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ABSTRACT

In this work we propose an iterative algorithm for the
estimation of high resolution frames from a low reso-
lution compressed video sequence. The algorithm ex-
ploits the existing correlation between the high and low
resolution frames and the information provided by the
encoder to obtain a high resolution frame. The perfor-
mance of the algorithm is demostrated experimentally.

1. INTRODUCTION

High-resolution images are useful and often important
tools for many applications. Remote sensing applica-
tions, medical imaging, surveillance or frame freeze in
video are some of the applications where high resolu-
tion images are crucial.

An approach to obtain high resolution images is to
increase the number of sensor in the camera that cap-
tures the images. Although this approach is feasible
for some applications, obtaining a dense detector array
may be very costly or simply unavailable. Another dis-
advantage of this approach is that the signal to noise
ratio decreases as the sensor size decreases. An alter-
native approach is to estimate a high resolution image
from a sequence of low resolution aliased images. This
is possible if there exists subpixel motion between the
acquired frames.

In many applications the available low resolution
video has been compressed. This is for example the
case in most digital video cameras, in which the ac-
quired data are compressed using one of the video com-
pression standards, in order to reduce the storage re-
quirements. This compression can introduce artifacts
in the low resolution video sequence, such as blocking
and mosquito artifacts, that should also be removed
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by the resolution enhancement algorithm. Fortunately,
the encoder provides some information with the video
sequence such as the estimated motion vectors, quan-
tization information, macroblock type, that could be
used by the resolution enhancement algorithm.

Although a number of algorithms for the resolution
enhancement of video have appeared in the literature
(see for example [1, 3, 5, 6] and the references therein),
not much work has been reported on the problem when
the low resolution video sequence has been compressed.
In [4] the problem is approached by using the quantiza-
tion information. In this work we propose an iterative
algorithm for the estimation of high resolution frames
from a low resolution compressed video sequence.

The paper is divided as follows. In section 2 the
problem is formulated and notation is established. Sec-
tion 3 discusses the proposed estimation model and al-
gorithm for the resolution enhancement of the com-
pressed low resolution frames. In section 4 some issues
regarding the motion estimation process are addressed.
In section 5 results with the proposed algorithm are
presented and, finally, section 6 concludes the paper.

2. PROBLEM FORMULATION

Let £, = {(£fY)" (£V)! (£/)!} be the kth high resolution
color frame, whose color components will be denoted
by ff, ¢ € {Y,U,V}, and let x; be the corresponding
non-compressed low resolution frame. If the original
size of the low resolution frame x) is M; x N; and
we assume a 4:1:1 subsampling, we note that for the
luminance band, Y, a MY x NY image is obtained with
MY = M, and NY = N; and, for the chrominance
bands, the images are M¢ x N¢ where M = M;/2
and N¢ = N;/2 with ¢ € {U,V}. Then, each high
resolution frame is PM¢ x PN¢, ¢ € {Y,U,V}, with
P an integer determining the degree of subsampling
applied to obtain the low resolution image.

The relationship between the bands of the high and
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Figure 1: Relationship between high and low resolution
frames.

low resolution frames is described by
xy, = A°f,

where, for ¢ € {Y,U,V}, A isan (M xN°®) x (PM°x
PN¢) matrix denoting the integration and subsampling
operations. With the use of A* = {(AY)! (AY)t (AV)¢},
the relation between the high and low resolution frames
is

X = Afk (1)
This relation is represented by vertical arrows in fig-
ure 1. Notice that while A is a downsampling by av-
eraging operator, A? is an upsampling and zero-order
hold operator.

Clearly, there exists a relation between every two
high resolution frames f, and f;_; that can be ex-
pressed as

fi_i = Cir—ifis

or
fr—i = C p—ifk, (2)

where the matrix Cf _;, c € {Y,U, V'}, represents the
motion compensation operator for band c of frame k to
frame k — ¢ and Cl, ;—; represents the motion compen-
sation operator from the color frame & to color frame
k — ¢. This relationship, represented by the horizon-
tal lines in figure 1, can be also expresed pixelwise by
fi i(r) =f{(r +dj _,;(r)), where df ;, ,;(r) is the mo-
tion vector for band ¢ from frame & to frame k£ — i, for
pixel index 7.

According to Egs. (1) and (2), we observe that the
low resolution sequence acquired by the camera is re-
lated to the high resolution sequence by

Xp—i = Afi_; = AC) itk (3)

The low resolution frames x;, k = 1,..., L, obtained
according to Eq. (3) are now compressed using any of
the video compression standards, such as MPEG4 [2],
obtaining the observed compressed sequence of low res-
olution frames gy,.

3. RECOVERY ALGORITHM

Our objective is to find an estimate of frame fj,, denoted
by f, given M1+ M2+ 1 observed compressed frames
gi,t =k—M1,....k+ M2. The spatial resolution
enhancement algorithm we propose uses a regularized
reconstruction approach which takes into account that
the observed frames were compressed and, hence, they
may exhibit blocking and mosquito artifacts.

Based on the degradation model in Eq. (3), and
in order to reduce the artifacts introduced by the com-
pression process while enhancing the spatial resolution,
the high resolution frame is selected as

M1

fk = argmtjn{ Z || AC’k,k,ifk — ki ”2

i=—M2
Ml Qufi [P +22 || Qafi |2

M1
+ Z Aesk—i || Crop—ifr — fr_i ||2} , (4

+

i=—M2

where (J; and Q- are high pass operators that capture
the within-block and between-block smoothness of the
estimated frame fj,, respectively, the term || C, x—ifi —
f._; ||? enforces temporal smoothness between the high
resolution frame being considered and one of its neigh-
bors, and A1, A2 and A ;—; are the regularization pa-
rameters that control the within-block, between-block
and temporal smoothness, respectively. These parame-
ters can be adjusted according to the macroblocks char-
acteristics to obtain optimal results [7]. Note that while
the first term in Eq. (4) imposes fidelity to the received
data from the encoder, the temporal smoothness con-
strain imposes continuity between adjacent high reso-
lution frames. This high resolution frames may have
been obtained by previous executions of the algorithm
or by any type of interpolation from the corresponding
low resolution frame.

The minimization in Eq. (4) can be carried out by
an iterative gradient descendent algorithm described
by

M1
B = 48| ) Chui A (ACkk—iff — gr—i)
=—M?2
+ MQIQif + XQh Qo
M1
+ Z Mek—iChop—i (Cron—ifl, — i) |, (5)
i=—M2

where f. and f,*' are the enhanced frames in the Ith
and (I + 1)st iterations, respectively, and 3 is the re-
laxation parameter that controls the convergence and

the rate of convergence of the algorithm.
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Figure 2: High resolution estimation of frame 9. (a) By bilinear interpolation; With the proposed algorithm
estimating the motion vectors (b) from the original frames, and (c) from the initial frames.

4. ON MOTION ESTIMATION

It is known that one of the most crucial steps in ob-
taining high resolution frames from low resolution ones
is the estimation of the motion vectors. In this section
we propose a method to estimate the motion vectors,
using the information provided by the encoder.

Note that the motion vectors provided by the en-
coder cannot be used directly for the problem at hand
since: (i) they do not provide enough accuracy; (ii) they
are referred to the low resolution frames and; (iii) not
all needed motion fields are available, that is, we may
have dy,—_; (r) for a given frame pair but not di x—;(r).
Therefore, we have to estimate a new set of motion vec-
tors for the high resolution frames. Since the encoder
provides us with the motion vectors used for the com-
pression of the low resolution frames, we can use this
information to improve the estimate of the high res-
olution motion vectors. The motion vectors provided
by the encoder can be incorporated into the estimation
procedure by combining them with the motion vectors
estimated from the high resolution image, according to

i k—i(r) = g p—idi () (L= k—i)diy_;(r), (6)

where dif‘k‘z_i(r) are the upsampled motion vectors pro-
vided by the encoder, d}, ;(r) are the motion vec-
tors estimated from an estimate of the high resolution
frames, and 0 < ay;—; < 1 is the parameter that
controls the relative contribution of the two elements.
Note that if ay r—; = 0 no use of the motion informa-
tion provided by the encoder is made, either because
we have no confidence on d"y_;(r) or, simply, it is not
available.

Although as verified experimentally this approach
improves the estimated motion vectors by forcing them
to be close to the ones provided by the encoder, in some
situations it fails. This is the case when a motion vector

provided by the encoder belongs to a macroblock con-
taining parts or two differently moving objects. In this
case it is desirable not to use the information provided
by the encoder. To do so, the convex combination in
Eq. (6) is used only if the difference between dyy_;(r)
and d}";_;(r) is less than a small quantity, d, that is,

d L ak,kfidz?kcfi + (1 — akak*i)dzrkfi d S )
S d>6’
(7)

where d = |diy ;(r) = dil;(r)].
5. EXPERIMENTAL RESULTS

In order to test the proposed algorithm, the color Mo-
bile sequence was used. Each frame, of size 720 X
576 pixels, was subsampled to obtain a CIF format
frame. These frames represent the original high resolu-
tion frames f*. They were further subsampled by two
in each direction, according to Eq. (1), to obtain the
QCIF low resolution frames. The first 40 frames of the
sequence were compressed at 128kbp using the baseline
mode MPEG4 video coding standard [2].

For this experiments M1 = M2 =1 in Eq. (5) was
used. The smoothness parameters were set to A\; = 0.1,
A2 = 0.25 and Mg p—; = 0.3, ¢ € [-1,1], and 8 = 1.0.
To obtain the initial high resolution frames estimation,
bilinear interpolation was used on the low resolution
frames, without using motion information.

Figure 2a shows the Y band of the bilinearly in-
terpolated frame 9 and the high resolution image ob-
tained with the proposed algorithm using the motion
vectors estimated from the original high resolution im-
ages (Fig. 2b) and using the vectors estimated from
the initial bilinearly interpolated high resolution im-
ages (Fig. 2c). The PSNR of the Y-band for each
image is 22.31dB, 27.85dB and 24.62dB, respectively.
By comparing these figures a good improvement is ob-
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Figure 3: A section of the estimated frame 9 (a) by zero-order hold. PSNR = 14.33dB (b) By bilinear interpolation,
PSNR= 22.31dB. With the proposed algorithm computing the motion vectors (c) from the original images, PSNR=
27.85dB, (d) from the initial bilinearly interpolated images, PSNR= 24.62dB, (e) using Eq. (6), PSNR= 24.53dB,

and (f) using Eq. (7), PSNR= 24.56dB.

served, both in visual quality and PSNR.

In order to test the dependency of the different ap-
proaches on the various motion estimates we ran ex-
periments using oy r—; = 0.5, i € [-1,1], and § = 2
in Eq. (7), when data from the decoder was available,
ay k—; = 0 otherwise. Figure 3 shows the results on a
small section of the Y band of frame 9. It is clear that
the best results are obtained when the motion vectors
are estimated from the original images. Also, it is clear
that the motion estimation scheme proposed in Eq. (6)
fails if the motion vectors from the encoder are not re-
liable (see central part of fig. 3e). On the other hand,
using the scheme proposed in Eq. (7) this problem is
solved and better visual quality is obtained. Results
obtained by using only the initial images to estimate
the motion vectors are slightly better in terms of PSNR,
than the obtained by the scheme proposed in Eq. (7);
however, the latter one gives better visual quality than
the former, as it can be observed in Figure 3.

6. CONCLUSIONS

In this paper, a new method for enhancing the resolu-
tion of a compressed color video sequence is presented.
The algorithm takes into account the special charac-
teristics of the compressed video sequence reducing the
artifacts introduced by the compression process. Also
we propose a method for estimating the motion vectors
by combining the information provided by the encoder
with ones the estimated from the initial high resolution
frames.

Although the proposed method treats each band in-
dependently, the possibility of combining the between-
band information is currently being investigated. Work
is also in progress on the use of additional information
provided from the coder.
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