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SYSTEMAND METHOD FOR DECODING 
MARKSON A RESPONSE SHEET 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is based on and claims priority to 
U.S. Provisional Application Ser. No. 61/794,148, filed on 
Mar. 15, 2013, which is incorporated herein by reference in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002. Not applicable. 

BACKGROUND OF THE INVENTION 

0003 1. Field of the Invention 
0004. The present invention relates generally to optical 
scanners and, more particularly, to a system and method for 
decoding marks on a response sheet. 
0005 2. Description of Related Art 
0006 Elections, academic tests, referendums, surveys, 
gambling schemes, and other endeavors require the accurate 
analysis of marks made on response sheets. Optical scanners 
are typically used for this task to increase speed and accuracy. 
Such scanners obtain am image of the response sheet and 
analyze predetermined response areas to determine if a user 
has selected or marked the response areas. However, the 
image of the response sheet may include some amount of 
skew and/or distortion, which may occur for a variety of 
reasons. For example, the image of a response sheet may be 
skewed if the response sheet does not move straight though 
the transport system of the optical scanner. This can occur, for 
example, in cases where the optical scanner is designed to 
accommodate a variance in the size of the response sheets. 
Distortion can be caused by misalignment of the image scan 
ner, printing errors (e.g., a response sheet being printed too 
light, too dark, blurry, or Smudged), and dirty or imprecise 
scanners. These inconsistencies in the images of the response 
sheets can cause the optical scanners to incorrectly locate and 
interpret the responses areas on the response sheet so as to 
record a response area as marked when it is blank/unmarked 
and vice versa. 

BRIEF SUMMARY OF THE INVENTION 

0007. The present invention is directed to a system and 
method for decoding marks on a response sheet. In an exem 
plary embodiment, the system comprises a ballot tabulation 
device for analyzing one or more Voter response areas on a 
paperballot (e.g., a voter response area defined by the printed 
outline of an oval). The ballot tabulation device includes a 
scanner operable to obtain an image of at least a portion of the 
paperballot. For each Voter response area, a processor applies 
a virtual template to the image to identify a reference point 
(e.g., a center point) for the Voter response area. The virtual 
template comprises a set of characteristic points positioned in 
predetermined locations in relation to the reference point of 
the Voter response area that are common to a plurality of 
sample ballot images (e.g., images of ballots printed on dif 
ferent papers, printed by different printers, and scanned by 
different tabulation devices). The processor identifies the ref 
erence point for the Voter response area by identifying an 
initial reference point that approximates the location of the 
reference point, and then determining the location of the 

Sep. 18, 2014 

reference point using the initial reference point and the virtual 
template. Preferably, the processor applies a virtual mask to 
the image to mask all points on or outside the printed outline 
of the Voter response area—leaving only any markings made 
by a voter inside the printed outline. The processor then uses 
the reference point to define a response window that is ana 
lyzed to determine if the voter response area is marked by a 
VOter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008. An exemplary embodiment of the present invention 
is described in detail below with reference to the attached 
drawing figures, wherein: 
0009 FIG. 1 is a perspective view of an exemplary 
embodiment of a ballot tabulation device in accordance with 
the present invention; 
0010 FIG. 2 is a block diagram of the various internal 
components of the ballot tabulation device of FIG. 1; 
0011 FIG. 3 is a plan view of an example paperballot that 
may be scanned and processed by the ballot tabulation device 
of FIG. 1; 
0012 FIG. 4 is a process flow diagram of an exemplary 
operation of the ballot tabulation device of FIG. 1; 
0013 FIG. 5 is a process flow diagram of an exemplary 
method for determining if a voter response area is marked; 
0014 FIG. 6 shows an example reference shape mask: 
0015 FIG. 7 is a process flow diagram of an exemplary 
method for selecting an initial centerpoint of a Voter response 
area, 
0016 FIG. 8 shows an example timing track area of a 
paper ballot: 
0017 FIG. 9 shows a magnified view of a portion of the 
timing track area of FIG. 8: 
0018 FIG. 10 shows an example histogram for the portion 
of FIG. 8: 
(0019 FIG. 11 shows the example histogram of FIG. 10 
after a short filter is applied: 
(0020 FIG. 12 shows the example histogram of FIG. 11 
after a narrow filter is applied: 
(0021 FIG. 13 shows the example histogram of FIG. 12 
after a weighted filter is applied: 
0022 FIG. 14 shows an exemplary method for determin 
ing the edges of skewed timing marks; 
0023 FIG. 15 shows an exemplary method for determin 
ing the edges of skewed code channel marks; 
(0024 FIG. 16 shows the example ballot of FIG. 3 with 
virtual vertical and horizontal lines projected thereon; 
0025 FIG. 17 shows a sample voter response area; 
0026 FIG. 18 shows a sample reference shape: 
0027 FIG. 19 shows a sample set of characteristic points; 
0028 FIG. 20 is a process flow diagram of an exemplary 
method for determining a set of characteristic points for a 
Voter response area; 
0029 FIG. 21 is a process flow diagram of an exemplary 
method for determining an actual center point of the Voter 
response area; 
0030 FIG. 22 shows a first example of pixel levels: 
0031 FIG. 23 shows a first example of a pixel selection 
pattern for score calculation; 
0032 FIG. 24a shows a second example of pixel levels; 
0033 FIG. 24b shows a second example of a pixel selec 
tion pattern for score calculation; 
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0034 FIG. 25 shows the sample voter response area of 
FIG. 17 with the characteristic points of FIG. 19 centered 
about a second reference point; 
0035 FIG. 26 shows the sample voter response area of 
FIG. 17 with the characteristic points of FIG. 19 centered 
about a third reference point; 
0036 FIG. 27 shows the sample voter response area of 
FIG. 17 with the characteristic points of FIG. 19 centered 
about a fourth reference point: 
0037 FIG. 28 shows the sample voter response area of 
FIG. 17 with the characteristic points of FIG. 19 centered 
about a fifth reference point: 
0038 FIG. 29 shows a sample voter response area marked 
by a voter; and 
0039 FIG. 30 shows the sample voter response area of 
FIG. 29 after the reference shape mask of FIG. 6 is applied. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENT 

0040. The present invention is directed to a system and 
method for decoding marks on a paper ballot or other type of 
response sheet, i.e., determining whether each Voter response 
area on the ballot has been marked. While the invention will 
be described in detail below with reference to an exemplary 
embodiment of a precinct-based ballot tabulation device, it 
should be understood that the invention is not limited to the 
specific configuration or methodology of this embodiment. 
For example, the invention may also be used in connection 
with high speed central ballot Scanners and other types of 
optical scanners that are used to process other types of 
response sheets. In addition, although the exemplary embodi 
ment is described as embodying several different inventive 
features, one skilled in the art will appreciate that any one of 
these features could be implemented without the others in 
accordance with the invention. 
0041 Exemplary Configuration of Ballot Tabulation 
Device 

0042. Referring to FIG. 1, an exemplary embodiment of a 
ballot tabulation device in accordance with the present inven 
tion is shown generally as reference numeral 10. Ballot tabu 
lation device 10 generally includes a protective housing 14 
with various internal components (as described in detail with 
reference to FIG. 2), a ballot insertion tray 16, a display 18 
and a report printer 20. Each of these components will be 
described in detail below. 
0043 Protective housing 14 is preferably made of injec 
tion-molded plastic and has a modular “clamshell” design 
that provides easy access for maintenance and set up activi 
ties. Ofcourse, other materials and designs are also within the 
scope of the present invention. Protective housing 14 prefer 
ably comprises three primary sections to assist in ease of 
manufacture and maintenance: base section 14a, front cover 
section 14b, and rear cover section 14c. In addition, various 
access doors (not shown) may be included to provide access 
to a variety of Switches, connections and interfaces. For 
example, in the exemplary embodiment, a locked access door 
is provided to secure access to a power Switch, a "close polls' 
Switch, and a modem with an RJ-11 connection and antenna 
(discussed further in connection with the main access board 
66 of FIG. 2). Another locked access door is provided to 
secure access to various USB port interfaces for removable 
USB flash drives (discussed further in connection with the 
USB board 64 of FIG. 2). 
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0044) The back of protective housing 14 preferably 
includes a variety of external ports (not shown), such as a 
USB hub 70 (FIG.2) and other types of ports that are standard 
and well known in the art. Of course, the external ports may be 
located in other locations provided they do not interfere with 
the use of the ballot tabulation device 10. 
0045. The ballot insertion tray 16 is provided to receive a 
paperballot for scanning and tabulation. The ballot insertion 
tray 16 is preferably molded into the front cover section 14b 
of protective housing 14 and is approximately 8.525 inches 
wide in order to accommodate an 8.5 inch wide standard-size 
ballot, such as ballot 22 shown in FIG.1. The ballot insertion 
tray 16 can, however, be designed to fit any size ballot. An 
additional tray insert (not shown) having reversible paper 
guides may be mounted into the ballot insertion tray 16. For 
example, when the paper guides are oriented down, the ballot 
insertion tray 16 may accommodate an 8.5 inch wide ballot. 
When the paper guides are oriented up, a 4.25 inch wide ballot 
may be Supported. An arrow graphic is also preferably 
molded onto the ballot insertion tray 16 or additional tray 
insert to indicate the proper insertion of the ballot. Also, the 
ballot insertion tray 16 preferably has a ribbed texture to assist 
with reducing static buildup. 
0046. The display 18 is preferably an LCD touch screen 
display with a landscape orientation. The display 18 may be a 
standard, off-the-shelf component that is readily available 
and well known in the art. For example, the display 18 may be 
a standard size of 10.4 inches or 12.1 inches, measured diago 
nally, and approximately 82x82 dpi. Most preferably, the 
display 18 is an LG Philips 12.1" SVGA (800x600) TFT 
color display model LB121 S03-TL01, which has a color 
depth of LVDS 6-bit, 262,144 colors and an anti-glare surface 
treatment. Of course, other types of touch screen displays 
may also be utilized in accordance with the present invention. 
The display 18 may be used to display information associated 
with a scanned paper ballot to the Voter (e.g., information on 
ballot irregularities) and receive voter feedback, as described 
below. 
0047. The display 18 is connected to the upper portion of 
ballot tabulation device 10 by two hinges 24—one located on 
each side of the display 18—which enable the display 18 to 
open up during use or fold down flat during storage. For 
security and protection, the display 18 preferably incorpo 
rates a locking mechanism. The ballot tabulation device 10 
may include an LCD switch 72 (FIG. 2) that will sense that the 
display 18 is open to thereby power up without requiring a 
polling official to physically turn on the display 18. Similarly, 
the LCD switch 72 will sense that the display 18 is closed to 
thereby power down after a specified period of time. 
0048 Alternatively, if the display 18 is not configured as a 
touch screen display, the ballot tabulation device 10 could 
also include another type of input device. Such as a keypad, a 
joystick, a pointing device, a trackball, or a touch pad. The 
display 18 may also comprise a cathode ray tube (CRT) 
display configured as a touch screen display located external 
to the ballot tabulation device 10. In such a configuration, the 
display would be connected to the ballot tabulation device 10 
through a dedicated I/O connector of the ballot tabulation 
device 10. Ofcourse, other types of displays and input devices 
are also possible and within the scope of the present inven 
tion. 

0049. As shown in FIG. 1, ballot tabulation device 10 
mounts onto the top of a ballot receptacle 26. The base of 
ballot tabulation device 10 includes four mounting feet (not 
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shown) that provide airflow under the unit and allow it to be 
securely inserted into a recessed area of the ballot receptacle 
26. In this embodiment, ballot tabulation device 10 slides 
onto mounting rails (not shown) located on top of the ballot 
receptacle 26. A hinged door (not shown) may be located on 
the front of the ballot receptacle 26 and may be raised up and 
locked into place to further secure the ballot tabulation device 
10. The ballot receptacle 26 is preferably made of steel or a 
durable plastic material for security purposes. In operation, 
scanned and tabulated ballots are deposited directly into the 
ballot receptacle 26. In addition, the ballot receptacle 26 
preferably includes a compartment 28 that polling officials 
can use to temporarily store uncounted ballots in the event of 
a power failure, scanner error, or the like. Ofcourse, the ballot 
receptacle 26 may have other configurations that are well 
known to those skilled in the art. 

0050 Turning to FIG. 2, the internal components of ballot 
tabulation device 10 are shown in a block diagram format and 
generally include: a ballot scanner assembly 50, a CPU board 
52, a display assembly 54, a printer controller board 56, an 
internal power supply 58, an internal battery pack 60, a power 
management board 62, a USB board 64, a main access board 
66, a USB hub 70, and an LCD switch 72 (discussed above). 
It should be understood that the various components and 
Subsystems are connected to each other as shown in FIG. 2. 
0051. The ballot scanner assembly 50 includes a scanner 
board that provides the image capture, processing and trans 
port control functions associated with scanning a paperballot. 
The ballot scanner assembly 50 utilizes a set of sensors to 
monitor each paperballot as it is placed in the ballot insertion 
tray 16 of ballot tabulation device 10 and travels through the 
ballot transport mechanism (not shown). These sensors detect 
the position of the ballot, check for multiple ballots and 
confirm the release of the ballot into the ballot receptacle 26. 
There may also be a security sensor that detects counterfeit 
ballots and ballots that have been tampered with. The ballot 
scanner assembly 50 utilizes two contact image sensors to 
produce a bitmap image of the paperballot (preferably at 200 
dpi or greater). One contact image sensor is positioned to read 
the top surface of the ballot and the other contact image sensor 
is positioned to read the bottom surface of the ballot. The 
imaging of the top and bottom Surfaces of the ballot prefer 
ably occurs simultaneously. The paper ballot is pulled across 
the contact image sensors to capture the ballot image, and the 
ballot image is converted to a bi-tonal (i.e., black and white) 
image, as is known in the art. In this embodiment, the ballot 
scanner assembly 50 utilizes image capture technology avail 
able from Ricoh Electronics, Inc. The ballot image captured 
by the ballot scanner assembly 50 is passed to the CPU board 
52, which decodes and tabulates the voting selections marked 
on the scanned ballot (described further below). 
0052. The CPU board 52 is a commercial off-the-shelf 
board that generally controls the operation of ballot tabula 
tion device 10. The CPU board 52 is preferably capable of 
executing at least two independent processes concurrently. 
Accordingly, it is preferable to use an operating system that 
includes multi-tasking functionality. Such as Linux and other 
operating systems known in the art. In this embodiment, the 
CPU board 52 is a VIA Embedded Platform EPIA-CL with a 
VIAC3TM or VIA EdenTM ESP processor. The CPU board 52 
may include any type of memory that is suitable for storing 
information necessary for the operation of ballot tabulation 
device 10, as is well known in the art. 
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0053. Many of the other internal components of ballot 
tabulation device 10 are also well known in the art. For 
example, the display assembly 54 includes an LCD display 
touch screen, a backlight inverter and a touch screen control 
ler that provides an interface to display 18. The printer con 
troller board 56 provides an interface to the report printer 20. 
In addition, the USB hub 70 provides a plurality of external 
USB ports that provide a connection for a variety of external 
devices. 
0054) The USB board 64 includes a plurality of external 
USB port interfaces that accommodate removable USB flash 
drives or any other type of removable data storage system. 
The removable USB flash drives may be used to store the 
election definition and the accumulated vote totals for ballot 
tabulation device 10. Also, the removable USB flash drives 
may be used to store the images of the Scanned ballots, which 
may be accessed at a later time for audit purposes. 
0055. The main access board 66 includes a power switch 
and a “close polls' switch. The main access board 66 also 
includes a modem with an RJ-11 connector and antenna, 
which provide both landline and wireless modem options for 
transmitting vote results to a central Vote accumulation site. 
0056. The ballot tabulation device 10 is powered by a 
power management Subsystem that includes the power man 
agement board 62, an internal battery pack 60, and an internal 
ITX power supply 58. The power management board 62 is a 
custom power Supply board which receives its input from an 
external brick power Supply that operates on standard AC-Volt 
lines. The internal battery pack 60 (preferably a re-chargeable 
Lithium-Ion type) provides up to two hours of operation 
during a loss of AC power. The internal ITX power supply 58 
provides power to the CPU board 52, as is known in the art. 
The power management board 62 monitors the status of and 
charges the internal battery pack 60, and automatically 
switches from the external brick power supply to the internal 
battery pack 60 as needed. 
0057 With reference to FIG. 3, an example paper ballot 
that may be scanned and processed by ballottabulation device 
10 is shown generally as reference numeral 100. Ballot 100 
includes printed indicia (such as printed indicia 102a-c) that 
describe each contest (e.g., Best Automobile Manufacturer) 
and the names of the candidates associated with each contest 
(e.g., BMW, Mercedes, General Motors, Honda, Ferrari, Jag 
uar, Ford and Volvo). Ballot 100 also includes voter response 
areas (such as Voter response areas 104a-c) corresponding to 
each of the candidates in each contest. As is known in the art, 
a voter may darken or otherwise mark the Voter response area 
corresponding to his/her voting selection for each of the con 
tests. Alternatively, a Voter may utilize a ballot marking 
device to print a mark in each of the appropriate Voter 
response areas, such as the AutoMARKR ballot marking 
device sold by Election Systems & Software, LLC. 
0058 Ballot 100 further includes a series of rectangular 
timing marks (such as timing marks 105a-d) positioned along 
and down the left and right sides and across the top and 
bottom of the ballot. Each of the timing marks on the left side 
of the ballot has a corresponding timing mark on the right side 
of the ballot, and each of the timing marks on the top of the 
ballot has a corresponding timing mark on the bottom of the 
ballot. The timing marks permit ballot tabulation device 10 to 
determine the position (i.e., row and column) of each of the 
Voter response areas on the ballot. 
0059 Ballot 100 further includes a plurality of code chan 
nel marks (such as code channel mark 106) positioned adja 
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cent to certain timing marks on the left side of the ballot. In 
this example, the code channel marks abut the timing marks 
Such that the code channel marks essentially comprise 
expanded timing marks. Alternatively, the code channel 
marks may be located a distance from the timing marks Such 
that the code channel marks and timing marks are separate 
marks. The code channel marks are used to identify the ballot 
style and precinct for ballot 100 so that ballot tabulation 
device 10 is able to associate the marked voting selections 
with the correct contests and candidates printed on the ballot 
(using the election definition data). 
0060 Exemplary Operation of Ballot Tabulation Device 
0061 An exemplary operation of the ballot tabulation 
device 10 will now be described. First, a polling official opens 
the poll by depressing the “power switch located on the main 
access board 66 ofballot tabulation device 10 and transferring 
the election definition data to the ballot tabulation device 10. 
The transfer of the election definition data may be effectuated 
by a variety of different means. For example, a removable 
USB flash drive may be inserted into one of the USB ports of 
USB board 64. Of course, other means are also within the 
Scope of the present invention. 
0062. After transfer of the election definition data, ballot 
tabulation device 10 is ready to scan and tabulate paperbal 
lots. An exemplary scanning/tabulation operation of the bal 
lot tabulation device 10 is described with reference to blocks 
110 to 132 of the process flow diagram shown in FIG. 4. At 
block 110, the ballot tabulation device 10 displays a “wel 
come screen on display 18. The “welcome screen displays 
a message (e.g., “Welcome. Please insert your ballot) and a 
graphical depiction of the voting device demonstrating the 
proper insertion of the ballot into the ballot insertion tray 
(wherein the demonstration may be either static or moving). 
The “welcome screen may also include a horizontally scrol 
lable list of available languages at the bottom of the screen. 
The list of languages can be customized to include the most 
frequently used languages for a particular precinct location. 
Furthermore, the “welcome screen may be set up to offer the 
most frequently used languages on the display, wherein other 
languages are available by Scrolling through the list using the 
scroll bar. 

0063. At block 112, the ballot position sensors continu 
ously monitor whether a paper ballot has been inserted into 
the ballot insertion tray 16 and, upon detection of a ballot, the 
ballot is fed into the ballot scanner assembly 50. Upon receiv 
ing a paper ballot, the ballot tabulation device 10 displays a 
"scanning ballot' screen on display 18, prompting the Voter to 
wait until the voting selections marked on the ballot have been 
processed. At block 114, the ballot scanner assembly 50 scans 
the paper ballot so as to capture an image of the ballot. For 
double-sided ballots, both sides of the paper ballot are pref 
erably scanned simultaneously so as to capture an image of 
each side of the ballot. The removable USB flash drives of 
USB board 64 may be used to store the images of the scanned 
ballots, which may be accessed at a later time for audit pur 
poses. The removable USB flash drives may also be used to 
store the election definition and the accumulated vote totals 
for ballot tabulation device 10. 

0064. At block 116, the CPU board 52 analyzes the cap 
tured image of the ballot so as to decode the Voting selections 
marked on the ballot (as shown in FIG. 5 and described 
below). As discussed above, the paper ballot includes code 
channel marks that allow the CPU board 52 to verify that the 
ballot is valid for a specific polling place, to select the proper 

Sep. 18, 2014 

ballot template (which is provided as part of the election 
definition loaded into the ballot tabulation device 10 via the 
removable USB flash drive at poll opening) for decoding the 
voting selections marked on the ballot, and to identify the 
orientation of the ballot. 

0065. At block 118, the ballot tabulation device 10 iden 
tifies any ballot irregularities or scanning errors associated 
with the paper ballot. Ballot irregularities relate to ballot 
images that can be properly analyzed, but contain irregulari 
ties associated with the manner in which the ballot was 
marked by the Voter (e.g., under Votes, over votes and blank 
ballots). Scanning errors relate to ballot images that cannot be 
properly analyzed because of an error in the scanning or 
processing of the image (e.g., timing track not extracted cor 
rectly, excessively skewed image. Voter response areas cannot 
be determined, etc.). If one or more ballot irregularities or 
scanning errors are detected (block 118-YES), the ballot 
tabulation device 10 at block 128 displays an error message 
on display 18 identifying the nature of the identified ballot 
irregularities or scanning errors. The information in the error 
message includes, but is not limited to: (1) the disposition of 
the paper ballot; (2) a notification that one or more contests 
are not correctly voted; (3) a list of encountered error types: 
(4) the number of contests affected with each listed error type: 
(5) instructions on how to proceed; and (6) selection buttons 
such as "Don't Cast—Return Ballot,” “Review Errors, and 
“Cast Ballot. 
0066. At block 130, a determination is made as to whether 
the paper ballot should be returned to the voter. It can be 
appreciated that this determination is made based upon Voter 
input in response to the error message just described, or on the 
nature of the scanning error. If the ballot should be returned to 
the voter (block 130=YES), the ballot is returned to the voter 
at block 132, preferably by feeding the ballot in the opposite 
direction through the ballot insertion tray 16. At this point, the 
voter may either correct the error on the same paper ballot or 
obtain a new ballot from a poll worker (in cases where the 
problem is associated with one or more ballot irregularities), 
or simply feed the same paper ballot back into the tabulation 
device (in cases where the problem is associated with a scan 
ning error). 
0067. If there are no ballot irregularities or scanning errors 
(block 118-NO) or the ballot should not be returned to the 
voter (block 130-NO), the ballot is cast, and at block 120 the 
tabulation device 10 displays a “thank you for voting screen 
on the display 18 informing the voter that his/her voting 
selections have been tabulated. The “thank you for voting 
screen displays a short message (e.g., "Thank you for Voting. 
Your ballot has been counted.). Preferably, the message will 
be displayed for approximately 3 seconds or until the next 
ballot is inserted into the ballot insertion tray 16. 
0068. Next, at block 122, the votes are tabulated by the 
CPU board 52 and Stored in one of the removable USB flash 
drives of USB board 64 (noting, of course, that any contest 
with irregularities may not be tabulated depending on juris 
dictional rules). Then, at block 124, the vote counters are 
incremented by one to thereby provide confirmation that the 
ballot has been tabulated. At block 126, the ballot is dropped 
into the secure ballot receptacle 26 where it is retained for 
audit purposes, as is known in the art. 
0069. An exemplary method for determining if a voter 
response area is marked (see block 116 of FIG. 4) will be 
described with reference to blocks 134 to 142 of the process 
flow diagram shown in FIG. 5. Although the method will be 
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described in connection with a single Voter response area, one 
skilled in the art will appreciate that the same method can be 
applied to each voter response area on the ballot. Preferably, 
each Voter response area is fully analyzed before analyzing a 
Subsequent Voter response area. Also, it can be appreciated 
that this method is performed by one or more processors of 
CPU board 52 shown in FIG. 2. 

0070. At block 134, the processor identifies an initial cen 
ter point that approximates the location of the actual center 
point of the voter response area. Preferably, the initial center 
point is identified by locating an intersection of a virtual 
horizontal line projected between the left and right timing 
marks associated with the Voter response area and a virtual 
vertical line projected between the top and bottom timing 
marks associated with the Voter response area, as shown in 
FIG. 16 and described below. The method for selecting the 
initial center point of the voter response area is described in 
greater detail below with reference to FIG. 7. Then, at block 
136, the processor determines the actual center point of the 
voter response area, which is described in greater detail below 
with reference to FIG. 21. 

0071. It should be noted that although the exemplary 
embodiment uses the center point of the Voter response area 
as the reference point, one skilled in the art will appreciate 
that other points corresponding to the Voter response area 
could also be used as the reference point. Also, it should be 
understood that the terms “point” and “pixel’ are used inter 
changeably when referring to the ballot image of the exem 
plary embodiment. 
0072 At block 138, the processor determines whether the 
actual centerpoint of the voter response area was found. If the 
actual center point of the Voter response area was not found 
(block 138=NO), then, at block 142, the processor determines 
if the full voter response area is marked (described below) 
without any masking being applied. 
0073. If the actual center point of the voter response area 
was found (block 138YES), then, at block 140, a virtual 
reference shape mask is applied to the Voter response area to 
mask all points outside of the voter response area. Preferably, 
the reference shape mask also masks the printed outline that 
defines the outer boundary of the Voter response area leaving 
only any markings made by a Voter inside the printed outline. 
An example reference shape mask 200 for an oval shaped 
voter response area is shown in FIG. 6. After the reference 
shape mask is applied, at block 142, the processor determines 
if the voter response area is marked (described below). 
0074 The determination of whether the voter response 
area is marked (block 142) can be made in any manner known 
in the art. In one embodiment, the actual center point is used 
to define a rectangular response window around the Voter 
response area. If the actual center point was not found, the 
response window may be defined based on the initial center 
point, which is the intersection of virtual lines connecting the 
timing tracks (as described in more detail below). For the oval 
Voter response area of the exemplary embodiment, the 
response window is preferably 30 pixels high by 56 pixels 
wide. Of course, the response window can be any size or 
shape and may be calculated from any point as long as it 
includes the Voter response area. The response window is then 
analyzed using a fast pixel count in combination with the 
intelligent mark recognition (IMR) technology described in 
U.S. Pat. No. 6,854,644, which is incorporated herein by 
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reference in its entirety. The IMR technology is only used 
when the process cannot make a decision based on the pixel 
count value. 
(0075 Specifically, the number of black pixels in the 
response window is compared to different thresholds to deter 
mine whether the voter response area has been marked. For 
example, if the number of black pixels is above an upper 
threshold, the voter response area is determined to be marked. 
If the number of black pixels is below a lower threshold, the 
voter response area is determined to be blank/unmarked. If 
the number of black pixels is between the lower and upper 
thresholds, the processor applies the IMR technology to 
determine whether the Voter response area is marked, 
unmarked or contains a mark that is unreadable (i.e., a 3-state 
output). 
0076. In an alternative embodiment, only the thresholds 
described above are used to determine whether a voter 
response area is marked. For example, if the number of black 
pixels is above the upper threshold, the Voter response area is 
determined to be marked. If the number of black pixels is 
below the lower threshold, the voter response area is deter 
mined to be blank/unmarked. If the number of black pixels is 
between the lower and upper thresholds, the marking in the 
Voter response area is determined to be indeterminate and the 
ballot is returned to the voter. Of course, one skilled in the art 
will understand that there are other means for analyzing the 
Voter response area in accordance with the present invention 
(e.g., comparing the pixel count to only a single threshold 
value). 
0077. An exemplary method for selecting the initial center 
point (see block 134 in FIG. 5) will be described with refer 
ence to blocks 144 to 160 of the process flow diagram shown 
in FIG. 7. At block 144, the processor identifies the areas on 
the ballot image that may contain the timing marks. It can be 
appreciated that when a ballot is scanned, it can be in one of 
four orientations (face up/face down and head first/tail first). 
When the timing track areas are identified, the processor does 
not know the orientation of the ballot. As a result, the timing 
track areas preferably encompass all possible positions of the 
timing marks irrespective of ballot orientation or skew. Pref 
erably, the processor identifies timing track areas on each side 
of the ballot image (i.e., top, bottom, left, and right) for each 
of the top and bottom faces of the ballot. An example timing 
track area 202 for the left side of the ballot image is shown in 
FIG 8. 

0078. At block 146, a histogram is created for each iden 
tified timing track area. The histogram consists of a set of 
tuples that provide a starting point and a length for each line 
in the timing track area. The term “histogram line' as used 
herein refers to a row for the left and right timing track areas 
and a column for the top and bottom timing track areas. The 
starting point represents the (x,y) coordinate of the first black 
pixel in the histogram line, and the length is the number of 
black pixels in that histogram line. The histogram consists of 
the longest contiguous run of black pixels associated with the 
(x,y) coordinate of the start of the run for each histogram line. 
0079. To generate the histograms corresponding to the left 
and right timing track areas, the processor analyzes each row 
from the outside edge of the timing track area towards the 
inside edge of the timing track area and determines the (x,y) 
coordinate of the first black pixel relative to the longest con 
tiguous number of black pixels in the row and counts the 
number of black pixels in that row. For example, FIG.9 shows 
a magnified view of portion 204 of the timing track area 202 
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shown in FIG.8. The histogram for portion 204 is created by 
starting each row at line 206 and scanning each pixel in the 
direction of arrow 208 toward line 210. The processor deter 
mines the (x,y) coordinate of the first black pixel relative to 
the longest contiguous number of black pixels in each row 
(e.g., pixel 212 in FIG.9) and counts the highest contiguous 
number of black pixels in that row. An example histogram 214 
for the timing track area portion 204 is shown in FIG. 10. 
0080. To generate the histograms corresponding to the top 
and bottom timing track areas, the processor scans each col 
umn from the outside edge of the timing track area towards 
the inside edge of the timing track area and determines the 
(x,y) coordinate of the first black pixel relative to the longest 
contiguous number of black pixels in the column and counts 
the highest contiguous number of black pixels in that column. 
0081. Of course, it should be understood that the processor 
performs a similar process to generate the histograms corre 
sponding to all of the timing track areas on the ballot image. 
0082. After the histograms have been created, at block 
148, the histograms are put through different filters so as to 
filter out marks in the timing track areas that do not corre 
spond to timing marks. Preferably, each histogram is put 
through a narrow noise filter, a short noise filter, and a 
weighted filter, as discussed below. 
0083. In the exemplary embodiment, the narrow noise fil 

ter is applied first. However, the narrow and short filters can 
easily be permuted. The narrow noise filter analyzes the width 
of each histogram line, and if the width is below a threshold, 
that histogram line is ignored. The width of a histogram line 
is the density of contiguous black pixels in the perpendicular 
axis from the direction that defines the histogram (arrow 208 
in FIG. 9). For example, FIG. 11 shows example histogram 
214 of FIG. 10 after application of the narrow noise filter. 
Note that mark 216 in FIG. 10 has been removed from the 
histogram in FIG. 11. Thus, the narrow noise filter filters out 
marks in the timing track area that are not wide enough to be 
a timing mark. 
0084. Next, the short noise filter is applied. The short noise 

filter analyzes the length of each histogram line that has not 
been previously filtered, and if the length is below a threshold, 
that histogram line is ignored. The length of a histogram line 
is the density of contiguous black pixels in the same axis as 
the direction that defines the histogram (arrow 208 in FIG.9). 
For example, FIG. 12 shows example histogram 214 of FIG. 
10 after application of the short noise filter. Note that marks 
218a-c in FIG. 10 have been removed from the histogram in 
FIG. 12. Thus, the short noise filter filters out marks in the 
timing track area that are not long enough to be a timing mark. 
0085 Finally, the weighted filter is applied. The weighted 

filter applies a statistical analysis to Small sections of the 
timing track area So as to filter marks that are not consistent 
with other timing marks. In the exemplary embodiment, the 
weighted filter analyzes the starting point for each histogram 
line that has not been previously filtered and calculates an 
average starting point value (an (X) value for left and right 
timing track areas and a (y) value for top and bottom timing 
track areas). If the starting point for a histogram line is greater 
than a number of Standard deviations from the average start 
ing point value, preferably two standard deviations, that his 
togram line is ignored. For example, FIG. 13 shows example 
histogram 214 of FIG. 10 after application of the weighted 
filter. Note that mark 220 in FIG. 10 has been removed from 
the histogram in FIG. 13. Thus, the weighted filter filters out 
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marks in the timing track area that are not consistent with the 
other timing marks, resulting in the final histogram 222 
shown in FIG. 13. 
I0086. In more detail, in the exemplary embodiment, the 
weighted filter assigns a weight to each histogram line. The 
two elements defining a run of pixels in a histogram line are 
referred to as the run position (or start position) and the run 
length. The weight represents the probability that the histo 
gram line is part of a timing mark. The prediction value 
associated with the filtered section is the mean start value of 
the previous section. If the prediction value is valid, it sets a 
minimum position threshold and a maximum position thresh 
old. If the starting point is not within these two limits, the 
weight associated with the histogram line is 0. This can be 
represented by the following condition: 

where 
I0087 X, is the weighted mean value from section n-1 
that is also the prediction value for the current section in 
I0088 T is the constant value representing the tolerance to 
the prediction value 
I0089 Rp, is the run position number i within the current 
section in 
0090 w, is the weight associated to the run 
0091 For example, if a previous filtered section provided 
a mean start value of 128 and the tolerance had a value of 16, 
the minimum threshold would be 112 and the maximum 
threshold would be 144. Thus, if the histogram line has a 
starting point that is less than 112 or greater than 144, that 
histogram line will be assigned a weight of 0. However, if the 
histogram line has a starting point within the minimum and 
maximum thresholds, the histogram line will be assigned a 
weight based on statistics. The weight by statistics is based on 
the knowledge of the width of the timing track. The algorithm 
associates a weight to each histogram line based on a static 
table that gathers probabilities that a histogram line with a 
certain length is part of a timing mark. This table contains 
three elements: a low threshold value, a high threshold value 
and a weight in percent. This can be represented by the fol 
lowing condition: 

If (TLsRisTH)=TRUE, w= W 
where 
0092 TL is the low threshold value of the static weight 
table indexed by k and associated with W. 
I0093. TH is the high threshold value of the static weight 
table indexed by k and associated with W. 
0094 R1, is the run length number i within the section in 
0.095 w, is the weight associated with the run 
0096 W is the weight associated with the threshold val 
ues TL and TH k being the index of the weight element 
defined in the static weight table as shown in the example of 
Table 1. 
0097. For example, if the width of a timing mark is 16 
pixels, the weight can be assigned as shown in Table 1 below 
(note that the ordering of the table is important and the highest 
probability is set at index k=0): 

TABLE 1 

Weight Lower Threshold Upper Threshold 

92% 14 18 
6% 2O 24 
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TABLE 1-continued 

Weight Lower Threshold Upper Threshold 

296 5 27 
O% Out of boundaries Out of boundaries 

0098. The weighted filter is then applied using the mean 
value and the standard deviation. Thus, even if a histogram 
line has a weight of 0, the histogram line may end up not being 
filtered. While assigning weight to each histogram line, the 
total weight assigned for all histogram lines is calculated by 
adding the new weight to the previous Sum computed. Thus, 
the total weight can be represented by the following equation: 

where 
0099 TW, is the total weight for all histogram lines asso 
ciated with the current section in 
0100 w, is the weight of the current histogram line 
0101 The weighted mean value for a section can then be 
calculated based on the following equation: 

Wn 
TW, 

where 
0102 x, is the weighted mean value for the current section 
0103) w, is the weight associated to the current run 
0104 Rp, is the run position numberi within the section in 
0105 TW, is the total weight for all histogram lines 
0106. The standard deviation for the current section can be 
calculated based on the following equation: 

where 
0107 O, is the standard deviation for the current section 
0108 TW, is the total weight for all histogramlines within 
the current section 
0109 X, is the weighted mean value for the current section 
0110 Rp, is the run position numberi within the section in 
0111. The computations described above are simplified to 
Support integer numbers to allow for improved performance. 
After the weighted mean value and Standard deviation are 
calculated as described above, the starting point value for 
each histogram line is analyzed, and each histogram line that 
has a starting point value that is not within a number of 
standard deviations from the weighted mean is filtered. This 
can be represented by the following condition. 

If x-S*osRisix+.S*o-TRUE, filter current line 

where 
0112 
0113 

X, is the weighted mean value for the current section 
S is the number of standard deviations allowed 
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0114 O, the standard deviation for the current section 
I0115 R1, is the run length number i within the section in 
0116. Although three specific filters have been described 
above, one skilled in the art will appreciate that any number or 
type of filters may be applied to each histogram. In addition, 
the order of application of the filters may vary within the 
Scope of the present invention. 
0117 Turning again to FIG. 7, after the filters have been 
applied to the histograms, at block 150, the processor deter 
mines the edges of the timing marks within each timing track 
area using the remaining histogram lines (i.e., the histogram 
lines that have not been filtered). For example, for filtered 
histogram 222 shown in FIG. 13, it is easy to see the vertical 
line that could be drawn to represent the left outside edge of 
the timing marks. However, because many ballot images have 
at least a small amount of skew, the timing marks may not be 
square to the ballot image. As an example, FIG. 14 shows a 
sample set of timing marks (and code channel marks dis 
cussed in connection with FIG. 15 below) that are skewed. It 
should be noted that the timing marks and code channel marks 
shown in FIGS. 14 and 15 are indicated with hatch marks in 
order to illustrate various lines on the drawings, when in fact 
the timing marks and code channel marks will be black on the 
ballot image. 
0118. The present invention automatically compensates 
for skew in the ballot image by calculating a line that best fits 
the outside edge of the timing marks. To do so, the processor 
calculates a line that best fits the starting points for the non 
ignored histogram lines of the corresponding histogram to 
identify an outside edge line for the timing marks on the ballot 
image. Preferably, this is accomplished by applying an ordi 
nary least squares regression model on the filtered histo 
grams. For example, FIG. 14 shows outside edge line 224 as 
the best fit line for the timing marks. After the outside edge 
line is calculated, an inside edge line is determined by calcu 
lating a line parallel to the outside edge line and at a distance 
equal to the width of the timing track (wherein the timing 
track width is preferably specified in the election definition). 
For example, FIG. 14 shows line 226 as being parallel to line 
224 and at a distance that is the width of the timing track. The 
outside and inside edge lines compensate for skew in the 
ballot image because they are lines that best fit the timing 
marks on the ballot image. 
0119. As can be seen in FIG. 14, the inside and outside 
edges of the timing marks fall along the inside and outside 
edge lines 224 and 226, respectively. The remaining edges of 
the timing marks (i.e., the top and bottom edges for the left 
and right timing track areas or the left and right edges for the 
top and bottom timing track areas) are determined using the 
edge points on the outside edge line (e.g., points 228, 230 in 
FIG. 14). The remaining edges will fall along lines that are 
perpendicular to the outside edge line at the edge points. 
These perpendicular lines can be easily extracted by looking 
at the start positions corresponding to the runs of pixels that 
make a timing mark. The first start position and the last start 
position allows these two perpendicular lines to be drawn. For 
example, in FIG. 14, lines 232 and 234 are perpendicular to 
outside edge line 224 at points 228 and 230 and define the top 
and bottom edges of the timing mark. 
I0120 Next, at block 152, the centers of the timing marks 
are calculated using the edges of the timing marks. For each 
timing mark, the center is determined by calculating a point 
on the outer edge line that is halfway between the outer edge 
points. In the exemplary embodiment, the halfway point is 
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determined by moving along the outside edge line a distance 
of one half the distance between the outer edge points. For 
example, FIG. 14 shows halfway point 236 on outside edge 
line 224 halfway between edge points 228 and 230. 
0121. From the halfway point, the center of the timing 
mark is calculated by moving along a line perpendicular to the 
outer edge line a distance of one half the distance between the 
outer and inner edge lines (i.e., half the length of the timing 
track width defined in the election definition). For example, 
FIG. 14 shows a line 238 perpendicular to the outer edge line 
224 at halfway point 236, and the center point 240 of the 
timing mark is located a distance of one half the width of the 
timing mark. Preferably, each timing mark is represented as a 
single (x,y) coordinate that corresponds to the centerpoint of 
the timing mark, and the processor stores that coordinate for 
each timing mark. 
0122. After the centers points of the timing marks have 
been determined, at block 154, the processor validates the 
timing track to ensure that the timing track was properly 
extracted. Validation is performed by calculating the number 
of located timing marks (i.e., the number of stored (x,y) 
coordinates) and comparing the calculated number to the 
number of timing tracks identified in the election definition. If 
the calculated number and the number of timing marks iden 
tified in the election definition do not match, the timing track 
has not been extracted properly and the ballot will be rejected. 
In addition, the processor may also check for skew by evalu 
ating the angle associated with the various lines and edges 
that were computed as described above. In an ideal image, all 
(X) coordinates of the centerpoints of the left and right timing 
marks will have the same value and all (y) coordinates of the 
centerpoints of the top and bottom timing marks will have the 
same value. If the difference in the (x) coordinates (or (y) 
coordinates) of the timing marks exceeds a threshold, the 
ballot will be rejected. 
0123. After the timing track has been validated, the code 
channel marks are extracted and analyzed in a manner similar 
to the timing marks described above. As seen in FIG. 15, the 
outside edge line 242 of the code channel mark is the same as 
the inside edge line of the timing mark (i.e., line 226 in FIG. 
14). The inside edge line 244 of the code channel mark is 
determined by calculating a line parallel to the outside edge 
line 242 at a distance of the code channel width (which is 
preferably specified in the election definition). The center 
point of the code channel mark can then be calculated as 
described above in connection with the timing marks. In 
another embodiment, the code channel marks are separate 
from the timing marks. In this case, the election definition 
may define a code channel area (similar to the timing track 
area described above), and the code channel is extracted and 
the center points of the code channel marks are calculated in 
the same manner as the timing marks described above. 
0.124. After the center points for the code channel marks 
have been determined, each code channel mark is associated 
with a corresponding timing mark to determine the raw code 
channel values. The presence or absence of a code channel 
mark is converted to a Boolean value array (i.e., if a code 
channel mark exists, the array has a value of 1 for that timing 
mark, and if a code channel mark does not exist, the array has 
a value of 0 for that timing mark). For example, the sample 
ballot portion in FIG. 8 has a Boolean array 
10000001001100000. The Boolean array is validated by 
comparing the array against a set of valid Boolean arrays in 
the election definition. The Boolean array is used to verify 
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that the ballot is valid for a specific polling place and to select 
the proper ballot template. If the Boolean array matches an 
array in the election definition, the ballot is valid and the 
corresponding ballottemplate is selected; otherwise, the bal 
lot is rejected and returned to the user. 
0.125. After the timing track and code channel have been 
validated, at block 156, the processor projects virtual lines 
between the centerpoints of the timing marks. Virtual vertical 
lines are projected between the top timing marks and their 
corresponding bottom timing marks, and virtual horizontal 
lines are projected between the left timing marks and their 
corresponding right timing marks. For example, FIG. 16 
shows example ballot 100 of FIG. 3 with a sampling of the 
projected virtual vertical and horizontal lines shown in phan 
tom. In the exemplary embodiment, the processor projects 
virtual vertical and horizontal lines between every corre 
sponding timing mark. In another embodiment, the processor 
only projects virtual vertical and horizontal lines between 
timing marks that correspond to a Voter response area. 
0.126. After the virtual vertical and horizontal lines have 
been projected onto the ballot image, at block 158, the pro 
cessor determines where the virtual vertical and horizontal 
lines intersect. From these intersection points, the processor 
uses the election definition to determine which intersection 
points correspond to Voter response areas. The intersection 
points of the virtual vertical and horizontal lines approximate 
the location of the center points of the Voter response areas. 
Thus, at block 160, the processor assigns the intersection 
points corresponding to the voter response areas as the initial 
center points of the voter response areas. For example, FIG. 
16 shows virtual vertical line 246 and virtual horizontal line 
248 intersecting at point 250, which corresponds to voter 
response area 252. FIG.17 shows voter response area 252 and 
initial center point 250. Although the initial center point is 
preferably determined as described above, one skilled in the 
art will appreciate that there are many ways to determine the 
initial center point of a Voter response area, including select 
ing a predetermined (x,y) coordinate on the ballot image. 
I0127. Although the center point of a voter response area is 
ideally located at the intersection point of the virtual vertical 
and horizontal lines, the intersection point may not be located 
at the actual center point of the Voter response area for a 
variety of reasons. For example, differences between ballot 
printers used to print the ballots could cause this inconsis 
tency in cases where the ballots are printed too light or too 
dark. Also, differences between the optical scanners used to 
image the ballots could cause this inconsistency in cases 
where a ballot image is blurry or smudged, the ballot is 
skewed or folded during scanning, or there are scanner shad 
ows caused by dirty or imprecise scanners. Determining the 
actual center point of a Voter response area is an important 
step that must be taken to properly decode the marks on the 
ballot. For example, as can be seen in FIG. 17, initial center 
point 250 is different than actual center point 254. Note that 
although the actual centerpoint 254 of the voter response area 
is shown in FIG. 17, this point is included for explanatory 
purposes only—the processor does not yet know the actual 
center point. 
I0128. In the exemplary embodiment, the actual center 
point of a Voterresponse area is determined through the use of 
a virtual template. The virtual template comprises a set of 
characteristic points positioned in predetermined locations in 
relation to the center point of a voter response area. For 
example, the characteristic points could comprise all of the 
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points along the outline of a Voter response area. An example 
of such an outline is shown as reference numeral 256 in FIG. 
18, which is centered about center point 258. However, one 
skilled in the art will appreciate that the use of every point 
along the outline 256 would be computationally intensive and 
may impact the performance of the tabulation device. Thus, in 
a preferred embodiment, the characteristic points comprise a 
subset of these points, as shown by points 260 in FIG. 19. The 
use of characteristic points 260 to define the virtual template 
will improve the processing efficiency of the tabulation 
device by reducing computational overhead when comparing 
the characteristic points to the ballot image, as described 
below. Note that because the algorithm uses a pre-defined 
template, it is possible to use any template Such as a square, 
rectangle, circle or oval. 
0129. For the oval reference shape, the number of charac 

teristic points is in a range from about 14 characteristic points 
to about 60 characteristic points, and can be a default value or 
may vary depending on a dynamic calibration process (de 
scribed below). For example, FIG. 19 shows 36 characteristic 
points positioned in predetermined locations in relation to 
centerpoint 262. Note that the center point 258 of the outline 
shown in FIG. 18 is the same as the center point 262 of 
characteristic points 260 shown in FIG. 19. In this embodi 
ment, characteristic points 260 are pixels that should be black. 
Alternatively, all or a portion of the characteristic points could 
comprise pixels that should be white, wherein it should be 
understood that any white characteristic points would be 
located outside the outline 256 shown in FIG. 18. 

0130. An exemplary method for determining the charac 
teristic points will be described with reference to blocks 161 
to 166 of the process flow diagram shown in FIG. 20. The 
characteristic points are preferably determined prior to an 
election. At block 161, a plurality of ballot images with blank/ 
unmarked voter response areas are obtained by printing a 
variety of paper ballots on a variety of different papers by a 
variety of different printers and then scanning Such ballots on 
a variety of different optical scanners. The purpose of using 
different papers, printers and scanners is to obtain a large 
sample of images of blank/unmarked voter response areas to 
account for as many differences in the ballot image (i.e., how 
the scanner will actually “see the voter response area) as 
possible. 
0131. At block 162, the voter response areas are extracted 
from the various ballot images. The same algorithm used in 
the tabulation device (described below in connection with 
FIG. 21) collects all the blank voter response areas and runs 
with a full virtual template. Thus, a powerful CPU is dedi 
cated to the extraction and analysis of the sample images of 
the voter response areas. Despite the differences between the 
Voter response areas extracted from the sample ballot images, 
there are points that will be common to a certain percentage of 
the sampled voter response areas. At block 163, statistical 
analysis is run on the images of the Voter response areas to 
calculate a ratio for each point of a Voter response area rep 
resenting the number of images where the point was black 
(i.e., was located on the outline of the Voter response area) to 
the total number of images. At block 164, the reference points 
that define the reference shape are defined as the set of points 
having a ratio greater than a reference point threshold. For 
example, the reference point threshold may be about 50%. At 
block 166, the characteristic points are defined as the set of 
points having a ratio greater than a characteristic point thresh 
old. For example, the characteristic point threshold may be 
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from about 75% to about 95%, more preferably from about 
80% to about 90%, and most preferably about 85%. The list of 
characteristic points with their corresponding ratios and the 
number of characteristic points needed to accurately repre 
sent the outline of the voter response area are stored in the 
election definition. Of course, the characteristic points do not 
have to be calculated or determined as described above. One 
skilled in the art will appreciate that other methods for deter 
mining the characteristic points are possible and within the 
scope of the present invention. However, it should be under 
stood that the method described above allows testing the same 
algorithm that is embedded in the tabulation device. 
0.132. An exemplary method for determining the actual 
centerpoint of the voter response area (see block 136 in FIG. 
5) will be described with reference to blocks 168 to 177 of the 
process flow diagram shown in FIG. 21. For the first iteration, 
the initial centerpoint is deemed to be the current centerpoint 
(i.e., the point to be evaluated), such as initial centerpoint 250 
shown in FIG. 17, and characteristic points 260 are centered 
about initial center point 250. At block 168, the distance 
between the current center point and the initial center point is 
determined, such as by identifying the pixel level of the 
current center point. As shown in FIG. 22, the pixel level 
represents a concentric Square “ring around the initial center 
point 250, i.e., each pixel adjacent to the initial centerpoint is 
level 1, each adjacent pixel outside of level 1 is level 2, each 
adjacent pixel outside of level 2 is level 3, and each adjacent 
pixel outside of level 3 is level 4. In this embodiment, a score 
for each pixel/center point is calculated (as described below) 
until the current pixel/center point is located in a level that 
exceeds a predetermined threshold (e.g., levels greater than 
pixel level 4). Alternatively, the actual distance between the 
current center point and the initial center point could be 
calculated using simple distance calculation, in which case 
the threshold would be a numerical distance value. Ofcourse, 
it is preferred that the algorithm takes into consideration that 
the initial centerpoint (calculated as described above) is close 
in distance to the actual center point of the Voter response 
aca. 

I0133) If the distance is not greater than the threshold 
(block 168=NO), the score for the current center point (i.e., 
the initial center point 250) is calculated at block 170. In this 
case, the distance is 0 because the current center point is the 
initial centerpoint 250. The score is determined by overlaying 
the characteristic points on the image in a position determined 
by the current center point and calculating a score corre 
sponding to the number of characteristic points that match 
corresponding points on the image. For each characteristic 
point that matches the image (i.e., for each white character 
istic point that is white and each black characteristic point that 
is black), the score associated with the current center point is 
incremented. As shown in FIG. 17, comparing characteristic 
points 260 to voter response area 252 shows that the current 
center point (i.e., initial center point 250) has a score of 10. 
I0134. After the score for the current center point is calcu 
lated, the score is compared to an upper center threshold at 
block 171. The upper center threshold will depend on how 
dark the Voter response area is printed, and preferably is in the 
range from about 60% to about 95% of the number of char 
acteristic points, and more preferably about 75% to about 
85% of the number of characteristic points. If the score for the 
current center point is less than the upper center threshold 
(block 171=NO), then the score for the current center point 
may be stored and associated with the current center point at 
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block 172. Preferably, the score for the current center point is 
stored only if that score is higher than the previously stored 
score (albeit all of the scores could be stored if desired). A 
new point is then selected as the current centerpoint at block 
173. For the example shown in FIG. 17, the upper center 
threshold is 30 pixels (85% of 36 pixels); thus, because the 
score is less than the uppercenter threshold (10<30), the score 
for the initial centerpoint is stored and a new point is selected. 
In the exemplary embodiment, the new point is selected by 
following a spiral square pattern as shown in FIG. 23. Thus, 
the new point will be the pixel directly above initial center 
point 250. 
0135 Blocks 168 to 173 described above are repeated for 
different points until either the score of the current center 
point is above the upper center threshold (block 171=YES) or 
until the distance between the current center point and the 
initial center point is greater than the distance threshold 
(block 168=YES). For the example herein, FIGS. 25-27 show 
the characteristic points 260 positioned in relation to subse 
quent current center points, as described below. 
0.136 FIG. 25 shows characteristic points 260 centered 
about the second current center point 264. As shown in FIG. 
25, the score for the second current center point 264 is 0. 
Because the score for the second current center point is less 
than the uppercenter threshold (0<30; block 171=NO in FIG. 
21), the process advances to block 172. In block 172, the score 
for the second current center point 264 is not recorded 
because the score of 0 is less than the stored score of 10 
associated with the initial centerpoint 250, and a new point is 
selected. Following the spiral square pattern shown in FIG. 
23, the new current center point (i.e., the third current center 
point) is the point to the left of the second current centerpoint 
and is shown as point 266 in FIG. 26. 
0137 FIG. 26 shows characteristic points 260 centered 
about the third current centerpoint 266. As shown in FIG. 26, 
the score for the third current center point 266 is 0. Because 
the score for the third current center point 266 is less than the 
uppercenter threshold (0<32; block 171=NO in FIG. 21), the 
process advances to block 172. In block 172, the score for the 
third current center point 266 is not recorded because the 
score of 0 is less than the stored score of 10 associated with the 
initial centerpoint 250, and a new point is selected. Following 
the spiral square pattern shown in FIG. 23, the new current 
center point (i.e., the fourth current center point) is the point 
below the third current centerpoint and is shown as point 268 
in FIG. 27. 

0138 FIG. 27 shows characteristic points 260 centered 
about the fourth current center point 268. As shown in FIG. 
27, the score for the fourth current center point 268 is 0. 
Because the score for the fourth current center point 268 is 
less than the upper center threshold (0<32; block 171=NO in 
FIG. 21), the process advances to block 172. In block 172, the 
score for the fourth current center point 268 is not recorded 
because the score of 0 is less than the stored score of 10 
associated with the initial center point 250, and a new point is 
selected. Following the spiral square pattern shown in FIG. 
23, the new current center point (i.e., the fifth current center 
point) is the point below the fourth current center point and is 
shown as point 270 in FIG. 28. 
0139 FIG. 28 shows characteristic points 260 centered 
about the fifth current center point 270. As shown in FIG. 28, 
the score for the fifth current center point 270 is 36. Because 
the score for the fifth current center point is greater than the 
upper center threshold (36>32; block 171=YES in FIG. 21), 
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the processor determines that the actual center point of the 
voter response area has been found at the fifth current center 
point 270. Preferably, the processor indicates that the actual 
center point has been found by setting a flag. Note that the 
actual center point 270 as determined by the method 
described above is the same as point 254 in FIGS. 17 and 
25-27. 

(O140 For the example shown in FIGS. 17 and 25-28, 
because the centerpoint of the Voter response area was found 
(block 138=YES in FIG.5), the reference shape mask (shown 
in FIG. 6) is applied to the voter response area. Because the 
Voter response area is blank, after the reference shape mask is 
applied to the voter response area, there will be zero black 
pixels (the reference shape mask removes the outline of the 
Voter response area). This can be seen by reference shape 
mask 200 shown in FIG. 6 being overlaid on top of the voter 
response area 252 shows in FIG. 28 using the determined 
centerpoint 270 of the voter response area as the center point 
of the reference shape mask 200. 
0.141. A more instructive example of the application of 
reference shape mask 200 is shown in FIGS. 29 and 30. FIG. 
29 shows a voter response area 272 that has been marked by 
a voter. Note that the mark 274 made by the voter extends 
outside of voter response area 272 and does not completely 
fill voter response area 272. We will assume that the centering 
process described above has already been completed and that 
the center point was found at point 276. Applying the refer 
ence shape mask as described above will yield the voter 
response area shown in FIG. 30. Note that the portion of the 
voter mark 274 that was outside of the voter response area 272 
has been ignored. The outline of voter response area 272 has 
been ignored as well. Thus, as shown in FIG. 30, the only 
marking is the portion of voter mark 274 that was inside voter 
response area 272, as indicated by reference numeral 278. 
The mark 278 shown in FIG.30 is then analyzed as described 
above to determine whether the voter response area is 
marked. 

0142. If none of the points had a score above the upper 
center threshold, and if the distance between the current cen 
terpoint and the initial centerpoint is greater than the distance 
threshold (block 168–YES in FIG. 21), then at block 174, the 
processor determines if the stored score (which is the highest 
score) is greater than a lower center threshold. If the stored 
score is above the lower center threshold (block 174=YES), 
then, at block 176, the processor indicates that the center has 
been found for the Voter response area and the point associ 
ated with the highest score is determined to be the actual 
center point. Preferably, the lower center threshold is from 
about 25% to about 50% of the number of characteristic 
points, more preferably from about 30% to about 40% of the 
number of characteristic points, and most preferably about 
33% of the number of characteristic points. If the stored score 
is not greater than the lower center threshold (block 
174=NO), then, at block 177, the processor indicates that the 
center point has not been found for the Voter response area, 
and the initial center point is deemed to be the center point of 
the Voter response area. 
0.143 Although the use of characteristic points improves 
the efficiency of determining the actual center point of the 
Voter response area, the set of characteristic points in the 
election definition is determined generally without respect to 
a specific printer or optical scanner. With a known printer and 
optical scanner, it is possible to use fewer characteristic points 
than the original set of characteristic points and maintain 



US 2014/0263637 A1 

accuracy. When Scanning ballots in the actual election, all of 
the characteristic points are initially used, and calibration 
runs after a minimum number of ballots have been scanned. 
Preferably, only blank voter response areas are used for cali 
bration. During calibration, the number of black pixels in a 
blank Voter response area are counted and stored as a shape 
outline count as the ballots are scanned. After a set number of 
Voter response areas have been analyzed, a shape outline 
count average is calculated for the sample set. Preferably, the 
sample set is about 160 Voter response areas, and the normal 
operating range for the shape outline count is from about 55 
pixels to about 165 pixels. After the shape outline count 
average has been calculated, the characteristic points are 
updated to only include the number of characteristic points 
required based upon the average shape outline count. For 
example, if the shape outline count average indicates that 15 
characteristic points are required, the characteristic points 
with the 15 largest ratios are the characteristic points used to 
determine the actual centerpoint of the Voter response area as 
described above. Calibration preferably runs after a predeter 
mined number of ballots have been scanned, preferably about 
2,000 ballots, or when the shape outline count is outside of the 
normal operating range. 
0144. The example described and illustrated above shows 
the actual center point of the voter response area within pixel 
level one of the initial center point. Although this example 
shows some benefit to using the system and method disclosed 
herein, the benefits of the present invention are even more 
apparent when there is larger distance between the initial 
center point and the actual center point, e.g., when the actual 
centerpoint is located in pixel levels 2, 3 or 4 as shown in FIG. 
22. 

0145. Other methods of determining the actual center 
point of a Voter response area are possible and within the 
Scope of the present invention. For example, instead of using 
pixel levels representing a concentric square “ring as shown 
in FIG.22, it is possible to use a concentric rectangular “ring 
around the initial centerpoint as shown in FIG. 24a, i.e., each 
pixel adjacent to the initial center point is level 1, each adja 
cent pixel outside of level 1 is level 2, each adjacent pixel 
outside of level 2 is level 3, and each adjacent pixel outside of 
level 3 is level 4. Any level that is outside the square “ring of 
levels 1-4 is represented by two columns (for a rectangle laid 
horizontally) or two rows (for a rectangle laid vertically) 
equidistant from the center point. Then, instead of selecting 
each new point by following the spiral square pattern shown 
in FIG. 23, each new point would be selected using the pattern 
illustrated in FIG. 24b. As can be seen, each pixel is repre 
sented by a number in the X-Y format. X represents the pixel 
level of the pixel (i.e., one of pixel levels 1-6 as shown in FIG. 
24a).Y represents the order in which the pixels are analyzed 
within a pixel level. For example, in pixel level 1, pixel 1-1 is 
analyzed first, pixel 1-2 is analyzed second, pixel 1-3 is ana 
lyzed third, and so on. In general, this pattern selects the next 
available pixel that is closest to the initial center point (i.e., 
point 0). The actual center point is then determined in accor 
dance with blocks 168 to 177 of the process flow diagram 
shown in FIG. 21 (noting that the predetermined threshold in 
block 168 is pixel level 6). 
0146. One skilled in the art will appreciate that although 
the exemplary embodiment has been described above in rela 
tion to manipulation of various points or lines on the ballot 
image (i.e., characteristic points, center points, timing mark 
lines, virtual vertical and horizontal lines, etc.), the ballot 
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tabulation device preferably only manipulates coordinates on 
the ballot image, not the actual image of the ballot. Addition 
ally, although each voter response area in the exemplary 
embodiment has an oval shape, the present invention extends 
to any shape or type of Voter response area known in the art. 
0147 Further, although the exemplary embodiment has 
been described above with reference to the center point of a 
Voter response area, the center point is merely a reference 
point. One skilled in the art will recognize that any point 
corresponding to the Voter response area could be used as a 
reference point, and the position could be inside or outside the 
voter response area. Additionally, the thresholds described 
herein based on a ratio or percentage of points could be 
replaced with a specific number threshold and vice versa. 
0148 Finally, while the present invention has been 
described and illustrated above with reference to an exem 
plary embodiment, it should be understood that various modi 
fications could be made to this embodiment without departing 
from the scope of the invention. Therefore, the present inven 
tion is not to be limited to the specific configuration and 
methodology of the exemplary embodiment and one skilled 
in the art will appreciate that a number of alternative embodi 
ments are possible and within the scope of the invention. 
What is claimed and desired to be secured by Letters Patent 

is as follows: 
1. A ballot tabulation device for analyzing one or more 

Voter response areas on a paper ballot, comprising: 
a scanner operable to obtain an image of at least a portion 

of the paper ballot that includes a voter response area; 
a processor operable to analyze the image by: 

applying a virtual template to the image to identify a 
reference point for the Voter response area; 

using the reference point for the Voter response area to 
define a response window; and 

analyzing the response window to determine if the Voter 
response area is marked by a Voter. 

2. The ballot tabulation device of claim 1, wherein the 
reference point for the Voter response area comprises a center 
point of the Voter response area. 

3. The ballot tabulation device of claim 2, wherein the 
response window comprises a rectangular window that is 
centered on the center point of the Voter response area. 

4. The ballottabulation device of claim 1, wherein the voter 
response area includes a printed outline that defines an outer 
boundary of the Voter response area. 

5. The ballot tabulation device of claim 4, wherein the 
printed outline of the Voter response area has an oval shape. 

6. The ballot tabulation device of claim 4, wherein the 
virtual template comprises a set of characteristic points posi 
tioned in predetermined locations in relation to the reference 
point of the Voter response area. 

7. The ballot tabulation device of claim 6, wherein at least 
Some of the characteristic points are located on the printed 
outline of the Voter response area. 

8. The ballot tabulation device of 1, wherein the processor 
is operable to identify the reference point of the voter 
response area by: 

identifying an initial reference point that approximates a 
location of the reference point for the voter response 
area; and 

determining the location of the reference point for the voter 
response area using the initial reference point and the 
virtual template. 
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9. The ballot tabulation device of claim 8, wherein the 
paper ballot includes a left timing mark, a right timing mark, 
a top timing mark and a bottom timing mark associated with 
the voter response area, and wherein the initial reference 
point is identified by locating an intersection of a first virtual 
line connected between the left and right timing marks and a 
second virtual line connected between the top and bottom 
timing marks. 

10. The ballot tabulation device of claim 8, wherein the 
virtual template comprises a set of characteristic points posi 
tioned in predetermined locations in relation to the reference 
point of the Voter response area. 

11. The ballot tabulation device of claim 10, wherein the 
processor is operable to overlay the characteristic points on 
the image in a position determined by the initial reference 
point and calculate a score corresponding to a number of the 
characteristic points that match corresponding points on the 
image. 

12. The ballot tabulation device of claim 11, wherein the 
processor determines that the reference point is the initial 
reference point if the score associated with the initial refer 
ence point is above an upper threshold value. 

13. The ballot tabulation device of claim 12, wherein the 
score associated with the initial reference point is below the 
upper threshold value, and wherein the processor is operable 
tO: 

identify one or more adjusted reference points located one 
or more distances from the initial reference point; and 

for each of the adjusted reference points, overlay the char 
acteristic points on the image in a position determined 
by the adjusted reference point and calculate a score 
corresponding to a number of the characteristic points 
that match corresponding points on the image. 

14. The ballot tabulation device of claim 13, wherein the 
processor determines that the reference point is the one of the 
adjusted reference points associated with a score above the 
upper threshold value. 

15. The ballot tabulation device of claim 13, wherein the 
score associated with each of the adjusted reference points is 
below the upper threshold value, and wherein the processor is 
operable to identify the initial reference point or the one of the 
adjusted reference points associated with the highest score. 

16. The ballot tabulation device of claim 15, wherein the 
processor determines that the reference point is the initial 
reference point or the one of the adjusted reference points 
associated with the highest score if the highest score is above 
a lower threshold value. 

17. The ballot tabulation device of claim 1, wherein the 
processor is operable to apply a virtual mask to the image to 
mask all points outside of the Voter response area. 

18. The ballot tabulation device of claim 17, wherein the 
Voter response area includes a printed outline that defines an 
outer boundary of the voter response area, and wherein the 
virtual mask also masks the printed outline. 

19. The ballot tabulation device of claim 1, wherein the 
virtual template comprises a set of characteristic points posi 
tioned in predetermined locations in relation to the reference 
point of the Voter response area. 

20. The ballot tabulation device of claim 19, wherein the 
characteristic points comprise points that are common to a 
plurality of sample images of a plurality of sample paper 
ballots. 

21. The ballot tabulation device of claim 20, wherein the 
sample paper ballots are printed on a plurality of printers. 
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22. The ballot tabulation device of claim 20, wherein the 
sample paper ballots are scanned on a plurality of tabulation 
devices to obtain the sample images. 

23. A system for analyzing one or more Voter response 
areas on a paperballot, comprising: 

a scanner operable to obtain an image of at least a portion 
of the paper ballot that includes a voter response area, 
wherein the Voter response area includes a printed out 
line that defines an outer boundary of the voter response 
area, 

a processor operable to analyze the image by: 
applying a virtual template to the image to identify a 

center point for the voter response area, wherein the 
virtual template comprises a set of characteristic 
points positioned in predetermined locations in rela 
tion to the center point of the Voter response area; 

defining a response window that is centered on the center 
point of the Voter response area; and 

analyzing the response window to determine if the Voter 
response area is marked by a Voter. 

24. The system of claim 23, wherein at least some of the 
characteristic points are located on the printed outline of the 
Voter response area. 

25. The system of 23, wherein the processor is operable to 
identify the reference point of the voter response area by: 

identifying an initial center point that approximates a loca 
tion of the center point for the Voter response area; and 

determining the location of the center point for the voter 
response area using the initial center point and the Vir 
tual template. 

26. The system of claim 25, wherein the paper ballot 
includes a left timing mark, a right timing mark, a top timing 
mark and a bottom timing mark associated with the Voter 
response area, and wherein the initial centerpoint is identified 
by locating an intersection of a first virtual line connected 
between the left and right timing marks and a second virtual 
line connected between the top and bottom timing marks. 

27. The system of claim 23, wherein the processor is oper 
able to apply a virtual mask to the image to mask the printed 
outline and all points outside of the Voter response area. 

28. The system of claim 23, wherein the characteristic 
points comprise points that are common to a plurality of 
sample images of a plurality of sample paper ballots. 

29. The system of claim 28, wherein the sample paper 
ballots are printed on a plurality of printers. 

30. The system of claim 28, wherein the sample paper 
ballots are scanned on a plurality of tabulation devices to 
obtain the sample images. 

31. A system for analyzing one or more response areas on 
a response sheet, comprising: 

a scanner operable to obtain an image of at least a portion 
of the response sheet that includes a response area; 

a processor operable to analyze the image by: 
identifying an initial reference point that approximates a 

location of a reference point for the response area; 
determining the location of the reference point for the 

response area using the initial reference point and a 
virtual template, wherein the virtual template com 
prises a set of characteristic points positioned in pre 
determined locations in relation to the reference point 
of the response area; 

using the reference point for the response area to define 
a response window; and 
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analyzing the response window to determine if the 
response area is marked. 

32. The system of claim 31, wherein the reference point for 
the response area comprises a center point of the response 
aca. 

33. The system of claim 32, wherein the response window 
comprises a rectangular window that is centered on the center 
point of the response area. 

34. The system of claim 31, wherein the response area 
includes a printed outline that defines an outer boundary of 
the response area. 

35. The system of claim 34, wherein the printed outline of 
the response area has an oval shape. 

36. The system of claim 34, wherein at least some of the 
characteristic points are located on the printed outline of the 
response area. 

37. The system of claim 31, wherein the response sheet 
includes a left timing mark, a right timing mark, a top timing 
mark and a bottom timing mark associated with the response 
area, and wherein the initial reference point is identified by 
locating an intersection of a first virtual line connected 
between the left and right timing marks and a second virtual 
line connected between the top and bottom timing marks. 

38. The system of claim 31, wherein the processor is oper 
able to overlay the characteristic points on the image in a 
position determined by the initial reference point and calcu 
late a score corresponding to a number of the characteristic 
points that match corresponding points on the image. 

39. The system of claim 38, wherein the processor deter 
mines that the reference point is the initial reference point if 
the score associated with the initial reference point is above 
an upper threshold value. 

40. The system of claim 39, wherein the score associated 
with the initial reference point is below the upper threshold 
value, and wherein the processor is operable to: 

identify one or more adjusted reference points located one 
or more distances from the initial reference point; and 
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for each of the adjusted reference points, overlay the char 
acteristic points on the image in a position determined 
by the adjusted reference point and calculate a score 
corresponding to a number of the characteristic points 
that match corresponding points on the image. 

41. The system of claim 40, wherein the processor deter 
mines that the reference point is the one of the adjusted 
reference points associated with a score above the upper 
threshold value. 

42. The system of claim 40, wherein the score associated 
with each of the adjusted reference points is below the upper 
threshold value, and wherein the processor is operable to 
identify the initial reference point or the one of the adjusted 
reference points associated with the highest score. 

43. The system of claim 42, wherein the processor deter 
mines that the reference point is the initial reference point or 
the one of the adjusted reference points associated with the 
highest score if the highest score is above a lower threshold 
value. 

44. The system of claim 31, wherein the processor is oper 
able to apply a virtual mask to the image to mask all points 
outside of the response area. 

45. The system of claim 44, wherein the response area 
includes a printed outline that defines an outer boundary of 
the response area, and wherein the virtual mask also masks 
the printed outline. 

46. The system of claim 31, wherein the characteristic 
points comprise points that are common to a plurality of 
sample images of a plurality of response sheets. 

47. The system of claim 46, wherein the sample response 
sheets are printed on a plurality of printers. 

48. The system of claim 46, wherein the sample response 
sheets are scanned on a plurality of optical scanners to obtain 
the sample images. 


