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Abstract - In this paper, we present a video frame-rate up-conversion scheme that
uses transmitted true motion vectors for motion-compensated interpolation. In past
work, we demonstrate that a neighbor hood-r elaxation motion tracker can providemore
accur ate true motion information than a conventional minimal-residue block-matching
algorithm. Although the technique to estimate the true motion vectors is a novelty in
its own right, the strength of this technique can be further demonstrated through vari-
ous spatio-temporal interpolation applications. In thiswork, we focus on the particular
problem of frame-rate up-conversion. In the proposed scheme, the true motion field
isderived by the encoder and transmitted by normal means (e.g., MPEG or H.263 en-
coding). Then, it isrecovered by the decoder and is used not only for motion compen-
sated predictions but also used to reconstruct missing data. It is shown that the use of
our neighborhood-relaxation motion estimation providesa method of constructing high
quality image sequencesin a practical manner.

INTRODUCTION

Low bit-rate video compression plays an significant role in many multimedia
applications, such as video-conferencing, video-phone, and video games. The pro-
posed frame-rate up-conversion scheme provides better picture quality in playing
back highly-compressed video.

To accomplish acceptable coding results at low bit-rates, most encoders reduce
the temporal resolution. In other words, instead of targeting the full frame rate of 30
frames/sec (fps), the frame rate may be reduced to 10 fps, which would mean that 2
out of every 3 frames are never even considered by the encoder. However, to display
the full frame rate at the decoder, a recovery mechanism is needed.

The simplest recovery mechanism would repeat each frame until a new frameis
received. The problem is that the image sequence will appear jerky, especiadly in
areas of large or complex motion. Another simple mechanism is to linearly inter-
polate between coded frames. The problem with this mechanism is that the image
sequence will appear blurry in areas of motion. This type of artifact is commonly
referred to as aghost artifact.

From the above, it is motion that the major cause of problems for image recov-
ery of this kind. This has been observed by a number of researchers [1, 4, 5, 6],
and it has been shown that a motion-compensated interpolation can provide better
results. In [6], up-sampling results are presented using decoded frames at low bit-
rates. However, the receiver needs to perform a separate motion estimation just for
the interpolation. In [5], the proposed a gorithm considers multiple motion vectors
for a single block so as to provide better picture qualities. However, this scheme
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Figure 1: The proposed frame-rate up-conversion scheme scheme uses the decoded motion
vectors for motion-compensated interpolation.

requires extra motion information to be sent. In [4], the motion-compensated inter-
polation scheme is performed based on an object-based interpretation of the video.
The main advantage of the scheme is that the decoded motion and segmentation
information is used without refinement. However, a proprietary codec is used.

The method that we propose is applicable to most video coding standards and
does not reguire an extramotion estimation. Our motion-compensated interpolation
schemeis based on the decoded motion vectorswhich are used for inter-coding. Our
method does not require any proprietary information to be sent. One of the major
advantages of this scheme over other motion-compensated interpolation schemes is
that computation is saved on the decoder side.

Besides the cost saving on the decoder side, another advantage of this schemeis
high quality. Our simulation results show that the proposed scheme performs bet-
ter than two conventional low-cost up-conversion methods. Our scheme eliminates
the motion-jerkiness shown in the frame-repetition scheme and reduces the motion-
blurriness appeared in the non-motion-compensated linear-interpolation. In addi-
tion, our motion estimation scheme is based on a neighborhood-relaxation formula-
tion[3]. Our true motion estimation process provides a more accurate representation
of the motion within a scene, and hence it becomes easier to reconstruct information
which needsto be recovered before display. Using the neighborhood-rel axation mo-
tion estimation algorithm results in better picture quality (0.15dB—0.3dB SNR) than
using the conventional full-search motion estimation a gorithm.

MOTION COMPENSATED INTERPOLATION

The proposed motion-compensated frame-rate up-conversion scheme uses the de-
coded motion vectors (cf. Figure 1). Here, we discuss the interpolation of frame F';
using information from frames F;_, and F;,,. It is easy to generalize the method
for interpolating frame F'; using information from frames F;_,,, and Fy,,.

The proposed interpolation scheme is based on the following premise: as shown
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in Figure 2(a), if block B; moves v; from frame F;_; to frame F;, 1, thenitislikely
that block B; moves #; /2 from frame F;_, to frame F}, i.e,

17—t —1)=I(F— %,t) =I(p,t+1) Vi€ B;

where = [z, y]! indicatesthe pixel location, I(, ) meanstheintensity of the pixel
[z,y] a time ¢, and ¥; is the motion vector of block B;.

From the above, the basic technique to interpolate frame F'; based on frame F;_
and frame F;,, can be stated as follows:

N i 1
i7- 3.0 = 3{1G-s.- v+ 10+ 1} vre s &

where I (5, t) means the reconstructed intensity of the pixel [z, y] at time ¢. Because
the pixel intensity at frame F is reconstructed as the average of the intensity of the
corresponding pixels at frame F;_, and at frame F}. 1, this process can be referred
to as a motion-compensated linear-interpol ation.

Thus far, we have discussed how motion-compensated interpolation can be used
to assist intherecovery of missing frames. However, inthisdiscussion it hasbeen as-
sumed that a pixel can be seenin all frames, whilein reality a pixel may be occluded
or uncovered. Thisisamajor source of failure for conventional linear interpolation
and is a potentially larger problem for the motion-compensated interpolation. The
reason is that the motion in these areas can not be tracked, and hence any motion
information provides misleading/incorrect data. Therefore, additional heuristics are
needed to interpolate the uncovered and occluded regions:

1. Uncovered region: We identify a block B; as an uncovered region, when
it can be seenin F; and Fyyq, but not in F;_;. When ablock B; in F4 1 is
coded asan INTRA block, it usualy impliesthereis no matched displacement
block in F;_;. That is, B; isin the uncovered region (from F;_; t0 Fyyq).
Since we have no information about the uncovered region from F'; to Fyyq,
we use a heuristic: a pixel isin the uncovered region if it (1) belongs to the
corresponding location of an INTRA block B; and (2) has not been motion
compensated by other blocks. Hence, we have the following formulation:

I(p,t) =1(p,t+1) VpeB; @)

Note that since the block is INTRA coded, there is no motion information
about the block. In this heuristic, we assume that the occluded and uncov-
ered regions are stationary (¢ = 0). The reason is that object occlusion and
reappearance often happen in the background. And, it is most likely that the
background has no motion. Hence, zero motion vectors are used for the oc-
cluded and uncovered regions.

2. Occluded region: Similar to the uncovered region, we identify ablock B ; as
an occluded region, when it can be seenin F,_; and F; but not in F;,1. All
the blocks that are not in the occluded region can be motion compensated by
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Eq. (1) and Eq. (2). When I (5, ) has not been assigned any value by Eq. (1)
and Eq. (2), it usually isin the occluded region. As aresult,

I(p,t) =1(p,t —1) ©)

In summary, our method has discussed how decoded mation vectors can be used
to provide amotion-compensated i nterpol ation. With this dependency on the motion
estimation algorithm at the encoder, it had been argued that a more accurate estimate
of the true motion will yield better reconstruction of interpolated frames. That is, if
v; /2 is an accurate estimate of thetrue motion, then || I (7, t) — I(5, )| will be small.

A suitable candidate for such a motion estimation algorithm would be the true
motion estimation a gorithm, such as (presented in [2, 3]):

-

motion of B; = argmin{DFD(B;,#) +» i ; x DFD(B;, 5 +4)}  (4)
Y B;eN(B;)

where DFD standsfor the displaced frame difference, A'( B ;) meansthe neighboring
blocks of B;, u istheweighting factor for different neighboring blocks, and asmall &
isincorporatedto allow local variations of motion vectors among neighboring blocks
due to the non-translational motions.

If a motion vector can reduce the DFD of the center block and the DFDs of
its neighbors, then it is selected to be the motion vector for the encoder. In other
words, when two motion vectors produced similar DFDs, the one that is closer to its
neighbors’ motionwill be selected. In[3], we show that the neighborhood-rel axation
motion tracker captures the true movement of the block more accurately than the
widely adopted the minimal DFD criterion:

motion vector = arg min{DFD(?)} (5)

Interms of coding efficiency, our proposed motion estimation algorithm performsas
well as the original minimal-residue motion estimation algorithm [2].

SIMULATION RESULTS

To evaluate the performance of the proposed method of frame-rate up-conversion
which uses the true motion vectors, a variety of 30 fps test sequences are encoded
at 15 fps. The missing frames are interpolated and compared to the original frames.
This processisillustrated in Figure 2(b).

In Table 1, a summary of the average PSNR over all skipped frames is given.
It is evident from this table that for sequences in which there is hardly any motion
(e.g., akiyo and container) the linear interpolation does a better job of recovering the
missing data. However, for the rest of the test sequences which contain moderate
to high motion, the proposed method of frame-rate up-conversion performs much
better.

Next, we examinethe performance of our motion-based frame-rate up-conversion
using the neighborhood relaxation true motion tracker (see Eq. (4)) compared with
the performance of the motion-based frame-rate up-conversion using the origina
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Figure 2: (a) Motion-compensated interpolation. (b) Our performance comparison schemein
the frame-rate up-conversion using transmitted true motion. We drop one of each two frames
in the origina seguence, then encode the sequence using standard video codec. While we
decode the sequence, we al so motion-interpol ate the missing frames. We compare the skipped
original frame and the interpolated reconstructed frame for the performance measurement.

Sequences Non- Motion compensated SNR
motion OldME | Our ME | Improved
akiyo 43.26dB | 42.71dB | 42.87dB | 0.16dB
coastguard 26.39dB | 3047dB | 30.62dB | 0.15dB
container 41.89dB | 40.47dB | 40.77dB | 0.30dB
foreman 26.41dB | 28.30dB | 28.63dB | 0.33dB
hall_monitor 35.69dB | 36.02dB | 36.15dB | 0.13dB
mother_daughter | 39.07dB | 39.68dB | 39.93dB | 0.25dB
news 33.01dB | 32.78dB | 33.08dB | 0.30dB
stefan 18.76 dB | 21.06dB | 21.20dB | 0.14dB

Table 1: Comparison of different motion-based frame-rate up-conversion. Our neighborhood
relaxation motion tracker performs about 0.15dB—0.3dB SNR better than the minimal-residue
motion estimation method.

minimal-residue motion estimation (see Eq. (5)). These simulation results show
that our true motion estimation algorithm always performs better than the minimal-
residue motion estimation method. The margin of gain is about 0.15dB—0.3dB.

To get abetter sense of theimprovement which is achieved by using the proposed
method, Figure 3 providesavisua comparison in the foreman sequence. Obviously,
the proposed method is much better than linear interpolation. In fact, thereis almost
a 3dB difference. For the two methods which are motion-assisted, we observe that
when the foreman turns his head, the brightness of his face changes. That is, the as-
sumption of intensity conversation over motion trajectory is not valid in this scene.
Under this condition, it is extraordinarily difficult for motion estimation algorithms
to track the true motion. Hence, the motion vectors estimated by the minimal-residue
criterion have many errorsand the interpolated frameis quite disturbing. On the con-
trary, by using our neighborhood-relaxation motion tracker, which is more reliable,
the errors can be significantly reduced. The SNR improvement in this example is
15dB.
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Figure 3: Simulation results for visual comparison. (a) the 138th frame of the “foreman”
sequence. (b) the 139th frame, which is not coded in the bit-stream. (c) the 140th frame. (d)
the reconstructed 139th frame (26.86 dB) using non-motion-compensated linear-interpolation
of the 138th frame and the 140th frame. (€) the reconstructed 139th frame (28.31 dB) using
transmitted motion vectors that are generated from full-search motion estimation. (f) the
reconstructed 139th frame (29.81 dB) using transmitted motion vectors that are generated
from the proposed true motion estimation.

SUMMARY

We have described a novel frame-rate up-conversion algorithm that uses decoded
true motion vectors for motion-compensated interpolation, i.e., using the informa-
tion contained within the bit-stream. Because of no motion estimation again on the
decoder side, this technique provides a low-cost solution for playing back highly-
compressed video in better picture quality.
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