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them. For example, a two-layer QR code describing an exhibit
in a museum could be accompanied by text labels and arrows
saying ‘English (scan this way)’ pointing from the left, and
‘Chinese (scan this way)’ pointing from the right.

VII. EVALUATION
A. Parameter Evaluation

In this section, we evaluate how features and parameters
in our algorithm affect correction capability and run time.
The features include the merge and reduce operators, and the
parameters are the merge size threshold m and the weight A
in simulated annealing.

For each experiment, for each example in Figures 6 and 7,
we ran our algorithm 100 times. The run time and effective
recovery ratio were recorded. In each case, if the effective
recovery ratio was not less than the desired effective recov-
ery ratio (i.e., the median effective recovery ratios over all
experiments for an example), we considered the output to be
acceptable. Finally, we give the acceptability rate and average
run time for each example for a given experimental setup. In
some cases, no additional merging occured on increasing the
threshold m, so the acceptability rate and run time remained
unchanged. We mark these cases as ‘same’.

Next, we explain each experiment in detail.

1) Merge and reduce operators: Table II (top 7 rows) show
results concerning the merge and reduce process, including:
whether or not merge operators and reduce operators were
used, and the value of the merge size threshold m.

The results indicate that use of reduce and merge operators
significantly increases the acceptability rate and decreases
run time. Without reduce and merge operators, it is hard to
generate acceptable results for complex examples (see Table II
(rows 1 and 2)). For the merge size threshold, m = 300 is
a reasonable compromise, since it achieves a nearly optimal
acceptability rate, and larger m does little but increase run
time. In fact, the results show that varying m has little effect on
the algorithm. Varying m between 30 and 3000 always results
in an acceptability rate over 99%, while run time changes by
under 10%. There is little to be gained by adjusting m for
different cases.

2) Simulated annealing process: Table II (bottom 4 rows)
shows the effect of changing the simulated annealing weight
parameter ) in the modified optimization target (Equation 9).

The results show that using the modified optimization target
(A > 0) leads to much larger acceptability rates than the
original optimization target (A = 0) for complex examples.
However, for A > 0, we observe that increasing A improves
computational efficiency but reduces the acceptability rate. We
suggest setting A = 0.1 provides a good trade-off.

B. Robustness for Arbitrary Input Messages

We conducted an experiment to evaluate the robustness of
our algorithm for arbitrary input messages. We tested different
settings of version (1, 5, 10, 15, and 20) and EC level (L, M,
Q, and H).

For each parameter setting, we first generated 1,000 pairs
of random messages in alphanumeric mode with maximal
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Fig. 14. Two synthetic images of the same two-layer QR code, rendered
from different camera directions with different noise levels. Left: 6 = 15°,
¢ =2° 0 =32,d=24w,right: 6 = 18° ¢ = 10°, o =16, d = 2.4w.

encodable message length for this setting. We then ran our
algorithm. The generation was considered to be successful
if the effective recovery ratio 2 was non-negative when
simulated annealing terminated.

Table III shows the success rate of our algorithm and the
corresponding message length for each parameter setting. It
demonstrates that our algorithm is robust for arbitrary input
messages if version and EC level are chosen appropriately.
Our algorithm is always successful for EC levels @ and H. In
contrast, the success rate is low for EC levels L and M, which
provide smaller error correction capability. The table suggests
that it is more robust to use EC levels Q or H.

We provide some sample two-layer QR code examples
which encode randomly generated messages in the supple-
mentary document.

C. Scanning Robustness

We implemented a simple ray tracer to render synthetic
two-layer QR codes. Gaussian noise with standard deviation
o was added to each pixel on the top layer, bottom layer, and
the transparent plate, respectively. We assume the plate has a
transmittance of 0.75. Figure 14 shows two synthetic images
of the same code rendered from different camera directions
with different noise levels.

To test scanning robustness, we conducted experiments with
two settings of version and EC level: (5,H) and (10,H).
For each setting, we generated one thousand two-layer QR
codes encoding randomly generated messages with appropriate
length. We used the ray tracer to render synthetic images of
these two-layer QR codes from different camera directions
with different noise levels. The synthetic images were rendered
with a resolution of 960 x 960 pixels, and were resized to 5
different resolutions (160, 240, 320, 400 and 480 pixels) using
bilinear interpolation. Scanning was considered successful if
one of the 5 resized images could be correctly decoded by the
open-source QR code reader ZXing 2.

1) Camera direction: Figure 15 shows how the success
rate changes with camera direction. Rows 1 and 3 show
how success rate 7 varies with polar angle 6, while rows 2
and 4 show how success rate 1 varies with azimuthal angle
¢. When computing success rate 7 for a polar angle 6, we

27Xing: https://code.google.com/p/zxing
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TABLE II
EVALUATION OF MERGE AND REDUCE OPERATORS (TOP 7 ROWS), AND EVALUATION OF MODIFIED OPTIMIZATION TARGET (BOTTOM 4 ROWS). WE GIVE
ACCEPTABILITY RATE (ABOVE) AND AVERAGE RUN TIME (BELOW, IN SECONDS), FOR EACH EXAMPLE, FOR EACH SETTING. ‘*’ REFERS TO A
BEAUTIFIED TWO-LAYER QR CODE.

Fig. 6 Fig. 6  Fig. 6 Fig. 6 Fig. 7 Fig.7 Fig.7 Fig.7 Fig.7  Fig. 7 Fig. 7 Fig. 7

row 1 row 2 row 3 row 4 row 1 row 2 row 3 row 4 row 5 row 6 row 7 row 8

2.Q @GH) €o0Ly* (doM* 2M) GQ (12,H) (7H) OL* (3,0 13,M)* (16,Q)*
no reduce, no merge 74% 81% 0% 0% 77% 0% 0% 0% 29% 0% 0% 0%
A=0.1 0.770 0.948 - - 0.638 - - - 2.089 - - -
reduce, no merge 100% 100% 22% 83% 100% 89% 100% 60% 100% 100% 100% 31%
A=0.1 0.493 0.399 0.384 0.381 0.313 0.843 1.516 2.768 0.855 0.398 0.325 0.487
reduce, merge 100% 100% 99% 100% 100% 99% 100% 100% 100% 100% 100% 100%
m =30, A =0.1 0.463 0.354 0.340 0.347 0.265 0.640 1.091 2.024 0.791 0.363 0.293 0.449
reduce, merge 100% 100% 99% same 100% 100% 100% 100% 100% 100% same 100%
m = 100, A = 0.1 0.444 0.338 0.332 0.241 0.617 1.023 1.857 0.793 0.362 0.436
reduce, merge 100% 100% same same 100 % 99 % 100 % 99 % 100 % same same same
m = 300, A = 0.1 0.422 0.332 0.243 0.619 1.018 1.827 0.782
reduce, merge 100% 100% came came 100% 99% 100% 100% 100% same came came
m=1000, A\=0.1 0431 0335 ° S 0234 0622 1.028  1.858  0.790 S S
reduce, merge 100%  100% 5 g g 100% 100% 100% g 5 . .
m =3000, \=0.1 0455 0343  S3m€ same SamMe 0663 1.099 2,059  Same same same same
reduce, merge 100% 100% 99% 100% 100% 1% 0% 0% 100% 100% 100% 100%
m =300, A\=0 0.426 0.329 0.351 0.358 0.244 0.599 - - 0.787 0.368 0.286 0.437
reduce, merge 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
m = 300, A = 0.03 0.430 0.340 0.343 0.353 0.242 0.652 1.103 1.935 0.792 0.367 0.283 0.426
reduce, merge 100% 100% 100% 100% 100% 98% 100% 100% 100% 100% 100% 100%
m = 300, A = 0.20 0.425 0.325 0.333 0.342 0.244 0.604 0.978 1.792 0.786 0.365 0.288 0.447
reduce, merge 100% 100% 100% 100% 100% 96% 100% 100% 100% 100% 100% 100%
m = 300, A = 0.50 0.418 0.319 0.336 0.371 0.234 0.580 0.937 1.714 0.782 0.364 0.292 0.467

TABLE III bottom module width (green curve), respectively. The results

ROBUSTNESS FOR ARBITRARY INPUT MESSAGES: SUCCESS RATE OF OUR
ALGORITHM, AND CORRESPONDING MAXIMAL ALPHANUMERIC MODE
MESSAGE LENGTH FOR DIFFERENT SETTINGS OF VERSION AND EC LEVEL.

EC Level H Q M L

Version |suc. rate | len |suc. rate | len |suc. rate | len |suc. rate| len
1 100% | 10 | 100% | 16 | 95.3% | 20 | 4.6% 25
5 100% | 64 | 100% | 87 | 18.4% [122| 0.0% | 154
10 100% |174] 100% |221| 0.4% |[311| 0.0% | 395
15 100% |321] 100% |426| 0.0% [600| 0.0% | 758
20 100% |557| 100% |702| 0.0% |970| 0.0% |1249

randomly selected azimuthal angle ¢ € [—2°,2°] accordingly
to a uniform distribution. Similarly, when computing 1 for an
azimuthal angle ¢, the polar angle § was randomly sampled
from +[20°,22°]. In both cases, d was randomly sampled
from [2.4w, 3.6w]. The results show that scanning from di-
rections with polar angle § € £[10°,30°] and azimuthal angle
[—15°,15°] is relatively successful.

2) Camera distance: Figure 16 shows how the success rate
changes with camera distance for different noise levels. When
computing success rate 7 for a camera distance d, we randomly
selected polar angle § € =+[20°,22°] and azimuthal angle
¢ € [—2°2°. The results indicate that restricting camera
distance d € [2.4w,3.6w] is a good choice for scanning in
the presence of noise (see Figure 16, right two columns). As
d further increases, the success rate drops as the QR code
becomes smaller and harder to recognize.

3) Bottom module width: In Figure 17, we plot success
rate 1 against polar angle 6 and azimuthal angle ¢, using the
corrected bottom module width (orange curve) and uncorrected

show that using corrected bottom module width (Equation 11)
increases success rate and improves scanning robustness.

In all plots of Figures 15-17, we also provide scanning
success rates for standard QR codes (blue curves). Compared
to standard QR codes, two-layer QR codes have a lower
success rate due to damage introduced during the generation
process. However, they still retain a high success rate if camera
distance and direction are appropriately set.

4) Same versus different masks: While the different mask
scheme described in Section VI-A2 can slightly increase
the effective recovery ratio, it can also introduce errors in
format information. To demonstrate how it affects scanning
robustness overall, in Figure 18, we plot success rate 1 against
polar angle 6 using the different mask scheme (orange curve)
and the same mask scheme (blue curve), respectively. Their
scanning success rates are almost identical. Since the different
mask scheme brings few benefits but requires 8 times the
computation, we prefer the same mask scheme.

VIII. CONCLUSION

This paper has presented two-layer QR codes which can
encode two independent messages. They can be decoded
separately by changing scanning directions. We have given
an automatic algorithm for generating such codes, and demon-
strated the robustness of the proposed approach. Beautification
can be used with these codes, as for standard QR codes. In
future, we hope to extend this method to allow more than two
messages to be encoded in such a specially designed two-layer
structure, and to incorporate more types of code beautification
techniques.
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Fig. 15. Scanning robustness with respect to camera direction. Orange curves: success rate (n) versus camera direction for two-layer QR codes. Blue curves:
success rate for standard QR codes for comparison.
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Fig. 16. Scanning robustness with respect to camera distance. Orange curves: success rate (1) versus camera distance for two-layer QR codes. Blue curves:
success rate for standard QR codes for comparison.
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