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********* DISCLAIMER *********

The U.S. Bureau of the Census (Census) and the National Institute of Standards and

Technology (NIST) sponsored this Conference as part of ongoing research into machine

recognition of hand-print. The Conference and related exercises focused on a single step in

the process: machine recognition of individual (or segmented) characters without context.

With the single variable nature of this study, no valid comparisons can be made regarding

cost or performance of systems designed to process entire forms or documents. Further, the

e�orts of the participants in conducting the tests were not proctored or monitored in any

way by Census or NIST.

While some test results from this Conference may appear in marketing literature, poten-

tial buyers must beware! Census and NIST can make only one recommendation to potential

buyers: use your own application-speci�c data to thoroughly test the performance of any

system (or component) in a realistic setting.

Also, reference is made to some commercial products at various points in this report.

Such reference constitutes neither endorsement by Census or NIST, nor implication that the

product so referenced is the best for the particular application.
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140 NIST 4 correlation graph key for digits. : : : : : : : : : : : : : : : : : : : : : 335

141 NIST 4 correlation graph key for uppers. : : : : : : : : : : : : : : : : : : : : 336

142 NIST 4 correlation graph key for lowers. : : : : : : : : : : : : : : : : : : : : 337

143 THINK 2 correlation graph key for digits. : : : : : : : : : : : : : : : : : : : 341

144 THINK 2 correlation graph key for uppers. : : : : : : : : : : : : : : : : : : : 342

145 THINK 2 correlation graph key for lowers. : : : : : : : : : : : : : : : : : : : 343

146 UMICH 1 correlation graph key for digits. : : : : : : : : : : : : : : : : : : : 347

147 UMICH 1 correlation graph key for uppers. : : : : : : : : : : : : : : : : : : : 348

148 UMICH 1 correlation graph key for lowers. : : : : : : : : : : : : : : : : : : : 349

149 VALEN 2 correlation graph key for digits. : : : : : : : : : : : : : : : : : : : 353

150 VALEN 2 correlation graph key for uppers. : : : : : : : : : : : : : : : : : : : 354

151 VALEN 2 correlation graph key for lowers. : : : : : : : : : : : : : : : : : : : 355
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1 xecutive Su ary

Bob Hammond

1.1 ackground

Since 1790, the United States has conducted a decennial census, or head count, of the

American population. Over the last century, growth in the population and demand for

quicker tabulations have presented very strenuous tasks for data capture and information

technology. In the late 1800's, tabulating machines with punched cards were invented for

Census use. In the 1950's, sta� at Census and NBS helped develop the UNIVAC for general

purpose computing. About the same time, they jointly developed the �rst optical scanning

device for high speed mark recognition of micro�lm.

For almost three decades, sta� at the Census Bureau have heard claims that machine recog-

nition of handwriting was just around the technological corner. However, a careful review of

most claims showed that the corner was still a long way o�. Recent advances in recognition

of machine print and improvements in microprocessor performance have renewed optimism

for machine recognition of hand print. In the late 1980's, the Census Bureau enlisted the

Image Recognition Group (IRG) at the National Institute for Standards and Technology

(NIST) to help evaluate these claims more closely.

1.2 e onference

After several years of research, the NIST/IRG had developed a working prototype along with

various methods to measure the performance of other systems. After the 1990 Census, NIST

and Census decided to sponsor a scienti�c experiment and conference (hereafter referred to

as the Conference) to determine the state of the art in this industry. NIST and Census

formed a Committee having representatives from government, industry, and academia to

organize the Conference, and NIST personnel ran the Conference.

Twenty nine di�erent groups from North America and Europe responded to the call for par-

ticipation. Each party received an image data base of segmented, hand-printed, alpha and

numeric characters for training their systems. Later, each party received a similar database

for test purposes. Each attempted to recognize the characters, and all but three submitted

their results to NIST for scoring. In late May 1992, all parties that submitted results con-

vened in Gaithersburg, Maryland to discuss the results. Scienti�c and academic participation

was encouraged, and marketing interests were discouraged. Attendance was strictly limited

to sponsors, participants, and up to two associates designated by each participant, along

with a few observers from federal agencies (FBI, IRS, USPS) that are currently sponsoring

work in the �eld.

The Conference and related exercises focused on a single step in the process: machine recog-

nition of individual (or segmented) characters with no context. With the single variable

nature of this study, no valid comparisons can be made regarding cost or performance of
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systems designed to process entire forms or documents. Further, the e�orts of participants

were not proctored or monitored in any way by Census or NIST sta�.

1.3 onclusions

NIST and Census are in no way responsible for how these results may be used. NIST made

every e�ort to assure the accuracy of the measures computed from the submissions by the

participants. Nevertheless, NIST and Census are aware that di�erent tests, which may be

more pertinent to real applications, might give di�erent results than those reported here, and

that other analyses of the submissions might give more complete results than those reported

here.

While some results from this Conference may appear in marketing literature, under no cir-

cumstances should potential buyers use data from this study as a primary basis for purchasing

decisions. Census and NIST can make only one recommendation to potential buyers: use

your own application-speci�c data to thoroughly test the performance of any system (or

component) in a realistic setting.

The Conference resulted in the following general conclusions:

About half of the systems correctly recognized over 95% of the digits, over 90% of the upper

case letters, and over 80% of the lower case letters in the test. For comparison, a human

correctly recognized about 98.5% of the test digits. (Chapters 3 and 4 discuss the test data,

scoring, and error rates in detail.)

While machine recognition of segmented digits appears to be approaching the level of human

performance, one should not extrapolate this conclusion to the performance on unconstrained

input, which is a much more di�cult problem.

Further research, development, and testing on realistic sources of hand-printing is needed to

determine the cost and practicality of this technology. Many participants said they learned of

new techniques at the Conference that will help them improve their system's performances,

but potential buyers should use their unique, application-speci�c data to thoroughly test

the performance of any system (or component) in a realistic setting. Discussions about

di�erences in the training data and the test data suggests that various systems may perform

di�erently with only slight changes in the source data.

For scienti�c reasons, future e�orts to measure performance of competing systems would

isolate the source and extent of error resulting from each step of the recognition process.

However, given the wide variety of approaches to various steps in the process, this incremental

approach to the research may be impractical.

1.4 rganization of t is e ort

The Introduction in Chapter 2 provides an overview of the Conference, materials, theories,

and methods used in the e�ort. Chapters 3 and 4 discuss in more technical detail the theory

and results of metrics used for scoring and evaluation of results. Chapter 5 attempts to
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lay out a taxonomy of approaches to optical character recognition systems, while Chapter 6

quali�es and discusses various considerations on the speed measures of the Conference. The

various appendices o�er original copy from the initial call for participation and instructional

material, discussions of lessons learned (and problems encountered), and detailed descriptions

and scoring results of all 118 submissions.
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ntro uction

Jon Geist

The goals of the First Census Optical Character Recognition (OCR) Systems Conference

were scienti�c in nature. The �rst goal was to gauge the state of the art of OCR of hand-

printed characters with respect to the particular problems associated with entering census

data into a computer database. The second was to learn what is currently limiting the state

of the art. The third goal was to determine whether new databases of handprinted characters

for use either in training or in testing could be expected to help to improve the state of the

art of OCR for applications such as the census, and if so, what types of new databases are

needed.

It was decided that a test open to organizations having strong OCR programs would be a

cost-e�cient tool for meeting these goals. This would allow comparison of the results from

a wide variety of systems, algorithms, features, and preprocessing. Unfortunately, it would

not be possible to control the variables as well as might otherwise be desirable with this type

of experiment, but comparison of the results from a broad range of systems was thought to

be more important than comparison of the results obtained from di�erent variations of a

single type of system.

The full Census OCR task consists of document handling, form identi�cation, �eld isolation,

character segmentation, character recognition, and context-based �eld correction. However,

the recognition of segmented characters has been considered the bellwether of OCR progress

for some time. Therefore, it seemed desirable to limit the test to this subtask, both to

establish a baseline for this capability before considering more complex combinations of

subtasks, and to test recent thinking that the recognition of segmented characters is no

longer the accuracy-limiting subtask for hand-print OCR.

This decision required postponing tests that are more typical of the full Census OCR task

for future conferences. The test that was implemented consisted of classifying about 85000

binary images of segmented characters that were distributed on a CD-ROM. All participants

received identical tests, and none had seen any of the images on the CD before receiving it.

The Conference had no marketing goals. In particular, the test was not proctored, and

neither the capabilities tested nor the test images were representative of any commercial

application. Also, participants were implicitly encouraged to carry out experiments that

promoted the scienti�c goals of the Conference, but which might not contribute to optimum

system performance. For instance, a training CD that contained over 300000 binary images

of segmented characters was provided to the participants in advance of the test CD, but the

participants were not required to train their OCR systems on the characters on this CD.

Instead they could use their own training data, and use the training CD only to experiment

with the data formats that would be used on the test CD. Nevertheless, many of the partic-

ipants chose to train on subsets of the characters on the training CD rather than on internal

databases that might have given better results.

The results of this test should not be used as the basis for purchasing an OCR system.

Anyone who does base a purchase on these results will probably encounter a number of
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serious problems. Decisions regarding applying an OCR system to some speci�c task should

be based on the results of proctored tests with test materials that are typical of that task.

On the other hand, the methodologies developed for this Conference and the results obtained

from this Conference should prove quite useful in designing tests, both large and small, to

support purchasing decisions.

2.1 rganization of t e onference

The Conference was organized by a Committee consisting of the following individuals:

Bob Hammond, Robert Creecy, and Norman W. Larsen, US Bureau of the Census

Charles L. Wilson and Jon Geist, National Institute of Standards and Technology

Dr. Jonathan J. Hull, Center of Excellence for Document Analysis And Recognition

Dr. Thomas P. Vogl, Environmental Research Institute of Michigan

Dr. Christopher J. C. Burges, AT T Bell Laboratories

Jon Geist, the Committee Chariman, handled the planning of the Conference and the major-

ity of the interaction with the participants. The Conference was run for the Committee by

the Image Recognition Group (IRG) at the National Institute of Standards and Technology

(NIST) under contract to the US Bureau of the Census. Bob Hammond administered the

contract supporting this Conference.

The following individuals from the NIST IRG were instrumental in carrying out the work

of the Conference. Charles Wilson, the Leader of the NIST IRG, assured that resources

were available when needed. Allen Wilkinson coordinated the technical activities of the

Conference including the preparation of training and test materials, the receipt of participant

submissions, and software trouble shooting. Stan Janet scored all of the submissions. Michael

Garris designed and helped implement a new procedure for classifying the character images

on the test CD to take maximumadvantage of the NIST IRGOCR systemwhile still assuring

that every classi�cation was checked by a human. Patrick Grother provided valuable advice

on various aspects of the Conference based on his role as a participant representing the NIST

IRG OCR system.

A Call for Participation was prepared and issued on behalf of the Committee as the �rst

activity of the Conference. A version of the Call is reproduced in Appendix C. NIST Special

Database 3 (SD3)[1] was sent to the participants to familiarize them with the test data

formats and for possible use as training data. A preprint of the documentation for that

database was sent as instructional material at the same time. NIST Test Data 1 (TD1)[2]

was sent to each of the participants as the test data. Instructions for the test phase of the

Conference were sent with TD1. These are reproduced in Appendix D.

Twenty nine organizations agreed to participate in the Conference. Three organizations:

HNC, San Diego, CA; Scan Optics, East Hartford, CT; and the University of Massachusetts

at Lowell, chose not to return test results after receiving the training and test materials. The

remaining twenty six participants, representing over 45 di�erent systems, returned over 115

submissions for scoring. These participants, the names assigned by NIST to the systems for
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which they submitted results, the type of results submitted, and pertinent references where

available are summarized in Tables 1 and 2. The detailed activities that occurred before the

meeting phase of the Conference are described in the Appendices mentioned above.

Since this was the �rst conference of its kind being run by the NIST IRG, a number of

problems were encountered. These are discussed in Appendices A and B of this report. The

former is a list of issues raised by the participants during the Conference meeting. The latter

presents, from the NIST perspective, a short list of problems along with possible solutions

proposed by various individuals. A short discussion is also included for each problem, both

to provide background information, and to indicate how practical each proposed solutions

appears.

2.2 Su ar of esults

Classi�cation, rejection, con�dence, and error are general ideas of importance in OCR. The

following de�nitions of these and related terms will be used throughout this report.

A classi�cation process assigns an ASCII character to an image of a character. The classi�-

cation may be correct or incorrect.

A rejection process divides a set of classi�cations into rejected classi�cations and accepted

classi�cations. Only the accepted classi�cations are considered useful.

Usually, the rejection mechanism is applied after the classi�cation process. However, some

rejection processes work in parallel with the classi�cation process, and no classi�cation is

assigned when a character is rejected. Most systems that carry out the rejection process

after the classi�cation process produce what is called a con�dence for each classi�cation.

This is a number (usually between zero and one) that orders the classi�cations according to

expected reliability.

The rejection rate for a set of character classi�cations is de�ned as the ratio of the number of

characters rejected by the rejection process to the total number of characters presented for

classi�cation. For convenience, this report will refer to classi�cations that are not rejected by

the classi�cation process at any given rejection rate as unrejected or accepted classi�cations.

If a con�dence is associated with each classi�cation, any desired rejection rate can be obtained

by choosing the correct value for the con�dence threshold and rejecting any classi�cations

having con�dences less than or equal to the threshold and accepting any classi�cations having

con�dences greater than the threshold.

The error rate for a set of classi�cations is de�ned as the fraction of the unrejected (accepted)

characters that are classi�ed incorrectly. Therefore, the error rate varies as a function of the

rejection rate.

Table 3 lists the zero-rejection-rate error rates for all of the OCR results submitted to the

Conference. As a very rough summary, about half of the systems produced error rates of

less than 5% at zero rejection rate for digits, about half produced error rates of less than

10% at zero rejection rate for upper case letters, and about half produced error rates of less

than 20% at zero rejection rate for lower case letters.
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PARTICIPATING SYSTE DIGIT PPER L ER REFERENCES

RGANIZATI N

AEG Electrocom Gmb
AEG

onstanz, Germany

Adaptive Solutions, Inc.
AS L [3][4]

eaverton, R

AT T ell Laboratories
ATT 1 [ ][ ][ ][ ]

olmdel, N
ATT 2 [ ][ ][ ][ ]

ATT 3 [ ][1 ]

ATT 4 [ ][ ][ ][ ]

Com Com Systems, Inc.
C C

Clearwater, FL

ELSAG AILEY, INC.
ELSAG 1

Cons o oc en, PA
ELSAG 2

ELSAG 3

Environmental Researc
ERI 1 [11][12][13][14]

Institute of ic i an
ERI 2 [11][12][13][14]

Ann Arbor, I

Gesellsc aft f�ur
G D 1 [1 ][1 ]

at emati und
G D 2 [1 ][1 ]

Datenverarbeitun
G D 3 [1 ][1 ]

San t Au ustin, Germany
G D 4 [1 ][1 ]

GTESS Corporation
GTESS 1

Ric ardson, T
GTESS 2

u es Aircraft Company
G ES 1 [1 ]

Cano a Par , CA
G ES 2 [1 ]

I Almaden
I [2 ][21][22]

Researc Center,
[23][24][2 ][2 ]

San ose, CA

InterFax, Inc.
IFA

Sunnyvale, CA

aman Sciences
A AN 1

Corporation
A AN 2

tica, NY
A AN 3

A AN 4

A AN

Table 1: List of participants, system names, tests, and references

7



PARTICIPATING SYSTE DIGIT PPER L ER REFERENCES

RGANIZATI N

Eastman oda Co.
DA 1 [ ][2 ][2 ]

Roc ester, NY
DA 2 [ ][2 ][2 ]

imetics
I E [2 ][3 ]

C atenay alabry,

France

Nestor, Inc.
NEST R [1 ][31][32]

Providence, RI
[1 ][33][34][3 ]

[3 ][3 ][3 ]

National Institute of
NIST 1 [3 ]

Standards and Tec .
NIST 2 [4 ]

Gait ersbur , D
NIST 3 [41]

NIST 4 [42]

NYNE Sciences
NYNE

Tec nolo y, Inc.

ite Plains, NY

CR SYSTE S, Inc.
CRSYS

untin don alley, PA

Reco nition E uip. Inc.
REI

Dallas, T

Riso National Lab.
RIS

Ros ilde, Denmar

Symbus Tec nolo y
SY S

alt am, A

T in in ac ines
T IN 1

Corporation
T IN 2

Cambrid e, A

niversity of olo na
L [43][44][4 ]

olo na, Italy
[4 ][4 ][4 ]

[4 ][12][ ]

niversity of
IC 1

ic i an-Dearborn

Dearborn, I

niversity of Penn.
PENN [ ][ 1][3 ]

P iladelp ia, PA
[ 2][ ][ 3]

[ 4][ ][ ][ ]

niversidad Politecnica
ALEN 1 [ ]

de alencia
ALEN 2 [ ]

alencia, Spain

Table 2: List of participants, system names, tests, and references
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Table 3: Mean zero-rejection-rate error rates and standard deviations in percent calculated

over 10 partitions of TD1.
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Figures 1 through 6 plot the error rate versus the rejection rate for digits, for upper case

letters, and for lower case letters, respectively, for all of the systems. The odd numbered

�gures plot the error versus rejection curves that were obtained by applying thresholds to

the con�dence data provided for most of the systems. The even number �gures plot the

points obtained directly from rejection data provided for the remaining systems. Summaries

describing the individual systems and more detailed results are included in Appendices E

and F.

Table 3 contains uncertainties for the error rates presented there. These uncertainties were

calculated by dividing the characters in Test Data 1 into ten sets of characters, each set

being a contiguous block of the test materials. Each set contained a �xed number of clas-

si�cation hypotheses. Each set was scored separately for each submission and the mean

and sample standard deviation of those means are recorded in the table. The recognition

error percentages are the de�nitive scores for each conference participant. They are exact

performance measures over the whole database. The standard deviation is a measure of the

change expected for the given classi�ers on alternative subsets of the test data. All results

refer to zero-rejection-rate classi�cation.

2.3 i erences et een est and raining ata ases

Most participants pointed out that the characters in NIST TD1 seemed di�erent from and

harder to recognize than those in NIST SD3. One participant suggested a cross validation

data study. The study is described in detail in Section 3. The results suggest that TD1

is signi�cantly harder than SD3 for digits, but not signi�cantly harder, only di�erent, for

upper and lower case letters. A more de�nitive study and supplemental studies using other

systems seem warranted.

A possible explanation for the di�erent levels of di�culty for the two sets of digit images is

the di�erent way that the two sets were obtained. NIST SD3 and NIST TD1 were obtained

by segmenting the characters �lled out in boxes on forms that were variations of that shown

in Figure 7. The forms for SD3 were �lled out and returned by 2100 of 3400 permanent

Census �eld workers as part of the 1990 Census program. The forms for TD1 were �lled out

by math and science students in a high school as a short exercise during class. The 2100

Census workers who actually returned �lled out forms to their employer were clearly more

motivated than the 1300 who did not, and may be more motivated than the 500 high school

students who were forced to �ll out and return the forms in class. The attitudes of the high

school students are probably more representative of the attitudes of the general population

when �lling out a Census form.

The individual characters on the forms obtained from the Census workers were isolated by

a di�erent segmenter than that used with the forms obtained from the high school students.

The segmentor used for SD3 failed to successfully segment a much larger fraction of the

characters presented to it than did the segmenter used to create TD1. If segmenters fail on

the most di�cult characters, then this could be another reason why TD1 appeared more

di�cult.
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All participants who used NIST SD3 for training thought that their error rate for TD1 would

have been lower had they used a better training set. The Kodak and AEG systems both

demonstrated this point in di�erent ways. The only di�erence between the KODAK 1 and

KODAK 2 system results in Appendix E is the addition of sevens with crosses to SD3 for

training. This one change reduced the zero-rejection-rate digit error rate from 4.7% to 4.1%.

AEG used SD3 for the Conference submission, but reran the digit test after the Conference

using an internal database. This reduced the zero-rejection-rate error rate from 3.4% to 2.9%.

Both of these results are consistent with the cross validation results for digits described in

Section 3.

2.4 rror ates as a unction of e ection ates

A casual glance at the curves in Figures 1 through 6 suggests that they all have very similar

shapes. Section 4 derives the ideal error rate versus rejection rate curve, �ts an empirical

equation to the data in Figures 1, 3, and 5, and derives the probability distributions that

generate the ideal and empirical error rate versus rejection rate curves. As discussed in

Section 4 there is a lot of room for improvement in the shapes of the error rate versus

rejection rate curves produced by the OCR systems before they start to be limited by the

ideal shape. First their slope at zero rejection rate is less negative than the ideal slope at

zero rejection rate, and secondly the curvature on a log plot is in the wrong direction.

The last column in Tables 7, 8, and 9 in Section 4 lists the ratios of the slopes of the error

rates at zero-rejection rate to the optimum slopes for all of the curves in Figures 1, 3, and 5.

Notice that it apparently easy to get the ratio of the actual slope to the ideal slope greater

than 30%, but quite di�cult to get it greater than 80%.

The �rst 10000 digits of TD1 were presented without any indication as to the correct class

and classi�ed by a human. This process was carried out at about 2 characters per second

for periods from one to two hours with many hours between the classi�cation periods. The

result was a zero-rejection-rate error rate of 1.57%, which is very close to the digit rate for

all of the digits in TD1 for the OCRSYS system. It is very interesting that this system

obtained approximately the same zero-rejection-rate error rate as a human, while producing

an error rate versus rejection rate that is much less satisfactory than those for the other

OCR systems in the Conference.

2. t er o ics

Many di�erent types of classi�ers, feature extractors, and preprocessors were used (including

no feature extractors or preprocessors). The only general conclusion that is evident so far is

that good people can make almost anything work. Section 5 presents a taxonomy for OCR

systems and some more detailed observations about the di�erent types of systems tested.

Determining the state of the art with respect to system speed was not a goal of the Con-

ference. Nevertheless, the participants were asked to provide the time from �rst CD-ROM

access to last CD-ROM access for their system runs. Some participants provided these times,
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some provided times that were associated only with the actual OCR recognition task, some

provided both, and some provided some intermediate times. The results are not meaningful

enough to warrant any �gures, but some general conclusions are listed in Section 6.

2. onclusion

Some preliminary conclusions of the Conference are listed below.

The state of the art of machine OCR of segmented, hand-printed digits is approaching human

performance with respect to the zero-rejection-rate error rate. The results for upper case

letters and lower case letters are probably not as good relative to human performance as the

performance for digits, but no human classi�cations under the conditions of the Conference

test have been conducted to address question.

The digits in NIST SD3 do not represent a heterogeneous enough sample of hand-printed

digits for optimum training of OCR systems. The same is probably true for the letters in

SD3, but studies comparable to that reported in Section 3 have yet to be carried out.

The fact that almost all of the systems give similar shape error rate versus rejection rate

curves for the digit, upper case letter, and lower case letters suggests that these curves come

about as close as can be expected to optimum with the data in NIST TD1. On the other

hand, theoretical studies suggest that there is room for considerable improvement. Further

research will be needed to resolve this paradox.

Many of the participants indicated that the Conference was a useful learning experience.

This includes the NIST IRG. Following the Conference, several simple changes were made

to the NIST 1 system. These changes converted a K-Nearest Neighbor (KNN) system to a

Probabilistic Neural Network (PNN) system using Karhunen-Lo�eve (KL) features on binary

images obtained from simple preprocessing, and produced the NIST 4 system summarized

in Appendix F. The improvement in performance, a 35% decrease in the zero-rejection-rate

error rate for digits from 7.7% down to 5.0%, is striking. It is noteworthy that the changes

giving this level of improvement were not only easily implemented, but they were more of

the nature of improvements in what was already being done rather than the introduction of

new or di�erent approaches.

Most of the participants and Committee members believe that the results of this Conference

were more than su�cient to justify a Conference on isolated �elds, but there was less of a

consensus on exactly what sort of isolated �elds were appropriate for the next test. When

forced to choose between two extremes, the participants overwhelmingly preferred digital

images of the micro�lmed occupation and industry �elds on real Census forms along with

a dictionary of allowed answers rather than arti�cial �elds of random letters digitized from

forms such as were used for NIST SD3 and TD1.
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Figure 1: Error rate versus rejection rate for all systems providing con�dence data with their

classi�cations for the digit test.
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Figure 2: Error rate versus rejection rate for all systems providing rejection data with their

classi�cations for the digit test.
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Figure 3: Error rate versus rejection rate for all systems providing con�dence data with their

classi�cations for the upper case test.
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Figure 4: Error rate versus rejection rate for all systems providing rejection data with their

classi�cations for the upper case test.

16



0.010

0.030

0.100

0.300

1.000

3.000

10.00

30.00

100.0

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

E
R
R
O
R
 
R
A
T
E
 
(
%
)

REJECTION RATE (%)

LOWERS

Figure 5: Error rate versus rejection rate for all systems providing con�dence data with their

classi�cations for the lower case test.
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Figure 6: Error rate versus rejection rate for all systems providing rejection data with their

classi�cations for the lower case test.
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Figure 7: A typical �lled-out sample form
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Cross ali ation Stu ies

Patrick J. Grother

3.1 ntroduction

Participants in the Conference agreed to classify unlabelled images using their own recog-

nition systems and submit their classi�cations to NIST for scoring. NIST provided two

databases to all entrants. The �rst, SD3, contained the segmented characters of 2100 writers

and the \known" class �les. This constituted an optional training set. The second database,

TD1, contained unlabelled characters from 500 writers, and it constituted the test materials.

One result of the Conference was that those recognition systems trained solely on the SD3

database generally displayed inferior TD1 recognition to those trained on a superset of this

data, i.e. one including SD3 as a subset, or other, possibly proprietary, datasets. The notion

that SD3 was \clean" or \constrained" relative to the TD1 dataset was suggested by the

writer pro�les; SD3 was obtained from motivated permanent Census �eld personnel whereas

TD1 was obtained from variously motivated, more diverse and cosmopolitan high school

students. An example is that the European crossed seven is far more abundant in TD1 than

SD3.

A study was initiated to formally investigate the relative di�erences between the two databases.

The intent was to obtain some classi�er-independent measures of the relative database dif-

�culty - to obtain results that pertain to the properties of the data, and not the particular

recognition algorithm. Cross validation [60] [61] has long been used as a method of obtaining

more \mileage" from a data set. By partitioning the data into disjoint subsets, one for pa-

rameter estimation (i.e. training) and the other for performance measurement (i.e. testing),

more robust estimates of performance statistics are available.

3.2 eor

Cross validation is a method for accumulating a statistic, which in this section is the clas-

si�cation error obtained using a nearest neighbor classi�er. Moody [62] expressed cross

validation in terms of the mapping error associated between inputs and targets to a multi-

layer perceptron (MLP), but the concept of cross validation is in no way restricted to neural

network classi�ers or function approximators.

A problem associated with MLP networks is that patterns (for example, crossed sevens)

present in a training set in small numbers are only weakly represented by the estimated

weights, such that generalization is poor. Algorithms that do not aggregate information

from the training data are not usually prone to this problem. Such a method is the ubiq-

uitous K-Nearest Neighbor (KNN) algorithm [63]. The distances of an unknown pattern to

elements of a prototype set are calculated using a suitable metric (often euclidean). Vot-

ing between the classes of the K-closest patterns implies the class of the unknown pattern.

Numerous extensions to the scheme have been used e�ectively including an elaboration,
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termed \Probabilistic Neural Network" (PNN), developed by Donald Specht [42] in which

all prototypes are included in a gaussian distance weighted metric. The advantage of the

method is that an e probability is attached to each possible class; the unknown is

classed as that with the highest probability. NIST has used nearest neighbor classi�ers that

signi�cantly outperform MLP networks given identical features.

3.3 lassi cation

The �rst stage of classi�cation for purposes of cross validation between the two sets used

the Karhunen Lo�eve (KL) expansion of the images as a reduced dimensionality, optimally

compact, representation. The use of such features in OCR has been described[64] [39].

The hand printed binary characters are isolated and represented as the 1 elements of a

column vector by some consistent ordering of the rectangular image. The mean vector of

such images is subtracted from each and an ensemble matrix, U is formed with the

vectors as its columns. The symmetric covariance matrix, R, which can be expressed as

R UU ; (1)

gives the mean of all the interpixel correlations over all images in the ensemble. This can be

used to statistically describe how handprinted character images vary. The covariance matrix

R has eigenvectors as the columns of :

R (2)

where the only non-zero elements of are the eigenvalues on its diagonal. The eigenvectors

are the directions of maximum variance in the image space and form a complete orthonor-

mal set termed the principal axes of a hyperellipse in that space. The eigenvalues de�ne the

statistical \length" of these axes; thus the �rst column of corresponding to the largest

eigenvalue is the major axis. The eigensolution of the covariance matrix provides a variance

expansion of the image ensemble ordered from largest to smallest eigenvectors. The eigen-

vectors having the smaller values and therefore describing very little variance in the images,

are discarded, thus a�ording useful dimensionality reduction. image vector as a column

of a new matrix U is a linear superposition of the basis vectors:

U V (3)

where the inversion of this formula, V, de�nes the Karhunen Lo�eve Transform (KLT) [65],

the elements of which are the projection of the image vector onto the principal axes:

V U (4)

These feature vectors are classi�ed using the PNN nearest neighbor technique[42]. Although

many variations are described, the NIST 4 implementation reported in Appendix F is as

follows. The square euclidean distance of an unknown pattern, , to the prototype in the

training set, , is

( � ) (5)
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where the subscript spans the highest KL eigenvectors retained for the expansion. The

distances are expressed as a function of the standard deviations of normal distributions

centered on each of the prototypes. A gaussian is applied as a kernel weighting function.

(6)

The weighted distances are then accumulated by class over the classes, to which the

prototypes belong.

(7)

where is unity if the prototype is of class and zero otherwise. Interestingly this vector

may be normalized to give e probabilities by dividing by . The unknown

is assigned the class with the largest attached probability. For optimal classi�cation it is

necessary to survey over the gaussian width ; for digits the best value was taken as 3.0,

whereas for uppers and lowers a value of 4.0 was adopted.

Rather than use classi�ability as a measure of database homogeneity it is possible to obtain

measures. Consider the databases as image ensembles for which the KLT is de�ned.

The variances of the transform coe�cients are the eigenvalues. Since the eigenvectors, the

basis of the KLT, form a complete orthonormal set, image (including those of the ensem-

ble from which the covariance matrix is calculated) is exactly a linear superposition of those

bases. If the eigenvalue spectrum is relatively at, then the variance in an image ensem-

ble is distributed over many eigenvectors and more eigenvectors are needed for an adequate

representation, as for instance in achieving a low reconstruction mean square error level.

Interestingly, this total image variance is related to the scatter of the data, , de�ned as

u � u (8)

where the expectation, of the underlying distribution is replaced by the sample mean

whence

1

(u � u ) (u � u ) (9)

1

u u u u �

1

u u u u � (10)

Given that the u are mutually independent and from a single distribution the double sums

are replaceable thus

2

u u �

2

u

1

u (11)
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By considering these inner products as the traces of the outer products of the ensemble

matrices then the scatter becomes twice the di�erence in the traces of the autocorrelation

and mean outer product matrices. This matrix is identical to the covariance matrix of

equation 1.

2 UU (12)

The diagonal elements of the covariance matrix are the variances of the image pixels. The

total variance is conserved under any unitary transformation:

R R (13)

It is found that the scatter statistic is proportional to the sum of the eigenvalues. Further

expressing eigenvalues as a percentage of their total yields the percentage of the ensemble

variance represented by a subset of eigenvectors. For comparison of the two databases

the di�erence in the percentages as a function of is discussed. Some eigenfunctions de-

scribe image variance that is relevant to classi�cation, and others describe variation that is

representative of noise. If an eigenspectrum is wide, then the percentage variance described

by the leading eigenvectors will be small. If the cross validation percentage recognition is

high, then the information discarded by using an incomplete KLT is irrelevant even though

there is much of it. Alternatively, if the eigenspectrum is narrow, with much of the variance

captured, then a low recognition rate implies that the discarded transform coe�cients are

valuable. This latter sensitivity to the high-order KL-transforms is undesirable since the

motivation for feature extraction is reduced dimensionality.

3.4 ross alidation esults

This study generated a . The matrix has rank two and dimen-

sion equal to the number of databases in the comparison which in this case is also two. The

row and column indices of the matrix denote, respectively, the databases used for training

and testing. The absolute classi�cation error rates in the matrix are taken as irrelevant

since the entries were all produced using the same classi�er which was not particularly well

optimized. The interesting features are the relative percentages discussed below.

The on-diagonal terms, , indicate the mean error rates for standard -fold cross validation

of the database. The o�-diagonal elements, , result from cross-cross validation.

The �rst partitions of database are used as training sets for the -fold cross validation of

the database. In the case of -fold partitioning of the training set there will be results

the mean of which is .

All mean elements have an attached sample standard deviation.

1

� 1

( � ) (14)
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If an homogeneous dataset is large enough then this quantity will approach zero. The

standard deviation is also a function of the data set redundancy. For instance, consider a

database to which a copy of itself is appended, and which is classi�ed with, for example, a

single nearest neighbor algorithm. Perfect recognition could then be achieved if, as in the

cross validation scheme used here, the partitions are contiguous blocks from the dataset.

The standard error is accessible by dividing the standard deviations by a further where

10. The discussion of the comparisons of the means and the variances is aided by

invoking the results of Student's " test" and the " test" (see for example [66]).

They are used to assess whether two distributions have the same mean and the same vari-

ances. The entire corpus of human hand-printed characters may be considered as one distri-

bution of which SD3 and TD1 are subsets, but for this study the two sets are extracted from

di�erent distributions, namely the two social writer groups outlined in the introduction. The

-test quanti�es the di�erence in two means as a function of their mutual root mean square

standard error.

� 2

(15)

Attached to is a signi�cance, 0 1, giving the probability that could be at least

this large by chance. That is if takes on a \small" value then the distributions have

di�erent means. Similarly the -test quanti�es two variances as a ratio taken

to be greater than 1 (i.e. either or its reciprocal). The value of directly indicates

di�ering variances. The attached signi�cance, is again a probability. Small values indicate

signi�cantly di�erent variances.

The statistics are derived from the two samples obtained by testing the 10 partitions of SD3

and TD1 data using one or other training set. In all cases, digits, upper-case and lower-case

letters, the calculated value of the is found with very low signi�cance indicating the mean

di�erences are not at all spurious. However in no case does the attached probability for the

-test indicate that the variances are signi�cantly di�erent.

3 4 1 Digits

The handprinted digits of the �rst 500 writers of SD3 were partitioned into blocks each

containing digits from 50 writers. The numbers of characters in these ten sets were not

identical but varied by only 0.2%. The number of SD3 digits totalled 53449. The 500

writers of TD1 were similarly partitioned. The number of TD1 digits totalled 58646. The

pure 10 fold cross validations for SD3 and TD1 were obtained using the characters of 90% of

the writers as training prototypes with the characters of the remaining 10% used for testing.

The mean of the zero-rejection-rate error rates for the cross validations are quoted on the

diagonal of the Table below.

The �rst partition of SD3 (450 writers) was used as prototypes for the classi�cation of all

10 sets of characters of TD1, and vice versa. The o�-diagonal elements of the validation
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Correct %

Train TD1

450 writers

Train SD3

450 writers

Test SD3

50 writers

Test TD1

50 writers

t 28.5 p 0.0

f 1.5 p 0.3

t 1.4 p 0.2

f 2.1 p 0.3

3.5% 0.3 3.8% 0.5

1.7% 0.3 6.8% 0.4

Table 4: Inter and Intra database Cross Validation Recognition Errors for Digits

comparison matrix, so obtained, are also given in the Table below.

The most relevant result from this table is that, using the classi�er as described above,

training solely on SD3 implies a 5% loss when classifying TD1. This is e�ectively NIST's

experience with its NIST 1 and NIST 3 systems reported in Appendix E.

The on-diagonal elements of the cross validation matrix show that SD3 is a less e e digit

set than TD1. That is the test partitions of SD3 are more like their training sets, in the

nearest neighbor sense, than is the case with TD1. Greater on-diagonal terms indicate a

higher intrinsic diversity for that database. If we relate the low TD1 classi�cation to the

width of the eigenvalue spectrum or the volume of the eigenspace, it is apparent that TD1

would bene�t from the use of a more complete KLT as input to the classi�er.

Figure 8 shows the eigenspectra of the SD3 and TD1 characters. Note in particular that the

total variances for the 1024 pixel images are 575.5 (SD3) and 636.8 (TD1) indicating that

TD1 is absolutely more diverse (larger scatter). Approximately 6.6% more of the variance

of SD3 is described with 48 KL eigenvectors (as used by the classi�er) than is the case for

TD1.

The o�-diagonal terms show that use of SD3 as a training set for testing with TD1 is markedly

inferior to use of TD1 as a training set for testing with SD3. The implication is that TD1

is a superset of the SD3 set, i.e. TD1 contains su�ciently distributed prototypes to classify

SD3 - whereas TD1 contains exemplars that are not \closely" present in SD3. That TD1

classi�es itself and SD3 equally (to within one standard deviation) implies that TD1 is a

more e e dataset.

3 4 2 Uppers
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Correct %

Train TD1

450 writers

Train SD3

432 writers

Test SD3

48 writers

Test TD1

50 writers

t 7.9 p 0.0

f 1.0 p 0.8

t 3.8 p 0.0

f 1.5 p 0.4

19.3% 1.7 16.5% 1.4

14.2% 1.4 19.4% 1.4

Table 5: Inter and Intra database Cross Validation Recognition Errors for Uppers

The handprinted upper case letters of the �rst 480 writers of SD3 were partitioned into

blocks from 48 writers. The upper case letters totalled 10790 examples. The 500 writers

of TD1, similarly partitioned, yielded 11941 characters. As in the case of digits, there is a

5% di�erence between the classi�cation of SD3 on itself and on TD1. Again, TD1 is more

diverse in classi�cation of itself than is the case with SD3. On the other hand, the total

variances are 734.0 (SD3) and 650.2 (TD1) indicating that SD3 is absolutely more diverse.

With classi�cation using 96 KL coe�cients the percentage variance captured for SD3 was

4.8% e than that for TD1.

The o�-diagonal elements, however, are the same indicating that neither set is more general

than the other. That the o�-diagonal elements are lower than the on-diagonals indicates the

databases contain unique subsets that require specialist knowledge contained only in that

database.

3 4 3 Lo ers

The handprinted lower case letters of the �rst 490 writers of SD3 were partitioned into

blocks from 49 writers. The lower case letters totalled 10968. The 500 writers of TD1,

similarly partitioned, yielded 12000 characters. As with the upper case letters, but not

with the digits, the total variances are 740.4 (SD3) and 637.9 (TD1) indicating that SD3 is

absolutely more diverse. With classi�cation using 96 KL coe�cients the percentage variance

captured for SD3 was 2.3% less than the that for TD1. The cross validation matrix shows

ne t e er c se etters t ent r ters ere se ente n t e re r t n . ee s sect n

. .

ne t e erc se etters r ters ere se ente n t e re r t n . ee s sect n

. .
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Correct %

Train TD1

450 writers

Train SD3

441 writers

Test SD3

49 writers

Test TD1

50 writers

t 5.9 p 0.0

f 1.1 p 0.8

t 9.6 p 0.0

f 2.5 p 0.1

25.9% 1.8 19.2% 1.1

19.6% 1.4 23.5% 1.4

Table 6: Inter and Intra database Cross Validation Recognition Errors for Lowers

that the lower case datasets are equally di�cult and yet di�erent - they are insu�ciently

general to classify each other as well as they classify themselves.

3. a eats

3 5 1 Segmentation

This initial study reports work NIST conducted immediately after the Conference. As such

it is a provisional investigation of database quality; it is not experimentally awless and

therefore the conclusion that SD3 is cleaner than TD1, at least for digits, does not necessarily

apply to the forms from which the two databases of characters were segmented.

One reason for this is that SD3 and TD1, both obtained from �elds of full page forms,

were arrived at with di�erent character segmenters. From a possible 65000 characters on

each 500 form set, �nal numbers of human-checked characters were 53449 (SD3) and 58646

(TD1). The SD3 segmentor, an old version, produced 9% fewer isolated characters than the

updated model used for TD1. The principal reason for failure of the SD3 segmenter was the

inability to segment connected or overlapping characters. If the characters from SD3 that

were not segmented resemble the di�cult digit images that apparently characterize TD1,

then the di�erence between the two databases may not be writer-letter dependent at all.

Instead it could represent writer-connectivity/overlap di�erences between the two di�erent

writer groups, or the di�erences in ability of the di�erent segmenters to segment connected

or overlapping characters that tend to be di�cult in other ways as well.

This problem can be negated by resegmenting and rechecking the characters in SD3 using

the identical algorithms applied to TD1. A new database, a superset of SD3, would then
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obtained, which could then be used in a more controlled comparison with TD1.

3 5 2 Classi er Dependence

The eigenvalue spectrum describes the information loss su�ered when only the KL eigenvec-

tors having the largest eigenvalues are used in classi�cation. The classi�cation of incomplete

KLT's is peculiar in that variance ordered information is discarded. Using a much higher

number of coe�cients in the digit classi�cation might equalize the on-diagonal cross vali-

dation entries. Even with a higher dimensional (but lower variance) KL space, aggregated

functionally approximatedMLP classi�ers are not able to recognize minority patterns. Under

these conditions, the nearest neighbor schemes do better.

Instead of using a \lossy" incomplete feature classi�er it is possible to use a full description

of the image; the complete KL transform. e e may be more reasonable

- choose the number of KL features corresponding to either an absolute level of described

variance or percentage thereof. Thus in the case of the digits in SD3, 43 eigenevectors

describe 75% of the variance, whereas to reach this level with TD1, 70 KL coe�cients are

required. Alternatively, features that do not bias information loss may be used. For example,

image row and column pixel histograms or orthogonal moments are known to be classi�able.

3. onclusions

Given the experimental scheme described, it appears that TD1 does contain a more diverse

and general digit set than SD3. The latter classi�ed disjoint digit subsets of itself with a

5% lower error rate than that with which it classi�ed TD1. Furthermore, TD1 yields a

3% improvement over SD3 in the classi�cation of disjoint digit subsets of the former. The

hypothesis that di�ering writer populations are responsible for this di�erence has not been

proven. Indeed, the fact that the cross validations for the upper and lower case letters yield

very di�erent results seems to weaken this argument for digits.

Further, more controlled experimentation is necessary and on-going. The measures

of image variance are similarly inconclusive.
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Figure 8: Eigenvalue vs Index for SD3 and TD1. From top: digits, uppers and lowers. All

writers were used.
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Syste rror ates ersus e ection ates

Jon Geist and R. Allen Wilkinson

4.1 eor

Let ( ) be the probability as a function of rejection rate that a rejected classi�cation is

an incorrect classi�cation. In this case, the error rate ( ), which is de�ned as the ratio

of accepted (unrejected) classi�cations that are incorrect to the total number of accepted

classi�cations, is given by

( )

(0)� ( )

1 �

(16)

where

( ) ( ) ; (17)

is the fraction of the rejected classi�cations as a function of that are actually incorrect.

Equations 16 and 17 may be combined to give the slope of the error rate,

( )

( )� ( )

1 �

(18)

If ( ) is zero in eq. 18 , then

( ) ( ) ; (19)

where is a constant. This means that the probability of rejecting an incorrect classi�cation

is equal to the fraction of incorrect classi�cations remaining in the unrejected sample. In

this case, the rejection mechanism just rejects classi�cations at random.

If ( ) is equal to the constant over some subrange of , then

( )

(0)�

1 �

(20)

and

( )

� (0)

(1 � )

(21)

over the same subrange.

Therefore, a perfect rejection mechanism is characterized by ( ) 1 for 0 (0), and

( ) 0, for (0), in which case,

( )

(0)�

1 �

(22)

for 0 (0), and

( ) 0; (23)

for (0).
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It is clear from a cursory investigation of Figures 1 through 6 in Section 2 that none of the

submissions to the Conference come close to a perfect rejection mechanism, yet all of their

( ) curves seem to have similar shapes. The next section describes an experiment that was

carried out to test this observation.

4.2 it of odel to eri ental ata

A visual examination of the curves in Figures 1 through 6 in Section 2 suggests that they

might be well described by

( )

( � ) (� )

1�

: (24)

To test this conjecture, we �t the logarithms of the measured ( ) curves to the logarithm

of eq. 24 over the range 0 0:14, where ; , and were adjusted in the �t.

Logarithms were used to optimize the shape of the �ts, rather than the values near the

maximum of ( ).

The results of the �ts are summarized in Tables 7 , 8 , and 9 , which list for the digit, the

upper case, and the lower case test, respectively, the values of ; , and for each system

that participated in each test. These tables also list the residual standard deviation of each

�t, and the ratio of the actual value of (0) for each system to the ideal value of (0) for

a perfect rejection process for that system. It is also noteworthy that it appears easy for a

system to obtain a value of (0) that is greater than 30% of the ideal value, but it appears

very di�cult for a system to obtain a value of (0) that is greater than 80% of the ideal

value.

Eight data points were used in each �t. Three parameters were estimated. This leaves �ve

degrees of freedom in each �t. Because the �ts were carried out on the logarithms of the

data, the residual standard deviations of the �ts are actually the standard deviations of the

relative di�erences between the measured error rates and those predicted by eq. 24. Thus a

residual standard deviation of 0.01 corresponds to a standard deviation of the relative errors

of the �t of 1% over the range of the �t.

It is remakable how well eq. 24 can be �t to the ( ) curves for the various di�erent systems

over the 0 to 14% subrange of . In fact, most of the ( ) curves are well described by eq.

24 over a subrange 0 , and by

( ) ; (25)

over a subrange , where ; , and are system dependent constants,

, and 14%.

4.3 onclusion

Equation 25 corresponds to the case where the rejection process has degenerated to a random

sampling of the unrejected classi�cations, as described in connection with eq. 19. Equation
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24 , on the other hand, corresponds to the case where the probability of rejecting a classi�-

cation that is actually incorrect is given by

( )

�

(� ); (26)

which can be rewritten in terms of ( ) as

( )

( )(1� )�

(27)

and which is bounded above by

( ) ( ) : (28)

For most of the systems in the Conference, (0). Therefore, for small r, eq. 28 is

a good approximation to to the probability distribution of eq. 27 for most of the systems.

This distribution is an improvement by a factor of 1 over the probability distribution for

a completely random rejection process, but it is still greatly inferior to the ideal distribution.

In fact, no probability distribution that is proportional to ( ) can be e�cient, because the

very act of reducing ( ) through the rejection process reduces the e�ciency with which

incorrect classi�cations are rejected.

The fact that eq. 24 describes all of the ( ) curves reasonably well would seem to suggest

that some limiting behavior is being approached. On the other hand, the fact that there is

so much di�erence between the shapes of the ( ) curves for the systems in the Conference

and the ideal curve for a perfect rejection process suggests that there is considerable room

for improvement. This is a paradox that will not be resolved without further research.
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SYSTEM sigma ratio

AEG
0.028356 0.034726 0.001083 0.052480 0.585633

ASOL
0.031873 0.092238 0.000000 0.203180 0.241507

ATT 1
0.029338 0.032628 0.001808 0.050910 0.447927

ATT 2
0.015908 0.036287 0.001320 0.053330 0.673430

ATT 3
0.072066 0.050545 0.007738 0.048070 0.666328

ATT 4
0.019877 0.041735 0.001156 0.060660 0.583642

ERIM 1
0.020684 0.039069 0.000177 0.059683 0.634640

ERIM 2
0.015108 0.039497 0.000880 0.063479 0.561363

GTESS 1
0.012625 0.066724 0.000000 0.104407 0.560962

GTESS 2
0.006790 0.067664 0.002970 0.102696 0.592692

HUGHES 1
0.028769 0.050092 0.000000 0.084586 0.462246

HUGHES 2
0.029808 0.049664 0.000000 0.090055 0.519539

IBM
0.014380 0.034863 0.001592 0.052278 0.629884

IFAX
0.003250 0.170347 0.019570 0.206207 0.710072

KODAK 1
0.041515 0.049025 0.000850 0.076357 0.468308

KODAK 2
0.019072 0.041296 0.000600 0.070753 0.467999

NESTOR
0.016548 0.045243 0.002240 0.064995 0.609639

NIST 2
0.004107 0.091833 0.000004 0.146915 0.600810

NIST 3
0.005298 0.097302 0.000017 0.138602 0.691096

NYNEX
0.024356 0.044058 0.002230 0.067403 0.540163

OCRSYS
0.004160 0.015539 0.013377 0.034779 0.038724

THINK 1
0.009330 0.049349 0.001670 0.072030 0.586927

THINK 2
0.019543 0.038205 0.002250 0.053868 0.717975

UPENN
0.003870 0.090498 0.000393 0.148420 0.587952

VALEN 1
0.007752 0.181158 0.000001 0.252546 0.547717

VALEN 2
0.012972 0.159487 0.000000 0.222795 0.542634

Table 7: Parameters of �t over range from 0 to 14% of model to error versus rejection rate

curves for systems submitting classi�cations and con�dences values for the digit test.
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SYSTEM sigma ratio

AEG
0.017454 0.038010 0.004459 0.053350 0.527693

ASOL
0.012070 0.113362 0.000000 0.248373 0.282966

ATT 1
0.011175 0.065826 0.000000 0.126673 0.487130

ATT 2
0.011336 0.056636 0.002750 0.071867 0.699079

ATT 3
0.032949 0.070109 0.000000 0.104839 0.530980

ATT 4
0.027155 0.050839 0.000950 0.070190 0.604783

ERIM 1
0.020207 0.051538 0.000940 0.083857 0.600994

GTESS 1
0.012625 0.066724 0.000000 0.104407 0.560962

GTESS 2
0.006790 0.067664 0.002970 0.102696 0.592692

HUGHES 1
0.027327 0.066304 0.000000 0.116388 0.420525

HUGHES 2
0.042265 0.070535 0.000000 0.111462 0.376435

IBM
0.005457 0.064087 0.001980 0.085055 0.700729

IFAX
0.001717 0.195923 0.017783 0.236433 0.697279

KODAK 1
0.023934 0.070835 0.000000 0.104786 0.561767

NESTOR
0.028858 0.060172 0.000000 0.100379 0.511940

NIST 2
0.001366 0.231152 0.014857 0.257046 0.759154

NIST 3
0.010560 0.170368 0.000000 0.205900 0.790337

NYNEX
0.005835 0.049212 0.004903 0.071414 0.584223

OCRSYS
0.000000 0.057283 0.010000 0.085924 0.006016

UMICH 1
0.013518 0.050340 0.020245 0.089622 0.386150

VALEN 1
0.007327 0.243245 0.000028 0.339330 0.560223

Table 8: Parameters of �t over range from 0 to 14% of model to error versus rejection rate

curves for systems submitting classi�cations and con�dences values for the upper case letter

test.
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SYSTEM sigma ratio

AEG
0.018673 0.129064 0.000002 0.197466 0.549637

ASOL
0.006330 0.212562 0.070999 0.219958 0.519595

ATT 1
0.011495 0.139576 0.000000 0.232988 0.431578

ATT 2
0.006518 0.141519 0.000000 0.175623 0.710256

ATT 3
0.006362 0.163227 0.000000 0.229147 0.733748

ATT 4
0.011273 0.144687 0.000000 0.195346 0.590847

ERIM 1
0.006800 0.137500 0.000000 0.185982 0.793400

GTESS 1
0.005090 0.176155 0.007665 0.229252 0.562496

GTESS 2
0.006994 0.185672 0.000000 0.240376 0.600176

HUGHES 1
0.009387 0.153990 0.000020 0.240259 0.690638

HUGHES 2
0.013273 0.156073 0.000000 0.247943 0.689370

IBM
0.004598 0.154840 0.000008 0.206804 0.674157

KODAK 1
0.013933 0.147603 0.000000 0.206858 0.493963

NESTOR
0.010327 0.155805 0.000003 0.207386 0.582884

NIST 2
0.004220 0.313207 0.000015 0.366355 0.720330

NIST 3
0.004278 0.203856 0.000000 0.251538 0.711280

NYNEX
0.008670 0.140270 0.000002 0.219168 0.581997

OCRSYS
0.002186 0.136838 0.038749 0.171823 0.500069

UMICH 1
0.002900 0.150510 0.043706 0.197158 0.489376

VALEN 1
0.003552 0.317315 0.000000 0.438767 0.514008

Table 9: Parameters of �t over range from 0 to 14% of model to error versus rejection rate

curves for systems submitting classi�cations and con�dences values for the lower case letter

test.
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Charles L. Wilson

.1 ule ased ersus ac ine learning

In the past few years neural networks have become important as a possible method for

constructing computer programs that can solve problems, such as speech and character

recognition, where \human-like" response or arti�cial intelligence is needed. The most use-

ful characteristics of neural networks are their ability to learn from examples, their ability to

operate in parallel, and their ability to perform well using data that are noisy or incomplete.

Many of these characteristics are shared by various statistical pattern recognition methods.

These characteristics of pattern recognition systems are important for solving real problems

from the �eld of character recognition exempli�ed by this report, as opposed to \toy" prob-

lems. The goal of this section is to summarize the di�erent methods used at the Census

OCR Conference in a way that will illustrate why neural networks and rule based methods

achieved the level of performance that they did. The various methods used are summarized

in Figure 9 for classi�cation and feature extraction. Most of the systems presented at the

Conference, but not all, used separate methods of feature extraction and classi�cation. In

the discussion presented here any image processing which preceded the feature extraction is

combined with feature extraction.

The discriminant function and classi�cation sections of the systems are of two types: adaptive

learning based and rule-based. The most common approach to machine learning based

systems used at the Conference was neural networks. The neural approach to machine

learning was originally devised by Rosenblat [67] by connecting together a layer of arti�cial

neurons [68] on a perceptron network. The weaknesses which were present in this approach

were analyzed by Minski and Papert [69]. The results of this Conference suggest that many

of these weaknesses are still important. The advent of new methods for network construction

and training during the last ten years led to rapid expansions in neural network research in

the late 1980s. Many of the methods referred to in Figure 9 were developed in this period.

Adaptive learning is further subdivided into two types, supervised learning and self-organization.

The material presented in this report does not cover the mathematical detail of these meth-

ods, but the bibliographic references provided with many of the systems discuss these meth-

ods in detail. A good source of general information on neural networks is Lippmann's review

[70]. The primary research sources for neural networks are available in Anderson and Rosen-

feld [71]. More detailed information on the supervised learning methods discussed here is

given in [72]; self-organizing methods are discussed by Kohonen [73] and Grossberg [74].

The principal di�erence between neural network methods and rule-based methods is that the

former attempts to simulate intelligent behavior by using adaptive learning and the latter

uses logical symbol manipulation. The two most common rule-based approaches at the

Conference were those derived from mathematical image processing and those derived from

statistics. With adaptive learning, once the learning phase has been completed the network
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response is automatic and similar in nature to reex responses in living organisms. The

processes where these methods have been most successful are in areas where human responses

are automatic, such as touching ones nose or recognizing characters. With mathematical

approaches, �xed operations are performed on individual images or on statistical samples of

images.

The alternate approach to arti�cial intelligence is rule-based. Rather than teaching the pro-

gram to di�erentiate between characters, a rule-based program is constructed to distinguish

among the various characters by writing rules to be followed by the system. These are

explicitly programmed in the system in the form of mathematical formulas.

Most of the OCR implementations discussed in this report combine several methods to carry

out preprocessing (�ltering) and feature extraction. Many of the �ltering methods used are

based on methods described in texts on image processing such as [65] and on a method based

on KL transforms [39]. In these methods, the recognition is done using features extracted

from the primary image by rule based techniques. The �ltering and feature extraction

processes start with an image of a character. The features produced are then used as the

input for classi�cation.

In a self-organizing method, such as [19], data is applied directly to the neural network and

any �ltering is learned as features are extracted. In a supervised method, the features are

extracted using either rule-based or adaptive methods and classi�cation is carried out using

either type of method. Systems with all four possible combinations of rules and adaptive

learning were used at the Conference.

.2 Statistical ules ersus at e atical ules

In Figure 9, rules based on mathematical image processing are distinguished from rules

based on statistics. These two types of rules are similar in that they both derive features

based on a model of the images. Statistical rules derive these model parameters based on

the data presented. For example, typical model parameters might be sample means and

variances. Mathematical rules operate on the data based on external model parameters or

on the speci�c data being analyzed. The model parameters might be designed to detect

strokes, curvature, holes, or concave or convex surfaces.

.3 inear ersus on linear et ods

All of the methods shown in Figure 9 can also be classed broadly into linear methods,

such as perceptrons [67], and nonlinear methods, such as Multi-Layer Perceptrons (MLPs)

[72]. This separation into linear and non-linear algorithms also extends to mathematical

and statistical methods. Many of the convolution and transform methods, such as Walsh

transforms [75] or combinations of Gabor transforms [28] are linear. Other method start with

linear operations such as correlation matrices and become non-linear by removing information

with low statistical signi�cance; KL transforms [65] and principal component analysis (PCA)

[64] are examples of this.
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.4 Statistical and eural et ods

When training data is used to adjust statistical model parameters to train MLPs, certain

methods may be classed as either neural network or statistical methods. The probabilistic

neural network (PNN) is an example of this type of method. In another context PNN meth-

ods can be regarded as one class of a radial basis function (RBF) method. The information

in Figure 9 classi�es methods of this kind in an arbitrary way when statistical accumulation

or neural network models of a given method are equivalent.

. ole of earning and ules in eature traction and las

si cation

The systems submitted for testing at the Conference used all of the four combinations of

rule-based and learning-based feature extraction and classi�cation. All possible combinations

yielded at least one low error rate system. The most common combination was the use of a

mathematically based feature extractor with a MLP classi�er. At least one system combined

feature extraction with classi�cation [6]. One major surprise was that linear methods, such as

Learned Vector uantitatization (LV ) [73] and PNN performed as well as highly non-linear

methods such as MLPs.

A possible explanation for this can be found in Bayesian models of the learning and recog-

nition process [76], [77], and [78]. The relationship between testing error, and training

error is given by:

2

where is the e�ective noise in the network variables, is the e�ective number of

network parameters, and is the size of the training sample.

The noise in the network is learned from the training sample and should be similar for

all participants. Most participants achieved training errors of less than 0.5%. The strong

similarity of accuracy results suggest that all of the methods used maintain a �xed ratio of

complexity to sample size. This would suggest that, in noisy samples of the kind used in

the Conference tests, learning can not remove sample noise injected into the classi�cation

system from the training data because the excess complexity of the network is used to track

the noise in the data. This is not unexpected since the systems have no mechanism for

evaluating \bad" writing except by statistical frequency.
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Figure 9: Types of methods used for feature extraction and classi�cation.

39



Syste S ee

Charles L. Wilson

Figure 10 shows the ow of data through a typical page level OCR system. The details of

the particular system are discussed in [79]. The tests run for this Conference were conducted

on a simpli�ed problem in which the characters were isolated and segmented prior to being

used by the Conference participants so that the only modules used for Conference testing are

normalization, �ltering/feature extraction, recognition, and rejection. The load and store

modules are present in either the full system or the simpli�ed test system. This Conference

did not address �eld isolation and character segmentation.

Typical timings for a system of the type shown in Figure 10 are given in Table 10. The

dominant times in this table are image loading, �eld isolation, and character segmentation

times. In the Conference systems, �eld isolation and character segmentation times were not

required so that the dominant time for the Conference systems is the image loading time. In

the system summaries in Appendices E and F, two rates are listed: the total system time and

the recognition time. In most cases, total system rate is much longer than recognition rate.

This speed di�erence increases as recognition time decreases. Most systems have similar load

times but recognition times vary by several orders of magnitude. The minimum recognition

time is less than 1ms/character. The typical load time is near 100ms/character. These

two times place distinct bounds on system performance. The recognition rate of the faster

systems is near the present state-of-the-art for recognition performance. The system rate

is near the typical speed that can be achieved loading and decompressing image data on

common present-day desk-top systems.

In order to evaluate the performance bounds of possible systems, some knowledge of both

algorithmic complexity and the importance of the algorithm in the overall system perfor-

mance are needed. This can not be accomplished without breaking the system into separate

components each of which contains only one dominant algorithmic process. The importance

of the scaling of algorithms has been known since the early work on neural networks [69].

The second factor which contributes to Table 10 is the data volume which each module

encounters during operation.

Most theories of numerical algorithm complexity such as those given in [80], [69], and [81]

express complexity results in notation of the form ( ) where is a measure of the size of

a speci�c type of objects such as weights, pixels, or classes and is a measure of a

speci�c polynomial complexity. As data ows through the recognition process, decreases

very rapidly. The characters used for testing in this Conference were scanned at six line pairs

per mm. For a 5mm square character, this results in an input image having 3600 pixels. The

system outputs were a single class. This reduces from 3600 to one. In order to separate

the ( ) e�ects from changes in the size of , the exact proportionality constant for each

type of algorithm is important. A algorithm working on 10 data items may still be fast

if compared to an linear algorithm working on 3600 data items.

The systems that were submitted to the Conference for testing used a wide variety of hard-

ware. These ranged from PC's to a Connection Machine. Several types of special purpose
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systems were used. These included VLSI based hardware [10] and three kinds of massively

parallel computer: Connection Machine, Adaptive Solutions, and AMTDAP. Several of these

systems achieved recognition rates over 500 characters/second. At these rates, all of these

systems were limited by image loading requirements. While high rates were achieved using

special hardware, at least one system implemented on a PC platform achieved comparable

speeds. This was possible by programing critical dot product routines as 8-bit calculations

in assembly language. The algorithm used was a MLP with the usual complexity for this

method but the speed achieved was dominated by reducing the basic calculation time.

The speed measurements presented in this report show that high recognition rates can be

achieved either by using powerful hardware or by clever implementation. Algorithmic com-

plexity cannot be separated from data ow requirements unless each algorithm is separated

from the other system components during testing. High speed systems are limited by the

ability to provide them with image data. None of these variables has been separated in the

data presented here. NIST has measured system performance at the level of detail required

to separate the e�ects of the various modules [79] but evaluation of such a system is much

more complex than the bounding times given here. The Conference did show that systems

on slow platforms or with slow implementations run at less than a character per second and

that systems implemented on high speed hardware can run at 1000 character per second if

images can be supplied at this rate.
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Figure 10: Data ow in a complete recognition system.
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COMPONENT OVERALL PER FORM

Load:
18668.328 8.889680 ( 58.54%)

Isolate:
3669.375 1.747321 ( 11.51%)

Segment:
4773.691 2.273186 ( 14.97%)

Normalize:
854.941 0.407115 ( 2.68%)

Filter:
3013.547 1.435023 ( 9.45%)

Recognize:
250.982 0.119515 ( 0.79%)

Reject:
50.900 0.024238 ( 0.16%)

Store:
609.079 0.290038 ( 1.91%)

Total:
31890.845 15.186117 (100.00%)

Table 10: System times in seconds for 2100 forms on a parallel computer.
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ssues aise by artici ants

Christopher J. C. Burges and Thomas P. Vogl

This section contains a list of issues that Conference participants raised during the course

of their presentations. Feedback from participants is a very important part of our e�ort to

make future Systems Conferences as e�ective and useful to the community as possible. The

issues listed here will be seriously considered in the planning of the next System Conference.

Some of these issues and possible problems anticipated in addressing them are described in

the next appendix. It should be noted that the following does not represent a majority view

of participants; it is merely a list of items that individual participants felt to be important.

(1) The long range goal of the enterprise should be \Goal Directed Document Understand-

ing". Only when the overall goal is kept in mind will we have meaningful end-to-end perfor-

mance measures.

(2) The next Systems Conference should involve recognition of isolated �elds: strings of

digits and printed, unsegmented words, perhaps including cursive words.

(3) Tests should be run at NIST, or somehow proctored by NIST, since whether we like it

or not, results will be used extensively for marketing purposes.

(4) NIST should always provide a \submission received" message when materials are received

from participants. This will prevent confusion in the event that, for example, electronic mail

is lost.

(5) Participants should be given a mini-training set long before anything else happens, so

that they can get their systems and software in place and ready to process large amounts

of training/test materials in limited time. (In the test just passed, this process ate into

the time available for training). Su�cient time should be given to participants so that all

problems regarding data formatting and data exchange can be resolved, so that no time need

be wasted in pursuing these issues at the following Conference.

(6) The NIST Test Data 1 should be split (by NIST) into training and test subsets, so

that participants can compare the performance of systems trained on a portion of the test

database.

(7) Two separate tests should be performed: one in which the test data is taken from the

same distribution as the training data, and one in which it is not. This should be done

because in some applications, the former may hold, while in others, the latter may hold.

(8) Participants should be told what part of the country and world the test samples are

from, so that they might take advantage of (learned) \Handwriting Dialects".

(9) A writer index to databases should be provided, since in a real-world application like

form reading, it is a good bet that the same writer �lled out the whole form, and some

systems might take advantage of this fact. Similarly, writer implement identi�cation should

be given.

(10) For word recognition, lexicons should be made available, even if they are as large as

the English language. Nonsense words constructed from individual characters would not be
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a useful test.

(11) Use of contextual information (in addition to lexical information) should eventually

be tested. For example, in form recognition, there is often valuable contextual information

available, such as how a particular writer prints the 1 and the 9 in a date.

(12) NIST, and other users, should settle on a standardized resolution for images so that

results of tests performed elsewhere in the community (outside of OCR Systems Conferences)

can be more easily compared.

(13) Single character OCR systems should also be tested for their rejection of NON-characters

(junk), since that is extremely important when segmenting �elds.

(14) Systems should be allowed to classify an image as ambiguous. Systems should give

several top choice candidate answers for a given image. Such information could be used by

a contextual-analysis \supersystem". In addition, a system that does not get the right top

answer, but gets the right answer in the top few, should be given credit over a system that

does not get the correct answer anywhere.

(15) A proposal was made for an error rate metric: error rate Sum ( F(character) error

(character)), where F(character) is the frequency of the character in the English language.

Another proposal was to use the integral of the error rate as a function of rejection rate

instead of the zero-rejection-rate error rate.

(16) Ranking test results by a single measurement was not a good idea; several measurements

should be used to get fairer analyses (e.g. raw recognition rate, throughput, unit cost,

punting, latency if any, exibility to di�erent applications). Tests should be done with and

without both lexical and non-lexical context, and the scores for each reported.

(17) People who do NOT take part in a Conference should still be able to be subjected to

the same kind of test by NIST, for example by some publicly acknowledged arrangement for

submitting a request to NIST, getting test materials, and having to return the scored, OCR

classi�ed test materials within a �xed, short time. These \post conference" tests should

support the just-completed segmented character tests for some reasonable minimum time

(say 3 years). This would help many who would otherwise not be able to be involved, and

would give a more accurate representation of the state of the art at any time.

(18) While it is likely that in future Conferences all applicants will be allowed to participate

in the testing and scoring aspects of the Conference, only those who are willing to divulge

information about their methods should be allowed to speak, or even to attend the meeting

where other participants are going to describe their methods.
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S ers ective on erceive roble s

Jon Geist

Some NIST sta� members, some Conference Committee members, and some participants

pointed out and suggested solutions to problems that occured at the �rst Conference. Prob-

lems of the most concern to the NIST personnel running the Conference are addressed in

this Appendix. These are not necessarily the problems of the most concern to the partici-

pants. The information in this and Appendix A is included to help in the planning of future

Conferences.

.1 ercei ed ro le 1

The plan to make all results public was inadequately formulated and inadequately stated in

the Call for Participation.

B 1 1 Proposed Solutions

State this aspect of the plan very clearly in future Calls for Participation.

B 1 2 Discussion

From the earliest stages of planning for the Conference, it appeared that the goals of the

Conference could not be met without disclosing the scores obtained by each system. Other-

wise, it would not be possible to ask speci�c questions about aspects of the performance of

a particular system. Therefore, there was at least a weak consensus among the Committee

to distribute all of the scores for all of the systems to each participant, and to publish the

results in a report that would enter the public domain. During the �nal preparations for the

Conference meeting, the consensus grew in strength as the problems with keeping the scores

con�dential were brought clearly into focus.

.2 ercei ed ro le 2

The attempt to restrict the number of participants was a mistake.

B 2 1 Proposed Solutions

Open the Conferences to all applicants. If logistic considerations make it necessary, then

restrict the actual number of attendees at the Conference meeting rather than the number

of participants in the Conference test.
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B 2 2 Discussion

Much more was learned by having 26 participants than would have been learned with only

15. It is unlikely that the Committee would have chosen an optimum combination of 15

participants from the 29 applications it received. By following a more relaxed schedule, it

should be possible to close the application period before a room is reserved for the meeting.

If not, actual attendance at the meeting can be limited based on factors listed in item 18

in Appendix A, on the basis of the scores obtained, or by further restricting the number of

nonparticipant attendees, if necessary.

.3 ercei ed ro le 3

Too much time was required of each participant to prepare a proposal to participate and to

respond to requests from the Committee for more information. In addition, the Commit-

tee and NIST sta� found it very time consuming to abstract useful information from the

proposals.

B 3 1 Proposed Solutions

A simple application form requesting all of the information desired by the Committee could

be submitted by the participants. This form could be included in the Call for Participation.

B 3 2 Discussion

The proposals did not prove useful in choosing among the applicants for participation, and

the e�ort the participants expended in preparing their proposals varied greatly. Futhermore,

the Committee found it necessary to solicit more information from the participants in order

to prepare the system summaries in Appendix C.

.4 ercei ed ro le 4

The test was not proctored.

B 4 1 Proposed Solutions

Possible solutions include:

1) Publicly disclose the participant's scores in such a way that no one can identify a speci�c

score with a speci�c participant.

2) Privately disclose each participant's scores only to that participant.

3) Set up a means by which participants can have their tests proctored if they so desire.
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B 4 2 Discussion

The idea behind the �rst and second proposed solutions is that there would be less motivation

for the participants to cheat under these conditions. However, this proposal e�ectively

prevents open discussion at the meeting, so there would be no point to the meeting. The

Committee learned much at the meeting that would not have been learned otherwise, and

many participants claimed that they learned a lot at the meeting. It seems that undisclosed

or secretly disclosed scores without meetings, and meeting about openly disclosed scores

are the only practical alternatives. Since one of the purposes of a systems conference is to

stimulate improvements in the state of the art, the �rst two proposed solutions do not seem

workable.

Also, secretly disclosed scores do not really remove the motivation to cheat, but only modify

it. With unproctored tests and openly disclosed scores, the participants might be tempted to

supplement their results with human classi�cation in order to get a better score, so that they

could advertise that score either to their sponsor to continue funding or to potential customers

to encourage sales. With proctored tests and secretly disclosed scores, the participants might

be tempted to lie about their scores to their sponsors or their potential customers for exactly

the same reasons. This would be possible because there would be no independent way for

anyone to verify that any particular participant actually received the score claimed unless

the Committee were brought into all such discussions in a police role. This does not seem

practical.

The idea behind the third proposed solution is that those participants who chose to enter the

proctored section of the test would be protected from comparison with those who did not by

the fact that the latter were apparently afraid to be proctored. Various ways that proctored

tests could be conducted without requiring an undue amount of proctor time were proposed.

For instance, the tests could be run on one or a limited number of di�erent platforms, and

they could be submitted as executable code with a (yet to be speci�ed) standard interface

to a (yet to be speci�ed) central location where the test would be conducted. It remains

an open question how practical this would actually be, but the developement of a standard

interface for proctored tests might be a useful activity.

. ercei ed ro le

Some participants were not as open as they should have been for a Conference of this nature.

B 5 1 Proposed Solutions

Possible solutions include:

1) Request all information required of the participants in the application form, and reject

any participants who do not provide it.

2) Make open discussion a prerequisite for attendence at the Conference meeting, but not

for participation in the test, as discussed in item 18 of Appendix A.
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B 5 2 Discussion

These solutions might reduce participation, particularly the �rst, which would reduce the

usefulness of the Conference as discussed above under Perceived Problem 2. The Committee

appreciates the openness that many participants showed, and hopes that their example will

help other participants to be more open in the future.

. ercei ed ro le

E-mail did not prove suitable for returning test results to NIST.

B 6 1 Proposed Solutions

Possible solutions include:

1) Require all submissions on disk or tape.

2) Set up an anonymous FTP on a computer at NIST to receive the test results.

3) Set up participant accounts on a computer at NIST to receive the test results.

B 6 2 Discussion

It is most convenient for NIST IRG personnel to receive test results directly on a computer

at NIST rather than to have to read a disk or tape. The people responsible for choosing

E-mail did not know that DARPANET and BITNET E-mail network nodes truncate E-

mail messages to 100k or 300k bytes and cannot handle the volume of messages that can

be encountered from a number of di�erent participants all submitting their returns at the

same time through various network nodes. To use E-mail, some participants had to split

tarred and uuencoded �les into 190 separate �les for submission. The E-mail spooler on the

IRG network node cannot handle this many messages at one time. To solve this problem, a

software switch was written to intercept Conference returns, and to redirect them to a large

bu�er. Unfortunately, the NIST IRG computers went down over the weekend before the last

day to return the results. When the computers were restored many of the E-mailed returns

were waiting at various E-mail nodes, and they all tried to enter the NIST node at the same

time. This caused the bu�er to crash. An anonymous FTP is clearly the best solution.

. ercei ed ro le

Some submissions and some corrections of errors in the format or content of CON and RJX

(described in Appendices C and D �les, that could not be easily carried out at NIST, were

accepted and scored after April 27, which was the cuto� date for submission of test results.
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B 7 1 Proposed Solutions

Possible solutions include:

1) Don't enforce any time limits.

2) Strictly enforce a time limit.

3) Provide all participants with C source code for a package that checks the structure of

the results before they are submitted to NIST, and only score those submissions that are

received on time at NIST and that pass the same check at NIST.

4) List all of the results that were obtained on time and in the correct format in one section,

and all of the other results in a separate section to distinguish them in this respect.

B 7 2 Discussion

The third proposed solution seems the best compromise for addressing this problem for

future Conferences. The fourth proposed solution was adopted for summarizing the results

of this Conference. That section also contains a few results submitted after the Conference

meeting to address speci�c questions brought up during the meeting.

The time limit was imposed mainly to assure that most of the results would be received in

time for scoring at NIST before the Conference meeting. If the time limit is not enforced,

then the participants will not make the e�ort to adhere to it, and it will not serve its main

purpose. On the other hand, a number of useful submissions would have been rejected

had the time limit been strictly enforced due to the problems that the participants had in

conforming to the data formats speci�ed for the classi�cation results. Since this was the �rst

Conference, and since the E-mail procedure for returning the results was fraught with its own

problems, it was decided to request resubmissions of lost or incomplete results submitted by

E-mail. This led to requests for resubmission in correct format of CON and RJX �les that

did not conform to the speci�ed formats. This, in turn, led to a toleration for results that

were submitted late, but before all of the CON and RJX were received in correct format.
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Syste Su aries For esults Sub itte n i e

Jon Geist, Jonathan J. Hull, Stanley Janet, R. Allen Wilkinson, and Charles L. Wilson

This appendix contains summaries for all system results that were received on time. The

�rst page of each summary lists pertinent information about the system such as the type

of preprocessing, the type of feature extraction, the type of classi�cation, and the training

data used, whenever such information was provided by the participants. This page also

summarizes the error rate as a function of rejection rate and the OCR rate in characters per

second (CPS) for the digit, upper case, and lower case tests.

The second page of each system summary gives references to pertinent publications for the

system and optional comments by the participants where such were provided. The DARPA

Systems Conferences upon which this Conference was modeled provide a page for comments,

so such a page was provided here. Very few participants in the Conference took advantage

of this page, and some of those that did used it more for advertising than for information

exchange. Bear in mind that the information given under the heading COMMENTS was

provided by the participants, and does not necessarily represent the opinions of the Bureau

of the Census, NIST, or the Committee.

The �rst graph on the third page of each system summary plots the logarithm of the system

error rate versus the rejection rate for each test (digits diamonds, upper case letters

plus signs, and lower case letters squares) for which results were submitted.

The second graph on the third page of each summary is a little more di�cult to explain.

The abscissa of this graph is the zero-rejection-rate error rate for all of the test characters

produced by a single writer for a given test (digits, upper case letters, lower case letters).

The ordinate of this graph is the number of writers for which the single-writer zero-rejection-

rate error rate is less than the percentage given on the abscissa. Again there is one curve for

each test for which results were submitted. The three curves for digits, upper case letters,

and lower case letters are not labeled, but they are readily distinguished. The curves for the

upper and lower case letters are characterized by large steps near 4 and 8% rejection rate,

corresponding to one and two incorrect characters out of a maximum of 26 letters per writer.

The rounding of these steps is caused by the fact not all writers are represented by all 26

upper or lower case letters. Some letters were lost as a result of segmentation errors. The

lower (upper) of the two curves with the large steps is always the curve for the upper (lower)

case letters. The curve for digits has much smaller steps because there are many more digits

(a maximum of 130) per writer than letters per writer.

The fourth through sixth pages of each summary contain three pseudo-correlation graphs.

These show the correlations between the classi�cations produced by the system in question

and the classi�cations produced by all of the other systems. The plus and minus signs in

the graphs report two di�erent correlation measures, whereas the continuous lines are for

reference purposes. These graphs are also somewhat di�cult to explain.

System number 1 in each graph is the system that is the subject of the particular system

summary being read. Each plus sign reports the ratio of the zero-rejection-rate classi�cations

that were identical for system number 1 and for the system corresponding to the number on
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the abscissa to the total number of characters to be classi�ed . Each minus sign reports the

ratio of the zero-rejection-rate classi�cations that were correct for system number 1 and for

the system corresponding to the number on the abscissa to the total number of characters to

be classi�ed. The systems are ordered and numbered along the abscissa according to their

plus-sign pseudo-correlation with system number 1. This means that the ordering could

be di�erent for the digit, upper case letter, and lower case letter tests within every system

summary and between system summaries. Therefore, a key to the numbers on the abscissa

and the correlation data is provided for each graph on the same page of the summary. The

key also contains the numerical values for the pseudo correlations.

The upper continuous line in the pseudo-correlation graphs is the zero-rejection-rate accuracy

rate (one minus the error rate) for each of the systems listed along the abscissa. The lower

continuous line is the upper continuous line displaced downward by the zero-rejection-rate

error rate for system number 1, the system in question. The lower and upper lines are lower

and upper bounds, respectively, for the minus signs. The minus signs are lower bounds for

the plus signs.

The pseudo-correlation graphs are useful for determining which systems might be used to-

gether to produce a lower error rate than either system alone. For example, there is little

use to combining the two HUGHES 1 and HUGHES 2 systems, which produced virtually

identical zero-rejection-rate error rates, because they are so strongly correlated. On the

other hand, the U PENN and NIST 2 systems also produce virtually identical results, but

are much less strongly correlated. Therefore, combining their results might give a better

system, at least as a function of rejection rate, if not for the zero-rejection-rate error rate.

The List of Figures and the List of Tables at the beginning of the Report following the Table

of Contents can be used as an index of the system summaries given in this Appendix.
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SYSTE AEG

I LI GRAP Y

T e followin references ave been provided for t is system

none

C ENTS AEG

C PANY CAPA ILITIES

AEG Electrocom Gmb is a Constance based subsidiary of t e AEG Group. AEG represents one of

t e four main branc es of t e Daimler enz Group. At AEG Electrocom currently approximately

14 employees are responsible for an annual turnover of approximately 2 million D .

AEG Electrcom s mission is to ualify as an e cient partner for i tec systems in automation,

information tec nolo y and communications wit precision mec anics, advanced electronics and

customer speci c software. AEG Electrocom is s arin R D e orts for c aracter reco nition wit

t e Daimler enz Researc Institute at lm, Germany.

T e product ran e includes - Letter sortin systems - Parcel and at sorters - Reco nition systems

various form readers, readin electronics, scanners for CR ICR applications

Today, AEG is successfully addressin t e S mar et wit solutions for address and form readin

includin and print . AEG is represented in t e S mar et by our subsidiary AEG as inton

13 Connecticut Avenue N as in ton, DC 2 3 P one 2 2 3 -2 3 FA 2 2 3 -2 22

STATE F T E ART IN CR F ANDPRINTED C ARACTERS

AEG Electrocom as sold world-wide many t ousands of systems for postal address readin and

forms readin applications.

AEG S C ARACTER REC GNITI N TEC N L GY

AEG s ICR tec nolo y, called P LYF NT, is based on a mat ematical statistical approac and

applies a polynomila classi er for t e reco nition tas . T e basis for t e reco nition process is a

bit-map of t e c aracters to be reco nized. n t is bit map, a primary se ment calculation blac

connected components is applied. Primary se ments are clustered to et er into compound ob ects

w ic re ect sin le c aracters. T ese compound ob ects are normalized into a matrix. T is matrix

is represented afterwards by a vector wit 2 dimensions. T e vector is fed into t e classi er.

T e classi er will produce a con dence level indicatin t e probability to w ic an input pattern

does belon to a s ape class w ic is stored in t e classi er. T e s ape classes, w ic resemble t e

typical representation of a c aracter to be reco nized, are determined durin t e trainin of t e

classi er.

T e core reco nition al orit ms are similar for t e complete AEG product ran e. Performance

of t e di erent products varies in t rou put and in t e met ods for ima e andlin and prepro-

cessin , as well as for t e determination of t e actual meanin of a s ape class assi ned by t e

reco nizer. T ese processes are combined from a lar e toolbox to matc customer re uirements.
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Figure 13: AEG - digit correlation

Table 11: AEG correlation graph key for digits.
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Figure 14: AEG - upper case correlation

Table 12: AEG correlation graph key for uppers.
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Figure 15: AEG - lower case correlation

Table 13: AEG correlation graph key for lowers.
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N TE utput is t e Euclidean distance between nodes in t e networ and t e input vector. Net

reported top t ree classes.
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SYSTE AS L

I LI GRAP Y [3][4]

C ENTS

System Description

T e CR system submitted by Adaptive Solutions used a Learnin ector uantization L

neural networ classi er. L is a sin le layer, winner-ta e-all networ . Eac wei t vector in t e

networ is assi ned to a class. T ere can be more t an one wei t vector assi ned to eac class.

T e networ uses t e lowest euclidean distance between t e wei t vectors and t e input vector

to determine t e winnin class. T e di it networ ad 224 output nodes, and t e upper and lower

case networ s eac ad 41 output nodes.

T e di its were normalized to an x array and input to t e networ . T e inputs to t e upper

and lower case networ s were a combination of t e x normalized data and a isto ram of t e

c aracters ta en from t e top, bottom, left and ri t of a 1 x1 scale normalized array.

To report t e con dence of t e classi cation t e t ree closest wei t vectors were used. Statistics

were accumulated based on t e orderin of t e outputs. T e statistics were put into a table for

reportin t e con dence of t e test data.

T e neural networ classi er was trained and tested on an Adaptive Solutions neurocomputer usin

a CNAPS parallel array of processors. T e system t at was used for t e conference results ad 32

processors. A system t at used 4 processors for t e preprocessin and classi cation of t e test

di its ac ieved a speed of over 14 c aracters per second.

For uestions or comments please contact

T omas a er INTERNET tom asi.com Adaptive Solutions, Inc. CP uunet adaptive tom

14 N. . Compton Drive, Suite 34 P NE 3 -123 eaverton, re on FA

3 -124
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Figure 16: Error rate versus rejection rate for ASOL
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Figure 17: Error rate per writer of ASOL
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Figure 18: ASOL - digit correlation

Table 14: ASOL correlation graph key for digits.
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Figure 19: ASOL - upper case correlation

Table 15: ASOL correlation graph key for uppers.
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Figure 20: ASOL - lower case correlation

Table 16: ASOL correlation graph key for lowers.

84



85



SYSTE ATT 1

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][ ][ ][ ]
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Figure 21: Error rate versus rejection rate for ATT 1
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Figure 22: Error rate per writer of ATT 1
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Figure 23: ATT 1 - digit correlation

Table 17: ATT 1 correlation graph key for digits.
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Figure 24: ATT 1 - upper case correlation

Table 18: ATT 1 correlation graph key for uppers.
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Figure 25: ATT 1 - lower case correlation

Table 19: ATT 1 correlation graph key for lowers.
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SYSTE ATT 2

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][ ][ ][ ]
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Figure 26: Error rate versus rejection rate for ATT 2
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Figure 27: Error rate per writer of ATT 2
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Figure 28: ATT 2 - digit correlation

Table 20: ATT 2 correlation graph key for digits.
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Figure 29: ATT 2 - upper case correlation

Table 21: ATT 2 correlation graph key for uppers.
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Figure 30: ATT 2 - lower case correlation

Table 22: ATT 2 correlation graph key for lowers.
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SYSTE ATT 3

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][1 ]
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Figure 31: Error rate versus rejection rate for ATT 3
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Figure 32: Error rate per writer of ATT 3
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Figure 33: ATT 3 - digit correlation

Table 23: ATT 3 correlation graph key for digits.
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Figure 34: ATT 3 - upper case correlation

Table 24: ATT 3 correlation graph key for uppers.
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Figure 35: ATT 3 - lower case correlation

Table 25: ATT 3 correlation graph key for lowers.
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SYSTE ATT 4

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][ ][ ][ ]
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Figure 36: Error rate versus rejection rate for ATT 4
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Figure 37: Error rate per writer of ATT 4
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Figure 38: ATT 4 - digit correlation

Table 26: ATT 4 correlation graph key for digits.
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Figure 39: ATT 4 - upper case correlation

Table 27: ATT 4 correlation graph key for uppers.
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Figure 40: ATT 4 - lower case correlation

Table 28: ATT 4 correlation graph key for lowers.
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N TE Internal database contains 11 and printed di its, 22 upper case letters, and at

least mixed uppers and lowers.
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SYSTE C C

T e followin references ave been provided for t is system
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Figure 41: Error rate versus rejection rate for COMCOM
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Figure 42: Error rate per writer of COMCOM
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Figure 43: COMCOM - digit correlation

Table 29: COMCOM correlation graph key for digits.
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Figure 44: COMCOM - upper case correlation

Table 30: COMCOM correlation graph key for uppers.
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Figure 45: COMCOM - lower case correlation

Table 31: COMCOM correlation graph key for lowers.
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N TE T is is t e system used in t eir postal CR. Few details of t e reco nition al orit m were

provided.
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SYSTE ELSAG 1

I LI GRAP Y

T e followin references ave been provided for t is system

none

C ENTS ELSAG AILEY

SPECIFIC A T ELSAG AILEY

- AFTER receivin t e TESTDATA1 CD R , t at is t e test set, Elsa ailey neit er modi ed

in any part or tuned in any way t e reco nition units and associated data-bases produced from

trainin for t e tests ELSAG 1, ELSAG 2, and ELSAG 3.

Elsa ailey is aware of t e fact t at iven t e poor relations ip between trainin and test sets,

t ese countermeasures could prove useful.

- ELSAG 1 ad some troubles dealin wit t e t ic ness ran e of c aracters about 4 t e trainin

di its ave an avera e t ic ness of less t an 2 or more t an pixels.

GENERAL A T T E C NFERENCE

- Elsa ailey appreciated t e way t e test and Conference were set up by NIST. It was somet in

between an acceptance test and a scienti c conference and proved itself bot useful and interestin .

- T e test set for di its was bot very di cult and very far from t e trainin set t is fact

produced rat er conservative reco nition results.

ne reason is t e fact t at t e trainin set did not contain examples of t e di cult test c aracters.

If it ad, performance would ave been i er. T e ot er reason is t at t e test c aracters are

poor in uality, probably representin t e low end in a real environment.

ile t ese points do not wea en t e relative comparisons amon t e participants, nevert eless,

t ey compromise t e absolute meanin of t e reco nition performance.

- A ood estimate of se mentation performance, t at is, t e next important part of t e w ole CR

process, is an open uestion.

In fact, t e scorin procedure s ould be independent from t e reco nition unit and automatic.

t erwise, t e two procedures are mixed to et er.
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Figure 46: Error rate versus rejection rate for ELSAGB 1
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Figure 47: Error rate per writer of ELSAGB 1
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Figure 48: ELSAGB 1 - digit correlation

Table 32: ELSAGB 1 correlation graph key for digits.
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No Data Available

Figure 49: ELSAGB 1 - upper case correlation

Table 33: ELSAGB 1 correlation graph key for uppers.
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No Data Available

Figure 50: ELSAGB 1 - lower case correlation

Table 34: ELSAGB 1 correlation graph key for lowers.
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N TE T is is a laboratory researc system. Few details of t e reco nition al orit m were provided.
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SYSTE ELSAG 2

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 51: Error rate versus rejection rate for ELSAGB 2
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Figure 52: Error rate per writer of ELSAGB 2
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Figure 53: ELSAGB 2 - digit correlation

Table 35: ELSAGB 2 correlation graph key for digits.
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No Data Available

Figure 54: ELSAGB 2 - upper case correlation

Table 36: ELSAGB 2 correlation graph key for uppers.
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No Data Available

Figure 55: ELSAGB 2 - lower case correlation

Table 37: ELSAGB 2 correlation graph key for lowers.
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N TE T is is a laboratory researc system. Few details of t e reco nition al orit m were provided.
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SYSTE ELSAG 3

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 56: Error rate versus rejection rate for ELSAGB 3
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Figure 57: Error rate per writer of ELSAGB 3
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Figure 58: ELSAGB 3 - digit correlation

Table 38: ELSAGB 3 correlation graph key for digits.
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No Data Available

Figure 59: ELSAGB 3 - upper case correlation

Table 39: ELSAGB 3 correlation graph key for uppers.
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No Data Available

Figure 60: ELSAGB 3 - lower case correlation

Table 40: ELSAGB 3 correlation graph key for lowers.
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SYSTE ERI 1

I LI GRAP Y

T e followin references ave been provided for t is system

[11][12][13][14]
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Figure 61: Error rate versus rejection rate for ERIM 1
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Figure 62: Error rate per writer of ERIM 1
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Figure 63: ERIM 1 - digit correlation

Table 41: ERIM 1 correlation graph key for digits.
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Figure 64: ERIM 1 - upper case correlation

Table 42: ERIM 1 correlation graph key for uppers.
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Figure 65: ERIM 1 - lower case correlation

Table 43: ERIM 1 correlation graph key for lowers.
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SYSTE ERI 2

I LI GRAP Y

T e followin references ave been provided for t is system

[11][12][13][14]
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Figure 66: Error rate versus rejection rate for ERIM 2
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Figure 67: Error rate per writer of ERIM 2
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Figure 68: ERIM 2 - digit correlation

Table 44: ERIM 2 correlation graph key for digits.
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No Data Available

Figure 69: ERIM 2 - upper case correlation

Table 45: ERIM 2 correlation graph key for uppers.
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No Data Available

Figure 70: ERIM 2 - lower case correlation

Table 46: ERIM 2 correlation graph key for lowers.
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SYSTE G D 1

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ][1 ]

C ENTS G D 1,3,4

PARTICIPANT Fran Smie a

RGANIZATI N Gesellsc aft f�ur at emati und Datenverarbeitun G D , San t Au ustin,

Germany.

T e al orit m wor s in several steps.

1. Normalization of t e ima e to 1 x24 pixels.

2. From a trainin set, 4 features are computed by ar unen-Loeve transformation.

3. Distance and variance of t e clusters are optimized by t e enetic al orit m.

Future developments

Reduction of t e trainin set re uired to be stored.

Employment of eometric learnin .
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Figure 71: Error rate versus rejection rate for GMD 1
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Figure 72: Error rate per writer of GMD 1
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Figure 73: GMD 1 - digit correlation

Table 47: GMD 1 correlation graph key for digits.
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Figure 74: GMD 1 - upper case correlation

Table 48: GMD 1 correlation graph key for uppers.
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Figure 75: GMD 1 - lower case correlation

Table 49: GMD 1 correlation graph key for lowers.
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SYSTE G D 2

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ][1 ]

C ENTS G D 2

PARTICIPANT Fran Smie a

RGANIZATI N Gesellsc aft f�ur at emati und Datenverarbeitun G D , San t Au ustin,

Germany.

T e data was learnt by a system of modular neural networ s, described in t e reports cited below.

T e individual patterns to be learnt are automatically decomposed over t e modular system, suc

t at t e neural networ t at learns to map a particular pattern to a tar et is t e one t at

is most specialized to learn it. In order t at t e appropriate networ can be believed,

w en a test session is in process, a partner networ is employed. T e onitor networ

partnered to t e or er networ allocated t e pattern to learn is trained to produce a positive

output w en it sees t e pattern. T e ot er onitor networ s, associated wit or ers t at do not

learn t e current pattern, are trained to produce a ne ative output on seein t is pattern.

arious con dence values are derived from t e outputs from t e onitor networ s durin t e test

sessions. An ambi uity measure is also derived from de ree of closeness of t e two most positive

onitor outputs. ot t e con dences and t e ambi uity are t en used to lter o t e answers

t at are not provided wit su cient commitment t e re ected patterns .

Insofar as t e NIST test results are concerned, it was observed t at t e trainin on so few examples

see above was uite a disadvanta e. T e system was able to model t e NIST trainin set well

enou to produce ood eneralization for t is set, but in eneral 1 worse for t e NIST test sets.

I LI GRAP Y

F. . Smie a, ultiple networ systems IN S modules tas division and module discrimination,

, Leeds, April 1 1.

F. Smie a and . �u lenbein, Re ective modular neural networ s, submitted to

, available as G D report number 33 1 2 .
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Figure 76: Error rate versus rejection rate for GMD 2
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Figure 77: Error rate per writer of GMD 2
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Figure 78: GMD 2 - digit correlation

Table 50: GMD 2 correlation graph key for digits.
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Figure 79: GMD 2 - upper case correlation

Table 51: GMD 2 correlation graph key for uppers.
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Figure 80: GMD 2 - lower case correlation

Table 52: GMD 2 correlation graph key for lowers.
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SYSTE G D 3

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ][1 ]
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Figure 81: Error rate versus rejection rate for GMD 3
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Figure 82: Error rate per writer of GMD 3
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Figure 83: GMD 3 - digit correlation

Table 53: GMD 3 correlation graph key for digits.
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Figure 84: GMD 3 - upper case correlation

Table 54: GMD 3 correlation graph key for uppers.
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Figure 85: GMD 3 - lower case correlation

Table 55: GMD 3 correlation graph key for lowers.
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SYSTE G D 4

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ][1 ]
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Figure 86: Error rate versus rejection rate for GMD 4
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Figure 87: Error rate per writer of GMD 4
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Figure 88: GMD 4 - digit correlation

Table 56: GMD 4 correlation graph key for digits.
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Figure 89: GMD 4 - upper case correlation

Table 57: GMD 4 correlation graph key for uppers.
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Figure 90: GMD 4 - lower case correlation

Table 58: GMD 4 correlation graph key for lowers.
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SYSTE GTESS 1

I LI GRAP Y

T e followin references ave been provided for t is system

none

C ENTS GTESS

C PANY INF R ATI N

GTESS Corporation was founded in anuary, 1 1. It currently employs people and is in t e

business of providin inexpensive PC-based and print and mac ine print form reco nition systems.

Areas of interest are c aracter reco nition, c aracter se mentation, form pre-processin , form

post-processin context , case independence lower upper , style independence mac ine and .

REC GNITI N TEC N L GY DESCRIPTI N S ARY

e use a two sta e isolated c aracter reco nition en ine composed of 1 reduction and normalization

2 neural classi cation

Instead of bac propa ation, we use a modi ed perceptron trainin al orit m w ic allows us to

retrain our networ in a matter of ours rat er t an wee s. Trainin and production al orit ms

do not re uire oatin point, are portable, run on PC platforms wit out special ardware and

reco nize at t e rate of 1 -1 c aracters sec on a z 4 , dependin upon t e alp abet.

Inexpensive DSP implementations are also bein developed for i performance systems.

INTERPRETATI N F NIST C NFERENCE RES LTS

e feel t at our current al orit ms o er an attractive compromise between reliability of reco nition

and economy of implementation. T e Conference results indicate to us t at we are able to ac ieve

one of t e best overall reliability reco nition rates amon t e participants w ic relied only on

NIST supplied trainin data.

PR D CTS

it in t e next few mont s, GTESS will start distributin two products

1 A PC-based, all software form reco nition subsystem

2 A eld reco nition en ine under indows 3.x to be used in form processin applications.
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Figure 91: Error rate versus rejection rate for GTESS 1
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Figure 92: Error rate per writer of GTESS 1
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Figure 93: GTESS 1 - digit correlation

Table 59: GTESS 1 correlation graph key for digits.
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Figure 94: GTESS 1 - upper case correlation

Table 60: GTESS 1 correlation graph key for uppers.

173



+

+

+

+++++++++++++++++
++++++++

+
+

++
+

+

+

+

-

-

-

-

-

- - - - - - - -
- - - -

-
- -

-
- - - - -

- -

-

-
- -

-
-

-

0 10 20 30 40

0.5

0.6

0.7

0.8

0.9

1

GTESS_1.LOWER.CORRELATE

SYSTEM NUMBER

C
O

R
R

E
L

A
T

IO
N

Figure 95: GTESS 1 - lower case correlation

Table 61: GTESS 1 correlation graph key for lowers.
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SYSTE GTESS 2

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 96: Error rate versus rejection rate for GTESS 2
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Figure 97: Error rate per writer of GTESS 2
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Figure 98: GTESS 2 - digit correlation

Table 62: GTESS 2 correlation graph key for digits.
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Figure 99: GTESS 2 - upper case correlation

Table 63: GTESS 2 correlation graph key for uppers.
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Figure 100: GTESS 2 - lower case correlation

Table 64: GTESS 2 correlation graph key for lowers.
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N TE proprietary arc itecture usin a neural net classi er. Few details of reco nition al orit m

provided.
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SYSTE G ES 1

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ]

C ENTS G ES

G ES Reco nition Systems brin s complete document ima e processin solutions based on

its proven success in advanced ima in and reco nition tec nolo y. e provide a wide ran e of

tec nolo y, solutions, and services from system analysis t rou system inte ration, trainin , and

support.

G ES develops sop isticated subsystem solutions easily tailorable to your application for pre-

processin , intelli ent reco nition, contextual analysis, and more. e accommodate ima e lift from

a variety of sources directly into our pre-processin subcomponent. e apply uni ue pre-processin

tec ni ues suc as ima e uality control, re istration, and en ancement, as well as form identi-

cation, suppression, and eld isolation. T e result feeds immediately into IG ES intelli ent

reco nition subcomponent, or any ot er you provide. it tec nolo ies suc as arti cial networ s

and fuzzy lo ic, our pre-processin in concert wit our intelli ent reco nizer provides maximum

performance. T e exible pre-processin also enables i er performance of your own reco nition

system. Furt er en ancements to reco nition performance is accomplis ed by contextual analysis

in our post-processin subcomponent.

e also o er traditional subsystems for ima e ac uisition, format conversion, wor ow, forms

editin , ima e stora e, and muc more.

G ES Reco nition Systems participatin in t e First Census CR Systems Conference in ay

1 2. ur test results were i ly competitive, amon t e top performin roup of participants.

For more information, please contact Tony ara imian at 1 2-1 .
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Figure 101: Error rate versus rejection rate for HUGHES 1
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Figure 102: Error rate per writer of HUGHES 1
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Figure 103: HUGHES 1 - digit correlation

Table 65: HUGHES 1 correlation graph key for digits.
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Figure 104: HUGHES 1 - upper case correlation

Table 66: HUGHES 1 correlation graph key for uppers.
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Figure 105: HUGHES 1 - lower case correlation

Table 67: HUGHES 1 correlation graph key for lowers.
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SYSTE G ES 2

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ]
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Figure 106: Error rate versus rejection rate for HUGHES 2
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Figure 107: Error rate per writer of HUGHES 2
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Figure 108: HUGHES 2 - digit correlation

Table 68: HUGHES 2 correlation graph key for digits.
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Figure 109: HUGHES 2 - upper case correlation

Table 69: HUGHES 2 correlation graph key for uppers.
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Figure 110: HUGHES 2 - lower case correlation

Table 70: HUGHES 2 correlation graph key for lowers.
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SYSTE I

I LI GRAP Y

T e followin references ave been provided for t is system

[2 ][24][21][22][23] [24] [2 ][2 ]
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Figure 111: Error rate versus rejection rate for IBM
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Figure 112: Error rate per writer of IBM
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Figure 113: IBM - digit correlation

Table 71: IBM correlation graph key for digits.
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Figure 114: IBM - upper case correlation

Table 72: IBM correlation graph key for uppers.
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Figure 115: IBM - lower case correlation

Table 73: IBM correlation graph key for lowers.
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N TE Few details of features or classi cation provided.
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SYSTE IFA

I LI GRAP Y

T e followin references ave been provided for t is system

none

C ENTS

InterFax, ead uartered in Sunnyvale, California, develops and mar ets an inte rated family of

robust application development tools for fax information processin .

ne of InterFax s new products, code-named arvest, is an ob ect-oriented development environ-

ment t at automates t e readin and enterin of data from faxed forms into ost transaction

systems. T ese forms can ave and-printed numbers or letters, mac ine-printed c aracters, mar

sense boxes, rap ics, or ot er ima es. arvest reads and interprets forms from fax mac ines

or scanners. nce a form is read and veri ed, t e information is automatically sent to t e ost

computer application and a fax response or con rmation is enerated.

arvest will be available for commercial use in t e fourt uarter of 1 2. Initial release of t e

product will support I mainframe and AS 4 ost computers. T e implementation platform is

4 I compatible computers wit S 2 2. operatin system and C pro rammin lan ua e.

T e and-printed c aracter reco nition used in t e First Census CR Systems Conference is a

prototype al orit m, one of a couple t at InterFax may pursue. T e en ine utilizes eometric

feature extraction and modi ed a -nearest nei bor classi er.
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Figure 116: Error rate versus rejection rate for IFAX
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Figure 117: Error rate per writer of IFAX
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Figure 118: IFAX - digit correlation

Table 74: IFAX correlation graph key for digits.
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Figure 119: IFAX - upper case correlation

Table 75: IFAX correlation graph key for uppers.
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No Data Available

Figure 120: IFAX - lower case correlation

Table 76: IFAX correlation graph key for lowers.
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N TE T e C N les for t e A AN systems ad numbers reater t an 1, w ic is not allowed

by t e NIST scorin pac a e, so no re ection-rate data was calculated.

N TE No details of reco nition al orit ms provided.
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SYSTE A AN 1

I LI GRAP Y

T e followin references ave been provided for t is system
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Figure 121: Error rate versus rejection rate for KAMAN 1
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Figure 122: Error rate per writer of KAMAN 1
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Figure 123: KAMAN 1 - digit correlation

Table 77: KAMAN 1 correlation graph key for digits.
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Figure 124: KAMAN 1 - upper case correlation

Table 78: KAMAN 1 correlation graph key for uppers.
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Figure 125: KAMAN 1 - lower case correlation

Table 79: KAMAN 1 correlation graph key for lowers.
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SYSTE A AN 2

I LI GRAP Y

T e followin references ave been provided for t is system
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kaman_2 -- digits uppers lowers

Figure 126: Error rate versus rejection rate for KAMAN 2
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Figure 127: Error rate per writer of KAMAN 2
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Figure 128: KAMAN 2 - digit correlation

Table 80: KAMAN 2 correlation graph key for digits.
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Figure 129: KAMAN 2 - upper case correlation

Table 81: KAMAN 2 correlation graph key for uppers.
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Figure 130: KAMAN 2 - lower case correlation

Table 82: KAMAN 2 correlation graph key for lowers.
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SYSTE A AN 3

I LI GRAP Y

T e followin references ave been provided for t is system
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kaman_3 -- digits uppers lowers

Figure 131: Error rate versus rejection rate for KAMAN 3
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Figure 132: Error rate per writer of KAMAN 3
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Figure 133: KAMAN 3 - digit correlation

Table 83: KAMAN 3 correlation graph key for digits.
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Figure 134: KAMAN 3 - upper case correlation

Table 84: KAMAN 3 correlation graph key for uppers.
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Figure 135: KAMAN 3 - lower case correlation

Table 85: KAMAN 3 correlation graph key for lowers.
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SYSTE A AN 4

I LI GRAP Y

T e followin references ave been provided for t is system
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kaman_4 -- digits uppers lowers

Figure 136: Error rate versus rejection rate for KAMAN 4
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Figure 137: Error rate per writer of KAMAN 4
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Figure 138: KAMAN 4 - digit correlation

Table 86: KAMAN 4 correlation graph key for digits.
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Figure 139: KAMAN 4 - upper case correlation

Table 87: KAMAN 4 correlation graph key for uppers.
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Figure 140: KAMAN 4 - lower case correlation

Table 88: KAMAN 4 correlation graph key for lowers.
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SYSTE A AN

I LI GRAP Y

T e followin references ave been provided for t is system
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kaman_5 -- digits uppers lowers

Figure 141: Error rate versus rejection rate for KAMAN 5
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Figure 142: Error rate per writer of KAMAN 5
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Figure 143: KAMAN 5 - digit correlation

Table 89: KAMAN 5 correlation graph key for digits.
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Figure 144: KAMAN 5 - upper case correlation

Table 90: KAMAN 5 correlation graph key for uppers.
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Figure 145: KAMAN 5 - lower case correlation

Table 91: KAMAN 5 correlation graph key for lowers.
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N TE Some upper case c aracters were added for trainin lowers.
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SYSTE DA 1

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][2 ][2 ]
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KODAK_1 -- DIGITS UPPERS LOWERS

Figure 146: Error rate versus rejection rate for KODAK 1
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Figure 147: Error rate per writer of KODAK 1
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Figure 148: KODAK 1 - digit correlation

Table 92: KODAK 1 correlation graph key for digits.
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Figure 149: KODAK 1 - upper case correlation

Table 93: KODAK 1 correlation graph key for uppers.
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Figure 150: KODAK 1 - lower case correlation

Table 94: KODAK 1 correlation graph key for lowers.
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N TE Crossed sevens were added to trainin set after determinin need for t em from results of

DA 1.
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SYSTE DA 2

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][2 ][2 ]
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KODAK_2 -- DIGITS

Figure 151: Error rate versus rejection rate for KODAK 2
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Figure 152: Error rate per writer of KODAK 2
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Figure 153: KODAK 2 - digit correlation

Table 95: KODAK 2 correlation graph key for digits.
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No Data Available

Figure 154: KODAK 2 - upper case correlation

Table 96: KODAK 2 correlation graph key for uppers.
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No Data Available

Figure 155: KODAK 2 - lower case correlation

Table 97: KODAK 2 correlation graph key for lowers.
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N TE classi cation is e ectively nearest-nei bor
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SYSTE I E

I LI GRAP Y

T e followin references ave been provided for t is system

[2 ][3 ]
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MIME_1 -- DIGITS UPPERS

Figure 156: Error rate versus rejection rate for MIME
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Figure 157: Error rate per writer of MIME
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Figure 158: MIME - digit correlation

Table 98: MIME correlation graph key for digits.
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Figure 159: MIME - upper case correlation

Table 99: MIME correlation graph key for uppers.
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No Data Available

Figure 160: MIME - lower case correlation

Table 100: MIME correlation graph key for lowers.
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SYSTE NEST R

I LI GRAP Y

T e followin references ave been provided for t is system

[1 ][31][34][32] [3 ][3 ][1 ] [33][34][3 ][3 ]
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NESTOR -- DIGITS UPPERS LOWERS

Figure 161: Error rate versus rejection rate for NESTOR
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Figure 162: Error rate per writer of NESTOR
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Figure 163: NESTOR - digit correlation

Table 101: NESTOR correlation graph key for digits.
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Figure 164: NESTOR - upper case correlation

Table 102: NESTOR correlation graph key for uppers.
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Figure 165: NESTOR - lower case correlation

Table 103: NESTOR correlation graph key for lowers.
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SYSTE NIST 1

I LI GRAP Y

T e followin references ave been provided for t is system

[3 ]

C ENTS NIST 1

See Cross alidation Section on Inade uacies of NIST Special Database 3 for t e classi cation of

NIST Test Data 1.

T e late system NIST 4 outperforms t is system on di its on t e basis of furt er preprocessin , a

lar er trainin set, and more L coe cients.

ery Slow Classi cation.

No exemplar prunin or a re ation.

Does not su er from minority problems of perceptrons e. . crossed sevens .
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NIST_1 -- DIGITS UPPERS LOWERS

Figure 166: Error rate versus rejection rate for NIST 1
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Figure 167: Error rate per writer of NIST 1

261



+

+
++++++++++++++++++++++++++++

+
+++++++

+
++

++

+
+

+
+
+

-

-

- -
- -

- - - - -

-
-

- -
- - -

-
- - - - -

- - -

-

-

-

- -

-
- -

-

-

-

-

-
-

- -

- -

0 10 20 30 40 50

0.8

0.85

0.9

0.95

1

NIST_1.DIGIT.CORRELATE

SYSTEM NUMBER

C
O

R
R

E
L

A
T

IO
N

Figure 168: NIST 1 - digit correlation

Table 104: NIST 1 correlation graph key for digits.
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Figure 169: NIST 1 - upper case correlation

Table 105: NIST 1 correlation graph key for uppers.
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Figure 170: NIST 1 - lower case correlation

Table 106: NIST 1 correlation graph key for lowers.
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SYSTE NIST 2

I LI GRAP Y

T e followin references ave been provided for t is system

[4 ]

C ENTS NIST 2

See Cross alidation Section on Inade uacies of NIST Special Database 3 for t e classi cation of

NIST Test Data 1.

Insu cient Inappropriate Gabor ases.
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NIST_2 -- DIGITS UPPERS LOWERS

Figure 171: Error rate versus rejection rate for NIST 2

0 10 20 30 40 50

0

100

200

300

400

500

NIST_2

RECOGNITION PERCENT ERROR E

N
U

M
B

E
R

 W
R

IT
E

R
S

 W
IT

H
 E

R
R

O
R

 <
= 

E

Figure 172: Error rate per writer of NIST 2
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Figure 173: NIST 2 - digit correlation

Table 107: NIST 2 correlation graph key for digits.
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Figure 174: NIST 2 - upper case correlation

Table 108: NIST 2 correlation graph key for uppers.
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Figure 175: NIST 2 - lower case correlation

Table 109: NIST 2 correlation graph key for lowers.
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SYSTE NIST 3

I LI GRAP Y

T e followin references ave been provided for t is system

[41]

C ENTS NIST 3

See Cross alidation Section on Inade uacies of NIST Special Database 3 for t e classi cation of

NIST Test Data 1.

Small trainin set. Small number of L coe cients. L basis and rst LP layer bot perform lin-

ear a ne transformation. T erefore premultiply t em. Al orit mic complexity is low dominated

by two matrix multiplies. ery fast.
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Figure 176: Error rate versus rejection rate for NIST 3
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Figure 177: Error rate per writer of NIST 3
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Figure 178: NIST 3 - digit correlation

Table 110: NIST 3 correlation graph key for digits.
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Figure 179: NIST 3 - upper case correlation

Table 111: NIST 3 correlation graph key for uppers.
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Figure 180: NIST 3 - lower case correlation

Table 112: NIST 3 correlation graph key for lowers.
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N TE Internal database includes di its and upper case letters from NSD 1. N TE Su ested

t at NIST be involved in proctorin future tests.
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SYSTE NYNE

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 181: Error rate versus rejection rate for NYNEX
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Figure 182: Error rate per writer of NYNEX
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Figure 183: NYNEX - digit correlation

Table 113: NYNEX correlation graph key for digits.
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Figure 184: NYNEX - upper case correlation

Table 114: NYNEX correlation graph key for uppers.
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Figure 185: NYNEX - lower case correlation

Table 115: NYNEX correlation graph key for lowers.
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N TE Internal database is very lar e.

N TE YP les for upper case letters included letters classi ed as lower case letters. T ese were

scored as incorrect for Conference ivin a zero re ection rate score of . 3 . T e score iven

above for PPERS is case insensitive.

N TE sed a beta test version of an o -t e-s elf system for t is submission.

N TE Recently purc ased by Adobe Systems.
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SYSTE CRSYS

I LI GRAP Y

T e followin references ave been provided for t is system

none

284



0.010

0.030

0.100

0.300

1.000

3.000

10.00

30.00

100.0

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

E
R
R
O
R
 
R
A
T
E
 
(
%
)

REJECTION RATE (%)

OCRSYS -- DIGITS UPPERS LOWERS

Figure 186: Error rate versus rejection rate for OCRSYS
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Figure 187: Error rate per writer of OCRSYS
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Figure 188: OCRSYS - digit correlation

Table 116: OCRSYS correlation graph key for digits.
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Figure 189: OCRSYS - upper case correlation

Table 117: OCRSYS correlation graph key for uppers.
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Figure 190: OCRSYS - lower case correlation

Table 118: OCRSYS correlation graph key for lowers.
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N TE Internal database contains approximately 24 di its and 1 upper case letters.

N TE Few details of system description provided. Did not train on NIST data.
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SYSTE REI

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 191: Error rate versus rejection rate for REI
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Figure 192: Error rate per writer of REI
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Figure 193: REI - digit correlation

Table 119: REI correlation graph key for digits.
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Figure 194: REI - upper case correlation

Table 120: REI correlation graph key for uppers.
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No Data Available

Figure 195: REI - lower case correlation

Table 121: REI correlation graph key for lowers.
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SYSTE RIS

PARTICIPANT C ristian Liisber

I LI GRAP Y

T e followin references ave been provided for t is system
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Figure 196: Error rate versus rejection rate for RISO
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Figure 197: Error rate per writer of RISO
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Figure 198: RISO - digit correlation

Table 122: RISO correlation graph key for digits.
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Figure 199: RISO - upper case correlation

Table 123: RISO correlation graph key for uppers.
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Figure 200: RISO - lower case correlation

Table 124: RISO correlation graph key for lowers.
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N TE Some of t e YP les contained tildes to indicate t at no classi cation was attempted.

Every classi cation in t e w ole le, rat er t an ust t e tilde was inadvertently converted to a

uestion mar at NIST before scorin for t e Conference. T is ave zero re ection rate error rates

of . and 12. for di its and uppers, respectively. T e scores above re ect t e correction of

t is NIST error.

N TE Few if any details provided about features or reco nition al orit m.

N TE Internal database includes NSD 1.
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SYSTE SY S

I LI GRAP Y

T e followin references ave been provided for t is system
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Figure 201: Error rate versus rejection rate for SYMBUS
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Figure 202: Error rate per writer of SYMBUS
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Figure 203: SYMBUS - digit correlation

Table 125: SYMBUS correlation graph key for digits.
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Figure 204: SYMBUS - upper case correlation

Table 126: SYMBUS correlation graph key for uppers.
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No Data Available

Figure 205: SYMBUS - lower case correlation

Table 127: SYMBUS correlation graph key for lowers.
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SYSTE T IN 1

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 206: Error rate versus rejection rate for THINK 1
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Figure 207: Error rate per writer of THINK 1
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Figure 208: THINK 1 - digit correlation

Table 128: THINK 1 correlation graph key for digits.
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No Data Available

Figure 209: THINK 1 - upper case correlation

Table 129: THINK 1 correlation graph key for uppers.
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No Data Available

Figure 210: THINK 1 - lower case correlation

Table 130: THINK 1 correlation graph key for lowers.
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SYSTE L

I LI GRAP Y

T e followin references ave been provided for t is system

[43][44][4 ][4 ][4 ] [12][ ][4 ][4 ]
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UBOL -- DIGITS UPPERS LOWERS

Figure 211: Error rate versus rejection rate for UBOL
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Figure 212: Error rate per writer of UBOL
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Figure 213: UBOL - digit correlation

Table 131: UBOL correlation graph key for digits.

316



+

+++++++++++++++++
++++

++

+++++
+
+
+

+
++

+

+
++

+

+

-

- -
-

- - - - - - - - - - - - - -
- - -

- -
-
-
- - - -

- -
- -

- -
-

-
- -

-

-

0 10 20 30 40 50

0.6

0.7

0.8

0.9

1

UBOL.UPPER.CORRELATE

SYSTEM NUMBER

C
O

R
R

E
L

A
T

IO
N

Figure 214: UBOL - upper case correlation

Table 132: UBOL correlation graph key for uppers.

317



+

+
+

++++++++++++++++
+

++++
+++

+

+
++

+
+

+

+

+

-

-

-
-

-

- - - - - - - - - - -

-

-
-

-
- -

- -
- - - -

-

- - -
-

-

-

-

0 10 20 30 40

0.5

0.6

0.7

0.8

0.9

1

UBOL.LOWER.CORRELATE

SYSTEM NUMBER

C
O

R
R

E
L

A
T

IO
N

Figure 215: UBOL - lower case correlation

Table 133: UBOL correlation graph key for lowers.
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SYSTE PENN

I LI GRAP Y

T e followin references ave been provided for t is system

[ ][ 1][3 ][ ][ ][ 2][ ][ 3] [ 4][ ]
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Figure 216: Error rate versus rejection rate for UPENN
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Figure 217: Error rate per writer of UPENN
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Figure 218: UPENN - digit correlation

Table 134: UPENN correlation graph key for digits.
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No Data Available

Figure 219: UPENN - upper case correlation

Table 135: UPENN correlation graph key for uppers.
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No Data Available

Figure 220: UPENN - lower case correlation

Table 136: UPENN correlation graph key for lowers.
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SYSTE ALEN 1

T e followin references ave been provided for t is system

[ ]
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Figure 221: Error rate versus rejection rate for VALEN 1
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Figure 222: Error rate per writer of VALEN 1
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Figure 223: VALEN 1 - digit correlation

Table 137: VALEN 1 correlation graph key for digits.
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Figure 224: VALEN 1 - upper case correlation

Table 138: VALEN 1 correlation graph key for uppers.
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Figure 225: VALEN 1 - lower case correlation

Table 139: VALEN 1 correlation graph key for lowers.

330



F Syste Su aries For Late Sub itte esults

Jon Geist, Jonathan J. Hull, Stanley Janet, R. Allen Wilkinson, and Charles L. Wilson

This appendix contains summaries for most systems whose HYP �les were received late.

Some results that were received late were not included because they would not add anything

to the report even though in some cases the results are interesting. In such cases the results

are mentioned in the body of the report. The summary format is exactly the same as that

used for the summaries in Appendix E.
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SYSTE NIST 4

T e followin references ave been provided for t is system

[42]

C ENTS NIST 4

See Cross alidation Section on Inade uacies of NIST Special Database 3 for t e classi cation of

NIST Test Data 1.

ery Slow Classi cation. No exemplar prunin or a re ation. Does not su er from minority

problems of perceptrons e. . crossed sevens .

Size normalization enforces 32 pixel ei t 24 pixel widt , does not preserve aspect ratio. Dilation

erosion used to normalize stro e widt s. Si ni cant reco nition ains over NIST 1.
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Figure 226: Error rate versus rejection rate for NIST 4
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Figure 227: Error rate per writer of NIST 4

334



+

++
++++++++++++++++++++++

++
++++

+++++++
++

+

++

++

+
+

+

+

-

-
- -

- -
-

-
-

- -
- - - -

- -
-
- - - - -

- - - -

- -
- -

-

- - - -
- -

- -

-

- -

- -

-

-

-

0 10 20 30 40 50

0.8

0.85

0.9

0.95

1

NIST_4.DIGIT.CORRELATE

SYSTEM NUMBER

C
O

R
R

E
L

A
T

IO
N

Figure 228: NIST 4 - digit correlation

Table 140: NIST 4 correlation graph key for digits.
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Figure 229: NIST 4 - upper case correlation

Table 141: NIST 4 correlation graph key for uppers.
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Figure 230: NIST 4 - lower case correlation

Table 142: NIST 4 correlation graph key for lowers.
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SYSTE T IN 2

I LI GRAP Y

T e followin references ave been provided for t is system

none
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Figure 231: Error rate versus rejection rate for THINK 2

0 10 20 30 40 50

0

100

200

300

400

500

THINK_2

RECOGNITION PERCENT ERROR E

N
U

M
B

E
R

 W
R

IT
E

R
S

 W
IT

H
 E

R
R

O
R

 <
= 

E

Figure 232: Error rate per writer of THINK 2
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Figure 233: THINK 2 - digit correlation

Table 143: THINK 2 correlation graph key for digits.
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No Data Available

Figure 234: THINK 2 - upper case correlation

Table 144: THINK 2 correlation graph key for uppers.
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No Data Available

Figure 235: THINK 2 - lower case correlation

Table 145: THINK 2 correlation graph key for lowers.
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SYSTE IC 1

T e followin references ave been provided for t is system
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Figure 236: Error rate versus rejection rate for UMICH 1
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Figure 237: Error rate per writer of UMICH 1
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No Data Available

Figure 238: UMICH 1 - digit correlation

Table 146: UMICH 1 correlation graph key for digits.
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Figure 239: UMICH 1 - upper case correlation

Table 147: UMICH 1 correlation graph key for uppers.
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Figure 240: UMICH 1 - lower case correlation

Table 148: UMICH 1 correlation graph key for lowers.
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SYSTE ALEN 2

T e followin references ave been provided for t is system

[ ]
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Figure 241: Error rate versus rejection rate for VALEN 2
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Figure 242: Error rate per writer of VALEN 2
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Figure 243: VALEN 2 - digit correlation

Table 149: VALEN 2 correlation graph key for digits.
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No Data Available

Figure 244: VALEN 2 - upper case correlation

Table 150: VALEN 2 correlation graph key for uppers.
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No Data Available

Figure 245: VALEN 2 - lower case correlation

Table 151: VALEN 2 correlation graph key for lowers.
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