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A Multi-Pass True Motion Estimation Scheme With
Motion Vector Propagation for Frame Rate
Up-Conversion Applications

Shen-Chuan Tai, Ying-Ru Chen, Zheng-Bin Huang, and Chuen-Ching Wang

Abstract—This paper presents a robust true motion estimation
algorithm, designated as MPM VP (Multi-pass and Motion Vector
Propagation), to enhance the accuracy of the motion vector fields in
frame rate up-conversion applications. The MPMVP uses a multi-
pass scheme to progressively refine approximate motion vectors to
true motion vectors based upon the motion information acquired
in previous passes. The multi-pass motion estimation process uses
a large block size to detect the motion vectors within the objects
themselves and small block sizes to detect the motion vectors along
the object boundaries. Actually, the block size is progressively re-
duced during the search process. When the motion vector of a block
is considered to be sufficiently accurate for motion estimation pur-
poses, the block is said to be converged and the local motion vector
search process terminates. A novel technique, referred to as motion
vector propagation, is then applied to propagate the motion vector
of the converged block to its neighboring blocks. This technique not
only ensures that neighboring motion vectors within the same ob-
ject have a high degree of spatial correlation, but also accelerates
the convergence of the motion vectors in the neighboring blocks
and therefore reduces the overall computational time and expense
of the multi-pass motion vector search procedure. A novel distor-
tion criterion is proposed to enhance the tolerance of the traditional
sum-of-absolute-difference measurement technique applied in the
motion estimation scheme to noise and shadow effects. The experi-
mental results demonstrate that the proposed true motion estima-
tion algorithm outperforms the traditional full search, 3DRS and
TCSBP algorithms in terms of both the smoothness of the gener-
ated motion vector fields and the visual quality of the up-converted
frames.

Index Terms—Candidate motion vector, distortion criterion,
frame rate up-conversion (FRUC), recursive search, true motion,
variable block-size.

1. INTRODUCTION

ODERN video formats have a wide variety of resolu-
Mtions, aspect ratios, frame rates, and so forth. Typically,
the frame rates of capturing devices vary between 24 and 60 Hz.
However, the frame rates used by most display devices tend to
range from 50 to 120 Hz, for example. Therefore, when playing
back video sequences, it is necessary to interpolate some addi-

Manuscript received August 8, 2006; revised November 12, 2006, April 23,
2007, and October 20, 2007.

S.-C. Tai, Y.-R. Chen, and Z.-B. Huang are with the Department of Electrical
Engineering, National Cheng Kung University, Tainan 701, Taiwan, R.O.C.
(e-mail: cyr91d@dcmc.ee.ncku.edu.tw).

C.-C. Wang is with the Institute of Electrical Engineering, National Changhua
University of Education, Changhua City 500, Taiwan, R.O.C.

Color versions of one or more figures are available online at http://ieeexplore.
ieee.org.

Digital Object Identifier 10.1109/JDT.2007.916014

tional frames based on the original video sequence using some
form of frame rate up-conversion (FRUC) algorithm. However,
traditional schemes such as picture repetition, linear interpola-
tion and other non-motion compensated methods generally pro-
duce visual artifacts such as trembling or blurring in the interpo-
lated frames. The quality of the interpolated frames can be im-
proved by combining the FRUC scheme with motion estimation
(ME) techniques. Many complex algorithms for interpolating
frames based upon the motion information of objects between
successive frames have been proposed [1]-[15]. However, they
tend to be highly time consuming and computationally expen-
sive.

The ME schemes used in FRUC algorithms differ from the
conventional ME techniques applied in coding standards. Gen-
erally speaking, ME algorithms used in frame rate up-conver-
sion applications are termed “true ME” schemes in order to
emphasize the importance of obtaining accurate motion vec-
tors for all of the objects in the frame. True ME is employed
not only in FRUC schemes, but also in such diverse applica-
tions as video encoding, [16], surveillance system tracking [17],
de-interlacing schemes [18], error concealment in decoding sys-
tems [19], [20], and so forth. Briefly, the objective of video
coding systems is to minimize the motion compensated residual.
In block-matching ME algorithms, the features of moving ob-
jects are tracked using distortion criteria such as the sum of
absolute difference (SAD) or the sum of square error (SSE).
However, video sequences tend to contain high levels of noise,
and, therefore, the motion vectors (MVs) extracted by minimal
SAD/SSE-based coding systems do not always accurately re-
flect the true motions of the objects in the frame. In FRUC
schemes, it is essential to obtain accurate motion vectors to en-
sure the quality of the interpolated frames, and therefore the ME
algorithms used in such schemes require a robust ability to deal
with the effects of noise. Unfortunately, the ME algorithms con-
ventionally used in block-matching coding systems, e.g., full
search, logarithmic search, diamond search, and so on, fail to
address this requirement.

In frame rate up-conversion, the optimal image quality is ob-
tained when the objects in the frames are interpolated along
their respective motion trajectories. 3-D recursive search block
matching (3DRS) [4] and temporal compensated motion esti-
mation with simple block-based prediction (TCSBP) [2] have
proposed ME algorithms based on predictive motion vectors
(PMVy5) to accelerate the block-matching speed and to enhance
the degree of spatial correlation between neighboring blocks.
In [3], the authors used an overlapped block-based motion es-
timation (OBME) scheme possessing enhanced ME capabil-
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Fig. 1. Flow diagram of overall system.

ities and the ability to detect global motion through the use
of a large-block matching mechanism. However, without ac-
curate and sufficient information regarding the object shape,
OBME schemes are unable to predict the motion of the object
boundaries with any degree of accuracy, and therefore result
in an incorrect motion aggregation in the motion vector field
(MVF). A fundamental requirement of all true ME schemes is
to achieve a high degree of spatial motion correlation inside a
frame since all of the blocks within the same object must neces-
sarily move in the same direction. Although several algorithms
have been presented [4]-[6], [13] which employ some form of
penalty function to enhance motion correlation, they are inca-
pable of resolving the problem of incorrect motion propaga-
tion. In [10], [11], the MV's were established using hierarchical
block-matching algorithms and were then propagated between
hierarchical levels based on the regions of the objects. How-
ever, obtaining the regions of the objects requires a time-con-
suming segmentation process and the accuracy of the segmen-
tation results cannot be guaranteed. In [14], a variable block
size technique was used to enhance the ME accuracy. In this
approach, the MVs were initially found for small blocks and
were then used as the criteria for merging neighboring blocks.
Having merged neighboring blocks, the MV search procedure
was then repeated. However, this method is not only computa-
tionally expensive, but also achieves only limited success since
small blocks cannot provide sufficient information regarding the
global characteristics of an object and thus the reliability of the
merging process cannot be ensured.

Accordingly, this paper presents a robust true ME scheme for
FRUC applications. The remainder of this paper is organized
as follows. Section II presents an overview of the major com-
ponents of the proposed scheme, including the multiple-pass,
the MV convergence decision technique, the MV convergence
propagation scheme, and the distortion criterion used to sup-
press the effects of noise and shadow in the interpolated frames.
Section III presents the experimental results obtained by the pro-
posed true ME scheme for the MVFs of several well-known
video test sequences, and compares the performance of the pro-
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posed scheme with that of the full search, 3DRS and TCSBP
schemes when applied to frame rate up-conversion applications.
Finally, Section IV presents some brief conclusions.

II. MULTI-PASS MOTION ESTIMATION STRATEGY AND MV
PROPAGATION RULE FOR TRUE MOTION ESTIMATION

The proposed ME scheme searches for the true MVs using a
multi-pass strategy in which the block size is progressively re-
duced from 32 x 32 to 4 x 4. After each pass, a convergence deci-
sion rule is applied to determine whether or not the MV identi-
fied for the block is sufficiently accurate. If the MV has accept-
able accuracy, the block is said to be converged and the local MV
search procedure is terminated. As indicated above, the largest
block size used in the multi-pass ME scheme is 32x32. When
an object is bigger than this block size, a technique referred to
as MV propagation can be applied to spread the MV of the con-
verged block to all of the blocks within the object. Fig. 1 presents
an overall view of the multi-pass MV search procedure and as-
sociated MV propagation routine.

A. Multi-Pass Motion Estimation Strategy

The basic principle of the multi-pass ME strategy proposed in
this study is to utilize the motion information relating to neigh-
boring blocks generated in the previous pass to gradually refine
the accuracy of the MV in the current block. The multi-pass
search scheme executes a maximum of 12 passes. In the first
three passes, the MV search is performed using a block size of
32x32. However, in the next three passes, the block size is re-
duced to 16x 16, while in the final two sets of three passes, the
block size is further reduced to 8 x 8 and 4 x 4, respectively. The

MV for block X found in frame ¢ in the ith pass is defined as
—>Z - . - . . .

MV (X ,t). The MV search in block X in the ¢ th pass is per-
formed in accordance with (1). As shown, the search is confined

to the vectors V defined in the candidate vector set C'S* (? t),
i.e., a full search is not performed. As discussed later, the term
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Fig. 2. Geometric relation between motion edge and block position.

e(V,X,t) in (1) is a new distortion criterion based upon the
conventional SAD distortion criterion.

— — —
MV (X,t)=arg min (e(V, X, 1)), 1<i<12.
VeCSsi(X,t)

)]
The candidate vector set C'S Z()_(), t) is comprised by a single

PMV and a set of update vectors. Let X represent the block
location and let ¢ be the frame number. The candidate vector set

for this particular block in the 7" pass are then defined as

2

CSH(X,t) = {V|V =PMV (X)+ U, U eUSL} )

— i —
where PMV (X') is the PMV of block X and is chosen from
the MVs of the neighboring blocks and US" is a set of update

. g . . .
vectors. Every motion vector V' in the candidate vector set is

comprised by a single PMV and a update vector U selected
from update vector set U S*.

1) PMV: Although the MVs of all eight neighboring blocks
can theoretically be used as PMV predictors for the current
block, evaluating each of these predictors in order to establish
the most suitable PMV among them is computationally expen-
sive and time consuming. Therefore, this study uses the geo-
metric relationship proposed in [2] describing the correlation
between the current block position and the motion edge to re-
duce the number of PMV predictors to be evaluated. As shown
in Fig. 2, at least one of the three neighboring blocks and the
current block must belong to the same object no matter where
the object boundary crosses, and, therefore, the number of PMV
predictors which must be considered can be reduced from 8 to
just 3. The scheme presented in [2] involved a single ME pass,
and therefore employed a single PMV predictor pattern. How-
ever, as described above, the current search scheme executes a
maximum of 12 passes. In general, different PMV predictor pat-
terns may result in different levels of accuracy. Therefore, the
current multi-pass ME scheme considers 12 different PMV pre-
dictor patterns, as shown in Fig. 3.

Each pass in the proposed ME scheme is performed using
one of the PMV predictor patterns (see Fig. 3) and then one
MYV in the selected PMV pattern which has minimal distortion is
selected as the final PMV of this pass. In traditional single-pass
ME algorithms, the current block has no information regarding
the motion of the succeeding blocks because their MVs are not
obtained yet. However, in multi-pass ME algorithms, the motion
information of all blocks in current pass can be referred in future
passes.
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Fig. 3. PMV predictor patterns.

2) Update Vector Set: In (2), the term U S* represents the set
of update vectors in the sth pass and has the form

T __ USlarge*, 1=1
us _{ USsmaHa 2< 1 <12

e {(0)(3)-(2)
st (7). (5)-(3)-(5))

3)
The update vector sets employed in the proposed algorithm vary
between different passes. The proposed scheme uses a large up-
date vector set (i.e., a greater number of larger MVs) in the initial
passes when employing a large block size to detect coarse mo-
tions in the frame. When the update vectors have a large range,
e.g., £(5,5), finding good approximations to the true MVs in
blocks which cross object boundaries is straightforward. Fur-
thermore, in the first pass, the motion information of neigh-
boring blocks is simply copied from the previous frame and
therefore there is no guarantee that this information is reliable.
As aresult, the PMV obtained for the block is not necessarily an
accurate representation of the true MV. However, using a large
update vector set increases the probability of obtaining a good
approximation to the true MV. In later passes of the search pro-
cedure, a highly precise PMV with a small update vector set
(i.e., fewer and smaller vectors) is used to refine these initial
non-true motion estimates into true motion estimates.
As indicated earlier, the term 6(7, )_(), t) in (1) is a new dis-
tortion criterion based on the conventional SAD distortion cri-
terion and has the form

6(7,)_(),& = Z WeightAD(V),)Ti;-,t)/blocksize
7,jEblock
— — — —_— =
AD(V,Xij,t) = abs(I(Xij7t) — I(X” + V. t- T))
—_ =
0, AD(V7Xij,t) < 5
weight =0 1 5 < AD(V, Xij,#) < 30 @

2, otherwise

where 1 (Yij ,t) is the gray level of a pixel located at coordinates

(i,j) in block X of frame ¢ and abs indicates absolute value.
According to Weber’s law, human eyes have a noise threshold
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(b)

Fig. 4. MVFs of frames with Gaussian noise: (a) MVF produced by proposed
algorithm with traditional SAD distortion criterion, and (b) MVF produced by
proposed algorithm with new distortion criterion.

of approximately 5 grayscale value (for contrast) in pictures.
For experience, an edge often leads to a gradient greater than
30 grayscale value. Therefore, if the absolute difference (AD)
between current pixel and referred pixel in previous frame is
less than 5, the human eye will ignore the distortion. However,
if it is greater than 30, the distortion will be very noticeable.
Hence, as shown in (4), the distortion criterion applied in the
current ME search scheme has the form of a piecewise linear
function. In general, noise has a particularly serious effect on the
accuracy of the MV search process in smooth areas of the frame,
i.e., background area. Therefore, the piecewise linear function
in (4) allows small distortions (AD < 5) caused by noise to
be ignored while simultaneously placing more emphasis on the
large distortions (AD > 30) caused by the edges, and therefore
the accuracy of the MV is enhanced.

Fig. 4 shows the MVFs obtained by the proposed ME scheme
using the conventional SAD distortion criterion and the new
distortion criterion given in (4), respectively, for a frame with
Gaussian noise. Comparing the two frames, it is apparent that
the improved noise suppression characteristics of the proposed
distortion criterion yield more accurate MVs vectors in the
smooth regions of the image, i.e., on the grass. Fig. 5 presents
two up-converted frames from the VECTRA test sequence
obtained by the 3DRS search scheme using the original penalty
function and the new distortion criterion, respectively. It can be
seen that the MVF produced by 3DRS using the new distortion
criterion is more smooth. For example, in Fig. 5(b) more motion
vectors of the window area indicate to the same direction than
in Fig. 5(a). In other words, the proposed distortion criterion is
applicable not only to the multi-pass scheme presented in the
current study, but also to existing true ME algorithms.

B. Decision Rules for MV Converged Block

To reduce the computational complexity and expense of the
proposed ME search scheme, processing within a local block
terminates as soon as the block is converged, irrespective of the
number of passes which have been completed. Furthermore, the
degree of motion correlation among neighboring blocks is en-
hanced by using a MV propagation technique that will be de-
scribed in Section II-C. The degree of spatial motion correlation
between neighboring blocks is determined in accordance with

AMV(C, N) = abs(MV(C,t).c — MV(N,t).z)
+abs(MV(C,t).y — MV(N,t)y) (5

Fig. 5. Up-converted frames from VECTRA sequence. (a) MVF produced by
3DRS with penalty function. (b) MVF produced by 3DRS with proposed dis-
tortion criterion.

Fig. 6. (a) Proposed ME scheme without convergence propagation and (b) pro-
posed ME scheme with convergence propagation.

(b)

Fig. 7. Motion vectors of converged Blocks (MV is shown by block-size 4 x 4).
(a) 3rd Pass: block size is 32 x 32, (b) 6th Pass: block size is 16X 16. (c) 9th
Pass: block size is 8 x 8. (d) 12th Pass: block size is 4 x4.

— —
where C and N are the current block and a neighboring block
in spatial motion correlation test range, respectively, and x and y
are the horizontal and vertical MV components. True motion is

— =
obtained when the distortion value is low, i.e.,e(C', X ,t) < T}
and the degree of motion correlation between the current block
and all of its adjacent blocks in the spatial motion correlation
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Fig. 8. (a), (d) Interpolated frame from BUS sequence and corresponding MVF obtained from 3DRS, (b), (e) Interpolated frame from BUS sequence and corre-
sponding MVF obtained from TCSBP. (c), (f) Interpolated frame from BUS sequence and corresponding MVF obtained from proposed MPM VP algorithm.

Fig. 9. (a), (d) Interpolated frame from VECTRA sequence and corresponding MVF obtained from 3DRS. (b), (e) Interpolated frame from VECTRA sequence
and corresponding MVF obtained from TCSBP. (c), (f) Interpolated frame from VECTRA sequence and corresponding MVF obtained from proposed MPMVP

algorithm.

test range is high, i.e., AMV(?, ﬁ) < T5, where T is a dis-
tortion threshold and 75 is a threshold value designed to enable
sufficient activity for the MV search to prevent the clustering
of inappropriate MVs. In other words, the current scheme con-
siders both the distortion value and the degree of motion corre-
lation when searching for true MV. This approach differs from
existing ME algorithms, which typically terminate the MV eval-
uation process as soon as an acceptable distortion value has been
obtained.

The threshold for the distortion value 75 in ith pass is set as
5+ /3 in accordance with experience. Furthermore, the spatial
motion correlation test ranges used in the current algorithm are
3x3 and 5x35, respectively. Since there are three passes during
specific-block-size ME, the larger test range is applied in the
first two passes, while the smaller test range is used in the final

pass. Meanwhile, 75 is assigned a value of 0 for block sizes
larger than 8x8 and a value of 1 for smaller blocks. Note that
this threshold is deliberately assigned a stricter value for larger
blocks to prevent them from converging prematurely.

C. MV Propagation Method

The MV propagation technique employed in the current
scheme is designed to enhance the degree of motion correlation
in large textureless regions of the frame. When a block con-
verges, i.e., it has a high degree of spatial motion correlation
and a low distortion, its MV is automatically offered to the
neighboring unconverged blocks as a potential MV for their
own motions. If the difference between the original distortion
value of the neighboring block and the new distortion value
of the block produced by accepting the propagated MV is
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Fig. 11.

sufficiently small, i.e., 15 — 2/3*i, the neighboring block
accepts the propagated MV as its own MV. Having accepted
the propagated MV, the block then checks to see whether or
not the MV causes it to become converged. When a block
has converged, irrespective of whether or not convergence is
induced by the propagated MV, the same MV is propagated to
the neighbors of the new converged block.

The convergence propagation technique is used to expand
size of the region, which has the similar MV, into the size of
object. Convergence propagation ensures that the MVs of the
background regions of a frame have a high degree of spatial
correlation. In other words, the background appears as a single,
continuous region with no obvious areas of demarcation, even
across strong edge areas, as shown in Fig. 6.

III. EXPERIMENTAL RESULTS

In the figures discussed in the following, the MVFs and inter-
polated frames are based on a block size of 4 x 4. For example, a
MV of block size 32x 32 will be presented by 64 MVs of block
size 4x4. Each MV is colored in red, originates from the center
of the 4x4 block and terminates with a solid blue point. Fig. 7
presents the MV of converged blocks obtained by the proposed
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TCSBP and proposed algorithm. (Note results relate to VECTRA test sequence).
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(b)

SAMND and TEMC-MSE comparisons for full search (+16), 3DRS, TCSBP and proposed algorithm. (Note results relate to FOREMAN test sequence).

ME scheme with different block sizes. The MVs of the back-
ground regions of the frame are found in the earlier passes of
the ME search process performed using a larger block size. The
use of a variable block size in the search procedure enables the
block size of MV to gradually fit the contour of the objects in
each pass and therefore the accuracy of the identified MVs is
greatly enhanced. As a result, Fig. 7 demonstrates that the algo-
rithm successfully divides the frame into two distinct objects,
namely the background and the moving car.

In general, interpolated (i.e., up-converted) frames are gener-
ated using a motion compensation technique. Some uncovered
regions (i.e., regions with no MVs) can be interpolated based on
neighboring available pixels. Since the areas of these uncovered
regions usually are small, we use spatial bilinear interpolation
to interpolate uncovered regions in motion compensation step of
this paper. Figs. 8 and 9 present the MVFs and corresponding in-
terpolated frames obtained using the 3DRS [4], TCSBP [2] and
proposed MPMVP ME algorithms for the BUS and VECTRA
video sequences, respectively. Note that in every case, the test
sequences are in a CIF format, have an original frame rate of
30 frames/s, and are up-converted to a rate of 60 frames/s. Ob-
serving these figures, it is apparent that the 3DRS and TCSBP
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Fig. 12. SAMND and TEMC-MSE comparisons for full search (£16), 3DRS

schemes generate incorrect MVs in the smooth, expansive back-
ground regions of the frame because they fail to propagate the
MVs efficiently among neighboring blocks.

The quality of the interpolated frames produced in FRUC ap-
plications is generally assessed using subjective visual quality
measure. However, in [2], the authors proposed two new eval-
uation criteria with which to measure the motion correlation of
interpolated frames. The first criterion was the spatial consis-
tency indicator (i.e., the sum of absolute minimum neighboring
difference, designated as SAMND), while the second criterion
related to the temporal continuity of the motion field between
successive frames (i.e., temporal extending motion compensa-
tion mean square error, designated as TEMC-MSE). SAMND
evaluates the MV differences between neighboring blocks in ac-
cordance with

SAMND =

>

—
X eMVF,

min(abs(Vecg , — Vecg 5 ) (©)

where )_() is the block location, Vec is the MV of the block, and
0 is the 3x 3 neighboring region. Meanwhile, the TEMC-MSE
criterion measures the temporal MV ductility and focuses on the
smooth regions of the frame such as the background where the

MVs in the previous frame are also valid for the current frame.
The TEMC-MSE criterion has the form

S pU(P 4)~I(P ~Vecp,,_.t —T))’

TEMC-MSE=
M x N
where ™)
I luminance component of a frame;
Vi pixel position;
MxN total number of sampling pixels in the frame;

Vecs I
Pt=T MV of position P at frame ¢t — 7', and can be

estimated from the luminance fields 1 (? t—T)

and I(?,t —2T).
Figs. 10-12 compares the SAMND and TEMC-MSE metrics
for the full search, 3DRS, TCSBP and proposed MPMVP for
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, TCSBP and proposed algorithm. (Note results relate to BUS sequence).

the VECTRA sequence (characterized by fast and complicated
motions), FOREMAN sequence (characterized by low motions)
and BUS sequences (characterized by complicated motions),
respectively. In general, Figs. 10-12 show that the MVs gen-
erated by the proposed algorithm have the highest degree of
spatial correlation of all the MVs produced by the four algo-
rithms. However, in Fig. 11(b), the proposed algorithm has the
poorest TEMC-MSE performance. The poor performance arises
because the proposed distortion criterion deliberately ignores
small distortion values in order to enhance the noise resis-
tance. However, when checking the up-converted FOREMAN
sequence by human eyes, it is found that the proposed al-
gorithm generates the highest quality interpolated frames of
the four algorithms. For example, Fig. 13 shows frames 154
and 155 of the original FOREMAN sequence together with
the corresponding interpolated frames generated using the
full search, 3DRS, TSCBP and proposed MPMVP schemes,
respectively. It can be seen the visual quality of MPMVP is
the best. [Note that these particular frames are deliberately
chosen here because frame 154 has a high TEMC-MSE value
in Fig. 11(b)]. These figures also show that the full search
scheme has the poorest performance of the four algorithms in
terms of both the SAMND and the TEMC-MSE metrics since
it is not specifically designed to focus on motion correlation.

Although the ME scheme proposed in this study is a recursive
motion search method, the convergence decision rules and MV
propagation technique greatly reduce its computational time
and complexity. For full search, the computation is decided
by search range, i.e., for search range n, the computation is
(2n + 1)? ADs/pixel, where n is often set as 7, 15, 31, or
even 63. For a worst-case in MPMVP, the computation is 101
ADs/pixel for MPMVP. Because in the first pass, the proposed
algorithm takes the motion vector in the previous field as
the PMV and then evaluates the 13 search points defined in
USjarge [see (3)]. In the following 11 passes, the algorithm
evaluates 3 PMV predictors and each of the 5 search points
defined in USgya;. Therefore, the maximal computational
complexity is 13+(11*(3+5)) = 101 ADs/pixel. Bus in gen-
eral cases, the actually evaluated search points are much less
than 101 ADs/pixel.
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© (d) (© 0]

Fig. 13. (a), (b) Frames 154 and 155 in FOREMAN sequence. (c)-(f) Frames interpolated by full search, 3DRS, TCSBP and proposed algorithm, respectively.
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Fig. 14. PSNR comparisons on up-converted test sequences. (a) BUS. (b) FOREMAN. (c) VECTRA. (d) FOOTBALL. (a), (b), (c) are in CIF format and (d) is in
de-interlaced D1 format.
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TABLE I
MOTION ESTIMATION TIMES SPENT IN 3DRS, TCSBP AND PROPOSED
MPMVP ALGORITHM
Time (sec/frame)
3DRS TCSBP MPMVP
Sequence
BUS (CIF) 0.317 0.037 0.145
FOREMAN (CIF) 0.315 0.036 0.074
VECTRA (CIF) 0.305 0.038 0.116
FOOTBALL (D1) 2.186 0.264 1.143

We have tested the motion search time and PSNR perfor-
mance for 3DRS, TCSBP and the proposed MPMVP scheme
for three CIF format test sequences. The frame rate of these se-
quences are firstly down-sampled from 30 to 15 fps and then
up-converted to 30 fps. We calculate the PSNR between the
up-converted frames and the original frames in 30 fps sequence.
The PSNR curves of the first 50 up-converted frames are shown
in Fig. 14, while the corresponding motion estimation times are
listed in Table I. In order to test the performance of the proposed
MPMVP in larger resolution sequences, one de-interlaced D1
sequence (50 fps), FOOTBALL, is down-sampled from 50 to
25 fps and then up-converted to 50 fps. The experimental result
of FOOTBALL is also shown in Fig. 14 and Table I. From those
data, it can be seen that using our MPM VP scheme in frame rate
up-conversion applications not only can achieve higher quality
up-converted frames, but also can save significant computation.

IV. CONCLUSION

This paper has presented a new highly-accurate, low-com-
plexity ME scheme for FRUC applications. The proposed algo-
rithm is based upon a multi-pass, variable block-size approach
and features a new noise-resistant distortion criterion to improve
the quality of the interpolated frames. Furthermore, efficient
MYV convergence criteria and MV propagation techniques are
employed to reduce the overall computational time and cost of
the scheme. The experimental results have shown that the pro-
posed ME scheme not only achieves a higher MV accuracy than
existing ME schemes, but also yields significant computational
savings. The quality of our true MV generated up-converted
frames are better than other ME algorithm generated frames.
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