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Abstract: Human action recognition methods in videos based on deep convolutional neural networks
usually use random cropping or its variants for data augmentation. However, this traditional data
augmentation approach may generate many non-informative samples (video patches covering only
a small part of the foreground or only the background) that are not related to a specific action.
These samples can be regarded as noisy samples with incorrect labels, which reduces the overall
action recognition performance. In this paper, we attempt to mitigate the impact of noisy samples by
proposing an Auto-augmented Siamese Neural Network (ASNet). In this framework, we propose
backpropagating salient patches and randomly cropped samples in the same iteration to perform
gradient compensation to alleviate the adverse gradient effects of non-informative samples. Salient
patches refer to the samples containing critical information for human action recognition. The
generation of salient patches is formulated as a Markov decision process, and a reinforcement learning
agent called SPA (Salient Patch Agent) is introduced to extract patches in a weakly supervised manner
without extra labels. Extensive experiments were conducted on two well-known datasets UCF-101
and HMDB-51 to verify the effectiveness of the proposed SPA and ASNet.

Keywords: action recognition; 3D-CNN; deep reinforcement learning; data augmentation

1. Introduction

Video-based human action recognition is one of the key tasks in video understand-
ing. It provides a wide range of applications [1–5] in intelligent surveillance, health care,
human–computer interaction, robot learning, etc. Due to the availability of large-scale
video datasets and the advances in deep learning technologies, such as deep convolutional
neural networks (CNN) and LSTM [6–9], video-based action recognition has made sig-
nificant progress in the last decade. In CNN-based action recognition algorithms, data
augmentation is usually used to increase the diversity of samples. Random cropping is the
most common data augmentation method to improve the generalization and robustness
of the trained model [6,10–12]. However, it is found that the data augmentation methods
based on random cropping often generate non-informative samples (video patches cover-
ing only a small part of the foreground or only the background). Basically, these samples
can be considered as noisy samples with incorrect labels. These samples may confuse
the supervised neural network training process, thereby reducing the performance of the
action recognition accuracy.

As the videos in the commonly used action recognition datasets [6,13–16] are based
on an aspect ratio between 1.3 and 1.8, isotropic resizing of input videos is usually required
in the implementation of neural network training and inference [6,8,10,17–22].

The neural network is fed with video patches, which are the randomly cropped
samples from the input video frames. About 30–80% of the frame area may be lost in the
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cropping process. In the worst case, the cropped samples may have nothing to do with
human action. For example, Figure 1 shows several multi-ratio corner cropping results
using the four corners and the center of the video frames for randomly patch cropping with
size ratios of 1 and 0.5. It is not difficult to observe that the process may generate many non-
informative samples which are the patches covering only a small part of the foreground
or only the background of the input video. If these samples are associated with the action
labels of the input video, they would become noisy samples for neural network training
because the context of these samples is not closely related to the corresponding action labels.
In addition, it was verified in [23–26] that such noise samples may reduce the training
performance of neural networks due to the introduction of wrong gradients direction.
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Figure 1. A schematic diagram for multi-ratio corner cropping on inputs. Multi-ratio corner cropping
will randomly crop the four corners and the center with the size ratio 0.5∼1. Five different colors
represent five different locations (Yellow: left top corner; Green: left bottom corner: Red: center;
Navy Blue: right top corner; Light Blue: right bottom corner). The solid line is the original cropping
size with a ratio 1.0. The dotted box represents a ratio 0.5 of the cropping size. Actions from the top
to the bottom row are climbing stairs, abseiling, archery, and dancing ballet, respectively.

Correspondingly, neural network inference also encounters a similar problem as
center-cropping is adopted in inference [6,11]. If center-cropped input video preprocessing
cannot cover the action context, it will be difficult for the neural network to recognize
action based on the non-informative input patch. In order to improve the accuracy of
inference, a common technique is to evenly crop three clips along the longer side of the
input video [8,27]. However, this still cannot avoid the input of non-informative video
patches, and the computational requirements of the inference process will also increase by
three times.

Considering the above issues, we propose an Auto-augmented Siamese Neural Net-
work (ASNet), which is trained using a reinforcement learning-based SPA (Salient Patch
Agent) to reduce the negative impact of noisy samples generated during random cropping
and to enhance salient information for action recognition. Figure 2 shows the network
architecture of ASNet, which contains two shared-weight CNNs in context stream and
saliency stream. The CNN in context stream receives input from data augmentation based
on random cropping, and the CNN in saliency stream receives salient patches from SPA. A
salient patch is defined as a spatial region in a video that contains critical information for
action recognition.
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In addition, we formulate the generation of salient patches as a Markov decision pro-
cess. Using deep reinforcement learning to extract salient patches in a weakly supervised
manner without extra labels provides an effective strategy to select the patches that can
actively enhance the performance of ASNet for action recognition. In ASNet, the salient
patches can compensate for the misleading gradient of non-informative samples in the
training phase, thereby reducing the adverse effects of these samples. On the other hand,
the CNN architecture aims to introduce attention in the final feature layer, which can
enhance salient information in the inference stage. Extensive experiments were conducted
to verify the effectiveness of the proposed SPA and ASNet on two well-known datasets
UCF-101 and HMDB-51. In particular, the proposed method can achieve state-of-the-art
performance on both datasets. To sum up, the main contributions of this work are four-fold:

• We addressed the issue of using random cropping methods for data augmentation
in CNN-based video action recognition: generating noisy samples through random
cropping will adversely affect the performance of the trained action recognition model.

• We proposed a Siamese neural network architecture that can reduce the negative
impact of non-informative samples through gradient compensation and enhance
critical information in the inference process.

• We proposed a new type of reinforcement learning agent, called SPA (Saliency Patch
Agent), to generate salient patches. SPA can be weakly supervised to crop the critical
information for action recognition from input video clips without additional labels.

• The proposed method has undergone end-to-end training and achieved state-of-the-art
performance on UCF-101 and HMDB-51 datasets.

The rest of this paper is organized as follows. Section 2 provides a literature review of
the most advanced methods in action recognition. Section 3 introduces our proposed method
in detail. Section 4 discusses the experimental results. Section 5 provides conclusions.
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2. Related Work
2.1. Deep Learning-Based Action Recognition

Before the widespread use of CNN-based techniques, traditional video action recogni-
tion methods are mainly based on handcrafted features [28–32]. Inspired by the impres-
sive performance of deep learning in image classification and object recognition, CNN
is widely used in action recognition and has already been dominant in this field. The
CNN-based video action recognition framework can be summarized into five main fami-
lies: two-stream architecture [33], 2D-CNN with temporal aggregation [10], 3D-CNN [17],
convolutional RNN [34], and reinforcement architecture using attention mechanism and
non-local structure [35].

More recent methods are the combinations of these architectures. Ji et al. [36] first
designed 3D-CNN and applied it to the stack of frames, frame gradients and optical flow,
thus verifying the effectiveness of CNN in video action recognition. Karpathy et al. [37]
studied different fusion strategies of 2D-CNN semantic features to obtain spatiotempo-
ral information with different input resolutions for action recognition. In order to make
better use of temporal information, Simonyan and Zisserman [38] proposed a two-stream
architecture composed of a spatial stream and a temporal stream. The system separately
encodes spatial and temporal information, and then combines them in the last feature
layer for classification. This method is considered to be a milestone for the CNN model to
outperform traditional action recognition methods.

On the other hand, in order to encode long-term information of video, Donahue et al. [34]
proposed a long-term recurrent convolutional network (LRCN) combining CNN and LSTM
to learn perceptual representation and temporal dynamics at the same time. Tran et al. [17]
extended 2D-CNN to 3D-CNN by introducing C3D neural network, which provides
spatiotemporal feature extraction capabilities for the CNN models. In addition, to encode
video-level information through 2D-CNN, Wang et al. [10] proposed a Temporal Segment
Network (TSN) architecture and video-level prediction based on a two-stream method.
In [39], Qiu et al. recycled off-the-shelf 2D networks for 3D-CNN, and studied different
combinations of 2D-CNN and 3D-CNN to reduce the computational cost and memory
requirements of 3D-CNN while improving the performance.

Based on 3D-CNN and two-stream architecture, Carreira and Zisserman [6] proposed
two-stream inflated 3D ConvNet (I3D), which combined two-stream architecture with
3D-CNN and achieved the state-of-the-art performance. Tran et al. [18] mixed 2D-CNN
and 3D-CNN, which resulted in a new spatiotemporal convolutional block R (2 + 1)D for
action recognition. Zhou et al. [40] developed Temporal Relation Network (TRN) to enable
2D-CNN with inference ability to achieve better performance. In [35], Wang et al. were
inspired by the classic non-local mean operation in computer vision and proposed a non-
local structure that applies the attention mechanism in 3D-CNN. Xie et al. [41] proposed
to replace 3D-CNN with low-cost 2D-CNN at the low-level layer of I3D, and suggested
that temporal representation learning on high-level semantic features is useful. Feicht-
enhofer et al. [8] presented the SlowFast architecture to capture the semantic features of
different video playback rates to improve performance. Lin et al. [42] proposed a temporal
shift module (TSM) to shift the channel along the temporal dimension to integrate 2D-CNN
based on temporal information. In [19], Feichtenhofer et al. proposed X3D—a group of
efficient video networks to improve efficiency by expanding multiple axes in the features.
Li et al. [22] proposed a channel-independent directional convolution to encode ordered
temporal information at the clip level for action recognition.

Among these CNN-based action recognition methods, data augmentation with random-
cropping derivatives is widely used. Although these data augmentation techniques increase
the diversity of samples, they also generate non-informative samples, which is likely to
degrade the overall recognition performance. In order to alleviate this shortcoming, we
propose to use Siamese neural network architecture to mitigate the adverse effect of non-
informative samples and SPA to detect salient patches as input to the network.
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2.2. Data Augmentation

Volume and diversity of data are critical for deep learning models, but collecting la-
beled data is time-consuming and laborious. Therefore, data augmentation strategies were
proposed to increase the diversity of existing data by applying various transformations,
which turned out to be successful in training deep learning models.

Lecun et al. [43] applied several affine transformations, such as translation (horizontal
and vertical), scaling, shearing for data augmentation for hand-written character recogni-
tion. Bengio et al. [44] applied more diverse transformations such as Gaussian blur, salt and
pepper noise, Gaussian smoothing, motion blur, various occlusions. Krizhevsky et al. [45]
applied random cropping, horizontal flipping, and color jittering (randomly changing
color intensity) in AlexNet, which is a revolutionary work in image classification. Lem-
ley et al. [46] proposed an end-to-end learnable augmentation process to decide the suitable
augmentation method. DeVries and Taylor [47] proposed Cutout that randomly removes
square regions of the input training images to improve the robustness of the model. Re-
cently, Yun et al. [48] proposed CutMix which randomly cuts and mixes image patches
among training samples where the image labels are also mixed proportionally. Based on
CutMix, Uddin et al. [49] propose to use a saliency map to carefully pick salient training
patches and mix this indicative patch with the target images. Gong et al. [50] used saliency
maps to preserve salient informative regions during augmentation.

Random cropping-based data augmentation methods are comprehensively used in
video action recognition. C3D [17], P3D [39], R (2 + 1)D [18], I3D [6] used random crop-
ping to randomly crop fix-sized patches from isotropically resized videos; TSN [10], 3D
ResNext [11], TSM [42], V4D [21], TEA [20] used multi-ratio corner cropping methods to
randomly crop four corners and center with random size from isotropically resized videos.
SlowFast [8], X3D [19] used multi-scale random cropping to random crop patches with
random size from isotropically resized videos. In those data augmentation methods, it
often generates non-informative samples which could be regarded as noisy labels which
affect the overall performance. In this work, we propose ASNet to settle the problem.

2.3. Saliency Detection for Action Recognition

The use of saliency detection to improve the performance of action recognition first
appeared in [37] by Karpathy et al. To enhance action recognition performance, they
proposed a two-stream network, in which one branch is used to resize the entire image,
and the other branch is used for the center cropped image. In [51], Megrhi et al. made use
of optical flow and clustering techniques to reduce the noise and camera motion, thereby
generating saliency regions for large datasets. Xu et al. [52] applied a morphological
gradient to RC-map for salient mask generation to improve dense trajectories, thereby
enhancing the performance of action recognition. For action recognition, Tu et al. [53]
proposed a human-related multi-stream CNN architecture with six CNN branches, in
which the human detection algorithm is applied to salience detection of the saliency
stream. Zhang et al. [54] proposed a Siamese Neural Network guided by motion patches
based on optical flow to enhance motion information. Jiang et al. [4] proposed the use of
Mask R-CNN detection to establish a saliency attention layer to eliminate CNN’s intra-
frame redundancy. Tu et al. [55] proposed a combination of video object detection and
motion saliency detection methods, which are based on pre-trained models from other
datasets with extra labels to form a multi-stream neural network for action recognition.
Weng et al. [56] utilized boundaries and optical flow to generate background-independent
motion masks for action recognition.

On the other hand, there are two types of spatiotemporal-based saliency detection.
One is to use handcrafted features, such as optical flow or iDT. The other one is to use pre-
trained models for other tasks, such as human detection or object detection. Handcrafted
features are susceptible to camera motion and environmental changes, while the perfor-
mance of pre-trained detection models is easily affected by the original training datasets.
In addition, saliency detection is also used in data augmentation in image recognition such
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as SaliencyMix [49] and KeepAugment [50]. Udding et al. also proposed to carefully select
representative image patches and mix them with the target image with the help of saliency
maps, so that the model can learn more appropriate feature representations. Gong et al.
used saliency maps to measure the importance of each randomly cropped patch, and to
avoid cropping saliency patches for region-level data augmentation.

In this paper, we propose an intelligent agent that uses policy learning to automatically
learn where the salient regions are based on the loss output of the action recognition
neural network under weak supervision without extra labels. Since the proposed saliency
detection agent is trained on the main networks using the action recognition dataset, it can
adapt to the distribution of the action recognition dataset and, thus, avoid the problem of
using pre-trained models.

2.4. Deep Reinforcement Learning in Action Recognition

Deep reinforcement learning is a reinforcement learning framework based on deep
learning, which was successfully applied to many computer vision applications [57–60].
Han et al. [61] first attempted to apply enhanced cropping agent learning to determine the
video object segmentation scheme. Li et al. [59] proposed a weakly supervised aesthetic
aware reinforcement learning framework to replace the sliding window mechanism to
improve image cropping efficiency.

For action recognition, Dong et al. [62] proposed an attention-aware sampling agent
based on deep reinforcement learning to select the most discriminative frame in the in-
ference step to improve performance. Wu et al. [63] proposed a frame sampling agent
based on multiagent reinforcement learning to drop non-informative frames of untrimmed
video. Zheng et al. [64] used reinforcement learning agents to select effective segments
for inference. Meng et al. [65] proposed to use reinforcement learning to select the opti-
mal resolution for each frame in the video input for effective action recognition in long
untrimmed videos.

Basically, traditional action recognition methods only use reinforcement learning for
frame selection. However, in this paper, we treat salient patch clipping as a sequential
decision-making process, and propose a new bounding box clipping strategy based on
weakly-supervised reinforcement learning. While most patch selection methods based
on reinforcement learning use sliding window methods, our proposed method directly
determines the bounding box and only takes a few steps to complete the decision-making
process. As far as we know, this is the first work to apply reinforcement learning agents in
a weakly supervised manner to select salient patches in action recognition and to solve the
problem of non-information samples in network training data augmentation.

3. ASNet Framework

The network architecture of the proposed ASNet framework is shown in Figure 2. The
architecture consists of two CNN streams with shared weights. The top stream CNN is
called context network, which receives input video patches generated by the traditional
data augmentation method of video action recognition (i.e., random cropping for neural
network training and center cropping for inference). We name it context network as it
uses full information of input video through random cropping during network training
with many iterations. Basically, context network plays the role of conventional single-
stream CNN-based action recognition. The bottom stream CNN is called saliency network,
which receives salient video patches extracted by SPA to increase the chance of capturing
action-related information as input to the network. SPA is a reinforcement learning-based
agent used to detect salient patches from the entire video scene. It is trained by the loss
information from the action classifier output of the ASNet to ensure that the extracted
regions are highly correlated with human actions.
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3.1. Model Formulation

Let X = {Xi}, i ∈ [1, N] denotes the training dataset, where N is the total num-
ber of the videos in the training set and Xi = {xi1, xi2, . . . , xiG} is the ith video with G
non-overlapping clips. xr

ij denotes the patches generated from the jth video clip by a
conventional random cropping data augmentation method and xs

ij represents patches
generated from the jth video clip in the ith video of the training set by the proposed SPA.
F
(

xij; W
)

is the function of ASNet with the parameters W, input xij, and output scores

sij =
{

s1
ij, s2

ij, . . . , sC
ij

}
, where C is the number of classes and sc

ij is the score of the cth class.
In order to predict the likelihood, we use the normalization Softmax function S , which is
computed as

sc
ij =

e
sc
ij

∑C
k=1 e

sk
ij

(1)

where sc
ij is the normalized score of the cth class. In addition, the loss function of the

network with a regularized cross-entropy loss is given by

L(y, x, W) = −
C

∑
k=1

yk logSk(F (x; W)) (2)

where y = (y1, . . . , yC)
T is the one-hot vector of the ground truth of the input x, and Sk is

equal to sk
ij. Therefore, F (x; W) of ASNet can be expressed as

F (x; W) = C(G(Fs(xr, Ws),Fs(xs, Ws)), Wc) (3)

where Fs is the function of the weight-shared CNN and the well-known 3D ResNext [11] is
used in our experiments as backbone CNNs. G is a feature combination function (e.g., sum,
concatenation, multiply). C is a fully-connected neural network classifier. W = {Ws, Wc}.
Ws represents the parameters of the shared weight in the context network and saliency
network. Wc represents the parameters of the classifier. To simplify the explanation, we
denote Fp

s as the feature maps activated by the information in the salient patch and denote
Fo

s as the feature maps activated by the information outside the salient patch. We assume
that there is no information outside the salient patch in the saliency stream, that is, Fo

s = 0
in the saliency stream. Substituting the symbols of these feature maps into Equation (3),
we have

F (x; W) = C
(
G
(
Fs

({
Fp

s ; Fo
s

}
, Ws

)
,Fs

(
Fp

s , Ws
))

, Wc
)

. (4)

For a single-stream neural network, it can be expressed as

F (x; W) = C
(
Fs

({
Fp

s ; Fo
s

}
, Ws

)
, Wc

)
. (5)

Comparing Equation (4) to Equation (5), the proposed two-stream architecture of
ASNet can obtain more information than a single-stream neural network. If SPA can
provide action-related salient patches in the saliency stream, the performance of ASNet can
be significantly improved as compared with single-stream architecture.

3.2. Salient Patch Agent

The key to achieving good performance of the proposed ASNet is to provide action-
related salient video patches for the saliency network. This is realized through the deep
reinforcement learning-based SPA, which can automatically extract salient patches from the
input video clips, and then provide ASNet with critical information. However, it is not easy
to extract salient patches from input video clips without additional labels and identify the
most suitable region for action classification. To achieve this challenging patch extraction,
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a reinforcement learning agent relying on the deviation of the action classification loss as a
reward is used. The cropping process of the salient patch is formulated as a Markov decision
process, which uses a weakly supervised learning method to crop the patch without extra
labels. The reward of SPA is calculated based on the loss of the fully connected neural
network classifier C, which uses concatenated features [4,54] from the context network and
saliency network as shown in Figure 2.

In this way, the agent can adjust the strategy to crop the patch, thereby reducing the
loss of action classification. The architecture of the proposed SPA is shown in Figure 3.
The system adopts the Actor–Critic model and directly regards the position and size
of the bounding box of the salient patch as an action. With these settings, the process
can be completed in just a few steps. The detailed description of SPA in terms of deep
reinforcement learning terminology is as follows.
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t . Then the state is fed into the PPO agent for sampling actions, which guide to a new salient clip. Combine the full
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3.2.1. State and Action Space

The state of SPA, sr
t , consists of three components – sg, sp

t and sl
t. sg is the extracted

feature of the full-scale input patch. sp
t is the extracted feature of a salient patch at step t. sl

t
is the logits of the ASNet classifier based on the concatenation of sg and sp

t . In the state sr
t ,

sg provides the features of random cropping for SPA, which provides global information
in multiple iterations and sp

t provides the features of action salient information in ASNet.
Most cropping methods based on reinforcement learning use the sliding window approach.
However, this approach needs moving and stretching the bounding box, which requires
many steps to obtain accurate results. In the proposed SPA, we use a 3-action space{

at
m
∣∣m = 1, 2, 3

}
to directly locate the bounding box. These three actions

(
at

1, at
2, at

3
)

are the
left corner location

(
at

1, at
2
)

and the length of the squared bounding box at
3, respectively.

We set the actions range at
1 ∈ [0, w], at

2 ∈ [0, h], at
3 ∈ [0, min(w, h)], and (w, h) representing

the width and height of the input frames, respectively.

3.2.2. Reward

The reward represents the result value obtained through the agent’s interaction with
ASNet. We calculate the reward based on the action classification output, and design the
reward r0 as

r0 = λ1sgn
(
L
(

y, x, xp
t+1, W

)
−L

(
y, x, xp

t , W
))

+ λ2 ∑
U={b,o}

PU(at) (6)
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where at is the action at step t, L is the loss of the classifier with the concatenated features
of x and the saliency patch xp extracted by SPA. PU is the punishment. λ1 and λ2 adjust
the weights of loss deviation and punishment. We set two punishment rules, namely box
size punishment and out of boundary punishment, to make SPA training converge faster
and more stable. The punishments are defined as

Pb =

{
0, if at

3 >= L
Ω, otherwise

Po =

{
0, if at

1 + at
3 <= w or at

2 + at
3 <= h

Ω, otherwise

(7)

where L is the threshold for box size punishment, and Ω is the punishment value. L is set
as 56, and Ω is set as −5 through experimental tests.

Algorithm 1. Training procedure of the SPA model

Input : Original input frame clips xg

Output: θ of SPA model
1: Initialize xp, θ0, t = 0
2: fglobal = Feature_extractor(xg)

3: while k ≤ K do
4: while t ≤ T do

5: fsaliency = Feature_extractor
(

xp
t

)
6: Get logits through fglobal , fsaliency

7: sr
t = cat

(
fglobal , fsaliency, logits

)
8: Get

{
at

m
}

from Policy π(at|sr
t ; θ)

9: Crop xg by
{

at
m
}

getting xp
t+1

10: rt = reward
(

xg, xp
t , xp

t+1

)
11: Estimate advantage Ât

12: t = t + 1
13: end while
14: while j ≤ Nbatch do

15: Calculate LCLIP
θk

(
θ

j
k

)
16: Update θ

j
k with gradient ∇LCLIP

θk

(
θ

j
k

)
17: end while
18: k = k + 1
19: end while

Algorithm 2. Training procedure of ASNet

Input: Original input frame clips xg

Output: θcnn and θspa

1: Initialize θcnn and θspa

2: while k ≤ K do
3: Get xc through conventional cropping on xg

4: Get xs through SPA on xg

5: Take xc and xs as inputs; Fix θspa; Train θcnn

6: Fix θcnn; Train θspa through Algorithm 1

7: end while
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3.2.3. Training of Salient Patch Agent

In SPA, we adopt the PPO algorithm with a clipped objective to train the patch
selection policy. We designed the SPA model to share weights between the policy and
value function. According to the setting of [58], the loss function is defined as

LCLIP
θ (θ) = Ê

[
LCLIP

t (θ)− c1LVF
t (θ)

]
(8)

and
LCLIP

t (θ) = Ê
[
min

(
rt(θ)Ât, clip(rt(θ), 1− ε, 1 + ε)Ât

)]
LVF

t (θ) =
(

Vθ(st)−Vtarget
t

)2 (9)

where the probability ratio is rt(θ) = πθ(at |st)

πθold
(at

∣∣∣st)
, θ is the network parameter of the SPA

model, πθ(at|st) is the probability distribution of the policy under state st and action at at
step t. We optimize the policy with minibatch AdamW. The estimated advantage function

according to [66–70] is Ât =
T−t
∑

i=0
γirt+i −Vθ(st), where γ is the discount factor, rt is the SPA

reward at step t, T is the number of steps of SPA. Vθ(st) is the value output with θ under

state st. Vtarget
t =

T−t
∑

i=0
γirt+i represents the accumulated reward at step t.

4. Experiments
4.1. Experiment Settings and Implementation Details
4.1.1. Datasets

The experiments were conducted on two well-known datasets-UCF-101 [13] and
HMDB-51 [15] for video action recognition. UCF-101 is a dataset with three splits containing
13,320 videos from 101 action categories, avoiding non-motion frames. HMDB-51, which is
more challenging than UCF-101, includes 7000 activity videos distributed across 51 action
categories with natural disturbances with three splits.

4.1.2. Training of CNN

The input frames were extracted at 25 fps and resized isotopically, with a minimum
size of 256 pixels. We use RGB training settings in accordance with [11] and [7]. All the
experiments were performed on a Pytorch platform with a GTX 2080Ti GPU. The backbone
network is 3D ResNext-101 [9] (if not specified). The training process starts with a learning
speed of 0.001. The batch size is 32. When the verification loss reaches a stable level, the
learning speed is divided by 10. The weight decay was set to 1e-5 and used a stochastic
gradient descent (SGD) optimization method with a momentum of 0.9.

The PPO model was trained with a learning rate of 0.0001, a weight decay of 1× 10−5,
and AdamW optimization for SPA. In addition, batch normalization [71] is applied to all
convolutional layers. It should be noted that the weight initialization in SPA uses conven-
tional initialization, which can make the training more stable. In order to generate input
for the context stream of the proposed ASNet, we randomly selected 16 or 64 consecutive
frames (16/64f-clip) from one video in the temporal dimension, and randomly sampled
224× 224 crops with multi-scale corner cropping and random flipping in the spatial di-
mension according to [10]. Then the crops were resized into 112× 112 as the inputs for the
context stream.

For the saliency stream, we use the same clip as the context stream in the temporal
dimension but spatially resize the inputs into 112× 112 so that SPA can crop according to
the entire scene of the clip. Then, SPA crops the salient patches from the original size clips
according to the action context of the video and resize the salient patches to 112× 112.



Sensors 2021, 21, 4720 11 of 20

It took 2 days and 4 days to conduct the training with ResNext-101 with 64f samples
on a 1080ti GPU on HMDB-51 and UCF-101, respectively. The response/inference time is
about ~600 ms per 10 s video with ResNext-101 with 64 f samples on a 1080 ti GPU.

4.1.3. Training of ASNet

The detailed training process of the SPA model and ASNet are elaborated in Algo-
rithm 1 and Algorithm 2, respectively. K is the iterations for training SPA. N is the number
of samples for minibatch Adam. θcnn and θspa are the parameters of the ASNet and SPA
models, respectively.

4.1.4. Inference Details

In the ASNet inference, we sampled non-overlapping 16f/64f-clips along the temporal
dimension with center cropping in the spatial dimension for the context stream. For the
saliency stream, the inputs were generated by SPA in the same way in training. We average
scores of all non-overlapping inputs for the prediction.

4.2. Ablation Studies
4.2.1. Comparison with Different Cropping Strategies

In the saliency stream of ASNet, we replaced SPA with various conventional data
augmentation methods, and the action recognition results are shown in Table 1. Obviously,
although the traditional data augmentation of random, corner, multiscale and center
cropping methods can improve accuracy, their accuracy improvement is less than that of
using SPA, especially on the HMDB-51 dataset. When saliency stream uses multi-scale
cropped video patch input, the performance on HMDB-51 even decreases. In addition,
we studied different fixed location cropping (fully resized, top left, top right, bottom left,
bottom right) in the saliency stream of ASNet, and observed that the SPA strategy still
outperforms them. The performance of fully resized video input is worse than that of
SPA. A possible reason is that the fully resized video contains entire frame information,
but the quality of the fully resized video is poor and contains a lot of useless background
information, which can hurt the recognition performance.

Table 1. Comparison with different cropping strategies in the saliency stream of ASNet. Top-1
accuracy using 16f clips of split-1 of UCF-101 and HMDB-51. The experiment’s backbone is
3D ResNext-101.

Cropping Strategy UCF-101 (%) HMDB-51 (%)

Baseline 91.7 66.7

Random-cropping 92.2 66.8

Corner-cropping 92.3 67.0

Multiscale-cropping 91.9 64.7

Center-cropping 92.5 67.6

SPA-cropping 93.7 69.2

Fully-resize 92.3 67.2

Left Top Corner 92.1 66.9

Right Top Corner 91.5 67.0

Center 92.5 67.6

Left Bottom Corner 92.0 67.1

Right Bottom Corner 92.2 67.1
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4.2.2. ASNet with Different Backbones

We compared the proposed ASNet with a single-stream network and a Siamese net-
work with center cropping at the saliency stream (Siamesecenter) using different backbones
on the split-1 of UCF-101 and HMDB-51 datasets. The results are shown in Table 2, which
demonstrates that Siamesecenter is better than the single-stream network using all the tested
backbones. However, Siamesecenter is still not compatible with ASNet using SPA. For
UCF-101 and HMDB-51 datasets, the performance of ASNet with ResNext-101 (64 f) is im-
proved by 1.2% and 3.6%, respectively, compared with the single-stream network, and the
performance of Siamesecenter is improved by 1.0% and 2.5%. In addition, we observed that
as the network capabilities increase (i.e., deeper), the performance of ASNet will be better.

Table 2. Comparison with different backbones. Top-1 accuracy using 16 f clips of split-1 of UCF-101
and HMDB-51.

Backbone
Single Stream Siamesecenter ASNet

UCF-101 HMDB-51 UCF-101 HMDB-51 UCF-101 HMDB-51

ResNet-18 84.5 57.3 85.0 57.5 86.7 57.5

ResNet-50 88.7 62.4 88.8 62.4 90.5 62.4

ResNet-101 88.6 63.6 88.9 63.8 90.6 64.7

DenseNet-121 87.5 61.1 88.1 61.3 90.1 61.7

ResNext-101 91.7 66.7 92.1 67.0 93.7 69.2

ResNext-101 (64 f) 95.2 74.1 95.4 75.2 96.4 77.7

4.2.3. ASNet with Different Feature Fusion Strategies

In this section, we compare five different fusion strategies referring to [54,72], such as
Individual, Sum, Concatenation, Convolution and Multiply. The fusion layer is injected
after the last convolutional layer since the features at that point are highly informative
following [72]. In the Individual strategy, the features of the context stream and the saliency
stream of ASNet were trained individually with the same fully connected layer (the classify
layer) and the predictive scores of each stream were averaged for the final classification.
Other strategies are the same as [54,72]. The comparison results can be seen in Table 3,
where we report the accuracy on the first split of UCF-101 and HMDB-51 with 16 f clips.
From the results in the table, we can conclude that although the feature fusion strategies
benefit the performance, the Concatenation strategy performs better in our architecture.
One possible reason for this may be that the final fully connected layer adaptively ad-
justs the weights of the features of the two streams of ASNet, which makes it a better
performance. Thus, we adopt the Concatenation strategy in the proposed ASNet.

Table 3. Comparison with different feature fusion methods. Top-1 accuracy using 16 f clips of split-1
of UCF-101 and HMDB-51. The experiment’s backbone is 3D ResNext-101.

Fusion Strategy UCF-101 (%) HMDB-51 (%)

Baseline (single branch) 91.7 66.7

Individual 92.8 68.1

Sum 92.7 67.8

Concatenation 93.7 69.2

Convolution 92.6 67.8

Multiply 92.1 66.8
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4.2.4. Hyperparameters

In this section, we will show the experiments on SPA hyperparameters, that is, the
number of actions and training steps required in SPA. Three different kinds of actions and
four different numbers of training steps are conducted. The results are shown in Table 4
in which 2-action means that SPA has two actions (a1, a2) with spatial location (a1, a2) to
determine the salient patch. The patch size is fixed and selected as the sample size 112.
The 3-action means that SPA has three actions (a1, a2, a3) with location at (a1, a2) and the
salient patch size a3 × a3. The 4-actions means that SPA has four actions (a1, a2, a3, a4) at
location (a1, a2) with salient patch size of width a3 and height a4.

Table 4. Performance evaluation of multiple actions and steps of SPA in ASNet. Top-1 accuracy using
16 f clips of split-1 of UCF-101 and HMDB-51.

Steps
UCF-101 (%) HMDB-51 (%)

2 5 10 15 2 5 10 15

2-actions 92.4 92.5 92.8 93.0 67.5 67.8 67.8 67.9

3-actions 93.1 93.6 93.7 93.4 68.3 68.5 69.2 68.7

4-actions 92.9 93.2 93.7 93.5 67.9 68.2 68.5 68.5

From Table 4, we can observe that the 3-action with 10 training steps perform best,
although the 4-action with 10 training steps achieve the same performance as the 3-action in
UCF-101. However, it is not comparable with the 3-action in HMDB-51. Basically, 3-action
can maintain the aspect ratio of the input frame, and 4-action changes the input aspect
ratio, which would affect the performance. Although 2-action can also maintain the ratio of
the items, the size of the patch is fixed. However, if the item is larger than the predefined
size, the prominent patch will lose external information. For different training steps, we
can see that the 2-step training has the worst effect, and SPA tends to select a larger area
in the frame under this step. The possible reason is that when there are too few training
steps, SPA cannot obtain enough information to specify the critical information for action
recognition, and thus cannot select more general regions. As the number of steps increases,
we can see improvements in accuracy. However, when the training steps exceed 10, the
performance stops improving further. We believe that the reason is that the 10 training steps
have provided enough information for SPA to select an influential salient patch for ASNet.

Note that although the number of training steps is different, due to our strategy, when
the SPA was trained, SPA strategy can quickly converge. So, we only need to perform
two steps to test. Therefore, through this ablation study, we took three actions, 10 training
steps and two test steps for SPA in other experiments.

4.3. Analysis of ASNet

In this section, the performance of ASNet and SPA will be analyzed in detail. First, we
conducted two controlled experiments to explore the advantages of ASNet architecture.
Then, the cropping performance of SPA in ASNet and the activation maps of ASNet are
visualized. Finally, we analyze the action statistics of SPA on the HMDB-51 and UCF-101
datasets to prove its learning characteristics further.

4.3.1. Exploration of ASNet Architecture

We used a single-stream CNN framework to compare with the proposed two-stream
architecture of ASNet to demonstrate the advantages of co-training weights (backprop-
agated by randomly cropped patches and salient patches simultaneously), more salient
inputs in ASNet. In order to show these enhancements, we designed two controlled experi-
ments. In these experiments, the single-stream CNN and the two-stream ASNet with the
same basic 3D ResNext [11] backbone were trained with the first split and 64 f-clips of the
HMDB-51 dataset.
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For fair comparisons, the convolutional layers of these two networks and SVM are used
as feature extractors and classifiers, respectively. The Top-1 action recognition accuracies
of two networks on HMDB-51 dataset are shown in Table 5, in which Ws is the weights
of the CNN that trained by the single-stream neural network, Wa is the weights of the
shared-weight CNN that is trained by the two-stream ASNet. Xc and Xs denote the center
cropping input and the inputs extracted by SPA, respectively. The final-layer features
of ASNet are represented as Fa, which uses both the inputs of Xc and Xs for training.
In addition, the final-layer features of single-stream networks that trained with center
cropping input Xc and SPA input Xs are denoted as Fc and Fs, respectively.

First, the weights of the single-stream network Ws and the weights of ASNet Wa
are compared. We use two new single-stream neural networks with the use of Ws and
Wa (The shared weights of the ASNet of the two-stream network, thus it can be directly
transferred to a single-stream backbone). As shown in Table 5, when center cropping
(normal data preprocessing method [3]) is used in inference, the action recognition accuracy
comparison is 75.0% (Wa) vs. 73.9% (Ws), where Wa can achieve 1.1% improvement. While
SPA cropping is used for inference, the action recognition accuracy comparison is 75.8 (Wa)
vs. 74.5 (Ws), where Wa can achieve 1.3% improvement. These denote that the weights (Wa)
of ASNet outperform the weights (Ws) of the single-stream network and, thus, verifies that
the two-stream-based ASNet with the use of co-training for shared weights can benefit
the performance.

Secondly, the performances of using SPA cropping input Xs and center cropping input
Xc are compared. We use weights of Wa and Ws to evaluate a new single-stream neural
network with two different inputs Xs and Xc. From Table 5 with the use of Ws, the action
recognition accuracy comparison is 74.5 (Xs) vs. 73.9 (Xc), where Xs can achieve 0.6%
improvement. For the weights of Wa, the accuracy comparison is 75.8 (Xs) vs. 75.0 (Xc),
where Xs can achieve 0.8% improvement. These improvements demonstrate that the
performance of using SPA cropping input is better than that of using traditional center
cropping input.

Table 5. Exploration of each enhancement of ASNet. Top-1 accuracy using 64 f clips of split-1
of HMDB-51.

HMDB-51 (%)

Single-Stream Neural Network ASNet

Center Crop (Xc) SPA Crop (Xs) Center and SPA Crop (Xc and Xs)

Ws 73.9 (baseline) 74.5 75.5

Wa 75.0 75.8 76.6

Furthermore, we plot the average reward and loss at each epoch in SPA to see the SPA
training process in Figure 4. Average reward is the average reward of each taken action in
SPA. Average loss means the average loss of each taken action in SPA. The experiment was
conducted in the HMDB-51 dataset with 64 f training video clips. From these two figures,
we can observe that the average reward of actions increases from 0 to 22 epochs and
then jitters till the end and the average loss of SPA decreases gradually flatten out. This
phenomenon shows that SPA can learn to get higher rewards in training and can be trained
well with ASNet.
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4.3.2. Visualization of ASNet

The cropping performance of SPA and Grad-CAM [73] of ASNet are shown in Figure 5.
First, we observe that SPA tends to select most of the patches that contain the motion part
of the input frames. Secondly, from the image in the upper left corner, it can be seen that
SPA is selecting not only the human, but also the critical patch for action recognition from
the picture in the complex background. Thirdly, the traditional data preprocessing method
for inference is to isotropically resize input frames and then crop the center of the frames.
However, when the long side of the image is much larger than the short side, the critical
information will be lost. The examples shown in Figure 5 demonstrate that SPA is possible
to avoid the loss of critical information for action recognition. In addition, by comparing
Grad-CAM, we can find that ASNet’s Grad-CAM mapping is more action-specific than
single-stream neural networks. This phenomenon verifies the effectiveness of ASNet. It
should be noted that from Figure 5, some actions are not in the center of the bounding box.
We believe that this phenomenon is reasonable because the conventional convolutional
operation is not location-aware, i.e., the highlighted information of CNN is not related to
the location on the inputs.

4.4. Comparison with the State of the Art

In this section, we compare ASNet with the state-of-the-art action recognition methods
using the three splits of UCF-101 and HMDB-51 based on 64 f-clips. The action recognition
accuracies of these well-known methods are shown in Table 6. GFLOPs × Views represents
the FLOPs per view in the 10-s video, which is the normal duration of the action recognition
datasets. It is worth noting that the proposed model only uses the center crop in the spatial
dimension, and continuous non-overlapping clips in the temporal dimension. Table 6
shows that the proposed ASNet model could reach state-of-the-art performance on both
UCF-101 and HMDB-51 datasets. When using a single-stream network with 3D ResNext,
only 95.1% and 73.4% can be achieved on UCF-101 and HMDB-51, respectively. These
accuracies are 0.3% and 1.1% lower than I3D, 1.7% and 1.1% lower than R(2 + 1)D, and
1.4% and 2.5% lower than S3D. However, when ASNet is used with 3D ResNext, better
accuracies can be obtained. ASNet’s performance is 1.4% higher than that of I3D, and it
matches the performance of R(2 + 1)D and S3D on UCF-101. The performance is also better
than I3D, R(2 + 1)D, and S3D by 1.9%, 1.9%, and 0.5% on HMDB-51 dataset, respectively.
For HMDB-51, ASNet outperforms all these conventional methods with naïve 3D ResNext.
We can observe that the improved performance on HMDB-51 is more prominent than
UCF-101. One of the reasons is that HMDB-51 contains a larger aspect ratio video, and
the main body of the action in HMDB-51 is different from UCF-101. The ratio of main
bodies of actions locating at the center in UCF-101 is more than the ratio in HMDB-51. This
phenomenon demonstrates the effectiveness of SPA to extract salient video patches for the
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ASNet to perform action recognition. In addition, as ASNet shares weights in the network
and SPA is made of the three-layer perceptron, the number of additional parameters of
ASNet is less than 1% (0.475 M) of its backbone 3D ResNext (48.34 M). Overall, the results in
Table 6 show that the proposed ASNet can achieve state-of-the-art performance on UCF-101
and HMDB-51 with fewer total FLOPs.
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Table 6. Comparison with the state of the art. Top-1 accuracy of the mean accuracy across three splits
of UCF-101 and HMDB-51.

Methods Input Size GFLOPs × Views UCF-101 HMDB-51

C3D [17] 224 × 224 296.7 × 4 85.2 51.6
Res3D [74] 224 × 224 - 85.8 54.9
P3D [39] 224 × 224 - 88.6 -

3D-ResNext [11] 112 × 112 48.4 × 4 95.1 73.4
MRST-T [75] 224 × 224 99.6 × 4 96.5 75.4

StNet [76] 256 × 256 310.5 × 4 94.3 -
iDT-RCB [52] - - 94.8 -

STSAMANet [4] 128 × 128 - 95.9 -
STSVOS [55] 224 × 224 - 93.9 67.2
ATEN [56] - - 94.6 70.5

STS-ALSTM [77] - - 92.7 64.4
RSTAN [78] - - 94.6 70.5

TSN [10] 224 × 224 3.2 × 250 93.2 -
TSM [42] 224 × 224 65 × 30 95.9 73.5
STM [79] 224 × 224 66.5 × 30 96.2 72.2

TEINet [80] 224 × 224 66 × 30 96.7 72.1
DropPath [81] 224 × 224 254 × 2 96.5 -

I3D [6] 224 × 224 107.9 × 4 95.4 74.5
S3D [41] 224 × 224 66.4 × 30 96.8 75.9

R(2 + 1)D [18] 112 × 112 152.4 × 4 96.8 74.5
DSN [64] 112 × 112 158 × 4 96.8 75.5

ASNet 112 × 112 104.5 × 4 96.8 76.4

5. Conclusions

In this paper, we addressed the issue of noisy samples generated in data augmenta-
tion of CNN-based video action recognition. Traditional random and center video patch
cropping methods may generate many non-informative samples that only contain a small
part of the foreground or even only covering the background area. These noisy samples
may greatly degrade the neural network training quality as well as reduce the inference
accuracy of the action recognition. To alleviate this issue, ASNet using Siamese CNN archi-
tecture and SPA (Saliency Patch Agent) based on reinforcement learning for video action
recognition is proposed. The Siamese network architecture consists of a context network
and a saliency network. The context network preserves features extracted from traditional
random or center cropping video patch input while the saliency network increases the
chance of extracting human action-related features from video patches provided by SPA.
Weak supervision without extra labels is used to train SPA, and the deviation of ASNet’s
action classification loss is used as a reward for reinforcement learning. Then, SPA can
learn to crop the salient patches for improving the action recognition accuracy. Experiments
were conducted to verify the effectiveness of the proposed ASNet framework using SPA
and demonstrate that ASNet can achieve state-of-the-art action recognition performance.

Author Contributions: Conceptualization, Y.Z. and L.-M.P.; methodology, Y.Z. and L.-M.P.; software,
Y.Z.; validation, Y.Z. and J.X.; formal analysis, Y.Z. and J.X. and K.-W.C.; investigation, J.X.; resources,
Y.Z.; writing—original draft preparation, Y.Z.; writing—review and editing, L.-M.P., Y.A.U.R. and
K.-W.C.; visualization, Y.A.U.R.; supervision, L.-M.P. and K.-W.C.; project administration, L.-M.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CityU Internal Funds, grant number 9678141.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: UCF-101 [13]: https://www.crcv.ucf.edu/data/UCF101.php (accessed
on 10 July 2021); HMDB-51 [17]: https://serre-lab.clps.brown.edu/resource/hmdb-a-large-human
-motion-database/ (accessed on 10 July 2021).

https://www.crcv.ucf.edu/data/UCF101.php
https://serre-lab.clps.brown.edu/resource/hmdb-a-large-human-motion-database/
https://serre-lab.clps.brown.edu/resource/hmdb-a-large-human-motion-database/


Sensors 2021, 21, 4720 18 of 20

Acknowledgments: We would like to thank our lab mates Weifeng Ou, Mengyang Liu, Yuzhi Zhao
for their helpful discussions and encouragement.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mabrouk, A.B.; Zagrouba, E. Abnormal behavior recognition for intelligent video surveillance systems: A review. Expert Syst.

Appl. 2018, 91, 480–491. [CrossRef]
2. Ranasinghe, S.; Al Machot, F.; Mayr, H.C. A review on applications of activity recognition systems with regard to performance

and evaluation. Int. J. Distrib. Sens. Netw. 2016, 12, 1550147716665520. [CrossRef]
3. Turaga, P.; Chellappa, R.; Subrahmanian, V.S.; Udrea, O. Machine recognition of human activities: A survey. IEEE Trans. Circuits

Syst. Video Technol. 2008, 18, 1473–1488. [CrossRef]
4. Jiang, M.; Pan, N.; Kong, J. Spatial-temporal saliency action mask attention network for action recognition. J. Vis. Commun. Image

Represent. 2020, 71, 102846. [CrossRef]
5. Zuo, Q.; Zou, L.; Fan, C.; Li, D.; Jiang, H.; Liu, Y. Whole and Part Adaptive Fusion Graph Convolutional Networks for

Skeleton-Based Action Recognition. Sensors 2020, 20, 7149. [CrossRef] [PubMed]
6. Carreira, J.; Zisserman, A. Quo Vadis, Action Recognition? A New Model and the Kinetics Dataset. In Proceedings of the IEEE

Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017; pp. 6299–6308.
7. Crasto, N.; Weinzaepfel, P.; Alahari, K.; Schmid, C. Mars: Motion-Augmented Rgb Stream for Action Recognition. In Proceedings

of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA, 16–20 June 2019; pp. 7882–7891.
8. Feichtenhofer, C.; Fan, H.; Malik, J.; He, K. Slowfast networks for video recognition. In Proceedings of the IEEE/CVF International

Conference on Computer Vision, Seul, Korea, 27 October–2 November 2019.
9. Fan, Q.; Chen, C.-F.; Kuehne, H.; Pistoia, M.; Cox, D. More is less: Learning efficient video representations by big-little network

and depthwise temporal aggregation. arXiv 2019, arXiv:1912.00869.
10. Wang, L.; Xiong, Y.; Wang, Z.; Qiao, Y.; Lin, D.; Tang, X.; Van Gool, L. Temporal segment networks: Towards good practices for

deep action recognition. In European Conference on Computer Vision; Springer: Cham, Switzerland, 2016.
11. Hara, K.; Kataoka, H.; Satoh, Y. Can Spatiotemporal 3d Cnns Retrace the History of 2d Cnns and Imagenet? In Proceedings of the

IEEE conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018.
12. Dong, M.; Fang, Z.; Li, Y.; Bi, S.; Chen, J. AR3D: Attention Residual 3D Network for Human Action Recognition. Sensors 2021,

21, 1656. [CrossRef] [PubMed]
13. Soomro, K.; Zamir, A.R.; Shah, M. UCF101: A dataset of 101 human actions classes from videos in the wild. arXiv 2012,

arXiv:1212.0402.
14. Goyal, R.; Ebrahimi Kahou, S.; Michalski, V.; Materzynska, J.; Westphal, S.; Kim, H.; Haenel, V.; Fruend, I.; Yianilos, P.; Mueller-

Freitag, M. The “something something” video database for learning and evaluating visual common sense. In Proceedings of the
IEEE International Conference on Computer Vision, Venice, Italy, 22–29 October 2017.

15. Kuehne, H.; Jhuang, H.; Garrote, E.; Poggio, T.; Serre, T. HMDB: A large video database for human motion recognition.
In Proceedings of the 2011 International Conference on Computer Vision, Barcelona, Spain, 6–13 November 2011.

16. Zhang, Y.; Sun, S.; Lei, L.; Liu, H.; Xie, H. STAC: Spatial-Temporal Attention on Compensation Information for Activity
Recognition in FPV. Sensors 2021, 21, 1106. [CrossRef] [PubMed]

17. Tran, D.; Bourdev, L.; Fergus, R.; Torresani, L.; Paluri, M. Learning spatiotemporal features with 3d convolutional networks.
In Proceedings of the IEEE International Conference on Computer Vision, Santiago, Chile, 7–13 December 2015.

18. Tran, D.; Wang, H.; Torresani, L.; Ray, J.; LeCun, Y.; Paluri, M. A closer look at spatiotemporal convolutions for action recognition.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018.

19. Feichtenhofer, C. X3d: Expanding architectures for efficient video recognition. In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020.

20. Li, Y.; Ji, B.; Shi, X.; Zhang, J.; Kang, B.; Wang, L. Tea: Temporal excitation and aggregation for action recognition. In Proceedings
of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020.

21. Zhang, S.; Guo, S.; Huang, W.; Scott, M.R.; Wang, L. V4D: 4D Convolutional neural networks for video-level representation
learning. arXiv 2020, arXiv:2002.07442.

22. Li, X.; Shuai, B.; Tighe, J. Directional temporal modeling for action recognition. In European Conference on Computer Vision; Springer:
Cham, Switzerland, 2020; pp. 275–291.

23. Bekker, A.J.; Goldberger, J. Training Deep Neural-Networks Based on Unreliable Labels. In Proceedings of the 2016 IEEE
International Conference on Acoustics, Speech and Signal Processing (ICASSP), Shanghai, China, 20–25 March 2016.

24. Patrini, G.; Rozza, A.; Krishna Menon, A.; Nock, R.; Qu, L. Making deep neural networks robust to label noise: A loss
correction approach. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA,
21–26 July 2017.

25. Rolnick, D.; Veit, A.; Belongie, S.; Shavit, N. Deep learning is robust to massive label noise. arXiv 2017, arXiv:1705.10694.
26. Song, H.; Kim, M.; Park, D.; Shin, Y.; Lee, J.-G. Learning from noisy labels with deep neural networks: A survey. arXiv 2020,

arXiv:2007.08199.

http://doi.org/10.1016/j.eswa.2017.09.029
http://doi.org/10.1177/1550147716665520
http://doi.org/10.1109/TCSVT.2008.2005594
http://doi.org/10.1016/j.jvcir.2020.102846
http://doi.org/10.3390/s20247149
http://www.ncbi.nlm.nih.gov/pubmed/33322231
http://doi.org/10.3390/s21051656
http://www.ncbi.nlm.nih.gov/pubmed/33670835
http://doi.org/10.3390/s21041106
http://www.ncbi.nlm.nih.gov/pubmed/33562612


Sensors 2021, 21, 4720 19 of 20

27. Tran, D.; Wang, H.; Torresani, L.; Feiszli, M. Video classification with channel-separated convolutional networks. In Proceedings
of the IEEE/CVF International Conference on Computer Vision, Seoul, Korea, 27–28 October 2019.

28. Liu, J.; Luo, J.; Shah, M. Recognizing realistic actions from videos “in the wild”. In Proceedings of the 2009 IEEE Conference on
Computer Vision and Pattern Recognition, Miami, FL, USA, 20–25 June 2009.

29. Niebles, J.C.; Chen, C.-W.; Fei-Fei, L. Modeling temporal structure of decomposable motion segments for activity classification.
In European Conference on Computer Vision; Springer: Cham, Switzerland, 2010; pp. 392–405.

30. Wang, H.; Schmid, C. Action recognition with improved trajectories. In Proceedings of the IEEE International Conference on
Computer Vision, Sydney, Australia, 1–8 December 2013.

31. Wang, H.; Kläser, A.; Schmid, C.; Liu, C.-L. Dense trajectories and motion boundary descriptors for action recognition. Int. J.
Comput. Vis. 2013, 103, 60–79. [CrossRef]

32. Kantorov, V.; Laptev, I. Efficient feature extraction, encoding and classification for action recognition. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Columbus, OH, USA, 23–28 June 2014.

33. Simonyan, K.; Zisserman, A. Two-stream convolutional networks for action recognition in videos. arXiv 2014, arXiv:1406.2199.
34. Donahue, J.; Anne Hendricks, L.; Guadarrama, S.; Rohrbach, M.; Venugopalan, S.; Saenko, K.; Darrell, T. Long-term recurrent

convolutional networks for visual recognition and description. In Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, Boston, MA, USA, 7–12 June 2015.

35. Wang, X.; Girshick, R.; Gupta, A.; He, K. Non-local neural networks. In Proceedings of the IEEE Conference on Computer Vision
and Pattern Recognition, Salt Lake City, UT, USA, 18–22 June 2018.

36. Ji, S.; Xu, W.; Yang, M.; Yu, K. 3D convolutional neural networks for human action recognition. IEEE Trans. Pattern Anal. Mach.
Intell. 2012, 35, 221–231. [CrossRef]

37. Karpathy, A.; Toderici, G.; Shetty, S.; Leung, T.; Sukthankar, R.; Fei-Fei, L. Large-scale video classification with convolutional
neural networks. In Proceedings of the IEEE conference on Computer Vision and Pattern Recognition, Columbus, OH, USA,
23–28 June 2018.

38. Simonyan, K.; Zisserman, A. Very deep convolutional networks for large-scale image recognition. arXiv 2014, arXiv:1409.1556.
39. Qiu, Z.; Yao, T.; Mei, T. Learning spatio-temporal representation with pseudo-3d residual networks. In Proceedings of the IEEE

International Conference on Computer Vision, Venice, Italy, 22–29 October 2017.
40. Zhou, B.; Andonian, A.; Oliva, A.; Torralba, A. Temporal relational reasoning in videos. In Proceedings of the European

Conference on Computer Vision (ECCV), Munich, Germany, 8–14 September 2018.
41. Xie, S.; Sun, C.; Huang, J.; Tu, Z.; Murphy, K. Rethinking spatiotemporal feature learning: Speed-accuracy trade-offs in video

classification. In Proceedings of the European Conference on Computer Vision (ECCV), Munich, Germany, 8–14 September 2018.
42. Lin, J.; Gan, C.; Han, S. Tsm: Temporal shift module for efficient video understanding. In Proceedings of the IEEE/CVF

International Conference on Computer Vision, 2019, Seoul, Korea, 27 October–2 November 2019.
43. LeCun, Y.; Bottou, L.; Bengio, Y.; Haffner, P. Gradient-based learning applied to document recognition. Proc. IEEE 1998, 86,

2278–2324. [CrossRef]
44. Bengio, Y.; Bastien, F.; Bergeron, A.; Boulanger–Lewandowski, N.; Breuel, T.; Chherawala, Y.; Cisse, M.; Côté, M.; Erhan, D.;

Eustache, J. Deep learners benefit more from out-of-distribution examples. In Proceedings of the Fourteenth International
Conference on Artificial Intelligence and Statistics, Fort Lauderdale, FL, USA, 11–13 April 2011.

45. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks. Adv. Neural Inf.
Process. Syst. 2012, 25, 1097–1105. [CrossRef]

46. Lemley, J.; Bazrafkan, S.; Corcoran, P. Smart augmentation learning an optimal data augmentation strategy. IEEE Access 2017, 5,
5858–5869. [CrossRef]

47. DeVries, T.; Taylor, G.W. Improved regularization of convolutional neural networks with cutout. arXiv 2017, arXiv:1708.04552.
48. Yun, S.; Han, D.; Oh, S.J.; Chun, S.; Choe, J.; Yoo, Y. Cutmix: Regularization strategy to train strong classifiers with localizable fea-

tures. In Proceedings of the IEEE/CVF International Conference on Computer Vision, Seoul, Korea, 27 October–2 November 2019.
49. Uddin, A.; Monira, M.; Shin, W.; Chung, T.; Bae, S.-H. SaliencyMix: A Saliency Guided Data Augmentation Strategy for Better

Regularization. arXiv 2020, arXiv:2006.01791.
50. Gong, C.; Wang, D.; Li, M.; Chandra, V.; Liu, Q. KeepAugment: A Simple Information-Preserving Data Augmentation Approach.

arXiv 2020, arXiv:2011.11778.
51. Megrhi, S.; Jmal, M.; Souidene, W.; Beghdadi, A. Spatio-temporal action localization and detection for human action recognition

in big dataset. J. Vis. Commun. Image Represent. 2016, 41, 375–390. [CrossRef]
52. Xu, Z.; Hu, R.; Chen, J.; Chen, C.; Chen, H.; Li, H.; Sun, Q. Action recognition by saliency-based dense sampling. Neurocomputing

2017, 236, 82–92. [CrossRef]
53. Tu, Z.; Xie, W.; Qin, Q.; Poppe, R.; Veltkamp, R.C.; Li, B.; Yuan, J. Multi-stream CNN: Learning representations based on

human-related regions for action recognition. Pattern Recognit. 2018, 79, 32–43. [CrossRef]
54. Zhang, Y.; Po, L.M.; Liu, M.; Rehman, Y.A.U.; Ou, W.; Zhao, Y. Data-level information enhancement: Motion-patch-based Siamese

Convolutional Neural Networks for human activity recognition in videos. Expert Syst. Appl. 2020, 147, 113203. [CrossRef]
55. Tu, Z.; Xie, W.; Dauwels, J.; Li, B.; Yuan, J. Semantic cues enhanced multimodality multistream CNN for action recognition. IEEE

Trans. Circuits Syst. Video Technol. 2018, 29, 1423–1437. [CrossRef]

http://doi.org/10.1007/s11263-012-0594-8
http://doi.org/10.1109/TPAMI.2012.59
http://doi.org/10.1109/5.726791
http://doi.org/10.1145/3065386
http://doi.org/10.1109/ACCESS.2017.2696121
http://doi.org/10.1016/j.jvcir.2016.10.016
http://doi.org/10.1016/j.neucom.2016.09.106
http://doi.org/10.1016/j.patcog.2018.01.020
http://doi.org/10.1016/j.eswa.2020.113203
http://doi.org/10.1109/TCSVT.2018.2830102


Sensors 2021, 21, 4720 20 of 20

56. Weng, Z.; Jin, Z.; Chen, S.; Shen, Q.; Ren, X.; Li, W. Attention-Based Temporal Encoding Network with Background-Independent
Motion Mask for Action Recognition. Comput. Intell. Neurosci. 2021, 2021, 8890808. [CrossRef]

57. Pirinen, A.; Sminchisescu, C. Deep reinforcement learning of region proposal networks for object detection. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018.

58. Ren, L.; Lu, J.; Wang, Z.; Tian, Q.; Zhou, J. Collaborative deep reinforcement learning for multi-object tracking. In Proceedings of
the European Conference on Computer Vision (ECCV), Munich, Germany, 8–14 September 2018.

59. Li, D.; Wu, H.; Zhang, J.; Huang, K. A2-RL: Aesthetics aware reinforcement learning for image cropping. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018.

60. Huang, Z.; Heng, W.; Zhou, S. Learning to paint with model-based deep reinforcement learning. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, Seoul, Korea, 27 October–2 November 2019.

61. Han, J.; Yang, L.; Zhang, D.; Chang, X.; Liang, X. Reinforcement cutting-agent learning for video object segmentation. In Proceed-
ings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018.

62. Dong, W.; Zhang, Z.; Tan, T. Attention-aware sampling via deep reinforcement learning for action recognition. In Proceedings of
the AAAI Conference on Artificial Intelligence, Palo Alto, CA, USA, 27 January–1 February 2019.

63. Wu, W.; He, D.; Tan, X.; Chen, S.; Wen, S. Multi-agent reinforcement learning based frame sampling for effective untrimmed
video recognition. In Proceedings of the IEEE/CVF International Conference on Computer Vision, Seoul, Korea, 27 October–2
November 2019.

64. Zheng, Y.-D.; Liu, Z.; Lu, T.; Wang, L. Dynamic sampling networks for efficient action recognition in videos. IEEE Trans. Image
Process. 2020, 29, 7970–7983. [CrossRef]

65. Meng, Y.; Lin, C.-C.; Panda, R.; Sattigeri, P.; Karlinsky, L.; Oliva, A.; Saenko, K.; Feris, R. Ar-net: Adaptive frame resolution for
efficient action recognition. In European Conference on Computer Vision; Springer: Cham, Switzerland, 2020; pp. 86–104.

66. Tang, Y.; Agrawal, S. Discretizing continuous action space for on-policy optimization. In Proceedings of the AAAI Conference on
Artificial Intelligence, New York, NY, USA, 7–12 February 2020.

67. Nian, R.; Liu, J.; Huang, B. A review on reinforcement learning: Introduction and applications in industrial process control.
Comput. Chem. Eng. 2020, 139, 106886. [CrossRef]

68. Henderson, P.; Islam, R.; Bachman, P.; Pineau, J.; Precup, D.; Meger, D. Deep reinforcement learning that matters. In Proceedings
of the AAAI Conference on Artificial Intelligence, New Orleans, LA, USA, 2–7 February 2018.

69. Schulman, J.; Wolski, F.; Dhariwal, P.; Radford, A.; Klimov, O. Proximal policy optimization algorithms. arXiv 2017,
arXiv:1707.06347.

70. Mnih, V.; Badia, A.P.; Mirza, M.; Graves, A.; Lillicrap, T.; Harley, T.; Silver, D.; Kavukcuoglu, K. Asynchronous methods
for deep reinforcement learning. In Proceeding of the International Conference on Machine Learning, New York, NY, USA,
20–22 June 2016.

71. Ioffe, S.; Szegedy, C. Batch normalization: Accelerating deep network training by reducing internal covariate shift. In Proceedings
of the International Conference on Machine Learning, Lille, France, 6–11 July 2015.

72. Feichtenhofer, C.; Pinz, A.; Zisserman, A. Convolutional two-stream network fusion for video action recognition. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016.

73. Selvaraju, R.R.; Cogswell, M.; Das, A.; Vedantam, R.; Parikh, D.; Batra, D. Grad-cam: Visual explanations from deep net-
works via gradient-based localization. In Proceedings of the IEEE International Conference on Computer Vision, Venice, Italy,
22–29 October 2017.

74. Tran, D.; Ray, J.; Shou, Z.; Chang, S.-F.; Paluri, M. Convnet architecture search for spatiotemporal feature learning. arXiv 2017,
arXiv:1708.05038.

75. Wu, H.; Liu, J.; Zha, Z.-J.; Chen, Z.; Sun, X. Mutually Reinforced Spatio-Temporal Convolutional Tube for Human Action
Recognition. In Proceedings of the Twenty-Eighth International Joint Conference on Artificial Intelligence (IJCAI-19), Macao,
China, 10–16 August 2019.

76. He, D.; Zhou, Z.; Gan, C.; Li, F.; Liu, X.; Li, Y.; Wang, L.; Wen, S. Stnet: Local and global spatial-temporal modeling for action
recognition. In Proceedings of the AAAI Conference on Artificial Intelligence, Honolulu, HI, USA, 27 January–1 February 2019.

77. Liu, Z.; Li, Z.; Wang, R.; Zong, M.; Ji, W. Spatiotemporal saliency-based multi-stream networks with attention-aware LSTM for
action recognition. Neural Comput. Appl. 2020, 32, 14593–14602. [CrossRef]

78. Du, W.; Wang, Y.; Qiao, Y. Recurrent spatial-temporal attention network for action recognition in videos. IEEE Trans. Image Process.
2017, 27, 1347–1360. [CrossRef] [PubMed]

79. Jiang, B.; Wang, M.; Gan, W.; Wu, W.; Yan, J. Stm: Spatiotemporal and motion encoding for action recognition. In Proceedings of
the IEEE/CVF International Conference on Computer Vision, Seoul, Korea, 27 October–2 November 2019.

80. Liu, Z.; Luo, D.; Wang, Y.; Wang, L.; Tai, Y.; Wang, C.; Li, J.; Huang, F.; Lu, T. Teinet: Towards an efficient architecture for video
recognition. In Proceedings of the AAAI Conference on Artificial Intelligence, New York, NY, USA, 7–12 February 2020.

81. Zhou, Y.; Sun, X.; Luo, C.; Zha, Z.-J.; Zeng, W. Spatiotemporal fusion in 3D CNNs: A probabilistic view. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020.

http://doi.org/10.1155/2021/8890808
http://doi.org/10.1109/TIP.2020.3007826
http://doi.org/10.1016/j.compchemeng.2020.106886
http://doi.org/10.1007/s00521-020-05144-7
http://doi.org/10.1109/TIP.2017.2778563
http://www.ncbi.nlm.nih.gov/pubmed/29990061

	Introduction 
	Related Work 
	Deep Learning-Based Action Recognition 
	Data Augmentation 
	Saliency Detection for Action Recognition 
	Deep Reinforcement Learning in Action Recognition 

	ASNet Framework 
	Model Formulation 
	Salient Patch Agent 
	State and Action Space 
	Reward 
	Training of Salient Patch Agent 


	Experiments 
	Experiment Settings and Implementation Details 
	Datasets 
	Training of CNN 
	Training of ASNet 
	Inference Details 

	Ablation Studies 
	Comparison with Different Cropping Strategies 
	ASNet with Different Backbones 
	ASNet with Different Feature Fusion Strategies 
	Hyperparameters 

	Analysis of ASNet 
	Exploration of ASNet Architecture 
	Visualization of ASNet 

	Comparison with the State of the Art 

	Conclusions 
	References

