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Abstract 

Two-dimensional symbologies have been around for 
a while but they did not reach the broad public until 
the last few years. Examples include the "bull's eye" 
code that appears in all United Parcel Service pack- 
ages and the two-dimensional bar code PDF41 7 that 
appears in driver's licenses in several states, metered 
postage, and identity documents. The paper covers the 
basic principles of the design of such codes, problems 
associated with their reading, and examples of appli- 
cations. It will also review how such symbologies re- 
lated to OCR-based document reading and how the 
technologies can supplement each other. 

1. Introduction 

The proliferation of networks that connect one 
computer to another has decreased the need for scan- 
ning documents but it has not eliminated it, and it 
never will. There is always the need to interface be- 
tween computers and physical objects. A major class 
of applications is found in the shipping industry. A 
package must contain both a human readable and a 
computer readable label. The latter need not be printed; 
it may be a Radio Frequency Identification (RFID) 
Tag. WID tags have many advantages over printed 
labels but they also suffer from a major disadvantage: 
much higher cost! Even if the cost becomes as low as 
50 cents per tag, it is not practical to use them to tag 
low cost products or label items when the shipping cost 
is under, say, $5. (Today WID tags are used widely 
for tracking such big items as motor vehicles, espe- 
cially in situations where scanning is not practical.) In 
contrast, the cost of adding a machine-readable code 
on a printed label is miniscule (less than a cent). There- 
fore the need for machine-readable printed labels is 
going to persist. 

Early labeling systems were based on Optical Char- 
acter Recognition using special fonts, such as OCR A. 
Such systems were replaced by bar codes in the early 
1970's, mainly because it is much simpler to build a 
bar code reader than an OCR reader. (We will retum to 

this point later in the paper.) While bar codes offer a 
solution to numerous applications, they suffer from a 
major limitation. They can only encode a limited num- 
ber of digits and, therefore, they can h c t i o n  only as 
indices to a database. This limitation (and the relatively 
high cost of RFID) led to the development of two- 
dimensional codes where a label can hold a complete 
record of data and still be easily machine-readable. 

Figure 1: United Parcel Service MaxiCode 

While everybody has seen barcodes, fewer people 
are familiar with the two-dimensional codes, SO I pro- 
vide two examples. Figure 1 shows the United Parcel 
Service ( U P S )  MaxiCode that is used for tracking 
packages. Such an image can be seen on the packages 
received at home as a result of Internet shopping. 

Figure 2: PDF417 label from the back of a 
New York State driver's license 

Figure 2 shows the PDF417 stacked bar code from the 
back of my driver's license. The code was developed 
at Symbol Technologies and, in contrast to the UPS 
MaxiCode which is limited to package trackmg, 
PDF417 has been used in a range of applications, most 
recently in the "e-stamp." 

Given the advances in OCR, one may ask why we 
persist in using special codes, thus requiring two la- 
bels, one machine-readable and the other human- 
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readable. The reason is that specially designed sym- 
bologies continue to provide better performance than 
OCR. The deeper reason for that is that human readers 
rely heavily on high level context, something that it is 
difficult to implement in a machine. My favorite ex- 
ample illustrates the limitations of spelling checkers 
(low level context). Quite often the word &I& is read 
incorrectly as a. Since the latter is found in English 
dictionaries, no correction is made. However, if the 
document is a business letter the word &e is far more 
likely than M e ,  while the opposite might be true in a 
poem. Bar codes and two-dimensional symbologies 
offer a substitute for high-level context by having a 
pre-defined structure that makes erroneous reading 
unlikely. As a result the algorithms needed to decode 
bar codes and two-dimensional symbologies for a 
given level of performance are much simpler than 
OCR algorithms. In particular linear bar code readers 
can be implemented in 8 bit micro-processors that cost 
about $2 a piece in large quantities. 

In the rest of the paper I review the encoding meth- 
odologies both for ordinary bar codes and for some of 
the two-dimensional codes and then I discuss their 
current and potential applications. 

2. Linear Bar Codes 

Linear bar codes encode information through the 
relative widths of bars and spaces [ 11. Each code word 
consists of a fixed number of elements and the ratio of 
the widths to the narrowest element is computed dur- 
ing scanning. In order to provide noise resilience addi- 
tional constraints are imposed. In the so-called delta 
codes the sum of the normalized widths is fixed to an 
integer value. In the so-called binary codes only two 
width values are allowed and the number of narrow 
and wide elements is fixed. 

The use of length ratios ensures that bar codes are 
self-clocking, i.e. they can be decoded without knowl- 
edge of their absolute size. Their large height also al- 
lows scanning with significant tilt. The price for such 
advantages is low information density. For a given 
square area that can be divided reliably in nz cells we 
have storage capacity of nz bits. If the same area is 
used for a bar code the number of bits will be only a 
linear function of n. It can be shown [l]  that the best 
one can do is: 

where C(n,m) is the number of choices of m items out 
of n. Ths  number can be significantly less than n.  For 
example, for n equal to 7, the value is logz (20) or 4.32 
(rather than 49 if the area was fully utilized). 

Bar code decoding is trivial when they are of large 
size, they are printed carefklly, and a high quality 

B(n) = log2 [C(n-1, (n-1)/2)] 

scanner (appropriate for OCR) is used. A simple de- 
coder can be written in a day or two. The problem be- 
comes far more difficult under realistic conditions. In 
many cases space on a package is at a premium and bar 
codes are printed with very small dimensions, as low 
as 5 mils for the narrowest element. Inexpensive print- 
ers produce poor quality symbols that may suffer fur- 
ther deterioration because of handling. Finally, cost 
pressures require the use of relatively low-resolution 
scanners. All these factors make bar code decoding a 
challenging problem. See [2] for more on modern 
techniques of bar code decoding. Additional informa- 
tion about bar code technology can be found in [3]. 

3. PDF417 Symbology 

The low information density of linear bar codes led 
to the design of stacked bar codes with large number of 
bars and spaces per code word. Not only the vertical 
dimension would be utilized but the value of B(n) 
would also be brought closer to n.  The main challenge 
in the design of a stacked bar code is row separation, 
especially when a hand-held laser scanner scans the 
label (symbol). 

PDF417 (Figures 2 and 3 )  is a stacked delta bar 
code designed to provide significantly higher density 
than liner bar codes while maintaining most of their 
advantages. Each code word has 4 bars and 4 spaces 
and the sum of the normalized width is constrained to 
17 [4-81. 

Figure 3: PDF 417 label magnified to  show the 
detailed structure of the symbology 

The solution to the row separation problem adopted 
by PDF417 is to use three different encoding schemes 
for each three adjacent rows. In particular, a cluster 
number is computed for each code word as following. 
Let xi be the width of an element (xI is the first bar, x2 
the first space, etc). Then the cluster number is defined 
as 

The symbology uses only code words with cluster 
numbers 0, 3, and 6. The words of the first row have 

CQ) = ( X I  -x3 -k XS -x7) mod9 
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cluster number 0, those of the second 3, of the third 6, 
the fourth 0, and so forth. This provides both vertical 
self-clocking and error detection. As a result bar rows 
need be only three times as tall as the narrowest ele- 
ment. 

In order to form a Galois field (and thus use a Reed 
Solomon error correction code) PDF417 selects 929 
patterns from each cluster and the basic (low-level) 
encoding associates only a number in the 0 to 928 
range with each code word. This provides considerable 
flexibility in the use of the PDF417 in applications. 
Shift words are used to switch between several modes, 
some of them predefined, others available for customi- 
zation. 

Each row contains a start and a stop word consisting 
of a wide black interval, followed by several narrow 
ones. Because these are the same in all rows the label 
is bounded by a black column on the left as shown in 
Figures 2 and 3. 

The maximum capacity of a PDF417 label is 1108 
bytes, which can be expressed as 1850 ASCII charac- 
ters or 2710 digits. The text/numerical capacity can be 
higher if data compression is used, but 1850 ASCII 
characters correspond to about 500 English words, 
which is a substantial part of a page. The size of such a 
PDF4 17 label depends on the resolution the decoder is 
capable of. If the minimum length that can be dis- 
cemed by decoder is 10 mil, then one can store 250 
characters per square inch. If  the minimum length is 
6.6 mil, then the capacity is 500 characters per square 
inch. Therefore the contents of a page of text (about 
2500 characters) can be stored in 3 square inches, a 
small fraction of the page size. 

Because the symbology can encode binary data it 
can be used to encode biometrics, including speech 
samples or the photograph of the face of a person. (The 
badges of employees of Symbol Technologies include 
a PDF417 label that contains the picture of the person. 
Temporary badges for visitors contain the picture of 
the building.) 

The use of error correction allows the reading of la- 
bels with large parts missing as shown in Figure 4. 

I 
Figure 4: A damaged PDF417 label that can be 

read because of the Reed-Solomon error correcting 
code used by the symbology. 

For a theoretical analysis of the code see [9].  Addi- 
tional details about the code can also be found in [4] 
and in Appendix H of [3]. 

4. MaxiCode Symbology 

MaxiCode [lo, 111 was designed specifically for the 
United Parcel Service to allow conveyor belt reading at 
speeds of up to 150m per minute. It is based on a hex- 
agonal grid, whose center is occupied by a bull's eye 
of three concentric dark circles (Figure 1). The bull's 
eye pattem has a distinct signature under an FFT, 
therefore it can be used both to locate the label reliably 
in a scanned image and for self-clochng. 

Each label (symbol) has 33 rows with width alter- 
nating between 30 and 29 (because of the hexagonal 
structure). Six hexagonal cells in a row form a code 
word. Because of the space occupied by the bull's eye, 
there are only 144 code words. Each cell can be black 
or white, thus each code word has 6 bits. In order to 
encode all the 256 eight-bit patterns MaxiCode uses 
five character sets. Character set A encodes the upper 
case letters, the ten digits, and certain punctuation 
signs. Character set B encodes the lower case letters 
and the remaining punctuation signs, etc. Each set 
contains shift characters used to switch between sets. 

Figure 5: Example of a MaxiCode word 

Figure 5 shows the image of a MaxiCode word (of 
course, the thin lines are not printed on the label). In 
this case the bit pattem is 010010, which corresponds 
to R in character set A and to r in character set B. 

The specifications of the code insist on a fixed size 
label (about one square inch) as well as hexagon size. 
A Reed-Solomon error correction scheme is used at 
two selectable levels of security. Because of the fixed 
size and the error correction overhead the maximum 
number of data words per label is 93, or 558 bits. 

Additional details about the code can be found in 
Appendix K of [3]. 

5. DataMatrix Symbology 

A DataMatrix [I21 label has a checkerboard type 
structure with each square denoting a 0 or 1 depending 
on its color. The frame of the square label as shown in 
the two examples of Figure 6 imposes structure. The 
figure on the right is a copy of an actual DataMatrix 
label, while the figure on the left is from a patent 
showing in detail the structure of the symbology. Two 
sides (marked by 12 in the left figure) are solid black 
and the other two contain alternating black (16) and 
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white (18) cells. The solid sides are used for localiza- 
tion and the other two for self-clocking. 

Figure 6: Left: Specification of the DataMatrix sym- 
bology as shown in one of the relevant patents [13]. 

Right: Example of an actual label. 

The actual size of the DataMatrix label is quite 
small and is used in such applications as the marking 
of chips as well as other industrial parts. Corporate 
users include Alcatel and Mercedes-Benz. A convolu- 
tion code is used for emor correction. Usually it con- 
tains no more than 60 characters per label. 

Additional details about the code can be found in 
Appendix J of [3]. 

old value that will separate them. In the worst case this 
may cause the “e” to be classified as ‘‘0,’’ another 
common vowel that is also likely to satisfy any gram- 
matical constraints imposed. 

There is a large literature on threshold selection that 
illustrates the difficulty of the binarization problem. In 
contrast, binarization of two-dimensional symbologies 
is much easier. An overview of the symbol can provide 
some information about the scale. This can be obtained 
from the start and end bars in a PDF417 label, the 
bull’s eye in a MaxiCode label, or the frame in a Da- 
taMatrix label. A gray area that is smaller than the 
minimum interval expected by the scale can be safely 
assigned the color of the surrounding areas. A larger 
gray area may be assigned the opposite color of the 
surrounding black or white areas. It also possible to 
map a gray area into a combination of black and white 
areas on the basis of a deeper analysis of the sur- 
rounding areas [15]. In linear bar codes binarization 
may even be avoided altogether [2, 14-17]. Not only 
binarization is easier for symbologies than for OCR, 
but also the next step in the recognition process does 
not require two-dimensional shape analysis. For 
PDF417 the stadstop bars and for DataMatrix the 
frame provides information about the orientation of the 
label, so that the direction of the rows is readily identi- 
fiable. For MaxiCode there are three possible edge 
directions only and from them it is possible to infer the 
direction of the rows as well. In either case the prob- 
lem of reading the label is reduce to finding length 

6. Why Reading Symbologies is easier than 
Reading Characters 

Reading a printed character requires the analysis of 
a two-dimensional shape. Before that process can be 
carried out the system must also decide whether a pixel 
belongs to foreground (usually black) or background 
(usually white). The latter is a non-trivial problem be- 
cause of the point-spread function of any scanning 
system. Narrow areas appear as gray because the sen- 
sors include the color of their neighboring areas. 

Figure 7: Examples of parts of a character that are 
difficult to binarize. 

For example, in a lower case “e” (as shown in Figure 
7) both the thin crossbar and the gap on the right may 
have the same gray level; therefore there is no thresh- 

ratios (for PDF417) or black and white cells (for 
MaxiCode and DataMatrix). Because of the redun- 
dancy imposed by the coding schemes used, any mis- 
reading will be identified immediately. 

Therefore two-dimensional symbologies offer far 
more reliable means than OCR for interfacing printed 
material to the electronic world. It is probably true that 
label decoding is a solved problem and the main re- 
search issues are how the technology can be used in 
novel applications. 

7. General Applications 

The major area of applications is the labeling of 
objects in case where a database may not be available, 
or where there is a need to eliminate the possibility of 
errors because of look-up problems. Therefore the 
shipping industry is one of the larger users of two- 
dimensional symbologies. 

While the United Parcel Service is committed to 
their own Maxicode, most other shippers are selecting 
PDF417. Figure 8 shows the label used by a Brazilian 
carrier (Part of VASP Brazilian Airlines). 
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BEL 
I B e l e m  6600 1 

Figure 8: Shipping label from a Brazilian carrier 
illustrating the use  of PDF417. 

Besides the shipping industry, PDF417 is used in 
the Healthcare industry (for example, the labeling of 
blood samples with patient mformation when they are 
shipped fiom the collection site to the laboratory that 
performs the analysis). A growing domain of applica- 
tions is in Government documents such as drivers li- 
cense (New York, Arizona, North Carolina, Peru, 
Philippines, etc) and identity cards (Egypt, etc). A 
highly visible application was the use of PDF4 17 in the 
1996 Olympics identity cards. 

Figure 9: Example of electronic stamp based on the 
PDF417 symbology. 

the e-stamp@ service. Figure 9 shows how “electronic 
stamps” will be used and has been copied from the 
web site of the service (-.e-stamp.com). 

PDF4 17 has been accepted as a standard by China 
and it is already been used in banking operations. Gen- 
eral Motors has also accepted it as a standard. 

All two-dimensional symbologies can be read with 
a CCD scanner, but only a few can also be read by 
laser scanners. PDF417 was designed to be readable by 
laser scanners whle MaxiCode and DataMatrix are 
readable only by CCD scanner. Because laser scanners 
use coherent light they have greater scanning range 
and are also less sensitive to ambient illumination con- 
ditions. 

8. Document Applications 

All digital communications use various error detec- 
tion andlor error correction schemes and thus operate 
reliably even in noisy channels. For example, a “raw” 
recognition rate of, say 90%, can be converted to 100% 
through the error correction mechanism. Printed text 
does not contain explicit error recovery mechanisms; 
therefore the “raw” recognition rate is usually the final 
recognition rate. While linguistic context (spelling or 
&rammar checking) can be used to perform some cor- 
rections there are limits to the approach because usu- 
ally it cannot handle names or strings of numbers. 

I believe that Document Analysis has been asked to 
meet unrealistically high performance standards, such 
as recognition rates well in excess of 99.5%. The 
problem is that even human readers have trouble 
achieving this rate without high level semantic context. 
A simple experiment can confirm this point. Just try to 
read a phone book in less than ideal conditions. You 
will have no trouble reading the names but not the 
numbers. You will probably be confusing “6” and “8” 
or ‘t4“ and “9” the way OCR systems do. 

Lopresti and Sandberg [ 191 have suggested a 
method where a certificate is computed for a page of 
text and printed at one of the margins using a two- 
dimensional symbology. Because the latter can be read 
quite reliably, its contents can be used to correct OCR 
errors. 

An alternative is the inclusion of a two-dimensional 
symbology label containing either a summary or the 
most important information of a larger document. Tax 
forms in Spain and custom forms in Mexico contain 
PDF4 17 labels. 

Another type of applications involves cases where 
there is a need for secure encryption. The original text 
is transformed into binary data (for example, by the 
method of [ 181) and these data are then printed using a 
two-dimensional symbology. This approach is used in 

Attempts to print a page with PDF417 labels con- 
taining the full text have not been successful because it 
is difficult to compress the text so that the PDF417 is 
no larger than a footnote. 
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I believe that paper input to computers will be 
greatly facilitated by the inclusion of bar codes or re- 
lated symbologies to help the conversion. Note that an 
additional benefit that such labels may provide is pro- 
tection against unauthorized altering of the document. 

Another potential application area is transmittal of 
graphical information. While electronic mail is used 
routinely for text, the absence of universal standards 
for drawings encourages the use of FAX transmission. 
If the FAX image is going to be converted back to 
some graphics format, a two-dimensional symbology 
label could contain information useful for the conver- 
sion. 

9. Conclusions 

A challenge facing pattern recognition researchers 
is the blending of the new technology with the old. 
How can we use bar codes or two-dimensional sym- 
bologies to facilitate image recognition tasks? The use 
of special labels to encapsulate information related to a 
larger document is only one such example. 

I have mentioned only three symbologies, but there 
are many others that are described in such sources as 
[3]. These include Code 49 (the first stacked bar code), 
Code One (a matrix symbology), and several others. 
This paper is by no means a comprehensive survey of 
such codes and anyone interested in the topic should 
consult the sources listed for additional references. The 
web site of the Auto ID Manufacturers (AIM) provides 
considerable information for all symbologies that AIM 
has standards for. The URL of the site is 
www . aimi . org/aimstore and contains both brief 
online descriptions and means for ordering the (rather 
voluminous) standards for each symbology. Unless 
you plan to do serious development work, you do not 
need the complete standards, and the other sources 
cited in the paper should suffice. 

Finally, I should point out that all symbologies dis- 
cussed in this paper (as well as all that can be found in 
the AIM web page) are in the public domain. In other 
words anyone is free to use them without paying a fee 
and anyone is free to develop novel scanning and de- 
coding algorithm, provided they do not infringe on 
earlier patents. Originally, many of these symbologies 
were proprietary but they met with resistance in the 
market place. Users did not want to be beholden to a 
single source supplier and, as a result, the symbologies 
were placed in the public domain. While the origina- 
tors of symbologies still have an advantage when it 
comes to the development of decoders and scanners, 
that advantage is not absolute. 
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