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Abstract: Virtual Reality (VR) is a kind of interactive experience technology. Human vision, hearing,
expression, voice and even touch can be added to the interaction between humans and machine.
Lip reading recognition is a new technology in the field of human-computer interaction, which has
a broad development prospect. It is particularly important in a noisy environment and within
the hearing- impaired population and is obtained by means of visual information from a video
to make up for the deficiency of voice information. This information is a visual language that
benefits from Augmented Reality (AR). The purpose is to establish an efficient and convenient way
of communication. However, the traditional lip reading recognition system has high requirements
of running speed and performance of the equipment because of its long recognition process and
large number of parameters, so it is difficult to meet the requirements of practical application. In this
paper, the mobile end lip-reading recognition system based on Raspberry Pi is implemented for the
first time, and the recognition application has reached the latest level of our research. Our mobile
lip-reading recognition system can be divided into three stages: First, we extract key frames from
our own independent database, and then use a multi-task cascade convolution network (MTCNN)
to correct the face, so as to improve the accuracy of lip extraction. In the second stage, we use
MobileNets to extract lip image features and long short-term memory (LSTM) to extract sequence
information between key frames. Finally, we compare three lip reading models: (1) The fusion
model of Bi-LSTM and AlexNet. (2) A fusion model with attention mechanism. (3) The LSTM and
MobileNets hybrid network model proposed by us. The results show that our model has fewer
parameters and lower complexity. The accuracy of the model in the test dataset is 86.5%. Therefore,
our mobile lip reading system is simpler and smaller than other PC platforms and saves computing
resources and memory space.

Keywords: mobile lip reading system; lightweight neural network; face correction; virtual reality (VR)

1. Introduction

Lip reading refers to recognition of what people are saying by catching the speaker’s lip motion.
Especially in a noisy environment of voice superposition, or people with hearing impairment,
the system will automatically detect lip area and identify the information [1]. Lip reading
technology can supplement speech information by visual perception based on enhanced learning.
Meanwhile, automatic lip reading technology can be widely used in Virtual Reality (VR) systems [2],
information security [3], speech recognition [4] and auxiliary driving systems [5]. The lip reading
system is mainly divided into the lip reading system based on traditional methods and the lip
reading system based on in-depth learning. Traditional lip reading systems usually include two
aspects: feature extraction and classification. For feature extraction, there are two kinds of methods:
pixel-based and model- based. Pixel-based feature extraction uses the pixel values extracted from the
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interested mouth Region of Interest (ROI) as visual information. Then, the abstract image features are
extracted by Discrete Cosine Transform (DCT) [6], Discrete Wavelet Transform (DWT) [7], and Principal
Component Analysis (PCA) [8]. The method based model is to express the lips by a mathematical
model, approximate the lip contour infinitely with curves and special features, and obtain the lip
geometric features. For classification, the extracted features are sent to the classifier for classification.
The commonly used classifiers are Artificial Neural Network (ANN) [9], Support Vector Machine
(SVM) [10], and Hidden Markov Models (HMM) [11]. The breakthrough of in-depth learning also
affects the development of lip reading technology. It has changed from the research direction of
combining artificial design-based features with traditional classification model to an end-to-end
complete system based on a deep-level neural network [12].

In recent years, researchers of the Google team proposed the MobileNets. MobileNets model to
be an efficient model for mobile and embedded visual applications; it can combine depth separable
convolution to construct a lightweight depth neural network [13]. This type of network offers
an extremely efficient network architecture that can easily be matched to the requirements for mobile
and embedded applications [14]. Considering that lip feature extraction has voice information and
visual perception, we propose a hybrid neural network which combines MobileNets and LSTM
to build a mobile lip reading system based on Raspberry Pi. Raspberry Pi is a credit card sized
microcomputer which can do everything a normal PC can do and is widely supported by a large
number of users. For example, it can be embedded in VR wearable devices. The whole lip reading
recognition system runs on Raspberry Pi which is based on the Linux system; we deployed our project
to the destination folder (/home/pi/lip-recognition) of our Pi to realize the self-startup. In this article,
we realized self-startup by adding a script file. Also, we compared the Raspberry Pi with android
smartphones and computers. Smartphones are limited by the space of PCBA (Printed Circuit Board
Assembly), therefore they cannot allow the corresponding USB, HDMI and other interfaces. The low
hardware cost of smartphones leads to low software adaptability. Although the computer has powerful
process capability, it is inconvenient to move and cannot be deployed in simple devices. In contrast,
Raspberry Pi has the advantages of small size, easy to carry, and low cost.

Our lip reading recognition system on mobile devices can be divided into the following stages:
First, a lip reading video is obtained by a camera connected to the Raspberry Pi, and frames are
extracted by using our own design rules to reduce the complexity of redundant information [15].
In the second stage, the multi-task cascade convolution network (MTCNN is used to correct the
face and extract the key points of lip region [16]. Then MobileNets are used to extract lip features.
After this, the attention-based LSTM network is used to learn the sequence information and attention
weight between key frame features of the video. Finally, the final recognition results are predicted
by two full connection layers and softmax. The softmax function converts the prediction results
into probability [17]. The advantages of this mobile lip reading system are: (1) Face correction and
lip key point detection using the MTCNN network can improve the accuracy of feature extraction.
(2) Compared with PC-based mobile devices, Raspberry Pi has the advantages of small size, low power
consumption and low cost. It can also accomplish some PC tasks and applications as usual. (3) Hybrid
neural networks based on MobileNets and LSTM can reduce the number of parameters, the model
complexity and the interference of invalid information.

The rest of this paper is organized as follows: In Section 2, we introduce the preparation and
architecture of mobile lip reading system. Section 3 contains the analysis and experimental results of
our proposed method. Section 4 provides conclusions and suggestions for future research directions.

2. Proposed Model

In this section, we propose the research framework and main steps. The framework we designed
is a video recognition system based on mobile devices. Considering the performance limitations of
mobile devices, we propose a framework as shown in Figure 1. First, we need to handle the dynamic
video. We design an efficient method to extract the fixed frame. Second, we implement face location
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and face correction. Then we segment the mouth image region using MobileNets to extract features.
Finally, we learn the temporal features and predict recognition results from LSTM.Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 12 
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Figure 1. The architecture of our proposed Lip Reading System. 
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2.1. Extraction of Fixed Frames, MTCNN Detection and Correction of Lips

Lip detection is an essential part of lip reading recognition. However, previous studies were
based on Dlib to locate the lips of a face [18]. Then the lip is segmented for feature extraction. In this
paper, we independently design a frame extraction rule and propose a multi-task cascade convolution
network (MTCNN) to extract the lip region as training data and locate key lip points to correct lip areas.

The quality of extracting fixed frames directly determines the quality of the recognition results.
Therefore, we design a frame extraction scheme for lip recognition. In order to increase the robustness
of the model, we design and implement a partition-based random selection method. If the total number
of frames in a video segment is V, we first divide the video V into x blocks (x = 1, 2, 3, 4, 5 . . . n).
F represents the sequence number of each frame, because there may be situations where it cannot be
divisible, we reduce the total number of frames. As shown in Formula (1).

x = v−
v
n
∗n (1)

Among them, b c is the downward integer operator, the first X blocks the increase of the number
of frames by, for each block, two frames are extracted as fixed frames. As shown in Formula (2).

F = Ai
blockn

(2)

Among them, Ai
blockn

represents selecting i frames in blockn orderly.
MTCNN has an absolute advantage in the performance and recognition speed of face detection [19].

It is based on a cascade framework and can be divided into three layers: P-Net, R-Net, and O- Net [20].
The specific network structure is as follows:

• Proposal Network (P-Net): The network structure mainly obtains the regression vectors of the
candidate windows, and the boundary areas of the face. The boundary areas are used for
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regression analysis to calibrate the candidate windows, and then merge the highly overlapping
candidate windows by Non-maximum Suppression (NMS). (See Figure 2a).

• Refine Network (R-Net): The network structure also removes the false regions by boundary area
regression analysis and NMS. However, due to the difference between the network structure and
the P-Net network structure, there is an additional full-connection layer, so it can achieve a better
effect of restraining the misjudgment rate. (See Figure 2b).

• Output Network (O-Net): This layer has one more convolution layer than the R-Net layer, so the
processing results will be better. It works the same as the R-Net layer, but the layer monitors more
of the face area and outputs five landmarks. (See Figure 2c).
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Figure 2. Multi-task cascade convolution network (MTCNN) architecture.

MTCNN model can detect the face area and face landmarks concurrently, and realize the calibration
of feature landmarks. In this process, the model uses the method of Non-maximum Suppression.
Based on this, we can achieve the goal of correcting the face. We achieve an effect by using MTCNN as
shown in Figure 3 to improve the accuracy of the following recognition.
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2.2. MobileNets Architecture

MobileNets based on a Streamlined Architecture uses Depthwise Separable Convolutions to
construct a lightweight deep neural network. We introduce two simple global hyper-parameters.
These hyper-parameters allow the model generator to select the appropriate size model for its
application according to the constraints of the problem, thus reducing the complexity of the model [21].

The main work of MobileNets is using Depthwise Separable Convolutions instead of Standard
Convolutions to solve the problems of computing efficiency and the parameters of the convolutional
network [22–24]. The Standard Convolutions are shown in Figure 4a. It decomposes the standard
convolution into Depthwise Convolutions and Pointwise Convolution. It is a key component of
many effective neural network structures. The basic idea is to use a decomposition version instead
of a complete convolution operator to decompose the convolution into two separate layers. The first
layer is shown in Figure 4b, called Depthwise Convolution, which performs lightweight filtering by
applying a convolution filter to each input channel. The second layer is Figure 4c, which is a 1 × 1
convolution called Pointwise Convolution. It is responsible for building new features by calculating
the linear combination of the input channels.
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In addition to the Depthwise Separable Convolutions, which is the basic component of MobileNets,
the ReLU activation function is used in the model. Therefore the basic structure of Depthwise Separable
Convolutions is shown in Figure 5. BN and ReLU are used to speed up the training speed and improve
the recognition precision of the model [25].
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2.3. LSTM (Long Short-Term Memory)

In order to solve the problem of gradient disappearance and gradient explosion when RNN
processes long-sequence data, Hochreiter [26] proposed an improved form of RNN, called long
short-term memory (LSTM), which is specially used to deal with information missing in long-
term dependent sequences [27]. LSTM stores historical information by introducing memory units.
By introducing three control gate structures, including the input gate, forget gate, and output gate,
LSTM controls the increase and removal of information flow in the network. To better discover and
utilize long-term dependencies from sequence data (such as video, audio, and text), memory cell
remembers the associated information that needs to be remembered in a long sequence and forgets
some of the useless information. Figure 6 shows the operations performed within a single LSTM cell.
Among them, xt represents the input vector of the network node at t time, ht represents the output
vector of the network node at t time, it, ft, ot, and ct represent the input gate, forget gate, output gate
and memory unit at t time respectively.
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The calculation steps of the input gate, forget gate, memory unit, and output gate in the LSTM
unit are as follows:

1. Input gate: This gate is used to control the input node information. The mathematical expressions
of the input gate output and candidate information are as follows:

it = σ(Uixt + Wiht−1 + bi) (3)
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gt = tan h
(
Ugxt + Wght−1 + bg

)
(4)

Among them, Ui, Wi, and bi represent the weights and biases of input gates, Ug, Wg, and bg

represent the weights and biases of candidate states, σ represents the sigmoid activation function,
and tan h is the activation function.

2. Forget gate: This gate is used to control which information is discarded by the current LSTM unit.
The mathematical expression of the forget gate is as follows:

ft = σ
(
U f xt + W f ht−1 + b f

)
(5)

Among them, U f , W f , and b f denote the weights and biases of the forget gates respectively, and σ
represents the sigmoid activation function.

3. The memory unit (memory cell): is used to save the state information and update the state.
The mathematical expression of the memory unit c is as follows:

ct = ft � ct−1 + it � gt (6)

Among them, � represents the Hadamar product.
4. Output gate: The gate is used to output the control of node information. The mathematical

expression of the initial output value and the output of the LSTM unit is:

ot = σ(Uoxt + Woht−1 + bo) (7)

ht = ot � tan h(ct) (8)

Among them, Uo Wo, and bo represent the weight and bias of the output gate, respectively.

We input the pre-processed images into Mobilenets, extract the high-dimensional features of the
images in fully connected layers, and input the features into LSTM model for learning the past and
future information of the sequence features. In the memory unit of LSTM, putting in all the data passes
through only one cell unit in different timing states. Also, it can reduce the number of parameters
by keeping updating the weights. (See Figure 7) Among them, W(f), W(i), W(j), W(o) are weight
parameters in the cell unit of LSTM. We aim to train these four weight parameters to optimize the
LSTM network and reduce the input parameters.

The Dropout technique is used to mitigate the over-fit problems that have occurred during the
training process. The Dropout technique reduces the complexity of the model by randomly dropping
part of the neurons during each training process, thus improving the generalization ability of the
model. In particular, it is assumed that a neural network with n nodes, in each training procedure,
randomly discards the neurons in the network hidden layer at a probability p, and the probability of
the retention of the neurons is 1–p. In general, this probability value p is set to 0.5 (referred to as the
Dropout rate), since the randomly generated network structure is the most, that is, a set corresponding
to 2n models. In addition, the joint action between the various neurons can be reduced, so that the
appearance of a certain feature does not depend on the characteristic of the fixed relation, and can be
used for weakening the interaction between the various features, so that the model is not too dependent
on some local characteristics. Thus, the generalization ability of the model is enhanced.
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3. Experimental Dataset and Results

3.1. Dataset

The dataset in this paper is our self-made lip-language video database, recorded by six different
producers (three men and three women) in a single constant environment. At this stage, it is worth
emphasizing that privacy restrictions on datasets cause most of the data that we get to be Asian.
The system has a good performance with Asian features. During recording, the head and the camera
remain relatively static. The recorded content is the independent pronunciation of ten English words
0–9. Each person makes 100 sounds and divides them into different video clips. Then the sample
size of the database is 6000. At the same time as we made the data enhancement to the original data,
the dataset was expanded to 12,000 samples by increasing the light-and-dark, the image, the rotation,
the Gaussian noise, the pepper and salt noise, etc. The original image has a resolution of 1920 × 1020,
approximately 25 frames per second.

3.2. Results and Discussion

In this section, we evaluate the designed mobile lip reading recognition system, and analyze
and compare the results on our dataset. We randomly disrupt the dataset and divide the training
set and the test set according to 90% and 10%. We built MTCNN and LSTM networks with PyTorch.
The random gradient drop method is used to train the network. The training model is inputted in
64 units. The learning rate of the first 100 iterations is 0.1, and then changed to 0.001 (in order to speed
up the convergence rate).

We choose Raspberry Pi (Raspberry Pi 4, 4GB of LPDDR4 SDRAM, Dual monitor support,
at resolutions up to 4K) based on the Linux system to realize dynamic lip reading recognition on the
mobile end, as shown in Figure 8. Compared with the general PC computer platform, Raspberry Pi
has the advantages of small size, low power consumption, and low cost. It can complete some tasks
and applications that a PC platform can normally realize.
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In order to evaluate the performance of the mobile lip reading system, we compared the mainstream
research methods [28,29] through a large number of experiments, and the results are shown in Table 1.
The proposed method can reduce a large number of parameters and reduce the complexity of the model
and does not significantly degrade the performance of the model. We propose that the recognition
time of the model is the time of video recognition, including decision- making. It can be seen that
the recognition accuracy of the lightweight model proposed by us is smaller than that of the deep
convolution hybrid network, and the recognition speed is greatly improved, which can meet the
deployment and application of the mobile terminal.

Table 1. Performance comparison of the mainstream research methods.

Network Accuracy Time Model Parameter
(Million)

BiLSTM + AlexNet (No data expanded) 85.7% 10.0 s 61
AttentionLSTM+VGG16 (No data expanded) 88.2% 16.3 s 139

LSTM + MobileNets (Data expanded) 86.5% 7.3 s 5.2

The proposed system can be adapted well to the real environment without excessive degradation
of model performance.

The training dataset and the test dataset are input into two MobileNets respectively, and then the
sequence features of 4096 × 10 are extracted with the same LSTM model. Loss, accuracy, and recall of
each period are shown in Figures 9 and 10.

In Figure 9, when the period (epochs) is about 19, the loss tends to be stable, indicating that the
optimal solution has been reached at this time. The accuracy of the proposed network model in the
test dataset is 86.5%. The test set performs very well, and the accuracy and loss eventually tend to
balance, which shows that the spatial and temporal characteristics have been learnt.

As we want to identify the results as accurately as possible and reduce the situation of confusion
recognition, we therefore pay more attention to the recall evaluation index of the model. Figure 10
below is the recall of our proposed model and the recall of the comparative model. It can be seen that
our model performs well in pronunciation 2, 7, and 8, which is of great significance compared with
previous studies. Considering the above experimental considerations, our research can be deployed
well in the mobile terminal, and the efficiency is high.
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4. Conclusions

This paper concerns a lip language video obtained from Raspberry Pi. In order to optimize
the recognition results and reduce redundant information, first, we extract the fixed-length frame
sequence with our efficient and concise method, use MTCNN to correct the lip, and then use the
lightweight MobileNets structure to train the model. Then, LSTM network is used to learn the sequence
weights and sequence information between frame-level features. Finally, two full connection layers
and one softmax layer are used to implement the classification. We independently established a dataset
consisting of three men and three women. We recorded the pronunciation of English from 0 to 9.
Each digital pronunciation was divided into independent video clips. We expanded the original
dataset. Experimental results show that the mobile lip reading recognition system can effectively
recognize words from the video, the complexity of the model is low, the amount of parameters has been
reduced by 20 times, and the speed increased by 50%. This is the first mobile lip reading recognition
system that uses a lightweight network in lip language research. It has reached the highest level of
our research. We have also expanded the data to make it more versatile. However, our research of
lip reading recognition is chronological, not aiming at a particular type of lip movement at a certain
time. Therefore, the real-time performance is not good. In future research, we will focus on how to
improve the speed of the recognition system based on time series and a train lip reading model on
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news video datasets, including news video samples from different environments to test our designed
recognition system. According to the extended research of VR in the future, we will be more proficient
in deploying and naming algorithms of mobile devices, so as to add multi-dimensional input to the VR
scenes. For saving space of mobile devices and speeding up the operation and data-sharing, we will
try to transfer data from raspberry pi by 5G (5th generation mobile networks) and utilize a server
for algorithm identification and then return to the mobile devices, adding interactive virtual sensing
technology to enable a wide range of facial recognition applications.
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