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SUMMARY In this paper, a lifting implementation of
variable-coeﬃcient invertible deinterlacer with embedded motion
detector is proposed. As previous works, the authors have developed invertible deinterlacing that suppresses comb-tooth artifacts
caused by ﬁeld interleaving for interlaced scanning video, which
aﬀect the quality of intraframe-based codec such as MotionJPEG2000. To improve the local adaptability for given pictures,
its variable-coeﬃcient processing with motion detection has also
been proposed so that ﬁlters can be changed according to local
properties of motion pictures, while maintaining the invertibility.
In this paper, it is shown that the variable-coeﬃcient invertible
deinterlacing can be realized by a lifting-based simple hardware
architecture, and motion detector can also be embedded. Both
of the motion detection and deinterlacing ﬁlters are shared by
a special choice of their coeﬃcients, and by adaptive selection
of deinterlacing ﬁlters. The signiﬁcance of our proposed architecture is veriﬁed by showing synthesis results from the VHDL
models. The proposed implementation with embedded motion
detector achieves about 28% reduction of the gate count compared with the corresponding separate implementation.
key words: invertible deinterlacing, variable-coeﬃcient ﬁltering, motion-JPEG2000, lifting implementation

1.

Introduction

Interlaced scanning and progressive scanning are known
as record and display formats of motion pictures [1]–
[3]. For interlaced pictures, such as NTSC signals,
its intraframe-based coding requires ﬁeld interleaving
so that some still picture coding is directly applicable. Unfortunately this process causes horizontal combtooth artifacts at edges of the moving objects [4]. In
the case of scalable transform-based coding such as
Motion-JPEG2000 (MJP2), quantization errors yielded
by discarding vertical high frequency components of
the comb-tooth artifacts become recognizable for low
bit-rate decoding. To suppress these artifacts, the
intraframe-based coding system with a pre-ﬁlter was
proposed [4]. This technique is shown to be eﬀective
for a target bit-rate decoding. Especially, it is eﬀective
for low bit-rate applications.
In high bit-rate applications, the resolution of a
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ﬁltered picture is not satisfactory because of the lowpass characteristics. As a previous work, to solve this
problem, we developed invertible deinterlacing with
sampling density preservation as a preprocess of scalable intraframe-based coding [5]–[9]．With this technique, we can suppress the comb-tooth artifacts while
maintaining the resolution recovery. However, the ﬁrst
stages of invertible deinterlacing were not necessarily suitable for the local properties of a given picture since the coeﬃcients of the deinterlacing ﬁlters
were ﬁxed. Later, we proposed invertible deinterlacing with variable coeﬃcients to make it adaptive to the
local properties of given pictures [10], [11]. As a result,
the invertible deinterlacing was improved in terms of
the resolution recovery, while maintaining comb-tooth
suppression ability. In the articles [10] and [11], we
considered switching between temporal and verticaltemporal (VT) ﬁlters according to the output of a
motion-detection highpass ﬁlter. We also veriﬁed the
signiﬁcance by showing comb-tooth-artifact suppression ability as a pre-ﬁlter and the coding eﬃciency.
This work concerns how to implement the adaptive
invertible deinterlacer for practical use. So far, we have
already developed a lifting-based implementation of invertible deinterlacer with ﬁxed coeﬃcients [12], [13]. It
was veriﬁed that the hardware architecture can be realized eﬃciently [12], [13]. For the adaptive invertible
deinterlacer, a new problem arises that how we can save
hardware resources for the comb-tooth detector, keeping an eﬃcient lifting-based implementation.
In this paper, an implementation issue of variablecoeﬃcient invertible deinterlacer with embedded motion detector is concerned, and a lifting-based architecture is proposed. We show that both of the deinterlacing and motion-detection coeﬃcients can be shared
by choosing a special set of ﬁlter coeﬃcients. As a result, the whole process is shown to be implemented by a
lifting-based simple and eﬃcient hardware architecture.
To verify the signiﬁcance of our proposed implementation, we evaluate the synthesis results obtained from
VHDL models of several architectures.
This paper is organized as follows. Section 2
outlines invertible deinterlacer with sampling-density
preservation, and describes an adaptive deinterlacing
with a motion-detection ﬁlter, and summarizes performances in terms of the image qualities. Section 3
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proposes an architecture of the adaptive deinterlacer
with embedded motion detector. Section 4 estimates
the performance of our proposed architectures by using the synthesis results obtained from VHDL models,
followed by our conclusions in Sect. 5.
2.

Review of Invertible Deinterlacing

As a previous work, we have proposed a deinterlacing
technique that preserves sampling density and has invertibility [5]–[7]. In this section, let us brieﬂy review
the invertible deinterlacing with variable coeﬃcients as
a preliminary [10], [11]. Here, we use the following notations: z denotes a 3 × 1 vector which consists of variables in a 3-D Z-domain, that is, z = (z0 , z1 , z2 )T . For
progressive arrays, we express z as (zT , zV , zH )T .
Assume that the input array X(z) is given by a
sampling lattice L (V) shown in Fig. 1, where V =
 PT PT 0 
−PV PV 0
. PT , PV and PH are the temporal pe0

0 PH

riod between successive ﬁelds, the vertical and horizontal sampling periods in a frame, respectively. L (V)
denotes the set of sample points given by Vn for all
3 × 1 integer vectors n, where V is a 3 × 3 non-singular
matrix [14], [15].
2.1 Deinterlacing with Sampling Density Preservation
Figure 2 shows a basic structure of a deinterlacer with
sampling density preservation, where the circles including ↑ Q and ↓ R denote the upsampler with a factor Q
and downsampler with a factor R, respectively [1], [2],
[14]–[16]. The upsampler converts the interlaced video
array X(z) into a non-interlaced
 For sampling
 one.
matrix V, factor Q has to be

1 10
−1 1 0
0 01

ﬁlter, which removes the imaging caused by the upsampler and avoids the aliasing to be caused by the downsampler. The ratio has to be two to preserve the same
density as the original. To keep the
 orthogonal 2 0lattice
0
ity, one choice of R is given by 0 1 0 . In this case,
001
V (z) is temporally downsampled. Figure 3 shows the
sampling lattice L (V ) of the deinterlaced array Y (z),
 2PT 0 0 
0 PV 0
where V = VQ−1 R =
.
0

0 PH

2.2 Reinterlacing
For an intraframe-based codec system, the deinterlaced
array Y (z) is encoded, transmitted and then decoded
frame by frame. Especially for high bit-rate decoding, the interlaced video source is expected to be reconstructed. To achieve this, we have introduced the
inverse converter, i.e. reinterlacer. Figure 4 illustrates
the basic structure of the reinterlacer. In the articles
[5], [6] and [7], we showed that the input array X(z) can
be perfectly reconstructed from the deinterlaced array
Y (z) if H(z) and F (z) satisfy some conditions.
2.3 Intraframe-Based CODEC with Deinterlacer
Let us suggest our scenario of intraframe-based scalable
coding such as MJP2 [8], [9]. Figure 5 shows an outline
of our suggested codec system. This system uses an
invertible deinterlacer as a pre-ﬁlter. The comb-tooth
artifacts can be suppressed for low bit-rate decoding,

. H(z) is a 3-D

Fig. 3 Sampling lattice L (V ) of deinterlaced array with
temporal decimation.

Fig. 1 Interlaced scanning with the sampling lattice L (V).
The white and black circles are sample points on top and bottom
ﬁelds, respectively.

Fig. 2 Basic structure of deinterlacer with sampling density
preservation.

Fig. 4

Fig. 5

Basic structure of reinterlacer.

Intraframe-based coding system with deinterlacer.
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(a) Deinterlacer

(b) Reinterlacer

Fig. 6 Eﬃcient implementation of deinterlacing with variable coeﬃcients, where the
symmetric extension method is applied. The white, black and gray circles denote top line,
bottom line of X(z) and odd line of Y (z), respectively.

whereas the resolution can be maintained with reinterlacer for high bit-rate decoding. An example of deinterlacing and reinterlacing ﬁlter pair is shown in the
followings [5]–[7]:
1
1
H(z) = 1 + zT−1 + (zV1 + zV−1 ).
2
4


1
F (z) = zT−1 2 + zT−1 − (zV1 + zV−1 ) .
2

(1)
(2)

These ﬁlters have the following properties, i) normalized amplitude to keep brightness, ii) regularity to avoid
the checkerboard eﬀect [17], [18] and iii) vertical symmetry to aﬀord the symmetric border extension [17],
[19]. We have veriﬁed that the comb-tooth artifacts
can be avoided for low bit-rate decoding with the deinterlacing ﬁlter H(z). However, the quality of still parts
is degraded by the process with the ﬁlter in Eq. (1).
Actually, a simple temporal ﬁlter is preferable for still
parts.
2.4 Variable-Coeﬃcient Filters
To improve the local adaptability, we also have proposed variable-coeﬃcient invertible ﬁlters of deinterlacing and reinterlacing as follows [10], [11]:
αn −1 αn 1
(3)
)zT +
(zV + zV−1 ).
Hn (z) = 1 + (1 −
2
4


2
αn
−1
−1
−1
1
(z + zV ) .
+ zT −
Fn (z) = zT
2 − αn
2(2 − αn ) V
(4)

where αn is a parameter. The characteristics of these
ﬁlters are controlled among temporal, vertical-temporal
(VT) and vertical ﬁlters in the range of 0 ≤ αn < 2. In
particular, in the case of αn = 1, the transfer function
of the variable-coeﬃcient method is the same as one
given by Eq. (1). In addition, the deinterlacer becomes
simple ﬁeld interleaver in the case of αn = 0, so that
resolution can be maintained.
Figure 6 illustrates eﬃcient deinterlacing and reinterlacing operations with the ﬁlters in Eqs.(3) and (4).
The symmetric extension method is applied to the vertical direction. The white, black and gray circles indicate pixels on top line, bottom line of X(z) and odd
line of deinterlaced frame Y (z), respectively. The odd
line of deinterlaced frame pictures can be obtained by
weighted sum of three lines with weights beside arrows.
It is veriﬁed that our variable-coeﬃcient method can be
computed through the in-place implementation shown
in Fig. 6. Even if the value of αn is varied for each
sample on odd line, X(z) can be recovered from Y (z)
by changing αn in the same manner as shown in Fig. 6.
Note that the property of perfect reconstruction can be
kept for this implementation independently from the
choice of αn .
2.5 Adaptive Control Method
In the variable-coeﬃcient deinteralcer, we have to take
suitable coeﬃcients according to local properties of
given pictures. Problems here are how to choose the
coeﬃcients and how to maintain the invertibility. We

ISHIDA et al.: A LIFTING IMPLEMENTATION OF VARIABLE-COEFFICIENT INVERTIBLE DEINTERLACER

1945

(a) Original frame picture.
Fig. 7

Table 1

(b) Motion detection result
(T = 16).

Example of motion detection.

Performances of invertible deinterlacing [10], [11].

Field interleaving
Variable-coeﬃcient
Fixed-coeﬃcient

Comb-tooth
suppression
(Low bit-rate)

Coding
eﬃciency
(High bit-rate)

Poor
Good
Good

Good
Moderate
Not good

show a switching control method. The parameter αn
can arbitrarily be selected in the range of 0 ≤ αn < 2.
It is, however, necessary to provide the information of
αn to decoders for reinterlacing in the case of high bitrate decoding. Thus, it is important to reduce the possible quantity of αn . The reduction of computational
complexities is also desired. To achieve these, we proposed to switch the value of αn in {0, 1} in the articles
[10] and [11].
In order to detect the comb-tooth artifacts, we
considered utilizing a vertical highpass ﬁlter D(z) =
−1
1 −1
1 1
2 zT − 4 (zV +zV ). Note that the coeﬃcients are identical to those in Eq. (1) except for their signs. Therefore, the intermediate values calculated to detect the
comb-tooth artifacts with ﬁlter D(z) can be shared by
the deinterlacing ﬁlter. We provide the procedure of
motion detection in the followings:
1 Obtain an output frame Ix,y of ﬁlter D(z).
2 If |Ix,2n+1 | ≤ threshold T , set αn = 0.
Otherwise,
set αn = 1.

simple ﬁeld interleaving and ﬁxed-coeﬃcient deinterlacing. In Table 1, two items are given. One is the combtooth-artifact suppression ability, and the other is the
coding eﬃciency.
The former relates to the image quality at low bitrate decoding when invertible deinterlacers are applied
to scalable coding for interlaced video. Field interleaving shows poor result in suppressing comb-tooth artifacts because it corresponds to temporal ﬁltering and
has no ability to remove vertical high frequency components. On the other hand, both of the ﬁxed- and
variable-coeﬃcient deinterlacing show good results because they remove vertical high frequency components
so that the ﬂickering due to comb-tooth artifacts is signiﬁcantly suppressed.
The latter, coding eﬃciency, relates to the image
quality at high bit-rate decoding. This performance is
evaluated via MJP2 in the articles [10] and [11]. Field
interleaving is superior to any other deinterlacing in
terms of PSNR at the same bit rate because no recovery process is required. Contrary, the ﬁxed-coeﬃcient
deinterlacing requires a recovery process, that is reinterlacing, for whole frame pictures. As a result, PSNR
becomes worse than that of ﬁeld interleaving. The
variable-coeﬃcient deinterlacing, however, yields moderate results because only some parts prone to be combtooth artifacts requires the recovery process, and still
parts, e.g. backgrounds, remain without any process
after decoding. Experimental results with Football sequence show that the ﬁeld interleaving scores about
1.5 dB in PSNR over the ﬁxed-coeﬃcient deinterlacing
at 2.0 bpp decoding for 8-bit grayscale pictures. The
diﬀerence is shown to be reduced to about 0.5 dB by
using the adaptive deinterlacing.
Summarizing, the adaptive deinterlacing is suitable in terms both of the comb-tooth artifact suppression ability and the coding eﬃciency, and it gives us
a compromise between the ﬁeld interleaving and the
ﬁxed-coeﬃcient deinterlacing. See the articles [10] and
[11] for details.
3.

Proposed Architecture

When T = 0, this system results in deinterlacing with
ﬁxed coeﬃcients. On the other hand, the calculation
is reduced to simple interleaving when T > 128 for 8bit gray scale images. Figures 7(a) and (b) show each
frame of original picture and the result of the detected
comb-tooth artifacts. The black and white regions show
still and motion parts, respectively.

We propose an eﬃcient lifting implementation of adaptive invertible deinterlacing. The point of this work is
that the coeﬃcients of motion detection ﬁlter D(z) can
be shared with deinterlacing ﬁlter in Eq. (1). With this
idea, a lifting implementation with motion detector is
obtained for our proposed deinterlacer.

2.6 Performances of Invertible Deinterlacing

3.1 Architecture of Deinterlacer

In order to show the signiﬁcance of the adaptive deinterlacing, let us summarize the performances evaluated
in the articles [10] and [11].
Table 1 compares the performances in terms of image quality among the adaptive invertible deinterlacing,

3.1.1

Transfer Function Level Structure

A basic structure where the deinterlacer and the motion detector consists of separately is shown in Fig. 8.
In Fig. 8, the components inside the dotted line are for
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Fig. 8

Lifting structure of separate motion detector.

Fig. 10

Fig. 11
Fig. 9

Architecture of separate motion detector.

Architecture of embedded motion detector.

Lifting structure of embedded motion detector.

motion detection, and the remaining parts are for deinteralcer. CMP indicates a comparator that calculates
parameter α, which is actually the control parameter
αn , as follows:

0, |A − B| ≤ T
α=
(5)
1, |A − B| > T.
The trapezoid indicates the multiplexor that selects the
output signal according to α.
This structure consists of two predictors, which are
simple Haar-type 2-tap FIR ﬁlters. For these two ﬁltering parts, several components can be implemented
in common. By replacing the bit-shifter, i.e. half scaling, on odd line to ahead the adder on odd line in the
deinterlacer part, these two predictors can be shared.
Figure 9 illustrates our proposed structure. The deinterlacing process can be regarded as a vertical lifting
calculation for frame pictures after ﬁeld interleaving.
Note that this eﬃcient lifting structure can be implemented under the perfect reconstruction conditions and
the three desirable properties which the ﬁxed-coeﬃcient
ﬁlter in Eq. (1) possesses (see 2.3).
3.1.2 Architecture of Deinterlacer
Figure 10 illustrates a hardware architecture corresponding to the separated structure shown in Fig. 8.
Similarly, Fig. 11 illustrates a hardware architecture
corresponding to the structure with embedded motion
detector shown in Fig. 9. In Figs. 10 and 11, the boxes
including ‘D’ indicates a vertical delay element. The
computation can be implemented only by bit-shift operations without multipliers to save the hardware costs,
since all of the ﬁlter coeﬃcients are powers of two.

Fig. 12

Fig. 13

Lifting structure of reinterlacer.

Architecture of reinterlacer.

3.2 Architecture of Reinterlacer
We have introduced the implementation of reinterlacer
with ﬁxed coeﬃcients [12], [13]. For variable-coeﬃcient
processing, reinterlacer is also realized by switching
reinterlacing ﬁlters according to the received α. Figure 12 illustrates a structure of reinterlacer with variable coeﬃcients, and Fig. 13 shows a hardware architecture. From the reinterlacer with ﬁxed coeﬃcients,
the adaptive reinterlacer can be realized by adding one
multiplexor and input signal α. A simple uniﬁed implementation is also obtained by embedding the reinterlacer into the adaptive deinterlacer. Figure 14 illustrates the architecture of the deinterlacer with embedded reinterlacer, where ‘MUX0’ indicates selector of
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Table 2 Synthesis results of deinterlacer on XCV300-5, where
E.G.C. means equivalent gate count.
Fixed-coefs
E.G.C.
Critical path[ns]

Table 3
Fig. 14 Architecture of adaptive deinterlacer embedded
reinterlacer.

the control-parameters αD for deinterlacing and αR for
reinterlacing. To save hardware costs, most of hardware
resources can be shared by deinterlacer and reinterlacer.
4.

Performance Estimation

Let us verify the signiﬁcance of our proposed architectures. The performances will be evaluated by using
several synthesis results obtained from VHDL models.
Here, the proposed architectures are compared with the
separate architecture. For reference, it is also shown
that the synthesis results of deinterlacer and reinterlacer with ﬁxed coeﬃcients. To implement several architectures, XILINX XCV300-5 is selected as a target
FPGA device. The optimization processes are applied
for minimizing the area in this evaluation.
We assume that the input bit-width is of 32 bits,
which includes integer part of 16 bits and fractional part
of 16 bits. Synopsys Design Compiler Version 2000.11
licensed from VDEC [20], and XILINX Design Manager
Version v.4.1.03i as an FPGA layout tool are used in
order to evaluate the equivalent gate count and critical
path.
Table 2 shows the synthesis results of the architectures shown in Figs. 10 and 11. The latency is
two clocks for all of separate, embedded and ﬁxedcoeﬃcients architectures. Also, the throughput is two
clocks for each odd and even line. Thus, for the proposed architecture, the throughput in total results in
one clock. When the deinterlacer is implemented with
a separate motion detector, the number of equivalent
gates increases 2, 098 from the ﬁxed-coeﬃcient one as
shown in Table 2, whereas the proposed architecture
requires only 803 gate increase. In terms of the number of equivalent gate count, the proposed architecture
with embedded motion detector achieves about 28% reduction compared with the separated architecture. As
for critical path, the proposed architecture possesses
almost the same performance of the separate architecture. For reference, Table 3 shows the synthesis result
of the architecture of reinterlacer shown in Fig. 13. The
architecture requires only 1.3% gate-increase compared
with ﬁxed-coeﬃcient reinterlacer.

2,558
22.789

4,656
26.794

3,361
28.280

Synthesis results of reinterlacer on XCV300-5.

E.G.C.
Critical path[ns]

5.

Variable-coefs
Separated Embedded

Fixed-Coefs
2,567
15.112

Variable-Coefs
2,601
14.750

Conclusion

In this paper, a lifting implementation of variablecoeﬃcient invertible deinteralcer with embedded motion detector was proposed. It was shown that a highpass ﬁlter of motion detector can be embedded into
deinterlacing ﬁlter in a special case. We veriﬁed the signiﬁcance of our proposed architecture by showing the
synthesis results obtained from VHDL models and by
comparing it with the separate implementation.
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