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ABSTRACT

In this paper, we propose a multiple-frame super-resolution
(SR) algorithm based on dictionary learning and motion es-
timation. We adopt the use of multiple bilevel dictionaries
which have also been used for single-frame SR. Multiple
frames compensated through sub-pixel motion are consid-
ered. By simultaneously solving for a batch of patches from
multiple frames, the proposed multiple-frame SR algorithm
improves over single frame SR. We also propose a novel
dictionary learning algorithm based on which dictionaries are
trained from consecutive video frames, rather than still im-
ages or individual video frames, which further improves the
performance of the developed video SR algorithm. Extensive
experimental comparisons with state-of-the-art SR algorithms
verifies the effectiveness of our proposed multiple-frame SR
approach.

Index Terms— Video super-resolution, dictionary learn-
ing, sparse coding, optical flow estimation.

1. INTRODUCTION

Video SR, namely estimating high-resolution (HR) frames
from low-resolution (LR) input sequences, has become one
of the fundamental problems in image processing and has
been extensively studied since the original work by Tsai and
Huang [1].

There are mainly two categories of SR methods. In the
first category, LR frames are modeled as down-sampled and
degraded by blur and noise versions of the HR frames. With
model-based SR methods, the original HR frames, blur ker-
nel, noise level and motion field are estimated, either simul-
taneously [2—4], or separately [5]. In the second category,
the LR frames are modeled as directly down-sampled version
of the HR frames. Example based or learning based meth-
ods [6-9] are then proposed to estimate the HR frames from
the LR inputs, without explicit estimation of the blur kernel
or noise level. In this paper, we focus on the second category
of methods.

Some important results have been reported applying Dic-
tionary Learning (DL) techniques to the SR of images [6, 7,
10], deblurring [11] and to the denoising of images and image

This work was supported in part by a grant from Samsung DMC R&D
Center.

978-1-4799-8339-1/15/$31.00 ©2015 IEEE

83

sequences [12,13]. However, according to our knowledge, the
only work reported in the literature on the application of DL to
video SR is the work in [8]. According to it, block-based mo-
tion estimation is performed among input and LR key-frames
and DL is only applied for single frame SR when the motion
compensation error is larger than the threshold. The approach
reported in [8] however has neither sub-pixel precision in mo-
tion estimation nor an advanced DL SR technique.

In this work we borrow two ideas from single frame SR,
namely, the bi-level coupled dictionary [6, 7, 14, 15] and the
multiple-dictionary [9] ideas. Based on these we propose a
multiple-dictionary multiple frame video SR algorithm utiliz-
ing sup-pixel accurate motion estimation. With the proposed
SR approach the estimated optical flow is utilized to obtain
multiple-frame high accuracy registration and so that an HR
frame is reconstructed from multiple LR frames.

The multiple-frame SR performance is further improved
by training dictionaries from consecutive video frames. Most
of the DL techniques use still images or individual video
frames to train the dictionaries [6—13, 16] . However, this
causes some inconsistency in multiple-frame SR since we are
super-resolving videos while the dictionaries are trained from
still images. The proposed training from video algorithm
incorporates temporal information of frame patches into the
dictionaries, and makes the training and testing phases con-
sistent. In-depth and comprehensive experiments prove that
our proposed SR framework outperforms state-of-the-art SR
frameworks, such as Bilevel [14, 15], Enhancer [17] and
Bayesian [2] on 4K (2160x3840) sequences.

2. DICTIONARY BASED MULTIPLE-FRAME
SUPER-RESOLUTION APPROACH

Given a LR sequence {I{,...,I},...}, the goal of SR is to
estimate the corresponding HR sequence {I},..., I/ ...}.
Since each frame is primarily correlated with its neighbors
and to also reduce computation, when we are super-resolving
I}, only the (M + N) adjacent frames {I}_,,,...,I} v}
are used. Clearly when N = 0, causal processing is per-
formed. In this section, we introduce an approach to find the
sparse representation of a sample LR patch y;, by incorporat-
ing the motion information from its neighboring frames. The
core idea of this approach originates from the fact that image
registration through motion compensation provides multiple
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observations of the same scene, enabling the SR algorithm to
take advantage of the details lost in the k" frame but present
in past or future frames.

2.1. Multiple Bi-level Dictionary Learning

The first task needed to be addressed is the coupled learning
of matching HR and LR dictionaries over a large database
of training HR images. Each HR image I ]h in the training
database is degraded by blur and noise and down-sampled re-
sulting in the corresponding LR image [ jl Each LR image
jtjl» is up-sampled using bicubic interpolation so that jh and [ Jl
have the same size. In the rest part of this paper, we regard LR
frame I Jl as bicubic interpolation upscaled original LR frame

fjl» for convenience. I jh and [ jl are then divided into patches of
size W x W. All these patches are lexicographically ordered
to form the columns of matrices Y''" and X", respectively. In
the dictionary learning phase, we aim at finding HR and LR
dictionaries D" and D' such that the sparse representation of
any HR patch over D" is identical to that of the correspond-
ing LR patch over D'. In order to do so, Yang et al. [14, 15]
formulated the following bi-level optimization problem

min || X" - DhZ|%,
Dh’,Dl
st.  Z=argmin|[FY" — FD'A"|7 + A3 [l
tr J
| D"(:, k)|, < 1, ||D'G, R)|, < 1.

ey
where ag’“ expresses the sparse representation of the j'h
HR/LR patch pair via D" and D!, respectively, A*" is the ma-
trix containing all the ordered o as its columns, |||, and
|I.]l; represent the Frobenius and the {1 norm, respectively, A
is the regularization parameter which controls the sparsity of
the sparse coefficient agr, and F' is a linear operator which
extracts features from the LR patches. Finally, the notation
D"(:,k) and D'(:, k) denotes the k* columns of matrices
D" and D', respectively.
In the testing phase, given an observed LR patch y, we
first solve the following LASSO problem

z:argminHFy—FDlozHi+)\||a||1. )

Then the sparse coefficient vector z is applied to the HR
dictionary D" to obtain the HR patch x corresponding to v,
that is,

z=D"z. (3)

With the bi-level dictionary learning technique, in the
training phase, when updating the sparse coefficient matrix
A in the lower level, the optimization is consistent with the
optimization in the testing phase (Equation 2), thus guaran-
teing the reconstruction accuracy. Improved SR results have
been obtained with this bilevel formulation compared to the
previous formulation in [6,7]
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Fig. 1. The multiple-frame SR algorithm for M = N = 1.

Because of the divergent structures and textures in images
of different styles, using a general coupled dictionary is of-
ten not good enough to super-resolve all variations of image
patches. Considering the fact that image patches, according
to their appearance, can be classified into different categories
(such as textures, flat regions, edges, etc.), we train a coupled
dictionary for each such category. The heuristic clustering
strategy in [9] is integrated in our framework. More specifi-
cally, K-Means clustering is performed on sampled LR train-
ing patches Y''" after applying the feature filter F'. Let Y!"
be the clustered LR training patches belonging to cluster c,
and X" its corresponding HR training patches. The coupled
dictionary (D! D) is then trained on X" and Y,!" based on
Equation (1).

After learning the C coupled dictionaries (D} D}), ...,
(DL DL), during the testing phase, for a sample LR patch y,
the most appropriate dictionary c* is determined via

¢* = argmin [|O, — Fy|2, @)
c=1...C

where O, is the centroid of the columns of the ¢ LR dictio-
nary. Here, the Euclidean distance between the centroid and
the LR patch is used as the similarity measure. The best dic-
tionary pair (D%. D™.) is then used to find the HR version of
y (denoted by z) by solving Equation (2).

2.2. A Multiple-Frame Super-Resolution Algorithm

A dictionary based multiple-frame super resolution algorithm
(with M = N = 1) is shown in Fig. 1. The three consec-
utive LR frames are shown in pink while the HR frame cor-
responding to the middle LR frame is depicted in green. We
want to estimate the patch x; which is the HR version of the
patch yi, by combining information from patch yy, the mo-
tion compensated patches ¥ /... yrl L YRS, - YN
and the pre-trained multiple coupled dictionaries (D', D?).
In this approach, the optical flow estimation is performed
to find the motion compensated versions of yy, in the past and



i=—M,...,N,i#0

i=N,i#0
future frames, denoted by {yﬁlﬁ}zz_ ]’\7 . To super-resolve

Yy in the k" frame, the most appropriate LR dictionary in-
dexed by c*, out of the C possible choices, is found via Equa-
tion (4). Then the best dictionary pair (D.. D) is picked to
find the HR version of y;, according to

N
min  |Fy - FDLag|l} + 3 || Py I;

U r Vi i=—M,i#0

l MC
- FD(:* Ot

N N
ANl + 3 flarcll) + > v |Dh ax — DLy
i=—M,i#£0 i=—M,i#0
(5)
z), = D oy, ©)

where o} is the sparse representation of y;S;. The first two

terms in Equation (5) ensure the fidelity to the LR observa-
tions (similarly to Equation (2)). The middle two terms are
[ regularizers promoting the sparse representation of the LR
patches by the LR dictionaries. The last term enforces the
similarity of the reconstructed HR patches from past and fu-
ture frames to the current frame, controlled by the (M + N)
parameters ;. Only o is used in Equation (6) to reconstruct
the HR patch in the current frame.

3. TRAINING DICTIONARIES FROM VIDEOS

Typically, for the dictionary learning process, all training
patches are sampled from still images or individual video
frames. This causes some inconsistency in training and test-
ing, since we are trying to super-resolve videos while the
dictionaries are trained from still images. Also the optimiza-
tions for training (Equation (1)) and testing (Equation (5) are
not consistent.

‘We therefore propose a new dictionary training algorithms
based on consecutive video frames and motion estimation.
During the training phase, a number of consecutive video
frames from the training videos are used. The original HR

frames {I,?H}Z:N

i—_ > are degraded to generate the LR frames
(i} i ar

Motion estimation is then performed to find

me | #=Ni7#0 {xMc
k+iSi=—M k+i

of yx (k) in the backward and forward frames.

The patch clustering strategy from Section 2.1 is applied
i=N,i#0
i=—M

based on the LR patches y;, after applying the feature filter

. ro i) =N,i#£0
F. Let (Ykrc, {vu5 . }l‘:fM

utive LR training patches belonging to cluster ¢ and X},
the corresponding HR training patches to Y}!".. The coupled
dictionary (D! D) for the multiple-frame testing is then

3 tr tr e e = N0
trained on X}", and (Yk AV ey

the bilevel dictionary learning in Equation (7). Although the
objective function in Equation (7) is highly nonlinear and
nonconvex, it can be optimized by optimizing alternatively

over (Aff {Aﬁﬁ”}:ﬂéfo), D! and D! while keeping

other terms fixed.

the corresponding patches {y ZI:N’#O)

i=—M

to cluster each training patch set (yk., {y,’cufl ,J:k.)

) be the clustered consec-

) according to

i=—

Notice that the lower level optimization of Equation (7) in
the training phase is now consistent with the optimization in
the testing phase (Equation (5)).

4. EXPERIMENTAL RESULTS

Our proposed algorithm extends the bilevel dictionary learn-
ing [14, 15] in two aspects: from single dictionary to mul-
tiple dictionaries and from single frame to multiple frames.
We first show that each extension is beneficial by compar-
ing the SR performances of single dictionary singe frame SR
(Bilevel), multiple dictionaries single frame SR (MDSF), sin-
gle dictionary multiple frames SR (SDMF), multiple dictio-
nary multiple frames (MDMF) and MDMF with video train-
ing (MDMFVT), i.e., the proposed approach. We also com-
pare the performance of the proposed algorithm with state-
of-the-art video SR algorithms, such as Enhancer [17] and
Bayesian [2].

We performed an extensive set of experiments utilizing
frames of a 4K video database [18]. There is high demand
of upscaling videos of lower resolutions to 4K resolution,
due to the proliferation of 4K monitors. Upscaling of 1080P
(1080 x 1920) resolutoin to 4K videos is a representative ex-

Jnin | Xfr, = L2
Dt i
st 2,25 =agmin ||[FY, - FDLAY |} + 0 | FYS 8 - FDLAYG ||,
i:—M,...,N,i;éOi:A_;’i\zl.lfMj?v:;O i= CALint0 "
N N
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Fig. 2. Visual Comparison of SR results on scene 25 and scene 33. Our proposed algorithm can generate natural-looking frames
without noticeable visual artifacts. Because the testing frames have high resolution, results are better viewed in zoomed PDF.

ample used in this paper, resulting in an upscale factor of 2. 50
scenes are used for training and 6 for testing. In the training
phase of these experiments, 800,000 patches sets are sampled
from the center frame and the motion compensated neighbor-
ing frames for training the dictionary from videos, while the
same 800,000 patches in center frames are used for training
the dictionary from images. The patch size is 5 X 5 and no
feature filter is applied to the LR patches. The regulariza-
tion were chosen experimentally to be A = 2, ; = 0.003.
Every dictionary for the SDSF and SDMF methods has 512
atoms and the dictionary for the MDSF and MDMF has 8 sub-
dictionaries with 512 atoms each. For the multiple-dictionary
in the testing phase, we solve the LASSO problem with only
one sub-dictionary, therefore the comparison is fair.

In the testing phase, 6 consecutive video frames are super-
resolved by each method. For those multiple-frame SR meth-
ods, the current LR frame, together with one LR backward
and one LR forward frames (i.e., M = N = 1), are utilized to
estimate the current HR frame. We tested a number of optical
flow estimation algorithms [19]. Based on their comparison
we are using the method in [20] in all reported experiments.
Results comparing these methods are shown in Table 1.

Table 1 shows that DL based multiple-frame SR meth-
ods (SDMF, MDMF) outperform single frame SR (Bilevel,
MDSF). We can also see that multiple-dictionary SR meth-
ods improve over single-dictionary SR methods. Finally, the
proposed approach (MDMFVT) provides the best SR perfor-
mance compared to all other methods, including the state-of-
the-art Bayesian [2] and Enhancer [17], proving the effective-
ness of the proposed video training algorithm.
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Scene #2 #8 #18 #25 #33 #37

Bicubic 4532 | 38.18 | 41.43 | 4440 | 40.22 | 48.39
Bilevel [14,15] | 46.17 | 39.94 | 43.04 | 46.69 | 4295 | 49.31
SDMF 46.87 | 40.08 | 43.41 | 47.52 | 43.08 | 50.91
MDSF 46.84 | 40.34 | 43.37 | 47.37 | 43.27 | 50.05
MDMF 4772 | 40.59 | 43.82 | 48.45 | 43.68 | 52.54
Enhancer [17] 46.01 | 40.26 | 43.66 | 46.21 | 43.00 | 50.21
Bayesian [2] 46.49 | 39.94 | 43.19 | 46.08 | 42.51 | 49.71
Proposed 48.14 | 40.98 | 44.32 | 49.19 | 4449 | 52.84

Table 1. Experimental result comparing different method in
PSNR.

From the visual comparison results in Figure 2, we no-
tice that all these SR methods produce sharper images than
bicubic interpolation, however artifacts are introduced. Next
we notice that our proposed method has fewer artifacts and
shaper edges compared to all other methods.

5. CONCLUSIONS

In this paper we presented a novel video SR framework based
on dictionary learning and motion estimation by optical flow.
According to it, the HR patches are estimated from multi-
ple corresponding LR patches in multiple frames, making
the dictionary-based reconstruction algorithm more accurate.
The dictionary training algorithm that utilizes multiple frames
of the training videos further improved the SR performance
by making the training and testing phases consistent. We
performed experiments with 4K videos and showed that our
method outperforms the state-of-the-art algorithms.
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