode). ) the hand-holding camera and the large head movements. In
Following this procedure, we gathereq resulting from contrast,\,,oti0n turns out to be quite an accurate estimation

encoding each MB of several standard video sequences usr’&gsequences such aiyo, which was captured with a static
an IP GOP pattern at 30 frames-per-second (fps) and f%ﬁmera and shows small head movements

QP. vglt:es (tZO’ 24,[’ 2(?’,[32)’. W't.h R?Qhenatiied8|nc;e outr In accordance with these results, which suggest that there
main interest was to determine in which casgs:ion IS N0 seem to be certain correlation between the motion content and

LFurther details concerning the test conditions will be given later on Sectibhe a_ccuracy of the\norion — )"r_node r_elatlon, [6] identifies
V. certain content-related events in whigh, .., Needs to be



TABLE Il . . . .
PROBABILITIES (%) OF SELECTING AX* LOWER, EQUAL, OR HIGHER as a low-complexity estimation o, and can be rewritten

THAN Anotion = vV Amode FOR A SELECTED SET ofME-compromisiNGg  (from (4)) as follows:

VIDEO SEGMENTS =
Jmotion = Z ‘I ({I?, y) - I (LC, y) + >\7notioanotion7

POV < Amotion) | PO = Amotion) | POG > Amotion)
Airshow (rotation) 253 79.69 17.78 (z,y)EMB ®)
Corvette (fade in) 5.74 36.05 58.21
Ice age (crossfade) 4.36 55.58 40.06 . . :
Nature (blurring) 56 T==8 176 w.he.rem and y are th_e honzomal and vertlce}l coordinates
Sintel (rapid mov.) 3.40 73.98 22.62 within the MB; I (x, y) is the luminance of the pixélz, y) on

the original MB; I (x,y) is the luminance of the pixdlx, y)
on the predicted MB; and?,,.t0n IS @an estimation of the

adjusted to improver — D performance. In particular, motion anrourl'trlof bits (?"Ofﬁted tol thfe tlf\:lV—g;lEated mformat;on. btai
content described by high module and random-pointing MVs n other _wosz, € tghoa 0 el\/IV thptrocesisd 'f] 0 Ob am,
will better be coded by means of a modification on thQy MINIMIZING Jimotion, the SAMe at-wou ave been

Amotion — Amode elationship. Some video transitions that progbt"’“ned by 0ptimizingJinoqe, Which can be rewritten as

duce this behavior are found in [21], [22] and [23], haming th@”ows; ,
complex translational movements, rotations, fades or blurring Toode = Z(z,y)EMB ([ (z,y) — 1 (l‘,y)) +

as typical events that compromise the accuracy,Qf;;on-
)\mode (RMV + Rcoeffs+head) 5 (9)

wheref(w,y) is the luminance of the pixelz,y) of the
reconstructed MBR ;v is the amount of bits allocated to the
To prove that the accuracy of theotion — Amode relation  Mv-related information; andR..c s+ head represents the bits
turns out to be significantly lower in those content-relategiiocated for transformed coefficients and headers.
events where the ME actually is not accurate, we have repeatetthe difference between the distortion terms in (8) and (9)
the previous analysis focusing on selected video segmentsdgfmes from the SAD calculation and the useldf:,y) in
which we know “a priori” that ME does not correctly work, ;.. instead of the SSD calculation aﬁc{x, Y) in Jmode-
such as non-translational events (fade transitions, rotatigme difference between the rate terms is also cléaf;iion
blurring, etc.) or complex movements, as mentioned in [6]. uses an estimation of the bits allocated to the MV-related
To this purpose, we gatherex} resulting from encoding information, while.J,,,q. considers the actual rate including
each MB of a set of selected video segments (using the saao the bits allocated to headers and DCT coefficients.
codec configuration of the previous section). The selectedThus, J,,..i.. relies on low-complexity estimations of the
video segments are on-line available at [24]. The results ageand D terms in J,,.q.. When these estimations produce
shown on Table Il. When comparing these results to those $ifjnificantly different errors, the balance betwe®p,;.,, and
Table I, which referred to standard sequences, it becomes olyj;, .,;,,, moves from that of/,,,.q., making its minimization
ous that the probability ok} = A,.0:i0n 1S significantly lower  to, very likely, fail to produce the same MV than thatbf ...
for these selected ME-compromising segments. Furthermoligthese cases, we could resort to adgpt.;., to compensate
for the particular case of fade transitiod3(\} > A.otion) IS for this unbalance.
even higher tharP(\! = \,,0ti0n). This result is due to ME
does not correctly work in ilumination changes and the fa
that this transition affects the whole frame, so that every M . ) o
in the frame is affected by this bad ME. .To !Ilustrate the correlation between the ME-compromising
Therefore, we hypothesize that the estimation of the L&ifuations and the lack of accuracy of hgorion — Amode
grangian parameter in,.oi0n Can be improved for ME- relation, in this sec_tl_on we develop an example that dea_ls with
compromising events. In other words, in these cases, mé:ross—fade .trar)smon. Fade transitions are characterized by
estimation of the Lagrangian parameter.fifosion should be general illumination changes that severely affect the perfor-

adapted to produce a MV more similar to the one that wouf§ance of the block-matching-based ME process implemented
be obtained by evaluating,.od.- on the reference software JM15.1, which is specifically de-

signed for translational movements and is not able to cope with
illumination changes. It should be noted that there are specific
[1l. BACKGROUND AND INSIGHTS methods to deal with illumination changes, such as weighted
prediction [21], but such solutions are out of the scope of this
work. The selected example consists of a cross-fade happening
In this section the differences betweép,ion, and Jo4se between two consecutive frames (#253 and #254pefige.
will be discussed in order to gain insight into the causes thiig. 2 shows the two considered frames. On this example, first,
may lead to poor performance df,ozion- we used the reference software implementation and selected
To find the optimal MV, the ME process should idealljthe MV by optimizingJ,,.o:ion- We will refer to this approach
evaluateJ,,q. for all the points in the search range. Given thas Reference Decision (RFD). The MVs obtained following
this process is not computationally feasible, the ME procedse RFD approach (using the frame #253 as reference) have
minimizes J,,.1i0n iNStead (Eq. (4)), which could be viewedbeen superimposed on frame #254. As can be observed, some

B. Analysis of ME-compromising events

%t. When J,,010n does not work: an illustrative example

A. Jmotion @S a low-complexity alternative to J,,,04e



Fig. 2. Frames #253 (left) and #254 (right) lak Age. MVs are superimposed on the #254 frame.
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Fig. 3. Comparative illustration of RFD (top row) and MRD (bottom row) in the ME (a) and MD (b) processes.

large MV's appeared on regions where there is no actual move-avoid this error, we performed a different ME process. In
ment. These MVs appeared due to illumination changes, whigarticular, we used the modified cost functidgn, ;. (6), that
misled the ME process to find optimal locations different frorallowed us to deliberately alter the balance betwé&gh,:ion
the co-located, which, intuitively, seems to be the best opticend R,,.t0n- We employed an arbitrarily largé; value in



order to select the MV that minimize®,,.:;on, preventing are depicted in thé&? — D space, and the optimal solution for
the ME process from choosing unrealistic large MVs. Wa given \,,,.q. iS the one that is first “hit” by a plane wave
will refer to this second approach as Minimum Rate Decisiaof slope \,,..q4.- In this case, where the ternf® and D are
(MRD). not estimations)M Vi, rp becomes the optimal solution in this
In a fade transition, the co-located MB has very similgparticular example.
edges, but an average luminance different from that of theln the same manner we have forced R, ;0. -driven
current MB. Consequently, the SAD may turn out to be higlsplution to correct a,,.on-biased solution, it is natural to
implying that the ME process could select a MV pointing to athink of the inverse case: sometimgs ., would produce a
MB that, being different from the co-located, exhibits a mor&,,,..;..-biased solution that could be corrected bPa,1i0n-
similar mean luminance. Fig. 3 aims to illustrate this idedriven solution, which could be implemented just by using
with a visual example. It shows a parallel analysis of the twb; = 0. We would refer to this alternative approach as
processes considered, RFD (top) and MRD (bottom). Fig. 3¢djnimum Distortion Decision (MDD).
focuses on the ME process {4, Optimization), showing In summary, ME-compromising situations can lead to
the predicted MBs, the residues, and their histograms. Fig. 3@®),otion OF Dinorion-biased solutions, which will require the
focuses on the MD process,{J4. Optimization), depicting the encoder to be able to select a different,;., value in order
DCT coefficients (before and after the quantization procest), make a more accurate decisionJpotion.
the reconstructed residues, along with their histograms, and
the reconstructed MBs. IV. PROPOSEDALGORITHM

A.S can be observed n F|g._ 3(?)’ the variance in the This Section describes a computationally efficient method
luminance of the RFD residue is higher than that of MRIPO find a more suitable value of,,,;:.,.. First, we discuss how

(see either the residual MBs or the 9orresponding hismgra”@reduce the number candidate values to make it feasible. And
Nevertheless, the SAD becomes higher for MRD becauses%fcond we propose a way to reduce the MD evaluations.
the illumination change, being this higher SAD what makes '

RFD to make a wrong decision at the ME stage. To be more
precise, the balance betweeh,orion and Rynorion turns out A Reduced set of A; values R
to be dominated byD,,,,10n: although R,,,o150, for RFD is The modified cost functio,,,.;;0n iNvolving 21 different
significantly higher than that of MRD, the MV proposed byactors F; was useful to set the motivation for this work,
RFD is chosen because of the SAD term. but becomes computationally impractical for coding purposes.
Moving forward to Fig. 3(b), when the DCT coefficientsTherefore, it is necessary to propose an alternative that allows
are obtained, it becomes clear that the RFD transformaed to take advantage of using a more suitable Lagrangian
residual presents higher AC coefficients, implying that there pgrameter in/,,, ;0 Without incurring in a significant increase
something more than a mean illumination change between tifethe computational cost.
current and the selected reference MB. On the contrary, theTo this end, we decided to select a reduced set of three
MRD transformed residual matches well with an illumination\; values: one higher tham\,,,:.n, Which would allow
change, as it mainly presents DC coefficients. for compensatingD,,,.:ion-biased solutions, one lower than
In the end, MRD turned out to be better in all senses. R&;,,t:0n, Which would allow for compensating,,, ;.. -biased
gardingR, the solution of the RFD approach was less efficiesplutions, and\,,.:;0n- IN SO doing, it seems reasonable to
since it had to encode some AC coefficients (not providirgglect the extremes,; = 0 and \; arbitrarily large (} — o),
long runs to the entropy coding phase) and additional M¢ince they would allow for avoiding the potentially largest
related information. Concerninp, MRD modeled better the errors. Interestingly); = 0 corresponds to the MDD discussed
changes that had actually taken place between both frames gmdyiously, and\; — oo to the MRD.
consequently, the resulting SSD was lower than that of RFD,Nevertheless, to study the suggested solution more in depth,
which failed to establish a proper balance betwé&n,...., Wwe gathered\; values from encoding each MB of a set of
and R,otion- video segments. For these experiments, we used an IP GOP
Fig. 4 provides a graphical explanation from the Lagrangmttern at 30 fps, four QP values (20, 24, 28, 32) and RDO
optimization theory point of view, using re&dl— D data taken enabled (both video segments and codec configuration are
from the previous example. The ME process is illustrated farther described in Section V). The obtained results are shown
the left part of the figure. The two compared solutions aie Table Ill, where the reference valug,,.:;on, is labelled as
depicted in theR,,,otion — Dmotion SPace labelled ad/Vgrp i =5, which corresponds tés = 0.2 x 5 = 1.
(MV associated with RFD) and/Vy,rp (MV associated  Regarding the\; < \,,oti0n Values, it seems reasonable to
with MRD). The optimal solution for a given\; is the select); = 0 since it clearly exhibits the highest probability
operating point in theR,,,orion — Dmotion SPace that is first among the\; values lower tham,,,ozion-
“hit” by a plane wave of slope\; (dashed lines in Fig. 4) Now regarding the\; > A,..tion Values, the probabilities
[3]. Therefore, as shown\/ Vi rp becomes the best solutiondecrease withi, what suggests that taking — oo could turn
for \; = Amotion, While MVy,rp provides the lowest-rate out unsuitable. Nevertheless, in this case, it should be noticed
solution () arbitrarily large). that the probability of selecting the predict@dV (V) as
The MD process is shown in the right part of the figureoptimal grows withi (because the increasing importance of
The two compared operating point&/Vzrp and M Vi rp, the rate term). To be more precise, the probability i/,
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Fig. 4. Graphical illustration of the optimal coding option selection.

TABLE Il
PROBABILITY (%) OF SELECTING EACH\; VALUE

TP =x) [ [ POT =)
0 1.94 11 1.01
1 0.51 12 0.82
2 0.60 13 0.68
3 0.45 14 0.64
4 0.37 15 0.50
5 82.58 16 0.47
6 2.27 17 0.39
7 1.96 18 0.39
8 1.67 19 0.33
9 1.27 20 0.33
10 1.16

to be the optimal for\; > M,.otion IS 69%. Taking this
observation into account, we could compensatelthe,;;on-
biased solutions with any\; value that leads ta\/V, as
optimal. So, we choosg; — oc.

As a conclusion); = 0 and \; — oo (MDD and MRD,
respectively) are good candidates to be evaluated in the
process of each MB.

B. Reduced number of MD evaluations

. . . . 7
As mentioned, the proposed algorithm aims to avoid large
errors. Specifically, we suggest to consider three alternativg_

MVs, resulting from\; = 0, \; = Aotion, @aNd A; — oo,

where \; = 0 leads to the MV that minimizes the distortion
(MDD) and \; — oo to the one that minimizes the ratell'

(MRD).
We must highlight that, during the ME process, D8 o¢ion
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(b) Coding option selection in the MD process.

MRD only for the 16x16 pixel PS, which is the most likely one
[25]. Furthermore, to achieve higher computational savings,
when the reference MV (derived by, = \,,.01i0n) turns out

to be the same than that obtained by either MDD or MRD,
only this reference MV is tested in the MD process (since the
third option becomes very unlikely: MDD and MRD actually
represent “opposite” solutions). As a result, as empirically
shown in the next section, the proposed coding process does
not incur in a significant increment of the computational cost
with respect to the reference coding process.

C. Summary of the Algorithm
The complete algorithm is summarized in Algorithm 1.

Algorithm 1 Proposed coding process of an MB.
1: % ME process (Jiotion)
2: Obtain MVerp, MVyirD, and MV, pp for 16x16 PS.
3: Obtain M Vi rp for the remaining available modes.
Mg % MD process (Jnode)
5: if MVgeD 7& MVyirD andMVRFD 7& MVyipp. then
6: Test MVgrrp, MVyrp, and MV, pp for 16x16 on
Jmode-
Test MVyrpp for the remaining available modes on
Jmode-
else
. TestMVgiprp for all the available modes o#,,,,qe.
10: end if

: Select optimal modemin J,,54e-
12: return Best mode.

and R,,.tion terms are computed for each position in the
search range. Therefore, only one ME pass is required to
obtain the three MVs sought. Subsequently, these MVs should V. EXPERIMENTS AND RESULTS

be tested on/,,.q. t0 Obtain the optimal coding option.

The proposed algorithm was implemented on H.264/AVC

To reduce the computational cost associated with the ttM15.1 reference software [4]. The main test conditions were
additional J,,,,4. €valuations, we propose to assess MDD argklected according to the recommendations of the JVT [26],



TABLE IV

ENCODER CONFIGURATION the JM15.1 coding performance under the same experimental
setup. Specifically, the proposed algorithm obtains an average
Eaflf‘lm‘fgf \'ﬁ‘“_le ABR reduction 0f9.27% for the same coding quality with
o SEP c 50 4a'28 37 respect to the reference software. Alternatively, these improve-
GOP P @ 30 f'ps_ ments can be seen in terms of PSNR, where the proposed
ME algorithm | Fast Full Search algorithm achieves an average gain0of2 dB.
Search Range +32 It is important to highlight that a higher gain is obtained
Reference Frames 3 id ¢ h fade t it tak |
Symbol Mode CABAC on video segments where fade transitions take place, as on
RD Optimizarion ON Mobisode or Corvette, where A BR reductions 0221.18% and

32.60% are obtained, respectively. This is due to the fact that
the optimal value of\,,.:ion iN these cases is different from

) . , . the reference one with high probability, as it was shown on
namely: main profile432 pixel search range, CABAC, andS ction II-B (see Table II),

RDO enabled. Moreover, we used an IP GOP pattern an : : :
' . omparing with CALM algorithm, the proposed method
four QP values (20, 24, 28 and 32). Table IV Summar'z%%duces a better coding quality with quite similar complexity

th(_arencoder ctcr)]nflguratlona laorithm in t ¢ R-D fincrement. It should be noted, however, that CALM works
0 assess the proposed aigorithm In terms of R-D Perifeya in the low-complexity RDO scenario (RDO off).

ma:jncr:a ; we have uged tg% average bAit rgte diff(;arenc_(ta)s dO_AB Regarding the computational complexity, a good compro-
and the average PSNR differences (AP )y$ escribed N ise have been achieved as Tl reaches an average value of
[27]. Moreover, to .evaluate ?he gomputatlonal complexity 07% comparing with the reference software and 4%

the proposed algorithm, the time increment (TI) was calculat% mparing with CALM, while providing very significant im-

as follows: provements in terms of R-D performance. Moreover, looking
7y — Lime(method) — Time(JM15.1) 100(%). (10) @ the individual video segments, the highest value of TI
Time(JM15.1) incurred by the proposed method is close4td, while the
The proposed algorithm has been tested with respect to yygrst case for CALM IS clos_e t‘M%'. .
H.264/AVC reference software and with respect to an state- f-AIthOUgh codec configurations using GOP patterns W'th_ B
the-art algorithm called CALM [6], which suggests a conte arames have not begn gsse§seq on this study, other techniques
adaptive adjustment o¥,,,,;:,, to improve coding efficiency. .es_|gned tc_) cope with illumination changes [21] h.ave shown
The comparative assessment has been performed on a vaf@ilar coding improvements for GOP patterns with P or B
set of video segments exhibiting ME-compromising events t&Mes: Therefore, aIthOL_Jg_h the experiments with B frames
show the improved performance of the proposed algorithm € I€ft for future work, similar resuilts are expected.
these cases.

Since the proposed algorithm aims to improve the M )
process, we have first tested this improvement avoiding po-T0 evaluate the overall coding performandatra modes
tential interference from spatial prediction tools (Intra modd8 Inter Frames coding option was enabled on the JM15.1
in Inter frames). Then, we have tested the coding performari€éerence software. It is expected that the use of the Intra
adding the spatial prediction tools (this will be referred to d&0de coding tool will compensate for some ME failures and,
overall coding performance). Additionally, we have computegPnsequently, the performance improvement achieved by the
an upper performance bound resulting from assessing ﬂ){@posed algorithm will be lower than the one obtained in
complete set of\; values. Subsequently, we have analysed #fCction V-A.
detail the contribution of each part of the proposed algorithm, The obtained results are shown on Table VI. An average
namely: the MDD and MRD. Finally, two illustrative exampleg-20% ABR reduction was achieved in comparison with the

of the improved subjective quality achieved by the proposégference software. Alternatively, in PSNR terms, an improve-
algorithm are also provided. ment of 0.12 dB was obtained. On the one hand, the best

results continue to appear in fade sequencesltikeAge and
) Corvette for the same reasons (now softened by the use of the

A. Evaluation of the ME performance Intra modes). On the other, the performance improvements be-

The proposed method aims to improve the performance edmes less relevant in zoom-type transitions, where the results
ME process by avoiding bad choices of the MV. Thereforégnd to be similar to those of the reference. In summary, it can
our first experimental evaluation is directed to assess the actbalconcluded that, despite the use of the Intra mode coding
improvement of the ME performance. To this end, we haveol overcomes some of the problems associated with ME-
disabled the use ofntra modes in Inter Frames since this compromised events, allowing more freedom for the selection
coding tool can mask failures of the ME process. of Anotion Still provides significant R-D improvements in

Table V shows the obtained results. For each of the cons@kchange of a low increment of computational complexity.
ered sequences, the mean values of ABR, andAPSNR As can be seen, for the experimental protocol used in this
across the four QP values are shown. Additionally, the last rqmaper, CALM does not provide any average improvement
of the table shows the mean values for all the sequences. Thegh respect to the reference software, likely because it was
results reveal that the proposed algorithm clearly improwsnceived for RDO-disabled operation.

E. Evaluation of the overall coding performance



TABLE V
PERFORMANCE EVALUATION OF THE PROPOSED ALGORITHM RELATIVE TAIM15.1WITH INTRA CODING IN INTER FRAMES DISABLED. COMPARATIVE
RESULTS REGARDINGCALM [6] ARE ALSO PROVIDED

Proposed method CALM [6]

Sequence [ Size | Effect [ # Coded Frames|[ Tl % [ ABR % | APSNRdB [[ TI % | ABR % [ APSNR dB
Ice Age CIF crossfade 42 1.87 —9.34 0.64 0.16 0.40 0.02
Ice Age CIF crossfade 13 2.89 —11.24 0.76 0.19 0.50 0.02
Nature CIF blurring 100 2.08 —1.67 0.08 0.00 0.01 0.00
Airshow SD rotation 150 3.33 —6.64 0.40 0.20 0.56 0.00
Corvette SD fade in 8 2.96 —32.60 1.95 0.63 —0.75 0.06
Corvette SD zoom in 50 4.03 —0.40 0.01 1.68 —0.01 0.00
Corvette SD zoom out 5 2.73 —0.58 0.03 14.06 —0.10 0.01
Mobisode SD crossfade 20 2.34 —21.18 0.82 —1.15 0.84 0.01
Controlled Burn HD crossfade 10 3.16 —15.86 0.82 —0.38 —1.77 0.10
Dinner HD blurring 62 3.98 —4.22 0.22 0.11 —0.73 0.02
Dinner HD zoom out 100 4.10 —1.05 0.05 —0.19 —0.24 0.01
Sintel HD | rapid mov. 73 3.37 —6.43 0.41 0.64 —0.21 0.01

[ Average [ [ [ [307 ] —927 [ 052 [ 133 | —013 [ 0.02 |
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Fig. 5. PSNR-BR curves achieved by the compared algorithmécéofge.

44

PSNR (dB)

= = =CALM

Proposed

415 i i i i i i
100 120 140 160 180 200 220 240

BR (Kb/s)

Fig. 6. PSNR-BR curves achieved by the compared algorithmsldture.

C. An upper performance bound

An extended version of the algorithm that assess 40 different
AmotionValues has also been tested with the aim of providing a
upper performance bound. The procedure described in Section
[I-Awas used fori € [0,1,---,40] in (6). Table VII shows
comparative results between the proposed method and this
upper performance bound.

As can be observed, although the upper performance bound
clearly exceeds the results of the proposed method, the room
for improvement is quite moderate. The upper performance
bound is not higher (as could be expected) because it has been
obtained by taking locally optimal decisions (at MB level),
which could not be globally optimal.

These results allow us to conclude that, although there is
some room for improvement, the proposed solution provides
an excellent balance between performance and computational
cost: it achieves a 2.20% bit rate reduction vs. a 3.21% of the
upper bound without incurring in a significant increment of
the computational cost.

D. Evaluation of the MRD and MDD contributions

An analysis on the individual contributions of both MRD
and MDD has been done to check their relative influence
on the global performance. Table VIII shows the overall
coding performance of both MRD and MDD with respect
to the reference software. In the first case odliV,rp
is considered together with/Vizrp. In the second, it is
MVypp the only additional MV considered. As can be
seen, both strategies provides quite similaB R reductions.
Interestingly, it is worth mentioning that the Tl generated by
MRD is low in comparison to that of MDD. This is due to

Figs. 5 and 6 show the PSNR-BR curves for two selectelde fact that the probability oM/ Vzrp being the same than

sequencesice Age and Nature, respectively. As it can be

MVyrp i1s higher than forM Vy,pp.

observed, the proposed algorithm clearly outperforms bothit is also interesting to notice that, in some particular cases,

JM15.1 and CALM.

working just with MRD or MDD outperforms the complete

Finally, note that the computational cost is almost the sarafgorithm. The reason is that the decisions made are locally
in the proposed algorithm than in the reference softwareptimal (for the current MB), but given that they affect
Specifically, using the proposed algorithm implies an incré¢he encoding of neighboring MBs, sometimes they could be

ment 0f2.99% of Tl with respect to the reference.

globally sub-optimal.



TABLE VI
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PERFORMANCE EVALUATION OF THE PROPOSED ALGORITHM RELATIVE TAIM15.1WITH INTRA CODING IN INTER FRAMES ENABLED. COMPARATIVE

RESULTS REGARDINGCALM [6] ARE ALSO PROVIDED

Proposed method CALM [6]

Sequence [ Size | Effect [ # Coded Frames|[ TI % | ABR % [ APSNRdB [| TI % | ABR % [ APSNR dB
Ice Age CIF crossfade 42 —0.55 —7.57 0.50 —0.65 —0.47 0.02
Ice Age CIF crossfade 13 1.21 —4.98 0.32 —1.25 —0.24 0.02
Nature CIF blurring 100 1.84 —1.81 0.09 0.51 0.26 —0.01
Airshow SD rotation 150 3.22 —0.85 0.04 0.47 —0.03 0.01
Corvette SD fade in 8 5.17 —6.21 0.28 1.24 —0.15 0.01
Corvette SD zoom in 50 3.79 —0.14 0.00 —0.30 0.00 —0.01
Corvette SD zoom out 5 5.12 —0.56 0.03 2.21 —0.04 0.00
Mobisode SD crossfade 20 3.53 —2.70 0.06 —0.54 0.76 —0.03
Controlled Burn HD crossfade 10 2.29 —1.18 0.04 —0.88 0.03 0.00
Dinner HD blurring 62 3.33 0.19 0.00 0.07 0.04 0.00
Dinner HD zoom out 100 3.55 —0.30 0.01 0.75 0.00 0.00
Sintel HD rapid mov. 73 3.32 —0.31 0.02 1.23 —0.13 0.00

[ Average | [ [ [[299 [ —220 | 012 [ 024 | 0.00 | 0.00 |
TABLE VII

PERFORMANCE EVALUATION OF THE PROPOSED ALGORITHM WITH RESPECT TO AN EMPIRICAL UPPER BOUNRESULTS IN BOTH CASES ARE RELATIVE

TO JM15.1WITH INTRA CODING IN INTER FRAMES ENABLED.

Proposed method Upper Bound
Sequence [ Size | Effect [ # Coded Frames|[ TI % | ABR % [ APSNRdB [| Tl % | ABR % [ APSNR dB
Ice Age CIF | crossfade 42 —0.55 —7.57 0.50 1924 —6.79 0.48
Ice Age CIF | crossfade 13 1.21 —4.98 0.32 2022 —4.42 0.29
Nature CIF blurring 100 1.84 —1.81 0.09 1748 —2.58 0.12
Airshow SD rotation 150 3.22 —0.85 0.04 1927 —2.34 0.11
Corvette SD fade in 8 5.17 —6.21 0.28 2130 —5.70 0.24
Corvette SD zoom in 50 3.79 —0.14 0.00 1977 —2.11 0.09
Corvette SD zoom out 5 5.12 —0.56 0.03 1908 —2.26 0.13
Mobisode SD crossfade 20 3.53 —2.70 0.06 2106 —4.61 0.14
Controlled Burn HD crossfade 10 2.29 —1.18 0.04 2089 —1.81 0.06
Dinner HD blurring 62 3.33 0.19 0.00 1984 —1.41 0.06
Dinner HD zoom out 100 3.55 —0.30 0.01 2064 —3.49 0.15
Sintel HD | rapid mov. 73 3.32 —0.31 0.02 2036 —0.97 0.05
[ Average [ [ [ [ 299 [ —220 | 0.2 [[1993 [ —321 | 0.6 |
TABLE VI
INDEPENDENT PERFORMANCE EVALUATION OAMRD AND MDD.
MRD MDD
Sequence | Size | Effect [ # Coded Frames| TI % | ABR % [ APSNRdB [| TI % | ABR % | APSNR dB
Ice Age CIF crossfade 42 —0.46 —6.97 0.48 3.00 —7.14 0.49
Ice Age CIF crossfade 13 —0.04 —4.00 0.26 2.88 —4.12 0.27
Nature CIF blurring 100 0.81 —1.86 0.09 4.28 —2.16 0.09
Airshow SD rotation 150 2.07 —0.23 0.01 3.92 —0.28 0.01
Corvette SD fade in 8 3.04 —6.61 0.29 4.15 —6.49 0.29
Corvette SD zoom in 50 3.36 0.52 —0.03 3.85 0.46 —0.02
Corvette SD zoom out 5 1.75 0.15 0.00 3.50 0.17 0.00
Mobisode SD crossfade 20 —1.42 —2.89 0.07 1.18 —2.96 0.08
Controlled Burn HD crossfade 10 —-0.97 —1.15 0.04 0.39 —1.28 0.04
Dinner HD blurring 62 0.66 0.17 0.00 0.32 —0.02 0.01
Dinner HD zoom out 100 2.00 0.50 —0.03 1.44 0.48 —0.02
Sintel HD | rapid mov. 73 3.01 —0.24 0.01 6.33 —0.16 0.01
[ Average [ [ [ [ 115 [ —188 | 010 [[ 274 —-1.96 | 010 |

E. Subjective quality evaluation Ice Age video segments (specifically, frame # 20) has been
Although the objective R-D results shown in previous sufg"coded, and we have comparatively shown the corresponding
sections support our claim, a brief comment about subjectitf@Fonstructed versions of that frame. To make this comparison
quality is in order. To this purpose, we show in Figs. 7 and & fair as possible, we have adjusted the QP value so that the
two examples of reconstructed frames, for two different viddgmPer of bits produced by this frame would be almost the

segments, obtained with the reference software JM15.1 aidne in both cases; in particular, it takes up to 8.3 Kb when
the proposed method. encoded by the reference software and 8.2 Kb by the proposed

In the first example, one selected frame of the first of tHgethod.
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Fig. 7 shows three versions of a selected area of the
mentioned frame in thice Age video segment: (a) original; (b)
reconstructed by the reference software; and (c) reconstructed
by the proposed method. As can be inferred when comparing
Figs. 7(b) and 7(c), a higher subjective quality is achieved
by the proposed method in comparison with the reference
software. Specifically, when looking carefully at the region
showing the snowy peak of the mountain, a lot of details are
lost in the frame reconstructed by the reference software, while
several of them are preserved in the version reconstructed by
the proposed method. Another example can be found in the
low part of the figures, where two characters (at small size)
can be observed: in the reconstructed frame by the reference
software one of this characters is missing, while it still appears
in the frame reconstructed by the proposed method.

In the second example, one selected frame ofMiobisode
video segment (specifically, frame # 17) was used. Again, the
QP value was adjusted to obtain almost the same number of
bits with the reference software and with our proposal; specif-
ically, 52.5 and 51.1 Kb respectively. In Fig. 8 three versions
of a selected area are shown (original (a), reconstructed by
the reference software (b), and reconstructed by the proposed
method (c)). As it can be observed in Figs. 8(b) and 8(c), in
the region showing the bars of the stairs our method achieves
better defined edges than the reference software. Moreover,
this improvement can be also observed in the shaded peak of
the suit in the right part of the figures.

This higher subjective quality can be explained by the fact
that the proposed method improves the ME process, coding
some MBs with higher efficiency. In such a way, for the same
amount of bits than in the reference coding process, we are (b)
able to code with higher quality, preserving more details in
the coded sequence.

VI. CONCLUSIONS AND FURTHER WORK

In this paper we have proposed an algorithm to improve
the conventional way of estimating,,.«;., and, consequently,
the ME process in RDO-based video codecs. Specifically,
an algorithm has been proposed that allows the encoder to
choose between three different values)Qf,;;.. Actually,
this choice has been limited to the Inter 16x16 partition size
to avoid incurring in a significant increase of the computa-
tional cost. For this partition size, the proposed algorithm
allows the encoder to additionally test, ... = 0 and
Amotion — 00, Which corresponds to minimum distortion
and minimum rate solutions, respectively. By testing these
two extreme values, the algorithm avoids to make large ME
errors in ME-compromising events, which refer to a wide set
of content-related events that make the ME p.rocess to perfOH(y_ 7. lllustrative example of the achieved subjective quality. (a) selected part
poorly; for example: complex or non translational movemerds the original frame selected from tHee Age sequence; (b) reconstructed
edited transitions such as fades, blurring, etc. frame with the reference software; and (c) reconstructed frame with the

. - roposed method.

The proposed algorithm has been extensively tested with
respect to the H.264/AVC reference software and a state-
of-the-art algorithm called CALM [6], which suggests a
context adaptive adjustment of,..;,, t0 improve coding performed on a varied set of video segments exhibiting ME-
efficiency. Furthermore, the comparative assessment has beampromising events to show the performance of the proposed




(b)

(©)

Fig. 8. lllustrative example of the achieved subjective quality. (a) selected pgatl] H.-M. Hang and J.-J. Chen, “Source model for transform video coder

of the original frame selected from tidobisode sequence; (b) reconstructed
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proposed algorithm substantially improves the performance of
the ME process (when intra modes in inter MB are disabled),
achieving average bit rate reductions9at7% with respect to

the reference software, while the CALM algorithm achieved
a bit rate reduction 00.13%. When considering the overall
coding efficiency, the performance improvement was lower
because the Intra modes used in Inter frames actually compen-
sated ME errors; nevertheless, the performance improvement
was still significant: an average bit rate reduction2df0%

with respect to the reference software; while CALM does not
achieve any improvement.

Furthermore, we have experimentally tested the effective-
ness of each of the two addition&l,,.;.. values, concluding
that both are equally important.

Finally, two illustrative examples of the improved subjective
quality achieved by the proposed algorithm have been also
provided.

Regarding future lines of research, we suggest the evaluation
of the proposed algorithm with GOP patterns using B frames.
Moreover, considering that there is still a moderate room for
improvement, we propose the design of a data-driven regressor
that would allow us to estimate more precisely the optimal
Amotion Parameter, so that the algorithm would be able to
use a near-optimal,,.+;0n Value instead of just testing the
extreme cases.
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