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ABSTRACT

An optical character récognition technique for typewritten
letters was developed with application to a personal reading machine
for the blind. The feature extraction process defined a character
in terms of lines and shapes which are closely related to a person's
description of form. The system was developed to identify all upper
and 1ower—case typewrltten characters in the alphabet. A letter was
described by any combination of seven basic features, usually in a
3 x 3 feature matrix. The extraction of topological (or structural)
properties had several advantages; a very small feature dictionary
with about 100 code~word entries; quick and simple training procedure
for a new font; and, a strong capability to handle character deformities.
A separate technique, based on edge examination, was developed to
identify characters with prominent diagonal features. Sequential
classification was employed throughout the entire system so that
recognition was made once a sufficiently unique measure was satisfied.

Tests on both repeated characters and typewritten passages
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three fonts which varied from a stylized to a serifless print. For

a scanning rate of 60 wpm, a recognition speed of two characters per
second was achieved. The system was developed on a PDP-12 computer and
is fully compatible for realization on a PDP-8 computer with 8K of

memory.
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I. INTRODUCTION

1.1 Purpose of Research’

- The purpose of this research was to : (1) devise an optical
vcharaéter reCOgnitioﬁ scheme that would be applicable to a personal
reading'maéhine for the blind; (2) develop a featﬁre extraction
‘technique based on shape analysis and comparable to human description
of form; (3) ‘obtain preliminary'recognitién results and determine

the sources of errors with typewritten characters..

1.2 " Perspective - _
. The basic approach to reading aids for the blind has been

- to devélop direct translating devices that produce facsimile reproductions
of characters with either tactile [4] or auditory [3], [20] output.
The advantages’achieved in this approach are compéctness, technicalv
simplicity, and écbnomy. The disédvantageé of this approach are that
the reader must be'traihed to decode the output and the reading rates
are low. |
” . The next order of complexity in a reading machine has been
| té empiOy OCR (dpfical character recognition)with spelled or spoken
~speech as output.. . Character recognition schemes have been in commercial
use for é number of years. Present uéers of -OCR include the‘poét office,
‘:government, and ih&ustrial concerns. In these cases OCR is used with
applications requiring large #olume, high speed, and acéuracy. Usﬁally
these schemes utilize a well defined set of characters. By,contrast,
relaxatidn of‘manyvperformance-criteria.may be applied to a personal
‘reading machine; but, at the same time this machine must cope with a
wider range of fonts and printing quality than those which are encountered
in commercial applications. .
' Two schemes have been developed over the last ten years for

‘this particular purpose and these are discussed in the next section.



1.3 Existing Schemes

1.3.1 Template Matching

One solution to the OCR problem has been_Smith-Mauch's
template matching scheme [20]. The locaticns of black areas, encountered
as the template scans across the character, are processed to identify
it. This system, illustrated in Figure 1, consists of a hand held
probe that fdcuses the printed character onto a two-dimensional photocell
array of 12 sensors. The discriminating routine is applied in a
multiple snapshot sequence. As a character is scanned across the
optical input, it stimulates a trigger cell (TC). Every time a white
to black or black to white transition occurs in the trigger cell,
a snapshot of all the cells in template is taken. Output from these
cells is converted into a five-bit code that specifies the character.
The objective of this scheme is an accuracy of 90% to 95% at 80 wpm
to 90 wpm but this has yet to be achieved. The present reading speed
is about 20 wpm to 25 wpm. The recognition logic of this machine is
designed with integrated circuits.

For this scheme to work well, several critical parameters
must be satisfied. The exact positioning of the template over the letter
is important. Also, the threshold for information when a cell on the
template is only partially in a black field is a relevant consideration.
This scheme, in extracting spatial information in a snapshot manner, does
not make good use of geometric or'structural properties which reqdire
more continuous measurements. Thus the system's performance is limited
because the extracted information is not complete enough to handle

problems such as character distortions or ambiguities.

FIRST “SNAPSHOT® SECOND “SNAPSHOT* THIRD “SNAPSHOT* FOURTH “SNAPSHOT*

Fig. 1 The template matching scheme.



1.3. 2 Contour Tracing

o Mason [16] and Clemens [6] proposed an OCR scheme which
~utilized contour tracing. This technique, illustrated in Figure 2,
‘requires three pieces of information: a code word that specifies the
character's geometric extrema in the x and y directions; a coord word

- which stores the location of each extremum; and, the height—to-width
ratio (H/W) that classifies the character into one of four subgroups.
From these measurements a 30—bit code word is derived. The lookup

table contains.three to five possibilities for every character. The

' original scheme, as developed by Clemens [6] achieved 1% to 3%.error .at
100 wpm and was tested on ten fonts. Further improvements upon the
system have reduced,the_error to 0.1% but this has been achieved on work
with only ohe font [13], [16]. This system uses a PDP-9 type of computer
-and requlres a flying spot scanner for the data input.

The ‘code word is a good topological descrlption of a character s
shabe. However both the coord word and the height- to-w1dth ratio are
rigid geometrlc measurements which do not make this scheme readily
adapiavie (v viler Luiis.  Tie CoOrd Wurd ie a scusicive fuuciion of
Position and as sﬁch,-it will alter as the extrema are located in‘new
regions. The height—tOéwidth‘ratiOS~alsohvary among the different fonts.

"The print material used by Mason and Clemens to test their
recognizer was free from breaks. As the recognizer deduces from the

print not.qnly_thevprint'information but also the position to explore
| next, a break produces a doubly catastrophic error. These break errors
' are minimized by using high resolution (60 x 60 points were used by
lee [13]). | | |

One last basic limitation with the Mason-Clemens recognizer
is that only the outside contour of a character is used. With ambiguous
‘pairs of characters such. as 'D' and 'B' 'e' and 'e', a special technlque,
- such as ‘taking a vertical slice through the character's centre and
noting.theanumber;of intersections (two or three) was used because the

outside contour was an insufficient measure.
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Fig. 2 The contour tracing scheme.
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1.4 A New Approach

The pattern recognition techniques that have been developed
on large computers are not realizable on small, economical processors.
Statistical and probabalistic approaches [2], [11] are not applicable
for this purpose because of their complexity. The two schemes discussed
in Section 1.3 represent one'approach to the problem; that is, discrete
spatial information was extracted and no attempt was made to integrate
the measurements into more general and higher order information. In
this thesis such a new approach was undertaken.

The process of identifying a letter by means of features is
well known [1], [14]. However, results show that a complex machine is
needed to recognize one font [16]. Tﬁis work set out, as a main aim,
to invent a set of features to identify a letter simply. A further
consideration has been to relate these features to descriptors of shape
which would appear natural to the human reader. For example, with the
letter 'b' we could use the description: "a straight vertical line
at the left which carries a little flag (serif) at the top; this line
intersects two horizontal lines, one at the bottom and one half way
up, which are traced to the right and, moving together, form a junction
at the right." This compaci description of form is stromgly topological
and gives the gist of how this OCR scheme interprets a character. Our
technique requires seven features to characterize a letter. Usually
the letter was reconstructed within a 3 x 3 feature matrix. A special

technique was used for characters with prominent diagonal features, such

-



as 'W', whereby the character's edge was used for its identification. .
This scheme should be less sensitive to distortion and more flexible in
its recognition éapability than the existing schemes.

| This thesis is based on original work and is conceptually
most similar to work done by Genchi [12] and Marko [15]. Genchi has
developed an OCR scheme which is used in the Japanese postal system

for recognition of hahdprinted numerals. The numerals were recognized
by extracting a sequence of features in horizontal zones. . A 3.x 3‘
scanning window identified each 9 element array as one of 7 possible
vstroke segments such és'blank, verfical,.slanted,‘etc. In the secdnd
step, each horizontal string of stroke segments was classified into

one of ‘16 horizontal features. The third step was to connect
ﬁerticallyvall;the indivi&ual horizontal features by using a transition
" table. - The character wés_fecognized By this table. With Marko's system,
'spatial filtering was ﬁerfdrmed-oﬁ the character in four directions
(horizontal, vertical, and two diagonal directions). From this processing, .
higher-dfder features such as angles, curvatures, and endpoints were
extracted. Iﬁformaﬁion was then integfated'into a very -compact feature
matrix;"Finally, a weighting scheme was applied to these features

" which were then processed by the classifier.



II. THE PATTERN RECOGNITION SCHEME

2.1 Introduction

In order to describe the techniques employed in the character
‘recognition system it is useful to employ a general model for a pattern

recognition system with each step in the processing being identified:

input —s preprocessor—ifeature exz‘racfor—»[c[assiﬁer—» output

_ The scanner is the transducer, a photo-electric device, which
converts the printed character into a'two—state,(binary) input. The
preprocessor, if present, employs techniques such as data normalization

and stroke thinning. The purpose of the feature extréctor is to obtain .

a set of characteristic measures and statements upon which a decision

as’ to the most probable identity of the pattern sample can be made. .The

claséifier, on the basis of the information provided by the feature

extractcr, applies a deciéion criterion to the pattern measurements to

: meke a decision as to which, if any, of the allowable classes the pattern

belongs. The output relays the identification in an apprbpriate form.

2.2 Input
A 64 vertical element Retlcon RL-64P solid-state line scanner

prov1ded the input for a PDP-12 computer. The speed of the scan
 corresponded to approximately 60 words per mlnute. The typical
picture frame for a single upper case character contained 15 x 30

elements and 12 x 20 elements for a small lower case.letter.

2.3 Preprocessing

Preprocessing refers to data mauipulation'in the primary
stages of a process so that redundancy and distortion can be
appreciably reduced. In the OCR scheme that was developed, there
”jwas no formal preprocessing., 1t was believed that the successive

stages of information handling contained enough sophistication to be
‘able to cope with the inherent noise in the binary data. The system
was designed with this premise in mind. A preprocessor [24] can haue _

the following objectives: a character_should ideally be of unit



thickness; this skeleton must resemble the line pattern a human
would draw, that is, no information other than the line width is

lost; breaks in the character must be searched for and, where missing,
the continuity shbuld be restored. As useful as these objectives may
be, for this specific application, where the cost of machine implemen-
tation must be kept low and an error rate of a few percent can be

tolerated, this preprocessing is not justified.

2.4 Feature Extraction, Part 1

2.4.1 Introduction

Feature extraction in OCR has received considerable attention
because the effectiveness of this stage predicates the recognition
ability of the entire system. It consists of one or a combination
of three possible techniques [21] : geometrical, topological and
mathematical (or statistical) feature extraction. Topological feature
extraction has been considered in the recognition of handwritten
characters. Eden and Halle [9] found that only 18 different strokes
were needed to construct any English character. By partitioning the
perimeter around a character into eight sections, Tou [22] was able
to extract topological features such as bays, inflections and
curvatures from each octant. Interesting work on computational
topology has been reported [23] , however, this approach is yet to.
be applied.

2.4.2 Basic Concepts

Important concepts and terms are introduced. A string is
a continuous segment of binary 1l's within a columm and has the
property length, L. Each string is characterized by one of three
descriptions: a vertical (V), a closure (C), or a centre cell (CC).
For a character of height H, H/4=T+R (where the remainder, R, is
O0<R=3) defines the 1/4 height threshold T.

Two types of verticals are defined: a full vertical and a
minor vertical. A string with T<I<3T was assigned a minor vertical.

A string with L>3T was assigned a full vertical.



Whenever two branches of a character converged to or diverged
from a string common to both, that string was classified as a closure,
In the letter 'c' in Figure 3, column threc is identified as a closure
because it initiates the divergence of the two branches in column four.
For closure to exist all the conditions in Figure 3, must be satisfied.
If columns three and four are interchanged the test would indicate
convergence. Any string which was classified as a minor vertical was
tested for closure. If the string was identified as a full vertical,
the closure criterion was not applied.

A string with L<T was assigned its centre cell. However, a
string with T/2<L<T was also checked for a closure. Occasionally a
closure did occure with L<T/2 and in these cases the closure was missed

but these errors were infrequent.

4 4
3| oa0 3
000000
000 000 -C
08° 880 A—09
Q0 000 -—
00 083 goe—>b
- o9 000 0 . >
38 9 A2C
0CO °
000 o new
booE g
+ 8 00 g peE
00 00 80-—-E
088 - o000fss L =
o 00

Fig. 3 The closure criteria.

2.4.3 String Identification
The letter 'R' was chosen to demonstrate the OCR technique

that was developed. A typical binary picture for the letter 'R' is
shown in Figure 4A.

The first information to be noted about the character was its
height and width (28 x 17) and, T (28/4=7). The strings in columns
one through three were less than T. Thus each string was completely

described by its CC. For the string in column four L>3T, so a full



vertical was noted. Columns five through eleven contained only CC
information. In column twelve the first string was assigned its CC.
For the second string T<L<3T; this was the condition for further
processing to determine if the string was best described as a minor
vertical or a closure. 1In this case divergence was indicated. In
column thirteen the first two strings were classified as CC's but the
third string, T<L<3T and again a check for closure was initiated. 'This
string conveyed length information only and was identified as V. The
first string in column fourteen was also tested for closure and was
found to be the convergence for the two branches in column thirteen.
The remaining strings in the character were all CC's. These

identifications are tabulated in Figure 4B.

12345678901234567
00000000000
000 0000
8° °80
0 0o
8 °g 1 2 3 4 5 6 7 8 910111213 141516 17
o o
8 g L af vl o] a1 ] a] 1] 2] 4] cf27]28]{28]
00 00
880 08° 27|27{27| |13]13{14]14]14]15]15] c|12]27
000000000
Qo 0299 20127127128 v
[+ o0
o [] 26
“
% 89 Figure 4B
o0 00
00 00
0000000 000 L.
00000000 00000
12345678901234567
Figure 4A

Fig. 4 String identifications in the letter 'R’'.

2.4.4 TFour Level Resolution

The choice of a four level resolution system was based on
the fact that the maximum number of feature levels in any English
alphanumeric is four. The number of feature levels is equal to the
maximum number of intersections that a vertical line can make through
a character. For example, the characters 'g', 'e', and 'o' respectively
have four, three, and two feature levels. The resolution from this

arrangement proved satisfactory. Thus the string identifications for



each column were quantized into one of four possible vertical quadrants.
For the example treated in Section 2.4.3, the information so processed

appears in Figure 5, The blank quadrants are zero entries.

1 2 3 456 7 8 91011121314151617
o] ] vl o] a1 1 a1 2] a] ¢]27]28]28]
2702727] T1sl1sTaalnal1al1s]asl clizler
20|27]27]28] Lv]
26
TR RERRRERERERD
v[13[13]14]14]1a 12
v|20 15{15) ¢l v
27]27]27] v]26]27]27]28 v|27{27]28]28] -

Fig. 5 Four level resolution of string information for the letter 'R’'.

2.4.5. Basic Feature Assignment

Each column entry of data is compared to the information
stored in the next column. This comparison results in one of six
basic features being assigned :

(~) U - Up

()

()

h

(029)

(+) Z - Zero

- Down
- Horizontal

- Vertical

0O < - o

- Closure

For two adjacent columns, a pair of adjacent elements (X,Y)
can be obtained. Figure 6A summarizes the feature selection process
for two adjacent colums. The assignment of basic features is
illustrated in Figure 6B. When the first column was compared to the
second, the first (X,Y) pair was (1,1) which was represented by an H.
Likewise for the second pair (27,27). The second and third columns
produced identical results. When the third and fourth columns were
studied, the pairs (1,V) and (27,V) resulted in V entries in the first

and fourth vertical quadrants. These entries, although they may seem

.10



superfluous, are necessary for the continuity of the feature selection
'process. The reeSOningwbehind such entries will become evident when
- columns eleven and twelve are discussed. A four level vertical was
assigned to cclumn four. In columns five and six, the first two
pairs (1,1) andb(l3,13) produced two H features. The third pair was
- (20,0). In such a case a check was performed on the peired elements
immediately above (13,13) and beiow (26,27). Thus (13,13) was com~
pared to a possible combination of (20,13); similarly; (26,27) was
compared to-(20,27).- In both cases the (X,Y) combination with X = 20
 was the'poorest choice. The comparison therefore remains with (20,0)
folloved by the last column pair (26,27).‘ These peirs result in Z
cand D features being‘entered_respectively. The second pair in col-
umns nine and ten (14,0) required a similar search; houever, in this
case a more appropriate pair (14,15) was found'during the search
andnthus ab featu:e was stored in the second level. The selected
‘basic feature was entered on the same vertical level as the X in

Lue (X,Y) pair. Ihe_first pair (L,2) in columns eleven and twelve
produced a D feature. Fof the second pair (15,C) C was assigned.

The :eason for storing C was to maintain the continuity of the
columns without introducing false information. Since the first

pair (1,2) spanned both columns, a Z entry for a no comparison for
the pair (15,C) would have broken column continuity in the second
row.k Whereas,‘possibly’entering an H feature to indicate this
continuity would have introduced new information into the 1etter.'
'Now, assume C 1s entered for (lS,C). The next time this same C
is encountered between columns twelve and thirteen, it will appear
- as (C,V)'anﬂ,'from,Figure 6A, another C will be entered. Thus two
C's will Have been entered for thevsame datum. As it will be shown

1ater, continuous horizontal entries of C or V can be reduced to

v only one C oxr'V without any loss of information.

11



12

HO\‘_

o 1.2 3 4 5 7 8 9101112 13 14 1516 17
- Next Column 1} 1 vl 1 1l 1f 1t 1| 1} 2] 4] ¢
§ R ecc v oz v[13{13]14]14]14 12| c
3 ccfwu[c|v vi20] - 15[15] c| v
u ¢ [clclc]c 27|27]27] v|26]27]27 {28 - c| vl|z7l27}28|28
@ v|v]v
& z lzlz|z]z —T=TTTT ——==]=T—T—=IN\INTXX
search for ot D\ i Y XX
best y ] _ —IX{X
. Figure 6A Li ‘\ —IN X N
Figure 6B

Fig. 6 Basic feature assignments for the letter 'R'.

' 2.4.6 Vertical Compression

After the assignment of basic features, the character was
compressed vertically to three horizontal rows with the resulting
advantages ot cdﬁpéctness and better level continuity. Rows two
;éﬁd three\were compresséd together; The result of compression between
two basic features is summarized in Figure 7A. The following order
or supeipositioning domihance was imposed : (U,D,H)>C>V>Z.’

Rows two and three are éompressed in Figure 7B.

7 8 91011 12 13 1415 16

. o .12 3 4 5 6
3rd Row —|=11 11 === =]—={=IN\I\IX]X
+um_C V. zZ ‘ —INI——I\ XX
‘u UDH UDH UDH | UDH ’ a ,__X X l 1
Sclwmlc]lclcl - f=l=l1IIIN=I\ X TI=I\—
9 wH| € | Vv ' ' .
Sz |vm|cfv]z —T=TT1TT T===T=T—]—=IN\I\IXIX
: sion - H=NE =N =XIXXX
= N S = NS IENE
.M":Figuré_7A‘ o B Figdre:7B

Fig; 7 lVertical'compréssion to. three ievels'for the letter 'R'.
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2.4.7 Serif Deletion

Serifs, which are the cross—-lines finishing off letters,
tend to increase a letter's legibility. However in the machine
recognition process, the serifs were confusing. Due to serifs' short
lengths, the printing quality, and the resolution of the scanner,

a serif could be described by zero, one, or more basic features. This
introduced an unnecessary amount of serif variability.

To increase system reproducibility, horiiontal serif deletion
was implemented. Serifs are found in the top and bottom quadrants of a
letter and are associated with verticals. By assigning an appropriate
serif length for the font being read, searching the top and bottom
' quadrants only, and noting the fact that a serif begins from an
empty space and ends in a vertical (and vice versa), selective deletion
of serifs was achieved. The serifless character is presented in Figure 8.
In addition to the serifs being deleted, fhe two verticals in column
three were also eliminated. A minor routine deleted any column which
contained only extraneous verticals with no U, D or H information
present. For this example, column four could suitably represent all

the information contained in both columns three and four.

12345678 9101112131415 16
— = L === = NNIXEX
—=INI= =N\ = XIXXIX
== LLEINEIN XHH=IN\I—
= [=l=l==[=INN XX
=N\ IXIX[X|X
Xl

Fig. 8 Serif deletion in the letter 'R'.
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2.4.8  Horizontal Feature Integration

After a letter was compressed vertically into three rows,
horizontal feature integration (or compression) was applied along each
row. The state transition table in Figure 9A was used to select the
most appropriate integrated shape that would describe a continuous row
of individual U, D.and H basic features. The programme took the pres-
ent state of the feature integration process -and compared it to the
~next basic feature to -generate the new state. The negative sign in
the table represented a terminal condition whereby the system stored
the present state of the integration process. As uell, the state
‘transition table was reinitialized with the next basic feature upon
encountering the negative sign.
. Essentially, the table encoded a continuous row of U, D and

H individual elements into one generalized feature. At least two

(or any comblnation of) U, Dor H consecutive features had to occur
 before any 1ntegrated feature could be ass1gned. Similarly, a
- minimum of two entries were necessary for a generalized Z.

A signiflcant difference occurred with the V and C features.
For thlS 81tuat10n, one V or C entry was enough to consider them as
the generalized features. This was.the case because these two features
had greater significance than any single: U, D, H or Z element. Con-
tinuous horizontal row entries of either V or C were generalized into
only one entry of the appropriate feature. Since C was a more selec-
tive occurance than V in a continuous string with both V and C entries, -
'C ‘was chosen over V to be.representative of ‘that row of features.

‘The reason for this mask;ng of V by C is illustrated by the letter 'c'
in Figure 3. Column two was classified as a minor vertical; column

_ three was the closure. Column two is expanding towards and developing
the closure 1n column three and can be represented by the more

significant feature, the closure,
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The above discussion is summarized as follows:
for single entries:

Z

]
[}
it
o
il
o
i
o

V=Vv,Cc=¢C

for repeated horizontal entries:

= (<)% X where X = ( 2z, U, D, H, V, C)

. n=2,3,4, ....
for a row of V and C entries:

Vm' Cn. Vo - (<)m +o0o+4+n-1

c
The symbol (<) indicated the continuity across columns of the
feature to its right. Integrated features other than the one listed
above are also possible. These occurred with combinations or U, D,
and H features (Section 2.4.10).

Figure 9B applies the state transition table to the example
being developed. 1In both rows one and two a generalized H feature
was stored rather than the D. This was the result of an additional
check which was performed on the terminal feature state of the
integration process to ensure that the most appropriate selection had
been made. In this Instance, a simple check on the first row such as
noting that.there were six H and two D elements disqualified a D entry.
Instead an H entry was deemed most suitable. The same criterion was
applied to the second row. To devise a larger and more complex state
transition table to handle every possibility ﬁas found to be experi-
mentally impractical. Instead, satisfactory feature integration per-
formance was achieved with a two-step procedure. This was accomplished
by using a transition table of moderate size in conjunction with a

secondary verification routine.



" Present State of Integration

Next Basic Feature

D H U z Vv ¢

IZV1p | 10 |2 |V |C initial zero -~ 12 3 4 5 6 7 8 91011
‘wle |m|u {1z |v {c initial up —|=|=l=]=]=IN\I\ XX
m{p {ti{u |1z|{v |c | inittal down 3 J=INI==I\ = XXX X
miw [ |m {1z |v |c -initial horizontal T X1
V i-vi|-vi-vi-viv |c vertical
c {-c|-C {-Cc |-C|C |C closure  Row 1 I '-—_——“\\XX
IH|D LH |PU }|-H |-H |-H low horizontal s_tat,é V{IH{ H| H{ H| H{ -H|LH{ D| C|] C
HH ' -H |- |-
‘ PD |HH U . H H H high horizontal » Store _ﬂ _H_J L
‘D |[D. |Dp |cu'{-D |-D |-D down .
U leaju Ju |-v|-U |-U up : 0 Rrow 2 LI\ IN XX XX
CA | CA |CA |U. |~CA]-CA|-CA cap A State | V{IH|LH{IM|LH| D| D| c] c] ¢| ¢
culp v |cu |-cuj-cul- ' . v '
C C CU|-CUj~CU cup . Store ;_L i _C|
PD{CA |PD |H |-H |-H |-H - peaked and downward
PU|H |PU'|CU |-H {=H |-H - -peaked and upward " Row 3 | x I
H |w |0 | |-H |-8 |- horizontal state | vi1z} z] 2] zf z| z] 2z} c| c|1z
2z |-z |-z |-z |z |-z |-z zero - ~ store | V| | z] Lc]
Figure 9A S Figure 9B

Fig..9 Horizontal feature integration for the letter 'R'.

: 2 4, 9 Horizontal Compression ;

Once the integration process was completed “horizontal

ﬂcompression was applied to the character. The integrated features

‘allowed for a compact representation of the letter. A feature matrix

'-representation was obtained in the follow1ng manner. The columns were

examined in pairs, starting on the right side and ending at column one.

' AdJacent horizontal quadrants in each palr of columns were checked for

continuities. If. there existed at least one continuity in each pair

of horizontal quadrants then the two columns were compressed into one.

" This process contlnued until -two adJacent integrated features were

Mencountered; At this point the compressed-column,'which contained all

16
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;theffeatures,tq the right of it, was saved, Column compression was
then reinitialized with the next column. Referring to Figure 10,
columns eleven and ten and nine through twc were reduced to only one

column each.

12 3 456 7 8 91011 A B C
et el el efe] ¢ <=t ¢IX]|. - X
cjcf ¢t ¢f<i—| ¢l <] X —iX
I | ¢lel ¢l <] ¢|e <>< <| l < X
o :_|_J
e B ¢
A

Fig. 10. Horizontal compression for the letter 'R'.

2.4,10 An example w1th Curvature
h To demonstrate the full capabilities of the integration process,

1

's' was

espec1ally in the identification of curvatures,_the letter

selected. In Figure 11, the letter has been reduced to its three level

form. Each row was integrated with the state transition table and then

o hotiZontally compressed. The cap (M) and cup (\v) descriptions

were well suited to represent the curvatures along the horizontal levels.
This example also-illustrates the generality of the closure |

symbol (X). A closure can represent either divergence or ¢6qvergence.

Experimentally it was found that. the distinction between a éonvergence

and- a divgtgénce‘was not critical to the letter's identification. The

' aSéiéﬁﬁéﬁt'éf;én\311~iﬁéiﬁéivebcldsﬁre (X) was a convenient simplification.



Present State of Integration

Next Basic Feature

D H U Z VvV ¢
IZ1 1D |1 |1V §Zz |V |C initial zero
IU|H |HH |U |12 |V |{C initial up
ID|D |[LH (B {IZ |V |C initial down
IH|LH |H {HH {12 |V |C -initial horizontal
V |-V |-V |-V |-V ]|V |C vertical
c |-C |~-C |~C |~C |C |C closure
IH{D |LH |PU |-H |-H {-H low horizontal
HH { PD |HH {U |-H {|-H |-H high horizontal
D |D |D Cu {-D {-D |-D down
u CA (U -U {-U |~U up ’
CA|CA |CA -CAj-CA|-CA cap
Cuin CU {CU |{-Cu}-CU}~-CU cup .
PD |CA |PD |H |-H {-H |~-H peaked and downward
PU|H |PU |CU |~H |-H |-H peaked and upward
H I&v ﬁ HH {-H |-H |-H horizontal
Z |-2 |~z |~Z2 |2 |-2 |-2 zero
X< etey¢ <MV
X| <[ < <] <IN\ ¢<|X
ll«<fc< - <A <X
e
.A g C

Row 1
State

Store

Row 2
State

Store

Row 3
State
Storae®
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1 2 3 45 6 7 8 910
L XIZ1Z1=l=I—=IN\IN\
XI=INIININ N\ XX
LHEININI=Z17171X]X
L IXIZ1Z1= == NI\
V] CITIU] U] U} U] UIPD{CA} V
| ¢ CA
KI=INFEINININGXX
IZ| C{IHjLH|LH] D] D| D} C] C
¢l [ n] |c

HHTINNI=/Z171 71X

l VI V'IDI.DI DIPUICUlCUl CI Cl

v

leol Le

—TXIX] >

B

~
N
\./

X X|—] °

Fig. 11 Feature integration applied to a character with curvature with

the letter 's' as an example.
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2.5. Feature Ixtraction, Part 2

2.5.1 Characters with Diagonals

The letters.'A, k, X, v, V, w, W, k; X, vy, Y,' are comprised
basically of diagonals and require a separate approach for their
‘identification. An alternate method of feature extraction is used.

In Figure 12, the majority of the strings which form the diagonals
are long»enqﬁgh to satisfy L, where T<L<3T and are identified as minor
verticals; thqs,_the'directional»quality of the diagonals is lost.

The most descriptive features in these characters are their
continuous edge transitions. By looking at the side of each character

- from the directions indicated by the arrows in Figure 12, the
unobstructed (serifless) and unique diagonal features are clearly
identified. Using ‘the programme in Appendix E, each of the diagonal

- characters was viewed along its unique side(s): the top side for 'A';
the'bottbm side for 'v, V, w, W'; and, both the left and right sides

' for 'k; K, X, X, v, Y'. The specifications of a diagonal 1ength
‘(nﬁﬁber' of increments) and the up~down sequence for a particular side

were used for this subgroup's identification. The location of this

'particuiar routine in the overall system is shown in Section 2.7.

: ° o000 - ooo0 o000 o
go ocdooo0
§88 ©gg° . °8§§8 §§§§oo 6ggge
9 | ©o .
858 38 g 8s g8
66 6o 8 e S0 oo
86 .69 ] o5 13- o
o6 2 8o .. 8O ©09 oo
o o i o [~ X~1 00
°8 8 6o o6
4 6o 8 ; g oS )
&0 bt -1 3 88060
o o S ga o000
oo 4 o 1-3-3=1
g 13 8 . b3 . 143
Y] 1539 - 4 . oo
=31 <31 H 8 goo .
ca 660 8 oo @000 -
0000000000 g oo €S 83
ggs 88 g 28" “&g
89 a0 -3 8 oo 2
g8 £8 g 88 g2 g
- 88 S0 8088 -3 8
88800 08880 888° 00880 0880
800000 0000006 °co ogoooo -2 - LB

_Fig¢ 12 Recognition of diagonal characters by selective edge'examination.
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2.5.2 Special Cases

The letters 'g, i, j, m' did not require the entire feature
extraction process for their identification. In these special cases
the identification was made once a unique measurement was satisfied.
" The distinctive characteristic of the letters 'i' and 'j' is the fact
that they'are dotted. To detect the dot all the columns were
inclusively OR'ed-together. An 'i' or 'j' was assumed if a break

existed in the upper half of the OR'ed character. The length of the

section below the dot was used to distinguish between the two; 'i
and 'j' without their dots have the same height as a small and tall
chéracter,'respectively, The letter 'g' is the only four level character
in the alphabet. The contents of levels two and three were always
examined before vertical compression (Section 2.4.7)»to three levels
. was applied. If both the second and third rows were filled with U, D,

and H information then the unknown character was identified as a 'g'.

The letter 'm' is unique because it contains three full height Verticals.
When this condition was satisfied in the string identification routine
(Section 2.4.3) an ‘m’ was aSSigned.

These measurements were simple and effective. The savings
realized in computational time and in the reduction of entries in the

lookrhp'table made this an‘attractive approach.

2.6 Classification
2.6.1 Introduction

If the cost of taking feature measurements is high, then
sequential decision procedures (classification) should be applied.
This is especially pertinent in the design of the recognition logic
for é personal reading machine. Fu [8] emphasizes that a trade-off
between the error and the number.of features to be measured can be
obtained by taking meaSurements5seqﬁentially and terminating the process
whén a sufficiently unique measurement is satisfied. The measurements
must be ordered in such'a_Way ﬁhat_thetextracted-features will cause
“thebterminal»deciSibn as ea;ly'as poséible. These ﬁfinciples were

incorporated in this classifier.
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2.6.2 Code-Word Generation

A code-word was assigned to every horizontal level in the
compressed character. This code-word does not contain continuities
(<). Furthermore, only a Z bounded on both sides by features other than
a continuity or another Z was stored in the code-word. In Figure 13,
the three code-words for the letter 'R' are generated. Since there
are seven possible values for a feature, a minimum of three bits is
required to specify any one of these features. Thus in a twelve-bit

code-word, up to four features can be packed.

Feature
Matrix Code~-words
Feature | * /\"" l th : :>>§ Z ; :
Cade: 0j1}2|3|4}5}6]7
’ | X 6lofs

Fig. 13 The three code-words for the letter 'R'.

2.6.3 Subgroup Assignment

Rather than compare the code-words to all the alphabetic
possibilities, a classification technique was implemented which confined
the recognizer to search within a limited subgroup of characters. The
separation of characters into classes was based on two physical
properties of a letter. First, for a random selection of characters,
‘a, B, ¢, E, G, H, N, 0', the height is used to separate small letters
from tall ones: 'a, ¢' and 'b, E, H, N, 0'. Secondly, the number
of full character height verticals, whether zero, one, or two, further
subgroups the characters: 'a, c' (small letters) and 'G, 0' (no verticals)
and 'b, E' (one vertical) and 'H, N' (two verticals). In this manner
four distinct classes are identified. The alphabet is subgrouped in
Figure 14. The special cases and the two forms 'g' and 'g' are also
included.



Small Letters a c e n oTr s u z
No Verticals C G 0 Q s 2
One Vertical -lower case b d £f g h 1 p q t
-upper case B D EVF I JL P RT
Two Verticals H M N U
Diagonal Characters ~lower case k v w X y
-upper case A K V W X Y
Special Cases g 1 j m

Fig. 14 Subgrouping the alphabet.

2.6.4 Identification

Three code-words were assigned to an unknown character, one

for each of the three feature levels. The first code-word was compared
to all the stored code-words for that level, in its appropriate subgroup.
Each code-word was associated with a second twelve-bit word which stored
all the possible characters with that code-word in common. Since there
were less than twelve characters in any upper or lower case subgroup,
each bit of the second twelve-bit word was associated with a specific
character, The entry of a '1' or 'O' for a particular bit indicated
whether the code-word was common to that character or not. If the code-
word was unique to only one character then the identification was
made at that point. If the code-word was shared by several characters,
then these possibilities were recoded and the process was repeated
for the next feature level code~word. If no unique code-word matches
were found after searching the three levels, then the identification
was based on the character with the maximum number of code-word matches.

Let us assume that *he unknown character in Figure 15 is
the letter 'c'. The code-word for the first level is common to both
'c' and 's'. However. the second level in 'c' is uniacue to it and so the

identification as "c' is made. For the example of the letter 'R',

22
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there are no unlque code-words and thus the identification is based
on the maximum number of code-word matches. This character recognition

process is illustrated in Appendix B.

a c e n ) r s u z
A XA XX [ XX AT IO L] T =X
Xi/ X X=Xt LXK 1 IXINX L XX
(X Xl <N < | | MIX] L | MK LM XL

Subgroup cen o rsuz

lst.CW'Katches'
'an CW. Matches.
3rd CW Matches

10000100
10000 0_0 0 Unique
11000000

o O O 9w

L I |

Fig, 15 Character identification, the letter 'c' as an example.

.

~ T K I BT N I NSRRI S
Lo d UVELGLL OYOLEN WUkl ipuildcduit

‘The entire systeﬁ'isfrepfesented in block diagram form in
-Figure 16. The pattern reéognition process has been broken down:
into its'various'stages. Each stage is further identified as to the
routines which are performed within it. The numbered routines indicate
processes that occur during one major programme. The lettering refers

to discrete routines that are classified accordlng to thelr common function.

Initialization.  Identification Diégoﬁal C‘He.ck . Feature Extraction o

foput A.l. height and width 1. string -identification| -1, 'A'~top edge A. four level
" fxom ghococell 2. set all parameters “(CC,V,0) 2. .'v,V,w,W'-bottom resolution
scanner 3. store edges along [%2. check for 'm’ = edge -1 B. basic feature
the four sides : 3. 'k,Kyx,X,v,Y'-left assignment
B. check for '1','j' . : and right edges (z,U,D,H,V,C)
‘Classification . Feature Coisolidation ) Feature Enhancement
A, subgroup assignment| |[A. horizontal feature AL, check for g’
~ output « B. search through e integration . 2. wvertical compression
via display look-~up table to three levels.
j B. horizontal compression
and T’lTY and identification into featu e matrix B. serif deletion

C. assignment of three
code-words

g. 16 Block diagram of the systeﬁ.'



III., TESTS AND RESULTS

3.1 Description of the Test Material

Three different typewriter fonts were used in the testing
of the system: Hermes Ambassador (HA), IBM Delegate (D), and iBM
Gothic (G). These fonts were selected because of their large print
which ensuréd good machine resolution.. About one-half of all fype—
writer fonts are this size. This thesis wés typed with the IBM
Prestige~Elite font; its size is typical of the smaller sized fonts.
The three fonts shown_in Figure 17, were selected bacause they cover
the range of print styles, excluding italic and écript, from'the‘moét
stylized HA, through a moderately.stylized D, to a bold aﬁd serifless G.
The height of the tall and small lettets.is approximately the same
for the three fonts although, fhe widths vary. The‘test material
included all upper—-. and lower-case characters. Carbon ribbon was

psed for all typing.

Hermes Ambassador, pitch 10

| ABCDEFGHIJKLMNOPQRSTUVWIXYZ
abcdefghijklmnopgrstuvwxyz
IBM Delegate, pitch iO
ABCDEFGHIJKXKLMNOPQRSTUVWXY Z
abcdefghijklmnopqrstuvwxyz
IBM Gothic, pitch 12
AB‘CDEFGH‘I.JKL‘M-N’-OPQ'RST‘UVW._XYZ
abcdefghijkimnopgrstuvwxyz

Fig. 17  The three fonts usedgin the tests, réproduCed in full size.

24
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,,3,2‘~Tests'and Results with Repeated Letters

The typewritten material was presented in:the following

manher. Each upper and lower case character was typed.lO times in

‘a row. After scanning one.row, the recognition results were printed
out on the TTY. Testing was performed first with the HA 1bok—up |
tabié'bh all three fonts. Then the»systém was -trained on each of the
D and G fonts, individual look-up tables were developed, and the tests
were repeated on the newly trained fonts. The lighting intensity was
~.adjusted only once at the Beginning of .each. font's test for maximum

resolution.

The following results were obtained from these tests :

£ONE tiiveevvneeersanss.. HA D G
untrained ees s e crevresroe —— 66. 8 6809

 Erained seeeeeiieeenee...  88.2 85.2 89.0

Over 65% of the HA look-up table was‘general enough to be applicable

to the other fonts without training. All three fonts achieved similar"
accufacies; Since the;training procédure was simple and accomplished
quickly,;the'system demonstrated good multifont adaptability. Confusion
matrices have been tabulated fOf the test .results and are included in
Appendix_A. | »

3.3. Tests and Results with Typewritten Passages

‘ ~ This test was performed to determine the recognition capability
‘of the sysfem on multigharactet_text‘under more realistic conditions

- than in_Sectionv3.2. A bassage‘from a magazine arfiC1e was ﬁyped,'
exclusive of puncﬁuation, with the three fonts. The tests were performed
with the trained look-up tébles_for each font.;,The system was not
‘tiained.béforehand on this passage. The resolution (illﬁmination) of

‘the -scanner was adjusted only once at“the'begihning of each fort's



text, Character identificationé were printed on.the TTY -at the end of
.each line. '
' The recognition results for a typewritten passage which

contained 293 charatters; are given below :

FONE vevvveveeenenenness HA D G
results ...........I...‘. 89'9% 89.175 87.770

The passages as recognized by the system are included in
’ﬁ'Appendix A. In this test material characters rarely touched. and no

segmentation scheme [5] was implemented.

" 3.4 Sources of Error .

| - in this section the major contriButors to the error are
identified. Typical errors are illustrated in Appendix D. From the
confusion matricies which were tabﬁlated for HA (Appendix A), the errors

" have been categorized as follows :

misinterpretation of a cloSUre s.eeeevevecescsesnscee 25.4%
‘miéclassified features (blotted or broken characters) 23.8%
missing a diagonal>character cesesesessessessscssenss 15.9%
indiscriminate serif deletion .v.eeveeveeceenevoneses 12.7%
‘confusion among similar characters ..i.eeeeeveesvseces. 11.1%

improper Sllbgroup aSSignment»..'....-..........o--.... 110170

‘ A significant source of érror-was due to misinterpretation
of a closure as a minor vertical and vice versa. A closure required
' certain constraints (Seétion'2.4.2) to be-satisfied, but these
measurements proved. to be iﬁcomplete:and é reformulation of the closure

criteria is suggested (Section 4.2).
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A broken string describing a minor vertical or a closure resulted
in an -error. -A break in a full vertical could be checked for and
corrected by counting the number of black cells in a column and, if the
tally exceeded the height requirement for a full vértical; then one
- was aséigned. However, with minor verticals and closures no such

criterion existed to detect a break and thus an error results; Blotted
features in a character also resulted in error. For example, a blotted
area can change a short string into a longer one, thus wrongly changing
its identity from a CC to a V.
The performance of the routine that checked for diagonal
charactefs was troublesome. The problem was that the programming
was inefficient to deal with all the variations encountered in following
the incremental changes along an edge.
: Certain groups of characters were difficult to distinguish.
For exémple; the letters 'V' and 'Y' were difficult to separate.
These misclassification errors were confined to one or’two similar
characters and usually occurred within the same subgroup{ ~Thus
miéciaséification was confined to possibly oné of three characters
rather than one in fifty-two. A
The serif deletion routine, besides reducing the variability
of the information, was sOmetimés indiscriminantly applied. For example,
when serifs are eliminated from the letters 'l' and 'I' identical
results are obtéined. ‘ '
Another type of error was improper subgroup»assighment. In
" the ‘case of such letters as 'J' and 'U', the height criterion for |
" a full vertical was occasiOnally missed becausévof.the rounding on the
.VeréicaIS"bottoms, thus ~confining the code-word search to the

wrong subgroup.



3.5 Training Procedure

A simple training procedure was used. A row of ten

identitél characters was scanned. The operator . then observed the
computer displays for each character, which were similar to those

iﬁ Appeﬁdix B, and noted the most common feature matrix representations.
The new look~up table for either D or G was developed from the HA

table by simple alteration of the existing code~words. In most cases
not all three COde-words«for a character required modification. Rather,
one or two code-words were in need of modification.and, usually only
part of the code-word. For example, with the chafacters YC'_(HA) and
'C' (G), only the code-word for the top level needed to be changed from
'closureécap-vertical (feature code 564) to closure-cap (feature code 56)
The jcodefwords"'fOr.jthe two remaining feature levels in this letter
were identical. The system required approximately 4 hours to be

trained to a new font.

:3.6 Speed

Tie spéed oi characier recognition was in the range of 370 ms.
t0'668 ms. This research was exploratory and, as such, no attempt
was made to optimize the programming. The programme was written in
such a way that each step of processing could be readily follbwed;
as well, the ease of modification was important. Thus onlv one operation
was performed on the data at a time and, as a result, much dunliqapion
of effort exists. The speed of the present system can be increased
by approximétely 150 ms. using . more efficient programming,techniqhes.
' For a practical system, the separate routinés can be incorporated
togethef. For instance, string identification need occur only one column
-ahead of bgsic-feature'assignment, which in turn should be only one
coluﬁn ahead of the feature integration process. This type of systeﬁ

'cthiguratién should be able to achieve a reading rate of 10 char/sec.’
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3.7~¢§ystem«StoragevRequiremeﬁts

This OCR system was allocated 8K of memory on.the PDP-12
computer. The recognition programme itself required only 4K of memory.
The second 4K was occupied by the I/0 and display routines as well as
the storage of all thevprocessed-information. The programming was
written in PDP-8 language and'therefore the system can be implemented
on a PDP—8 minicomputer.

Approximately 100 code-~word entries were necessary for the
f,lookrupftable-of,awpartlcular<font. »About~404 of these code-words
were unique entries; or, 60% of the code-words were shared by two or

more characters.

3.8 Systen Flex1b111ty

The ablllty of this system. to accomodate poor image quality,
distortion, and complex shapes was highly satisfactory. The system's’
flexibility is-illqstratednin Appendix D. A break in a character or-
'He blotted printihgicOuldVbe.aCCOmodated If damage was localized. then
‘onlv one code—word was affected and, the other two could still be used
for 1dentif1cat10n. Elongation and compression of a character was
tolerated by the system. This type of rubber-sheet distortion of a
plane is known as a topologicalfmappiﬂg [7] and establishes the strongly
topological mature ofvthistcheme. The system's ability to handle
_carefully handprinted characters was noted. The scheme was also able

to resolve complex shapes into more simplified structures.
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IV. CONCLUSION

4.1 -Summary - »

- This thesis has developed an OCR system with a potentlal
oapplication to a»personal reading machine for the blind. A topological
featuresextraction'technique based on line and shape descriptors was
implemented. A vertical photocell array, scanning at 60 wpm, was
used to obta1n a binary image. A continuous string of black cells was
characterized by one of three possibilities: a single point to represent
the centre cell of a short string; a vertical of appropriate length to
.characterize a long string; and, an area of closure to define the
convergence or divergence of two branches within a letter. A four level
resolution of column data was adopted and each column was compared to
its next neighbour_to generate continuous features across the columns.
Feature enhancement, such as serif deletion and vertical compression
to three levels, was implemented. A transition table integrated
horizontal features-albng the three feature levels. After horizontal
compression, a character's shépe was described by any combination of
'SeVEn basic features, usually within a 3 x 3 feature matrix. Each of
the three hor1zonta1 levels was as31gned a code~word.

The classifier confined the unknown character into a subgroup
of the alphabet; this was based on the character's height and the number
of full length verticals which it contained. >IdentifiCation was made
when a unique code—word in the letter was encountered; or, if the code—
vwords were all common within' the subgroup, then the recognition was
on the basis of the character with the maximum number of code-word
‘matches. A special technlque was developed to 1dent1fy characters with
prominent d1agona1 features; the transition of an edge along a specific
g s1de of a character was used for this subgroup s recognitlon. Sequential
classiflcation was employed throughout the system so that identification

was made once a sufficiently unique measure was satisfied.
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The system was tested on upper- and lower-case characters
of three different typewriter fonts which varied from a stylized
to a serifless print. Results indicated that -the level of recognition
achieved was approximately 87% accuracy for a recognitibn speéd of two
characters per second. The training of the system to a new font was
a simple procedure that required about four hours of effort.
Approximately 100-code-word entries were stored in the look-up table.

An OCR method has been proposed ﬁhich uses shape descriptors
‘'which in a sense parallel descriptions that a man would use. Transformations
which will leave the 1etterfs identity unaltered to man should likewiée
be used by the machine; The pilot studies indicate several advaritages
.of this approach. Rubber-sheet changes of scale produce invariable results.
Breaks inkcharacters produced iocalized uncertainty which in most -
instanceé allowed the character to be correctly:identified. The
ipresencg or absence of stylization, such as serifs,‘in the font seem to
have little effect on identification. A few carefully drawn, hand-

printed characters were tried with the OCR and were correctly- identified.

R 4.2, Recqmmendations.for'Furthér‘Research,' ,
| | The detection of a closure as stated in Section 2.4.2 is weak.
Referring to Figure 18, a more rigorous reformulation of the closure
‘critéria'is now presented: ‘1. the column (B) at which the closure
occurs must have two strings in the adjacent column (C); that are
1ocatéd at its extremities; 2. to be certain of the identity of the
 two strings as actually two branches that converge to form the closure,
thé next column (D) over from these two strings must be checked for
their continuation;b3. the column (A) preceeding the closure should
belsmaller,than the closure string to indicate expansion towards the
‘closure. Such a new criteria can corréct the closure errors in the
-letters 'e;C, U' in Appendix C. ‘

-The classifiéf is'underdeveloped.. For example in Appendix C
the feature matrices for bbth-'P' and '0' are good character descriptions
despife the'misclassificationsQ. The errors were cdnfined to only one

- columnj however; in the horizontal direction several rows were affected.
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- Thus more thah"qne code-word was altered by the same error. We suggest
" that three code-words for the vertical direction in addition to the

. three‘code—wcrds for the horizontal direction will'produce a more
powerful classifier.‘ This will double the size of . the present look—up
table to about 200 entries, but thlS is Stlll a modest size. An
.improvement to the system 1is anticipated ~because the six code-words
for each character will result in a better distinction among characters,
double the possibilities for unique code-words, andriatroduce'a high
degree .of error tolerance. Such a classifier will be able to recognize
the 1etters 'P' and '0" in Appendix C from their vertical code-words.

: From the discussion on errors (Section 3.7), it was noted

that there exist small sets of characters which the basic system finds
some dlfflculty in separating. An advanced system will have to

include a small number of sorting routines whenever these latent
ambigultles are encountered.,
‘ The routine that checks for dlagonal characters has to be
improved. Specifically, the.ability to accomodate lpcallzed distortions

when following an edge must be,incorporated into the programming.
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Fig. 18 iSuggested closure criteria to replace the criteria in

-Figure 3.
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- APPENDIX A

Confusion Matrices

The first three pages contain the confusion matrices that were
tabulated from tests with repeated characters under the conditions of
constant illumination and trained 1ook—up tables for each font. The top
:figure is the lower case results and the bottom is for the upper case.
The. questlon mark (?), which is one of the pOSSibllltleS of identifica-
tion, indicates that no code-word matches were found for this character.
An 'X' represents complete recognition (10/10). A slash (/). through a
number indicates that, if this is the lower—ﬁase matrix, then the confu-
 sion is with -the upper-case character, and vice versa.
_ . The recognition'reSults for the typewritten passages are in-
“eluded on the fourth page of tﬁis_appendix. An asterisk (*) is located

above each error.



o Identification .
abedefghijklmnopgqrstuvwxyz?
alx D e T T T ,
bl {9 ‘ ' 1]
c X | .
d X
e X
£ X
g X
hi |2 8
i X
o J X
2 ki {2 7
g 11 12 8
u.m 9 1
® nji 7 2
= o X
P ‘
q A8 1
T X
6 1 3 1
t X1
u X
w 1 1 3
X 3 . 7
y 1 9|
2z} 8 11
: -Identification
ABCDEFGHIJKLMNOPQRSTUVWIXYZ?
e . - -
Bl I
C 8 2
i D 9 1 ,
' E X ‘
F| |2 7{ . 1
G 8 2
H 3 2
1 2 7 1
e 3 1 9
] 3 k[ i 9
g L 2 8
o M 7] 2
a2 N| X:
=) i} X
P Z 8
- Q 1 711 1
R 1 1 8
S s X
I 2 7
U 4711
w X
X i
R 1 9
"2 1 i

Confusion matrices for Hermes Ambassador font, on which the system was

- developed.
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Identification
abcdefghijklmnopgqrstuvwxyz?
afpl 211
b 9 1
c 9|11
d 11 0
e 1, 18 1
f X
g 8 2
hi 11 9
i X
o 3 X
ak 1 9 1
g 13 7
o B 8 |1 1
g n 9 1
= o X
P 1 9
q X
r X
s Vi 2 1
t 1 1 8
u X
v X
w
X 1 9
y 611
zp (1L FEEEN B
. -Identification
ABCDEFGEIJKLMNOPQRSTUVWXYZ?
pOTTTTEYTTTT T T T T T e ey e
Bl I8 2
c X
D X
E 712 1
F 8 2
G ), 92
Hi I 9
1 4
" i 1 8 1
2 9 1
g Ll 6 1
u M 9|l
3N
&= 0 2 8
P 1 9
Q 1
R 3 7
S 1 9
T 3 yA 5
U 9 ]
v X
W
H X 9
Y 6 4
- z 7

Confusion matrices for IBM Delegate font (trained).
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Identification
abcdefghijklmnopqrstuvwxyz?
alg l 1 1
b X
c 9 1
d 8 2
e X
i X _
4 X
h X
i X
‘513; 7 xs
g1 X
% n HE I :
o n
& o 213
P 9| {1
q 1 9
r 2 7 1
s 5 1 4
t X
u X
v X
w X
x X
y X
z IR OO T O O O X
Identification
ABCDEFGHIJKLMNOPQRSTU|VWX'YZ?
n
B 9 1
c S 1 1
D1 8 1
E 1{9
F X
G 119
H 2 8
1 8
5 % _E
.
S L X
w M 712 1
@ N 9 1
]
=2 0 1 1 8
P X
Q 9 1
R 4 6
S 1 9
T 2 8
U 8 2
v X
w X
o, X 2
Y 7 3
A X

Confusion matrices for IBM Gothic font (trained).
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After our documentary The Fifth Estate was aired by the CEC
Kevin ONeill who was revealed as director of Canadas largest
intelligence agency the Communications Branch of the Naticral
Research Council CBNRC was asked by a newspaper reporter whg
it was that he reports to ONeill told him that he had speri
most of the morning trying to determine just that

After our documentary The Fifth Estate was aired by the CiC
Kevin ONeill who was revealed as director of Canadas largest

intelligence agency the Communications Branch of the Naticnal

Research Council CBNRC was asked by a newspaper reporter vho
it was that he reports to ONeill told him that he had spert
most of the morning trying to determine just that

After our documentary The Fifth Estate was aired by the CBC
Kevin ONeill who was revealed as director of Canadas largest
intelligence agency the Communications Branch of the Natioral
Research Council CBNRC was asked by a newspaper reporter wlto
it 'was that he reports to ONeill told him that he had spent
most of the morning trying to determine just that

After our docume:tary The Fiftg Estﬁte was aized by the CBC
Kevi: ONeill who wgt revealed a: ?irector of 3anadas lazgest
iﬁtelligence 3§ency the Communicationz Bratch of the National
geﬁearch Council SB§C was asged by a newspaper reporter who
it wzﬁ thﬁt he reportﬁ to ONeill told him .kat he had spent
mo:t of the morning tryiﬁg :3 determine just that

After our documentar% ihe tifth Estate wa§ aired b$ tge CBC
K:vin ONeill who w?s reve?lej :s directog of Canadai largest
intelli?ence a?enc? thz Communications Br?nch of the Natio?al
iesearch Council CBN§C was azked bg a newspaper-reportér who
it was th:t he reports to ONeill told gim that he had ;pent
:gost of tXe mornina tr?ing to getermine just that

* ) . * % %

After our dccunentary The Fifth Estate was aiwed ?y the CBF

* % % %
Keviw ONeill who was revealed av director of Cawahas largest
% % % %k *
iatelligeace egency the Comnunicatioax Braach of the National
* % * x % k% B % % *
Pexearch Counsil CBNPC ras axbed by a newspcpar reporfer wlo

* * * % *
it wes thab he reporfs bo ONeill bold him that he had spent

* * % %
movt of the norning tryjng to determire just that

Reading results from a continuous passage. Top to bottom: Hermes Ambassador, IBM Delegate,

and IBM Gothic fonts.
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APPENDIX B

The numbered statements refer to areas within each picture, as

illustrated in the figure‘at.the bottom of the page.

1.

10.

‘o N O W
[ ]

input to the system from the photocell scanner.
the points represent the centre cells of the short strlngs.

the points represent verticals and closures and are located directly

~above the column to which they belong.

the character is quantlzed into four levels and each string is assigned

its approprlate feature.

vertical compression to three levels; serif deletion.

horizontal feature integration aloﬁg each level.

final feature matrix; a code-word is‘assigned for each level.

the three levels corresbond to the three code-words; markers identify
code—word matches.

subgroup to which the classiflcation is confined; top and bottom areas
represent the lower and.upper case characters, respectively.

a number above a character indicates the identity of the unknown char-
acter; the numbérs one through three épecify at what feature level

the identification is made; a four indicates that the identification :

is based on the character with the most code-word matches.

! ' ‘ . ’ o D —10
I 1A

|
3 | h [ 9

7 654
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- APPENDIX C

" Examples of Ervors

Top Left: The closure on the right side was missed for this character
because the string at which the two branches converged was too short.
Top Right: A broken closure on the right side resulted in misclassifi-
cation of this string as a minor vertical.

- Centre Left: The closure on the right side,ﬁas missing because the con-
"vergence criterion was not satisfied. Specifically, the last'string in
the lower brancﬂ ended before the string performing the actual'closﬁre.
'A more comprehensive test for a closure must replace'the rigid, and ih
this case indiscriminent, criteria presently ﬁsed.

Centre Right: The ﬁpper right corner was assumed to be the point of di-

vergence for two branches. A check for branch continuity would have
detected this error.

Bottom Left: The long string on the character's left side failed to sat-"

43

isfy the criterion for a full vertical. Anv string. other than a full ver-

.tical'or’a Very short string was tested for closure. In this case, when
_the full‘vertical‘was missed, the string satisfied the closure criterion.
Improper_subgrdup aséignment 6ccurred as a consequence of the lost vert-
dcal.

- Bottom Right: Thé feature matrix was ambiguous for this letter because

the deletion of the serifs:resulted in a loss of features. By referring
back to the character's structure before serif deletion, the ambiguity
can be resolved. For this chafacter, the system first searched through
all the code—wbrds. 'When.ndlunique'ent;ies were found, a search was in-
itiated for the character with the most feature level matches. When.two
" or moreveqﬁaily likely possibilities existed, the programme chose the
first letter in the series. For this,example; with multile choices, the

character 'b' was selected.
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APPENDIX D

- Examples of System Flexibility

Top Left: High lighting intensity produced a break at the bottom of the
‘character. Because the damage was localized to only one level, idenfi—
 fication was still possible witﬁ the code words from the twovremaiﬁing
feature levels. | |
Top Right: Low lighting intensity produced a blotted image. The second
level in the feature=matrix, élthoughfstill~pléusible;‘wés not charac-

. teristic of this letter under ﬁérmal conditions.

Centre Left: Cofrect'classificatioh»fesultéd when this letter was com-
pressed by 1/3. » ,
Centre Right: Elongation by 1/3 of the same character produced similar

results as above.
Bottom Left: This carefully handprinted character was correctly identi-
fied. | | |

Bottom Right: Good feature-simplificafion‘was obtained on this hand-

- written character from the Ukrainian'ai?hébet.
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APPENDIX E

Basic Flowchart for the Diagonal Checking Routine

(eg.) _ enter

' x |

'(eg>

—’
% J' J1t:a11 letter ﬁ

is lst bit of = l&

—.&

is 1lst bit of

information in o A

top 1/4
of lst column ? N
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DU 7———9v V
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Notation:
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