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ABSTRACT

Super-resolution (SR) algorithms for video sequences with
high resolution (HR) guide frames can provide outstanding
performances. Non-local means (NLM) algorithm compares
the similarity between a pixel and its neighbors. NLM re-
places every pixel with a weighted average of its neighbors.
The NLM based SR algorithm can super-resolve low reso-
Iution (LR) frames using the HR guide frames in the video
sequence. However, the fixed decaying factor of NLM can-
not satisfy regions of distinct characteristics in a LR frame.
The fixed searching window fails to balance the requirements
of low computational complexity and good SR images. Thus,
we propose novel criteria for selecting the decaying factor and
searching window adaptively. Bilateral adjacent HR frames
are used to handle the occlusion problem. The experimental
results verify the validity of the proposed method.

Index Terms— Super-resolution, non-local means, adap-
tive parameters, video scaling.

1. INTRODUCTION

The bandwidth of the communication channel is the key
factor that constrains the efficient transmission of videos.
Various video compression methods have been explored to
transmit video sequences with limited bandwidth [1]. To
further compress videos, one can down-sample some frames
of a video and obtain a low resolution (LR) video sequence
with periodic high resolution (HR) frames (Fig. 1). On the
other hand, the resultant multiple resolution video can also
be captured by hybrid cameras which address the spatial-
temporal resolution tradeoff of traditional cameras [2, 3].
Super-resolution (SR) could be applied to recover HR videos.

In order to recover the missing high frequency (HF) de-
tails of LR images and videos, SR algorithms use the spatial-
temporal redundancies between related images and video
frames [4-8]. There exist two categories of SR algorithms,
that is, reconstruction-based SR and example-based SR.
Reconstruction-based SR uses the sub-pixel motion among
a series of LR images to recover a HR image [9]. However,
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when the magnification factor is large, reconstruction-based
SR usually fails to provide satisfying detail information.

Example-based algorithms use known HR images to build
a database which consists of pairs of low frequency (LF) in-
formation and HF information in a training phase [10]. Then
the established database guides the learning phase to search a
matching HR block for every block in the LR image. Inspired
by Freeman et al. [10], Brandi et al. refined the LR frames
using the periodic HR frames as references [11]. They added
the HF information from the matching HR block to a target
LR block, thus finishing the recovery of a LR frame.

4
HR Frame LR frame
Fig. 1. Illustration of a video sequence with periodic HR
frames. The LR frames are obtained by down-sampling the
original full resolution frames.

Recently, SR based on non-local means (NLM) has been
introduced. NLM is originally an image denoising algorithm
assuming that the pattern of a patch may repeat within an
image [12]. Protter et al. first generalized NLM to SR from
the viewpoint of error energy minimization [13]. Basavaraja
et al. combined the work in [11] and [13] to compute the
HF part of a pixel using NLM [14]. Lengyel et al. incorpor-
ated illuminance and gradient information into the similarity
comparison and reduced the averaging pixels by thresholding
[15]. However, these NLM based SR use fixed parameters.

In this paper, we propose two adaptive parameters to im-
prove the performance of NLM. The first parameter is an
adaptive decaying factor that is used to accommodate dif-
ferent regions such as flat regions and texture regions. The
second one is an adaptive searching window proposed to bal-
ance the computation complexity and the quality of the re-
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fined frames. Moreover, bilateral adjacent HR frames are
used to ease the occlusion problem between different video
frames.

The rest of the paper is organized as follows. Section 2 ex-
plains the basic models of the algorithm. Section 3 describes
the selection of the adaptive parameters. Section 4 contains
the experimental results. Section 5 concludes the paper.

2. BASIC MODELS OF THE ALGORITHM

2.1. Preprocessing of the video sequence

The processed video sequence comprises of periodic HR
frames and LR frames which are denoted by

{Fxlk =Tz z € N} (1a)

{faln=Tz+r,zeN,r=1,2,..., R—1} (1b)
where F}; is a HR frame, f,, a LR frame, and 7" the period of

HR frames. To generate the LF part of the HR frames, the HR
frames are blurred, down-sampled, and interpolated, namely,

Fl =UDBF, (@)

where B, D, and U are the blurring operation, down-
sampling operation, and interpolating operation, F,CL is the
LF part of F. Then FkL is subtracted from F}, resulting in
the HF detail of F},, namely,

Ff =1, - FE. 3

The LR frames are also scaled to the same resolution as the
HR frames, namely, ~

fa=Ufn @)
FE and fE contain the basic structure information and are
used to compute the weights in the NLM algorithm. F,g{ is
used to recover the missing details of f.

2.2. NLM algorithm

NLM exploits the spatial redundancy of an image to recover
a pixel. Each pixel is replaced by the weighted average of
pixels in its neighborhood, namely,

> way(ing) - Fi (i)

rs (i,j)EQTy

fil(@,y) = ‘ —
Z wx,y(la ])

(1,5)EQay

®)

where 2, is the neighborhood (searching window of size
N x N) of the pixel (z,y), (i,5) is a pixel in Q. The
weight assigned to pixel (4, j) reflects the similarity between
(,7) and (z,y) and is computed as

- H(Rf,y ~7€ - RS

202

Fi)Go,

(6)

Wm,y(ia .7) = €exXp
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where o is a decaying factor, Rf ; s an operator that extracts
a patch of size S x S centered at (¢, j), and G, is a Gaussian
kernel with 0 mean and variance 2. The patch difference is

~ 2
B2, = ||(RS, 7k = RS FEG. | ™

Atlast, the HF detail f(z,y) and LF structure f%(z,y) are
added to form the recovered pixel value f,(z,y), namely,

Fala,y) = FH(z,y) + fE(2,y). (8)

3. THE PROPOSED ALGORITHM

3.1. Bilateral video super-resolution

NLM searches in the neighborhood of a center pixel to find
similar pixels to the center pixel. NLM can be considered
as a coarse and implicit motion estimator. There is object or
scene motion between consecutive frames. Thus, an object
around the boundary may move in or out the current scene
(see Fig. 2). If only one HR frame is used to refine a LR
frame, NLM may fail to find similar pixels. Fortunately, we
can use bilateral adjacent frames to ease this problem. For
every LR frame, its bilateral adjacent HR frames are

{Fy|b € @} )

where ® = {|n/T| x T, [n/T| x T}, |-] is the round-down
operator, and [-] the round-up operator.

Bilateral SR is somewhat similar to motion-compensated
frame rate up-conversion (MC-FRC) [16-18] in that both
techniques use information in the adjacent frames to recover
a middle frame. However, they differ mainly in two aspects.
Firstly, bilateral SR refines a LR frame with HF information
while MC-FRC aims at generating a non-existent frame. Sec-
ondly, compared with MC-FRC, bilateral SR doesn’t rely on
explicit motion estimation.

Fig. 2. Parts of (a) Frame 6, (b) Frame 9, and (c) Frame 12
of Ballroom_0. The pixels of the moving dancers in Frame 9
have no correspondences in Frame 6. Thus, it’s impossible to
refine these pixels using only Frame 6. This problem can be
solved by including both Frame 6 and Frame 12 into the SR
algorithm.



3.2. Adaptive searching window

The size of the searching window N of NLM is a fixed par-
ameter. A frame of a video sequence can be divided into
background and foreground objects. The background is usu-
ally stable or moves smoothly. So a small searching window
is enough for NLM to find similar pixels to a center pixel.
However, the foreground objects may move fast and out of
the range of the searching window. In this case, one has to
enlarge the size of the searching window in order to recover
the details of the moving pixels. This treatment certainly in-
creases the computational complexity. Thus, a fixed window
size cannot meet both of the demands.

Motion estimation can be used to determine the size of
the searching window of each pixel. However, motion esti-
mation involves complex computation. Thus, we propose to
use varying searching window whose computation is relative
simple at the cost of accuracy. First of all, the absolute dif-
ference between two LF images FbL and f,f is calculated, i.e.,

Ay = |F) — frl. (10)
Then a map is established by comparing A, with its mean
1, Ay x, > my
Mo(z,y) = { 0 oth(ergz?se (11a)
M N
my = MN;;Ab P4 (11b)

where M and NN are the height and width of the images. One
can distinguish the background and the foreground using (10)
and (11). In order to discriminate pixels with different mo-
tion, an indicator is calculated for every pixel, namely,

T(zy)= Y, Mpaq) (12)

(p,q)€O0y

where O, is a neighborhood of (x,y) of size K x K, (p, q)
is a pixel in Og,. Then, a window size is assigned to every
pixel with respect to the indicator, namely,

Sp(z,y) = si,u < Tp(z,y) < niy (13)

where s;’s are the adaptive window sizes and n;’s are the
thresholds between two consecutive levels with ng = 0 and
ng = max{Z(x,y)}. Finally, the maximum window size is
calculated for every pixel

S(z,y) = max {Sp(z,y)}. (14)
The purpose of the above computation is the same as that of
motion estimation, i.e., determining the size of the searching
window for every pixel adaptively. But there are differences
between them. The above computation avoids expensive mo-
tion estimation while its accuracy is worse than motion esti-
mation. Thus, it’s a tradeoff between computational complex-
ity and accuracy.
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3.3. Adaptive decaying factor

The decaying factor o of NLM is a fixed parameter that needs
to be carefully selected. If the decaying factor is large, then
the weights of pixels will be close to each other. As a result,
the output image tends to be over-smoothed. On the other
hand, if the decaying factor is small, then the weights will be
close to 0. In the worst case, all the weights will decays to 0.
Thus, we propose an adaptive decaying factor.

The criterion here is to force the minimum value of the
patch difference Efj, after smoothed by 202, to decay to a
predefined value a, i.e.,

min {E”}/2UA—)\/20A—Q (15)

(i,5)€QE,

o nin, (B

window of size S(z, y). Solving the above equation results in

=/ 2a. (16)

Note that the minimum patch difference may be zero. This
means that an exactly identical pixel is found in the neighbor-
hood of a pixel. In this case, one can directly set the weight
of the identical pixel to 1 and all the other weights to 0.

where \ = i } and ny is the adaptive searching

4. EXPERIMENTS AND RESULTS

This section shows the experimental results. We compare six
SR methods including bilinear interpolation (BI), classical
NLM (NLM) [12], detail warping based NLM (DW) [14]),
NLM with adaptive decaying factor (ADF), NLM with adap-
tive searching window (ASW), and the proposed method
(Pro.). These methods are tested on five common test se-
quences with different characteristics including Ballroom_0,
Foreman, Mobile, News, and Flower. The parameter set-
up is listed in Table 1. The thresholds n;’s in (13) are
0,10, 20, ---,100, respectively. The corresponding window
sizes s;’s of each level are 5,10, 15, - - - , 50, respectively.
The video sequences with periodic HR frames were
generated as follows. The LR frames were acquired from
the original full resolution frames after blurring and down-
sampling. The blurring and down-sampling operators were
the same as those in (2). The down-sampling factor was 2.
The full resolution frames corresponding to the HR frames
remained unchanged. Lanczos filter acted as a point spread
function (PSF) to simulate the blurring operation B during
image acquisition process [19]. Peak Signal-to-Noise Ratio

Table 1. Parameter setup.
Parameter T N S K L o o o,
Value 6 9 5 10 10 2 02 1




Table 2. PSNR (dB) results of 5 test sequences.

Sequence BI NLM DW ADF ASW Pro.

Ballroom_0 30.71 35.15 36.52 37.04 37.85 38.93
Foreman  31.76 3571 36.74 37.62 37.83 38.68
Mobile 20.05 2234 2252 24.10 22.76 24.42
News 2474 36.02 36.77 38.10 37.11 38.68
Flower 21.23 24.62 2493 2635 27.16 28.38

Table 3. SSIM results of 5 test sequences.

Sequence BI NLM DW ADF ASW Pro.

Ballroom_0 0.958 0.980 0.988 0.990 0.990 0.991
Foreman ~ 0.938 0.955 0.962 0.967 0.967 0.970
Mobile 0.757 0.892 0.895 0.915 0.898 0.917
News 0.905 0.982 0.985 0.989 0.989 0.990
Flower 0.823 0.944 0.947 0.956 0.964 0.969

(PSNR) and Structural SIMilarity (SSIM) [20] were used to
compare and evaluate different methods.

Due to the limitation on the paper length, we only list the
PSNR and SSIM results for the ninth frame of the five test
sequences in Table 2 and Table 3, respectively. All of the
methods except bilinear interpolation use the sixth and twelfth
frames as the HR references. In fact, better SR results are de-
rived for LR frames that are not exactly in the middle between
the HR references because they have a closer HR reference.
It’s obvious that each of the adaptive parameters can improve
the SR results. The PSNR and SSIM results increase further
if the two adaptive parameters are combined. The PSNR gain
of the proposed method with respect to detail warping based
NLM varies from sequence to sequence. The largest PSNR
gain is achieved for Flower, reaching 3.45dB.

The details of the recovered images of Foreman and
Ballroom_0 are shown in Fig. 3 and Fig. 4, respectively. The
differences between these figures can be better perceived if
they are displayed on a computer screen. The images ob-
tained by bilinear interpolation are blurred versions of the
original images. The images obtained by traditional NLM
and detail warping based NLM contains distortions around
the edges. This phenomenon is especially obvious for the
tongue of Foreman where the edges are blurred by their sur-
rounding pixels. The left eye of Foreman in Fig. 3(c), Fig.
3(d), and Fig. 3(e) is also distorted. However, the proposed
method provides relatively good results. For the Ballroom_0
sequence, the edges of the left arm of the dancer contain some
inaccurate pixels in Fig. 4(c), Fig. 4(d), and Fig. 4(e). Some
other edges (i.e., the edges of the nameplate) also contain
inaccurate pixels. These artifacts are not unexpected because
the object moves fast. Thus, NLM without adaptive searching
window cannot find good matching pixels for a center pixel.
These artifacts are overcome in Fig. 4(f).
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Fig. 3. Comparison of Foreman with different SR methods
including (a) original HR image, (b) bilinear interpolation, (c)

NLM, (d) detail warping based NLM, (e) NLM with adaptive
searching window, and (f) the proposed method.

= .‘“ 7
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(e )
Fig. 4. Comparison of Ballroom_0 with different SR methods
including (a) original HR image, (b) bilinear interpolation, (c)

NLM, (d) detail warping based NLM, (e) NLM with adaptive
searching window, and (f) the proposed method.

-
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5. CONCLUSION

In this paper, we propose novel methods to determine the
decaying factor and searching window for every pixel. The
adaptive decaying factor guarantees that the neighbors with
high similarity to a pixel are assigned with large weights in the
averaging process. The adaptive searching window can find
right matching neighbors for pixels undergoing large motion.
Bilateral adjacent HR frames are used in this method. The
experimental results show the effectiveness of the adaptive
searching window and decaying factor.
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