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Abstract

This paper reviews the video extreme super-resolution
challenge associated with the AIM 2019 workshop, with
emphasis on submitted solutions and results. Video extreme
super-resolution (×16) is a highly challenging problem, be-
cause 256 pixels need to be estimated for each single pixel
in the low-resolution (LR) input. Contrary to single im-
age super-resolution (SISR), video provides temporal infor-
mation, which can be additionally leveraged to restore the
heavily downscaled videos and is imperative for any video
super-resolution (VSR) method. The challenge is composed
of two tracks, to find the best performing method for fully su-
pervised VSR (track 1) and to find the solution which gener-
ates the perceptually best looking outputs (track 2). A new
video dataset, called Vid3oC, is introduced together with
the challenge.

1. Introduction
VSR describes the task of reconstructing the high-

resolution (HR) video from its LR representation. Super-
resolution is an ill-posed problem, as high-frequency in-
formation is inherently lost when downscaling an image or
video, because of the lower Nyquist frequency in LR space.
SISR methods usually restore this information by learning
image priors through paired examples. For VSR, additional
information is present in the temporal domain, which can
help significantly improving restoration quality over SISR
methods. SISR has been an active research for a long
time [6, 18, 23, 25, 11, 34, 37, 32], while VSR has gained
traction in recent years [30, 15, 33, 16, 7, 2, 40, 36, 31, 17],
also due to the availability of more and faster computing
resources. While there exists a lot of prior work on super-
resolution factors ×2, ×3 and ×4 with impressive results,
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attempts at higher factors are less common in the field [22].
Restoring such a large amount of pixels from severly lim-
ited information is a very challenging task. The aim of this
challenge is therefore to find out, if super-resolution with
such high downscaling ratios is still possible with accept-
able performance. Two tracks are provided in this chal-
lenge. Track 1 is set up for fully supervised example-based
VSR. The restoration quality is evaluated with the most
prominent metrics in the field, Peak Signal-to-Noise Ra-
tio (PSNR) and structural similarity index (SSIM). Because
PSNR and SSIM are not always well correlated with human
perception of quality, track 2 is aimed at judging the outputs
according to how humans perceive quality. Track 2 is also
example-based, however, the final scores are determined by
a mean opinion score (MOS).

2. Related Work
With the recent success of deep learning and the in-

troduction of convolutional neural networks (CNN) [21],
learning based SISR super-resolution models have shown
to be superior compared to classical methods. SRCNN, a
lightweight network with only 3 layers proposed by [6], is
one of the first convolutional network for super-resolution.
VDSR [18] shows substantial improvements over SRCNN
by designing a much deeper network and introducing resid-
ual learning. Photorealistic and more natural looking im-
ages can be obtained by methods like SRGAN [23], En-
hanceNet [32], and [31, 4, 28] that introduce alternative
loss functions [10] to super-resolution, which improve per-
ceptual quality. These methods however, deviate from the
accuracy to the ground truth to achieve perceptually more
pleasing images. A general overview of SISR methods can
be found in [37].

Traditionally, VSR problems are solved by formulat-
ing demanding optimization problems [1, 8, 26], which
are very slow compared to recent learning based methods.
Deep learning based methods often leverage temporal in-
formation by concatenating multiple low-resolution frames
to produce a single HR estimate [24, 29, 5]. This strat-
egy is followed by all competitors in the challenge. Ca-
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Figure 1. Downscaled frame with factor ×16 (left) and corresponding HR frame (right), taken from the test set.

ballero et al. [3] warps adjacent frames towards the cen-
ter frame. A spatio-temporal network is used to fuse the
frames. The method also adopts 3D convolutions [38].
Liu et al. [27] calculate multiple high-resolution estimates
in parallel branches. An additional temporal modulation
branch computes weights, to balance the respective high-
resolution estimates for final aggregation. Kappeler et
al. [17] combine motion compensated adjacent frames, by
calculating optical flow and warping. The combined frames
are processed with 3 convolution layers. Jo et al. [16] does
not rely on explicit motion estimation. Dynamic upsam-
pling filters and residuals are calculated from adjacent LR
frames with a single network. In a final step, the dynamic
upsampling filters are used to process the center frame,
which is then combined with the residuals.

Recurrent neural networks (RNN) have also been pro-
posed for super-resolution. As a fixed number of input
frames inherently limits the available information, they pro-
vide a potentially more powerful alternative to deal with
super-resolution. Tao et al. [36] gathers 7 input frames. Af-
ter computing the flow maps, a preliminary high-resolution
estimate is prepared through a subpixel motion compensa-
tion layer. An encoder-decoder style network, with an inter-
mediate convolutional LSTM [13] layer, processes the pre-
liminary estimate to get the final HR estimate. Huang et
al. [14] propose a bidirectional recurrent network. The net-
work adopts 2D and 3D convolutions with recurrent con-
nections and combines a forward and a backward pass to
generate the HR frames. To leverage temporal information,
Sajjadi et al. [33] propose a network which warps the pre-
vious HR output towards the current time step, according
to the optical flow in LR space. The warped output is con-
catenated with the current low-resolution input frame and
a super-resolution network produces the HR estimate. The
network is trained end-to-end.

3. AIM 2019 Challenge
3.1. Dataset

In contrast to SISR, there are no standardized bench-
marks that are widely accepted in the field for higher res-
olutions, longer duration and more realistic video material.
The most frequently used benchmark for VSR is vid4 [26].
Vid4 is a dataset composed of 4 short sequences with a res-
olution between 480×704 and 576×704. In order to pro-
mote such a standard, a novel dataset, called Vid3oC [19]
has been collected. It provides videos in high resolution
taken by a cell phone camera (Huawei P20), a ZED stereo
camera, which also records depth information, and a high
quality DSLR camera (Canon 5D Mark IV). The cameras
are aligned as close as possible on a rig and all videos are
taken at the same time to ensure proper alignment. With
3 different cameras, stereo frames and depth information
this dataset is extremely versatile and can be used for many
video related tasks. For the video extreme super-resolution
challenge only the high-quality DSLR videos were used,
because they are ideal to serve as high quality ground truth.

3.2. Dataset preparation

The whole training set (encoded HR videos) was pro-
vided to the participants, so they could generate their train-
ing data according to their needs and to reduce data traf-
fic. For the validation and test phase, two separate sets are
provided of 16 sequences each, all composed of 120 LR
frames in PNG format, to be processed and evaluated on
the CodaLab servers. To generate the LR data from the
FullHD (1920×1080) HR videos, the HR sequences are
first cropped to 1920×1072, to be dividable by 16. The se-
quences were then downscaled by Matlab’s imresize method
with factor ×16 using the standard settings, resulting in
sequences of 120×67. A single frame and a selection of
crops, taken from the test set, is shown in Fig. 1 and Fig. 2
respectively. There is a severe loss in information for such
a high downscaling, which results in heavily blurred out



Figure 2. Downscaled crops with factor ×16 (top) and corresponding 100×100 HR crops (bottom), taken from the test set.

frames and clearly shows the difficulty of the task. Scripts
were provided to the participants such that they could follow
identical processing steps to generate the training data. Due
to filesize limits on CodaLab, the participants were asked to
only submit every 20th frame to the server.

3.3. Track 1: Supervised VSR

This track aims at restoring the HR videos as close to the
ground truth as possible in terms of PSNR and SSIM. The
winner can be objectively chosen according to these values.

3.4. Track 2: Perceptual VSR

PSNR/SSIM values do not always correspond to how hu-
mans perceive visual quality. Therefore, relying on direct
losses to the ground truth, typically L1 or L2, alone does
not guarantee visually pleasing results. To increase the per-
ceived quality, other losses are applied. Common are losses
evaluated in feature space from networks like VGG [35] or
AlexNet [21] and GAN [10] losses, to find a good trade-off
between accuracy with respect to the ground truth and per-
ceived quality. In this challenge, the HR videos should be
restored with the highest perceptual quality, decided by a
MOS.

3.5. Evaluation protocol

Validation phase: During the validation phase, the LR in-
puts for the validation set were provided on CodaLab. The
participants had no direct access to the validation ground
truth, but could get feedback through the server on Co-
daLab. Due to the storage limits on the servers, only a
subset of frames could be submitted and evaluated. We re-
ported PSNR and SSIM for both tracks, even though track
2 is ultimately evaluated by a MOS. 10 submission were
allowed per day, 20 submission in total for the whole vali-
dation phase.
Test phase: In the test phase, participants submitted their

final results to the CodaLab test server. In contrast to
the validation phase, no feedback was given in terms of
PSNR/SSIM to prevent comparisons with other teams and
overfitting to the test data. After the deadline, the partic-
ipants were asked to provide the full set of frames, from
which the final results were calculated.

4. Challenge Results

From initially 39 and 30 registered participants in track
1 and 2 respectively, three teams (fenglinglwb, NERCMS,
and HIT-XLab) entered the final ranking and submitted their
results, codes, executables and factsheets.
Team fenglinglwb and HIT-XLab provided the same solu-
tions to both tracks, while NERCMS submitted a solution
to the first track. According to PSNR/SSIM and MOS, the
winner of both challenge tracks is fenglinglwb with +0.17
dB over team NERCMS and +1.84 dB over the Bicubic
baseline. The final ranking, PSNR, SSIM, MOS, runtimes,
platform and type of hardware is shown in Tab. 1

4.1. Runtime/efficiency

For real-time video processing, efficient algorithms are
crucial. The limited time between frames, imposes hard
limits on the runtime. It is therefore desired to design
video processing algorithms with an emphasis on efficiency.
Thus, the participants were also asked to report the runtime
of their algorithms, even though the values did not affect the
ranking. Interestingly, the runtimes of all methods are quite
far apart. The fastest method, apart from the bicubic base-
line, is the RLSP baseline which can process a single frame
in only 95ms. However, the PSNR/SSIM value is below
the two top teams. Fenglinglwb, the winning team in both
tracks, achieves a good trade-off between performance and
speed, aswell as team NERCMS, with 350ms and 510ms
per frame respectively. Team HIT-XLab achieves the low-



Figure 3. Results for all methods on the test set (400x400 crops).

est performance with the highest runtime (60s).

4.2. Use of temporal information and consistency

In SISR, the available information is limited to the sin-
gle LR image. In video however, the temporal axis provides
additional information for a single frame. It is therefore im-
portant to leverage this information, when trying to improve
performance against a SISR method. All teams make use of
temporal information by feeding a batch of adjacent frames
to the network and try to leverage the correlations between
the frames. The baseline method RLSP additionally intro-
duces recurrent connections between time steps, which al-
lows accumulation of long-term information.
In contrast to single independent images, frames in a video

are ordered and correlated along the time axis. Tempo-
ral inconsistencies in videos can result in perceptually low
quality, as humans can easily detect these artefacts. Typical
losses used for VSR, like L1 or L2, are calculated per frame
and therefore do not directly take into account the temporal
evolution of content. Temporal profiles can help to asses the
quality of temporal consistency visually. To produce such a
profile, a single line of pixels is recorded for a sequence and
stacked together. A sharp profile indicates good temporal
consistency. Fig. 4 shows profiles for all methods. While
all method’s profiles are clearly sharper than the Bicubic
baseline, no method is able to come close to the HR ground
truth, which is expected for such an extreme scaling factor.



Figure 4. Temporal profiles of sequence 80 for all methods.

4.3. Ensembles

It is very common for challenge participants to use en-
sembling in order to boost the performance. Both team
fenglinglwb and team NERCMS make use of this strat-
egy. Team NERCMS achieves an improvement of 0.16dB
for their ensembling strategy on the validation set. Team
fenglinglwb reports a boost in performance of 0.05dB on
the validation set.

4.4. Conclusions

With such a high downscaling factor, it is very hard to
restore accurate details in the HR frames. Nevertheless, the
top team still achieves impressive performance in such a
challenging setting, as can be seen in Fig. 3.
Interestingly, the difference in PSNR/SSIM between the
subsampled frames and the full set for team fenglinglwb
does not change, for team NERCMS and both baselines the
difference in PSNR is only 0.01. The results for team HIT-
XLab are therefore still meaningful and using subsampling
for evaluation during the validation phase provided accurate
feedback to the participants.

5. Challenge Methods and Teams
5.1. fenglinglwb team

The team’s solution is based on the network EDVR [39].
Additionally, an edge mask guided model is applied dur-

ing learning. The ground truth frames are convolved with a
Laplacian filter to extract edge information. The extracted
edge areas are then weighted more when calculating the
loss, which encourages the network to learn more refined
edges. The method also incorporates a non-local module
to make use of global information. Since the setting ×16
aims to expand each pixel to 256 pixels, it is essential to
take the context information into full play. Especially, re-
gions with similar patterns could benefit each other. There-
fore, the non-local module is designed to take advantage of
global information based on similarities of regions.

To boost the final performance for the challenge, the
team makes use of ensembling. The final ensemble model
(see Fig. 5) is composed of two edge mask models of dif-
ferent sizes and a non-local model. The LR input frames
are fed to all three models and are averaged in a final step
to produce the HR estimate. Training is conducted on 4
Nvidia GeForce GTX TITAN X GPU’s with a mini-batch
size of 44 per GPU. The network is trained for 110k itera-
tions with cosine annealing for the learning rate. On top of
the global ensemble strategy, self-ensembling is also used
for each individual module. The method can produce a sin-
gle output frame in 0.35s. The framework can easily be
adapted to other video super-resolution factors.

The team submitted identical results for both tracks 1 &
2.

Edge Mask
Model S

Edge Mask
Model L

Non-Local
Model

LR

Ensemble

HR

Figure 5. Architecture of team fenglinglwb.

5.2. NERCMS team

The NERCMS team follows a progressive fusion net-
work by Yi et al. [41], which is composed of a series of
progressive fusion residual blocks (PFRBs). These blocks
are designed to leverage both spatial (intra-frame) and tem-
poral (inter-frame) correlations between frames. Figure 6



Team user PSNR SSIM PSNR SSIM MOS Runtime Platform GPU/CPU
every 20th frame all frames Track 2 [s]

fenglinglwb fenglinglwb 22.53 0.64 22.53 0.64 1st 0.35 PyTorch 4× Titan X
NERCMS Mrobot0 22.35 0.63 22.36 0.63 - 0.51 PyTorch 2× 1080 Ti

RLSP baseline 21.75 0.60 21.74 0.60 - 0.09 TensorFlow Titan Xp
HIT-XLab zhwzhong 21.45 0.60 - - 2nd 60.00 PyTorch V100

Bicubic baseline 20.68 0.58 20.69 0.58 - 0.01 Matlab i7

Table 1. Results for the participating teams. We evaluated PSNR and SSIM for track 1 and conducted a MOS for track 2.

illustrates the case of adopting 5 frames as input, still, the
PFRB can be easily extended to alternative frame numbers,
e.g. 3, 7. In a PFRB, input frames are first convoluted sepa-
rately to obtain rather self-independent features. Then, fea-
ture maps are fused into one part, which contains a large
deal of temporal-correlated information. This aggregated
feature map is distilled for more temporal-related and con-
cise information. The distilled information is further con-
catenated to each feature map, which are convoluted to gen-
erate feature maps containing both self-independent spatial
information and fully mixed temporal information. A resid-
ual learning scheme is adopted to ease the training difficulty.

The method gathers a batch of 7 consecutive frames and
processes them with a non-local residual block. This mod-
ule computes correlations between a single pixel and all
other pixels in the batch to enable global feature extraction.
Because this module costs huge GPU memory, it may not
be able to process frames of large input size. The result-
ing feature maps are further convolved with a 5×5 kernel,
which is followed by a series of PFRBs. At the end of the
processing chain, the residuals are added to the input center
frame, which is upscaled with bicubic interpolation.

The network consists of 20 PFRBs and the parameter
number is about 3.4 M. During training, 16 LR patches of
size 7 × 48 × 48 × 3 are randomly extracted from train-
ing data. The network is trained with L1 loss and Adam
optimizer [20]. The learning rate is set to 5 × 10−4 in the
beginning and is divided by 2 after every 5× 104 iterations
approximately, until to 10−5. The model is trained with Py-
Torch on 2 GTX 1080 Ti GPUs. It takes about 0.07s to
generate one frame without ensemble strategy. The team
submitted results for track 1.

5.3. HIT-XLab team

The team’s method uses EDSR [25] as the backbone and
replaces all 2D convolutions with 3D convolutions [38]. To
reduce memory usage, the number of residual blocks [12]
is reduced to 8. During training, 64 LR patches of size
5×32×32×3 are randomly extracted from the training data.
The network is trained with L1 loss and gradient loss with
Adam optimizer [20]. The learning rate is set to 10−4 in the
beginning and is divided by 2 after every 10 epochs. Be-
cause the method relies on 3D convolutions, it has to deal
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Figure 6. Architecture of team NERCMS.

with some form of temporal padding. The team chose to
use no padding before processing the sequences, instead the
missing frames at the temporal borders are upscaled using
Bicubic interpolation. The model is trained with PyTorch
on a V100 GPU. The training takes about 48 hours, evalu-
ation speed is around 60s per frame. The team submitted
identical results for both tracks 1 & 2.

5.4. RLSP (baseline)

Additionally to Bicubic interpolation, we provide an-
other method as a baseline called RLSP [9]. The method
proposes a fully convolutional RNN for VSR with upscal-
ing factor 4. In addition to feeding back the previous output,
which has been adopted by other network architectures [33],
RLSP introduces high dimensional hidden states to enable
implicit information propagation along time. In contrast to
previous super-resolution networks, no optical flow and/or
warping is used. Instead, accumulation and processing of
temporal information is handled implicitly by the hidden
states. Due to the recurrent nature, the method is extremely
efficient at runtime. For this challenge, the RNN cell is
adapted to enable upscaling factor ×16, see Fig. 7. Dif-
ferently from the original implementation, the upscaling is
divided into 4 stages of factor ×2, to handle the extreme
super-resolution factor. The number of layers is set to 14,
each convolution layer has 128 channels.
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