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FINITE COMPLETION OF COMMA-FREE CODES
PART 1

NGUYEN HuoNnG Lam!?

Abstract. This paper is the first step in the solution of the problem
of finite completion of comma-free codes. We show that every finite
comma-free code is included in a finite comma-free code of particular
kind, which we called, for lack of a better term, canonical comma-free
code. Certainly, finite maximal comma-free codes are always canon-
ical. The final step of the solution which consists in proving further
that every canonical comma-free code is completed to a finite maximal
comma-free code, is intended to be published in a forthcoming paper.

Mathematics Subject Classification. 68R15, 68505.

1. INTRODUCTION

In this paper we consider (finite) comma-free codes and their completion prob-
lem. We sketch a few lines on their origin, history and development. Comma-free
codes were defined rigorously in 1958, as mathematical objects, in Golomb, Gor-
don and Welch [3], although a rudimentary notion had been suggested by Crick,
Griffith and Orgel earlier in 1957 [2], in connection with the famous discovery of
DNA structure [14]; for more details on the biological origin of the problem, see [4],
or [1], annotation to Chapter VII.

During the late 1950s and the 1960s there had been quite extensive investiga-
tion on comma-free codes of constant length (block codes), free from biological
considerations. Then the main line of study was concerned with the maximal size
of comma-free codes of a given length and on alphabets with a fixed number of
letters. The most impressive achievement was a proof by Eastman [5] of a con-
jecture of Golomb, Gordon and Welch [3] on the maximal number of words in a
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comma-free code on the alphabet comprising an odd number of letters; see [1],
Chapter VII, for alternative proofs.

The research on variable-length comma-free codes was initiated a bit later, in
1969 [12], and it still goes on as of 1998 [6]. In the later paper some language-
theoretic aspects of maximal comma-free codes are discussed. We would like to
remark that we actually lack a satisfactory, elegant characterization of maximal
comma-free codes.

Several problems often encountered in theory of codes are of the following kind:
given code belongs to some special family of codes, is it possible to complete it
within this family? For instance, it is trivial to see that every finite prefix code can
be embedded into a finite maximal prefix code. It also represents little difficulty
to prove that every finite infix code can be completed to a finite maximal infix
code [7]. The case of general codes is more difficult. It was proved by Markov [10]
and subsequently by Restivo [11] that there exist finite codes that are not included
in any finite maximal codes. More on the negative side we can mention the case
of bifix codes [1] (Chap. III).

In this paper, we manage to prove that every finite comma-free code has a finite
completion, or in other words, is included in a finite maximal comma-free code.
Thus we give the affirmative answer to the completion problem for another class
of codes.

Our solution is complex, so we divide it into two parts. First, we attempt to
complete every finite comma-free code to a (finite) comma-free code of a special
kind, which we call canonical comma-free codes. Canonical comma-free codes are
defined by a neat condition which warrants that, if not maximal, they can be
made into maximal comma-free codes by adding “not very” long words. This
part is the content of the present paper. Next, we prove, by a concrete and
explicit construction, that every canonical comma-free code is completed to a
finite maximal comma-free code. This final part we hope to publish in another
paper.

The present paper is structured as follows: following this introduction, Section 2
introduces standard notation and basic notions. In Section 3, canonical words, the
“bricks” with which a completion is built, are introduced and studied. Section 4,
the most heavy, describes the construction, a repeated process, which is entitled to
produce desired finite completions. Of course, the number of steps to be repeated
should be determined by the code at the starting point. This is proved by means of
the notions of index and type of right borders. This section prepares the ground
for the definition of canonical comma-free codes and the completing procedure
itself in the last Section 5.

2. NOTIONS AND NOTATION
Our terminology is standard and the notions are few. Let A be a finite alphabet.

Then A* denotes the set of words on A, including the empty word 1, and as usual
AT = A* — {1}. (We often use the plus and minus signs to denote the union and
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difference of two sets.) The set A* is equipped with the concatenation as product.
For w € A* we denote by |w| the length of the word w. For subsets X, X’ of A*,
we denote

XX '={zz' :x e X,2' € X'}
X0 ={1}
X* = XX, i=0,1,2,...
max X = max {|z|: 2z € X}

Let u and v be two words of A*. The word w is a factor of v if v = zuy, a right
factor if v = xu and left factor if v = uy for some words =,y € A*. A factor u of
v is proper if it is not the empty word or the whole word v. A subset of words is
an infix code if no word of it is a factor of another, hence an infix code is a prefix,
suffix and bifix code, all at a time. For a subset X of A*, we denote by P(X) and
S(X) the set of prefixes and suffixes of X, respectively.

We are in a position to define the principal objects of this paper [13].

Definition 2.1. A set X C AT issaid to be a comma-free code if X2NAT X AT =0.

A comma-free code is mazimal if it is not included in any other comma-free
codes. A completion of a comma-free code is a maximal comma-free code contain-
ing it. Every comma-free always has completions, in view of Zorn’s lemma. In this
paper we deal exclusively with finite comma-free codes and finite completions.

Example 2.2 [8]. Let A2 = X +Y be a partition of the set of words of length 2
and let k¥ > 0. Then
C = {al...akbl...bk ta1by € X,a;b; €Y,i > 1}

is a comma-free code.

Comma-free codes are closely connected with the notion of overlapping. We
say that the two words u and v overlap if

for some non-empty words s,t € AT and w € A", or equivalently,
us = tv

for some non-empty words s,t such that |t| < |u| and |s| < |v]. We call the
equalities above overlapping equalities for a pair of words u, v and we call s a right
border and t a left border of the pair of overlapping words u, v. A right (left) border
of a subset X is a right (left, resp.) border of any pair of overlapping words in X.
We denote the sets of left borders and right borders of X by L(X) and R(X),
respectively.
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Throughout this paper, comma-free codes are assumed not to be subsets of
the alphabet, just because for those comma-free codes the completion problem is
trivial: the alphabet!

3. PRECANONICAL AND CANONICAL WORDS

In this section we introduce the concept of precanonical words and canonical
words and study their properties in detail. One of the important conclusions
is that the existence of canonical words means that the comma-free code under
consideration is not maximal.

3.1. PRECANONICAL WORDS

Let X be a finite comma-free code, t be a positive integer.

Definition 3.1.1. The word w is said to be a left X-precanonical word of tag ¢,
if every right factor of w of length longer or equal to ¢ has a left factor in R(X).

We also define the symmetrical version.

Definition 3.1.2. The word w is said to be a right X-precanonical word of tag t,
if every left factor of w longer equal to ¢ has a right factor in L(X).

Clearly, a left X-precanonical word w of tag ¢t has the form
w=us, u€A* scAt |s|=t
and for every right factor «/, including 1, of u
u's € R(X)A*.
Similarly, a right X-precanonical word w of tag ¢ has the form
w=su, u€A* scAt |s|=t
and for every left factor v/, including 1, of u
su' € AL(X).

We often use the concept of precanonical word under the following variation. Let
m be a non-negative integer.

Definition 3.1.3. The word w is said to be a left X, m-precanonical word if and
only if it is a left X-precanonical word of tag |w| — m.

Definition 3.1.4. The word w is said to be a right X, m-precanonical word if and
only if it is a right X-precanonical word of tag |w| — m.
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Clearly, if w is a left X, m-precanonical word then we can write w in the form
w=us, scAt, wecA* |u=m
and for every right factor v’ of u
u's € R(X)A*.
Similarly, if w is a right X, m-precanonical word then we can write w in the form
w=su, s€AT, u€A* |Jul=m
and for every left factor v’ of u
su' € AL(X).

Here we make no emphasis on the tag.

It follows immediately from the definition that the concept of precanonical word
bears a dual (symmetric) character. A left precanonical word of a comma-free
code is a right precanonical word for the mirror image of this code. Therefore it
is natural to see that almost all assertions in this paper are valid, and formulated,
for both left and right precanonical words, but in their proofs, we are silent about
the treatment for one or another case. The reason for this is evident: the proofs
for both parts are just identical, only in another way around.

Definition 3.1.5. A left (right) X, m-precanonical word is called minimal left
(right, resp.) X, m-precanonical, m > 0, if it has no proper left (right, resp.)
factor which is a left (right, resp.) X, m-precanonical word.

The set of X, m-precanonical words is not finite, for any fixed m, but the set of
minimal ones is finite because of the following proposition.

Proposition 3.1.6. If w = us (w = pu), |u| = m, is a minimal left (right, resp.)
X, m-precanonical word then there is a right (left, resp.) factor ' of u such that
u's € R(X) (pu' € L(X), resp.). As a consequence, |s| < maxX (|p| < max X,
resp. ).

Proof. Suppose that there is no such right factor. Then for every factorization
u = uguy let r(uy1) be the longest word of R(X) which is a left factor of uys. By
assumption |uys| > |r(uq)|, hence

lus| = |uguys| > |ugr(u1)l-

Let u = oty be a factorization for which |Gar(@;)| attains the maximum. Note
that |ter(@1)| > |u|, since when u; = 1, we get at least |ur(1)| > |u|. Now it is
straightforward to see that @er(@;) is also a left X, m-precanonical word, but it is
a proper left factor of u. A contradiction. The proposition is proved. (I

The following observation follows directly from the definition.
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Remark 3.1.7. Every right (left) factor of length longer or equal to ¢t of a
left (right, resp.) X-precanonical word of tag t is also a left (right, resp.) X-
precanonical word of tag t. More concretely, every right (left) factor of length
t+ k of a left (right, resp.) X-precanonical word of tag t is a left (right, resp.)
X, k-precanonical word of tag t.

Every left (right) factor of length longer or equal to t of a left (right, resp.)
X-precanonical word of tag t is also a left (right, resp.) X-precanonical word of
tag t. (It is vacuously true but useless, by definition, that any word of length less
than ¢ is left (and right) X-precanonical of tag t!)

Every left (right, resp.) X-precanonical word of tag ¢ is left (right, resp.)
X-precanonical word of every tag t', t' > t, consequently, every left (right) X, m-
precanonical word is left (right, resp.) X, m’-precanonical word for every integer
m',0<m' <m.

In what follows when the reference to the code X is clear, or is irrelevant, from
the context, we often omit it saying simply “X-precanonical”, “m-precanonical”,
etc. or just “precanonical”. The following remark describes the situation we shall
encounter in a later proof.

Remark 3.1.8. Let us be a minimal left X, |u|-precanonical word. There exists
then a right factor u; of u such that u;s € R(X); we can assume that u; is
the shortest right factor satisfying this property. If u; # 1, then for every proper
right factor us (including 1) of w1, on one hand ugs ¢ R(X) and on the other hand
ugs € R(X)A* as ugs is a left X |ug|-precanonical word. Therefore ugs € R(X)A™
which shows that |s| > 1 as R(X) does not contain 1 and we can choose ug = 1;
then we can write s = sja for s € AT and a € A. Consequently, uss; € R(X)A*
for all proper right factors us, including 1, of w1, which in turn means that uss;
is still a left X, |ua|-precanonical word, for every proper right factor us of uq,
including 1.

We present some technical statements which will be in use later.

Proposition 3.1.9. Let X be a finite comma-free code, Y be a subcode of X and let
ai...Q% ... Qptt (Qktt...0...a1) be a left (right, resp.) Y, k-precanonical word
(of tag t) for a non-negative integer k, a positive integer t and letters aq, ..., ag,
Qft1---50kte- Then for any integer d such that d > 0 and d < k + 1 there exists
an integer i such that i < k+t and d < 1 < d+ maxY — 1 for which ay...a;
(a;...a1, resp.) has no right (left, resp.) factor in L(X) (R(X), resp.) of length
less than or equal to d.

Proof. We suppose on the contrary that for every ¢, 1 < k+ 1 and d < i <
d+ maxY — 1, the word a; .. .qa; has a right factor in L(X) of length less than or
equal to d.
Set i(0) = d. We have
(1) - - - Ai(0) € L(X)
for some (1), 1 <4(1) <i(0) and 14 ¢(1) —4(0) < d. Since i(1) <d < k+1 and

|ai(1) BRI 0 Y0 | ...ak+t| :t+k’+1 *Z(].) Zt,
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by definition, a;(1y...arags1 ... arye has a left factor in R(Y'), that is
a;) - - - ai2) € R(Y)
for some i(2), i(1) < i(2) < k+t. We must have
i(0) < i(2)
in virtue of the comma-freeness of X. Note that

i(2) = i(1) +i(2) —i(1)
<i(0) + maxY — 2
=d+maxY —2<d+maxY — 1.

Now we repeat the argument with i(2) playing the role of i(0) and so on; the
assumption by contradiction allows us to obtain the chain

1<... <i(3)<i(1)<i(0)<i(2)<...<k+t

of integers. But this is impossible, as k and ¢ are fixed. O

Corollary 3.1.10. Let Y, Z be subcodes of a finite comma-free code X. If, for
some integers k > 0, t > 0, the word ay ...arak+1 - - - Gyt 1S simultaneously a left
Y, k-precanonical word of tag t and a right Z, t-precanonical word (of tag k) with
letters ay,...,ar, k41 ..., 05+t then k < max Z — 1.

Proof. Suppose that k¥ > maxZ — 1. By the previous proposition (with d = k)
there is an integer ¢ such that k +¢ >4 > k and

ay...a;

has no right factor in L(X) of length less than or equal to k. In particular, it
has no right factor in L(Z), as L(Z) C L(X) and maxL(Z) < maxZ — 1 < k.
However, as k < ¢ < k+t, and being a right Z, t-precanonical word, a; . . . a; should
have a right factor in L(Z): contradiction! O

3.2. CANONICAL WORDS

Let X be a finite comma-free code and m be an integer greater than or equal to
max X: m > max X. Consider the following set of words of the form aus satisfying
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the following conditions:
1. ais a letter: a € A, u is a word of length m: u € A*|u] = m, s is a
nonempty word: s € AT
2. us is a left X, m-precanonical word;
3. aus has no left factor in R(X): aus ¢ R(X)A*;
4. aus has no factor in X: aus ¢ A* X A*.

These words are the main objects of this subsection.

Definition 3.2.1. A word of the form aus, a € A, u € A*, s € A, is said to be
left X, m-canonical word if it satisfies the conditions 1, 2, 3 and 4 above.

Similarly, we have the symmetric version:

Definition 3.2.2. A word of the form puvb is said to be right X, m-canonical word
if it satisfies the following conditions:

1.be A, [v|=m,pe AT;

2. pv is a right X, m-precanonical word;

3. pvb ¢ A*L(X);

4. pvb ¢ A*X A*.

One direct consequence of the definitions is that all left, as well as all right, X, m-
canonical words are not factors of X?2. Indeed, say yausz = x1x2 for a left X, m-
canonical word aus and y, z € A*, x1,x2 € X. First, we notice that

|z2] < m < m+|sz| = |usz|.
Next, as |z1] < m, we have
o] = lyausz| — a1 = [y| + m+ 1+ [sz| — 21| > m + |sz] — m = [sz].

Two equalities above show that x4 is a right factor of usz of length greater than
|sz|, which implies that x5 has a left factor in R(X), but this is impossible because
of the comma-freeness of X.

Definition 3.2.3. A left (right) X, m-canonical word is called minimal left (right,
resp.) X, m-canonical if it does not contain properly any left (right, resp.) X, m-
canonical words as left (right, resp.) factors.

We denote the sets of minimal left and minimal right X, m-canonical words by
T(X,m) and U(X,m), respectively. We give the characterization of the minimal
canonical words, similar to the case of minimal precanonical words.

Proposition 3.2.4. If aus (pvb) is a minimal left (right, resp.) X, m-canonical
word then us (pv, resp.) is a minimal left (right, resp.) X, m-precanonical word.
Consequently, |s| < maxX < m (Jp|] < maxX < m, resp.) and T(X,m)
(U(X,m), resp.) is finite.

Proof. Let aus be a minimal X, m-canonical word. If us is not minimal, then for
some proper left factor s; of s, us; is a left X, m-precanonical word. Hence ausy
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is also a left X, m-canonical word and aus is no more minimal left X, m-canonical
word, contradiction. Therefore us is minimal precanonical word. The last claim
follows from the Proposition 3.1.6. (|

Given a finite comma-free code X, when left (right, resp.) X, m-canonical words
exist? For their existence, first of all, there must exist left (right, resp) X,m-
precanonical words which form a subset of the following set. Let E(X) denote the
set of all words that avoid X (i.e. they have no factors in X) and that have no
left factors in R(X) and no right factors in L(X). In symbols

E(X) = A* — R(X)A* — A*L(X) — A*X A*.

It is not difficult to see that E(X) contains all words which are both left and
right X, m-canonical words for all m > 0. We have the following criterion for
non-emptiness of T" and U.

Theorem 3.2.5. The set T(X,m) (U(X,m)) of minimal left (right, resp.) X, m-
canonical words is not empty if and only if E(X) contains a left (right, resp.)
X, m-precanonical factor. Specifically, if a word of E(X) contains a left (right,
resp.) X, m-precanonical factor, it contains a word in T(X,m) (U(X,m), resp.).

Proof. The “if” part is evident by the remark preceding the theorem. For the
opposite direction, the “only if” part, let suppose that E(X) contains a word e
which has a left X, m-precanonical factor us, i.e.

e = zusy

for some z,y € A*. First, 2 € AT because e ¢ R(X)A*. Further, we can assume
that z is chosen as of minimal length among all possible factorizations like one
above, i.e. us is chosen as the left-most occurrence of any left X, m-precanonical
factors. This means that if we write 2 = z’a, for @ € A and 2’ € A*, we have
aus ¢ R(X)A*, which shows that aus is a left X, m-canonical which, indeed, has
a minimal left X, m-canonical left factor. This proves the “only if” direction and
the theorem follows. O

Now we reveal one of the main purposes which the concept of canonical word
is introduced for.

Theorem 3.2.6. The sets X +T(X,m) and X + U(X, m) both are comma-free
codes for all m > max X.

Proof. We prove the assertion for X + T'(X,m), the other case is handled in the
same way.

If X+T(X,m) is not a comma-free code then we have seven cases of “incidence”
to consider all of which we shall show lead to contradictions.

1. xy = lzor for some z1,20 € X, y € T(X,m) and I,r € At. We write
y=oaus fora€ A, ue AT |ul=m, s € AT.
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If |I| < |z1| then y € R(X)A* which is against the definition of T'(X,m). If,
otherwise, |x1] < [ then y contains a factor a2 in X which is against also the
definition of T'(X, m).

2. yx1 = ausxy = lxor, where x1,29 € X,y € T(X,m); I,7,a,u,s have the
same meaning as in the previous case.

If 0 < |r| < |zor| < |z1| then x5 is a (proper) factor of 21 which is impossible
because of the comma-freeness of X. If 0 < |r| < |z1] < |zor| < |sz1| then
s € A*L(X); at the same time, because of the minimality of the precanonical word
us, we have s € S(X): these two facts are in a contradiction with the comma-
freeness of X. Next, the case |r| < |z1| < |sz1]| < |z2r] (< |uszy|) implies, as us is
left precanonical, that xo € R(X)A*, which is impossible by comma-freeness of X.
Finally, the case |r| > |z1| shows that z2 is a factor of y violating the definition of
T(X,m).

3. x1wo = lyr for some 2,70 € X, y € T(X,m), I,r € AT. We see at one that
this case is impossible because all words of T'(X,m) are not factors of X?2.

4. y1x = lyor, where y1,y2 € T(X,m), x € X, I,r € AT. We write y; =
a1U181, Y2 = auzSy with the usual meaning for ai,as,u1, usz, s1,S2. So we have
ai1u181x = laguasar.

First, note that 1 = |aq| < |I|. If |I] < |ayuy| then asusse € R(X)A* because
u181 is left X-precanonical: a contradiction with the comma-freeness of X. If
[I] > |ajui] then |sor| < |z| < |uzser| (note that |us|] = m > |s1]) and x €
R(X)A*, because uzss is left X-precanonical, which is again a contradiction with
the comma-freeness of X.

5. ay1 = lyor = zajuisy = laguaese, where x € X, y1,y2 € T(X,m) and
ai,as, U1, Uz, 81, S2, I, have the usual meaning as in the preceding case.

The case |I] < |z| (< |aguz|, certainly, as |x| < m = |ug|) implies that aquis; €
R(X)A* as ugss is left precanonical. This is impossible since y; € T(X, m). The
case |z| = |l| implies that y; is not minimal left canonical word as r € A", a
contradiction. The case |x| < |I] < |zajui| implies yo € R(X)A* as uysy is left
precanonical, which is also impossible since yo € T'(X,m). Finally, |I| > |zaju1| is
plainly impossible because |s1| < m = |ug].

6. y1y2 = lor = ajuisiagussa, where yi,y2 € T(X,m), x € X and ay,aq,
u1, Uz, S1,S2, [, have the usual meaning as above.

The case 1 = |a1| < |I] < |aju| shows that @ € R(X)A*, which violates
the comma-freeness of X. The case |ajui| < |I] < |ajuisi| shows that yo €
R(X)A*, as s; € S(X),z € X, this is against the definition of yo € T'(X,m). The
case |ajuysi| < || shows that x is a factor of yo: impossible. Finally, the last
alternative:

7. y1y2 = lysr for y1,y2,y3 € T(X,m) and ,r € AT, We have y1 = ajuis1,
Yo = asu2Se and y3 = asusss with a1, aq, as, ui, us, us, s1, s2, $3 having the same
meaning as above.

First, note that 1 = |a;| < |I|. We have to consider the following cases that are
all impossible, the reasons for this we indicate in parentheses:

o [l <layua| (ys ¢ R(X)A");
o [ayur| <[l <layursi| (y2 ¢ R(X)A");



FINITE COMPLETION OF COMMA-FREE CODES. PART 1 101

e |l] =|aiuis1| (y2 is minimal left canonical word);
o |arursi| < |l] < |arurisiazus| (y3 ¢ R(X)A*);
o |ajuisiasus| < |I| (|s2] < m).

The proof is completed. (I

We state a basic property of T'(X, m) and U(X,m), which shows that, when
applied the constructions 7" and U bring no new left and right precanonical words,
resp. (They could apparently only reduce the sets of canonical words.)

Proposition 3.2.7. LetY = X+T(X,m) (Y = X+U(X,m)). Then every right
(left, resp.) border in R(Y) (L(Y), resp.) has a (non-empty) left (right, resp.)
factor which is a right (left, resp.) border in R(X) (L(X), resp.).

Proof. Let r € R(Y') be a right border of the pair of overlapping words y1,y2 of Y:

lya = y1r.

We consider all cases that can happen.

1. y1 € X, y2 € X. Certainly, r € R(X), we have nothing to prove.

2. y1 € X, y2 € T(X,m). We write y2 = aus, a € A, u € AT, |u| =m, s € AT.
Since |u| = m > |y1|, we have |la| < |y1| < [lau| which implies that |us| > |r| > |s]
and r € R(X)A* as ys is left X-canonical.

3. y1 € T(X,m), y2 € X. We have then lys = ausr with y; = aus and a,u, s,
having the usual meaning. Since [I| > 1 and |r| < |y2| we get |r| < |ya| < |usr|. If
ly2| < |sr| then r € R(X)A* as s € S(X); otherwise |y2| > |sr| then we get also
r € R(X)A* because us is left X-precanonical. Finally

4. y1,y2 € T(X,m), so y1 = a1u1s1, Yo = azuzsz, where ai,az € A, uy,uz €
AT up| = |ug| = m, s1,s2 € AT. We have

lasusSs = aju1S1r

with || < |y1]. First, |ajui| < |I|, otherwise aguzss € R(X)A*: a contradiction:
y2 is a left canonical word. Hence, we get |sa| < |r| < |uass|, as |I] < |y1| and
|u| = m > |s1|, which implies € R(X)A* because uzss is left precanonical. The
theorem is proved. O

We derive an immediate consequence.

Corollary 3.2.8. Let Y = X +T(X,m) (Y = X +U(X,m)). Then every left
(right, resp.) Y, m-precanonical word is also a left (right, resp.) X, m-precanonical
word.

Proof. Straightforward by definition. Observe that R(X) C R(Y) and A* —
R(Y) C A* — R(X)A*. O

The following theorem, which is also an easy corollary of Proposition 3.2.7,
describes the effect of elimination of “long” precanonical factors under 7" and U.
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Theorem 3.2.9. Let Y = X +T(X,m) (Y = X +U(X,m)). Then E(Y) does
not contain left (right, resp.) Y, m-precanonical factors.

Proof. Suppose that a certain word e of E(Y') contains a left Y, m-precanonical
factor. By the preceding corollary this factor is also a left X, m-precanonical
word. Since e € E(Y) C E(X), by Theorem 3.2.5, e contains a minimal left X, m-
canonical factor, i.e. a factor in T(X,m) C Y. But this is a contradiction, as
E(Y) avoids Y, which proves the theorem. O

The next section sets a departure point for the completing process, in which the
constructions 7" and U are repeated alternatively to eliminate long precanonical
factors, both left and right, in the sets £. The main objective is to show that
we can succeed in doing this in a finite number of steps that only depends on the
original (finite) comma-free code X.

4. CONSTRUCTIONS T' AND U AND THEIR RIGHT BORDERS

The present section contains rather an extensive treatment, so we divide it into
several subsections for easier presentation. We begin with the main construction
which is an iterated process.

4.1. CONSTRUCTIONS 1" AND U

Let X be a finite comma-free code, k and A positive integers, A is sufficiently
large. We define the sequence of finite comma-free codes

X07Y17 oo 7X2k?;}/2k+1

as follows.
Y1 = Xo+ U(Xo, )\no)
X2 = Yl + T(Yl,nl)
Xop = Yop—1 + T (Yop—1,n2k-1)
Yor+1 = Xok + U(Xak, Anag)
where ng = max Xy, no = maxXo,..., ngpy = max Xor and n1 = (A + 1)nyg,
ng=A+Lng+ A+ 1)na+n1, ..., nogr1 = A+ Dno+...+ (A4 D)nog + nok—1.
We get then the ascending chain

XoCY; C--- C Xop C Yopta.

We are going to establish some inequalities relating the n;’s and the maximal
length of Y;’s. Note that

max Ya; 11 < (A + 1)ng;

for i = 0,...k by the relations Y2, 11 = Xo; + U(X2;, Ang;) and ng; = max Xo;.



FINITE COMPLETION OF COMMA-FREE CODES. PART 1 103

Further,
Noi—1 < Mgy <Max Yo + noi—1

for i =1,...,k by the relations Xo; = Y2,-1 + T(Y2;—1,n2;—1). Hence
ngi—1 < ng; < 2ng—1

for=1,...,k. On the other hand, by definition, we have
A+ D)ngi—o < ngi—q

for i = 1,...,k. We highlight the following, and what is more important in the
sequel,
(A + D)ngi—2 > maxU(Xgi—2, Angi_2)

for every i = 1,...,k and, consequently,
Na; > Ngi—1 > max U(Xai_2, Angi_2).

We should remark that A is arbitrarily large but fixed integer throughout the
construction. The question how large X is depends on the later applications and
we shall specify it there.

Setting for short

UO = U(Xo, )\’no)

T1 = T(Yl, 77,1)

we have
Yoir1 =Usi +Toi1 + ...+ T1 + Uy + Xo

fori=0,1,...,k and
Toi1 € Xos =T 1 +Ugio+...+T1 +Up+ Xo

for ¢ =1,2,...k. Remark that Xo, Uy, T1,...,Tor—1, Uz are all disjoint.

4.2. RIGHT BORDERS AND SIMPLE RIGHT BORDERS: INDEX AND TYPE

In this subsection we investigate right borders in detail, more exactly, simple
right borders, which are defined as follows. We retain the notation of the previous
subsection.

Definition 4.2.1. A right border s of Yo,y is called simple right border if it
does not contain any other right border of Ya,41 as a proper left factor, i.e.,
S € R(Y2k+1) but s ¢ R(}/QkJrl)AJr.

We distinguish the right borders by means of their index, defined as follows.
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Definition 4.2.2. Index of a right border s is the least integer ¢, such that s is a
right border of the overlapping equality y2s = ly1, where |I| < |yz2|, y1,¥y2 € Yart1
and y; € T; or y; € U; respective to ¢ odd or even, or —1 if y; € Xj.

The following technical feature of simple right borders will only be used later
in estimating their length.

Proposition 4.2.3. Let s be a simple right border of index i. If s is a right factor
of a word t = aju;s; € T; with j <1 then s is a proper right factor of s;.

Proof. Clearly s # t, so s is right factor of ujs;. Suppose that s; is a right
factor of s. Since u;s; is a left Y;, n;-precanonical word, |u;| = n;, we see that
s has then a left factor s’ € R(Y;) C R(Yax+1). By simplicity of s, s = s,
therefore, s € R(Y;) which shows that the index of s is at most j — 1 as ¥; =
Uj_1+Tj_o+.. . +Ty+Up+Xo, which is against the assumption. This contradiction
proves the proposition. O

We comes now to the main task of this section, to define the concept of type.
Our purpose is to assign, in any way, not necessarily unique, to each simple right
border s of Yax+1 an integral value t(s) such that

—1<t(s) <k

called type of s; then we shall show, and what is the main service of the concept,
that

1. if t(s) = —1 then s € S(Xp), in particular, |s| < max Xo;

2. if t(s) > 0 then s € S(Uay(s)) and [s| > (A — 2k + 1)ngy ).
To begin with, suppose that s has index j. We have then an equality

Y25 = ly1

with yo € Yorq1, y1 € T or y1 € U; and |I| < |y2| (or equivalently |s| < |y1]).

If j = —1, that is, y1 € X0, we define at once t(s) = —1. Clearly, in this case
s € S(Xp). Otherwise, j > 0, we distinguish the following cases:

1. jeven, j =25(1),0 < j(1) <k and y1 € Uyj1). We define t(s) = j(1) and
we write by definition

Y1 = P2;(1)V25(1) A25(1)

where a2;(1) S A, V24(1) S A+, |’U2j(1)| = )\ngj(l), P2;5(1) € AT and |p2]-(1)| < N25(1)-
Clearly [s| < |y1| < maxUsyj(1) = max Uy s). We have two issues concerning s.

(a) |s| > |vgj1yazjcny|- In this case |s| > Angj1) = Anagy(s);

(b) 0 < |s| < |vgj(1)azj(1)|- We can write then

V2;(1)2j(1) = DS

for some word p € A*, which is a right factor of y» € Yary1. Since vg(p) is a
right Xy;(1)-precanonical word of tag |pa;(1)| which is less than nyj ) (as a right
factor of pyj(1)v2;(1), see Rem. 3.1.7), we should have [p| < ng;(1) — 1, otherwise,
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P has a right factor in L(ng(l)), which contradicts the comma-freeness of Yap1.
Therefore

Is| = |vajyazjy| = 1Pl > Angjy + 1= (ngj) — 1) = (A = D)ngjy + 2.

Hence
Is] > (A = Dngy(s);

2. jodd, j =2j(1)+1,4(1) < kand y1 € Toj1)41. We write
Y1 = G25(1)+1U25(1)+1525(1)+1

where agj(1)+1 € A, ugj1)41 € AT, [ugj1y+1] = M2j(1)+15 S2j(1)+1 € At Is21)41] <
Ngj(1)+1- In view of Proposition 4.2.3 |s| < [sg;(1)41/, hence

=
S2j(1)+1 = 515

with 5] € S(Yag41). As yp is a minimal right Y5;(1)41-canonical word, there exists
a right factor py of ugj(1)41 such that

Pys2j(1y+1 € R(Yaj1y41)-

We choose pj as the shortest possible right factor satisfying this property. We
have

YaPosaj(1)41 = l3y3

with some y3,ys € Yaj(1)+1, [Posoiy+1] < |ysl-
Further, if again y3 € T5;(3y41 for some j(3) < j(1) then we write

Y3 = A25(3)+1U2;5(3)+1525(3)+1

with agj341 € A, ugjayt1 € AT, |ugja)+1l = noj@)+1, S23)+1 € AT and
|52j(3)+1| < 77,2]‘(3)+1 for which

YaP52j(1)+1 = 13025(3)41U2;(3)+1525(3)+1-

Note that we have again by Proposition 4.2.3 that s is a proper right factor of
82j(3)+1- Now, depending on the following alternatives

(i) [s] <ls2j@)+1| < Is2j1)41s

(i) [s25(1)+1] < [s2i@)+1] < [P2s25(1)+1l5

(iif) [phs25(1)+1] < I82;(3)41] 5
we have respectively

(i) s25(3)+1 = 515 with 5; a right factor of 59;

(ii’) sgj(3)41 = P251s with py a right factor of py. Note that then p5is =
P252j(1)+1 15 a left Y5;1y41, |p2|-precanonical and, because of the minimality of
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Py, it is not a minimal left Y5;(1)41, [p2|-precanonical word if [pa| < |ph| (see
Rem. 3.1.8);

(iii’) 52(3)+1 = §3ﬁé52j(1)+1 with §3 a right factor of y, € ng(l)Jrl C Yopt1.
Thus, generally, we can write for convenience

52j(3)+1 = 53D2515

where 5, and 33, which may be empty, belong to S(Yai4+1) and ps is a right factor
of p5, which may also be empty, and if [p2| > 0 then po5;s is a left Y5;¢1y41, P2l
precanonical word and, moreover, if 0 < [p2| < |ph|, it is not a minimal left
Y25(1)+1, |P2|-precanonical word.

Suppose that we have repeated the argument for ¢ times, ¢ > 1, to obtain the
sequence

1<jt—1) <. <jB3) <jl) <k,

the words

Y1 = (1) +1U25(1)+152j(1)+1 € T2j(1)+1

Yot—1 = A25(2t—1)+1U2;(2t—1)+1525(2t—1)+1 € Tj(2t—1)+1

with the usual notation, and the words

52(1)+1 = 518

S2j(2t—1)41 = S2t—1P2t—1 - - - P251S

where §1,...,52:-1 € S(Yakt1), D2,...,D2t—2 are right factors of ph,...,p5 o,
respectively, po;...515 is left Y5;(;y11, [D2i|-precanonical if [pg;| > 0, and it is so
but not minimal if 0 < |pg;| < |p5;] fori=1,...,¢— 1.

Now we are at the step t+ 1. Reasoning as in all steps before, let pf, be a right
factor of ugj(2¢—1)+1, as short as possible, such that

PoS2j2t—1)+1 € R(Yaj26—1)41)-

Observe that, as before, ph;59;(2¢—1)+1 i a left Yo;(2¢—1)41, [P2¢|-precanonical word.
We choose now an overlapping relation for the right border py;s2;(2¢—1)+1

—/
Y2t+2P2¢S25(2t—1)+1 = l2¢11Y2¢41

with [phssa5(2e—1)| < |y2e41| for some words yori1, Yoo € Yoj(26—1)41-
We suppose further that at this moment we do not have yor11 € T; for any
1 < 2k 4+ 1 as before, but instead
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(a) yat+1 € Xo. In this case we assign the type —1 to s. We have certainly
s € 5(Xp) and |s| < max Xo;

(b) yat+1 € Uy; for some i > 0. In this case, we assign the type i to s. We
describe some properties of s. We have as usual yor11 = poive;a9; With ag; € A,
va; € AT vgi| = Angi, pai € AT, |p2il < ngi; and

_
Y2t+2D9:525(20—1)+1 = l2t4+1P2iV2i02;

or
Yott+2D952t—1D2t—2 - - - 2515 = lop+1P2iV2i G2
We estimate the length of s. On the one hand, obviously

Is| < |y2t41] < max Uz = max Upys).
On the other hand, to bound |s| from below, we observe that
|D5yS2t—1D2t—2 - - - P2518| > |v2;a9;]
for, otherwise, in view of the fact that ps;vs;as; is right Xo;-precanonical of tag
|p2il, Y2¢+2 has a right factor in L(Xy;) that is in contradiction with the comma-
freeness of Yop41-
If |vgiaz;| < |s| then we get immediately
[s| > |vai] + 1 = Ang; + 1.
If, otherwise,
|s| < |vaiagi| < |PhySat—1D2t—2 - - . P2S18| < |p2ivaiaz| = |y2i+1]
then we show that
|Dhe| < moi — 1, [Par—2| < mnoi —1,...,|po] <ng; —1

and
|52e—1] < moi —1,...,[51] < mngi — 1.

Consider first the case of ph,. If
lvgiagi| < |82t—1P2t—2 - - - , D251

which implies
ngi — 1 2> |pai| > |y
so we are done. For the other case

[vaiagi| > |52i—1P2¢—2 - . . P2515]
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we have
|[yat+2Po:| > [latt1p2il-
If p, = 1, we have nothing to prove, |p5,] = 0 < ng; — 1; otherwise, in case

Sot—1P2t—2 - - - P2S1S

is a left Y5;(2¢—1)41, [Ph¢|-precanonical word and for the right factor py, of length
5| — 1 of ply, .

PorS2t—1-..P2518
is a left Y5;(2:—1)+1,|P5;|-precanonical, but not minimal, word because of the as-
sumption on the (minimal) length of p,. Consequently,

1 = — — /
PotSot—1-..P251S

where s’ay; = s, is also a left Y5;(2;—1)41, [Dh;|-precanonical word.
Suppose that |p5,| > ng; — 1. Then by Remark 3.1.7

I — — /
PotS2t—1 .- .P2518

being a right factor of pe;us; is also a right Xo;, |p4,|-precanonical word. But this
is in contradiction with the Corollary 3.1.10 which says that |p4,| < ng; — 1. So
we must have |py,| < ng; — 1, and |ph,| < ng; — 1.

The proofs for the cases |par—o| < no; — 1,..., |P2] < ng; — 1 are just the same,
only note that pa;—2, . .., P2 are right factors of p, _,, ..., Ph, respectively, on which
the assumption of minimal length is made.

As of the cases of S9;_1,...,51 the proofs are in the same vein but simpler. We
prove, for example,

|S2t—1] < oy — 1,
the remaining cases are just identical. If

|Dot—2 ... D251 > |vojag]

then
|52e—1| < [p2i| < moi — 1.
If, otherwise,
|D2t—2 . .. P2515| < |vasan]
then
[Y2t+2P552t—1] > |latt1p2il-
Again, as po;vg;az; is right Xo;, no;-precanonical word (of tag |pa;|), it follows that

Yout2PyS2t—1 € L(Xo;)A™.
Therefore, we should have |S2:—1| < mg2; — 1, since in the opposite case, the inequal-

ity [S2t—1] > no; — 1 > max L(Xa;) leads to Sor—1 € L(X2;)A*, which contradicts
the comma-freeness of Yar+1 as So;—1 € S(Yogt1)-
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Now we are in a position to bound |s| from below. Since |vy;| = Ang; and
each of the values [31|,...,|S2t—1]| is less than ng; — 1 and each of the values
/ / / :
D5 ], [Phe—_al, - - -5 |P4| is no more than ng; — 1, we get

|s| > |vaiagi| — [Py S2t—1 - . . D251
> ()\ - 2t)77,21

From the chain
1<jt-1)<---<jB8)<j1)<k
we deduce t < k and finally we get

Is| > (A — 2(k — 1))nas.

Summarizing, we have so far established

1. every simple right border s of Yar41 has type t(s), which lies between —1
and k;
2. if ¢t(s) = —1 then s is a right factor of Xo; in particular |s| < max Xo;
3. if t(s) > 0 then s is a right factor of Us(s); in particular |s| < max Usy)
and |s| > min (Angy(s), (A=1)n2¢(s), (A=2(k—1))n2¢(s)) > (A=2k+1)n24(s)-
We are just one step away from the following.

Theorem 4.2.4. For a simple right border s of Yag+1, if t(s) = —1 then s is
a right factor of Xo, in particular |s| < max Xy. If t(s) > 0 then s is a right
factor of Usysy and (X — 2k + 1)ngys) < |s| < max Usy(s), moreover, s is a right
Xot(s), Mar(s)-canonical word with tag less than noys) and Mmaygy > (A — 2k)n9y ().

Proof. We have to show only the last claim. Suppose that ¢(s) > 0. Since s is
a right factor of some word of Uy, which is a (minimal) right Xo;(s), AMo(s)-
canonical word of tag less than ng () then s is a right X4 (), ma¢(s)-canonical word
of the same tag and for some my;(5). From the fact that |s| > (A—2(k—1))ngy ) >
(A =2k + 1)ngy(s), we see at once that

May(s) > (A — 2k)nay(s)

which concludes the proof. O

5. CANONICAL COMMA-FREE CODES

In this section, as a first step in completing finite comma-free code to a finite
maximal one, we introduce the concept of canonical comma-free code and we prove
that every finite comma-free code is included in a finite canonical comma-free code.
We continue using the notation of the previous section.
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5.1. BASIC THEOREMS. CANONICAL COMMA-FREE CODE

Let A > 2k + 2 and g > nogy1. We have the following instrumental result.

Theorem 5.1.1. If E(Yary1) has a left Yori1,g-precanonical factor then there
exists a left border s € R(Yary1) such that s € S(Xo) but s ¢ R(Xak), hence
S §é R(Yék_l).

Proof. Let

ai...0qg0g41 - - - Qgit,
where a1,...,ag4¢ are letters, be a left Ys441, g-precanonical factor of E(Yag41)
(of tag t). We prove the following

Claim k. For every positive integer i,
i<g— (A4 Dna

the word
Qj...0gQgy1 ... Agit

has no left factors which are right borders of type k.

In order to prove this, suppose by contradiction that a;...agag+1...ag4¢ has
a left factor

S=0Q5...0,0K+1

which is a simple right border of type k. By Theorem 4.2.4, |s| < max Us, which
is less than (A + 1)ngg, hence h+1 < g as g —i > (A + 1)ng, and s is a right
Xop, mag-canonical word of tag less than nog and with maog > (A — 2k)nag > 2nok.
To be more precise, we write

§=0a;...AfAf4+1...0pAp41,

where |a;...af| < nog, h — f = mgy and

/
S =Q;...afGf41...0hp

is a right Xog-precanonical word of tag f —¢+ 1. Put d = h — nog, e = h — 2n9y.
Certainly,
1< f<e<d<h<y.

We show that for every integer j in the range
e<j<d

the word
Qj...0g0g41 ... .0g4t
has no left factor which is a simple right border of Ya;41 of type k.
In fact, if it has such a right border

Qj...Ajyp!
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as a left factor, which we present, as a right Yax.y1, mog-canonical word (as X C
Yok+1), as follows:
Qj oo Qjp fr—1Qj4f7 <o Ajpp' —1Q54h'

where

nog > f >0, K — f =moy.
Now observe that

JHf<j+nop<d+ng=nh
and

h=e+2no, <j+2nox <j+f +2nop <j+f +mo=j+H,

hence

h+1<ji+h.
These two inequalities show that, with respect to the right Y551, mog-canonical
word a; ... a;4p of tag f’, the word a; ... ap+1 and, therefore, the word a; . . . apany1
have a right factor which is in L(Ya11). But it is impossible, because a; . .. apan11
is a right Yai4+1-canonical word. Therefore for every j, e < j < d,

Qj...0g0g41 . .0g4t

must have a left a factor which is a right border of type less than k& and which
is of length less than max Ug(k,l) < nog—1 < nog. But this contradicts Proposi-
tion 3.1.9 with respect to the right Xaj-precanonical word s’ (herewith, Xo, =Y)
which says that there should be an integer j such that

e=d—ngr_1 <d—maxUyy_1) <j <d,

for which a; ... agag+1 ... ag4++ has no such a factor! This total contradiction proves
Claim k.

Thus a; ...agag41 - .. ag4s has left factors that are simple right borders only of
type less than k, for every i < g — (A + 1)ngx. By an argument entirely identical
to the one above, we can further establish for every [ < 0.

Claim l. For every i < g — (A + D)nak — ... — (A + 1)ng the word

Qi ... Qglgi] .- Qgtt

has no left factors which are simple right borders of type greater than or equal
to .
When [ = 0, we finally get that for every integer i satisfying

1<g—(A+Dnok—...— (A+1)ng = (9 — nak41) + nak—1

the word
Qi - Qglgi] .- Qgtt
has only right simple borders of Yoi 1 of type —1 as left factors.
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Now that E(Yar+1) C E(X2;) and E(X2) has no factors that are left Xog, nog—1-
precanonical words, it immediately follows that there exists a (simple) right border
of Yor4+1 of type —1, meaning that it is a right factor of Xy, and it is not a right
border of Xof. This achieves the proof of the theorem. O

All we have done so far is to prepare the ground for the following statement.

Theorem 5.1.2. Let k = |S(Xo)|+1 and A = 2k+2 then E(Yak41) does not con-
tain any left Yakt1, noky1-precanonical factors. Consequently, E(Yary1) contains
neither left nor right Yapy1, nog+1-precanonical factors.

Proof. We first show that if two adjacent members of the sequence Y1, Y3, ..., Yor 1
equal then it stabilizes from that place on. For instance, we prove that

Xoi = Yo 1

implies
Yoit1 = Xoiyo
for any i, 0 < i < k. (The other case is handled analogously.) The equality

Yoi41 = Xoiqo

is equivalent to

T(Yaiq1,n2i41) = 0
or the same

T(X2i7n2i+1) =0.
The equality above holds, since

Xoi =Yo,1 + T(YQifly 77121'71)7

by Theorems 3.2.9 and 3.2.5, T'(X2;, n2;—1) = 0 and ng;11 > ngi—1.

We now turn to the proof of the theorem itself. If Yar1 = Xok, we are done,
since E(Xax) has no left Xa, nok—1-precanonical factors, while nog—1 < nogt1.
Otherwise, we see by the stability observation above that for 0 < i <k

X2i 7é Y2i717

or equivalently,
T(Yai—1,n2i-1) # 0
which means that F(Y3;_1) contains left Y3;_1,n9;_1-precanonical factors.

By Theorem 5.1.1, as A = 2k+2 > 2i+ 2, there exist a word s;,_1 € S(Xj) such
that s;_1 € R(Y2;—1) but s;—1 ¢ R(Y3;—3) for each 1 < i < k. Now if in addition
E(Yaj41) has a left Yag41, nogr1-precanonical factor, then there exists si, € S(Xo)
such that s € R(Yaxrt1) and s, ¢ R(Y2i—1). This implies that sq,...,s; are all
distinct, hence k < |S(Xo)|. But this is impossible because of the presumed value
of k, which proves the first claim. The last claim is straightforward. (I
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The Theorem 5.1.2 motivates the central notion of this paper. Let N be a
positive integer.

Definition 5.1.2. A comma-free code X is said to be N-canonical if E(X) con-
tains no left X, N-precanonical factor and no right X, N-precanonical factors. A
comma-free code is said to be canonical if it is N-canonical for some positive
integer N.

Evidently, this definition is equivalent to the next, which is more explicit.

Definition 5.1.3. A comma-free code X is called N-canonical if for any word
w € E(X) and any factorization w = zuy with z,y,u € A* and |u| > N, there
exist factorizations u = pp’ = ss’ such that ap € E(X) and s’y € E(X), or just
the same, xp ¢ A*L(X) and s’y ¢ R(X)A*.

In other words, a comma-free code X is N-canonical if and only if for any word
w € E(X) and for any integer n, 0 < n < |w| there is a left factor p and a right
factor s of w such that p,s € F(X) (or just the same p ¢ A*L(X), s ¢ R(X)A*)
and n < |p|,|s| < n+ N. We can imagine that for an N-canonical comma-free
code X and for every word w of E(X) the left factors and the right factors of w
which are also in F(X) are distributed uniformly (no more than an N-distance
apart).

Example 5.1.3. Let A = {a,b}; the set {bab} is a 2-canonical comma-free code,
for which R = {ab}; L = {ba} and which is not maximal as {bab, baa} is a comma-
free code. Moreover, it can be proved that every one-word comma-free code is
canonical.

5.2. COMPLETING TO CANONICAL COMMA-FREE CODES

Now we come to the culminating point of this section, the completion theorem.

Theorem 5.2.1. FEvery finite comma-free code X can be completed to a finite
N -canonical comma-free code Y with

max Y < 4(\+ 1)%(\ + 2)max Xg

if k=2 or
maxY < 2871\ 4 1)2(\ 4 2)*2max X,
if k> 2 and
N = Qk_l()\ + 1A+ 2)k_1maXX0
where k = [S(X)|+1, A =2k + 2.

Proof. We see by Theorem 5.1.2 that X = X is included in Y5541 which is a
nag+1-canonical finite comma-free code. We estimate nsg41 and max Yo 1.
By the inequalities

maXYgiJrl S ()\+1)’ﬂ,21, i:O,l,...,k
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and
ng; < 2n9i—1, 1=1,...,k
we have
max Yai11 < 2(A+ 1)ngi—1, t=1,... k.
By definition, for 1 < i < k,

Noip1 — N2i—1 = A+ L)ng+ - + (A + 1)ng; = ngi—1 — nai—3 + (A + 1)ng;
< Noi—1 + 2()\ + 1)7121'_1 = (2)\ + 3)7121'_1.

Hence

n2it1 < (A +)ngi—1
for i > 1. Due to this relation and the fact that k > 2 and ng < (2(A+1)2 +2(A+
1))ng a trite calculation yields

Nog+1 < 2k(A + 1A+ 2)kmaxX0

and
max Yar41 < 4(A + 1)2()\ + 2)max X

if k=2, or else
max Yo 11 < 2’“*1()\ + 12\ + 2)k*2max Xo

if £ > 2, as desired to prove. (I

6. CONCLUDING REMARKS

As said before, Theorem 5.2.1 represents the first stage of the problem of finite
completion of comma-free code by proving that there always exists a finite N-
canonical comma-free code containing a given finite comma-free code X. We can
figure out that the procedure is actually an effective one. To wit, starting from a
finite comma-free code X, the sets Y7,Ys, ..., Yo, 1 are effectively constructible,
at least by the fact that the sets of left and right m-canonical words are always
finite for all m, putting aside complexity considerations.

We would like to remark that the estimates do not tend to be best possible;
rather, we present them in a more or less quantitative manner to give flavor of
the method. The present work is a full exposition of [9], with a slight modifica-
tion concerning the sequence ng,nq,...,nok, Nogt1. Lhis is carried out to ensure
that E(Yagt1) is free of nap41-precanonical factors, however, at the expense of
somewhat larger bounds on max Ya41.

We hope to publish the remaining part of the solution, namely, the proof that
every finite N-canonical comma-free code, for all N > 0, has a finite completion,
in another paper.
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