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Towards a Globally Optimal Approach for Learning Deep Unsupervised Models

Organizing Multiple Experts for Efficient Pattern Recognition

Active Pattern Recognition Using Genetic Programming

A Complexity Framework for Combination of Classifiers in Verification and Identification Systems

Image Processing using Ontology Concepts for Image Segmentation

Language Motivated Approaches for Human Action Recognition and Spotting

Sequential Pattern Classification without Explicit Feature Extraction

Automatic Recognition of Handwritten Medical Forms for Search

Hierarchical and Dynamic-Relational Models for Handwriting Recognition

Stochastic Modeling of High-level Structures in Handwritten Word Recognition

Statistical Techniques for Efficient Indexing and Retrieval of Document Images

Probabilistic Random Field based Text Identification

Enhancing Cyber Security through the use of Synthetic Handwritten CAPTCHAs

Language Models and Automatic Topic Categorization for Information Retrieval in Handwritten Documents
Methods for Biomedical Image Content Extraction Toward Improved Multimodal Retrieval of Biomedical Articles
Exploiting the Gap between Human and Machine Abilities in Handwriting Recognition for Web Security Applications
Enhancement and Retrieval of Low Quality Handwritten Documents

A Stochastic Framework for Font Independent Devanagari OCR

A Semi Supervised Framework for Handwritten Document Analysis

Bayesian Background Models for Retrieval of Handwritten Documents

Accents in Handwriting: A Hierarchical Bayesian Approach to Handwriting Analysis

Multilingual Word Spotting in Offline Handwritten Documents

Intrusion Detection using Spatial Information and Behavioral Biometrics

A Framework for Fingerprint Enhancement and Feature Detection

Minutia-Based Partial Fingerprint Recognition

Integrating Facial Expressions and Skin Texture in Face Recognition

Integrating Minutiae Based Fingerprint Matching with Local Correlation Methods

A Novel Multi-sample Fusion Methodology for Improving Biometric Recognition

Face Modeling and Biometric Anti-spoofing using Probability Distribution Transfer Learning

A Framework for Efficient Fingerprint Identification using a Minutiae Tree
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An Abridged History of Writing Instruments
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As people in ancient times The Tartaria tablets

wrote on clay tablets G found in Romania
nowadays vze write We have come 7720 1o tab|e (e 1 6000 © are arguably the oldest
on tablets like the iPad full circle § 9\0 written "documents

In Guangdong (China)

'/:I'he well-known
* 2500——80 ~ Book of the dead

5 A 20—,
papyr“f o | was written on papyrus |

first plastic book . 9 4
is published e P lastlc

Stone

rise use of "Guttenberg ot 14559ape" Tablet | g bone E 160030
paper ~ bible . =

iPad
\up” .
D 3@ tablet ; #1500 8C
1 000 s TP

the famous Voynich
manuscript (+ 1420)

g is written on vellum b
ol Yer
+200 B¢ Ching paper made of
tree bark first use of pape
fish nets (!)
hemp

70 small copper books
found in a cave in Jordan
text is linked to the bible
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How Handwriting Trains the Bmm

Forming Letters
Is Key to Learning,
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Students WITHOUT consistent
exposure to handwriting are

more likely to have problems
retrieving letters from memory;
spelling accurately; extracting
meaning from text or lecture;
and interpreting the context of
words and phrases

L N g

& B
Elementary-age students who
wrote compositions by hand
rather than by keyboarding, one
researcher found, wrote faster,

wrote longer pieces, and
expressed more ideas

Handwriters exhibit better
comprehension of the content
and were more attentive and
involved during the class
discussions versus classmates
who took notes by computer

During early childhood, writing
letters improves letter recognition,
as shown in brain imaging studies;
and teaching handwriting leads to
improved reading, as shown in
instructional studies



Structured handwriting lessons
lead to improved writing

performance, academic success,
and overall student self-esteem

A 2012 study found that 33%
of people had difficulty reading

® ®
mw m w their own handwriting
. Eid

a 2012 study concluded that one

in three participants had not &
been required to produce
something in handwriting for
more than half a year
A Research shows that you
a remember information better
d when you write it by hand than

when you type it




A psych professor at Dominican
University of California found that

people who wrote down their goals,

shared them with others, and
maintained accountability for
their goals were 33% more likely
to achieve them, versus those who
just formulated goals

National statistics point to
underachievement in writing as a
condition that leads to school
dropout, grade retention, and
failure to graduate from high
school or college



Air Writing




Accelerometers and Gyroscopes

Sense linear and angular acceleration

Up Back

Left

Right

Down Applelnsider.com




SEND A NEW DOCUMENT

\' JPLOAD A FILE
GET FROM CLOUD

Ny
Eoeay Write

notes using
your finger
°ora stylus
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This Al Algorithm Learns Simple Tasks as Fast as We Do
Software that learns to recognize written characters from just one example may point the way
towards more powerful, more humanlike artificial intelligence. MIT Technology Review, Dec 2015.



All Things Handwritten
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Key Innovations

Dynamic lexicons Accents,
and integrated signatures, and
segmentation security

Personal
archives

o1 © © -

Interactive CAPTCHAs and Flipped

lexicons and _
[ ' room
multiresolution securit classrooms

O OON I

Serial fusion and

lexicon density Text retrieval

Principled fusion Indexing and
methods Spotting
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Lexicon

Postal

UNITED STATES

POSTAL SERVICE
ENGINEERING
8403 Lee HigHway
MenaiFiED VA 22082-8101

Orrici. Busiess

10-10-20 Rule

ML Success Story - Highlighted in the CCC Symposium on “Computing Research That Changed the

(M. Ediunrd T Kul/_g(fj'\
1438 Ldag fus. drwe

g Wﬂfrmfon) VA 20,97 b

First-Class Mail
Postage & Fees Paid
USPS

Permit No. G-10
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World” (2009); Seminal work of Kim, Govindaraju (PAMI 1997) at the core of the technology
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Typical Mail-piece Address Block : Lexicon Entry Addon
(Street Name)
A,E\/J»E BRADLEY ST 1024
IK« 4\ _ 5 COLONIAL CIR 1467
£ C-} DEWITT ST 1534
E ' GRANTST 1905
?LIF L‘:Ur'; / 3‘[‘3‘” HAMPSHIRE ST 2012
S HAWLEY ST 1053
N LAFAYETTE AVE 1347
(-% Ao, | LIVINGSTON ST 1633 |
} j_ ]3 MANCHESTER PL 1251
PO BOX 0074
POOLEY PL 1128
ZIP and Primary Number Recognition POTOMAC AVE 1146
_ PUTNAM ST 1650
ZIP Code: 14213 Database
Primary Number: 74 Query

' | Word Recognition {Street Name
. Delivery Point Code: 14213165374 _"" And DE"FEWHE’DHTI éﬂdﬂ EEFHEH’:HI'

30% ZIPs contain less than 100 street names; Max streets returned is 3,071

H. Xue, V. Govindaraju, “On the dependence of handwritten word recognizers on lexicons”, IEEE Transactions
Pattern Analysis and Machine Intelligence, IEEE Computer Society Press, 24(12): 1553-1564 (2002)



Medical

Faxed prescriptions
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Rank

Recoq result

glyburide
bumetanide
indapamide

Rank

Recoq result

1

1 fosinopril

2 perindopril
3 benazepril

"Rank Recog

result

1 metoprolol
2 metolazone
3 torsemide
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FORTY FIFTY ALETY * Prescription forms
SEVENTY | EltaHTY | MINETY Lexicon of medicines
HUKDCRED THOUEAMD b0 . .
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L LALS :
Lexicon of owner
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R. Jayadevan, U. Pal, and F. Kimura: Recognition of Words from Legal Amounts of Indian Bank Cheques.

ICFHR 2010



Integrated Segmentation
Lexicon [ ”:E

WORD

G. Kim, Venu Govindaraju: A Lexicon Driven Approach to Handwritten Word Recognition for Real-Time
Applications. IEEE Trans. Pattern Anal. Mach. Intell. 19(4): 366-379 (1997)
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Interactive Features

Hoderabad

a el

4 folkatta

e, Fatra

ADA---A-A

d [Detradun



e Interactive Features

Lexicon
oles and Loops

4\ <
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Desc:endem
a) Ambherst
b) Buffalo
c) Boston

d) None of the above

S. Madhvanath, V. Govindaraju, “The role of holistic paradigms in handwritten word recognition”, IEEE
Transactions Pattern Analysis and Machine Intelligence, IEEE Computer Society Press, 23(2): 149-164 (2001)
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PJ. Park, V. Govindaraju, and S. Srihari,: OCR in a Hierarchical Feature Space. IEEE Trans. Pattern Anal.
Mach. Intell. 22(4): 400-407 (2000)



Lexicon

Lookup table: 2° x 10 x 85 (quad tree, 4 levels)



Lexicon

Ascenders / i-dots / t-

Interactive Lexicons

a. New Dell
¢. Fatna

4 Kotkatta
d [Detradun

| | Short (<5 | | Beginning 1 | 0
chars) (< 3 chars)
Long (>8 | End(>6 1
chars) chars) = >0
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1995-2000 Today

Lex size % Lex size %
10 96 10 ~99
100 91 100 ~99
1000 (Top 50) 80 (98) 1000 ~95
20000 (Top 100) |62 (94)
Postal Encoding |40 Postal Encoding |95




FUSION

Fusion



Serial Fusion

Fusion

Recognizer

Lexicon : N C,

Recognizer Recognizer

C

C,

n

 How does one determine x,y ?

 How does one determine the ordering of C1, C2, ... Cn

* |s there a difference based on whether it is an Identification task or
Verification task?

« Can it be a generalized principled approach?

Sergey Tulyakov, Venu Govindaraju: Use of Identification Trial Statistics for the Combination of
Biometric Matchers. IEEE Transactions on Information Forensics and Security 3(4):719-733 (2008)



Lexicon Density

Fusion
e Lexicon size as feature Lexicon 1: Lexicon 2:

« Different lexicons with the 1: He 1: Me
same size have inconsistent 2: Me 2: Memo
results 3: No 3: Memory

4. So 4: Memorize
* Lexicon density as metric 5: We 5: Memoryless

* Recognizer specific
« Performance is consistent
with the same level of density

V. Govindaraju, P. Slavik*, and H. Xue, “Lexicon density as a measure for performance evaluation of handwritten
recognizers”, IEEE Transactions on Pattern Analysis and Machine Intelligence, IEEE Computer Society Press,
24(6): 789-800 (2002)



Bootstrapping for Large Lexicons

Fusion

Cohesive Phrase: CHEST PAIN — - - *CrgH

A1\ ’/A‘Z B1\‘ /Bz /j

/

y / Many terms
4
Circulatory/Cardiovascular System (0:685.2) - _ *CHF*

*A*N*

*P*A*

*A*W*

*L*A*

* A*W*

*L*R*

*S*S*

*D*M*

*W* L*

R. Milewski, A. Bharadwaj, and and V. Govindaraju, “Automatic Recognition of Handwritten Medical Forms for

Search Engines”, International Journal of Document Analysis and Recognition, Springer, 2009.



Fusion
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Pruning Lexicons

NN N S S A ) R4
Lexicon Sizes by Category ogo\ﬁ §6\~2@0 ee'o beo Q§\ \,Q’Q YS«Q, _.roi
(bl,no){ 0 | 0/ 095 0 0 0 0 00!
(bl,ns)|{.07/ 0 | 0 .34/ 0 34 0 0 OFf2:
®Lnt)]o |0/ 0 95 0/ 0|00 O 1:
(bl,nr)| 0 .06 0 44 0 0 0 .20 o§1;
(bl,Lmo){ 0O 0 0 .33 0 .56 0 0 o§1§
(GLmu)l0 0 0 41 0 0 o.51o§o§
(l,mt){ 0 05 0 44 0 19 0 0 O 2
o (l,bmh)l 0 0 0/9 0 0/ 0 0 OfO:
Fﬁﬁzﬁéfgﬁ#ﬁygﬁﬁﬁ%ﬁﬁﬁffyﬁ‘ﬂ’g@‘ﬂif (bo,no)(.18/ 0 | 0 |57 0 .25/ 0 0 03 |
g (bo,ns)| 0 0 0 42 0 49 0/ 0 Of 1!
CPFJ' #g“";ﬁ' &
.
& q&{;‘f v ‘ﬁ;} o o
@ﬁf o @ Vector Qis now added to the
: original normalized/weighted
Category ® ® matrix X
CLT to RLT CL to RL CLT to ALT
HR 17.48% 17.42% 117.58%
Error Rate |110.78% 110.88% 124.53%




Fusion

Map: M matchers x N classes scores to N combined scores

S, = f(s!,s2,...,sM)

Verification

Verify if combined score of : A\
hypothesis >0 @
ldentification

Class of maximum combined

score arg max S,
i=1,...,N

Principled Approach

S|
§
S

—




Fusion

Lex ; Lex Lex y
Recognizer C, @_D o o @ . @_;.
Recognizer C, @E} v @5 - @
Recognizer C,, i |

Sergey Tulyakov, Venu Govindaraju: Use of Identification Trial Statistics for the Combination of Biometric
Matchers. IEEE Transactions on Information Forensics and Security 3(4):719-733 (2008)



Optimal Methods

Fusion 4 S. = f, Si > @ ? Accept: Reject\
L S. arg max
Si =Ty l'i=1,...,N
\_ /
p(s; |C* )
S;=1, >607 o= ] —

k1~ k
j=trials p(Sj |C )
Likelihood Ratio
S =f,?

CirC2 | CilvC2 | LR | Weighted
sum

68.8 81.6 81.7



IMPACT

Practical
Fusion
KUERSID
« Dependent Scores 2 AN
* Independent Matchers oy oy
LGURRRNC)
S.E
A et
.95 | .89 | .76 |
C= argmax ||
k

J=trials

p(sk tk

1"

p(s;,t; IC )

Sergey Tulyakov, Chaohong Wu, Venu Govindaraju: On the Difference between Optimal Combination

Functions for Verification and Identification Systems. IJPRAI 24(2): 173-191 (2010)
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Fusion

IMPACT

Theoretical
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Retrieval

Historical Documents

Jed Slufes e trithin o

< Wtol o gerradin
{"‘Q‘é /{’ ,'*,? : ‘3?’5‘(~:T;Z'~ X '% C*TI




Transcript mapping

Retrieval
e
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.2, | sir Paris Rug. 8. 1787,
. Lo L AosSiors Wotie) me. | I have duly received your favor of June 6, and immediately
- "W““i&% z. e ’M‘”‘ . i .| communicated it’s contents to a member of the Academy. he told me
" “‘“‘1“9*‘”““3 “’””{"‘“" S il they had received the other copy of your memorial which you mention
£ hie surit Mo an e shameil Mo nper o Bt o ) 49 have sent thro’ amother ohamnel, that pour ideas wers not con-
sip il 3 amahs B ts ducidn. fre O QN -veped so explicitly as to enable them to decide finally on their merit,
SiBe an sy i Macs but that they had made an entry in their joumals to preserve
you the claim to the original idea. as far as we can conjecture it
here, we imagine pou make a table of Variations of the needle for all the
different meridians whatever, to apply this table to use in the voiage
between America & Burope, suppose the variation to increase a degree
in everv 160 miles. two difficulties occur. 1, a ready & accurate method o
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I have duly received your favor

7. Fior. Chonchiman P cladiedpilin

_Catalin I. Tomai, Bin Zhang, Venu Govindaraju: Transcript mapping for historic handwritten document
images. IWFHR 2002: 413-418
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Impact

Retrieval

- Imperfect Segmentation . - - - — -
- Multiple Writers freg; ; = Z P(w| C)'Z P(z|w)#, ()
- Use recognition scores ! ’

Lexicon | Controlled
10K 1K 10K 1K 4K 100 40

Top 1 57 67 12 28 20 95 99
Top10 74 75 32 72 42 99 99




CAPTCHAS , ACCENTS AND
SECURITY

A

Security



Recognifion Accuracy

— HUmOn

N achine

Neither

Machine Machine
and nor
Human Human

-

CAPTCHA Complexity
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New Captchas

Security

%y

I'm not a robot =
reCAPTCHA




Neuromotor Model

. : _ 0,; —0.;) [t
Security jth component trajectory : p;(t) =064 + elDi L _[0 v (T)dt

0.02 0.06 0.1 0.14 0.18

Chetan Ramaiah, Réjean Plamondonm Venu Govindaraju: A Sigma-Lognormal Model for Handwritten Text
CAPTCHA Generation. ICPR 2014: 250-255
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Security
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IMPACT

Security

R

Increasing perturbations

Complete the challenge:

7o continue, please click on the OEANGE
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Chapter headings—

The quiet of the written page
Few balances no debts

Salve next to last

A valuable clipping The Leopard

Crickets Chaprer I.. . . . Critical

Protestations of Integrity. Edinburgh Job’s
Permanent Salutation

Beware of Pickpockets (circus

Pretty Name

Bravo, Bravado

A good Eye

Pleasure is less than Happiness

It was the month of April, the Bumpkins
call it May (Cooper)

The one aggravation is war)

(He who rides on a tiger can never dismount
Dean Inge n
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forgive us for flaws
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Hand vs Machine vs Graphics
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Summary

Handwritj%?...

é[aé\c-z;‘éion gf emotion, of thought and ¢ of decision that fas recorded”
the Fistory of mankin ,revea?eg}?@nius of invention, and”

dise ose?{ e inmost depths o g( {/4; soulful heart ./ll'/jives iogas

tan i@orm é%[iriééen letlers, Iaicéagrapfs. symbols andsigns
??ia&r; _Lt_vg orms a[bnf across millermia anfjeneraéions

that not Q%y ties us to the thoughts and « /ee%;) our

ﬁre[éars. ut also serves as an irrevocable link to our
Aumgnziéj./\é;p);r machines nor fec[r;gé?y can re/aé?e/ f[é
contribution or contiriu\iny im,ooré ance gr f[is inexpensive

paréa[[ skill /\&e\s.?ary in every age, Qaﬁlrfzé\u_vg remains

Just as vital to the enduring saga of civi i3ation
as our next breath. ~ Michael Q’,ﬂ -
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