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ABSTRACT 

A VLSI CMOS design performing feature extraction for machine and hand­

written printed character recognition is described. The chip is designed to 

efficiently process a character in the form of a two-dimensional binary im­

age. Although the algorithm for the character recognition and its architec­

tural configuration are presented, the processor array necessary for feature 

extraction is dealt with in detail. Built-In-Self-Test (BIST) is incorporated 

in each unit cell to enable exhaustive testing. Fault tolerance is allowed 

for scattered faulty cells. The array is considered faulty if clustered faulty 

cells are detected. Simulation results and hardware details are presented. 

Finally, future considerations and applications are discussed. 
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Chapter 1 

Introduction 

1 

Character recognition is a subset of the pattern recognition field. 

Much work has been done on character recognition, with the recognition 

of handwritten characters remaining as the most difficult due to the ex­

tent of the character set. Recognition can be simplified by constraining 

the character set (fixed-font) as with magnetic and mechanical scanners, 

which makes these recognizers very reliable. Magnetic scanners produce 

a waveform from a single scan. Recognition consists of correlating the 

scanned waveform with stored waveforms. Mechanical scanners use tactile 

or surface relief methods to identify a character. 

Complexity is augmented in multi-font reading, due to the larger char­

acter set and the presence of noise due to varying ink quality and paper 

whiteness. However, the set of fonts is finite, limiting the variability of the 

character shapes. Template matching has been widely used for multi-font 

recognition since the character set is small enough to be stored in memory. 
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The greatest complexity is present in the recognition of handwritten 

characters. Here, the noise problem is magnified because, in addition to 

the noise encountered in multi-font reading, the variability of a person's 

writing is present. There is, essentially, an infinite set of possible fonts. 

Thus, more sophisticated methods than template matching must be used. 

The recognition process is typically broken into several stages. To start, 

a character is optically scanned. The output is either a grey scale or a 

binary (bit map) image. Next, preprocessing is performed in the form 

of thresholding, location and isolation of the character, as well as noise 

removal. Information, consisting of various features, is then extracted from 

the character. This is followed by classification, usually by comparison with 

a preacquired knowledge base. Finally, a decision is made, identifying the 

character. The details of an optical character recognition (OCR) system 

will be presented in the subsequent sections of this Chapter. 

Since the character is represented in matrix form, the number of pix­

els to be processed is large. For example with a scanner resolution of 300 

pixels/inch, more than 4 Megapixels must be processed for an average 8.5 

in. by 11 in. document. Depending on the preprocessing required and 

the method used for extraction of information, the recognition speed can 

be slow. Existing software systems for multi-fonts tend to use less so­

phisticated recognition techniqu~s to minimize computer time. Research 

of available literature showed that only one OCR system for handwritten 
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characters [1]. This system however operates on the basis of constrained 

handwriting which requires the user to enter characters in a prescribed 

manner to minimize variations in character shapes. 

This thesis is an attempt at realizing unconstrained handwritten char­

acter recognition in hardware by designing a fast feature extraction chip. 

The objective is to develop special-purpose testable hardware capable of 

achieving high throughput rates. This work is only concerned with the 

recognition of the handwritten, unconnected English character set. The 

chip is capable of high processing rates by using a parallel VLSI architec­

ture for feature extraction. Further, the chip incorporates a self-testing 

technique using signature analysis. The speed-up of the process allows the 

addition of preprocessing steps and character analyses to enhance correct 

recognition. These additional steps could be implemented using the VLSI 

design for the feature extraction stage, with simple modifications. 

The entire system would be composed of VLSI chips for the prepro­

cessing and feature extraction stages, and a fast "off-the-shelf" chip for the 

recognition and learning stages. The learning capability is incorporated to 

enable the recognition of different individuals' handwriting, as well as new 

fonts. The system would also work as an omni-font OCR, since this is a 

subset of unconstrained handwritten characters. 

Chapter 2 describes the algorithm used for the recognition process. 

Sources of noise are defined, and the algorithm's robustness is estimated. 
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The simulation and evaluation of the algorithm are also presented. Chapter 

3 discusses VLSI design methodology. Included here are the mapping of 

the algorithm to hardware, design methodology and design for testability. 

Chapter 4 presents the implementation of the processor array. The architec­

tural requirements are discussed, as well as circuit techniques. The built-in 

self-test method (BIST) is presented in detail. The hardware testing, eval­

uation and gate level representation are also d iscussed. In chapter 5, fault 

and hardware simulation results are given. Finally, chapter 6 presents the 

summary and future considerations. Applications of the system are also 

considered. The appendix outlines well known theorems with proofs re­

garding the error detection properties of a linear feedback shift register. 

In this chapter , we present an overview of character recognition, the 

recognition methods and contemporary optical character recognizers ( OCR 's). 

This is followed by a description of t he relation between VLSI design issues 

and methodologies and the requirements of character recognition (CR). 

1.1 Optical Character Recognition 

Optical character recognition can be subdivided into two types: on­

line and off-line [2] . On-line CR is performed as the character is being 

drawn. This method requires a graphics tablet or a light pen actively linked 

to a computer. Recognition is simplified since stroke sequences as well as 

geometric information are available. The knowledge of stroke sequences 
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removes some of the constraints on size and orientation of a character. 

In contrast, off-line systems recognize the characters after they have 

been drawn. Off-line CR can be categorized as follows: 

L Fixed Font Character Recognition for the recognition of standard fonts 

of machine printed characters. 

2. Handwritten Character Recognition for the recognition of printed and 

unconnected handwritten characters. The segmentation process is a 

simple task since the character are separated. 

3. Script Character Recognition is similar to handwritten recognition 

but for cursive and connected characters. Preprocessing, segmenta­

tion and classification are most difficult to achieve, considering that 

humans have difficulty reading cursive script. High input resolution 

is required and processing rates are usually slow. Further, large data 

bases are necessary. Cursive script recognition will benefit from cus­

tom VLSI hardware to improve throughput. This area of research is 

closely related to that of speech processing, as work is being done to 

recognize words or syllables rather than single characters. 

The general components of a typical character recognition system are 

illustrated in Fig.LL 

Below we explain those main components. 
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Figure 1.1: Typical optical character recognition system 
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1.1.1 Scanning Methods 

The first stage in any OCR system is the optical scanner, which dig­

itizes the printed character to allow processing and recognition. Text pre­

sented to the scanner is in the form of a grey-scale image. The scanner 

digitizes this image into a binary matrix whose size depends on the resolu­

tion of the scanner. Common scanning methods are: 

l. Divided Slit Scanner: A linear array of photocells scan the document; 

many linear scans are necessary to cover the vertical extent of a char­

acter. 

2. Mechanical Scanner: A disk (Nipkow disk) with a spiral set of holes 

allows focused light, via a slit, from a character to be detected by 

a photomultiplier. As the disk turns and the character is scanned 

horizontally, a complete vertical raster sequence of the character is 

generated. 

3. Vidicon Scanner: A tube developed for television cameras, is used to 

scan a single printed line at a time. 

4. Flying Spot Scanner: A single spot of light from a cathode-ray tube 

is used to to illuminate the document. The document is stationary 

and information is obtained from the brightness of the reflected light. 

The advantage here is that the document can be selectively scanned 
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(e.g. a document containing both graphics and print). 

5. Laser Beam Scanner: This is an advancement on the above method, 

making use of the coherent property of the laser light. Advantages 

over the flying spot scanner are that the spot brightness is constant 

and it will not contain ultraviolet components which can cause un­

wanted fluorescence. 

6. Photodetector Array: A two-dimensional array of photocells is em­

ployed to scan a complete character. This method is the most popular 

in industry. 

The highest scanning speeds are obtained with photocell matrix, laser beam 

or divided slit scanner. Scanning speeds can be greater than 3000 charac­

ters/sec, which is the rate used as a criterion in this research. 

1.1.2 Segm entation 

This step isolates single characters from a line of text, assuming lines 

of text have been isolated in a document , which has been previously di­

vided into text and graphics [3,4]. The process of segmentation varies in 

complexity depending on font and handwriting styles. If the characters are 

not connected and clearly separated, then the detection of a blank vertical 

column determines the separation between two characters. There are two 
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more possibilities ( the case of connected letters as in regular handwriting 

is not addressed here). First, adjacent characters can touch or overlap each 

other. Touching characters can be divided by knowing the approximate 

character width, or by using various histogram techniques which examine 

the projections of the character. Secondly, for overlapping characters such 

as italics, separation can be achieved by contour or "snake" segmentation 

which essentially tries to find a path between two characters [5,20]. 

1.1.3 Preprocessing 

This stage consists of preparing the input character for the recognition 

process. A single character is contained in a r x r matrix. This matrix 

might first be compressed, to match the dimensions of a VLSI array or of 

stored character templates. A common method is to subdivide the matrix 

to be compressed into a grid of 3 x 3 cells. The value of the new central 

pixel in each cell will be determined by some appropriate method such as 

averaging or the median of the window. Below we discuss some of the 

common preprocessing steps. 

Binarization is the process in which a grey-scale is transformed into 

an image consisting of 1 's and O's, called a bit map. This simplifies the 

recognition process by reducing numerical calculations to logical ones. It is 

necessary not only for ease of processing, but also because of detrimental 

effects of sloppy printing, different whiteness levels of document paper and 
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general document handling. 

Binarization is achieved through thresholding. Given a grey-level pat­

tern P, a bit map is obtained by 

.. _ { 0 Pi;< T 
P,, - 1 p· · > T ,, - V Pi; E P 

where T is the threshold or cut-off point which must be chosen in such a 

way so as not to degrade the resulting image. Connectivity of the character 

must remain intact, since subsequent preprocessing steps could change the 

shape of a character (e.g. G to C). One solution is to scan the grey-level 

matrix with a 3 x 3 window, such that the threshold is determined from 

the 8 pixels surrounding the central pixel by 

1 ( 1 1 ) 
Ti; = 8 I: L Pi+k,j+l - Pi; 

l=-1 k=-1 

Ti; is simply the average of the nearest-neighbors and is a function of po­

sition. This method resembles that of the human eye [5]. Similar methods 

would use median or mode values. 

A suitable threshold can also be determined by assuming that the in­

tensity distribution is bimodal. This implies that a histogram of the image 

(number of pixels versus intensity) will have two peaks. If the assumption 

is valid, the peaks should be clearly separated. The threshold value would 

be the intensity corresponding to the lowest point in the valley between the 

peaks. Other methods can be found in [7]. 
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Scanners can also be set-up to perform the threshold operation directly, 

thus eliminating this preprocessing step. The quality of ink and the uni­

formity of paper whiteness are some of the factors which will indicate the 

most suitable approach. Although thresholding does remove some spurious 

noise, further processing will enhance the recognition process. 

Smoothing reduces breaks ( or voids) in the outline of a character. It also 

removes spurious elements. A common method is to scan the binary image 

with an N x N window. The value of the central element is based on the 

count of l's within the window. The size of the window and the threshold 

(count) are empirically determined based on resolution and font size. This 

is called smoothing by averaging. Other techniques include median filtering, 

min/max and the use of logical rules on the window patterns [7]. 

Thinning is the process by which thick lines of a character are reduced to 

thin lines ( one pixel wide) . The skeleton obtained after thinning is called 

the medial line of the character. It is also helpful in reducing spurious 

noise. Again windowing is applied repeatedly until no more pixels change 

value [8]. Thinning should preserve the end points and T-junctions of the 

character. 

Edge detectfon can be used to determine the location, bounding rectan­

gle and shape of a character. Alignment and normalization methods such 

as perspective transformation will transform a skewed or slanted character 

into a standard (undistorted) character [5]. 
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Windowing techniques used in most preprocessing steps are suitable for 

hardware implementation. 3 x 3 windowing requires nearest-neighbor com­

munication only, allowing the preprocessing to be performed concurrently 

throughout the array. 

1.2 Recognition Algorithms 

P attern recognition deals with the classification of patterns into classes. 

Patterns fall into classes based on their similarities called features. Feature 

extraction reduces the dimensionality of the pattern space to that of the 

feature space. This demands that the features be well selected, in the sense 

that an additional extraction of a feature will improve recognition. Thus 

feature extraction is necessary for classification and recognition, and is used 

in all recognition techniques. The only exception would be that of point­

by-point comparison. This is equivalent to template matching, where the 

degree of correspondence between each pixel of the image and that of the 

stored reference is extracted. This is really a special case of global feature 

extraction. For large patterns, this technique is not economical. Dimen­

sionality is often reduced by comparing only fragments or "hot spots" of 

the pattern. T he template which meets the matching criteria better than 

the others is the recognized pattern. This method is not appropriate for 

handwriting recognition because of the variations in an individual's hand­

writing. 
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Another global technique is that of global transformation. Features 

which are invariant under certain transformations are extracted by trans­

forming the image. The standard transformations are the Hough and 

Fourier transforms. Another is the Mellin transform which is both scale 

and rotation invariant [9]. These methods are computationally demanding, 

and not always applicable ( e.g. Fourier transforms of some letters resemble 

each other too closely) [5] . 

Dimensionality reduction can also be achieved by extracting features 

which describe distributions of points. The method of Moments uses a 

mechanical analog to describe the moments of 1 's about some center ( e.g. 

center of gravity). Zoning uses densities of 1 's in regions of the pattern as 

features [5,10]. Most of these methods require supplementary techniques, 

and can be difficult to implement. 

Another category of feature extraction generates features which contain 

information about the geometry and topology of the character. This cate­

gory can be partitioned into decision-theoretic and syntactic methods [11]. 

In the decision-theoretic approach, characteristic geometric features are ex­

tracted from the patterns for classification. Recognition of each pattern is 

usually made by partitioning the feature space. The features include pres­

ence of lines and loops, a profile, size and location. Most of the early work 

on character recognition was performed {until '70's) using this method. 

On the other hand, the syntactic approach extracts information about the 
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structural aspects of the pattern for recognition. Description of the charac­

ter is done using a graph relating line junctions and shapes. This method 

is usually employed where the pattern is complex and the number of fea­

tures is very large ( e.g. chinese characters), thus making the hierarchical 

comparison of subpatterns (primitives) attractive. Since the classification 

of varied and complex patterns is not practical, recognition is satisfied by 

description. It should be noted that there is no clear distinction between 

these two approaches. Both of these techniques require preprocessing such 

as segmentation, thresholding and thinning. Further, these two techniques 

can be used together. For example, in recognition of sentences, the syntac­

tic method would be used in determining sequences of words, whereas the 

decision-theoretic technique would be more appropriate for the recognition 

of individual letters. Thus these two techniques appear as complementary 

to each other. Primitives, used in structural methods, are sensitive to noise 

and distortion since they are defined in terms of local properties of a pat­

tern. Thus, the decision-theoretic approach is better suited for handwritten 

character recognition. Chapter 2 will discuss in more detail the nature of 

this noise. Both these methods are well suited to VLSI implementation and 

are fairly easy to map onto hardware parallel architectures [11]. 
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1.3 VLSI Design Issues 

Pattern recognition is demanding due to the large amount of data to 

be processed. Typically, image processing operations must be performed 

at high speeds. It has been demonstrated that VLSI architectures are well 

suited to implement image processing algorithms [12,13]. 

Gains in performance are a result of higher densities (faster commu­

nication) and swiching speeds. However, the development of novel archi­

tectures and algorithms which utilize concurrency are responsible for most 

recent advances in image processing. This last statement implies a close 

relationship between computational algorithms and VLSI architectures. A 

restricted, but powerful example, is DIASTOL [14] which maps uniform 

recurrence equations [15] (e.g. convolution, matrix multiplication) onto a 

family of systolic arrays. It should be emphasized that the speed of VLSI 

components is limited, such that advancements in performance will emerge 

from concurrency of operations, and suitability of the algorithm to the 

architecture. 

New technology and architectures bring about increasing design com­

plexities. Design methodology demands regularity, simplicity, modularity, 

duplication and locality. A regular design is one which displays a uniform 

and ordered structure. Regularity and simplicity reduce efforts in design 

for testability and communication paths, communication being the limit-
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ing factor on speed. Modularity denotes the use of composition cells which 

are constructed from simpler cells. Duplication requires the repeated usage 

of individual cells. Thus modularity and duplication allow designs to be 

more easily constructed and extended. Locality means that input/ output 

paths for a cell are restricted to the nearest neighbor cells. Further, high 

performance can be obtained by making use of concurrency by operating 

identical small processing elements in parallel. 

Thus, VLSI high performance can be obtained from architectures with 

the following attributes: 

• regular structure composed of simple processing elements 

• communication with nearest neighbours 

• simple and regular data and control paths 

• concurrency 

VLSI design methodology is discussed in greater detail in Chapter 3. 
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Chapter 2 

Recognition Algorithm 

Assume that the character has been isolated, and is represented as a 

bit map within an x n matrix. Assume also that the character has been 

thinned. The recognition method presented here extracts feature vectors 

derived from the geometry of the character [16]. Although this method has 

been used earlier in various forms, the algorithm described in this chapter 

was chosen because of its suitability to parallel VLSI implementation. The 

chosen feature parameters can be readily implemented in a regular architec­

ture such as a square-mesh processor array. The algorithm chosen does not 

require the use of mathematical operations like floating-point multiplica­

tion or square roots. This simplifies hardware design and allows for higher 

integration of the array. Further, the concomitant improved performance 

allows for the addition of further classification tests or preprocessing steps 

to improve correct recognition. 
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2 .1 Description of the Algorithm 

The algorithm requires first of all the determination of the boundaries 

of the smallest rectangle enclosing the character. Thus, edge detection has 

to be carried out within the array to determine this rectangle or working 

field. This is performed by vertical and horizontal projections of the pat­

tern bits to the edges of t he array. The non-zero elements define the area 

bounding the character. This is necessary to generate rejection thresholds 

for the feature vectors. 

As was discussed in Chapter 1, feature extraction involves deriving pa­

rameters from the structure of t he character. The parameters chosen are 

listed below: 

• openess in a certain direction ( e.g. A is open to the bottom) 

• presence, location and size of bubbles (e.g.: A and B have 1 and 2 

bubbles, respectively) 

• presence, location and size of horizontal and vertical lines . 

• vertical and horizontal projections vectors (sums of columns and rows 

respectively) 

• presence of round corners 

The presence of bubbles and openess in a character are termed global 
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features, since they do not involve details of the character. As the term 

implies only general information is extracted. Global features allow the pat­

terns to be separated into classes which contain subclasses. This decreases 

the number of characters to be considered for recognition, and reduces the 

time for recognition. The alphanumeric characters can be classified into 

classes as shown in Fig.2.1. 

Two further global features are the profile and corner vectors, which are 

used to analyse characters within a class. The profile vectors are essentially 

histograms of the vertical and horizontal bit distributions of a character. 

The corner vectors are four-bit vectors, each bit in the vector corresponds 

to a corner. A bit has the value 1 if a round corner is detected. 

Secondary or local features consist of the location, size and number 

for each of three features: bubbles, vertical and horizontal lines. These 

features enable the subclasses of a given class to be uniquely identified. 

The amount of noise will determine the distance or uniqueness between 

patterns of a subclass. Location, size and number are represented by the 

position of 1 's within a binary string. 

To enable detection of the recognition parameters mentioned above, the 

outer fields, G, are first determined. These are the patterns generated by 

propagating inward from all four sides of the bit array. Initially, these 

patterns are exact duplicates of the pattern field P, which is a bit map of 

the character. Every O is changed into a 1 (on each row and column), until 
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LR 8 T 0 

0 0 1 0 1 A 
L left 0 0 0 0 1 BDOPO840 
R right 0 1 0 0 0 CEF 
8 bottom 0 1 0 0 1 G6 
T top 0 0 1 1 0 HMNW 
0 bubble 1 0 0 0 1 9 

1 0 0 0 0 3 
1 1 1 1 0 X 
0 0 0 1 0 UVY 
0 1 1 0 1 R 
0 0 0 0 0 LT 1 7 
0 1 1 11 0 K 
1 0 0 1 0 J 
1 1 0 0 0 IS Z 2 5 

Figure 2.1: Global features representing the Class 1 vectors. A "1" indicates 
the presence of concavity (L,B,R,T) and bubbles (0). For example, the 
letter A is open from the bottom and has one bubble. 
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a 1 (representing the edge of the character) is reached. The outerfields 

are obtained by removing (setting to zero) the bits corresponding to the 

character. Thus, there are four outer fields Gk, k E (l,b,r,t) where 1, r, b, t 

stand for left, right, bottom and top, respectively. By overlaying the outer 

fields with other fields, the required features can be extracted. 

The processing performed at each pixel D1;, 1 ~ i,j ~ n, given the 

outerfield bits Gf; and the pattern bit P,;, is as follows . 

The inner field, represents bubbles and regions that cannot be reached 

by the outerfields. This field is obtained by overlaying the pattern and 

outerfields. The only zero elements will occur in regions completely ( or 

partially) enclosed by the character. The complement results in the inner 

field: 

11·,· = P.1·,· V GI.. VG~- V G~ - V Gt ., ., ., ., 
The open field is obtained in a similar fashion by overlaying the pattern 

and inner fields, and all outerfields, except the one corresponding to the 

direction of concavity (openess): 

(similarly for O!;, O[;, O!;) 

The horizontal and vertical lines are obtained by shifting the pattern 

field one unit cell, and logically ANDing the shifted and original pattern 

fields. Horizontal and vertical lines will be detected by performing horizon-
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tal and vertical shifts, respectively: 

½; = Pij /\ Pi- lj 

The corner field is determined by observing that round corners do not 

coincide with the boundary of the working field, whereas a right angle will. 

Adjacent outerfields are ANDed for each of the four corners: 

(similarly for cg, ClJ, C[J) 

The resulting projection vectors for each field must be analyzed care­

fully. The effects of digitization can create false results. Therefore, thresh­

olds are established empirically to minimize the effects of noise. For exam­

ple, the length of the inner field's vertical projection vector must be one 

quarter of the width of bounding rectangle, and its horizontal projection 

vector one quarter of the height of the bounding rectangle. Otherwise, no 

bubble is detected. 

2.1.1 Sources of Noise 

As previouly mentioned handwriting varies dramatically among dif­

ferent individuals and to a lesser degree for one person. This is a source 

of noise that must be considered by the recognition algorithm. In general , 

noise can be classified into two types: local and global. 
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Local noise is equivalent to speckle or spurious noise. It is present 

throughout the image, but it does not affect the shape of the character. 

Examples are specks of dust on the document, broken lines, variations in 

line thickness. Preprocessing can filter out this type of noise almost com­

pletely. Operations such as thinning and hole-filling are adequate methods, 

which can be readily implemented in VLSI. 

The effect of global noise is more serious. Here, the character shape is 

affected. Size differences are not important (scale invariance) , but slanting 

of a character can affect the recognition process (rotation sensitivity) . 

The algorithm described above minimizes these adverse effects in two 

ways. First, it uses redundancy by performing many tests on a character 

before making a decision. Formally, it strives to maximize separation of the 

classes in feature space. This met hod is used by people during listening or 

reading. It has been shown that understanding deteriorates if redundancy 

is reduced. Similarly, human error in reading out-of-context reaches 6% [2]. 

Secondly, the algorithm allows for supervised learning. Thus, exposing 

the system to a few samples of an individual's handwrit ing will reduce the 

effects of global noise. Essentially, the differences between representations 

of a single character are averaged. 
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2.2 Classification and Recognition 

As shown in Fig.2.1, each element of the class vector is either 1 or 

0 depending whether the global feature is present or not. Redundancy is 

used in the selection of possible candidates to improve the recognition per­

formance. Two classes are used to determine possible candidates for recog­

nition. Class 1 represents characters which match exactly the global fea­

tures. Class 2 represents characters which closely resemble Class 1. Thus, 

the classes (Class 2) which are a Hamming distance 1 of the selected class 

(Class 1) are also included in the recognition process. The Hamming dis­

tance is defined to be the number of corresponding vector elements which 

differ in value. The Hamming distance is appropriate since it represents 

exactly characters which differ in only one global feature. Also, it can be 

implemented using simple hardware. 

The candidates (i.e. subclasses) belonging to Class 1 receive a rank­

ing value of 1, while those in Class 2 receive ½, thus favoring the Class 1 

candidates. Next, three analyses are carried out: profile, corner, and lo­

cal features analyses. The ranking value of all analyses are added to form 

a final ranking of the candidates. The highest ranking candidate is the 

recognized character. 

Inner products are performed between the normalized corner and profile 

vectors, and the stored vectors. The corner vector is a four element vector 
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consisting of 1 's and O's, depending on the presence of round corners. The 

candidates are ranked according to the magnitude of the vector products. 

To generate profile descriptors from the projected pattern fields, the 

corresponding vectors must first be of the same dimension as those stored 

in memory. The source vector S is geometrically projected onto the trans­

formed vector T (Fig.2.2). The elements of S pointing to the element t, 

are added to form the transformed element t,. If only a fraction a of the 

element s, is pointing to t,, it is also added, such that (1 - a)s, is added 

to t,+1- In the case of binary vectors, logical ORing is applied instead of 

addition [17]. The resulting vector is then normalized. 

Euclidean distance is used to determine likeness b..1 between the resul­

tant projection vector T and the stored vectors B1, where l = 1, 2, . . . , 36 

(26 letters and 10 numerals) 

where 1', B1 E ~m, m < n, n is the array size 

and ITI = IB11 = 1. 

Thus the b..1 closest to unity indicates the most likely character, l. Eu­

clidean distance between normalized vectors is the same as the cosine of 

the angle between them. For unnormalized vectors, the distance depends 

on the vector length. This is illustrated in Fig.2.3. Thus vector normaliza­

tion is required to preserve scale invariance. The corresponding b..1 's from 
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Figure 2.2: Vector compaction. 
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Figure 2.3: By the Euclidean distance rule, the pattern T will get assigned 
to the class B". However, T' will get assigned to the class B', even though 
T' = kT. Thus, vector normalization must be used. 
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the horizontal and vertical projections are added to form a single profile 

descriptor. 

Learning and recognition of the local feature vectors are based on the 

Perceptron model [18]. This heuristic model, which appeared in the S0's , 

served as a foundation for the development of non-parametric learning the­

ory. The essential idea in this model is that a machine can be taught to 

recognize signals without information about the signals. In other words, a 

perceptron is capable of classifying patterns, based on detected local fea­

tures, but unable to determine relations between these features. If .L(p) is 

the local feature vector, a function of the pattern p, each element l;(p) 

l . ( ) = { 1 if V; (p) > T; 
1 p 0 otherwise 

where V;(P) is some transformation on the pattern p, and T; is the threshold. 

Thus local features are represented as a b inary string. In our case, all 

transformations on the pattern consist of field projections. 

Each of t he three local feature vectors (horizontal and vertical lines, 

and bubbles) is 28-bits long. The first four bits represent the number of 

occurrences of a feature. 

1 => 1000 

2 => 0100 

3 => 0010 

4 => 0001 
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The next 12 bits, 3 bits for each occurrence, indicate the size or length of 

the bubbles or lines. 

short ~ 100 

medium ~ 010 

long ~ 001 

The final 12 bits are similarly encoded to indicate the location of the oc­

currence within the working field. The local feature vectors can be thought 

of as one 84-bit vector. 

A linear classifier is used to determine which candidate will yield the 

greatest discriminant function by multiplying the local feature vectors by 

a weighing matrix, stored in external memory. A single-valued function 

Fi ( X) of the local feature vector X is called a discriminant ( or threshold) 

function if the following recognition rule is used to assign X to class l such 

that 

for all k -f- l, and where p is rejection/substitution coefficient. 

If p is close to zero, then substitution will prevail. If p is too large, all 

patterns will likely be rejected. In this work, p was set to be zero. This 

allowed us to assess the properties of the algorithm. 
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Here, the discriminant function is 

84 

Fi(X) = L WijXj 

j = l 

where i = 1,2, ... ,36, xi E {0,1} 

and the weight matrix W with Wij E !R. 

For a given character i, it consists of summing the elements Wij for all 

Xj =/:- 0. 

The formation of the weight matrix W will be described in the learning 

section. 

Ranking is performed by adding the ranking values of each candidate 

for each analysis. The ranking value for each analysis is equal to the inverse 

of the candidate's position (e.g. third place==> rank = ½)- Thus the higher 

rank implies a greater resemblance. 

The candidate having the highest total ranking is the recognized char­

acter. 

2. 3 Learning 

Initially, reference feature vectors for each character must be learned 

and stored. Here a supervised learning method is used [16,19]. The teacher 

must initially tell the system whether it has recognized the letter correctly 

or not. 
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A mathematical average is performed on the elements of the corner vec­

tor, profile vectors, and the corresponding stored vectors. This simulates 

the forgetting of incorrect characteristics, and reinforces the correct ones. 

Each learning iteration will bring the stored vector closer to the required 

vector. The convergence of this relaxation method is quite rapid (geomet­

ric). 

The local feature vectors are multiplied with a weighing matrix. Dur­

ing the learning period, the individual weights can be increased or reduced 

to enhance correct characterization. Initially the matrix is initiated (ran­

domly) with 0 < w;; < 1. This is adequate to guarantee the convergence 

of the learning process. 

As t he system is exposed to characters, a reward and punishment scheme 

(perceptron-like) is employed. If the system recognizes a character cor­

rectly, the weights for that character are slightly increased. Simultaneously, 

the weights of the other candidates are decreased slightly to reinforce cor­

rect recognition. The reward rule for the correct character ir is 

e~ew = { 1 i = ir 
• - 1 otherwise 

The constant ,\ = 0.03 has been found to be adequate for learning in a 

few iterations. 
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If the system incorrectly recognizes the character ir, weights are in­

creased for the correct character ic and reduced for all others as follows 

i = ic 

i = tr 

otherwise 

The penalty has been made larger to increase the effectiveness of the 

punishment. 

Therefore, the system is completely adaptive, allowing recognition of 

a variety of different handwriting styles. Once the system has learned 

different sets of patterns, the operator can simply call the required set of 

patterns. It should be emphasized that the learning capabality is a feature 

of the algorithm, not of the feature extraction chip. 

2.4 Simulation 

The algorithm was trained on typewritten quality (noiseless) upper­

case characters. Noisy characters were used for determining the proportion 

of correctly recognized characters. The simulation program, written in 

the C language, was executed on a SUN workstation. Each character was 

represented by a 20 x 20 bit map, which was generated on the computer. 

The results indicate that better than 95 percent of the characters were 

recognized correctly. These results are comparable to those published ear­

lier [16] . 



33 

A number of improvements can be added to enhance correct recognition. 

A larger matrix (i.e.greater resolution) will reduce the staircase effect. It 

will also minimize the smearing effect of compressing the profile vectors. 

Another improvement would be to weigh each analysis, depending on the 

amount of information provided by the analysis. For example, the profile 

and local analyses provide more information than does the corner analysis. 

Pavlidis et al. [1] have reported a correct recognition better than 97% 

for typed multi-fonts, using a similar method with a few added heuristics 

and a Bayesian classifier ( also a linear classifier such as the one used for 

local classification). For a single font, the algorithm will yield better than 

99% correct recognition in some commercial products. For handwritten 

numerals, Badreldin et al. [20] have reported an average of 99% correct 

recognition. Their method uses outerfields to extract the features. These 

results were obtained using high-resolution bit maps. 

Thus it seems that a larger correct recognition performance can easily 

be attained by augmenting this algorithm to encompass other techniques 

or heuristics. As an example, another local feature vector representing the 

size,length and location of the outerfields, should help to achieve higher 

correct recognition rates. 

Therefore the three most important aspects of this algorithm are: 

1. It is well suited to cellular VLSI inplementation (parallelism). This 
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can be seen by observing that the operations on all pixels are exactly 

the same and can be performed concurrently. 

2. It is adaptive (supervised learning). 

3. It offers better than 95% correct recognition (to be discussed later). 



Chapter 3 

Structured Design and 
Testability 
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This chapter describes the steps taken and the methods employed to 

arrive at a final design which meets the system specifications. A structured 

VLSI design methodology is first presented as well as the decomposition of 

the design process. Design for testability is then discussed in detail. 

3.1 Structured D esign 

Modern t echnology has made possible the implementation of designs 

containing thousands of transistors. But the complexity in designing VLSI 

chips is not due solely to the sheer number of transistors. The designer is 

faced with further problems in the areas of design synthesis and verifica­

tion. The correctness of design is of critical importance. Debugging a faulty 

chip is very difficult, and necessary alterations cannot usually be achieved. 

Therefore, it is imperative that a VLSI implementation be testable to iden-



36 

tify the causes of faults and to prevent shipping faulty chips. 

Given a system specification, the designer can choose from almost un­

limited design options on circuit styles, clocking strategies, physical place­

ments, to name a few. However, this flexibility is limited and constrained 

by design parameters such as size, speed and power, as well as of testabil­

ity. Therefore, a structured design methodology is necessary to reduce the 

overall design process to a manageable set of sub-processes. This section 

focuses on a structured hierarchical design method. 

Any structured VLSI design methodology can be broken into three 

phases: 

1. specification 

2. implementation 

3. evaluation 

The specification phase consists of determining design goals which sug­

gest a possible architecture. However, as the design process approaches the 

physical level, the initial architectural definition is often modified in order 

to reach the full performance potential of the design. It is also important 

for the designer, at this stage, to visualize the design in the (x,y,t) space 

[21]. This three-dimensional representation incorporates both the static 

and dynamic aspects of a design. Such a space-time approach to VLSI 
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design has contributed to novel architectures such as the processor array, 

discussed in the following chapter. 

The implementation and evaluation phases can be simplified by the 

use of abstraction and constraints. Constraints allow the automation of 

certain processes such as design rule checking and physical level design. 

Abstractions allow the designer to layer the design processes into levels of 

increasing complexity. 

A recent technique which incorporates the above approach is the floor­

planning method [21]. Essentially, ftoorplanning is a hierarchical method 

which allows a check on the feasibility of design at a high level, throughout 

the design process. Hierarchical design employs a "divide and conquer" ap­

proach, subdividing modules into simpler ones, until the level of complexity 

is manageable. 

The design process begins by specifying a bounding box, which repre­

sents the entire chip. At this stage, it is necessary to define global sig­

nals which consist of ground, power, clock, as well as data and control 

flows. The floorplan or root cell is subdivided into leaf cells (simpler floor­

plans). This method is similar to that used in software development, where 

a large program is broken down into simpler functions. Thus floorplanning 

is characterized as a top-down technique. The only bottom-up designing is 

performed at the physical level, where for example a N AND gate will be 

constructed from simple transistors. 
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Floorplanning exhibits two important advantages: 

1. Verification of the design is greatly simplified, since the leaf cells can 

be evaluated individually. 

2. Optimization is greatly enhanced by the ability of the designer to alter 

both the placement of the leaf cells and the leaf cells themselves, as 

the design progresses. 

A CAD package which incorporates support for the fl.oorplanning ca­

pability is VIVID [22]. This package was used for implementation of this 

project. 

Each cell or floorplan obeys a set of rules: 

• Each cell is defined by a rectangular bounding box, which lies on a 

cartesian (x,y) virtual grid. 

• Instances of cells are global to the design, as are standard functions 

in high-level language such as C. 

• Named pins (i.e. ports) represent inputs, outputs, specific signals or 

wire connecting points, and should lie on the edges of the bounding 

box to facilitate connection by abutment. 

• Overlap of instances (subcells) is prohibited. 
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The placement of cells, is accomplished both by symbolic ( e.g. pin2 

of cell B) or absolute ( e.g. x,y = 2,17) location. Symbolic placement 

allows, for example, the lower left corner of cell A to be placed at the upper 

left corner of cell B. This capability of relative positioning of cells enables 

the alteration of the floorplan at a higher level without destroying the 

connectivity of subcells and without respecifying their location, as would 

be necessary with absolute placement. 

A further enhancement in VIVID, is the capability of symbolic layout 

l23]. Symbolic layout simplifies the physical level design process by captur­

ing a mask-level design in "stick" format. For example, rather than drawing 

a rectangle for a wire, a single line is used. This procedure essentially hides 

the design rules from the designer. Again a parallel in software exists: the 

mask-level description corresponds to machine code and the "stick" format 

corresponds to an assembly language. 

Finally, VIVID's graphics editor ICE, not only accelerates the design 

process, but also lets the designer verify the design interactively by calling 

a built-in design rule checker, fulfilling the need for true hierarchical design 

verification. 

In summary, floorplanning is a powerful tool in top-down VLSI design. 

It not only simplifies verification, optimization and design alterations, but 

also enhances the creation of high performance architectures by helping the 

designer to map high-level representations of the design. 



40 

We have so far discussed the complexity of VLSI design, and how hi­

erarchy can be used to manage this complexity. We now turn to another 

aspect of VLSI design: the need for testability. 

3.2 Design for Testability 

The central idea behind testing is that of differentiating between a 

good chip and a faulty one. A further desirable feature of testing is to isolate 

and locate faulty component(s), allowing the implementation of a fault 

tolerant design. Design for testability describes approaches to VLSI design 

which simplify and enhance test generation, fault coverage and diagnosis. 

One definition of a testable circuit is 

1. it is controllable by test patterns through primary inputs (inputs to 

the logic block under test) 

2. the primary outputs uniquely identify the state of the circuit 

These requirements usually entail extra gates and controls. Addition­

ally, difficulties are encountered in the generation of correct test patterns 

and the estimation of their effectiveness through fault simulation [24]. The 

emphasis here will be placed on the area of self-testing, which is the tech­

nique adopted in our design. 

Other structured techniques, which allow testing, exist [25,26]. These 

include scan path, random access scan and level sensitive scan design (LSSD). 
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The disadvantages of these testing strategies are that a large test data vol­

ume is required, and that these data must be shifted in and out of the chip. 

However, these scan techniques can be used to isolate faults of a general 

sequential circuit. Also, area overhead and performance degradation are 

minimal. 

With VLSI networks increasing rapidly in density, and the necessary 

test patterns growing even faster, on-chip generation and compaction of 

test patterns has become an attractive solution. 

Specifically, we look at an insitu (built-in) self-testing technique: Sig­

nature Analysis [26]. Insitu, in contrast to exsitu, implies that the testing 

components are part of the system function. The obvious advantages are 

that overhead in area is minimized and testability is achieved as an inte­

gral part of the design, satisfying the requirements of a structured design 

approach, while providing good fault coverage. Also, no additional pins 

are required to feed or extract test data, and test time and complexity are 

reduced. 

Other techniques belonging to the same class, include transition count­

ing and syndrome testing. These however have strong disadvantages in 

terms of fault coverage and VLSI implementation [27,28]. Another tech­

nique is the analysis of the Walsh spectral coefficients. This technique is 

similar to checking the circuit's truth table in the sense that the coefficients 

of the Walsh function uniquely describe the circuit. It has no advantage 
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over the verification of each output of the circuit under test in that it re­

quires all possible input patterns. However, good fault coverage can be 

achieved if a subset of the Walsh coefficients can be determined [28]. 

Before describing signature analysis we briefly review the properties of 

Linear Feedback Shift Registers (LFSR's). 

A LFSR consists of two basic components: storage devices ( e.g. D­

latches) and modulo 2 adders (XOR gates). An autonomo_us (no input) 

3-bit LFSR is shown in Fig.3.1. 

Two important characteristics about a LFSR follow: 

1. The maximum number of distinct states that can occur is 2k, for 

a k-bit register. However, since the all zero sequence will force all 

subsequent states to be zero, it is not allowed. Thus the maximum 

number of states is 2k - 1. 

2. The present state of an LFSR depends only on the previous state and 

on the input, if present. 

From the above two statements, the sequence appearing in an LFSR 

will be periodic, with period length less or equal to 2k - 1. It will be useful 

to look at the LFSR, with an input, implemented as a divider. Fig.3.2 

shows the modulo 2 dividing process. 

A binary string can be represented as a polynomial with binary co­

efficients. As an example, the string (1101) represents the polynomial 
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Figure 3.2: LFSR performing mod 2 division of the input x6 + x 5+x3 + x2 + 1 
by x3 + x + 1. The remainder is x2 and the quotient is x3 + x2 + x + 1. 



45 

x3 + x2 + 1. A function F(x) of degree n is linear if 

F(p(x) + e(x)) = F(p(x)) + F(e(x)) 

where e(x) and p(x) are polynomials of degree ~ n. 

A shift register with an XOR feedback is a linear sequential circuit. 

This is illustrated in Fig.3.3. We note that the remainders (or signatures) 

S ( x) also follow the linear relationship 

S(p(x) + e(x)) = S(p(x)) + S(e(x)) 

We also note that S (p( x) + e ( x)) differs greatly from S (p( x)), even though 

p(x) + e(x) and p(x) differ only in a single bit. 

As mentioned earlier, we wish to generate test patterns, which exercise 

the target logic block, compact the outputs to a manageable size, called the 

signature of the network, then decide if a fault is present. The following 

two subsections deal with test pattern generation and signature analysis 

separately. Before continuing, it should be mentioned that signature anal­

ysis is based on algebraic coding theory. A more complete treatment of the 

following material can be found in reference [29,30]. 

3.2.1 Test Pattern Generation 

Two approaches can be taken for test pattern generation: exhaus­

tive and pseudo-exhaustive pattern generation. The pseudo-exhaustive ap-
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proach is used when the number of patterns to completely test a system is 

too large. The system is examined to determine if it can be broken down 

into subsystems which can be tested with fewer than 2n patterns, where n 

is the number of inputs. However, this problem is very difficult to solve 

[26]. Another drawback is that th is method is function dependent, that is, 

it depends on the logic block to be tested. 

Exhaustive testing applies all 2n patterns to the network under test. 

This is practical only if n is not too large. For example, if a 32-bit adder 

had to be tested, 265 patterns would have to be applied (two 32- bit input 

pairs and a carry-in). If a test pattern could be applied every nanosecond, 

the test duration would exceed 1100 years! Thus, to minimize the number 

of test patterns some information must be known about the logic block 

under test. For example, if every output of a logic block does not depend 

on all inputs, then it is possible to reduce the 2n patterns to subsets which 

test each output. 

An LFSR is a compact and simple method of generating all necessary 

patterns. If the k-bit LFSR is capable of generating 2k - 1 sequences, it 

is called a maximal length generator. To achieve this the characteristic 

polynomial of the LFSR must be a primitive polynomial ( or an irreducible 

polynomial with 2k - 1 a prime) [31]. The binary sequence output from the 

LFSR is called a pseudo-random binary sequence. This means that the se­

quence has statistical characteristics of randomness, but is still predictable. 
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This predictability of the sequence allows the designer to determine how a 

"good" network should behave. It can be shown that the pseudo-random 

sequence (maximal length) has the following properties associated with 

randomness: 

1. The number of ones and zeros is approximately the same. 

2. Runs of ones and zeros frequently occur, with short runs more fre­

quent (similar to an ideal coin toss). 

3. The auto-correlation function is peaked and two-valued. 

Thus, a pseudo-random sequence can be viewed as locally random while 

being repeatable. 

We note at this point that a maximal length LFSR does not generate 

the all zero sequence. To allow the all zero pattern, and yet not lock the 

LFSR, a non-linear feedback element such as a NOR-gate is required. For 

example, in a k-bit LFSR, the first k - 1 bits are connected to a NOR­

gate, the output of which is fed to the feedback XOR-gate. This non-linear 

element allows all zk patterns to be generated. 

We now turn to the problem of data compaction and signature analysis. 

The effectiveness of signature analysis is also discussed. 
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3.2.2 Signature Analysis 

Signature analysis for digital networks was originally developed by 

Hewlett Packard [27]. The approach is based on the cyclic redundancy 

checking (CRC) coding scheme. The signature of a network is the residue 

in the LFSR after an n-bit data stream has been shifted in. Fig.3.4 shows a 

self testing network. Essentially, the input data stream is compressed into 

a k-bit string with a k-bit LFSR. To obtain the signature, the LFSR is ini­

tialized to a known state. The usual initial state is the all zero state, since 

it is easily implemented by a CLEAR operation. The input data stream is 

then shifted in. A fault in the network is detected if the resultant signature 

differs from the "good" network signature. If, however, the input sequence 

is compressed to the same signature as the fault-free signature, the net­

work is either fault-free or undetectable errors have occurred. It should be 

emphasized that the testing is self-contained, initiation and checking of the 

signatures being the only external operations. We now discuss the error 

detection properties of the signature analysis method. We also examine 

proposed measures of effectiveness in error detection. The appendix con­

tains the theorems and their proofs which describe the properties of the 

LFSR presented below. The proofs presented follow the approach in [30]. 

As mentioned in the beginning of this section, a binary sequence can 

be represented as a polynomial (or vice-versa). Thus, if p(x) is a binary 
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sequence of length n, it can be represented as a polynomial of degree n - 1. 

If we now express the characteristic polynomial of the LFSR (the divisor) 

d(x) as a k-degree polynomial, the relationship between input is 

p(x) = q(x) d(x) + s(x) (3.1) 

where q(x) is the quotient. 

If we let e(x) represent the error sequence, the erroneous sequence f(x) 

is given by 

f(x) = p(x) + e(x) (3.2) 

The sequence f(x) will contain undetectable errors if it satisfies 

f(x) = q(x) d(x) + s(x) (3.3) 

where s(x) is the fault-free signature. 

This implies that an undetectable error sequence will arise only if it 

is a multiple of the characteristic polynomial (the divisor) of the LFSR 

[Appendix, Theorem 1]. It is also seen that two identical input sequences 

will necessarily produce identical signatures. 

Another property of the LFSR is that s ingle bit error detection is guar­

anteed, if the divisor polynomial has at least two non-zero coefficients [Ap­

pendix, Theorem 2]. This result can be seen by observing the events in the 

LFSR. Once a single bit propagates in a single feedback circuit, there are 

not subsequent errors to cancel the effect of the first bit. It should be noted 
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that a simple LFSR such as d(x) = x + 1 (one D-latch and one feed-back 

XOR-gate) is sufficient to detect all single bit errors. Such an LFSR is a 

parity checker and will detect an odd number of errors. 

We now turn to the detection of general multiple bit errors. The fol­

lowing measure of detection effectiveness was first proposed in [27]. The 

probability that an LFSR of length k will not detect errors in an input 

sequence of length n, assuming a uniform distribution of errors, is 

b b ·z . f l . . p 2n- k - 1 
pro a i ity o a iasing = al = ---

2n - 1 

We can examine two special cases, and try to ascertain the validity 

of this result [Appendix, Theorem 3]. First, if the input sequence length 

equals (or is less than) the register length, then 

Pal = 0 

This means that all errors are guaranteed to be detected. This can be seen 

to be true by looking at the division performed by the LFSR. The input 

is shifted in and entirely remains in the LFSR. This is the same as saying 

that the quotient q(x) = 0 such that p(x) = s(x). 

The second, and most important, case occurs when the input sequence 

is large. From above, if n ~ k, then the probability of aliasing becomes 
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For a 16-bit register the probability of aliasing is about .002 percent. Al­

though, this theorem predicts excellent error detection, it says nothing 

about which polynomial to use. It only prescribes the length of the regis­

ter. Thus, d(x) = xk (no feedback) would suffice. But, this is equivalent to 

looking at the last k bits of the input sequence, i.e., the test sequence is of 

length k. Another interpretation of Pa1 is that for n ~ k, the probability 

of a single bit of the signature to be in error is 1/2, independently of the 

others. 

In this light, signature analysis seems to be redundant for the detection 

of faults which are equally likely. The reason for this contradiction is that 

logic faults are not equally likely nor independent as implied. However, it 

has been shown that Pai = fr is a good approximation and is true as the 

input sequence length n - oo. Thus, empirically at least, more complex 

polynomials (d(x)) are more effective in multiple fault detection. 

We now look at detection measures based on dependent faults [30,28]. 

Coding theory is invoked to determine useful polynomials. More pre­

cisely, polynomials which generate error detecting cyclic codes are exam­

ined. Burst error detection is defined to be the detection of d errors in 

n consecutive bits. The results show a trade-off between the number of 

errors detected and the length of the code. Specifically of interest is that a 

primitive polynomial generates a 2-bit error detecting code of length 2k - 1, 

where k is the register length. Therefore, all 2-bit error patterns will be 
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detected. Similarly, Theorem 4 in the appendix shows this to be true for r 

errors in r consecutive bits. 

The choice of primitive polynomials over others is also supported in a 

recent paper [32]. The error sequences were not assumed to be equally 

likely. The main result is that primitive polynomials converge much faster 

to the aliasing bound Pai = fie than non-primitive polynomials, when errors 

are not equally likely. 

Various approaches can be taken to improve this aliasing probability 

[28]. One such technique is to extend the length the LFSR by one, re­

ducing the probability of aliasing by 1/2. Another approach, for an LFSR 

implemented as a true divider, is to take the divisor polynomial to consist 

of the product between a primitive polynomial and the polynomial x + 1. 

Such an LFSR will detect any odd number of errors in the input, since 

the parity of the input sequence will be reflected in the signature. If the 

number of errors is even, then as before, the errors will be detected if e(x) 

is not a multiple of d(x) . 

In summary, the advantages and disadvantages of signature analysis are 

as follows: 

1. high fault coverage (low Pai) 

2. Test patterns are generated on-chip. 
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3. The network response is compacted and evaluated on-chip. 

4. The test data volume is reduced and testing equipment is not needed. 

5. Few additional pins are required. 

6. No special flip-flops are needed as in LSSD. 

7. Overhead for insitu implementation consists of the LFSR 's and con­

trol circuitry. 

8. Initiation and checking signatures are the only operations required. 

9. Does not provide information for fault isolation. However, some work 

has been done on fault isolation by observing that different faults will 

usually cause different signatures, thus, enabling fault location. 
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Chapter 4 

Processor Array Design 

4.1 Architectural Requirem ents 

The description of the character recognition algorithm in Section 

2.1 suggests a parallel architecture for its implementation. A block dia­

gram of the proposed chip and its peripheral circuitry is shown in Fig.4.1. 

Concurrency is maximized if the bit map representation of the pattern is 

mapped onto an array of identical processing elements (PE), each corre­

sponding to a single pixel. Once the input pattern is supplied to the array, 

all PE's operate simultaneously. Performance can be further enhanced by 

ensuring that each PE employs bit-parallel operations, such that the dura­

tion of each PE task is minimized. Therefore, the whole array maps on an 

n x n square grid, as shown in F ig.4.2. 

Having established the target architecture further details remain: data 

flow, control and timing strategies, testability, fault tolerance and intercon-
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nection topology. 

Data fl.ow and interconnection topology can be determined from the 

algorithm. Again the idea of mapping the algorithm is utilized. The pattern 

must first be loaded into the array. The resulting output of each PE, must 

then be propagated to the edges of the array, since the algorithm is based 

on histogramming the various fields for feature extraction. To meet the 

requirements of local communication and simplicity, shifting all the rows 

and columns of the bit map in parallel to the next nearest-neighbor is 

chosen. 

Interconnection topology needs to reflect not only the data fl.ow struc­

ture, but also the demands of the individual PE's. This leads to a nearest­

neighbor interconnection. A PE is connected to neighboring PE's lying 

north, south, east and west. The extension to 8-connectedness will be dis­

cussed in the last chapter. 

The control strategy is determined by the operations of the PE's. Since 

PE's perform identical tasks simultaneously, the control signals must be 

broadcast to the entire array. Although broadcasting of control signals 

violates the requirement of local communication, it is simpler and costs 

less in terms of area overhead than the self-timing approach. With self­

timing, each PE would perform its task asynchronously when the required 

data are available [33]. To execute these operations, extra logic would be 

needed to detect data availability and to store control information. Thus, 
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control signals applied externally from a sequencer will operate all PE's 

synchronously. 

The two-phase clocking scheme was adopted for chip timing. This ar­

rangement uses a clock </> and its complement ¢>. The advantages of this 

strategy is the reduction in the number of clocks distributed. A danger 

in using this clocking scheme lies in the possibility of clock skew, where ¢ 

and¢> will overlap. The overlap can lead to race conditions and erroneous 

data storage. To minimize clock skew, the master clock </> is broadcast to 

the entire chip. Its complement¢> is locally generated, as shown in Fig.4.3 

[34]. Clock distribution is accomplished by cascading inverters, each logic 

level increasing in fan-out (Fig.4.4). This approach allows the use of small 

identical inverters (drivers) which can be placed throughout the design. 

Now that the basic architectural design has been determined, the design 

of a PE must be such that it reduces the number of control lines and task 

duration to a minimum. Furthermore, testability should be incorporated 

without unduly increasing control complexity, while achieving high fault 

coverage and low area overhead. 

The following sections deal with the implementation of this architecture. 

4.2 Functional Details 

Before describing the detailed behavior of a PE, we review its data 

requirements. On the input side, four outerfields, two neighboring and the 
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local pattern fields, seven bits in all, are required. The output, a total of 12 

bits, consists of four corner fields, four open fields, the local pattern field, 

the horizontal and vertical fields and the inner fields. Thus a 7-bit and a 

12-bit register are required for information storage. A logic block between 

these registers is needed to generate the output. A block diagram of a PE 

is shown in Fig.4.5. 

4 .2.1 Logic Block 

A programmable path logic (PPL) generates the required outputs. 

A P P L is a P LA where the OR and AND planes are merged . It results 

in a more compact design and is easily testable as will be demonstrated. 

Another advantage of the PPL structure is that it represents logic symbol­

ically, simplifying the mapping of boolean equations to hardware. Before 

implementing the structure, the functions given in Chapter 2 to generate 

the output fields can be minimized as follows: 

1. Inner field: Ii; = Pi; V G!; V Gr; V G!; V G~; 

(no change) 

2. Open field: Ot; = P,; V G:; V G';; V G!; V G~; 

(simlarly for Of;, O[;, o:1) 

3. Horizontal line: H,; = Pi; V Pi;- 1 

4. Vertical line: ¼; = Pi; V P,- 1; 
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5. Corner field: C;j = 0:-; V 0:; (similarly for cg, Cf;, C[f) 

These NOR operations can be directly mapped onto the PPL as shown 

in Fig.4.6. Note that the complement of each input is directly available 

from each register stage. 

Dynamic CMOS logic is used. During efJ, the outputs are precharged 

to VDD by the p-type transistors. During </>, the outputs are conditionally 

discharged through the n-type transistors. 

4.2.2 Testing 

As mentioned before, the foremost considerations in the implementa­

tion of testable hardware are the achievement of high fault coverage and 

the minimization of additional hardware. 

The Built-in-Self-Test (BIST) approach adopted is shown in Fig.4. 7. 

The test pattern generation is accomplished by a modified LFSR, which 

generates all 2k patterns, where k = 7. Fig.4.8 shows the modified LFSR, 

of length 7. Its divisor polynomial is 

d(x) = x1 + x4 + 1 

The structure of this LFSR is different than that presented in Chapter 3. 

However, its properties are the same, except that the residue of the LFSR 

will not be necessarily the remainder of the division. This configuration was 

chosen to avoid the placement of XOR-gates between register elements, in 
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order to improve pitch matching to the PPL [35]. Furthermore, since there 

are only two feedbacks, no significant delay will be incurred. A NOR-gate 

is used as the nonlinear element to allow the all-zero sequence. Control 

gates are used to enable the two required modes: pseudo-random sequence 

generator and normal modes. These are illustrated in Fig.4.9. 

The signature analysis is carried out by a Built-in-Logic-Block-Observer 

(BILBO). The BILBO structure used for the compaction of the input se­

quence is shown in Fig.4.10. It consists of a multiple input shift register 

(MISR) and appropriate control gates. The operation of the MISR is sim­

ilar to that of a single input LFSR, in the sense that its error detection 

capabalities are nearly identical to those of an LFSR. The MISR is prefer­

able to multiplexing the outputs to a single LFSR, or the use of a single 

LFSR for each output. 

A MISR has two additional properties not found in an LFSR [28]. The 

first is the possibility of error cancellation. This occurs whenever errors 

introduced during one load cycle, are cancelled in the next cycle by other 

errors. This can occur before the division by the MISR and is therefore 

independent of the divisor polynomial. The probability of error masking 

due to error cancellation can be shown to be 

where r is the length of the MISR and m is the number of r-bit patterns 
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presented to the MISR. This result is based on the assumption that all r 

bit error patterns are equally likely. In our case r = 12 and m = 27 = 128, 

resulting in a probability of 

Thus, fault masking due to error cancellation is highly unlikely. 

The second difference lies in the error detection during a single load 

cycle. If all errors occur during a single cycle, then the error polynomial is 

of degree r - 1 or less, if r is the length of the MISR. The divisor d(x) is of 

degree r, and all its multiples will be of degree r or greater. Therefore, e(x) 

cannot be a multiple of d(x), and all errors will be detected. This result 

also implies that all single-bit errors will be detected, as expected. 

A comparator is required at the output of the BILBO structure to in­

dicate the state of the PE, i.e. faulty or not. A dynamic configuration was 

again chosen (Fig4.11). The advantages are the reductions in area and de­

lay. The comparator was designed with as few gates is possible. The correct 

signature S is burned-in, in the sense that it is reflected in the connectivity 

of the outputs, Q, of the LFSR as follows: 

{ 
1 if Qi = Si F -

- 0 otherwise 
Vi = 1, 2, ... , 12 

where the inputs (from the LFSR) are given by 
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A C program was written to determine the correct signature. The fault­

free signature S was found to be 

S = 110111011001 

4 .2 .3 Operation of the Array 

Normal Mode 

Before the bit map is fed into the n x n array column by column, each 

PE is cleared by an asynchronous clear signal. Each row of the bit map is 

shifted into the array in parallel. After n cycles, the shifting of the bit map 

is stopped, and field generation can begin. 

The outerfields are generated by wavefront propagation starting at all 

edges, proceeding inward. This propagation can be expressed by the fol­

lowing recurrence relation: 

\:;/ i,j = 1, 2, ... n 

(similarly for Gt, Gb, Gr) 

It should be noted that the outerfields are generated in a self-timed 

fashion. Thus, when the bit map is loaded t he outerfields will also be 

generated after a maximum of n cycles. Each Gf; will become a 1, until a 

P,; = 1 is encountered. 

At this point, the 7-bit LFSR contains all the required information to 

generate the outputs. The BILBO is in the parallel load register mode with 
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Kl = 1 and K2 = 0. The BILBO is then changed after 1 cycle to the shift 

register (SR) mode with Kl = 0 and K2 = 1. The output of the BILBO 

is multiplexed to the propagating registers by Kl V K2. The SR is shifted 

once and then disabled by using clock qualifiers shown in Fig.4.12. T his 

qualifier is used throughout the design to control the registers. 

The propagating SR's then shift the fields elements to right and bottom 

edges of the array. These outputs are externally accumulated by counters. 

The process continues until all 12 fields have been histogrammed. 

It can be seen that as soon as the fields of a pattern have been generated 

in each PE, the next bit map can be loaded, and have its outerfields deter­

mined concurrently. The 12 fields require 12(n + 1) cycles to be projected, 

while the loading of the bit map and outerfield generation require 2n cy­

cles. Thus for the first pattern, the outputs will emerge after 2n cycles, 

and every clock cycle thereafter. 

The procedure described above applies to the NORMAL mode. The 

TEST mode is now described. 

Test Mode 

As before, the modified LFSR is initially cleared. The BILBO also needs to 

be cleared, since the fault-free signature is based on the all-zero initial state. 

The test mode is enabled by setting the control signals to the following 

values: Kl = 0, K2 = 0. The signature is then generated as follows: 
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1. • shift LFSR data from master to slave in each register 

• precharge PPL 

• shift BILBO data from master to slave in each register 

2. • shift LFSR 

• conditional discharge of PPL 

• shift BILBO 

3. GOTO 1. 

The resulting signature is compared and the output of the comparator is 

propagated to the edges. 

Thus the total time required is 27 cycles for data compaction, n cycles 

for propagation, for a total of zk + n cycles. 

If a fault is detected, a "1" is loaded into the propagating registers . It 

should be noted that a form of fault tolerance is implicit in the algorithm, 

and that the hardware itself is not fault tolerant. This fault tolerance is 

only valid if the faulty cells are scattered, and if their number is small. To 

determine if the chip is acceptable, the test results are propagated to the 

edges (right and bottom). Histograms (or projection vectors) describing 

the number of faulty cells in rows and columns are obtained. Without 

s imulation on the effects of the density of faulty cells, two simple approaches 

t o determine an operational threshold emerge: 
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1. If the number of faults in any row or column is greater than 1, then 

the chip is rejected. If more than 1 fault is allowed, then this rule is 

not acceptable since clustering of faults can occur, possibly changing 

some of the global features of the character. 

2. If each faulty cell has no nearest neighbors which are also faulty, then 

the chip is accepted. The application of this rule will require extra 

logic at the cell level and a maximum number of faults per row/ column 

is still required. 

Rule 1 is adopted at this time because of its simplicity. 

The next section presents the physical design of the individual PE com­

ponents, and the simulation results. 

4.3 Physical Design 

The area of a PE is critical since it determines the degree of integra­

tion on a chip. Therefore, the individual PE's should contain a minimum 

of components and should be approximately square, since the array is a 

square mesh. Each PE consists of a modified LFSR, a BILBO, a PPL and 

propagating registers. Also, a small control section is included to generate 

and qualify the clocks. The Floorplan of a PE is shown in Fig.4.13. These 

PE compnents are described below. 
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4.3.1 Registers 

The registers consist of static D latches. Fig.4.14 shows a single D­

latch. Each register is realized by cascading two latches in a master-slave 

configuration. These two latches are operated on alternate clock phases. 

A D-latch is sensitive to clock duration rather than clock transition, as in 

a D-fl.ip-fl.op. Also, the D-latch is less costly in terms of area than the D­

flip-flop. This design is fairly robust to clock skew, in that if the overlap 

is short compared to the clock period, the input will settle to the correct 

value. An asynchronous clear is implemented by a single n-type transistor 

on the slave latch. 

4.3.2 Modified LFSR 

Delay was the important consideration in designing the LFSR. The 

non-linear element and the feedback XOR-gates were optimized to improve 

operating speed. 

The 6-input NOR-gate was chosen as the non-linear element mainly 

because it requires the least number of transistors. The disadvantage of 

this gate is its rise time, which is proportional to the number of inputs 

squared. This can be seen by observing t hat n transistors in series, each 

with resistance R, will have a total resistance of nR. The total capacitance 

(omitting parasitic capacitances) on the output is nCa + Ci, where Ca is 

the unit drain capacitance, and Ci is the load capacitance. Thus the rise 
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Figure 4.14: Simple D latch. 



82 

time for a NOR-gate is proportional to n2CdR. 

The switching time was decreased by increasing the width of the series 

transistors, the widest at Vdd [34]. The reason for the speed-up is that 

parasitic capacitances in the 6 p-type transistors create a capacitive load. 

The load is largest for the transistor nearest V dd, and least for the output 

transistor. Thus the width of the series transistors were scaled accordingly 

to accomodate current. 

The XOR-gate is shown in Fig.4.14. This implementation requires only 

6 devices or 4 devices if one of the inputs' complement is available. This 

gate has fast switching times, compared to a standard multiple-gate imple­

mentation. 

4.3.3 BILBO 

The BILBO is essentially an LFSR with additional control gates. It 

constitutes the largest component of a PE. It uses the same XOR-gates as 

the LFSR. The NOR-gates follow the same approach used for the 6-input 

NOR. In Fig.4.10, AND gates are used to control the inputs to the MISR. 

To remove the delay introduced by these ANDs, they were implemented as 

single n-type transistors on the outputs of the PPL. Fig.4.15 shows this for 

a single output. When K2= 1, the ouput F is low. To avoid large current, 

K2 also disables the precharge phase of the PPL. The hidden benefit is 

that the large current spikes often incurred by simultaneous precharges 
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are eliminated. Thus the need for numerous power and ground pads is 

minimized. It can be seen that the NOR/XOR gates between each register 

determine the fastest rate at which the test will be performed. 

4 .3.4 Global Routing 

All power and ground wires run horizontally in aluminum (first-level 

metal). Several pads were installed to minimize current spikes. 

The four controls (Kl, K2, K3, K4) and the master clock 4> were laid 

out vertically in second-level metal, allowing the wires to overlap devices 

and first-level metal without shorting. 
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Simulation Results 

5 .1 Fault Simulation 

86 

Fault simulation is a method used to ascertain the effectiveness of a 

set of test patterns. Before this simulation can be performed, a transistor 

level fault model for the PPL is first developed [36]. The faults consid­

ered were transistor stuck-on/ open/short, bridging, missing devices, and 

input/output stuck-at's. These faults are illustrated in Fig.5.1. 

F ig.5.2 shows the effects of the various faults. As can be seen, a reduced 

set of faults is obtained because of fault equivalence and dominance. Thus, 

most faults can be modelled as stuck-at faults. The exceptions are the 

precharge/discharge transistors which can give indeterminate logic levels. 

Fault simulation can now be performed. The reduced set of faults were 

represented at the logic gate level. This was necessary since the available 

simulator requires combinational logic, made up of two-input gates [37]. 
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Figure 5.2: Fault effects and equivalences of the PPL. Refer to Fig.4.6 for 
fault locations and Fig.5.1 for fault definitions. 
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Each PPL output was represented as a string of two-input NOR gates 

with one inverting input. It should be noted that this allows all multiple 

faults to be mapped as single faults. For example, the input P, could be 

operational for the first string of NOR's, and stuck-at O for the remainder, 

thus simulating a line break. 

From Chapter 3, the probability of aliasing for this design is 

However, simulation showed no aliasing. 

Thus the design is guaranteed to detect a faulty PE. The effects of faulty 

BILBO circuitry should also be detected, but have not yet been simulated. 

Similarly, a sheme to ensure that the comparator is working, needs to be 

implemented. 

5 .2 P e rformance Simulation and Fabrication 

The entire layout was generated manually using the VIVID package. Each 

composition cell was checked hierarchically using the built-in design rule 

checker. This ensured the correct operation of a PE. 

Timing simulations were performed on all components of the design 

using VIVID's FACTS. FACTS is a hybrid simulator, performing slightly 

less detailed modeling than the device level simulator SPICE and more so 

than a logic level simulator. This results in the quick simulation of relatively 
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large circuits and still gives the designer confidence that the implementation 

will operate as designed. 

Each component was simulated with clock rates up to 50MHz. The 

LFSR and BILBO operated in Test mode at a maximum clock speed of 

25MHz. From chapter 4, 12(n + 1) cycles are required for the projection 

of the feature fields, where n is the array size. With n = 20, the size on 

which the algorithm was simulated, the total time taken is 252 cycles per 

character. Operation at a frequency of 25MHz, allows the chip to extract 

features at a rate of 99206 characters per second. This is well beyond the 

present day 3000 chars./sec. optical scanning rates. This result clearly 

indicates the advantage of using a custom parallel architecture to perform 

low level image processing. The rapid rate at which the character are pro­

cessed allows correct recognition to be enhanced by adding preprocessing 

blocks. If smoothing and thinning are performed before extraction, with 

each process of similar duration, the processing rate becomes 33069 char­

acters per second. This figure is still far above the available scanning rates. 

The above results are an appreciable improvement over those published in 

reference [4], where a complete OCR hardware system reads at a rate of 

300 chars/ sec. 

The power requirements were estimated by considering the design to 

consist of a number N of inverters. Since a single PE contains ~ 1500 

transistors, a conservative power consumption estimate can be obtained 
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from 

Ppe = Pinv (f) N 

With N ~ 150 and Pinv ~ 14µW at 25MHz, then the power dissipated 

by a PE 

Ppe ~ 10.5 mW 

The entire design was placed on a predefined pad format supplied by the 

Canadian Microelectronics Corporation (CMC). The completed chip was 

then translated into the Caltech Intermediate Form ( CIF). This format 

represents the design at the mask level, necessary for fabrication. The 

project was then submitted to CMC for fabrication in a 3µ CMOS double­

level metal process. Each PE occupies~ 1.4mm2 • The chip will be available 

for evaluation in late 1988. 



Chapter 6 

Summary and Future 
Considerations 

6.1 Summary 
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The design of a self-testable processor array for feature extraction has 

been presented. The array is capable of extracting the geometric features 

of a handwritten/printed character. It operates on an n x n bit map which 

contains the character. Each processing element has nearest-neighbor con­

nections (4 connected) and performs low-level operations on a single pixel. 

Built-In testability was incorporated in each PE using signature anal­

ysis. Single and multiple simulation has shown that no fault masking will 

occur. This simulation did not cover transient faults. 

A single PE was implemented in 3µ double level metal CMOS technol­

ogy. From this chip, an accurate prediction of performance for an entire ar­

ray will be possible. The active area of the design is approximately 1.4 mm2
• 
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The simulation results showed a power consumption of ~ 10.5 mW and a 

maximal clock rate of 25 MHz. At this frequency, a 20 x 20 array (the 

resolution used for software simulation [chapter 2]) is capable of extracting 

features at a rate of ~ 99,000 characters/second, well beyond the present 

day scanning rates. Thus, preprocessing stages can be incorporated to 

enhance correct recognition. 

A further advantage of this design is that the size of the array (i.e. 

resolution) can be of any size, by abutting small arrays (e.g. 10 x 10). No 

changes to the design would be required and the t ime required for projecting 

the fields would be reduced. Additionally, a smaller array with higher yield, 

lower cost and a lesser number of pins results in a more economical and 

reliable chip. Fault location would also be improved. 

For example, a design consisting of 30 x 30 PE's to minimize the dig­

itization effects would contain in excess of 700,000 transistors. The yield 

for such a chip could prove to be low because of its size ( e.g. increased 

possibility of crystal dislocations) . Also, the number of pins (~ 100) would 

contribute to a less reliable chip. An improvement both in yield and cost 

would result if the chip was divided into four 15 x 15 arrays or nine 10 x 10 

arrays. 
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6.2 Future Considerations 

This thesis described a feature extractor for handwritten character 

recognition. This is only one stage in the complete recognition process. 

The preprocessing stages, which precede feature extraction should also 

be implemented on custom hardware. Just as feature extraction, the smooth­

ing and thinning stages are time consuming low-level image processing op­

erations, unless performed in some parallel fashion. Each PE in the present 

design could be augmented, to become 8-connected. This would allow the 

array to carry out smoothing and t hinning algorithms in a few clock cycles. 

This would also allow each PE to detect fault clustering dur ing the self-test 

mode. 

The output of the feature extractor can be fed to a fast processing chip, 

such as the TMS-320. Thus, the entire recognition system could reside on 

a single card, suitable for a personal computer. The main application for 

this system is office automation . 
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Appendix 

Error Detection in a LFSR 

As mentioned in section 3.2, a binary sequence can be represented as 

a polynomial. Thus, if p(x) is a binary sequence of length n, it can be repre­

sented as a polynomial of degree n - 1. If we now express the characteristic 

polynomial of the LFSR (the divisor) d(x) as a k-degree polynomial, the 

relationship between input is 

p(x) = q(x) d(x) + s(x) 

where q(x) is the quotient. 

If we let e(x) represent the error sequence, the erroneous sequence f(x) 

is given by 

f(x) = p(x) + e(x) 

The sequence f(x) will contain undetectable errors if it satisfies 

f(x) = q(x) d(x) + s(x) 

where s(x) is the fault-free signature. 
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The following theorem shows when an undetectable error will arise. 

Theorem 1 The sequences p(x) and e(x) + p(x) will have the same signa­

ture if and only if e(x) is some multiple of d(x). 

Proof: 

If we add (modulo 2) the above two equations, we obtain 

e(x) = q(x) d(x) + q(x) d(x) = (q(x) + q(x)) d(x) 

The residue of e(x) divided by d(x) is zero. We conclude for arbitrary e(x) 

and p(x), that e(x) must be a multiple of d(x) □ . 

It is also seen that two identical input sequences will necessarily produce 

identical signatures. 

The next theorem guarantees single bit error detection. 

Theorem 2 If the charasteristic polynomial d(x) has two or more non-zero 

coefficients, all single bit errors will be detected. 

Proof: 

If an error sequence e(x) corresponds to a single bit error, then it is of the 

form 

e(x) = xi 

where O ::; i::; n - l, the degree of the input sequence p(x). 

From Theorem 1, e(x) must be some multiple of d(x). But since d(x) has 
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at least two non-zero coefficients, e(x) cannot be a multiple of d(x), guar­

anteeing detection of all single bit errors □ . 

The following theorem describes a measure of detection effectiveness: 

Theorem 3 The probability that an LFSR of length k will not detect errors 

in an input sequence of length n, assuming a uniform distribution of errors, 

Proof: 

b b ·z · I 1 · . p 2n- k - 1 pro a i ity o a iasing = al = ---
2n - 1 

An input sequence p(x) of length n can be any of 2n patterns, each rep­

resented as a degree n - 1 polynomial. The error polynomial e(x) can 

then be represented as a polynomial of degree n - I or less. Thus, there 

are 2n - 1 possible error patterns (e(x) = 0 is eliminated). Since d(x) is 

of degree k, the largest degree (less than n) polynomial which is a multi­

ple of d(x) is n-k-1. Thus, there are 2n- k _ l undetectable errors e(x) □ . 

A further result on burst error detection is given in the following the­

orem.Burst error detection is defined to be the detection of d errors in n 

consecutive bits. 
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Theorem 4 A polynomial d( x) of degree r, such that 

r - 1 

d(x) = xr + 1 + L a;xi a; E {O, 1} 
i =l 

is capable of detecting all (r, r) burst errors. 

Proof: 

Since e ( x) must be a non-zero multiple of d( x) to be undetectable, e(x) must 

have two coefficients farther apart than r . Therefore, the burst error (r,r) 

will always be detectable, since e(x) does not have two non-zero coefficients 

farther apart than r □ . 



PARTIAL COPYRIGHT LICENSE 

I hereby grant the right to lend my thesis to users of the University of 
Victoria Library, and to make single copies only for such users or in response 
to a request from the Library of any other university, or similar institution, 
on its behalf or for one of its users. I further agree that permission for 
extensive copying of this thesis for scholarly purposes may be granted by 
me or a member of the University designated by me. It is understood that 
copying or publication of this thesis for financial gain shall not be allowed 
without my written permission. 

Title of Thesis: 

VLSI Design of a Testable Processor Array 
for Feature Extraction 

May 5, 1988 



VITA 

Patrice P. Aubry 

Place of Birth: ___________ ____ ___ Compiegne, France 

Date of Birth: 5th December 1957 

Educational Institutions Attended, with Dates of Entering and Leaving: 

University of Victoria, B.C. _____ ________ 1981 to 1988 

Degrees, Diplomas, Etc., Awarded, with Dates and Names of Institutions: 

B.Sc. (Honors) ___ __ 1986 _____ University of Victoria, B.C. 

Honours and Awards: 

B.C. GREAT Award _______ __________ 1988 

P ublications: 

1. P. Aubry, F. El Guibaly,'Testable Processor Array for Feature Extraction', 
IEEE Transactions on Circuits and Systems, Submitted May 3 1988. 

2. P . Aubry, F . El Guibaly, 'Testable Systolic Array For Character Recognition', 
90th Midwest Symposium on Circuits and Systems, Syracuse, August 1987. 

3. P. Aubry, F. El Guibaly, 'VLSI Design of a Character Recognition Algorit hm', 
IEEE Pacific Rim Conj. on Communications, Computers and and signal 
processing, Victoria, BC, June 1987. 




