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Abstract—A novel class of deinterlacing for intra-frame/field-
based motion-picture coding, such as Motion JPEG2000, as well
as an inter-frame-based coding without the support of interlaced
scanning video, such as MPEG-1, is developed. This technique
has two features: sampling-density preservation and invertibility.
These features mean that the amount of deinterlaced pictures is
not increased, and the original pictures can be perfectly recon-
structed. This deinterlacing technique is a kind of sampling-lattice
alteration and is regarded as a generalization of conventional field
interleaving and field separation. With the help of multidimen-
sional (M-D) multirate theory, it is shown that the design problem
of such a system, that is,invertible deinterlacer with sampling-den-
sity preservation, can be replaced to finding a 2 2 multivariable
polynomial matrix with a monomial determinant. This problem
resembles the design of two-channel M-D maximally decimated
perfect-reconstruction finite-impulse-response (FIR) filterbanks.
The inverse system, which is referred to as areinterlacer, is given
as FIR when the dual deinterlacing system is FIR. A practical
design procedure is provided by suggesting three constraints con-
sidered to be preferable: normalization, regularity, and vertical
symmetry. The significance of the procedure is verified by showing
some design examples of deinterlacing and reinterlacing filters.
Simulation results show that the developed method causes fewer
comb-shaped artifacts than conventional field interleaving.

Index Terms—Deinterlacing, intra-frame/field-based coding,
perfect reconstruction, sampling lattice alteration.

I. INTRODUCTION

RECENT convergence of television, movie, and computer
technologies demands that video signals are converted

from one format to another. Most broadcasted television sys-
tems employ an interlaced scanning format, whereas computer
systems usually handle video signals in a progressive scanning
format [1]–[3]. Thus, many techniques for converting an
interlaced scanning video to a progressive one, as well as spa-
tial-resolution conversion and frame-rate conversion, have been
developed so far [1], [2], [4]–[7]. Such techniques are referred
to as deinterlacing. Deinterlacing has traditionally been used at
advanced television receivers and personal computers to reduce
flickering artifacts by doubling the vertical-temporal sampling
density. This kind of deinterlacing has been and would be a
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major problem in the area of visual communication. This paper,
however, does not deal with this class of deinterlacing.

There is another class of deinterlacing, such as field inter-
leaving for constructing a frame picture from two fields and field
separation for dividing a frame into two field pictures. Although
traditional deinterlacing is mainly used as post-processing for
displaying video signals, the deinterlacing in question is re-
quired prior to or during encoding of an interlaced-scanning
video as preprocessing [1], [2], [8]. Unlike traditional post-dein-
terlacing, the sampling density is preserved, and the original
can be perfectly reconstructed. Until now, field interleaving and
field separation have not necessarily been regarded as deinter-
lacing. However, their interpretation as scanning-format conver-
sion brings us a rich amount of novel solutions to improve their
performance, which will be dealt with in this paper.

The international standard for motion picture coding
MPEG-1 does not support interlaced scanning video. When
applying MPEG-1 to such a video sequence, therefore, either
field interleaving or field separation is required to construct
frame or field pictures before encoding [1], [2], [8]. However,
the intra-frame/field preprocessing suffers from vertical-tem-
poral aliasing [3]. In particular, comb-shaped (or serration)
artifacts appear at the edges of motion objects and degrade
the image quality when intra-frame preprocessing is applied.
The more recent standards MPEG-2 and MPEG-4 support
interlaced scanning video, and several options concerning the
frame/field-prediction for the motion compensation (MC) are
defined. As a result, the annoying artifacts are significantly
suppressed [1], [2], [8].

As well as MPEG-1, serious problems are caused by
intra-frame/field coding techniques, such as Motion JPEG2000
(MJP2) [9]–[12], which originally motivated this work.
Intra-frame/field-based motion-picture coding is known to
be superior to the inter-frame/field-based coding such as
MPEG-1/2/4 in terms of easiness of editing, system com-
plexity, and so forth. The intra-frame/field-based approach
requires field interleaving or separation so that still-picture
coding becomes directly applicable to an interlaced scanning
video signal. This process also causes degradation around the
edges of motion objects due to the vertical-temporal aliasing
[13]. For example, comb-shaped artifacts consist of vertical
high-frequency components, and their quantization in some
transform domain, e.g., wavelet transform domain, generates
flickering around the edges of motion objects. Here, note that
some applications of the intra-frame/field-based approach
prefer a simple technique for deinterlacing to an MC technique.
For example, digital still cameras are desired to have a single
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codec for both still pictures and motion pictures. Thus, it is
of interest to use a simple solution to suppress the annoying
artifacts.

As mentioned above, field interleaving and separation can be
regarded as a scanning format conversion, that is, sampling-lat-
tice alteration (SLA) [1], [2], [14]–[18]. From the theoretical
viewpoint, these techniques employ Haar-type linear FIR filters.
This fact implies that the ability of filters to suppress the aliasing
such as comb-shaped artifacts is quite poor. To solve the aliasing
problem, the pre-filtering approach was investigated [13]. We
consider, however, that this approach is not accepted without in-
vertibility when spatial resolution lost by the preprocessing has
to be recovered. Let us assume embedded coding with scalable
functionalities, such as MJP2. Some applications require to de-
code high-quality video, while low-bit rate applications, such as
mobile devices and thumbnail representation of video retrieval
systems, require to suppress the annoying artifacts. To achieve
both purposes simultaneously, it is worth discussing to find an
invertible deinterlacer with the effect as a prefilter. Note that for
coding applications, preservation of sampling density is indis-
pensable.

The purpose of the current study is to develop a novel class
of deinterlacing, which preserves sampling density and has in-
vertibility. Theory on invertibility and filter design problem will
be discussed. The organization of this paper is as follows: Sec-
tion II reviews interlaced scanning and introduces deinterlacing
with sampling-density preservation, which generalizes field in-
terleaving and separation. Section III discusses theorems with
regard to the invertibility of SLA systems. Section IV clarifies
how to construct a reinterlacer for a given invertible deinterlacer.
Section V describes practical design procedures and verifies the
significance by showing some design examples of filters and
simulation results of intra-frame processing, followed by the
conclusions in Section VI. An Appendix is also given so that
the reader can follow the derivation of our proposed design pro-
cedure.

Throughout this paper, most of the following notations are
inherited from [14]–[16] and [19]–[23]:

Number of dimensions.
Set of all integer vectors.

vector that consists of variables in
a -dimensional -domain, that is,

. For 3-D progressive
arrays, , and denote the variables for the
temporal, vertical, and horizontal directions, re-
spectively. For these arrays, we expressas

Product defined by ,
where is a integer vector, and denotes
the th element of .

For nonsingular real matrix
Set of all vectors of the form .
Inverse of absolute determinant of , that is,

. This is equal to the sampling density
of .

Fig. 1. Interlaced scanning with the sampling latticeL(V) generated by (1).
The white and black circles are the sample points on top (even) and bottom (odd)
fields, respectively.

For nonsingular integer matrix
Set of integer vectors of the form

, where is the
set of real vectors with com-
ponents in the range .
Absolute determinant of . This is
also equal to the number of elements
in .

The -transform of a -dimensional array is defined by

II. REVIEW OF DEINTERLACING

As a preliminary, interlaced scanning is reviewed here, and
a deinterlacing technique with sampling-density preservation is
introduced. We consider two types of processing: temporal and
vertical downsampling. These techniques can be regarded as a
generalization of field interleaving and separation, respectively
[1], [2], [8].

A. Interlaced Scanning

In this work, it is assumed that the input array is sam-
pled on the lattice generated by the following sampling
matrix [1], [2], [14], [24]:

(1)

where is the temporal period between successive fields, and
and are the vertical and horizontal sampling periods in

a frame, respectively. Fig. 1 shows the sampling lattice. Mo-
tion pictures are regarded as a 3-D array; thus, the size of the
sampling matrix is 3 3. Sampling density is given as

.

B. Sampling-Density Preservation

Deinterlacing with sampling-density preservation is a kind of
3-D SLA [1], [2], [14]–[18]. Fig. 2 shows the basic structure
of SLA systems, where the circles including and de-
note the upsampler with a factor and the downsampler with
a factor [14]–[18], [21], [24], [25]. is a -dimensional
filter that removes the imaging caused by the upsampler and
avoids the aliasing caused by the downsampler.
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Fig. 2. SLA system, whereQ is given by (2), andR is given by (3) or (5) for
a deinterlacer with sampling-density preservation.

Fig. 3. Sampling latticeL(V ) of deinterlaced arrayY (z) with temporal
decimation.

As a deinterlacer, the upsampler with factorconverts the
interlaced scanning video array into a progressive one.
Under the assumption that the sampling matrix of is given
by (1), factor has to be

(2)

Then, the upsampled array is filtered with to produce
the interpolated array (and to avoid the aliasing caused by
the following downsampling). The corresponding sampling ma-
trix is given by diag , and the sampling
density becomes twice as much as the original because
the upsampling ratio equals two.

The downsampling is applied to with factor so that
the overall output array has the same density as the orig-
inal, where ratio has to be two, and the lattice orthog-
onality has to be kept. Two choices of are discussed in the
followings.

1) Temporal Decimation:One choice of is given by

(3)

This factor implies that is temporally downsampled. Then,
the sampling matrix of becomes

(4)

The diagonal form implies the orthogonality of the sam-
pling lattice . The sampling density results
in , which is identical to the original. The
corresponding sampling lattice is shown in Fig. 3. When

, the system becomes the conventional
field-interleaver.

Fig. 4. Sampling latticeL(V ) of deinterlaced arrayY (z) with vertical
decimation.

2) Vertical Decimation: Another choice of is given by

(5)

With this choice of is vertically downsampled, and the
sampling matrix of the result becomes

(6)

The orthogonality is preserved and the sampling density
becomes identical to the original. The corresponding sampling
lattice is shown in Fig. 4. When , the system
corresponds to the conventional field-separator.

Note that the sampling lattice alteration with sampling den-
sity preservation is meaningless in one dimension. Thus, the in-
vertible problem to be considered is worth discussing only in
the multidimensional case.1

III. I NVERTIBILITY OF SLA SYSTEMS

For motion-picture coding applications, the deinterlaced
array is encoded, transmitted, and then decoded. Natu-
rally, the interlaced video source is expected to be reconstructed.
To do so, an inverse converter for the deinterlacer is required.

In this section, we investigate the inverse converter and con-
sider the condition for perfect reconstruction (PR), assuming
that no process is applied to the deinterlaced array . To
achieve PR, we want to find the conditions under which the re-
lation between and is reduced to

(7)

for and integer vector . In this case, becomes
identical to , except for the scaling and delay.

Fig. 5 shows the basic structure of an inverse SLA system.
This converter enables us to obtain an array on the same
sampling lattice as the original because .

1Suppose a 1-D multirate system consisting of a succeeding upsampler with
factorM , linear time-invariant systemH(z), and downsampler with factor
M . This system is a 1-D counterpart of the deinterlacer with sampling-density
preservation, as shown in Fig. 2. LetH (z) be thekth type-I polyphase compo-
nent ofH(z) with factorM [14], [26]. Then, the system function results in the
linear time-invariant systemH (z). This fact implies that the inverse system is
given asH (z), and any multirate theory is not required at all. Actually, if
Q = R, the same result is met even in the MD case ([21], ch. IV).
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Fig. 5. Inverse SLA system, whereQ andR have to be identical to those of
the corresponding forward SLA system shown in Fig. 2.

Note that SLA systems, as shown in Figs. 2 and 5, are allowed
to have any combination of nonsingular integer matricesand

. Sampling lattice and dimension are also arbitrary. In
this section, for a general presentation, matrices , and
are not restricted to those given in the previous section. We just
assume that matrices and are chosen such that i)

and ii) .

A. Properties of Integer Lattices

Let us review some properties of integer lattices and define
some vectors that play an important role through this work. As-
sumptions i) and ii) imply that and are left coprime be-
cause,if they had a common left divisor, , and are repre-
sented by and , respectively. In this case,

must be two from the assumption i), and then, and
must be unity. In other words, and must be uni-

modular. This conflicts with the assumption ii) [14], [15], [24],
[25].

In the following, we consider the index space of the sampling
lattice for upsampled progressive signals ,
and in Figs. 2 and 5, that is, the integer vector space.
Integer lattices and are clearly sublattices of their
ambient space and are of index two in . corresponds
to sample points before upsampling with factor, and
represents sample points to be retained after downsampling
with factor .

The intersection lattice is known to be
given as lcrm , where “lcrm” is the abbreviation of
“least common right multiples” [15], [16], [24], [25]. Let one
lcrm be . Then, results in since

and are left coprime (see [15, Fact 1, Lemma 5]).
is of index four in the integer vector space. Thus, the

space can be represented as the union of four cosets of the
lattice , that is

where has four different elements. The ordering of ele-
ments in is arbitrary.

Definition: Let us define the ordering of elements in
such that we have the following.

• is the zero vector , which is on the lattice
in .

• is the other element on in .
• is the other element on in .
• is the rest in , that is, on neither nor .

All through this work, we use the above definition for the
ordering of the elements in .

B. Invertibility of Forward SLA

The invertibility of a forward lattice alteration system, such as
a deinterlacer, shown in Fig. 2, is required for constructing a PR
pair of SLA systems. Here, let us show that the problem can be

reduced to finding an invertible 2 2 multivariable polynomial
matrix.

On the ambient space of and , the following
filter operation is processed:

(8)

Recall that is one lcrm , and there exists an integer ma-
trix such that . Then, the relation in (8) can be
rewritten as follows:

(9)

where is the th type-I polyphase component of
with factor , and is the th type-II polyphase compo-
nent of with factor [14]–[16], [23] such that

(10)

(11)

has two elements because .
Let us define the ordering of the elements in such that

is the zero vector , and is the other element. Then, we
have

(12)

where we use the fact that , and .
The division theorem for integer vectors allows us to combine
the first and second terms [16].

Definitions: For the integer vectors , let us de-
fine a function and integer vectors based on
the division theorem such that

where is the quotient of with respect to , and
is the remainder in , i.e.,

(see [16, App. II]). Independently from and
and hold. Thus, we also have and
.
With the above definition, (12) results in the following

polyphase decomposition form with factor

(13)

where is the inverse mapping of .
Since is downsampled with factor , only the retained

components on contribute to output . Note that the
components are identical to those of on in Fig. 5.
From this fact, let us derive the relation between and
in the polyphase representation.
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Recall that there is the integer matrix such that .
By using matrix , we define the type-I polyphase components

of such that

(14)

where , and is the other element in , which
has two elements because .

The relation holds. Thus, from the fact that
and , we have

(15)

Compared with (13) on , (15) reveals the relation between
and as follows:

(16)

where

(17)

Consequently, we have the following theorem:
Theorem 1: Suppose that and are integer matrices such

that and . Then, an SLA
system shown in Fig. 2 with factors and is invertible if
and only if the matrix defined by (17), which consists of
polyphase components decomposed by an lcrm , is in-
vertible.

Proof: Obviously, from (16), and are perfectly
reconstructed from and if and only if there exits

.

C. Inverse Process of SLA

For a forward SLA system satisfying the invertibility, we can
construct an inverse system. In the following, we clarify how to
relate the inverse filter with . This problem resem-
bles the relation between analysis and synthesis systems of PR
filterbanks. Overall system function from to is also
discussed.

Output of filter in the inverse process shown in
Fig. 5 is represented by

(18)

It can be verified that the above relation is rewritten in the
polyphase representation as follows:

(19)

where (14) is used, and is the type-II polyphase component
of with factor such that

(20)

Fig. 6. Polyphase representation of forward and inverse SLA systems.

By using the fact that and , (19)
can be reduced to the following form in the similar way to the
derivation of (13):

(21)

where the following definitions are used.
Definitions: For the integer vectors , let us de-

fine a function and integer vectors based on
the division theorem such that

where and . is the quotient
of with respect to , and is the remainder,
i.e., for . is the
inverse mapping of . Obviously, and
hold. Thus, we have and .

In the same way as (11), the type-II polyphase representation
of with factor is given as follows:

(22)

Note that samples of on is identical to those of
. Thus, compared with (21) on , the following equa-

tion reveals the relation between and :

(23)

where the fact that and is used.
As a result, we have

(24)

where

(25)

In summary, from (11), (16), (23), and (24), the overall
system function of the forward and inverse SLA processes are
modeled as two-channel maximally decimated filterbanks, as
shown in Fig. 6 [14], [26]. In the same way as the multirate
filterbanks, the perfect reconstruction can be achieved if and
only the product of has the following form:

(26)
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for and some integer vector , where is the 2 2
matrix defined for by

where is the element in other than .
Note that is guaranteed to be integer since

. It can be verified that if (26)
holds, the relation between and results in

(27)

In other words, (7) can be achieved. From (26), we have
. The existence of follows Theorem 1.

D. Perfect Reconstruction FIR Systems

SLA systems with FIR filters are of great interest in practice
as well as multirate filterbanks. Actually, this problem resem-
bles the design of two-channel M-D maximally-decimated PR
FIR filterbanks [14], [20], [22], [23], [27]–[29]. We here show
a lemma with regard to the FIR invertibility.

Lemma 2: If and only if the determinant of matrix in
(17) is a monomial in , that is, represented as

(28)

for and some integer vector , both of the forward and
inverse SLA systems are FIR.

Proof: When and are FIR, the determinants
of and are also FIR. From (26), the product

should have the form for
and some integer vector . Thus, if and only if has
the form becomes FIR with similar form.
See [14, ch. 5] and [20, App. B].

When can be represented as

adj (29)

where adj denotes the adjugate of .

IV. REINTERLACER

In this section, we consider the deinterlacing problem intro-
duced in Section II again. When the deinterlacer is FIR invert-
ible, we show that a reinterlacing filter is simply obtained
as a vertically or temporally-modulated version of given dein-
terlacing filter with some shift operations.

A. Temporal Decimation Case

The following lemma holds for the temporal decimation case.
Lemma 3: Consider a deinterlacer in Fig. 2 with in (2) and
in (3). If the determinant of satisfies the monomial con-

dition described in Lemma 2, its dual reinterlacing filter
has the following form:

(30)

for , integer , odd (or even) and even (or odd)
, where , and then

The overall delay results in

(31)

Proof: From the monomial condition, (29) holds. One
choice of lcrm is

Thus, from (17) and (25), the following relation is obtained:

where

and
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Equations (10) and (20) and the above relation yield

where is the element in other than , and is the
matrix such that . The above equation is reduced to
(30) when and

Since from (27), we have (31). Note that
must be integer, and this holds if and only if either of or
is odd and the other is even and that (30) is independent from
the intermediate choice of matrix.

Equation (30) implies that is the vertically -modulated
version of with some odd (or even) number of temporal
delay , even (or odd) number of vertical shift , and some
horizontal shift .

Example: Let us consider the case of field interleaving. The
deinterlacing filter is given by . Thus, the
polyphase components are obtained as

, and . This filter satisfies FIR
invertibility in Lemma 2 with and

From (30), one possible choice of reinterlacing filters is
, where , and . The

overall delay in the upsampled progressive domain becomes
pure temporal delay , where

(End of Example)

B. Vertical Decimation Case

Since the vertical decimation case of deinterlacing is only
differ in a swap of vertical and temporal variables, the following
lemma holds for the vertical decimation case.

Lemma 4: Consider a deinterlacer in Fig. 2 with in (2) and
in (5). If satisfies the monomial condition described in

Lemma 2, its dual reinterlacing filter has the following
form:

(32)

for , integer , even (or odd) and odd (or even)
, where

The overall delay results in

(33)

Proof: See the proof for Lemma 3, and swap the temporal
and vertical variables.

Equation (32) implies that is the temporally -modu-
lated version of with some even (or odd) number of tem-
poral delay , odd (or even) number of vertical shift , and
some horizontal shift .

Example: For the field separation case, the dual filters are
given by and , where

, and . The overall delay is zero.
(End of Example)

V. DESIGN EXAMPLES AND SIMULATION

The theorems described in the previous sections show that an
invertible deinterlacer can be designed by controlling a 22
polyphase matrix with a monomial determinant. The design
problem is, thus, similar to that for filterbanks, although only
one filter is optimized instead of multiple filters.

A. Generic Design Procedure

From Lemmas 3 and 4, the following design procedure is
derived.

Step 1) Determine the specification for a deinterlacing filter
, such as support of region and frequency re-

sponse.
Step 2) Optimize deinterlacing filter subject to the

constraint that the is a monomial in .
Step 3) Obtain a reinterlacing filter satisfying (30) for

the temporal decimation case or (32) for the vertical
decimation case.

There are many techniques for constructing a multivariable
polynomial matrix whose determinant is a monomial in. In the
field of multirate-filterbank theory, the problem has been widely
studied of constructing PR multidimensional FIR systems [14],
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[20], [22], [23], [27]–[29], for example, a design by a cascade
structure, one based on a state-space description, and one based
on the Smith form.

Unlike filterbanks, multiple filters do not need to be opti-
mized simultaneously. Only one deinterlacing filter is re-
quired to be optimized, and a reinterlacing filter is deter-
mined by according to our theory. However, there are still
a lot of parameters to be optimized if no constraint is imposed.
The design problem would be complex and likely to yield un-
desirable results without any constraint. Thus, we have to take
some system specifications into account from the practical point
of view.

B. Design Constraints

To reduce the number of design parameters, we introduce
here some constraints on deinterlacing filters.

1) Normalization: To normalize the amplitude of , the
dc amplitude has to be . This constraint is
represented in terms of the polyphase components by

(34)

Actually, this holds for a general case.
2) Regularity: Forward SLA systems or invertible deinter-

lacers include interpolator. An interpolator is known to result
in a linear periodical shift-variant (LPSV) system [30]. Thus,
unless the interpolation filter satisfies a particular smooth-
ness, the dc gain varies periodically. In this case, we have
some structural artifacts in output sequence , even for
a smooth input. SLA systems, as shown in Fig. 2, result in
an LPSV systems with period since (16) holds with (14).
For the dc gain of the deinterlacer to be shift invariant, the
sum of the dc gains of the top two components in (17) have
to be identical to that of the bottom two. Otherwise, the dc
components
and become
different from each other even if and are
identical to each other. Thus, the following constraint is
desirable:

(35)

We refer to this property asregularity according to the wavelet
theory [26]. This also holds for a general case. For deinterlacers,

TABLE I
OPTIMAL PARAMETERS OF (5 + 3)-TAP

DEINTERLACING FILTERS DESIGNED FORMINIMIZING THE OBJECTIVE

FUNCTION � IN (41) WITH THE SPECIFICATIONSSHOWN IN FIG. 7. SCALING

FACTORK FOR REINTERLACING FILTERS IS ALSO SHOWN

this constraint implies that .

3) Vertical Symmetry:When filters are vertically sym-
metric, the symmetric extension method is applicable for
the vertical direction [26], [31]. This constraint is given by

, where diag ,
and is an integer multiple of , which denotes the center
of symmetry. For even , we have (36a), shown at the
bottom of the page, and for odd

(36b)

4) Horizontal Symmetry:Similarly, the constraint on
the horizontal symmetry is given by

, where diag , and is an integer
multiple of . Since the polyphase representation is the
analog of that in the discussion on vertical symmetry, we omit
it here.

C. Design Examples

As a practical design procedure, we propose a technique for
obtaining invertible deinterlacing filters for the temporal deci-
mation case. Examples shown here are 2-D filters in the tem-
poral and vertical domain; that is, the order of the horizontal
direction is zero. All of the previous constraints, where the hor-
izontal symmetry is trivial since it is automatically satisfied, are
applied. First, a design procedure for an eight-tap filter, which
is referred to as a -tap deinterlacing filterfrom its region

(36a)
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(a) (b) (c)

Fig. 7. Specifications regarding the support of frequency responses. (a) Temporal lowpass support. (b) VT lowpass support. (c) Vertical lowpass support.

(a) (b) (c)

Fig. 8. Impulse responsesh(n ; n ) of the three example(5 + 3)-tap deinterlacing filter designs. (a) Temporal filter. (b) VT filter. (c) Vertical filter.

(a) (b) (c)

Fig. 9. Amplitude responsesjH(e )j of the three example(5 + 3)-tap deinterlacing filter designs. (a) Temporal filter. (b) VT filter. (c) Vertical filter.

of support, is given. Then, one for a four-tap filter, which is re-
ferred to as a -tap deinterlacing filter, is shown as a more
compact support and a sample invariant case.

1) -Tap Deinterlacing Filter: The first example is
assumed to have the following form:

(37)

where denotes the th filter coefficient. The
vertical symmetry is already forced. From (28), (34), and (35),
it is verified that the design parameters can be reduced to two
coefficients ( and ), and the other coefficients can
be obtained from

(38a)

(38b)

(38c)

where , which is not a severe condition in a low-
pass filter design (see the Appendix), is assumed. With this
choice of coefficients, the scale, i.e., , is

(39)

To make the overall scaling factorunity, scaling factor for
the reinterlacing filter should be , that is

(40)
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(a) (b)

(c) (d)

Fig. 10. Design example by a(3 + 1)-tap filter and its dual. (a)h(n ; n ). (b) jH(e )j. (c) f(n ; n ). (d) jF (e )j.

Table I lists three pairs of optimal parameters and
with scaling factor . These filters are designed for min-

imizing the objective function defined by

(41)

with the temporal, vertical, and vertical-temporal (VT) lowpass
frequency responses specified in Fig. 7, respectively. The first
and second terms on the right-hand side represent the pass-
band error energy and the stopband energy, respectively. The
design parameters and were controlled during
optimization by using a routine of the unconstrained nonlinear
optimization process “fminunc ” (provided by the MATLAB
Optimization Toolbox) with the initial values
and [32]. Their impulse and amplitude responses
are given in Figs. 8 and 9, respectively. From Fig. 9, it is verified
that all of the amplitude responses are two at the dc point

and vanish at the aliasing frequency .
One possible choice of is given by

(42)

where , and . The overall delay in
the upsampled progressive domain becomes the pure temporal
delay , where

The specifications shown in Fig. 7 are determined in order to
remove imaging and avoid aliasing caused by resamplers. The
shape, however, highly depends on the characteristics of pic-
tures. For still pictures, temporal filters are desired to keep the
fine quality. For motion pictures, vertical filters are preferable to
suppress the comb-shaped artifacts, which consist of the highest
vertical frequency components. From another point of view, the
vertical filter has a large scaling factor. This large gain might
be a problem when combined with some codec. In this case, VT
filters may be candidates. The point here is that we are allowed
to control the characteristics under the PR condition.

Swapping the temporal and vertical variables, the form in (37)
is also valid for the vertical decimation case in terms of PR.
Temporal symmetry, then, takes the place of vertical symmetry.
From the practical point of view, however, it is of interest if the
vertical symmetry holds or not rather than the temporal sym-
metry because it determines if the symmetric extension method
can be used for spatial limitation of size increasing due to ver-
tical filtering or not. In most cases, temporal symmetry may be
irrelevant.
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2) -Tap Deinterlacing Filter: It is desirable to re-
main original sample values in output on the same sample
points, that is, . From (16), this holds when

, and . This condition is not neces-
sarily satisfied by -tap deinterlacing filters, however. In
the followings, we develop a design procedure of -tap
deinterlacing filters as one satisfying the sample invariance and
as a more compact support case.

We derive -tap deinterlacing filters from the design
procedure for -tap ones by setting . The
coefficients and are restricted to zero, and then,
the following formula is yielded:

(43)

where the design parameter is reduced to only . For to
be unity, has to be

(44)

Although the design by optimization process is still available,
we here give an example of a special filter pair, which is of
interest from the practical point of view.

It is verified that one possible choice of is
, which yields the following pair of filters:

(45a)

(45b)

where the overall delay in the upsampled progressive domain
results in , and

Note that all of the suggested constraints are satisfied and all of
the coefficients are powers of two. Additionally, they are a good
approximation of the VT lowpass -tap deinterlacing filter
shown in Fig. 8(b) with and . Fig. 10
shows the impulse and amplitude responses.

Deinterlacing with the filter in (45a) and the inverse con-
version with the filter in (45b) are efficiently implemented, as
shown in Fig. 11. The symmetric extension method is assumed
to be applied for the vertical direction.

D. Simulation

To verify the significance of our proposed deinterlacing, two
simulation results are compared with pictures obtained by con-
ventional field-interleaving.

Fig. 12 shows simulation results by using motion picture
“Football.” The results by the proposed method is computed via
the three -tap filters shown in Fig. 8 and the -tap
filters given in Fig. 10(a), respectively. The result by the
conventional method is obtained via the two-tap deinterlacing
filter .

The original picture processed in this simulation is a no-
ticeable region of a frame in “Football.” The results show that
the proposed deinterlacing suppresses comb-shaped artifacts,
whereas the conventional field-interleaving causes the artifacts
at the edges of moving footballers. Note that the original fields

(a) (b)

Fig. 11. Efficient implementation of deinterlacing and reinterlacing for two
succeeding fields in order to generate a frame picture with the filters given by
(45a) and (45b). (a) Deinterlacing. (b) Reinterlacing.

constructing the frame picture can be perfectly reconstructed
from the deinterlaced pictures by using the corresponding
reinterlacer. The -tap vertical filter suppresses the
comb-shaped artifacts well, although the scale factor for the
reinterlacing filter is large, as shown in Table I.

To give objective evaluation, we also experiment with dein-
terlacing by a moving zone-plate (MZP) sequence [7]. Fig. 13(a)
is an original 8-b/pixel frame picture of size 256256, which
is referred to as a circular zone-plate picture (CZP). Fig. 13(b) is
a frame picture generated via field-interleaving, where the pro-
cessed MZP sequence is generated by moving the original CZP
frame to right and downsampling into an interlaced-scanning
sequence. The right motion is set to eight pixels per field. MSE
and PSNR of the picture given in Fig. 13(b) result in
and 9.03 dB. Fig. 14 shows frame pictures generated via deinter-
lacing with the four filters shown in Figs. 8 and 10(a). MSE and
PSNR are also shown. The significance of our proposed tech-
nique is verified objectively. The vertical filter is better than the
others in terms of MSE and PSNR, whereas the VT filters give
moderate results with moderate. Especially, the -tap
VT filter is shown to be a good approximation of the -tap
VT filter.

VI. CONCLUSION

A new class of deinterlacing, which preserves the sampling
density (an indispensable property for coding applications),
was developed. It is also invertible; thus, the original inter-
laced pictures can be perfectly reconstructed on demand. The
proposed deinterlacing is applicable as preprocessing to an
intra-frame/field-based motion-picture coding with scalable
functionalities such as MJP2, as well as an inter-frame-based
one, without the support of interlaced scanning video such
as MPEG-1. The proposed deinterlacing is a generalization
of conventional field interleaving and field separation and
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(a) (b)

(c) (d)

(e)

Fig. 12. Deinterlaced arrayY (z). (a) Deinterlacing with the field-interleaving. (b) Deinterlacing with the(5 + 3)-tap temporal filter shown in Fig. 8(a). (c)
Deinterlacing with the(5+ 3)-tap VT filter shown in Fig. 8(b). (d) Deinterlacing with the(5+ 3)-tap vertical filter shown in Fig. 8(c). (e) Deinterlacing with the
(3 + 1)-tap VT filter shown in Fig. 10(a).

(a) (b)

Fig. 13. Original and field-interleaved frame pictures of a moving zone-plate (MZP) sequence of size 256� 256 (8 bits/pixel). (a) Original frame picture. (b)
Field-interleaved frame picture, where MSE= 8:13� 10 , and PSNR= 9:03 dB.

can be designed by finding a 22 multivariable polynomial
matrix with a monomial determinant. By taking constraints on
normalization, regularity, and vertical symmetry into account, a
practical design procedure was suggested. Consequently, with
a nonlinear unconstraint optimization process, three -tap
deinterlacing filters were designed. Temporal, vertical, and VT

lowpass deinterlacing filters were produced. Additionally, a
special -tap deinterlacing filter was developed. They
were applied to deinterlacing simulation in order to verify the
significance of our proposed technique. It was found that the
developed technique produces fewer comb-shaped artifacts
than conventional field-interleaving technique.
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(a) (b)

(c) (d)

Fig. 14. Experimental results of deinterlacing with a moving zone-plate (MZP) sequence. (a)(5 + 3)-tap temporal filter shown in Fig. 8(a), where MSE=
7:87� 10 , and PSNR= 9:17 dB. (b) (5 + 3)-tap VT filter shown in Fig. 8(b), where MSE= 8:58� 10 , and PSNR= 18:80 dB. (c) (5 + 3)-tap vertical
filter shown in Fig. 8(c), where MSE= 7:47 � 10 , and PSNR= 29:39 dB. (d) (3 + 1)-tap VT filter shown in Fig. 10(a), where MSE= 2:26 � 10 , and
PSNR= 14:59 dB.

Since this work is the first step concerning this novel class of
deinterlacing, we assumed that filter coefficients were fixed. In
practice, however, some motion adaptation technique is desired.
This problem, that is, construction with variable coefficients, is
left for future work.

APPENDIX

DERIVATION OF (38a)–(38c)

This Appendix presents the derivation of the design formulae
in (38a)–(38c).

From (37), it is verified that the polyphase components are
represented by

(46a)

(46b)

(46c)

(46d)

The PR FIR condition in (28) is, thus, reduced to

(47)

Note that has to be

since the second term on the left-hand side has to vanish, and
only the first term must remain in order to hold the monomial
condition.

The normalization constraint in (34) is satisfied when

(48)

Additionally, the regularity in (35) holds if

(49)

Therefore, we get the following four simultaneous equations:

(50a)

(50b)

(50c)

(50d)

Since six unknown variables, including, exist, solving the
above four equations leaves two unknown variables. Under the
assumption that , letting and be
those unknown parameters yields (38a)–(38c) and (39). Note
that when has to be one in order to meet
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the constraints. Practically, such a filter is hardly ever employed
as a lowpass filter because it removes low-frequency compo-
nents in the temporal direction. Thus, the variable range is not
taken into account during the optimization process.
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