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51 Weaver Street, Greenwich Office Park 5,
Greenwich, Connecticut 06836-3160, United States of America
do solemnly and sincerely declare as foliows:
1. 1 am/We are the applicant(s).
(or, in the case of an application by a body corporate)
1. I;EJ/We are authorized to. make this declaration on behalf of the applicant(s).
2. 1 am/We are the actual inventor(s) of the invention.
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(57) Claim
1. An optically readable label for storing encoc:ed.

A . o
iniormation comprising a multiplicity of :inférmation-encodec

hexagons contiquously arranged in a honeycomd pattern, each

hexagon having one of at least two di<feren- optical propert:es
20. A process for encoding information in an

optically-readable label comprising a multiplicity of informa-
tion-encoded hexagons contiguously arranéed in a honeycomb
gattern, each hexagon having one of at least two optical prop-
erties, comprising the steps of:

(a) assigning one of at least two optical prop-
erties to each hexagon to create a plurality of contiguous hexa-
gons having different optical properties;

(b) encoding the information by ordering the

hexagons in a predetermined sequence; and

(c) printing each hexagon in its assigned optical
property.

./2




(11) AU-B-32600/89 -2-
(10) 629823

37. A process of storing and retrieving -.a, com-
prising the steps of:

(a) printing on a label a multiplicity of infpr-
nation-gncoded hexagons contiguously arranged in a honeycomb
pattern, and a plurality of centrally-located Concentric Rings,
each hexagon having one of at least two different optical prop-
erties and said Concentric Rings having alternating optical
properties corresponding to at least two of the optical prop-
erties of said hexagons;

(b) 41illuminating said label;

(c) optically sensing light reflected from said
hexagons and said Concentric Rings with an electro-optical
sensor;

' (d) generating analog electrical signals corres-
ponding to the intensities c¢f 1li;h% reflected from said hexagons
and sald Concentric Rings;

(e) filtering said analog electrical signals
through an analog bandpass filter to determine the presence of
said Concentric Rings, thereby detecting the presence of said
he#agons within the field of view of said sensor;

(f) converting said analog electrical signals
into a segquenced .digital bit stream;

(g) storing said digital signals in a storage
medium to form a replica of said digital signals in said storage
medium;

(h) decoding said replica of said digital signals
to retrieve the characteristics of the intensities, locations and
orientations of the individual optical properties of said hexa-

gons; and

(1) generating a digi;al bit stream output from

said storage medium representing the decoded hexagons.
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Polygonal Information Encoding Article,

Process and System

‘_)
"

o T snApagadnd
£ —the—Inventtom

This invention relates to an improved optically read-

able label and a reading system therefor, and, in particular,

to an improved optically readable label, attached to or printed

on a substrate,

for 3toring information within a two-dimensional

data array, comprising a multiplicity of pclygons arranged in a

predetermined geometri¢ pattern, and zaid polygons having at

least two different optical properties.

2 tatement—of—Related—Are—~

Merchandise, various component parts, letters, pack-

ages,

containers and a whole gamut of related items being shipped

or transported, fregquently are reguired to be identified with

information as to origin, flight number, destination,

par<s

applications,

number and numerous other kinds of information.

name, price,

In other

reading encoded information printed on labels af-

fixed to such items permits automation of sales figures and in- //

ventory or the operation of electronic cash registers.

Other

applications for such encoded labels include the automated rout-

ing and sorting of mail, parcels, baggage,

and the like, and the

placii.1 of labels bearing manufacturing instructions on raw mate-

rials or component parts in a manufacturing process.

Labels for

these types of articles are conventionally marked with bar codes,

one of which is the Universal Product Code.

code systems are also known in the art.

Numerous other bar

Commercially-available bar code systems typically lack

sufficient data density to accommodate the present and increasing

need to encode more and more information on labels of increas-

ingly smaller size.

ttempts to reduce the overall size uand

spacing of bars in various bar code systems to increase data

-2«
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density have not solved the problem; optical scanners having suf-
ficient resolution to detect bar codes comprising contrasting
bars spaced five mils or less apart are generally not economic-
ally feasible'to manufacture because of the closé tolerances in-
herent in the label printing process and the sophisticated op-
tical apparatus required to resolve bit-encoded bars of these
dimensions. Alternatively, to accommodate increased amounts of
data, very large bar code labels must be fabricated, with the
result that such labels are not compact enough to fit on small
articles. Another important factor is the cost of the label
medium, such as paper. A small label has a small~r paper cost
than a large label; this cost is an important factor in large
volume operations.

Alternatives to bar codes include: circular formats
employing radially disposed wedge-shaped coded elements, such as
in U.S. Patent 3,553,438, or concentric Black and white bit-
encoded rings, such as in U.S. Patents, Nos. 23,971,917 and
3,916,160; grids of rows and columns of data-encoded squares or
rectangles, such as in U.S. Patent .'n. 4,286,146; microscopic
spots disposed in cells forming a regularly spaced grid, as in
U.S. Patent No. 4,634,850; and densely packed multicolored data
fields of dots or elements, such as described in U.S. Patent No. ’
4,488,679. Some of the coding systems described in the foregoing
examples and other coding systems known in the art primarily suf-
fer from deficiencies in data density, such as in the case of
encoded circular patterns and grids of rectangular or square
boxes. Alternatively, in the case of the grids comprised of micro-
scopic spots or multicolored elements referred to above, such
systems require specia. orientation and ﬁransport means, thus
limiting their utility to highly controlled reading environments.

Due to the size and speed of modern conveyor systems,
(utilizing conveyor belt widths of 3 to 4 feet, for example) and
having belt speeds approaching 100 inches per second or more,
carrying packages of varying heights on which information encoded

labels are affixed, and the need to utilize a small, inexpensive,




compact label of about one sguare inch, great strains are placed
on the optical and decoding systems required to locate and read
the data encoded labels on these rapidly moving packages and the
like. There are difficulties in the optical scanner simply

5 acquiring the label image. Furthermore, once acquired or identi-
fied, the label image must be accurately decoded before the next
operation on the package in the conveyor system takes place,
often in a fraction of a second. These problems have led to the
need for providing a simple, rapid and low-cost means of signal-

10 ing the presence of a data-encoded label within the field of view
of an optical scanner mounted in a manner to permit scanning the
entire conveyor belt. This feature desirably is coupled with a
high density data array, described in more detail below.

Data arrays containing acquisition targets are known in

ecnso 15 the art; for example, concentric geometric figures, including
:::ﬁ rings, squares, triangles, hexagons and numerous variations
°':: thereof, such as described in U.S. Patents Nos. 3,513,320 and

3,603,728. U.S. Patents Nos. 3,693,154 and 3,801,775 also de-
scribe the use of symbols comprising concentric circles as iden-
° v 20 tification and position indicators, which gymbols are arffixed to
articles to be optically scanned. However, these systems employ
UL} two separate svmbols to determine the identification of the data
s e o field and its position, thereby increasing the complexity of the”
logic circuitry required to detect the symbols, as well as reduc-
eoee 25 ing the data-carrying capacity of the associated data field.
Also, when two symbols are used, damage to ocne causes problems in
Lo, locating the position of the data field and the attendant ability

LA RN

IS to recover information from the data field. In the latter system,
) ‘ separate position and orientation markings are utilized at oprosite
30 ends of data tracks having data-encoded linear markings of only
limited data carrying capability.
The foregoing systems are generally scanned with an
optical sensor capable of generating a video signal output corres-

ponding to the change in intensity of light reflected off the

35 data array and position and orientation symbols. The video out-
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put of such systems, after it is digitized, has a particular bit
pattern which can be matched to a predetermined bit sequence.
These systems, howaver, suffer the drawback of requiring two
separate symbols for first ascertaining the image and secondly
determining its orientation. Also, the proceds of having to match
the digitized signal output of the optical sensor with a prede-
termined bit sequence rep;esenting both the position and orienta-
tion symbols, is more likely to produce erroneous readings that
the process and system of this invention, because the prior art
label acquisition systems provide an inflexible characterization
of the acquisition target signal level.

U.S. Patent No. 3,553,438 discloses a circular data
array having a centrally-located :acquisition target comprising a
series of concentric circles. The acquisition target provides a
means of acquiring the circular label by the optical sensor and
determining its geometric center and thereby the geometric center
of the circular data array. This is done through logic circuitry
operating to recognize the pulse pattern representative of the
bulls-eye configuration of the acquisition target. Howc.~r, as
for bar codes, the data array has only a limited dat; capacity
and the system requires‘a second circular scanning process. Use
of both a linear and circular scan for a system of such limited
data capacity creates undesirable complexity in the system for a“
slight gain in data capacity over conventional bar codes.

To increase the data carrying capacitf of data arrays,
codes employing multiple high density colored dots have been
developed, as described in U.S. Patent No. 4,488,679. Systems of
the type descéibed in U.S. Patent No. 4,488,679, however, require
the use of hand-held optical scanners, which are tot;lly incapalble
of recording and decoding rapidly moving data arrays on a package
being transported on a high-speed conveyor belt. Analogously,
high density coding systems employing microscopic data-encoded
spots, as described in U.S. Patent No. 4,634,850, require special
transport means, thereby ensuring that the data array is moved in

a specific direction, rather than simply at a random orientation,




as might be found with a package being transported on a
conveyor belt or the like. Thus, the coded label must be
read track by track, utilizing a linear scanner coupled
with label transport means to properly decode the
information encoded on the 1label. Also, in this patent,
the position of the card in relation to the sensor must be
very carefully controlled to be readable.

Multiple colors have also been utilized in the art
of producing bar code systems so as to overcome the
optical problems of scanning very minute bars. A bar code
utilizing more than two optical properties to encode data
in a data array, by for instance, use of alternating
black, gray and white bars, is described in U.S. Patent
No. 4,443,694. However, systems of the type described,
although an improvement over earlier bar code systems,
nevertheless fail to achieve the compactness and data
density of the invention described herein.

According to one aspect of the present invention
there is provided an optically readable label for storing
encoded information comprising a multiplicity of
information-encoded - hexagons contiguously arranged in a
honeycomb patern, each hexagon having one of at 1least two
different optical properties.

According to a further aspect of the present
invention there 1is provided an optically readable 1label
for storing encoded information comprising a multiplicity
of contiguously arranged, information-encoded polygons
having other than three or four sides, each polygon having

one of at least two different optical properties.
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According to a still further aspect of the present
invention there 1is  provided a process for encoding
information in an optically-readable 1label comprising a
multiplicity of information-encoded hexagons contiguously
arranged in a honeycomb pattern, each hexagon having one
of at least two optical properties, comprising the steps
of:

(a) assigning one of at least two optical
properties to each hexagon to create a plurality of
contiguous hexagons having different optical properties;

(b) encoding the information by ‘ordering the
hexagons in a predetermined sequence; and

(c) printing each hexagon 1in its éésigned optical
property.

According to a still further aspect of the present
invention there 1is provided a process of storing and
retrieving data, comprising the steps of:

(a) printing on "a 1label a multiplicity of
information-encoded hexagons contiguously arranged in a
honeycomb pattern, each hexagon having one of at least two
different optical properties;

(b) 1illuminating said label;

(c) optically sensing 1light reflected from said
hexagons with an electro-optical sensor;

(da) generating analog electrical signals
corresponding to the intensities of 1light reflected from
said optical properties;

(e) converting said analog electrical signals into

sequenced digital signals;



(£) storing said digital signals in a storage
medium connected to a computer to form a replica of said
_\digital signals in said storage medium;
(g) decoding said replica of said digital signals
5 to retrieve the characteristics of the intensities,
locations and ofientations of the individual optical
properties of said hexagons; and

(h) generating a digital bit stream output from the

computer representing the decoded information represented
10 by the hexagons.

According to a still further aspect of the present
invention there is provided a process of storing and
retrieving data, comprising the steps of:

(a) printing on a 1label a multiplicity of

15 information-encoded hexagons contiguously arranged in a
s honeycomb pattern, and a plurality of centrally-located
Concentric Rings, each hexagon having one of at least two
‘ different optical properties and said Concentric Rings
: having alternating optical properties corresponding to at
'éo least two of the optical properties of said hexagons;
(b) 1illuminating said label:

(c) optically sensing 1light reflected from said

ot hexagons and said Concentric Rings with an electro-optical
. sensor;
‘25 (d) generating analog electrical signals

corresponding to the intensities of 1light reflected from
said hexagons and said Concentric Rings;

(e) filtering said analog electrical signals
through an analog bandpass filter to determine the

e
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presence of said Concentric Rings, thereby detecting the
presence of said hexagons within the field of view of said
sensor;

(f) converting said analog electrical signals into
a sequenced digital bit stream;

(g) storing said digital signals in a storage
medium to form a replica of said digital signals in said
storage medium;

(h) decoding said replica of said digital signals
to retrieve the characteristics of the intensities,
locations and orientations of the individual optical
properties of said hexagons; and

(1) generating a ditigal bit stream output from
said storage medium representing the decoded hexagons.

According to a still further aspect of the present
invention there 1is provided a process of storing and
retrieving data, comprising the steps of:

(a) printing on a substrate a multiplicity of
information-encoded hexagons contiguously arranged in a
honeycomb pattern, and a plurality of centrally-located
Concentric Rings, each hexagon having one of at least two
different optical properties, and said Concentric Rings
having alternating optical properties corresponding to at
least two of the optical properties of said hexagons;

(b) 1illuminating said substrate;

(c) optically sensing 1light refiected from said
hexagons and said Concentric Rings with an electro-optical
sensor;

(d) transmitting digital electrical signals

-9 -
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corresponding to the intensity of 1light reflected from
said hexagons and said Concentric Rings;

(e) filtering said digital electrical signal
through a digital bandpass filter to determine the
presence of said Concentric Rings, thereby detecting the
presence of said hexagons within the field of view of said
sensor;

(£) storing said digital electrical signals in a
storage medium connected to a computer to form a replica
of said digital electrical signals in said storage medium;

(g) decoding said replica of said digital
electrical signals to retrieve the characteristics of the
intensities, locations and orientations of the individual
optical properties of said hexagons; and

(h) transmitting a digital bit stream output from
said computer representing the decoded hexagons.

According to a still further aspect of the present
invention there is provided a combination optical mark
sensing and decoding system, comprising:

(a) an optically readable label for storing encoded
data comprising a multiplicity of information-encoded
hexagons contiguously arranged in a honeycomb pactern,
each hexagon having one of at least two different optical
properties;

(b) means for illuminating a predetermined area;

(c) means for optically imaging said predetermined
illuminated area through which said label is arranged to
pass and generating analog electrical signals
cprresponding to the intensities of light reflected from

- 10 -
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said hexagons;

(d) means for converting said analog electrical
signals into a sequenced digital bit stream corresponding
to the intensities of light;

(e) means for storing said digital bit stream for
subsequent decoding of said label; and |

(£) means for decoding said digital bit stream,
said decoding means producing an electrical cutput
representative of the encoded information.

According to a still further aspect of the present
invention there is provided an optical mark sensing and
decoding system for an optically readable 1label for
storing encoded data comprising a multiplicity of
information-encoded hexagons contiguously arranged in a
honeycomb pattern, each hexagon having one of at least two
different optical properties, comprising:

(a) means for illuminating a predetermined area;

(b) means for opticelly imaging said predetermined
illuminated area through which said label is arranged to
pass and generating analog electrical signals
corresponding to the intensities of 1light reflected from
said hexagons; |

(c) means for converting said analog electrical
signals into a sequenced digital bit stream corresponding
to the intensities of 1light recorded by said pixels of
said imaging means;

(d) means for storing said digital bit stream for
subsequent decoding of said label; and

(e) means for decoding said digital bit stream,

- 11 -



said decoding means producing an electrical output
representative of the encoded information.
According to a still further aspect of the present
invention there is provided an optical mark sensing ‘and
5 decoding system for an optically readable label for
storing encoded data comprising a multiplicity of
information-encoded hexagons contigquously-arranged in a
honeycomb pattern, and a plurality of centrally-located
Concentric Rings, each hexagon having one of at least two
10 different optical properties and said Concentric Rings
having alternating optical properties corresponding to at
least two of the optical properties of said hexagons;
comprising:

(a) means for illuminating a predetermined area;

15 (b) means for optically imaging said predetermined
e, illuminated area through which said label is arranged to
'“'; pass and generating analog electrical signals

Coexrt

-

corresponding to the intensities of 1light reflected from

. e
ceoe
°
-

::ﬁ said hexagons;

“éo (c) means for converting said analog electrical
"*o s signals into a sequenced digital bit stream corresponding
:'?; to the intensities of light;

}:k (d) means for storing said digital bit stream for
. subsequent decoding of said label; and
.:J?S (e) means for decoding said digital bit stream,
e said decoding means producing an electrical output
representative of the encoded information.
According to a still further aspect of the present
invention there is provided a process for decoding a
3&%3??32\‘ -2
ﬂ'{;‘?:
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stream of digital signals representative of an

electro-optically sensed image corresponding to a
multiplicity of contiguously-arranged polygons encoded in
a predetermined pattern, each polygon having one of ' at

least two optical properties, comprising the steps of:

(a)

image to determine the coordinates and intensitites

performing a two-dimensional clock recovery on
said
of said optical properties;

(b)

properties of step (a) to identify the optical properties

searching said intensities of the optical

of said contiguously-arranged polygons; and,
(c) decoding said identified polygons by performing
the inverse of the encoding process for said polygons.
According to a still further aspect of the present
invention there is provided an apparatus for decoding a
stream of signals representative of an electro-optically
sensed image corresponding to a multiplicity of
contiguously-arranged polygons encoded in a predetermined
pattern, said polygons having one of.at least two optical
properties,

(a)

recovering on said image to detemine the coordinates and

comprising:

means for peforming a two-dimensional clock

intensity of said optical properties;
(b)

optical properties

means for searching said intensities of the

(a)
properties of said polygons; and,

(c)

of step to identify the optical

means for decoding said polygons by performing

the inverse of the encoding process for said polygons.
According to a still further aspect of the present

- 13 -
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invention there is provided an apparatus for decoding a
stream of digital signals representative of an
electro-optically sensed 1image of a multiplicity of
contiguously-arranged polygons encoded in a predetermined

5 pattern, each polygon haviﬁg one of at least two optical
properties, comprising:

(a) means for performing a non-linear mapping
opgration on said digital signals to identify transitions
between adjacent polygons having different optical

10 properties;
(b) means for performing a Fourier transformation
on the non-linear mapped signals to obtain a
two-dimensional map corresponding to the direction,
spacing and intensity of optical property transitions of
15 said polygons;
oses (c) means for filtering said two-dimensional map to
eliminate incorrect direction and spacing of - optical
property transitions of said polygons;

(d) means for performing an inverse Fourier
20 transformation on said filtered two-dimensional map to
restore digital signals corresponding to a replicated
image of said polygons;
H ‘ (e) means for searching the restored signals to
. determine the optical property of the center of each
55 polygon and 1its 1location within said multiplicity of

polygons; and,

(f) means for decoding said polygons by performing

the inverse of the encoding process for said polygons.

The present invention may comprise an

- 14 -




optically-readable label for storing data encoded in bit
form, comprising a predetermined two-dimensional ' data
array of a multiplicity of information-encoded polygons
arranged contiquously, partially contiquously ' or
5 noncontiguously in a predetermined two-dimensional pattern
and having at least two different optical properties as
well as methods and apparatus for encoding and decoding

such optically—readablé labels.
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Optically readable labels of the invenﬁion may comprise
predetermined two-dimensional geometric arrays of polygons where
the geometric centers of such polygons lie at the vertices of the
intergectinq.axes as more fully discussed below of a predetermined
two-dimensional array and where the polygons have one of at least
two differemt optical properties. The polygons of such optically .
readable labels may be regular or irregular polygons and the two-
dimensional arrays of polygons on the optically readable labels
may have two or more equally=- or unequally-angularly spaced axes
in the plane of the label.

Optically readable labels may be printed with config-
urations of polygons which are totally contigquous, partially
contiguous or noncontigquous. The latter two configurations in-
herently define a multiplicity of interstitial spaces on the
optically readable label between adjacent polygons. Such in-
terstitial spaces may have the same or different optical prop-
erties as the two or more optical properties of the polygons.
Two-dimensional arrays of contiguous poiyqons having five or more
sides are usable as optically readable label configurations of
the invention: Alsé, two-dimensional arrays of either regular or
irregular, and either partially contiguous or noncontiguous,
polygons having three or more sides, when prearranged on
predetermined axes of such arrays, may be encoded and decoded in//
accordance with the processes of the invention.

In addition to the foregoing varieties of geometric
polygonal cells, arrangements of such polygonal cells, and geom-
etries of the optically readable labels formed by such arrange-
ments of polygonal cells, the optically readable labels of the
invention may optionally contain an acquisition target comprising
a series of concentric rings to aid in the locating of the
optically readable labels on the articles upon which they are
affixed, particularly in dynamic label reading systems.

M In a preferred embodiment of the invention, the data
arraytiomprise a generally square-shaped array of about one

square inch, having contiguously-arranged hexagons forming rows
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and columns and a centrally-located acquisition target
having a geometric center which defines the geometric
center of the data array. The acquisition target may be
any of a number of geometric shapes having optical
properties capable of generating an easily recognizable
video signal when scanned with an optical sensor across a
linear scan line passing through the geometric center of
the acquisition target. In a preferred embodiment, the
acquisition target may comprise a plurality of Concentric
Rings of contrasting reflectivities, which will yield a
periodic video signal when scanned 1linearly. By using
analog filter means as part of the method of locating and
decoding the data array, the signal generated by the
optical .sensor may be compared directly with a
predetermined frequency, thereby allowing rapid and
precise matching of the frequencies and consequent
determination of the location of the data array affixed to
a substrate. The analog electrical signal output from the
optical sensor representing the information-encoded 1label
may then be digitized and decoded. Utilizing an analog
bandpass filtering step may permit label acquisition to
occur without the need for decoding the
information-encoded label. By locating the center of the
acquisition target a reference point on the data array may
be determined. If the center of the acquisition target is
located at the center of the 1label, a simultaneous
determination of the center of the acquisition target and
the data array may be accomplished. A central location of
the acquisition target on the label is preferred, but not
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required, in the practice of the subject invention.

The optically-readable data array of the present
invention may be capable of encoding 100 or up to several
hundred or more error protected alphanumeric characters in
an area of about one square inch when hexagons are encoded
utilizing three reflective properties, such as the colors
black, white and gray. For a sensor with a given optical
resolution, the system of the invention may permit a much
denser information packing capability than 1is possible
with bar code systems. For example, if a high resolution
optical sensor is used with the system of this invention,

hundreds
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of alphanumeric characters may be encoded in a square inch.
Alternatively, 100 characters per square inch may easily be de-
tected with a relatively low resolution sensor with the system of
this invention.

Optically-readable labels of the pfesent invention may
be produced with varying data densities by utilizing as few as
two or more contrastihg optical properties. Greater data densi-
ties and the inclusion of an acguisition target in the system of
this inventio;??:éuire a scanning apparatus of increasing com-
plexity and the addition of more elaborate decoding algorithms to
read the encoded message, when compared with a bar code reading
system. |

In this invention, data encoding may be accomplished by
encoding a plurality of bits from a binary bit stream into a
cluster of contigquous hexagons, each hexagon having one of at
least two optical properties, although the encoding could alter-
natively be done on a hexagon-by-hexagon basis. The digital bit
stream may be generated by a computer, based upon data entered
manually or otherwise converted into a binary bit sﬁream, or may
be provided As a prerecorded digital bit stream. The data to be

may be ‘
encoded i‘Lbit-mapped in a predetermined sequence and within pre=-
determined geographical areas of the data array to increase the
number of transitions between hexagons having different optical //

properties.

In the preferred embodiment of the present invention,
Moy be

the messages to be encoded taaL§ivided into high and low priority
messages, which are separately mapped in different geographic
areas of the data array. The high priority message may option-
ally be duplicated in the low priority message area to reduce the
possibility of losing the high priority message due to scanning
errors caused by smudges, tears, folds and other types of damage
to the data array. The high priority message ;:{:igggéd in a
central area of the data array, near the acquisition target con-

tained in the preferred embodiment, in order to protect the mes-

sage from damage which is more likely to occur to the peripheral
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areas of the data array. Error correction capabilities
are desirably incorporated in the data array, utilizing
the 1large information-carrying capacity of the present
invention, to ensure a very high degree of data integrity
upon decoding the message.

In practicing the invention, a pixel grid of
sufficient density to print the 1label with hexagons of
different optical properties may be utilized, although
alternative printing processes may be used without
departing from the spirit of the invention. The pixel
grid may be bit-mapped so that, when the label is printed,
the optical properties of each hexagon may be
predetermined, so that they may 1later be decoded to
recover the data designated by the encoding of the
individual hexagons. This type of printing process 1is
well known 1in the art and standard printers and bit
mapping techniques may be used to print hexagons having
the optical properties required by this invention.

The present invention may provide a new and improved
process for retrieving the data encoded in the bit-mapped
array of polygons, preferably hexagons, forming the data
array. Encoded labels may be passed through a
predetermined illuminated area and optically scanned by
means of an electronically operated optical sensor or a
hand-held scanner may be passed over the 1labels. The
optical sensor may produce an output which is an analog
electrical signal corresponding to the intensity of the
individual reflective property of an area of a label, as

recorded by the individual pixels of the optical sensor.

BETERN - 20 -
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By means of an analog filter, the analog signal of the
optical sensor may first be compared to a predetermined
frequency value corresponding to that of a predetermined
acquisition target if it is present on the data array.
Once a good match is found, the label may be acquired and
the center of the acquisition target may be determined,
thereby also determining a reference point on the data
array. The analog signal may be simultaneously digitized

on a continuous basis by means of an analog-to-digital

 converter and stored in an image buffer. The stored

digitized data representing the entire 1label may be
available for further processing in the decoding process.

By stored program logic circuits, the digital data
may be transformed into a map of the interfaces of
hexagons having different optical ©properties. In a
preferred embodiment of the invention, this may be done by
computing the standard deviation of the intensities of the
reflective properties recorded by the optical sensor at
each pixel and a predetermined group of pixels surrounding
that first pixel. High standard deviations therefore may
correspond to transition areas at the interfaces of
contrasting hexagons.

Further data transformations, involving filtering
programs to determine orientation, direction and spacing
of the hexagons, are performed on the digital data. The
general steps of this process may comprise:

(1) Filtering the non-linear transformed version of
the digitized image.

(2) Determining the orientation of the label,

- 21 -
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preferably by locating the three axes of the image (as
illustrated in Fig.. 2) and determining which axis is
parallel to two sides of the label.

(3) Finding the center of each hexagon ‘and
determining the gray level at each center.

(4) Transforming the gray levels to a bit stream.

(5) Optionally, applying error correction to that
bit stream; and

(6) Optionally, converting the bit stream fto a
predetermined set of characters.

It is to be noted that, although the process of this
invention is described as applied to hexagons having two
or more optical properties, the process, in particular,
the steps for adjusting the optical image for label warp,
tear and the like, may be applied to other types of labels
and other polygonal cells.

Preferred embodiments of the present invention will
now be described with reference to: the accompanying

drawings wherein:-
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limitation on the scope of variations ©difications falling

within the spirit of ¢ ention, as made apparent to those

~BRIEF-DESCRINFION-—OF —THE—DRAWINGS—

FIG. 1 is'a plan view of an acquisition target of concentric rings

in accordance with the present invention.

FIG. 2 is a fragmented plan view of an optically-readable label
having contiguously-arranged hexagons for encoding data in ac-

cordance with the present invention.

FIG. 3 is a pian view of a complete optically-readable label hav-
ing contiguously-arranged hexagons of three optical properties

for encoding binary data and including an acguisition target, in

accordance with this invention.

FIG. 4 is a plan view of a three cell by three cell cluster of
contiguous hexugons, which may serve as the basic encoding unit

of the preferred embodiment of this iunvention.

FIG. 5 is a cluster map showing a graphic representation of a
data array comprising 33 rows and 30 columns, forming a grid of

11 rows and 10 columns of three cell x three cell cluster coding//

units of hexagons.

FIG. 6 is a schematic view of a camera adjusting system in ac-
cordance with the invention for adjusting the position of the

optical light sensor in accordance with the height of package

being sensed.

FIG. 7 is a detailed outline of the decoding process of this

invention.

FIG. 8 is a flow chart showing the acquisition target location

process.
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FIG. 9 is a flow chart showing the encoding and decoding program

structure and data flow.

FIG. 10 is a flow chart showing the sequence of image processing

steps.

FIG. 11 is a plan view of a cluster of contiguous regular hexa-
gons arranged with the geometric centers of adjacent hexagons

lying at the vertices of a regular hexagonal array.

FIG. 12 is a plan view of a cluster of contiguous irregular hexa-
gons arranged with the geometric centers of adjacent hexagons

lying at the vertices of an irregular hexagonal array.

FIG. 13 is a plan view of a cluster of partially contiguous poly-
gons substantially in the form of hexagons arranged with the geo-

metric centers of adjacent polygons lying at the vertices of a

hexagonal array.

FIG. 14 is a plan view of a cluster of contiguous polygons sub-
stantially in the form of hexagons arranged with the geometric

centers of adjacent polygons lying at the vertices of a hexagonal
array. //'

FIG. 15 is a plan view of an optically readable label having con-
tiguous polygons substantially in the form of hexagons arranged
with the geometric centers of adjacent polygons lying at the

vertices of a hexagonal array and including an acquisition target

in accordance with this invention.

non—
FIG. 16 is a plan view of a cluster ochontiguous equilateral

squares arranged with the geometric centers of adjacent squares

lying at the vertices of a hexagonal array.
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FIG. .7 is a plan view of a cluster of noncontiguous rectangles
defining interstitial spaces among said rectangles with the geo-

rmetric centers of adjacent rectangles lying at the vertices of a

hexagonal array.

FIG, 18 is a plan view of a cluster of noncontiguous pentagons
defining interstitial spaces among said pentagons with the geo-
metric centers of adjacent pentagons lying at the vertices of a

hexagonal array.

FIG. 19 is a plan view of a cluster of contiguous rectangles ar-
ranged in staggered rows and columns with the geometric centers

of adjacent rectangles lying at the vertices of a hexagonal

array.

FIG. 20 is plan view of a cluster of partially contiguous
octagons defining interstitial spaces among said octagons with

the geometric centers of adjacent octagons lying at the vertices

of a rectangular array.
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The ability to encode information by virtue of the con-
trasting colors of contiguous hexagons or "cells" arranged in a
honeycomb pattern in a predetermined sequence and array permits
the information stored on the label to be recovered by an electro-
optical sensor. Polygonal cells, other than hexagons, that are
arranged with the geometric centers of adjacent polygons lying at
the vertices of a hexagonal or other predetermined array, may
likewise be used to encode information on an optically readable
label. Such polygonal cells, when arrayed with their respective
centers at predetermined locations on a two-dimensional geometric
array and when encoded in a predetermined segquence, through as-
signing different optical properties to a plurality of such poly-
gonal cells, may be "read" by an electro-optical sensor and sub-
sequently decoded in accordance with the process ¢f the invention
described below.

The polygoﬁal cells of the invention are information
encoding units formed by a closed broken line, which éells are
arrayed in a predetermined two-dimensional pattern on an opti-
cally readable label. Label configurations employing a wide //'
variety of polygonal shapes, and arrays of varying geometries,
such as hexagonal, rectangular or square arrays, are usable in
the practice of the invention. "Adjacent'" polygonal celis may be
totally contiguous, partially contiguous or noncontiguous on the
optically readable label of the invention.

"Contigquous polygons" are polygons arranged with the
geometric centers of adjacent polygons lying at the vertices of a
predetermined two-dimensional array and with th; borders of such
polygons touching the borders of immediately adjacent polygoens,
leaving no interstitial spaces. "Partially c¢ontiguous polygons"
are polygons arranged with the geometric centers of adjacent

polygons lying at the vertices of a

59




predetermined two-dimensional array and thch polygons are sepa-
rated somewhere along their respective borders from other surround-
ing polygons, thereb& causing a multiplicity of interstitial
spaces to be interspersed among said polygons on the optically
5 readable label. "Noncontiguous polygons" are individual polygons
arranged with the geometric centers of adjacent pslygons lying at
the vertices of a predetermined two-dimensional array, and having
no contact bsitwean the borders of an individual polygon and poly-
gons surrounding said polygon. Additionally, the polygonal cells
10 and the predetermined two-dimensional g¢rids or arrays upon which
the centers of adjacent polygons are located may be irregular,
having unequally-spaced axes, or regular; having equally-spaced
axes,, in conf;guration. Such two-dimensional array axes may be
independent. of the axes of symmetry, if any, of the polygonal
15 cells.
' As used in the label of this inyention, hexagons pre-
sent certain important advantages for encoding information on a
soos’ label. Those advantages are:
(1) For a given optical resolution, hexagous can be
20 more densely packed than other polygons. For example, at a given
resolution, the corners of squares are more difficult to resolve,
PR so that otherwise unnecessary optical resolution is required to
LA "read" squares. Circles would be optimal for optical resolutions

¢ ©&

but the space between adjacent circles would be wasted'and would
.°:§°‘ 25 complicate the processing and printing of the label image, be-
cause of the need to assign an optical property to the spaces.
et Hexagons permit optimum packing of information, compared with
circles or other polygons including, octagons, sguares, triangles
and the like. Squares and triangles are problems because of the
. 30 sharp corners they have. Circles and octagons are problems be-
cause of the wasted space between adjacent circles or octagons.
(2) A grid of contiguous hexagons has three axes. By
using a label of a square or rectangular shape the major axis of
<§%ﬁ'. the hexagon can be located by its predetermined relation to a
35“S \51de of the label. This location of the major axis of a hexagon
E?
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grid facilitates the reading of the data encoded in the hexagon
by its relation to that major axis.

As used herein, "label" includes a discrete unit, with
a suitable adhesive backing, to be attached to a package'or prod-
uct, and the exterior surface of a container or other object on
which optically-readable information is imprinted in accordance
with this invention.

As used herein, "optically-readable data array" or "data
array" means a pattern of contiguous hexagons or other polygonal
cells having two or more optical properties to encode, in retriev-
able form, a body of data by virtue of the respective optical
properties of and spatial relationshié of the hexagons or other
polygonal cells to each other. The hexagons or pélygons imprinted
to contain this recoverable information are referred to herein as
"information-encoded" hexagons or polygons, because of the manner
in which the label encodes information.

The pattern of contiguous hexagons with the maximum
number of hexagon-to-hexagon interfaces for optimal reading and
maximum information storage density is referred fo as a "honey-
comb pattern."

The contrasting reflective properties utilized to print
the individual hexagons or cells of the data array can be varied
greatly within the spirit of this invention. As used herein,
"printing" means depositing materials having predetermined optical
properties on a substrate, or changing the optical properties, as
when "thermal" printing is used. "Printing" also includes the
omission to deposit a material having a predetermined optical
property on a portion of the substrate, where the substrate itself
has a distinct optical property. For example, in printing hexa-
gonal cells in black and white, if the substrate is white, then
only'black cells must actually be printed. Thus, as used herein,
the white hexagonal cells are alsc within the definition of the
term "print" or "printed."

As used herein, "optical prqperties" means light ab-

sorption, reflection and/or refraction properties of cells

Z
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printed in different media. Where cells are printed in black
(high density black ink), gray (half tones of black) and white
(no printing on a white substrate), as is the case in the pre-
ferred embodiment of the invention, the invention is said to have
three optical properties.

As used herein, and with reference to Fig. 1, "plural-
ity of ;oncentric rings" or "concentric rings" 10 means two or
more concentric rings 12, one of which is the interior area of a
circular zone 15 defined by the smallest radius "r" of the rings.

Fig. 2 illustrates a portion of an electro-optically
scannable label in accordance with the principles of this inven-
tion. As seen in Fig. 2, the label comprises a multiplicity of
adjacent printed hexagonally-shaped cells, formed in a honeycomb
pattern. Each of the individual hexagons is designated by numeral
20, and comprises 6 equal sides 22. The interior angles "a" of
the hexagon are also equal, each of 120 degrees. In the illus-
trated embodiment, the hexagon has a long vertical axis y-y and a
horizontal axis x-x. The x-x dimension of the hexagon 20 is some-
what smaller than the y-y dimension of the hexagon 20 due to the
geometry of a regular hexagon.

In a preferred embodiment of the invention, as shown in
Fig. 3, utilizing a label 30 having dimensions of approximately
1" by 1", there will be approximately 888 hexagons or cells 20 //
(taking into account the fact that, in the preferred embodiment,
the center of the label is occupied by an acquisition target 35
comprised of a plurality of concentric rings). These contiguous
hexagons 20 naturally form horizontal rows "R", defined by imagi-
nary lines 31, and vertical columns "C", defined by imaginary
lines 33. 1In this example a one inch by one inch label has a
total of 33 horizontal rows "R" and 30 vertical columns "C" of
hexagons 20. Each individual hexagon has a "diameter" of about
0.8 mm. There are more rows "R" than columns "C" in a square
perimeter bounding a honeycomb pattern of hexagons, due to the

geometric packing of the contiguous hexagons.
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Utilizing the hexagons illustrated in Fig. 2, it will
be seen that the hexagons are aligned in staggered and overlapping
vertical columns, with alternate vertically spaced hexagons having
co=linear y-& axes. The y=-y axes of spaced hexagons 20 are in
alignment with an exterior vertical side 22 of an intermediate,
displaced hexagon. The y-y axes of hexagons 20 are parallel to
the two vertical borders 32 and 34 of the label, as depicted in
Fig. 3. Horizontal rows "R" are measured through the x=-x axes at
the mid-point of the hexagon 20.

As more fully described below, the hexagons 20 are formed by
a printing process which will print the hexagons 20 in two. or
more optical properties, for example, contrasting colors. Those
colors may be white 25, black 26 and also, optionally but prefer-
ably, gray 27 as illustrated in Fig. 3, although other contrasting
cqlors may be utilized. It is possible to use only two contrast-
ing colors, such as white 25, and black 26 as seen in Fig. 2. 1In
the preferred embodiment of the invention, three contrasting colors
are utilized, white 25, and black 26, and gray 27, illustrated in
Fig. 3. The particular shades of white, black, and gray are
selected to achieve'optimum‘contrast for ease of identification
by an electro-optical sensor. The gray level is selected so that
its optical properties fall approximately egqually between the
optical properties of the white and black being used in creating
the label.

The label 30 of Fig. 3 may be formed by using a discrete
label, having, in a preferred embodiment, a one square inch area,
or, if an acceptable color background is utilized (preferably
white), the label may be printed directly on a package surface,
without requiring a diécrete label. Because of the imrortance of
having a controlled optical property backgroﬁnd for one of the
contrasting colors, it is preferable to use a discrete label,
becauge the color of the label background is more easily con=-
trolled.

The alignment of the hexagons printed on the label in

relation o the sides of the label is important for subsequently
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determining the major axis of the label as described below. The
label is printed so that the y-y axes of the hexagons forming the
honeycomb will be parallel to the vertical sides of the label, 32
and 34, as shown in Fié. 3. ,

In "reading" the hexagonal array, in order to deécode
the information contained in the individual .hexagons, it is im-
portant to have a sharp color contrast between adjacent hexagons.
For reasons described below, the fewer optical properties
utilized to encode the hexagons,; thé simpler may be the scanning
equipment and software necessary to decode the hexagons. How=-
ever, fewer optical properties also decrease the data density of
the label. 1In a compromise between the Qmount of decoded infor-
mation capable of being stored on the label and the cost of scan-
ning multi-optical property labels, it has been found desirable
to print the encoded hexagons with three optical properties,
namely the colors black, gray and white. If the substrate or
label has a good white background, then white hexagons can be
created by the absence of ink, and only black and gray hexagons
actually need to be printed.

In the preferred embodiment of the invention, the gray
hexagonal cells are created by print;ng‘the cells with black ink,
but only every f£fifth pixel of the pixel grid of a dot matrix
printe:r is so printed in the illustrative example described
herein. This is done by the use of a half-toning algerithm, in a
manner which is well known in the art. This allows a printer to
print a predetermined proportion of the pixels to define a given
gray hexagon, whereas a black hexagon requires printing every
pixel defining that hexagon. The specific half-toning algorithm
used to print labels of the preferred embodiment is contained in
the source tode listings entitled "LABEL" in the Microfiche Appen-
dix, page 29, lines 39 to 48.

The black hexagonal cells can be formed by printing
with a standard black ink. As described below, the scanning an-
alysis software of- the decoding process makes gross determina-

tions among black, gray and white reflectivities, so that precise
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color definition is not necessary. On the other hand, if colors
other than black, gray and white are used, or if various shades
of gray are used, to create four or five color data arrays, the
contrast of ink shades must be much more carefully controlled to
ensure measurable optical property differences among the various
colors. It will be appreciated that the use of black ink is the
simplest and easiest approach to creating a three optical prop-
erty honeycomb array of hexagonal cells, and is the preferred
embodiment of the invention.

Because of the square shape of the label in the pre-
ferred embodiment and the nature of the hexagonal cells, the edges
of the honeycomb will contain incomplete.hexagons 56; as seen in
Fig. 3 these incomplete hexagons are not used to convey any use-
ful information.

In the preferred embodiment of the invention, the label
also contains‘an acquisition target. The acquisition target 35,
seen in Fig. 3, comprises a plurality of concentric rings of con-
trasting colors (shown as black and thte). The black rings are
respectively designated 42, 46 and 48, and the white rings are
respectively designated 44, 50 and 52. The target is preferably
located in the geometric center of the label, to make it less
susceptible to being damaged or destroyed, in whole or in part,
if the periphery of the label is torn, soiled or damaged. Also,//
the size of the image buffer (described below), needed to store
the data from the label before the label target is identified, is
minimized when the acquisition target is in the label center.

The number of concentric rings used in the acquisition
target may be varied, but the six concentric rings 42, 44, 46,

48, 50 and 52 and their resulting interfaces as they vary from
white to black to white, c¢tc., have been found to be convenient

and desirable.

A pattern correlating technique is used to match a com-

puted pattern of what the concentric rings are expected to be

with the pattern being read. When the match occurs the acquisi-

tion target has been located as more fully described below. The
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specific filter created and utilized in connection with the pre-
ferred embodiment of the invention may be found in the Microfiche
Appendix, page 41, lines 51 tc 52 page 42, lines 1 to 8 and page
40, lines 19 to 41 under the file name "FIND.C."

The acquisition target may be of any overall diameter
smaller than the data array, to provide an area which may be 257,
and is preferably about 7%, of the area of the data array. Pre-
ferably the acquisition target is sized as small as possible since
the area it occupies on the label cannot carry encoded information.
In the preferred embodiment the diameters of the imprinted rings
are selected so that the outside boundary of the external ring 52
is about 7.45 millimeters. Thus, in Fig} 3 the area of the acqui-
sition target 35 occupies about 7% of the surface area of the one
square inch label 30. 1In this way, a satisfactory acquisition
target 35 may be imprinted on a one inch square label 30 without
unduly interfering with the amount of information which can be
encoded in the hexagonal array that surrounds the acquisition
target. As is the case with the incomplete hexagons at the outer
periphery of the label 55, the fractional hexagons contiguous
with the outer boundary of the acquisition target 56 are not uti-
lized for the purpose of encoding information. The width of each
ring is desirably about the same as the side-to-side (x=x axis in_
Fig. 1) dimension of the hexagons, to facilitate resolution. Si
rings are convenient. This is a reasonable number to facilitate
location of the rings in a minimum label area with a minimum of
possible false readings from "spurious”" marks on the label and
other "spurious" marks not on the label, such as marks elsewhere
on a conveyor belt.

The acquisition target may take shapes other than con=
centric rings. For example, squares, spirals or hexagons may be
used in order to create transitions of contrasting concentric
figures, so long as linear sections through the acquisition tar-
get will create regular, predetermined and identifiable color
transitions, susceptible of being sensed by an electro-optical
sensor and measured by a suitable filter. It is to be noted that,

23
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although a spiral is not a collection of concentric circles, de=-
pending on the size and radius of the'spiral, a close approxima-
tion of concentric circles can be achieved. A target of concen-
tric rings is preferred, because the signal generated by a scan
5 through their center has a frequency which is the same when sec-
tions are taken in any direction through the center of the con-
 centric rings. This makes identification of the center simplef,
as more fully described below, and allows identification of the
location of the acquisition target with a one-dimension search of
10 the analog or digital output of the scanner, although the process
of the invention may alternatively or subsequently utilize a two-
dimensional digital search for increased‘accuracy when a digital
signal is being analyzed.
As used herein, "Concentri¢c Rings" is intended to em-

15 brace complete rings, partial rings in the form of semi-circles,

et sectors of concentric rings occupying between 130 degrees and 360
0000 degrees and concentric spirals which approximate concentric rings.
oo Since each hexagon may be encoded in three different

, optical properties, in the preferred embodiment, 1.585 '"bits"
| 20 of information may be encoded in each hexagon (log 23).
Obviously, if fewer or more optical properties than three are
utilized, the number of bits encoaed in each hexagon will vary
et & commensurately. The encoding algorithm is structured to achievsas
® e close to maximum data density and to increase the number of cell-
veus 25 to-cell optical property transitions, in order to facilitate the
L two-dimensional clock recovery process described below.
Figure 4 illustrates a 3 cell x 3 cell cluster of nine
hexagonal cells 60, the basic encoding unit utilized in the
”“‘E pr-ferred embodiment of the invention. This is a desirable en-
‘30 éoding approach, but is not essential. Other encoding units are
feasible, within the purview of the invention. As more fully
described below, the 3 cell x 3 cell clusters of hexagons 60 are
mapped to encode 13 bits of information if the cluster contains a
full complement of 9 hexagons, or less than 13 bits if the cluster

g THA L. )
/ﬁf ﬁﬁ;w 1s incomplete by having unusable hexagons. In a one inch square
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label with a data array comprising about 888 hexagons and an
acquisition target occupying about 7 percent of the label area,
about 1292 bits of information may be encoded.

In encoding each cluster, extefnal, bottom hexagéns 62
and 64 in each cluster 60, as seen in Fig. 4, are limited in their
respective optical properties, so that they are determined always
to be different from intermediate and contiguous hexagon 66.

Thus, only one bit per hexagon can be encoded in hexagons 62 and
64. In this way it is possible to encode 13 bits of information
in cluster 60 by encoding 11 bits c¢..to the remaining seven hexa-
gons. Since mapping 7 hexagons provides more possible combina-~
tions than are utiliied (i.e., 37=2187 combinations vs. 2!!=2048
combinations), some combinations are rejected as, for example,

all black, all gray, all white or substantially all black, gray

or white combinations. The reasons for requiring contrasting
colors of hexagons 62 and 64, compargd to hexagon 66 are to guar-
antee transitions necessary for the clock recovery step and op-
tional normalization process step described below and to assist

in determining liorizontal alignment of the data array, as described
below. In cases where encoding clusters have 7 or 8 hexagons, 7
usable hexagons are encoded with 11 bits and the eighth hexagon,

if available, is encoded with 1 bit. For all other partial clus- ,
ters 3 bits are encoded on every pair of hexagons and 1 bit onto//
each remaining single hexagon as more fully described below.

It will therefore be seen that the label constitutes a
particularly efficient, easy-to-read (by means of appropriate
scanning equipment and analytical software) label for encoding a
very high density of information into a relatively inexpensive,
easy-to-print label. As noted, the prefeired embodiment utilizes
a 33 row x 30 column packing of hexagons into a' one square-inch
label, with an acquisition target representing approximately 7%
of the total surface area of the label. In practice, 13 bits of
information are obtained ffom a cluster of 9 hexagons, so that

1.44 bits of data are derived per cell. This is less than the
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theoretical 1.585 bits per hexagon because of the other con-
straints of the encoding algorithm, since all 37 patterns are not
used, and some of the least optically desirable cell-to=-cell
transitions are eliminated.

For reasons described below, in the preferred embodi-
ment of the invention, it is desirable to incorporate a certain
améunt of error protection into the encoding of the label, so
that the actual amount of recoverable information in the label is
reduced in favor of a high degree of data integrity in the decod-
ing process.

As may be readily appreciated by one skilled in the
art, the foregoing discussion of label embodiments employing hexa-=-
gonal cells is directly applicable to optically readable labels
utilizing other polygonal cells. The disclosed methods of "print-
ing" optical properties of hexagons apply equally to printing the
optical properties of other polygonal cells, whether in black,
white, gray (through half-toning) or other colors. Similar con-
straints and advantages as to data density enure to labels printed
with polygonal cells other than hexagons when the optical proper-
ties black and white, and optionally gray, are utilized to print
the polygonal cells. As with hexagon-containing labels, labels
printed with other polygonal encoding cells may be "read" with
scanning equipment of less complexity when only two optical prop<
erties are utilized to encode information in the polygonal cells,
in particular the colors black and white, because of the maximum
contrast that is obtained with these colors.

Information encoding procedures and the algorithm de-
scribed for hexagon-containing labels are directly applicable to
labels printed with different polygonal cells. Similar to hexagon-
containing labels, incomplete polygonal cells which may appear at
the border of the optically readable label or that result from
partial obliteration by the acquisition target, comprising a series
of concentric rings are not-used to'encode information.

A "honeycomb pattérn" comprises an array of

contiguously-arranged hexagons 310, the geometric centers 311 of

2%
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which likewise lie af the vertices 311A of a "hexagonal grid" or
"hexagonal array" 312, as shown in Fig. 11. Regular hexagons,
i.e. hexagons having six equal sides and six equal interior an-
gles, form hekaqonal arrays that are likewise regular in con-
figuration, having three equally~spaced axes (Al, A2 and A3) that
are sgdaced 60 degrees apart.

If the hexagons 320 of the label are irregular, but
symmetrical, as for instance, if the hexagons are stretched along
two parallel sides 321, 322, the geometric centers 325 of adja-
cent hexagons will describe an irregular hexagonal array 327, as
shown in Fig. 12. Such an irregular hexagonal array will still
have three axes (Al, A2 and A3), howeve;; the three axes will not
be equally spaced j.e, the three axes will not all be 60 degrees
apart.

Although the hexagonal array of Fig. 12 is not regular
in nature, it is nevertheless a two-dimensional geometric grid or
array having axes of predetermined spacing. Thus, the locations
and spacings of the geometric centers of the hexagons located at
the vertices of the intersecting axes of the hexagonal array are
also predetermined. The geometry of the hexagonal array is then
utilized in the decoding process described below. Specifically,
the filtration step, performed on the transformed digital data
corresponding to the image sensed by the optical sensor, is
adjusted to reflect the predetermined label geometry, so that the
digital representation of the sensed label can be used to
precisely reconstruct the original grid. The reconstruction
process further supplies the missing points from the hexagonal
grid. The missing grid points occur because optical property
transitions did not take place between polygons of like optical
properties.

With irreqular hexagonal grids of the type disclosed
in Fig. 12 it will be desirable to adjust the major axis deter-
mination step, step (3)(e) of Fig. 7 of the decoding process

done after the Fourier transformation step of the process to
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identify the major axis of the optically readable label. The
major axis of the label will have the geometric centers of polv-
gons lying along this axis at different spacings than on the
other two axes.

Label configurations of the invention approximating the
preferred embodiment containing hexagonal cells as described
above are possible using certain polygonal cells. Figure 13 il-
lustrates a label configuration utilizing polygonal cells 330
which substantially resemble hexagons, but which are 20-sided
polygons, rather than hexagons. Similarly constructed polygons
with more or less than 20 sides could also be printed. Polygons
330 are parﬁially contiguous unlike the imaginary contiguous
hexagonal cells 331 in which they are depicted.

The interstitial spaces 332 of the Fig. 13 label em-
bodiment may or may not be printed with a different optical prop-
erty than the encoded polygons. Intgrstitial spaces do not carry
encoded information, therefore, their presence leads to a lower
data density for a given optical resolution and performance level.
Further, if the interstitial spaces dispersed among polygons are
of a different optical property than the adjacent polygons, more
transitions between the optical properties of the polygons and
the interstitial spaces could be senséd by the optical sensor and,
thus a higher clock signal energy would appear in the transform “
domain within the decoding process described in detail below.

Because the polygons of the Fig. 13 label are arranged
on a hexagonal grid having three equally-spaced axes, the geomet-
ric centers 333 of the polygonal cells 330 lie at the vertices of
hexagonal array 335. .The spacing, location and spatial
orientation of the centers of the polygens are predetermined and

can be detected in the transform domain of the decoding process.
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The Fig. 13 label utilizes polygons substantially in
the form of hexagons. Because they so closely approximate a
hexagon, the optical sensor at a moderate resolution could "read"
them as hexagons. The geometric centers 333 of the polygons 330
do lie, however, at the vertices of the three equally-spaced axes
(Al, A2 and A3) of the hexagonal array 335.

Fig. 14 illustratgs a similarly shaped (to polygon 330
in Fig. 13) polygonal figure 340 that has been arranged to be
totally contiguous. These polygons 340 can be approximated by an
imaginary hexagon 341, as in Fig. 13, but no interstitisl spaces
(332 of Fig. 13) may be found between the actual polygons. Such
a contiguous arrangement is desirable to simplify the decoding
process, but is not mandatory, in the practice of the invention.
Polygons 340 are shown with their respective geometric centers
342 lying at the vertices of a hexagonal array 345. Again, as
for the polygons 330 in Fig. 13, polygons 340 are substantially
in the shape of hexagons, and at a moderate optical resolution
would appear to be hexagoris.

Fig. 15 is a‘blowup of a label as it would appear if
printed with a dot matrix printer printing 200 pixels per inch.
Polygons 360 of Fig. 15 illustrate the shape of the geometric ¢
figure that will actually be printed in place of a hexagon with
such a dot matrix printer, because of the pixel density‘of the
printer. Printers with greater pixel densities should yield
closer approximations of a hexagon than the polygons 360 shown on
Fig. 15. Thus, polygons 340 of Fig. 14 and 360 of Fig. 15 ure
likely resulting shapes, due tu the inherent limitations of
certain printers, of the printing process for labels containing

hexagonal cells or result from deliberate efforts to print such

polygons
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substantially in the form of hexagons in the first instance. The
shape of such polygons substantialiy in the shape of hexagons
allow them to function, in a practical sense, as egquivalents of
contiguous hexagonal encoding cells.

As in the case of‘Fig. 3, the optically readable label
of Fig. 15 also contains an acquisition target 370 comprising.a
series of concentric rings 371 through 376. Like the-hexagons on
the label of Fig. 3, the polygons 360 substantially in the form
of hexagons in Fig. 15 are arranged in columns "C" and rows "R,"
as bounded by imaginary lines 361 and 362 and 363 and 364,
respectively. Also, as in the case of the hexagons of Fig. 3,
the polygons of Fig 15 have their respective geometric centers
lying at the vertices of a hexagonal array as defined by
equally-spaced axes Al, A2 and A3. Thus, labels of the config-
uration shown in Fig. 15 are readily encoded and decoded in ac-
cordance with the processes disclosed hereinbelow.

If an alternative label geometry is employed such as
utilizing a sguare or rectangular array, or the like, adjustments
must be made in the two-dimensional clock recovery process de-
scribed below. The different geometry of the predetermined array
requires changes to be made in the filters utilized in the filter-
ing step of the two-dimensional clock recovery process. The fil-l_
ters operate on the transformed digital data corresponding to thé
optical properties of the polygons read by the sensor in the image
domain. Such minor adjustments to the filtration scheme could
easily be made by a person of ordinary skill in the art. 1In situ-
ations where the predetermined two-dimensional array has unequally-
spaced axes, or is irregular in configuration, it may be desirable
to identify the major axis of the label prior to performing the
Fourier transformation of the digital data representing the opti-
cally sensed image. This is because the geocmetric centers of the
polygons are not equally spaced along the axes.

Noncontiguously=-arranged polygons can also be utilized

to create an optically readable label in accordance with the
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present invention. Fig. 16 illustrates a hexagonal array of
squares 420, which are noncontiguously arranged with their
respective geometric centers 422 lying at the vertices of a hexa-‘
gonal array formed by the three equally-spaced axes Al, A2 and

A3. It is apparent that the configuration is a hexagonally-based
configuration from the grid of imaginary hexagons 421 which can

be overlaid upon the polygons 420, thereby forming interstitial
spaces 425.

Similar arrays to the square 420 shown in Fig. 16 may
be constructed using rectangles. Fig. 17 illustrates a multi-
plicity of rectangles 430 arrayed with the geometric centers of
adjacent rectangles lying at the vertices of a hexagonal array
formed by intersecting axes Al, A2 and A3. Again, visualization
of the hexagonal arrangement is aided by the imaginary hexagons
431 in Fig. 17 overlaid upon the noncontiguous rectangles 430,
thereby creating interstitial spaces 435 between rectangles 430.
Fig. 18 likewise illustrates a noncontiguously-hrranged label
comprising pentagons 440 having the geometric centers 442 of
adjacent pentagons 440 lying along the three equally-spaced axes
Al, A2 and A3. The geometry of the noncontiguous pentagons is
more easily visualized by overlaying the pentagons 440 with
imaginary hexagons 441, thus forming interstitial spaces 445
between pentagons 440. //

Alternative hexagonal arrays may be constructed where
the axes of the array Al, A2 and A3 are equally spaced, but do
not correspond to the axes of symmetry of the polygonal figures
themselves. Instead, the geometric centers of adjacent polyvgons
lie at the vertices of the intersecting axes of the array. Such
an a.rangement is illustrated in Fig. 19, comprising a series of
contiguous rectangles 450, having the geometric centers 451 of
adjacent rectangles lying along axes Al, A2 and A3.

Higher order polygons may be similarly arrayed on a
predetermined two-dimensiorial grid. Fig. 20 shows a series of
partially contiguously-arranged octagons 460 defining a multi-
plicity of interstitial spaces 461 among said octagons 460. The

centers 462 of adjacent octagons 460 are located at the vertices
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of intersecting axes Al and A2, thus forming an array of octagons
460, which may be used in the practice of the invention. Inter-
stitial spaces 461 may be printed with an optical property differ-
ent than is Qsed for octagons 460. However, this is not mandatory

5 in the practice of the invention, since it is the location, ori-
entation and intensity of the optical property at the center of
the octagons 460, lying at a predetermined position on “he hexa-
gonal array formed by axes Al and A2, that is most important in
the decoding process.

10

It will be appreciated that although a preferred embod-
iment of the label has been disclosed and described, many varia-
tions of the label are possible without departing from the spirit
or scope of this invention. For gxample, the label ﬁeed not be

15 one-inch square. One sgquare inch was selected as a reasonable
ers size of label, to achieve an acceptable data density of 100

Roge alphanumeric characters of information with a high degree of error
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protection applied thereto, without creating an excessively large
size label. It is desirable to have a one square inch label, to
reduce the paper and other costs associated with the printing,
shipping and handling of such labels. Conventional bar code

S labels of similar size would have a radically decreased data den-
sity. Using 4, 5 or more optical properties or colors to define
the hexagons will allow substantially more information to be
packed into a given space'of hexagons of pre-determined size, but
with a resulting increase in the complexity of the software and

10 sensitivity of the scanning system reguired in order to be able
to recover that information. Thus, for practical purposes, a
three optical property, black, gray and white, encoding system of
optical properties is highly desirable. Also, the sizes of the

hexagons and acquisition target may be varied widely within the

15 spirit and scope of this invention.
vee, Although "clustering" of hexagons in 3 cell x 3 cell
:::n clusters has been described, other pattern@ of clusters may be
m:: used or clustering may be omitted entirely and the encoding algo-

rithm may be directed specifically to an individual hexagon pat-
20 tern. Also, the relative amounts of encoded information devoted
to the message as opposed to error correction may also be varied
within wide limits within the spirit and scope of this invention./
e ¢

« s : LABEL ENCODING

8
a ¢&

caee 25 Described below is the encoding process of this inven-
4

sagt

tion, as applied to the preferred label embodiment. It will be

understood that the preferred embodiment is being disclosed and

. that numerous combinations, variations and permutations are fea-
oo
. sible within the purview of this invention.
T .
30 The process may begin with a predetermined series of

data desired to be encoded on a label. 1In a preferred embodiment,

the label is a shipping label, and the data is broken into two

fields, identified as a "high priority message" and a "low pri-
,45??552 ority message." It will be understood, however, that the inven-

< { Y §tion is not restricted to two different messages or levels of
‘(
U

S &

5
%




priority. Many messages and levels of priority may be created
within the quantitative limits of a label of given size and num-
ber of cells.

For example, where the label is intended as a shipping

5 label, the "high priority message" may constitute nine characte;s,

representing the zip code of the recipient of the intended pack-
age, parcel or letter. Nine digits is referred to because, al-
though many individuals and companies have five digit zip codes,
nine digit zip codes are being used with increasing frequency.

10 Therefore, in handling packages for delivery, the most important
piece of information is the zip code. This determines the general
destination of the package and allows various scanning and pack-
age control systems to be used to direct the package to the proper

destination on trucks, aircraft, in a conveyor system and the

15 like.
aee The low priority message may, for example, include the
1:::0 name and shipping address, including zip code, of a recipient of
0':: the intended package, as well as billing information.

Lo The reason for creating a high priority message and a
20 low priority message is to protect the high priority message with
extra error correction, to allow the high priority message to be

placed (encoded) in a more central area of the label, where it is

LI /

PR less likely to be damaged or destroyed, and to permit the high

o be

* 0% aa priority message to be repeated and distributed in the low priority
o 25 message s0 that, even if the high priority message is selectively

LI

destroyed, there is a high possibility that the high priority
message can be retrieved from the low priority message. By locat-
S ing the high priority message in a central area, it may only be
q;“ﬁ necessary to decode the high priority message for some puiposes,
‘ so that only a portion of the label needs to be processed, thus
speeding up processing time. This will occur, for example, when
a parcel is on a conveyor and only the zip code needs to be deter-

mined to control which of several conveyor paths the parcel should

take in the handling process.
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Because it is of a lower priority, the low priority
message is not presented twice on the label. However, as described
below, both the high priority and the low priority messages may
incorporate various error protection codes and correction capabili-
ties, in order to maximize the likelihood that both messages may
accurately be retrieved.

The use of error protecting characfers as part of the
enncoded information can, in the preferred embodiment of this inven-
tion, in combination with an appropriate sto;ed program and cor~
puter, cause the system to correct an error during the decoding
process, in the manner described below. The use of error protect-
ing codes is well known in the art and is'within the purview of
the skilled person in the art.

In the practice of the invention an operator creating a
label may manually input the data to a suitable computer terminal
which is designed, in the manner described below, to activate a
printer to print a label with the high priority message and the
low priority message suitably encoded in the hexagons of the label.
It is not essential to the invention that a high priority message
and a low priority message be created, but it is desirable in
order to maximize the likelihood that the most important data to
be encoded will be retrieved. In the péeferred embodiment the .
label is also printed with a centrally-located acquisition targe€/
comprising a plurality of concentric rings of two alternating
contrasting colors, the colors preferably being two of the colors
utilized to print the individual hexagons, and most preferably
black and white to ensure maximum contrast.

The operator manually inputting this data will cause a
suitably programmed computer to encode each tnaracter of the input
message and use suitable field designators,; in order to create,
in the operated computer, a binary bit stream, representing the
characters of the message and suitably encoded by field to desig-
nate the high priority and low priority messages and the relative
position of each. This operation is carried out by the program

"TEXTIN.C" which may be found in the Microfiche Appendix, page 1,
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lines 8 to 54; page 2, lines 1 to 54; and page 3, lines 1 to 36;
and is designated 110 on Fig. 9. A computer with the required
features may be a Compaq Deskpro 386 (with a 16-MHz clock and an
Intel 80387 math coprocessor chip).

Alternatively, the process may begin with the informa-
tion to be encoded already contained in a binary bit stream,
because, for example, it was received from a storage medium or
otherwise created. Therefore, the message to be encoded can exist
in a form which is manually (with electronic assistance) converted
to a binary bit stream or which begins as a binary bit stream.

Once the binary bit stream has been created or an error-
protected bit stream has been produced by the steps discussed
more fully below, the bit stream must be mapped in accordance
with a predetermined mapping pattern for .the encoding'of the hexa-
gon honeycomb of this invention. Fig. 5 is a "cluster map" which
shows the individual hexagonal cells of 3 cell x 3 cell clusters
aligned in a grid or honeycomb containing 33 rows and 30 columns
of hexagons. Each row is numbered, and each column is numbered.
The row numbers range from 1 to 33, and the columns range from 1
to 30. It can be seen that‘certain of the hexagons‘'designated
along the upper surface and right-hand surface of the region map,
and within the geometric center of the grid are designated by )
X's. This indicates that these hexagons do not contain bit-mappéd
information. This is because the exterior X's represent partial
hexagons at the edge of the label, thus causing each of these
rows to each have one fewer hexagon. The interior hexagons desig-
nated by X's represent spaces either occupied by the acquisition
target or incomplete hexagons around the perimeter of the acquisi-
tion target, so that these interior hexagons indicated by X's are
not bit-mapped. All of the hexagons which are not identified
with X's are capable of recording information. In accordance
with the preferred embodiment, each of these spaces will be oc-
cupied by a black (B), white (W) or gray (G) hexagon. As noted
above, although various clustering and mapping techniques can be

utilized, the application of this invention may use clusters of 9
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hexagons in 3 rows pf 3 hexagons each to define specific bits of
information, and, as also described abovg, 13 bits of information
are desirably encoded in each such 9-hexagon cluster.

In a data array comprising 33 rows and 30 columns of
contiguous hexagons, a grid of 11 rows by 10 columns of hexagon
clusters each containing a 3 cell x 3 cell arrangement of con-
tigquous Bexagons, is formed and may be visualized in connection
with Fig. 5. It will be appreciated however that every row of 3
cell by 3 cell clusters within the 11 cluster x 10 cluster grid
will contain a cluster of either 7 or 8 hexagons because of the
geometric packing of hexagons, and the number will alternate from
row to row. Thus, 6 clusters containing 8 hexagons and 5 clus-
ters containing 7 hexagons result from this arrangement. Also,
the centrally located acquisition target creates additional in=-
complete clusters., Fig. 5 thus provides a graphic reprusentation
of usable clusters of hexagons available for encoding with bits
of information in a 33 row by 30 column data array of contiguous
hexagons.

With reference to Fig. 4, clusters with nine usable
hexagons are encoded utilizing the following algorithm:

Take eleven bits of information and map them

into the set of seven hexagons identified .

as a, b, ¢, d, e, £ and h. //

Hexagons g and i are used to represent 1 bit

each in such a way as to guarantee that each

of them is different from hexagon h.

Thus, thirteen bits of information are encoded

in a complete 3 cell X 3 cell cluster of nine
contiguous hexagons.

For partial clusters of 7 or 8 usable hexagons:

Take eleven bits of information and map them
into the set of the first seven usable hexa-
gons,

The eighth hexagon, if av:ilable, is used
to represent one bit.

For all other partial cells:

Map three bits of information into as many
palrs of hexagons as possible.

4
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Any remaining single hexagons are used to

represent one bit.

Since mapping seven hexagons provides more combinations than
eleven bits (i.e., 37 = 2187 vs. 211 = 2048), some combinations
of the hexagons need to be rejected. The rejected combinations
are chosen to be those that provide the fewest number of transi-
tibns. To implement this, look-up tables were created to map the
clusters in accordance with Fig. 5. The creation and use of
these look=-up tables is within the capabilities of a skilled
programmer. With reference to Fig. 9, the program for creating
the look-up tables "BINHEX.LUT" 132 and "HEXBIN.LUT" 134 may be
found in the Misrofiche Appendix, page 4; lines 3 to S2; page S,
lines 1 to 53, und page 6, lines 1 to 34, and is identified as
"MK HEX LUT" (30.

Use of this bit allocation scheme allows 1292 bits of
information to be encoded in a 33 row x 30 column data array of
contiguous hexagons.

The sequence in which the high priority information and
low priority information is located throughout the cluster map is
predetermined, depending upon:

(a) The size of the high priority message;

(b) The size of the low priority message; and

(c) The optimum location for the high priority messagé/
in a protected place.

Utilizing the cluster map as illustrated in Fig. 5 as a
template, a stored mapping program "MKMAPS.C" 140 operating on
the digital data contained in a storage medium makes a predeter-
mination of how to distribute the information =~- both the high
priority message and the low priority message -- throughout the
cluster map, as more fully described below. The mapping program
is identified in the appended source code listings as "MKMAPS.C"
140 and may be found in the Microfiche Appendix, page 19, lines 3
to 53; page 20, lines 1 to 53; page 21, lines 1 to 53; and page
22, lines 1 to 42.

ug
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In order to minimize the likelihood of error, and be
able to correct errors, the preferred embodiment of the invention
desirably includes extensive error protection and correction capa-
bilities. F&r example, in a preferred embodiment having 1,292
bits of information able to be encoded in a one square inch array
of hexagons having 33 rows x 30 columns of hexagons, and an acqui-
sition target occupying about 7% of the label area, it is desirable
to utilize 36 high priority message information bits to encode a
9-digit zip code plus one additional alphanumeric character, which
may represent a shipping code. In this example, it would also be
desirable to use 120 check bits for the high priority message.
This is determined by the amount of error correction capability
desired. Similarly, in the illustrative‘émbodiment, 560 bits of
low priority message are included; this includes 40 bits of high
priority message which is incorporated in the low priority mes-
sage. In the example, 576 low priority message check bits will
be added in order to maintain the security and facilitate recov-
ery of the low priority message. This example illustrates the
much more lavish use of check bits in order to preserve and per-
mit recovery of the high priority messaée as opposed to the low
priority message. It is to be understood that the foregocing in-
formation is by way of example only and that the high priority
message could be longer or shorter, the low priority message 4
longer or shorter, and the number of check bits greater or fewer,
depending upon the particular application of the invention.

A "systematic code” takes a specific message sequence
and adds a distinct error check sequence to the message sequence.
A "non-systematic" code takes a specific message sequence and
incorporates the error checl sequence with the message sequence
so that the message is no longer distinct, but is, of course,
recoverable. It is within the purview of this invention to use
either systematic or non-systematic coding for error protection.

The disclosure below is of a systematic code.
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As defined herein, the step of "interposing error de-
tection symbols" includes systematic and/or non-systematic coding
systems.

Various systematic linear cyclic error protection codes
are known in the art, for example, BCH codes, Reed-Solomon codes
and Hamming codes. In a preferred embodiment, Reed-Solomon codes
are separately incorporated to protect the integrity of the high
and low priority messages. Reed-Solomon codes are very efficient
and most useful when multi-bit characters are being error-checked.
Reed-Solomon codes are well known and it is to be understood that
this is simply a preferred embodiment, although many other error
correcting codes could be utilized in the invention. Reed-Solomon
and other coding systems are discussed in,‘for example, Ihgg;g
and Practice of Error Control Codes, Richard E. Blahut, Addison
Wesley, 1983, at pages 174 and 175.

By way of example, some relevant information about the
Reed-Solomon code is set forth below. Specific characteristics

of a Reed=-Solomon code can be specified by the following param-

eters:

number of bits in each symbol

number of symbols in the block = 2M-1°

number of message symbols (number of

message bits = km) )
correction capability in number of //
symbols = (n = K)/2

. X33
nanun

A nine-digit zip code and single alphanumeric charac-
ter for further identification purposes regquires 36 bits without

error protection in the example described below. A Reed-Solomon

code with the following parameters was chosen for the high

priority message.

m 6_(6 bit symbols)
n=28-1=53

t 10

Therefore, k = n = 2t = 43

Since only six 6-bit symbols are required to represent
a 36-bit message, the remaining 37 symbols (43-6) are padding

symbols, which are implied between the encoder and the’decoder,

6"
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and need not be stored on the label. Thus, the total number of
bits required on the label for the high priority message is (63 -
37) x 6 or 156 bits.

This error coding scheme will be able to correct a maxi-
mum of up to 60 (10 x 6) bit errors, which amounts to 38.5% of
the bits used. Due to the large number of ;mplied padding sym-
bols, the large error detection capability of this Reed-Solomon
encoding makes it extremely unlikely that the high priority mes-
sage will be read erroneously.

The low priority message was encoded with a Reed-Solomon
error protection code having different parameters, namely:

8 (8 bit symbols)
282 1 = 255

36
n - 2t = 183

nwnn

Xt 3

Since there are 1292 bits available for encoding on the label
according to this illustration, a total of 1136 bits (1292 - 156
high priority message bits and check bits) are available for en-
coding and check bits for the low priority message. Thus, the
remaining 904 bits (255 x 8 - 1136) have to be impl;ed padding
bits. This allows 560 .bits (183 x 8 = 904) for the information
content of the low priority message and 576 check bits.

To further ensure recovery of the high priority messag3/
i; is also included in the low priority message. The Reed-Solomon
error protection code applied to the low priority message permits
encoding of an additional 86 6-bit alphanumeric characters and
has a maximum error corraction capability of about 25.4%.

Utilizing the foregoing Reed-Solomon error protection
encoding, the total number of 1292 bits of information available
on the illustrative label are distributed as follows:

36 high priority information bits

120 high priority check bits

560 low priority information bits (including

40 bits of high priority message

incorporated in the low priority message)
576 low priority check bits

The bit stream of data, including the appropriate check

bits for preserving the information, are assigned to individual

;ﬁ{i
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hexagons on the cluster map of Fig. 5. It will be appreciated
that a wide variety of distribution patterns can be utilized,
recognizing that the important criteria to be determined are:
(1) s#fe location of the high priority message prox-
5 imate the acquisition target (if present on the data array); and
(2) creating a pattern which‘is reasonably easy to
reassemble when reading occurs.
The specific error coding program employed in the il-
lustrative example is contained in the Microfiche Appendix under
10 the program "ERRCODE.C" at page 15, lines 1 to 52 and page 16,
lines 1 to S50.
Encoding for Reed-Solomon codes requires multiplication
of the message code vector with a generator matrix. The matrix
multiplication is done using Galois Field arithmetic. Addition

15 of any two elements of the field is obtained by performing an

exclusive "or" operation between the two elements. Multiplica-
:::b tion is performed via a "log" operation in the Galois Field. The
'::::° log and antilog are obtained by using look-up tables generatoad
:Qf‘t‘ from prime polynomials, specifically for the high priority mes-

20 sage: 1 + x*; and for the low priority message: 1 + x? + x® +
{", x* + x'. With reference to Fig. 9, an auxiliary program "GF.C"
126 generates the look=up tables necessary for the Galois Field
S, arithmetic. Auxiliary program "GF.C" may be found within the
R Microfiche Appendix at page 8, lines 1 to 53 and page 9, lines 1

25 to 32. The look-up tables are computed and stored in the file
..::..H "GF.LUT" 127 for use during encoding and decoding. The generator
polynomial g(x) for the Reed-Solomon code is determined by the
following equation:
cetstt g(x) = (x + a)(x + a?) ........ (x + a2t%)
vt 30 whore a is the primitive element of the

Galois Field.
The generator matrix for the Reed-Solomon code is formed by per-

forming a long division for each of the rows of the generator

matrix. The kth row of the generator matrix is given by the

Y4 -/4/2/-
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remainder obtained from performing a long division of xp-k-i by
g(x).

The computation of the generator polynomials g(x) as
well as the generator matrices for both the high priority and low
priority messages is implemented according to the auxiliary pro-
gram "MKRSLUT.C" 125, which may be found in the Microfiche Appen-
dix, page 10, lines 1 to 52; page 11, lines 1 to 53; page 12,
lines 1 to 54; page 13, lines 1 to 52; and page'14, lines 1 to 4.
The look=up tables for the generator matrices are generated and
stored in the file "RS.LUT" 128.

In a preferred embodiment of the invention, labels con-
taining hexagons are printed with standard printing equipment
that is readily available and inexpensive. A printer having a
300 x 300 dot matrix per square inch capability will yield satis-
factory results for printing three-color (black, gray, white)
labels having 888 hexagons plus a centrally-located acquisition
target. A printer with these capabilities is the Hewlett Packard
Laser Jet Series Il with 0.5 megabytes of memory and a 300 dot
per inch graphics resolution. A 300 x 300 pixel grid having a
density of 90,000 pixels per square inch produces about 90 pixels
per hexagon in the preferred embodiment. Each pixel is assigned
a value of 0 or 1, representing a black or white pixel. This
printer is utilized to print a two=color data array of black or //
white hexagons. It may also be used to print a three-color data
array of black, white and gray hexagons if a half-toning algorithm
is utilized to produce gray hexagons, as previously described.

Referring to Fig. 9, by means of a stored program
"MKMAPS.C," 140 a regions look=-up table "REGIONS.LUT" 141 of 34
rows X 30 columns was created, whizh is analogous to Fig. 5, but
which was adapted to designate selection of black or white for
the acquisition target rings. 1Individual hexagons are coded for
black, white or gray or as unusable. A separate look-up table
"HEX MAP.LUT" 142 was created by a stored subroutine of the pro-
gram "MKMAPS.C" which specifies allegiance of each of the 300 x

300 pixels on the pixel grid to specific regions in the

s
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"REGIONS.LUT" 141, j.e., about 90 pixels per hexagon. Pixels be-
longing to the finder rings are coded for either black or white.
Acquisition target rings are printed by first generating a hex-
agonal pattern on each region row then generating the rings.
Regions partially or completely covered by the finder rings are
rendered unusable in the "REGIONS.LUT" 141. The foregoing pro-
gram "MKMAPS.C" and subroutines may be found in the appended
source code in the Microfiche Appendix, pages 19 through 22.

The error protection encoded bit stream is mapped in
accordance with a predetermined sequence into the 11 x 10 cluster
array of hexagons. Still referring to Fig. 9, the sequence is
specified by an order look-up table "ORDER.LUT" 151 generated by
an auxiliary stored program entitled "ORDER.C", 150 which may be
found in the Microfiche Appendix, page 26, lines 1 to 47 and page
27, lines 1 to 3. A stored program "PRLABEL.C" 160 and found
within the Microfiche Appendix at page 17, lines 1 to 54 and page
18, lines 1 to 39, was utilized to assign values‘of 0, 1, or 2 to
the regions available for printing on the label, while leaving
the regions with a value of 3 unchanged. Gray levels for each of
the hexagons in a 3 cell by 3 cell cluster are assigned in conjunc~
tion with the stored program entitled "CELL CODE.C" 170 found in
the Microfiche Appendix, page 23, lines 1 to 53; page 24, lines 1
to 53; and page 25, :lines 1 to 43.

A preference for storing the high priority message in
an area proximate the acquisition target where it will be less
susceptible to label degradation is built int® this auxiliary
order program. Program "LABEL.C" 180 is therefore employed to
generate a bit stream suitable for input to the laser printer.
Program "LABEL.C" 180 may Le found in the Microfiche Appendix,
page 28, lines 1 to 53; page 29, lines 1-~52; and page 30, lines
1-36.

It can be seen that the use of black, gray and white
permits a simple label printing procedure, because only black ink

is necessary, when a standard half-toning algorithm is used, in a.

:ﬂgi
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manner which is well known in the art. If other color combina-
tions are used (which is feasible), the necessity for printing in
other colors.obviously creates substantial complexities when com-
pared with the three-color black-gray-white approach or with a
two-color black-white approach. g

Thus, when each pixel of the printer has been assigned
a black or white value, the labels may be printed to create an
encoded format, as illustrated in Fig. 3, in which some hexagons
are white some are gray and some are black, and in which an ac-
quisition target region, preferably of black and white concentric

rings is formed at the geometric center of the label.
LABEL INTERPRETATION OR DECQODING

Having described how data is encoded in the label and
p:inted, it is necessary to describe the subsequent label inter-
pretation or decoding process. It will be appreciated that it is
desirable to perform the label interpretation function at very
high speeds, on the order of a fraction of a second, in order to
increase the efficiency at which the package manipulation (or
other manipulation or label reading) process takes place.

There are two basic approaches that can be taken for
capturing the image in the label reading process. The label ¢an
be read at relatively slow speeds, using a hand-held static fixed-
focus scanner. Alternatively, an electro-optical sensor, having
a servo=-controlled focusing mechanism to permit dynamic scanning
of rapidly moving packages of variable sizes and heights is highly
desirable to achiuve high speed operatfon. The decoding process
and equipment described below was demonstrated in connection with
a fixed-Zocus scanner. The process having the general capabili-
ties described herein with respect to a static fixed-focus scanner
is adaptable to a dynamic scanning system with certain modifica-
tions to the optical system as noted below. When manipulating
packages at high speeds, it is desirable to havé a high speed
scanning mechanism which can read labels travelling at a linear

Spred of about 100 inches per second or more and passing below a

At
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fixed scanner location. The image processing function thus com-
prises the following steps. Fig. 7 provides an outiine of the

steps of the decoding process.
1. Illuminatijon of the Label]

When a package, parcel or letter is traveling on a high-
speed conveyor, the area to be illuminated is quite large, be-
cause the sizes of the packages to be accommodated on the con-
veyor could be quite large and variable. %or example, a 42 inch

10 wide conveyor and packages of only several inches in width up to
three feet in width (and similar heights) are not uncommon in
package handling systems. Therefore, thé one square inch label
may be located anywhere across the width of the conveyor. Pack-
ages are also likely to be located at skewed angles with respect

15 to the axis of movement of the conveyor belt. The parcels, pack-
ages, letters or the like will have different heights, so that

® oo’ the labels to be scanned may be located,.for example, one inch or

less above the conveyor, on the one hand, or up to 36 inches or

Sane more above the conveyor, on the other hand, with respect to the
‘:',.E 20 maximum height packages that the described system can accommodate.
;°°°:‘ In order to properly illuminate the labels in accord-
) ance with this invention, especially Eonsidering the wide range
vous of package widths, heights and the angle of presentation of the //
°:°:°: labels, it is desirable to use a high-intensity light source,
e bo 25

which will reflect well based on the two or more optical proper-
LA ties selected for the label. The light might be infrared, ‘\ltra-
- violet or visible light, and the light spectrum of usable visible

light may vary. The technique for sensing‘the light preferably
o involves sensing light reflected from the black, white and gray
tpees 30 hexagons of the label.

The illumination source must produce enough reflected
light at the light sensor (for example a CCD device, as described
below) to permit the light sensor to reliably distinguish among
black, gray and white or whatever optical properties of the hexa-

gons are being sensed. In a dynamic scanning system an array of

5




10

15

20

25

30

LED's could be used to produce an illumination level of about 10

mW/cm? in the label illumination area at the level of the label.

The LED's may be in an area array, without using a focusing lens,

or a linear array, with a cylindrical focusing lens. A laser

light source, passed through a suitable 6ptical system to provide

»

a line source of illumination could also be used in the practice

of this invention.

The selection of the light source and the properties of

the light source for the application in question are within the

purview of the skilled artisan.

It is to be recalled that, since

the label to be located is only one square inch in maximum di-

mension, located at heights of up to 36 inches on a 42 inch wide

belt travelling at speeds

up to, for example, 100 linear inches

per second, it is very important to be able to illuminate the

labels properly in order to identify and locate the labels quite

promptly.

In the case of the static fixed-focus sensor utilized

in the illustrative example,

an illumination level of about 2

milliwatts/cm2 proved suitable for the practice of the invention.

This was accomplished by means of a fluorescent light source.

2. ica

The second step in the recognition portion of the de- //

(o]

e e mage

coding process is to optically sense the illuminated area with an

electronically operated sensor. The camera/light sensor used in

the illustrative example for a static fixed-focus scanning system

comprised an industrial quality color CCD television camera, such

as model number WV-CD 130,

Company, One Panasonic Way,

available from Panasonic Industrial

Secaucus, New Jersey 07094, fitted

with a 50 mm £1.3 C-mount TV lens including a 5 mm extension

tube, available from D.O.

Industri

es, Inc. (Japan), 317 East

Chestnut Street, East Rochester, New York 14445 and identified

under the brand name NAVITRONTM,

The camera was coupled to an

image capture board designated model number DT-2803-60, available

setts 01752,

o

ST

from Data Translation Inc., 100 Locke Drive, Marlboro, Massachu-

ar P
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Optical sensing may involve imaging the entire label,
utilizing an area sensor such as the above-described camera and
image capture board or, in the alternative, may be accomplished
with a linear array sensor incorporating a charge coupled device
("CCD") chip, wherein the second dimension of the label sctanning
is performed by the movement of the package (aﬁd label). A suit-
able cep chip for this purpose is the Thomson-~CSF THX 31510 CDZ,
4096 element high speed linear CCD image sensor, available from
Thomson-CSF, Division Tubes Electroniques, 38 rue Vautheir B.P.
305 92102 Boulogne=Billancourt Cedex, France.

For dynamic systems involving the movement of label-
bearing packages on a conveyor system, it is desirable to have a
long optical path between the labels being sensed and the light
sensor. The primary reason for creating a long optical path is
to reduce the change in apparent size or magnification of the
label as sensed by a remote light sensor. . For eaxample, if the
optical path is, say, four feet, the image size for labels one
inch above the conveyor will be very different from that for
labels three feet above the conveyor. If a long optical path is
used of, say, twenty feet, the image sizes of the same labels are
almost the same. This allows the area being sensed, regardless
of height, to £ill all or substantially all of the area of the
light sensor, to achieve consistently high image resolution. If
an area sensor rather than a line sensor is used, the same prin-
ciple would also apply. This may be accomplished by means of a
long optical path as depicted in Fig. 6.

In order to be able to focus on labels of different
height packages, a height sensor is needed. An ultrasonic sensor
may be used or a set of light beams may be broken by the package
as a sensor. Either of these systems is usable and may then
activate a suitable adjustable focusing mechanism with an open or
closed loop mechanism to sense and adjust the position of the
optical. sensing elements (e.g., lenses and sensor) in relation to
each other on a continuous basis, as seen in Fig. 6.

Fig. 6 is a schematic view of a camera focusing and

Adjusting system operable in accordance with the invention for

:934
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adjusting the position of the camera light sensor in accordance
with the height of the package being sensed. Fig. 6 demonstrates
a view of a suitable lens 196, coil drive, height sensor and
feedback loop in'accordance with the invention. 1In Fig. 6, the
5 height sensor 206 may be an ultrasonic height sensor or a light
béam which is broken by each package travelling on the conveyor,
for example. The height sensor output is fed to microprocessor
204 which in turn actuates coil driver 202 to move coil 200 on
which CCD 198 or other suitable light sensor is mounted. A shaft
10 position sensor 208 senses the position of coil 200 and its
output to microprocessor 204 completes a feedback loop for
sensing and adjusting the position of coil 200.
The sensor must be able to sense the reflected light
coming from the illuminated label, and must also produce an analog
15 signal corresponding to the intensity of the reflective properties
of the label as recorded by the individual pixels of the electro-~

. . optical sensor.

LX)

eeas A suitable light source, as described above, may be

»
(XN
ot

. mounted to a mounting surfgce above a conveyor to bathe an area
20 extending across the entire width of the conveyor with a light of
predetermined quality and intensity. The reflected light from
the label may be folded by a series of reflectors and then is
sensed by an electro=-optical sensor. //
The purpose of the folded optical path is to create a
¢ 25 compact and therefore more rigid system.
T The analog video signal output of the sensor is then
filtered. The analog electrical signal is utilized in conjunction
with an analog bandpass filter to detect the presence of an ac-
quisition target on the data array. The analog signai is then
AL 30 converted to a digital signal using a conventional analog-to-
digital converter incorporated in the image capture board de-
scribed below or by other means known in the art. In place of an
analog bandpass filter, it is possible to substitute digital
filtering circuitry to determine the presence of the acquisition

target by comparing the digital data representative thereof to
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the digitized signal output of the analog-to-digital converter,
as more fully described below.

An example of an area sensor having a CCD chip with a
plurality of detectors and which was used in accordance with the
invention is the previously described Panasonic WV-CD 130 color
CCD television camera. The analog signal output of the sensor
was communicated to the previously described Data Translation DT
2803-60 image capture board, including a 6 bit monochrome video
A/D conversion for digitization and later operations. By means
of a suitable stored subroutine the sequenced digital output of
the image capture board was saved in a memory device as an exact

replica of the image recorded by the optical sensor.
3. Processing the Reflected Image

The most important part of the invention is to process
the optically sensed image in order to be able to recreate and
orient with accuracy the original label configuration and the
color (optical properties) of each hexagon. This is done by using
the following steps, after which the known pattern by which the
label was originally encoded and bit-mapped may be used to decode

the information contained in the label.

(a) o) et . //‘

Prior to utilizing the above-described CCD television
camera and image capture board, as outlined in Fig. 10, an
initialization program "['TINIT.C" 250 was run to put the image
capture board into a known ready state and to load the output
color look-up tables, followed by the program "DTLIVE.C" 255 to
put the image capture board in "live mode." The program
"DTGRAB.C" then causes the image capture board to digitize the
scene into a 240 row by 256 column image memory, with samples
stored as 6 bit values right justified in bytes. The foregoing
programs may be found within the Microfiche Appendix respectively
at page 31, lines 1 to 53; page 32, lines 1 to 39; pége 33, lines

1 to 22; and page 34, lines 1 to 19. Two auxiliary programs

-56-
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"DTSAVE.C" and "DTLOAD.C" allow screen images to be transferred

to and from a storage medium. Source code listings for the fore-

going programs may be found within the Microfiche Appendix, re-

spectively, at page 35, lines 12 to 33; and page 36, lines 13'to
S 33.

In first acquiring the label image, a conventional
analog band pass filter can be used to identify two 'r more op-
tical properties of the acquisition target Concentric Rings.
These two optical properties are preferably the colors black and

10 white because the greatest contrast will create the strongest
signal energy. In order to find a fixed pattern of transition
from black to white to black, etc., it is desirable that a linear
scan across the acquisition target and passing through the center
of the target yield a uniform frequency response regardless of

15 label orientation. Thus, the target rings are optimally com-

prised of contrasting Concentric Rings. The sensor output was

aate
°

0090 then bifurcated and taken through two detection'paths. One path
LY R

Tann detects all of the energy in the output and the other measures

€ L

Ceteef the energy at the ring frequency. When the two outputs are com-

LI 20 pared, the energy in the ring detector most closely approximates

E < the energy in the all energy detector when a scan through the
acquisition target center is being sensed. The acquisition
L, target center is located when this closest approximation occurs.//
::,,: Source code listings relating to the creation of a digital band-

L]
o @0

25 pass filter and filtering process may Se found in the Microfiche
.Q:E“ Appendix under the File Name "FIND.C," pages 39 through 43. How-
ever, in the dynamic preferred embodiment of the invention, the
. first filtering step would preferably use an analog bandpass
filter or else a sampled analog bandpass filter, although a
*"¢ 30 digital filter is usable.
It is to be noted that the acguisition target locating
step denoted "FIND.C" 280 in Fig. 10 is indicated as optional in
Fig. 7, because a hand-held scanner can be used in the process of

the invention, in which event the operator could properly place

piviiie N :
TR : . :
N2 t(%f the scanner to assure corract alignment of the sensor. This is,

./g((.




of course, much slower than the use of an automated sensor and
the use of the automated sensor is preferred in a high speed
operation. If an automated sensor (not hand held) is used,
locating the target is a required step of the process.

5 As an alternative to an analog filter described above,
a digital bandpass filter may be constructed using the Parks-
McClellan algorithm supplied with the software package "Digital
Filter Designs Software for the IBM PC" (Taylor and Stouraitis,
Marcel Dekker, Inc., New York, N.Y., 1987).

10 A one-dimensional digital band pass filter has been
utilized in connection with the present invention to filter a
normalized digital bit stream, as described below, through the
following filtration sub-routines. The band being filtered is
the expected ring frequency. The one-dimensional digital, band-

15 pass filter was designed for a sampling rate of ‘400 pixels per
inch and a length of 125 pixels (or 0.3125 'inches), and designed

o090

® o ee® to be based upon the size of the printed acquisition target

0890
e

rings, as illustrated in Fig. 3. The frequency was 300/16 line

Q
60800

e pairs per inch, yielding a normalized frequancy, (where 400 line

gt

"sf 20 pairs per inch = 1) of 300/16 x 400 or 0.046875. A filter with a
. passband extending 5% below this frequency and 15% above was

chosen because label distortions typically result in image

cene shrinkage and therefore an increased fregquency. Stop bands from//
‘:':at 15)% below the frequency down to O and from 25% above the ring
a5 25 frequency to 0.5 (Nygquist limit) were constructed. The filter

spee coefficients were stored in the file "IMPULSE.LUT" 275, per Fig.
T 10, for later operations, deleting the first 62 coefficients,

because the filter is symmetrical. A £low chart is illustrated
:i in Fig. 8. Further reference may be imade to the source code
‘:”‘} 30 listings in the Microfiche Appendix, under the file name "FIND.C",

280 starting at page 39,

A filter of 25 pixels in length was constructed by
sampling the band pass filter at output intervals corresponding
to the measured horizontal magnification. For example, if the

horizontal magnification of the image is 80 pixels per inch, every

s
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£ifth sample of the filter would be used (400/80 = 5 pixels).
For non-integer steps, linear interpolation of adjacent filter
samples is used.

A second 25 by 25 pixel two-dimensional filter was also
utilized. Sample values for this two-dimensional filter were
based on the Euclidean distance of each point from the center of
the filter,‘which were scgled for appropriate horizontal and
vertical magnifications. Linear interpolation is then used for
non-integer sampling intervals.

The output of the above-mentionizd one-dimensional fil-

ter was squared and smoothed with a first order recursive lowpass
filter, providing an exponential window of past history. When
the smoothing filter output exceeded a predetermined threshold,
an optional two-dimensional filtering step was employed to verify
the existence of the target and to accurately determine its loca-
tion, as described below. The first part of the two-dimensional
filtering used a reduced filter size of 10 pixels by 10 pixels to
save computation. This filter scans a rectangular area around
the location detected by the one dimensional filter. If the maxi-
mum two-dimensional correlation exceeds a predetermined threshold,
then the final stage of two dimensional filtering, with the full
25 pixel by 25 pixel filter, was applied to a small square window
around the maximum. 1If the best result of this filter exceeded 5/
predetermined threshold, the center was detected. 1If Any of the
thresholds were not exceeded, the program partially "discharged"
the smoothing filter and reverted to one dimensional scanning.
If one dimensional scanning completed without detecting the pres-
ence of the acquisition target, the program exited with an error
return, For any further elaboration of the filtering process em-
ployed in the illustrative example, reference should be made to

the source code listings in the Microfiche Appendix, pages 39

through 42.
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(b) o) izatio Sensed age

Reflected light intensities recorded by the optical
sensor employed may vary due to variations in illumination, print
density, paper reflectivity, camera sensitivity and other reasons
involving degradation to the label, for example, folding, warping,
etc. As an optional (but desirable) step; the reflected light
sensed by the sensor and communicated to the memory may be nor-
malized by conventional procedures. Using techniques known in
the art, a stored normalization program "NORM.C" 270, depicted on
Fig. 10, was used to analyze the intensity levels of reflected
light from the label, as recorded by blocks of pixels in the
scanner, to find the minimum and maximum reflected light intensi-
ties recorded for the data array. The sequenced digital output
of the above-described scanner and image capture board combina-
tion was loaded from memory to the computer to be further operated
upon by said stored normalization program.

Utilizing an equation y = mx + b, where the minimum in-
tensity substituted for x will yield a value of y = 0 and a max-
imum intensity substituted for x will yield a value of y = 63,
the recorded intensities of reflected light for each pixel were
adjusted so that the blackest black and the whitast white present
in the stored image were established as the standard, and the //‘
other shades of black, white and gray were adjusted to those
standards. The normalization step thus makes the sensed image
easier to process. Normalization was carried out using the
stored program "NORM.C" found in the Microfiche Appendix at page
37, lines 10 to 52 and page 38, lines 1 to 11. It will be
appreciated that other, more sophisticated normalization proce-

dures known in the art may be applied.
(c) escalin e age

For subsequent computations, the stored replicated label

image is rescaled to create an image with equal horizontal and
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vertical magnification. Again, this is an optional step, but it
facilitates the fast and accurate recovery of the encoded informa-
tion. The rescaling operation was performed to give the image a
uniform horizontal and vertical sampling resolution of, for ex-
ample, 150 pixels per inch, as used in the illustrative static
fixed focus embodiment of the invention.

The rescaling operation occurs by computing the frac-
tional row and column addresses of samples at 1/150 inch, based
upon the known horizontal and vertical magnification. Each point
on the new uniform rescaled image is then extracted from an ap-
propriate set of points on the image replicated in the storage
medium. Bilinear interpolation is used to approximate the value
of points at fractional addresses. The rescaling places the
center of the label at a known position in memory. The rescaled
image is stored for later use in the searching step. All subse-
quent process steps then assume that a rescaled label image is
centered on a known position on the grid, but it should be noted
th: this does not indicate the orientation of the label, which
may still be skewed with respect to the sensor. The rescaling
operation is carried out under the control of a stored subroutine

found in the source code listings within the Microfiche Appendix

/

at page 42, lines 14 to 52 and page 43, lines 1 to '14.
(a) - s e

The néxt sequence of steps of the process are referred
to collectively as "two-dimensional clock recovery." The steps
are performed by a suitable stored program and subroutines en-
titled "CLOCK.C" 296, depicted on Fig. 10, and found within the
Microfiche Appendix at pages 44 through 51. This operation is
performed in two dimensions on the rescaled image to determine
precisely the position of each hexagon on the original data array.
The purpose of clock recovery is to determine the sampling loca-
tions'and to correct for the effects of warping, curling or
tilting of the label, since the label may not be perfectly flat,

his is an important part of the process and its application is




not limited to hexagonal encoded labels, It may be applied to
other processes for decoding an encoded label comprising a regu-
lar, two-dimensional grid, such as squarés, triangles, etc.
One-dimensional clock recovery is a general concept
5 which is well understood in the signal processing field. Two
dimensional clock recovery is an extension of that process and
will be understood,; upon reflection, by the skilled technician.
It will be understood that the "clock recovery" term is somewhat
confusing to the non-expert, since it does not relate to timing.
10
(1) Edge Enhancement and Non-Linear Operation
The first step in accomplishiné ¢clock recovery may be
performed by various non-linear mapping operations known in the
art to create signal components at a specified clock frequency
15 that are missing from the digitiz;d image output from the optical
sensor ,and image capture board. The purpose of non-linear map-
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ping is to take the (preferably) normalized and rescaled image
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which exists at this point in the process and to form it into a

00w

e two-dimensional non-linear map which enhances the transitions be-

20 tween adjacent contrasting hexagons, In the preferred embodiment
of the present invention, this is done by standard deviation map-
ping, This step can also be performed by filtering with an image ,
differencing kernel, several means for which are known in the //

- art, such as LaPlace or Sobel kernels, and then an absolute value

»

ooe 25 is determined or squaring of the results is performed. These
_q:{' procedures may be found in the text Digital Image Processing,
o Rafael G. Gonzalez and Paul Wintz, Addison Wesley, 1977,
In standard deviation mapping, the image with undif-
ferentiated cell-to=-cell edges is stored in memory. A standard
e 30 deviation map is then created to locate the edges of adjacent
contrasting hexagons by determining the standard deviations of
3 X 3 groups of pixels (this is different from the 3 cell x 3
cell clusters), to determine the standard deviations of the pixel

intensities. The standard deviation computations are performed

to determine the regions of pixels having a fixed color (the
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lowest standard deviations), representing the interior of a hexa-
gon or the interface between two like-colored hexagons, as op-
posed to the groups of pixels having higher standard deviations,
which represent transitions from a hexagon of one color to an
adjacent hexagon of a contrasting color. Because adjacent hexa-
gons frequently have the same color, the standard deviation map
will not coﬁpletely outline every hexagon. Missing borders or
edges between hexagons will result from the fact that the stan-
dard deviation mapping process cannot distinguish interfaces
between hexagons of the same color. Further aspects of the clock
recovery process are intended to regenerate these missing transi-
tions.

The decoding process of the instant invention may be
utilized for any of the previously described label embodiments,
as illustrated in the accompanying figures. Encoding units of
various geomepries may easily be accommodated and such optically
encoded polygonal cells may be arrayed with the geometric centers
of adjacent polygonal cells lying at the vertices of a known,
predetermined two-dimensional array.

When the optically readable labels of the instant in-
vention are "read" with optical sensors of the types described
herein, the particular geometry or shape of the individual en-
coding units or polygonal cells is not determined by the opticai
sensor. Instead, the sensor simply samples the optically re&ds
able label at a known number of samples per inch and records the
intensity of the reflected light corresponding to the optical
property of the particular sample area that has heen imaged.
These values are then stored in a storage medium for later
processing. In other words, the electro-coptical sensor records
the average light intensity sample area-by-sample area across the
entire label surface, regardless of whether or not anything is
printed on the label. This is what is meant by storing the image
with undifferentiated cell-to-cell edges in memory.. For this
reason the decoding process is readily adaptable to reading

optically readable labels of widely varying configurations, so
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long as the centers of the polygonal encoding units lie at a

predetermined spacing and direction on a two-dimensional array.

In practice it has been found that alterations of the
hexagonal encoding cell-based system, as in the case of label

embodiments employing polygons substantially in the shape of hexa-

gons as illustrated in Fig. 15, result in negligible reduction of

the system's performance. Utilizing polygonal shapes with poorer
packing characteristics, or arrays of partially contiguous or
noncontiguous polygons rather than contiguous packing, will then
result in a poorer, but nevertheless, usable system performance
for many applications. At some point, however, due to the opti~
cally unresolvable high frequency components of lower order poly-
gonal encoding cells, inefficient cell packing and predetermined
two-dimensional arrays resulting in large interstitial spaces
between polygons, the =system performance will fall to an unaccept-
ably low informaticn s:torage and retrieval.capacity.

The acceptability of the system depends on the quality
of the signal recovered by the electro-optical sensor. By alter=-

ing the sensing system, as for example by increasing the number

r
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of samples per unit area across the label surface, one could im-
prove the signal recorded by the sensor and improve the
information storage and retrieval characteristics of such

partially contiguous and noncontiguous label configurations.

.Such adjustments, in order to make such less desirable label

configurations usable, would be within the abilities of one of
ordinary skill in the art of electro-optics.

The process, therefére, allows a wide variability in
terms of the label article, optical signal acquisition means and
signal processing. Polygonal cells, of either regular or irreg-
ular form may be used as encoding units on the optically readable
labels of the invention. Further, so long as the spacing and
direction of the centers of the polygons are known in relation to
adjacent polygonal cells, the polygonal encoding cells may lie on
a predetermined array, other than a hexaéonal array, and the poly-
gons may e arranged contiguously, partially contiguously or even
nonceontiguously on the optically readable label.

As explained in greater detail below, the nonlinear
mapping techniques, specifically the standard deviation mapping
technigues disclosed herein in relation to the preferred embodi-
ment, facilitate reconstruction of the missing transitions or
edges between polygonal cells of like optical properties. More-
over, the same feature may overcome the lack of transitions //
between polygons and interstitial spaces between polygons of like
optical properties. This is the situation when label configura-
tions containing partially contiguous or noncontiguous polygons
are utilized. This feature is accomplished through the following
Fast Fourier Transformation, filtering and inverse Fast Fourier
Transformation steps.

An optional technique utilized in the preferred embod-
iment of the present invention reduces the computations needed to
generate the standard deviation map. Normally, to compute the
sum of the nine pixels in each'3 x 3 pixel block, eight addition
operations would be needed. This may be cut in half by replacing

each pixel of the image with the sum of itself and the pixels
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immediately to its left and right. This requires two additions
per pixel. Then, the same operation is performed on the new
image, except the sum is computed for pixels immediately above
and below. This requires two more additions for a total of four.
It can be shown that, at the end of these steps, each pixel has
been replaced by the sum of itself and its eight immediate
neighbérs.

Standard deviation mapping is the desired technique for
creating this map of hexagons corresponding to the original data
array but with missing transitions between original hexagons of
the same color. The specific standard deviation mapping tech-
niques utilized in conjunction with the illustrative embodiment
may be found within the source code listings in the Microfiche

Appendix at page 45, lines 14 to 53 and page 46, lines 1 to 4.
(ii) Windowing

The next subroutine, called windowing, is optional.
Windowing was used in the practice of the invention to reduce the
intensity of borders which are not associated with hexagon outlines.
These borders occur at two locations: the target rings and the
uncontrolled image surrounding the label. A weighting function
is utilized to reduce the intensity of these areas. The details
of how to use windowing as a precursor to a Fast Fourier Transfo€m
is within the purview of the skilled artisan. The windowing pro-
cedure utilized may be found within the source code listings con-

tained in the Microfiche Appendix at page 46, lines 6 to 22.
(iii) =Di i A ma

A two-dimensional Fast Fourier Transformation of the
digital values corresponding to the (optionally) windowed stan-
dard deviation map is then performed under the control of a
commercially-available stored prégram. In operation, a computer
performs a Fast Fourier Transform of the image generated by the
prior step to yield a two-dimensional representation of the spac-

ing, direction and intensity of the interfaces of contrasting

6.
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hexagons identified in the standard deviation mapping step.
Simply stated, the Fast Fourier Transform is a measure of the
spacing, direction and intensity of the edges between hexagons,
where known. Thds, the reqular spacing and directionality of the

S hexagon boundarigs will cause certain points in the transform
domain to have a high energy level. The brightest point will be
at 0,0 in the Transform plane corresponding to the DC component
in the image. The six points surrounding the central point repre-
sent the spacing, direction and intensity of the edges between

10 hexagons.

It will be recognized by one skilled in the art that,

as for hexagons, a two-dimensional repreéentation of the spacing,
direction and intensity of the interfaces of contrasting polygons
identified in the preceding standard deviation mapping step can

15 also be computed by performing a Fast Fourier Transform of the
digita; data corresponding to the non-linearly mapped sensed label

codo
L

image. Thus, the spacing and directionality of the polygon bor-

eere, ders will cause certain points in the transform domain to have

L XN
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. high energy. The number of points of higher energy surrounding

| 20 the center point at the 0:0 coordinate of the transform plane
will depend on the geometry of the particular polygonal encoding
cell used to make the optically readable label. As for hexagons,l

however, such points surrounding the central point will represent

c«rse
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the spacing, direction and intensity of the edges between polygons

p oo

o s 25 or the edges between polygons and interstitial spaces if the label
senn configuration is either partially contiguous or noncontigquous in
asent
nature.

Since the image is real (not complex) valued, the

e Transform domain is point symmetric about the origin. Thus, only
teeeny 30 a half plane of the transform domain must be computed, thereby

saving nearly a factor of two in computation time. Elimination

of these computations also reduces the amount of effort required
in the subsequent image filtering and Inverse Fast Fourier Trans-
formation steps. The Fast Fourier Transform program utilized ;n

connection with the illustrative embsdiment of a static fixed
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focus system was the commercially-available subroutine R2DFET
from the 87 FFT-2 package from Microway, Inc. of Kingston,

Massachusetts.
(iv) ilteri the Image

A filtering process is now required to reconstruct the
complete outline of all of the hexagons in the image domain,
utilizing the transformed digital data. This is done by elimi-
nating any transform domain points that do not correspond to the

10 desired spacing and direction of hexagon boundaries identified in
the standard deviation mapping step. Six prominent points in the
transform domain arise because of the he*agonal honeycomb struc-
ture of the label. Only three points in the transform domain are
actually identified, because the image is point symmetric about

15 the origin, and the second three points may be inferred from the
first three. In the preferred embodimenp, filtering is performed
in three steps.to eliminate transitions from the standard devia-

tion mapping step, which are too far apart, too close together,

s v, and/or in the wrong direction.’
agQ@o

LI 20 First, high pass filterirg is performed by zeroing all
° LA

os oo points within a predetermined circle around the origin of the

a .

Transform domain, but at a distance extending outward from the

origin, short of the six prominent points arrayed in the shape of

-
LA LAY

a0 @ a hexagon, in the graphic transform domain. These points corres-

s o0

T 25 pond to spacings greater than the hexagon spacings and thus carry

suse information pertaining to the missing transitions in the label

awa
image. To recreate missing transitions in the label image, it is
necessary to eliminate the information about the missing transi-
cant

® aaant tions in the Fourier Transform domain.
ozaany 30 Next, all points outside a certain radius-'beyond the

six prominent points in the Transform domain are zeroced. These
correspond to spurious transitions that are spaced too close to-

gether. This operation combines with the first one to form a

ring of remaining points. Creating this ring is equivalent to
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of the annulus are determined by the expected spacing of the hexa-
gon outlines. Since the hexagon "diameter" is expected to be 5
pixels in the example being described, and for a transform length
of 256 pixels, the hexagonal vertices in the Transform domain

5 should be 256/5 = 51.2 pixels awa§ from the center. Accordingly,
a ring with an inner radius of 45 pixXels and an outer radius of
80 pixels corresponds to hexagon diameters of 3.2 to 5.69 pixels
was used. A filter with a preference for passing higher frequen-
cies was used because label deformations, such as warping and

10 tilting, cause image shrinkage.

After performing the spatial bandpass filtering des-
cribed above, an annulus with six prominent points exists, each
point having equal angular spacing with respect to the center
(0,0 point) of the transform domain. To complete the task of re-

15 jecting undesired information in the Transform domain, a direc-
tional filtering step is employed. Any point at too great an

angular distance from the prominent regions in the Transform

*eson domain is zeroed. This has the effect, in the image domain, of
. LxJ
®eooe’ removing any edges that do not occur in one of the three direc-

°
®e Tt 20 tions dictated by the hexagonal honeycomb tiling pattern.

°c To perform directional filtering it is necessary to
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