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Abstract. We present a channel-wise (CW) framework for data embedding in display images using barcodes.
Data are embedded in one or more channels of the color image encoded as a monochrome barcode pattern and
extracted from the corresponding channels by the decoder. We highlight two advantageous schemes, realized
in the proposed framework: red, green, blue CW barcodes (RGB-CWBs), and blue channel image-barcodes
(BC-IBs). Compared with a conventional monochrome black and white barcode BW-B with the same spatial
footprint, RGB-CWBs utilize the three channels of color image more effectively and enable a three-fold increase
in data rate, whereas BC-IBs significantly reduce the embedding distortion by exploiting the reduced sensitivity of
the visual system to spatial detail in blue colors. For RGB-CWBs, we develop an effective framework for the
cancellation of cross-channel interference between the display and capture channels using a model for the
display and capture processes and for the ambient illumination. Model parameters required for interference
cancellation (IC) are learned on-the-fly using either expectation-maximization or through suitable design of
the synchronization patterns as “pilot-blocks.” Extensive experiments over multiple display and capture devices
validate the advantages of the framework: RGB-CWBs (with IC) and the BC-IBs offer bit error rates comparable
to their monochrome counterparts while providing either a three-fold increase in data rate or a significant
reduction in distortion, respectively. © 2019 SPIE and IS&T [DOI: 10.1117/1.JEI.28.3.033021]
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1 Introduction
The ubiquitous availability of smartphone cameras and wide-
spread prevalence of displays is enabling new display-based
applications for barcodes and other machine readable data
interfaces.1 Barcodes encode the data as image patterns offer-
ing high data capacity and robust decodability but are visu-
ally obtrusive. Image-barcodes2,3 attempt to reduce the visual
obtrusiveness by approximating an image, with a minimal
compromise in the robustness of data decodability.

Traditional 2-D barcodes such as the QR code,4 Aztec
code,5,6 and specially designed 2-D barcodes7–9 have been
used in display applications to enable a variety of functions
such as security,10 visible light communication,11–13 and
automation of point of sale transactions.14,15 To provide
higher data rates, color 2-D barcodes have also been pro-
posed recently for use in both print16–19 and in displays.20–22

The afore-mentioned applications use barcodes without
consideration of visual aesthetics. Applications involving
marketing and media, where personalization and customer
engagement is critical, require visually appealing barcodes.
Several barcodes and image-barcodes have been deployed
for these applications. Vcode,23 a video barcode, has been
proposed for advertising to increase data capacity and to
provide real-time decoding. Picture-embedding barcodes,
such as the monochrome PiCode and ViCode24,25 and
ColorCode26 and Pictorial Image Code27 color image-
barcodes, have been used for display advertising. To make
barcodes visually appealing, either the error correction
capability of the 2-D barcodes is exploited to replace part
of the barcode area with image content,28 or the intensity
of the barcode region is modulated to embed the image

content.29,30 Although these techniques make the barcode
visually engaging, for video advertisements, usually the bar-
code is embedded in a small region of the image and such
techniques are not utilized. In the video advertising applica-
tions,31,32 it is desirable to minimize the barcode footprint
and/or visual obtrusiveness. Additionally, it is increasingly
desirable to embed advertising and product placement within
broadcast/streaming content instead of relying on the tradi-
tional interruptive advertising model. The introduction of
native barcode decoding capability in the camera applica-
tions for Android33 and iOS34,35 makes display barcodes
and image-barcodes attractive for targeted personalized
advertising.

In this paper, we propose a channel-wise (CW) barcode
framework for embedding information in a displayed color
image. For CW barcodes, the data encoded as monochrome
barcode pattern are embedded in one or more channels of the
image and data are decoded from the corresponding channels
using a barcode decoder. We highlight two advantageous
realizations of CW barcodes: RGB channel-wise barcodes
(RGB-CWBs) and blue channel image-barcodes (BC-IBs).
The RGB-CWBs and BC-IBs offer advantages over conven-
tional black and white barcodes BW-Bs, whereas RGB-
CWBs offer a three times increase in the data capacity for
the same footprint area, BC-IBs exploit the reduced sensitiv-
ity of human visual system (HVS) to spatial detail in the
blue channel for reducing the perceptual impact. For RGB-
CWBs, we develop an effective framework for improving
decoding performance by canceling cross-channel interfer-
ence between the display and capture channels. Based on
a physical model for the display and capture processes
and for the ambient illumination, we demonstrate that the
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effect of cross-channel interference and ambient illumination
can be eliminated using an affine color coordinate transform.
The parameters for the affine transform are estimated on-the-
fly from captured barcode images using either an expecta-
tion-maximization (EM) approach or through a suitable
design of the synchronization patterns as known colors
that serve as “pilot-blocks” for the estimation. The frame-
work we adopt in this paper is inspired by prior work
from our group19 that used the CW framework for printed
color barcodes. Use in color displays, however, presents
both different challenges and also different opportunities.
Specifically, the physics of subtractive color printing
based on cyan, magenta, and yellow (CMY) colorants differs
from the physics of additive RGB displays, leading to
differences in the algorithmic approaches. For printed
CMY-CW barcodes, the physical model leads to a linear
interference cancellation (IC) transform applied in the opti-
cal-density domain, which is obtained via a logarithmic
transformation of normalized reflectance estimates obtained
from the captured RGB sensor images.19 For RGB-CWBs,
on the other hand, the physical model leads to an affine
(linear + offset) IC transform applied directly in the (linear)
R, G, B, sensor response space (as developed in Sec. 2). Also
the BC-IB is unique to the display setting presented here and
enabled by the fact that, for displays, the interference of
the R and G channels on the B channel is small. The corre-
sponding Y channel analog is not effective in print: because
the Y channel encounters the worse interference, which is
often larger than the primary signal.19 The embedding of
the barcodes in images also motivates our consideration
and assessment of distortion in this paper, which was not
addressed in the prior work on printed barcodes.19

Compared with our prior work,19 this paper also presents
a complete framework for synchronization and localization
for coherent and incoherent embedding options; the latter
option being particularly attractive for temporally sequential
embedding of barcodes in an uncoordinated fashion (as dis-
cussed in Sec. 6) The work presented here also builds upon
and advances upon our prior preliminary reports on this
research.36,37 Specifically, the affine model that comprehends
ambient illumination is new; two alternative coherent/
incoherent constructions are elaborated for RGB-CWBs, and
there is extensive consideration of synchronization for the
alternative constructions. Additionally, results are reported
for a wider set of experiments over a variety of image content
and across multiple displays and smartphone cameras.

Although the RGB-CWBs that we present in this paper
can be used in a variety of different applications, to unify
the discussion with BC-IBs, we present and evaluate both
in the context of the target application to video advertising
(There is considerable geographic variation in usage of BW-
Bs in advertising, whereas usage in US/Europe is currently
limited, there is significantly more usage in Asia, particularly
China and Japan.38–40). Several additional example applica-
tions of the RGB-CWBs are highlighted in Sec. 6. To
demonstrate the effectiveness of the proposed approach,
we perform visual distortion and data recovery assessments
and compare against the BW-Bs. QR and Aztec codes,
two of the most commonly used barcodes, are utilized in
the experiments. Experimental results show that the pro-
posed CW barcodes offer lower visual distortion than
BW-Bs (substantially lower for the BC-IBs), whereas they

are comparable with regard to data recovery. Although we
present the proposed framework in the context of video
advertisement application, CW barcodes, especially the
RGB-CWBs and other variants of CW barcodes, such as
two channel embedded barcodes, can be used in all the appli-
cations where traditional 2-D barcodes have been utilized.
Another key advantage of the proposed framework is that
it can advantageously make use of almost all of the existing
functionality designed and optimized for the BW-Bs such as
localization, synchronization, and error correction capability.

This paper is organized as follows: details of the data
embedding and decoding procedure for the CW barcodes
are provided in Sec. 2. The assessment methodology and
metrics used to evaluate the proposed CW barcodes frame-
work against BW-Bs are described in Sec. 3. Experimental
results are presented in Sec. 4 followed by conclusion in
Sec. 5, and discussion in Sec. 6. An appendix, in Sec. 7;
includes additional results and supplementary detail.

2 Channel-Wise Barcodes for Display Applications
Although any BW-Bs can be incorporated within the CW
barcode design framework, we will use QR codes in our
illustrations of the framework and the description of the
data embedding and data recovery procedures in the follow-
ing sections.

2.1 Data Embedding for CW Barcode
The data embedding procedure for the proposed CW barcode
is shown in Fig. 1. A message mi is encoded as a BW-B and
embedded into an appropriately selected spatial region in one
or more channels of a color image to form the proposed CW
barcode. CW barcode can be mathematically represented as

EQ-TARGET;temp:intralink-;e001;326;395Ĩdi ðx; yÞ ¼ 1BCðx; yÞImi
BCðx; yÞ þ ½1 − 1BCðx; yÞ�Idi ðx; yÞ:

(1)

Here, Idi ðx; yÞ represents the color image with
i ∈ fR;G;Bg representing the channels of the color
image. Imi

BCðx; yÞ represents the BW-B with encoded message
mi. 1BCðx; yÞ represents the indicator function of the spatial
region where the barcode Imi

BCðx; yÞ is placed. 1BCðx; yÞ takes
a value of 1 over the subset of pixels BC corresponding to
the region where the barcode is inserted and takes a value of
0 for all other pixels. Ĩdi ðx; yÞ represents the channel with the
embedded barcode. The advantage of the framework is that

Fig. 1 Data embedding procedure for the proposed CW barcode.
A message mi is encoded into a BW-B Imi

BCðx; yÞ. The BW-B is
embedded in a suitably chosen region 1BCðx; yÞ in one or more chan-
nels of a color image Idi ðx; yÞ, i ∈ fR;G;Bg represent red, green, and
blue channels, respectively. The resulting CW barcode is represented
as Ĩdi ðx; yÞ, i ∈ fR;G;Bg.
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we can choose any single or multiple combinations of
the channel “i” and message “mi” to form the proposed
CW barcode. One such embedding scenario is to choose
ði; miÞ ∈ fðR;mRÞ; ðG;mGÞ; ðB;mBÞg, i.e., we choose three
BW-Bs ImR

BCðx; yÞ, ImG
BCðx; yÞ, and ImB

BCðx; yÞ and embed them
into R, G, and B channels of the color image, respectively,
to form RGB-CWB.37 Compared with BW-B, the RGB-
CWB offers three times the data rate for the same barcode
footprint. In another scenario, we retain the image contents in
red and green channels and choose ði; miÞ ∈ fðB;mBÞg, i.e.,
a single BW-B ImB

BCðx; yÞ is embedded in the blue channel of
the color image to form BC-IB.36 Compared with BW-Bs,
the BC-IB offers a lower distortion because of the HVSs
reduced sensitivity to spatial detail in the blue channel
(As discussed in Ref. 36 depending on image content,
other channels could also be advantageously used for CW
image-barcodes. Such schemes are straightforward exten-
sions of the approach presented here and therefore not
explicitly elaborated upon.).

For the RGB-CWB, we have two variations for the
embedding process resulting in two different designs: coher-
ent and incoherent.

2.1.1 Coherent RGB-CWB

Figure 2 shows a flow diagram of data embedding process
for generating a coherent RGB-CWB. As shown in this fig-
ure, the BW-Bs embedded in each of the R, G, and B chan-
nels are spatially aligned to the common geometric layout
so that the locations of the synchronization pattern in the
three channels coincide. Also in the process of embedding
the BW-Bs into the R, G, and B channels of the coherent
RGB-CWB image, the regions comprising the synchroniza-
tion patterns are modified. The modifications set the colors
of these regions to preselected combinations of R, G, and B

and form “pilot blocks (PBs)” of known colors that facilitate
decoding by enabling ready estimation of cross-channel
color interference parameters. The PB approach was also
used for printed CMY-CW barcodes19 and is inspired by
and named after pilot symbols that are used in communica-
tion systems for the very similar objective of estimating the
channel state.41 Note that this modification does not impact
the data encoded in the barcodes because the synchronization
patterns of the BW-Bs do not carry any of the encoded data.
Synchronization recovery and interference parameter estima-
tion are addressed later in this section when we consider the
decoding process for coherent RGB-CWBs.

2.1.2 Incoherent RGB-CWB

The incoherent RGB-CWB construction, shown in Fig. 3,
does not need co-ordination of the individual barcodes for
the three channels. The incoherent barcode design approach
offers greater flexibility because the geometric layout of the
synchronization patterns and the data carrying modules in
the barcodes for the individual channels can be independent
of each other. In fact, the three individual constituent barc-
odes can also be different types of barcodes, e.g., a QR code
in the R channel, an Aztec code in the G channel, and
a DataMatrix code in the B channel. Because each of the
R, G, B channels carry a complete BW-B, localization of
the synchronization patterns in a given channel can be per-
formed individually provided the interference is not exces-
sive. However, because the synchronization patterns are
not co-registered, we cannot change the colors for the
regions corresponding to the synchronization patterns in
order to enable a better estimation of the cross-channel
color interference. Hence a more sophisticated method of
decoding is required, which is explained later in this section
when considering the decoding process for incoherent
RGB-CWBs.

2.2 Data Recovery for CW Barcode
Once an image of a CW barcode is captured by a camera
(usually, smartphone camera) from a displayed image, in
which the barcode is embedded, the data are decoded
using the procedure outlined in Fig. 4. The first step is

Fig. 2 Data embedding procedure for a coherent RGB-CWB.
Messages mR , mG , and mB are encoded as BW-Bs with a common
geometric layout. The resulting BW-Bs are embedded in R, G, B chan-
nels of the color image. In this process, components of the synchro-
nization pattern are assigned different colors to serve as known “PBs”
that can be used to estimate cross-channel interference at the
decoder.

Fig. 3 Data embedding procedure for an incoherent RGB-CWB.
Messages mR , mG , and mB are encoded as BW-Bs with individually
selected geometric layouts. The barcodes are embedded in R, G, B
channels of the color image to form incoherent RGB-CWB.
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localization and geometric correction, which identifies the
spatial region containing the CW barcode and corrects for
perspective distortion introduced due to deviations from
fronto-parallel geometry for the display and capture camera.
The localized CW barcode is separated into R, G, and B
channels and data are recovered from the corresponding
channels with embedded data.

Ideally, the R, G, B display and capture channels form
noninteracting parallel channels, i.e., there are no cross-
channel interactions between the display and capture chan-
nels. However, in reality, each channel of the captured image
has contributions not only from the matching display chan-
nel, but also from the nonmatching display channels. We
refer to this phenomenon as “cross-channel interference,”
which sometimes causes a decoding failure when the R,
G, B channels of the captured image are directly fed into
the decoder software. Apart from cross-channel interference,
the captured image also has a contribution from the ambient
illumination. The cross-channel interference, particularly,
affects the performance of RGB-CWB more than BC-IB.
Therefore, for RGB-CWB, we develop a model and methods
that allow us to parameterize the interference and cancel it to
recover the data.

Before describing the specifics of the modeling, estima-
tion, and correction process, we first describe the overall

systems for data decoding for RGB-CWB (coherent and
incoherent) and BC-IB.

2.2.1 Data recovery for coherent RGB-CWB

Figure 5 shows an outline for data decoding for coherent
RGB-CWB. Localization and geometry correction requires
estimation of the locations of synchronization patterns in
the barcode. As mentioned earlier, for the coherent RGB-
CWB, because the synchronization patterns used in the indi-
vidual channels are manipulated, no single channel contains
a complete synchronization pattern. However, the choice of
the manipulation can be made such that two properties are
met. First, the white regions in the synchronization patterns
of the three constituent BW-Bs remain white in the coherent
RGB-CWB image. Second, the black regions in the synchro-
nization patterns of the three constituent BW-Bs remain
black in at least one of the three R, G, and B channels.
When the two properties are satisfied, the image obtained
by setting each pixel value to be the minimum of the R,
G, and B channel images in the coherent RGB-CWB
image preserves the black and white regions of the synchro-
nization patterns. The resulting monochrome image is fed to
the decoder to obtain the locations of the synchronization
patterns. Utilizing the location parameters, we use standard

Fig. 4 Data recovery for CW barcodes. The barcode is first localized in the captured image and geo-
metric distortion is corrected. From localized geometry corrected CW barcode, individual channels are
extracted and data are recovered, optionally, after IC.

Fig. 5 Data recovery for a coherent RGB-CWB. The region containing the coherent RGB-CWB is first
located. After correction of geometric distortion, the PBs are used to estimate the cross-channel inter-
ference parameters. Using the parameters, the cross-channel interference is canceled and data are
recovered.
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algorithms developed for BW-Bs to obtain the transforma-
tion matrix, which performs geometry correction to obtain
the localized and geometry corrected coherent RGB-CWB.

Once the localized coherent RGB-CWB is obtained, we
use the known PB R, G, B values encoded in the synchro-
nization regions in the encoder, to estimate parameters for
the cross-channel interference and the contribution of the
ambient illumination to the captured image. Details of the
estimation procedure are described subsequently in this sec-
tion. These parameters are utilized to obtain an estimated
image, which is free from interference. The interference-
canceled image is used along with the geometric layout and
alignment information for decoding the data embedded in
each channel of the coherent RGB-CWB.

2.2.2 Data recovery for incoherent RGB-CWB

Figure 6 shows the procedure of data decoding for incoher-
ent RGB-CWB. Unlike coherent design, the synchronization
patterns are fully present in each channel with no modifica-
tions. Hence, we can choose either of the three available
channels to obtain the location of synchronization patterns.
We then perform geometric correction and obtain the local-
ized incoherent RGB-CWB.

We use a subset of pixels from the localized incoherent
RGB-CWB and use an EM-type procedure via an alternating
least squares process to estimate the cross-channel interfer-
ence parameters. Similar to coherent design, we also estimate
ambient illumination parameters. The procedure to estimate
the parameters is discussed subsequently in this section.
We next perform IC to obtain an estimate of an interference
free incoherent RGB-CWB image. In each channel of the
estimated image, the synchronization patterns are intact and
hence data can be decoded by the process used for decoding
of conventional BW-Bs.

2.2.3 Data recovery for BC-IB

For the BC-IB, the BW-B is embedded only in the blue chan-
nel. Hence, we utilize the blue channel of the captured image
to obtain the location of synchronization patterns. Using the
location parameters, we obtain a geometry corrected and

localized BC-IB. The localized BC-IB is separated into R,
G, B channels and the blue channel is directly fed to the
decoder to recover the data.

2.3 Physical Model for Display-Capture Process
We rely on a physical model of the display-capture process to
develop a parametric representation that enables estimation
and cancellation of the effects of the cross-channel interfer-
ence and ambient illumination. From Eq. (1), we see that the
color image created by the CW embedding process has the
three channels Ĩdi ðx; yÞ, i ∈ fR;G;Bg. When the image is
displayed, the three RGB image channels spatially modulate
the corresponding three RGB display channels. Including
the effect of ambient illumination (that is reflected off the
display), the spatio-spectral distribution of the displayed
image can be modeled as

EQ-TARGET;temp:intralink-;e002;326;572r̂ðx; y; λÞ ¼
X

i∈fR;G;Bg
Ĩdi ðx; yÞPiðλÞ þ alðλÞ; (2)

where PiðλÞ is the spectral power distribution for the i’th
display channel (primary) and alðλÞ is the spectral power
distribution of the ambient illumination. We note that often
individual channel image values are nonlinearly encoded
through “gamma correction.” However, gamma correction
has no impact on the barcode regions where the image is
a bi-level image taking values 0 or 1.

The image of the displayed CW barcode captured by the
camera can be modeled as

EQ-TARGET;temp:intralink-;e003;326;429Ickðx; yÞ ¼
Z

skðλÞr̂ðx; y; λÞdλ; (3)

where skðλÞ represents the spectral sensitivity of the k’th cap-
ture channel with k ∈ fR;G;Bg. Ickðx; yÞ represents the cap-
tured pixel corresponding to k’th camera capture channel.
Now by substituting Eqs. (2) into (3), relationship between
captured pixel and displayed pixel is represented as

EQ-TARGET;temp:intralink-;e004;326;331Ickðx; yÞ ¼
X
k;i

qkiĨ
d
i ðx; yÞ þ alk; (4)

Fig. 6 Data recovery for an incoherent RGB-CWB. The captured image is separated into individual chan-
nels where the barcodes are localized and geometric distortion is corrected. Using the EM approach,
the cross-channel parameters are estimated. Using the parameters, the cross-channel interference is
canceled and data are recovered by decoding the barcode in each channel.
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where qki ¼ ∫ skðλÞPiðλÞdλ represents contribution by a dis-
play pixel ~Idi ðx; yÞ from i’th display channel to the captured
pixel Ickðx; yÞ corresponding to k’th capture channel. The qki
values can be represented as a 3 × 3 matrix Q, where the i’th
column is ½qRi; qGi; qBi�T. The matrix Q ¼ ½qki� models
the coupling between the display and capture channels.
The diagonal elements in Q represent the contributions of
the display R, G, B channels to the corresponding R, G,
B capture channels, and the nondiagonal elements represent
the cross-channel interference between display channels and
noncorresponding capture channels. The parameter alk ¼
∫ skðλÞalðλÞdλ for k ∈ fR;G;Bg represents the contribution
of ambient illumination to the k’th capture channel. The ak
values can be represented as vector a ¼ ½alR; alG; alB�. Given
Q and a, the display channels vd ¼ ½IdR; IdG; IdB� at a locationðx; yÞ can be obtained from the camera capture channels
vc ¼ ½IcR; IcG; IcB� at that location as the solution vd to the
system of Eq. (3)

EQ-TARGET;temp:intralink-;e005;63;545Qvd ¼ ðvc − aÞ: (5)

The model, therefore, characterizes the impact of cross-
channel interference and ambient illumination via an affine
color-coordinate transform parameterized by the matrix Q
and the vector a. If we set a ¼ 0, the affine model Eq. (5)
reduces to the linear model for display capture process
used in our prior work.37

2.4 Parameter Estimation
Based on our model, the process of IC reduces to one of esti-
mating the parameters Q and the vector a for use in Eq. (5).
Our physical modeling also conveys the insight that the
matrix Q and the vector a depend on the display and capture
devices as well as the ambient illumination. Thus these need
to be assessed for the specific imaging setting under which
the barcode image is captured. We consider two alternative
approaches for estimating these on-the-fly from the captured
barcode itself: the PB approach for the coherent RGB-CWB
designs and the EM approach for the incoherent RGB-CWB.

2.4.1 Pilot block approach

As mentioned in Sec. 2.1.1, for the coherent RGB-CWB the
synchronization marker patterns in all the channels are
aligned and allocated known colors to form PBs. An example
of color allocation for the PBs is shown in Fig. 2, where the
colors allocated to the six PBs are three R, G, and B primary
colors and combinations RG, RB, and GB of two primary
colors. The knowledge of PB color combinations can be
leveraged at the decoder to estimate the cross-channel inter-
ference matrix Q, which we refer to as the PB approach due
to its analogy with pilot symbols used for estimating the state
of the channel in communication systems.41

We first estimate the parameter a as a 3 × 1 vector â of
the minimum pixel values in the R, G, and B channels, over
the captured coherent RGB-CWB image. To estimate the
cross-channel interference matrix Q, we consider pixel
locations of the captured RGB-CWB corresponding to
the different PBs and represent their known RGB values
by a 3 × 6 matrix Id and the corresponding values corre-
sponding to the captured image by a 3 × 6 matrix Ic.
Then based on (5), we expect QId ≈ Ic − a1T6×1, where

16×1 denotes a 6 × 1 vector of 1’s. A least squares estimate
of Q can, therefore, be obtained from the PBs (In practice,
for Ic we use averaged values over the six different colored
PBs.) as Q̂ ¼ arg minQkQId − ðIc − â1T6×1Þk.

2.4.2 EM approach

For the incoherent RGB-CWB, we formulate the parameter
estimation as an EM problem. As in the PB approach, the
parameter a is first estimated as a 3 × 1 vector â of the mini-
mum pixel values in the R, G, and B channels, over the cap-
tured RGB-CWB image. Equation (5) applied to a subset
of k pixels from the image, then yields the latent variable
model QId ¼ Ic − a1T6×1, where I

c represents a 3 × k matrix
of RGB values in the captured image for the k pixels and the
corresponding 3 × k matrix of RGB values in the displayed
image Id represents the unobserved latent variables. Using
the EM formulation,42 the matrix Q can be obtained via
the alternating constrained least squares procedure summa-
rized in Algorithm 1, where the relaxed values for Id con-
strained to lie between 0 and 1 can be interpreted as
posterior probabilities that the corresponding entries in Id

are 1. To initialize the estimate of Q, we apply Otsu
thresholding43 to the individual channels in the captured
barcode image to get a crude estimate of the corresponding
displayed RGB image and use the least square procedure
described for the PB approach over the k pixels to obtain
the initial estimate Q1. The EM algorithm iterates until

Algorithm 1 EM-type algorithm to estimate Q and a

Input: 3 × k matrix Ic of RGB values from k pixels in the captured
RGB-CWB

Output: Q̂,â

begin

âk←minx;y Ick ðx; yÞ; k ∈ fR;G;Bg;

â←½aR; aG; aB�;

Initialize Q1.

n←1;

repeat

Id;n←arg min
Id

kQn Id − ðIc − â1TÞk2

subject to 0 ≤ Id ≤ 1

Qnþ1←arg min
Q

kQId;n − ðIc − â1TÞk2

subject to 0 ≤ Q

n←n þ 1;

until kQnþ1Id;n − ðIc − â1TÞk2 < τ;

Q̂←Qn

end
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the model residual kQId − ðIc − â1T6×1Þk2 falls below a pre-
determined convergence threshold τ.

2.5 Interference Cancellation and Decoding
Using the estimate of the cross-channel interference matrix
Q̂, Eq. (5) can be solved for every captured pixel of the
coherent and incoherent RGB-CWB to the estimate of the
corresponding displayed pixel R, G, B values, free from
interference. After IC, we obtain three monochrome images,
which correspond to the estimates ÎdRðx; yÞ, ÎdGðx; yÞ, and
ÎdBðx; yÞ of the encoded barcode patterns in the individual
channels. The barcode data in these individual channel
images can be independently decoded in conjunction with
the already obtained synchronization information.

3 Assessment Methodology and Metrics
Motivated by our primary target application of video adver-
tising, we assess the proposed CW barcodes with regard to
both their visual distortion assessment and data recovery per-
formance. Also motivated by the application setting, as test
images for embedding, we utilize a set of 18 keyframes
extracted from the ultra high-definition HEVC DASH data
set44 with 1080 p (1080 × 1920) resolution and consider
two operation modes. We refer the first mode as “active
viewer” mode where the viewer captures the CW barcode
from close to the screen (∼18 in.). For the “active viewer”
mode, we make the barcode smaller (≈30 mm on each
side) and place it near the bottom right corner, which is typ-
ical of current television advertisements that use BW-Bs. The
second mode is referred to as the “couch potato”mode where
the viewer captures the displayed CW barcode from a typical
viewing distance, which we choose to be 1.5 times the screen
diagonal size. Since we capture the CW barcode from rela-
tively large viewing distance in this mode, we make the bar-
code larger (≈50 mm on each side) and allow it to be flexibly
placed anywhere on the screen. The 50-mm barcode, used
for the couch potato mode, occupied ∼1.9% of the display
area and was placed in the low-saliency region of the image.
The 30-mm barcode, used for active viewer mode, occupied
∼0.5% of the display area. For both modes, we include
a uniform border around the CW barcodes to facilitate
synchronization, which results in a 15% increase in each
dimension. Figure 7 shows the barcode size and placement
for couch potato and active viewer modes. Figure 8 shows
an example image where either (a) an RGB-CWB, or
(b) a active viewer BC-IB, or (c) a couch potato BC-IB,
or (d) a baseline (active viewer) BW-B has been embedded.
From a comparison of these images, it can be readily appre-
ciated that the active viewer BC-IB offers a significantly
lower visual distortion compared to the baseline active
viewer BW-B with the same data rate. The couch potato
BC-IB also offers a relatively low-visual distortion by
exploiting the less salient regions for embedding. Finally,
the RGB-CWB maintains the same spatial footprint as the
active viewer BW-B but carries three times the data.

URL’s are chosen as messages that are encoded into the
BW-Bs. The evaluations were performed with QR and Aztec
codes because of their widespread use in mobile applica-
tions; results for the QR codes are presented here and those
for the Aztec code are in Sec. 7. These barcodes make use
Reed–Solomon error correction codes45 and experiments

included two error correction levels that correct upto 7%
and 25% errors, approximately. RGB-CWBs were generated
using barcodes with both sizes and error correction levels,
whereas BC-IBs were generated using a barcode with both
sizes at a 25% error correction level.

We assess both the visual distortion and data recovery per-
formance for the CW barcodes and compare against corre-
sponding metrics computed for a baseline method that uses a
BW-B with sizes, placements, and capture distances identical
to that of the CW barcodes.

3.1 Visual Distortion Assessment
Visual distortion is quantified using S-CIELAB46 combined
with the CIEDE2000 color difference metric.47,48 S-CIELAB
is a spatial extension of the perceptually uniform CIELAB49

color space, which models the spatio-chromatic sensitivity of
the HVS. To obtain an S-CIELAB representation of a color
image, first, color transformation is applied to the image to
obtain three opponent channel images (one luminance and
two chrominance components). Each of the opponent chan-
nel images is passed through spatial filters with their char-
acteristics selected based on the spatio-chromatic sensitivity
of the HVS to each of the opponent channel images. Finally,
we obtain the S-CIELAB representation of a color image by
transforming the filtered images into CIELAB on a pixel-by-
pixel basis. To obtain spatio-chromatic differences between
two images, we compute the difference between their
S-CIELAB representations. To quantify the magnitude of
perceived differences between an original image and a CW
barcode, we compute the CIEDE2000 color differences
between the S-CIELAB representations pixel-by-pixel, to
obtain a ΔE error image. The CIEDE2000 provides better
perceptual uniformity and, for our setting, also mitigates
specific known problems in CIELAB where Euclidean dis-
tances in the dark blue regions have a poor correlation with
perceived color differences.50 From the ΔE error image, we

Fig. 7 Barcode placement and size for the two usage modes inves-
tigated in our experiments. The couch potato mode (top left) uses
a larger size barcode that occupies 1.9% of the display area
(p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.019wh
p

) and is placed in a less salient region of the displayed
image. The active viewer mode barcode uses a smaller barcode
that occupies 0.5% of the display area (q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.005wh
p

) and is
located near the right bottom corner as shown. In both modes,
a 15% surrounding border is added to the barcodes as illustrated.
The combination of the barcode and the border defines the region
BC of pixels over which the indicator function Imi

BCðx; yÞ in Eq. (1)
takes a value of 1.
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compute a direct arithmetic average and a saliency weighted
average that weights the ΔE error image by saliency at each
pixel. Figure 9 shows the overall procedure of visual distor-
tion assessment using BC-IBs for illustration; the same pro-
cedure is followed for RGB-CWBs and baseline BW-Bs.

3.2 Data Recovery Assessment
To numerically quantify data recovery performance, we uti-
lize synchronization success rate (SSR), bit error rate (BER),
and decoding success rate (DSR) as evaluation metrics,
which are defined as follows. The SSR is the percentage
of captured barcodes in which the decoder is able to syn-
chronize successfully, i.e., correctly localize the barcode
based on the patterns that mark its position. The BER is

the percentage of bits in error in the bit streams recovered
from synchronized barcodes. The BER is computed by com-
paring the recovered bit stream against the original bit stream
embedded in the barcode before any error correction decod-
ing. The third metric, DSR, is the percentage of captured and
synchronized barcodes that decode successfully after error
correction.

4 Experimental Results
The experiments were conducted on nine different displays
of various size and resolution and four different smartphones
with specifications as listed in Table 1. As indicated previ-
ously, the distance of capture is ∼18 in. for the active viewer
mode and 1.5 times the display diagonal size for couch

 Saliency
 detection

S-CIELAB
   Model

 Pixelwise 
  product

Original image

          Image with 
             BC-IB

Saliency map

(error image)

Saliency weighted

saliency weighted
Mean

Fig. 9 Saliency weighted S-CIELAB-CIEDE2000 error between original image and BC-IB. The same
metric is used to quantify the visual distortion for the RGB-CWBs and baseline BW-Bs.

Fig. 8 Image with (a) an RGB-CWB, or (b) an active viewer BC-IB, or (c) a couch potato BC-IB, or
(d) a baseline (active-viewer) BW-B embedded.
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potato mode. For the television (T1) and projector (P1), we
capture only in couch potato mode.

4.1 Visual Distortion
For each display, visual distortion was computed in
(SCIELAB-CIEDE2000) ΔE units as described in Sec. 3
using a viewing distance of 1.5 times the screen diagonal
size. The saliency weighted averages used the weighting
map obtained from the original image using the quaternion
DCT-based method.51

A total of 144 QR code embedded CW barcodes were
used in visual distortion experiments. The 144 images
comprise 36 images each of coherent RGB-CWBs, incoher-
ent RGB-CWBs, BC-IBs, and baseline BW-Bs. Table 2
shows the visual distortion result for the QR code
embedded CW barcodes for different modes, display sizes,
and viewing distances. This table compares the average ΔE
and saliency weighted average ΔE for CW barcodes and
baseline BW-Bs.

Compared with the baseline BW-Bs, the BC-IBs have a
significantly lower visual distortion. For the couch potato
mode, the average ΔE is 1.07 and 2.05 for BC-IBs and base-
line BW-Bs, respectively—almost 50% lower for the BC-
IBs. For the active viewer mode, the average ΔE is 0.50
and 0.78, respectively, for BC-IBs and baseline BW-Bs.
Placing the barcode in the salient region proves to be advan-
tageous as the saliency weighted mean ΔE for the couch
potato mode becomes less than the mean ΔE and saliency
weighted mean ΔE for the active viewer mode. For the
couch potato mode, the saliency weighted ΔE is 0.34 and
0.64 for the BC-IBs and the baseline BW-Bs, respectively.
For the active viewer mode, the saliency weighted average
ΔE is 0.45 and 0.71 for the BC-IBs and the baseline BW-
Bs, respectively. The afore-mentioned results demonstrate
the advantage of using the BC-IBs in applications where
it is desirable to minimize perceptual obtrusiveness.

We also estimate the mean ΔE and saliency weighted
mean ΔE for the coherent and incoherent designs of the
RGB-CWBs. From Table 2, we can observe that the visual

distortion for both coherent and incoherent RGB-CWBs
is marginally higher than that of the baseline BW-Bs.
Placing the RGB-CWBs in the salient region reduces the dis-
tortion for both modes, however, the values for the RGB-
CWBs stay marginally worse than that of the BW-Bs.

4.2 Data Recovery
4.2.1 RGB-CWBs

For RGB-CWB data recovery experiments, from the set of
18 keyframes, we choose four keyframes, in which the barc-
odes are embedded to form RGB-CWBs (both coherent and
incoherent). The four keyframes are chosen in such a way
that two keyframes have a dark background, whereas the
remaining have lighter background. We choose keyframes
with different backgrounds to highlight the dependency of
the cross-channel interference on the background level.
All combinations of displays, smartphones, barcode modes,
error correction levels, and designs result in a total of 1120
images of RGB-CWBs (560 coherent and 560 incoherent
RGB-CWBs). In addition, a total of 1536 baseline BW-Bs
were captured. We captured two separate sets of QR
RGB-CWBs and baseline BW-Bs resulting in an experiment
performed on 2240 (1120 × 2) RGB-CWBs and 3072
(1536 × 2) BW-Bs.

We evaluate the data recovery performance of the RGB-
CWBs using the metrics described in Sec. 3. The data
recovery performance of RGB-CWBs is evaluated and com-
pared with baseline BW-Bs for various decoding options.
Specifically, RGB-CWBs were decoded either without
IC or with IC with the PB approach for coherent RGB-
CWBs and the EM approach for incoherent RGB-CWBs.
IC considered, alternatively, both the linear and affine mod-
els described in Sec. 2. In our experiments, we observed that,
consistent with the physical modeling description in Sec. 2,
we observed a gain for the affine model when the level of
ambient illumination was high. These situations were infre-
quent in our tests, and hence the difference between these
two modes is quite small in the average results summarized

Table 1 List of displays and smartphones used in the experiments.

Displays Resolution (pixels) Size (in.) Smartphones Resolution (MP)

Dell inspiron (L1) 1080 × 1920 15 Motorola (M1) 8

Microsoft surface I (L2) 3000 × 2000 13.5 Samsung (S1) 12

MacBook pro 2017 (L3) 1600 × 2560 13.3 Iphone X (A1) 12

Asus desktop (D1) 1080 × 1920 24 Iphone 5s (A2) 8

Dell desktop (D2) 1024 × 1280 18

Sun microsystems CRT (C1) 1024 × 1280 20

Apple Ipad fifth gen. (T1) 1536 × 2048 9.7

Sharp TV (V1) 1080 × 1920 60

NEC projector (P1) 1200 × 1920 106
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here. In the remainder of this discussion, we, therefore, use
IC to refer to the affine IC mode.

Table 3 shows the average percentage BER, BER*,
SSR, and DSR for red, green, and blue channel estimates
of QR coherent RGB-CWBs, and baseline BW-Bs for
different modes and error correction levels. BER* denotes
the BER computed over RGB-CWBs, in which successful
synchronization is accomplished both when using IC or
without IC; this provides a comparison of BER on the
same set of barcodes with IC and without IC, allowing
for a more direct assessment of the benefit of IC.
Overall, similar trends are observed for BER and BER*;
the following discussion, therefore, refers only to BER.
The “PB linear” and “PB affine” columns in this table
represent the metrics estimated when linear and affine
models are used and data are decoded using the pilot block
interference cancellation (PB-IC) technique. The “No IC”
column represents metrics for data decoding without using
any IC technique.

We first note that the observed BERs for the proposed
coherent RGB-CWB are quite small, both with and with-
out IC, and, typically, these BERs are well within the error
correcting capability of the error correction codes used in
the barcodes. The average BER for coherent RGB-CWBs

decoded using PB-IC is significantly lower than BER
when decoded without IC. When PB-IC is used, the maxi-
mum average BER is 0.97% compared with 3.14% when
decoded without IC. The maximum average BER for the
baseline BW-Bs is 1.21%. Thus we see that with PB-IC
coherent RGB-CWBs have a BER comparable to (actually
slightly better than) the BER for the baseline BW-Bs.
Comparing the BER performance across individual chan-
nels, we observe that the BER is larger for the red and blue
channels compared with the green channel, irrespective of
barcode modes and error correction levels.

The SSR for coherent RGB-CWBs decoded using PB-IC
improves in comparison with SSR when decoded without IC.
However, the SSR for coherent RGB-CWBs is slightly worse
when compared with SSR for baseline BW-Bs. We also
observe a similar SSR trend for the individual channel
estimates. The average DSR for coherent RGB-CWBs, when
decoded using PB-IC, is higher than DSR when decoded
without IC. The minimum average DSR, when decoded
using PB-IC, is 92.8%, which is a significant improvement
in comparison with DSR of 78.5% when decoded without
IC. However, the baseline BW-Bs have a higher average
DSR, with a minimum value of 98.4% over the different
barcode configurations. The DSR for individual channel

Table 2 Mean and saliency-weighted-mean S-CIELAB-CIEDE2000 ΔE estimates for the proposed QR code embedded CW barcodes and base-
line QR BW-Bs for different modes, display configurations, and typical viewing distance, which is ∼1.5 times the screen diagonal size. Note that
different configurations that coincide with regard to the angular visual field subtended on the eye have the same distortion metrics.

Barcode
mode

Display size/
resolution
(in./ppi)

Viewing
distance

(in.)

Mean ΔE Salience weighted mean ΔE

BC-IB
Coherent
RGB-CWB

Incoherent
RGB-CWB

Baseline
BW-B BC-IB

Coherent
RGB-CWB

Incoherent
RGB-CWB

Baseline
BW-B

Couch
potato

15/105 (L1) 21 1.03 2.13 2.10 2.04 0.33 0.67 0.66 0.64

13.5/227 (L2) 19 1.11 2.19 2.15 2.08 0.36 0.70 0.68 0.66

13.3/267 (L3) 19 1.14 2.22 2.17 2.09 0.38 0.71 0.69 0.66

9.7/264 (T1) 15 1.10 2.18 2.14 2.07 0.35 0.69 0.68 0.65

20/82 (C1),
18/91 (D2)

30,27 1.04 2.13 2.11 2.04 0.33 0.67 0.66 0.64

106/21 (P1),
60/37 (V1),
24/92 (D1)

159, 90, 36 1.07 2.15 2.12 2.05 0.34 0.68 0.67 0.64

Active
viewer

15/105 (L1) 21 0.46 0.79 0.80 0.75 0.42 0.72 0.73 0.69

13.5/227 (L2) 19 0.54 0.86 0.87 0.82 0.49 0.78 0.79 0.75

13.3/267 (L3) 19 0.57 0.88 0.89 0.84 0.52 0.81 0.81 0.77

9.7/264 (T1) 15 0.53 0.85 0.85 0.81 0.48 0.77 0.78 0.74

20/82 (C1),
18/91 (D2)

30, 27 0.47 0.80 0.81 0.76 0.43 0.73 0.74 0.69

106/21 (P1),
60/37 (V1),
24/92 (D1)

159, 90, 36 0.50 0.82 0.83 0.78 0.45 0.75 0.75 0.71
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estimates is also better for decoding with IC when compared
with decoding without IC. The green channel has the best
DSR in comparison with red and blue channels.

Table 4 shows the average BER, BER*, SSR, and DSR
for red, green, and blue channel estimates of QR incoherent
RGB-CWBs and baseline BW-Bs for different modes and
error correction levels. The EM linear and EM affine
columns represent the metrics estimated when linear and
affine models are used and data are decoded using the
expectation-maximization-interference-cancellation (EM-
IC) technique. Just as was observed in the case of coherent
barcodes, the observed BERs for the proposed incoherent
RGB-CWB are quite small, both with and without IC,
and, typically, these BERs are well within the error cor-
recting capability of the error correction codes used in the
barcodes. Also similar to coherent RGB-CWBs, incoherent
RGB-CWBs decoded using EM-IC have a lower overall
and maximum average BER than those decoded without IC.
Also when EM-IC is used, incoherent RGB-CWBs have a
slightly lower BER when compared with BER for baseline
BW-Bs. For individual channel estimates, we can observe
that the BER for green channel is slightly higher when

compared with BER for other channel estimates. One of
the reasons for higher BER for green channel is due to the
design of incoherent RGB-CWBs, where the green channel
barcode had the smallest module size (because it had the
longest URL).

The overall average SSR/DSR performance for the
incoherent RGB-CWBs follow a trend similar to that of
coherent RGB-CWBs. The SSR/DSR for incoherent
RGB-CWBs, when decoded via EM-IC, is higher when
compared with SSR/DSR when decoded without IC and
slightly worse when compared with the SSR/DSR for
baseline BW-Bs.

In Tables 3 and 4, the BER is slightly lower for the RGB-
CWBs compared with the BW-Bs, which is unexpected. The
anomaly can, however, be understood by also examining
the SSR and noting that the BER can only be computed
once synchronization has been achieved (as mentioned in
Sec. 3.2). The BW-Bs have a higher SSR compared to
RGB-CWBs. The BW-Bs achieve synchronization more
often but encounter a higher error rate once synchronized,
whereas the RGB-CWBs synchronize less frequently but
encounter a lower error rate once synchronized. From an

Table 3 Average percent BER, SSR, and DSR for QR coherent RGB-CWBs decoded using PB IC and without any IC. The results are presented
for the linear and affine models for IC, different barcode modes, different error correction levels, and for different display-smartphone combinations.
The corresponding data recovery metrics for the baseline QR BW-Bs are also indicated.

Barcode
mode

Error
corr.
level

Metrics
(%)

Estimated red Estimated green Estimated blue

Baseline

IC

No IC

IC

No IC

IC

No ICPB linear PB affine PB linear PB affine PB linear PB affine

Couch
potato

L BER 0.34 0.34 0.30 0.05 0.04 0.25 0.53 0.52 0.85 0.71

BER* 0.09 0.08 0.30 0.05 0.04 0.25 0.53 0.53 0.85 —

SSR 97.4 97.4 95.2 98.3 98.3 98.3 98.3 98.7 96.9 99.9

DSR 98.7 98.7 87.1 100 100 93.3 99.1 98.7 86.0 99.7

Q BER 0.17 0.17 1.05 0.07 0.06 0.47 0.92 0.91 1.38 1.21

BER* 0.17 0.17 1.05 0.07 0.06 0.48 0.93 0.92 1.36 —

SSR 98.2 98.2 97.3 97.3 96.9 98.2 96.9 97.3 97.3 100

DSR 99.5 99.5 91.7 99.5 99.5 98.2 98.1 98.2 87.6 99.5

Active
viewer

L BER 0.22 0.22 0.51 0.10 0.09 0.25 0.62 0.62 0.71 0.81

BER* 0.21 0.21 0.51 0.09 0.08 0.25 0.64 0.64 0.73 —

SSR 97.8 98.2 96.7 98.2 98.2 97.1 92.3 92.6 93.7 99.7

DSR 97.4 97.4 87.0 98.5 98.5 93.5 96.8 95.6 86.2 98.4

Q BER 0.97 0.96 2.39 0.45 0.43 0.46 0.96 0.97 3.14 1.20

BER* 0.76 0.74 2.38 0.25 0.22 0.46 0.93 0.94 3.15 —

SSR 94.8 94.8 94.7 94.4 95.1 94.4 94.4 94.0 94.0 99.7

DSR 93.7 93.7 89.3 98.0 97.6 97.2 92.9 92.8 78.5 98.5
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application perspective, this is a “second-order effect”
because, in both cases, the BERs are quite low and the
SSRs are high.

4.2.2 BC-IBs

For BC-IBs, we use all the 18 keyframes with varied back-
grounds for our experiments. As in the case of RGB-CWBs,
we captured two separate sets of QR code embedded BC-IBs
for all combinations of displays, smartphones, and barcode

modes. The resulting dataset consists of 2304 BC-IBs and
2304 baseline BW-Bs.

Table 5 shows the average BER, DSR, and SSR for QR
code embedded BC-IBs and baseline BW-Bs. The BC-IBs
have lower BER in comparison with baseline BW-Bs for
both couch potato and active viewer modes. The SSR and
DSR for BC-IBs are marginally less than baseline BW-Bs.
For the active viewer mode, the DSR for BC-IBs is margin-
ally better than baseline BW-Bs.

4.2.3 Barcode performance in the presence of
compression

The performance of the proposed approaches was addition-
ally evaluated in the presence of typical compression. The
experiments were conducted on four displays (L3, D1,
T1, and V1) and three smartphones (M1, S1, and A1).
For a selected combinations of displays and smartphones,
data recovery performance under JPEG compression (at a
quality factor of 75) is evaluated for coherent/incoherent
RGB-CWBs and BC-IBs and compared with baseline
BW-Bs.

Table 5 Average percent BER, SSR, and DSR for QR BC-IBs and
baseline QR BW-Bs.

Barcode mode Method BER (%) SSR (%) DSR (%)

Couch potato Image barcode 0.72 99.1 99.5

Baseline 0.92 99.7 99.6

Active viewer Image barcode 0.59 99.5 98.7

Baseline 0.85 99.7 98.5

Table 4 Performance of the proposed QR incoherent RGB-CWBs decoded using EM IC and without any IC, and comparison against the baseline
BW-Bs. For a description of the reported metrics and schemes, see the caption for Table 3.

Barcode
mode

Error
corr.
level

Metrics
(%)

Estimated red Estimated green Estimated Blue

Baseline

IC

No IC

IC

No IC

IC

No ICEM linear EM affine EM linear EM affine EM linear EM affine

Couch
potato

L BER 0.30 0.23 0.99 0.37 0.40 0.94 0.38 0.61 2.59 0.71

BER* 0.34 0.26 0.99 0.38 0.41 0.75 0.40 0.69 2.64 -

SSR 93.6 94.9 81.6 88.0 88.0 94.4 91.0 93.6 82.1 99.9

DSR 97.7 96.9 92.7 90.8 88.4 95.9 98.1 97.7 95.3 99.7

Q BER 0.73 0.69 1.64 0.55 0.47 0.77 0.21 0.21 0.65 1.21

BER* 0.69 0.64 1.61 0.55 0.47 0.78 0.14 0.14 0.65 -

SSR 90.8 91.2 71.6 98.7 98.7 98.7 95.8 95.0 80.3 100

DSR 98.2 99.1 95.9 99.2 100 99.2 99.6 99.6 96.4 99.5

Active
viewer

L BER 0.30 0.34 0.55 0.53 0.63 0.97 0.20 0.20 0.24 0.81

BER* 0.28 0.28 0.51 0.57 0.68 1.09 0.19 0.18 0.24 -

SSR 93.3 94.4 91.1 84.1 85.9 88.2 94.8 96.7 93.7 99.7

DSR 96.8 96.5 94.7 86.3 85.8 86.6 100 99.6 97.6 98.4

Q BER 0.74 0.47 0.72 0.97 1.02 1.29 0.15 0.18 0.40 1.20

BER* 0.33 0.35 0.62 0.96 1.01 1.30 0.13 0.16 0.39 -

SSR 92.3 91.6 86.2 99.6 99.2 98.5 97.7 97.7 95.8 99.7

DSR 95.4 96.2 96.9 97.7 98.5 97.7 99.2 99.2 98.8 98.5
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Table 6 shows the average percentage BER, BER*, SSR,
and DSR under compression for red, green, and blue channel
estimates of QR coherent and incoherent RGB-CWBs and
baseline BW-Bs for different modes and error correction lev-
els. We can observe that the impact of compression on the
red, green, and blue channel estimates of coherent/incoherent
RGB-CWBs is minimal when compared with corresponding
data recovery performance of RGB-CWBs under no com-
pression (presented in Tables 3 and 4).

Table 7 shows the average BER, DSR, and SSR under
compression for QR code embedded BC-IBs and baseline
BW-Bs. We can observe that BC-IBs under compression
have slightly higher BER and, similar SSR and DSR when
compared with data recovery metrics for the BC-IBs under
no compression.

5 Conclusion
We proposed a CW barcode framework for color display
applications and focused on two advantageous realizations
of the framework: RGB-CWBs and BC-IBs. RGB-CWBs
provide a three-fold increase in data capacity, whereas
BC-IBs significantly reduce the perceptual impact, when
compared with BW-Bs. Based on exhaustive experimenta-
tion across multiple displays and smartphones, we analyti-
cally demonstrated the advantages of CW barcodes. Visual
distortion is ∼50% lower for BC-IBs and marginally worse
for RGB-CWBs when compared with BW-Bs. For QR
RGB-CWBs, the BER is under 3.14% even without IC and
further reduced by the proposed IC techniques. The synchro-
nization and DSR for CW barcodes is comparable with
BW-Bs. CW barcodes offer a general framework that can
be used with any pre-existing BW-B design and with any

Table 7 Average percent BER, SSR, and DSR under compression
for QR BC-IBs and baseline QR BW-Bs.

Barcode mode Method BER (%) SSR (%) DSR (%)

Couch potato Image barcode 1.09 99.3 97.9

Baseline 1.23 100 100

Active viewer Image barcode 1.05 98.6 97.1

Baseline 0.84 100 100

Table 6 Performance of the proposed RGB-CWBs and comparison against the baseline in the presence of JPEG compression (at a quality factor
of 75). For a description of the reported metrics and schemes, see the caption for Table 3.

Barcode
mode

Error
corr.
level Metrics (%)

Estimated red Estimated green Estimated blue

Baseline

IC

No IC

IC

No IC

IC

No ICLinear Affine Linear Affine Linear Affine

Couch
potato

L BER 0.05 0.05 0.99 1.52 0.03 0.26 0.05 0.04 0.47 0.004

BER* 0.04 0.05 0.99 1.56 0.03 0.20 0.04 0.03 0.47 —

SSR 100 100 86.9 82.6 82.6 91.3 100 100 89.1 100

DSR 100 100 90.0 86.8 92.1 92.9 100 100 95.1 100

Q BER 0.31 0.32 1.49 0.02 0.03 0.58 0.38 0.34 1.08 0.93

BER* 0.20 0.26 1.49 0.02 0.02 0.58 0.27 0.24 1.11 —

SSR 91.7 91.7 70.8 100 100 97.9 97.9 97.9 83.3 100

DSR 100 100 85.3 100 100 100 100 100 97.5 100

Active
viewer

L BER 0.23 0.20 0.50 0.03 0.03 0.08 0.22 0.23 1.18 0.08

BER* 0.23 0.20 0.50 0.03 0.03 0.08 0.22 0.23 1.20 —

SSR 100 100 100 94.3 94.3 90 100 98.6 100 100

DSR 98.6 98.6 91.4 95.5 92.4 82.5 98.6 97.1 81.42 100

Q BER 0.73 0.69 1.32 0.05 0.06 0.14 0.45 0.45 1.17 1.22

BER* 0.57 0.53 1.34 0.05 0.06 0.14 0.37 0.37 1.17 —

SSR 97.2 100 94.4 100 100 100 100 100 88.9 100

DSR 94.3 97.2 88.2 100 100 91.7 100 100 100 98.9
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selections of the display and capture image channels. The
BC-IB realizations within this framework offer a particularly
attractive alternative for significantly reducing the perceptual
obtrusiveness of in-video embedded barcodes.

6 Discussion
The versatility of the CW display barcode framework pro-
posed in this paper has already been partly highlighted in
the preceding sections. Specifically, the framework enables
an existing BW-B to be advantageously converted into either
of the RGB-CWB or BC-IB realizations through reuse of
existing design elements for localization, synchronization,
data encoding, and error correction. Although we focus
on these two realizations because they have the most poten-
tial, additional alternatives can also be realized in the CW
framework. Clearly alternatives that use two channels or a
single channel other than the blue channel are also feasible
within the proposed framework. Specifically, analogous to
BC-IB, green and red-channel IBs can also be realized
and dynamically selecting between these options, based
on image content, can offer opportunities for reducing visual
distortion.36 Note that while BC-IBs significantly reduce
distortion in comparison with BW-Bs, the presence of the
embedded barcode is clearly apparent in the image (see
Fig. 8). This is actually helpful because, in the absence of
a visual indicator, users may not realize that they can interact

with the displayed image using a mobile device, a problem
often faced by invisible watermarks.1 A potential challenge
with BC-IBs is that users may not immediately recognize
that a barcode is embedded. To address this issue an initial
phase of “user education” may be necessary to make them
aware that they can use the barcode much like they use the
monochrome versions. Additionally, to get users acclimat-
ized, in an initial transition period, the BC-IBs may be
used with the localization pattern retained in all channels
to allow users to readily recognize that a barcode is present.

Compared to coherent RGB-CWBs, incoherent RGB-
CWBs offer design flexibility that can be advantageously
exploited. Because the incoherent designs do not require
the barcodes embedded in the three channels to share a
common geometry, the individual barcodes can be independ-
ently designed without requiring coordination. In display
advertising, as the primary image/video content is transmit-
ted from its originating source to the final display, individual
channel barcodes can be inserted at different points in space
and time to produce an incoherent RGB-CWB. For instance,
when a traditional commercial broadcasting network distrib-
utes content through several local affiliate television stations,
the incoherent design allows the network and the local affili-
ate to independently insert their advertisement barcodes in
distinct channels. Aside from display advertising, the flexi-
bility can also be advantageously used to multiplex two or

Table 8 Mean and saliency-weighted-mean S-CIELAB-CIEDE2000 ΔE estimates for the proposed Aztec code embedded CW barcodes and
baseline Aztec BW-Bs. For a description of reported metrics and schemes, see the caption for Table 2.

Barcode
mode

Display
size/resolution

(in./ppi)
Viewing

distance (in.)

Mean ΔE Salience weighted mean ΔE

BC-IB
Coherent
RGB-CWB

Incoherent
RGB-CWB

Baseline
BW-B BC-IB

Coherent
RGB-CWB

Incoherent
RGB-CWB

Baseline
BW-B

Couch
potato

15/105 (L1) 21 1.10 2.23 2.25 2.20 0.35 0.71 0.71 0.69

13.5/227 (L2) 19 1.19 2.29 2.31 2.24 0.39 0.73 0.74 0.71

13.3/267 (L3) 19 1.22 2.32 2.34 2.25 0.40 0.74 0.75 0.72

9.7/264 (T1) 15 1.17 2.28 2.30 2.23 0.38 0.73 0.73 0.71

20/82 (C1),
18/91 (D2)

30, 27 1.11 2.24 2.26 2.21 0.36 0.71 0.71 0.70

106/21 (P1),
60/37 (V1),
24/92 (D1)

159, 90, 36 1.14 2.25 2.28 2.21 0.37 0.71 0.72 0.70

Active
viewer

15/105 (L1) 21 0.45 0.79 0.77 0.75 0.40 0.72 0.71 0.68

13.5/227 (L2) 19 0.53 0.85 0.84 0.80 0.48 0.78 0.76 0.73

13.3/267 (L3) 19 0.56 0.88 0.86 0.83 0.50 0.80 0.78 0.75

9.7/264 (T1) 15 0.51 0.84 0.83 0.79 0.46 0.76 0.75 0.72

20/82 (C1),
18/91 (D2)

30, 27 0.45 0.79 0.78 0.75 0.41 0.72 0.71 0.68

106/21 (P1),
60/37 (V1),
24/92 (D1)

159, 90, 36 0.48 0.81 0.80 0.77 0.44 0.74 0.73 0.69
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more independent barcodes in the same spatial footprint.
This functionality can support alternative payment systems
for point of sale (such as WeChat Pay and AliPay52 that
are commonly used alternatives in China) and different
languages.

7 Appendix
In this section, we provide experimental results for tests con-
ducted with Aztec barcodes, i.e., for RGB-CWB and BC-IB
constructions built using the monochrome Aztec code, which
is also used as the baseline for comparison. These results
complement the results presented for the QR codes in the
main paper and demonstrate another powerful advantage of
the CW framework; the framework can flexibly be used in
conjunction with any BW-B design. Additionally, we also
summarize the variability in cross-channel interference
observed in our experiments.

7.1 Visual Distortion for Aztec Barcodes
Similar to QR CW barcodes, a total of 144 Aztec CW barc-
odes were used for visual distortion experiments. As shown
in Table 8, the visual distortion result for the Aztec CW

barcodes is similar to QR CW barcodes, with average ΔE
and saliency weighted ΔE values for BC-IBs significantly
lower than for the baseline BW-Bs.

7.2 Data Recovery Performance for Aztec Barcodes
7.2.1 RGB-CWB

We note that the QR codes have a robust design layout
with multiple synchronization patterns spread out over the
barcode footprint, which enables accurate correction of
perspective distortion, providing greater flexibility in capture
orientation compared with the Aztec code where the syn-
chronization pattern is more localized and less effective
for estimating perspective distortion. In mobile phone apps
for reading Aztec codes, this shortcoming can be overcome
by requiring the user to better orient the capture camera.
To improve synchronization performance in our experiments
with Aztec CW barcodes, after IC, we perform an additional
reconstruction process before decoding the data. For
reconstruction, we first binarize the interference canceled
individual channel estimates. We calculate the module size
of the binarized barcode and then perform module-by-
module reconstruction to obtain reconstructed barcode,

Table 9 Performance of the proposed Aztec coherent RGB-CWBs decoded using PB IC and without any IC, and comparison against the baseline
BW-Bs. For a description of the reported metrics and schemes, see the caption for Table 3.

Barcode
mode

Error
corr.
level

Metrics
(%)

Estimated red Estimated green Estimated blue

Baseline

IC

No IC

IC

No IC

IC

No ICPB linear PB affine PB linear PB affine PB linear PB affine

Couch
potato

L BER 0.52 0.52 0.78 0.37 0.36 0.60 0.70 0.71 0.93 0.34

BER* 0.52 0.52 0.78 0.37 0.36 0.60 0.70 0.70 0.89 —

SSR 100 100 100 99.0 99.0 99.0 98.1 99.0 99.0 99.7

DSR 100 100 99.0 100 100 100 98.0 98.1 97.1 100

Q BER 2.12 2.10 1.71 1.35 1.36 1.57 2.04 2.09 2.11 0.42

BER* 2.14 2.12 1.71 1.35 1.36 1.57 2.00 2.00 1.90 —

SSR 100 100 99.0 98.1 98.1 98.1 97.1 100 98.1 99.7

DSR 98.1 98.1 100 100 100 100 97.0 96.2 95.1 100

Active
viewer

L BER 1.98 1.98 2.20 0.54 0.55 0.72 0.64 0.63 0.99 1.75

BER* 1.98 1.98 2.20 0.54 0.54 0.72 0.64 0.63 0.99 —

SSR 100 100 100 99.2 99.2 97.5 97.5 97.5 96.7 99.2

DSR 95.8 95.8 93.3 99.2 99.2 99.2 100 100 95.7 100

Q BER 3.56 3.57 3.99 2.16 2.23 2.31 2.68 2.64 3.12 2.27

BER* 3.56 3.57 4.01 2.20 2.10 2.31 2.68 2.64 2.95 —

SSR 98.3 98.3 99.2 96.7 97.5 95 97.5 97.5 99.2 98.4

DSR 94.9 94.9 88.2 94.8 97.4 96.5 97.4 97.4 95.0 100
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which is fed to the decoder. This reconstruction process
significantly improves the ability to synchronize.

The data recovery experiments for the Aztec codes had
1120 captured images of RGB-CWBs and 1536 captured
images of baseline BW-Bs, over the same display smart-
phone combinations as were used for the QR codes (listed
in Table 1). Tables 9 and 10 show the average BER,
BER*, SSR, and DSR for the red, green, and blue channels
for the CW Aztec coherent and incoherent RGB-CWBs,
respectively. The structure of these tables is identical to
that used for the QR codes and described earlier. The tabu-
lated statistics for the Aztec RGB-CWBs show trends similar
to those observed for the QR RGB-CWBs. The data recovery
performance of the Aztec RGB-CWBs is only slightly worse
than the baseline BW-Bs. Using the PB/EM IC techniques is
advantageous resulting in a lower BER and improved SSR/
DSR in comparison with the same metrics when decoded
without IC.

7.2.2 BC-IB

The data recovery experiments for the Aztec codes had 1152
captured images of BC-IBs and 1152 captured images
of baseline BW-Bs, over the same display smartphone

combinations as were used for the QR codes (listed in
Table 1). Table 11 shows the average BER, DSR, and SSR
for Aztec BC-IBs and baseline BW-Bs. For the couch potato
mode, the BER for BC-IBs is higher than for the baseline
BW-Bs, whereas for the active viewer mode the BC-IBs
perform better with lower BER than baseline BW-Bs. The
SSR and DSR for BC-IBs are comparable with the SSR
and DSR for baseline BW-Bs. For the active viewer mode,
we can observe that SSR for BC-IBs is marginally better than
baseline BW-Bs.

Table 10 Performance of the proposed Aztec incoherent RGB-CWBs decoded using EM IC and without any IC, and comparison against
the baseline BW-Bs. For a description of the reported metrics and schemes, see the caption for Table 3.

Barcode
mode

Error
corr.
level

Metrics
(%)

Estimated red Estimated green Estimated blue

Baseline

IC

No IC

IC

No IC

IC

No ICEM linear EM affine EM linear EM affine EM linear EM affine

Couch
potato

L BER 0.63 1.08 1.25 0.55 0.70 0.21 0.25 0.23 0.69 0.34

BER* 0.63 1.08 1.25 0.55 0.70 0.21 0.26 0.24 0.69 —

SSR 100 100 100 100 100 100 98.1 99.0 96.1 99.7

DSR 97.1 97.1 93.2 100 100 100 100 100 100 100

Q BER 1.83 1.68 2.14 2.29 2.15 2.17 0.68 0.61 0.95 0.42

BER* 1.83 1.68 2.14 2.29 2.15 2.17 0.72 0.67 0.94 —

SSR 100 100 100 100 100 100 99.0 99.0 90.4 99.7

DSR 100 100 96.2 100 100 100 100 100 98.9 100

Active
viewer

L BER 0.31 0.31 2.19 1.00 1.08 0.84 0.41 0.38 0.72 1.75

BER* 0.31 0.31 2.19 0.97 1.05 0.84 0.41 0.38 0.71 —

SSR 100 100 100 100 100 99.2 99.2 99.2 100 99.2

DSR 99.2 99.2 93.3 97.5 98.3 98.3 100 100 98.3 100

Q BER 1.21 1.11 1.29 2.06 2.07 2.57 0.56 0.60 0.44 2.27

BER* 1.21 1.11 1.29 2.06 2.07 2.57 0.58 0.54 0.44 —

SSR 100 100 100 100 100 100 100 100 96.7 98.4

DSR 98.3 98.3 96.6 98.3 98.3 97.5 100 100 100 100

Table 11 Average percent BER, SSR, and DSR for Aztec BC-IBs
and baseline BW-Bs.

Barcode mode Method BER (%) SSR (%) DSR (%)

Couch potato Image barcode 0.54 100 100

Baseline 0.31 100 100

Active viewer Image barcode 1.55 99.6 100

Baseline 1.92 99.4 100
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7.2.3 Variation in the cross-channel interference
matrix Q

Our experiments revealed that the cross-channel interference
depended both on the specific display-smartphone combina-
tion used, and on the image background. To illustrate this
effect, we consider the embedded QR codes in two of the
test images, in which the image background region adjacent
to the barcode was lighter in one image and darker in the
other. Averages of the estimated cross-channel interference
matrices Q̂ from captured images of these displayed
RGB-CWBs are depicted in Fig. 10, where the averages
(over different barcode modes, error correction levels, and
capture smartphones) of the nine individual entries in Q̂
are shown as bar plots with standard deviation error bars.
The relative spectral power distributions for the R, G, and
B primaries for the four displays, viz., laptop (L2), desktop
(D1), television (V1), and projector (P1) are also included
within this figure (measured using a spectroradiometer).
The captured images with the dark background exhibit
higher values for the cross-channel terms (RG, RB, BR,
BG, GR, and GB, where the first letter denotes the capture
channel and the second letter denotes the display channel),
indicating higher cross-channel interference in the presence
of dark backgrounds (Although the corresponding channel
RR, GG, and BB values are also higher, the relative magni-
tudes of the cross-channel interference is higher.). Also the
variation in the characteristics of different displays results
in significant variation in the entries of the cross-channel
interference matrix, highlighting the need for and benefit
of the proposed methods for estimating the cross-channel
interference on-the-fly, directly from the captured barcode
image.
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Fig. 10 Normalized spectral power distributions for the R, G, B primaries for four of the displays, viz.
laptop (L2), desktop (D1), television (V1), and projector (P1) (top row), and corresponding averaged
entries (max normalized to 1) for the cross-channel interference matrix (Q̂) for images corresponding
to light and dark backgrounds (bottom row).
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