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ABSTRACT

This paper deals with the problem of estimating a transmitted string X, from the
corresponding received string Y, which is a noisy version of X,. We assume that ¥ contains®any
number of substitution, insertion, and deletion errors, and that no two consecutive symbols of
X, were deleted in transmission. We have shown that for channels which cause independent
errors, and whose error probabilities exceed those of noisy strings studied in the literature [12],
at least 99.5% of the erroneous strings will not contain two consecutive deletion errors. The best
estimate X * of X; is defined as that element of H which minimizes the generalized Levenshtein
distance D(X/Y) between X and Y. Using dynamic programming principles, an algorithm is
presented which yields X * without computing individually the distances between every word
of H and Y. Though this algorithm requires more memory, it can be shown that it is, in general,
computationally less complex than all other existing algorithms which perform the same task.

I. INTRODUCTION

One of the problems encountered in text recognition is that of correcting
misspelled words. Let Y be a misspelled (noisy) string obtained from a word X;,
an element of a finite dictionary H. Various algorithms have been proposed to
obtain an appropriate estimate of X, based on Y.

Many researchers [7, 9, 10, 13, 21] have defined X *, the best estimate of X,
as that X€ H which minimizes the Levenshtein distance D(X/Y) between X
and Y. The standard technique (ST) of computing X+ requires the separate
evaluation of the edit distance between Y and every element X& H. However,
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the ST does not utilize the information it has obtained in the process of
evaluating any one D(X; /Y), to compute any other D(X, /Y). Suppose X, and
X, have the same prefix X* )=a|a2...ap. Then the ST would compute the
distance D(a,...a,/Y) for both X; and X, and would thus unnecessarily repeat
the same comparisons and minimizations for all r=1,---,P. Thus, the ST
usually has many redundant computations.

In this paper we present a new technique, called Algorithm I, to compute
X* eH which minimizes D(X/Y) for a given Y. In contrast to the ST, in
Algorithm I we do not individually evaluate D(X;/Y) for every X, €H. By
treating the dictionary as one integral unit and by using dynamic programming
principles, we compute the distances D(X/Y) for all X€ H simultaneously. In
Algorithm I we take the maximum advantage of the information contained in
the prefixes of the words of the dictionary. In other words, we make the most of
the fact that the recognizer for a finite dictionary is a finite state machine (FSM)
which has an inherent tree structure. The computational advantage of Algorithm
I over other existing algorithms [7, 9, 10, 13, 20, 21] is considered in the
companion paper [18].

The heart of the paper is the recursive computation of the distance D(X/Y).
To render the computation recursive, we introduce an auxiliary measure
D\(X/Y), termed the pseudodistance between X and ¥, from which D(X/Y)
can be computed using one additional symbol comparison. The distance mea-
sure D\(X/Y) has some desirable properties. Let X be the prefix of X of
length i, and let Y/’ be the prefix of Y of length j. The pseudodistance measure
between X'V and Y can be computed using only a fixed finite number of
pseudodistances between the prefixes of X and ¥/~ respectively.

In Sec. II, we define the distance D(X/Y) and obtain an explicit expression
for it. In the next section we prove its recursive properties. Using dynamic
programming procedures [4], we proceed to show how X* can be obtained
recursively. The fact that the structure of this FSM that accepts H can be
represented as a tree, is used in the companion paper [18] to study the
computational complexity of Algorithm I. A comparison of Algorithm I with
other existing algorithms is also found in [18].

II. FUNDAMENTALS AND DEFINITIONS

I1.1. NOTATION

An alphabet 4 is a finite set of symbols, and 4* is the set of strings over A.
Z € A* is a string of length | Z|. A dictionary H is a predefined set of J words:

NI
H={X,-=kHIx,-k]i=l,...,J; Xi EA},

where [I is a concatenation relation.
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N,, is the length of the longest word in H. The null string p is defined by (i)
ap=pa=a and (i) pp=p, where a €A*. We distinguish A, the null symbol,
from p, the null string. Let A=AU{A}. 4 is called the appended alphabet.
Uppercase letters will be used to represent strings of symbols, and lowercase
letters to represent elements of the alphabet under consideration,

Let ZE€A* be a string of length R, R=>0. Then Z,,, the left derivative of Z of
order one (or simply the left derivative of Z) is defined as the prefix of Z of
length R—1,if R=1, and as p if R=0. Z,, the left derivative of Z,, is referred
to as Z’s left derivative of order two.

11.2. TRANSMISSION ERRORS

Suppose a string X, € H is the input to a noisy channel, and Y is the output
noisy string, We assume that there are three types of errors in Y (let a, € A*
and a, b€ A, where as=b):

(i) Y has a substitution error if X, =aaB and Y=abf.
(ii) Y has a deletion error if X, =aaf and Y=af.
(ii1) Y has an insertion error if X, =aff and Y=aaf.

The following are the assumptions made regarding the properties of the noisy
channel through which X is transmitted.

AssuMPTION i. The noise that corrupts any x; in X, is independent of the
noise that corrupts any other symbol x; in X,.

AssUMPTION ii. The channel has the property that it does not delete two
consecutive symbols of X,. In Sec. 111.6 we relax the assumption and require
that no P consecutive symbols of X| be deleted in the process of transmission,
where 2<P<N, (N, is the length of X).

We shall justify Assumption i in Sec, IIL5.

I1.3. DISTANCES BETWEEN STRINGS

Suppose we edit a received string W& A* and transform it to another string
ZE A* by either replacing some of its symbols with other symbols in 4, or
inserting some new symbols in it, or deleting some of its symbols. We can then
define a distance D(Z/W) between Z and W, based on the intersymbol
clementary edit distance measure d(- /-) obeying the inequalities of Okuda et al.
{13]. The meaning of these intersymbol edit distances is given below.

(i) d(a/b) is the edit distance associated with replacing a b in Wwith an a to
transform it to Z, 0<<d(a/b)< oo. By definition d(a/a)=0.
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(ii) d(A/b) is the edit distance associated with deleting a b in W, where
0<d(A/b)< .

(iii) d(b/A) is the edit distance associated with inserting a b in W, where
0<d(b/A)< 0.

The distance D(Z/W) is defined as the minimum sum of the distances
associated with the edit operations done on W to transform it to Z. We now
obtain an explicit expression for it. Suppose that both Z and W are of the same
length M. If z, and w; (the ith symbols of Z and W respectively) are such that
d(z;/w)<oo for all i=1,..., M, then the definition of D(Z/W) yields the
following expression:

M
D(2/W)= 3 d(z/w).

Suppose Z and W are not of the same length. We can create two strings Z’ and
W', both of the same length L’, by inserting A’s between the symbols of Z and W
respectively, and can set up a one to one correspondence between the symbols z/
and w/, i=1, 2,..., L’, the individual symbols of Z’ and W’ respectively. Thus
with each such pair (Z’, W’) we can associate a unique set of edit operations
which is that of transforming each w; to the corresponding z/, provided both are
not simultaneously A. Further, with each pair we can associate a sum of
distances given by

o
2 d(z/w)).
i=1

The minimum of the sum of the edit distances over all the possible pairs (Z’,
W) obeying Assumption ii is the distance D(Z/W). A precise expression for it
is given by

> d(z! /w! )] Z, WeEA*, .1

D(Z/W)—(z W’)ET’[

where T"={(Z', W"|Z’', W’ satisfying (a)-(c)}:

(a) Z’ and W' are strings obtained by inserting A’s in Z and W respectively,
with no z/ =w/ =

(b) The symbols in W’ corresponding to any two consecutive symbols of Z
are not both A, due to Assumption ii.

(c) max[R, K]<|Z'|=|W'|=L'<R+K—1, R=|Z|, K=|W|.

The above expression explicitly defines the generalized Levenshtein distance
that has been used by previous researchers [4, 5, 7, 9, 13, 21, 22}.
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III. THE COMPUTATION OF D(Z/W)

Our primary intention is to develop a recursive procedure to compute
D(Z/W) which involves only a fixed finite number of the prefixes of Z and the
left derivative of W. To this end we introduce a distance measure, D,(Z/ W),
referred to as the pseudodistance between Z and W. The measure D (Z/W)
has the desirable properties that it can be computed recursively and that
D(Z/W) can be obtained from it using only one additional symbol compari-
son. The pseudodistance D\(Z/W) between ZEA* and a received WEA* is
defined as the minimum sum of the individual edit distances associated with the
edit operations needed to transform a received W to Z given that the last symbol
of Z was not inserted during editing. It can be evaluated by minimizing the sum
of the edit distances over all pairs in 7" of (2.1) which do not require the edit
insertion of Zy, the last symbol of Z. Thus,

L
D(Z/W)= ,min [2 d(z:/w.-')], 3.1
where T\, ={(Z’, W')|Z’, W’ satisfying (a)-(c) below (2.1) and (d) below}:

(d) If z; =z, then w/ 3=A

The relationship between D(Z/W) and D(Z/W) is given by the following
theorem, proved in the Appendix:

TeEOREM 1. Let Z=1I%, z, and W=, w,. Let Z, be the left derivative of
Z. Then the following distance equality is true:

D(Z/W)=min[ D,(Z/W),(D\(Z,/W)+d(zz/N)}].  (32)

Let Y be the prefix of Y of length K. We now derive the recursive
properties of the pseudodistance between an arbitrary string Z€A4* and YX,
The cases when | Z| =0, | Z|=1, and | Z|>2 have been considered scparately.

Using the definition of p, we have the following expression:

D\(P'/Y(K+l))=Dl(l"/Y(K))+d()‘/)’K+1)- (33)

Suppose we want to compute the pseudodistance between a single symbol b
and Y'X*D, By the definition of the pseudodistance b could not have been an
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inserted symbol. Using Lemma I and simple dynamic programming arguments,

D,(b/Y*+)=min[{ D\(5/Y®)+d(A/yxs1)}

(Dw/ Y®)+d(b/ye )] G4

The expression for the pseudodistance between Z and Y¥*V when | Z|>2 is
given by the following theorem proved in the Appendix:

THEOREM II. Let Z,bc be an element of A*, b,c€A, and |Z,|=0. Then
D(Z,bc/Y )+ VY can be evaluated by the following equation:

D‘(Z,bc/Y(K*'”)=min[{D‘(Z;bc/Y(K))+d(A/yKH)},
{Dl(zlb/Y(K))+d(C/yK+l)}’

(D2, ¥®)+d(b/N) +d(c/ve))}]. (35)

In the above expression the number of terms included to obtain the distance
between Z,bc and YX*D is merely three. Such a simplified expression is a
consequence of (i) performing the recursion using the pseudodistance measure,
and (ii) utilizing the fact that the channel obeys Assumption ii. It is exactly here
that the distance computation presented here is superior to the one presented in
{201

II1.1. PROCEDURE FOR OBTAINING X

Let ¥ be the set of all the prefixes of H. Then a€V if and only if a is a
concatenation of the first r symbols of some word in H. (r<N,,, the length of
the longest word in H.) Symbolically,

V={alaBEH; a,BEA*}.

We define R'X as the set of all elements of ¥ into which Y*7 can be
transformed with finite pseudodistance. For all K=1,..., M where M=|Y|,

R®=(7|Z,€V,D(2,/Y®)<wx}.
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Similarly, we define $% as
5® ={(Z,,u)|D,(Z,/Y®)=u<o0}.

The reason why we have defined R and $'X in terms of the pseudodis-
tances D(Z, /Y©) is that they are recursively computable. Let us assume that
we have the sets R‘®) and SX) obtained after editing the string Y'*). Then,
using Assumption ii, we can show that R**D can contain only terms of the
form Z,, Z,c, Z,bc, where Z,, Z, ER™), b, cEA, and d(c/yx. )< . Hence,
the set R’V can be computed from a knowledge of just R™X), ¥, and the last
incoming symbol y,., ;. This result is stated below and proved in the Appendix:

THEOREM IIL. Let Y50 be the prefix of Y of length K. If R'X) is the set of all
ZEYV for which D(Z/Y®)<co, then, using Assumption ii, R***D can be
written as the union of three mutually exclusive sets:

REFD=REYYR'UR", (3.6)
where,
R'={Z,¢|Z,cEV, Z,c@R®, Z, ER®, d(c/yxs)) <00},

R"={Z\bc|Z\bcEV, Z,b&R®), Z\bc@ R¥), Z, €R®, d(c/ygs ) <0},

Zy,Z,€EVand b,cEA.

Combining the results of Theorem III and (3.3)-(3.5), one can see that S
is also recursively computable. Using these results, we present Algorithm I that
processes Y and yields as its output X .

Initially we define R® ={u} and §® ={(p,0)}. From the results obtained
above, we know that if the sets R*? and $®) are known, and the incoming
symbol yg., is known, then the sets R*D and S**" can be computed
directly. Thus, if |Y|=M, Y™ can be obtained recursively. After the whole
string ¥ has been processed, we create two new sets R+ and S * defined below:

R*={X|XeR™ nH} U{X|X&R™, XEH, X, €RV;
X, the left derivative of X},

S*={(X,u)]XER",u=D(X/Y)}.
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The set R has the property that every element in it is strictly an element of
H and it satisfies the inequality D(X/Y)< oco. Similarly, in the set S * we retain
only the pairs (X, u), where X€H and u is the distance D(X/Y)<<co. By
observing S+, the best estimate X €H which minimizes D(X/Y) can be
obtained. The procedure verbally stated above is given algorithmically below:

ALGORITHM 1.

Initialize R® ={p}, SO ={(p,0)).

2. For K=0,...,M—1 do

(a) Compute R**" from R® and y,, ,, using (3.6).
(b) Compute S**V from %) and R¥*" as

—

s&+v={(Z,D(2/Y**V))| ZERK*D),

where D\(Z/Y¥*1V) is obtained using (3.3), (3.4), and (3.5) if | Z]=0,
|Z|=1, and | Z|>2 respectively.
3. Compute R* and S* from R‘™ and §™ as:
(@ R*=(X|XER™ NH}U({X|XEH, X¢R™, X, ERM}
() S*={(X,u)] XER™}, in which u is the distance D(X/Y) obtained
using (3.2).
4. Choose X* €R™ as the string which Y represents which minimizes D(X/Y).

I11.2. EXAMPLE

To illustrate Algorithm I an example is given below for the dictionary H
where

H={format, or},

A={a,f,g,m,o0,r,t}.

Let the elementary edit distances be given by d(b/b)=0 for all bEA, d(f/g)=
3.4,d(b/A)=23for all bEA, d(A/b)=2.3 for all bEA. For simplicity we have
assumed that all the other intersymbol distances associated with substitution are
infinite.

Suppose Y=gormt. Without much comment, we briefly give the sets and
complete the example.

L RO={p}). SO ={(n,0)}.
2. y,=‘g’. Thus,

RO={f,n},

SO ={(f,d(f/8)):(1d(A/8))} ={(1,3.4),(A,2.3)}.
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3. y,=‘0’. Hence
2 ’

R(Z) = {fo’ O,f, p‘},
$@={(f0,3.4),(0,2.3),(f,d(f/8)+d(N/0)).(n,4.6)}
={(f0,3.4),(0,2.3),(£,5.7),(n,4.6)}.

4. y,=°r’.

R® = {for,or,fO, o’f”"'}

SO ={(for,3.4),(0r,2.3),( f0,5.7),(0,4.6),(f,8.0),(1,6.9)}

1 >

5. y,=m’,

RO ={ form, for, fo, f,0r,0,p},
S ={( form,3.4),( for,5.7),( f0,8.0),(£,10.3),( or,4.6),(0,6.9),
(1.9.2)}.
6. ys="1.
R® ={ format, form, fo, f,or,0,p},
8§ ={( format,5.7),( form,5.7),( for,8.0),( fo,10.3),( £, 12.6),
(0r,6.9),(0,9.2),(n,11.5)}.
7. R* =H, since no insertions can be made to create any new words which

are not in R® and yet are in H. Thus by observation D( format/gormt)=5.7
and D(or/gormt)=6.9, whence we decide that X * =format.

REMARK. Trimming the size of R*%) and S®) by rejecting all states Z€ RX)
for which D(Z/Y®?)= D, (a threshold) considerably reduces the computation
time. The threshold D, can be either a constant or a function of K.

I1.3. A SIMPLIFIED VERSION OF ALGORITHM I

In this section we show that the recognizer for a finite dictionary is a finite
state machine (FSM) which has an inherent tree structure. We then make use of
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the fact that Algorithm I merely manipulates the nodes of this tree and present a
simplified form of Algorithm I which is more easily programmable.

Let H'® be the set of all the prefixes of H of length less than or equal to P.
By definition, V' is the set of all the prefixes of H. Thus,

HP ={a|ja|<P,aBEH, «,BEA*}, (.7
implying that
V=HWn, (3.8)

The FSM that accepts only words in H is given by the quintuple
(A, V,T, f, H?), where:

(i) 4 is the finite alphabet.

(ii) ¥ is the set of states defined above.

(iii) T is the set of final states=H.

(iv) f is the transition function which defines the next state, if the present
state and the input symbol bEA are given. f is thus a map from VX4 to V.
f(a, b)=ab if and only if a is the present state, b is the input symbol, and both
a and ab arein V.

(v) HO is the starting state p.

We now explicitly define the tree structure of the FSM that accepts only
words in H. Since H is a finite set, this FSM must have no cycles. Being a
completely connected graph, the transition map of the FSM can thus be
represented by a tree having the following features:

(i) The nodes of the tree correspond to the elements of V.

(ii) If Z is a node of the tree, then by virtue of the transition function of the
FSM, Z, will be the parent node of Z, and Z, will be the grandparent of Z.

{iii) The root of the tree will be the node corresponding to p.

(iv) The leaves of the tree will all be words in H (but the converse is not
true).

In future, we do not distinguish between the FSM and its corresponding tree.
Neither do we distinguish between the nodes of the tree and their labels.

With this tree structure as the basis we can now view Theorems II and Il in
a different way. Theorem III states that if a certain node Z of the tree is in R,
then the nodes that are in R**" caused by Z are merely all the children and
the grandchildren of Z. Similarly, Theorem II states that if the pseudodistance
between a certain node Z and YX*1 has to be computed, it can be done with
merely a knowledge of the pseudodistances between each of Z, the parent of Z,
the grandparent of Z, and the string YX) respectively. This justifies the
simplified version of Algorithm I below.
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Let a be an element of ¥ whose left derivatives of order one and two are a,
and a, respectively. Further, for any X€H, let X, be its parent and x; its last
symbol. Then Algorithm I can be seen to be equivalent to the procedure given
below.

SIMPLIFIED VERSION OF ALGORITHM 1.

Input: (1) The dictionary H in terms of the sets H'") for all i<<N,, (the length
of the longest word in H) and the tree structure of the FSM that
accepts H.
(2) The garbled string Y.

Output: The string X * € H which minimizes D(X/Y).

Method:
Dyp/Y=0, where YO=p.

for K=1 to M do
if 2K<N,) S=2K
else S=N,,
for every a € H'S do
if (Dy(a/Y* D) or Dy(a, /YD) or Dy(a, /Y P)<o0) then
ql=Dy(a/ Y X~ Dy+d(A/yy)
@2=Dy(a,/Y* D)+d(a;/yy)
q@3=Dy(a,/Y* D) +d(a,,/N)+d(a;/yk)
Dy(a/Y®)=Min[ql,q2,q3]
end
end for every X€ H do
D(X/Y)=Min[D(X/Y),D(X,/Y)+d(x;/N)]
end X' =Arg M)\i/n[D(X/Y)]

end

The “if” statement in the second “for” loop tests whether it is possible for a
to be in R, Independent of d(a,/y,), D(a/Y%) is computed. If D(a/ YX))
=00, then a will not be in R®) and hence its contribution in the subsequent
computations will be neglected. When all three, a, a,, a, @ R*™", a can never
be in R‘®) and hence D(a/Y'®) is not evaluated. The last “for” loop considers
the possibility of x, being deleted in transmission. One can verify that, by virtue
of the results of Theorems II and II, the above algorithm is equivalent to

Algorithm L.
I11.5. JUSTIFICATION OF ASSUMPTION II
In the formulation of Algorithm I we have assumed that in the process of

transmission no two consecutive symbols of X, were deleted. In this subsection
we justify this assumption.
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Let p, be the probability of correctly transmitting any one symbol a€ 4. Let
b, be the probability that the symbol is erroneously transformed into some other
symbol bEA. Let p, be the probability that the symbol a is deleted. Since any
transmitted symbol can either be correctly transmitted or erroneously trans-
formed or deleted,

P +pw +pd=1

Let us suppose that a string X of length N is transmitted. Let E, be the event
that at least one symbol was erroneously transformed or deleted. Let E, be the
event that at least two consecutive deletions took place. Using Assumption i,

P (all the symbols are correctly transmitted)=p>.
Hence,
P(E)=1-p].

To evaluate P(E,), we observe that there are 2V distinct possibilities of either
deleting or not deleting the N transmitted symbols. By enumerating the 2V
possibilities and evaluating the probabilities of the individual elementary events
that favor E,, P(E,) can be computed. Since E, is a subevent of E,, P(E, /E))
is the ratio P(E,)/P(E)).

The probability P(E, /E|) has been evaluated for various values of p,, p,,
and p, for various values of N. For example, if p, =0.955, p, =0.040, p, =0.005,
and N=8, we obtain that P(E, /E,)=0.00057. This implies that 99.943% of the
erroneous strings will not contain two consecutive deletions. Consider the case
when p.=0.94, p, =0.05, p, =0.01, and N=6. The error probabilities in this
case are higher than the average error rates considered by Neuhoff [12], and the
length of the words is about the average length of the 1021 most common
English words [23]. Even in this case, we obtain that 99.840% of the erroneous
strings will nor contain two consecutive deletions. Hence, if the noisy channel
obeys Assumption ii, the algorithm presented here can be used to correct all the
possible noisy strings. Even if Assumption ii is not exactly satisfied, by the
results derived above, we believe that the algorithm can, on the average, be used
to correct at least 99.5% of the erroneous strings.

I11.6. GENERALIZATION OF ALGORITHM 1

We shall now generalize Algorithm I for the case when the channel does not
delete P consecutive symbols of X,. The fact that we have assumed that the



ALGORITHM FOR STRING CORRECTION-—1 135

noisy channel obeys Assumption ii implies that the only term in R‘X*D
obtained as a result of inserting a symbol after a € R is abc [where d(c/yk, )
< c0]. Suppose we relax the assumption to require that in the process of
transmission no P consecutive symbols be deleted. In such a case if a €RX),
terms in R‘**D caused by insertions are of the form ab,b,... bp_,c [Where
every b, €4, d(c/yx+,)< o). The upper bound for P is N, —1, where N, is the
length of X.

If Assumption ii were true, then to evaluate D,(Z/YX* ") the only distances
we would need to know are D(Z/Y'®)), D(Z,/Y'®)), and D(Z,/Y'"),
where Z, and Z, are the left derivatives of Z of order one and two respectively.
Relaxing the algorithm to permit up to P—1 consecutive deletions will imply
that we have to consider all the left derivatives of order P. This will mean that
the distance expression (3.5) will contain P+ 1 terms over which the minimum
must be taken. We now present Algorithm I-G, a generalization of Algorithm I,
which yields as its output X+ €H which minimizes the distance D(X/Y)
subject to the constraint that no P consecutive symbols of X, were deleted in
transmission. The proof that the sets R‘X? and $‘%) are correctly computed
follows from a direct generalization of the results of Theorems II and III.

ALGORITHM 1I-G

1. Initialize RO = {}, SO = (4,0)}.
2. For K=0,...,M—1 do
(a) For every a€RX), add B to RX*V, where BE€ V has a as its prefix and
satisfies | B|<|a|+P+1.
(b) Compute S¥*V from $X) and R+ P as

SK+H = {(Z, Dl(Z/Y(K+I)))l ZeR(K-H)}’

where D,(Z/Y¥*D) is obtained using (3.3), (3.4) if | Z|=0 and | Z|=1
respectively. If |Z|=2, let one possible representation of Z be aja,c,
where |a,|<P. Then D\(Z/Y¥*V) is the minimum of D\(Z/Y')) and
P other terms each of which corresponds to the transformation of yy,  to
¢, the insertion of a,, and the editing of Y¥) to « .
3. Compute R* and §* from R’ and S as:
(@ R*={X|XER™ NH) U{X|XEH, X¢&R™), X, ER™M},
() S*={(X,u)]X€R*}, in which u is the distance D(X/Y) obtained
using (3.2).
4. Choose XT €R™ as the string which Y represents which minimizes D(X/Y).
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IV. CONCLUSIONS

In this paper we have presented an algorithm, referred to as Algorithm I,
which has as its input a misspelled string ¥ which represents some unknown
word X, of a finite dictionary H. The best estimate X * of X, is defined as that
string X in H which minimizes the generalized Levenshtein distance D(X/Y)
between X and Y. Algorithm I yields X * without individually evaluating every
D(X,/Y).

By studying Algorithm I using the tree structure of the finite state machine
that accepts H, we can show [18] that though it requires more memory, it
minimizes the number of computations required to obtain X *. This is because it
utilizes the maximum information obtained during the process of evaluating any
one D(X,/Y) to compute any other D(X; /Y). In the second part of this paper
[18] it is shown that, in general, Algorithm I is computationally less complex
than both the standard technique (ST) of obtaining X* and the algorithm
presented in {20]. Its superiority has been demonstrated for various dictionaries,
including the dictionary consisting of the 1021 most common English words of
length greater than unity.

APPENDIX

A. PROOF OF THEOREM I

Consider the expression for D(Z /W) given in (2.2). We have required that in
every pair (Z',W’) in T”, (a) no z{ =w/=A and (b) the symbols in W’
corresponding to any two consecutive symbols in Z be not both A. This
condition is implicitly assumed in all the sets defined in this proof. To simplify
notation, let L, =max[R, K] and L, =R+K—1.

We partition T into two mutually exclusive subsets T, and T, as T" =T, UT,,
where

T,=((Z',W)||Z'|=|W|=L'; L, SL'<L,; and if z{ =z, then w %A},

T,={((Z,W"|| Z'|=|W'|=L"; Ly <L’'<L,; and if z/ =z, then w/ =1},

Consequently,

D(z/W)= mln[ o {2 d(z] /w] } {2 d(z] /w)) H (A
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But T, is identically equal to the set T, of (3.1). Hence the first term in (A.1) is
D(Z/W). Since in every pair (Z’,W’) in T,, the symbol z, is an inserted
symbol, in view of Assumption ii, zz_, cannot be an inserted symbol. Let T, be
the set

{(Z,,w)||Z)|=|W'|=L’; LySL'SL'y; and if z;=z,_,, then w; #A},
where L) =max{R—1,K] and L} =(R—1)+K—1. Then

L

.
n;in{_g d(z;/w;)]= %m[ s d(z:/w;)}w(zk/m. (a2)

4 i=1

The first term on the right hand side of (A.2) is exactly D{(Z, /W). Rewriting
(A.1) using the simplified pseudodistance expressions for the individual terms,
we obtain the result.

B. PROOF OF THEOREM II

The theorem is trivially true if D(Z,bc/YX})=c0. We shall only consider
the case when it is finite.
For the sake of convenience, let Y,=Y®)=[IX |y, and let Y,=Y¥**P =
K4y 1| Z,|=R, we write Z, =IIX | z,;. Since | Z,|=R, from (3.2) we express
the pseudodistance D\(Z,/Y'¥)) in terms of the individual edit distances as

I
D(Z,/Y,)= _min [ 2 d(Zif/y{,-)]

(Zver| 2

= mi Szvl» B.1
(zq.vi?en[ 2] 8.1

where T, = {( 2}, Y})| Z}, Y] satisfying (a)-(c)}:

(a) Z} and Y] are strings obtained by inserting A’s in Z; and Y, respectively,
with no z{, =y{; =A.

() If 2], =z then yj, 7.

(¢) max[ R, K1<|Z{|=|Y{|=L'<R+K-1.

Conditions (a) and (b) regarding the position of A will hereafter be taken for
granted.



138 R. L. KASHYAP AND B. J. OOMMEN

Let Z, =Z,bc. Then since | Z,}=R+2, using (3.1),

D(Z,/1)= 2 d(z3:/y3:) ]

(Z',YZ)ETS[r y

2 [82,.1) (B.2)

where T, ={(Z;,Y3)| Z3, Y; satisfying (a)-(c)}:

(a) Z5 andY; are strings obtained by inserting A’s in Z, and ¥, respectively,
with no zj, =y;;, =AX.

(b) If z3, =z then y;, #A.

(¢) max[R+2, K+1]<|Z;|=|Y;|=L'<R+K+2.
Noting that ¢ and y,, are the last non-A symbols of Z; and Y, the set of all

possible pairs (Z3, ¥;) can now be partitioned into five mutually exclusive and
exhaustive subsets {A}-{E} (in all the subsets, the index n, is arbitrary):

{A} contains the pairs in which c is to the left of yg, !

ZZ :'(Zle)IA,

Y, =(Y7) yke1- (B.3)

{B} contains the pairs in which ¢ and y,., are in identical positions. It can

further be partitioned into two mutually exclusive and exhaustive subsets {B1}

and {B2}. {B1} contains those pairs of {B} in which the last non-A symbol of
Y| lies to the left of b in Z3:

z;=

Y, =Y Ayk+1- (B.4)

{B2} contains those elements of {B} in which at least one non-A symbol of Y] is
either identically placed as, or is to the right of, b in Z,:

Z,=(Z{bX\")c,

Y, =(Y)yesr- (B.5)
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{C} contains all pairs in which y,.,, lies between b and c:
=(Z{bX\")Ac,
¥ =(¥])yg+i- (B.6)
{D} contains the pairs in ‘which b and yx , are identically placed:
Zy=2Zbc,
Y=Yy (B.7)
{E} contains the pairs in which y., | is to the left of b:
=(Z)bc,
Y =(Y{ye1)AN. (B.8)
No element of either {C}, {D}, or {E} will be admissible in T;, since every
element in these sets requires the insertion of ¢, the last symbol of Z,bc. Every
element in {E} requires that both b and ¢ be inserted, and this further violates

Assumption ii.
Thus the pseudodistance D,(Z, /Y ¥* 1) can be written as

D]( Zz/Y(K+I))= (Z’z‘[l,)‘];]_;l)]é‘r5 [SZ'ZYE]

= min] min [Sz.y,] min[ Sz min [ Sz. ]| (B9)

From (B.3),
min [ Sz,] = Di(Zibe/Y) +d(N/yg)- (B.10)

From (B.4),
%%ig{sz*zvg] ::DI(ZI/YI)+d(b/h)+d(c/yK+l)' (B.11)

From (B.5),
min[ Sz = Di(Zib/ V) +d(e/ ). (B.12)

Rewriting (B.9) using (B.10)~(B.12) proves the theorem.
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C. PROOF OF THEOREM III
We recall the definition of RX*Y a5
REN={Z|D(Z/Y**N)<0]}.
We partition R‘**" into two disjoint sets as
RX*D=R UR,, (cy
where
Ro={z|D\(2/Y* " V)<o0,D\(Z/Y®) <0}
and
R={Z|D|(Z/Y**Y)<o0,D(Z/YF)=00}.
We further partition R, into two mutually exclusive subsets R, and R;:
R,={Z|D(Z/Y**"V)<0e0,D\(Z/YF))=00
and Z=2Z,c, where Z, ER(K)} ,
Ry={Z|D}(2/Y*¥*V)<o0,D\(Z/YF) =00
and Z=Z,c, where Z, RX)} .-
The set R, can be equivalently written as
Ry={Z,bc|D\(Z,bc/Y** D) <00, D Z,bc/Y®) =00,
D\(Z,b/Y®)=w]}.

The expression D(Z/Y¥))<oo implies that D,(Z/Y¥* D)< 0o. Hence the
set R, is identically equal to R‘%",
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Consider the set R,. Since Z,c€ RX* D the pseudodistance D,( Z,c/ Y ¥+ 1)
is finite. Further, since D,(Z/Y*%) is infinite, and since ¢, the last symbol of Z,
must have been a substituted symbol, it must have been substituted for by y,. ,.
Consequently, R, can be equivalently written as:

R;= {chiDn(ch/Y€K+l))<°°’ Dy(Zyc/ Y ) =00,

D\(Z,/Y®)<c0,d(c/pgsi) <00}, (C2)

which is identical to R’ of (3.9).

Consider the set R,. Since D(Z;bc/Y¥* D)< oo, and since both
D(Z,bc/ Y™y and D((Z,b/Y®)) are infinite, ¢ must have been a substituted
symbol, substituted for yy, . If b were a substituted-symbol, then Z,b would
have been an element of R‘®), Hence » must have been an inserted symbol.
Since b is an inserted symbol, by virtue of Assumption ii, the last symbol of Z,
must not be an inserted symbol. Thus, since (i) ¢ is substituted for y.. ,, and (ii)
b is an inserted symbol, and (iii) d(Z,bc/Y*"V)<oo we conclude
that due to (C.3), D\(Z,/Y'X) is finite, and

D Z,be/YEYKD(Z, /Y B +d(b/N)+d(c/yer).  (C3)
Hence Z, is an element of RX). Thus the set R, can be rewritten as
Ry={Z,bc|D\(Z,bc/Y ¥+ V)< o0, D\(Z,/Y®) <00,

Dl(zlb/Y”O):oo,D}(Z,bc/Y(X)):w, and d(¢/)’x+|)<°0},
(C4)

which is the set R” of (3.6).
Combining (C.1)~(C.4), the theorem is proved.
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