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ABSTRACT

We present a per-channel framework for extending monochrome bar-
codes to color for display applications, offering increased data rates
and capacity. Data is independently encoded into barcodes, incor-
porated within a color image as the red (R), green (G), and blue (B)
channels and decoded from the corresponding R, G, and B channels
in the image of the displayed barcode captured with a smartphone.
Using a physical model for the display and capture processes, we
show that the cross-channel interference in this situation is appro-
priately modeled by a linear mixing relation. Via experiments done
over multiple smartphones and displays, we demonstrate that the im-
pact of the interference is small and can be further mitigated through
the use of interference cancellation. Two methods are presented for
estimating and canceling the interference: either using pilot blocks
in coherent designs where the synchronization marker patterns align
between the codes or using expectation maximization. Results are
presented for both QR and Aztec color codes in this framework,
highlighting its versatility. Overall bit error rates are shown to be
below 1.23% and are further reduced by interference cancellation.
These low error rates are well within the correction capacity of the
error correction codes used for typical color barcodes.

Index Terms— Display barcodes, color barcodes, mobile appli-
cations, per-channel encoding.

1. INTRODUCTION

Barcodes encode data in a machine readable image format. Con-
ventionally 1-D patterns (vertical lines) were used for barcodes such
as the universal product code (UPC)1 [1], but with ready availability
of image sensors 2-D barcodes have gained prominence. Most pop-
ular and commonly used 2-D barcodes are the QR code [2], Aztec
code [3, 4], and Data Matrix [5]. Both 1-D and 2-D barcodes have
traditionally been used in printed black-and-white formats. Sev-
eral recent efforts have focused on color versions of printed bar-
codes with a view to increasing the capacity per unit area of foot-
print. The use of color in printed barcodes presents a number of
challenges that prior research has addressed through several innova-
tions [6, 7, 8, 9, 10].

In this paper, we focus on display applications of barcodes,
and specifically on color barcodes for such applications. While
display applications of barcodes are more recent than the long-
standing print-based applications, they are becoming increasingly
common. Just like their print counterparts, barcodes displayed on
electronic displays are increasingly used by users to connect with
online sources of information by capturing an image of the dis-
played barcode with an application installed on their smartphones.
Applications of this type include connectivity for advertised content,
immediate information access (for instance at transit points), and
for encoding boarding pass information displayed on smartphones
to automate boarding (Aztec codes are common for this applica-
tion). The capability for interactivity with display barcodes also
enables additional applications [11]. Different barcodes such as
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Visual Code [12], Spot code [13] and Magneti-Code [14] have been
used as visual tags for interaction with large screens. A secured
barcode based communication system (SBVLC) [15] has been used
for information sharing, secured device pairing, and other security
related applications. The use of barcodes has also been proposed
for automating point of sale transactions such as checkout payment
systems, which are now seeing deployment with the recently an-
nounced Walmart Pay, a QR code enabled smartphone-based mobile
payment system from the US’s biggest retailer Walmart [16, 17]. In
several of these applications, barcodes are competing with near field
communication (NFC) [18] and the closely related radio frequency
identification (RFID) tag [19, 20, 21] technologies (See [11] for a
recent comparison).

Most barcodes used for display applications have been based on
monochrome i.e black and white barcodes. Because, nearly all dis-
plays and smartphone cameras today are color-capable, there is no
cost or accessibility barriers to using color barcodes instead of the
monochrome versions. Compared to monochrome barcodes, color
barcodes offer the potential for higher information capacity through
better utilization of the available channel from the display to the
smartphone camera. For temporal streaming of data between screens
and smartphones, two recent efforts [6, 22] have proposed the use of
specially designed color display barcodes. The specialized barcode
designs, however, target only the specific niche of data streaming,
compared to the much broader class of applications typical of stan-
dardized barcodes. Also they have only undergone rather limited
testing and are missing key features such as robust synchronization
capability and forward error correction, features that are necessary
for actual deployments and for comparison with already existing
monochrome alternatives.

In this paper we present a per channel framework for color bar-
codes for displays that mirrors and complements our group’s recent
work [10] on per channel color barcodes for print applications. Com-
pared with alternatives that re-design color barcodes from scratch,
the per-channel framework has the significant advantage that it re-
uses components already designed and optimized for monochrome
barcodes for synchronization, error correction coding, etc, leverag-
ing the tremendous investment that has already been made in opti-
mizing these. The result is a design that is much more robust and
ready for use compared to de novo constructions. We present the
framework and demonstrate that, for display applications, far less
color interference is encountered compared to what was observed
for print color barcodes. We also present analysis specific to our pro-
posed per channel color barcodes for display which provides an ap-
propriate model for color interference with minimal approximations
that provides physical intuition and enables methods for estimation
and cancellation for performance improvements. Results for tests
conducted with QR and Aztec codes in our framework across multi-
ple displays and smartphones demonstrate that the proposed frame-
work is effective: observed bit error rates are below 1.23% natively,
and further decreased upon interference cancellation. Both coher-
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ent designs where the synchronization marks are aligned between
the individual channel barcodes and incoherent designs that do not
exhibit these constraints are shown to perform well in the proposed
framework.

The paper is organized as follows: In Section 2 we present the
per-channel framework for display color barcodes. Data encoding,
decoding, and cross-channel interference are discussed and by us-
ing a physical model for the display and capture process we show
that cross channel interference can be modeled by a linear mixing
relation. We show a visual demonstration of the typical color in-
terference and propose methods for estimation and cancellation of
this interference motivated by our work on printed color barcodes:
specifically, using pilot blocks [10] or an EM approach [23]. Experi-
mental setup, tests, and results are presented in Section 3. The paper
concludes with a summary and discussion in Section 4.

2. PER-CHANNEL DISPLAY COLOR BARCODES

2.1. Data Encoding and Decoding

Independent messages mi, m2, ma are encoded as three individ-
ual monochrome barcodes that are placed in the three R, G, and B
channels, respectively, of a color image, thereby forming our per-
channel color barcode. Fig.1 illustrates this process. Encoding of
messages in monochrome barcodes also typically incorporates error
correction coding (at a suitably chosen level) which helps in error
recovery during data extraction from captured barcode images. The
resulting color barcode is displayed on regular RGB display.
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Fig. 1: Per-Channel encoding for color display barcodes. (Coherent
design)

An image of the displayed color barcode is captured using a cell
phone camera and used to attempt recovery of the encoded data us-
ing the process outlined in Fig.2. The captured image is divided
into the red (R), green (G), and blue (B) channels used for the cap-
ture. In an ideal situation, the camera R, G, and B channels capture
only the variation in the corresponding display R, G, and B channels
and there is no impact of displayed channel on non-matching capture
channels. Under this ideal situation, R, G, and B channels form three
noninteracting parallel channels carrying independent data streams
and the data is extracted from the R, G, and B capture channels just
as it would be for a monochrome barcode. In practice, however, the
individual channels of the captured image can include contributions
from images in channels other than the matching display channel, a
phenomenon we refer to as cross channel interference. The effect
of interference is demonstrated in Fig.3 (please see electronic ver-
sion). We see that cross channel interference is relatively small and
restricted largely to the green channel. This cross channel interfer-
ence sometimes results in decoding failure when the captured image
is directly fed into the decoder software. We therefore consider a
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Fig. 2: Data decoding from a captured image of a displayed per-
channel barcode. (Incoherent design)

physical model for the display and capture process in the following
section, which allows us to parameterize the cross channel interfer-
ence as a linear 3 X 3 mixing matrix, which we can estimate and use
to cancel the interference. The development shares similarities with
our work for printed color barcodes in [10], although the models and
the methodology are different due to the inherently different physics
of displays and printers.

a) RGB Stripes  b) R Channel ¢) G Channel d) B Channel
Fig. 3: Image demonstrating cross channel interference encountered
in the per-channel framework. Subfigure (a) shows a displayed im-
age consisting of three stripes with only one of the R, G and B chan-
nel active in each stripes. Subfigures (b), (c) and (d) show the R, G
and B channels respectively, of a photograph of the displayed image
taken with a smartphone.(See electronic version of image).
2.2. Physical model for display-capture process
Modeling the display-capture process enables us to understand the
cross channel color interference in a better way and develop methods
for mitigating its impact. Color displays are additive devices where
the displayed spectrum at each pixel can be modeled as linear combi-
nation of the spectrum of R, G, B channels of the display [24] which
we denote by P;(\), i € {R, G, B} with the coefficients of the lin-
ear combinations determined by the image being displayed. We rep-
resent the displayed color barcode as three binary images I¢(z, 1)
with ¢ € {R, G, B} corresponding, respectively, to the R, G, and
B channels with (z, %) denoting the pixel co-ordinates. I¢(z,y) is
’1” when one of the R, G, or B display channel is turned on and ’0’
when off. The spatial spectral distribution of the displayed pattern is
then given as P,y \) = Z Ig(&y)Pi()\). (1)
ie{R,G,B}

Because we are looking a bi-level image, gamma correction does not
come into play.

The spectral sensitivity of the capture channels is denoted by
sk(A) where k € {R, G, B} represents the capture channels. The
image captured by the camera can then be modeled as

If(a,y) = / sk(V)r(z, s \)dA, @

where k € {R,G, B} and I;;(x,y) represents the captured pixel
corresponding to k" camera capture channel. For simplicity of no-
tation, we assume identical pixel co-ordinates for the displayed and
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captured images. In practice, synchronization methods that are part
of barcode designs enables the captured barcode image to be regis-
tered to the encoded version. Now by substituting (1) in (2), rela-
tionship between captured pixel and displayed pixel is represented

as L(z,y) =Y awli (2,y), 3)

where qw; = [ sk (A)Pi(A)dA re’i)’%esents amount that a display pixel
Ifl(x, y) from i" display channel contributes to the captured pixel
I (z,y) corresponding to k" capture channel. Note that, in con-
trast with the per-channel printed barcodes considered in [10], the
model for our per-channel display barcodes is inherently linear with-
out requiring extensive simplifying assumptions. Hence if we know
gri for k € {R,G,B} and @ € {R,G, B}, relation given in (3)
allows us to perform the interference cancellation and estimate the
display channels. The g; values can be represented as matrix Q
where the 3" column is [¢rs, gG:, gp:]”. Hence, display channels
19 = [1¢, 1, I%] at a location (z,y) is obtained from the camera
capture channels I = [I§, I&, I3] at that location by

=qQ'r. )
Using the above equation we can estimate the display channels.
However, the matrix Q is usually unknown and we therefore pro-
pose two approaches to estimate the matrix that are analogous to
those proposed in [10].
2.3. Color Interference Cancellation

a) Pilot Block Approach: In this method, the individual barcodes
are designed coherently so that the synchronization patterns for these
codes (and the data encoding modules) are aligned. The example of
Fig.1 illustrates such a coherent design, where the finder patterns for
the individual barcodes are aligned and the displayed color barcode
shows a sample color pilot block allocation. The six pilot blocks
present in the coherent barcode are combinations of the primaries
used to create the color barcode i.e R, G, B, RG, RB, and GB. Be-
cause the blocks corresponding to the synchronization patterns do
not carry any data, their colors can be selected at the encoder and
the knowledge can be exploited at the decoder for estimating the
cross channel interference matrix Q. We refer to this as pilot block
approach based on the similarity with pilot symbols for estimating
channel state in communication systems [25].

In order to estimate the matrix Q, the displayed pilot block bar-
code image is captured and R, G, B values at the pilot block posi-
tions are sensed which corresponds to I5,/& and I at those posi-
tions. Since the pilot blocks are the combinations of R, G, and B,
the [ }%,I g‘; and I Jdg are also known. In order to estimate the matrix
Q, the least squares method is adopted. After obtaining the matrix
Q, we use equation (4) to estimate I¢ at every pixel. As a result
we get three grayscale images corresponding to encoded estimates
of the independent channels encoded in the color barcode.

Before feeding the interference canceled images to the decoder,
it is necessary to binarize the images and hence we use adaptive
thresholding (AT) technique to convert the grayscale image to binary
image. Here, the intensity values at the pilot blocks are utilized and
a threshold is set for each of the images. The thresholds are:

max(I§, 189, I5°) + min(I5, IR, I5")

tr = 2 )
L mas(I§. 156, 167) + min(If, 1£, 187
G — )
2
max(lg,IgB,IgB) +min([§,l§,]§G)
tp = ) ) ()

where I,{: represents intensity of k' capture channel with k €
{R, G, B} and j'" pilot block with j € {R, G, B, RG, RB,GB}

and tgr, tq, tp represents the thresholds for each channel. The
binary images are then fed to the decoder to decode the embedded
data in each channel.

Algorithm 1: EM-type algorithm to estimate Q

Input : The captured color barcode

Output: Q

begin

Select k pixels in the captured image that has one of the
R, G or B colors forming a 3 x k matrix I¢.

Initialize Q.

repeat

Set D to current estimate and minimize the objective
function over I9;

lQr — e

minimize
1d
subject to 0<I94<1

Setting I¢ to current estimate ,minimize the
objective function over Q

lQre —x¢||*

subject to 0<Q
until HQId - I':H2 < T i.e until objective function is
less than the threshold T

minimize
Q

end

b) EM-type approach: This algorithm does not require a co-
herent design for the barcodes (See Fig.2 for incoherent encoding
example). It is an iterative algorithm where we can estimate I¢ and
Q simultaneously. I9 is treated as variable constrained between 0
and 1 and can be interpreted as the probabilities of R, G, and B pri-
maries getting displayed at a particular pixel location on screen. The
matrix Q is constrained to have only positive entries. The objective

function to be minimized is HQId - ICH . This results in an opti-

mization problem where we alternately estimate I¢ and Q in such
a way that the objective function is minimized. Since I¢ and Q are
present in the objective function it can implemented as alternating
constrained least squares as indicated in Algorithm 1. In this algo-
rithm, I¢, which represents a captured pixel, is chosen from a subset
of pixels from the captured barcode. Hence I° represents a 3 x k ma-
trix for k pixels chosen from the image. To initialize matrix Q, the
captured image is Otsu thresholded [26] and we use least squares to
obtain initial estimate of Q. With initialization of Q and 0 < N <1
as constraint, I? is estimated. Using the estimated I¢ and Q >0 as
constraint we estimate the matrix Q. The procedure continues until
the objective function minimizes below the predetermined threshold
7. After obtaining the matrix Q, equation (4) is used to estimate the
display color channels I¢ at every location. In order to binarize the
estimated channels we use the Otsu thresholding method [26] and
feed the binary images to the decoder.

Pilot block approach is employed for coherent barcode designs
whereas EM type approach can be used to recover the data from both
coherent and incoherent color barcodes. Incoherent color barcodes
(see Fig.2) have different data lengths and the alignment and syn-
chronization patterns in each channel need not be aligned. Hence
the EM type approach is advantageous in case of incoherently en-
coded color barcodes.

3. EXPERIMENTAL RESULTS

For our experiments, we chose the QR code and Aztec code be-
cause they are widely used in mobile applications. Color versions of
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these codes were generated in the proposed per-channel framework
in three different sizes: 30, 40, and 50mm and using two different
error correction levels, L and Q, specified in the standards [2, 3].
Both coherent and incoherent designs of the codes were utilized in
the experiments, where the coherent designs use the synchroniza-
tion markers as pilot blocks as described in Section 2. These bar-
codes were displayed on two displays and captured using four dif-
ferent smartphones. The resulting images were then separated into
the individual R, G, and B channels which were used in the barcode
decoding process, either directly after Otsu thresholding (OT) [26],
or after interference cancellation using (for the coherently designed
codes) the pilot block (PB+AT) approach or (for both the coherent
and incoherent designs) the EM approach. For the EM approach the
threshold was set as 7 = 107>,

To evaluate performance of the algorithms we use Bit Error Rate
(BER) and Decoding Success Rate (DSR) as the performance met-
rics. BER is the percentage of bits in error, in the recovered bit
stream when compared to original bit stream prior to error correction
decoding and DSR represents percentage of captured barcodes de-
coded successfully using the error correction decoding (for the Reed-
Solomon codes used). Because of space-limitations, we present only
aggregate statistics highlighting our main findings. Figures 4, 5, and
6 summarize the percentage BER for three barcode sizes for the R,
G, and B channels, respectively. In each channel and for each size
of the color barcode, three bars represent the percentage BER for
OT, PB+AT, and EM methods in order from left to right. We can
observe that even without the interference cancellation the BER is
less than 1.23% for the OT method and the interference cancella-
tion reduces the BER further for both the PB+AT and EM methods,
especially for the green channel where cross channel interference
is higher compared to other channels. The PB+AT method usually
performs slightly better that the EM method. Assuming a binary
symmetric channel and 1.23% BER, which is an upper bound for
our observed error rates, the estimated capacity of our color barcode
scheme is 3 x 0.9043 bits per encoded module which is quite close
to the maximum of 3 achievable with the framework. With inter-
ference cancellation the BER’s are all below 0.31% providing an
estimated capacity of 3 x 0.9697 bits per module. While the low
BER’s obtained with OT without any interference cancellation are
usually readily handled by the error correction codes utilized, the
further reduction in BER’s provided by interference cancellation is
advantageous when errors are also introduced from other sources;
for instance, for artistic and branding purposes [27] deliberate dis-
tortions are introduced in barcodes. The interference cancellation
ensures better robustness in the face of such deliberate distortions.
Table 1 compares the DSR for OT, PB+AT, and EM methods where
the ratios represent number of successfully decoded cases to total
number of cases. The benefit of interference cancellation is apparent
from the results in the third and fourth row of Table 1 compared to
the second row.

DSR com- R G B
parison

oT 48/54 50/58 47/53
PB+AT 49/52 53/56 49/51
EM 35/39 46/46 39/40

Table 1: Decoding Success Rate comparison for OT, PB+AT, and
EM methods for the R, G and B channels.

12 [ o7
[ pa+AT
Cem

BER (Percent)

30 40 50
Barcode Size (mm)

Fig. 4: BER vs Barcode size for the R channel

BER (Percent)

30 40 50
Barcode Size (mm)

Fig. 5: BER vs Barcode size for the G channel

30 40 50
Barcode Size (mm)

Fig. 6: BER vs Barcode size for the B channel

4. CONCLUSION AND DISCUSSION

In this paper, we present a per-channel color barcode framework for
display applications. We show analytically that cross channel in-
terference for our framework is quite small and can be further re-
duced via interference estimation and cancellation using either: the
synchronization regions in coherently designed individual channel
barcodes or via expectation maximization, which also applies to in-
coherent encoding of individual channel barcodes. In a battery of
tests across multiple displays and smartphones, using both QR and
Aztec codes, the raw bit error rate prior to forward error correction
(FEC) are under 1.23% for our framework and further reduced by in-
terference cancellation. These errors are readily corrected using the
FEC built into common barcodes such as the Reed-Solomon codes
for the QR and Aztec codes. While the interference cancellation is
not required when capturing pristine color barcodes, it provides ad-
ditional headroom for errors that are deliberately introduced through
aesthetic modifications.
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