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An entity-attribute relationship associated with a certainty factor

is proposed to represent knowledge. To conduct this knowledge

representation, we propose the modified top-down approach to generate

the knowledge-based system. In order to improve the user interface

problem, we further propose the three operation modes (information

retrieval, decision-making, and question answering) to access the system

through either the menu selection input or simple natural language

input. A working system APRIKS is established for agricultural pest

control and some other applications.

We further integrate image processing techniques and pattern

recognition principles with a knowledge-based system to form a pictorial

knowledge-based system to conduct falsified document detection and font

identification, and electronic circuit diagram recognition and

interpretation. To describe the interrelationship among the functional

elements of a circuit diagram, we propose two pictorial manipulation

languages (symbol description language and picture generation language)

vi



using the concept of the associative network. Finally, we propose the

conversion rules to link the electronic recognition system with the

SPICE package to enhance the system's capability. This link

demonstrates that the pictorial knowledge-based system can be integrated

with current CAD machines to make diagnosis and reduce manpower.

vii



CHAPTER 1

INTRODUCTION

There have been many researchers working on object recognition

within the past decade. Their typical applications are optical

character recognition (OCR) [1]—[4], industrial parts inspection and

assembly [5]-[9], target detection and identification [10]—[12], and

agricultural remote sensing [13] — [14] . The techniques employed in those

researches include statistical pattern recognition, chain code

correlation, moment invariants, Fourier descriptor and syntactic

(structural) pattern recognition. However, all of these approaches are

in some way successful only in their respective domain because they lack

the assistance of the knowledge base. The knowledge-based system

integrates all these techniques and performs hypothesis tests to select

the necessary tasks automatically. Thus the knowledge base will make

the recognition system efficient and cost effective.

In Chapter 2, we discuss image processing techniques and knowledge

representation. The image processing techniques include image

segmentation and shape analysis. The image segmentation-used consists

of edge detection, smoothing, threshold selection and gap filling. For

shape analysis, the 2D object boundary is represented by chain coding

and linked with the Fourier descriptor to compute four shape measures

(SF1 to ST'4) as extracted features. Then we investigate the knowledge

representation techniques and propose a method which represents the

1
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knowledge by the entity-attribute relationship associated with a

certainty factor or a conditional probability.

In Chapter 3 we illustrate the knowledge base design by using the

APRIKS system as an example. The modified top-down approach is proposed

to generate the knowledge-based system. The APRIKS system will perform

three operation modes (information retrieval mode, decision-making mode,

and question-answering mode) and improve the user interface by menu

selection input or simple natural language input.

In Chapters 4 and 5 we integrate the knowledge-based system with

the image processing techniques to form a pictorial knowledge-based

system which performs falsified document detection and font

jLndentification, and electronic circuit diagram recognition and

interpretation. Two pictorial manipulation languages, symbol

description language and picture generation language, are proposed to

interpret circuit diagrams. The conversion rules to the SPICE package

are proposed to show that the knowledge base can be integrated with the

current CAD machines to enhance the system's potential. Finally, in

Chapter 6, we present some concluding remarks and project future

directions of this important area of image understanding.



CHAPTER 2
IMAGE PROCESSING TECHNIQUES AND KNOWLEDGE REPRESENTATION

2.1 Introduction

In the first part of this chapter we investigate the existing image

""

processing techniques and tailor it to suit our system requirements.

The techniques of the image processing we adapted are image segmentation

and shape analysis. Secondly, we discuss the decision function of

pattern recognition theory. Finally, we study the knowledge

representation methods and integrate a knowledge-based system.

2.2 Image Segmentation

Image segmentation is the division of an image into different

regions, each having certain properties. It is the first step of image

analysis which aims at either a description of an image or a

classification of the image if a class label is meaningful. Moreover,

it is a critical component of an image recognition system because errors

in segmentation might propagate to the feature extraction and

classification stages.

During the past decade, many image segmentation techniques have

been proposed, which can be categorized into three classes: (1)

characteristic feature extraction or clustering, (2) edge detection, and

(3) region extraction. For a comprehensive discussion, see Fu and Mui

[15].

3
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In the following sections, we discuss and modify some of the image

segmentation techniques which could be utilized in our design.

2.2.1 Edge Detection

The intent here is to enhance the image by increasing the values of

those pixels along the boundaries (edges) of the objects. Edges are

detected between regions of different intensity. To detect edges by

mask matching, we convolve a set of difference-operator-like masks, in

various orientations, with the picture. The mask giving the highest

rvalue at a given point determines the edge orientation at that point,

and that value determines the edge strength. The masks used in our

system are the generalized Sobel operators [16] with constant factor V4
as shown below.

12 1
0 0 0

-1 -2 -1

2 10 10-1
10-1 20-2
0-1-2 10-1

0 -1 -2
10-1
2 10

-1-2-1 -2-10 -10 1 0 12
000 -1 01 -2 02 -1 01
121 012-101 -2-10

2.2.2 Smoothing

The object of the smoothing is to "remove" isolated edges

corresponding to noise in the background, and to "insert" more edges

along the object boundaries. A powerful smoothing technique .that does

not blur edges is median filtering [17], in which we replace the value

at a point by the median of the values in a neighborhood of the point.

For a 3x3 neighborhood, we use the fifth largest value. Since median

filtering does not blur edges, it can be iterated. However, a problem
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with two-dimensional median filtering is that it destroys thin lines as

well as isolated points, and it also "clips" corners.

Another edge-preserving smoothing using discrete bar masks was

proposed by Nagao and Matsuyama [18]. The discrete bar masks are shown

in Figure 2.1. The procedure of the edge-preserving smoothing is as

follows:

Step 1: Examine a set of a point (X,Y)'s neighborhood which is

covered by the discrete bar masks.

Step 2: Detect the position of the mask where its gray-level

variance is minimum.

Step 3: Give the average gray-level of the mask at the selected

position to the point (X,Y).

Step 4: Apply Steps 1-3 to all points in the picture.

Step 5: Iterate the above processes until the gray-levels of all

points in a picture do not change.

This smoothing method takes the average in a certain region; it

will also destroy the fine lines. These smoothing techniques above

cannot be used in the character recognition in Chapter 4 and the circuit

diagram recognition in Chapter 5 because, if the characters or the line

segments are very thin, then these line segments will be lost.

2.2.3 Automatic Threshold Selection —

To conduct the binary picture generation, we segment the gray-level

image by thresholding. That is, the pixels greater or equal to a

threshold T are set to 1, and all other pixels are set to 0:
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Figure 2.1 The Discrete Bar Masks for the Edge-Preserving Smoothing
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1 , if f(x,y) > T

f(x,y) = {
0 , if f(x,y) < T

In the ideal case, the histogram of the image has a deep and sharp

valley between two peaks representing object and background,

respectively, so that the threshold can be chosen at the bottom of this

valley. However, for most real pictures, it is often difficult to

detect the valley bottom precisely, especially in cases where the valley

is flat and broad, imbued with noise, or when the two peaks are

extremely unequal in height, all of which cause the valley to be

untraceable. Some techniques have been proposed in order to overcome

these difficulties [19]—[21].

Using the clustering techniques, we develop a thresholding method

which chooses a threshold based upon the maximum interset variance

criterion. Our approach is similar to Otsu's method [21]. The

theoretical development of our approach is in Chapter 4.

2.2.4 Gap Filling

We now wish to assure that the boundaries of all objects are indeed

closed in the binary image. This is done by connecting two pixels

within three pixels of each other (see Figure 2.2). Given two pixels at

(x ,y ) and (x.,y.), the distance d and the angle 8 are
o o i i o o

do ■ 1(xi ■ v>2 + <yi • v2]

6o ’ - yo)/(r-i ■ xo)J
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Figure 2.2 Spatial Configuration of Pairs of Points
and the Manner in Which They Are To Be Connected



9

If d <3, then the area which has y < y < y. and 9 < 9 < 90 will be
o o i o

filled in. That is, the pixels existed in the gap-filling area will be

changed to "1." However, after gap filling, a side effect will be noted

in the edges of the object become "fat." This phenomenon will deform

the shape of an object.

2.3 Shape Analysis

To recognize and interpret an object, we need to extract the

discriminatory features of the object and perform the detection and

classification. The common features are area, perimeter, compactness,

convexity measure, aspect ratio, gray-level statistics (mean and

variance), and invariant moments (M-^ to Mg) [22] — [23] . However, some

features are highly desirable, in particular, invariance with respect to

size, orientation, and position. A spatial attribute which has these

properties is the concept of shape. Two regions are said to have the

same shape if they are congruent after applying the operations of

translation, rotation, and scale change. In this section, we discuss

the chain coding and focus on the shape analysis algorithm. The Fourier

descriptor is a candidate for shape analysis.

2.3.1 Chain Coding

Using the standard grid-intersection digitization scheme,'a curve

(or boundary) can be represented by its chain code. In this

representation, a curve is specified, relative to a given starting

point, as a sequence of integers representing vectors whose slopes are

multiples of 45°, and whose lengths are /2 (if diagonal) and 1 (if
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horizontal or vertical). The chain code notation is shown in

Figure 2.3.

In mathematical form, the chain code can be expressed as

\ exp [j|k]
where (2.1)

1 , k = 0,2,4,6
\ = { _✓2 , k = 1,3,5,7

The chain codes can provide a compact representation of regions.

Freeman [24] proposed a correlation scheme for chain-coded curves. If

c^,C2,-.*,cn is one chain code, d^,d2,*»*,dm is another chain code, and
m < n, then the chain code correlation C(j) of d^ at c^ is

m

C(j) = ¿ l cos[((d - c ) mod 8) • |] (2.2)
i=l J

Chain-code matching is computationally efficient, but cannot be

considered a general tool for shape matching since it is not rotation

invariant, very sensitive to local changes in the number of chain

elements, and also quite sensitive to small global changes in scale. To

solve these drawbacks we combine the chain coding with the Fourier

descriptor for shape analysis.

2.3.2 Fourier Descriptor

Two types of Fourier descriptors (FD) are used for shape

description. One is the Fourier transform of a boundary expressed in

terms of tangent angle versus arc length [25]. The other uses the

complex function of a boundary [26] — £27].
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Chain Code : 556667021001224443

Figure 2.3 Chain Code of a Contour C
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A closed contour C in Figure 2.4 is expressed as a complex function

u(t), where u(t) = x(t) + jy(t). The FD of C is defined as

1 L
a = =- / u(t)exp[-jn*2irt/L] dt (2.3)n L

0

(L : the total length of the contour)

The curve u(t) can be expressed by a as
00

u(t) = l anexp[ jn*2irt/L] (2.4)
n=-oo

In short, we assume that L = 2tt. The formulas (2.3) and (2.4) are

simplified as below
,2*

a = jr / u(t)exp[-jnt]dt (2.5)n ^
0

and
OO

u(t) = l anexP[jnt] (2.6)
—OO

The FD has the properties of translation, rotation, and scale

invariance [26].

2.3.3 Extension of FD to a Non-Closed Curve

From the previous analysis, we know that the FD is efficient only

for a closed contour. But in the real world, the closed contour Is not

easy to acquire due to the poor imagery, or partial view. Thus,

extending the FD to a non-closed curve is very important.

Consider a segment as a closed curve (refer to Figure 2.5) in the

following way:

(a) Take one end point of the segment as the starting point. --—

(b) Trace the segment in the counterclockwise direction to the other

end.

(c) Retrace the segment to the starting point in the clockwise

direction.
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Figure 2.4 An Example of a Contolii Function

Starting & end point

Figure 2.5 An Example of the FD of a Curve Segment
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From this modification, we can apply the FD to any arbitrary curve

whether it is closed or not.

2.3.4 Expression of Fourier Coefficients in Terms of Chain Codes

In this section, we want to compute the FD of the contour in terms

of its chain code sequences. Let the grid spacing for chain code be

equivalent to the unit of coordinate system and let gq >§2»*' * *§m **e t*ie
chain code string of a contour C. This chain code string should keep

the interior region enclosed by C on the left (see Figure 2.3). Let P

be the perimeter of the contour . C, and let 0 = tQ < t-^ < ... < <

t^ = 2i be a partition of [0,2ir] .

From equation (2.5), we get

1 2tt
an " 2mtJ !0 exp(‘jnt)du(t)

“ 2¿J \ tu(tm) ' u<tm-l)]e,tp<”;intm) (2’7)J m=l
From equation (2.1), the chain code sequence gk can be expressed

as

Ukexp[j|gk]}
where

1 > ifCk is even

*k- <
/2 , if is odd , k = 1, ... ,M

Further, by approximation, we obtain
m

P = l Lm
k-1 k

M
P « l L

k=l 1

(2.8)

(2.9)



15

t =
m

2iiP m M

p- ~ 2it £*
k=l k=l K

M (2.10)

and

it

^m^Sn-P = VXp(i4gm) » m ° 1»*"» M (2.11)

Substituting (2.10) and (2.11) into (2.7), we obtain

M

a = \t I \,exP[j(fgm -2mn mJ m=l

m M

2nk l U l A )], n = ±1,±2,
k=l K k=l K

(2.12)

For the coefficient a.0

=

0 2%

. 2%

or / u(t)dt

1 M
- X— £ [t “t i ] u( t )2n , L m m-1 mm=l

M m-1 M
“ U(V “ l *m < 2A/ \ Vexp[j^m] (2'13)m=2 k=l k=l

The coefficient aQ represents the position of the shape center of
the contour C. Therefore equation (2.13) can be used to compute the

shape center asymptotically. If we shift the shape center to the origin

of the new coordinates, then the Fourier expression of the contour C can

be rewritten as

CO

I tanexP(Jnt) — a_nexp(-jnt)], 0 < t < 2% (2.14)
n=l

To describe the shape features, we propose the following measures:
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(a) Circularity

SF1 =

l <l-nl + S--nl>
n=l

SF1 = 1 when C is a circle and 0 < SF1 < 1 otherwise.

(b) Elongatedness

SF2 =

13. I 13.
short semi-axis 1 l1 1 -l1
long semi-axis |a^| + |a_^|

SF2 = 1 when C is a circle and 0 < SF2 < 1 otherwise,

(c) Complexity

SF3 ' 4ÍÁ
M

[ l \]‘
k=l ^

4tt2[ l n(|an|2-|a_n|2)]
n=l

where
2tt

Area( A ) = — Re[ JQ ju(t)u’(t)dt] = tt l n|an|

M

perimeter( P ) = £ £
k=l *

SF3 = 1 if C is a circle and SF3 > 1 otherwise,

(d) Convexity

The curvature of C can be written as

da x'y"- x"y* x'y"- x"y' , ^ N, , „ .. IN
= — ^“ = —~—3—~ = (const.)(x'y - x y')

(d£)Mt;

where t = p increases in the counterclockwise sense.

(2.15)

(2.16)

(2.17)
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x’y" - x"y' = Re[ju'(t)u"(t)]

00 00

= Re[ l l n m a a exp( j(m-n)t) ]
uj=—oo n—-00

= Re[ l n3 |an|2] , if m=n
n=-oo

Now, we define

SF4 =
n=l

(|a1|2-|a.1|2)
(2.18)

SF4 = 1 when C is a circle, and SF4 > 1 when C has more convexity.

2.3.5 Predictive Searching for Chain Encoding

To generate the chain codes from a geometrical configuration, the

search direction of successive codes is predetermined. Such a method

works very well when it is applied to simple geometrical

configurations. However, when the geometrical configuration contains

overlapping and touching points, chain-coding methods may become less

satisfactory. Xu and Tou [28] have proposed a predictive searching

method based upon the past information. That is, the subsequent chain

code is predicted from information on the preceding chain codes. The

outline of the predictive searching method is as follows. .

Assume that at the i-th step of chain encoding, the predictive

chain-code direction is D^Ci), the real chain direction is Dr(i), the
predictive code-angle increment is cx^Ci), and the real code-angle
increment is ar(i). Then we have the following relationships:
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D (i) = D (i-1) + o (i)
p r p

(2.19)

ap(l)
L

l a a (i-j)
3-1 J

(2.20)

ar(k) - ap(k) 4- v(k) (2.21)
where a^,j=l,2,...,L, are the weighting coefficients, L is the number of
angle increments employed in the prediction process, and v(k) denotes

the difference in code-angle increment and k = i-l,i-2,...,i-M, and M is

an integer equal to or larger than L. When the curve is very smooth

with small curvature, a large number is assigned to L. When the curve

has a larger curvature, a small number is assigned to L.

By considering the past M code-angle increments, we may express

equation (2.21) in vector form as

Y = HA + V (2.22)

where Y = [ar(i-l) a.(i-2) ... c<r(i-M)]T
is the real code-angle increment vector.

'

ar(i-2) a.(i-3) ... ar(i-l-L)
H = ar (i-3) a (i-4) ...

r
a (i-2-L)
r

a (i-M-1)L r
a (i-M-2)
r

a ^i-M-L)

is an M X L matrix

.TT
A - [a^ a.2 •«• 3-^]

is the coefficient vector, and

V_ = [v(i-l) v(i-2) ... v(i-M)]T
is the error vector.
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We can determine A, the least-square estimation of A, so that the

following criteria are satisfied:

(1) E {A} = A

(2) E{e^e} = E{(A - A)^(A - A)} = minimum (2.24)

The least-square estimation of coefficient vector _A is given by
~ T -1 T
A = (H H) H Y

where

A A

A - [a± a2 ... aL] (2.25)

, /

'/

T —1 //
If (H H) does not exist, we may use pseudo-inverse matrix H instead

T — 1 T # r^r T
of (H H) H • The pseudo-inverse matrix of H is H = H , whereT (C B)

r r

B = ErH;C^ = I; Ci+^ = C^B; i=l,2,...,r; and r is the rank of HH.

Tr(CrB) indicates the trace of matrix (CrB).
Consequently, the optimal prediction direction of i-th chain code

is given by
1* . L .

a (i) = l a <x (i-j) =0 l a-K(i-j) [J (tt/4) (2.26)P j=i J r s-j=i J y
where K(*) = 0, ±1, ±2, ±3, for octal chain codes 0,1,2,...,7

and { X J denotes the largest integer which is less than the number
X.

In [28], Xu and Tou chose L = 3 and M = 3 for predictive

searching. From the equation (2.24), we know that the performance

measure is essentially based on the view that all the errors are equally

important. This is not necessarily so. We may know, for example, that

data taken later in the experiment were much more in error than data

taken early on and it would seem reasonable to weight the errors

accordingly. Such a scheme is referred to as weighted least squares and

is based on the performance criterion
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J = £TWe (2.27)
Then the least-square estimation of coefficient vector _A is given by

A = (HTWH)_1HTWY (2.28)

We note that equation (2.28) reduces to ordinary least squares when

W = I, where I is the identity matrix. The predictive searching may

help the continuity of the boundary instead of using interpolation or

extrapolation.
o

2.4 Decision Criterion

During the classification process, the statistical pattern

recognition techniques combined with production rules form a decision

tree to guide the system to make a decision. There are two decision

criterions used in pattern recognition, time domain classifier and

frequency domain classifier. In the time domain, we consider that the

most random processes are governed by the Gaussian probability law;

therefore, the Bayesian decision function [29] is given by

diC^) = MP^)] -|^n|c;Ll ~ |-[(x-yi)TcL 1(x-y1)], i=l,...,M (2.29)
where P(w^) is a priori probability of the occurrence of the i-th class

T
on; X = [x, x_ ...x ] is the pattern vector, x,,...,x are the ni — 12 m l m

selected features; M is the number of classes; and c^ are the mean

vector and covariance matrix of the i-th class. The pattern X is

assigned to class if for that pattern

d±(X) > d_.(X) for all j * i (2.30)
In the frequency domain (e.g. the Fourier descriptor), for similar

reasons it is assumed that the. distribution of certain descriptor
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coefficients (fn,n=l,.•.,N) of a class is also a two-dimensional
Gaussian distribution PfQ (r^,i^),, where r^ and i^ are the real and
imaginary components of a coefficient fn-

fn(rf)= (Ianl + |a_n|)cos(nt)

fn^f) = (kj " |a_n|)sin(nt)
To classify the patterns, a simple decision function is defined

VVV = ^ [Pfn(rf>if)]» 3=1.(2.31)
n

where the summation is taken over all the f coefficients used for

classification. A pattern is assigned to class if for that pattern

VvV > Dj(rf>if) for a11 ^ (2,32)

2.5 Knowledge Representation

One of the most common methods for representing knowledge is to use

condition-action rules or productions, e.g. Davis, Buchanan, and

Shortliffe [30]. The condition part of such rules is typically a

logical product of several conditions, and the action part describes a

decision, an action, or an assignment of values to variables that is to

be performed when a situation satisfies the condition part. Basically,

the production rules represent the how-type knowledge and the denotation

of the form ——

IF ... THEN

or

Condition Action.
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Using the variable-valued logic calculus VL^[31], we may represent

the production rule as

[x. # R] + [D]

where # stands for one of the relational symbols = , >, >, <, or <; R

denotes a subset of the value set of variable x^; D denotes a term

describing the decision to be assigned when the condition part (on the

left of is satisifed; -»■ denotes the decision assignment operator.

It is easy to see that if the condition part has more than one

element, the condition part becomes a disjunction of the individual

condition :

[x^ # a,b,c,...] = [x^ # a] & [x^ # b] & [x^ # c] &...
The LISP and Prolog programming languages [32] are designed to

perform the above logical statement.

The advantages of a production system are

(1) Each production rule is completely modular and independent of the

other rules.

(2) The stylized nature of the production rules makes the coding easy to

examine.

(3) Each rule represents a small, isolated chunk of knowledge. Thus a

user familiar with the system may be able to formulate new rules if

necessary.

The disadvantages are

(1) Sometimes we cannot easily represent a piece of knowledge by a

production rule.
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(2) Some impact may arise from unexpected interactions with other rules

due to a rule change or an addition of a rule.

The other way to represent knowledge is to take the conditional

probabilities into account. This representation is used to diagnose

entities such as diseases by repeatedly applying Bayes' theorem to

compute the probabilities that certain diseases are present, given that

certain symptoms have been observed.

Another way in which knowledge is sometimes organized is by static

descriptions of phenomena. This representation is used in INTERNIST

[33],[34] and MEDIKS [35].

We represent the knowledge in entity-attribute relationship

associated with conditional probabilities. Initially, the conditional

probabilities P(E^|Aj) and P(A^|E^,) of the entity-attribute relationship
are determined by the knowledge base. That is, if there are n possible

entities associated with a particular attribute A^, then the same
initial conditional probability is attached at each E^, i=l, ..., n.

PCEjA.) = P(E2|A.) = ... = P(En|A.) = ~

However, to use frequency of the occurrence to replace the

conditional probability is not accurate. This assignment will blur the

importance of the key feature and lead to a misclassification problem.

To compensate for this drawback, we have to manually replace the

conditional probability by a weight (or certainty factor). However,

experts will not feel comfortable deciding the weight. This weight

assignment is updated until the system performs correct decision making.
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2.6 Knowledge-Based System

What distinguishes such a knowledge-based system (or expert system)

from an ordinary application program is that in most expert systems, the

knowledge is explicitly in view as a separate entity, rather than

appearing only implicitly as part of the coding of the program.

Ordinary computer programs organize knowledge into two levels: data and

program. Most expert computer systems, however, organize knowledge on

three levels: data, knowledge base and control. For a general review,

see Nau [36].

We propose that our knowledge-based system incorporate the concept

of pattern recognition as the classification reference to compensate for

the lack of a suitable rule. There are three goals in our knowledge-

based system. The first is to structure the problem domain and to

develop analysis techniques. These techniques include algorithm,

heuristic rules and the use of contextual information. The second is to

use the techniques developed in Sections 2.2 to 2.4 for analyzing visual

imagery. The third one is to develop analysis techniques for effective

object classification that would be less computationally expensive.

The knowledge-based approach to visual imagery involves formulating

and evaluating hypotheses about the objects observed in the imagery.

This is accomplished by extracting features from the imagery and then

associating those features with high-level models of possible objects

that are stored in the system's knowledge base. The basic system block

diagram is shown in Figure 2.6. It consists of four main parts:
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Figure 2.6 The Block Diagram of Pictorial Knowledge Base
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(1) A data base which contains results about the images. This comprises

spatial information, possible alternatives, and different levels of

representation.

(2) A module which executes control; it decides which methods to apply,

which information to use, and how to access the results contained in

the knowledge base.

(3) A knowledge base which contains a method for preprocessing an image

extraction of simple features and classification.

"(4) A data base which contains knowledge about structural properties of

images and possibly about the field of problems.

A typical processing sequence will include the following steps:

Step 1 Extract some strong major features.

Step 2 Use the available information (extracted features) to
\

prune the list of possible object types and suggest

correct hypotheses.

Step 3 Use the library (data base) information to predict other

lower level features.

Step 4 Associate the predicted lower level features with the

image.

Step 5 Iterate between Steps 2 to 4 until a classification

decision is reached.

In the following chapters, we illustrate the knowledge-based system

design using APRIKS system (Agricultural Productivity Improvement

Knowledge System). Then incorporating the image processing techniques,

we develop the pictorial knowledge-based system (some use the image
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understanding system) to help the falsified document detection and font

identification in Chapter 4, and the circuit diagram recognition and

interpretation in Chapter 5.



CHAPTER 3
DESIGN OF A KNOWLEDGE-BASED EXPERT SYSTEM

FOR APPLICATIONS IN AGRICULTURE

3.1 Introduction

In a technology-intensive industrial environment, scientific and

technological knowledge is not only the most important element but also

a key factor in productivity improvement. The whole world today has

moved into a knowledge-based mode of operation. As a result, under the

present circumstances, we are confronted by three major problems in

dealing with knowledge [37]

(1) proliferation of knowledge,

(2) utilization of knowledge,

(3) unavailability of knowledge.

The proliferation of knowledge has raised the question of how much

a person should selectively read and how much knowledge and information

he should acquire every day in order to meet his needs. The second

problem is concerned with the most efficient way of transferring the

knowledge to a user when his needs arise. The third problem is the fact

that what masters really know is normally not in the textbooks written

by the masters. The introduction of knowledge-based expert systems has

shown great promise of solving these problems. Knowledge-based expert

systems may be designed to provide selective material for reading and

viewing by an individual, depending upon the scope of his interest and

28
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the nature of his problem. Knowledge-based expert systems may be

designed to bring the specific knowledge to the user when his needs

arise and to provide general consultation services to him. Knowledge-

based expert systems may be designed to transfer the experience and

know-how of masters into the knowledge base of the expert system. These

three may be considered as the important types of knowledge-based expert

systems which we need in the coming decades.

In recognizing the above mentioned problems, a great deal of

interest has been developed in recent years in the design of knowledge-

based expert systems for various applications, especially in medical

consultation. To conduct medical diagnosis, for instance,, a knowledge-

based expert system may provide comprehensive analysis of possible

disorders, suggest suitable treatment plans, and serve as a ready source

of expertise. Among the well-known computer-based systems for medical

applications are MYCIN [30],[38] for antimicrobial therapy advice,

INTERNIST [33],[34] for diagnosis in internal medicine, CASNET [39] for

glaucoma, and MEDIKS [35] for diagnosis of multiple disorders,

MEDAS [40] for interactive diagnosis.

Other applications include DENDRAL [41] for determining molecular

structures of complex organic chemicals from mass spectrograms and

related data, PROSPECTOR [42] for consultation about potential mineral

deposits, PLANT [43] for diagnosis of soybean diseases, Hearsay-II [44]

for speech understanding, APRIKS [45] for knowledge transfer and

utilization in agriculture, and a number of applications in other fields

[46]-[50].
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Food productivity may be enhanced by taking several approaches:

(1) crop pest control, (2) plant disease control, and (3) fertilizer

management. The primary function of crop pest control is to make

optimum use of pesticides on plants. The main objective of plant

disease control is to prevent the spread of plant diseases. The primary

goal of fertilizer management is to provide an adequate amount of

nutrition to the plants. To enhance food productivity, we should make

the right diagnostic analysis, select the right treatment plan, and use

the right pesticides and fertilizers with the right amount at the right

time. To accomplish these objectives, farmers and growers should have

the necessary knowledge at their fingertips when their needs arise. The

computer-based APRIK3 system was conceived some five years ago to meet

this challenge. APRIKS is the acronym for Agricultural productivity

JCmprovement Knowledge _System. This paper presents the design of APRIKS

which is a pilot knowledge-based expert system for applications in

agriculture. The APRIKS enables the user (farmer, grower, or county

agent) to interact with the computer in a conversational mode to obtain

satisfactory answers to various questions and suggestions of solutions

to specific problems. The APRIKS is a pilot system which demonstrates

the use of a minicomputer in agricultural information browsing,

knowledge transfer, diagnostic consultation, management-recommendation,

and science education. On the basis of a set of observations provided

by the user, the APRIKS can determine the plant diseases, the damaging

insects, or the planting instructions. It can recommend treatment plans

and pest control procedures,- and can provide useful information such as
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life history, injury to crop, and injury threshold. The APRIKS is

designed to respond to two types of input formats:

(a) Menu selection,

(b) Simple natural language.

Thus, the APRIKS performs three modes of operation:

(1) Interactive retrieval and browsing mode,

(2) Decision-making and consultation mode,

(3) Question-answering and diagnostic mode.

The design of the APRIKS is divided into two major tasks:

(1) APRIKS knowledge base generation,

(2) APRIKS knowledge seeking and utilization.

The knowledge base, generated by two modes of operation, is the

off-line batch mode and the interactive conversational mode. The

knowledge seeking and utilization process is accomplished on the basis

of knowledge-based pattern recognition and inference principles. It is

our hope that the APRIKS design concept will provide a solution to the

three major problems created by proliferation of knowledge, utilization

of knowledge, and unavailability of knowledge.

3.2 Design Concepts for Knowledge-Based Expert Systems

A knowledge-based expert system generally consists- of two

fundamental components (1) a knowledge base and (2) a recognition/

inference mechanism. The knowledge base is a structural and relational

representation of knowledge. In a natural format, knowledge may be

represented in an associative hierarchical structure. The most general
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concepts are placed at the top of the tree and the most specific items

at the bottom of the hierarchy. Knowledge of various levels of

specificity is distributed throughout the hierarchy. The structure of

the knowledge base is useful knowledge which may facilitate knowledge

classification, new knowledge acquisition by inserting it at the right

location in the hierarchy, identification of possible problems, and

efficient seeking of the appropriate knowledge in response to a query

[51]—[53].

The recognition/inference mechanism interprets the user’s query

input, performs pattern matching, and generates recommendations,

specific answers or inferences. Its decision-making process makes use

of discriminant analysis, Bayesian statistics, clustering analysis,

feature extraction, syntactic rules, and production rules. The design

of a knowledge-based expert system may be conducted by following two

major approaches :

(1) Rule-based approach,

(2) Pattern-directed approach [29].

Sometimes a combination of both approaches should be cleverly

employed. The rule-based approach makes use of a collection of "if-

then" rules. A typical design based upon this approach is the MYCIN

system [38]. The pattern-directed approach is based upon the

construction of pyramid-like "networks" of know-hows, which we refer to

as a knowledge hierarchy. The MEDIKS system has been designed on the

basis of this approach [35]. In this paper, we have developed the

framework of a knowledge-based expert system for the extension, transfer
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and utilization of knowledge. The organization of this knowlege-based

expert system is illustrated in Figure 3.1.

Through the knowledge acquisition task, the system transfers

experts' experience and know-how into the knowledge base. The system

extends its strategy through an inference mechanism. The system is

designed to perform the following three modes of operation: information

retrieval and browsing, decision-making and consultation, and diagnostic

analysis and question-answering. This framework of a knowledge-based

expert system is applied to productivity improvement in agriculture.

The design of APRIKS system is discussed in the following sections.

In the APRIKS knowledge base, strategic information items are

characterized by feature patterns. The knowledge seeking process is

accomplished through the recognition of feature patterns which match

most closely with query patterns formulated by APRIKS from the user's

query. Two information patterns are said to be matched if a certain

performance criterion is satisfied. The strategic information items are

linked to the detailed descriptions and working knowledge which are

stored in various knowledge files.

In the APRIKS system, the knowledge seeking and utilization process

involved six basic steps:

(1) Formulate the query information patterns from user's query,

(2) Retrieve the feature patterns from the knowledge base,

(3) Modify the user's query to make it more specific,

(4) Recognize the associated feature patterns via knowledge-based

pattern recognition and inference,
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(5) Generate detailed information on the associated feature

patterns,

(6) Suggest optimal treatment plans and alternative solutions.

3.3 Knowledge Representation

In the APRIKS system, we represent knowledge in the knowledge base

by hierarchical entity-attribute-value relations. The structural

knowledge is semantically categorized into an associative tree. Each

node of the relational hierarchy represents an entity associated with a

set of attributes and values. An entity is described by a

conjunctive expression of the descriptors,

{D, , (w ,A V )} , j = 1,2, ..., N
where

^ denotes the jth descriptor of entity E^; N is the number of
attributes used to characterize this entity; and A^, V^, and w^ denote
the corresponding attribute, value of the attribute, and the weighting

factor, respectively. Attribute Aj is a characteristic used to classify
an entity E^. The weighting factor w^ is assigned to the jth attribute

Aj to specify its relative importance in the characterization of the
entity E^. Weighting factor w^ may be a specific number determined by
an expert's opinion or a value derived from conditional probability or

fuzzy set theory. For example, in document retrieval, ~the weighting

factor associated with a keyword may be determined by the frequency of

occurrence of the keyword which appears in the document.

The descriptor is an attribute-value pair with a weighting

factor, D. (w.,A.,V.). The set of descriptors {D, . (w,,A,,V,)},
IJjj 1 > J J J J

j=l, 2, • • • N form a cluster space to describe the entity E^:
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ÍDi»j (wj,Aj,Vj)} {Di,l(wl*W* '**’ dí,n(WV}
For simplicity in writing, we use the short notation j(wj) by
dropping the attribute name and value. Furthermore, it is assumed that

the descriptors are independent, i.e.,

Di,l(wl> n “i,2 (w2) " ••• " Di,N <V ' *
We make this assumption since the dependence aspect of the descriptors

is not adequately understood. In fact, it has been recognized that

classification decisions are robust with respect to the assumption of

"conditional independence [54].

Common descriptors exist between two entities and E^, if the
name or the meaning between two descriptor sets (D^ k(wk) } and

{Dj,£ are the same. We denote the common descriptors by
{D. (w )}, where the factor w is defined by
IK. K

wk = min (wk,w¿)
The common descriptors form a semantic link between two entities, and

the most frequently used name is chosen as the master term.

Distinct descriptors between two entities E^ and E^ are expressed
o -j o

as (D^ (w)}, if the name and meaning between two descriptor sets are
different. The distinct weighting factor is defined as

o
w = w. if 8? = D. ,k i i,k
o
w = w„ if = D- ,i i

Two entities will be linked together, if the names of the entities

are the same. We call this link an entity semantic link, denoted by
A

E (i,j). However, several individual descriptors may have common

descriptions with different weights. The entity semantic link- has the
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property that if exist two entity semantic links E (i,j) and E (j,k),
A

then a link E (i,k) exists. We denote partial link by the
A

notation E (i/j).

Shown in Figure 3.2 is the relational hierarchy for a portion of

knowledge representation in APRIKS system. The top-level node is

soybean which is followed by five entities (insects, diseases,

nematodes, weeds and varieties). Furthermore, under the insect node are

included soybean looper, green coverxíorm, velvetbean caterpillar, corn

earworm, and so on. The associative tree can readily be expanded

systematically by acquiring more knowledge for the knowledge base. The

entity soybean looper can be described by such physical characteristics

as body color, body length, abdominal proleg, etc. , as illustrated in

Figure 3.3. Some of the attributes are key characteristics of an

entity. For instance, the two-pair abdominal proleg is a key

characteristic of soybean looper and it carries a heavy weighting

factor.

3.4 Knowledge Base Generation

Knowledge base generation is an essential step in the design of

knowledge-based systems. In our approach, we divide the knowledge base

into two components. Part One contains knowledge outline or knowledge

sketch, and Part Two stores knowledge details. Knowledge sketch is

represented as a relational hierarchy. Semantic links are used to

associate the nodes of the hierarchy. Knowledge details constitute the

data files and dictionaries of the knowledge base. To generate the

relational hierarchy for knowledge sketch either the bottom-up approach
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Entity

( Soybean Looper )

Attributes Values

Body Length > 1/8 - 1 1/2 inches

Body Shape > Head is smaller than

Body Color > Green

Abdominal Prolegs > 2 pairs

Anal Proleg s > Erect

Stripe Color > White

Walk Status > Loop-like

Figure 3.3 Attributes of Soybean Looper
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or the top-down approach may be taken. In the bottom-up approach, it is

assumed that a node in the hierarchy will contain all the

characteristics of its subnodes. As an illustration, consider a

knowledge sketch shown in Figure 3.4. The knowledge base generation

rule for the bottom-up approach is

*’Dil*i2***1m-l’^ ^Wj^new <
A,i2,,,int-l,CX
D* * i a (w)1- • • • • -L__, • Pl z nr- i

<*> -< ^>1.»12 m-1

where m = 2, ..., M; M = total number of levels in the hierarchy; a, 3 =

subnode number in the M-th level of the hierarchy; and i^, Í2» ••• =

subnode number in the 1st, 2nd, ... level of the hierarchy,

respectively. The symbol u denotes union set operator. The above

knowledge base generation rule is applied repeatedly from the (M-l)th

level to the top level, and the result is shown in Figure 3.5. The top-

down approach is a process in the reverse order of the bottom-up

approach. The knowledge base generation rule for the top-down approach

is

[Di,.i„...i ,j ' y ‘new1 2 m J J
« < [Di .i ...i ,j (wj )Joldi / m

u D
. (w ) where m = 2, ..., M.

1l,12'**m-l,:3 j
This rule is applied iteratively from the 2nd level to the bottom level

and the result is shown in Figure 3.6.

The selection of either the bottom-up approach or the top-down

approach depends on the system design and knowledge-seeking
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strategies. However, in the real-world situation, the associated

descriptors at the top level are of general nature and may be irrelevant

to system requirements because of the need for specific characterization

at the lower level. However, in practice, the number of inherent

descriptors at the top level are smaller than that of the lower level.

In our work, we propose a modified top-down approach to simplify

knowledge base generation. From the relational hierarchy, we understand

that each entity is actually described by its associated descriptor sets

and its father-son relationship. We, therefore, consider the father-son

relationship as a potential descriptor, calling it the cover. That is,

the cover is a descriptor for the system internal representation. Thus,

the semantic linking rule for knowledge base generation is given by

[D . (w.)] <
il*i2 i3'*'im’j 2 neW

'i. .i„ .i-...i ,j (wj)]old u '"i. .i0.i... .i .1 Z J in l z j m JL

where the cover, e i. • i„• i~ • • • i .

12 3 nr-1

{E. > E , E , ..., E }
X1 il*i2 il'12'i3* 1 •12‘i3” m-1

The modified top-down approach is illustrated in Figure 3.7.

The two kinds of data input method for knowledge base generation

and updating are batch mode and interactive mode. The batch mode is

suitable to accept a bunch of raw data and process at a time. The

interactive mode is used for small amounts of data. In APRIKS, we use

batch mode for knowledge base‘ “generation and interactive mode for
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knowledge base updating. In order to speed up data collection, we use

some pre-defined delimiters to identify the data characteristics. Each

delimiter will perform one generation function. The raw data are typed

in compact form to save storage, then sorted into a readable form. The

examples of raw data and delimiter function are shown in Figures 3.8,

3.9, and 3.10. The simplified knowledge base generation scheme is

illustrated in Figure 3.11.

3.5 Data Structure for the APRIKS System

The data structure for the APRIKS system is composed of

hierarchical node index table (NITA), entity dictionary (ED), attribute

dictionary (AD), value dictionary (VD), unofficial entity dictionary

(UED), unofficial attribute dictionary (UAD), entity-attribute table

(EAT), information file (INF), name dictionary (ND), hash table (HT),

and text file. The heart of the APRIKS system is the NITA which

represents an agricultural knowledge sketch base in an associative tree

structure. Information flow in the APRIKS system is summarized in

Figure 3.12, and the data formats for various elements in the data

structure are shown in Figure 3.13.

The hierarchy consists of eight generation codes, with one byte

being used for each generation code. Thus, the eight-level tree is used

to represent 256 subnodes for each node. ED and AD are employed to

interpret entity names and attribute names, respectively. The synonym

dictionaries, UED and UAD, are created for interpreting the

corresponding master terms. For instance, SL and VBC are the synonyms

for soybean looper and velvetbean caterpillar, respectively.



en
hí

S1*S0YEEAN$2*T0MAT0S3*TURFS1.1*INSECT=PE5T$1.2*DI5EA5ES1.3>HNAMAT0DE!Ei.4
■4HEEDI-i.B^VARIETYSi.i.1*50YBEANL00PER=SBL=P5EUD0PLU5IAINCLUEEN5S1.i.i .14C0NTR0LRECOMMENDATIQN^FESTTREATMENT~C0NTR0L=MANAGEMENT4i.i.i+INJUR YTOCROP:FOLIAGE<DAMAGETOCROP<FOLIAGEFEEDER<LEAFFEEDER'/,A&LARVAE AREHEAVYFOLIAGEFEEDERS.&LARVAEFEEDONUNDERSIDESOFLEAVES.&LARVAE FEEDINDEEPCANOPYOFPLANT.&LARVAEFEEDONOLDLEAVES.A+THRE5H0LDOF INJURY<ECONOMICTHRESHOI_D<ECONOMICINJURYLEVEL'/.A&33('/.)DEFOLIATIONPRI ORTOBLOOM.&NOMORETHANANADDITIONAL\10('/.)AFTERBLOOM\.Stl0WORMSi /3."ORLONGERPERLINEARFOOTOFROWEEFOREBLOOM.&4WORMS1/2"ORLONG ERPERLINEARFOOTOFROWAFTERBLOOM.A$i.j..i.i.i*NON-CHEMICALCONTROL ■¿■BIOLOGICALCONTROL'/.AStPROMOTEBENEFICIALARTHROPODPOPULATIONS.A+CULTUR ALCONTROL<AGRICULTURALTREATMENTAGRICULTURALCONTROL'/.A&PLANTBEANSAS EARLYINSEASONASP055IELE.&WINTERPLOWING.así.1.1.1.2+CHEMICALCONTR OL--CHEMICALAPFLICATI0N=PE5TICIDEAPPLICATION=INSECTICIDEAPPLICATION= CHEMICALTREATMENT=CHEMICALSPRAYINGSi.1.1.1.2.1*EACILLU5THURINGIEN5I5 1.1.1.1.2.1.1>1<DIPELtFORMULATION:WP+A.I./ACRE:SEELABEL<ACTIVEIN REDIENTLBS.PERACRE<APPLICATIONRATE<DOSAGERANGE<DOSAGERATE+AFPLIC Figure3.8RawDataforBatchMode

I



48

CD $
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Picture File Name

Attribute [: Value]
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\\ for Underline

@ @ for Negative
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t f
• • • for Blinking

(7) // (End of Raw Data File)

Where [ ] is optional and A a is

enclosed rectangular box

Figure 3.9 Delimiters for Raw Data
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S1*S0Y3EAN
$2*TOMATO
53*TURF

51.1*INSECT
=PE3T
=PE5TS
51.2*DISEASE
51.3*NEMAT0DE
51.4#WEED
S1.5*VARIETY
51.1.1KS0YBEAN LDOPER
=SBL

=P5EUD0PLUSIA INCLUDENS
+INJURY TO CROP : FOLIAGE
(DAMAGE TO CROP
(FOLIAGE FEEDER
(LEAF FEEDER
V.A 1. LARVAE ARE HEAVY FOLIAGE FEEDERS.

2. LARVAE FEED ON UNDERSIDES OF LEAVES.
3. LARVAE FEED IN DEEP CANOPY OF PLANT.

A 4. LARVAE FEED ON OLD LEAVES.
+THRESHOLD OF INJURY
(ECONOMIC THRESHOLD
(ECONOMIC INJURY LEVEL
•/.A 1. 337. DEFOLIATION PRIOR TO BLOOM.

2. NO MORE THAN AN ADDITIONAL MO'/. AFTER BLOOMY.
3. 10 WORMS 1/2" OR LONGER PER LINEAR FOOT OF

ROW 3EF0RE ELCOM.
4. 4 WORMS 1/2" OR LONGER PER LINEAR FOOT OF

A ROW AFTER BLOOM.
51.1.1.1^CONTROL RECOMMENDATION
=PE3T TREATMENT
TREATMENT PLAN
=PEST CONTROL
^CONTROL
^MANAGEMENT
51. 1. 1.1. lHtNON—CHEMICAL CONTROL
+BIOLOGICAL CONTROL
•/.A

PROMOTE BENEFICIAL ARTHROPOD POPULATIONS.
A

+CULTURAL CONTROL
)AGRICULTURAL TREATMENT
>AGRICULTURAL CONTROL

■/.A 1. PLANT BEANS AS EARLY IN SEASON AS POSSIBLE.
A 2. WINTER PLOWING.

51.1.1.1.2*CHEMICAL CONTROL
=CHEMICAL APPLICATION
=PESTICIDE APPLICATION
=INSECTICIDE APPLICATION
=CHEMICAL TREATMENT
=CHEMICAL SPRAYING
31.1.1.1.2.1*BACILLUS THURINGIENSIS
51.1.1.1.2.1. 1+DIPEL

Figure 3.10 Raw Data After Sorting
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Figure 3.11 The Simplified Knowledge
Base Generation Scheme
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Figure3.12InformationFlowinAPRIKSSystem
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To represent m:n entity-attribute relation, a simple method is to

create a two-dimensional array which stores the relations between entity

occurrence and attribute occurrence. Figure 3.14 illustrates a typical

example. However, the limited number of attributes associated with a

particular entity makes the two-dimensional array very sparse and

storage inefficient. In our design we create an EAT file to represent

entity-attribute relation in a compact form. The interrelations among

the ED, AD, and EAT records are illustrated in Figure 3.15. By using

the EAT table, we can list the attributes of an entity, or seek all of

the entities which have a specific attribute. The ND contains the ASCII

character strings which represent the names of entities or attributes in

the knowledge base. Access to the ND is through the block pointer and

the record pointer in dictionary records. The format of the ND is

variable-length record as shown in Figure 3.13.

3.6 Knowledge-Seeking Strategies

The APRIKS system has been designed to perform three types of

operations (interactive retrieval and browsing, decision-making and

consultation, question-answering and diagnostic analysis) in the

agricultural field. To accomplish these operations, we have designed

knowledge-seeking strategies. From the interactive retrieval task, the

system allows the user to access any portion of the knowledge by

navigating through the hierarchical structure. The system contains

refreshing mechanisms which remove the irrelevant information and keep

them in manageable size. A minimum amount of typing is required from
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1.2v 1.2,1* 1.2,2;

E1.1.1.1(D1.1.1.1,1)
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and ®lllÍ2 ” Dl.1.1,1 ’ Dl.1.2,2

(a) An Example of Hierarchy
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(b) Array Representation of m : n Pattern Vectors

Figur-e-3.14 Associated Pattern Vectors in Hierarchy
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Entity

Figure 3.15 The Inter-relations Among the
ED, EAT and AD Records
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the user to avoid misspelling due to fatigue. Also the system provides

the following three display symbols to enhance visualization (1)

rectangular box for clear view, (2) underline for emphasizing important

messages, and (3) blinking as a warning signal.

For designing the diagnostic task, we drew on our experience from

the design of the TB3 system [55] and the MEDIKS system [35] . We have

simplified the diagnostic strategy and made it more friendly. The

system plays the role of an intelligent advisor with tremendous patience

who serves all the user's requests and makes impartial

recommendations. From the knowledge base, the system seeks the key

features and forms a diagnostic scheme to help the user, make accurate

diagnosis and positive identification. The user answers the presorted

problems provided by the diagnostic scheme. The diagnostic pattern

vector is automatically formulated and is sent to the decision-making

and inference module. The system performs pattern matching, ranks the

most probable causes, and displays the causes which exceed the

predetermined threshold. At the user's request, the system is capable

of explaining to the user the reasoning process behind its

recommendations. User-system interaction may continue until a

satisfactory conclusion is reached.

Man-machine interface is accomplished by a menu-driven scheme or by

a question-answering format. In the menu-driven mode, each displayed

page is divided into three sections of title, contents, and control

mechanism. The title is the name of the selected entity or

attributes. The content section contains a list of subnode entities,
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associated attributes, or detailed knowledge for each category of the

hierarchy. The sequence numbers are automatically assigned to the list

according to the brother sequence in the associative tree structure.

This arrangment will make the user easy to select the desired items by

soft-key approach and facilitate the growth of the knowledge base or

updating the contents without any programming change. The control

mechanism will provide selection control which includes (1) select the

desired item, (2) back-search to the previous page, (3) return to root

of hierarchy, and (4) exit from the current mode. The functional

flowchart for the menu-selection mode (information retrieval and

browsing mode) is illustrated in Figure 3.16.

The decision-making mode is designed on the basis of similarity

measures. The typical measures between two vectors jc =

T T
[,xi2* * ’ * ,xin^ and X.. = [xjl »x jg * ’ * ’,xjn^ may he

!. (x . ,x .) = y x.. x1 - i -J k“x ik Jk
or

S2(x.,x_j) = —

n

I
k=l

X., x.,ik jk

I <*ik>2 + I (*1k>2 - l *lk*1k
k=l k=l k=l J

In APRIKS system, we consider the hierarchical tree as the

clusters. The associated descriptor vector may be viewed as describing

the centroid of the cluster in M-dimensional feature space. The three

similarity computations used in the APRIKS system are S(E^, E^)
similarity computation between entities E^ and E^ j S(A^} A.) similarity

computation between attributes A^ and A^, and S(Q^, E^) similarity
computation between query vector and entity Ej. The decision is made
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Figure 3.16 Functional Flowchart of Menu Selection Mode
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for the highest similarity measure if it exceeds the preset threshold.

The operation flowchart of decision-making mode is shown in Figure 3.17.

The question-answering mode provides a friendly input/output

interface. In the APRIKS system, the user's query can be semantically

categorized into three types:

(a) Cases which require a Yes/No type answer.

(b) Specific questions which require a what/which/who/ when/where...type

of answer.

(c) Procedures or sequences of actions which require a how/why type of

answer.

Although numerous techniques for processing natural languages have been

proposed in the literature, the problem of natural language

understanding by machine still remains unsolved in the practical

sense. In the APRIKS system we have introduced methods to handle simple

natural language sentences with structural format common to most users.

In the question-answering mode, the APRIKS system is designed to

analyze a simple sentence and to identify its five contextural

components.

{l} = {semantically logical operators)
= {not, or, and)

{I} = {identifiers) __

= {when, how, why, where, what)

{Cl} = {contextual information)

{father-son relationship in the hierarchy)

{characteristics}{C} =
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Figure 3.17 Operation Flowchart of Decision-Making Mode
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= { entity-attribute relationships }

{K} = {all keywords, including entities and attributes)

The identifiers are converted into the "what" canonical form,

{identifier) > {"what" canonical form)

when time
how procedure
why > what + reason

where place

A question is segmented into five contextual components

{ question ) = { L)+{ I)+{k)+{CI)+{ C )

Consider the question "How to control soybean looper and velvetbean

caterpillar by Dipel?” The system performs contextual segmentation and

determines the following components.

{L ) = { and )

{I ) = { how )= what + {procedure )

ÍK ) = { control, soybean looper, velvetbean caterpillar, Dipel)
{Cl ) = { (control, soybean looper), (control, velvetbean

caterpillar), (Dipel, control))

ÍC ) = { (Dipel, treatment procedure))

The associative tree is a "what" type structure, and the production

rule is a "how" type structure. By embedding the production rule into

the hierarchy, the APRIKS system answers questions with "how," "why,"

"when," "where" as well as "what" format. In fact, our design of the

APRIKS system combines the concepts of pattern-directed approach and

rule-based approach. A simplified functional flowchart for the

question-answering mode is summarized in Figure 3.18.
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Figure 3.18 The Operation Flowchart of Question-Answering Mode
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3.7 Experimental Results

The APRIKS system software has been designed and implemented on a

PDP-11/40 minicomputer under the RSX-llM operating system. The system

performs three modes of operation. The current system is designed to

respond to input format types of either menu selection or simple natural

language input. Computer printouts are given in Figures 3.19-3.21 to

demonstrate the various modes of operation of this knowledge-based

expert system.

3.8 Conclusion

In this chapter we have presented the design of a knowledge-based

expert system for applications in agriculture. The fundamental

components of the APRIKS system are a knowledge base and a

recognition/inference mechanism.

To facilitate the design for knowledge base generation and

updating, our approach is to divide the knowledge base Into knowledge

sketch and knowledge details. A recognition/inference mechanism is used

to perform knowledge seeking and utilization. On the basis of a set of

observations provided by the users, the system can determine the plant

diseases, the damaging insects, or the planting instructions. It can

recommend plans for treatment and pest control and can provide useful

information such as life history, injury to crop,~ and injury

threshold. The APRIKS system is able to respond to menu-selection type

of inputs as well as simple natural language inputs. The design

concepts for the APRIKS system are not limited to agricultural

applications. Based upon the same principles, we are developing
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INSECT

1 SOYBEAN LOOSER
2 GREEN CLOVERWORM
3 VELVETBEAN CATERPILLAR
4 CORN EARWORM
5 FALL ARMY WORM
6 BEET ARMY WORM
7 LESSER CORNSTALK BORER
8 GREEN STINK BUG
9 MEXICAN BEAN BEETLE

10 BEAN LEAF BEETLE
11 THREE-CORNERED ALFALFA HOPPER
12 THE SOUTHERN RED-LEGGED GRASSHOPPER13 THE LARGE AMERICAN GRASSHOPPER

TYPE ...

A RETURN TO PREVIOUS INDEX
B RETURN TO BEGINNING
E EXIT

INDEX NO. GET INFORMATION

ENTER YOUR SELECTION l 3

VELVETBEAN CATERPILLAR

1 CONTROL RECOMMENDATION
2 LIFE HISTORY
3 INJURY TO CROP
4 THRESHOLD OF INJURY ■

TYPE . ♦ .

A
B
E

INDEX NO.

RETURN TO PREVIOUS INDEX
RETURN TO BEGINNING
EXIT
GET INFORMATION

ENTER YOUR SELECTION l 4

THRESHOLD OF INJURY

1. 33% DEFOLIATION PRIOR TO BLOOM.
2. NO MORE THAN AN ADDITIONAL 10% AFTER BLOOM.
3. 10 WORMS 1/2' OR LONGER PER LINEAR FOOT OF

ROW BEFORE BLOOM.
4. 4 WORMS 1/2" OR LONGER PER LINEAR FOOT OF

ROW AFTER BLOOM.

Figure 3.19 An Example of Menu Selection Mode
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INSECT

WHAT KIND OF INSECT ?

1 WORM, LOOPER» OR CATERPILLAR
2 BUG
3 BEETLE
A HOPPER

ENTER YOUR SELECTION t 1
ANSWER THE FOLLOWING QUESTION Í (TYPE <CR> IF YOU CAN'T ANSWER)

HOW MANY ABDOMINAL PROLEGS ?
1 2 PAIRS
2 -3 PAIRS
3 A PAIRS :

ENTER YOUR SELECTION l 1

WHAT IS THE BODY COLOR ?
1 GREEN
9
Am GRAY
3 BROWN
A PINK
5 BLACK
6 YELLOW

ENTER YOUR SELECTION í 1

THE SUGGESTED INSECTS ARE RANKED Í

1 SOYBEAN LOOPER
2 GREEN CLOVERWORM
3 VELVETBEAN CATERPILLAR
A CORN EARWORM
5 BEET ARMY WORM
6 LESSER CORNSTALK BORER
7 THREE-CORNERED ALFALFA HOPPER

Figure 3.20 An Example of Decision-Making Mode
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HOW TO CONTROL VBC BY USING BACTUR ?

* AIR SPRAY
1» MINIMUM OF 3 GALLONS SPRAY PER ACRE.
2. USE EARLY IN SEASON.

ANY OTHER QUESTION ? (Y/N) Y

ENTER YOUR QUESTION Í (NO MORE THAN ONE LINE)

SOYBEAN INSECT ?

INSECT

1 SOYBEAN LOOPER
2 GREEN CLOVERWORM
3 VELVETBEAN CATERPILLAR
A CORN EARWORM
5 FALL ARMY WORM
6 BEET ARMY WORM
7 LESSER CORNSTALK BORER
8 GREEN STINK BUG
? MEXICAN BEAN BEETLE

10 BEAN LEAF BEETLE
11 THREE-CORNERED ALFALFA HOPPER
12 THE SOUTHERN RED-LEGGED GRASSHOPPER
13 THE LARGE AMERICAN GRASSHOPPER

Figure 3.21 An Example of Question-Answering Mode
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knowledge-based expert systems for production automation and computer-

integrated manufacturing, for performing self-diagnosis and self¬

maintenance in industrial environments, and for the design of

intelligent robots.



CHAPTER 4
FALSIFIED DOCUMENT DETECTION AND FONT IDENTIFICATION

4.1 Introduction

Today, a high percentage of white-collar crimes often involves the

falsification of typewritten documents. The falsified document

detection is currently performed by expert document examiners using

manual techniques. However, the number of different type-fonts

currently in existence is over two thousand. Keeping track of these

fonts represents a nearly impossible data-processing task when manual

techniques are used. The popularity of certain type-fonts have caused

other manufacturers to produce look-alike type-fonts. These fonts are,

to the human eye, indistinguishable from the original manufacturer's

product. Furthermore, the advent of interchangeable type elements, such

as on the ubiquitous IBM Selectric, has caused additional

complications. A single type element may be Interchanged between

different typewriters and even between typewriters from different

manufacturers. As a result, the falsified document detection problem is

extremely difficult to solve if we do not make use of modern computer

technology (e.g., expert system), image processing techniques, and

pattern recognition theory.

The main objective of this chapter is to develop a knowledge-based

system for detecting falsification in a document, identifying type-fonts

68



69

and typewriter manufacturers, and providing positive evidence of

falsification.

To detect falsification in a document, the system should be capable

of

(a) differentiating typewritten documents prepared by different

typewriters with the same single element ball,

(b) differentiating typewritten documents produced by different

single element balls of the same manufacturer and style placed

on the same typewriter, and

(c) differentiating typewritten documents prepared by the same

typewriter and the same element but at a different time.

To identify type-fonts and typewriter manufacturers, the system should

be able to

(a) determine the similarities and differences between two type-

fonts,

(b) recognize type-font manufacturers of the same and similar

typestyle, and

(c) determine the characteristics of typewriters made by different

manufacturers.

To provide positive evidence of falsification in a document, the system

should be able to make quantitative and minute comparisons and

measurements of individual typewritten characters and their

interrelationships.

In the following sections, we investigate the existing image

processing techniques in Chapter 2 and develop or modify them to suit
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the above system requirements. Finally, a knowledge-based system is

created to conduct and link all the functions using experts’ knowledge.

4.2 Noise Background

The system involves minute feature comparison, thus the noise could

be a very important factor to the system reliability and accuracy. From

our study, noise occurring in the system may be classified into

typewriter noise, mechanical scanner noise, electronic scanner noise,

and quantization noise. Typewriter noise may be further subdivided into

noise due to ribbons, paper, strike strength, and reproduction. Ribbon

noise is caused by the type of ribbon (carbon or fabric), the weave, the

age, and the ink saturation. Paper noise is caused by texture, ink

absorption, and reflectivity. Strike strength noise is caused by the

different force typists use on the keys on a manual typewriter, or the

different force settings used on an electric typewriter. Reproductive

noise includes noise introduced by carbons or photostatic copying.

Mechanical scanner noise consists of alignment noise and optical path

irregularities. Finally, electronic scanner noise and quantization

noise are standard problems in all image processing applications.

Scanner noise and quantization noise may be largely engineered to

an acceptable level which depends upon the design of 'the scanning

device. Typewriter noise is inherent in the type samples and has a high

ambient level. Since the system involves microscopic comparisons, noise

reduction or removal techniques are employed.
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4.3 Design Methodology

To meet the above objectives and goals, we propose a system

architecture as shown in Figure 4.1, which consists of the subsystems of

document data acquisition, typewritten character recognition,

falsification detection, type-font/typewriter identification and type-

font/typewriter database.

4.3.1 Document Data Acquisition

The document data acquisition subsystem reads the document page,

removes the noise, converts characters into binary images, and isolates

the characters for subsequent character recognition. Major operations

in this subsystem are briefly discussed as follows (see Figure 4.2).

4.3.1.1 Scanning, Reflection and Windowing

Scanning the document is the first step in this system. We use an

Optronics Photoscan, which possesses a resolution of 100 pm in the

reflection mode, to generate a digitized picture. A typical lower case

character of 1.8 mm x 1.8 mm is represented by an 18 pixel by 18 pixel

digitized image. A typical upper case character is represented by a

30 pixel by 22 pixel digitized image.

Scanning creates a mirror image when it scans the printed

pictures. We employ a "REFLECT" algorithm to eliminate the mirror

effect and a "WINDOW" operation tailors the portion of a document for

examination.

4.3.1.2 Image Preprocessing

The goal of preprocessing is to convert an input gray-level picture

into a noise-free binary image. Preprocessing includes smoothing,
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histogram analysis, threshold determination, binary picture generation,

spur removal, and gap filling. Smoothing is to remove the background

noise due to rough reflection from the paper. Several effective noise

smoothing methods have been discussed in Chapter 2. We employed a

median filter with 3x3 window for smoothing because it improves the edge

blur. The smoothed picture is shown in Figure 4.3.

4.3.1.3 Adaptive Threshold Determination and Binary Picture Generation

To generate a binary picture for the input document, we have

developed an adaptive thresholding method based upon the concept of

maximizing interset variance of pattern recognition [29]. The histogram

of the gray-level image can be considered as a set of clustering. Then

the threshold selection is equivalent to cluster separation. From the

observation, the document shows dark objects (i.e., characters) on a

light background (i.e., paper). The embedded noises are within the

bright region. Then the threshold selection is simplified as a two

clusters separation; one cluster is characters and the other cluster is

background noises. The gray-level histogram is normalized and treated

as a probability distribution as shown in Figure 4.4. Assume there are

L quantized gray levels (L = 256, in the system). The probability of

gray level i is P^, where i = 1, 2, ..., L.
Let 0 be the desired threshold. Pixels with intensity less than or

equal to 0 are considered as belonging to the background class Cq.
Pixels with intensity greater than 0 are treated as belonging to the

object class C^. The probabilities for these two classes are Pq and P^,
respectively, which are functions of 0, given by
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(a) Before Smoothing

(b) After Smoothing

Figure 4.3 Smoothing Operation
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Figure 4.4 Probability Density Function Derived from
Histogram of Gray-level Picture
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p0 - Pr(C0> * I P
i=l

'i ■ vci> Lpi» 0+1
Let the mean of the gray levels of the picture be

H = l iP±
i=l

The mean of gray levels of the background is

p0 - [ iPJ/Po
The mean of gray levels of the object is

L

Hi = [ l
i= 0+1

The threshold is optimal when the separation between Pq and y^

maximum. We use the interset distance between class Cq and class C-^
a criterion for optimal thresholding. This distance function

measured in terms of the interclass variance given by

is

as

is

V(9) = P0[yQ - y]2 + P1[y1 - y]2
The threshold 9 is optimal if V(9) is maximized:

9=9 for max{V(9)}.

Once the optimal threshold 9 is determined, we generate the binary

picture by assigning a "one" to pixels with intensity greater than 9 and
A

a "zero" to pixels with intensity less than or equal to 9. In

mathematical form, if f(x,y) is the intensity at position (x,y) of the

picture, then

f(x,y)
0

f(x,y) > 9

f(x,y) < 0
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However, from the experimental results, we have found that if we shift
a

the theoretical 0 value a little bit toward the background side, we will
A

get a better visual binary picture. The shifted threshold 0^ = * 0
and C,p = 0.9.

To show how the optimal thresholding works, we use a windowed

document as shown in Figure 4.5 and its gray-level picture is shown in

Figure 4.6. The histogram of Figure 4.6 is shown in Figure 4.7 and its

binary picture is shown in Figure 4.8 with the optimal threshold

0 = 116.

4.3.1.4 Binary Filtering (Spur Removal and Gap Filling)

After binary image generation, there exist spurs, gaps, and

isolated noise in the binary picture. To determine which pixel is a

spur to remove and which pixel is a gap to fill in is usually

objectionable and difficult to judge by computer. From our study, we

define the spurs, gaps, and isolated noise as follows:

Definition of Spur

A pixel '1' is a spur, if the sum of its 4-connected neighbors is

one.

Definition of Isolated Noise

A pixel '1' is an isolated noise, if the sum of its 4-connected

neighbors is zero.

Definition of Gap

A pixel ’O' is a gap, if the sum of its 4-connected neighbors is

larger than two.

For the 3x3 window
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1
I

This paper presents an approach to automatic
I
I

detection of document falsification by making use
i

of pattern recognition and image processing techni-
i

ques. The proposed system consists of two parts:

document data acquisition anc| falsification detec-
i

tion. The document data acquistion sybsystem reads

the document under examination, processes input
i

document data andiisolates suspicious characters
i

for subsequent falsification detection
L J

Figure 4.5 An Example of Windowed Document
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i-l> j

Pi,j-1 Pi,j Pi,j+1
Pi+1,j

the algorithm of the binary filtering is the following.

(1) Calculate the sum of the 4-connected neighbors

S = P. 1 . + P. .,1 + P.,i . + P. -ii-l,j i,3+l 1+1)3 i,j-1

(2) If S > 2, set P, . = 1i > 3

If S < 2, set P, . = 01 > J

If S = 2, P, . remains unchanged.1 > J

Figure 4.9 shows the results of binary filtering of Figure 4.8.

4.3.1.5 Character Isolation

The isolation procedure is accomplished by assigning a block number

to each isolated character. The whole procedure involves three

operations. One operation is blocking, or pyramid generation, which

isolates the characters by inscribing them with rectangular blocks, and

determines the coordinates of each block. The second operation is

labeling, which assigns each isolated character block a code number by

scanning order. The third operation is resorting, which resorts all the

blocks in text order (i.e. character by character in typing order).

(a) Blocking Algorithm

The essence of the blocking concept is using the top-down pyramid

generation to find the corner coordinates of the circumscribing

rectangular box of each character.

The pyramid generation algorithm is as follows (refer to

Figure 4.10).
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Step 1 J = 2.

Step 2 Read two consecutive data records (Ij_i an<i Ij) from the binary
image file and do steps 3 to 6.

Step 3 Compare two corresponding pixels Ij_^(k) and Ij(k), where k is
from 1 to LREC and LREC is the length of the record.

If Xj(k) = 1, then I^(k) «- 1 and go to step 6.
If Ij_-^(k) = Ij(k) = 0, then I^(k) * 0 and go to step 6.
If Ij_^(k) = 1 n I^(k) = then go to step 4.

Step 4 Compare two previous pixels I^_^(k-1) and Ij(k-l).
If I^(k-l) = 1, then I^(k) <- 1 and go to step 6.
If Ij_^(k-1) = Ij(k-l) = 0, then go to step 5.
If Ij_1(k-l) = 1 n Ij(k-l) = 0, then

k-1 + (k-l)-l, if k-1 > 1, then step 4.

else go to step 6.

Step 5 Compare two next pixels Ij_^(k+1) and Ij(k+1).
If I.(k+1) = 1, then I.(k) 1 and go to step 6.

3 3

If I (k+1) = I.(k+1) = 0, then I.(K) <- 0 and go to step 6.
J ^ J J

If Ij_1(kH-l) = 1 n Ij(K+l) = 0, then
k+1 <- (k+l)+l, if k+1 < LREC, then step 5.

else go to step 6.

Step 6 J <- J+l, if J < NREC (the end of the record)

then go to step 2.

else end of algorithm.

To illustrate the pyramid generation algorithm, using Figure 4. 9

as an example, we can get a pyramid-like picture after pyramid

generation (see Figure 4.11).
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Upon the completion of the pyramid generation, we start to trace

the coordinates of the circumscribing rectangular box of each character

from the pyramid information and assign a code number to each block.

From the properties of the pyramid, we know that (1) the base of the

pyramid possesses the maximum number of elements compared with the other

layers, (2) the top element of the pyramid has support from every layer

(see Figure 4.12). Furthermore, based upon the above two properties, we

find that the top element provides the starting y-coordinate and the

base provides the ending y-coordinate, starting x-coordinate, and ending

x-coordinate. The x- and y-coordinates above correspond to two corner

coordinates of the circumscribing box.

The algorithm of the labeling is as follows.

Step 1 Scan the pyramid picture record by record and find a pixel with

"1".

Step 2 Take that pixel as the top element of the pyramid and record

its y-coordinate (Y^).

Step 3 Use the x-coordinate as the guide and tracing downward until

the base is reached (i.e. the last "1" before "0" is detected).

Step 4 Record the y-coordinate as Y2, and take the x-coordinate of the
leftmost pixel of the base line as X^ and the x-coordinate of
the rightmost pixel of the base line as •

Step 5 Store (X^Y-^ and (X2,Y2) in the character coordinate file and
take the record number of the coordinate file as a block

number.
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Step 6 Delete the rectangular area, which has X < x < X and

y < Y2, from the pyramid picture.
Step 7 Repeat steps 1 to 6 until no more "1” pixels exist.

The character coordinate file of Figure 4.9 is shown in the left 5

columns of Figure 4.13. The ordering of the block number shows the

scanning order of the characters.

(b) Character Classification

Before discussing the re-sorting algorithm, we like to classify the

character into five types according to its "height”, and typing

position.

Type 0: a,c,e,m,n,o,r,s,u,v,w,x,z.

Type 1: b,d,f,h,k,l,t, all uppercase letters, and all numbers.

Type 2: g,p,q,y.

Type 3: i,j1!' (which have two-part characteristics).

Type 4: '*' + ' (which have very small dimensions).

The y-dimension of types 0 to 2 is listed in Table 4.1. In the

falsification detection task, Type 3 and Type 4 symbols are ignored

except for i and j. The i and j symbols appear without the dots on the

top. We have two reasons for ignoring Type 3 and Type 4 characters.

First, they indicate very little on the document falsificaton. Second,

due to the preprocessing they become degraded and can not be easily

differentiated from the common noise. Furthermore, we classify the

characters i and j as Type 0 and Type 1, respectively, after deletion of

the dot as a feature.
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SLOCK» Ml VI M2 Y2 LINE» POS. » DIFFY NCHAR

1 74 6 83 21 1 1 0 10
2 36 6 94 21 1 2 a 10
3 100 10 104 21 1 3 a 10
4 111 10 113 22 1 4 i 10
5 146 10 154 22 1 6 i 10
6 170 10 173 22 1 8 i 10
7 135 11 143 25 1 5 4 10
8 159 11 167 26 1 7 S 10
9 183 11 192 22 1 9 1 10

10 207 11 215 26 1 10 5 10
11 13 54 22 70 2 1 £5 16
12 147 55 155 71 2 11 1 16
13 170 55 173 71 2 12 1 16
14 38 56 46 70 2 3 0 16
IS 74 56 82 70 2 6 0 16
16 24 53 33 70 2 2 0 16
17 49 59 58 70 2 4 0 16
13 62 59 70 70 2 5 0 16
19 67 59 91 70 2 7 0 16
20 97 59 106 71 2 3 1 16
21 134 59 143 71 2 10 1 16
22 no ¿0 113 70 2 9 0 16
23 132 60 191 72 2 13 2 16
24 194 60 202 72 2 14 2 16
25 207 61 215 72 2 15 2 16
26 218 61 219 71 2 16 1 16
27 26 103 34 119 3 2 0 15
23 74 105 31 120 3 5 1 IS
29 86 105 93 120 3 6 1 15
30 12 107 21 11? 3 1 0 15
31 49 103 57 123 3 3 4 15

32 61 103 63 119 3 4 0 IS

33 96 103 105 120 3 7 1 IS
34 110 109 113 119 3 3 0 15

35 121 10? 129 120 3 9 1 IS

36 146 109 154 120 3 10 1 15
37 157 109 166 120 3 11 1 15

38 170 109 173 121 3 12 2 15

39 131 109 190 121 3 13 2 15

40 194 109 202 125 3 14 6 15
41 206 110 214 121 3 15 2 15

42 109 152 117 163 4 6 0 13

43 96 153 105 163 4 5 0 13
44 11 156 20 171 4 1 3 13

45 33 15 6 44 163 4 3 0 13

46 43 156 55 168 4 4 0 13
47 24 157 32 163 4 2 0 13

48 120 157 129 169 4 7 1 13
49 145 157 153 173 4 3 5 13
50 153 15a 166 163 4 ? 0 13

Figure 4.13 Character Coordinate File



Table 4.1 Types Criterion (IBM Selectric)

Type Font

V h l2
Type 0

a0)
Type 1 Type 2

(V*2>
Gothic 1.9 0.7 0.7 1.9 2.6 2.6

Elite 1.6 0.8 0.8 1.6 2.4 2.4

(Units : mm)
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The single line spacing between two typing lines can be measured by

using the above character type classification (see Table 4.2). The line

spacing information provides a criterion for the re-sorting algorithm,

(c) Re-sorting Algorithm

After the labeling of each character, we have isolated each

character by assigning a distinct code number. However, for a document

examiner, it is not convenient to find the corresponding character by a

code number because the code numbers are arranged in the scanning

order. We re-sort the characters by text order and estimate the

location of each typing line. The re-sorting algorithm is as follows.

Step 1 Pick up the first ten character blocks from the character

coordinate file and find a candidate Type 1 or 2 character

whose y-dimension, H = max » i=l,**«,10.

Step 2 Take the threshold 0^=0.4*H as line spacing separation
criterion to scan the coordinate file. If the spacing

[(Y2)i+l—(^2)i 1 > CD that means a new typing line is

generated.

Step 3 Resort the character sequence in a typing line by increasing

the order of the X^-coordinate, then assign the line number and
position number to each character.

Step 4 Count total number of characters in each typing line.

Step 5 Estimate the location of each typing line by averaging the

Y2_co°rdinate of the characters in that typing line.

Step 6 Refine the typing line estimation by dropping the Type 2

characters, if they existed, whose Y2~coordinates appeared at a

certain distance below the typing line.
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Table 4.2 A Measurement of Single Line Spacing between
Two Character Types (IBM Selectric)

Types

Fonts % °'i °'2 1/o lf2 2/'O 2L 2'2

Gothic 2.3 1.6 2.3 2.3 1.6 2.3 1.6 0.9 1.6

Elite 2.6 1.8 2.6 2.6 1.8 2.6 1.8 1.0 1.8

The upper number of the slash denotes character type in the 1st line
The lower number of the slash denotes character type in the 2nd line
The unit of the spacing difference 'is in mm.
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Step 7 For each character, calculate the deviation away from the

estimated typing line.

Step 8 Repeat steps 2 to 7 until no more characters are left in the

coordinate file.

The result of the re-sorting of character coordinate file is shown

in the right four columns of Figure 4.13.

4.3.2 Character Recognition and Grouping

The character recognition and grouping task is to recognize the

characters in a document and group them into categories e.g.,

A,B,C,... ,a,b,c,...,1,2,3, ... ,9,0. The commonly used techniques are

template matching, correlation, Fourier descriptor [26]—[27], invariant

moments [56]—[57], and syntatic pattern recognition [58]—[60]. The

purpose of character recognition is to expedite retrieval of type-font

information from the database and to facilitate pairwise character

comparison in the falsification detection subsystem and in the

identification subsystem. To conduct character recognition, we use two

approaches: (1) the correlation by Fast Fourier Transform (FFT) and

(2) feature pattern matching.

4.3.2.1 Correlation Technique

The correlation approach is shown in Figure 4.14. To use this

approach, we first discuss some mathematic background with a minimum of

complexity. Then we compare the direct-multiplication approach with the

FFT approach. Finally, we list the computing algorithm and results. A

tutorial textbook [61] is referred as a reference.
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Figure 4.14 Character Recognition Block Diagram
(Correlation Approach)
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(a) Two-Dimensional Cross-Correlation

The two-dimensional cross-correlation is defined as

00 oo

Rf (x,y) = / / f(u,v)g(u-x,v-y)dudv (4.1)
The Fourier transform of the cross-correlation is

F(Rfg(x,y)) = F(m1,m2)G(-0J1>-m2) (4.2)
If g(x,y) is real, which is suitable for our case, we have

GC-ü^.-ü^) = G*(u1,u2) (4.3)
Therefore, F[Rfg(x,y)] = F( , m2)G* ( (4.4)
Take inverse Fourier transform of Equation (4.4),

Rfg(x,y) = F 1 [F(m1,m2)G*(m1,m2)] (4.5)
(b) Properties of Cross-Correlation

The cross-correlation has the following important property

IRfg(x,y)| < Rff(0,0) (4.6)
when f(x,y) and g(x,y) are normalized in the sense that

OO OO oo oo

/ / If(x,y)|2dxdy = / / |g(x,y)|2dxdy = 1 (4.7)
—oo —oo — oo — oo

This property can be proved easily using Schwartz Inequality. The

equality of Equation (4.6) holds only when x=y=0, and g(x,y) = f(x,y) for

all x, and y.

This property of cross-correlation constitutes the basic theory

support for our correlation technique for pattern recognition. Let’s

suppose f(x,y) is a fixed function (or pattern in our case) and g(x,y)

is chosen from a set of sample patterns. When the correlation is

maximum, we can conclude from the inequality of Equation (4.6) that the

two functions or patterns of f(x,y) and g(x,y) resemble each other.
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(c) Comparison Between Direct-Multiplication Approach and FFT

Approach

The correlation can be calculated with direct multiplication. With

one displacement, pixel-by-pixel corresponding multiplication must be

performed for the whole array. While using FFT approach, correlations

of all displacements, from (0,0) to (N^,^) which is the dimension of
the patterns, are computed at one time.

For 4-by-4 array patterns, this procedure has been tested using

PDP-11/40 minicomputer and shows that the computing time of one

displacement correlation is about one third of that of FFT approach

which computes 4x8=32 displacements. The comparison means that FFT

approach is at least ten times faster than the direct-multiplication

approach for 4-by-8 arrays.

For arrays of larger dimensions (e.g. 16 by 32 used in our case),

the computing time will be much shorter for the FFT approach compared

with the direct approach because the computing time ratio of FFT to

direct Fourier Transform is inversely proportional to N logN, where N is

the dimension of 1-D arrays.

In general, it is not necessary to compute all the displacements.

However, because of the uncertain noise during the scanning process,

there will be always one-pixel errors at each side of the characters.

Therefore, at least nine displacements must be considered in direct-

multiplication approach and there is no guarantee that these nine

displacements are enough
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Thus, it becomes obvious that FFT approach is much superior to the

direct-multiplication approach in both computing-time and reliability

considerations.

(d) Computing Algorithm for FFT Approach

In this subsection, we will briefly list the correlation-computing

algorithm of FFT approach which is primarily based on Equations (4.5),

(4.6), and (4.7).

Step 1 Input f(npn2), g(npn2) with dimension (NpN2).
Step 2 Normalize f(npn2) and g(npn2), i.e.,

N1 N2
f(npn2) = f(n1,n2)/ l l |f(u,v)|2

u=l v=l

N1 N2
g(n1#n2) = g(nlfn2)/ l l |g(u,v)

u=l v=2

Step 3 Find 2-D Fourier transform F(kpk2) and G(kpk2) of the
A A

normalized arrays f(npn2) and g(n^,n2) respectively.

Step 4 H(kpk2) = F(kpk2) G*(kpk2) for all k^ and k2.
Step 5 Find the 2-D inverse Fourier transform h(n^,n2) of H(kpk2).

Step 6 Find the maximum of the array h(n^,n2).

Figure 4.15 shows the block diagram of the above algorithm.

At this point, we need to determine the threshold 6^. Because of

the scanning noise, the cross-correlation will not be the ideal value of

unity. If the threshold is set too low, errors might occur. If set too

high, there may be no samples reaching this high degree of

resemblance. The threshold is determined through experiment.
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Figure 4.15 Block Diagram of Calculating
Correlation Using FFT Approach
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Figure 4.16 shows a computing result of cross-correlations of the

first line of the document shown in Figure 4.6. With a threshold

setting of = 0.9, we get the reprint of a document accurately (see

Figure 4.17).

4.3.2.2 Feature Pattern Matching

The feature pattern matching [62] is on the basis of the character

profile. A character profile is generated by projecting a character on

two main axes, which we then call x-profile and y-profile. The

advantages of using profiles are (1) the profiles of the same character

are similar and independent of type-fonts, and (2) profile formulation

involves simple binary addition only and which is very fast and

efficient. By considering the x- and y-profiles as binary histograms,

and by dividing each histogram into three sections at the top (or left),

in the middle, or at the bottom (or right) portion of the character, we

can study further the histogram shapes. In order to quantitatively

describe the histogram shape, there are three estimated levels (1) no

maxima, (2) minor maxima (i.e., 0.5M* < M < 0.85M*, M* is the global

maximum), and (3) major maxima (i.e., M > 0.85M*). We encode three

levels by 0 for no maxima, 1 for minor maxima, and 2 for major maxima.

Using the above encoding, we can represent the x- and y-profiles by
T

pattern vectors V = tvi ,v2 ,Vg ,v^ ,Vg ,Vg ] , where v-^ to Vg represent the
code of jc-profile at left, in the middle, and at right portions, and v^

to Vg represent the code of y-profile at top, in the middle, and at

bottom portions. Figures 4.18(a) and (b) illustrate the profile pattern

vectors of characters ' p' and 'e1, respectively.
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However, due to the preprocessing and noise effect, some pixels are

missing and some edges are blurred. These phenomena will degrade the

profiles and make some characters undistinguishable. To solve this

problem, we use gap characteristic as an additional feature. We encode

the gap features of a character by the location of the gaps as shown in

Table 4.3. Now the number of elements of the pattern vector are

increased to 8 (i.e., V = [v]_ ,v2 >v-j ,v^ ,v5 ,v^ ,Vy , Vg]T) . The algorithm of
the feature pattern matching is as follows.

Step 1 Determine character type for each character.

Step 2 Using character type to reduce the search range in the

character file.

Step 3 Perform the pattern vector matching to find a candidate

character.

Using the above algorithm to test four different type-fonts (Letter

Gothic, Olympia Gothic, Elite, and Prestige Elite), there are 70 - 85%

of characters which are recognized correctly.

The grouping procedure is to classify the isolated characters into

alphabet or numeral categories. After character recognition, a

character-grouped file is generated. The flowchart of the character

recognition and grouping subsystem is shown in Figure 4.19. The

character-grouped file of Figure 4.9 is shown in Figure 4.20.

4.3.3 Falsification Detection

The falsification detection subsystem performs a sequence of

operations including size measurement, spacing measurement, alignment

analysis, shape template matching and gray-level intensity analysis.
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Table 4.3 The Encoding of the Gap Feature

Gap Location Coded Information

(u7u8)
Example

left 1 0 a

right 2 0 e

left and right 3 0 s

top 0 1 u

bottom 0 2 n

top and bottom 0 3 H

left, right, top and
bottom

3 3 X

no gaps
0 • 0 0
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Figure

Document

.19 Flowchart of Character Recognition
and Grouping
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The suspicious characters are considered falsified if size

discrepancies, spacing deviations, misalignments, shape mismatching, or

intensity variations are detected from the characters. The functional

block diagram of falsification detection is shown in Figure 4.21. The

falsification detection subsystem first makes the alignment test on a

suspicious document. If the alignment test fails, this document is

regarded as a falsified document. If the alignment test is passed, the

suspicious document will be subjected to the size test character by

character, group by group. If all characters pass the size test, they

will take shape matching test. If this test is also passed, they will

take an intensity change test. If a suspicious document fails one of

the above tests, it is considered as a falsified document.

4.3.3.1 Alignment Analysis

It may be assumed that characters in a normal document are well

aligned. Due to re-insertion of paper into a typewriter, some

characters in a falsified document may be out of alignment.

Discovery of misalignment signifies document falsification. In

alignment analysis, we detect jump misalignment and line spacing

alignment. The functional diagram of the alignment analysis is shown in

Figure 4.22.

From the character coordinate file, we get the information about

the deviation (dy) of each character off the typing line. From this

deviation, we can detect the following information.

(1) Down-incline case if the deviations are monotonic decreasing

from left to right (i.e., dy-^ < ... < dyQ),
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Questioned Document

Figure 4.22 The Functional Diagram of Alignment Analysis
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Figure 4.22 (continued)
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(2) up-incline case if the deviations are monotonic increasing from

left to right (i.e., dy^ > dy2 > ... > dyn),
(3) jump-misalignment if the deviations are zig-zag like change, or

step jump, or sawtooth like change.

The threshold 0^ of jump-misalignment is 2 pixels. If |dy^| > 0^,

then jump-misalignment of jth character is detected.

For the different line spacing detection, we calculate the distance

(dV^) between two consecutive typing lines in one page. If the error of
the line spacing |dV^ - dVj| is larger than the threshold 0V, then line
spacing difference is detected.

For horizontal spacing detection, we calculate the distance (dH^)
between two consecutive characters in the same typing line. A space is

considered as a character. If the distance difference |dH^ - dIL+^| >

0jj, then the horizontal spacing difference is detected. In our working

model, we set 0jj = 0^ = 2 pixels. Figure 4.23 shows the result of the

alignment analysis. The document which passes the alignment test may

proceed to shape analysis.

4.3.3.2 Shape Analysis

The shape analysis has the two major functions of size difference

detection and type-font difference detection. If the sizes of two

characters which belong to the same group are different, then their

type-fonts shall be different. Thus we examine the size first. If the

characters can pass the size measurement test, they continue to take the

shape-matching test pair-wisely.
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The size difference detection is very straightforward. We choose

one character from a group of characters as the reference (AXr,AYr). Do
size measurements to the rest of the characters and compare with the

reference. If | AXi - AXr| > 0x or | AY¿ - AYr| > 0 , then the size
spacing difference is detected. Continue to test the other groups until

no group is left. The functional diagram of size difference detection

is shown in Figure 4.24.

For type-font difference detection, we use the shape matching

technique. If two characters in the same group are identical with no

blurred edge, all the corresponding pixels will overlap when they are

superimposed. However, under practical situations, the typewritten

characters are contaminated by noise due to dust or ribbon defects.

These phenomena will cause the characters to shift relatively few

pixels. We check the shift effect and evaluate whether they are the

same type-font or not.

In a group, when character 1 is matched with character 2, all

matched pixels are cancelled. The unmatched pixels from both characters

are labeled 1 for pixels from characters 1 and 2 for those from

character 2 as illustrated in Figure 4.25. Let be the total number

of pixels in character 1, C2 be the total number of pixels in character

2, N-^ be the number of unmatched l's, and N2 be the number of unmatched
2's. Defining a shape matching index as

^2 maxCN^,^)
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Figure 4.24 Size Difference Detection
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Figure 4.25 An Example of Shape Matching
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we obtain the following cases

(1) S1 K 6S1 Test passes

(2) 9S1 <S1 < 0S2 and S2 ^ 0S3 Check shift effect

(3) 0S1 < S1 < 0S2 and S2 > 0S3 Smeared character

may exist but check

if the reference is

smeared. If yes

change it

(4) Test fails

The shift effect checking is to move the two characters relative to

each other in eight compass directions with one pixel offset and re¬

compute the shape matching indexes (S-^ and S2) to see if the test passes

or not. The shift effect checking is illustrated in Figure 4.26. The

functional diagram for shape analysis is shown in Figure 4.27 and the

result is shown in Figure 4.28.

4.3.3.3 Intensity Change Analysis

A document may be falsified by the same typewriter at a later

date. In this case, the suspicious document may have passed all the

preceding tests. We make use of intensity change analysis to detect

this type of falsification which may be revealed from the change of

ribbon darkness or the change of paper brightness due to erasing. The

differences in ribbon darkness and paper brightness may be determined

from the intensity histogram plots, as illustrated in Figure 4.29. The

solid curve represents the intensity histogram of a character. The

dashed curve represents the intensity shift from both sides to the
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Figure 4.26 The Shift Effect Checking
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Figure 4.27 (continued)
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++++++ SHAPE ANALYSIS ++++++

(A) SMEARED CHARACTERS Í

CHARACTER LINE * POSITION

e 7 15»
s 9 7»

(B) SIZE DIFFERENCE ♦
♦

CHARACTER LINE 1 POSITION

NONE

(C) TYPE-FONT DIFFERENCE t

CHARACTER LINE * POSITION

NONE

REMARKS : NO FALSIFICATION DETECTED♦

Figure 4.28 The Result of Shape Analysis
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middle portion due to the erasing problem. To quantitatively describe

the intensity change, we define three parameters as 1^ denoting the
optimal peak intensity in the background region, I denoting the peak

intensity in the object region, and Iq denoting the optimal thresholding
of the intensity histogram. Referring to Figure A.29, the peak

intensity shifts are given by

AI = I - I and AI = I - I I
b D2 o ' o c>2

where AI^ is due to erasing, AIQ is caused by ribbon aging and AIr is
due to the combination of both cases. We introduce an erasing threshold

0e, a ribbon aging threshold 0r, and the threshold 0t of the optimal
threshold change. The decision rule is (1) if AI^ > 0e, the paper has
been erased, (2) if AIQ > 0r, the ribbon has been changed, (3) if

AIq > 0t, the character has been corrected (or erased and retyped).
However, if the intensity histogram is unimodal (i.e. has only one

peak), then Iq cannot be extracted. The Iq will be an important
parameter for the detection of the intensity change. In our working

model, we just use Iq in the intensity change analysis which is shown in
Figure 4.30. The Iq's of two characters is shown in Figure 4.31.
4.3.4 Type-Font Identification

The identification of the type-font is a pattern recognition

problem. The number of type-fonts including variations—exceeds three

hundred. To achieve accurate identification, we have designed a type-

font database which contains information on the type-font name,

features, manufacturers, year, spacing, number of characters per inch,

etc. In our experimental study, we used an IBM Selectric II with
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Figure 4.30 Intensity Change Analysis
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different elements to type four different type-fonts (Letter Gothic,

Elite, Prestige Elite, and Courier Italic) as shown in Figure 4.32.

To facilitate the type-font identification task, hierarchical

pattern matching is proposed (see Figure 4.33). The hierarchical

pattern matching performs the three-level discriminations using size

information, global features and local features in sequence. The size

information can be found from the manufacturer's catalog.

The global features used in our system are some chain-coded

features as follows [63].

(1) Centroid : (x, y)

(2) Moment of inertia about centroidal x-axis : (MOX).

(3) Moment of inertia about centroidal y-axis : (MOY)

(4) Inertia product about centroidal x- and y-axis : (MXY)

(5) Direction angle of the major axis : (THETA)

(6) Moment about the major axis : (TEX)

(7) Moment about the minor axis : (TEY)

(8) Elongation index : (El)

(9) AREA : (A).

These nine features form a global feature vector to describe a

character. The similarity between two characters can be evaluated by

the distance measurement between two corresponding feature vectors.

Figures 4.34(a) and (b) show two chain-coded characters "h", which are

of different type-fonts. The chain-coded features are calculated to

show the differences. These two h's are easy to identify by the global

features. However, the chain-coded features may not detect the minute

differences between two similar type-fonts.
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AAAAABBBBBCCCCCDDDDD
(a) Letter Gothic

aaaaabbbbbcccccddddd 12 pitch

AAAAABBBBBCCCCCDDDDD

aaaaabbbbbcccccddddd

(b) Elite
12 pitch

AAAAABBBBBCCCCCDDDDD
(c) Prestige Elite

bbbbbcccccddddd 12 pitcha a a a a

A A A A A B B

a a a a a b b

B B B C C C C C D D D D

b b b c c c c c d d d d
(d) Courier Italic

12 pitch

Figure 4.32 Four Type-Font Samples
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ORIGINAL FIGURE SMOOTHED FIGURE
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000001 0000C02

AREA OF THE FIGURE IS =-120.5 UNITS
CENTROID 13 C 8 .2/ 10 . 7 ;

MOX = 6303.S046 moy = 3292.7033 NXY = 1593.9303
TEX= 2537.2666 TEY: 6S89.2463
THET A = 66.723S El = 0.3716

(a) Elite Type-Font "h"

Figure 4.34 Chain-Coded Features of Character
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(b) Courier Italic Type-Font "h"

Figure 4.34 (continued)
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For minute difference comparison, we propose to use local pictorial

features. The two approaches to extract pictorial features are

skeletonization [64] and quadrant division [62]. The skeletonization

provides topological features such as triple point, end point, and

connectedness for the font identification. The skeletons of characters

'A* of four different type-fonts are shown in Figure 4.35. Experienced

document examiners classify type-fonts by key features only. An example

of the key feature of some type-fonts is shown in Figure 4.36. For the

quadrant division, we divide a character into four quadrants and store

the significant quadrant(s) into the data base for partial matching

purpose. The significant quadrants of a character "a" for the Gothic

and the Prestige Elite type-fonts are shown in Figure 4.37. The system

performs the partial matching with the data base and selects the one

which has the highest score as a candidate type-font.

We illustrate the identification task using Figure 4.38 as an

example. Figure 4.38 consists of two mixed type-fonts. After

identification, the results are shown in Table 4.4.

4.3.5 Knowledge Base Design

The fourth subsystem of the proposed system is the knowledge base

for falsification detection and font identification. Without a

knowledge base, the system will not be able to integrate the procedures,

pattern features, and detection criteria together to make a positive

identification. The knowledge base will be filled with complete

information on various type-fonts and typewriter manufacturers together

with the experience and know-how of expert document examiners. The

control module determines which analysis techniques will be performed
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(a) Letter Gothic

(b) Prestige Elite

(c) Elite

Figure 4.35 The Skeleton of the Characters (A)
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Figure 4.36 Key Feature of type-Font
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The system first makes the alignment test

on suspicious characters. If the characters fail the

alignment test, they are regarded as a falsified
i 1

document. If the suspcious characters pass the
l

automatically be subject
i

is test is also passed
! 1

they will take feature discrimination tests. If

alignment test, they wil

to the size test. If thi

i i
i i

this suspicious character can pass all these

tests, the system will make a final test, the inten¬

sity analysis test.

(a) Windowed Document

ous characters pas

1 automatically be .

s test is also pas

fscrimination test

r can pass all the
(b) Filtered Binary Image

Figure 4.38 An Example of a Document Which Consists of
Two Mixed Type-Fonts
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Table 4.4 Results of Type-Font Identification

CHARACTER LINE POSITION TYPE-FONT

1 3 ELITE

16 GOTHIC
13 ELITE

3 1 GOTHIC
4 GOTHIC
7 GOTHIC

10 GOTHIC
14 GOTHIC

5 7 GOTHIC
8 GOTHIC

1 15 GOTHIC
6 ELITE
8 ELITE

2 2 GOTHIC
7 GOTHIC

11 GOTHIC
3 8 GOTHIC

13 GOTHIC
5 3 GOTHIC

6 GOTHIC
9 GOTHIC

1 11 ELITE
2 16 GOTHIC
3 3 GOTHIC
4 15 GOTHIC
5 14 GOTHIC
1 12 ELITE
5 1 GOTHIC
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and what the criterion is. Then, on the basis of the conclusion of the

analysis, the control module then selects the next analysis task. Thus

the control module is an event driven mechanism. The functional block

diagram of the knowledge base design is shown in Figure 4.39. The

hierarchical tree handles the type-font classification. The type-font

dictionary stores the type-font information and links with the chain-

coded picture file and the manufacturer's file. The type-font

dictionary also provides the corresponding feature vectors through the

type-font-to-feature table for font identification. The detection

criterion file provides the threshold setting for falsification

detection subsystem. The pictorial feature file stores the quadrant

pictorial features of the character for font identification. A

questioned document passes through image processing task linked with the

knowledge base and falsification detection and the font identification

is performed on it.

4.4 Discussion

There are several basic questions in falsified document detection

and font identification.

a) Is the document falsified?

b) In what typefont(s) is the document written?

c) Which manufacturer produced the machine used in the typing of

the document?

d) What actual individual machine is used in typing the document?
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Documento Resulta
r**

Chain-Code Picture
File(CCPF) Manufacturer’s File(MF) Picture Feature File(PFF)

I !
! I

I I

Figure4.39FunctionalBlockDiagramofKnowledgeBase forFontIdentification
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e) Is the entire document typed on the same machine?

f) Is the document typed continuously?

The proposed system in this chapter has been implemented in the

Center for Information Research, the University of Florida, and answers

the above questions. The system is called the Automatic Typewriter

Identification (ATI) System. Due to the limited samples, the questions

(c) and (d) are not fully tested. However, the growth of the knowledge

base will provide a positive answer to these two questions.



CHAPTER 5
COMPUTER RECOGNITION OF ELECTRONIC CIRCUIT DIAGRAMS

5.1 Introduction

Automated reading of diagrams and drawings has been recognized as

_ an important step in augmenting engineering design productivity. In

current commercially available CAD/CAM systems, data entry of circuit

designs is limited to the interactive editor mode through a special

input device such as a light pen and tablet. Data entry by human

operators is time-consuming and error-prone. An automated schematics

reading machine is needed in order to enhance CAD capabilities. In

recent years, several attempts have been made to develop computer

techniques for automatic recognition of flowcharts and logic circuit

diagrams [65]—[76]. Some of these approaches are only applicable to

circuit element symbols which are of simple geometrical shape such as a

rectangular type. Some approaches have even modified and represented

the symbols in linear segment form. For a comprehensive discussion, see

Cheng [77].

Our approach is not limited to symbols with rectangular shape.

Electrical and electronic symbols are taken from the standard drafting

handbooks [78]—[80]. The system design is based upon the concept of

multi-pass pattern extraction which we have developed. Each pass of

pattern extraction generates a page of information of one kind. Through
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multi-pass pattern extraction, the electronic diagram is segmented

according to the nature of the elements. Then the reading of electronic

symbols is treated as a "character" recognition problem discussed in

Chapter 4. The various procedures of multi-pass pattern extraction are

described in Sections 5.4.1-5.4.6. To describe the symbol

configurations and the inter-relationships among them, we introduce two

high-level pictorial manipulation languages, Symbol Description Language

(SDL) and Picture Generation Language (PGL). The PGL is an associative

network structure.

5.2 Analysis of Electronic Circuit Diagram

Electrical and logical schematics are line drawings which consist

of line segments and symbols for the representation of the circuits in

graphics form. They provide the important means of communication in

electrical, electronic and computer engineering. Standards for the

drawing of electric schematics can be found in several reference books

[78]—[80].

In general, electronic and logical schematics are characterized by

functional elements, connecting elements, and denotations. The

functional elements are represented by symbols consisting of two or more

terminals for connection to other elements. For instance, resistors,

diodes, and capacitors are two-terminal elements; transistors and

amplifiers are three-terminal elements; and flip-flops are four— or more

terminal elements. Some basic symbols in_ electronic and logical

schematics are listed in Table 5.1. The connecting elements are
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Táble 5.1 Some Basic Symbols in Electrical Schematics
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represented by junction dots, horizontal line segments, and vertical

line segments which connect functional elements. Various types of

connections are listed in Table 5.2. The denotations are used to

describe physical properties or labels of the functional elements in a

schematic in terms of a character string. For example, the string 10K

attached to a resistor means that the resistance of the resistor is

10,000 ft. The string Cl attached to a functional element indicates that

the element is capacitor number one in the given schematics.

Denotations in a schematic will facilitate automatic recognition of the

functional elements.

From the electronic drafting handbook, some layout guidelines may

provide useful information for diagram recognition such as class

designation letters (Table 5.3) and estimating space requirements

(Table 5.4) [80]. Moreover, there exist some geometrical constraints of

logic symbols [67] (refer to Figure 5.1). They are as follows:

Class name: AND type gates
2 2

fj^ = (x - (x + a - b)) /b2 + (y - y) /b2 - 1

f2 = (y - (y + b))/b
f3 = (x - (x - a))/a
f4 = (y - (y - b))/b

Class name: OR type gates ——-
2

_ 2
f. = 3((x - (x - a))/4a) - ((y - (y - b))/2b) - 11

2
_ 2

f_ = 3((x - (x - a))/4a) + ((y - (y + b))/2b) - 1¿ 2
_ 2

f^ = ((x - (x - a - /3b))/2b) + ((y - y)/2b) - 1
Class name: amplifier type
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Table 5.2 Configuration of Connections

Connection Type Graphic Representation

Conducting Crossing

Corner

Free End

Conducting Touching

Nonconducting
Crossing
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Table 5.3 Class Designation Letters for Some
Electrical and Logic Components

Class Letter Component Name

A AND gate

AR amplifier

C Capacitor

CR diode

FF flip-flop

L inductor

NAND NAND gate

NOR NOR gate

NOT inverter

OE Exclusive OR gate

OR OR gate

Q transistor

R resistor
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Table 5.4 Estimating Spacing Requirements

Average Diagram Spacing (0.20-irugrid space)

Component

Capacitors 3-4

Inductors 4

Resistor 4

Diagram Items

Transistor envelop diameter 4

Resistor symbol length 3

Capacitor symbol width 1-2

Lettering height 3/4

Connection line spacing 1-11/2

Spacing between groups of
connection lines

1-2
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fl = (x - (x + a)) /2a - (y - y)/b

f2 = (x - (x + a))/2a + (y - y)/b

f3 = (x - (x - a))/a
where b = y a is used for figure drawing.

In order to speed up the recognition task, we generate a symbol

tree and categorize the symbols into four categories (circular shape,

rectangular shape, curved shape, and line-segment shape). The circular

shape category can be further divided into transistor, junction FET, and

MOSFET types. These types can be distinguished using the information of

the arrow mark (see Figure 5.2). For the rectangular shape category, we

divide it into two parts. One part is vertical bar shapes which include

flip-flops, adders, multiplexers, and VLSI circuits. The other part is

horizontal bar shapes which contain components represented by the

European drawing form. The curved shape category includes AND type and

OR type logic symbols. Diode, resistor, capacitor, and amplifier are

classified into line-segment shape category. A symbol tree is

illustrated in Figure 5.3.

5.3 System Architecture

The electronic circuit diagram recognition system is designed to

perform three tasks. Task I is extraction of schematic symbols. Task II

is interpretation of schematic symbols, and Task III is generation of a

pictorial database for the CAD interface. The architecture of the

recognition system is shown in Figure 5.4. The first step is to scan

the circuit diagram and generate a digitized image. Before symbol
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Figure 5.2 Key Feature of Circular Elements
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extraction is performed, a clean binary image of the schematics is

generated. The binary image generation involves reflection, filtering,

noise removal, and adaptive thresholding. The reflection algorithm is

employed to correct the mirror effect. The filtering and noise removal

tasks are used to enhance the lines that have a certain width and to

suppress small spot-like noise and shading effects caused by non-uniform

illuminations on poor quality paper. Through adaptive thresholding, we

obtain a binary image with some spurs and gaps. In the training phase,

the spurs will be removed by noise removal operation and small gaps will

be filled by gap filling task before skeletonization is performed. The

skeletonization is employed to create thinned schematics. After careful

tailoring, the thinned symbols are decomposed into the primitives which

will be stored in the knowledge base as feature vectors. The primitives

currently used are shown in Figure 5.5. The new primitives of each

symbol may be generated and updated in an interactive manner. The

special relationships among the primitives of a symbol are extracted and

stored as feature vectors. Then, knowledge base is created during the

training phase.

To conduct the task of schematic symbols extraction we decompose a

schematic diagram into five sets of drawings, and each set is stored in

a dedicated file which we call a page. The five sets are junction dots,

connecting line segments, functional symbols, denotations, and

unrecognizable elements. The first page stores a drawing of the

junction dots, the second of connecting line segments, the third of

functional elements, the fourth of denotations, and the fifth of
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unrecognizable elements. We call this procedure a multi-pass pattern

extraction process. Why do we decompose the schematic diagram into five

pages? The reasons are

(1) Each pass performs one specific modular function. The task is

easy to replace and modify.

(2) We want to .extract each component and connection and still

"reserve the nature of the schematics.

(3) By considering each functional element as a character, we can

further utilize the concept of blocking.

5.4 Multi-Pass Pattern Extraction

After adaptive thresholding, a binary image of the schematic is

generated. Cleaning of spurs is not necessary in the extraction phase

because the spurs are small and can be ignored during the blocking

procedure. The first pass of pattern extraction is to remove the

junction dots from the binary image and store them in the first page,

i.e., reserve the branch property. The second pass is to remove

horizontal line segments first in order to further isolate the

functional elements. The third pass is to isolate functional elements

which are considered as character blocking as discussed in Chapter 4.

The fourth pass which is to recognize the denotations __is a process

similar to the character recognition. The fifth and last pass is to

remove streaks and noise then copy the unrecognizable elements to page

five. The procedures of the multi-pass pattern extraction are described

in the following sections. ^
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5.4.1 Extraction of Junction Dots

The junction dots consist of crossing dots and touching dots, as

shown in Figure 5.6, which are ordered from J1 to J5 according to the

frequency of occurrence in a schematic diagram. The black dots

represent the skeleton of a crossing or touching junction. These

patterns are part of the primitives stored in the knowledge base (refer

to Figure 5.5) The knowledge base will handle the ordering of J1 to J5

during the skeleton matching. The white dots denote the possible

conducting pixels. Due to poor paper quality and imperfect

preprocessing, the configuration of conducting pixels may vary from the

patterns shown in Figure 5.6.

The junction dots are extracted by using the following algorithm

(see Figure 5.7)

(1) Detect the skeleton pattern via a template matching process if the

number of pixels in the scanning line exceeds the threshold

(where 0^ = 30). The order J1 to J5 is followed.
(2) Check the number of conducting pixels around the center pixels. If

this number is equal to the maximum or less than the maximum by one

or two pixels, a junction dot is extracted and the X-Y coordinates

of the center pixel are stored in the first page with an

identification code ID (i.e., J1 to J5). Remove that-junction dot

from the binary image.

(3) Check the contents of the first page and resolve the ambiguities.

The ambiguities (like blurring) occur due to the sampling noise of

the scanner, inaccurate 'alignment of the drawing, and the poor
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Figure 5.6 Junction Dot Patterns
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Circuit Diagram

Scoring Arrowheads
in a Temporary File

Figure 5.7 Junction Dot Extraction



160

quality of the paper. These ambiguities will strongly affect diode,

capacitor, and ground symbols. To resolve these ambiguities, the

first step is to detect the possibility of diode and capacitor

symbols by detecting two opposite pairs such as 1 and T , delete it

from the first page and store it to the temporary file. In the

second step we consider if the X-Y coordinates of a junction dot

fall within a 5x5 window of other junction dots

(i.e., AX < 2 or AY < 2), then these junction dots have to merge to

one. Choose one of them as a junction dot from the majority

occurrences and flag the rest of them. However, the J1 has top

priority if J1 exists in the ambiguities.

(4) Re-check the contents of the first page to eliminate junction dots

for arrowheads. The skeleton patterns for arrowheads in a diode,

transistor-type element, or flowchart which are used as templates

for arrowhead identification, are shown in Figure 5.8.

To illustrate the algorithm, we choose a circuit diagram

(Figure 5.9) as an example. After scanning, we cut two reflected,

positive picture blocks using "WINDOW” task (see Figure 5.10(a) and

(b)). Through adaptive thresholding, we get two binary images shown

in Figure 5.11(a) and (b), respectively. Table 5.5(a) and (b) show

the contents of the first page of Figure 5.11(a) before and after

resolving the ambiguities respectively; and the image after junction

dots removal is shown in Figure 5.12. For Figure 5.11(b), the

contents of the first page before and after resolving the

ambiguities are shown in Table 5.6(a) and (b), respectively. The
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Figure 5.8 Arrowhead Patterns
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Figure 5.11 Binary Images
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Table 5.5 Contents of Page 1 for Window 1

(a) Before Resolving Ambiguities

The Coodinates of the Connection Components :

REC # XI Y1 X2 Y2 TYPE

1 136 29 140 33 J-l
2 137 29 141 33 J-2
3 79 55 83 59 J-4
4 80 55 84 59 J-l
5 136 55 140 59 J-2
6 137 55 141 59 J-3
7 39 73 43 77 J-2
8 40 73 44 77 J-2
9 79 73 -83 77 J-4

10 80 73 84 77 J-3
11 39 74 43 78 J-l
12 40 74 44 78 J-l
13 79 74 83 78 J-5
14 80 74 84 78 J-5

(b) After Resolving Ambiguities

The Coordinates of the Connection Components :

REC # XI Y1 X2 Y2 TYPE

1 137 29 141 33 J-2
2 79 55 83 59 J-4
3 137 55 141 59 J-3
4 39 73 43 77 J-2
5 79 74 83 78 J-5
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Table 5.6 Contents of Page 1 for Window 2

(a) Before Resolving Ambiguities

The Coordinates of the Connection Components :

REC // XI Y1 X2 Y2 TYPE

1 137 24 141 28 J-l
2 204 49 208 53 J-l
3 205 49 209 53 J-l
A 204 50 208 54 J-l
5 205 50 209 54 J-l
6 137 83 141 87 J-4
7 138 83 142 87 J-3
8 41 34 45 88 J-2
9 43 84 47 88 J-2

10 43 84 47 88 J-2
11 89 84 93 88 J-2
12 90 84 94 88 J-2
13 137 84 141 88 J-l
14 138 84 142 88 J-l
15 42 85 46 89 J-l
16 89 85 93 89 J-4
17 90 85 94 89 J-3
18 169 97 173 101 J-4
19 129 98 133 102 J-2
20 130 98 134 102 J-2
21 131 98 135 102 J-2
22 129 99 133 103 J-5
23 130 99 134 103 J-5
24 131 99 135 103 J-5

(b) After Resolving Ambiguities

The Coordinates of the Connection Components :

REC // XI Y1 X2 Y2 TYPE

1 137 24 141 23 J-l
2 204 49 208 53 J-l
3 137 84 141 88 J-2
4 42 84 46 88 J-2
5 89 84 93 88 J-2
6 169 97 173 101 J-4
7 130 98 134 102 J-2
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contents of the temporary file are shown in Table 5.7 and the image

after potential diode and capacitor symbols removal is shown in

Figure 5.13(a). The image after junction dots removal is shown in

Figure 5.13(b).

5.4.2 Extraction of Horizontal Connecting Line Segments

Observing the electronic diagrams, there are only horizontal and

vertical line segments connecting various circuit elements. In order to

isolate each junctional element, the horizontal and vertical connecting

line segments must be removed before blocking. However, to remove the

vertical connecting line segments is very tedious and time-consuming

because image data are scanned horizontally and stored in a random

access file. The lack of array processing facilities does not permit us

to extract the vertical connecting line segments from the binary image

files. To compensate for this drawback, we consider vertical connecting

line segments as functional elements during the blocking routine and

they will be isolated with very thin rectangular blocks which are

different from the real functional element blocks.

Following the removal of the junction dots, the binary image

contains disjoint connecting line segments and functional symbols. The

second pass pattern extraction is to extract the horizontal connecting

line segments and put them in the second page. The functional diagram

of horizontal connecting line extraction is shown in Figure 5.14 and the

algorithm is the following:

(1) Trace and record the starting point and the length of each

horizontal line segment in scanning order which may end at a

functional element or end at the rim of the image.
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Table 5.7 Contents of Temporary File for Possible Capacitor
and Diode Symbols (Window 2)

The Coordinates of the Possible Components :
( After Extracting Horizontal Line Segments )

REC # XI Y1 X2 Y2 TYPE

1 39 101 49 109 H -0
2 86 101 97 108 H -0
3 166 109 175 121 V -0
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Figure 5.13 Images After Capacitors, Diodes, and Junction Dots
Removal for Window 2
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Circuit Diagram
Without

Junction Dots

Store in Temporary File

Figure 5.14 Horizontal Connecting Line Extraction
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(2) Shrink the element line segment end back 3 pixels to make functional

elements more realistic, if the length of a line segment exceeds the

threshold 9^, (where 0^ = 8). Record the coordinates of both ends
of the line segment in page 2.

(3) Check and "flag" the records if the difference in Y-coordinate does

not exceed a threshold 9y (|9^| < 1). Thus allowing slight deviation
from the horizontal position due to the inaccurate alignment or

rough drawing. Then perform the linking using the longest line

segment as the main axis, the new line segment is generated and

stored in page 2. Our program can handle hand-drawn schematics as

long as the line segment does not deviate from the mediun by ±5°

wave angle. The linking of line segments is shown in Figure 5.15.

(4) Detect the short parallel line pairs and select the candidate

capacitors or diodes. Then transfer the coordinates of candidate

elements to page 3.

(5) Delete the horizontal connecting line segments from the binary

image, and end the task of the extraction of horizontal line

segments.

Using Figure 5.11(a) and (b) as examples, the contents of the

second page before and after resolving the ambiguity resolution are

shown in Table 5.8 and 5.9, respectively. The images after horizontal

line segments removal are shown in Figure 5.16(a) and (b).

5.4.3 Extraction of Functional Elements

Following the removal of the junction dots and the horizontal

connecting line segments, the binary image contains disjoint functional
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Table 5.8 Contents of Page 2 for Window 1

(a) Before Resolving Ambiguities

The Coordinates of the Line Segments :

REC # LINE # P0S1 P0S2 TYPE

1 30 84 98 H

2 30 121 128 H

3 31 120 163 H

4 56 83 93 H

5 57 83 105 H

6 57 118 137 H

7 75 4 12 H

8 75 20 50 H

9 76 29 50 H

10 76 73 91 H

11 88 125 137 H

12 99 85 92 H

(b) After Resolving Ambiguities

The Coordinates of the Line Segments :

REC # LINE # P0S1 P0S2 TYPE

1 30 84 98 H

2 31 120 163 H

3 56 83 105 H
4 57 118 137 H

5 75 4 12 H

6 75 20 50 H

7 76 73 91 H

8 88 125 137 H

9 99 85 92 H
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Table 5.9 Contents of Page 2 for Window 2

(a) Before Resolving Ambiguities

The Coordinates of the Line Segments :

REC # LINE // P0S1 P0S 2 TYPE

1 26 5 203 H
2 27 5 34 H
3 27 96 104 H
4 27 112 119 H
5 27 186 190 H
6 44 5 55 H
7 44 78 136 H
8 51 142 162 H

9 51 171 216 H

10 52 142 162 H
11 52 171 216 H
12 74 186 204 H

13 75 186 204 H

14 86 5 9 H

15 86 32 57 H

16 86 80 103 H

17 86 126 151 H

18 99 134 140 H

19 99 186 196 H

20 101 130 132 H

21 114 130 132 H

(b) After Resolving Ambiguities

The Coordinates of the Line Segments :

REC # LINE # P0S1 P0S2 TYPE

1 26 5 203 H

2 44 5 55 H

3 44 78 136 H

4 51 142 162 H

5 51 171 216 H

6 74 186 204 H

7 86 5 9 H

8 86 32 57 H

9 86 80 103 H

10 86 126 151 H

11 99 186 196 H



Figure 5.16 Image After Horizontal Line Segments Removal
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elements, denotations, and vertical line segments. The extraction of

functional elements is conducted in the following three

steps (1) blocking, (2) grouping, (3) and recognition (see

Figure 5.17). The blocking routine isolates a functional element by

inscribing it with a rectangular or square block and assigns a code

number to each isolated block in the order of scanning sequence. The

blocking routine used here is the same as the character blocking concept

used in Chapter 4, if we consider the functional elements as

characters. Furthermore, the isolated block can be divided into two

types of circular ones, and rectangular ones as shown in Figure 5.18.

The circular symbols are extracted by using the circle detection

technique based upon a modified Hough transform [81],[82]. The circular

blocks may represent such active elements as transistors, junction FET,

and MOSFET as shown in Figure 5.2. The rectangular blocks may represent

such functional elements as resistors, inductors, capacitors, diodes,

amplifiers, logic gates, flip-flops, etc. The grouping routine is to

categorize the isolated blocks using the proposed symbol tree (see

Figure 5.3). Rectangular blocks are grouped into two classes, vertical

bar and horizontal bar, according to their aspect ratios. The resistor

and inductor block in normal position are of horizontal bar shape. Most

of VLSI blocks and logic element blocks are in the form of vertical bar

shape and some of them are in the form of a square shape. Here, if we

define aspect ratio = AY/AX, then
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Circuit Diagram
Without Junction Dots And

Figure 5.17 Functional Element Extraction
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Figure 5.18 An Example of Component Blocking
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aspect ratio =

horizontal bar shape

square shape

k < 1 , vertical bar shape

However, the real rectangular box elements which appear as vertical

bar shapes do not exist after the extraction of horizontal line

segments. These elements will be recovered using the information of

the vertical connecting line segments after the extraction of the

denotation. Thus the elements detected in this pass are vertical

connecting line segments, R/L/C categories, diodes, etc. beside real

rectangular box elements. Since a vertical line segment is

characterized by an extremely small aspect ratio, it can readily be

detected and is transferred to the second page.

The recognition routine is to recognize the isolated functional

elements in each group and assign a label and rotation index to each

element. Template matching technique with pictorial features is used to

extract the pattern features of the isolated functional elements. Size,

strokes, symbol radicals (or primitives), and number of terminals are

the features which are used in the recognition process. For example, a

resistor can be described by the following feature vector

a) # of primitive a : 3
b) # of primitive v : 3
c) # of terminal : 2
d) # of repetition of a : 2
e) # of repetition of v : 2

Definition of Repetition

Repetition is the property which is defined as a particular pattern

which appears repetitively along one direction.
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For an operational amplifier, the feature vector will be

a) # of primitive -4': 2
b) # of primitive > : 1
c) # of terminal (input) : 2
d) # of terminal (output) : 1
e) # of repetition of 4 : 1

Curved shape elements such as AND and OR type logic symbols can be

simplified by line segments representation. The simplified symbols of

AND and OR gates are shown in Figure 5.19. The simplified configuration

is very close to the quantized symbol, so the simplification would not

affect the recognition of the real curved symbols. Furthermore, after

simplification, we can find that the intersections of line segments and

vertices can be extracted as the feature vectors. These feature vectors

will enhance the recognition scheme.

For AND gate, the feature vector is

a) # of primitive d; 2
b) # of primitive r: 1
c) # of primitive ¡_: 1
d) # of primitive1
e) # of primitives: 1
f) # of primitive ^: 1
g) # of primitive j: 1
h) # of primitive f: 1
i) # of terminal (input)
j) # of terminal (output)
k) # or repetition of 4:

For OR Gate, the feature vector is

a) # of primitive 4 : 2
b) # of primitive v : 1
c) # of primitive ¿ : 1
d) # of primitive ^ : 1
e) # of primitive : 1
f) # of primitive : 1
g) # of primitive r : 1
b) # of primitive : 1
i) # of primitive : 1
j) # of primitive > : 1
k) # of terminal (input)

> 2
1

> 2
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(a) Simplified AND Gate

(b) Simplified OR Gate •

Figure 5.19 Simplified Logic Symbols
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l) # of terminal (output) : 1
m) # of repetition of 4 : 1

The above feature vectors can be changed or modified using

interactive commands to update the knowledge base. The knowledge base

configuration will be discussed in Section 5.6. Some of the feature

vectors of common electronic elements are listed in Table 5.10.

After features extraction of each functional elements, the pattern

recognition technique is employed. To simplify the computation, the

similarity measure (S) is used.
N

S . = X. • Y = y x..y.
1 -J - f Ji i

T
where X. = (x, x.„, ... , x represents a feature vector of a

—J jl j2’ jN'
T

functional element j in the knowledge base, Y = •••> y^)
represents a feature vector of the tested element. T denotes transpose

of vector and N is total dimension of the feature vectors used.

If some S.'s exceed the preset threshold 0C and the ratio of the

difference of the top and second one ASr also exceed the preset
threshold 0r, then the system will provide the top one as the most

probable functional element.

The ratio of the difference ASr is defined as

where S-^ is the measure score of the top one, and S2 is the measure
score of the second one.

If the above conditions are not satisfied, the knowledge base will

trigger the inference mechanism to get more information until the
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conditions are satisified. Then the system stores that functional

element with label and rotation index in page 3 and removes it from the

binary image. The unrecognizable functional elements, due to missing

pixels, new symbol, or noise blurring problem, will remain in the binary

image.

However, some of the vertical bar shape elements may embed

redundant vertical connecting line segments after the blocking

routine. Thus the vertical line detection must be performed before

recognition routine execution. The functional elements and the detected

vertical connecting line segments will be stored in page 3 and 2,

respectively.

Furthermore, if some of the vertical bar shape elements contain

corner features, we may detect that breaking point and transfer it to

page 1.

Some ground symbols are blurred and some are distinct. The

distinct ground symbol may appear as 1 and lose its proper

configuration and becomes unrecognizable. To compensate for this

problem, the system will trigger an inference mechanism to trace the

rest of the parts if only one simple feature is detected.

After the recognition routine is performed, the functional elements

are replaced by their standard drawings.

Continuing the last examples and using blocking routine to

Figure 5.16(a) and (b), we can obtain the block diagrams and their

corresponding coordinate files shown in Figure 5.20(a) and (b) and

Table 5.11(a) and (b), respectively. After grouping, the contents.of



Figure 5.20 Blocking Results
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Table 5.11 Coordinate Files

(a) Window 1

BLOCK# XI Yl X2 Y2

1 100 19 106 23
2 109 19 111 23
3 113 19 117 23
4 99 26 120 34
5 81 30 83 54
6 129 30 131 30
7 133 30 133 30
8 163 31 171 136
9 134 34 143 54

10 106 52 117 61
11 94 56 96 56
12 98 56 98 56
13 128 58 128 58
14 130 58 131 58
15 133 58 135 58
16 81 60 82 72
17 138 60 140 88
18 9 62 10 66
19 19 62 21 66
20 14 63 17 67
21 53 63 59 68
22 66 63 70 68
23 62 64 64 67
24 13 70 15 80
25 17 70 19 90
26 88 70 124 108
27 51 72 72 79
28 173 73 175 78

29 177 73 179 77
30 182 73 185 78
31 191 73 195 78
32 188 74 189 77
33 1 75 3 75
34 26 76 28 76
35 38 79 46 136
36 78 99 88 118

37 49 103 55 108

38 58 103 60 108

39 62 103 66 108

40 114 110 114 114

41 116 110 117 114
42 119 110 119 110

43 102 111 112 114
44 119 111 124 114
45 80 120 86 120

46 82 122 84 123



2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Y2

78
79
79
79
79
79
79
90
90
90
86
87

100
100
102
103
122
101
107
107
106
107
107
108
107
110
109
122
127
112
118
116
116
116
138
127
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Table 5.11 (continued)

(b) Window 2

XI Yl X2 Y2 BLOCK it XI Yl X2

139 2 139 23 41 60 74 61
2 26 4 27 42 63 74 66

200 26 207 48 43 69 74 71
35 27 37 27 44 73 74 77
39 27 39 27 45 107 74 108
41 27 41 27 46 116 74 121
87 27 89 27 47 112 75 114
93 27 95 27 48 10 82 31

105 27 107 27 49 58 82 79
109 27 111 27 50 103 82 125
120 27 122 27 51 2 86 4
124 27 125 27 52 98 87 98
174 27 176 27 53 44 90 44
181 27 181 27 54 91 90 92
183 27 185 27 55 124 97 128
191 27 193 27 56 139 99 143
195 27 198 27 57 194 99 203
137 29 139 44 58 137 100 137

55 32 61 37 59 34 102 36
65 32 67 37 60 72 102 73
71 32 79 37 61 81 102 83
63 36 63 37 62 18 103 22

157 38 161 42 63 24 103 25
164 38 165 42 64 29 104 32
173 38 175 42 65 77 104 79

56 40 77 48 66 125 106 141
168 40 171 43 67 143 106 144
128 43 128 43 68 87 109 97

2 44 4 44 69 39 110 49
20 45 20 45 70 141 112 141
23 45 23 45 71 127 113 137

168 46 170 56 72 139 113 139
163 47 166 56 73 141 113 148
139 51 141 82 74 125 114 125

205 55 207 75 75 166 122 -175
146 69 189 108 76 89 124 95

9 74 10 79
12 74 19 79
22 74 24 79
26 74 30 79
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the third page and their corresponding images are shown in Table 5.12(a)

and (b) and Figure 5.21(a) and (b), respectively. Through the corner

feature and vertical line segment detection, we obtain the new pages 1

and 2 as shown in Table 5.13 and 5.14. After recognition routine is

performed, the images of the corresponding functional elements are shown

in Figure 5.22 and listed in Table 5.15.

5.4.4 Denotation Recognition

After the removal of the junction dots, the connecting line

segments and the functional elements, the binary image contains disjoint

denotations. The denotations of the circuit diagram are used to

describe physical properties or labels of the functional elements in a

schematic in terms of a character string. The denotation recognition

scheme is shown in Figure 5.23. The first step of the denotation

recognition is to recognize all the letters, numerals, and special

characters such as Í2, y if they exist. Ü is a resistance unit and p is

a capacitance unit. This step is the same as that of the character

recognition technique given in Chapter 4. The second step is to

concatenate the character string to form a labeling of a functional

element. The denotation is always concatenated horizontally and is

similar to word recognition. Thus the criteria of concatenation are

(1) Y-coordinate of character string is almost same (i.e.»—|Ay| < 2).

(2) X-coordinate of character string is increasing (i.e., xn > xn_^ >
..•> X£ > x^ if n character are concatenated).

(3) the spacing between two consecutive characters is limited to the

width of the normal character x- (i.e.*--x — x x ).c i i—i c
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Table 5.12 Contents of Page 3 After Grouping

(a) Window 1

The Coordinates of the Circuit Components :

REC it XI Y1 X2 Y2 TYPE

1 99 26 120 34 H -0
2 163 31 171 136 V -0
3 134 34 143 54 V -0
4 106 52 117 61 H -0
5 13 70 19 80 V -0
6 88 70 124 108 V -0
7 51 72 72 79 H -0
8 38 79 46 136 V -0
9 78 99 88 118 V -0

The Coordinates

(b) Window 2

of the Circuit Components :

REC it XI Y1 X2 Y2 TYPE

1 39 101 49 109 H -0
2 86 101 97 108 H -0
3 166 109 175 121 V -0
4 200 26 207 48 V -0
5 56 40 77 48 H -0

6 163 46 170 56 V -0
7 10 82 31 90 H -0
8 58 82 79 90 H -0

9 103 82 125 90 H -0
10 194 115 203 122 H -0
11 87 120 97 126 H -0
12 39 120 49 127 H -0

13 166 131 175 138 H -0
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(a) Window 1

(b) Window 2

Figure 5.21 Possible Functional Elements
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Table 5.13 Contents of Page 1 and Page 2

(a) Contents of Page 1 After Extracting Corners (Window 1)

The Coordinates of the Connection Components :

REC // XI Yl X2 Y2 TYPE

1 137 29 141 33 J-2
2 79 55 83 59 J-4
3 137 55 141 59 J-3
4 39 73 43 77 J-2
5 79 74 83 78 J-5
6 81 30 83 32 J-6
7 164 31 166 33 J-7
8 138 85 140 88 J-9
9 81 99 83 101 J-6

(b) Contents of Page 2 After Extracting Vertical Line
Segments (Window 1)

The Coordinates of the Line Segments :

REC // LINE // P0S1 P0S2 TYPE

1 30 84 98 H

2 31 120 163 H

3 56 83 105 H

4 57 118 137 H

5 75 4 12 H

6 75 20 50 H

7 76 73 91 H

8 88 125 137 H

9 99 85 92 H

10 81 33 54 V

11 166 34 65 V

12 167 86 136 V

13 81 60 72 V

14 139 60 85 V

15 42 79 94 V

16 42 117 136 V

17 81 102 115 V
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Table 5.14 Contents of Page 1 and Page 2

(a) Contents of Page 1 After Extracting Corners (Window 2)

The Coordinates of the Connection Components :

REC # XI Y1 X2 Y2 TYPE

1 137 24 141 28 J-l
2 204 49 208 53 J-l
3 137 84 141 88 J-2
4 42 84 46 88 J-2
5 89 84 93 88 J-2
6 169 97 173 101 J-4
7 130 98 134 102 J-2
8 204 26 206 28 J-7
9 137 42 139 44 J-9

10 139 51 141 53 J-6
11 205 73 207 75 J-9
12 197 99 199 101 J-7

(b) Contents of Page 2 After Extracting Vertical Line
Segments (Window 2)

The Coordinates of the Line Segments :

:c it LINE it P0S1 P0S2 TYPE

1 26 5 203 H

2 44 5 55 H

3 44 78 136 H

4 51 142 162 H

5 51 171 216 H

6 74 186 204 H

7 86 5 9 H

8 86 32 57 H

9 86 80 103 H

10 86 126 151 H

11 99 186 196 H

12 139 2 23 V

13 206 29 48 V

14 137 29 41 V

15 139 54 82 V

16 205 55 72 V

17 44 90 100 V

18 91 90 100 V

19 198 102 114 V

20 91 109 119 V

21 45 110 119 V

22 170 122 130 V
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AW

t*

(a) Window 1

AW

AAV AAV AW

(b) Window 2

Figure 5.22 Functional Elements
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Table 5.15 Functional Elements of Page 3

(a) Window 1

The Coordinates of the Circuit Components :

REC it XI Y1 X2 Y2 TYPE

1 99 26 120 34 R -0
2 163 65 171 85 R -1
3 134 38 143 50 CR-1
4 106 52 117 61 CR-0
5 13 70 19 80 C -0
6 88 70 124 108 AR-0
7 51 72 72 79 R -0
8 38 95 46 116 R -1
9 78 116 88 122 G -0

(b) Window 2

The Coordinates of the Circuit Components :

REC it XI Yl X2 Y2 TYPE

1 39 101 49 109 C -1
2 86 101 97 108 C -1
3 166 109 175 121 CR-3
4 56 40 77 48 R -0
5 163 46 170 56 C -0

6 146 69 189 108 AR-3
7 10 82 31 90 R -0
8 58 82 79 90 R -0
9 103 82 125 90 R -0

10 194 115 203 122 G -0

11 87 120 97 122 G -0

12 39 120 49 127 G -0

13 166 131 175 138 G -0
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Circuit Diagram
Without Junction Dots,

Connecting Lines,
Functional Symbols

pj^guj-0 5• 23 Denotation Recognition
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The third step is to label the possible functional element. The

labeling algorithm is illustrated in Figure 5.24.

Step 1: Construct the denotation window (e.g., 200Kft)

Step 2: Move the window horizontally and vertically (e.g. 1, 2, 3, and

4). If any function element is met, then record the moving

distance d.^ (i = 1, 2, 3, 4).

Step 3: Compare d^ and choose a functional element with minimum
distance as a candidate (e.g., the top resistor will be the

best candidate) , and store it in page 4 and mark it as

indentified.

However, an ambiguity may occur such as assigning a label of

capacitor to a resistor. To avoid this ambiguity, the knowledge base

will provide the reasonable interpretation for denotation checking. For

instance, the "K" or "Í2" inside the denotation window means that it

belongs to a resistor. The system must skip the candidate even if it

has minimum distance and select the next one.

Furthermore, some denotations consist of only a single character.

This situation appears in vertical bar shape elements and provides the

useful pin information to help identify a functional element. These

denotations will be saved in page 4 until the rectangular box is

constructed.

5.4.5 Reconstruction of Rectangular Shape Elements

The rectangular shape element has been destroyed by the extraction

of horizontal connecting line segments. However, the features are

preserved in the separated files. The horizontal line segment pairs are
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Figure 5.24 An Example of Labeling
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in the temporary file, the blended corners are in the junction dot file,

and the vertical connecting line segments are in the line connecting

page. The reconstruction routine is to find the compatible pairs and

merge them together if the consistency is satisfied. Then the

denotation file is searched to find all the denotations inside the

rectangular box and the knowledge base is called for functional

identification. Next step is to pick up the denotation window which is

outside the rectangular box, and perform minimum distance measure for

labeling.

5.4.6 Processing of Unrecognizable Page

After the four pages extraction, the remaining page contains noise

and unrecognizable elements which may be new elements or deformed

symbols. This page will provide very useful information to augment the

system capability. Via man/machine interaction, the system will create

new records for new elements or create synonym records for existing

elements. Using Figure 5.16(a) and (b) as examples, after the

functional elements are removed and the denotation recognition skipped,

the unrecognizable pages are shown in Figure 5.25(a) and (b),

respectively.

5.5 Pictorial Manipulation Language

To accomplish the symbol interpretation task and pictorial database

generation task, we introduce picture manipulation languages which

consist of the symbol description language (SDL) and the picture

generation language (PGL). The SDL and PGL are high level languages.
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Figure 5.25 Unrecognizable Pages
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5.5.1 Symbol Description Language (SDL)

To describe a functional element in electronic and logic

schematics, we propose a symbol description language (SDL). The SDL is

defined in terms of syntax structure as below.

<SDL> : = (ID Code, Label, Rotation index)
<ID Code> : = <Class name>
<CLass name> : = A|AR C|CR|FF|L|...|r|...
<Label> : = 1|2|3|4|5 ...
<Rotation index> : = <0=O°>I<0=9O°>I< 6=180°>I< 9=270°>
<8 = 0°> : = 0
<0 = 90°> : = 1
<0 = 180°> : = 2
<0 = 270°> : = 3

The ID code is a common denotation used in circuit diagrams, such

as R for resistor, C for capacitor, ..., etc. The label code is

assigned to each component for linking and counting purposes. The

rotation index (RI) is assigned by the orientation of the component (see

Figure 5.26). In the normal position (i.e. 0 = 0°), the input is at the

left-hand side and the output is at the right-hand side. In order to

determine the orientation of the component easily, we artifically assign

terminal numbers to each functional element. Furthermore, the junction

dots and connections are also considered as symbols. The artificial

symbols are shown in Figure 5.27 and 5.28. The terminal numbers are

numbered from left to right and top to bottom for an element in normal

position.

Consider the circuit diagram shown in Figure 5.29, which contains

four functional elements and one connecting element. Using the proposed

SDL, these elements are described by

Rl : (R, 1, 0)
R2 : (R, 2, 0)



+

0=0 0=180° 0=270
RI=0 RI=1 RI=2 RI=3
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*Noce: The order of
numbers follows
input: co output,
left co rignc.cop

Co boccom sequence.

Figure 5.27 Standard Position of Symbols
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CONNECTION TYPE GRAPHIC REPRESENTATION

-

. 3
1 >

Conducting Crossing 1* 1 • 2

< ►

4

Corner

Free End

1

1'

1
2

* 2

Conducting Touching 1* • 2

■ \

3

< 3

Nonconducting 1* • 2
Crossing

4

Figure 5.28 Standard Configuration of Connections
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J 1

(a) An Example of Circuit

•—V\aA j i ^-A/W—
R1 R2

Note: The numbers assigned
follow the left-right
top-down sequence.

(b) Decomposition

Figure 5.29 Code Assignment of Circuit
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R3 : (R, 3, 1)
Cl : (C, 1, 1)
J1 : (J, 1, 0)

5.5.2 Picture Generation Language (PGL)

To generate a schematic diagram by machine, the system should know

not only the isolated symbols and connecting elements but also the

inter-relationships among them. We propose to use a picture generation

language to describe the inter-relationships, which may be represented

by an associative network structure. The PGL is defined as

<PGL> : = (<Inter-relation> ; <Symbol 1> ; <Symbol 2>)
<Symbol 1> : = <SDLl>,<Terminal #1> <Input Symbol>,<Label>
<Symbol 2> : = <SDL2>,«(Terminal #2> <0utput Symbol> ,<label> |

<Ground Symbol>,<Ground Label>
<Inter-relation> : = <Input>|<0utput>|<Between>
<Input> : = I
<0utput> : = 0
<Between> : = B
<SDL 1> : = <Symbol description language for Component 1>
<SDL 2> : = <Symbol description language for Component 2>
<Label> : = l|2|3|4|5...
<Input Symbol > : = $
<0utput Symbol> : = *
<Ground Symbol> : = #
<Ground label> : = 0
<Terminal #1> : = <An artificial terminal code of Component 1>
<Terminal #2> : = <An artificial terminal code of Component 2>

The inter-relationships are categorized into three kinds: INPUT,

BETWEEN, and OUTPUT. As long as there is a free-end segment connecting

to the right or top side of an element, we consider it as INPUT. If

the connection is to the left or bottom side of an element, the inter¬

relationship is OUTPUT. The artifical terminal code is illustrated in

Figure 5.27 and 5.28. The PGL of each branch will terminate at an

output node, ground symbol, or a component which has already appeared at

the other branch.
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Example 1: Consider the diagram in Figure 5.29, an associative

network structure can be shown in Figure 5.30, where "$"

denotes input and "*" denotes output. The node represents

the information of SDL. The PGL can be expressed as

(I;$,1;R,1,0,1)
(B;R,1,0,2;J,1,0,1)
(B;J,1,0,3;R,3,1,2)
(B;R,3,1,1;C,1,1,2)
(0;C,1,1,1;*,1)
(B;J,1,0,2;R,2,0,1)
(0;R,2,0,2;*,2)

Example 2: Consider the complex diagram in Figure 5.31, its

associative network structure can be shown in Figure 5.32

and the PGL is the following

(I;$,1;C, 1,0,1)
(B;C,1,0,2;J,1,0,1)
(B;J,1,0,3;R,1,1,2)
(B;J,1,0,2;R,2,0,1)
(B;R,1,1,1;#,0)
(B;R,2,0,2;J,2,2,1)
(B;J,2,2,2;AR,1,0,1)
(B;J,2,2,3;J,3,1,1)
(B;AR,1,0,2;#,0)
(B;AR,1,0,3;J,5,2,1)
(B;J,5,2,2;R,4,0,1)
(B;J,5,2,3;J,4,3,1)
(0;R,4,0,2;*,1)
(B;J,4,3,2;CR,2,1,1)
(B;J,4,3,3;CR,1,0,2)
(B;CR,2,1,2;R,3,0,2)
(B;R,3,0,1;J,3,1,2)
(B;CR,1,0,1;J,3,1,3)

The advantages of the PGL are (1) it describes electronic and logic

schematics very easily and very fast, (2) from the description of PGL,

the schematics can be reconstructed systematically, (3) it is easy to

update or modify the circuit organization, (4) it can be applied to

generate a symbol itself as symbol generation language (SGL), and (5) it



209

$1
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J1 [0]

( 3 ) ( 2 )

/ \
( 2 )
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Cl [1]
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R2 [0]

( 2 )
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Artificial code of
terminal

Rotation
index

Label

Figure 5.30 An Associative Tree of Figure 5.29
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R3

Figure 5.31 An Example of Electronic Circuit
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Figure 5.32 An Associative Tree of Figure 5.31
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can be easily converted into SPICE input format to interface and to

perform network analysis.

For the fourth advantage, we use AND gate symbol generation to

illustrate it. The simplified associative network tree of AND gate

symbol is shown in Figure 5.33.

To illustrate the fifth advantage, we set the conversion rules in

the following:

(1) Replace $ sign by a node number as an input.

(2) Replace # sign by node number 0.

(3) Replace * sign by a node number as an output.

(4) Combine two consecutive junction dots into one and assign a node

number to it.

(5) Insert a node number to the branch in which two symbols are linked

directly.

(6) Replace active elements by their equivalent circuit which appears as

a subcircuit form.

Following the conversion rules, we can get the SPICE format of

Figure 5.31 as follows.

$ «- 1 , J1 <- 3

# «• 0 , J2, J3 <- 4

* + 2 , J4, J5 «- 5

between CR2 and R3 <• 6

AR1 <- SUBCKT of operational amplifier

CRl, CR2 «- SUBCKT of diode
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Figure 5.33 Tree Representation of AND Gate Symbol
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Thus

Cl 1 3

R1 3 0

R2 3 4

R3 4 6

R4 5 2

CR1 3 5

CR2 5 6

AR1 3 0 5

5.6 Knowledge Base Configuration

The knowledge base system of the circuit diagram recognition

consists of three major parts. The first part of the system is the

library which stores the symbol and its features. The library includes

the Symbol Dictionary (SD), Symbol-to-Feature Table (SFT), Feature

Dictionary (FD), Synonym Dictionary (SYND), Primitive File (PF),

Rotation Index Table (RIT), and Constraint File (CF). The SD, SFT and

FD constitute the heart of the knowledge-based system. Primitive File

provides pictorial features to the Feature Dictionary according to the

rotation index information which is stored in the Rotation Index

Table. The Synonym Dictionary is used to store the different

representations of the same symbol according to different graphic

standards.

The second part of the knowledge-based system is the control

module. The control module executes the multi-pass pattern extraction,
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determines the similarity measure, and resolves any conflict among the

extracted pages. The third part of the system consists of multi-pass

pattern extraction recognition, and interpretation tasks as mentioned in

Sections 5.4 and 5.5. An off-line editor will be added to assist in

identifying the unrecognized page. The system configuration is shown in

Figure 5.34.

5.7 Discussion

In this chapter, we established a knowledge base to recognize

circuit diagrams. Our approach is based upon the concept of multi-pass

pattern extraction. The proposed system will recognize the junction

dots in the first pass and the connecting line segments in the second

pass. In the third pass, the system will extract and recognize the

functional elements. In the fourth pass, the system will recognize the

denotations, if any. In the fifth pass, the system will identify the

unknown elements in a given schematic. These elements will form a new

vocabulary for the symbol dictionary.

In summary, the proposed system performs the following functions:

(1) Scan the electronic and logic schematics and perform image

preprocessing.

(2) Segment the digitized binary image into pages of elements in

the same nature via information extraction.

(3) Recognize the isolated elements in each page by using character

recognition techniques.
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Figure5.34Knowledge-BasedSystemforElectronicCircuitDiagram RecognitionandInterpretation
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(4) Characterize the symbols by picture manipulation languages.

(5) Create pictorial databases.

It seems that we extend the capability of the knowledge-based

system from character recognition (isolated nature) to circuit diagram

recognition (interconnect nature). In our experimental system, we have

concentrated on the analog circuits instead of the logic diagram and the

results are satisfactory. The next step is to test logic diagrams which

consist mainly of rectangular box elements.



CHAPTER 6
CONCLUSION

6.1 Summary

We have proposed a knowledge-based system for consultation and

image interpretation. The image interpretation by computer includes

many different aspects of the problem: picture processing, feature

extraction, knowledge representation, and control structure. Several

sophisticated picture processing techniques have been developed and

applied to structure the raw picture data. That is, they transform a

two-dimensional array of the picture into a well organized data

structure. The primary focus of this research has been on how to

organize individual picture processing techniques and diverse knowledge

sources in a flexible way and how to integrate the picture processing

techniques with a knowledge-based system. Basically, the pictorial

knowledge-based system consists of three parts: the knowledge base for

representing the diverse knowledge, the analysis mechanism for picture

processing, and the event driven control mechanism for procedure

control.

The main achievements of this research are summarized as follows:

Picture Processing Techniques

(1) An adaptive threshold selection algorithm based on the criterion of

the maximum interset variance has been devised for automatic

threshold determination. This algorithm in substance locates a

218
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valley in a bimodal histogram by taking the point of the maximum

interset variance. This algorithm is also used for the unimodal

histograms successully such as lung tissue image and textural

image. This adaptive threshold selection enables the system to

perform the analysis stably in spite of changing photographic

conditions.

(2) A direct method to compute the Fourier descriptor of the contour in

terms of its chain code sequences has been proposed. Four shape

measures (SF1 to SF4) are proposed to estimate the shape of an

object. These shape measures have the properties of invariance

under translation, rotation, and scaling and can be considered as

the distinguishing features for object recognition.

(3) A multi-pass pattern extraction has been proposed to recognize an

electronic circuit diagram. It separates a circuit diagram into

five pages according to the nature of the circuit. These five pages

will consist of the junction dots, line segments, functional

elements, denotations, and unrecognizable elements. Each page can

be processed individually. This approach simplifies the recognition

scheme.

(4) We used the pictorial primitives to extract the distinguished

features for the classification. The symbol is converted into the

structural features which can be described by the syntactic grammar

to perform syntactic pattern recognition. This approach links the

statistical pattern recognition with the syntactic pattern

recognition to make the recognition scheme more efficent.
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(5) The pyramid blocking algorithm has been proposed to perform the

object isolation. This blocking algorithm effectively isolates the

object searching to a significant area to speed up the recognition

scheme.

(6) The weighted predictive searching of a chain code is proposed to

guide the smoothed boundary tracing for shape analysis. The

weighted least square estimation is used to determine the searching

direction.

Image Interpretation

(1) Two manipulation languages, SDL and PGL, are proposed to describe

the symbol and the inter-relationship among the symbols. The PGL

can also be used to describe the symbol construction. These

associative tree-like languages made the system perform high level

interpretation.

(2) In order to identify circuits for analysis by the SPICE package, new

conversion rules are proposed. It is shown that the proposed system

can be linked to the current CAD machines.

Knowledge- Based System

(1) The entity-attribute relationship associated with conditional

probability is proposed to represent the knowledge. This

representation explicitly describes the knowledge. It allows the

user to add or update the above relations very easily through the

interactive mode.

(2) The modified top-down approach is proposed to perform the knowledge

base generation. After generation, a hierarchical tree embedded
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with the entity-attribute relationship is created. The upper level

entity is considered as an implicit attribute to speed up the

retrieval mode.

(3) The event driven control mechanism integrates a set of mutually

independent picture processing subsystems and controls the overall

process of the analysis. The control mechanism resolves the

ambiguities or conflicts among picture processing subsystems using

the predetermined thresholds which are stored in the knowledge base.

(4) The system has the feedback loops from the high-level processing

stage to the low-level processing stage to re-identify or re-examine

the unrecognizable object.

6.2 Areas for Future Work

Three examples in Chapter 3, 4, and 5 have demonstrated that our

proposed knowledge-based system is able to perform an efficient and

reliable analysis of images. This study will be a step toward the

complex imagery such as aerial photography. Our blocking concept can

still be applied to the complex imagery by the assistance of the edge

detection and boundary tracing. However, the pictorial knowledge-based

system includes many picture processes: preprocessing, segmentation,

and feature extraction. These processes generally take too much time,

especially for large pictures. It will be necessary to design special

hardware architectures which will perform picture processing in

parallel. The current work has focused on 2-D objects only. To extend

to three-dimensional object recognition, we need to extract the partial
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three-dimensional information given by range data and stereo

photographs. Furthermore, the function of the control mechanism is

still limited. For instance, due to the incomplete understanding and

the limitations of the picture processing techniques, the control

mechanism just follows the preset procedure and does not fully decide

which methods to apply. Moreover, the threshold setting is an important

factor to determine the system reliability which we need to test

iteratively.

In conclusion, we hope that this work will contribute to the

further development of image understanding research.
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