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Introduction

Automatic identification systems provide a fast and effi-
cient identification of products. Among the most frequent 
are certainly the barcodes, which we encounter daily on 
the majority of retail products. Even though they enable 
a quicker identification of products their drawback is that 
they can encode only small amounts of (usually numeri-
cal) data and their size is not suitable for labeling small 
items. The concept of 2D codes is based on coding the 
data in both horizontal and vertical directions. Its devel-
opment enabled the encoding of much larger quantity of 

numeric or alphanumeric data, up to 70 times compared to 
conventional barcodes, on a smaller area. This enabled the 
labeling and identification of even the smallest products. 
In addition, 2D codes are more and more used in differ-
ent types of advertising and information management. 
2D codes can encode the link to web pages and other 
types of information accessible by mobile phone captur-
ing. Liu and coauthors (2008) describe the recognition 
of QR code with mobile phones. Laura Marriott (Mobile 
Marketing Association, n.d.) from Mobile Marketing As-
sociation describes her view to mobile marketing, physi-
cal goods purchasing, 2D codes and mobile coupons. 
Gao and coauthors (2007) explain the 2D code concepts, 
types and classifications, 2D code processing solutions 
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for mobile application support and list the major tech-
nology players and applications in mobile commerce, 
Mobile com group (GS1, n.d.), supported by GS1, is an 
industry-wide initiative to enable businesses to give con-
sumers access to product information via their mobile 
phones (Gao et. al, 2007). There are several standard-
ized 2D codes, such as Datamatrix, QR Code, Maxi-
Code, Aztec Code, PDF417 Code and others, but mainly 
Datamatrix and QR Codes are used. Application of 2D 
codes varies from direct marking of small parts in metal, 
to computer and aviation industry; they are also used 
in medicine and pharmacy (Ostling Marking Sistems, 
2009; Palmer, 2007). Moreover, the use of these codes 
is extended to areas such as advertising and marketing. 
2D codes can be read by mobile phones equipped with 
a mobile phone camera and software for encoding 2D 
codes (Figure 1) (Anon, 2009; GS1, 2008).
2D codes can be printed on different packaging and thus 
give to the customer additional information about the 
product or can be linked to the producer`s web page or 
other content. The customer scans the code with a mobile 
phone camera, software in the mobile phone decodes the 
2D code and the decoded message is visible on the mo-
bile phone display (GS1, 2009; ScanLife, 2008).
2D codes are usually printed ensuring maximum con-
trast, as black code printed on white substrate. This is 
due to the properties of reader devices which operate 
on the contrast-based principle. In advertising, design 
often demands the use of color other than black and 
white. This, however, might create problems in reading 
and decoding of the data. 
The aim of the study was to define the limits of read-
ability of cyan (C), magenta (M) and yellow (Y) col-
ors used in the printing of 2D codes and to investigate 
the effect of using poorly readable codewords, yellow 
printed elements, in the multi-colored 2D Datamatrix 
code on the code readability. 

Figure 1. Identification process of 2D code with 
mobile phone - 1. scanning of the code with mobile 
phone camera, 2. connection to the internet home 

page. (GS1, 2009)

Theoretical part 

Datamatrix Code

Datamatrix code consists of black modules arranged in 
code matrix. Around the code there is a unique finder 
pattern used for orientation and determination of the 

symbol. Two adjacent sides, the left y and bottom x 
sides, forming the L boundary, are solid dark lines. 
They are used primarily to determine physical size, ori-
entation and symbol distortion. The two opposite sides 
are made up of alternating dark and light modules. 
They are used primarily to define the cell structure of 
the symbol, but also can assist in determining of physi-
cal size and distortion (Figure 2) (ISO, 2006).

Figure 2. Datamatrix code (Kaywa Datamatrix., n.d.)

In an even number of rows and columns, the square-
shaped (10 × 10 to 144 × 144) or rectangular-shaped 
(8 × 18 to 16 × 48) Datamatrix code can encode up 
to 2335 alphanumeric data characters, 1555 8-bit byte 
data character or 3116 numerical data (ISO, 2006).
Datamatrix codes can be read even at only 20% of con-
trast between the printing ink and substrate according 
to the ISO/IEC 15415 (ISO, 2004). Datamatrix can en-
code data at only 1/10 of space of the linear barcode 
(Williams, 2004).

Code Readers

Code readers operate on the principle of contrast between 
the code (printing ink) and the background (printing sub-
strate). For code decoding various code readers are used 
and, in addition to readers, 2D codes can be decoded also 
with certain types of mobile phones. There are essen-
tially three types (Formby, n.d.) of code readers: 

Camera-Based readers 
Camera-based readers are the newest type of code read-
ers. This type of readers uses a small video camera to 
capture an image of the code. Sophisticated digital im-
age processing techniques are then used to decode the 
code. Video cameras are equipped with the same CCD 
(Charge Coupled Device) technology as in a CCD code 
readers except that instead of having a single row of 
sensors, a video camera has hundreds of rows of sen-
sors arranged in a two-dimensional array so that they 
can generate an image(Taltech, n.d.).  Camera-based 
reader is the one used in capturing the codes with mo-
bile phone camera (Figure 3).

Laser readers 
Laser readers work on the principle of the red laser 
beams (wavelength around 650 nm) emitted from the 
laser diode, which scan the code. The code reader con-
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verts the analog waveform to the digital one (A/D con-
version). The code reader converts the signal combi-
nation of the printed and non-printed modules into the 
data according to the decoding rules (Keyence, n.d.).

CCD readers
CCD (Charge Coupled Device) readers use an array of 
hundreds of tiny light sensors lined up in a row positioned 
in the head of the reader. For providing good readability 
of codes the resolution between 1000 and 2000 pixels 

is desirable. Each sensor measures the intensity of the 
light immediately in front of it. CCD reader is measur-
ing emitted ambient light from the code  (Taltech, n.d.; 
World Intellectual Property Organization, 1994)

Datamatrix Code Encoding

The encoding of numerical, alphanumerical and other 
types (ASCII, kanji and kana symbols) of data in the 

Point your camera
phone at the 2D code.

The 2D code will
decode instantly.

You'll be brought
to the web page.

Snap a picture.

Symbol 
sizea Data region Mapping 

matrix 
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Total 
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blocks

Maximum data capacity

% of 
codewords 

used
for error 

correction

Max. 
correctable 
codewords

Error / 
erasureRow Col Size No. Data Error Data Error Num. Alphanum. Byte

10 10 8 × 8 1 8 × 8 3 5 3 5 1 6 3 1 62,5 2/0

12 12 10 × 10 1 10 × 10 5 7 5 7 1 10 6 3 58,3 3/0

14 14 12 × 12 1 12 × 12 8 10 8 10 1 16 10 6 55,6 5/7

16 16 14 × 14 1 14 × 14 12 12 12 12 1 24 16 10 50 6/9

18 18 16 × 16 1 16 × 16 18 14 18 14 1 36 25 16 43,8 7/11

20 20 18 × 18 1 18 × 18 22 18 22 18 1 44 31 20 45 9/15

22 22 20 × 20 1 20 × 20 30 20 30 20 1 60 43 28 40 10/17

24 24 22 × 22 1 22 × 22 36 24 36 24 1 72 52 34 40 12/21

26 26 24 × 24 1 24 × 24 44 28 44 28 1 88 64 42 38,9 14/25

32 32 14 × 14 4 28 × 28 62 36 62 36 1 124 91 60 36,7 18/33

36 36 16 × 16 4 32 × 32 86 42 86 42 1 172 127 84 32,8 21/39

40 40 18 × 18 4 36 × 36 114 48 114 48 1 228 169 112 29,6 24/45

44 44 20 × 20 4 40 × 40 144 56 144 56 1 288 214 142 28 28/53

48 48 22 × 22 4 44 × 44 174 68 174 68 1 348 259 172 28,1 34/65

52 52 24 × 24 4 48 × 48 204 84 102 42 2 408 304 202 29,2 42/78

64 64 14 × 14 16 56 × 56 280 112 140 56 2 560 418 277 28,6 56/106

72 72 16 × 16 16 64 × 64 368 144 92 36 4 736 550 365 28,1 72/132

80 80 18 × 18 16 72 × 72 456 192 114 48 4 912 682 453 29,6 96/180

88 88 20 × 20 16 80 × 80 576 224 144 56 4 1152 862 573 28 112/212

96 96 22 × 22 16 88 × 88 696 272 174 68 4 1392 1042 693 28,1 136/260

104 104 24 × 24 16 96 × 96 816 336 136 56 6 1632 1222 813 29,2 168/318

120 120 18 × 18 36 108 × 108 1050 408 175 68 6 2100 1573 1047 28 204/390

132 132 20 × 20 36 120 × 120 1304 496 163 62 8 2608 1954 1301 27,6 248/472

144 144 22 × 22 36 132 × 132 1558 620
156 62 8

3116 2335 1555 28,5 310/590
155 62 2

Table 1. Properties of information encoding into code symbol of different sizes. (ISO, 2006)

a Symbol size does not include quiet zones, i.e. module width on all four sides around the code. 

Figure 3. 2D code reading with mobile phone (QReate and track., n.d.)
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Datamatrix code conforms to ISO 16022 standard 
(ISO, 2006). The Datamatrix code basically consists of 
modules that represent binary 0 and 1 value, i.e. en-
coded data with finder pattern (Figure 3). The size of 
the Datamatrix code depends on the amount of data 
ranging from 10 × 10 to 144 × 144 modules. Actually, 
the minimum amount of information encoded is 8 × 
8 plus 2 modules: one on each side of the finder pat-
tern. For larger quantities of encoded data, 4, 16 or 36 
Datamatrix codes can be merged into one code.  The 
amount of data that can be encoded into the matrix of 
each particular size is defined in standard (ISO, 2006) 
and shown in Table 1. 
Datamatrix codes also include the Reed-Solomon error 
correction system that enables correct reading even if 
the code is partially damaged, torn or dirty. 
The encoding process for Datamatrix code is divided 
into following steps:
•  The size of the code is determined according to the 

type and amount of data (table 1);
•  Data (numbers or letter) have to be changed into bi-

nary values (0 and 1) using the convert table between 
ASCII, decimal and binary values;

•  Binary values have to be entered into codeword as is 
shown in Figure 5; 

•  Codewords with binary values are entered into code 
matrix according to the defined rules (Figure 6); 

•  The binary value of 1 represents black and 0 value 
represents a white module;

•  To complete the code, the finder pattern is added 
around the encoded data.

The basic form of data encoding is determined by the 
form of codeword, which consists of 8 binary bits dis-
tributed from position 1 to 8 as shown in the Figure 4. 
In one such codeword we can encode two numbers or 
one letter.

Figure 4. Codeword (ISO, 2006)

Positioning of codewords into the code matrix
After positioning of bytes into codewords, codewords 
have to be positioned into the code matrix. The posi-
tioning starts with the second codeword in the upper-
most left corner. It is continued in a manner that all 
eight bits of each codeword are followed by a diagonal 
at 45° as is shown in Figure 5. At some parts of the 
code, codewords have to be divided into more parts and 
placed into the code matrix according to the rules for 
codeword dividing defined as in the standard. At the 
codes with data region sizes 10 × 10, 14 × 14, 18 × 18 
and 22 × 22 in the lower right corner 4 empty modules 

remain. Upper left and lower right are black the other 
two are white. 

Figure 5. Positioning of codewords into the code 
matrix (ISO, 2006)

While positioning the codewords into the code matrix 
the codewords with encoded data are positioned first, 
followed by codewords for error correction. Thus, in 
Figure 6, data codewords are positioned in places 1, 2 
and 3 and all the other codewords represent error cor-
rectors.

Figure 6. Positioning of codewords into the code 
matrix with 8 × 8 data region and final Datamatrix 

code with finder pattern (ISO, 2006)

Example of data encoding
According to the ASCII encoding procedure, to encode 
numerical values of two digits, 130 should be added to 
the number. Encoding of numbers »1«, »2«, »3«, »4«, 
»5« and »6« is presented below. ASCII encoding con-
verts 6 characters to 3 bytes: 
»12« = 12 + 130 = 142
»34« = 34 + 130 = 164
»56« = 56 + 130 = 186
After a short calculation each “result” is represented 
with followed decimal numbers: 142, 164 and 186. 
The conversions according to ASCII, from decimal to 
binary values are shown in Table 2 (IBM, n.d.). The 
binary values are then put into codewords and inserted 
into the code matrix.

Table 2. Conversions from numbers to binary values
Pairs 

of numbers
Adding 130

Result or 
decimal value

Binary 
value

»12« 12 + 130 142 10001110

»34« 34 + 130 164 10100100

»56« 56 + 130 186 10111010

1 2

4 5

876

3
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Reed-Solomon error correction

To enable detection and correction of errors that arise 
when storing or reading data, the Datamatrix codes 
employ Reed-Solomon error-correction (Reed and 
Solomon, 1960). A Datamatrix code consists of data 
codewords and error correction codewords, which are 
computed from the data. It is known that adding t er-
ror correcting codewords to data results in capability 
of correcting at most [t ⁄ 2] (codeword) errors when us-
ing a linear error-correcting code. This upper bound is 
achieved by the Reed-Solomon codes.
The description of the process of encoding data with 
Reed-Solomon codes for the 8 × 8 Datamatrix codes: 
all the arithmetic is done in the binary Galois field GF 
(28) of order (28), defined by the irreducible polynomial  
f(x) = x8 + x5 + x3 + x2 + 1.  That means that any 
codeword is represented as a polynomial of degree 
at most 7; addition is the usual addition of polyno-
mials (reducing coefficients modulo 2) and multi-
plication is the usual multiplication of respective 
polynomials, followed by a reduction modulo f(x) 
(and again reducing coefficients modulo 2).  To 
produce five error correcting codewords from three 
data codewords, an appropriate irreducible gen-
erator polynomial g(x) of degree 5 is used, namely  
g(x) = x5 + 62x4 + 111x3 + 15x2 + 48x + 228 (the coef-
ficients of g are symbols from GF (28), represented 
as decimal numbers). The data s = (s

1
, s

2
, s

3
)  is then 

treated as the polynomial s(x) = (s
1
x2 + s

2
x + s

3
) of 

degree 2 with coefficients from GF (28). The so-called 
check polynomial c(x) is calculated and it is the re-
mainder of the polynomial s(x) · x5 divided by the gen-
erator polynomial g(x), i.e., there exists a polynomial 
r(x) such that s(x) · x5 = r(x)g(x) +  c(x). The coef-
ficients of the check polynomial, which is of degree 
at most 4, give the 5 error correcting codewords. This 
results in capability of correcting 2 corrupted code-
words from any of the 8 Datamatrix codewords.  A 
Datamatrix code is read correctly, if g(x) divides s(x) 
· x5 – c(x), where the polynomial s(x)is formed from 
the first three codewords and c(x) is formed from the 
remaining five codewords of the code. Otherwise a 
more sophisticated decoding algorithm has to be used, 
that determines the positions and values of the errors. 
The ISO 16022 standard (ISO, 2006) recommends 
and describes the Peterson-Gorenstein-Zierler decod-
ing algorithm.

Example of check-digit calculation
Let us calculate the error correction codewords for the 
data »123456« from the previous example. This data is 
represented with the decimal values 142, 164 and 186. 
The data polynomial is formed as  s(x) = 142x2 + 164x 

+ 186. The check polynomial  s(x) = 114x4 + 25x3 + 5x2 

+ 8x  + 102 is calculated as the remainder of the poly-
nomial s(x) · x5 divided by g(x),  the five error correct-

ing codewords being (114, 25, 5, 88, 102) in decimal 
notation, or (1110010, 00011001, 00000101, 1011000, 
1100110) in binary notation. These codewords are then 
inserted into the code matrix as in Figure 7.  All the 
arithmetic is done in the Galois field GF (28) described 
above. 

Experimental part

Previous research (Bogataj et. al, 2010) on the read-
ability of 2D codes printed in several digital printing 
techniques and using different ink colors (CMYK) 
proved the possibility of printing 2D codes in differ-
ent colors. The level of contrast of each individual 
color necessary for successful readability of the code 
was determined. 
The creation of 2D Datamatrix codes in multiple 
colors offer additional options to advertisers and de-
signers. Therefore, the readability of multi-color 2D 
Datamatrix codes was studied. The experimental part 
included:
1.  The analysis of the readability of monochromatic 

codes (CMYK) printed in different raster tone values; 
2.  The analysis of the readability of codes with a finder 

pattern in black and data region in cyan, magenta or 
yellow; 

3.  The analysis of the readability of codes with a finder 
pattern in cyan, magenta or yellow and data region 
in black;

4. The analysis of the readability of multi-color codes. 

Materials and methods

Code generating. 
Code was generated using the Kaywa generator (Kaywa 
Datamatrix., n.d.). Numbers “123456” were encoded 
into the Datamatrix code. They were encoded into first 
three codewords according to the described procedure 
of data encoding.

Staining the modules. 
Datamatrix codes were printed in four process inks: 
cyan, magenta, yellow and black in different raster tone 
values in 10% steps ranging from 10 to 100 %. Datama-
trix codes with a finder pattern in cyan, magenta or yel-
low with a black data region were printed. Also, codes 
with a finder pattern in black and data region in cyan, 
magenta or yellow were printed. 
The next step was the creation of multi-color codes. In 
the creation of this type of codes attention was paid to 
print no more than two codewords in yellow. 
According to the standard the code with a data region 
of 8 × 8 modules (symbol size 10 × 10) provides two 
codewords that can be corrected (Table 1). It was as-
sumed that yellow printed modules are poorly readable 
or not readable at all, while cyan, magenta and black 
printed modules are readable. In order to prove the ca-
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pability of correction the codes with three yellow code-
words were also created. The hypothesis was that such 
codes will not be readable. 

Printing. 
The codes were printed on laser printer HP Color La-
serJet 3550 with default settings and resolution 600 × 
600 dpi. The printing substrate was packaging card-
board Reno de Medici 230 g/m2 (Italy). 

Reading. 
All samples were exposed to standard daylight in 
The Judge II (Gretag Macbeth) chamber and illu-
minated at 45° angle. The readability of codes was 
detected using mobile phone Nokia N86 8MP with 
i-nigma software for decoding 2D codes. The read-
ability of codes in real conditions at the workplace 
was determined also. 

Results and discussion

The level of readability of each individual code color 
was determined according to the percentage of printed 
raster tone value (Figures 7 and 8). 

Figure 7. Cyan, magenta, yellow and black codes in 
different raster tone values.

Codes printed in cyan, magenta and black are readable 
at 30 % raster tone value while the yellow code is read-
able at 70 % raster tone value. In other words the yel-
low ink alone is poorly readable. Because of that fact 
and our intention to design codes with all four process 
inks, we assume that the readability of the code would 
only be possible with the support of the Reed-Solomon 
error corrector if the code consisted of not more than 
two code words in yellow. 

The analysis of readability of codes with a finder pat-
tern in black and data region in cyan, magenta or yel-
low printed in 100% raster tone value was determined 
(Figure 9). The readability tests showed that Data-
matrix codes with a finder pattern in black and data 
region in cyan and magenta were readable. The black-
yellow combination was not readable. Even though 
the finder pattern was black and enough contrast was 
provided to read and to detect the orientation of the 
code, the mobile phone still could not read the code 
with yellow printed data. 

Figure 9. Codes with cyan, magenta and yellow data 
and black finder pattern

The analysis of readability of codes with a finder pat-
tern in cyan, magenta or yellow and data region in black 
printed in 100% raster tone value was determined as 
well. Again, the cyan-black and magenta-black combi-
nations were readable, while the yellow-black combi-
nation was not (Figure 10). 

Figure 10. Codes with  
black data and cyan, magenta  

and yellow finder pattern

In the yellow-black combination the reader could not 
find the orientation of the code implying that the con-
trast between the finder pattern and the data region was 
too high. 

Analysis of multi-color codes 

2D Datamatrix codes consisting of codewords in all 
four colors were printed. Some codes had two and oth-
ers had three yellow codewords (Figure 11). The exper-
iment showed that the multi-color 2D Datamatrix codes 
with two yellow codewords were readable, while those 
with three yellow codewords were not. This was true 
for both readings, in chamber at standard daylight and 
in real conditions (Table 3). It is obvious that yellow 
is poorly readable, as only the codes with two yellow 
codewords were read successfully. The reading success 
of those codes is ascribed to the Reed-Solomon error 
correction system whose capability is to correct up to 
two errors in the code of this size (8 × 8 data region, i.e. 
10 × 10 code size).  
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Table 3. Multi-color Datamatrix readability results

Number of 
yellow

 codewords

Readability

Standard daylight
 in chamber

Real daylight 
at workplace

2 + +

3 - -

Conclusion

The study has shown that 2D Datamatrix codes can 
easily be printed in different full colors or in different 
raster tone values. Regarding the readability, the colors 
behave differently, their level of readability depending 
on the raster tone value. The results of the experiment 
proved that cyan, magenta and black are readable at a 
30% raster tone value, while yellow is readable at 70%. 
In this respect, yellow proved to be poorly readable. In 
addition, the colors can be used in printing of code ele-
ments - finder pattern or data region. The codes printed 
in combinations of black and color in 100% raster tone 
value (black finder pattern and colored data region or 
vice versa) proved to be readable for cyan and magenta. 
When yellow is used either for the finder pattern (with 
black data region) or for data region (with black finder 
pattern) it is not readable at all. This implies that the 
contrast between the printing substrate and the printed 
code is not the only relevant factor for readability but 
the contrast between the code elements is relevant as 
well. It is also possible to produce the code using all 
four process colors, the multi-colored code. Due to the 
Reed-Solomon error correction option it is possible to 
accurately decode the data from multi-color codes if 
they contain up to two poorly readable elements (yel-
low codewords) in an 8 × 8 data region (10 × 10 code 
size). If the number of poorly readable codewords ex-
ceeds two, the entire code is not readable. We may con-
clude that multi-colored codes are suitable for advertis-
ing and marketing where some special color effect is 
attractive and codes are read with mobile phones that 
use camera-based readers.
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