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Abstract

-~

A description of the structure of the ideal motig;n compensated television stan-
. .
dards converter. consisting of a segmentation process, a motion estimation process.
and an interpolation process is presented. The theory 0};’ linear processing tech-
niques for television standards conversion. practical implementation of linear pro-
cessing techifiques, and the designs of existing standards convertery are reviewdd.
Sy
An experimental motion compensated standards converter which allows the ex-
amination of the interpolation problem apart from the segmentation and eflicient
motion estimation problems is implemont‘éd. Interpolation apertures for various
input conditions are described. and a rule for adapting the vertical aperture to the

amount of ahasing in the input signal is given. Results arising from the development

o
of the experimental converter, and from subjective testing of various converters are

v
-

presented.
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Sommaire

Une description de la structure d'un convertisseur idéal a compensation de mou-
vernent pour les standards de signaux télévisés. consistant en des processus de seg-
. [Ad 0
mentation, d’estimation du mouvement et d'interpolation. est présentée. La théorie

7

des techniques linéaires de conversigp de ces standards. I'exécution pratique de ces
techniques, ainsi que la description des convertisseurs commerciaux existant sont
pasgés en revue. Un convertisseur expérimental a compensation de mouvement qui
permet |'étude des problemes d'interpolation sans tenir compte des problémes de la
segmentation et de I’estimation efficace du mouvement est réalisé. Quélques ouver-
tures pour l'interpolation sont décrites et ;me régle pour I'adaptation des ouvertures
verticales 4 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 différents autres convertisseurs sont présentés.
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Chapter 1 .~ Introduction

The goal of television standards conversion is to change the field rate (the num-
ber of fields per second) and the line density (the number of lines per field) of one
television standard to those of a different standard without introducing distortion

or artifacts to the outpiit sequence.

Two distinct reasons motivate the development of the standards converter. One
reason is for the exchange of information in 'th(: form of television broadcasts be-
tween areas which use different broadcast, transmission and display standards. In
North America. a 525-line, 60 Hz standard is used, while in Europe and many othér
parts of the world. various 625-line. 50 Hz standards are used. Apart from informa-
tion interchange between arbéas which use different television standards, a second |
reason for the development of tne standards converter is for conversion hetween
new and old standards within a particular area. If a new higher definition produc-
tion standard were to be introduced. material produced using the new standard
could be converted to old transmission and display standards before broadcast. If
a new transmission and display standard were to b(l accepted, material produced
using obsolete equipment could be converted to the new transmission standard.
The high-quality standards converter is an essential ingredient in the acceptance

of a new 1125-line, 60 Hz High Definition Television (HDTV) standard in Europe,

where 50 Hz systems are currently used [1].
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The state of the art in television standards conversion in terms of installed oper-
ating cquipment is the Advanced Conversion Equipment (ACE) converter developed
by the British Broadcasting Corporation (BBC) [2]. This converter is essentially a
two dimensional vertical-temporal digital low pass filter, changing the field rate and
line density through interpolation. The interpolation consists of taking a weighted
linear combination of a number of lines in the temporal and 'spatial neighborhood of
each desired output line to produce the output line. It requires the digital storage
of four fields, and is referred to as a four-line, four-field standards converter. It is
czlrrently in gf'neral use in SEngland. for.live broadcasts as well as the exchange of pro-
grams on video tape. The Japanese national broadcasting corporation, NHK, has
announced an experimental motion-compensated standards converter [3, 4] which
incorporates principles similar to those proposed in this thesis. Little technical
documentation on this NHK converter has been released. Investigation of the in-

' *

terpolation aspects of motion-compensated television standardstonversion remains

a strong area of research.

Two problems are apparent when viewing sequences converted with the ACE

“converter. The first préblem is'a noticeable loss of resolution when viewing ‘normal’

scenes. In this converter, the two-dimensional low pass filter has been specified to
trade off motion.judder (jerkiness) associated with large area motion for a very
distinct loss of resolution. The second problem occurs when viewing sequences
that contain a rapid pan of 4 high-contrast scene such as advertisements on hockey
boards. In these sequences, the judder becomes quite evident, and moving objects

dYe seen to jerk across the screen at the-beat frequency between the two field rates.

-
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The technique proposed in this thesis isto restix,nﬂt&\\ the velocity of moving areas
in order to allow the intei‘polation of output fields based on motion-compensated
input fields. Estimates of the motion between a given output temporal position
and temporally neighboring input.;ields are generated; the interpolated field is then
generated by projecting input fields onto the temporal position of the interpolated
field in the direction of th¢ motion estimates. . This procedure places objects in

P

the correct spatial position in the interpolated field, (5()111;>é§‘tely eliminating judder,

while maintaining a much higher degree of resolution than that afforded by the ACE

converter. This technique is applicable to sequences containing general notion if

the input fields are segmented into still and moving arcas. and a separate motion
[4

..

estimate is generated for each moving arca.

This thesis examines the details of motion-compensated interpolation apart fromn
the segmentation and efficient motion estimation problems, by ros;.ri'cting the input
sequences to be sequences containing uniform trahslational métion over the entire
image, where a single motion estsimate,for the entire field can be reliably obtained.

Eliminating the segmentation problem entirely and simplifying the motion estima-

tion problem allowed the implementation of an experimental motion compensatede

standards converter. Using this converter, and the digital video capture/display

facilities .at the INRS/BNR Nun’s Island Research facility, the structure of the

"ideal motion compensated standards converter was defined. Fundamental aspects

of the interpolation process were investigated. and a scheme for adapting the verti-
\ . .y . . . .

cal ipterpolation aperture to the amount of vertical aliasing in the input signal was

developed. The experimental converter. along with existing converters, was used to

process several critical test sequences. The results of subjective tests comparing the

n

performance of the converters indicate superior treatmenat of sequences containing

» "high speed motion and sequences containing high detail by the motion compensated

standards converter. o
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The rest of the thesis in organized mto 4 chapters. Chapter 2 describes the
theory of standards conversion. Various techniques used for the conversion of tele-
vision standards are described. A frequency sampling method for specification of
in;erpolation apertures is described, and a brief survey of available types of motion
estimation is given The chapter is concluded with a review of the design of several
existing standards cqgverters. Chapter 3 describes the proposed system, giving a
comp!cte description of the structur; of the 1dea_l motion compensated standards
conve‘rlter. as well as the experimental motion compensated converter constructed
for this thesis. Chapter 4 gives the results of the development of the converter

and the results of subjective tests comparing the experimental motion compensated

converter to'existing converters. Chapter 5 concludes the thesis. <



Chapter 2 Theoretical Background

There are several different approaches to conversion of television standards, each
trading off complexity. loss of resolution. and the addition of artifacts to varying
degrces This chapter provides the theotetical background for television standards

conversion, both traditional linear techniques and the motion compensated tech-

. nique proposed in this thesis. The structure of television signals is described, and

the concept of a television standard is introduced. The theoretical basis for televi-
sion standards conversion using linear processing is examined in detail, followed by
a description of the options available in the practical nnplementation of a standards
converter. A frequency sampling method of filter specification is discussed. and a
brief survey of mnotion estimation algorithins is given. The chapter is concluded with

an overview of the specific techniques used in several current standards converters.

2.1 The Television Signal

Television signals are three dimensional signalsﬁ having components in the ver-
tical and horizontal dimensions as well as a temporal component. To produce a
television signal, the image in a camera 1s scanned line by line, from top to bottom.
One complete line scan of the image in e camera comprises a frame. In 2:1 in-

terlaced systems. a complete scan of the image is_formed in two passes. Each pass

forms a field. which contains half of the number of lines in a framme. On the first



pass, even numbered lines are scanned, forming an ‘even’ field; on the second pass,
odd numbered lines are scanned, forming an ‘odd’ field. These fields are transmitted
as the Qutput sequence at twice the frame rate. Sequential fields, when interlaced,

N

form a frame.

A colour television signal is comprised of three independent colour component
signals. These signals represent the intensities of three primary colours which are
simultancously scanned in the camera. For trans-mission, a luminance signal and two
colour-difference signals are formed by weighted sums of the intensities of the three
colour components. These signals are frequency multiplexed to obtain a composite

signal. with the colour difference signals quadrature modulated on a subcarrier

frequency.

The television signal can be thought of as a sequence 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.” Digital storage

and processing of the television signal requires the transformation of the’signal which
Is discrete in the vertical and temporal difnensions but continuous in the horizontal
dimension to a signal which is discrete in all three dimensions/i This traﬁsformation
is achieved by 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 picture elements or pels.

L
Composite signals are sampled at various rates; typically either three or four

times the frequency of the colour subcarrier. It is possible to reduce the amount
of chrominance information in a sequence of images with little or no subjective

effect, especially if the sequence contains motion. Taking advantage of this fact, the

— rm——— - . U

! Since the line scanning process takes a finite amount of time, each line is.in fact a vertical sample of the image
at a different point in time. However, since finite-duration sampling results in only a small, constant temporal
offset from one line to the next, each field is usually considered without loss of generality Lo be a sample of the
image at a single point in time ¢

s




colour difference signals in most systems are chosen to occupy approximately one
half the bandwidth of the luminance signal [5]. The two colour difference signals
may then be subsampled at a rate one half of that of the luminance signal since
they occupy lfss bandwidth than the luminance signal. Component signals, when
digitally proceéssed or stored without being first formed into a composite signal. are

sampled at the studio standard sampling frequency of 13.5 MHz

A typical structure for the digital storage of cach ficld is a three dimensional
array: the horizontal dimension indexes samples of each line (pels), the vertical
dimension indexes each line; and the depth dimension indexes samples of the lumi-
nance and colour difference signals. Since the colour difference signals are subsan-
pled 2:1. all of the samples of both colour difference signals mz:y be contained in one
' array the same size as the luminance array; each line in the colour difference array

would be composed of alternating pels from cach of the colour difference signals.

2.2 Television Standards

The line densily (the number of lines per frame). the field rate (the number
of fields per second), the spectra of the three primary colours, and the weighting
coefficients used to derive the composite signal are defined in a standard. Families of
" standards with similar field rates. line densities, and transmission schemes comprise
systems. In North America, the standard used is referred to as NTSC, after the
National Television System Committee [5]. The NTSC standard defines a 525 lines
per frame. 60 fields per second, 2:1 interlaced systemi. A field rate of 59.94 Hz was
chosen to correspond with the 60 Hz alternating current power supply in North
America. In Europe, two systems are prevalent: the PAL systemn, and the SECAM
system ([5]. Both are 625 line. 50 ficlds per second. 2:1 interlace systems; the 50 Hz
field rate reflects the power supply frequency in Eiuopo. The line rate (the nnmber
of lines per second)..of all three of these systems is very close: a}ll require roughly

the same channel bandwidth and transmit information at similar rates.

5
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A system which has a substantially higher line rate than the 525/60 and 625 /50
systems 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 filin for production and display. NHK, the Japanese national broad-
casting corporation. is currently broadcasting an 1125/60 system called MUSE |[6].
It is expected that HDTV will eventually be accepted in North America for high
definition production and specialized applications at first, and perhaps for general

transmission and display uses in the future.

2.3 Linear Television Standards Conversion Theory

The fundamental problem in television standards conversion is to change the
field rate and the line density of the input standard to those of the ;)utput standard
without introducing artifacts or losing resolution. Various analog methods, such
as optical conversion, where a camera using the output standard is pointed at a
monitor displaying the input standard, and converters that use quartz delay lines
to implement line and field stores were ‘usod before the advent of digital hardware.

In this thesis, techniques applicable primarily to digital processing are examined.

The conversion of a television signal from one standard to another may be viewed
as conversion from one sampliing structure to another. Figure 2.1 shows the vertical-
temporal timne domain sampling structure of two different systems, the 525 line /60
fields per se(‘(znd NTSC system. and the 625/50 PAL system. For all practical
purposes, (neglecting the fact that the NTSC temporal sampling rate is actually
59.94 Hz) this block illustrates the “lowest common denominator” Between the two
systems; one cycle in the vertical and temporal dimensions between thé coincidence
of the two sampling structures. To convert from one standard to another, it is
necessary to find the values of the luminance and chrominance signals at the vertical-

temporal points which comprise the desired sampling structure.

P
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Figure 2.1 Time Domain Vertical-Temporal Sampling Structures
o - NTSC sampling structure, » - PAL sampling structure

The traditional method of sampling structure conversion is to use linear pro-
cessing. Linear processing techniques use linear filters to convert from one vertical-
temporal sampling structure to anot.her, If the origir;al signal has been bandlimited

" and sampled at a frequency sufficient to .en.sure that the %mplod siérnal is not aliased,
then perfect samp?ing structure conversion could th_eoretically be obtained. How-
ever, practical limitations such as the fact that the signal from the vertical-temporal
sampling process (the camera) is aliased. and the difficulty in finding perfect lincar
filters to perform the sampling structure conversion. mean that traditional standards
conversi;)n techniques produce imperfect output. Non-linear methods of standards
conversion such as the motion-compensated technique described in section 2.4.1.2
replz;ce linear temporal filtering techniques with a complex non-linear process that

produces superior results. This section derives the theory of traditional linear sam-

pling structure conversion.

Q\
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Conversion from one vertical-temporal sampling structure to another vertical-
temporal sampling structure may be performed as a tW(; s—tep procedure. In the
first step, the three dimensional continuous signal that was imaged in the camera
is reconstructed from the sampled signal with a reconstruction filter, In the sec-
ond step, the continuous signal is resampled at the desi;ed vertical and temporal
frequencies, producing a discrete signal sampled at the rates defined in the out-
put standard. In practice, a one-step opgrati(in/is performed on the input samples

¥
to produce the output samples directly. It is-instructive to examine the effects of

. the two step reconstruction-resampling procedure in the frequency 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 dimensions.

Y

2.8.1 One Dimensional Reconstruction and hcsampling

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 change the sampling stfucture. that is, generate samples 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 sequence z(n)
is formed by sampling a continuous signal z,(t) with period T. The values z(n) are
considered to be instantaneous values of zq(t) at {t = nT, n = ...,-1,0,1,..}. -A

frequency domain representation X(e’“) of the sequence z(n) is the Fourier Trans-

. form, given in 7] as

. 1 & ., jw  27r
X(e¥) =7 Y Xl +iF) (21)
r--o00 '

where X, (jw) is the frequency domain representation of z,(t). The sampling process
causes the frequency spectrum of the continuous signal to be replicaled at integer

multiples of the sampling frequency (Figure 2.2(b) and (c)).

10
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Figure 2.2  Aliasing in a Sampled Signal. (a) Frequency spectrum of
continuous signal (b) Frequency Spectrum of sigpal aliased due
- to low sampling rate (¢) Frequency spectrum of signal sampled
at a rate sufficiently high to prevent ahiasing (afier |7}).

-

Because of the i'eplication of frequency spectra, the sampling frequency u:ust be
at least twice the frequency of the highest frequency component in the continuous
signal. If the signal is not bandlimited, that is, it has components at all frequencies,
or if the sampling frequency is less than twice the highest frequency, componentain
the continuous signal, then the replicated spectra will overlap (Figure 2.2(b)) and

the original signal cannot be recovered. This condition is known as aliasing.

.

To reconstruct the continuous signal z4(t) from the discrete sequence z(n), it
is necessary to restore the frequency spectrum of Fig. 2.2(c) to its original state .

(Fig. 2.2(a)) by passing the sequence through a reconstruction filter. The perfect

° ’ S
L]
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reconstruction filter must pass the baseband spectrum without attenuation, and
reject completely all replicated spectra. The perfect reconstruction filter is the ideal
low pass filter, which has knit} gain in the passband, zero gain in the stopband,

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

[

peass band
tronsition
band
) 1
- stop

amplitudge band

/

frequency

0 fco

Figure 2.8 Ideal Low Pass Filter. The ideal Jow pass filter has unity gain in
the passband, a transition band of zero width at the cutoff
frequency f.., and zero gain in the stopband.

-

If the reconstruction filter is imperfect, then the continuous signal is not re-
gonstructed without distortion. If the reconstruction 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 because low frequency
components from the replicated spectra are included in the high frequency areas of

the reconstructed signal.

Once the continuous signal z,(t) is reconstructed from the sampled signal z(n),
the continuous signal may be resampled at the desired sampling frequer;cy. "{‘}‘x_is
resampling process generates a new sequence y(n) of samples of the continuoqs
function z4(t). at points different than those of z(n). In the frequency domain, tlﬁe

|

\ | |

l
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baseband signal is again replicated, but at multiples of the new sampling frequency
(Figure 2.4). If the resampling rate is reduced. aliasing as illustrated 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 digital processing. Sampling structure conversion may

be performed much more easily using compl;t_ely digital processing. -

AN

/\

~rsi
e)
frequency (Hz)
1 ) T
-fso: 0 fso

. frequency (8z) (o)

Figure 2.4 Frequency Domain Representation of Resampling The sampling
process creates replications of the baseband ffequency spectrum
at multiples of the input sampling frequency f,,. When the
sampling rate is changed to [,,, the entire frequency axis s

scaled.

' -

2.3.2 One Dimensional Digital S‘ampling Rate Conversion
L}

Clearly, reconstruction of the continuous signal and then resampling it as a
means of changing the sampling rate is incfficient. The alternative is to digitally
process the input sequence of samples z(n) to interpolate the output sequence y(n),

without reconstructing the continuous waveform z,(t) in an intermediate stage.

T

Y
N



e = [ i YT

o

—

cﬁ . In the two step process, the continuous signal £,(!) was reconstructed from the
sampled signal z(n) (in the frequency domain) by multiplying the spectrum X (ej“’)

- by that of the reconstruction filter A(eJ""). which extracts the baseband spect}um.
In the time domain, this corresponds to convolving r(n) with the impulse response

: | “of the (continuous) reconstruction filter a(t). If the values of the discrete sequence
z(n) are considered to be instantaneous values of the continuous sequence z,(t) at

integer multiples of the sampling period Tj. i.ec.

"_ , n = pT] (2.2)
then the reconstructed %ignal is
\ X
: ©zat)= Y rlp)afi - pTy). (2.3)
I p= -

The resampling of the continuous function z,(t) at a new set of discrete points

spaced at multiples r of the new sampling period T,. can be expressed as choosing

c values of r,(t) at a new set of discrete points { = Ty, —co < r <00 :
: o o
ra(rTa) = D  z(p) a(rTy — pTh) (2.4)
p-s -oc

and so the new discrete sequence y(r) can be described as

-

o0
: y(r) = 2 z(p) a(rTy - pT). (2.5)
“ p=—00 N
- When the ratio T3/T) is a rational number, then the values of the function a(t)

are required at an infinite number of discrete points. The continuous function a(t)
may then be replaced with a discrete function a(s). and the “hybrid” digital-analog-
-~ digital processing system of section 2.3.1 becomes a true digital processing system,

interpolating y(n) directly from z(n).

Since (in the absence of an aliased input signal) the perfect reconstruction filter

a(t) is the ideal low pass filter, the sampling structure conversion problem resolves
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into finding realizable approximytions to the ideal low pass filter which trade off loss
of information from the base for the inclusion of aliased spectra. In standards
conversion. a finite-duration, continu ime domain function quantized in position
and amplitude. \;vhoso frequency responsc approximates the ideal low pass filter is
used to perform sampling structure conversion. These functions are known as aper-
ture functions, interpolation apertures. or simply apertures. The’discrete function
a(s) as derived on the previous page is an infinite-length function, usually required
on a very dense sequence of discrete points for television standards conversion. In
practice. the function a(s) is truncated to a finite lengths and defined on a relatively
coarse spacing. When a!value a(rTy — pT}) is required. the argument (rTy - pTy) is
quantized to the noaresg point upon which a(s) is defined, and the value of a(s) at
the quantized positioh\'is tak‘;as the value of the aperture function. If the value of

the argument is outside the domain of the finite-length aperture, the value of the

aperture is defined as zero.

2.3.3 Two Dimensional Reconstruction and Resampling

Conversion of television standards implies conversion from one vertical-temporal
sampling structure to another vertical-temporal sampling structure. For standards
conversion, the television signal is processed in the vertical and temporal dimensions
and reconstruction and resampling invelves the use of two dimensional vertical-
temporal filters. Two dimensional filters and signals are analogous in every way to
their familiar one dimensional counterparts, except that the two dimensional filters

and signals are defined over grids or lattices of discrete points.

A 2:1 interlaced 60 Hz television signal, viewed in the vertical-temnporal dimen-
sions has a time domain sampling sfructure as shown in Figure 2.5(a). The sampling
process causes the replication of the baseband frequency spectrum centered on the

points shown in Figure 2.5(b) for an NTSC signal [8].
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As in the one dimensional case, it is necessary to extract the baseband frequency
spectrum using a reconstruction filter in order to reproduce the two dimensional
continuous signal. The filtering may be performeq as. a cascade’of two separable
one dimensional filters, one in the vertical dimension z:nd one in the temporal di-
mension, or a.with a non-separable two diiuensional filter, The use of separable one
dimen§ional filters in cascade results in vertical and temiporal aliasing, regardless
of the order of the cascade because of the positioning of the replicated spectra.
Figure 2.6 illustrates the extraction of the baseband signal in a two-step separable
process. The spectrum of the input signal (Figure 2.6(a)) 1 filtered using a one di-
mensional vertical low p;{ss filter with a cutoff frequency at about £262.5 ¢/ph, or
half of the vertical sampling frequency. In the first quadrant, low vertical frequency
components of the replicated spectra centered at 262.5 ¢ /ph are passed along with
the vertical baseband spectra. The rf’sulting spectrum is shown in (b). with the
aliased arcas cross-hatched. Subsequent one dimensional filtering in the temporal
dimension with a filter of cutoff frequency at about +30 Hz, or half of the field
rate, produces the baseband spect\»rum as shown in (c). In the first quadrant. low
frequency temporal components from the replicated si)(-ctrum centered at 30 Hz
are passed along with the temporal baseband spectrim. Similar aliasing occurs in
the other three quadrants of the frequency spectrum. The aliasing in the extracted

baseband signal is unavoidable because of the positioning of the replicated spectra;

cascading the two one dimensional filters in the reverse order results in a baseband

"signal which is aliased for the same reasons. The use of a non-separable two dimen-

.

siO@,‘l filter, allows the extraction of the baseband spectrum without aliasing (Figure

2.7).

Once the signal is restored to being continuous in the vertical and temporal di-
mensions, it may then be resampled at the desired vertical and temporal frequencies

to produce an o%tput sequence in the desired standard.

Q
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Figure 2.6 Two Dimensional Reconstruction Implemented with Vertical

then Temporal Filtering The use of two filters in a separable

process leads to aliasing due 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
“replicated spectra along with the vertical baseband spectra (b)
Subsequent temporal filtering passes low temporal frequency

components of replicated specyra along with the baseband

spectra (c) The net result 15 an aliasing of vertical and temporal
fregencies 1n all quadrants of . the regonstructed frequency
spectrum.
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2.34 Two Dimensional Digita'l Sampling Rate (Conversion

As in the one dimensional case. it is ncither efficient nor necessary to actualiy
reconstruct the continuous waveform in order to .change the sampling structure.
The sampling rate conversions in both the vertical and temporal ¢gimensions may be
simultancously performed using a two dimensional apertufe. Fot an input sequence

r(m,n). the output sequence y(r. s) is given by

AN ‘
}/(r 8) = L Z z(p, q). a((rT3 — pTy). (sTy - qT3)), (2.6)

, p= —0C ¢- ~ &

. where a(t,v) is the continuous two dimensional aperture function, 7 and j‘g are the
exi;ting sampling periods in each dirﬁension. and T3 and T4 are the new sampling
periods. As in the one dimiénsional case. the desired frequency response of the
two dimensional aperture function is (in the absence of an aliased input signal) the
frequency response of the perfect two dimensional reconstruction filter. In practice,
the 1;('rfoct reconstruction filter is not the ideal two dimensuional low pass filter,
because of the need to suppress aliased frequency components resulting from a
insufficiently bandlimited input to the sampling process, at a cost of a loss of some

il

baseband information.

The problem of sampling structure conversion again resolves into choosing a
truncated, quantized aperture function with frequency response which best approx-
unateq the perfect reconstruction filter, tramformmg (for example) the spectrum
of Flgure 2.8(a) to that of Figurc 2.8(b) without lowering the subjective quality of -
the output sequence. The tradeoffs involved include on one hand. specification qf
the aperture so that the baseband spectrum is passed without attenuation while
rejecting aliased frequency components from replicated spectra;’ and on the other

hand, trading off the length of the aperture for simplicit§ of implementation.
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Figure 2.8 Two Frequency Domain Laitice Structures The frequency
dotham rep: esentation of an NTSC signal, with rephcated
spectra at multiples of 30 Hz and 525/2 ¢/ph 15 shown in (&)
Below is the frequency domain representation of a PAL signal,
with replications at 25 Hz and 625,2 ¢/ph. {First quadrant)

2.4 Television Standards Conversion - )

The sampling structure conversion theory prosont@ in the previ(;us section as-
sumes that the signal was sampled at at least twice the frequency of the highest
equency component in the continuous signal. Otherwise, the sampled signal is
aliased.. Q&d the continuous signal can never be recovered. Since the input signal to
a television camera is not sufficiently vertically and temporally prefiltered to limit
its bandwidth. the signal is aliased in both the vorti\c\ai and temporal dimensions.
Low speed movement of Iigh-detail images can result in EQ( existence of high fre-

quency temporal components in a signal. and significant aliasing occurs when the

-
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signal is sampled at 50 or 60 Hz. For this reason. traditional methods of sampling
structure conversion using linear processing can never achieve perfect results. Ng;x—
linear techniques, such as motion estirnation, may be used to produce better results

than linear techniques, notwithstanding the temporal aliasing in the sampled signal.

2.4.1 Choices for Interpolation in the Temporal Dimension

The goal of temporal interpolation is to ﬂintcrpolate fields at the temporal‘lo-
cations dictated by the output field rate, based upon information contained_in
temnporally neighboring input fields. Output fields may be interpola.ted’from one,
two, or more input fields in the temporal neighborhood of the desired position.
The interpolation may be performed using linear processing and an aperture func-
tion as an approximation.to the perfect reconstruction filter, or the intefpoTétion
may be performed using non-linear techniques in an attempt to avoid the problems

associated with temporal aliasing in the sampled signal.

2.4.1.1 Linear Approximations to the Perfect Reconstruction Filter

The least complex choice for a temporal aperture is a function which uses a
single neighboring field to generate the output field. This aperture has the time._
domain form shown in Figu:'e 2.9(a), and the frequency response shown in 2.9(b).
The effect of this “zero-order” function is to repeat input ﬁelg}s when the sampling
rate is being increased, or to drop input fields when the sampling rate is being

decreased. . ’ . ,

Dropping or repeating entire input fields is the least comple); method of changing
the field rate. butseriously degrades the quality of the output sequence. In order
to increase the field rate, for example from 50 Hz to 60 Hz, it is necessary to repeat
every fifth field in the input sequence. To decrease the field rate from 60 Hz to 50

k]

Hz, it is necessary to drop every sixth field in the input sequence.
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Figure 2.9 Interpolation Aperture Spanning One Input Field
(2} Time domain (b) Frequency domain

When viewing sequences with uniform motion. the repetition or dropping of
fields causes a discontinuity in the motion. This discontinuity és referred to as
judder, and is seen as a noticeable jerk of the ima};e every time a ﬁcl}] is repeated
or dropped. The frequency of the discontinuity is the beat frequency between the
input field rate and the output field rate. For 60 Hz to 50 Hz conversions. or
the reverse. the beat frequency is 10 Hz. The human visual systemn has peak in
temporal response at approximately 7 Hz [9]. so the 10 Hz motion discontinuitg} is
found to be highly objectionable by human viewers. Judder is the primary motion
artifact introduced into an output sequence by standards conversion, and is a result

of using an imperfect aperture function such as that of Figure 2.9 which attenuates

the baseband and passes frequency components from replicated spectra.
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1

An aperture which uses two neighboring fields to interpolate each output field
usually implements linear interpolation. “Linear interpolation” is not to be confused
with “linear processing™; linear interpolation is a type of.-linear 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 temporal distance from that field to the desired temporal position. Using
a temporal dimension unit of one inp\.\t\ﬁeld period, the output field F, would be

calculated as v/

F,=(10-a) F, +aF,,

. (2.7)
where F;P is the input field tempéi'ally preceding the output field position by o
units, and F; , s the input field following, spaced (1 — a) from the output field

position.

3
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Linear temporal interpolation alleviates the Jjudder problem to some extent by
forming output fields which contain an average of the images in neighboring fields.
Moving objects are spatially displaced in sequential fields of a sequence. When
two such sequential fields are averaged together to for an output field, the effect
is to smear the moving object. When viewed in motion, the smearing of moving
objects results in a perception of loss of resolution, but an averaging of the motion

discontinuities.

t=To ~ teTo T

e
d

t=TJo + 1/2

Figure 2.11 'Averaging Two Input Ficlds To Form An Output Field. When \a
interpolating a field {in this case half way between the mput
fields) by taking an average of two successive fields. the image
of a moving object 1n the interpolated field becomes blurred. -

By extending 15the time-domain extent of the aperture, more than two neigh-
boring input fields may be used to interpolate each output field. The range of

choices for the form of the aperture function is infinite. The funcfion may be linear,

¢
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quadratic, polyngmial, or defined empirically. Since (in the absence of aliasing) the
ideal interpolation aperture has the frequﬂenéy response of the ideal low pass ﬁlte'r,
a logical choice for the aperture function is the trunca:ted impulse response of a
low pass ﬁlter\, whose frequency response better approximates the ideal than the

zero-order funi;tion. linear interpolation. or polynomial approximations.

1

|
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-2 -1 0 1 2 v
Aperture Extent, field periods (a)

-

0 A I N )
-7 -7 /2 0 T/2 4

Digital Frequency Response  (b)

b -

Figure.2.12  Interpolation Aperture Spanning Several Input Fields. (a}

- Time domain (b) Frequency domam. Note that this aperture is
specified in the frequency domain in an attempt to better
approximate the frequency response of the ideal low pass filter.
The apertures of figures 2.9 and 2 10 were specified in the time
domain.

The use of an a;;erture spanning more than two fields allows the speciﬁcation of
a filter having better passband performance and allowing less aliasing than lower-
6rder methods previously described. Better approximation of the ideal leads to a
perception of less judder; however, the judder is lessened at a cost of lower resolution

because the output is a weighted average of a number of input fields.

'
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/b__ 2.4.1.2 Non-linear Temporal Interpolation

A highly complex. non-linear method of interpolating fields at the desired tem-
poral positions is motion compensated interpolation of ficlds. The fundamental aimn
of motion compensated interpolation is to estimate the velocity of moving objects
in a sequence, and to use the motion estimate to place moving objects in correct
spatial positions at the desired temporal position. By placing objects in correct
spatial positions. the 10 Hz motion artifacts introduced by the linear processing

g

techniques of section 2.4.1.1 are eliminated entirely.

O. t=To+V/2

o Figure 2.18 Projecting Moving Objects to the Correct Position The
. essence of motion compensated interpolation is to replace
/" semporal filtering with a system that projects moving images

. to the correct spatial position in an interpolated field
J

* -

An important factor in the design and implementation of a motion compensated
interpolation system for television signals is the 2:1 field interlace scheme. The effect
of an interlaced scanning system is that cach field contains one half of the available
vertical samples ofsthe image in the camera: a frame formed by interlacing two

() ~ ,
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successive fields contains a maximal set of vertical samples of a stationary image.
A field taken by itself is vertically aliased. so a field interpolated using only a single

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

* To maximize the resolution of an interpolated field. information is taken from two

sequential fields in the temporal neighborhood of the desired position.

In the case of a sequence of fields which contain the image of na stationary
scene, two successive fields are combined into a single frame which contains vertical
samples at twice the field rate. An interpolated field with a different line density
may then be constructed using intra-frame interpolation with no loss of information.
A motion compensated system allows the same principle to be used in the presence
of motion in the scene by conceptually constructing a frame which is corkposed of
two motion compensated fields. When a scene contains a moving object, sequential
fields contain spatially displaced samples of the image of the moving object. If two
such fields were to be combined to form a frame without any modification, the
envelopes of the samples of the moving object from each field would not coincide,
and the blurring effect illustrated in Figure 2.11 would occur. If. however, it was
possible to adjuét or compen‘sale both fields so that the moving object occupies the
same spatial position in éach of the fields, then a frame formed by interlacing the
two compensated fields would afford the same resolution as a frame constructed

from two fields containing a stationary image.’

This motion compensation may be ‘mplemented by simply taking information
from each input field with a displacement equal to a motion estimate from the
interpolated field %o the respective input field. In a scene with several moving
objects, the interpolaﬂted field is segmented into different regions, and a separate
motion estimate is found for each contiguous region. In the limit, a separate motion

estimate may be generated at each pel in the interpolated field.

! If a sequence containe vertical motion at a rate equal to an odd number of frame lines per field period, then
most of the samples of the moving object(s) in sequential fields will in fact be sdentical samples. In this case, the
available resolution of the moving object(s) is reduced.

’
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The compensation process may also be thought of as collapsing two fields onto
_the desired temporal position in the direction of the motion estimates in order to
form a motion compensated frame to be used for intra-frame interpolation of a field
with a new line density. In this interpretation. the only difference between forming
a motion compensated frame when there are horizontally moving objectssin the
image, and forming a fraine from a stationary image is that the motion estimate in

the latter case is identically zero over the entire field.

The use of motion compensated temporal interpolation instead of traditional
linear processing techniques can £)roduce interpolated sequences free of motion arti-
facts n&withstanding the existence of temporal aliasing in the input signal. Motion
compensated inté;polation. forming the basis of the system proposed in this thesis,

is treated more fully in Chapter 3.

2.4.2 Choices for Interpolation in the Vertical Dimension

The major problem in television standards conversion is the introduction Bf
motion artifacts due to temporal interpolation. Spatial interpolation introduces
artifacts whicil\qre subjectively less disturbing. mainly loss of vertical resolution in
the interpolated }ields. Consequently, highly complex non-linear procossi‘ng tech-
niques are not required to produce subjectively good quality vertically ix-xt('*r],mlat.(‘(l
output. Vertical interpolation is customarily implemented with linear processing,
using a finite length, quantized aperture. In the samne way that the extent of the
interpolation aperture may be such that one. two. or several input fields are used
to interpolate each output field, the extent of a vex:tical aperture may be such that
one. two or severa! input lines are used to interpolate each output line ua@pg linear
processing techniqugg’.

,A vertical aperture with an -extent of one field lineq is the least complex type

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

Figure 2.9. The effect of this “zero-order” aperture is to choose the nearest line

29
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to the desired vertical p.osition as the output line, in effect, dropping lines from
the input when the line density is being decreased, and repeating lines when 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 introduces spatial artifacts to the interpolated field.” Diagonal lines will have
a discontinuity added, and fine horizontal structures may be eliminated entirely.
These spatial artifac'té, which are due to the poor frequency response of the aperture

of Figure 2.9, may be reduced by finding a better approxifnation of the ideal low

pass filter.

An interpolation aperture which uses two neighi)oring input lines to interpolate
each output line usually implements linear interpolation. in the same manner as
temporal linear interpolation described in section 2.4.1.1. Linear interpolation,
being a better approximation to the ideal low pass filter, produces bet.ter results than
the zero-order system described above. The spatial discgptinuities are replaced with
a less severe aliasing of the old sampling structure onto the new sampling structure.
This aliasing produces a sequence of lines which vary in resolution. The lines where
the sampling structures coincide are perceived and being sharp, because they are
copied directly from the input. while the remamnder of the lines are perceived as
being blurred because they are an average of twg input lines. Spatial artifacts occur
at the beat frequency between the frequency corresponding to the input line density

and that éorresponding to the output line density.

A vertical interpolation aperture may have an extent which covers more than
two input lines. so that each output linc is a weighted linear combination of a
number of input lines. As in field rate conversion, thé range of choices for the
form of th:aperturb function is infinite. The truncated impulse response of a
low pags 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.

a
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2.5 Frequency.Sampling Specification of Interpolation Apertures

Interpolation apertures used in standards converters are often sp&iﬁetl by their
frequency response in an attempt to obtain a finite length time domain function
with a frequency response approaching that of the perfect roconstructio;l filter. To
generate the aperture, the frequency response of a digital low pass filter is specified
at a set of discrete points The ’impulso 6)rosponzs'o corresponding to the frequency
specifications of the filter, when truncated and quantized. forms the interpolation
aperture. The impulse response of the filter is obtained by transforming the fre-
quency specifications using th} Inverse Discrete Fourier Transform [7]. This method
is useful since it provW?ﬂples of the 1mpulse response at a set of discrete points,
gencrating the disé_pte aperture function e(s) of section 2.3.2 directly. First, the

one dimensional case will be considered and then the two dimensional case.

2.5.1 Onc Dimensional Filter Specification

The one dimensional Discrete Fourier Transforin (DFT) of the periodic sequence

Z(n) of length NV 1s defined [7] as one period of the periodic sequence X(k):

X(k) = X(k) Ry(k) (2.8a)

Fra
1{‘»5’\
=1

N-1 ‘
. [ z(n) WE") Ry(k) (2.8b)
Lot R © o 'n=0 A

" where Ry is a rectangular function which extracts one period of length N, and

/
Wp=elN. (2.9)

—

B . . *

. The Inverse Discrete Fourier Transform of X (k) is defined as

\.0 z(n) = z(n) Ry (n) (2.10a)
N1
=[ 3 X(k) Wik Ry(n) (2.10)
k-0
r 31
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The frequency response of the fifter is considered to be speciﬁed'}t N discrete
points equally spaced along the frequency axis at inter‘vals of %;’r' spanning the
frequency range from 0 (dc) to 27 (the sampling.frequency). This0 sequence is
designated as X (k), and X (k) is defined as X(kj repeated with period V. ?((}c)
is the Discrete Fourier Series (DFS) associated with the frequency response 'of the

filter.

A purely real DFS has the property that its transform is conjugate symmetric;

" tie real part of the transform is an even fung{jon. and the imaginary part odd. Fgr

the impuls}* response of the filter to be reali the frequency response of the filter is
wpecified such that Re[X (k)] = Re|X(~k)], and Im[X (k)] = 0 for all k, i.e. X(k)
ts specified to be symmetrical about 0 and purely real. The latter condition also
implies that the filter has zero phase response. Note that because X (k) is periodic

with period N, X (k) is symmetrical about 0 and about 7.

Evaluating 2.10 for all n generates the DFS z(n). which is periodic in N. Any

one period of ¥(n) may be chosen as the IDFT of X (k). If

N-1 N-1
—.—} (2.11)

r(n) = { r(n). n= —= 5y - —L 0, 1Ll
1s chosen. r(n) is a familiar representation of the impulse response of the filter
specified by X' (k). The impulse response obtained using 2.10 may be thought of as
samples of a continuous time domain function. By calculating the impulse res;;onse
using 2.10. N equally spaced sami)les of the entire length of the impulse response
are obtained. Samples of the impulse response are spaced at the inverse of the
value of the frequency at which the signal is sampléd. For example, a signal which
is temporally sampled at 60 Hz will have samples of the impulse response spaced at
1/60 second usir\lg the above method. Figure 2.14 illustrates a filter speciﬁeci with
eight frequency samples. The resulting aperture is then specified at eight points

spanning four field periods.
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Figure 2.14 A Frequency Specified Interpolation Aperture Note that both
the frequency specification.and 1mpulse response are defined
only at the discrete points shown

[

Increasing N by specifying more closely spaced points in the /requenrmy domain
increasces the length of the impulse response obtained with the IDFT. If more closcly
spaced samples of the tfme domain function are required to avoid positional quanti-
zation noise, it is necessary to increase the length of the frequency domain function

t’(k)' by padding it with zeroes:

v

'

Define, for some whole number P,

Tk = {X'(k) fork=0.1.....N -1

’ 2.12
0 fork=N.N+1..... PN -1 ( )

Note that ¥ (k) is periodic with length N, = (P + 1)N.
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Figure 2.15 A Padded Frequency Specified Interpolation Aperture. Note
that both the frequency specification and impulse response are
defined only at the discrete points shown, but the density of
“samples” of the impulse response obtained 1s much higher
than in figure 2 14

From 2.10 we have
N, 1

[ 1 - Kn ‘
pn)=% X V(R wyk (2.13a)
Yy k=0- v
=F ) § g W N (2.136) _
N-1
= i X Z X( w K (2.13¢)
| - 1 ., n
¥(n) = p77 Hpgi) . (2.14)

@

Thus, y(n) is periodic with period (P + 1)N. and consists of Z(n) plus samples

.

interpolated between those of z(n) with a-density factor of P +1. -

(%]



By selecting appropriate values for P and IV, an aperture function of the correct
length, and sampled at a suitable density may be gckxcrat.od. Figure 2.15 illustrates
how the frequency samples of ﬁgurq‘&Z.M is padded with zeroes with a factor P =

15 to form a longer DFS, and generate a more densely sampled impulse response.

A

2.5.2 Two Dimensional Filter Specification

An interpolation aperture which can.Bc used for combined vertical-temporal
sampling structure conversion is often specified by its frequency response in an
attempt to find a finite length time domain function whose-frequency response
is a good approximation to the ideal. The frequency specification is on a two
dimensional grid of points which ranges in both dimensions from 0 to 27. If M is
defined as the length of the sequence in the vertical dimension. and N as the length

of the sequence in the temporal dimension, the two dimensional DFT; is defined as

X(k.1) = X(k,1) Rpgn (k.0) (2.15a)
M 1N 1 )
=3 Y z(mn) W WET] Ry (k1) (2.15)
m=0 n=0

where Ry is a two dimensional rectangular function which extracts one period of

X(k.!), and

L]

Wpa.=¢€ ji.; . . (21.16)

Wa =e N (X.l?)

The two dimensional Inverse Discrete Fourier Transform is defined as

z(m,n) = z(m.n) Ryyn(m.n) | (2.18a)
LI 1 M_‘l N ‘l ‘k » )
= [ﬁl\' L L .\’(kl) “'M " WN "'] RMN("‘;") (218[,)
Yok-0 10
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Figure 2.16 A Two Dimensional Aperture One quadrant of a two
' dimensional aperture generated with the frequency sampling
method is shown. This quadrant spans two field lines in the
vertical dimension and two field periods in the temporal
. dimension. !

The sequence X (k,1) is specified over an M by N grid of points with the same

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

" formed by repeating X(k,!) in the vertical dimension with period M and inthe

temporal dimension with period N. Equation 2.18 is evaluated. for all m and n to
obtain i(m,n). The sequence z(m,n) is definedjas oné period (in each dimension)

of (m.n). If we choose

N M - M-1
y  &(mn)=Zz(m,n), m=—-—a—. ..., —1;, 0. L,..., —5
N-1 - N-1 '
n--~—~2——-, ...,—-1, 0, 1,..., '——2—‘

-~
Bl




As in the one dimensional case, the spacing of samples of the impulse response
is iq each dimenfion a function of the sampling frequency. If more clos(;ly spaced
samples of the impulse reSponse are required, the length of the froquenc): domain
sequence X (k,1) must be increased by padding with zeroes in a manner analagous

to the one dimensional case:

Define for some whole numbers P and Q.

X(ksl) fork=0,1..... M-1
_ and! =0.1,... . N -1
Yik1) = 0 fork=MM+1.....PM -1 (2.19)

andl =NN+1,....QN -1

Note that Y (k,1) is periodic with lengths My = (P+1)M and Ny = (Q+1)N.

From 2.18 we have
’ -1

V .
#{m,n) =, Z L Y (k1) u'Mf'" Wh'.:" (2.20a)
M-1N-
S — S R wokm w K (2.200
. (P+1)M Q+1)N = &= (P+1)M @)

.

1 1

S R w KD e (@ a0
TPr)@+D) MN PR e N

1 2 m n ).
P+1°QF1

y(m,n) = (2.21)

. ’ (P+1)(Q +1)
The sequence #(m, n) is périodic with period (P+1)}M in the vertical dimor'usion,
and period (Q+1)N in the temporal dimension, and consists of z(m, n) plus samples
interpolated between those of z(m,n) with a density factor of P + 1 in the vertical
dimension and @ + 1 in the temporal dimension. As in the one dimensional casc, an
aperture function of the correct length in each dimension. and sampled at a suitable

density in cach dimension may be generated by selecting appropriate values for P,

Q, M and N. Figure 2.16 illustrates one quadrant of a vertical-temporal aperture - u

generated u;ing this method.
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2.6 Motion Estimation

Estiminting the velocity of moving objects in a television sequence is a current

"area of resecarch. There are several methods available for estimating motion, all

of which attempt to find, for a pel or a block of pels in a particular field, areas
in neighboring fields which correspond to that pel or block of pels. Thus, motion
estitnation is often referred to as the correspondence problem, and a field of motion
veetors, one vector for each pel in the field where motion is being estimat d, i$
often called the correspondence field. For the greater part. algorithms hav{e been
developed for video coders rather than video standards converters; and p;oduce
x;[;otion estimates that are sﬁi{;able for differential motion compensated coders, but
not necessarily suitable for standards conversion. In a coder. a small error in the
motion estimation, especially in a flat or uniform portion of the image, results only
in a small increase in the error signal. In a standards converter. a small error in
the r'notion estimation places a moving object, or more frequently, a portion of a
moving object in the wrong place m an interpolated field. Placement of a portion
of an object apart from the rest of the object in a field is subjectively displeasing,

since the human visual system is very sensitive to spatial discontinuities.

o -

Two prixnartv methods exist for solving the correspondence problem: spatio-
temporal gradient techniques. and block-matching techniques. Gradient techniques
generate a motion estimate for each pel using an algorithin that follows the gradient
of intensity differences betweex; fields. Block-matching techniques generate a motion

estitnate for a rcegion by minimizing a distortion measure between a region in one

field and displaced regions in the following field. Gradient algorithms, while useful

" for coding because 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 presence of noise and sharp gradients. Block matching algorithms that average
their estimate over a large area. and lend themselves to matching objects instead

of arbitrary regions may be more useful.



The object of this thesis is to study the interpolation aspects of motion compen-
sated standards conversion: no conclusions as to the most suitable method of motion
estimation for standards conversion will be made. Nonetheless, some method of mo-
tion estimation must be used to perform motion compensated interpolation, so a

brief survey of motion estimation algorithins is presented.

2.6.1 Gradient Techniques

Gradient techniques for motion estimation use the spatio-temporal gradient con-
straint equation [10} to estimate the motion between frames based on the gradient

of the intensity of the image. The gradient constraint equation is given as

a
V- Uxt + =0, (2.22)

Ju
ot
where v is the“two dimensional spatial velocity estimate between the two frames,
' © . . e
Uxu is the spatial gradient of the intensity, and %‘,‘ is the temporal derivative of

o

the intensity at the point x. .
}

The first algorithm, and the basis f(;r subsequ'ent improvernents, was proposed
by Limb and Murphy [11], and Cafforio and Rocca [12]. In this algorithm, the
frame is divided into a number of rectangular blocks, and 2.22 is evaluated over all
" of the points x within a block by approximating the spatial gradient of the intensity
and the temporal derivative with finite differences which may be measured from the
image. Linear regression is used to find a minimuin mean square error estimate for

v. which is then assigned to the entire block.

An improvement in the form of a temporal recursion was added to improve the
convergence rate, by replacing the frame difference with a displaced frame difference.
In general, recursive gradient techniques attempt to form an estimate of the motion

at each pel by updating the estimate at a spatially or temporally neighboring pel.

o



An algorithm by Netravali and Robbins [13] based on the previous algorithms
gives an individual estimnate at each pel. This algorithm uses a spatial‘ recursion,
where the estimate from a spatially neighboring pel is updated using a steepest
descent algorithm on the intensity to form the estimate for the given pel. The
magnitude of the correction is in proportion to the magnitude of the gradient, and
a constant ¢ which controls the rate of convergence. Ixnproyement.s to this algorithm
consist of improvements in the factors which control the ‘convergence rate, and the
use of gradient information at several spatially neighboring points to improve the

robustness 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 [10].
This estimate is obtained by updating thc; estimate for the same pel in the previous
frame by finding an estimate which best satisfies a more general form of 2.22 over a
small threc dimensional block of pels centered on the pel in question. This algorithm
evidently maintains the robustness of the block approach while giving an estimate

at each pel.

2.6.2 Block Matching Techniques

A different technique for estimating motion is the block matching technique.
This technique cssentiallz minimizes some form of distortion measure between the
block in question and displaced blocks in the following field. ‘The fields may be
divided into rectangular blocks of equal size, or segmented into contiguous regions

using some qualitative criterion. The basis of the block matching technique is the

definition of a mear distortion function D(1, ) [14] between an M by N block in

et

the reference field Up. and a displaced block in the following field U.

ISR oy
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The distortion function is given as
4 1 M N
D(i,j) =N Y > glur(min) —u(m+in+j). ~p<ii<p.  (2.23) ]

m=1n=]

where u(m,n) is the intensity at spatial position (m,n), g(r) is a monotonically
increasing distortion measure, and the search is limited to a range of £p in cach
spatial dimension. The value of D(7,j) is calculated for cach displacement in the
specified range, and the coordinates (i, j) corresponding to the minimum of D(i, j)
are said to be the direction of minimum distortion. This definition of the distor-
tion funciion leads to an estimate of displacement quantized to integer values. If
fractional pel estimates are required, the integer direction of minimum distortion
is found,qthen a search of positions displaced g about the last direction of mmn-

imum distortion is performed for ¢ = 27!, 272, ... | until the desired accuracy is

obtained. The intensity values u(ni+ 1, n <+ j) for fractional (¢, 7) must be spatially

interpolated from surrounding pels.

Refinements of the basic technique consist mainly of varying the search pattern
to avoid having to search every (7, j) displacement in the range +p, and selecting the
function g(z). The most complex search pattern is an iterative scarch of four points

and the center of a square of logarithmically decreasing size [14]. with a minimum

" mean square error distortion function. i.e. g(r) = r?. Other types of scarch patterns

use specific sets of trial vectors: a sclected menu of possible displacements (15, 16]1
The vectors in the sets are decreased in ‘magnitude at cach step until the desired
accuracy is reached. A third type of search pattern is the “conjugate direction™
search [17], whical finds a minimum independently in each direction, then searches
along the direction of the two independent minima. [15] and [17] use a mean absolute
error function. i.e. g(z) = |z|, while [16]' uses a log absolute error function. These
refinements decrease the number of computations required by a significant factor by
eliminating many candidate search positions based on a knowledge of the statistics
of the video signal, at a cost of being more prone to divergence th’a.n the basic

algorithm which searches all displacements.
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For standards conversion, arbitrary d‘iyision of the field into rectangular blocks

leads to the introduction of discontinuities in the interpolated field at block bound-
Q

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

A better approach is to segment the field into regions of constant motion such

as the images of moving objects, and search for corresponding regions in the fol-

lowing field. This strategy ehinates the block-b’oun'aary discontinuity problem,
but places more signiﬁcanc_e on the segmentation problem. Implementation of a
region-matching search simply requires the replacement of the summation over a
rectangular area with a summation over a general region, perhaps indicated by a
template passed from a segmentation process. Block matching techniques may be
more robust than gradient techniques, and (/if)/\ lend themselves to object or region

matching. but at a cost of significantly hig}ie-/ goﬁf;;ﬁfational requirements.

2.7 Existing Standards Converters

The first standards converters used were optical converters, that essentially
recorded the image of a monitor displaying the input standard with a camera using
the output standard. The interpolation apertures were determined by the impulse
responsc .of the phosphor used on the display tube. Analog electronic standards
converters became possible with the advent of the quartz delay line, allowing the
implementation of a line store. The converters produced using this technology were
of the repeat /drop variety, since interpolation requ\ires high speed multipliers and
adders as well as a minimum of two field stores. Digital p\i'ocessing allows the —
implementation of highly complex systems that were not easily implemented with
analog quartz delay lines, and produce superior subjective results while having the
added advantages of needing no periodic calibration or adjustment due to ‘drifting’,

burning in, or similar analog problems.
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Digital standards conversion systems which have been produced include systems
that implement line density conversion using frequency-specified apertures and tem-
poral linear interpolation, and systems that use two dimensional vertical-temporal
apertures. All existing converters trade off algorithmic complexity for temporal and

spatial artifacts to varying degrees.

2.7.1 Separate Vertical-Temporal Interpolation 5

The most primitive digital standards conversion systems implement field rate
conversion using an aperture which spans two input fields (linear temporal interpola-
tion), and line density conversion using an aperture which spans several input lines,
in a sepgrable process. An example of this type of converter 1« DICE, or Digital
Intercontinental Conversion Equipment, developed by the Independent Broadeast

Authority (IBA) in 1976 [18].

525/60 | pineer Temporeal

Interpelation

Uerticel Interpolatisn with | _623/50
froquency-specified fllter

Figure 2.17 Block Diagram of the DICE Converter The DICE Converter
developed by IBA implements lincar temporal interpolation

s

re by
3 61““’

The IBA DJCE converter converts 525/60 signals to 625/ 50 signals or vice-versa
using two 525 line field stores. In the 525/60 to 623/50 direction, the ficld rate of
the 525/60 input field sequence is first converted to 50 Hz using two-field lincar
temporal interpolation, yielding a 525-linc. 50 Hz sequence. The 525 line fields are
then line converted to 625 line fields with intra-field interpolation and a frequency-

specified vertical aperture. In the reverse direction. the line density of the 625/50

}
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fields are first line converted to 525 lines per frame so that the same field stores may
be \’xsed for both directions. The resulting 525 line fields are then used to interpolate

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

The algorithm used in this converter is virtu;xlly the minimum possible im-
provement over the algorithm used in analog quartz delay line convgfters; but since
digital processing in any form offers a large advantage in maintenance, reliabilility
and noise immunity over analog equipment, and since real-time implementation of
the converter with the technology that was available at the time of the design re-
quired a certain simplicity of design, this algorithm was well received and remains
the basis of many of the converters available commercially. Subjective viewing of
sequences converted with the linear temporal interpolation scheme reveals the in-
troduction of significant motion artifacts at the beat frequency between the two
field rates. A motion discontinuity is particularly noticeable at the point in time

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

2.7.2 Combined Vertical-Temporal Interpolation l’ ,

The state of the art in terms of installed commercially available standards con-
version equipment is the Advanced Conversion Equipment (ACE) converter de-
signed by the BBC research department [2]. It is essentially a two dimensional Tow
pass 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 each output line are taken in a weighted linear combination to form
the output line. The weights are defined by a two dimensional aperture, wl;ich is
the truncated and quantized impulse response of a two dimensional low pass filter

specified by its frequency response.

This two dimensional aperture algorithm is the logical improvement on the lin-
ear temporal interpolation, vertical aperture 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 temporal interpolation. The judder is elim-

inated for most cases by averaging the motion discontinuities over four fields, at
the expense of a noticeable loss of resolution. Under extreme conditions, such as a

rapid pan of a high-contrast scene, severe motion artifacts become visible.

2.7.3 Motion Compensated Interpolation

~

Q

A motion compensated television standards converter for conversion from the

1125 line 60 Hz HDTV system to 50 Hz systems is the experimental NHK converter

[4]. This converter uses separate vertical and temporal sampling structure conver-
sion. first converting two fields in the temporal neighborhood of the putput field
to the output line structure, and then using motion cc;mpcnsated interpolation to

interpolate the output field. /

The 1125/60 to 625/50 conversion process begins with the interpolation of 625-
line non-interlaced frames from the input fields using intra-field interpolation in
moving areas and inter-field interpolation in stationary areas. These 625 /60 frax\uos
are passed to a section which performs linear temporal interpolation, and also to
a section which performs motion compensated interpolation. The line-converted
frames are divided into four quadrants. and a motion estimate is independently
generated for each quadrant.- Each motion estimate is then used to interpolate an
er;tire frame. Application of a single motion estimate to the entire frame avoids
the introduction of discontinuities at quadrant boundaries but leads t()/(ﬁ;vious
problems when there are several large moving objects in a scene. An edée detector
is included to allow the special treatment of object boundaries. The ﬁ\vc output
frames. one generated by linear interpolation, and four generated with t'l_xo motion
estimates from one of the quadrants applied to the entire field, are compared to

find the candidate with the minimum error using some measure of quality.

w

No information on the type of aperture used for line conversion, the type of

motion estimation usédAn the converter. or the basis for selecting the bekt ‘can-
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Figure 2,18 Block Diagram of the NHK Converter. The experimental
* motion compensated converter developed by NHK, the

Japanese national broadcasting corporation, uses a single
motion estimate applied to the entire field to interpolate a
field. Four different motion estimates are tried (one from each
quadrant of the umnage). The “best” interpolated field is
selected from the four motion-compensated interpolated fields,
and a field interpolated with linear temporal interpolation

didate’ interpolated field has been given. The converter was demonstrated at the
IWP 11/6 (HDTV) meeting in Tokylo, and is said to produce significantly better
results than the most sophisticated fixed aperture?:‘opverter [4). It should be noted
that this system cha.ngés the line density from 1125 lines per frame to 625 lines 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 525/60 converters.

- -
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Motion Compensated
Chapter 3 "
R Television Standards Conversion

The television standards conversion system proposed in this thesis is a tv:ro—ﬁold
motion-compensated mterpolation system. The object of motion compensation s to
place moving objects at the correct spatial position in output fields. eliminating the
motion artifacts associated with linear processing, while maintaimng a high degree
of resolution. First, a description of the structure of an ideal motion compensated

interpolation scheme is presented. In the second section. the experimental system

implemented for this thesis is described.

|‘ [ {

3.1 The Ideal System

%

An idcal motion compensated television standards converter consists of three
distinct processes: a segmentation process to segment the imerpolated field into
contiguous regions. a motson estimaltion process which uses luminance information
from the input field sequence as well as higher-level information from the segmen-
tation process to provide motion estimates at each pel in the interpolated field; and
an interpolation process which uses information from the input ficld sequence, the
segmentation process and the motion estimation process to interpolate fields at the

desired temporal positions.



input fleld seguence

segmentaeation

Yy

]

R SR

”~

- [‘mlerpolalmn N
= s

\, oulput field sequence

Figure 8.1 The ldeal Motion Compenseated Interpolation System. The ideal
motion compensated interpolation system consists of a
segmentation process, a8 motion estimation process, and an

C interpolation process

)

3.1.1 Segmentation

The purpose of the segmentation process is to classify two dimensional spa-

tial’:egions in the interpolated field into one of four categories: moving regions,

\ stationary regi(;ns,'newly covered background, and newly exposed background. In
the simplest gagé,j an object moves with uniform translational motion in front of a
stationary backg-round. The segmentation process should identify four regions in
the interpolated field. One xl'egion is the leading edge of the moving object which
obscures baékground that was :ris le in the previous field. A second region is a re-
. gion of background trailing the moving object, which was not visible in the previous
field. A third»x;e-gion is the remaindet of the moving object, and the last region is

the remainder of the field, the stationary background (Figure 3.2).

¥ hd 48



A more complex scene with several moving objects. would be segmented into a
number of reéions classified as one of the four categories as appropriate. Segmen-
tation provides the motion estimation and interpolation processes with information
necessary to interpolate the best possible field while at the same time lowering the

computational requiregnents of the system.

[ U —.

t=To telool
i moulng —~_ [—— -—=—
\\h\ . I

newly | ~-) newly covered

enposed \:;)‘:7/) '

l —T-— stationary ,
L :
t=To+ al

Figure 3.2 Segmentation of a Simple Scene. The segmentation process
should 1dentify regions of constant motion. newly exposed
background, newly covered background and stationary regions.

The classification of a regio/xiﬂatimmry eliminatds the need to produce a mo-
tion estimate for that region. Identification of regions as newly c‘xposcd or nowiy
covered background allows the interpolation process to be signaled that informa-
tion regarding those' particular regions exists only in one of the two input fields
temp:)rally neighboring the interpolated field. By making usc of this identification.
the interpolation process can avoid the use of incorrect information, preserving the

integrity of the edges of a moving object. '

%
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The identification of contiguous regions of i—ﬂs\tant motion allows the.motion

estimation process to generate usefd] motion estimates for a scene more complex
A

than one with 4 single moving object. The identification of an entire moving object

as being a region allows the use of a motion estimation algorithm which generates

_an estimate for the whole object, instead of for individual pels or arbitrary rect-

angular blocks. Generating motion estimates by matching such’ regions has several
advantages. The primary advantage of region matching is the avoidance of possible
spatial discontinuities within an object because the region boundaries have been
chosen to' be the object’s/boundarie\s. If motion estimnates are 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
computational requirements of the motionﬂ estimation process. The area covered by
all of the arbitrary rectangular blocks which would contain a portion of the object is
likely to be much 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
scarches. As well, a region matching algorithin is likely to be more robust than
an algorithm which calculates a motion estimmate separately at every pel. A ﬁ{xal
advantage of region matching is the possibility of an improvement in performancg
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

2

The second process in the ideal motion compensated television standards con-
verter is the motion estimation process. The purpose of the motion estimation
process is to generatc motion estimates at each pel in the interpolated field. The
required motion estimates are two vectors vp(x) and vg(x), which are the s;)atia]
displacements vy, ar}d v¢ from the pel at x in the interpolated field to the cor-

i
responding points in the input field preceding the desired temporal position and
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in the input field following the desired temporal position respectively; the motion
estimation process must generate two correspondence fields for each interpolated
field. Since the object of television standards conversion is to generate an output
sequence of subjective quality equaling that of the input, the correspondence field
generated for motion compensated interpolation must be accurate enough to elimi-
nate motion artifacts, and be free of error to avoid introducing s;)atial artifacts info

the interpolated field.

The correspondence fields for each interpolated field may be generated using onc
of two approaches. The first approach is to generate the correspondence fields at the
desired t(‘:mporal‘position by generat,ing motion estimates between the preceding in-
put field and the following input field, and then deriving the correspondence fields at
the desired temporal position. This approach is the least complicated approach, but
is subject to several key weaknesses. If a correspondence field is generated_between
input fields. from which the correspondence fields at the desired temporal position
are to be derived, it is necessary to interpolate the molion estimates themselves.

One way of doing this is to project the motion estimnates between input fields onto

the plane of the desired temporal position, finding their spatial intersection with

" the plane, and assigning geometrically scaled values to the pel in the interpolated

ficld closest to the intersection as the motion estimate for that pel (Figure 3.3)¢

Clearly. not all pels in the interpolated correspondence ficlds will have a value

assigned to them; missing values would have to be filled in through intra-ficld inter-

polation. A more serious problem is the emphasis of errors. If the correspondence

field between two'inj?ut fields contains an error, then projoctizxg the vector in error
onto the plane of the desired t.e;nporal position places an entry in the interpolated
correspondence fields which is not only incorrect, but also in the wrong spatial
position. To correct errors, median filtering or averaging of the interpolated corre-
spondence fields must be performed before they are used to interpolate the output

to avoid the introduction of spatial discontinuities.
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Figure 3.3 Interpolating Motion Estimates. Motion estimates required. at
) the temporal position of the interpolated field may be derived
from motion estimates between neighboring input fields. Only
the interpolated motion estimates from the output field to the
v following input field are shown.

B

'ifhe correspondence fields for the interpolated field may also be derived by
simply using the motion estimates that exist at the same spatial positions in the
correspondence field between input fields. Aside from the obvious error introduced
by this approxit?ation, spalial 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 interpolating the correspondence

fields by generating them directly. One method of generating the correspondence

52

Te TR RN AT LT s
525 e



fields directly requires the assumption of constant motion between the two neighbor-
ing input fields. In this scheme, the three dimensional horizontal-vertical-temporal
displacement vectors from each output pel to thé corresponding points in the input
field preceding and the input field following are collinear. The motion estimate is
calculated in an iterative fashion. Iniotiall.\". the spatial components of the m:)tion
estimate are set to zero. A distortion measure is calculated between the lu}minmxco
at the spatial position in thedinput field preceding and followinglthc desired tempo-
ral position. If the distortion is below a certain thl:eshold. the process stops; if not,

the spatial displacements are adjusted. and the distortion measure is recalculated.

ou—lpul field
t=To+ af
1
input field ’ i
t=TJo ' -
. input field
L t=To-¥
I B \\u e ,
o . " -7
\
'n..«\.
. ) \_’_ .
- } Y
o k
\‘.
! ,

\ *

directly colculated
motion estimates

Figure 3.4 Direct Calculation of Motion Fstimates. Calculating motion
estimates directly is preferable to interpolating the estimates.
The dashed lines connect corresponding areas in the input fields, ™
and pass through spatial points upon which the interpolated
field is defined. . . ;
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This iterative procedure continues until an acceptable level of distortion is
reached, or until the spatial displacement reaches a predetermined limit. Choice
of the distortion measure and the method by which the spatial displacements could

be adjusted is wide. The distortion measure could be calculatedfrom luminance

\ values in each input field over a small region. A good choice for the ‘region’ would

be a contiguous-moving region identified by the segmentation process. Possibilities
for the displacement adjustient inelude methods based on the gradient constraint

equation, and simple grid searches within defined limits.

3.1.3 Spatial Interpolation

The final process in the motion compensated television standards converter
is the iqt.erpolation process, which generates interpolated fields using information
from the segmentation process. the motion estimation process. and the input field
sequence. The essence of the interpolation process is to calculate the value of each
pel in the interpolated field based on motion compensated input ficlds. 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

contains a maximal set of vertical samples of a stationary imagé. A field taken by

itself is vertically aliased, so a field interpolated using only a single input field must .

suffer a loss of vertical resolution to suppress the vertical aliasing. To maximize the

resolution of an interpolated field, informatjon for each pel is taken from the input

fields preceding and following the interpolated field with a spatial displacement

equal to the motion estimate supplied by the motion estimation process.

P

Due to the use of fractional motion estimates. and the fact that line density of
the interpolated field sequence is different than that of the input field sequence, it
is necessary to sputially interpolate information required from the input fields using

intra-field interpolation. The spatial interpolation is performed using an aperture

function as described in section 2.3, using either separable horizontal and vertical

L
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apertures, or a two dimensional horizontal-vertical aperture. Information is inter-
polated fromdeach of the two neighboring input fields at a displacement equal to the
appropriate motion estimate,ythen averaged to produce each pel in the interpolated
field. In effect, regions of the image in each input field are projécted onto the plane

of the interpolated field in the direction of the motion estimates (Figure 3.5).

output fleld
t=To+ el

Input field

t=To
input Neld

I\ teTo+T

| A

Informaetion
. from fleld ot To informotion .,
A frem fleld at To + ¥
f # ' -
g Figure 3.5 Motion Compensated Interpolation. Motion compensated

interpolation is implemented by taking information from
neighboring fields, in the direction of the motion estimate from
o she neighboring field to the interpolated field.

1

-

"
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To maintain the integrity of object edges in the interpolated field, the interpola-
tion process makes use of information from the scgmentation process. In the case of

newly exposed background, information about that portion of the image exists only
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in the 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 field. If the interpolation process attempts to extract
information from both fields, the interpolated edge of the object will be an average

of the edge and the background behind it, resulting in a blurring of the edge.

8.1.8.1 Adaptive Vertical Interpolation

To maximize the resolution in an output sequence while avoiding the introduc-
tion of spatial artifacts, 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 television signal. When there
is no motion in the scene being imaged in a television camera, pairs of sequential
ficlds are independent sets of samples of the image: the image is sampled at a rate

+ equal to the number of lines per frame in the vertical dimension, and the number
of fields per second in the horizontal dimension. However, when there is vertical
motion in the scene, the sets of vertical samples which comprise sequential fields
may no longer be independent; in fact, when the entire scene moves with vert}cal
motion equal to an odd number of frame lines per field period, sequential fields are
identical except for a few lines at the top and bottom of the fields. In this case, the
vertical sampling rate drops to one half of that for scenes with no zsrtical motion,

causing severe vertical aliasing, and necessitating the adjustment of the frequency

response of the vertical aperture.

When there is no vertical motion in the scene, the vertical aperture is specified
to have a very high cutoff 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 baseband spectrum, generating an output sequence with resolution
approaching that of the input sequence. When there is vertical motion in the input
scene, the cffective vertical sampling rate changes, necessitating the adjustment of

the frequency response of the aperture.
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For vertical motion equal to an odd number of frame lines per field period, the
vertical sampling rate is effectively decreased by a factor of two, causng the sampled
signal to be significantly aliased in the vertical dimension. To interpolate an output
field of acceptable quality, it is necessary to scale back the cutoff frequency of the
aperture function to a value approgcimat.cly one half that of the no-motion case.

By reducing the cutoff frequency of the vertical aperture, the range of the vertical

frequency spectrum which contains significant aliasing is suppressed, but at a cost of

losing information from what was the baseband frequency spectrum; the net effect

is a distine¢t loss of resolution.

With vertical motion that is not exactly an odd number of frame lines per field
period, that is, vertical motion' which does not cause lines in sequential fields to
be identical samples of the image. the realm of non periodic sampling is entered.
Sampling theory. and conventional concepts of frequency domain representations are '

no longer applicable. Empirically. it may be considered that the effective sampling

Sl . . .
'“ate has decreased from the original sampling rate to a value equal to or greater

than one half of the original sampling rate, as these are the boundary conditions

from the two cases above. Following this argument, the cutoff frequency of the

aperture should be reduced to a value inbetween that of the no motion case and

the vertical motion of ar odd number of frame lines per ficld case to reject aliased

£

vertical components.

The implementation of an adaptive vertical interpolation scheme to maximize
the resolution of interpolated fields requires a rule for switching between apertures.
Since the aperture must be adapted to the amount of vertical aliasing in each
region, the vertical motion estimate for that region may be used as the basis for
the switching rule. Ideally, a continuously—vari;ble aperture would be used: in
praétice, one of several fixed apertures could be chosen, based on the magnitude of
the vertical motion estimate. A switching rule for selecting one of threc apertures,

one with a low cutoff frequency to suppress aliased vertical frequency components



. 0 when the vertical motion is an odd numb;:ro({rame lines per field period, a second
ape}ture with a high cutoff frequency t(') retaid maximum baseband information

) . when the signal is not aliased due to vert}ical mo{on, and a third aperture with an
intermediate cutoff-frequency for vertical motion of a magnitude between these two

v houndary conditions, would have the form

REM;fvs, (x) = vp, (x)] = 0: choose high cutoff frequency
0 < RE;Mgl\’fz L (%) - VP, (x)] < 1: choose intermediate cutoff frequency
REM;|vy,, (x) - ' (x)] = 1: choose low cutoff frequency

1 < REMjy|vs, (x) - VP, (x)] < 2: choose intermediate cutoff frequency,

) —

where Vps, (x) is the vertical motion estimate at spatial position x from the interpo-
lated field to the preceding field, measured in frame lines per field period, vy, (x) is
the vertical motion estimate to the following input field. and the function REM3(e)
takes the remainder of the argument after dividing by 2. Since the motion estimates
| Q are customarily quantized, the argument of the switching rule frequently takes on
’ values of exactly 0 and 1.
N ES

.3.1.3.2 Horizontal Interpolation

In or(ie; to avoid spatial discontinuities due to coarsely quantized motion esti-

mate.s‘.- it is necessary to use fractional pel motion estimates. This implies that the

- luminance and the chrominance values from the input fields must be horizontally as
well as vertically interpolated at fractional points between the discrete lattice upon

which the in_put fields are defined. The television signal does not suffer from the

i effects of an interlace scanning scheme in the horizontal dimension; with accurate

of any )étlon in the scene. This allows a one-time specification of the horizontal

: apertrre used for spatially interpolating information when a fractlonal ‘motion es-

7

timgte is encountered. O/

-
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motion estimates, the effective horizontal sampling rate is constant and independent.
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3.2 The Experimental System

°

The purpose of constructing the experimental motion compeusat;:d standards
converter is the examination of interpolation aspects of the motion compensated
standards conversion problem, apart from the segmentation problem and the effi-
cient motion estimation problem. Separate examination of the interpolation prob-
lem requires the implementation of several key simplifications to the ideal system

of section 31

The major simplification is the restriction of the input sequences to be sequences
“containing only uniform translational motion over the entire image. If the transla-
tion is strictly horizontal, this type of sequence is known as a pan. By restricting
the input to have identical motion throughout the field, the segmentation problem
is entirely eliminated, and the motion estimation problem is significantly simplified

since only a single estimate for the entire field need be generated.

A second simplification is the use of a simple and effective alt};ugh inefficient
motion estimation scheme. The scheme used is a block matching technique which
produces motion estimates from one mput field to the n('}ext. To generate motion
estimates from the texﬁporhl position of the output field to the two neighboring
input fields, the motion estimate vector from the input field proced;pg’ the output
position to the input field following is scaled in proportion to cthe distance between
the output position.and the respective input. This technique, while the most rea-
sonable approach for sequences with constant translation over the entire field, is
!ess useful for general scenes which have several moving objects due to the difficulty
in interpolating the correspondence fields at the output temporal position which
are accurate ehough to avoid the introduction of spatial discontinuities in the out-
put field. With these two key simplifications. an experiméntal motion. compensated

television standards converter may be constructed to investigate the interpojdtion

aspects of the problem.
. o , .
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3.2.1 Motion Estimation Algorithm

The motion estimation algorithm used in the experimental motion compensated
standards converter implemented for this thesis generates a single motion estimate
for the entire field using a_block matching technique as described in section '2.6.2.
The distortion measure used is g(z) = 2, giving; a minimum mean square error
measure as in [14]. The search pattern used is a simple grid search of all possible
integer displacements within specified hmits followed by a fractjonal pel search.
The input field is divided into four quadrants, and a motion estimate is generated
for each quadrant using the luminance information. The average of the motion
estimates from each quadrant is used as the ‘motion estimate for the entire field.
Averaging the motion estimates from four quadrants tends to averi:ge erroneous
results from areas where the block matching technique diverges. such as flat areas,

or areas which are shift-invariant in one dimension, such as vertical bars.

The simplified motion estimator generates motion estimates of quarter-pel accu-
racy. Fractional pel accuracy is achieved by performing the integer-grid search, and
then searching eight points displaced +¢ in each dimension about the most recent
direction of minimum distortion, for ¢ = % and then again for ¢ = % Luminanc‘e
values at fractional positions between pels for the motion estimator are interpolated
using bilinear interpolation. Bilinear interpolation is a separable horizontal-vertical b
linear interpolation which uses the four pels spatially neighboring the fractional po-
sition. First, interpofation is carried out in the ver'tical dimension, generating two
intermediate values at the same vertical pos;tion as the fra'ctional ‘position. Then,
these two intermediate values are interpolated horizontally to give the luminance ‘

o

value at the fractional position (Figure 3.6).
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Figure 3.6  Bilinear Interpolation Luminance values at fractional
displacements for the motion estimation algorithm are spatally
interpolated using bilinear interpolation The luminance {,
interpolated at the fractional position 1s
l, —'—(1—6) ((l 0)1”1“ b)lz]) 1 (] d) ((1 a)luo(l b)lgz) °

This motion estimation algorithm genefates a motion estimate between inpuf
ﬁeldg. Motion estirnates at each desired temporal position are interpolated from
motion estimates generated between the input field preceding the desired position
and the input field followi}ig the desired po°sitioxi. The magnitude of each intcx;po-"

lated=estimate is simnply the estimate between ihput fields scaled by the temporal

distance between the desired temporal position and the respective input field; 1.¢

the motion estimate at the interpolated field is linearly interpolated froni the mo-

tion estimate between input fields. Thls snmphhcatxon is allowed by /bhc fact that

the single estimate applies to the cntt{'e held\ ' — .
S ' .

[}
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3.2.2 Spatial Interpolation

The proposed system implements vertical interpolation for line structure conver-
sion in a similar manner to other converters that have separable vertical-temporal
interpolation processes. Due to the use of fractional 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 lines, and the horizontal aperture spans four pels.
Both apértures are generated using the method of section 2.5 with N=8 and P=d5,
yielding a discrete vertical aperture defined at intervals of 1/32 of a field line, and
a discrete horizontal aperture defined at intervals of 1/32 of a pel. Using these
separate apertures, the sixtéen spatially closest pels are combined to interpolate
the value of the luminance and the chrominance at frattional pel positions speci-
fied by the motion estimate. While the interpolation could be carried out with a
non separabl;z two dimensional horizontal-vertical aperture with greater efficiency.
and perhaps bepter subjective results, separate apertures are used in the proposed
system to dllow the independent specification of the vertical and horizontal fre-

quency respog'se of the apertures, which simplifies the subjective optimization of

the apertures.

The proposed system uses two vertical apertureg with different frequency re-
sponses depending on the vertical component of the motion estimate. One vertical
aperture has a high cutoff frequency for regions with little vertical aliasing, while the
other has a low cutoff frequency to suppress severe aliasing. An a.pel;turé of inter-
mediate c—ut_off frequency was not implemented ini the experimental converter. Since
the switchi\fig‘ rule and the frequency responses of the apertures were determined
subjccfively by the author during the development of the experimental system, they

are included with the results in the following chapter.

[§
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Chapter 4 : Results

The results obtained from this research may be divided into two categories: re-
sults arising from the development and implementation of the experimental motion
compensated standards converter. and results arising from subsequent subjective

testing of the converter. The system of section 3.2 was implemented using FOR-

TRAN software running on a Digital Equipinent Corporation VAX 11 /780 com-

puter, and the High resolution Digital Video sequence Store ('HDV S) system [19] at
the BNR/ INRS-Télécommunications research lab at Nun’s Island for capture and

display of video sequences. Results arising from the development and implemen-

tation of the experimental converter include the determination of the ideal systein,

configuration which is presented in Chapter 3 and the subjeetive determination of
the frequency response of the vertical and horizontal interpolation apertures, and a
switching rule for adapting the vertical aperture frequency response to the amount
of vertical aliasing in ‘tho, input signal. In subjective tests. the experimental motion
compensated standards converter was compared against several types of :a-xisting
standards converters. The converters were comnpared using several test sequences
ifxﬁcluding a slow pan of a ‘typical’ high detail. high frequency content scene, a se-

quence containing high speed translation of a high contrast scene, and a sequence

" containing vertical motion of one frame line per field period in a scene with high

frequency content, which causes severe vertical aliasing.



4.1 Development of the Experimental System

¢
4.1.1 Interpolation Apertures
The interpolation apertures chosen for the experimental motion compensated
standards converter were interpolation apertures which produced thedest 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

systemn was modified to geherate motion estimates, and to produce subjectively good

- quality output for panning sequences. Finally, the system was modified to accept

geheral translational motion. For each stage, the subjective effects of many differ-
ent apci-turcs were examined. Using the frequency sampling method of aperture
specification, apertures with differing cutoff frequencies and transition band char-
acteristics were generated in an iterative fashion. Once an aperture was generated,
it was incorporated in the experimental motion compensated standards converter
and was used to convert several test sequences. By viewing the results of these
tests. the merits and weaknesses of each aperture could be evaluated. In all cases of .
interpolation aperture specification, there exists a tradeoff between the suppression
of aliased frequency components to eliminate artifacts and the retention of base-
band signal information to maximize resolution. Spatial artifacts and arithmetic
overflow identified apertures which did not sufficiently attenuate. aliased frequency
componénts. while loss of resolution identified apertures which attenuated the base-
band frequency spectrum. Over a period of several months, the tradeoffs involved
in aperture specification were defined. apertures were chosen for each characteris-
tic input condition. and a switching rule for adapting the aperture to the input
conditions was defined. In each of the three stages of development, interpolation
apertures were chosen to generate the best subjective output for the particular input

sequences.
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The first stage of development of the experimental converter was a converter
whose input was restricted to still scenes. In the case of an input sequence containing
the image of a still scene, sequential fields are independent sets of vertical samples
of the image spaced at intervals of exactly two frame lines. This is the maximum
vertical sampling rate attained in a. given system under any conditions. Because
of the high vertical sampling rate, the sampled signal resulting from a still scene
is relatively free of vertical aliasing. This allows the tradeofl betweenr suppression
of aliased frequency components and the retention of baseband information to be
heavily weighted in favour of retaining the maximum possible amount of inforination

[

from the baseband.

l [ ] 0 ™
0 ' - ' .
= —7/[2 o * x/2 -7 .
Digital Frequency Specification (a) )
2.0
1 L] 0 o =
* 0 /\ 1 1 1 /\ 1
N T
-2 -1 .0 1 2

Aperture Extent. field lines (b) \

Figure 4.1 Vertical Aperture for Stationary Scenes. (a) Frequency domain
(b) Time domain This high cutoff frequency aperture, specified
at eight points in the frequency domain usjng the frequency
sampling method. is used for stationary scenes since the amount
of vertical aliasing in the input signal 1s tmnimal. 1
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It was found that a vertical interpolation aperture specified to have a very high
cutoff frequency and sharp transition band (Figure 4.1) produced interpolated fields
with maximum rcsolution‘and contrast. Apertures with lower cutoff frequencies
and smm;ther transition bands f)roduced interpolated fields with significantly lower

resolution, 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 an overl& c(;‘arse mo-
tign estimator. Lower accuracies produced movement discontinuities, while higher
accuracy produced no subjeFtive improvement. To implement fractional pel motion
estimates in the horizontal din;ension. it is necessary to horizontally interpolaie
information qat fractional positions from neighboring pels. A horizontal aperture
spanning two pels, implementing lincar interpolation (an inverse-distance weighting
scheme identical to that described in section 2.4.1.1) was implemented, but it was
found that the degradation in horizontal resolution was unacceptable. A four-pel
aperture with an empirically specified frequency response was chosen to givé the
best possible hotizontal resolution. The form of this subjectively chosen aperture
is shown in Figure 4.2. Since the field-interlace structure of the television signal
does not cause the éﬂ'ecti;e horizontal sampling frequency to vary with the mag-
nitude of horizontal motion in a sequence, a single fixed aperture was used for all
horizontal interpolation. For vertical interpolation, the aperture used for stationary
input (Figure 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 standards con-
version system was the modification of the system to accept general translational

motion. The vertical aperture selected for still scenes caused spatial artifacts in
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Figure 4.2 Horizontal Aperture. (a) Frequency domain (b) Time domain
This aperture, specified at eight points in the frequency domain,
was subjectively chosen to produce the best horizontal resolution
in interpolated fields

K

the form of an aljasing of the igput vertical sampling structure onto the interpo-
lated fields. and motion artifacts in the fornrof vertical motion discontinuities to
occur when there was vertical motion in a sequence. To eliminate these artifacts,
it was necessary to suppress vertically aliased components of the input frequency
spectrum by reducing the cutoff frequency of the vertical aperture. A test sequence
... W . . X
consisting of a scene with high frequency content being moved at a constant rate of
one frame line per field period (causing worst-case vertical aliasing) was recorded.

and a vertical aperture which suppressed visible artifacts yet retained a maximum

degree of resolution was chosen (Figure 4.3). ,
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Figure 4.3  Vertical Aperture for Scenes with Vertical Motion.
(a) Frequency domain (b) Time domain. This low cutoff
frequency aperture, specified at eight points in the frequency ,
domain, is used for scenes with vertical motion to supress aliased
frequency components existing in‘the input signal.

4.1.2 Adaptive Vertical Interpolation

To maximize the subjective quality of sequences interpolated from a sequence
containing varying amounts of vertical motion, it was necessary to adapt the fre-
quency response of the vertical aperture to the amount of aliasing in the input
sequence. Due to the difficulty in recording test sequences with constant motion,
and practical time constraints on the research, a separate aperture for vertical in-

terpolation when-the vertical motion was of a magnitude between integer numbers

of framne lines per field was not chosen. The”aper'tu;‘é used for worst-case vertical

motion was used when the vertical motion was not equal to an even number of frame

lines, i.e. when the input signal had any noticeable degree of vertical aliasing.
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Since the motion estimation process provided vertical motion estimates quan-
tized to 1/4 field line per field period, or equivalently, 1/2 frame line per field period.

—

the_switching rule used in. the experimental converter was °

REM;lvi,, — vp, | = choose high cutoff frequency

0:
1

REMZ[szz - Vp :2] = 3 choose low cutoff frequency
1:

REM2[vlfzz - vprz] = choose low cutoff frequency

1 o
REMj|vg,, — vp, | = 15: choose low cutoff frequency

where vy, 2 is the vertical moti‘;m estimate from the interpolated field to the prcc(:d-
ing field. measured in frame lines pér field period. and ¥¢,_ -is the vertical motion
estimate to the following input field, and the function REM () is as defined in
Chapter 3.

The effegt of this simplified switching rule was to provide maximum resolution
when these was no vertical motion, maximum possible resolution while suppressing
-the severe vertical aliasing that occurs when the vertical motion is an odd number
of frame lines per field period, and to provide sub-optimal resolution while sup-
pressing vertical aliasing when the vertical motion had a ‘magnitude between the

two boundary conditions.

4.2 Subjective Testing

Once the development of the experimental system was complete, subjective tests
were carried out. The intent of the subjective testing was not to produce a definitive
study on the subjective quality of motion compensated standards conversion, but to
confirm the conclusions of the author, and to characterize the motion compensated

standards.converter in relatidn to other popular conversion schemes.-



Subjective testing was conducted based on the method for full-range quality
grading of broadcast television pictures outlined in Chapter 7 of [20], and standard

procedures established at the Nuns’ Island research facility. The experiments were

carried out in the subjective testing facility at Nuns’ Island, which consists of a high-

quality Tektronix monitor, space for three v@vers seated four picture heights from
the monitor, and a computer terminal, in an atmosphere of subdued lighting and
noise. This subjective testing facility approaches the CCIR recommendations for
subjective experiments concerned with domestic television [20]. 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 rate or line density. A sequence which has been converted from a 525/60
standard to a 625/50 standard is displayed at 60 fields per second, 525 lines per
ficld regardless of the intended field rate and line 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 c(;nsidered to disturb the subjective evaluation
of the converters, since the subjects 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
various couverters acting on several test sequences. For consis;,en.gy, all converters
were operating in the 525/60 to 625/50 mode. The presentations were shown in the
randomized order sugg’ested in [20] to average the effects of subject z;daptation over
the 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)&wn cach presentation a total of four times over the two days, twice the first
day and t\\Kice the second day: separating the experiment to take part over two days

averages ddy-to-day variations in the subjects’ evaluations.
/ 4
il
/ - »
/'
!
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o Four converters including the experimental motion compensated standards con-

verter were used in the subjective test. These converters were

A Y]

. @ A “zero-order” converter which drops ficlds for frame rate conversion and uses
a four-line aperture for line density conversion;

e The DICE converter which uses two-field linear temporal interpolation and a
four-line aPerture for line density conversion; '
/

- e The ACE converter which uses a two dimensional four-line, four-field aperture )
for frame rate and line density conversion; and

e The experimental motion compensated converter.

Each of the converters: was used to process four different test sequerices. These
sequences were selected as sequences which comprise typical as well as the worst-case

. .« ¢
input conditions for the converters. The sequences were

e “QUILT". a slow pan of a high detail scene with high frequency content;

“FAST PAN”, a high speed strictly horizontal pan of a high contrast scene
o . consisting of words and phrases such as those found on large advertisements;

Je

o “DIAGONAL” , the same scene as used in ‘Quilt’. being translated at one pel
per field in the horizontal direction and one frame line per field in the vertical
direction (causing worst-case vertical aliasing); and

e “VERTICAL™, high speed. strictly vertical translation of the same scene used
for ‘Fast Pan’.

The presentations.were stored digital sequences of 48 fields, displayed in colour
for approximately 10 seconds in palindromic fashion (;)layed start to finish, then
finish to start, then repeat). A period of approximately 10 seconds between pre-
sentations’t{.'as allowed for the subjects to record their evaluations on & scale of A
(highest rating) to E (lowest rating). The subjects were encouraged to use the wholo_

.

range of choices, and no suggestions were given for “appropriate” responses.




4

Once the subjective tests were complete. the subjects’ responé's were tabulated

»

and averaged by a.ssignixépg 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’, &25;‘and ‘E’,
the lowest rating, was assigned a value of 0. The overall results of each converter

acting on the four sequences are shown in graphical form Figure 4.4.

MC

ACE

Overall Results of Subjective Testing. Averaged subjective
evaluations of the four converters, the zero-order field-dropping
converter (FD), the DICE converter, the ACE converter and the
experimentat.motion compensated converter (MC) are presented.

Figure 4.4

‘¢

©

These results Jhow a stqadily increasing perception of,qu;.li’ty in relation to the
complexity of the converter. It is more useful to break down these results into
subjective evaluation of each sequence processed by the converters, and to analyze
the statistical characteristics of the measurements. Figure 4.5 shows the averaged
quality assessment for each converter for each of the four test sequences, and Table

4.1 présents the mean and standard' deviation for each of the sixteen presentations. l
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Figure 4.5 Results of Subjective Testing For Each Test Sequence, Averaged
o - subjective evaluations of the four converters acting on each of
' the four test sequences are presented Note the progressive
increase 1n quality rating for the ‘typical’ sequence ‘Quilt’, the
equal ratings for the vertically-aliased sequence ‘Diagonal’, and
9 the superior performance of the motion compensated converter
for the ‘Fast Pan’ ’

g

For the 'sequence ‘Quilt’, a slow pan of a scene with high detail and high fre-

quency content intended to test the converters under ‘typical’ conditions, the results

reflect the overall averages of Figure 4.4. The experimiental motion compensated

converter exhibited markedly -better vertical resolution than either the DICE or
the ACE converters, presumably due to the non-adaptive nature of the vertical
interpolation apertures in the latter two converters.'which requires those convert-

ers to use a worst-case vertical :notion apérture for all sequences. By using a low

o
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(§ ’ cutoff-frequency vertical aperture for sequences containing no vertical motion, the
! ACE and DICE converters attenuate some of the baseband frequency spectrum
and thus lose vertical resolution. To see if the distribution of mean scores for the

sequences presented in Figure 4.5 are meaningful, the standard deviations of the

. aw
' ' measurements are examined. .J: he standard deviatioa is calculated as
‘ \ 1T N \
0='\h\—__—12‘](3'—2'{) N (4.1)
\ ’: . >
where r is the sample mea@'l/;l_lg ,sfandard/ deviation gives an indication of the

spread of the distribution of évaluations for each sequence, and in particular, the

root-mean-square value of the variations about the mean of possible evaluations
[21]. Table 4.1 presents the mean scores and st?ndard errors for each of the sixteen

presentations.

.

Sequence

Converter | QUILT | DIAGONAL | FAST PAN | VERTICAL

- c i I - ;t_— c T 4 T o T I o |
FD 020|.17 {047 | .21 |0.14| .15 [0.30| .17
DICE__ [o0e3[ 17079 .17 |o22]| .15 [048]| 17
ACE  |o084/.18]08 . .18 [0.05| 09 [057] .21
MC, 0.96 | .09 [0.73 .22 [0.80, .15 [0.94| .11
Table 4.1 Analysis of Subjéctive Evaluations of Various Converters This .

table gives the mean and standard deviation of the subjective
evaluations of each of the four converters, the field-dropping
zero-order converter (FD). the DICE converter, the ACE
o, " converter, and the experimental motion compensated converter
(MC), acting on the four test sequences

0 Examining thestandard deviations for the evaluation of the sequence Quilt, it is
seen that the standard deviations are significantly large compared-to the difference’
- between the sample means. implying that a larger group of subjects is needed before
. He £

statistically proven'conclusions may be drawn for this sequence.
. C )




Averaged results for the sequence ‘Diagonal’. a sequence containing the same
scene as_in ‘Quilt’, but being translated with vertical motion at one frame line
per field as well as slow horizontal motion, indicate that all three of tho,, multi-
field converters scored virtually identical subjective quality ratings \Tiw standard
deviations of the evaluations are much greater than the differences i)otwv('n the
medns for this sequence, allowing the conclusion that there is no real difference

between these three conversion schemes In order to suppress the aliased vertical

., frequency components in the input signal, all conversion schemes must use vertical

interpolation apertures which attenuate some of the baseband frequency spectruin,

losing vertical resolution. .

”The results for the twoqsequences containing high speed translation of a high
contrast scene, “F;ast Pan’,"and ‘Vertical’, indicate clearly the superiority of mo-
tion compensated interpolation over linear techniques for these types of sequences,
'i‘he m:eanvof the evaluations for the cxperimental motion ('(;mponsat.od converter
for both of the rapid translation sequences are several standard deviations away
from the next best rated converter. For the sequence ‘Fast Pan’, the motion ar-
tifacts introduced by all three linear converters caused very low subjective quality
ratings. The experimental motion compensated converter was able to pr():hxco an
interpolated sequence completelyi free of motion artifacts, with good resolution.

# ¢

> o

It was noted duriag the preparation of the experiment that the motion discon=
tinuities created by the linear converters for the sequence ‘Vertical’ were not as
visible as th(;so for the sequence ‘Fast Pan’, even though the two sequences con-
tained the same scene being translated at the same speed. It was further noted that
if a subject’s head was tilted (or the monitor placed on its side) so that the verti-
;'al translation of the sequence ‘Vertical’ becaine horizontal translation, the motion
artifacts were equally as visible'as those in the sequence ‘Fast Pan’. Presumably,
the human visual system is much better at tracking horizontal motion than vertical

motion; this phenomenon would suggest that the results for the sequence ‘Vertical’
- &

‘
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G ) would be the same as those for ‘Fast Pan’ if the vertical translation were viewed as

horizontal translation. )

These subjective tests, while by no means comprehensive, allow several funda-
mental conclusions to be drawn concerning the advantages of motion compensated
television standards conversion over traditional linear processing techniques. These
conclusions can be summarized as: better conversion of high-detail, high frequency
B content scenes, equally good conversion of slow-moving scenes with severe verti-
v cal aliasing, and clearly superior conversion of scenes with high speed, large arca

motion.
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Chapter 5 | Conclusion

' .

This chapter concludes the thesis. outlining the results obtained from the re-
search, and the conclusions that .may be drawn from them., as well as out.liui;lg
the work that remains to be done in the field of motion compensated television

standards conversion. -

This thesis has defined a structure for the ideal motion compensated standards
converter, and examined the interpolation aspects of the motion compensated tele-

vision standards conversion problem. An experimental motion compensated con-

" verter was developed and implemented using FORTRAN software running on a

VAX 11/780 computer and the HDVS digita!’ video capture and display system at
the BNR/INRS Nuns’ Island research facility. Interpolation apertures for various
input conditions were chosen, and a switching rule for adapting the vertical interpo-
lation aperture frequency response to the amount of aliasing in the input'signal was
defined. Three main conclusions may be drawn from the results of subjective test-

ing of the experimental motion compensated standards converter and three popular

standards converters using linear processing techniques.

The first conclusion is that motion compehsatod interpolation can interpolate
sequences from a typical high detail. high frequency content input sequence with
better resolution and contrast than converters usjhg linear processing tec{miqucé;.

-

This increase in performance is attributable to the fact that linear processing tech-

Qo



niques rely on spatial averaging of moving objects to reduce motion artifacts, re-

ducing perceived resolution. Further, converters using linear techniques have fixed
vertical interpolation apertures for all input conditions, implyiné that the fixed ver-
tical interpolation aperture must be specified for worst ¢ase conditions, reducing
vertical resolution needlessly in normal (couditions. Motion compensated standards
converters eliminate motion artifacts without loss of resolutior; by placing moving
objects in .the correct spatial positions in interpolated fields, and can’ adapt their

vertical interpolation apertures to the amount of vertical aliasing in a sequence,

allowing maximal vertical resolution at all times.

The second conclusion that may be drawn from the results is that motion com-
pensated standards converters cannot produce better interpolated fields than linear
processing techniques when a sequence contains low speed vertical motion that

causes scvere vertical aliasing. In fact, all of the multi-ficld standards converters

‘tested produced virtually identical output under these conditions. However, when

the vertical motion becomes large enough to cause the Jincar converters to intro-
duce motion artifacts to the output sequence. the motion compensated converter

can produce superior output even when there is scvere-vertical aliasing.

The third, and perhaps most important conclusion to be drawn from the re-

sults obtained fifpm this research is that motion compensated standards converters

can interpolate superior quality, artifact-free sequences from input sequences such

as high spced pans of a high contrast scenes that cause converters using linear
processing techniques to fail. This advantage can be attributed to the use of non-
linear processing, which produces interpolated sequences free of motion artifacts

notwithstanding temporal aliasing in the input signhl when high speed translation

LY ]

otvcurs. ‘




It must be noted that these conclusions are based on sequences which require
no segmentation. A system which can reliably segment the image into moving and
stationary areas, and object edges, and then generate efficient, reliable motion esti-
mates for each moving area remains to be developed. The development of a system

which can interpolate fields containing images of independently moving objects,

. without introducing spatial discontinuities to the interpolated field remains as the

next step in the development of the ideal system.
' ’ (Ve

For motion compensated television standards conversion, it must be considered
that the output field, and the errors in interpolation due to poor segmentation or

poor motion estimation are viewed directly by the subject, as opposed to motion-

compensated coding schemes, where the only result in the event of segmentation or

motion estimation errors is an increase in the transmitted bit rate. It is possible
that it will be e)ftremely difficult to segment complex input ficlds well enough to in-
terpolate a subjectively better sequence than the two dimensional vertical-temporal
interpolation process used in the ACE converter. If this is the case. motion compen-
sation could be used when large area motion. such as high speed panning occurs,
but for complex scenes, traditional temporal interpolation would be employed. This
suggestion introduces a fourth problem to the motion compensated television stan-
dards converter: the need to make a real time decision as to which technique Wou](i

produce a better output sequence for a given input.

Whether a motion compensated system which handles general input, or a Sys
tent which combines the best of traditional linear processing t.ecimiqucs. and motion
compensated interpolation to form a converter which handles general input js de-
veloped. it may be concluded that motion compensation can climinate the m tiox}
artifacts associated with high speed large area motion often seen in sequences in-

terpolated using existing convertersﬁ
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