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ABSTRACT

Thispaperpresentsmathematicalframeworksontemporalpredic-
tiveprocessingin theMPEGvideocompressionstandard.Firstly,a
codinggainisderivedbasedontraditionalpredictiontheories.The
optimumorderingof threedifferentpicturetypes(I,P,B-pictures)
is clarified accordingto imagesourcecharacteristics.Secondly,
a novel frameworkon the targetbit assignmentis presentedwith
someexperimentalbackgrounds.Thesolutionconsistsof simple
formulae,but bringsdrasticSNR gainsto the conventionalTM5
algorithm.

1. INTRODUCTION

Bidirectional prediction is one of the factors characterizingthe
MPEG video compressionstandard[1, 2]. Coding efficiency is
highly improvedfor someimagesequenceswhenthebidirectional
predictionis utilized in an adequatemanner. However,known
theoriesonly indicatethat interpolativepredictionleadsto lower
predictionerrorsthanextrapolativeprediction[3], andtotalbalance
of the predictionmodearrangementhasbeenneverconsidered.
The pictureorderinghasbeenempirically definedin the MPEG
standardwithout sufficienttheoreticalbackgrounds.

Ratecontrolalgorithmshavebeenintroducedheuristicallydue
to lack of theoreticalsupports. Testmodel 5 (TM5) developed
for the MPEG2standard[4] providesan efficientalgorithmwith
threesteps:targetbit assignment(step1), feedbackcontrol (step
2) andmodulation(step3). A lot of papershavebeenpublished
to improvetheratecontrolbehavior. However, theyarededicated
to the issuesrelatedto step2 and step3 parts [5]-[9], and the
step1 part hasnot beeninvestigatedenough. Thereis a paper
discussingbit assignmentissues[10], but its solutionseemsto be
toocomplicatedfor practicaluse.

This paperpresentstwo mathematicalframeworksfor these
problems. In Section 2, a coding gain is provided basedon
orthodoxprediction theories. A parameterreflecting persistent
tendencyof interframecorrelationsis introduced,andtheoptimum
pictureorderingis indicated.In Section3, animprovedalgorithm
for targetbit assignmentis proposedby exploiting experimental
rate distortion functions. The solution is a TM5 extensionbut
providesdrasticSNRgains.
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Figure1: A GOPstructurein theMPEGstandard

2. A CODING GAIN FRAMEWORK INDICATING
OPTIMUM PICTURE ORDERING

2.1. Periodic Picture Ordering in the MPEG Standard

The MPEG standardhas three picture types from the view-
pointof their temporalprocessing;intra-codedpicture(I-picture),
predictive-codedpicture(P-picture)andbidirectionallypredictive-
codedpicture (B-picture). A group of pictures(GOP) is then
definedasshownin Figure1. WecanrepresentthisGOPstructure
by ����� 1 ��� ���	� 1 
���
 � 1 � 1�
where � is a distancebetween“core pictures”(I/P-pictures)and�

is the numberof corepicturesin the GOP. ��� � � is then
equalto the total numberof picturesin theGOP(i.e. an interval
betweenI-pictures).

2.2. Derivation of a Coding Gain

Weassumefollowing relationships:� Ratedistortionfunctionis givenby� 2� ��� 22 � 2 � � 2��� � 2�
where � 2� is an input sourcevariance,� 2� is a quantization
error variance,� is allocatedbits and � 2 is a quantization
performancefactor[11].� Closed-looppredictionguarantees� 2��� � � � 2� � � for each 
-picture(

 
=I,P,B), where� 2��� � meansareconstructionerror

variance.� Predictionerrorvariancesaregivenby
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Figure2: Codinggainsfor input sourceswith typical correlation
continuity( 5 =0.5).
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for
�

-picture,whereD isadistancefromthepastcorepicture
and E)F+G �IH#� representsa correlationbetweenH -frameapart
pictures.

Basedon theseequations,anoptimumbit allocationproblem
is formulatedasfollows: minimizing the averagereconstruction
errorvariance3 2JLK 1M ,ON 3 2JQP R 7 * M $ 1 .#!�3 2JIP S 7 M !)T�U 1V W�X

1

3 JQP Y *=<>. 2 Z * 5 .
ontheconstantrateconstraint[ R 7 * M $ 1 .#! [ S 7 M *-,\$ 1 .#! [ Y K %'&)]_^'`'a * 6.
In Eq.(6, � � representsallocatedbits to

 
-picture.

By applyingtheLagrangemultiplier method,acodinggainof
theGOPstructureis definedbyb�cedgf � 1
�� � �ih U 1h Tkjml fon �qp�	� 1 r TsU 1T � � 7�
where
�� � � and

� � � � aret *-,/. K 2 !@* 1 $q%�&9(:*-,/.u.v *-,w. K T�U 1V W8X
1
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(8)

respectively.
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Figure3: Codinggainsfor input sourceswith highly continuous
correlations( 5 =0.125).

2.3. Comparison of Coding Gains

Weintroduceaninput sourcemodelof which E9F+G �QH{� is givenbyE)F+G �QH{� �}|�~@� � � 9�
where | is a correlationcoefficientbetweenneighboringpictures
and 5 is a weightingfactor. When 5�� 1, this is a traditional
AR(1) model. Theobjectiveof 5 is to reflectpersistenttendency
of interframecorrelations,whichis suggestedbysimulationresults
usingreal imagesequences.Typical valuesof 5 arearound0.25� 0.5. It sometimestakesvery small values( � 0.125) in such
a caseof Mobile & Calendar. This meansthat correlationstill
remainsbetweendistantpictures.

Applying Eq. (9) to Eq. (7), coding gainsarecalculatedfor
various picture ordering patterns. Figure 2 showsan example
of |�� 0 � 95 and 5 =0.50. This is correspondingto the case
of ordinary imagesequences.Figure3 depictsanotherexample
( 5 =0.125)correspondingto imagesourceswith highly continuous
correlations.Thesefigurespointout that� Adequateinsertionof B-picturesbringsSNR gainsto the� =1 case(noB-picture),� � � 2 or 3 will be the best choice for usual image

sequences,and� ��� 3 remainsuseful for highly correlatedimage se-
quences.

Codingsimulationsarecarriedout usingsix ITU-R standard
pictures.Theresultsarealmostconsistentwith theoreticalevalu-
ationsabove.For example,Mobile & Calendarsequences,which
havevery high correlationsoneanother( 5 is very small),shows
thatlarger � valuesbringshigherSNRgains.Theotherordinary
sequences,which havehigher 5 values,havea peakat � � 2
or 3.
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Figure4: Comparionof SNRvaluesperframe

3. OPTIMUM TARGET BIT ASSIGNMENT

3.1. A Motivation

A disadvantageof the previousframework is fragility of its bit
assignmentapplications( � f sometimestakesa negativevalue).
Wethenrepresenttheratedistortionfunctionby

log ����� j log ����� � 10�
insteadof Eq. (2), where � is a quantizationstepsizeand � and� areconstants.This equationis derivedbasedon experimental
resultsusing real image sequencesfor the developmentof rate
controlalgorithm[12, 13]. This is equivalentto� j ������� � 11�
where� and � areconstantsdependingon imagesourcecharac-
teristics.Thecomplexitymeasurein TM5 is correspondingto the
caseof � =1.

3.2. Bit Assignment Formulation

Basedon theratedistortionfunctionin Eq.(11),anotheroptimum
bit allocationproblemis formulatedas follows: minimizing the
averageof the � -th orderquantizationstepsizes� c j �s�c ��� d j �s�d ��� f j �s�f� c ��� d ��� f � 12�
onthesamebit rateconstraint� c � c ��� d � d ��� f � f ��E)F+���  � � 13�
where � � is the numberof remaining

 
-pictures in a GOP. In

this framework,we assumethat minimizationof the � -th order
quantizationstepsizesresultsin SNRmaximization.

ApplyingtheLagrangemultipliermethod,thesolutionisgiven
by � c � �� c ��� d "x� S� R 0��1 � ��� ��� f "i� Y� R 0��1 � ���
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Figure5: Comparisonof generatedbits perframe� d � �� d ��� f "�� Y� S 0 �1 � ��� (14)� f � �� f ��� d "i� S� Y 0 �1 � �o� �
Thissolutionpresentstargetbit assignmentstrategytoeachpicture,
which don’t suffer from the the fragility problemoccurredin the
previousframework.In addition,� c �  I¡)� : � d �  u¡>� : � f �  I¡)� ��� � 1�o� � 1c : � � 1�o� � 1d : � � 1�o� � 1f � 15�
is suggestedon the optimum quantizationstep sizes. These
equationssupportthe fact of utilizing differentstepsizesto each
pictures.

3.3. Relationship to TM5

Targetbit assignmentalgorithmin TM5 (calledstep1) isconnected
to theproposedformulationby setting�¢� 1 ��£ d � 6 � c� d A 1� � 1 �o£ f � 6 � c� f A 1� � 1 � 16�
where £ d and £ f arecalleduniversalconstantswhoserecom-
mendedvaluesare1.0 and1.4, respectively[4]. In otherwords,
theproposedstrategymeans“adaptivere-assignmentof £ d and£ f accordingto imagesourcecharacteristics.”

3.4. Experiments

As an auxiliary experiment,optimizationof two parameters,�
and � , is investigated.Theresultsshowthat �¤� 1 � 2 � 1 � 3 and
1¥ � �\� 1� � 0 � 6 � 1 � 2 leadto thehighestSNRvalues.

Takingthesevaluesinto account,MPEG2codingsimulations
arecarriedout. Figure4 demonstratean SNRcomparisonresult
betweentheproposedalgorithmandTM5 for Mobile & Calendar.
Figure5 showsthecorrespondingresultof theirgeneratedbit rates
per frame. Thesefigures indicate that the proposedalgorithm
brings about higher SNR gains than TM5 mainly by assigning



Table1: Summaryof thepresentedformulations

1st (Codinggain) 2nd (Targetbit assignment)

R-D function 3 2¦ K¨§ 22 U 2 © 3 24 ª ! [ � K¬«
Costfunction

3 2JIP R 7 * M $ 1.#!�3 2JIP S 7 M *-,?$ 1 .#!�3 2JIP YM , ­ R ! ª �R 7 ­ S ! ª �S 7 ­ Y ! ª �Y­ R 7 ­ S 7 ­ YConstraint
[ R 7 * M $ 1 . [ S 7 M *-,?$ 1 . [ Y K M ,?! [ ­ R [ R 7 ­ S [ S 7 ­ Y [ Y K [

Coding gain ® R�S{Y K 1t *y,¯. h U 1h T ! l Y n T pTsU 1 r T�U 1T (not given in an explicit form)

Bit allocation
[ R K [ $ M $ 1

2
M , log2

t *y,¯.�$ ,?$ 1

2, log2
v *-,w. [ R K [

1 7 ­ S "�° S° R 0 �1 � �o� 7 ­ Y "�° Y° R 0 �1 � ���[ S K [ 7 M *-,?$ 1 . 7 1

2
M , log2

t *-,w.#$ ,±$ 1

2, log2
v *-,/. [ S K [­ S 7 ­ Y "i° Y° S 0 �1 � ���[ Y K [ $ M $ 1

2
M , log2

t *-,w. 7 , 7 1

2, log2
v *-,/. [ Y K [­ Y 7 ­ S " ° S° Y 0 �1 � ���

(fragile for practical use) (including TM5)

more bits to I/P-pictures. This bit assignmentstrategyis not
almighty, andcausesannoyingdistortionsin B-picturesfor some
imagesequences.However, it shouldbenoticedthattheproposed
algorithmdothisadaptivelyandautomaticallyaccordingto image
sourcecharacteristicswith the help of theoreticalbackgrounds.
Otherimagesequencesarealsoefficiently compressed;improve-
mentsby0.40dB in TableTennisandby0.38dB in FlowerGarden
areachieved,for example.

4. CONCLUSIONS

Thispaperpresentstwo mathematicalframeworksfor thetemporal
predictionstrategyin theMPEGvideocompressionstandard.Ta-
ble1 summarizesmainformulationspresentedin this manuscript.
Theyconvinceus of effectivenessof the bidirectionalprediction
andmakeway to developMPEG compressioncapability to the
full extent.
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