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Abstract

Screen-to-camera communication is one of the most popular short-range
communication systems in recent years. Two main encoding schemes used in
screen-to-camera communications are spatial encoding and frequency encod-
ing scheme. Even though spatial encoding scheme, such as QR code, has been
widely deployed in our daily life, spatial encoding scheme suffers from short
communication range, and is vulnerable to the blurring effect. On the other
hand, frequency encoding scheme is considered to be more resilient to the
blurring effect. As our ultimate goal is to increase the communication range
of screen-to-camera communications, frequency encoding scheme is adopted
in this work to generate the transmitted code. There are three major chal-
lenges in this work: nonlinear relationship between the transmitted intensity
by the screen and received intensity by the camera, perspective distortion and
the blurring effect. To address these challenges, we proposed nonlinearity
calibration, resampling and channel estimation respectively to reduce the de-
coding error. To evaluate our proposed methods, three kinds of screens with
different sizes and two cameras are used to carry out the experiments. The
experimental results show that nonlinearity calibration is able to reduce the
error rate with an error rate drop of at most 20%. In addition, the resampling
algorithm can effectively mitigate the error caused by the distortion.

Keyword: Screen-to-camera communication, Visible light communica-

tion, Frequency encoding scheme
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Chapter 1

Introduction

Due to the rapid development of technology, mobile devices such as mobile phones
or tablets are ubiquitous in our daily life. Cameras, as one of the essential components in
these mobile devices, have become more and more common. it offers a great opportunity
to develop a unique wireless communication paradigm called screen-to-camera commu-
nication. Screen-to-camera communications have emerged as one of the most popular
technologies for providing one-way data transmission in a short range. Information is en-
coded into a transmitted code which is shown on a monitor or a screen-equipped device as
the transmitter. Whereas, the most common receiver used for capturing transmitted codes
are the commodity cameras in mobile phones. Compare to the wireless radio frequency
technology such as Bluetooth, which is also applied in short-range communication, screen-
to-camera communications provides a more convenient way to transmit data without any
synchronization or pairing process between the transmitter and receiver.

In prior works, the spatial encoding method is the most widely used method for turning
the transmitted information into images (i.e., transmitted codes). The transmitted infor-
mation is first translated into binary datas which can be then expressed as block cells with
color of white and black, forming a transmitted code. One of the most common examples
of spatial encoding method is QR code, which stands for Quick Response Code. QR code
enables a simple and convenient scenario for data exchange. It usually appears on ad-
vertisements and websites to transmit the information to the public. Moreover, QR code

can be used as the major medium in mobile payment and communication software for
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exchanging personal information.

Despite the fact that the design of the QR code continuously evolves to meet the needs
of users, in its current form it still presents challenges in long-distance scenarios. When
people want to obtain the information from a QR code, it is crucial to put the camera as
close to the QR code as possible to make the code in the captured image large enough for
recognition and decoding. As a result, the transmission distance of the QR code is usually
less than one meter [|12], which is problematic for many applications. For example, the
museum usually uses QR code to provide more information about the artwork to visitors.
Due to the aesthetic perception, QR code usually appears in a small form, and would have
a difficult time capturing the code when it is crowded. The main reason that makes QR
code unable to work at a long-range distance is the blurring effect, which is caused by the
insufficient sharpness of the camera lens or the slightly shaking when capture the image.
The blurring effect would cause the color of adjacent block cells to be blended with each

other, leading to false decode of the transmitted QR code.

To decrease the influence of the blurring effect, a new scheme which encodes the
data in the frequency domain instead of the spatial domain had been proposed in recent
years, providing a new perspective for implementing the screen-to-camera communica-
tion system [(]. This is due to the fact that the blurring effect caused by the optical system
in the camera produce similar effect to the low-pass filter, causing the attenuation at high
frequency while the low frequency components remain unchanged. Therefore, frequency-
based screen-to-camera communication features an innate resistance to the blurring effect
which naturally reduces the the range of affected frequencies by blurring effect and mini-

mize the number of bit errors.

PixNet [|11] is the first work for implementing the frequency-based screen-to-camera
communication system. Based on [6], PixNet generalizes the OFDM scheme to address
the issue of perspective distortion. However, PixNet did not address the issue of blurring
effect in a fundamental manner. PixNet disregards the channel at high frequency and does
not make use of it, while protecting other frequencies with a high redundancy error correc-

tion code. Focus [5], which builds on the concept from OFDM, partitions the frequency

2

d0i:10.6342/NTU201903432



spectrum to multiple sub-channels. The system encodes different amount of data, accord-
ing to the robustness of the sub-channel. To lower the error rate caused by the frame
mixing, it presents multi-rate streams that enable a transmitter to concurrently support
multiple receivers (i.e., cameras) with different frame rates. Unfortunately, the proposed
system focuses on the design of code construction and the issue of frame mixing. The
impact of blurring effect has not been mitigated properly. To provide better resilience in
the screen-to-camera communication system in various scenarios, we proposed several
methods for improving the working range and the adaptability of the screen-to-camera

communication system.

In this work, we take advantage of the frequency encoding scheme and focus on im-
proving the working range of screen-to-camera communication while reducing the erro-
neous data caused by distance during the transmission. Due to the increasing transmission

distance, we need to address three major challenges.

First, the nonlinearity between the transmitted and received intensity values produces
large decoding errors, degrading system performance. This is because that the brightness
displayed on the screen is obviously different from the intensity received by the camera,
depending heavily on the exposure setting of the camera and the capability of the image
sensor. The nonlinearity between the transmitted and received intensity makes the re-
ceived intensity no longer be proportional to the transmitted intensity, causing decoding
errors. To address this issue, we design a gradient pattern to measure the relative relation-
ship of the luminance between the transmitter and the receiver, and utilize the nonlinearity

calibration information to mitigate the error.

Second, when the camera is not perfectly aligned with the screen, perspective distor-
tion occurs due to non-perpendicular viewing angle between the transmitting screen and
the receiving camera. Perspective distortion induces code deformation when the transmit-
ted code projects on the image sensor. The deformation of the transmitted code leads to
an inconsistent sampling frequency in the spatial domain and resulting in the frequency
shift in the frequency domain. To deal with the perspective distortion, we apply the com-

mon method to eliminate the sampling frequency offset in the OFDM and generalize it to
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two-dimensional spatial signal.

Finally, the blurring effect is considered to be one of the main causes that degrades
the performance of screen-to-camera communication. Blurring effect is the result of pixel
blending together with adjacent pixels at the receiving camera, which is caused by insuf-
ficient sharpness of the lens and the defocus of the camera. The imperfectness of the lens
structure causes the light to be slightly divergent when passing through the lens, resulting
in the color-blending pixels which eliminate the details of the signal and cause informa-
tion loss at high frequency. In the case of longer transmission distance, the transmitted
code occupies fewer pixels in the captured image, where the blurring effect would be-
come more severe. In addition, the imperfect alignment between the symbol blocks in
the transmitted code and the pixels in the image sensor causes color-blending problem.
For example, a symbol block in the transmitted code would be smaller than a pixel in the
receiving camera at long distance. Therefore, a pixel in the image sensor would sense the
intensity of multiple symbol blocks in the transmitted code. As the pixel would output the
total intensity of its sensing area, the output intensity of the pixel would be the sum of all
the intensity observed symbol blocks. To address this issue, we estimate the channel using
pilot symbols in the frequency domain, and utilize the channel information to correct the
received signal at high frequency.

This thesis provides an analysis on the issues of screen-to-camera communications
which causes system degradation in long-range communications. To address these issues,
we propose several methods to improve the performance of screen-to-camera communi-

cations, and report the following key findings:

* We adopt non-linearity correction in our design, which decreases the sensitivity
difference of the luminance between the screen and camera. It reduces the error

rate significantly in higher-order modulation.

* We improve the resampling method which can mitigate performance degradation
due to perspective distortion. We address the blurring effect by estimating the blur-
ring channel. With the estimated channel, the receiver can reconstruct the transmit-

ted signal with more detail, mitigating the error.

4
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* We evaluate the improved screen-to-camera communications with the schemes in
various situations with different devices. The results show that the improved screen-

to-camera communication has better performance at a long distance.

The rest of this thesis is organized as follows. In Chapter 2, literature in both spatial-
based and frequency-based screen-to-camera communication are described. Background
knowledge of screen-to-camera communication concepts is mentioned in Chapter 3. Chap-
ter 4 introduces the design of the whole system and the algorithms we used in our system.
The implementation procedures are present in Chapter 5. The system evaluation and anal-

ysis result are shown in Chapter 6. Finally, Chapter 7 concludes this thesis.
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Chapter 2

Related Work

In screen-to-camera communications, spatial-based and frequency-based encoding schemes
are the two most commonly used methods for encoding the transmitted data into a 2D im-
age. While spatial-based encoding scheme directly uses the pixel blocks to represent the
transmitted data in the spatial domain, frequency-based encoding scheme, however, uti-
lizes the frequency channels to encode the data. In the following, we will introduce several

prior works on spatial-based or frequency-based screen-to-camera communications.

2.1 Spatial-based screen-to-camera communication

Spatial-based screen-to-camera communication becomes popular for short-range com-
munication in recent years. Various design of 2D barcode such as QR Code [3], Data
Matrix [|1] and Aztec codes [2] has been established for practical application. To achieve
better performance and efficiency, most of the papers focused on improving the efficiency
of the 2D barcode. Due to the progress of image processing, the deformation correction
has been proposed for identifying the QR Code more accurately [13]. In order to meet the
increasing demand of the transmitted data, the design of the 2D barcode has been improved
for the higher data capacity [[13, [10, 4]. Moreover, to extend the workable transmission
scenarios, spatial-based screen-to-camera communication had been analyzed in different
environments and attempted to increase the adaptivity of the 2D barcode [9, 8, ?].

Among these papers, there are several papers aiming to increase the transmission dis-

6
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tance or mitigate the impact of the blurring effect. COBRA [4] developed a novel 2D color
barcode on smartphones, which could achieve real-time decoding for barcode streaming.
COBRA not only adopted a blur-aware color ordering to alleviate the image blur in mobile
environments but also proposed an adaptive code generation scheme to adjust the block
size adaptively based on the mobility of the smartphone. Strata [7], on the other hand, pro-
posed a layered coding scheme for spatial-based screen-to-camera communication, which
enables the transmitter to encode the data with multiple resolutions in the spatial domain.
Depends on the transmission distance and capability of the camera, the data with different
resolutions can be decoded. Although these papers all put an effort on reducing the influ-
ence of the blurring effect, there still exists a trade-off between the data capacity and the

transmission distance.

2.2 Frequency-based screen-to-camera communication

Due to the rising demand for higher throughput and transmission distance, more efti-
cient and stable screen-to-camera communication systems are expected . The concept of
applying OFDM to screen-to-camera communication was first proposed by Hranilovic and
Kschischang [6]. The idea was inspired by the multiple-input/multiple-output (MIMO)
systems at radio frequencies (RF). Experimental prototype are carried out to validate fea-
sibility of the idea.

PixNet [L1], which built on the previous work [6], implemented the first system of
frequency -based screen-to-camera communication. PixNet generalized the correction
method of sampling frequency offset in OFDM to address the perspective distortion and
applied the blur-adaptive error correction code to deal with the impact of blurring effect.
The blur-adaptive coding scheme presented by PixNet discards the bandwidth in the high-
frequency channels, while high redundancy error correction code is added the other fre-
quency channels to ensure system robustness. Rather than throwing the high frequency
away, Focus [5] partitions the frequency spectrum into many separate sub-channels. Each
sub-channel encodes one part of the payload. The receiver is able to adaptively decode

different amount of data according to the transmission distance and camera resolution.

7
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Focus also presents a multi-rate streams scheme which enables different receivers to use
its own frame rate to capture the encoded data. However, None of the above works effec-
tively tackle the issue of blurring effect. To this end, in this work, we propose to address
the degradation resulting from the blurring effect by introducing nonlinearity calibration
technique and channel estimation algorithm. In addition, we also improve the perspec-
tive correction algorithm introduced in PixNet to enhance the system resilience to various

viewing angles between the transmitter and the receiver.
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Chapter 3

PRELIMINARY

3.1 2D Orthogonal Frequency Division Multiplexing

Similar to traditional RF signals which can be transformed from time domain to fre-
quency domain, an image can be transformed from spatial domain to “spatial frequency”
domain using 2D Fourier transform. Fig shows an example of the spatial frequency spec-
trum with size N x N, where the frequency block in the center is considered the DC fre-
quency representing for the average luminance of the entire image. The frequency blocks

that are farther to the center stand for higher frequencies.

As a result, one can encode the transmitted data in the frequency domain and trans-
form the data into spatial domain as an image. This encoding process is regarded as a
variant of Orthogonal Frequency Division Multiplexing (OFDM), being called 2D OFDM
in [PixNet]. To create a 2D OFDM symbol, 2D Inverse Fourier transform is applied to a
N x N data matrix A, where a; ; is an element in A which is a modulated data bit. The

expression of a 2D OFDM symbol S is

N—1N-1 [P
Spg = Z Sgiet N e N 3.1
k=0 1=

On the other hand, if the receiver samples the symbol accurately, the transmitted data

9
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of this OFDM symbol a can be decoded using FFT:

1 N—-1N-— ‘727;\];17 _]% N
Toa ﬁzg ke (32)

3.2 RANSAC

Random sample consensus, also known as RANSAC, is an iterative method to esti-
mate the parameter of a mathematical model from a set of observed data. It is a non-
deterministic algorithm which is randomly select the observed data to establish the model.
The advantage of RANSAC is that it has great resistance against the influence of outliers
during the model estimation, which would produce a reasonable result according to the
number of iterations.

In a set of observed data, the data could be usually classified into inliers and outliers.
Inliers refer to the data which roughly could be fitted to the model, while outliers refer
to the noise or the deviation in the data. In the beginning, RANSAC would randomly
select several data in the set of observed data to calculate the model and uses the model
to classify the data. After several selections, according to the probability, the model we
establish would have a high possibility to fit most of the data, which is also approximate

to the best solution. The algorithm applies by repeating the following steps:

1. Randomly select the required number of observed data to determine the model pa-

rameters.
2. Calculate for the parameters of the model.

3. Determine the number of the inliers, which is fit to the model with a predefined

tolerance value from the rest of the observed data.
4. Store the number of inliers in the consensus set.
5. Repeat steps 1 through 4 (maximum of N times).

6. Select the model with the most inliers as the optimal solution

10
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Chapter 4

System Design

4.1 Overview

Decode — > Data
?
Data ——— Encode Channel
estimation
Frequency domain 2D IFFT s
Spatial domain l 2D FFT
Add
cyclic prefix
Resample
|
Nonlinearity t
correction Find finders
!
Place finders, t
gradient pattern Captured
| image
Transmitted
pattern

Figure 4.1: System block diagram.

In this work, we make an effort to address the three challenges which degrade the ca-
pability of screen-to-camera communication: perspective distortion, blurring effect, and
the nonlinearity between the transmitted pixel intensities and the received image intensi-
ties. We apply several techniques to both the transmitter and receiver side and analyze

their effectiveness on improving the communication range. Figure shows our system

11
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block diagram.

On the transmitter side, first, we encode the data in frequency domain. Next, 2D
IFFT is applied to transform the data from frequency domain to spatial domain to create
a transmitted code. Then, to accurately locate the transmitted code in the observed scene,
four finder patterns are added. In addition, in order to perform nonlinearity calibration,
we add four gradient patterns to the transmitted code.

After the transmitted code is shown on the screen, the camera would capture the code
and calculate nonlinearity relationship between the screen and the camera. Based on the
calculated result, nonlinearity calibration algorithm can be performed at either the trans-
mitter side or the receiver side.

On the receiver side, we divide the decoding process into four stages to deal with
the captured image. First, we determine the position of the transmitted code by locating
the location of the four finder patterns. Then, we estimate the frequency phase shift of the
known data inserted in the transmitted code. With the estimated phase shift, we are able to
restore the transmitted code from the perspective distortion by resampling the transmitted
code and retrieve the intensity value from the correct locations. Eventually, the Fourier

transform is applied to obtain the data in frequency domain.

4.2 Transmitter

4.2.1 Design of transmitted code

Figure 1 shows an illustration of our designed code. The transmitted code can
be divided into three segments. The largest region located in the middle of the code is
called a data region, where the transmitted data are encoded. A data region is composed
of 4 subregions (shown in Figure {.3)). The reason for 4 subregions will be described in
Chapter §.3.2.

At the corners of the data region are the four finder patterns, which are used for iden-
tifying and locating the transmitted code in a captured image. To ensure the uniqueness

of the finder patterns, the design of our finder patterns is according to the position pat-

12
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Finder

- Gradient Pattern

Data Region

Figure 4.2: An example of transmitted code.

Symbol 1
Symbol 2

Symbol 3

Symbol 4

Figure 4.3: An illustration of the four symbols in one data region.

terns used in QR code where the ratio of the width of the color block is 1:1:3:1:1 [[12], as
illustrated in Figure §.4.

To calibrate the nonlinear relationship of luminance between the transmitter and re-
ceiver, there are four gradient patterns in the transmitted code whose intensity values range

from 0 to 255 calibrate the transmitted code. In addition, to prevent the dark blocks in the

13
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Figure 4.4: An illustration of the finder pattern.

finder pattern from being blended with the gradient pattern, extra spacing is applied.

4.2.2 Code generation

In our system, we consider a data subregion as an OFDM symbol, and thus a data
region is composed of four OFDM symbols as a macro symbol. The main reason for this
design comes from [|11]], where the four symbols are used to estimate the shift of the four
corners caused by perspective distortion, respectively. The correction algorithm will be
detailed in Chapter #.3.2.

For each symbol, the transmitted data is first modulated with phase shift keying (PSK)
and filled into a two dimensional matrix with the center matrix value (i.e., the DC value)
set to be zero. We also insert known data values act as pilots in the matrix for performing
resampling algorithm and channel estimation. This data matrix is then fed to 2D inverse
Fast Fourier Transform (IFFT) to create a two dimensional output. However, unlike tradi-
tional OFDM, which transmits both real and imaginary components, images only contain
real intensity values. Therefore, it is important to ensure that the outputs of 2D IFFT are
real numbers to avoid data loss during the transformation. Fortunately, this issue can be

solved by forming the transmitted data into a two dimensional Hermitian matrix. A Her-

14
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Figure 4.5: An OFDM symbol.

mitian matrix is a complex square matrix whose conjugate transpose is equal to itself.
Thanks to the special property of Hermitian matrix, the output from 2D IFFT of a Her-
mitian matrix is entirely real. Figure #.3 shows an example of one sub-symbol (i.e., one
subregion) with transmitted data, pilot carriers and DC value set to be 0 in the center.

In addition, to prevent the symbols from being affected by the adjacent symbols or
the background, we add a cyclic prefix (CP) to each symbols. As shown in Figure 4.6,
we adopt the same scheme used in [11] which is to append the CP around the symbol by
copying the first n rows from the top of the symbol to the bottom of the symbol and vice
versa. With the use of the CP, we can not only lower the interference from the adjacent

symbols but also reduce the error caused by the imprecise sampling.

Stk [Ska Stk |Ska
Sk [S11 Sik|S11
Sub-symbol
Stk [Ska Stk |Ska Y
Sik |S1a| 7 Sk |S1a Cyclic Prefix

Figure 4.6: An OFDM symbol with CP.

15
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4.2.3 Nonlinearity calibration

In a screen-to-camera system, the channel between the transmitter (i.e., the screen) and
the receiver (i.e., the camera) is considered to be nonlinear, which means the received im-
age intensity is not linearly proportional to the transmitted intensity. The main reason for
the nonlinearity is because that the received image intensity is determined by the transmit-
ted intensity as well as the sensitivity or configurations of the camera. For instance, if the
camera is configured to have a long exposure time, the received image intensity is more
likely to be closer to 255. Whereas, if the camera has a short exposure time, the received
intensity would be close to 0. In addition, the imperfectness of the display screen would
further aggravate the nonlinear channel, as the displayed image intensity might also be not
linearly proportional to the original image intensity, i.e., the transmitted code generated
by our program.

To eliminate the nonlinearity between the transmitted and received intensity, in this
work, we design a gradient pattern to measure the relationship between the transmitted and
received intensity. Four gradient patterns are placed between the four finder patterns with
the range of intensity of [0, 255]. After we extract the gradient pattern from the captured
image, we can obtain the image intensity received by the camera in the current camera
setting and environment. Eventually, by mapping the received intensity to the transmitted
intensity, we can create a look-up table called responding curve for nonlinearity calibra-
tion.

To realize nonlinearity calibration, a transmitted code is first captured, and we intro-
duce two different ways for performing nonlinearity calibration on transmitter or receiver

side:

* Nonlinearity calibration on transmitter side The nonlinearity calibration performed
on the transmitter side requires a reversed communication link from the camera to
the screen. After the receiver obtains the responding curve, it sends the responding
curve to the transmitter. Then, the transmitter can adjust the intensity values of the
transmitted code according to the responding curve and generate a new version of

the transmitted code.

16
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* Nonlinearity calibration on receiver side Since there might not always be a reversed
communication link from the camera to the screen, the nonlinearity calibration can
also be performed on by recovering the original intensity values at the receiver side
with less effectiveness. However, the main drawback of this approach is that if the
received image is already interfered by the blurring effect, the recovered intensity

is more likely to still be wrong.

4.3 Receiver

4.3.1 Code detection

The first step of decoding is to determine the location of the transmitted code in a
captured image. To locate the finder patterns, first, we binarize the captured image with a
global image threshold. Next, image processing techniques such as opening technique of
morphology are used to reduce the noise interference. Then, we search the positions of the
finder pattern in which the ratio of the dark and light blocks is 1:1:3:1:1 in both horizontal
and vertical direction.

After locating the center of the finder patterns, we are able to estimate the positions of
the corners of the data region. With the coordinates of the corners of the data region, we
can sample the entire data region using 2D interpolation and retrieve the intensity values

for decoding.

4.3.2 Resampling algorithm

Similar to traditional OFDM algorithm where the signal must be precisely sampled
to avoid decoding error, sampling is the most crucial part in our decoding process, which
dominates the decoding performance in our research. However, due to the various distance
and the non-perpendicular viewing angle between the screen and the camera, we need to
tackle two challenges which cause inaccurate sampling during the communication.

The first reason for inaccurate sampling is perspective distortion. We regard the pixel

values on the screen as the signal samples at the transmitter, and the pixel values in the
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captured images as the signal sampled by the receiver. When the screen and the camera
are not perfect aligned, there is a viewing angle leading to perspective distortion. Accord-
ing to [|L1], perspective distortion can be considered a sampling problem where different
sampling rates are applied at different parts of the transmitted code. The part close to the
camera would occupy larger space (i.e., more pixels) in the image, which can be seen as
a higher sampling rate. On the other hand, the part far from the camera is smaller, i.e.,
occupies fewer pixels in the captured image, which refers to a lower sampling rate. This
inconsistent sampling rate in spatial domain would lead to the phase shift in frequency

domain, causing decoding error.

The second reason is inaccurate positioning of the data region caused by blurring ef-
fect. The blurring effect introduces blurred edges to the transmitted code. Blurred edges
further increase the difficulty in distinguishing between the finder patterns and the back-
ground, making it harder to locate the corners of the data region precisely. The offset
between the calculated and actual location of the data region’s corners would also cause
phase shifts in frequency domain. To decrease the symbol error caused by the phase shift,
it is important to resample the data region of the transmitted code as precisely as possible.

To address this issue, we need to correct the location of the data region’s corners.

In this research, we design a resampling method based on the solution of the perspec-
tive correction in Pixnet [[L1]]. We treat our problem as the sampling problem which is
similar to sampling frequency offset (SFO) in OFDM. In traditional OFDM channel, SFO
occurs when the transmitter and receiver have inconsistent sampling rate. The difference
of sampling rate between the transmitter and the receiver causes the phase shift in the fre-
quency domain, which is proportional to the frequency. According to the time-shifting
property of the Fourier transform, the phase shift in the frequency domain can be trans-
lated into the time shift in the time domain. PixNet generalized this time-shifting property
to 2D Fourier transform, while the time shift is now the pixel offset in the spatial domain.
Since there are two directions in the spatial domain (i.e., horizontal and vertical direction),

the pixel offset of both directions need to be estimated, as shown in Figure #.7. The pixel
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Figure 4.7: An OFDM symbol with constant shift.

offsets can be obtained from the phase shift A6, and Af,:

4.1)

or T 2w

(Ao Ay (LSAGI LSA8y> |

where L, X L, is the size of the 2D FFT (i.e., the size of a symbol).

From this equation, we can see that the accuracy of the phase shift estimation plays
an important role in determining the efficiency of the resampling algorithm. To this end,
we design a novel method to estimate the phase shift. We first calculate the phase shifts
experienced by each inserted pilots. Since the phase shift is proportional to the frequency,
ideally, the phase shift of each pixel block can be fitted into a linear equation. Therefore,
we can use a linear regression model to fit the phase shift of pilots. However, noise and
interference in the real-world channel creates outliers which interferes the regression re-
sult. To avoid this, we instead apply the random sample consensus (RANSAC) algorithm
to estimate the slope of phase shift. In RANSAC algorithm, the least squares method is
adopted to calculate the distances between each point and the result model, which eval-

uates the performance of the selected models. Since there are x axis and y axis, we will
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estimate the slope of the phase shift of each axis, respectively. After obtain the slopes of
the phase shift, we can apply these two values to equation @.1| to obtain the pixel offset in
each axis.

In conclusion, the process of the resampling algorithm can be divided into the follow-

ing steps:

1. Use the pilots to calculate the phase shift in different frequencies.

2. Sort the set of the phase shifts according to the frequency in the x axis and y axis.

3. For each axis, estimate the slope of the phase shift by the RANSAC algorithm.

4. Translate the phase shift in the frequency to the pixel offset in the spatial domain.

According to [[L1]], an OFDM symbol can be used to obtain only one pair of pixel
offsets. However, as shown in Figure §.8, the distortion can happen at the four corners.
Thus, we need to estimate 4 pairs of pixel offsets. Therefore, we combine four symbols in
one data region which is arranged into a two by two matrix. Eventually, we could estimate
the pixel offset for four corners separately with the four symbols in data region using the

following formulas:

Aa, 9 3 3 1 Abg, .
AB, Ppl6Ls | 3 9 1 3 Abs, o
LE ° 4.2)
Ay, R 2T 1319 3 Abs,
AS, 13309 Abs, o
-1
Ao, 9 3 3 1 Abs, ,
AS P 16L 3913 Ab
V= o (4.3)
Ay, R 4T 319 3 Abs, ,
A6, 13309 Abs, ,
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Figure 4.8: An OFDM symbol with distortion.

4.3.3 Remove channel effect (phase)

After the data region is accurately sampled, the intensity values in the data region are
still highly polluted by the blurring effect. The blurring effect can be interpreted as a low
pass filter which eliminates the significant details of the transmitted pattern, i.e., a loss of
the high frequency content. As a result, the data in the high-frequency channels would be

severely attenuated, leading to the decoding error in screen-to-camera communications.

In general, the blurring effect is mainly caused by the non-alignment between the pixel
blocks in the transmitted code and the pixels in the image sensor. The non-alignment hap-
pens when the pixel cell of the image sensor observes the intensity of multiple pixel blocks
in the transmitted code. As a pixel cell outputs the total intensity value within its sensing
area, the output intensity would be the combination of all the pixel blocks observed. Non-
alignment can happen at any distance. For example, at short distance, the non-alignment
takes place when the image sensor observes the boundary of two transmitted pixels, which
not only reduces the sharpness but also high frequency information of the transmitted im-

age. On the other hand, when the distance between the transmitter and the camera is long,
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one pixel cell in the image sensor observes multiple transmitter pixels, outputting a sum-
mation of the observing pixel values.

In addition to the non-alignment, at long communication distance, the insufficient
sharpness of the lens and the defocusing of the camera aggravate the influence of the
blurring effect. This is due to that the imperfectness of the lens structure would make
the incident light slightly scatter when passing through the lens, resulting in color mixing.
Moreover, even the small movement of human body such as shaking or jittering when
taking a picture would result in blurring as well.

To mitigate the blurring effect in the data region, in this work, we treat the blurring
effect as another kind of sampling problem. But unlike the resampling method in which
the phase shift in the frequency domain is translated into the pixel offset in the spatial
domain, we estimate the channel caused by the blurring effect in the frequency domain.
To do so, we take advantage of the pilots inserted in the transmitted code as mentioned
before. Then, we can obtain the phase shift difference between the transmitted data and
received data. We calculate blurring effect channel by fitting it to a two dimensional plane.
Finally, the received data could be restored by dividing the estimated channel expressed

as the following equation:
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Chapter 5

Implementation

5.1 Encoder

We use a Matlab program to generate our transmitted code. The algorithm can be

divided in four steps:
1. Modulate the transmitted data with PSK.

2. Insert the modulated data and pilots into the upper half of a square matrix, and insert
the complex conjugate form of the data in the lower half of the matrix to form a Hermitian

matrix.

3. Apply 2D IFFT to the data matrix to obtain the intensity values in spatial domain. Since
the result from 2D IFFT ranges from -1 to 1, we need to map the result to 0 to 1 for showing

the image.

4. Finder and gradient patterns are added to create a complete transmitted code, as shown

in Figure b.1(a).

To perform nonlinearity calibration, the transmitter obtain the intensity curve calcu-
lated by the receiver. According to the intensity curve, the transmitter adjusts the pixel
intensity of the transmitted code. As an example, Figure shows an example of the

transmitted code after nonlinearity calibration.
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(a) Before nonlinearity calibration. (b) After nonlinearity calibration.

Figure 5.1: An example of nonlinearity calibration.

5.2 Decoder

After we captured the transmitted code with an image, we need to find the finder
patterns to locate the data region in the captured image. To enhance the efficiency and
accuracy, we apply some image processing technique to first filter out the noise. The
steps are detailed as follows:

1. Due to the format of the captured image, which is BMP for the Flea3, we need to trans-
late the image from RGB color space to grayscale space. Then, we binarize the grayscale
image with the use of Otsu’s method to obtain a proper threshold.

2. The Bayer pattern in the image sensor would cause uneven exposure in the captured
image, resulting in a jagged edge of the contour of the finder patterns. To remove the
noise, we apply the opening technique in morphological image processing to restore the
original contour of the finder pattern.

3. To compute the location of the four finder patterns in the binary image, we search the
positions of the finder pattern in which the ratio of the dark and light blocks is 1:1:3:1:1
in both horizontal and vertical direction. Then, the center of the finder patterns could be
located.

4. According to the center of four finder patterns, we could locate the position of the data

region and calculate the sampling point by 2D interpolation.
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After finishing the above steps, the sampling data would be transformed into the fre-
quency domain by 2D FFT. Resampling method and channel removal will be applied to
adjust the sampling point and restore the erroneous bits. Eventually, the data would be

decoded from the transmitted code.
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Chapter 6

Evaluation

In this chapter, firstly, we describe the experimental setup. Then, we introduce the
key ratio which is used to enable the fair comparison among multiple transmitters for
evaluating the system performance. Finally, we analyze the effectiveness of our proposed

methods based on the bit error rate (BER) at different communication distances.

6.1 Evaluation environment

Hardware: For the transmitter, three different screens are used to display the trans-
mitted code: a 24” flat display Dell P2416d ~ iPhone 6+ which has a 5.5 display and
Apple watch series 4 with 1.8” display. The comparison of these three transmitters is
shown in Table .1 For the receiver, to understand how the resolution of a camera and
the quality of the image sensor affect the performance of the our proposed solutions, two
cameras with different resolutions and image sensors are used in the experiments: a Point-
Grey Flea3 (RL3-U3-88S2C-C) and a Canon 70D is used. The comparison of these two
cameras is listed in Table [6.2. We first select a lens with 16 mm focal length for Flea 3. In
order to maintain a similar field of view (FOV) between these two different type of cam-
eras, we choose the lens whose the focal length is determined according to the following
equation:

d
a = 2arctan—, (6.1)
2f
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where « represents the angle of FOV, d represents the size of the image sensor and f is
the focal length of the adopted lens. By substituting the image sensor size of Canon 70D

into this equation, we can derive the focal length for Canon 70D, which 1s 50 mm.

Table 6.1: Transmitter specifications

DELL P2416d | iPhone 6+ | Apple watch series 4
Resolution 2560*1440 2560*1440 448*368
Pixel Pitch (mm) 0.205*0.205 | 0.063*0.063 Not found
Brightness (cd/m?) 300 566 Not found
Contrast Ratio 1000:1 1300:1 Not found

Table 6.2: Receiver specifications

Flea3 Canon 70D
Image Sensor Format | Sony IMX121 (1/2.5”) | Canon APS-C
Type of Sensor CMOS CMOS
Resolution 4096*2160 5472*3648
Pixel Size (um) 1.55*1.55 4.1*4.1

Symbol size of the transmitted code: For Dell P2416D and iPhone 6 plus, the
symbol size is set to be 101, corresponding to a data region of 242x242 pixels. For Apple
watch, since its display is much smaller than the former ones, we use a symbol size of 41,
referring to a 102x102 pixels data region. On the other hand, since the luminance level
of the transmitter greatly influences the system performance, we set the luminance level
of the transmitter to the maximum level. In addition, as the pixel size of the transmitter is
too small, resulting in low luminance output, we combine 2x2 pixels as a macro pixel for
displaying the transmitted code.

Performance metric: Most of the past works evaluate their performance with the
use of BER at different communication distances. The main problem of this evaluation
method, however, is that we cannot compare the performance of the same transmitted
code on different transmitters, as the transmitted code on a screen with small pixel pitch
is indeed smaller than that displayed on a screen with bigger pixel pitch. Since the size of
displayed transmitted code has a significant influence on the size of the received image, ata
same communication distance, the decoding performance with a smaller transmitted code

would be worse than a bigger one. To enable a fair comparison across various transmitters,
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in this thesis, we define a ratio of the size of received data region and the size of the

transmitted data region as magnification ratio which can be expressed as:

magni ficationratio = FT’ (6.2)
t

where P, is the size of the received data region in pixel and F; is the size of the transmitted
dataregion in pixel. As the observed size of the displayed transmitted code decreases when
the distance between the transmitter and the receiver increases, for the same transmitter,
the smaller magnification ratio represents that distance between the transmitter and the
receiver is longer.

Experimental setup: In the experiments, we setup a screen-to-camera link in an
indoor and static scenario, as shown in Figure .2, Since the size of the transmitters are
different, to maintain a similar magnification for comparison, the system performance of
each transmitters are measured at different scales of distance.

1. Dell P2416D (Figure [6.1(b)): We measure the system performance using Dell monitor
with a magnification ratio ranging from about 4 to 0.8, corresponding to a distance of
1.15~4.4 m. The error rate is measured for every 20 cm.

2. iPhone 6+ (Figure b.1(c)): We measure the system performance using iPhone with a
magnification ratio ranging from about 3.8 to 1.1, corresponding to a distance of 0.43~1.8
m. The error rate is measured for every 10 cm.

3. Apple watch (Figure 6.1(d)): We measure the system performance using Apple watch
with a magnification ratio ranging from about 4 to 0.8, corresponding to a distance of
0.54~1.6 m. The error rate is measured for every 10 cm.

At each distance, the transmitter is placed in the center of the FOV of the receiving
camera. To enable the maximum system capability, we develop an algorithm to ensure the
exposure setting of the camera is configured to have the best receiving performance (i.e.,
the maximum dynamic range) under the observed scene for each transmitter and receiver
pair. To do so, we select several exposure settings and measure their responding curve of
the intensity values between the screen and the camera with the obtained gradient patterns.

The dynamic range is defined as the difference between the maximum and the minimum

28

d0i:10.6342/NTU201903432



value of the responding curve. Among the measurement result, the setting with the largest
dynamic range would be selected as our camera exposure setting. Three kinds of symbols

modulated with BPSK, QPSK, and 8PSK are tested in our experiments.

(a) An illustration of the experimental environ- (b) Dell P2416D
ment.

(c) iPhone 6+ (d) Apple watch series 4

Figure 6.1: Experimental environment.

6.2 System performance when using different transmit-

ters

In the following, we first report the system performance of different transmitters when
using different modulation schemes. Next, we show the results with and without non-
linearity calibration, resampling and channel estimation. Then, we compare the system
performance under different receivers. Finally, the system performance under different

viewing angles is presented.
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6.2.1 Modulation

We first report the overall system performance of the three modulation schemes with
the use of three different transmitters. As shown in Figure 6.2, for all of the three trans-
mitters, our proposed method is able to reduces the error rate. Especially, significant
improvement has been made to high-order modulations (§PSK in our case). Nevertheless,
since 8PSK has the smallest error margin among the three modulation schemes and thus
the lowest fault tolerance, its error rate is slightly higher at all ratio. On the other hand,
BPSK, as one of the simplest modulation scheme, can maintain a low error rate even at a

ratio of 1.5.

In addition, as one can see, the error rate increases dramatically when the ratio is less
than 1.5. This is because of the blurring effect is more severe at longer communication
distance. As mentioned before, the blurring effect is similar to the low-pass filter which
has the 3x3 or 5x5 kernel. Therefore, when the transmitting distance increases, data in high
frequency is interfered by the blurring effect causing serious attenuation. Moreover, the
longer communication distance suffers from the Inverse-square law, where each pixel cell
in the image sensor could only receive a smaller intensity value, resulting in the reduced
dynamic range of the observed transmitted code. The reduced dynamic range would lower

the range of the intensity to display the brightness.

In addition to the BER versus magnification ratio, we further analyze the error distri-
bution of each modulation scheme. Figure .3 are the error distribution of BPSK, QPSK,
and 8PSK obtained at different ratios. We can see that most of the errors take place at the
outer part of the image, which corresponding to the high frequency band introduced in the
previous chapters. As the distance increases, the errors spread to medium frequency. This
is because the blurring effect becomes stronger at longer distance, therefore, introducing
a stronger low pass filter which attenuates wider frequency bands. Fortunately, the data

in low frequency remains even when the ratio is down to almost 1.
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Figure 6.2: Comparison of BER with and without the proposed methods.
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Figure 6.3: Error distribution of BPSK, QPSK and §PSK.
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6.2.2 Effectiveness of each proposed methods

Here we compare the effect of each of our proposed methods. Figure 6.4 is the BER of
8PSK at different ratios. We can see that even though the nonlinearity calibration greatly
reduces the BER, but it cannot reduce the unsteadiness of the BER performance. This is
because that although we try our best to put the transmitted code in the middle of the FOV
of the camera, the viewing angle may not be perfect perpendicular, causing perspective
distortion to the obtained transmitted code.

As one can see, this unsteadiness can be eliminated by the resampling method. In
the three different scales of screens, resampling method decreases the inaccurate sam-
pling which smooth the curve of BER. However, channel removal has limited effect on
improving the BER when the resampling has been applied. This might be due to that the
resampling method and channel removal both use the pilot to correct the phase shift, which
introduce the similar effect on improving the communication performance. Moreover, we
notice that the error rate is similar at the same ratio even with the different screen-camera
pairs. The results show that the blurring effect has the less relevance between the type of

screen.

6.2.3 Comparison between the resampling algorithm and channel re-

moval

The results of previous section indicate that resampling algorithm and channel removal
have the similar effect on improving the communication performance. To investigate this
phenomenon, in this section, we compare the result of resampling and channel removal
with different order of modulations and analyze the difference between these two methods.
Figure .5 shows that generally, the resampling algorithm has the better effectiveness. The
reason is that resampling algorithm calculates the accurate location of sampling point,
which contains the more information data in high frequency. Whereas, channel removal
could only correct the data using the phase shift of frequency which is obtained from the

calculated channel.
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Figure 6.4: Error distribution of BPSK, QPSK and §PSK.
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Figure 6.5: Comparison between resampling algorithm and channel removal.
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6.3 System performance when using different receivers

These section shows the result of using different cameras. Theoretically, the ability
of image sensor determines the quality of the communication channel. Figure [6.6 shows
that nonlinearity calibration has the better performance on Flea3. The reason is that the
responding curve of the Canon 70D is much linear that Flea3 (as illustrated in Figure 6.7),

and hence the nonlinearity problem is not that serious in Canon 70D than that in Flea3.

Bit Error Rate (Dell P2416D, 8PSK)
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Figure 6.6: BER performance with different cameras.
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Chapter 7

Conclusion and Future Work

Screen-to-camera communications have become one of the most popular ways for real-
time data transmission in recent years, due to its low cost and convenience There are two
kinds of encoding schemes to transform the transmitted data into images, spatial encoding
and frequency encoding. For example, QR code is the most common communication
scheme using spatial encoding. However, spatial encoding scheme tends to have short
communication range and is vulnerable to blurring effect, which limits the capacity of
screen-to-camera communications for handling various applications . On the other hand,
frequency encoding features better resilience to blurring effect, and is thus chosen as the
main encoding method to implement screen-to-camera communication in this work.

In this thesis, we aim to increase the working distance of screen-to-camera commu-
nication. We first investigate the main reasons that degrade the performance of screen-
to-camera communications at long range and then propose several methods to address
the degrading causes. Firstly, we design a nonlinearity calibration algorithm to mini-
mize the difference between the intensity displayed on the screen and that received by a
camera. Nonlinearity calibration allows the camera to capture a more accurate intensity
value which is closer to the original transmitted intensity of the pixel block. Secondly,
we improve the resampling method for correcting the perspective distortion. We apply
the RANSAC algorithm to estimate the phase shift in the spatial frequency. The reason
for using RANSAC is that it is more resilient to the outliers during the estimation and

thus is able to further improve the accuracy of the resampling method. Finally, channel
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estimation has been applied to calculate the blur model.

We carry out experiments on our proposed method using three different types of trans-
mitters and two kinds of receivers. The experimental results show that nonlinearity cali-
bration algorithm significantly reduces the error rate by at most 20% in high-order mod-
ulation schemes. In addition, the error rate without using the resampling method is more
varied due to incorrect sampling. This indicates that the resampling method is necessary
for enabling accurate and robust sampling. However, in our experimental results, channel
removal only has limited effect after applying the resampling. This may due to that most
of the phase shift is corrected by the resampling algorithm, so there is not much phase

shift left for channel removal.
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