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ABSTRACT

Color brings extra data capacity for QR codes, but it also
brings tremendous challenges to the decoding because of
color interference and illumination variation, especially for
high-density QR codes. In this paper, we put forth a frame-
work for high-capacity QR codes, HiQ, which optimizes the
decoding algorithm for high-density QR codes to achieve
robust and fast decoding on mobile devices, and adopts a
learning-based approach for color recovery. Moreover, we
propose a robust geometric transformation algorithm to cor-
rect the geometric distortion. We also provide a challenging
color QR code dataset, CUHK-CQRC, which consists of
5390 high-density color QR code samples captured by differ-
ent smartphones under different lighting conditions. Experi-
mental results show that HiQ outperforms the baseline [1] by
286% in decoding success rate and 60% in bit error rate.

Index Terms— QR code, color recovery, color interfer-
ence, illumination variation, high capacity

1. INTRODUCTION

Recently, there has been a dramatic increase in the usage of
QR codes. However, the relatively low capacity of existing
QR codes has limited their applicability, e.g. in protecting the
authenticity of a QR code [2]. To increase the data capacity of
QR codes, leveraging color is probably the most natural and
inexpensive approach.

Due to chromatic distortion, it is challenging to decode
color QR codes in a robust manner, especially for high-
density ones. Possible root causes of such chromatic distor-
tion include: 1) cross-channel interference: colorants in each
channel tend to interfere with each other [1]; 2) cross-module
interference: for a high-density QR code, the colorants in
the neighboring data modules (spatial regions) may spill over
and distort the color; 3) illumination variation: color varies
dramatically under different lighting conditions [3]. Besides,
when a QR code becomes very dense, even for a monochrome
one, decoding becomes very difficult under small module
sizes and the tolerance for geometric transformation becomes
much more stringent.

There have been numerous attempts in the literature us-
ing color to increase the capacity of traditional 2D barcodes
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[1][4][5][6][7]. Microsoft High Capacity Color Barcode
(HCCB) [5] encodes data using color triangles with a prede-
fined color palette. The color QR code framework, HCC2D
[4][8], also encodes multiple data bits in each color sym-
bol and uses 4- and 8-color palette to provide different data
capacities. H. Blasinski et al. [1] propose the per-colorant-
channel color (PCCC) framework for 2D barcodes where
data are encoded in the three channels of the CMY color
space during printing. Shimizu et. al. [9] propose a 64-color
2D barcode and augment the RGB color space using seed
colors for references. All these methods use reference colors
during decoding. However, our preliminary testing shows
that using reference colors can easily introduce bias during
color recovery. It is because any dirt or damage on the ref-
erence symbols, as well as non-uniform lighting, can easily
make color QR codes undecodable. Although the PCCC
framework adopts an iterative decoding algorithm without
using reference colors, it is too computationally expensive for
a mobile device. Moreover, none of these methods have been
evaluated using high-density color QR codes.

In this paper, a new color QR code framework, HiQ, is
proposed. HiQ constructs a color QR code by combining
multiple monochrome QR codes together in a layered man-
ner to preserve the structure of traditional QR codes and the
strength of their design. Firstly, we improve the decoding al-
gorithm to robustly decode high-density QR codes under the
HiQ framework. Secondly, we utilize a learning-based ap-
proach to model the lighting variation and color interference
to tackle the chromatic distortion. Thirdly, a robust geomet-
ric transformation method is proposed to correct the geomet-
ric distortion. Finally, we use a traditional QR code decoder
to extract data from each layer after colors are recovered us-
ing a pre-trained color classifier. Furthermore, we introduce
a large-scale dataset of color QR codes, CUHK-CQRC, to fa-
cilitate the evaluation of our proposed algorithms.

2. HiQ: A LAYERED FRAMEWORK FOR
HIGH-CAPACITY QR CODES

2.1. Data encoding

To leverage existing QR code standards and tools, HiQ par-
titions the data to be encoded into multiple portions and en-
codes them into different monochrome QR codes indepen-
dently. We refer to each monochrome QR code as a layer in
HiQ. Note that the monochrome QR codes of different layers
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Fig. 1. An overview of the encoding and decoding of a 3-layer color QR code in HiQ.

can have different levels of error correction, but they have to
be of the same dimension/ size in order to make each layer of
the color QR code separable.

Fig. 1 illustrates the construction of a 3-layer color QR
code. Given n monochrome QR codes, {Mi}, where i =
1, 2, · · · , n, each Mi is composed of the same number of
small squares (referred as modules) with two different col-
ors (e.g., white and black) which represent one data bit, 0 and
1. We denote the jth module of Mi by mi

j , where mi
j = 0 or

1. In order to achieve layer independence and separability in
the color QR code, HiQ constructs an n-layer color QR code
Cn by concatenating all Mi together so that the jth module of
Cn, cnj = {m1

j ,m
2
j , · · · ,mn

j }. HiQ then maps each cnj into a
particular color using a predefined color codebook B, where
|B| = 2n as mi

j is binary. Finally, special patterns are col-
ored with specific colors to filter out false positives of pattern
detection and carry meta informations of the QR code, e.g.,
number of layers it contains.

2.2. Data decoding

An overview of the decoding process of a 3-layer color QR
code is given in Fig. 1. The decoding process is to extract
user data embedded in the QR code. Typically, given an im-
age of a monochrome/ color QR code captured by a smart-
phone camera, HiQ first binarizes it for detecting the special
patterns which are then used to determine the boundary and
correct geometric distortion of the QR code. Before decoding,
HiQ will read the number of layers embedded in the special
patterns/modules of the code. If a QR code contains multiple
layers, i.e., a color one, HiQ will apply color recovery and use
the predefined color codebook to map the color QR code into
multiple monochrome QR codes. Finally, HiQ extracts the
data from each monochrome QR code layer by layer while
leveraging the built-in error correction mechanism.

Local binarization: Existing monochrome QR code de-
coders usually use the image luminance to binarize the QR
code. However, directly applying it on color ones can be
problematic because some colors (e.g., yellow) have much

higher luminance than the others, which makes some pat-
terns undetectable. To solve this problem, we use a simple
but effective method to binarize the color QR codes. Let I de-
notes an image of a color QR code formatted in the RGB color
space. We equally divide it into 8 × 8 blocks. In each block,
a threshold is computed for each channel as follows: Ti =
(max(Ii)+min(Ii))/2, where i ∈ {R,G,B} and Ii is the ith
channel of image I. A pixel denoted by a triplet (PR, PG, PB)
is assigned black if Pi < Ti for any i ∈ {R,G,B}, white oth-
erwise.

Data block accumulation: During encoding, data bits are
divided into dozens of data blocks of a QR code, and decod-
ing is performed block by block. Even if only one block of
data is missing, existing decoders will initiate a new round of
scanning while discarding all information obtained so far. To
reduce the scanning latency, we accumulate the successfully
decoded data blocks in previous scans until all the data blocks
are successfully decoded.

3. ROBUST COLOR RECOVERY

For a monochrome QR code, a simple local thresholding
method is enough for the color recovery since there are only
two colors between which the chromatic contrast is often
high. However, as the number of colors in a color QR code
increases (exponentially with number of layers), the color
recovery becomes non-trivial, especially in the presence of
the chromatic distortion as illustrated in Fig. 2.

3.1. Robust geometric transformation

Standard methods estimate the transformation matrix by de-
tecting four special patterns in the corners of a QR code.
However, in practice, the detection is inevitably inaccurate,
and the cross-module interference (see Fig. 2(a) for illus-
tration) makes the decoding more sensitive to transformation
errors caused by the inexact detection, especially for a high-
density QR code. Instead of developing a more complex de-
tection algorithm which increases processing latency, we cir-



cumvent this problem by using a robust geometric transfor-
mation (RGT) algorithm which accurately samples for each
module a pixel within the central region where the color in-
terference is less severe than that along the edges of a mod-
ule. Unlike standard methods, RGT leverages all special pat-
terns, including the internal ones, and solves a weighted over-
determined linear system to estimate transformation matrix.

Given n tuples each consists of a pair of 2D data-points,
namely, {< xi,xi

′ >, i = 1, 2, · · · , n|n > 4}, where xi is
the position of a detected pattern, and xi

′ = (x′
i, y

′
i) is the cor-

responding point in the data matrix to be reconstructed. RGT
estimates the transformation matrix H by minimizing the
sum of the weighted transformation errors

∑n
i=1 wi‖AiH‖2

subject to ‖H‖2 = 1, where wi is the weighting factor of

each pair of points and Ai =

[
0T −xi

T y′ixi
T

xi
T 0T −x′

ixi
T

]
.

The solution is just the corresponding singular vector of the
smallest singular value of the matrix built from all wiAi [10].
As we found that the estimated position of a finder pattern
is often more accurate than that of a alignment pattern, we
give higher weights to detected positions of finder patterns
and lower weights to alignment patterns. Empirically, we set
wi = 0.6 if xi is from a finder pattern, 0.4 otherwise.

RGT is robust to minor shift in the detected positions, but
not false positives. To reduce the false positives, we take ad-
vantage of the color property by coloring each pattern with a
specific color in the encoding phase (see Sec. 2.1). For each
detected pattern, we filter out the false detections by checking
whether the color of it is correct or not.

3.2. Learning-based color recovery

Fig. 2(b) depicts that the variation of distribution of the color
values in the RGB space under different lighting conditions.
Such variations give rise to the so-called color constancy [11]
problem which has been (and continued to be) an active area
of computer vision research. However, most existing algo-
rithms for achieving color constancy tend to be computation
intensive and thus not viable for our application of color QR
code decoding using off-the-shelf smartphones. To tackle this
problem, we first normalize the color values of each pixel by
leveraging the structure of QR codes and adapting a fast and
effective color constancy algorithm [3] to make the color less
illumination-sensitive. We then use a color classifier trained
off-line to model the color variations using the normalized
color values as inputs.

Given a captured image of a n-layer color QR code, we
first estimate the white RGB values, W, of the captured im-
age from the known white regions in the QR code (e.g., along
the boundaries and within the special patterns). Denoted by
(x, y) a pixel sampled by RGT, where x is the color feature
and y = 1, 2, · · · , n is the color label. Instead of directly us-
ing the RGB values, I = {IR, IG, IB}, of each pixel as the
color feature for color recovery, we normalize I by W to yield

(a) Cross-module color
interference.

(b) Color distributions of a 3-layer color QR code
under incandescent and outdoor lighting.

Fig. 2. Chromatic distortion of 3-layer color QR codes.

x = Ij/Wj , where j ∈ {R,G,B}. Taking x as the input,
the classifier outputs y which is then mapped to n binary bits
for decoding using the encoding color codebook, described in
Sec. 2.1. We evaluate various mainstream machine learning
techniques (see Sec. 4 for details) and adopt quadratic dis-
criminant analysis (QDA) [12] as the color classifier. Unlike
other frameworks such as [1] and [4], which train the classi-
fier on-line for each captured image, HiQ learns the parame-
ters of the classifier off-line using color data collected under a
wide range of realistic settings. This avoids training bias and
unnecessary computations on mobile devices.

4. EXPERIMENTAL EVALUATION

For evaluation, we compare HiQ with the baseline method,
PCCC with pilot blocks [1] over a challenging dataset,
CUHK-CQRC (see the supplement for details). The per-
formance is measured by 1) decoding success rate (DSR):

# of successful decoding
# of successful localization , 2) bit error rate (BER): # of recovered bits

# of input bits

and 3) localization success rate (LSR): # of successful localization
# of all test samples .

Since the color classifier of HiQ is trained off-line, we ran-
domly sample 65 images of color QR codes for training which
cover all different factors (e.g., different phone models, light-
ing conditions, etc), and use the rest for testing.

As we apply the same localization algorithms for both
HiQ and PCCC, they achieve the same LSR of 68.87%. Fig. 3
shows that HiQ-C outperforms PCCC in both DSR and BER.
When comparing with PCCC, HiQ increases DSR by 286%,
while reducing BER by 60%. We also apply RGT on PCCC
(labeled as PCCC with RGT in Fig. 3). RGT improves the
DSR and BER of PCCC by 159% and 17.5% respectively.
Across all of the 3 schemes under test, the third layer yields
the worst performance, which is also consistent with the find-
ing in [1]. This is because yellow and white under strong
light, (as well as blue and black under dim light) are easily
misclassified and result in a large number of classification er-
rors (only) in the third layer. Fortunately, it is possible to
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Fig. 3. Decoding results of HiQ-C, PCCC and PCCC with
RGT on CUHK-CQRC.

Table 1. Color prediction performance of various methods.
Linear SVM RBF SVM QDA RF

Accuracy 96.05% 97.67% 97.79% 96.57%

apply a higher level of Reed-Solomon error correction code
during the encoding of the third layer to compensate for the
higher error rate, and we investigate this possibility in Sec. 5.

We compare several classifiers for color recovery includ-
ing SVM (linear and RBF kernels with one-vs-all scheme),
QDA and random forest (RF) using nearly 3 million labeled
pixels of 8 colors collected from color QR code images in the
CUHK-CQRC. See Table 1 for the results. QDA is shown
to be the most effective classifier. Furthermore, we expect
training binary classifiers (e.g., SVM) for all layers indepen-
dently (referred as layered scheme) to be a good alternative in
terms of processing latency, even though it may suffer from
some accuracy loss. Unlike the one-vs-all scheme which re-
quires the training and execution of 2n binary classifiers, the
layered-scheme only needs n binary classifiers, which can re-
duce the real-time processing latency substantially. Our pre-
liminary results also indicate that the accuracy of the layered
scheme is comparable to one-vs-all scheme.

5. USABILITY STUDY

To evaluate HiQ in mobile applications, we implement HiQ
in iOS and demonstrate the effectiveness of HiQ using a rep-
resentative mobile phone, iPhone 6 Plus. We study the perfor-
mance of HiQ given different content sizes (before adding er-
ror correction redundancies), printout sizes, and error correc-
tion levels. We choose four different levels of error correction
denoted by, LLL, LLM, LLQ and MMM, which correspond
to a maximal user-data capacity of 8900, 8200, 7600 and 7000
bytes, respectively. L, M, and Q represent Low, Medium and
High level of error correction when encoding the QR code.
We experiment with different levels of error correction for the
third layer because it has shown to be the most error-prone
layer during our previous studies. We print 3-layer color QR
codes with printout sizes ranging from 22mm to 70mm and

In this paper, we use the side-length of a square to represent the area of
QR code footprint, i.e., the printout size.

(a) LLL (≤ 8900 bytes). (b) LLM (≤ 8200 bytes).

(c) LLQ (≤ 7600 bytes) (d) MMM (≤ 7000 bytes)

Fig. 4. Performance of HiQ across various content sizes,
printout sizes and error correction levels, measured by the
90th percentile of the scanning time of 30 successful scans.
Since we cannot generate a QR code beyond its maximal ca-
pacity, we set its scanning time to infinity.

content size ranging from 2000 to 8900 bytes. We collect the
scanning time of 30 successful trials for each printout under a
typical lighting condition, fluorescent.

Experimental results in Fig. 4 (and those in the supple-
ment) show that, the HiQ decoder can, in most of the cases,
successfully decode the color QR code within 5 seconds. The
results also present the smallest printout sizes of the color QR
codes with different amount of content that can be decoded re-
liably and rapidly. In most cases, LLL and LLM outperform
LLQ and MMM in terms of the smallest decodable printout
size given the same amount of content. This suggests that
higher error correction level than M on even the weak layer
does not help as the use of higher level of error correction
will increase the module density of the resultant QR code and
makes it even more difficult to be decoded correctly.

6. CONCLUSION

This paper presented HiQ, a layered framework for high-
capacity color QR codes, which supports robust and rapid
decoding using off-the-shelf smartphones. HiQ enables users
and developers to create generalized QR codes with flexible
and broader range of choices of data capacity, error correc-
tion level and color, etc. Moreover, we have also collected a
large-scale color QR code dataset, CUHK-CQRC, which will
be made available to the community. Experimental results
show substantial advantages of the HiQ over other baseline
approaches. Our implementation of HiQ using off-the-shelf
smartphones has demonstrated its usability and effectiveness
in real-world mobile applications.
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