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SPEED, ACCURACY, AND
FLEXIBILITY TRADE-OFFS IN
ON-LINE CHARACTER RECOGNITION

C. C. TAPPERT

IBM Research Division
T. J. Watson Research Center, P. O. Box 704
Yorktown Heights, NY 10598, USA

An on-line character recognizer was improved by making trade-offs on computation speed,
recognition accuracy, and flexibility. Firstly, the error rate was halved by increasing
computation precision at the expense of speed, achieving a character recognition accuracy of
97.3 percent. Secondly, without loss of aceuracy, computation speed was increased by an
order of magnitude over the original speed, to 85 characters/second on the IBM System
370/Model 3081. This was done by using a fast linear match to narrow the character choices
for a slow but accurate elastic (non-linear) match. Some loss in flexibility resulted, however,
because the linear match requires the same number of handwritten strokes for input and
prototype characters. Also, the error rate of elastic matching was found to be about half that
ol linear matching.
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{.  INTRODUCTION

Ideally, a handwriting recognizer can be designed for maximum speed, accuracy,
and flexibility. However, when used in a workstation, it may have to be designed to
compromise among these properties. Firstly, the recognition algorithms must be fast
enough to be usable when implemented on a microprocessor, This means that they
must operate at writing speed, i.e. about two characters per second for handprinted
alphanumeric characters. Secondly, the recognizer must be accurate enough to be
acceptable to the user. And thirdly, the recognizer must be flexible, i.e. it must handle
a reasonably wide range of handwriting input.

For the purpose of improving our on-line character recognition system for use in a
prototype of a spreadsheet application, two sets of modifications were made to the
system, resulting in improved recognition accuracy and computation speed. This paper
reports on the evolution or development of the system through these modifications,
particularly from the point of view of compromises on speed, accuracy, and flexibility.
A complete description of the system’s algorithms is also presented.

The original system was designed to operate on a general English alphabet of
printed characters, including lower- as well as upper-case characters.! Also, to achieve
a reasonable response time on an IBM PC/AT, computational shortcuts had been
implemented at the expense of recognition accuracy. In order to determine its
useability in a spreadsheet application this system was evaluated on an alphabet not
including the lower-case letters. The evaluation, performed by a group independent of
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the one that had designed and implemented the system, provided the data for the
present studies.?

The system was first modified with the aim of maximizing recognition accuracy at
the expense of computation speed. Therefore, modifications included removal of
computational shortcuts and sacrificing alphabet generality. This system is described in
the first experiment. It was also evaluated separately.’

The system was further modified to achieve greater speed of computation at the
expense of some loss in flexibility, but with no loss of recognition accuracy. This was
done by constraining the stroke number in matching and using stroke-by-stroke linear
and elastic matching. This system is described in the second experiment.

2. EXPERIMENT 1: STROKE-NUMBER-FREE RECOGNITION

The purpose of this development phase was to improve the recognition accuracy of
the system without regard for speed of computation. The reader is advised to read the
study by Schoonard et al.,? which fully describes the data collection procedure and the
recognition accuracy results. Here, the system algorithms are described in detail
together with the modifications made to increase accuracy.

2.1. Procedure

Handprinted character data were collected by Schoonard et al.? The data collection
procedure will be summarized briefly. Nine volunteers from our research laboratory
served as participants. Each participant sat at a table containing an opaque digitizing
tablet (2 Penpad tablet manufactured by Pencept) connected to a PC/AT. This tablet
had a resolution of 200 points/inch and a sampling rate of 100 points/second. The
participants were asked to print characters in boxes appearing on the paper attached to
the tablet. The character set contained 44 characters and consisted of the upper-case
alphabet, the eight symbols (). * + ~ /= and the digits. The output of the
digitizing tablet was then processed by a character recognizer and the recognized
characters were output to the participants via the display of the PC/AT.

The data collected from the copy task of the experiment described above was sent to
the mainframe IBM System 370 for the processing described in the present experi-
ment. For this experiment the recognition software was improved. The full set of
algorithms used in this systern are described together, in detail, for the first time.
Many of the algorithms were previously described separately and appropriate refer-
ences will be cited below.

2.1.1. Preprocessing

Several techniques, essentially algorithms from signal processing, were applied with
the aim of reducing the noise originating from the limiting accuracy of the tablet, the
digitizing process, erratic hand motion, and the inaccuracies of pen-down indication.
These techniques were applied separately to each stroke, where a stroke is the writing
from pen-down to pen-up. They were also applied in the order described unless
otherwise indicated.
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Wild point correction was used to correct for an occasional spurious point, usually
caused by hardware problems. This algorithm is based on the acceleration of the
movement of the stylus tip. If the magnitude of either the x or y acceleration exceeds a
threshold, the point is declared to be wild. The accelerations are computed simply as
the rate of change of velocity, and velocity as the rate of change of position. Thus, the
acceleration in the x dimension at point i is a; = (x; 4, — x;) — (x; — x;_,). Accelera-
tion is used because it is limited by the mass of the hand and pen and the muscular
forces driving the pen motion. Wild points are corrected by replacement with the
average of the preceding and following points. This method was described previously
in more detail.” Examples of wild point correction by this method are shown in Fig. 1.
Functionally similar procedures have been reported previously.*~’

Smoothing was performed by averaging a point with its neighbors, a
technique often used.®"'' A frequently used technique averages a point only with
previous  points so that the computation can be performed as each point
is received.®!" We replaced a point with a symmetric weighted average of its
neighbors-——a  5-point  least-squares fit recommended by H. Ellozy, i.e.
Xp = (=3x;-2 + 120, + 17x; + 12x;4; — 3x,4,)/35. This smoothing was succes-
sively applied to the data of each stroke n times, where n was empirically determined.

Filtering was performed to eliminate duplicate data points and to reduce the number
of points. The technique used forces a minimum distance between consecutive points
and has been used in other systems.*>*~'? This method tends to produce equally
spaced points, suitable for subsequent elastic matching.

Merely forcing a minimum distance between consecutive points has the drawback of
not always capturing the full extent of pen movement at cusps and corners. This is
illustrated in Fig. 2. Here, points A and i are retained points and point k is the next
point sufficiently far from point / to be retained. Point j is between points i and k but
would be skipped because it is not sufficiently far from point i, Therefore, an
enhancement was made to this algorithm in order to capture cusps and corners more
precisely. For significant direction changes (¢, greater than an empirically determined
threshold), the intervening points between i and k are examined to determine whether
there are any in an acceptance region (Fig. 3). If there are, the one farthest from point
h is retained. This enhancement improves the writing shape representation while
increasing the number of points retained by only about three percent. This filtering
method has been described in more detail.'* Another filtering method with similar
properties has also been reported, '

Dehooking algorithms were used to eliminate extrancous data having the appearance
of ‘hooks’. Hooks can occur at stroke edges, that is, the beginnings and ends of
strokes. They are due to inaccuracies in pen-down detection and rapid and sometimes
crratic motion on the part of the writer in placing the stylus on, and lifting it off, the
surface of the tablet. Two algorithms are used to eliminate most hooks with minimal
climination of true data.

The first procedure searches the edges of strokes (up to a specified number of points
from the edge and a specified distance relative to character height) for a steady state,
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Fig. 1. Wild point correction, (a) before and (b) after.
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Fig. 2. Problems with usual filtering.

that is, a sequence of points in which little movement occurs. Since such steady states
generally occur between the hook and what is considered the stroke data itself, a hook
can be deleted by locating the steady state near the edge of a stroke and deleting the
data points from the edge to the steady state. This first procedure is invoked before
filtering since it depends on timing to detect a steady state.

The second procedure was designed to eliminate any remaining hooks at stroke
ends. Hooks at stroke ends are more frequent and require this additional procedure to
enhance hook removal. The second procedure, invoked after filtering, looks for a
significant direction change (greater than a threshold) at the end of the stroke, and if
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Fig. 3. Acceptance region for improved filtering.

the size of the hook is small relative to character height (by a threshold), the hook is
eliminated. Figure 4 illustrates a hook that can be removed by this procedure. These
methods have been described in more detail.'> Functionally similar methods have been
reported. 1917

Dot reduction was performed to reduce dots to single points. Two procedures were
used to deduce the data of most dots to single points with minimal reduction of
non-dot data, The first procedure reduces a small stroke to a point if the stroke fits
within a box that is small relative to normal character height. Specifically, if the
maximal extent (in the x or y direction) of the stroke is within a threshold, then the
stroke is reduced to a single point. This procedure is done before filtering.

Some writers make scribbled dots. The second procedure, invoked after filtering, is
aimed at reducing such dots to single points. Three conditions must be met. Firstly,
the maximal extent of the stroke must be within a threshold. This threshold is larger
than that of the first procedure, and it is more stringent for a stroke of a multi-stroke
character than for a character consisting of a single stroke. Secondly, the ratio of the
number of stroke points to the maximal extent must exceed a threshold (ensuring a
high density of points). And thirdly, the average direction change in going from point
to point within the stroke must exceed a threshold (scribble characteristic). If these
conditions are met, the stroke is reduced to a single point,

2.1.2.  Pruning

Pruning is the elimination of some prototypes from contention prior to elastic
matching. Since the elastic matching procedure used can stretch or compress a
prototype character up to double or half its length, minimal pruning eliminates those
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Fig. 4. lllustration of a hook.

prototypes whose lengths are not within this range. This minimal pruning was used to
ensure that loss of accuracy could not be attributed to pruning. We have previously
investigated feature analysis techniques for pruning.'® '

2.1.3. Parameter extraction

From the points remaining after preprocessing, three parameters were extracted to
characterize each coordinate point. The first and second parameters were the
normalized x and y offsets, x; and y;, from the center of gravity. The third parameter
was the slope angle, ¢;, of the tangent to the curve at point i, approximated by the
slope angle of the line segment from one point to the next. The original system used
four parameters, these three and the y-offset from the baseline.'

The normalization of the x and y offsets was such that the y difference of the box
height, corresponding roughly to the height of most characters, was forced to the
greatest possible slope-angle difference (180 degrees). A character is represented by a
sequence of parameter vectors S = V,, Vi, .. ., Vy, where V, = (x;, v;, ¢;) and N
is its length in number of points,

2.1.4.  Elastic matching

In matching an unknown against a prototype, a distance metric is used to compare
an arbitrary point i in the unknown with a peint j in the kth prototype. The point
distance is

d(i, ji k) = (x; = x; 0% + (i = yju)? + ¢l — b4

where the first two terms are squares of the x and y differences and the third term is a
constant (empirically determined) multiplied by the slope-angle difference.
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The point distance is used to obtain an overall distance for comparing an unknown
character against a prototype. The overall distance permits non-linear elasticity on the
part of the prototype, stretching up to a factor of two and compressing up to a factor
of one half. This distance is computed efficiently by dynamic programming using the
recurston relation

D@i—-1, jik
DG, jik)y=d(i, j; k) + min{D@G — 1, j— L; k)
Di—1,j—2k)

where D(i, j; k) is the cumulative distance from (1, 1) to (i, J). Starting with
D(l, 1; k) = d(1, 1; k) and with D(i, j; k) large (infinite) elsewhere, the cumulative
distance recurrence relation is used to obtain, for all possible paths through the model,
the minimum distance Dy = D(N, M;; k) between prototype k and the unknown,
where N is the length of the unknown and M, is the length of prototype k.
Recognition is performed by matching the unknown character against each prototype
(remaining after pruning) and choosing that character yielding the smallest overall
distance. This form of elastic matching was described previously' and has been used
in speech recognition.?® An illustration of this elastic matching is shown in Fig. 5.

2.1.5. Prototype establishment

Each participant wrote 965 characters during a training phase.? Prototypes were
established from these characters. The system processed cach of these characters
sequentially and a character was added to the prototype set if it was either a new
character or did not closely resemble previous prototypes for the same character.
Whether a character resembled previous prototypes was determined by applying the
same procedure that was used during recognition. Specifically, if a character was not
recognized correctly or if an incorrect second choice was close to a correct first choice
(the ratio of the clastic matching score of the second choice to the first was less than a
specified threshold), then that character was added to the prototype set.

2.1.6.  Recognition

The system classified the 476 characters of each participant, obtained from the copy
task of the recognition phase,” by comparing each to the prototypes obtained from the
participant.

2.1.7.  Algorithm improvement

The essential ideas used to improve the algorithms were determined at the outset.
Experimental verification of these ideas and empirical determination of some of the
thresholds was made using the recognition data from writers 1, 4, and 7.

Recognition accuracy was improved in four ways. Firstly, floating-point arithmetic
was used in preprocessing and parameter extraction, except for a few cases where
scaled-up integers were used. Secondly, Euclidean distance calculations were used in
place of absolute x and y differences, (Actually, squared Euclidean distance was used
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Prototype k

Fig. 5. Elastic matching.

for efficiency of computation.) Thirdly, a term previously used in the point-distance
metric was omitted. This term was the y offset from the baseline which permitted
distinction between certain upper- and lower-case letters such as between P and p,
where the critical difference is the position of the character relative to the baseline.'
However, since this distinction was not necessary for the alphabet used, this term
would only add noise to the metric. Finally, the use of greater precision in specilying
the coordinate values permitted the addition of smoothing.

2.2. Results

The results of this experiment are shown in Table 1. The average error ratc was cut
in half, from 5.6% in the original experiment of Schoonard er al. to 2.7% as reported
here and also by Schoonard e al.? There was an average of 135.4 prototypes per
writer, or about 3 prototypes per alphabetic character.

The data of writers 1, 4, and 7 were used to arrive at the improved algorithms.
Although it is not usual to include such data in reporting recognition accuracy, it was
done to be fair, because to exclude them would result in higher recognition accuracy
(97.8%). Determination of the value of the various modifications was difficult
primarily because their order of implementation influences the degree of improvement
in accuracy. However, significant increases in recognition accuracy were obtained by
eliminating the y offset term from the point-distance metric and by using squared
Euclidean distance in trimming.
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Table 1. Stroke-number-free recognition accuracy.

Writer
1 2 3 4 5 6 7 8 9 Average
Accuracy 98.5%  98.5 99.0  Y96.6* 96.6 97.3 939 975 98,1 97.3

* Algorithms tailored to data upon which these values are based.

In order to achieve this increase in recognition accuracy, computation time increased
by a factor of two. Also, because the changes involved conversion from fixed- to
floating-point arithmetic in elastic matching, a PASCAL elastic match was used rather
than the previous machine-language match. Pruning limited the number of prototypes
matched to about 75% of the total number of prototypes. The speed of computation
was about 9 characters/second on the IBM System 370/Model 3081, with most of the
computation time (over 90%) being used for elastic matching.

3. EXPERIMENT 2: STROKE-NUMBER-CONSTRAINED RECOGNITION

The purpose of this development phase was to improve the computation speed of the
system without decreasing recognition accuracy. Computational speed is important
because, although the recognition system was developed on the IBM System 370, it is
being downloaded to smaller, less-powerful machines.

3.1, Procedure

The procedure was identical to that of Experiment |, except for the modifications
described below. The basic changes were matching on a stroke-by-stroke basis and
adding a fast first-stage linear match.
3.1 1. Preprocessing

Wild point correction was not performed. In the previous experiment it was

observed that no wild points were found in the data. Since the wild point correction
algorithm was not utilized, it was disabled.

3.1.2. Pruning

Since matching was done on a stroke-by-stroke basis, those prototypes having a
different number of strokes compared to the unknown were pruned. Also pruncd were
prototypes in which the length of any stroke was not within the elasticity range of half
to double the length of the corresponding stroke of the unknown.

3.1.3.  Parameter extraction

Although parametler extraction was unchanged, it should be noted that the x and y
offsets were still computed from the center of gravity of the whole character, even
though matching was performed on a stroke basis.
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3.1.4. Linear matching

A linear match was performed to further reduce the number of prototypes to be
elastically matched against the unknown. This is essentially an additional method of
pruning.

This linear match was performed on a stroke-by-stroke basis. Within each stroke,
the points of the unknown were linearly matched against points of the prototype (using
the point-distance metric) as follows, The first point of the unknown stroke was
matched to the first point of the prototype, and the last to the last. Each intermediate
point of the unknown was matched against the linearly nearest point of the prototype.
This is illustrated in Fig. 6.

stroke 3

Prototype
stroke 2

L e ]

stroke 1

stroke | stroke 2 stroke 3
Unknown

Fig. 6. Linear stroke-by-stroke matching.

The minimum linear-matching score was found and a cutoff-threshold multiplier
(constant) multiplied by that minimum was used as a cutoff threshold. That is, all
prototypes with linear-matching scores greater than this cutoff threshold were pruned
(Fig. 7).

Figure 8 shows the percentage error rate (the average of writers 1, 4, and 7) as a
function of the cutoff-threshold multiplier. The multiplier controls the amount of
elastic matching performed. A multiplier of 1.0 represents a pure linear matcher since
all but the prototype with the minimum score is pruned and no elastic matching is
required. On the other hand, a high multiplier represents a pure elastic matcher since
no prototypes are pruned and all are elastically matched. The cutoff-threshold
multiplier was set (at 1.7) to yield the low error rate of elastic matching, while
providing a reasonable increase in the speed of computation.

3.1.5. Elastic matching

The elastic matching procedure in Experiment 1 was used on a stroke-by-stroke
basis. This is illustrated in Fig. 9 which shows the reduced computation region for
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Cutoft threshold

4

Fig. 7. Pruning by linear matching. Horizontal line lengths represent prototype matching scores. Prototypes
whose mateh scores exceed a threshold (constant multiplied by the minimum match score) are pruned.

stroke matching compared to that of the original character matching; computation
regions are bordered by lines of slope 2 and slope 1/2. (Note: for n equal-length
strokes the area of the computation region for stroke matching is 1/ that for character
matching.) The matching score for a character is merely the sum of the matching
scores for each stroke of the character.

3.1.6. Computation time analysis

A program profiler (EPSCA) recorded the percentage of time used by the program
statements during execution.?!

3.2, Results

The results of this experiment are shown in Table 2. The recognition accuracy is
essentially unchanged. Minor differences are due to fluctuations in the discrimination
of similarly shaped characters. However, the speed of computation increased by an
order of magnitude, from 9 to 85 characters/second on the IBM System 370/Model
3081, Initial pruning and the smaller computation region of stroke-by-stroke matching
increased computation speed by a factor of four. The linear-match pruning increased
speed by an additional factor of two.

In this experiment initial pruning reduced the number of prototypes to about 29%
for lincar matching, and the fast linear match further reduced this number to only
about 3.8% of the total number of prototypes. Thus, with an average of 135.5
prototypes per writer, only about five prototypes were elastically matched against an
unknown,
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Fig. 9. Stroke-by-stroke elastic matching showing the computation region for stroke matching (hatched)

and that for stroke-number-free matching (large parallelogram).
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The distribution of the number of prototypes remaining at elastic matching is shown
in Table 3. Over a third of the time, linear matching reduced the number of prototypes
(choices) to one so that elastic matching was actually not necessary, although it was
done to obtain comparable scores from the matching process. The number of
occurrences of ten or more prototypes is indicative of the frequency of characters for
which there were similar or unusual prototypes.

Using the EPSCA program,?! a breakdown of the computation time by function
during recognition for writer 1 was obtained (Table 4). The matching process, linear
and elastic, used 43.8% of the computation time.

Table 2. Stroke-number-constrained recognition accuracy, with prototypes initially, and at linear and
elastic matching.

Writer
1 2 3 4 5 6 7 8 9 Average

Accuracy 98.3% 97.9 98.3  95.2* 96.8 97.7 943* 977 99.0 91.2

Number of )

prototypes 92 103, 106, 177, 114, 141.  191. 162. 134, 135.5
At linear 3

matching 23.5 33.9 39.3 52.2 23.5 30.8 72.2 38.9 37.7 39.1
At elastic

matching 3.1 43 42 74 3.6 38 12 85 4.4 5.2

* Algorithms tailored to data upon which these values are based.

Table 3. Frequency distribution (percent) of prototypes at elastic matching.

Number of Writer
prototypes 1 2 3 4 5 6 7 8 9 Average
I 45.6 44.9 33.3 17.8 41.1 40.5 32.7 30.4 38.8 36.1
2 17.7 10.8 12.4 12.7 10.4 13.1 9.3 21.7 13.5 13.5
3 10.1 7.2 13.3 8.0 8.0 8.6 7.2 14.3 9.1 9.5
4 59 5.5 11.0 10.2 7.4 6.1 9.6 4.9 5.1 7.3
5 5.1 5.3 6.8 7.6 6.6 10.3 53 4.9 4.0 6.2
6 3.6 7.2 4.6 6.1 9.7 4.4 4.7 1.5 4.2 5.1
7 3.0 34 4.9 4.0 6.6 3.0 3.0 1.7 4.6 3.8
8 1.3 32 3.6 4.7 4.7 2.5 2.8 2.1 32 3.1
9 1.9 4.0 1.1 2.8 0.9 3.0 2.6 3.0 2.3 2.4
10 or 5.9 8.6 9.1 26.2 4.7 8.4 22.9 15.6 15.2 13.0

more

Finally, it was found that elastic matching reduced the error rate of linear matching
by about 40% (Fig. 8). A similar figure was also obtained for all nine writers. This
quantifies the superiority of elastic over linear matching.
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Table 4. Computation time (percent) per function.

Function Time
Smoothing 7.4
Filtering, dehooking, dot reduction 9.2
Pruning 10.0
Parameter extraction 3.8
Linear matching 27.8
Elastic matching 16.0
Storage allocation and disposal 9.4
Miscellaneous 16.4

4. DISCUSSION

4.1. Speed and Accuracy

In the two experiments described above, compromises were made among the
properties of speed, accuracy, and flexibility. It was found that high recognition
accuracy can be achieved together with high computation speed. In particular only
16% of the time (Table 4) was required for elastic matching to decrease the
linear-match error rate by about 40% (Fig. 8). Also, the additional computation
required for greater precision is also small on most contemporary machines. Therefore,
the only possible disadvantage in the trade-offs implemented may be flexibility.

4.2. Flexibility

Flexibility is an important property of handwriting recognition systems. Writing on a
tablet with no constraints can be varied as writing with pen and paper. At the other
extreme, the writing can be limited to characters which are printed carefully, one to a
box, and each character can further be limited to a specific number, order, and
direction of strokes. Generally speaking, flexibility is concerned with where the
characters or words are written, such as on lined paper or spaced one from another,
and how they are written, such as with variation in number, order, and direction of
strokes.

Our approach has been to have each writer establish his own prototype set. All
intra-writer variation is handled by the system merely by adding prototypes, thus
increasing flexibility; however, the amount of variation handled is limited because it is
restricted to a single writer. Significant intra-writer variation, such as differing stroke
number, order, or direction, is handled merely by storing additional prototypes. While
this approach is flexible in that the writer is not constrained in his character
production, the writer must take time to create prototypes. For a relatively small alphabet
(such as the Latin alphabet, including digits and special symbols) this approach is feasi-
ble because of the relatively small number of characters and also the few strokes per
character. For Chinese characters a more sophisticated approach is needed to handle
both stroke number and order variation without a comesponding increase in



Int. J. Patt. Recogn. Artif. Intell. 1991.05:79-95. Downloaded from www.worldscientific.com
by Kayla Smith on 12/20/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

SPEED, ACCURACY, AND FLEXIBILITY TRADE-OFFS 93

prototypes. This is accomplished by matching each stroke of the unknown against each
stroke of the prototype, finding the best stroke correspondence, and, when the stroke
numbers differ, using linkage rules to combine strokes appropriately.?2-23

The system modifications described above resulted in a system which is more
accurate and faster at the expense of some loss in flexibility in stroke number. This
loss in flexibility will now be examined. Since our approach has been to add
prototypes when necessary, there should be little or no decrease in the ability of the
system to handle writer variation in stroke number. Although there was some concern
that the number of prototypes might increase in going to stroke-by-stroke matching,
this was not the case. A final consideration is that extraneous pen-lifts are a source of
error for matching at the stroke level but not for matching at the character level. This
was the primary reason for matching at the character level in the original system.
However, another way to handle extraneous pen-lifts is to connect successive strokes
when the distance between a pen-up and a subsequent pen-down is small relative to
character size, a technique used previously.'* Thus, any loss in flexibility from
matching at the stroke rather than the character level is minimal.

Finally, the omission of the y offset from the baseline is considered (Experiment 1).
This change reduced the generality of the recognizer, since it could no longer
distinguish between characters whose essential difference is the position of the
character relative to the baseline. However, discrimination based on character position
relative to the baseline can be added in a post shape-recognition phase, which seems
more appropriate. Furthermore, this change resulted in a matching procedure which
responds more accurately solely to the shape of a character. Therefore, there is no loss
in flexibility from this change.

4.3, Future Accuracy Improvement

Further improvement in recognition accuracy can be anticipated. Firstly, the
prototype establishment procedure can be improved. For example, the writer could be
given the capability to interactively review machine-drawn plots of prototype charac-
ters and to directly insert and delete prototypes.?* Furthermore, the serial prototype
establishment procedure could be replaced by a global one which exarhines a set of
candidates and derives a set of prototypes from them. One such procedure promotes
the identification and usually the elimination of mavericks,? where a maverick is a
character that is not written as intended, inadvertently not made differently from other
alphabet characters, not captured accurately due to hardware problems, or distorted in
some fashion due to other problems. In these experiments maverick prototypes were an
important cause of error since, for example, some writers wrote different characters
identically, such as ‘O’ and ‘0’ and ‘I’ and ‘1°.

Secondly, postprocessing can be performed to distinguish between similarly shaped
characters. One such approach is based on functional attributes.*® For example, ‘A’
versus ‘H' and ‘O’ versus ‘C’ can be discriminated by the attribute of closure, the first
of cach pair having, and the second lacking, the attribute.

Thirdly, improvements to preprocessing are possible. The dehooking and dot
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reduction procedures merit review since they were designed using a relatively small
sample of data from a different tablet. Also, changing to float-point arithmetic in the
few cases where scaled-up integers are still used may further increase accuracy.

4.4. Future Speed Improvement

Additional improvement in computation speed can be anticipated. The storage
allocation and disposal can be eliminated by creating a free list for the structures. The
linear and elastic matching procedures are small and could be converted to machine
language. Also, some speed could be gained by not doing elastic matching when only
one choice remains from linear matching. Finally, the speed of many functions could
be increased. For example, a function like pruning is particularly slow because the
program was designed for pruning by feature analysis.
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