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Abstract 

.. 

A dèscription of th(' struC'ture of the ideal motiçm è"'ompensati>d t.(·I('visioll stall-

dards conv('rter .. consisting of a segment.ation pro('ess. a mot.iOlt (·stimat.ioJl pror(',,~. 

and an interpolation proc('ss is presented. Thr theory 0> linear proressing tt'rh· 

niques for tel('vision standards conversion. pract.Ïcal iIllp)('IIH'ntation of IÏJH'ar pro

cessing techIfîques, and the designs of existing :-.talldards ('onv('rtl'rl') art' r('vi(·wNl. 
. \--

An experimental motion comp('nsated :-.taudardh COJ1v('rft'r whkh aJ)ows th(' ('x-

amination of the interpolation prob)E'm apart from tll(' S('gu)('utatioJl and ('ftidrnt 

" motion estimation problems is impl('m('nt('d. Int.erpolation aperturrs for various 

input conditions are described. and a rull' for adapting th(' vrrtical aprrturl' to the 

amount of ahasing in the input signal is givl'n. R<.'sults arising from t}l(' dl'velopm('nt 
G 

of thE' experimental converter, and from "ubjrC'tive tc:-.ting of variou:-. C'onvcrters an' 

pres('nted. 
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Sommaire 

U ne description de la structure d'un convertisseur idéal à compensation de mou

vt'ment pour I~s ~tandards dE' signaux télévisés. consistant ('n des processus d(' scg-. /' 

m('ntation, d'estimation du mouvement et dïntc1,'polation, est prés<'ntée. La théori<, .;>.. 

df>s t~chniqu('s linéaires de conversi<>.,D d~ ('('!. starulards. l'exécution pratique de ('cs 
< 

techniques, ainsi que la d('scription des ('onvertisseurs commerciaux existant sont 

pas~és en revue. Un convertisseur expérimental à compensation de mOUV<'IIlent qui 

permet l'étude dE's problèmes d'inter.polation sans tenir compte des problèmes de la 

segmentation et de' l'estimation efficace .au mouvement est réalisé. Quelques ouver

tures pour l'int<,rpolation sont décrites et une règle pour l'adaptation des ouvertures 

verticalcs à la grandeur de l'aliasing des signaux d'entrées est définie. Les résul

tats provenant du développement du convertisseur expérimental ainsi que de tests 

subjectifs de différcnts autres convertisseurs sont présentés. 
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Chapter 1 Iut roduct.ioll 

The goal ?f television standards conversion is to chang(' th<, field rat<, (th(' nUIII

her of fields per second) and the line d<,nsity (th<, numbt'r of lin('!. p~'r fit'ld) of 0Il(' 

television standard to those of a differcnt standard without introducing distortion 

or artifacts to the output sequence. 

Two distinct rpasons motivate the developmmt of the standards convt'rt<,r. Om· 
o 

rea.. .. on is 1 for tht' exchange of information in the form of televisilm hroadcasts b(:-

tween areas which use different broadcast, transmission and display standards. In 

North America. a 525-line, 60 Hz st.andard is used. while in E\lroJ)(·~d many othl'r 

parts of the world. various 625-line. 50.Hz standards are used. Apart from informa· 
(,. 

tion intE>rchang<' between are as which US(> diffcrent t('l('vision standard!'!. il !wt"ond . 

reason for th(' devclopment of t!le standard .. converter is for conv('r~i()11 h(·tw(·(·u 
./ 

new and old standards within a particlliar area. If a new high<>r dC'finition produ('-

tion standard weliC to be introdut"ed. matE'rial prodtlc(>d tlsing dl(' IU'W standard 

could be convertE'd to old transmission and display standards h('fore broadcast.. If 

a new transmission and display standard were to b<> accepted. lIlaterial prodt1<'('d 

using obsolete equipment could b<> conv('rted to the nE'W traJlsmi~sjon stalldarcJ. 

The high-quality' stan'dards converter is an esscntial ingredicnt in the acccptanc(' . 
of a new 1125-line, 60 Hz High Definition Television (HDTV) standard in Europe, 

whcrc 50 Hz systems are currently uscd Il]. 
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The state of the art in telf'vision standardb rbnversioI.l in terms of installed oper

ating equipment is the Advànced Conversion Equipment (ACE) converter developed 

by the British Broadc~ting Corporation (BBC) [2]. This converter is essentially a 

t",Y0 dimensional vertical-temporal digital low pass filter, changing the field ratE" and 

lin<> Bensity through interpolation. The interpolatiol} consists of taking a weightcd 

linear <"ombination of a number of Ii~es in th<, temporal and 'spatial neighborhood of 

eaeh desirE"d output line to produce the output line. It requires the digital storagE" 

of four fields, and is referrE"d to as a four-line, four-field standards converter. It is 
s 

C'urrently in g~neral USE' in England. for live broadcasts as weIl as the exchange of pro-
\il 

gr~lIIl" on vid('o tape. The Japau(>sE" national broadcasting corporation, NHK, has 

announced an cxperimental motlon.cbmpensated standards converter [3, 4] which 

incorporates principles similar to thosE" proposed in th il' thesis. Little technical 
1 

documentation on this NHK éonverter has been released. Investigation of the in
• 

terpolation aspects of motion-compensated tel('vision standards~onversion remains 

a strong area of research. 

, . 
Two problems are apparent when viewing sequences converted with the ACE 

C'onverter. The first pr6blem is'a noticeable 1085 of resolution when viE'wing 'normal' 

scenes. In this converter, the two-dimensional low pass filter has been specified to 

trad(' off motion ,judder (jE"rkiness) associated with large area motion for a very 

distinrt 10Sb of resolution. The second problem occurs w hen vicwing sequences 

that ('on 'tain a rapid pan of il high-contra... .. t l'cene such a,c;; advertisements on hockey 

boards. In these sequences, the jud,der becomes quite evid~nt, and moving objects 

al-e seen to jerk across the screen at the-beat frequency between die two field rates. 

2 
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l'he tE'chnique proposed in this th('~'is is 'to 'cstimat.(' th" vdority of Illoving ar('a." 
\ 

in order to allow the interpolation of outputofields ha.'1"d on motioll-colDpc'llsat('(1 

input field~. Estimate~ of the motion bE'tween a glvell output tt'mporal position 

and temporally neighboril}g input fiE'lds arf' grJl('rat.ed; t.h€' inte>fpolatt'd field is tll('l1 

generatE'd by projrcting input fields onto t h(' tplIlporal posit.ioJl ()f dl(' intf'rpolatl'd 

field in the direction of th(,! motioIl estimat('~. ,Tllib proccdurf' pla('('s obj('('ts in 

the correct spatial position in the int<,rpolat<'d field. ~()Jnp~ftely climinnting Judder, 

while maintaining a much higll<'T degf('(' of r('M>lut ion than t)lat afford('d hy tllC' ACE 

converter. This techniquf' is applicable to "'('qu('n('('s ront.ainillg gcurflll rllot ion if 

th<, mput. fields afe> sE'gm('nted int.o ~ti1l and lllovirïg Il.fC'a. .... and a M'IHirat(' IlI0tiOIl 

estimate is gcnerated for ('ach moving area. 

This thesi!. examines the details ofmotion-rompensaterl intefpolatioIl apart from 

th<, segmentation and efficient motion estimation prohlems, by r(>strfcting th(' input 

'\ sequences to he sequences é'ontaining uniforrn trallslational mfJtion oVe>r th(' entirf' 

U imagE', whefE' a single motion es,imate,for the entire field ~an b(> rcliably obtained. 

Eliminating the segmentation problem entir~ly and simplifyiog the motion (lstima

tion problem allowed the implementation of an exp<,rimental motion rOIllpensated.

standards converter. Using this converter, and tll(' digital v.id('o capture/display 

facilitiés ,at the INRS/BNR Nun 's Island R('s(lar('h facility. tll<' :-.tructllre of th" 

v ideal motion compensated standards convcrtl'r wa!. d('fincd. Fundanu'ntal Il.bpc('t:-. 

of the interpolation process were investigat<·d. and a S('h('Ill<' for adapting t~f' -v('rti-' 

cal ipterpolation aperture to the ,amollnt of v('rtica.l aliasing in the input signal wa. .. 

devE'loped. The experimental convertf'r. along wit h ('xisting ('onverters, wa.c; mwd to 

proc<:ss sev~ral critical lest scqucnc('s. The r",i:iults of !.ubjc('tiv<,- test.s (,oUlparing th(' . 
" 

,performan('(' of the converters indi('at(' sUI)rrÎor treatmcat ?~ sequ~'n('(!s {"ontaining 

u 0 high speed motiqn ànd seciucIl(,~S {"ontaining hï~h dE'taii by the> motjo~ ('oIDJ;(>Jlsnted 
, . 

standards converter. (J 

& 

, , 
" 
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The rest of the th('sls i~ organized mto 4 chapters. Chapter 2 describes the 

thcory of ~tandard~ conversion. Yanou., techniques used for the conversion of tel('-

vision standards are debCril)('d. A frequency sampling meth9d for specification of 

interpolation apertur('s is described, and a bri('f survey of available types of motion 

('stimation ib given The chapt,('r is concl~d('d with a r(>view of the design of several 

cxisting standard!'> c~verter~. Chapter 3 d('~crib('~ th(' proposed system, giving a 

complct(> description of the structur<' of the Ideal motion compensated standards 
i. -
Il 

convert('r. a..'i well as the experimental motion compensated converter constructed 

for this thesi!ot. Chapter 4 glves th<' re'.,ult.!'> of the' dev('Iopment of the converter 

and th(' resulth of subjective t<,sts f'omparmg the ('xperuncntal motion compensat('d 

C'onverter td('xi!'>tmg converters. Chapt('r 5 concludes the th(>sis . 

/ 

4 

o 

V 



o 

o 

, --

o 

\ 

Chapter 2 TIH'orpt ic al I3a.rkgrolllld 

Ther(' are several different approaches to conversion of teleVI!lioIl standard!'>, (,8eh 

tradmg off compl('xity. los<; of resolution. and th(> addition of artifact!> to varymg 
f 

degrees This chapter provides the theoi'etical background for t('l{'vislOn btaJ1dardt. 

conversion. both traditional linear techniques and the motion ,coml)(\m.ah'd 1('cll

. nique proposed in thi!> thesis. The struct~re ~f television signal!> i!. d('!>rrib{'(l. and 

the concept of a television standard is introduc('d. The' t }u'Of(·tical ha.,i~ for t('l('vi-

_ sion standards conversion using linear proc('ssing i!. ('xamiJled in ch·t Hil. follow('d hy 

a description of the options availablC' in.the practicaIIlUpl('IlH'ntatioll of a ~t.aJldllrcl!. 

converter. A frequenc)' sampling I1l<'thod of filtpr specification Il-> di~cu!'>!\('(l. and il 

brief survey of motion estimation algorithms i!\ gÎ\·{'Il. Th(· ehapt('r il'- cOI1c1udf'd with 

an overview of the specifie techniqu<'s \lbed in M'vC'ral curr('nt -;t andard!> COllv(·rt(·r!\. 

2.1 The Tëlevision Signal 

~ 

TelE'vision signaIs are three dimensional signaIs, havillg COlUpOJH'lIt!\ iu tllf' v('r-

t.ical and horizontal dimensions as weil a." a f,<>mporal compoIl('nt. Tu produc(' El 

t.el<,vision signal, the image in a camera 1S s('ann~d Iin(' hy line, from top to bot.tolll. 

Onl' compl<,te lin{' scan of the image· ir~~ cauwra compriseb li frame. ln 2:1 in

terlaced systems. a complete scan of the' image i!zJornwd in twc> passc~. Each p~t. 

forrm, a field. which contain!l half of d1<' number of linel't in a fralIl('. On the tirst 

, -,~ 
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paSl:>, f>ven numbert>d Imes are scanned, forming an 'even' field; on the se("ond pas~, 

ocld numbercd Hnes art> bcanned, forming âii ~d' field. These fields are transmitted 

as thf> ~utput sequence at twi("e the frame rate. Sequential fields, when interlaced, 
~ 

forru a frame. 

A colour television signal is comprised of three independent c~lour component 

... ignal~. These signalb represent the intensities of three primary colours which are 

!o>inmltaneously scaulled in the camera. For transmission, a luminance signal and two 

wlour-differenc(' signais are formed by weighted SUffiS of the intensities of the three 

colour components. These signais are frequency multiplexed to obtain a composite 

!\Ignal. with the colour differellc(' signaIs quadrature modulated on a subcarrier 

fr(·queIlcy. 

Th(· television signal can be thought of a."i a sequenc(' of fields which are temporal 

samples of the spatially and temporally continuous image in the camera. Each 

field is composed of a number of lines, which are vertical samples of the spatially 

continuous image in the camera at that temporal sampling point. 4 Digital storag(' 

and processing of the television signal requires the transforma~ion of the/signal which 

Is discret.c in the vertical and temporal dimensions but continuous in the horizontal 

dimension to a signal which is discrefe in all three dimensions~ This transformation 
, ! 

il' 8chiev('d hy sampling and quantizing the continuous signal to produce a digital 

sequence. The resulting digital representation of each field is an array of digital 

values called pi("t.ure t'lements or pels . 
.-

CompositE' signais are sampled at various rates; typically either three or four 

times the frequency otnre colour subcarrie~. It is possible to reduce the amount 

of chrominancE' information in a sequence of images with litt le or no subjective 

effect, especially -if the sequencE' contains motion. Taking advantage of this fact, the 
, --- -------

1 Sinc~ lh~ Iinf' acanning proceu lakes a flnlt~ amounl of timf'. "ach Iinl' is, in ract a vertical sam pie of lhe ima~f' 
al • dilfert!nt point in lime. Howl'vt!r, IIm\"!' finit~·duratloll lIamplinl{ relu lu ln only a am...!!!. conatant temporal 
otrU& Iroln onf' line to Ih~ nexl, each field is usually consldl'red wllhout 1015 of gellualily lo be a .ample of the 
ima,e at a lioll[le poinl in tÎml' 

-t.:.:-_ .. 
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colour differenc(' signaIs in most systl'IllS arl' chos('11 to occupY approximah'ly ()JI(' 

half thE' handwidth of the luminancl' signal 151. Thl' two colour differl'uc(' higllRI~ 

may then be suhsampled at a rat(' OIl(' half of that of th(' lumiuanc(' signal sill(,,(' 

they occupy less bandwidth th an the luminancl' hignal. COlllponent, signab, wlU'1I .. 
digitally processed or st,ored without being first form(·d iIlt,o a composite sigllal. nr(' 

sampled at the studio standard sampling fr('quenc)' of 13.5 MHz 

A typical structure for the digital storage of each fh'ld i" a thr<'(' dirn('lIhional 

array: th(' horizontal dimension indexes sampl('!> of (>ach lill(' (p(·ls). th(' v(·rt.iclll 

dimen!:>ion indexc·r... each line; and the depth diI.!!.('IISioll ind('x('" "Ilmpl('s of th(' lumi

nance and colour difference signaIs. Sinc(' tht' colour diff('f('Jl('(' signal" art' SUh!olRm

pIed 2:1. ail of the samples of both colom diff('rl'I1c(' "'Ignalr... ilia)' 1)(' cont.ain",lm OU(' 

array th(' sam(' siz(' as the luminanc(' arra)': ('ach lillf' in th(' colom differenc(' Ilrra)' 

would he composE'd of alternating J>t'Is frolll ('ach of tll(' colour cliff('rC"ncl' signall'\. 

2.2 Television Standards 

Th(' Line density (the numh('r of lines p('r fram('). t.h(' field rai e (th(' nUllll)('r 

of fields per second), the spectra of the duee primary rolours, and the w('ightill~ 

('oefficient~ 115(·d t.o derive the composite signal an' d('filll'd in a sl tmda rd. Falllili('l'\ of 

standard", with similar field rates. line densit.ies, and t rallsmissioll hchcmeh (,()JllpriM' 

syslems. In Xorth America, the standard uhl'd ih r('ferred to ar... ~TSC, aftf'r tll(' 

National Television System Committee 151. Th(' NTSC standard <h'nuc'l'\ a 525 lin('!o> 

per frame. 60 fields pPf second, 2:1 int('rla('('d sY!o.f('Il1. A fi('ld ratt' of .39.94 Hz wa!o> 

chosen to correspond wÎth t11(' 60 Hz alt<!rnating curr('JlI POWC'T !>upply in North 

America. In Europe, two systeIll!o. ar(' prc\'al('nt: tilt' PAL r...Y!olt('II1, ami tlU' fŒCAM 

system [51. Both are 625 Hne. 50 fi('ld ... peT h('('OIHL 2:J int('rlac(' sy!o.t(,IIlS; the 50 Hz 
- <1 

field rate reflects the powersllpply fT('qu(,IlC)' in EurOI)('. TIl«' liTlt! raie (th(' lHnuh('r 

of Hnes per second) •. of ail threr of thcs(' system!> is very dos<,: all rcquirc rohghly 

the same channel bandwidth and transmit information at similar rates. 

.. 
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A system which has a substantially hight>r line rate than the 525/60 and 625/50 

systenu; is the proposed 1125 line. 60 Hz. 2: 1 interlace High Definition Television 

(HDTV) system. This system is intended to provide resolution approaching that 

of 35 mm film for production and display. NHK, the Japanese national broad

casting corporation. is currently broadcasting an 1125/60 system called MUSE [61. 

It is exp<>ct<>d that HDTV will E'ventually be accepted in North America for high 

d(>finition production and specialized applications at first, and perhaps for general 

tran!-tIIlissioIl and display uses in the future. 

2.3 Linear Television Standards Conversion Theory 

The fundamE'ntal problcm in television stjl.ndards conversion is to change the 
~ 

field rate and the line density of the input standard to those of the output standard 

without introducing arti/acts or losing re.'lolution. Vanous analog methods, such 

as optieal conversion, where a camera using the outPl.\t standard is pointed at a 

monitor displaying the input standard. and converters that use quartz delay lin es 

to implement line and field store!. wer<> us('d before the advent of digital hardwate. 

In this thesis, techniques applicablt> primarily to digital processing are examineq. 

ThE' conversion of a t('lE'visioll signal from one st.andard to another may be viewed 

as conversion from one sampling .'Itructure to another. Figu~e 2.1 shows the vertical

temporal time domain sampling structurt' of two different systems, the 525 lineJ60 

fields pt'r second NTSC system. and the 625/50 PAL system. For an practical 
j), 

purpos<>:-" (Ileglecting the faet that the NTSC temporal sampling rate is actually 
- . 

59.94 Hz). this bloek illustrates the "lowest common denominator" bE'tween the two 

systems; ont> cyclE' in the vertical and temporal dimensio~s between the coincidence 

of the two sampling structures. To convert from onE' standard to another, it is 

neeessary to find the values of thE' luminance and (' hrominance signaIs at the vertical

temporal points which comprise the desired sampiing structure .. 
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Figure 2.1 Tlme Domain VertIcal-Temporal Sampling Strur\.url'<; 
0- NTSC samphng structure. >. - PAL samphng strurl url' 

The traditional method of sampling structure convers~on is to u&e lin('ar pro-

cessing. Linear processing techniques use linear filters to convert from one vertÏfal-
0 

temporal sampling structure to another. If the original signal has he('n bandlimited 
, . 

and ~ampl('d at a frequency sufficient to ensure that the "mplf>d signal is not alias('d, 
~, 

then perfeet sampling structure conversion could theoretically be obtained. How.: 

ever, practicallimitations such as the fact that the signal from the vertical-temporal 

sampling process (the camera) is aliased. and th(' difticul~ in finding perfC'ct linear 

filters to perform the sampling 5truct\1r(' conversion. IIlf'an that traditional standards 

conversion techniques produee imperfect output. !'jon-liIwar ffi('thods of standard!> 

conversion such as the motion-cOIppensat('d t('chni9u(' d('scrib('d in s('ction 2.4.1.2 

replace linear temporal filtering techniques Witl.l a complex non-linear PIiPcess that 

produces superior results. This sf>ction deriv('s t})(> thcory of traditionallinear saJJJ

pling structùre conversion. 
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Conversion from one vertical-temporal sampling structure to another vertical

temporal sampling structure may he performed as a two step procedure. In the 

first step, the three dimensional rontinuous signal that was image d, in the camera 

is reconstructed from t~e sampled signal with a reconstruction Biter: In the sec-
<1 

ond step, the continuous signal is resamplE'd at the desired vertical .and temporal 

frequencies, producing a discrete signal sampled at the rates deBned in the out

put standard. In practice, a one-step op~ration,4.s performed on the input :amples 

t.o produ('(' the output samples directly. It is-lnstructivc 1.0 examinE' the effects of 

, ,tlie two step reconstruction-resarnpling procedure in the frequenry domain to gain 

an insight. into the requirements for the one step procedure. The theory will be 

introduced in one dimension, and then extended to two dimensionb. 

2.3.1 One Dimensiona} ReCoDstrudioD and ltesampling 

The process of sampling a continuous signal generates a sequence of samples 

of the signal which are values of the continuous function at discrete poihts. If we 

wish to ('hange the sampling structure. that is, generate sample~ of the signal at 

different discrete points, the original signal may be reconstructed from the sequence 

of samples, and then resampled at the desired points to form a new sequence. 

To see how the continuous signal may be reconstructed. the effects of the sam

pling process are examined. In thE' one dimensional case, a discrete SE'quence x( n) 

is formed by sampling a continuous signal xo(t) with period T. The values x(n) :are 

t';,onsidered to be instantaneous values of xo(t) at {t = nT"n =- ... ,-1,0,1, ... }. oA 
" , 

frequency domain representation X( eiW
) of the sequence x( n) is the Fourier Trans

form. givcn in 17] a. .. 

V( )'W) 1 ~ X (jw .21Tr) 
4'1. e = T L.. a 't- + } T (2.1) 

r.:. -00 

where Xa(jw) is the frequency domain repr~entation of xa(t). The sampling process 

causes th(' frequency spectrum of the continuons signal to be replicated at integer 

multiples of the sampling frequency (Figure 2.2(b) and (e)). 
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to low sampling ratt' (cl FrE'quency spectrum of sJgnal loamplt'd 
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Because of the replication of frequen('y spectra, the sampling fr<>quen('y must h(, 
\. 

at least twice the frequency of th(' highest frequency component in th(' continuol1!. 

signal: If the signaU~ not bandlimited, that is,~ it has componcnts at aIl fr<'ql1encie". 

or ,if th(' sampling frequency is less than twice the highest frequen('y, component in 

,the continuous signal, then the replicated spectra will overlap (Figur(' 2.2(h)) and 

the original signal cannot be re('overed. This condition i!. known as alia8ing. 

To rE'constru('t th~ continuous signal Xa (t) from th(' disrr('t(1 s<'qut>ncc x( n), il 

is necessary to restore the frequency spcctrum of Fig. 2.2(c) ,to its original stat(1 . 

(Fig. 2.2(a)) by passing the sequence through a r('coIlstrl1ctioIl filter. Th(' perfeC't 

, 
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reconstruction fUter must pass thE' ba&cband spectrum without attenuation, and 

reject completcly ail replicated spectra. The perf~t reconstruct.ion filter is the ideal 

low pass filter, which has ~nity gain in the passband, zero gain in the stopband, 

and a transition band of zero width (Figure 2.3). 

peu band 

/ 
amplitude 

o 0 fco 

transition 
band 

/ stop 
bènd 

/ 

frequency 

Figure 2.3 Ideal Low Pass Filter. The ideal low pass filter has unit y gain in 
the passband, a transition band of zero width at the cutoff 
frequency Ica. and zero gain in the stopband. -

If the reconstruction filter is imperfect, then the continuous signal is not re

const.ructed without distortion. H the rec_onstruction filter attenuates the baseband 

signal. then information from the signal is lost; if the reconstruction filter does not 

attenuate the stop band completely, then aliasing occurs becau~e low frequency 

componcnts from the replicated spectra are included in the high frequency areas of 

the reconstructed signal. 

Once the continuous signal xa(t) is re<"onstructed.from t~e sampled signal x(n), 

the continuous signal may be resa.mpled at t.he desired sampling frequency. This ,. -
resampling process genera!es a new sequence y(n) of samples of the continuo~s 

, 

,function :l'a(t). at points different than \hose of x(n). In the fre(juency domain, t?e 

\ 

\ ... 

1 

1 
1 

12 

.............. : 



o 

o 

o 

o 

. 
~ ... P ... 

- .. ', ~ . " 

, . 

baseband signal is again replicated"but at multiples of tht> new sampling frt>quel1ry 

(Figure 2.4). If the resampling rate is reduced. aliasing as illustrat!d in Figure 2.2(b) ~" 

may occur, necessitating prefiltering of the baseband signal to limit its bandwidth 

and avoid aliasing. This reconstruction and resampling process is a "hybrid" process 

involving mixed analog and digit.al pro('f1ssing. Sampling structuTt> ronversion may 

be performed rnuch more ('asily using completely digital proressing. 

~~6 
-fat a fal 

'e' frequency (Hz) 

-Iaa, o 'aa 

_ fraquent ••• ~!_ (II) 

Figur .. 2.4 Frequençy Domain Rt>present.lltion of Resampling The- sllmpling 
process creates replicatlons of the blllleband ffequency lIpectrum 
aL multiples of the input sampling frequency 1 ... When tht' 
samplillg rate is changt'd 1.0 /.". thr entlre frequency axis 19 

scaled. 

2.3.2 One DimensionaJ Digital Sampling Rate Conversion 
• 

Clearly, reconstruction of tht> continuons signal and thcn resampling it as a 

means of changing the sampling rate is inefficicnt. The alternative is to digitally 

proress the input sequence ofsamples .x(n) to interpolate th<> output sequence y(n), 

without reconstructing the continuous waveform xa(t) in an intermcdiate stage. 
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In thE' two step prOfess, the fontinllOUS signal .la (1) Wab reconstructed from the 

hltmpled signal x(n) (in the frequency domain) by multiplying the spectrum X(e jW ) 
-

by that of the reconstruction filter A(eJW ), which (>xtracts the baseband spectrum. 

In the time domain, this C'orresponds to convolving 3"( n) with the impulse response 

"of thE' (fontinllous) reconstruction filter a(t). If thE' valuc'!> of the discrete sequencE' 

x(n) arc consid(>red to be instantaneous values of the continuous sequence za(t) at 

integ('r multiple!> of the sampling period Tl' i. e. 

(2.2) 

then the reconstrufted signal is 

oc 

za{t) = L 3"(p)a(4 - pTd· (2.3) 
p= --oc 

Th(> resampling of th(> fontinuous funftion .la (t) at a new set of discrete points 

spaced at multiples r of tll(> ne\\' sampling period T'}.. can be expressed as choosing 

values of 3" a (t) at a nf'W set of discret.e points t = rT2 • -00 < T < 00 : 

oc 
J"a(rT2 ) = L x(p) a(rT2 - pTd (2.4) 

p-o -oc 

and 80 the ne'''' disfr<,te sequence y( r) can be described as 

00 

y(r) = L x(p) a(rT2 - pTd· (2.5) 
" p=-oo 

When the ratio T2 /T] is a rationalnumber, then the valu~s of the function a(t) 

are r(>quired at an infinite number_ of discrete point.s. The continuous function a(t) 

IIlay then be replaced with a discrete function a(.q). and the "hybrid" digital-analog:. 
" 

.' digital processing system of section 2.3.1 bccomes a truc digital processing system, 

interpolating y( JI) directly from x( n). 

Since (in the absence of an aliased input signal) the perfect r~construction filter 

a(t) is the ideallow pass tilter. 'the sampling structure conversion problem resolves 
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irlto finding realizable approxim t ions to thE' icl('allow pass filter which trade off los1-

of information from th(' base for t}H' indu!\ioll of aliast'd spectra. ln standarcb 

conversion. a finitE'-düration, continu ime domain function quantiz('d in position 

and amplitude. whosf.' frequf.'nQ· respons<, approximùtf's dl<' ideal low pass iilt('r is 

USE'd to pcrform ~ampling structurf' cOllv<,r!'>ion. -f}l('~(' funrtions ar(' knowll 8..'i al,,'r· 

ture functionl/, interpolation alJerturr..~. or simply apertures. Thedis("f('t(' funC'"tioJl 

a(s) as derivf.'d on the prE'viou~ pag(' i~ an i~lfinitf'-I('ngth fUJlct.ioll. usually requir('d 

on a very dense sequen'Ce of discrct<, point.!'> for t.(·I('vi~iOIl standards conv('rsÎOIl. ln 

practice. thE' function a(.'.) i" truncat.f'd to a" finitC' l{'ngt h~ and df'fiJlf'cl on a rf.'lativ('ly 

coarsE' spacing. When a value a( rT2 - pT.) is r(·quirE'd. the' argul1lf'nt (rT2 - I)Ttl i!'> 

quantized to the nf.'arest point upon which a(s) is defined, and t}}(' valuf' of a(.'1) at 

" -the quantized position is taken as the valuE' of thf.' apertur(' function. If tht' value of 

the argument is outside the domain of the finitf.'-length apertuf(', the valu<, of t}w 

aperture is defined as zero. 

2.3.3 Two Dimf'nsional Reconstruction sud R('sam}>Jing 

Conversion of television standards implies conversion- from on(' vertical-t{'IIlporal 

sampling structure to another verti<-al-temporal sampling structur('. For standard" 

conversion, the television signal is processed in thC' vertical and temporal dimension" 

and reconstruction and rcsampling involves t.h(' use of two dilIlf'IlSional vertical

temporal filters. Two dimensional ,filters and signaIs arc analogou~ in <'V('ry way t.o 

their familiar one dimensional counterparts, cxcept that t Il<' t-wo diuJ('nsional filtt'r~ 

and signais arE' definE'd over grids or lattir.es of discrc>t(' point~. 

A 2: 1 interlaced 60 Hz television signal, viewed in the vertical-temporal dimeJl

sions has a time domain sampling st"'ructurc> as shown in Figur(' 2.5(a). The sarnp1ing 

process causes the replication of the bast'band frcquency spectrum centered on th(· 

points shown in Figure 2.5(b) for a~ NTSC signal 181. 
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As in the one. dimensional case, it is nt>C'essary to t>xtraC't the baseballd frequenC'y 

spectrum using a' r~construC'tion filtt>r in order to reprod 11C'(, tht> two dilI1t"Jlsiollal 

continuous signal. Tht, filtering may bt" p('rformcQ u.. .. , a cascade of two st>parablt, 

one dimensional filter8, one in the v~rtical dimt>usion and on(' in th(' tt'Illporai di-
, " 

mension, or a ,with a non-separabl(' two àilJlellsioual filtt>r, Tht, US(' of s('paral>l(, OUt' 

" . dimensional ftlters in ('ascad(' results in vertical and teniporal aliasill~, f('gardlt>s!'> 
i 

" of the order of the cascade becausc of tll(' positioning of tht, rcplicat(·d sl)('ct.ra. 

Figure 2.6 illustrit.tes the extraction of the baseband sIgnal in, a two-stt'p "'.·IHlrahlt, 

procf'Ss. The spectrum of thE' input sIgnal (Figure 2.6(a)) IS filter(·d llSl11g ~l one di

mens ion al verticallow pa!'>!'> filter with a ('utoff fr-cqllency at about ±262.5 (' /ph, or 

half of the vertical sampling frt"quency. In the tirst quadrant, low vertical frequency 

components of the replicated spectra ('('ntert'd at 26~.5 (' /ph are pass('d along with 

the vertical ba<;eba~d spt"ctra. The resulti'ng spectrum is shown in (b), with tht> 

aliased areas cross-hatched. Subsequent one dimension al filtering in the temporal 

dimension with "a filter of cutoff fr('quency at about ±30 fIz, or half of th(' field 

rate, produ('eb the baseband spectrum aS shown in (c). In tht" first quadrant. low 

frequE;ncy temporal C'omponents from thc rt'plicated sp('ctrulIl ('('l1t('re<1 al 30 Hz 

are passed along with the tempbral bru.eband spectrüm. Similar alia.~ing OCClUS in 

the other three quadrants of the frequency spectruUl. The aliasing in tlH' f'xtract('d 

base band signal is unavoidable because of the posltioning of the r(lplÎC'ated spcctra; 

cascading the two one dimensional filters in thf' rev('r!oe ordC'r resu1ts in a haseband 

"signal which is aliased for the same reasons. The U<;(' of a non-separable two dimen

sio~) filter,allows the extraction of the bac;('band spcctrum without aliasing (Figur(' 

2.7). 

Once the signal is restored to being continuous in the vertical and telIlporal di-
? 

mensions, it may then be resampled at t}lt> desi~ed vertical and temporal frequencies 

to produce an o<titput sequellce in tht' desired standard. 
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Two Dimensional Reconstruction Impl:mented with Vertical 
then Temporal Filtering The use of two filters in a separame 
process leads ta aliasmg du~ to the position of the replicated 
spectra in an interlaced system (a) In the first quadrant, initial 
vertical filtering passes low vertical frequency components of 

o replicated spertra along with the vertical baseband spectra (b) 
Subsequett4 temporal filtering passes low temporal frequency 
cornponents of rephcated 5gec\ta along with the baseband 
spectra (c) Tht> nfOt result IS ~n ahasmg of vertical and tc;.mpor.al 
freqencles ID ail quadrants of,the rllfonstructed frequency 
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Figur~ 2.7 Non Separable Two DimenslOnal RrconSlructlOn Filter. A lillfr 
with the diagonal shape-as shown ex tracts tht' bll.lleband !lignai 
without including frequency componènth from Ilny of tht' 
replicated spectl"ll 
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2.3.4 1'wo DiruensioDa) Digita'i SampJing Ratp Convprsioll 

AH in the olle dimensional case. il is neithcr efficient nor necessary to actually 

r('construct the continuons wavcform in order to change the sampling structure. 

TIl<' !>ampling rate' conversions in both the vertical and temporal ~iIIlensions may be 

siulUltan('ously performed \Ising a two diInensional apertuf'e. Fel an input sequence 

r( m, n), the output ~<'quenc<, Y( T, s) i~ given br 

" 
l 

)I(r,s) = 
'-' 

oc 

L 
p=- -00 q- -oc 

c c 

(2.6) 

whcrE' t'Let, v) is the continuous two dimensional aperture function, Tl and T2 arc the 
" 

1 

existing sampling periods in each dimension, and T3 and T4 are the ne\\' 'samplil1g 

period!o\. A~ in the one dimensional case, thE' desired frequeDC'Y response of the 

two diIIlellsional ap<,rture function is (in the absenc<, of an aliascd input signal) the 

fr<'<!lwllcy r<'sp~>Ilse of the perfect two dim<,nsional reconstruètion filter. In practice, 

the' IH'rf('CI r('con~tructioll fihcr il:! Ilot the id('al two diIIlensional lo\\' pass filter, 
r 

h('caus(' of the ncêd to supprcss aliased frequcncy components resulting from a 

in!\uffkipJltly bandlimitcd input to tll(' sampling proces~, at a cost of a loss of f)ome 

uusC'hand information. 

The problem of sampling structure conversion again resolves into choosing a 

truncated, quant.izC'd aperture function with frequency responst' which best approx

imatcs the perfect rC'construction filter. transforming (for example) thl.' spectrum 

of Figure 2.8(a) to that of Figure 2.8(1;) without lowcring the subjectivl.' quality of, 

th(' output s<,quencc. The tradeoffs involved include on one hand. specification of 

t11(' Rpertur<- so that th<, hnsl'band spectrum is passed without attenuation while 

rcjccting atiased frequency compon('nts from replirated spectra;' and on the other 

hand. trading off tht' length of the aperture for simplicity of irnplementation. ' 
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Two Frequenry Domain tanin" Strurturl"!> Th!' frt'quC'llr) 
d~am rl'p, ('sentaLlon of an NT SC !>Ignlll. wlth rt'ph('/ltl'd 
~pectra aL multlpll's of 30 III and 52:,/2 r/ph IS bhown III (il) 
Below is the frequenry domalll rE'prt'~enLaLl()n of Il PAL !lIgnaI. 
with repllcatlons al 25 Hz and 625/2 r/ph. (FlrsL quadrant) 

2.4 Television Standards Conversion 

, , 
Tlu? ~ampllng structure conversion theory pr<>s('ntfj in th .. previous ~('Ction 8.8-

sum .. s that the signal was sampled at at least twÏcE' th<> frE'qurflcy of the highest 

~ncy romponent in the continuous signal. Oth('r~..ïs('. th<, samplN} signal is 

alias<,a .. , and the continuous signal can n(>V('r b(' f(·(·o\'(·r('(l. Sinc(' t h(' illpu t signal to 
"-

a telE'vision cam('ra is not hufficiently V('ft irally and t,(>Jl1porally pr(·filt(·r(·d !o limit 
"-

its bandwidth. the bignal is alias(>d in hoth th<, v('rtirài ~nd t('1I1poral dimension,... 

Low spe<,d moycment of high-detail images call f('sUIt in i~(. existence' of high fr(·· 

quency temporal componentb in a signal. and signifirant aliasing ()c("urs when th" 
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signal is sampled at 50 or 60 Hz. For this reason. traditional met1J.ods of sampling 

structure conversion using linear proressing cau neve~ aehieve perfect results. N~

Iinear technique!:!, such as motion estimation. may he used to produce better results 

than linear t~chniques, notwithstanding the t.emporal aliasing in.the sampled signal. 

2.4~1 Clloic:es for Interpolation in the Temporal Dimt>Dsion 

The goal of temporal interpolation is to interpolate fields at the temporal 10-

rations dictated by the output. field rate, based upon information containedjn 

temporally l}('ighboring input fields. Output fields !Day he interpolated from one, 
, 

two. or mort> input fields in the temporal neighhorhood of the desired position. 

The interpolation may he performed using linear processing and an aperture funr

tion as an approximation.'to the perfect reconstruction filter, or the interpobition 

may he performed llsing non-Iincar t.echniques in an attempt to avoid the prohlems 

Ilssociated with temporal aliasing in the sampled signal. 

2.4.1.1 Linear ApproximatioDs to the Pt'rf('("t Reconstrut"tion Filter 

Th(, Icast romplex choire for a temporal aperture is a function which uses a 

singl(' Jlcighboring field to generate the output field. This aperture has the time, ....... 
~ 

domain form shown in Figure 2.9(a). and the frequency response shown in 2.9(b). 

The E'ffE'ct of this "zero-order" function is to repeat input fiel~s wh en the sampling 

rat(' is bring incr('ased, or to drop input fields when the sampling rate is being 
" 

decr~ased. 
\ 

Dropping or repeat.ing entire input fields is the léast comple~ method of changing 

th(' field rate. hut4ieriously degrades tht' quality of the output sequence. In order 

to inrrt'a5r thE' field rate. for exampl(> from 50 Hz to 60 Hz, it is n('("essary to repeat 

every firth field in th(> input sequence. To decrease the field rate from 60 Hz to 50 

Hz, it is necessary to drop every sixth field in the input sequence. 
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AperturE' Ext.ent. fi<'ld ]>eriods 
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('a) 

a ~ 

Digital Frequenc)' Response (h) 

Figure 2.9 Interpolation Aperture Spanning On(' Inpul Fi('ld 
(a) TimE' domain (b) Frequency domllin 

When viewing sequences with uniform motion. the' rep('tltioll or dropping of 

field5 causes a discontinuity in thE' motion. Thi" discontinuity Js referrN} to as 
w 

judder. and is seen as a nc,ticeabl<' jerk, of the image <,very time fi fielp is rep(·at(·d 

or dropped. The frequency of the discontinuity is the beat fr('ql1cncy betw('('Jl th(' 

input fiefU' rat(' and tht> output field rate. For 60 Hz to 50 Hz conver"ioJl!-t. or 
, , 

the reverse. the beat frequency is la Hz. The hnman visual syst(,Irl hab p<,ak in 

temporal respons<, at approximat<'ly 7 Hz 19). so the 10 Hz motion discontinuity j" 

found to hE' highly objt>ctionabl(' by human vi('w('r". Judd('r is tlw primary motion 

artaïacl introduc('d into an output S('qU('IlC(' by standard!'> conversion, and if, a r('sult 

of using an imperfect aperture function snch as that of Figur(' 2.9 which att('nuat<,,, 

the baseband and passes frequency ('omponents from replicated "pc('tra. 
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-
Figure' 2.10 Interpolation Aperture Spanning Two Input Fields 

(a) Time domain (b) Frequency domain 

An aperturE' which uses t-wo neighboring fields to interpolate each output field 

usually implements linear interpolation. "Linear interpolation" is not to be confused 

with "linear proce~sing"; Iinear interpolation is a type ofAinear processing. Linear 

interpolation is the term used to describe an interpolation scheme which takes a 

weighted sum of the two closest fields to produce the output field at-each desired 

temporal position. The weighting given to each input field is inversely proportional 

to the tE'mporal distancE' from that field to the desired temporal position. Using 

a temporal dimension unit of one inp~eld period, the output field Fo woul~ be 

ralculated as - '" i " 

_ (2.7) 
, 

where Fi,.. is the input field temp6rally prE'ceding the output field positioq by a 

units. and Fil is ~he input field following, spaced (1 - â) from the output field 

position. 
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Linear temporal int.erpolation alleviat.es the judder problem to sOllle extent by 

forming output fields whirh contain an avcragt' of the image!) in neighboring fields. 

Moving objects arc spatially displac;ed in sequential fields of a sC'qu('nC'C'. When 

two such sequential fields are averaged together to form an output field, thr effect 

15 to smear th<> moving object. When viewed in motion. tht' sIIU'aring of moving 

objects results in a perreption of 105s of resolution, but an avt'faging of tIl(' motion 

discontinuitie~ . 

--_. ---

----_._-
t· Ta •• Ta. T 

______ ---1 

t • 10 • 112 

Figure 2.11 . Averaging Two Input Fil'lds To Forlll An Output Field. Wht'n 
interpolating a 6c>ld (m thilo case half way I!rtw('en th!' mput 
fields) by taking an averagt' of two su('cesslve 6t'lds. the irnagt' 
of a moving objrcl IJI thr interpolatrd' field be('omes blurred. . 

By ext('nding the time-domain extC'nt of the apt'rturc, more than two neigh-
~ . 

boring input fields may be used to interpolatt' eaeh output field. The range of 

choices for the form of the aperturt" function is infinite. The func60n may be linear, 
; 
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quadratk, polyngmial, or defined empirirally. Since (in the absence of aliasing) the 

ideal interpolation aperture has the frequency response of the ideal low pass filter \ 
~ , 

a 10gical choice for thE' aperturE' function is the truncated impulse response of a 

low pass fi Iter , whose frequency response better approximates the ideal than the 
.\ .' 

zero-order fun~tioJl, linear interpolation. or polynomial approximations. 

0 0 

-2 -1 0 1 2 

AperturE' Extent, field periods (a) 

1.0 ~--

0 
-11" -11" /,2_ 0 1r/2 11" 

Digital Frcq~ency Response (b) 

Figurt',..2.12 Interpolation Apert.ure Spanning Several Input. Field:.. (al 
TiiTIt' domain (b) Frt'quency domam. Note that this aperture is 
specified in the frequency domain in an attempt 1.0 better 
approximat.e the frequenry responsr of the ideal low pass tilLer. 
The apertures of figures 2.9 and 2 JO were- specitied in the time , \ 

domain. 

Th~ use of an aperture spanning more than two fields allows the specification of 

a filter having h('tter passband performance and.allowing less aliasing than lower

order rncthods previously dcscrihed. Detter approximation of the idealleads to a 

perception of lessjudder; however, thE' judder is lessened at a cost of lower resolution 

hecause the output is a weighted average of a number of input i;ields. 
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2.4.1.2 Non-linear Temporal Interpolation 

A highly ('omplex. non-linear method of int<,rpolating fields at the desir<,d tem

poral positions is motion compensated int.erpolation of fi('lds. The fundamental Rim 

of motion compensated interpolation is to estimat(' th(' velocity of moving objerts 

in a sequence, and to use the motion estimat.e to place moving objects. in ('orrect. 

spatial positions at the desired temporal positioIl. By placing objects in ('orr('('t 

spatial positions. the 10 Hz motion artifa('ts introduced by th(' linear processing 
.--

techniques ~f section 2.4.1.1 are eliminated cntirely. 

o 
1 - To.1 

"'1 
O., .......... 1-10· 1/2 

. . 

t -10 

Figure 2.13 Projecting M'oving ObJ('(·ts 10 1 hl' Corrt'ct Position Thl' 
eSSence of motion rompensated interpolatIOn is 10 replano 

r .emporal filtering with a system thal projrt'ts movlng Imagt"!> 
to tht' correct spatial posillClJl in an interpolatE"d field 

An important factor in the d('sign and implementation of a motion ('ompensated 

interpolation system for television signais is tll(, 2:1 fi(>ld inter lace scheme. The efl'('('t. 

of an interlaced scanning system is that each field contains one half of the availahle 

vertical samples of ~the image in th(' camera: a fram(' formed by intcrlacing two 
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successive fields eontain& a ,maximal ~et of vertical samples of a stationary image. 

A field taken by itbelf is vertieally aliased. ~o a field intcrpolated using only a single 

input field must suffer a loss of vertical resolution to suppress the vertical aliasing. 

To maximize th(' resolution of an intcrpolated field. information is taken from two 

Hrquential fields in the temporal nrighborhood of the desired position. 

In the C8.S(· of a sequencE:' of fields which contain the image of a stationary 

!lcene, two successive fields are cornhined into a single frame which contains vertical 

samples at twice th<, field rate. An interpolated field with a different line density 

may then b(· construrted using intra-frame interpolation with no loss of informatipn. 

A motion compensated system allows the same principle to he used in the presence 

of motion in the 'srene by conceptually constructing a frame which is coI4posed of 

two motion compensated fields. When a s<;ene contains a moving object, sequential 

fields C'ontain lipatially displaced samples of the image of the moving object. H two 

such fields were to he combined to form a frame> without any modification, the 

envelopes of the sarnples of the moving object from each field would not coincide, 

and the hhlrring effect illustrated in Figure 2.11 would OCCUT. If. however, it was 

possible to adjust or wmpensate both field~ !-IO that th(' moving object occupies the 

same spatial position in èach of the fieldb, then a frame formed by il}terlacing the 

two rompensatcd fields would afford the same rebolution as a frame eonstructed 

from two fie>lds containing a stationary image. ~ 

This motion compensation may be ;mplemented by simply taking information 

from caeh input field with a displaceme~t equal to a motion estimate from the 

intrrpolated field \0 the respective input field. In a scene with severa) moving 

objects, the interpolated field is segmented into different regions, and a separate 

motion (>stimate is found for each contiguous region. In the limit, a separate motion 

('stimat(' may he generated at each pel in t?e interpolated field. 
, 

1 Ir ... qufnc. contaln. vUlicai motion ., a rat. ~ual to an odd number of frame Iines per 6eld perlod, 'hen 
mo.' of tb. lample. of tbe movinll object(.) in .equenl.aIlields will in fac' be admtacalll&lDple •. ID C.bi. CaH, lhe 
avallablf re.olution of tb. movinl objec'(.) i. reduced. 
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The compensation proccss may also b(' thought of as collapsing two fiE'lds ont.o 
, 

the desired te_mporal position in the direction of the motiofl estima/es in ordt'r tu 

form a motion compensated fra~l(' to be used for intra-fram(' interpolation of ft fi(,ld 

with a new line density. In this mt,t'rpretation. thr only difference between forming 

a motion compensated framE' -whcn there arl' horizontally rnovmg objt'ctM::;ill tll(' 

image, and forming a fratne from a stationary imagt' is that the motion estimatl' in 

the latter case is identically zero ovcr th(' entire field. 

The u~e of motion compensated temporal int('rpolatioll instead of traditional 

,linear processing techniques can pro duce interpolated sequellc~s fr('(' of motion arti

facts n~withstanding the existence of temporal aliasing in th(' input signal. Motion 

-' compensated interpolation, forming the basis of the system propos('d in this thesil'>, 

is treated more fully in Chapter 3. 

2.4.2 Choie es for Interpolation in the Vertiral Dim"DSiolJ 

The major problem in television standard::. conversion ib th(' introduction of 
'" 

motion artifacts due to tt'mporal interpolation. Spa:tial int('rpolaÎioll introduct's 

artifacts whic~rc subjectively I<,ss disturhing. mainly IOSb of vertical r('::.olu,tîofl in 
~ ? 

the interpolated fields. Consequt>ntly, highly complex non-liIl~_ar procl'ssi,llg, tt'êh-

niques are not rcquired to produc(' subjectively good quality vl'rtÎcally iI~t('rl)()lat('d 
out.put. Vertical interpolation is customarily implt'ment('d with Iin('ar proccssing, 

using a finite length, quant.ized apertur('. In the saUle way that tilt' ext.f.'Dt of dU' 

interpolation aperture may be such that one', two. or sev~ral input fields ar(' used 

to interpolate each output field, the extent of a vertical aperture may be 8uch that 
, 

one. two or sever al input lines are used to interpolat" cath output line usillg linear 
l' .. .. ~ ., 

. h·..s. processmg t.ec mques. 

"A vertical aperture with an ·extent of one field linc
Q 

if; the least complex tYJ>(' 

of vertical interpolation aperture. The form of this function is identical to that of 

Figure 2.9. The eireet of this Mzero-order" aperture is to choose the nearcst lin(' 
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to the desired vertical position Ils thE' output Hne, in effect, dropping Hnes from 

the input when the line density IS being decreased, and repeating lines wben the 

line density is being increased. Repeating or dropping lines from an input field 

to form an output field is the least complex method of changing the line density, 

but introduc('lo! spatial artifacts to the interpolated field.' Diagonal Hnes will have 

a discontinuity added, and fine horizontal structures may be eliminated entirely. 

Thcse !:Ipatial artifactb, which are d ui> to the poor frequency response of the aperture 

of Figure 2.9, lIlay bE' reduced by finding a bE'tter approximation of the ideal low 

pass filt('r. 

, 
An interpolation aperture which uses two neighboring input lines to interpolate 

eReh output line usually implements linear interpolation, in -the same manner as 

temporal l~n('ar interpolation described 1Il section 2.4.1.1. Linear interpolation, 

being fi better approximation to the ideallow pass filter, produces bet.ter results than 

thE' zero-oroer system described abovE'. The spAtial dh,c~!1tinuities are replaced with 

a less s('vere aliasing of the old sampling structure onto the n('w sampling structure. 

This aliasing produces a sequence of lines which vary in resolution. The lines where 

the sampling structures coincide are perc('ived and being sharp, because the)' ar(' 

copied directly from the input, while the remamder of the lines ar-e perceiv~d as 

being blurred because they are an averag(' of tWQ input !ines. Spatial -artifacts occur 

at the beat fr~quency between the frequenC'y corresponding to the input line density 

and that éorresponding to the output !ine density. 

A vertical interpolation aperture may have an extent which covers more than 

two input lines. 80 that each output. lin(' is a weighted linear combination of a 
, 

Ilumb('r of input line5. As in field rate conversion, the range of choices for the 
... 

form of th(' apE'rture function is infinitE'. The truncated impulse response of a 

19"' Pl\;'iS filter specified in the frequency domain, whose frequency response better 

approximates the frequency response of the ideal low pass .filter is a logical choice 

for the interpolation aperture. 
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2.5 Frequency, Sampling Specification of Interpolation Apertures 

Interpolation ap('rtur<,s lls('d in standaros ronv<>rt('rs art' orten spl'Cified by thcir 

frequency respons(' in an attempt to ohtain a finit(' length time domaill funftioll 

with a frequency r('sponse approaching that of t.~l(' p('rff'ct r(,follstructioll filtcr. To 

generate th(' apertur<" th<, frcquency respOIlS<' of a digital low pass filter is sp('dfi('d 
. . 

at a set of discr<,t<, points The impuls(' r('spons<, rorr(,spolldinr, to t.h(' fr('qucuc-y 

specifications of th(' filter, when trunrat('d and quantiz('(L form!. th(' interpolation 

ap('rtllre. The impulse r<,sponse of th(' filt('r i~ ohtain"o by transformillg th(' fr('

quency specifications using t}~!nversc Dis("T('t(' Fouri~r Transform [71. Thi~ m('thod 

is us<,ful sinee it prov~1rlples of the nnpuls<, responsc at a set of dis("f('tt> pOints. 

gencrating the dikryte aperture function a(.'I) of section 2.3.2 directly. First, dl(' 

one dimensional case will be eonsidered and th('fi th<' two dim<'usional ras<,. 

2.5.1 On(' Dim«.>nsiona) Filter SpE"ci.firation 

The onf' dimensional DisrTE't,(' Fouri('r Transform (DFT) of th(' J)('riodir S('CJ\WllCf' 

x(n) of length S IS defined [71 as one period of th(' p('rlOdic M'<j\H'nC"(' X(k): 
o 

(2.8a) 

N-I 
= [ L x(n) W~.nl RN(k) (2.8b) 

c • 'n=O 

where R /Il is a reC"t.angular funetion w)'liC"h <,xtract!:l one pcriod of l('ngth N, and 
\ 

". ! 
\ 2r 

R:X=e-}iv 
-' 

---., --"" " .. 
: The Inverse Discr~te Fourie,r Transform of X(k) is defined a~ 

NI 
= '[ L X(k) ",;\'knl RN(n) 

1-0 

(2.9) 

(2.lOa) 

(2.lOb) 
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The frequency responsE' of the fI1ter is considered to be specified''-t ft{ discrete 

point" ('qually spaccd along the freql1ency axis at. intervals of ~. spanning ~he 

frequcncy range frorn 0 (dc) to 21T (the sampling. frcquency). This sequence is. , 
d<,,,ignated a. .. X(k), and X(k) is defined as X(k) repeated with peribd IY. X(k) 

i" tll(' Discret(' Fourier Series (DFS) ru.~ociated with the frequency response 'qf the 

filter. 

A pur<,ly r<,al DFS has the property that its transform is conjugate symmetric; 

'ïiTC real part. of the transform is an even fu~on. and the imaginary part odd. F?r 

t lu' iIllpul!ol~ r<,sponse of the filter to be real~ the frequency response of the fiIter is 

"J)('dfit·d such that Re[X(k)] = Re[X(-k)), and Im[X(k)) = 0 for aH k, i.e. X(k) 

fs sp('rifi{'d to be symmetrical about 0 and purely rE'al. ThE' latter condition al~o 

lIIlplies that the filter has zero phase rcsponse. Note that because X(k) is peri~dic 

with period N. X(k) is symmetrical about 0 and about 1T. 

Evaluating 2.10 for all TI gC'neratcs th(> DFS .i:(71). which i" periodic in 1\". Any 

on(' period of .T(n) may be chosen as th(' IDFT of X(k). If 

{ 
]\' - 1 N 2- 1 } l'(u) = x(n). t/= ---2"', .... -1, 0, 1, ... , (2.11) 

IS dlOS('Il. :r( TI) is a familiar representation of the impulse responsè of the filter 
" 

sp<,dficd by X(k). ThE' impulse response obtained using 2.10 may be thought of as 

samples of a roJltinuous time domain function. Dy calculating the impulse response 

using 2.10. IV equally spaced samples of the entir(> length of the impulse response 

ar<, oht.ained. Samples of the impulse respons(> are spaced at the inverse of thf:' 

value ()f the fr<,quency at which th<, signal is sampl~d. for example, a signal which 

is temporally samplf:'d at 60 Hz will have samples of the impulse responsf:' spacf:'d at. 

1/60 second usi~g the above method. Figure 2.14 illustrates a filtcr specified with 

eight frequency samples. ThE' rE'sulting aperture is then specified at eight points 

spanning four field periods. 
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-'Tf -1T/2 o 1T /2 

Digital Frcquenry Respons(' 

-2 -1 o 1 2 
Aperture Extent. fit'ld period., 

Figurt" 2.14 A Fr('quency Spl'dfil'd Interpolatl()n AJ>l'rt ur!' Nol .. 1 hlll hol li 
thE' frl'quE'ncy sprclficatJon, and ImJ>ul~(' r('s(>on'4(' Ilrl' cll'llIIl'd 

only at lh(' dIscret!' pOint!> !>hown 

Increasing 1\" by specifying more closely !ipaced points in the frequtmry dOII1a.in 

increa"iCS th(1 length of tthe impulse response obtaincd with th(, IDFT. If more dO!wly 

spared samples of the time domain fUllction are required to avoid positional quanti

zation noise, it is necessary to increaM' thE' length of the frequcncy domain fUJlrtion 
,.... . 

o X{~) by padding it with zeroes: 

Define, for some whole nurribcr p, 

fr (k) _ {: (k ) for k = 0.1. .... S - 1 
for 1.- = N. 1\" + 1. .... P S - 1 

(2.12) 

Note that Y (k) is periodic with length .".y = (P + 1) 1\0 . 
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Padded Discrete Fourier Serieb 

______ -=-2 -1 o 1 2 
Aperture Extent, fielEl--periods 

Figurr 2.15 A Padded Frequency Speclfit'd IntE"rpolatlOn Apt'rtllrE". Not,(' 
that both the frequency specificatIOn Ilnd Impulst' response art' 
defined only at the discrete pomts shown, but the denslty of 
"samples" of the impulse respon!>e obtained 18 mllch higher 
than in figure 2 14 

From 2.10 we havE' 

y(n) = ~ 
y 

'''"II 1 L Y(k) WN;n 
k=O-

N-I ' 
1 0 l '~X(k) W:k(p~J) , 

-P+1N L- Il 

k=O' 

y(n) = ~_1_ x(_ . .!!_.) 
P+1 P+l· 

(2.13a) 

(2.13b) _. 

(2.13c) 

(2.14) 

Thus. y(n) is periodic with pcriod (P + 1)1\"., and consists of x(n) plus samples 

interpolated between those of .x( n) wit~l a' density factor of P + 1. 
o " 
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By sele<::ting appropriat.(' valU(·!oJ for P and ]V, an aperture functioll 9f tht> ro!Tt'rt 

length, and sampled at li suit.abl(' d('nsity tllay hl' gC\lcrat,(.d. Figur(' 2.15 iIlustrat(,1\ 

how the frequency sample!:t of figurE',\~.14 is padd('d with l,erO('S with a factor P = 

15 to form ~ longer DFS, and gE'nerat(' a morE' dcnsely sampled impulse rE'SpOUSE' . . 

2.5.2 Two Dim(.Dsional Filter Specifi("ation 
o 

-. 
An interpolation aperture which can he \lSE'd for combillE'd v(·rt.Ïral-tempofn.l 

sampling struct.ure conv('rsioll is of tell specifiN) by its frt'queIlcy f«'sponb(' in an 

att.empt. to 'find a fi~1Ïte length time domain function whose ·fr(·qucncy respons<' 

is a good approximation to the id('al. The fr('qU('llcy l-Ipt'cifi('at.ion is on a two 

dimensional grid of points which rang('h in hoth diuH'Jl!:tioIll> from 0 t.o 271'. If AI il-o 

defined as the length of the sequenc(' in tll(' v('rtÏC'al diIll('n~ion. and N as tht' I('ugth 

of the sequence in the temporal dimension, the two dimcIl!.ioual DFT~ is d<,fiIWcl a ... . \ 

.' 

X(k.l) = X(k,l) RM N(k.l) (2.15(1) 

M JI\' 1 

= [L 2: x(m,n) "TKr w~nl 'lMN(k.1) (2.1511 ) 
m-:..-O n=O 

~hefe RM N is a two dimensional rectangular funrtion which cxtracts on(' pt'riod of 

X(k.l), and 
40 

The two dimensional InvE'rs(' DiscrE'tt' FouriE'r Transform is ddint'd as 

x(m,n) = x(m.n) RJÏO~(m.11) 

(2'.16) 

~.17) 

(2.18a) 

(2.18b) 
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A Two Dimensional Aperture One quadrant of a two 
dimensional aperture generated with the frequency sampling 
mt'thod is shown. :This,quadrant spans two field lines ID the 
vertical dimensIOn and two field p~rlOds in the tempo~al 
dimension. \ 

The sequence X(k,l) is specified over an M by N grid of points with the same 

symmctry constraints as the 'one dimensional case in both dimensions. X(k, l) is 

.' form('d by rcpeating X(k,l} in th~ vertical dimension with period M and in the 

t.('mporal dimension with period N. Equation 2.18 is evaluated for ail m and n to 

--~ obt.ain x(m. n). ThE' sequence x(m, n) is defineàlas onJ peri~d (in each dimension) 

of z(m. n). If we choose 

M-l 
x(m.n) = z(m,n}, m= --2-' ... , -l, O. l, ... , 

M-l 
2 

N-l' " N':"} 
n = --2-' ... , -1, 0 1 , , ••• , ,2 

a familiar representation of the two dimensional aperture results. 

o 
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As in the one dimensional case, the spa<'Ïng of samplcs of tht' impuhic rCSpOIlH(' 

is in each dimension a function of the sampling frequcJl(·Y. H more clos~ly spa("('d '. . 
samples of the impulse reSponse arc required, the length of the fr('queucy domain 

sequence X(k,l) must be increased by padding with zeroes in a manner anaiagoull 

t.o the one dimensional case: 

DE'fine for sorne whole numbers P and Q. 

for k' :::: 0, 1. ... • }yI - 1 
and 1 :::: 0.1, .... N - 1 

Jor k :::: Al, Al + 1. ... , PM - 1 
and 1:::: N.N + 1, ...• Ql\·-1 

(2.19) 

Note that Y(k,l) is periodic with Ipngths My :::: (P + l)M and N y = (Q + l)N. 
1 

From 2.18 we have 

(2.20a) 

1 1 M -1 N -) k( m ) 1(..JJ t 
~---,--,-'-:;"-~ MN. L L X(k,l) W ~ ni "'N Qi 1 (2.20r.) 

<= (P + I)(Q + 1) k=O 1-=0 

~( ) , 1 ~I m Tl) 
11 m, Tl :::: (P+l)(Q + 1) :!:\p +'1" Q +.1 . (2.21) 

The seq~ence jj(m, Tl) is périodic with period (P + I)M in th(' v(>rtÎca) dim('nsioll, 

and period (Q+l)N in the temporal dimension, and cOllsists of .x(m, n) plu~ sampk'fi 

interpolated betweell those of .7:( m, Tl) wit~ a density f~ctor of P + 1 in dU' v('rtir8.1 

dimension and Q + 1 in the temporal dimension. A!-> in the on<, dimensionai cas(', an 

aperture function of the correct length in ('ach dimension. and samp,led at Il suitabIC' 
J. 

density in cach dimension may be generated by selecting appropriat<, values for p, 

Q, M'and N. Figure 2.16 illus~rates one quadrant of ~ vertical-temporal apertur(' 
c 

generated using this method. , 
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2.6 Motion Estimation 

~ting the velocity of moving objects.. in a televisÎon sequence is a current 

'area of research. There are sf>v<,ral m<,thods available for estimating motion r aIl 

of which attempt to find, fo'r a pel or a hlock of pels in a particular field, areas 

in neighboring fields which correspond to t11at pel or block of pels. Thus, motion 

estimation is often referrf>d to as the correspondence problem, and a field of motion 

V('Ct.O~h. 0Il(' vect.or for each pel in the field wher(' motion is being estima~d, is 

oft('n called the correspondence field. For the gr('ater part. algorithms ha"(e been 

devcloped for video coder.~ rather than video standards ronverters; and pro'duce 

~tion est.irnates t.hat ~!e s~îtable for differential motion rompensated codera, but 

not n('cessar\ly buitable for standards conversion. In a coder. a sma;ll error in the 

motion t'stimation, cspecially in a fiat or uniform portion of the image, results only 

in a small incrcase in the crror signal. In a standards converter. a small error in • 
the motion pstimat.ion places a moving object, or more frequently, a portion of a ' 

moving object in the wrong plac(' in an bterpolated field. Placement ef a portion 

of an ohject apart from the rest of the object in a field is subjectively displeasing, 

sincE' tht' human visual system is very sensitive to spatial discontinuities. 

J'wo primary m('thods exist for solving the correspondence problem: spatio

temporal gradient techniques. and block-matching techniques. Gradi~nt techniques 

generat(' a motion E'stimate for each pel- using an algorithm that follows the gradient 

of intensity differences between fields. Block-matching techniques generate a motion 

t>stimatt> for a Tegion by minimizing a distortion mea.'iure between a region in one 

field and displarcd regions in the following field. Gradien! algorithms, while useful 

for coding bt>cause of their relative simplicity of calculation, may not be useful for 

standards conversion because of a long convergence time and lack of robustness in 

the presen('(' of noise and sharp gradients. Block matching algorithms that average 

their estimate over a largt' area. and lend themselves to matching objects instead 

of arbitrary regions may be mort' useful. 
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The object of this thesis is to study tlu' interpolation aspects of motion compell

sated standards conversion: no ('onclusions as to tll(' most suitable metbod of motion 

esti~ation for standards conversion will be mad('. Nonctheless, some IIll'thod of mo

lion estimation must be used to pl'rform motion compensated interpolation, 80 a 

brief sy.rvey of motion estimatiOli aigoritlulls is pr('scllt(·d. 

2.6.1 Gradient Techniques .-

Gradient te('hniques for motion estimation us(' the spatio-temporal gradil'nt con

straint equation [10] to estimate th(' motion,betw('en frames hWit·d ou tbl' gradi('nt 

of tbe intensity of the image. The gradient (,oIlstraint ('quation is given as 

au 
v· \7x u + lil = O. (2.22) 

( 
where v is flre't'wo dimensional spatial velocity estimat(' h<·tw('CJl th(' twoJrames, . 

c 

\7xu is the spatial gradient of the intensity, and ~r is th<· t<'lllporal dc:'rivativ(' of 

the intensity at the point x. 

The first. algorit.hm, and the hasis for subsequent imprO\'l'nl('nt~. was propœed 

by Limb and Murphy [Il], and Cafforio and ll.occa [12]. In this algorithm, the 

frame is divided into a number of r<>rtangular blocks. and' 2.22 is ('valuat('d ov('r ail 

. of the points x within a block by approximat ing th(' spatial gradient of th(' intensity 

and the temporé!<l derivative with finite diffcren('cs which may be I1l<'asur('d from th<, 

image. Linear regression is used to find a minimum me an square error estimate for 

v. which is then assigned to the entire blü<·k. 

An improverncnt in the form of ,a temporal r('('ursion was added to improve the 

convergen('e rate, by replacing the frame differen('(' with a displaced frame differen('e. 

In general, rN:ursive gradient techniques attcmpt to form an estimate of the motion 

at eaè~ pel by updating the estimate af a spatially or temporally neighboring pel. 
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An algorithm by Netravali and Robbins [131 based on the previous algorithms 
~ 

gives an individual estimatc at each pel. This algorithm uses a spatial recursion, - ., 

where the estimate from a spatially neighboring pel is updateè using a steepest 

.descent algorithrn on the inteusity to form the estimate for the given pel. The 

magnitude of the correction is iu proportion to the magnitude of the gradient, and 

a constant ( which contro1s the rate of convergence. Improvements to this algorithm 

consist of improvements in the factor~ which control the convergence rate, and the 

USE' of gradient information at s('vcral spatially neighboring points to improve the 

rohustness of the algorithm. 

Another type of improvement on the original gradient algorithms is a method 

which uses a sliding block of pelS(to give a block-averaged estimate at each pel [101. , 

This estimate i~ obtailled by updating the estimate for the same pel in the previous 

frame by fiuding an estimate which best satisfies a more general form of 2.22 over a 

small three dimensional block of pels centered on the pel in question. This algorithm 

evidentiy maintains the robustness of the block approach while giving an estimate 

at each pel. 

2.6.2 Dlodt Matching "Tl'("hniques 

A different technique for estimating motion is the block matching technique. 

This t.echnique ('ssentially minimizes some form of distortion measure between the ..-
blofk in questio~ _a~d displaced blocks in the following field. The fields ,~ay be 

divided iuto rectangular blocks of equal size, or segmented into contiguous regions 

using sorne qualitative rriterion. The basis of the block matching technique is the 

definition of a meari distortion functioll D(i,j) [14J between an M by N block in, 
-sa ..... 

the reference field UR, and a displaced block in the following field U. 

--
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The distortion function ib given as 
4 M N 

D(i,j) =-.JN L L g(ur(m, Tt) - ulm + i, n + j)), -p $; i.j $; p, (2.23) 
m::..ln=l 

where u{m. n) is the intensity at spatial position (m, n), g(3') is a 1ll0notonÏfally 

increasing distortion measure, and the search is limit('(l to a rang€' of ±" in ('I\rh 

spatial dimension. The value of D(i,j) is ralculat<,d for <,ar11 displar(,lIl<,ut in tllt' 

specified rang<>, and the coordinat.es (i, j) ('orr<,spOI\ ding t 0 tlH' min imml1 of DU, j) 

are said to be the direction of minimum distorliml. This <h'finit ion of th(' distor

tion function leads to an estimate of displac('ment quantiz<,d to int('gt'r vahU's. If 

fractional pel estimates are required, the integer dir<,ction of minimum distort iOIl 

is found, th en a search of positions displaced ±q about th(' last dirt'ction of IllUl-
• 

imum distortion is performed for q = 2- 1, 2- 2, ... , until tlH' desir<,d Rcrurary is 

.obtained. The intensity values u (rit + i, n + j) for fraction al (i, il must h<, spatinlly 

interpolated from surrounding pels. 

Refinements of the basic technique consist mainly of varying the search patt<,rn 

to avoid having to search every (i, j) displac('ment in the rang<' ±1', and s<,l(·rting th(' 

function g(x). The most complC'x search patt.('rn is an itcrativ(' s('arch of four point!'! 

and the center of a square of logarithmically d('crcasing siz(' 114]. with a minimum 
- -1 

, me a? square error distortion funetion. i. e. g(J') = 1'2. Oth('r tyP('~ of M'arch patt(·ru!'! 

use specifie sets of trial vectors: ~,sclected m<,nu of po!!!!ibl(· disphtc('IlI('nt~ 115. 161. 

l'he vectors in the sets are d('creased in magnitude at eaeh st<'1> uIltil t}l(' d<,sirNl 

accuracy is reached. A third typ<' of st>arch pattrrn is th<, "conjugat(· dir('rtion" 

search [17], which finds a minimum independently in eacl! direftiou, t hen !'!f'arr}w!o> 

along the direction of the two independent minima. [15] and 1 J 7] \lM' a IlleaJl absolut.(· 

error function. i.e. g(x) = Ixl, while [16] uses a log absolu te error fUIlction. Th"s(' 

refinements decrease the number of computations required by a significant factor hy 

eliminating many candidate search positions based on a knowledgt> of the 6tatisti('s 

of the video signal, at a cost of being morr prone to divergence than th<, basÏ<' 

algorithm which searches aH displarements. 
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" For standards conversion, arbitrary di;yision of the field into rectangular blocks 

leads to the introduction of discontinuitics in the interpolated field at block bound-
\1. 

aries. The human -visual system is highly sensitive to such spatial discontinuities. 

A better approach is to sf>gment the field int() regions of constant motion such 
, . 

as dl(' imagf>s of Illoving obj('ets, and ~('arch for corresponding regions in the fol

lowing field. This strategyelis:l!inates the block-b~un'lary discontinuity problem, 

but phlC('" more significance on the segmentation problem. Implementation of a .. 
region-matching seareh simply requires the replacement of the summation over a 

rectangular arE'a with a summation over a general region, perhaps indicated by a 

templat(· passed from a segmentation process. Block matching techniques may he 
\ 

more rohust than gradient techniques. and do lend themselves to object or region 
------ ' 

matching. but. at. a cost of significantly hig}~s~tational requirements. 

2.7 Exlsting Standards Converters 

~' The first standards converters used wcre optical converters, that essentially 
<;' 

rerorded the image of a monitor displaying the input standard with a camera using 

th(' output standard. The interpolation aperture!:> were determined by thE' impulse 

rcspons(' ,of th(' phosphor ~sed on the display tube. Analog electronic standards 

conv('rters became possible with the advent of the quartz delay Hne, allowing the 

impl(,IIlentation of a line store. The converiers produced using this technology were 

of tll(' repeatjdrop variety, sinee interpolation requires high speed multipliers and 

adders as well as a minimum of two field stores. Digital p~ocessing allows th(' 

implE'mt'ntation of highly complex systems that werE' not E'asily implementf>d with 

anal(>g quartz delay lines\, and produee superior subjective ,results while having the 

added ad'antages of needing no periodic calibration or adjustment due to 'drifting', 

burning in: or siruilar analog problems. 
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Digital standard~ conversion systems which have bE'(,Il produr(·d incJud(· svstems , . 
that implement line density conversion using frt'qUl'llcY-Sp('cifit'd ap('rturt>s and tem

poral linear interpolation, and systems that USE' two dilllE'llsional vcrtit"al-tcmporal 

apertures. Ali existing converters tradt> off algorithmÏC' complexity for temporal and 

bpatial artifarts to varying degrE'Cb. 

2.7.1 Separat(> Vertical-Temporal Int(>rpolatioD 

The most primitive. digital standardb ('onv('rsioJl systt'IDS implt'Inent fi(>ld rat(· 

conversion J.1sillg an apertuh, which spanb two input fidd~ (Iin<,ar t(lUlporal intt'rpola

tion). and line density conversion using an apertur(> whirh ~paIll'> M'v<,'ral input lint'~. 

in a separable process. An ex ample of this type of conV('rt('r I!. DICE. or Digital 
\> 

Intercontinental Conversion Equipment, dE'veloped hy tlU' Ind('l)('nd,'nt Droadcast 

Authority (IBA) in 1976 118). 

52516D Un ... Tllmporal 525/5D Uertlt .. l"t...,o ... I." IUltb '25/50 

1 •• ., ... t1Dn r,.~u .. c.-.,.cln.d nit., 

Figure 2.17 Block Dlagram of the OICE ConvC'rtC'r ThC' DlCE C:onvC'rtC'r 
developed by IBA in~plem('nls Itnell.r lC'rnporll.llntC'rpolatlOn 

"II (" 

4,~~ . 
The JBA DJCE COIlvertt'r converts 525/60 si&nal~ to 625/50 signal!> or vi('(>"v('rsa 

using two 525 line ~eld stores. In th<> 525/60 to 625/50 direction, the fi('ld rat(· of 

the 525/60 input field sequence is first conv('rt('d to 50 Hz using two-field lin<>ar 

temporal interpolation, yiclding a 525-linE'. 50 Hz SE'quence. Th(' 525 lin .. fields ar(' . 

then line converted to 625 line fields with ïntra-field intE'rpolation and a frcqllency

specified vertical aperture. In the reverse direction. tht' line density of the 625/50 , " 
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fields are first line converted to 525 Iines per frame so that the same field stores may 

be used for both directions. The resulting 525 line fields are then used to interpolate 
1 

525 line output fields at the 60 Hz output rate using linear temporal interpolation. 

The algorithm used in this converter is virtuallr the minimu~ possible im

provement over the algorithm used in analog quartz delay line converteJ;'s; but sinee 

digital pro("essing in any form offers a largE' advantage in maintenance, reliabilility 

and noise immunity over analog equipmcnt, and since real-time implementation of 

the converter with the technology that wruo available at the time of the design re

quired a certain simplicity of design, this algorithm was weil received and remains 

the bruois of IIlany of the converters available wmmercially. Subjective viewing of 

s<,qUeJl("<'S conv<,rted with thé linear temporal interpolation scheme reveals the in

troduction of significant motion artifacts at the beat frequency between the two 

field rate!o>. A motion discontinuity is particularly noticeable at the point in time 

where a field is repeated or dropped, because of the Iinear weighting scheme. 

2.'1.2 Combined Vertical-Temporal Interpolation 

The state of the art in terms of installed commercially available standards con

version equipment is the Advanced Conversion Equipmcnt (ACE) converter de

signed by the BBC research department [2]. It is essentially a two dimensional 'low 

pa.<;s filter. This converter is a four-field, four line standards converter, for 525/60 to. 

625/50 conversion and vice-versa. Sixteen lines in the temporal and spatial neigh

borhood of pach output line are taken in a weighted Iinear combination to form 

the output line. The weights are defined by a two dimensional aperture, vyhich is 

the trunoated and quantized' impulse response of a two dimensional low pass filter 

sp<,cified by its frequency response. 

1 This two dimensional aperture algorithm is ~he logical improvement on the lin-

_--- ear temporal interpolation, vertical apertur~ scheme. The frequency response of 

. . the two dimensional aperture is specified to virtually eliminate the motion artifacts 
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'introduced when using two field linear t<'Illporal interpolation. The judder is t'lim .... 

inated for most cases b~ aVE'ragmg the motion discontinuitiC's ov<,r four fields, at 

the expense of a notireable loss of·rc·solutioll. Ond('r extreIll(, conditions, 8\1("h as a 

rapid pan of a high-contrast scene, b('Vef(' motion artifacts becom<, visible. 

2.7.3 Motion Compensatl'd Int .. rpolation 

A motion compensated television standards cOllv<,rt<'r for conversion froID tllt' 

~125 line 60 Hz HDTV system to 50 Hz systems is tht' ('xperiuu'ntal NHK conv('rt('r 

[4]. Thi~ converter uses separate "ertical and temporal salllpling strl1ctur<, conver

sion. first ronverting two fields in the temporal neighborhood of th{' put}>ut field 

to the output Hne structure, and th en using motion co'mpensated int('rpolation to 

interpolate the output field. 

The 1125/60 to 625/50 conversion process begins with the interpolation of 625-

Hne non-interlaced frames from the input fiE'lds using intra-fi<,ld mt<'fpOlatloll in 

moving area.., and inter-field 'interpolation ·in stationary ar('ab. TlH'se 6J..~ /00 fraIll('s 

are passed to a section which p('rforrns linear t('mporal ipt<,rpolation. and alsp to 

a section which performs motion compem,ated interpolation. Th<, lin<,-convert(·(} 

frames are divided into four quadrant',. and a motion estimat(' is ind('j)(.'Jld('ntly 

generated for each quadrant. 0 EaC' h motion ('stimate is thel1 u!>('d to iilt('rpolat(' an 

entire frame. Application of a single motion estimate to th<, cntirE' fTarn(' avoids 

the introduction of disC'ontinuities at quadrant ~01mdari('s hut I('ads t~()Î;vious 
/ 

problems when there arc several large movmg objE'C'ts in a scene. An ('~e det<,ctor 

is included to allow the special treatment of obj('C't boundari<'b. Th(' fi\c output 

frames. one generated by linear interpolation, and four generated with UI(' motion 
" 

<'stimates from OJl(' of thE' quadrants applied to th(' entir(l fi('I<1, are compar('d to 

find the candidate with th<, minimum error using somE' meahur(' of quality. 

No in€ormation on the typ<' of aperture used for lin(' ('onvcrsioll. the type of 

motion estimation usèdAn th(, converter. or the basis for sele("ting the, bcl;t 'can-
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Figurp 2-.18 Block Dlagram of the NHK Converter. The experimental 
r' motion compensated converl.er developed by NHK, tht' 

Japanese natIOnal broadcastmg corporation, uses a single 
motion estimate applied to the entire field to interpolate a 
field. Four different mot.ion estimates are trled (one from l'ach 
quadrant of the Image). Tht' "best" interpolat,ed fi('ld is 
selected from tht' four mot,ion-compensated interpolated fielda., 
and a field interpolated with linear tempor!'-l interpolation 

didat(" intE'rpolated field has been giyen. The converter was dernonstrated at the 
1 

IWP 11/6 (HDTV) meeting in Tokyo, and is said to produce significantly better 
. ,~ 

results tban the most sophisticated fuced aperture converter 14]. It should be noted 
1 

that this system changes the line density from 1125 lines per frame to 625 lin es per 

frame. Since the input sequence is vertically sampled' at about twice the rate of 

NTSC or PAL sequences, problems with vertical aliasing are not. as severe as those 

occurring in 525/60 to 625/50 and 625/50 to 525/6,0 conVerters. 
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Chapter 3 
Motion COlllpensat(\d 

T('levisioll Standards COllvprsioll 

The television standards conversion syst<'II1 propo~ed in thi!ol tllC'S'i!o> il' a two-fi('ld 

motion-compensated lllterpolation syst(,Ill. The object of mot.ioJJ roruJwnsatioll IS t.o 

place moving objects at the correct ~patial position in output fi('lds. E'liminating thc' 

motion artifacts associated with linear processing, whil(' rnailltaiulJlg a high degrc'c' 

of resolution. First, a descriptIon of the structurE' of an idE'al motion (,oII1pE'nsat.(\d 
o 

interpolation scheme is presented. In the second ~l·ction'. tl\{' eXIWriIll('ntal system 

implemented for this thesis is described. 

1 l '1 

3.1 The Ideal System 

An ideal motioD compensated t(>l('vision st.andards COllvertC'r consists of thr('(' 

distinct processes: a segmentation pro('ess to segmC'ut t}l(' irrterpolat.('d field into 

contiguous regions. a motion estimation pro('('ss whirh US(,!ot luminanc(' information 

from the input ficlJ sequence as weil as higher-lC'vd information from t}\(' segUl<'Il

tation process to provide motion estimatC's at c'ach pC'1 in the inf('rpolated fiC'ld; and 

an interpolation process which uses information from the input field S('quencC', t}\(' 

segmentation process and the motion ,~\stiIIlat.i()n proc('ss to interpolatC' fi"lds at U)(' 

desired temporal positions. 

---'---~ 
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Figure S.l 

3.1.1 Sl"gml'ntatioD 

Input ne Id sequence 

segmentation 

motion 
eillmat.on j 

'----.----~. 

;'- ---'---" 1 

(, - ~~Ierpolatlon }J 
- ~ 

oulput field sequence 

The Jdeal Mot.ion Compen~ed Int.erpolation System. The Ideal 
motion compensated mterpolation system consists of a 
segmentation pro('ess, a mot.lOn estimation process, and an 
interpolation proces~ 

Th(' purpos(' of the segmentation pro("ess is to classify two dimensional spa, 
tial regions in the interpolated field into one of four categories: moving regions, 

d 

stationary rt>gions,' newly covered background, and newly exposed background. In 
~. 

the simples! ~~~= an ..Q.pject moves with ul'\iform translational motion in front of a 

stationary background. The segmentation process should identify four regions in 
1 

tht> interpolatt>d field. One region is the leading edge of thE' moving object which 

obscures ba~kground that was ~~ in the previous field. A second rf'gion is a re

gion of background trailing the moving obj('("t, which was not visible in the previous 

field. A third ,region is the remainder of the moving object, and the last rcgion is 

the remainder of the field, the stationary background (Figure 3.2). 
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A more complex scene with several Illoving obj«·('tl>. would bl' segmented into ft 
, 

number of regions classified as one of the four catl'gori('S as appropriate. Sl'gllll\Jl-

tation provides the motion estimation and int.erpolation prorcsses with informatioll 

necessary to interpolate the best possible field while at. the same time lowe)ng tilt' 

computational re~uire~uents of th(' system. l 
'w 

/-1 
1 

1 
1 
1 -- ----' 

t • la 1 • la • 1 

m .... g J~. ---, ~----I 

newly ~::-~, 1 
newly (ouered , 

eHposed l '-- '.~ .-' 1- ,tollOnory 
L ____ . 1 

t • To + al 

Figure 3.2 Segmentation of a Simple Sc!'n!'. Th!' segmentation proc('811 
should Identify regions of rOllstant motIon. n!'wly expollC'd 
background, n('wly covert>d bllckgroullrl and statlonary regjO/1s. 

--~ 
~--

~ 

------- -- , 
--~ 

----- --
The fiassificatÎon of a regi~ationary eliminate\<; tll<' nced to produc(' a 1110-

, -
tion cstimate for that regioll. IdC'ntification of region~ a., u('wly exposed or nl'wly 

covered background allows the int('rpolation proress to b(' signalf'd that informa

tion regallding thos(" particular r('gions exist~ only in 011(' of the two input fil'ld., 

temporally neighboring the interpolated field. By IIlaking use of this identifiration. 

the interpolation process can avoid thl' us(' of incorrl'rt information, prcfoierving the' 

integrity of the edges of a moving object. 
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The identification of contiguous ~egions of ~tant motion allows ~he .mot~on 
estimation process to generate us~motion estimates for a scene more complex 

) 

than one with li single moving object. The identification of an entire moving object 

as being a r<-gion allows the use of a motion estimation algorithm which generates 

an estimat(· for th(' whole object, instead of for individual pels or arbitrary rect-
~ 

angular blocks. Generating motion estimates by matching such regions has several 

advantagcs. Th(' primary advantage of region matfhing is the avoidance of possible 

spatial discontinuities within an object because the region boundaries have been 

chosen to' be the object 's houndaries. If motion estimates art' calculated for arbi-
\ 

trary rectangular blocks, subjectively displeasing spatial discontinuities may occur 

at block boundaries in the interpolated field. Another advantage is a decrease in the 

fompllt.ational reqllirements of the motion estimation prOfess. The area covered by 

ail of t}l(' arbitrary rectangular blocks which would.fontain a portion of the object is 

likely to bE' IIluch higher than the area covered by the object itself, implying the cal

culation of a distortion measure over many more pels when using rectangular block 

searches. As weil, a region matching algorithm is likely to be more robust than 

an algorithm whirh calculates a motion estima te separately at every pel. A ~al 

advantage, of region matching is the possibility of an improvement in performance 

of the search algorithm since searching for a particular shape of object implies the 

inclusion of information of a higher level than simple luminance values. 

3.1.2 Motion Estimation 

The b('cond process in the ideal motion compensatE'd televisloll standards con

verter is tbe motion estimation process. The purpose of the motion estimat.ion 

process is to gcnerate motion estimates at eaeh pel in the interpolated field. The 

required motion estimates are two veetors,vp(x) and vf(X), :which are the spatial 
.' , 

displaeemcnts vp and vf from the pel at x in the interpolated field to the cor-
, r 

responding points in the input field preceding the desired temporal position and 

o , 
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in th(> input field following the dcsired f,E:'mporal position respectively; dl<' motion 

estimation process must generat(' two corr('spondcIlc(' fields for caeh int.~rpolatt'd 1 1 1 

field. Since the' object of television standards r,onvE'rsion is to gc.'uerat(' an out.put 

sequence of subjective quality E:'qualing that of the input, the correspOnd('lIp' field 

generated for motion compcnsated int.erpolation must bc.' a('("urate (>Ilough tu .. lillli-
~ . 

nate motion artifa("t!'., and be freE' of error to avoid introducing spatial artifnct~ iuio 

the interpolated field. 

The correspondence fiel,ds for E'ac11 interpolated field may bt, gellcrated using 011<' 

of two approaches. ThE"first appro,\c h is t.o g(>ncratc th(' ('orr('spondcncc fields at tlU' 

dcsircd temporal position by generat.ing mot.ion eRtimatC's h('tween th(> precC'ding in

put field and the following input field. and 'th(>n deriving tl\(> rorn'spondt'nc(' fit'lds at. 

thE' desired temporal position. This approach is the }(>a. ... t coI1lplirat<'d approarh. hut 

is subject to sC'veral key weaknC'sses. If a corr('spolld('n("(' fi('ld is g(·Jl('rat.<'d. h('tweC'n 

input fields. from which th(> corrcspondC'lu'C' fi('ld~ ftt t he' d('sirNI temporal posit.ion 

are to be derived, it i~ nccessary to' interpolatC' the motion ,estimates themsE'lves. 

One way of doing this is to projC'('t the' motion C'stimatc~ h(>tweC'n input fiC'ld!'t onto 

the plane of the desired temporal position. finding their spatial InterM'rt.ioI1 with 

the plane, and assigning geoIllt>trkally scaI<>d valut>s to the pel in the intt'qH)latC'd 

field closest to th<:' intC'rs<:'ctioJl as th(> II1otion estimatt' for that p(') (Figur(' 3.3)~ 

Glearly. not aIl pels in the interpolated corrcsponden('(' fields will have' il vahl(' 

assigned to them; missing values would have to he filled in throllgh intrn-fiC'ld inll'r

polati~n. A morC' serious problem is the emphasis of errors. If tl\(' corf('~poIlcl('nc(' ' 

field bt>t.ween two' input fiE'lds contain!ol an error, then proj(>('ting tll(' v(>ctor in errOf 
, 4 

onto thC' planC' of the desired tCp1poral po~ition place~ an entry in th(' intC'rpolatcd 

correspondence fields which i~ not only incorrc'ct. but also in th<, wroug spatial 

position. To correct errors, IDedian filt(>ring or nvcraging of tl1(> interpolat.c·d ("orr('

spondenct' fields must he performed bE'for(> t hey arc' USE'd te) int('rpolatf> dl<' output 

to avoid the introduction of spatial discontinuitich. 

SI 
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Figure 3.S Interpolating Motion Estimates. MotlOn estimates required, at 
tl\e temporal position of tht' interpolatt'd field may be derived 
from motion estimates between neighboring input fields. Only 
the interpolated motion estimates from the outp~t field to the 
following input field, ,,"re, shown., 

'l;he correspondence fields for the interpolated field may aiso be derived by 

simply using the motion estimates that exist at the same spatial positions in the 

corresponden('(' field between input fields. Aside from the obvious error introduced 

by this apprmcimation, spatial interpolation of the motion estimates is required due 
; 

to the difference in line structure between the input and output fields. 

The second approach to generating the correspondence fields at the desired tem

. poral position avoids the problems associated with interpolat!ng the correspondence 

fields by generating them directly. One method of' generàting the' correspondence 
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fields directly requires the assumption of constant motion bt>tween the two neigbbor

ing input fields. In this scheme .. the three dimcnsional horizontal-vertical-temporal 

displacement v,ectors from each output p('] to thè corr<>sppnding points in th(' input 

field preceding and the input field following are collincar. The motion estimatt' is 
o .' calculated in an iterative fashion. Initially, the spatial ('omponents of the motion 

estimate are set to zero. A distortion measurc is calculated between the himinwl(,,(' 

at the spatial position in tbe input field prec('ding and following the desired t,('IllPo

rai position. If the distortion is below a certain thresbold. the process stops; if not. 
1 

tbe spatial displacements are adjust.ed. and the distort.ion measure is recalculated. 

" 

Input field 
1 - To 

ouIpui field 
1,-10· aT 

, ; 

~-----" 'l' ,1 

input neld 
t - TD. , 

J 
1 

.... 00, 

'i 1 

. , 

dtrectly calc:ulllle~, 
motion .. , .. mate, 

~ , ) 

Figure 3.4 Direct Cal~ulation or MotIon Estimates. Calc:ulating motion 
estimal.es dlrect!y is prererablt' to intetpolating the estimates. 
The dashed lines connect corresponding areaa ID the input fields, ~ 
and pass through spat.ial points upon which the interpolat.ed 
field is deJined. l ' 
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This iterativE' procedure continues until an acceptable level of distortion 1S 

reached, or until the spatial displacement reaches a predetermined limit. Choice 

of the distortion measure and the method h:v which ~he spatial displacements could 

be adjusted is wide. The distortion measure could be calculatebfrom luminance 

valu.e~ in éach input field over a small region. A good choice for the 'region' would 

b<, a contiguous-,nQving region identified by the segmentation process. Possibilities 

for the displacement adjustment inelude Inethods based on the gradient constfaint 

C'quatioIl, and simple 'grid searehes within ,defined limits. 
• 

S.1.3 Spatial Interpolation 

The' final process in the motion compensated television standards converter 

is th<> int.erpolation process, which gen<>rates interpolated fields using information 

from'the' segmentation process. the motion estimation process, and the input fiel,d 

sequenc<>. The ess,ence of the interpolation process is to calrulat<' the value of each 

pel in the interpolated field based on motion compensated input fields. Recall from 

Chapter 2 that each input field contains one half of the available vertical samples 

_ of the image in the camera; a frame formed by interlacing two successive fields 
o ' 

contains a maximal set of vertical samples of a stationary imag~. A field takEm by 

itself is vertically aliased, so a field interpolated using only a single input field must 

suffer a IOS8 of vertical resolution to suppress the vertical aliasing. To maximize the 

resolution of an interpolated field, informa~jon for each pel is taken from the input 

fields pr<>ceding and following the interpolated field with a spatial displacement 
------~ , 

<>qual to the motion estimate supplied by the motion estimation process. 

DU(l to the use of fractional mO,tion estimates. and the fact that line density of 

th(' interpolated field sequence is different than that of the input field sequence, it 

is necessary to spotialill ipterpolate information required from the input fields using 

intra-field interpolation. The spatial interpolation is performed using an aperture 

f~nction as described in section 2.3, using'either separable horizontal ~d vertical 
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apertures, or a two dimensional horizontal-vertical aperture. Information is inter

polated from each of the two neighboring input fields at a displacement equal to the 
o 

& 

appropriate motion estimate, then averaged to produce cach pel in the interpolated 

field. In effect, regions of the image in each input field are projected onto the plane 

of the interpolated field in the direction of the motion estimates (Figure 3.5). 

" 

• 

Inpllt fteld 
t - Ta 

output fteld 
t -la + Il 

/ 
Inforrn.UOft 
'1'111'" fleld et To 

.' 
Informetlon 
rrem Reid et To + T 

Input n.ld 
t· T •• T 

Figure 3.5 Motion CompE'nllat.ed InterpolatIOn, Motion fompenllatl'd 
interpolat.lOn is Implemented by taking mformation from 
neighboring fields, in 't.he direction of t.he motion est.imat" from 
ahe neighboring field to the int.erpolated field . 

To maintain the integrity of object edges in thE' interpolated field, the interpola

tion process maltes use of information from the sègmentation process. In the case of 

new,ly exposed background, information about that portion of the image exists only 
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in th(' field following the interpolated field: in the case of newly covered background, 

only in the field preceding. In both of these cases, the interpolation process must 

use only information from one ~eld. If the interpolation process attempts to extract 

information from both .fields, the interpolatcd edge of the object will be an average 

of the edge and the background behind it, resulting in a blurring of the edge. 

3.1.3.1 Adaptive Vertical Interpolation 

To maximize the resolution in an output sequence while avoiding the introduc

tion of spatial artifarts. it is necessary to adapt the vertical aperture to the amount 

of vertical aliasing in each particular region. The need for adapting the vertical aper

ture arises from the field-interlace structure of the tt>levision signal. When there 

is no motion in the scenE" heing imaged in a television ramera, pairs of st>quential 

fields are independent sets of samples of the image: the image is sampled _at a rat(' 

, ('quai to the number of lines per frame in the vertical dimension, and the number 

of fietds per second in the horizontal dimen~ion. However. wh en there is vertical 

motion in the scene, the sets of vertical samples which comprise sequential fields 

may no longer be independent; in fact, ~hen the entire scene moves with vertical 

motion equal to an odd number of frame lines per field period, sequential fields are • 
identical except for a few lines ~t the top and bottom of the fields. In this case, the 

vertical sampling rate drops to one half of that for scenes with no vertical motion, 
'~ 

causing severe vertical aliasing, and necessitating the adjustment of the frequency 

r(lsponse of the vertical aperture. 

When there is no vertical motion in the scene, the vertical aperture is specified 

.,to have a very, high eutoff frequency since the vertical aliasing in the sequence is 

minimal. The high cutoff filter allows the retention of a maximum amount of infor

mation from the basehand spectrum, generating an output sequence with resolution 

approaching that of the input sequence. When there is vertical motion in the input 

scene, the effective vertical sampling rate changes. neeessitating the adjustment of 

the frequency response of the aperture. 
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For vertical motion equal to RIl odd numbcr of frallu> Hnes per field period. tht' 

vertical sampling rate is effectively dCCft'RliCd by a factor of two. cauSfng the samplt'd 

signal to be significantly aliased in the vcrti('a~dim(lnsioll. To illte:polat,(· Rn output 

field of acceptablE' quality, it is ne('(lssary to scale back the cutoff frt'quenry of tht· 

aperture fUIlrtioIl to a value appro~iIIlat.cly 01)(' half that of tht' nO-Illot.ioIl r8.'1('. 

By reducing the cutoff frequency of t11<> vertical aperture. the rangt' of tht· vcrtifal 

Jrequency spectrum which contains !)ignificant aliasing is suppressed. but at li cost of 

losing information from what was the has<,band frequency spcctruIIl; the Il(·t effert 

is a distin('t losb of resolution. 

Wit.h vertical motion that is not exactl)' an odd number of framt> liIlE'S per field 

period, that is, vertical motion' which does not rause lines in sequ<,ntial fields to 

be identical samples of the imag('. th<> realm of non p<,riodic sampling is enterf'cl. 

Sampling theory. an<Lconventional rOIlcepts of fr('qucJlcy domain reprE'st'ntations art' 

no longer applicable. EmpirÏ<'ally. it ma)' h(> ('onsid<>red that th<, ('ffectiv<, sampling 

," ~'g~atè has decreased from the original sampling rate to a value ('qu~l to or grNlter 

than one half of the original sampling rat(', as thE'se ar(' the boundary conditiQJls 

from the two cases ahove. Following thib argument, the cutoff frequency of th(' 
':-

aperture should bE' reduced to a v~lue inbetween that of the no motion cas(' and 

th(' vertical motion of an,odd number of frame lines per field case tu reject alia.'\<,d 

v('rtical components. 

The implementation of an adaptivE' vertical interpolatioll Bcheme to nUlximiz(· 

the resolution of interpolated fields r('quires a rule for switrhing hE'tW(,(,Il apertur('~. 

SincE' thE' aperture must be adapted to the amount of vertical alia.'iing in <'Rch 

region, the vertical motion t'stimate for that region IIlay bt> used as the basb for 

the switching rule. ldeally, a continuously-variable aperture would bt> ).1s<,d: in 

practice, one of several fixed apertur<,s ('ould be chosen, ba.'ied 011 th<, magnitude of 

the vertical motion estimate. A switching rule for selecting one of threc apertures, 

one with a low cutoff frequency to supprebS aliased vertkal frequcnry compopents 

1 
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when the vertical motion is an odd Ilumb~~rame lines per field period, a second 

ape~ture with a high cutoff frequency tb retai$ maximum baseband information 
\ \ 

when the signal is not aliased due to verJcal motn, and a third aperture with an 

intermediate cutoff-frequency for vertical motion of a magnitude between these two 

houndary conditions, would have the form 

o < REM2Ivf:r2 (x) - v
PX2 

(x)] < 

REM2[Vfx2 (x) - VPX2 (x)] 

0: choose high cutoff frequency 

1 :- choos~ interm~diate cutoff frequency 

1: choose low cutàtr frequency 

1 ~ RtM2[Vf:r2 (x) - v
PX2 

(x)] < 2: choose intermediate cutoff frequency, 

where vPX2 (x) is the vertical motion estimate at spa!iaIJ)osit~on x from the interpo

lated field to the preceding field, measured in frame Hnes per field period, VfX2(X) is 

the vertical motion estimate to the following input field. and the function REM2 (.) 

takes the r,emainder of the argument after dividing by 2. Since the motion estimates 

are customarily qllantized, the argument of the switching rule frequently takes on 

values of exactly 0 and 1. 

,3.1.3'.~ Horizontal Interpolation 

In order to avoid spatial discontinuities due to coarsely quantized motion esti

mates. it is nec('ssary to use fractional pel motion estimates. This implies that the 

luminance and th(> chrominance values from the input fields must he horizontally as 

w('ll as vertically interpolated at fractional points between the discrete lattice upon 

which the input fields are defined. The television signal does not suffer from the 

effects of an interlace scanning scheme in the horizontal dimension; with accurate 

motion estimates, the effective horizontal sampling rate is constant and independent, 

of any ~tion in the scene. This allows a one-time specificati~n of the horizontal 

apertJire used for spatially interpolating information when a fractionaL-motion es-
;' 

( '\/ 

58 

, l' 

r .. ~ .. .'..... ' 

/ 
1 
"------



o 

o 

o 
o 

'-

3.2 The Experimental System 

The purpose of constructing th(' cxp<,rimcntal motion ("ompensatcd standards 

converter is the examination of interpolation aspE't'ts of th(' motion comp<'llsnt('d 

standards conversion probll'm, apart from th(' s('gII1f>ntation problem and th<, (·ffi

dent motion estimation problem. Separate examination of th(' interpolation proh

lem require!> tIlt' implement.ation of several key simplififations to tilt> id('al sysh'lIl 

of section 3 l 

Tht> major simplification is the rcst~irtion of tll(' input s<,qu('nf('S to b(' seqU<'llf('!> 

containing only uniform translational motion over th(' entir{' imag('. If th(' transla

tion is strictly horizontal. this type of sequenc(' is known as a pan. By rcstri("ting 

the input to have identical motion throughout th<, fi<'ld, the segm('ntatioll prohl('111 

is entirely eliminated, and th(' motion estimation problem is signifi("antly simplifi('cl 

since only a single estimatc for ,the entire field nced b(' gcnerated. 

" 
A second simplification is the USE' of a simple and effertive although ineffici('nt 

motion estimation ~cheme. ThE' scheme use<l is a blofk mat("hing tffhni«uC' whirh 

produces motion estimates from one I7lpu-l field to the nJxt. Tu generate motion 

estimates from the temporal position of the output fi('ld to the two n('ighboring 

input fields, the motion estimatC' vector from the input fiC'ld pr('c('ding dl(' output 
~ ~ • 1 t 'iJ 

position to the input field following is sc'àled in proportion to the distance l)(·tw(·(·n • c 

the output po~ition ,and the respe("~iv(' input. Thi!> t(·chniquC', while th(' most T('a

sonable approach for sequences with ronstant trall!>lation over the entir(' fi{'ld, i!> 

less useful for general scenes which have several moving objects du(' to th(' diffi("ulty 

in interpolating th(' corresponden("(' fields at th(> output t,f>IIlporal position whirh 
t.. 

are accurate eilough to avoid the introduction, of spatial discontiuuities in dl(' out- / 

put field. With these two key simplifications. an experimcntal motion.lCompcnsat<·d . /o' 
, . ,,---:-_/ 

television standards converter may b(' construct(·d to investigat(' the intcrpo)âtion 
o " 

aspects of the p~oblem. \ 
.) 
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3.2.1 Motion Estimation Aigorithm 

The motion ('stimation algorithm us(>d in the experimental motion compensated 

standards converter implemented for this thesis generates a single motion estimat(' 

for the entire field usinR ILblock rnat.chinp; t.€'dmique as described in section '2.6.2. 
, 

The' distortion mcasure \lsed is g(x) = x2, giving a minimum mean square error 

uU'asur(' ru, in 114]. The, search pattern \lsed is a simple grid search of aIl possible 

int('ger displacements within specified lunits followed by a fractjonal pel search. 

Thl' input field is divided into four quadrantb. and 'a motion estimate is generated 

for ('ach quadrant usin~ the luminance infornlation. The average of the motion 
~ . 

(·~tiIIlat.l'h from each quadrant is used as the motion estimate for the entire field. 
Q 

A v('raging th<, motion estimates from four quadrants tend!> to average erroneous 

r('sults from are as where the block matching technique diverges. 8uch as flat areas, 

or areas which are shift-invariant in one dimension, ~uch as vertical bars. 

Th(' himplified motion estimator generates motion estimat('s of quarter-pel accu

raey. Frà.rtional pel accuracy is achieved by performing the integer-grid search, and 

then sE'arching eight points displaced ±q in each dimension about the most recént 

direction of minimum distortion, for q = ~ and then again for q = !. Luminance 

valucs at fract,ional positions betw('en pels for the motion estimator are interpolated 

using bilincar int.erpolati~J.1' Bilinear interpolation Îb a separable hotizontal-ve~tical 

lin car intcrp_olatio~ which uses the four pels spat.ially n('ighboring the fractional po

sition. First, interpofatioll is carried out in the ver~Îl:al dimension, generating two 

int.('rmcdiat(> vahl(,s at th(' same vertical position a~ th<, fractional'position. Then, 

th(,8(> two intermediate values are interpolated horizontally to give the luminance 

value at the fraction al position (Figure .3.6) . 
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Figure 3.6 Bihneàr InterpolatIon Lumman('r valut'~ al fra('lIonlll 
dlsplacements for the motIOn ('stlmallon algorlthm Arr spallally 
interpolated usmg bllmear intt'rpolallon Thr lumlllanrr 1. 
tnterpolated at the fractlonlil position Il' 
'. = (1-c) ((1 a)11I 1 (1 b)12d, (1 dl ((1 a)ll:'! 1 (1 b)I:12) 

This motion estimation a!gorithm geneEateb a motion (>stimah' lH·tw<>en inpu) 

fiel~~. Motion estimates at each desir~d temporal position ar<> int.erpo]ated frOlù 

motion estimates generated betw<,en the input field prt'reding t}}(' dcsirt>d position 
\ 

, . 
and the input field following the dC'sired position. The magnitud(' of ('ach interpo': 

~ 

late<hestimate is simply the estimate between ihput field!> scal(·cl hy th(' temporal 

distance between the desired tE>II1P<.>ral positiàn and thC' f('!>I>t'ctiv(' input field~ i.e. 

'the motion estimate at the interpolated field is 1!I1t>arly intcrpolat(·d fronî tlU' mo

tion estimate between Input fields. 'l'his simplification j" allowcd hy j'bhe fact that 
, ~-- \ 

the single estimate applies to the ent~e fi('ld."'-...,~, __ ~_// . -

. \ 
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3.2.2 Spatial Interpolation 

The proposed system implemcnts vertic al interpolation for lin(' structure conver

sion in a similar manner to other converters that have separable vertical-temporal . 
inte-rpolation processes. Du(' to th(' use of frartional pel motion estimates, horizon

tal interpolation of the luminance and chrominance values from spatial positions 

between the points- of the discrete lattice in the input fields is required. Vertical 

and horizontal interpolation is implemented with two separate apertures; the ver

tical aperture spans four field lineb, and the horizontal aperture spans four pels. 
, . 

Both ap~rtures arc generated using the method of section 2.5 with N =8 and P=<l5, 

yielding a discrete vertical aperture defined at intcrvals of 1/32 of a field line, .and ~. 

a discrE'te horizontal aperture defined at intervals of 1/32 of a pel. Using these 

separate apertures, the sixtéen 'ipatially closest pels are combined to interpolate 

th<, valuE' of the luminance and the rhrominance at fra~tional pel positions speci-

fied by the I~ot.ion estimatc. W1ÎilE' th(' interpolation could 'be carried out with a . 
non separable two dimensional horizontal-vertical aperture with greater efficienc)'. 

and p(>rhaps better s'ubjective results. separate apertures are used in the proposed 

.system to âll~w the independent specification of the vertical and horizontal fre-
, 

quency respo'rlse of the apertures, which simplifies, the subjective optimization of 

the apertures. 

Th(> proposed system uses two vertkal aperturE's with diffe~ent frequency ~e

sponses depending on the vertical component of the motion estimate. One vertical 
• 

aper,turE' has ft high cutoff frequency for regions with little vertical aliasing, while th~ 

other has a low cutoff frequency to suppress severe aliasing. An aper"ture of inter

mt'diate c-utoff frequency was not implemented in the experimental converter. Since 
, ' 

the switrhi,~g' rule and the frequenry rcsponses of the apertures were determined 

subjcctively by th(f author during the development of the experimental systém, they 

arc incIuded with the results in the following chapter. 
" . 
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Chapter 4 R.csult.s 

The rcsults obtain<,d from this r('sC'arrh may he dividcd into two cu!.('gories: r(·· 

sults arising from thC' dcvclopmcnt and implementat.ion of the' ('xperim('ntal motion 

compensated standards ronverter. and result" arising from suhsequent suhjC'ctiv(' 
, 

testing of the converter. Th(' system of section 3.2 was implcmented using FOR-

TRAN software running on a Digital E(llliplIl('llt Corporation VAX 11 /780 COIll

puter. and the High resolution Digital VidC'o !'e'<)m'Jl('C' Store (HDVS) ~y!,t<'Jll 1191 at 

th~ BNRjINRS-Téléconlmunications rese>arch lah at Nun \ Island for captur(' and 

display of video sequences. Results arising from the d<,v~lopIl1ent and impl('J1u'JI

tation of the experinl<'ntal convertC'r include th<, dC'tcrmÏI)ation of't}\(' id('al !'ysh'lIl. 

configuration whirh ib present<,d in Chapt('r 3 and the suhj(,('ti~(' d(,t('rmiJllltioll of 

the' frequeJlcy rC'spon!-.C' of tlU' v('rtiral and horizontal intC'rpolatioJl élI)(·rtllr('!,. ulld a 

8witrhing rule for adapting the vertical apcrt~lT{, frC'quellcy r<'Sp~)JIS(, to tll(' ulllount 

of vert Î<' al aliasing in th<, in pu t !-.ip;nal. In ","U hj('ctivC' t<'8tS. t II<' (lX IWriJ/l('n tal JIlotion 
, , \ 

compensated standards converter was compared against, !:'IC'veral tyP('s of ~xisting 

st.andards ronverters. The> converters wer(' rompared using !'I('vC'ral test seqm'JlCCS 

iiIc1uding a slow pan of a 'typical' high detail. hip;h frequcJlry cont<'nt SCCJU', a fi<'-, 

quence containing high spC'('d translation of a high contra..,t !'IC('Jl<'. aud a S('quC'uC'(' 

containing vertiëal motion of on(' framC' liu(' per field pcriod in a SCCJU' with high 

frequen<,y content, which causes SC,V(lr(' v('rtiral aliasing. 
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4.1 Development of the Experimental System 

4.1.1 lntl'rpolation Apl'rtures 

The interpolation apertures chosen for thE' experimental motion cOIP.pensated 

st.andards converter were interpolation apertures which produced the1ihest subjective 

output quality for the various test sequences. given the system defined in section 

3.2. The system was developed in three stages: first, a system which produced 

. subjectively good quality output with stationary images was developed. Then, the 

syst~IIl WRh modified to geherate motion estimates, and to produce subjectively good ' 

- ~uality output for panning sequences. Finally, the system was modified to accept 
'. 

getteral translational motion. For each stage, the subjective effects of many differ-

<'nt apertures were examined. Using thE' frequency sampling method of aperture 

sp('('ification, apertures with differing cutoft' frequendes and transition band char

Rrt.C'rilitirs were generated in an it.('rative fashioll. Once an aperture was generated, 

it was incorporated in the experiment.al motion compensated standards convert.er 

and was USE'd to convert sever al test sequences. By viewing the results of these 

tl·sts. the merit.!. and weaknesses of each aperture could be evaluated. ln all cases of. 

interpolation aperturE' specification. there exists a tradeoff between the suppression 

of aHased frcquenry compommts t.o eliminate artifa('ts and the retention of basf>

band signal information to maximize resolution. Spatial artifacts and arithmetic 

overflow identified apertures whirh did not sufficient.ly attenuate aliased frequency 

(,oIl1pon~nts. whilc 1055 of resolution identified apert.ures which attenuated the base

bRnd fr<,quency sp('ctrum. Over a period of sever al months, the tradeoffs involved 

in apert.ure sp<,dfication were defined. apertures were chosen for each characteris

tir input. condition. and a switching rule for adapting the aperture to the input 

C'ondition~ was defiuC'd. In each of the three stage~ of development, interpolation 

apcrture~ wer(' chosen to generate the best subjective output for the particular input 

sequences. 
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The first stage of development of the experimental convertt'r was a fonvertt'! 

whose input was restricted to still scenes. In th<, fasE' of au input s('quenrt' rontaiuing 

the, image of a still scene, sequential fields arc indcpendt'nt s<"ts of vertical samplcs 
J 

of the image sp~ced at intervals of exactly two fra.me Hnes. This is tht' maximum 

vertical sampling rate attained i~ a, given system uud('r any ronditions. Becaus(' 

of thE' high vertical sampling rate, the sampl('d signal rC'sulting from a still sccn(' 

is relatively free of vE'rtical aliasing. This allows tht' tradeoff hetw('t'H suppression 

of aliased frequency components and the retentioll of baseband information tu 1)(' 

heavily weightE'd in favour of retaining th<, maximum possibl(· aUlount of information 

from th(' baseband. 

1.0 

0 ,.-
-11" 

2.0 

1.0 

0 

Figure 4.1 

-7r/2 0 " '!r/Z 11" 

Digital Frequency Spedfication (a) 

-2 -1 , 0 1 2 

Aperture Ext('ut. fit·ld IiIl(.S (b) 

Verticàl Aperture for StaLionary S('pnps. (a) Frpquency domalrl 
(b) Time domain This high ('utolf frpqupncy Ilperturp, specl'ied 
at eight points in t.he frequency domain us;ng thE' frequency 
sampling method. is used for statlonary IU'PflCS lIince the amount 
of vertical aliasing in the mput Signai IS tnlflimal. " 

" 
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lit was round that a vertical interpolation aperture specified to have a very high 

cutoff frequcncy and sharp transition band (Figure 4.1) produced interpolated fields 
, 

with maximum rcsolution and contrast. Apertures with lower cutoff frequencies 

and smoother transition bands produced interpolated fields with significantly lower 

rcsolution, due to attenuation of the baseband frequency spectrum. 

Refining the system to accept horizontal motion necessitated the introduction 

of a motion estimation process and the capability to use the motion estimates in the 

interpolation process. It. was found that motion estimates of 1/4 field line accuracy 

were sufficient to eliminate artifacts that would be caused by àn overly coarse mo

tion estimator. Lower aecurades produced movement discontinuities, while higher 

accllra<"y produced no subjective improvement. To implement fractional pel motion 

(>stimates in the horizontal dimension. it is necessary to horizontally interpolate 

information at frartional posit.ions from neighboring pels. A horizontal aperture 

spanning two pels, implementing linear interpolation (an inverse-distance weighting 

sch(>me idt>ntical t.o that described in section 2.4.1.1) was implemented, but it was 

found tha't the dt>gradation in horizontal resolution was unacceptable. A four-pel 

aperture with an empiriçally specified frequency response was chosen to give the 

best possible hotizontal rcsolution. The form of this subjectively chosen aperture 

is shown in Figure 4.2. Since the field-interlact> structure of the television signal 
~ 

does not caUSE> the èffective ho~izontal sampling frequency to vary with the mag-

nitude of horizontal motion in a sequence, a single fixed aperture was used for ail 

horizontal interpolation. For vertical interpolation, the aperture used for stationary ') 
< 

input (Figur(> 4.1) again afforded the best resolution and contrast since there was 

no vertical motion in the input sequence. 

The final stage in the development of the motion compensated standard~ con

version system was the mo'aification of the system to accept general t.ranslational 

motion. The vertical aperture selected for still scenes caused spatial artifacts in 
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... ' .. -

1.0 

o~--~~------~----~~~--~ 
-'Ir -7r/2 o 'Ir/2 'Ir 

Digital FrC'qu('nC'y SJ)('dficat ion (il) 

1.0 

Or-----~------_r------~----~ 
-2 -1 o 1 2 

Apertur~ Ext('nt, pels (h) 

Figure 4.2 Horizontal Aperture. (11.) Frrqurnt"y domain (b) Tlme domain 
This apert.ure, sprcified at t'ighl points in the rrt'quent"y domain, 
was subjectively chQsen 1,0 produce thr best horizontal re!lolution 
in inLerpolated firld!. 

the form of an aljasing of the i~put v('rt ical sampling struC't.ur<, outo t IH' int('rpo

lated fi('lds. and motion artifaet!> in thC' forurof wrtÏ<'al motion dihcontinuit.i('h to 

occur when there was vertical motion in a S(l(IUC'IlC('. Tc> (lIiIllinat<· t h('M' artifaC'th. 

it was n('cessary to suppress vertically alias('d COIllpOI1('Utl- of the' input fr('q\l('ney 
'. 

spectrum by reduring th(' cutoff fr('quelley of th(' v('rt.ieal ap<,rtuT(·. A t(,,,t M'quC'J~e(' .. 
C'onsisting of a scene with high frequcnC'y conf('nt h(ling II1()v('cl a t a COll" t allt rat(' of 

one frame HnE' per field period (causing worst-eas(' wrt.i<"ili aIiasing) wa." r('cordC'd. 

and a vertical aperture which suppr('ss<.>d vio;ibl(' artifaet!-o y(·t r('tain<,d a maximum 

'degree of rcsolution was chosen (Figur(' 4.3). 
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1.0 

0 • -1r -1r/2 0 1r/2 1r 

Digital Frequenry Specification (a) 

• 

1.0 

0 
-2 -1 0 1 2 

Aperture Extent, field lines (b) 

Figur(' 4.S Vertical Aperture for Scenes with Vertical Motion. 
(a) Frequeney domam (b) Time domain. This low cutofl' 
frequency aperture, specified at eight points in the frequency 
domain. is used for seenes with vertical motion to supress aliased 
frequency components eXlsting in Othe input signal. 

4.1.2 Adaptive Vertical Intl'rpolation 

(' 

To maximize the subjectivE' quality of sequences interpolated from a sequencE' 

containing varying amounts of vertical motion, it was neccssary to adapt the fre

quency response of the vertical a~ertur~ to the amount of aliasing in the input 

Hequenc~. Due to the difficulty in recording test sequences with constant motion, 

and practical timE' c~Ilstraints 011 tlie research, a separate aperture for vertical in-

.. 

terpolation when· the vertical motion waS of a magnitude between integer numbers 

of frame lines per field was not cnosen. Theo apE'r,tu9 used for worst_-case vertic~r . 

motion was used wh en the vertical motion was not equal to an even number of frame 

.lines, I~t. when the input signal had any noticeable degree of vertical aliasing. 

68 

ù 

• J 



o 

.~ 

" 

, , 
't",' 

.:.:-

, , 

Since the motion estimation proress provided vertical motion ('stimates qua,n

tized to 1/4 field line per field period, or equivalC'ntly, 1/2 frallle Hne per field period. ---the~switchi"ng rûIe used in, the experimental conV('rtcr wa.s 

REM2lVf - v 1 x:z" Px:! 0: c11oos(' high cutoff frequency 

REM2Ivf.r - vp 1 
1 

choos(' low cutoff fr('quenry -- . 
,2 2'2 ~. 

REM21v'fX2 - vp 2'zl 1 : cl~oos(' lo\\" cutoff frequcJlry 

REM2[Vfx2 - vpx21 
1 

choose low cutoff frequency 12 : 

.' . 
where v

PX2 
is the vertical motion est~mate from the in~erpolated fi('ld t.o the pf('r~d-

ing field. measured in frame Hnes per field period. and JlfX2 'is tll(' vertical motion 

estimate to the following input field, and the function REAtf (.) i~ a.o.; d(·fiuf'(!' in 

Chapter 3. 

The effe~t of t.his simplifif'd switching rul<, wa~ to providC' maximum f<,sQlution 

whf'n these was no vertical motion, maximum possiblC' f<,solution whilC' supprc8sing 

.the. severe vertical aliasing that occurs when the vertical motion is an odd ll1mll)(!r 

of frame lines pcr field period, and to provid(· sub-optimal r('solution whil(' su}l

pressing vertical aliaking when the vertical motion had a 11lagnitudC' h<,tween thE' 

two boundary conditions. , 

4.2 Subjective Testing 

Onre the development oithe experimental syst('m was compIE·te, subjective tests 

were carried out. The intent of the subjective testing was not to produce a dcfinitivC' 

study on th(' subjective quality of motion comp{'n~at('d standards converSion, but to 

confirm the conclusions of the author, and to charactc~ize the motion compensatC'd 

standards.converter in relati&n to other popular conversion schemes.-
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Subjective testing was conducted based on the method for full-range quality 

grading of broadcast television pictures outlined in Chapter 7 of 12°1, and standard 

procedures established at the Nuns' Island resea~~h facility. The experiments were 

carried out in the subjective testing facility at Nuns' Island, which consists of a high

quaHty Tektronix monitor, space for three vf!,ers seated four picture heights from 

the monitor. and a computer ter.minal, in an atmosphere of subdued Iighting and' 

noise. Thi~ subjective testing facility approaches the CCIR recommendations for 

subjective experiments eoncerned with domestic television 1201. Since the HDVS 

system currently records and displays stored sequences at 60 fields per second, 

and 525 lines per field. converted sequences cannot bE' displayed at the intended 

field rat<.' or line density. A sequence which has been converted from a 525/60 

standard to a 625/50 standard i~ displayed at 60 fields per second, 525 lines per 

fi('ld regardless of the intended field rate and lint> density. Such a sequence appears 

to be magnified vertically and speeded up compared to the original when viewed on 

-the 525/60 display. This effect is not considered to disturb the subjective evaluation 

of the converters, since the spbjects are not shown the 'original', and are evaluating 

primarily the magnitude of motion artifacts and relative resolution. 

A small group of mixed expert and non-expert viewers rated presentations of 

variou~ cOllverters acting on s('veral tefit sequences. For consistency, aIl converters 
-' 

wt'rt' operating in.Jhe 525/60 to 625/50 mode. The presentations were shown in the 
, • 

ra~ldomized ordt>r suggested in 120] to average the effects of subjel't adaptation over 

.., th<, course of the experiment. The subjects were divided into four groups of three, 

and rated the presentations in two separate sessions one day apart. Each subject 

was s~n each presentation a total of four times over the two days, twice the first 

day and t,ice the second day: separating the experirnent to take part over two days 

averages d~-to-day variations in the subjects' evaluations. 
/ 1 - .,.,-. 

.7 - • 
/, 

1 

70 



o 
;: 

.. 

o 

o 

, , 
.' . 
~L-:~~~~' ~ 

Four COl)verters including the experillH'ntal motion cOlllpensated standards con

verter wère used in the subjective tt'st. Th('s(' couver ter!'! wcr(" 

• A I4zero-order" converter which drop!> fields for fraIlle rate ("onvcrsion and US('!'! 
a four-line aperture for line density conver~ion; 

• The DICE converter which uses two-fit'ld linear temporal interpolation and a 
four-Hne ~perture for line density conversion; 

• 
• ThE' ACÈ converte.r which us('s 'a two dimensional four-liJlE'. four-field apC'rtur(' 

for frame ratC' and Hne density conv('rsion; and 

• The experimental motion compensatt'd converter . 
• 

Each of the convérters' was ubed to process four different test sequeIr(-e::.. Thes(' 

st'qu('nces ~ere selected as sequenc<,s which comprise typical as well as th(' worst.-ca.·i(' 

input conditions for the converters. The s<,quences' wer<, 

• "QPILT". a slow pan of a high d('tail scene with high frt'qu('ucy C'ont,C'nt; 
J 

• "FAST PAN", a high speed strictly horizontal pan of Il high contra.'it S("('I1(' \ ..., 
consisting of words and phrases such as those found on larg(' adv('rtis('lIlents; 

• "DIAGONAL", the same scen€' as u~('d in 'Quilt'. h('ing trallslated at on(' J)('I 
per field in the horizontal direction and one frame lille per field in the v('rtical 
direction (causing worst-ease vertical aliasing); and 

• "VERTICAL". hi&Jl speed, strictly vertical translation of thE' sam(' scenE' u~('(l 
for • Fast Pan'. 

The presentationsc.were stored digital SE'quences of 48 fields. displayed in ('olour 
/ 

for approximately 10 seconds in palindromiC' fa..,hion (played start to fini~h, then 

finish to start, then repeat). A period of approximat('ly 10 b(!conds b('tW('('Jl pr('-

"-

... 

sentations~as allowed for the subjects to record their evaluations on à scal(' of A "-

(highest r''ating) to E (lowest rating). The subj<.>cts wcr(' ('ncourag<.>d to use th(' whol(' 

range of choices, and no sugg-e!>tions werc given for "~ppropriat(''' respons(\!'!. 

71 

\ 



, 

C 

r 

. Once the subjet"tlve tests were complete. the subjects' respo~sés were tabulated 

aiid averaged by assigning a numerical value to each of the letter scores A to E. • A " 
~ -

the highest rating, was assigned a value of 1.0; 'B', 0.75; 'C', 0.5; 'D', o.25;:and 'E', 

the lowest rating, was assigned a value of O. The overall results of each converter 

acting on the four sequences are shown in graphical form Figure 4.4. 

'::' 1.0 

0.75 

0.5 

0.25 

0.0 
FD DICE RCE MC 

Fisure 4.4 Qverall Results of Subjective Testmg. Averaged subjectIve 
evaluations of the four converters, the zero-order field-dropping 
converter (FD), the DICE converter, the ACE converter and the 
experimentai.motion compensated converter (MC) are presented. 

Tbese resultsJJhow a st~dily increasing perception of.quality in relation to the 

rnmp)cxity of the cônverter. It is more useful to brea.k down these results into 

sUbjectivê evaluation of each sequence processed by the converters, and to analyze 

th<, statistical characteristics of the measurements. Figure 4.5 shows the averaged 

quality assessment for each converter for each of the four tes"t sequences, and Table 

4.1 presents the mcan and stanQar& deviation for each of the sixteen prese.ntations. 
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1.0 

0.75 

0.5 

0.25 

0.0 

1.0 

0.15 

0.5 

0.25 

0.0 

,. ' 

1.0 

8.75 

8.5 

0.25 

'.0 
rD Iltf II[( -Mt rD Dltl IICl . MC 

FD 

·Gul .. • ·r •• t r ... • 

1.' 

0.15 

0.5 

1.25 

••• 
DlC( ICE MC H' OICl ICI: MC 

·Dlagone'· ·Uertlcel· 

ResulLs of SubJecllvl' Testmg For Each Test St>quenrl' .. Averagl'd 
subjective evaluatlon~ of the four converters acting on each of 
the four Lest sequences are presented Note the progrl'!!Slve 
increase IR quality rating for the 'typical' Sl'quence 'Quilt" thl' 
equal ratmgs for thE' vertically-aliased sequence • Diagonal', and 
the superior pE'rformance of the moLlon compensatl'd ('onverter 
for the 'Fast pàn' 

For the sequence 'Quilt', a slow pan of a scclle with high detail ~nd high fr(l

quen<,y <,ontentJntcnded to t.est the converter., und<>r 'typical' conditions, thl' result" 

'reflect the overall averages of Figure 4.4. The expl'riniental mot.ion compe'nsatl'd 

converter exhibitl'd markedly,hetter vertical rl'so}utioil than t'ither thl' DICE or 

the ACE converters, presumab)y dU(1 to the' non-adaptive nature of the vertical 

interpolation apertures in the latter two conv('rter~.-:·which requires those convert

ers to use a worst-case vertical ~otion apérture for ail sequences. By using a low 
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rutoff-frequency vertical aperturE' for sequence!) ("ontaining no vertical motion. thE' 

ACE and DICE convertérs attenu'a,te sorne of i!he baseband frequency spcctrum 

and th us lObe vertical rc!)olution. To seE' if the distribution of mean scores for the 

s<'qucnces prcs'ented in Figure 4.5 arc meaningful, the standard deviations of the 
/ u 

mea.&ur~IUcntl-! art' f'xaminCd . .:r\he~standard d~viati~s calculated as 

, 1 N , 
(1 = \ N:=l L (3" - 3"j)2 (4.1) 

• \ t= 1 

where x il! the sample meaçfhe ,..giandardt 'deviation ogives an indication of the ----, -
sprcad of the distribution of e'\'aluations for each sequence. and in particular, the 

root-mean-squar<, value of thE' variations about 'the mean of possible evaluations 

121J. Table 4.1 presents the mean scores al}d st~ndard errors for each of the six~een 

present.atioJll-!. 

Sequencé 
-,,-

( :onvorter QUILT DIAGONAL FAST PAN VERTICAL -- -

x (1 T 1 (1 x (1 '-x 1 (1 

1 

FD 0.20 .17 0.47 1 .21 0.14 .15 0.30 .17 1 
. _. ------_. c--- . ---, -- - . 

DICE 0.63 .17 0.79 .17 0.22 .15 0.48 .17 
- -~. -_. - - --+- -.-. --f-. - ---~ . 

ACE 0.84 i .18 0.S3 , .1S 0.05 .09 0.57 .21 
_.'- - ---1-- ---t .. - -- -- . __ . 

MC 0,96 1 .09 0.73 .22 O.sq, 1 .15 0.94 .11 

Tahlt> 4.1 Analysis of SubJ~rtiv!' EvaluaI IOns of Varloll!- Convert('r!> ThiS 
table gi'ves tht> nH'811 and ~talldard dl'Vllltion of the subjl'ctlve 
l'valuatIOns of l'8ch of 1 h(' feur converters. th!' fie1d-dropplOg 
zero-order ronverter (l<'D). the DICE converter, the ACE 
convl'rter .. and thl' expl'rinll'ntal motion cOJJll'ensated converter 
(MC), acting on thl' four tl'st l!!'quence:. 

Exalllining th(tstaJldard dcviatiolls for the ('valuation of the sequence Q'uilt, it is 

S(1(>n that th<- !'Itandar4 d('viations are significantly larg<- compared'to t~e differénce' 

hetWE'E'll tll(' s8mplf'1I1(>ans. implying that a Inrger group of subjects is nE'eded befor(' 

statisti("ally prOV('Jl 'roncJusions 1llay De drawn for this sequence. 
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A verage~ results for the sequ(>nce 'Diagonar. a St>qU{'IH"(' ("ontaining thç S811lt· 

scene as, in 'Quilt". but being translatcd with v(>rtical mot ion nt ont> fral~(, lin{' 

per field as weil as slow horizontal motion. indicat(· that aIl thr('~ of th(·, multi-
1 

field converters scored virtually id~ntical subjectiv<, quality ratings T-lw~'tandard 

dt'viatÎons of the evaluations are much grc:fat('r than tll(' difft>r('llc('1-> 1.)(>tW('('11 t)1<' 

mean!:> for this sequence. allowing th(' COIl(" lusion that th(>r(' is no real diff(>r(>Jl("(' 

between these three conversion bchem('b In ord('r to suppress th~ aHased vertical 

... frequency compoIlent~ in the input signal, aU conv~rsi()Jl !>IChCIJ1('S must us(.' v('rtical 

int~rpolation apertures which att.enuate SOIll(' of th(' h~ehaJld fr('qu('ncy ~pc('''trum, 

lbsing vertical rE'solution, 
\ . 

.. 
o 

The results for the two sequences containing high sp('('d translation of ft high 
, , 

contrast scene, 'Fast Pan'.' and 'Vertical', indicat<' clearly the sllperiority of IIlO

tion compensated interpolation over lineaT techniques for these types of S('q11(>n("(>I->,, 
, ~ 

The mean, of the evaluations for the exp<,rimental motion ("oml)(lllsat,(·d couv(>rt('r 

for both of the rapid translation sequences are several standard d('viationr-. away 

from the next best rated converter. For the sequenct> 'Fast Pau', tIlt' motion ar

tifacts introduced by ail three linear converters caused very low suhj(·("t ive' quality . 
ratings. The experimental motion compensated ronverter WH-O;; ahlP te> ])rodu("C' an 

, : , 
interp<?latt>d bc.~uence completely free of motion artifacts, with good rC'1'>olutioJl. 

~ 

It was Iloted d uri~lg the preparation of the experim('nt. that tll(' motiou di",cou ... 

tinuitie~ created by the linear COJlverf,C'rs for the s(>qUE'nce 'V('rtÎcal' wcre not a.s 

visibl(~ as thO!'I<' for the sequence' 'Fa<;t Pail·, C'V('11 t.hough t Il<' t,wo !,<,qu('nc('s COIl

tained the samE' scene being translatC'd at t.h(' saille sp(·ed, Il was furth('r notcd that 

if a subj<,ct's h<,ad was tilted (or thC' IllOnitof plac('d O~l ~t~ sid(') so that t)1(> verti

cal translation of the s('quence 'VcrtÏC'al' }w("aIlle horizontal translation, tll(' motion 

artifacts were equally as visible'a.., thoS'(' in t11(' seq\1('nce 'Fast Pan'. Prc8umably, 

the human visual system is much l?ctter at trac-king horizontal motion than vcrtkal 

motion; this phenomenon would suggest that thE' results for the sequence 'Vertical' 
..Jo 
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would be the sa.mé as those for 'Fast Pan' if the- vertical translation were viewed as 

horizontal translation. 

ThcfiC subjective tests, while by no means comprehensive, allow sever al funda

IIwntal conclusions to be drawn concerning th<, advantages of motion compensated 

tel(·vision standards conversion over traditional linear processing techniques. These 

conclusiom, can he sUIIunarized as: better conv<'rsiOll of high-detail, high frequency 

content scelles,· equally good ~onversion of slow-moving scenes with -severe verti

cal aliasing, and clearly supl>rior conversion of scenes with high speed, large arc a 

motion. 

• 
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Chapt.er 5 , (~on(" lusioll 

This chapter ("oncludes thE' tlH'sih. out lining t h(' f('SUlt.s oht aill('1l from t II(' rc'-
", 

search, and the conclus~o~ tllat .may b(· drawIl from t hClIl. 8.0; w('11 a.o; out,lini;lg 

the work that remains to b(> do~ the> field of motiou ("oJnIH'Jl!'lat('d t<')('visioll 

standards conversion. 

thi~ th<,sis has defined a structurE' for th(' idE'a) mot.iOIl (,()lIlpe>Il~atc·d st.andards 

converter, and examined thE' interpolation aspE'cts of th<> motion COUlp<'Ilsateù t(·I .. -

vision st.andards ronv(>rsion prob)em. An experimE'ntal motion compC'nsat<,ù ('on

verter was d<,vcJoped and implemented using FORTRAN softwar(' running on Il 

VAX 11/780 computer and the HDVS digital video capture and d~splay system Ilt 
" 

the BNR/INRS Nuns' Island research facility. Int.e>rpolatîoIl apertur('" for variou., 
< 

input conditions were chosen, and a switching rult, for adapt ing the v('rtical int.erpo

lation aperture frequency response 1.0 tl1<' am ou nt of aliasing in the iuput'sigIlUI wu. .. 

defined. Three main conclusions may }w drawn from th<, f('sults of huhj(·ct.iv(· t.l'!\t

ing of the> e~crimental motioIl romp('Jlsat(·d standards (,()IlV('rt('r and thrc·(! poplllllT 

standards converterh using linear proccssing lt·dmiquc!\. 
" 

. , 

The first conclusion is that motion ("omp(>llsate>d interpolation can illh'rpo)ah' 

sequences from a typical high detail"high frt'que,ncy content inpul sequence with 

better resolution and contrast than coli~ter:_&g lincar processing ~~iqu ... 
This increase in performance is attributabl(' to th<, faet that linear processing tech-

, ., 
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niques rely on spatial averaging of IIloving ohjects ,to reduce motion artifacts, re

ducing perreived resolutioll. FurthE'r, converters using linear techniques have fixed 
r \0 

vertical interpolation apertures for ail input conditions, implying that the fuced ver-

tical interpolation aperture must be spf.'dfied for worst èase conditions, reducing 

vertical resolution Jl(·pdlessly in normal eOllditioll~. Motion compensated standards 
" 

converters eliminat(· motion artifacts without lObS of resolution by placing moving 

objects in .th(· correct spatial position" in int('fpolated fields, and can° adapt their 

vertical int.erpolation apertures to- the arnount of vertical aliasing in a sequence, 
, 

allowing maximal v(>rtical resolution at al1 times~ 

Thf.' s<,cond <"one lusion that may he drawn from the resu1ts is that motion com-
, -

pensated standards converters cannot produce bettcr interpolated fields than linear 

proccssing tcrhlliques whe~ a sequence contains low speed vertical motion that 
\. 

causes ,spverB ~ertical alias iIig. In faet, all' pf the multi-ficld standards converters 

, 'tcstf.'d produc(>d virtual1y identical output under thesE' ronditions. However, whE'n 

the vertical moti~n becomes large enough to cause the )inear converters -to intro

duce motion ,artifacts to the output sequence. t.he motion compensated con ver ter . \ 

can produce superior output even when there is s('vere'vertkal aliasing. 

The third, and perhaps most import.!\nt <,onclusion to hE' drawn from the re-

~ \ sults obt.aiIl:ed f~m this rescarch is that motion compensated standards converters 
, 

can interpolate sup<,rior quality, artifact-free ~cquences from input sequences such 

as high sp('cd pans of a high contrast scenes that cause cOI;J..vefters using linear 

processing tf'chniques to fail. This advantagc can be attrihuted to the use of non

linear proccssing, which produces interpolated sequences free of motion artifacts 

notwithstanding tcmporal.aliasing in the input sign~1 when high spced translation , 
O'{'curs. 

" . 
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It must be noted that th(>se conclusions are based on sequenccs whieh r(>quirl' 

no segmentation. A system which can n'liably segment the imag(' into IIloving and 

stationary areas, and object edges, and then generat(> eHicient, reliahlc motion esti

mates for each moving area remains to be d('v(>lopcd. Th(' cl('vclopm('nt of a system 

which can interpolate fieldb containing imag<'!o> of indepcndently Illoving objects, 

without introducing spatial dibcontinuiti('s to dl<' interpolated field rcmains as th«' 

next step in the development of th<> ideal sYSt<'lll. 

For motion compensated tclevision standards conversion, it must '})<' eonsid<,r<,t! 

that the output field, and tilt' errors in ,interpolation due to poor Sl'gweutatioJl or 

poor motion f'stimation arE' vi<,w<>d dirt>ctly by dU' subj<>ct, as OP}H)loI('d t.u motion

compensatéd coding schemes, whert> th<, only r<,sult in the C'v<,nt of "(lgIlH'IltntjoJ) or 

motion estimation errors is an increasc in th<, transmitt<'d bit rat(·. It is pOlol!.;ibh' . 
" t hat it. will be extremely difficult to segment. eomplcx input fi('ld:-. W('1l ('Jl()ugh to in-

t.<'rpolatC' a suhjectively better sequenee thall the t~() dinl<>Jlsional v('rtiral-t,('IIl]>oral 

interpolation process used in the ACE couverter. I~ this is the eas('. mot.ioll COll1p<'ll

sation could he used when large ar<,a IIlotion. su ch ~ high S})('('<1 panuing ()Ccnrs, 

but for complex scenes, traditional temporal interpolation would 1)(' ('lIlptoyl'd. Thilol 

suggestion introduccs a fourth pr.ohlcm to the motion compensatC'd tekvision stan-
, . 

dards converter: the need to mak<> a real time decision as to which tt'chniquC' would 

produce a better output h('quenc(' for a giv('n input. 

Wh('ther a motion COIllp('Ilsatt'd sy'stcm which handleR general input, or' a sy!,

tem which combines the best of traditional iinear proccssillg t.<'cÏmiquef> and motion 

compensated interpolation to t'orm a COllverter which halldl<'h g('neral input if; d(,· 
((, 

veloped. it may be concluded that motion compensatiOIl cau ('liminat<, tliC IIlbtio~ 

artifa<'t!fo associated with high specd largC' ar<,a motion oft<'ll ~;('('Jl in sequences ill

terpolated, using existing convertcr~ 
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